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Preface

To make decisions optimally is one of the basic desires of a human being. In (relatively rare!)
situations where one can quantify both candidate decisions (i.e., to represent them as points x
varying in certain well-defined set X) and the criteria we are interested in (that is, to represent
these criteria as real-valued function of x € X), the problem of optimal decision making falls in
the scope of Mathematics, specifically, the area called Optimization. A part of Optimization is
Mathematical Programming interested in the optimization problems of the form

max {fo(z):z € X} (%)

where the feasible set X is a subset of the space R™ of real n-dimensional vectors x, and the
objective f is a real-valued function. A typical description of the feasible set X of a Mathematical
Programming (MP) problem is by a finite system of constraints f;(x) < g;:

X={zeR": fi(x) <bj, 1 <i<m},

where f;(x) are given real-valued functions of n variables x, and b; are given reals. Thus, a
generic MP problem (or MP program) is of the form

mgx{f(x) s filx) <bi,i=1,..,m} O

In other words, Mathematical Programming deals with the case when our candidate decisions
can be encoded by vectors z of certain dimension n and we are interested in finitely many criteria
represented by real-valued functions f(x), fi(z), ..., fm(x). Since in general it is impossible to
optimize simultaneously more then one criteria (usually, you cannot simultaneously be as wealthy
as possible and as healthy as possible), (!) treats the criteria “asymmetrically:” we impose
bounds on all but one of the criteria and optimize the remaining criterion (optimize health, not
allowing wealth to become too low, so to speak).

Linear Optimization (called also Linear Programming) is part of Optimization Theory han-
dling Linear Optimization problems, those where the objective f(x) and the constraints f;(z)
are linear functions of x:

n n
f(x)=cle = chajj, filz) =alx = Zaijxj.
j=1 j=1

LO is the simplest and the most frequently used in applications part of Mathematical Program-
ming. Some of the reasons are:

e reasonable “expressive power” of LO — while the world we live in is mainly nonlinear,
linear dependencies in many situations can be considered as quite satisfactory approxima-
tions of actual nonlinear dependencies. At the same time, a linear dependence is easy to
specify, which makes it realistic to specify data of Linear Optimization models with many
variables and constraints;

e existence of extremely elegant, rich and essentially complete mathematical theory of LO;

e last, but by far not least, existence of extremely powerful solution algorithms capable to
solve to optimality in reasonable time LO problems with tens and hundreds of thousands
of variables and constraints.



iii

In our course, we will focus primarily on “LO machinery” (LO Theory and Algorithms), leaving
beyond our scope practical applications of LO which are by far too numerous and diverse to be
even outlined in a single course. The brief outline of the contents is as follows:

1. LO Modeling, including instructive examples of LO models and “calculus” of LO models
— collection of tools allowing to recognize the possibility to pose an optimization problem
as an LO program;

2. LO Theory — geometry of LO programs, existence and characterization of optimal solu-
tions, theory of systems of linear inequalities and duality;

3. LO Algorithms, including Simplex-type and Interior Point ones, and the associated com-
plexity issues.

I apologize in advance for possible typos and will be extremely grateful to those bringing the
typos, or whatever other shortcomings of the Notes, to my attention.

Arkadi Nemirovski,

December 1, 2011.
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CONTENTS 1

Main Notational Conventions

Vectors and matrices. By default, all vectors in this course are column vectors. Usually,
we utilize “MATLAB notation:” a vector with coordinates x1, ..., T, is written down as = =
[€1;...;2,]. More generally, if Aq,..., A,, are matrices with the same number of columns, we
write [Ay;...; Ay) to denote the matrix which is obtained when writing Ag below Aj, A3 below
Ao, and so on. If Ay, ..., A, are matrices with the same number of rows, then [Aj, ..., A;,] stands
for the matrix which is obtained when writing As to the right of A1, A3 to the right of As, and
so on. For example,

1,2,3,4] = (15,2347, [1,23,4),5,6,7,8]) = [1,2,5,6;3,4,7,8] = { N ] .

Diag{ A1, A, ..., Ay, } denotes the block-diagonal matrix with the diagonal blocks Ay, ..., A,,. For
example,
1 2

Diag{[1,2],3,[4,5;6,7]} =

S =~
~ Ot

where blank spaces are filled with zeros.

For a square nonsingular matrix A, A~7 means [A~1]7.

The zero vectors and matrices are, as always, denoted by 0; if we have reasons to point
out the sizes of a zero vector/matrix, we write something like 03x4. The unit m X m matrix is
denoted by I or I,,.

We write A = B (or, which is the same, B < A) to express the fact that A, B are symmetric
matrices of the same size such that A — B is positive semidefinite; A > B (or, which is the same,
B < A) means that A, B are symmetric matrices of the same size such that A — B is positive
definite.
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Lecture 1

Introduction to LO: Examples of LO
Models

In this lecture, we define the main entity we are interested in our course — a Linear Optimiza-
tion problem, provide a number of instructive examples and address the question of when an
optimization problem can be posed as an LO one.

1.1 LO Program: Definition and Examples

1.1.1 Definitions and Terminology
An LO program

A Linear Optimization problem, or program (called also Linear Programming problem /program,
abbreviations LO and LP) is the problem of optimizing a linear function ¢’ x of an n-dimensional
vector x under finitely many linear equality and nonstrict inequality constraints. For example,
the following Mathematical Programming problems

1 +x2 <20
mnri:4 x1—T2 = 5 (1.1.1)
’ r1,12 > 0
and
21’1 Z 20 — T2
T —Ty = O
: 1.1.2
max 4 o1 + 29 o > 0 ( )
T2 § 0
are LLO programs. In contrast to this, the optimization problems
r1+x2 <20
min exp{z;}: ¢ x1—22 = 5 (1.1.3)
’ r1,T2 > 0
and
ixy > 20—1x0,1=2,3,...
. X1 — Iy = 5
max | o1+ o > 0 (1.1.4)
i) S 0
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are not LO programs: (1.1.3) has a nonlinear objective, and (1.1.4) has infinitely many con-
straints.

A careful reader could say that (1.1.2) is “the same” as (1.1.1) (since the exponent
is monotone, it is the same what to minimize, x; or exp{z1}). Similarly, (1.1.4) is
“the same” as (1.1.2), since for z; > 0, the infinitely many constraints ix; + x2 > 20,
1 = 2,3, ... are equivalent to the single constraint 2z; + zo > 20. Note, however,
that we classify optimization problems according to how they are presented, and not
according to what they can be equivalent/reduced to.

Now, we can somehow “standardize” the format in which an LO program is presented. Specifi-
cally,

e every linear equality /inequality can be equivalently rewritten in the form where the left
hand side is a weighted sum Z;‘:l ajx; of variables x; with coefficients, and the right hand
side is a real constant; e.g., 2x; > 20 — x5 is equivalent to 2x; + zo > 20;

e the sign of a nonstrict linear inequality always can be made ”<”, since the inequality
>_ja;jz; > b is equivalent to ) ;[—aj]z; < [-b];

e a linear equality constraint jajxzj = b can be represented equivalently by the pair of
opposite inequalities . a;z; < b, > .[—a;]z; < [-b];
e to minimize a linear function ) | ; ¢jj is exactly the same to maximize the linear function

Ej [—¢jla;.

Canonical form of an LO program. In view of the above observations, every LO program
can be equivalently written down as a problem of maximizing a linear objective under finitely
many nonstrict linear inequality constraints of the 7 < ”-type, i.e., in the canonical form

Opt = max {Z?Zl izt h g iy < b 1<d < m} [“term-wise” notation]
x

< Opt = max {ch : a;fpx <b,1<i< m} [“constraint-wise” notation)]
x
& Opt =max {c’z: Az < b} [“matrix-vector” notation]
X
(1.1.5)
where ¢ = [c15...;¢n], @i = [ai; s am], A=[aT;al;..;al], b= [b1;...;bum].

Standard form of an LLO program. An LO program in the standard form reads

n .

_ noo . 2= Gt =bi 1<ism

Opt = max {Zjl G >0, j=1,..,n
T .
- T aix=b,1<i<m
& Opt-m;mx cx: r;>0,1<j<n
& Opt =max {c’'z: Az = b,z > 0} [“matrix-vector” notation]
X
(1.1.6)

where ¢ = [c1;...;¢nl, @i = [ai1; 5 aim], A = [aT;al;..;aL], b = [b1;...;bm]. As compared with
(1.1.5), in the standard form of an LO all “general” linear constraints are equalities, and the
inequality constraints are sign constraints, specifically, the restrictions of nonnegativity, imposed
on all variables. The standard form is as “universal” as the canonical one:

} [“term-wise” notation]

[“constraint-wise” notation]
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Observation 1.1.1 FEvery LO program can be straightforwardly converted into an equivalent
program in the standard form.

Proof. We lose nothing by assuming that the original form of the program is the canonical one,
specifically,

max {eTy : Py < p} "
Y

(note change in the notation). Now, to say that Py < p is exactly the same as to say that
Py + u = p for certain nonnegative vector u; in addition, every real vector y can be represented
as the difference of two nonnegative vectors: y = v — w. It follows that (!) is equivalent to the
problem

max {c'z:=d"[v—w]: Av:=B(v —w) +u="b:=p,x >0}

r=[u;v;w]

which is an LO in the standard form. O

In the sequel, when investigating the “geometry” of LO, it will be more convenient to use
the canonical form of an LO program; the standard form is preferable when presenting LO
algorithms.

1.1.2 LO Terminology

We are about to present the most basic “vocabulary” of LO. For the sake of definiteness, in our
presentation we refer to the canonical format of an LO program (1.1.5), leaving the “translation”
to the case of a program in the standard form to the reader. The vocabulary is as follows:

e The variable vector x in (1.1.5) is called the decision vector of the program; its entries z;
are called decision variables. The linear function ¢’z is called the objective function (or
just objective) of the problem, and the inequalities aiTx < b; are called the constraints.
Sometimes, with slight abuse of wording, we refer to the vector c¢ itself as to the objective;

e The structure of (1.1.5), given the way we are writing the problem down, reduces to the
sizes m (number of constraints) and n (number of variables). The data of an LO program is
the collection of numerical values of the coefficients in the cost vector (or simply objective)
¢, in the right hand side vector b and in the constraint matrix A;

e A solution to (1.1.5) is an arbitrary value of the decision vector. A solution z is called
feasible if it satisfies the constraints: Axz < b. The set of all feasible solutions is called the
feasible set of the program; the program is called feasible, if the feasible set is nonempty,
and is called infeasible otherwise;

e Given a program (1.1.5), there are three possibilities:

— the program is infeasible. In this case, its optimal value Opt, by definition, is —oco
(this convention is logical, since in the case in question one cannot point out a feasible
solution with the value of the objective > —o0);

— the program is feasible, and the objective is not bounded from above on the feasible
set, meaning that for every real a one can point out a feasible solution x such that
¢’z > a. In this case, the program is called unbounded, and its optimal value Opt
is, by definition, +oc.
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The program which is not unbounded is called bounded; a program is bounded iff
its objective is bounded from above on the feasible set (e.g., due to the fact that the
latter is empty);

— the program is feasible, and the objective is bounded from above on the feasible set:
there exists a real a such that ¢’z < a for all feasible solutions z. In this case, the
optimal value Opt is the supremum, over the feasible solutions, of the values of the
objective at a solution.

— a solution to the program is called optimal, if it is feasible, and the value of the
objective at the solution equals to Opt. A program is called solvable, if it admits an
optimal solution.

Remarks. A. The above terminology is aimed at the maximization LO in the canonical form.
The terminology in the case of a minimization problem “mirrors” the one we have described,
specifically,

e the optimal value of an infeasible program is +oo,

e the optimal value of a feasible and unbounded program (unboundedness now means that the
objective to be minimized is not bounded from below on the feasible set) is —oo, while the
optimal value of a bounded and feasible LO is the infinum of values of the objective at feasible
solutions to the program.

B. The notions of feasibility, boundedness, solvability and optimality can be straightfor-
wardly extended from LO programs to arbitrary MP ones. With this extension, a solvable
problem definitely is feasible and bounded (why?), while the inverse not necessarily is true, as
is illustrated by the program

Opt = max {—exp{—z}:a >0},

where the optimal value — the supremum of the values taken by the objective at the points of
the feasible set — clearly is 0; this value, however, is not achieved — there is no feasible solution
where the objective is equal to 0 = Opt, and, as a result, the program is unsolvable. Thus, in
general, the facts that an optimization program has a “legitimate” — real, and not 0o — optimal
value, is strictly weaker that the fact that the program is solvable (i.e., has an optimal solution).
In LO the situation is much better; eventually we shall prove that an LO program is solvable iff
it is feasible and bounded.

1.1.3 Instructive Examples

Here we present a short series of standard examples of LO problems. In every one of them, we
start with certain semi-verbal story and then “translate” this story into an LO program; this is
called modeling — building a mathematical model, in our case, of the LO type, of a “practical”
situation. It should be stressed that in applications of Optimization modeling plays the crucial
role: on one hand, we need to end up with a model which is not “oversimplified,” that is,
captures all important for the application in question relations and dependencies between the
entities involved, and, on the other hand, is not too complicated, so that we can specify all the
relevant data and process the resulting problem numerically at a reasonable computational cost.
A proper balance between these two conflicting goals requires both deep understanding of the
subject area to which the application belongs and good knowledge of optimization theory and
algorithms. This being said, note that modeling per se, being a “go-between for reality and
Mathematics,” is beyond the scope of our course.
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Examples of LO models in OR

Diet problem. There are n types of products and m types of nutrition elements. A unit of
product # j contains p;; grams of nutrition element # i and costs cj. The daily consumption
of a nutrition element # i should be at least a given quantity b, and at most a given quantity
b;. Find the cheapest possible “diet” — mixture of products — which provides appropriate daily
amounts of every one of the nutrition elements.”

Denoting x; the amount of j-th product in a diet, the LO model of the problem reads’

min > j=1CiTj [Diet’s cost to be minimized]
x
subject to
2 i1 PijTj = by } .
> iy < b [

r;20,1<j<n

<i<m [ upper and lower bounds on the contents ]

of nutrition elements in a diet

you cannot put into a diet a
negative amount of a product

(1.1.7)
The Diet problem is one of the first LO models, and today it is routinely used in many areas,
e.g., in mass-production of poultry. As about nourishment of human beings, the model is of no
much use, since it completely ignores factors like food’s taste, food diversity requirements, etc.

Here is the optimal daily human diet as computed by the software at
http://www-neos.mcs.anl.gov/CaseStudies/dietpy /WebForms/index.html
(when solving the problem, I allowed to use all 64 kinds of food offered by the code):

Food Serving Cost
Raw Carrots 0.12 cups shredded | 0.02
Peanut Butter 7.20 Thsp 0.25
Popcorn, Air-Popped | 4.82 Oz 0.19
Potatoes, Baked 1.77 cups 0.21
Skim Milk 217 C 0.28

Daily cost $ 0.96

Production planning. A factory consumes R types of resources (electricity, raw materials
of various kinds, various sorts of manpower, processing times at different devices, etc.) and
produces P types of products. There are n possible production processes, j-th of them can
be used with “intensity” x; (you may think of these intensities as of fractions of the planning
period (say, 1 month) during which a particular production process is used). Used at unit
intensity, production process # j consumes A,; units of resource r, 1 < r < R, and yields C;
units of product p, 1 < p < P. The profit of selling a unit of product p is ¢,. Given upper
bounds b1, ...,bgr on the amounts of various recourses available during the planning period, and
lower bounds dy, ...,dp on the amount of products to be produced, find a production plan which
maximizes the profit under the resource and the demand restrictions.

'Here and in the subsequent examples, we do not bother to convert the model into a specific form, e.g.,
the canonical one, since this (completely straightforward and “mechanical”) process would only obscure the
construction of a model. Note that existing LO solvers also do not require from a user to input the problem in
certain particular form and use preprocessors to convert an LO program into the format directly accessible for the
solver. A “standard” format is convenient when investigating LO’s as “mathematical beasts,” not when building
LO models!
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Denoting by x; the intensity at which production process j is used, the LO model reads:

max
x J

subject to

(Z]f:l cpij) zj [profit to be maximized|

7

1

-

Apjx; <bp, 1 <r <R [upper bounds on consumed resources should be met]
1

J

M=

Cpjxrj > dy, 1 <p < P [lower bounds on products’ yield should be met]

J

="

z; <1 total intensity should be <1 and

1 . " .
intensities must be nonnegative

; >20,1<7<n

<.
Il

(1.1.8)
Note that the simple model we have presented tacitly assumes that all what is produced can be
sold, that there are no setup costs when switching from one production process to another one,
that products are infinitely divisible (we produce needles rather than Boeings, so to speak), and
makes a lot of other implicit assumptions.

Inventory. An inventory operates over the time horizon 1,...,T (say, T days) and handles K
types of products.

e Products share common warehouse with storage space C. The space required to store a unit
of product k in the warehouse is ¢, > 0, and the holding cost (the per-day cost of storing a unit
of product k in the warehouse) is hy.

e The inventory is replenished via ordering from a supplier; a replenishment order sent in the
beginning of day t is executed immediately, and ordering a unit of product k costs oy.

e The inventory is affected by external demand which amounts to dy, units of product k in day
t. While backlogged demand is allowed, a day-long delay in supplying a customer by unit of
product k costs pg.

Given the initial amounts sg., k = 1, ..., K, of products in warechouse, all the cost coefficients
(which are nonnegative) and the demands d,> We want to specify the replenishment orders vy,
(vgk is the amount of product k& which is ordered from the supplier at the beginning of period t)
in such a way that at the end of period T there is no backlogged demand, and we want to meet
this requirement at as small total inventory management costs as possible.

In order to convert this story into an LO model, we first introduce the state variables s
representing the amount of product k in the warehouse at the end of period ¢ (or, which is the
same, at the beginning of period ¢ + 1); we allow these state variables to be negative as well as
positive, with a negative value of sy interpreted as “at the end of period ¢, the inventory owes
the customers |sy;| units of product k”. With this convention, our problem can be modeled as

2The latter assumption — that the demands are known in advance — more often than not is unrealistic. This
issue will be addressed in the mean time, when speaking about LO problems with uncertain data.
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the optimization program
min U
Uv,s
subject to
K T
Z Z [0k Vs + hg max[sy, 0] + pr max[—s, 0]] (a) 119

(

Stk—st 1k—|—vtk—dtk,1<t<T1<k<K (b)
Ek:l cpmax[sy, 0] <C,1<t<T (c)
st >0,1<k <K (d)
v > 0,1 <kE<K,1<t<T (e)

(the s-variables sy, have ¢ > 1, sg, being part of problem’s data). In this model,

e the variable U is the overall inventory management cost which we want to minimize;

e constraint (a) expresses the fact that U indeed is the overall inventory management cost
— the total, over the K products and the T days, ordering cost (opvy), holding cost
(hi max[sy, 0]), and penalty for backlogged demand (pr max|[—su,0]) associated with

product k& and period t.

The implicit assumptions underlying the latter claims are as follows: the re-
plenishment orders v are issued in the beginning of day ¢ and are executed
immediately. As a result, the amount of product k£ in the inventory in the be-
ginning of day ¢ jumps from s;_; ; to s;_1 + vy. Immediately after this, the
demands dy;, of day t become known and the products are shipped to the cus-
tomers, which reduces — again immediately! — the inventory level by dy, so that
the resulting level s;_1 j, + vy, — dyg, if nonnegative, is the amount of product k
stored in the inventory during day t, otherwise the modulus of this level is the
backlogged demand on product k£ during day t.

From the story we have just told we see, first, that the states sy of the inventory,
as defined above, evolve according to (b). Second, our expenses, associated with
product k, in day ¢ include the ordering cost opvs, and on the top of it, either
the holding cost hgsyy (this is so if sy, is nonnegative), or the penalty pg[—su| for
backlogged demand (when s is negative). We see that (a) correctly represents
the expenses. Further, we see that the “physical” amount of product k stored
in the warehouse during day ¢ is max[sy, 0], so that (¢) correctly represents the
restriction on the space available for storage of products.

Further, constraints (b) express the evolution of states, and
constraints (c) express the restrictions on the space available for storing the products.

e constraint (d) expresses equivalently the requirement that at the end of the planning period

(i.e.,

at the end of day T') there is no backlogged demand.

e finally, constraints (¢) express the implicit assumption that we can only order from the
supplier, while return of products to the supplier is forbidden.

Note that we lose nothing when replacing the equality constraint (1.1.9.a) with the inequality

constraint

K T
Z Z 0V + hg max|[s, 0] + pr max|[—s, 0]]
k=1 t=1

(a)
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which corresponds to minimizing an upper bound U on the actual inventory management cost;
since nothing prevents us from setting this bound to be equal to the right hand side in (1.1.9.a)
(which in any case will be enforced by minimization), the modified in this way problem is
equivalent to the original one. In the remaining discussion, we assume that (1.1.9.a) is replaced
with (a).

We have modeled our verbal problem by (a slightly modified version of) (1.1.9); note, how-
ever, that the resulting model is not an LO program, due to the presence of nonlinear in our
design variables terms max[+sy,0]. We are about to demonstrate (pay maximal attention to
this construction!) that we can handle this type of nonlinearities via LO. Specifically, assume
that we have a constraint of the form

agTermy (y) + ... + apTermps(y) < b, O]

where «y are nonnegative constant coefficients, b is a constant, and every term Termy(y) is either
a linear function of our design variables y (let it be so for L < ¢ < M), or is a piecewise linear
function of the form

Termy(y) = max[al,y + big, adyy + bog, ..., aggy + by) (%)
(the latter is the case for 1 < ¢ < L).

Note that converted equivalently to the form of (!), all constraints (a’), (1.1.9.b-¢)
are of this form, which is an immediate corollary of the nonnegativity of the cost
coefficients hy, pr and the space coefficients cy.

Now, let us replace every piecewise linear term Termy in (!) with a new decision variable wy
(“slack variable” in the slang of LO) and augment this action by imposing the constraints

we > aly + by, 1<v<p

on the original and the slack variables. As a result, the constraint (!) will be replaced by the
system

Yol awy + Zej\iLH ayTermy(y)+ < b

wp > aly +by, 1<v<p1<L<L

of linear in the variables y, wq, ..., wr. Taking into account that aq, ..., ay are nonnegative, it is
clear that this system says about our original variables y exactly the same as the constraint (1),
meaning that y can be extended, by properly chosen values of slack variables wy, 1 < ¢ < L, to a
feasible solution of the system iff y satisfies (!). If now (!) is a constraint in certain optimization
problem, then, augmenting the variables of the problem by slack variables w, and replacing the
constraint in question with the above system, we arrive at an equivalent problem where the
nonlinear constraint in question is replaced with a system of linear constraints. If all constraints
with nonlinearities in an optimization problem admit the outlined treatment, we can apply the
outlined procedure “constraint by constraint” and end up with an LO which is equivalent to the
original problem.

Let us apply this recipe to problem (1.1.9) (with constraint (a) replaced with (a’), which, as
we remember, keeps the problem intact up to equivalence). Specifically, we introduce the slack
variables (upper bounds) yy, for the quantities max[sy, 0] and zy, for the quantities max|[—sy, 0]
and replace the nonlinearities with these upper bounds, augmenting the resulting system of
constraints with linear constraints (constraints (f), (g) below) expressing equivalently the fact
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that ys, 24 indeed are upper bounds on the corresponding nonlinearities. The resulting program
reads
min U
U7U7S7y’z
subject to

Stk = St—1k + Utk — dig, L <t ST, 1<k <K
ZszlckytkSC, 1<t<T

K T
U> kZI tzl [orvek + Pryik + Przik] (
(
(
s> 01< k<K (d)
(e)
(

(1.1.10)

Utk20;1§k§K71§t§T
Ytk = Sty Yk = 0,1 <k <K, 1<t T
2tk = —Stky, 2tk > 0,1 <E< K, 1<t<T (9)

and is an LO program which is equivalent to (1.1.9) and thus models our inventory problem.
Warning: The outlined “eliminating nonlinearities” heavily exploits the facts that

(1) () is a constraint with piecewise linear nonlinearities which are maxima of linear forms,

(2) all the nonlinearities are to the left of ” < ”-sign, and

(3) the coefficients at these nonlinearities are nonnegative.
Indeed, assume that we are given a constraint with the terms which are either linear functions
of the variables, or piecewise linear functions “maximum of linear terms” multiplied by constant
coefficients. We always can rewrite this constraint in the form of (!), but the coefficients at
nonlinearities in this constraint not necessarily should be nonnegative. Of course, we can “move
the coefficients into the nonlinearities”, noting that

cmax[a]y + by, ..., a,fy + bp]

is either max[caly + cby, ...,cagy + b,] when ¢ > 0, or minfcaly + cby, ...,cagy + bp] when
¢ < 0. Now all nonlinearities have coefficients 1 and are to the left of ” < ”, but there, in
general, are two types of them: maxima of linear forms and minima of linear forms. The
above construction shows that if all the nonlinearities are maxima of linear forms, we can
eliminate them at the cost of introducing slack variables and converting (!) into a system of linear
inequalities. The number of slack variables we need is equal to the number of nonlinearities we are
eliminating, and the number of linear inequalities we end up with is by one greater than the total
number of linear forms participating in the nonlinearities.” The situation changes dramatically
when among the nonlinearities are minima of linear forms. Given such a nonlinearity, say,
min[alTy + b1, ..., agy + b,], we can, of course, replace it with a slack variable w at the cost of
augmenting the list of constraints by the constraint w > minfafz + by, ..., agx +b,] (“isolating”
the nonlinearity, so to speak). The difficulty is that now this additional constraint cannot be
immediately reduced to a system of linear inequalities: instead of expressing the fact that w is
> the maximum of a;fpx+ b; over 1, that is, that w > alTx+ by AND w > ag:c+b2 AND ... AND
w > agm + by, (which is just a system of p linear inequalities on w and y), we need to express the
fact that w is > the minimum of aiTx—i—bi over i, that is, that w > a{x%—bl OR w > agx—i—bQ OR
... ORw > a]7;$ +b,, which is not a system of linear inequalities on w, y. Of course, it is possible
to eliminate nonlinearities of the min-type by “branching” on them: to eliminate nonlinearity
w > minfalz + by, ...,agx + by], we build p uncoupled problems where this nonlinearity is
substituted subsequently by every one of the linear inequalities w > aiTx + b, 1 =1,...,p.
However, if we have several “bad” — requiring branching — nonlinearities in an optimization
problem, when eliminating all of them, we need to consider separately all combinations of the
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above substitutions across the bad nonlinearities. As a result, if in the original problem we
have K “bad” piecewise linear nonlinearities and k-th of them involves pj linear functions, their
elimination results in the necessity to consider separately N = pips...px “LO variants” of the
original problem. Since the number of variants grows exponentially fast with the number of
bad nonlinearities, this approach, at least in its outlined straightforward form, can be used only
when K and p;, 1 <¢ < K, are small.

Transportation and Network Flows. Let us start with the story as follows.

There are I warehouses, i-th of them storing s; units of product, and J customers,
Jj-th of them demanding d; units of product. Shipping a unit of product from ware-
house ¢ to customer j costs c;j. Given the supplies s;, the demands d; and the costs
C;j, we want to decide on the amounts of product to be shipped from every ware-
house to every customer. Our restrictions are that we cannot take from a warehouse
more product than it has, and that all the demands should be satisfied; under these
restrictions, we want to minimize the total transportation cost.

Introducing decision variables x;;, with z;; being the amount of product to be shipped from
warehouse ¢ to customer j, the story can be modeled by the LO program

min, > i CijTij [transportation cost to be minimized|
subject to
E}‘le xij <8, 1 <i< T [we should respect the capacities of the warehouses]
Z{:l ryy=dj,j=1,...,J [we should satisfy the demands]
i >20,1<e<1,1<5<J [you cannot ship a negative amount of product]
(1.1.11)
We end up with what is called a transportation problem. Note that when building the model
we have assumed implicitly that the product is infinitely divisible.

A far-reaching generalization of the transportation problem is the multicommodity network
flow problem as follows. We are given a network (an oriented graph) — a finite set of nodes
1,...,n along with a finite set I" of arcs — ordered pairs v = (i, j) of distinct (i # j) nodes. We say
that an arc v = (i, j) starts at node 7, ends at node j and links node i to node j. As an example,
you may think of a road network, where the nodes are road junctions, and the arcs are the
one-way segments of roads “from a junction to a neighboring one;” a 2-way road segment can be
modeled by two opposite arcs. (Of course, many other interpretations of a network are possible).
Now imagine that there are N types of “commodities” moving along the network, and let sg;
be the “external supply” of k-th commodity at node i. This supply can be positive (meaning
that the node “pumps” into the network si; units of commodity k), negative (the node “drains”
from the network |sg;| units of commodity k) and zero. You may think of k-th commodity as
about the stream of cars originating within a time unit (say, one hour) at a particular node
(say, at GaTech campus) and moving to a particular destination (say, Northside Hospital); the
corresponding sg; are zeros for all nodes i except for the origin and the destination ones. For
the origin node i, sg; is the per hour amount c of cars leaving the node for the destination in
question, while for the destination node i, sg; = —c, so that |sg;| is the per hour amount of cars
of given origin arriving at the destination.?> Now, the propagation of commodity k through the
network can be represented by a vector f* with entries fﬁ indexed by the arcs of the network;

3In our static “traffic illustration” we assume implicitly that the traffic is in steady state.
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f,]; is the amount of the commodity moving through the arc . Such a vector is called a feasible
flow, if it is nonnegative and meets the conservation law as follows: for every node i in the
network, the total amount of the commodity k arriving at the node plus the supply sy; of the
commodity k at the node equals to the total amount of the commodity k leaving the node:

Z f]’)61+8k22 Z fi]fp

peEP(i) q€Q(7)

where P(i) is the set of all nodes p such that (p,i) is an arc in the network, and Q(%) is the set
of all nodes ¢ such that (,¢) is an arc in the network.

The multicommodity flow problem reads: Given
e a network with n nodes 1,...,n and a set I' of arcs,

e a number K of commodities along with supplies si; of nodes i = 1,...,n to the flow of
commodity k, k=1,..., K,

e the per unit cost ¢y of transporting commodity k through arc -,

e the capacities h, of the arcs,

find the flows f1, ..., f& of the commodities which are nonnegative, respect the conservation law
and the capacity restrictions ( that is, the total, over the commodities, flow through an arc does
not exceed the capacity of the arc) and minimize, under these restrictions, the total, over the
arcs and the commodities, transportation cost.

In our “traffic illustration,” you may think about a shipping cost ¢, as about the time
required for a car to travel through arc v (with this interpretation, ¢, should be independent of
k), in which case the optimization problems becomes the problem of finding social optimum —
the routing of cars in which the total, over all cars, traveling time of a car is as small as possible.

To write down an LO model of the problem, let us define the incidence matrix P = [P;,]
of a network as the matrix with rows indexed by the nodes i = 1,...,n of the network and the
columns are indexed by the arcs v € I' of the network, with the entry P,

— equal to 1 when the arc v starts at node 1,
— equal to —1 when the arc v ends at node 1,
— equal to 0 in all remaining cases.

With this notation, the conservation law for a flow f, the supplies being s1,..., s,, reads

(check it!)

ZPWfV = §:=[$1;...; Sn).
S
Now we can write down an LO program modeling the multicommodity flow problem:

ming gk Zle > er cwﬁ [total transportation cost]
subject to
flow conservation law for the
flow of every commodity

ffj >0,1<k<K,yeTl [flows must be nonnegative]

Zszl fﬁ < hy,y €T [we should respect bounds on capacities of the arcs]

(1.1.12)

Note that the transportation problem is a very specific case of the multicommodity flow problem.
Indeed, in the situation of the transportation problem, let us start with I 4+ J-nodal graph with
I red nodes representing warehouses and J green nodes representing the customers, and IJ arcs
leading from every warehouse to every customer; the arc from i-th warehouse to j-th customer

Pl =5k = [sp1;.i8m), k=1,.., K
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has infinite capacity and transportation cost c;;. Further, let us add to this graph one extra node,
called source, and I arcs linking the source and the warehouses. The arc “source-warchouse #:”
is assigned with zero transportation cost and capacity s; (the amount of product in warehouse
i). Finally, let there be a single commodity, with external supply equal to D = ZJ‘.]zl d; at the
source node and equal to —d; at the green node # j (the node representing j-th customer).
Clearly, the resulting single-commodity version of the multicommodity flow problem (1.1.12) is
nothing but the transportation problem (1.1.11).

LO programs on networks form a special, extremely nice part of LO. Here is one of the most
beautiful problems of this type — the Maximal Flow problem as follows: We are given a network
with arcs v assigned with nonnegative capacities h. One of the nodes is designated as source,
another one — as sink. We are looking at the maximal flow from source to sink, that is, for the
largest s such that the external supply “s at the source, —s at the sink, zero at all other nodes”
corresponds to certain feasible flow respecting the arc capacity bounds.

The LO model of this problem reads:

maxy g s [total flow from source to sink to be maximized|
subject to
s, 1 is the source node
> Pinyfy =4 —s, iis the sink node [flow conservation law] (1.1.13)
0, for all other nodes

fy >0,y eI [flows in the arcs should be nonnegative]
fy < hy,v €T [we should respect arc capacities]

The beauty of Network Flow problems stems from the fact that one can utilize additional and
very specific structure coming from the associated network; as a result, numerous Network
Flow LO’s admit specialized highly efficient solution algorithms which within their scope by far
outperform “general purpose” LO methods.

Engineering examples

Traditionally, LO models and algorithms were considered as part of Operations Research and as
such were primarily associated with decision-making applications. Power of LO in engineering
applications was realized essentially later, and “penetrating” of LO in these areas seems to be
still in progress. Applications of this type include synthesis of linear controllers for discrete time
linear dynamical systems, and various applications in Data Mining and Signal Processing. We
present just two illustrations, one of them teaching us important “modeling tricks”, and the
other one selected due to its crucial role in sparsity-oriented Signal Processing.

Fitting parameters in linear regression models. Imagine that we have observed m pairs
“nput z° € R™ to a “black box” — output y° € R of the black box.” Sometimes we have
reasons to believe that this output is a corrupted by noise version of the “existing in the nature,
but unobservable, ideal output” 3i = [#*]7 2! which is just linear function of the inputs (this is
called “linear regression model”). Our goal is to convert actual observations z, 5%, 1 < i < m,
into estimates of the unknown vector of parameters 6*. This problem would be easy, if there
were no observation errors (y’ were exactly equal to [#*]72%) and we were possessing a reach
enough set of observations, so that among the vectors z!, ..., 2™ (“regressors” in the terminology
of linear regression) there were n = dim 6* linearly independent. In this case the “true” vector of
unknown parameters would be a solution to the system of linear equations 3* = 7z, 1 < i < m,
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L ..., x™ there

in variables 6, the solution to this system being unique (since among the vectors z
are n linearly independent); it remains to note that to find the unique solution to a solvable
system of linear equations is a simple Linear Algebra problem.

The situation changes dramatically when there are observation noises and/or the number n
of “degrees of freedom” of the regression model — the dimension of the vector of parameters, or,
which is the same, of the regressor vectors z’ — is larger than the number m of observations.

Because of observation noises, the system
0Ta =y, i=1,...,m (%)

in variables § can become infeasible (this will be typically the case when m > n) and even when
feasible, it is unclear what is the relation of its solution(s) to the true value of the parameter
vector (which now is not a solution to the system). Likewise, with a non-unique solution (this
will be typically the case when m < n), it is unclear which one of the solutions to the system to
take — and this is so even if there are no observation errors, that is, when we know in advance
that the true vector of parameters is among the solutions to the system.

There exists a wide (and constantly extending) spectrum of various techniques for parameter
estimation in a linear regression, differing from each other primarily in what is our a priori in-
formation on the nature of the observation errors, the structure of the true vector of parameters,
etc.; some of these techniques heavily utilize LO. For example, we can choose a simple “discrep-
ancy measure” — a kind of distance between the vector of outputs X6 = [[2']76;...; [z™]76] of
our hypothetical model (here X is the m xn matrix with the rows [z1]7, ..., [z™]T) and the vector
of observed outputs y = [y;...;4™], and look for the vector of parameters which minimizes this
discrepancy. This amounts to the necessity to solve the optimization problem

min ¢(X6, y), (*)

where ¢(u,v) is the discrepancy between vectors u and v. Note that this approach does not
make much sense when the number of observations m is less than the number n of unknown
parameters (think why); it is used, if at all, when m > n.

There are two simple cases when the outlined problem reduces to LO. The first is the case
when we are interested in the uniform fit:

B, 0) = u— vl = | _max fu; = v,

The second case corresponds to the £y fit

dim u

d(u,0) = lu—vlly == > |u; — vil.
i=1

e With the uniform fit, (*) reads

. T
0 — vl
min max |[2']760 —yil;
while literally this is not an LO program, we can easily convert it to the LO form by introducing
slack variable 7 which should be an upper bound on all the quantities |[x?]”6 —y;| and minimizing
this bound. The resulting problem reads

min {7 : 2770~y < 7y — 270 <71 < <
T7
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which is an LO program.
e with the /;-fit, (%) reads

m
m@in;\[xiﬁ — i, (1.1.14)
1=

which again is not an LO program. There are two ways to convert it into LO — a good and a
bad one. The good way is to note that |a| = max|a, —a], that is, |[z/]76 — y;| is the maximum of
two linear forms of 6, and to use the trick we remember from processing the inventory problem:;
the resulting LO equivalent to the problem of interest reads

m
%'tgl{zwz [ ] 0 — v <wi,yi — [Z]Teng,lgzgm}
i=1
A bad way is to note that Z la;| = >, €ia;, which allows to write the

e1==%1,ea= :I:L HEm==%1
problem of interest down as an LO solely in the original variables 6, augmented by a single slack
variable 7, specifically, as

min {T 72> l[2)70 -y Ver = 1,60 = £1, .6 = il} (1.1.15)
n i—1

While being legitimate, this conversion indeed is bad, since we end up with an LO with 2™
linear constraints; handling the resulting LO program will be completely impractical already for
m = 10, and will be impossible for m = 30.

Sparsity-oriented Signal Processing and ¢; minimization, I: Compressed Sensing.
Let us start with Compressed Sensing which addresses, essentially, the same linear regression
problem as above, but in the case opposite to the one we have just considered, specifically, when
the number of observations m is much less than the number n of unknown parameters. Thus, we
are in the situation when the m-dimensional vector of observations is obtained from an unknown
n-dimensional vector of parameters 68* according to

(for the time being, there is no observation error), and X is a given m x n sensing matrix. Our
goal is to recover 6* given y, and the Compressed Sensing situation is the one where m < n. At
a first glance, our goal is unreachable: when m < n, (!), treated as a system of linear equations
in variables 6, is heavily underdetermined: if solvable, it has infinitely many solutions, including
those which are very far from each other, since the solution set of (1), if nonempty, is unbounded
(why?). It follows that we have no chances to recover the true solution, unless we augment
the observations with certain additional information. In Compressed Sensing, this additional
information is the one of sparsity of 6*, specifically, the a priory knowledge of an upper bound
s < m on the number of nonzero entries in 6*.

Note that in many applications we indeed can be sure that the true vector of param-
eters 0* is sparse. Consider, e.g., the following story about signal detection (from the
applied viewpoint, this story is not of “linear regression” flavor, but the mathemat-
ical model looks exactly the same). There are n locations where signal transmitters



1.1. LO PROGRAM: DEFINITION AND EXAMPLES 17

could be placed, and m locations with the receivers. The contribution of a signal
of unit magnitude originating in location j to the signal measured by receiver i is a
known quantity X;;, and signals originating in different locations merely sum up in
the receivers; thus, if 6 is the n-dimensional vector with entries 0} representing the
magnitudes of signals transmitted in locations j = 1,2, ..., n, then the m-dimensional
vector y of measurements of the m receivers is y = X6*. Given this vector, we intend
to recover 0*.

Now, if the receivers are hydrophones registering noises emitted by submarines in
certain part of Atlantic, tentative positions of submarines being discretized with
resolution 500 m, the dimension of the vector #* (the number of points in the dis-
cretization grid) will be in the range of tens of thousands, if not tens of millions. At
the same time, the total number of submarines (i.e., nonzero entries in 6*) can be
safely upper-bounded by 50, if not by 20.

In view of the just outlined interpretation of the situation we are in, in the sequel
we use the words “true signal” as an equivalent to the words “the true vector of
parameters.”

Given in advance that 6* has at most s < m nonzero entries, the possibility of exact recovery
of 6* from observations y becomes quite natural. Indeed, let us try to recover 6 by the following
“brute force” search: we inspect, one by one, all subsets I of the index set {1,...,n} — first the
empty set, then n singletons {1},...,{n}, then % 2-element subsets, etc., and each time try
to solve the system of linear equations

y= X0, 0; =0 when j & I

when arriving for the first time at a solvable system, we terminate and claim that its solution
is the true vector 6*. It is clear that we will terminate before all sets I of cardinality < s are
inspected. It is also easy to show (do it!) that if every 2s distinct columns in X are linearly
independent (when m > 2s, this indeed is the case for a matrix X in a “general position”?),
then the procedure is correct — it indeed recovers the true vector 6*.

A bad news is that the outlined procedure becomes completely impractical already for
“small” values of s and n because of the astronomically large number of linear systems we need
to process®. A partial remedy is as follows. The outlined approach is, essentially, a particular
way to solve the optimization problem

min{nnz(d) : A6 =y}, (%)

“Here and in the sequel, the words “in general position” mean the following. We consider a family of objects,
with a particular object — an instance of the family — identified by a vector of real parameters (you may think
about the family of n X n square matrices; the vector of parameters in this case is the matrix itself). We say
that an instance of the family possesses certain property in general position, if the set of values of the parameter
vector for which the associated instance does not possess the property is of measure 0. Equivalently: randomly
perturbing the parameter vector of an instance, the perturbation being uniformly distributed in a (whatever
small) box, we with probability 1 get an instance possessing the property in question. E.g., a square matrix “in
general position” is nonsingular.

When s = 5 and n = 100, this number is & 7.53e¢7 — much, but perhaps doable. When n = 200 and s = 20,
the number of systems to be processed jumps to =~ 1.61e27, which is by many orders of magnitude beyond our
“computational grasp”; we would be unable to carry out that many computations even if the fate of the mankind
were dependent on them. And from the perspective of Compressed Sensing, n = 200 still is a completely toy size,
by 3-4 orders of magnitude less than we would like to handle.
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where nnz(0) is the number of nonzero entries of a vector 6. At the present level of our knowl-
edge, this problem looks completely intractable (in fact, we do not know algorithms solving
the problem essentially faster than the brute force search), and there are strong reasons, to be
addressed later in our course, to believe that it indeed is intractable. Well, if we do not know
how to minimize under linear constraints the “bad” objective nnz(#), let us “approximate”
this objective with one which we do know how to minimize. The true objective is separable:
nnz(z) =Y ;- &(x;), where £(s) is the function on the axis equal to 0 at the origin and equal
to 1 otherwise. As a matter of fact, the separable functions which we do know how to minimize
under linear constraints are sums of convex functions of 1, ..., z, . The most natural candidate
to the role of convex approximation of £(s) is |s|; with this approximation, (x) converts into the

¢1-minimization problem
n
i 0|1 = 0] : X0 = 1.1.16
mem{u =" 105 y} (11.16)

=1

which, as we know, is equivalent to the LO program
n
min{ij : X0 = y,Hj < wj,—Hj < w]',l S] < n} .

For the time being, we were focusing on the (unrealistic!) case of noiseless observations. A
realistic model is that the observation contains noise &:

y=X0+¢

and we know an upper bound € on the “magnitude” ||£|| of the noise. In this case, 1 minimization
becomes
min {[|0]]1 : |X6 —yl| < €}

When || - || is either || - ||oo, O || - ||1, the latter problem again reduces to LO, specifically, to the

LO program

n
. —e<[X0—yli<e,1<i<m
Do Zw]‘{—wjﬁxjéwj,léjén

when || - || = || ||, and to the LO program

n -2 <[XO0—vy|; <z,1<i<m
min ij i Yz <e
R = —wj <zj<wj, 1<j<n

when || - || = |- []1.

*How good is ¢; minimization in the Compressed Sensing context? Let us say that a
sensing matrix X is s-good, if in the noiseless case £1 minimization recovers correctly all s-sparse
“signals” #. The Compressed Sensing theory demonstrates that

A real-valued function f(s) on the real axis is called convex, if its graph, between every pair of its points, is
below the chord linking these points, or, equivalently, if f(z+ Ay —=z)) < f(z)+A(f(y) — f(z)) for every z,y € R
and every A € [0,1]. For example, maxima of (finitely many) affine functions a;s + b; on the axis are convex. For
more detailed treatment of convexity, see pp 29, 59.
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1. For given m,n with m < n (say, m/n < 1/2), there exist m x n sensing matrices which

are s-good for the values of s “nearly as large as m”, specifically, for s < O(l)% 7
Moreover, there are natural families of matrices where this level of goodness “is a rule.”
E.g., when drawing an m x n matrix at random from the Gaussian or the +1 distributions
(i.e., filling the matrix with independent realizations of a random variable which is either
a standard (zero mean, unit variance) Gaussian one, or takes values +1 with probabilities
0.5), the result will be s-good, for the outlined value of s, with probability approaching 1

as m and n grow.

2. If a sensing matrix X is s-good and we are applying ¢; minimization to noisy observations,
the recovering error is bounded by C(X)e, provided that the true signal 0* is s-sparse.
Thus, small noise results in small recovering error.

3. The above results can be considered as a good news. A bad news is, that we do not
know how to check efficiently, given an s and a sensing matrix X, that the matrix is s-
good. Moreover, we do not know an efficient recipe to build, given m, an m X 2m matrix
X™ which is provably s-good for s larger than O(1)y/m, which is a much smaller “level
of goodness” then the one promised by theory for randomly generated matrices.® The
“common life” analogy of this pitiful situation would be as follows: you know that with
probability at least 0.9, a brick in your wall is made of gold, and at the same time, you do
not know how to tell a golden brick from a usual one.”

4. There are necessary and sufficient (but, unfortunately, difficult to verify!) conditions for
a sensing matrix to be s-good, sane as efficiently verifiable sufficient conditions for s-
goodness; all these conditions are closely related to LO. Specifically,

(a) A necessary and sufficient condition for X to be s-good is the existence of y < 1/2
such that,
10]ls,10 < 7]|6]]1 V8 € Ker X := {0 : X0 =0} O]

"From now o, O(1)’s denote positive absolute constants — appropriately chosen numbers like 0.5, or 1, or
perhaps 100,000. We could, in principle, replace all O(1)’s by specific numbers; following the standard mathe-
matical practice, we do not do it, partly from laziness, partly because the particular values of these numbers in
our context are irrelevant.

8Note that the naive algorithm “generate m x 2m matrices at random until an s-good, with s promised by the
theory, matrix is generated” is not an efficient recipe, since we do not know how to check s-goodness efficiently.

9This phenomenon is met in many other situations. E.g., in 1938 Claude Shannon (1916-2001), “the father
of Information Theory,” made (in his M.Sc. Thesis!) a fundamental discovery as follows. Consider a Boolean
function of n Boolean variables (i.e., both the function and the variables take values 0 and 1 only); as it is easily
seen there are 22" function of this type, and every one of them can be computed by a dedicated circuit comprised of
“switches” implementing just 3 basic operations AND, OR and NOT (like computing a polynomial can be carried
out on a circuit with nodes implementing just two basic operation: addition of reals and their multiplication). The
discovery of Shannon was that every Boolean function of n variables can be computed on a circuit with no more
than Cn~'2" switches, where C' is an appropriate absolute constant. Moreover, Shannon proved that “nearly all”
Boolean functions of n variables require circuits with at least cn™ 12" switches, ¢ being another absolute constant;
“nearly all” in this context means that the fraction of “easy to compute” functions (i.e., those computable by
circuits with less than cn~12" switches) among all Boolean functions of n variables goes to 0 as n goes to co. Now,
computing Boolean functions by circuits comprised of switches was an important technical task already in 1938;
its role in our today life can hardly be overestimated — the outlined computation is nothing but what is going
on in a computer. Given this observation, it is not surprising that the Shannon discovery of 1938 was the subject
of countless refinements, extensions, modifications, etc., etc. What is still missing, is a single individual example
of a “difficult to compute” Boolean function: as a matter of fact, all multivariate Boolean functions f(z1,...,Zn)
people managed to describe explicitly are computable by circuits with just linear in n number of switches!
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where ||0||s,1 is the sum of the s largest magnitudes of the entries in 6 (this is called the
“nullspace property”). The relation to LO stems from the derivation of the condition;
this derivation follows more or less straightforwardly from the “first principles” of LO,
specifically, from the standard necessary and sufficient conditions (to be studied later
in our course) for a solution to an LO program to be optimal. The difficulty with this
condition is that we do not know how to verify efficiently, unless s is really small, like
1 or 2. To see where the difficulty originates from, you can rewrite (!) equivalently
(check equivalence!) in the form

> 18:] <A16]l V6 € Ker XV(I C {1,...,n} : Card(I) < s) (1.1.17)
el

which makes transparent the combinatorial nature of the condition.

(b) A verifiable sufficient condition for X to be s-good reads: The relation (1.1.17) for
sure is satisfied with

— — g7 —vyT
y=as(X)=_ inf - max ||Coly{l — Y7 X]|l.1,
where I is the unit matrix and Col;[A] stands for j-th column of a matrix A. In

particular, the condition
as(X) <1/2

is sufficient for X to be s-good.

Here the relation to LO stems from the fact that, as we shall see in the next section,
computing a,(X) reduces to solving an explicit LO program.

Note that as(X) < sap(X) (why?), meaning that the outlined verifiable sufficient
condition can be weakened to the condition

1
a(X):= inf I -YTX|e < =,
YeRmXn 2s
where ||A|lo stands for the maximum of magnitudes of the entries in a matrix A.
With the experience we have at this point, we immediately see that computing a;(X)
reduces to solving an LO program.

*Sparsity-oriented Signal Processing and /; minimization, II: Supervised Binary
Machine Learning via LP Support Vector Machines. Imagine that we have a source of
feature vectors — collections = of n measurements representing, e.g., the results of n medical
tests taken from patients, and a patient can be affected, or not affected, by a particular illness.
“In reality,” these feature vectors x go along with labels y taking values +1; in our example, the
label —1 says that the patient whose test results are recorded in the feature vector x does not
have the illness in question, while the label +1 means that the patient is ill.

We assume that there is certain dependence between the feature vectors and the labels, and
our goal is to predict, given a feature vector alone, the value of the label. What we have in our
disposal is a training sample (z%,y%), 1 < i < N of examples (z*,y’) where we know both the
feature vector and the label; given this sample, we want to build a classifier — a function f(x)
on the space of feature vectors x taking values +1 — which we intend to use to predict, given
the value of a new feature vector, the value of the corresponding label. In our example this
setup reads: we are given medical records containing both the results of medical tests and the
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diagnoses of N patients; given this data, we want to learn how to predict the diagnosis given
the results of the tests taken from a new patient.

The simplest predictors we can think about are just the “linear” ones looking as follows. We
fix an affine form 27z + b of a feature vector, choose a positive threshold v and say that if the
value of the form at a feature vector x is “well positive” —is > v — then the proposed label for x
is +1; similarly, if the value of the form at x is “well negative” — is < —+ —, then the proposed
label will be —1. In the “gray area” v < z'x + b < ~ we decline to classify. Noting that the
actual value of the threshold is of no importance (to compensate a change in the threshold by
certain factor, it suffices to multiply by this factor both z and b, without affecting the resulting
classification), we from now on normalize the situation by setting the threshold to the value 1.

Now, we have explained how a linear classifier works, but where from to take it? An intu-
itively appealing idea is to use the training sample in order to “train” our potential classifier —
to choose z and b in a way which ensures correct classification of the examples in the sample.
This amounts to solving the system of linear inequalities

A4 o>V <Ny =+1) & 2Tal + b < —1V(i : ¢ = —1),
which can be written equivalently as
yi(zlat +b)>1Vi=1,..,N.
Geometrically speaking, we want to find a “stripe”
1<z +b<1 (%)

between two parallel hyperplanes {z : 2’2 +b = —1} and {z : 272 + b = 1} such that all
“positive examples” (those with the label +1) from the training sample are on one side of this
stripe, while all negative (the label —1) examples from the sample are on the other side of the
stripe. With this approach, it is natural to look for the “thickest” stripe separating the positive

and the negative examples. Since the geometric width of the stripe is \/ZQTZ (why?), this amounts

to solving the optimization program

rrzlibn{HzHQ = VT2 yi(Tai +b) > 1,1 gigN}; (1.1.18)
The latter problem, of course, not necessarily is feasible: it well can happen that it is impossible
to separate the positive and the negative examples in the training sample by a stripe between
two parallel hyperplanes. To handle this possibility, we can allow for classification errors and
to minimize a weighted sum of ||w||2 and total penalty for these errors. Since the absence of
classification penalty at an example (27,%") in outer context is equivalent to the validity of the
inequality y*(w”z® 4+ b) > 1, the most natural penalty for misclassification of the example is
max[1 — y*(z7'2? + b),0]. With this in mind, the problem of building “the best on the training
sample” classifier becomes the optimization problem

N
rg}gl{]zb—i—)\;max[l—yi(zT:Bi—l—b),O]}, (1.1.19)

where A > 0 is responsible for the “compromise” between the width of the stripe (%) and the
“separation quality” of this stripe; how to choose the value of this parameter, this is an additional
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story we do not touch here. Note that the outlined approach to building classifiers is the most
basic and the most simplistic version of what in Machine Learning is called “Support Vector
Machines.”

Now, (1.1.19) is not an LO program: we know how to get rid of nonlinearities max[l —
y'(wT ' +b),0] by adding slack variables and linear constraints, but we cannot get rid from the
nonlinearity brought by the term |[|z||2. Well, there are situations in Machine Learning where
it makes sense to get rid of this term by “brute force,” specifically, by replacing the || - |2 with
Il - |l1. The rationale behind this “brute force” action is as follows. The dimension n of the
feature vectors can be large, In our medical example, it could be in the range of tens, which
perhaps is “not large;” but think about digitalized images of handwritten letters, where we want
to distinguish between handwritten letters ”A” and ”B;” here the dimension of x can well be
in the range of thousands, if not millions. Now, it would be highly desirable to design a good
classifier with sparse vector of weights z, and there are several reasons for this desire. First,
intuition says that a good on the training sample classifier which takes into account just 3 of the
features should be more “robust” than a classifier which ensures equally good classification of
the training examples, but uses for this purpose 10,000 features; we have all reasons to believe
that the first classifier indeed “goes to the point,” while the second one adjusts itself to random,
irrelevant for the “true classification,” properties of the training sample. Second, to have a
good classifier which uses small number of features is definitely better than to have an equally
good classifier which uses a large number of them (in our medical example: the “predictive
power” being equal, we definitely would prefer predicting diagnosis via the results of 3 tests to
predicting via the results of 20 tests). Finally, if it is possible to classify well via a small number
of features, we hopefully have good chances to understand the mechanism of the dependencies
between these measured features and the feature which presence/absence we intend to predict
— it usually is much easier to understand interaction between 2-3 features than between 2,000-
3,000 of them. Now, the SVMs (1.1.18), (1.1.19) are not well suited for carrying out the outlined
feature selection task, since minimizing ||z||2 norm under constraints on z (this is what explicitly
goes on in (1.1.18) and implicitly goes on in (1.1.19)'°) typically results in “spread” optimal
solution, with many small nonzero components. In view of our “Compressed Sensing” discussion,
we could expect that minimizing the ¢1-norm of z will result in “better concentrated” optimal
solution, which leads us to what is called “LO Support Vector Machine.” Here the classifier is
given by the solution of the || - ||;-analogy of (1.1.19), specifically, the optimization problem

N
rgl’il)rl{]z\l—i—)\Zlmax[l—yi(szi—i—b),O]}. (1.1.20)

This problem clearly reduces to the LO program

n N
min E wj+AZ§i:—wj <z <wj, 1<j<n&>0,6>1—y (T2t +b),1<i<N
Z’b7w7£ j 1 Z:1

(1.1.21)

19To understand the latter claim, take an optimal solution (2., b.) to (1.1.19), set A = 3"~  max[l —y' (272" +
b.), 0] and note that (z, b.) solves the optimization problem

N
. . i T i
121151{||z|2 E max([l —y'(z" «' +b), 0] SA}

i=1

(why?).
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Concluding remarks. A reader could ask, what is the purpose of training the classifier on the
training set of examples, where we from the very beginning know the labels of all the examples?
why a classifier which classifies well on the training set should be good at new examples? Well,
intuition says that if a simple rule with a relatively small number of “tuning parameters” (as it is
the case with a sparse linear classifier) recovers well the labels in examples from a large enough
sample, this classifier should have learned something essential about the dependency between
feature vectors and labels, and thus should be able to classify well new examples. Machine
Learning theory offers a solid probabilistic framework in which “our intuition is right”, so that
under assumptions (not too restrictive) imposed by this framework it is possible to establish
quantitative links between the size of the training sample, the behavior of the classifier on this
sample (quantified by the || - |2 or || - ||1 norm of the resulting z and the value of the penalty
for misclassification), and the predictive power of the classifier, quantified by the probability of
misclassification of a new example; roughly speaking, good behavior of a linear classifier achieved
at a large training sample ensures low probability of misclassifying a new example.

1.2 What Can Be Reduced to LO

Looking at the collection of LO models we have presented, we see that mathematical models
which finally can be formulated as LO programs not always “are born” in this form; we became
acquainted with several tricks which, with luck, allow to convert an non-LO optimization problem
into an equivalent LO program. This section is devoted to “in-depth” investigating of these
tricks.

1.2.1 Preliminaries

We start with several useful, although “philosophical,” remarks. What we are interested in our
course is mathematics of Linear Optimization, so that the main entities to be considered are
specific functions and sets. Say, an LO program is the program of maximizing a linear function
c’'z over a polyhedral subset X of R", that is, over the solution set {z € R™ : Az < b} of a finite
system of nonstrict linear inequalities in n variables x. Now, sets and functions are abstract
“mathematical beasts;” the concept of a set is the basic mathematical concept which we do not
define in terms of simpler concepts!!; the concept of a function is a derivative of the concept
of a set'?, and both these concepts have nothing to do with particular representations of these
entities; representations are by far not the same as the entities being described. For example,
the segment [—1, 1] of the real line is a set, and this set admits various representations, e.g.,

e the representation as a solution set of the system of two linear inequalities z > —1, x <1
in real variable z,

e the representation as the set of all values taken by the function sin(z) on the real axis,
and countless variety of other representations. Similarly, a linear function f(x) = x on the real

"Whether one believes that the concept of a set is an abstract “derivative” of our experience in thinking
of /handling various collections of “physical” entities, or, following Plato, thinks that this concept is a shadow of
certain “idea” existing in some ideal sense, no one offers a formal definition of this fundamental concept, just
illustrates it. Perhaps the best illustration is the famous citation from George Cantor, the founder of Set Theory:
“By a ”set” we mean any collection M into a whole of definite, distinct objects m (which are called the ”elements”
of M) of our perception [Anschauung] or of our thought.”

125 function f defined on a set X and taking values in a set Y can be identified with its graph, which is the
subset of X x Y comprised by pairs (z, f(z)); a subset F of X X Y indeed represents a function, is every z € X
is the first component of exactly one pair from F'.
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axis can be represented as f(z) = z, or f(x) = x + sin?(z) + cos?(x) — 1, and in countless
variety of other forms. Thus, we should distinguish between sets/functions as abstract “objects
of our perceptions and our thoughts” and their concrete representations, keeping in mind that a
particular “object of our thoughts” admits many different representations. We should distinguish
well between properties of an object and properties of its particular representation. For example,
the nonemptiness is a property of the set [—1, 1], while the number of linear inequalities (namely,
2) in its representation as the solution set of the system z > —1,z < 1 in real variable z
clearly is a property of the representation in question, not of the set, since the same set can be
represented as the solution set of a system of, say, 10 linear inequalities (add to the previous
system inequalities x < 3, < 4,...,z < 10). In a sense, nearly all we intend to do in our course
(or, wider, what a significant part of Mathematics is about), is to understand how to derive
conclusions on properties of the “abstract beasts” — sets and functions — from representations
of these beasts in certain concrete format. This is a highly challenging and highly nontrivial
task, even when speaking about such a simple, at a first glance, property as emptiness.'3

Now, the abstract form of an optimization problem with n real decision variables is mini-
mizing a given real-valued function f(x) over a given feasible set X C R™; LO deals with this
abstract problem in the particular case when f is linear, and X is polyhedral, and even in this
particular case deals not with this problem per se, but with particular representations of the
entities involved: f as ¢’x, X as {x : Az < b}, with explicitly - just by listing the values of the
coefficients — given data ¢, A,b. As it was already mentioned, the “maiden” representation of a
problem, the one in which the problem “is born”, not always is the one required by LO; most
typically, the initial representation is in the Mathematical Programming form

max {folx):ze X ={a: fi(z) <0,i=1,..,m}} (MP)

with explicitly given (analytically or algorithmically) functions fo, f1,..., fm. Thus, we need
tools allowing (a) to recognize the possibility of translating a representation of the form (MP) in
an LO representation, and (b) to implement the translation when its possibility is recognized.
Or goal in the rest of this section is to develop a toolbox of this type.

A reader might ask what for all this “scholastics” about the difference between
optimization problems and their representations, and why we intend to operate with
representations of mathematical entities rather than to work directly with these
entities. The answer is very simple: an algorithm (and at the end of the day we
want the problem to be processed and thus need algorithms) by its nature cannot
work with abstract mathematical entities, only with their representations; to some
extent, the same is true for human beings, as can be witnessed by everybody with
even a minimal experience in solving mathematical problems, no matter which ones,
building proofs or crunching numbers.

1.2.2 Polyhedral Representations of Sets and Functions: Definitions

When converting an optimization problem (MP) with explicitly given objective and the con-
straints into an equivalent LO program, our goal is twofold: (a) to end up with a linear objective
represented as ¢!y, and (b) to end up with a feasible set represented as {y : Ay < b} (we write

13T illustrate the point: the Great Fermat Theorem merely states that the set with extremely simple repre-
sentation (quadruples of positive integers x,y, z,p with p > 2 satisfying the equation z? + y? = 2P) possesses an
extremely simple property of being empty.
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y instead of x, keeping in mind the possibility to augment the original decision variables with
slack ones). It is easy to achieve the first goal: to this end it suffices to add a slack variable ¢
and to rewrite (MP) equivalently as

H;atx{t = fo(l') < O,fl(.%') <0, ,fm(ilf) < 0}7

the objective in the resulting problem is linear in the new design vector [z;t], and the constraints
are “as explicitly given” as those in the original problem. To save notation, assume that this
transformation is done in advance, so that the problem we intend to convert into an LO program
from the very beginning is of the form
mi}I{lCTﬂf,X ={zeR": fi(x) <0,1 <i<m}. (1.2.1)
BAS
Thus assumption “costs nothing” and allows us to focus solely on the constraints and on the
feasible set X they define.
Now, our experience with slack variables suggests a good formalization of the informal task
“to end up with a feasible set represented as {y : Ay < b},” specifically, as follows.

Definition 1.2.1 [Polyhedral representation of a set] A polyhedral representation (p.r.) of a
set X € R"™ is a representation of the form

X={zxeR":3weR’: Pr+ Quw <r}, (1.2.2)

i.e., it is a finite system of monstrict linear inequalities in variables x,w such that x € X iff x
can be extended, by properly chosen w, to a feasible solution of the system.

Geometrically, polyhedral representation of X means the following: we take a set, given by
an explicit system Px 4+ Qw < r of linear inequalities, in the space of x, w-variables and project
this set onto the subspace of x-variables; the system Px + Qw < 7 polyhedrally represents X iff
the projection is exactly X.

The role of polyhedral representability in our contexts stems from the following evident fact:

Observation 1.2.1 Given a polyhedral representation (1.2.2) of a set X € R™, we can imme-
diately and straightforwardly convert problem (1.2.1) into an LO program, specifically, into the
program

max {cTa: :Pr+Quw<r}.

W

Example: Let us look at the linear regression problem with ¢;-fit (problem (1.1.14)) which
we now rewrite as a problem with linear objective

N
. i1T i
: 0 — < )
H;}@n{T ;I[w] y_T}
The feasible set of this problem admits an immediate polyhedral representation:

N N
{[9;7’] : Z 072t — 4| < T} ={[0;7] : Iw: —w; < [270 — ¢ <wii= 1,...,N,Zwi <7}
i=1 i=1

(1.2.3)
which allows to rewrite the problem equivalently as the LO program
min {T c—w; < [P0 -y <w;ji=1,..,N, Zwi < T} . (1.2.4)
0,1,w =1

This is exactly what we did with the problem of interest in the previous section.
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Remark. We see that all we need in order to convert an optimization program with linear
objective into an LO program is a polyhedral representation of the feasible set X of the problem.
This need is easy to satisfy if X is a polyhedral set represented as {z : Az < b}. A polyhedral
representation of a set is something more flexible — now we do not want to represent X as the
solution set of a system of linear inequalities, only as a projection of such a solution set onto
the space where X lives. At this point, it is unclear whether the second type of representation
indeed is more flexible than the first one, that is, we do not know whether the projection of
a polyhedral set in certain R™ onto a linear subspace is or is not polyhedral. The answer is
positive:

Theorem 1.2.1 FEvery polyhedrally representable set is polyhedral.

This important theorem can be obtained as a byproduct of the conceptually simple Fourier-
Motzkin elimination scheme.

Fourier-Motzkin elimination scheme. Let X = {z : Jw : Pr 4+ Quw < r},
that is, X is the projection on the space of z-variables of the polyhedral set Q =
{[z;w] : Px + Qw < r} in the space of x, w-variables. We want to prove that X
can be represented as the solution set of a finite system of linear inequalities solely
in variables x. Let w = [wy;...;wg]. We start with eliminating from the polyhedral
description of X the variable wy. To this end, let us set z = [z;w1;...; wg—_1], so that
the system of linear inequalities Pz 4+ Qw < r can be rewritten in the form

alz+bw, < ¢, 1<i<m. (S)

Let us “color” an inequality of the system in red, if b; > 0, in green if b; < 0, and
in white, if b; = 0, and let I, I, and I, be the sets of indices of red, green and
white inequalities, respectively. Every red inequality can be rewritten equivalently
as wy < ¢;/b; —al'z/b; =: el z + f;, and every green inequality can be rewritten
equivalently as wy > ¢;/b; — aiTz/bz- = ez-Tz + fi- It is clear that z can be extended,
by a properly chosen wy, to a feasible solution of (.5) iff, first, z satisfies every white
inequality and, second, every “red” quantity eiTz + fi (which should be an upper
bound on wy) is > every “green” quantity (which should be a lower bound on wy,).
In other words, z can be extended to a feasible solution of (S) if and only if z satisfies
the system of linear inequalities

a;fngbiWEIw;e?z—i—fiZe;‘-Fz—i—fj V(iel,jely). (5

that is, the projection of Q) on the space of the variables x, wq, ..., wi_1 is the solution
set @' of a finite system of linear inequalities in these variables; note that X is the
projection of @’ on the space of z-variables, that is, we have built a polyhedral
representation of X using k — 1 slack variables wi, ..., wi_1. Proceeding in the same
fashion, we can eliminate one by one all slack variables, thus ending up with a desired
“free of slack variables” polyhedral representation of X.

Note that the Fourier-Motzkin elimination is an algorithm, and we can easily convert
this algorithm into a finite algorithm for solving LO programs. Indeed, given a LO
program max;{c’z : Az < b} with n variables x1,...,7, and augmenting these
variables by a new variable 7, we can rewrite the program equivalently as

max {7 : Az < b,7 — Tz <0}. (P)

y=[r;z]
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The set of feasible values of 7 — those which can be extended by properly chosen
x to feasible solutions of (P) — is the projection of the feasible set of (P) on the
T-axis; applying the above elimination scheme, we can represent this set as the set
of solutions of a finite system S of nonstrict linear inequalities in variable T alone.
It is immediately seen that the solution set of such a system

(a) either is empty,

(b) or is a ray of the form 7 < 3,

(c) or is a nonempty segment o < 7 < f3,

(d) or is a ray of the form 7 > «,

(e) or is the entire 7-axis.

Given S, it is easy to recognize which one of these cases actually takes place, and what
are the corresponding o and . In the case of (a), (P) is infeasible, in the cases (d,e)
(P) is feasible and unbounded, in the cases (b,c) it is feasible and bounded, § is the
optimal value in (P), and 7 = 3 is a feasible solution to S. Starting with this solution
and using the elimination scheme in a backward fashion, we can augment 7 = 8 by
values of the variables x1, ..., 2, one at a time, in such a way that [T = §;21;...; zy]
will be feasible (and then optimal) for (P). Thus, we can identify in finite time the
“feasibility status” (infeasible/feasible and unbounded/feasible and bounded) of (P)
and point out, also in finite time, an optimal solution, provided that the problem is
feasible and bounded.

Note that as a byproduct of our reasoning, we see that our former claim a feasible
and bounded LO program admits an optimal solution indeed is true.

A bad news is that the outlined finite algorithm for solving L.O programs is of purely
academic value; as a practical tool, it can handle extremely small problems only,
with few (like 2-3) variables and perhaps few tens of constraints. The reason is that
every step of the elimination scheme can increase dramatically the number of linear
constraints we should handle. Indeed, if the original system (S) has m inequalities,
half of them red and half of them green, after eliminating the first slack variable we
will get a system of m; = m?/4 inequalities, at the second step we can get as many
as m% /4 = m* /64 inequalities, and so on; now take m = 16 and look what happens
after 5 steps of the recurrence m := m?/4.

The fact that a polyhedrally representable set is polyhedral and thus can be represented by a
system of linear inequalities not involving slack variables in no sense diminishes the importance of
slack variables and polyhedral representations involving these variables. Indeed, the possibility
to represent the set of interest as the solution set of a finite system of linear inequalities is not all
we are looking for when building LLO models; we definitely do not want to handle astronomically
many inequalities. In this latter respect, adding slack variables (i.e., passing to general-type
polyhedral representations) can result in dramatic reduction in the number of linear inequalities
we need to handle as compared to the case when no slack variables are used. E.g., when speaking
about linear regression with ¢; fit, we have seen that the problem indeed can be rewritten
equivalently as an LO in the original variables 0, 7 of (1.2.3), specifically, as the LO (1.1.15).
Note, however, that the latter LO has n + 1 variables and as many as 2V constraints, which is
astronomically large already for moderate N. In contrast to this, the LO program (1.2.4), while
involving “slightly more” variables (n + N + 1), has just 2N + 1 constraints.
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What is ahead. Observation 1.2.1 suggests that a good way to understand what can be
reduced to LO is to understand how to recognize that a given set is polyhedral and if it is the
case, how to point out a polyhedral representation of the set. It does not make sense to pose
this question as a formal mathematical problem — we could recognize polyhedrality only by
working with certain initial description of the set; we have assumed that this is a description
by m “explicitly given” constraints f;(z) < 0, but the words “explicitly given” are too vague
to allow for well-defined constructions and provable results. Instead, we are about to develop a
kind of “calculus” of polyhedral representations, specifically, to indicate basic examples of p.r.’s,
augmented by calculus rules which say that such and such operations with polyhedral sets result
in a polyhedral set, and a p.r. of this set can be build in such and such fashion from the p.r.’s
of the operands. As a result of these developments, we will be able to conclude that a set which
is obtained by such and such sequence of operations from such and such “raw materials” is
polyhedral, with such and such p.r.!4

One last remark before passing to calculus of polyhedral representability. In optimization,
feasible sets usually are given by finite systems of constraints f;(x) < 0, that is, as the intersection
of level sets of several functions!®. In order to catch this phenomenon, it makes sense to introduce
the notion of a polyhedrally representable function (p.r.f. for short). This notion is a kind of
“derivative” of the notion of a polyhedral set, and the corresponding definitions are as follows.

Definition 1.2.2 Let f(x) be a function on R™ taking real values and the value +oo.

(i) The domain Dom f of f is the set of all x where x is finite;

(ii) The epigraph of f is the set Epi(f) = {[z;7] € R" x R: 2z € domf,7 > f(x)};

(iii) f is called polyhedrally representable, if its epigraph Epi(f) is a polyhedral set, so that
for appropriate matrices P, Q and vectors p,r it holds

{[z;7] : € Dom f,7 > f(x)} = {[a;7] : Jw: Pz +71p+ Qu < r}. (1.2.5)

We refer to a polyhedral representation of the epigraph of f as a polyhedral representation (p.r.)
of f itself.

Observation 1.2.2 A level set {z : f(z) < a} of a p.r.f. (polyhedrally representable function)
f is a polyhedral set, and a p.r. of this set is readily given by a p.r. of the function, specifically,
(1.2.5) implies that

{z: f(x) <a} ={x:[z;a] € Epi(f)} ={z:3w: Pr+ Quw <r —ap}.

4The outlined course of actions is very typical for Mathematics. We know what a differentiable function is —
there is a formal definition of differentiability expressed in terms of a function as a “mathematical beast”, without
reference to any particular representation of this beast. This definition, however, does not allow to recognize
differentiability even when function is given by an analytic formula of a simple structure (since the formula can
contain nonsmooth components which in fact cancel each other, but this cancellation is very difficult to discover),
not speaking about the case when the function is given in a more complicated fashion. What we routinely use to
establish differentiability and to compute derivatives is the usual calculus, where we start with “raw materials” —
elementary functions like In, sin, exp, etc., where we check differentiability and compute the derivatives “by bare
hands,” by checking the definition of this property. We then augment the “raw materials” by calculus rules which
explain us when an operation with functions, like multiplication, addition, taking superposition, etc., preserves
differentiability and how to express the derivatives of the result via derivatives of the operands, thus getting a
key to differentiating a huge spectrum of functions, including quite complicated ones.

15 A level, or a Lebesque, set of a function f is, by definition, a set of the form {z : f(z) < a}, where a is a real.
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Example: Consider the function f(z) = |lz|; = >, |2;| : R® — R. This function is
polyhedrally representable, e.g., by the p.r.

n n

Epi(f) :={[z;7]: 7 > Z |z} ={[z; 7] : Fw: —w; <@y <w;, 1< < n,Zwi < t}.
i=1 i=1

Remarks. Two remarks are in order.

A. Partially defined functions. Normally, a scalar function f of n variables is specified by
indicating its domain — the set where the function is well defined, and by the description of f as a
real-valued function in the domain. It is highly convenient to combine both components of such a
description in a single description by allowing the function to take “a fictional” value 4+oc0 outside
of the actual domain. A reader should not look for something “mystical” in this approach: this
is just a convention allowing to save a lot of words. In order to allow for basic operations with
partially defined functions, like their addition or comparison, we augment our convention with
the following agreements on the arithmetics of the “extended real axis” R U {+o0}.

e Addition: for a real a, a 4 (+00) = (+00) + (+00) = +00.
e Multiplication by a nonnegative real A: X - (+00) = 400 when A > 0, and 0 - (+00) = 0.
e Comparison: for a real a, a < 400 (and thus a < +oo as well), and of course +o0o0 < +o0.

As far as operations with 400 are concerned, our arithmetic is severely incomplete — operations
like (+00) — (+00) and (—1) - (+o0) remain undefined. Well, we can live with it.

B. Convexity of polyhedral sets and polyhedrally representable functions. A
set X € R" is called convex, if whenever two points x,y belong to X, the entire segment
{z4+My—2)=(1—=XNz+ Ay:0 <X <1} belongs to X.

To understand the link between the informal — verbal — and the formal — algebraic
— parts of this definition, note that when x,y are two distinct points, then all points
(1 =Xz + Ay form, geometrically, the line passing through x and y, and the part of
this line corresponding to the range 0 < X\ <1 of A “starts” at (A = 0) and “ends”
at y (A = 1) and thus is exactly what is natural to call “the segment linking z,y.”
When z = y, the above line, same as its part corresponding to the range 0 < A <1 of
values of A, collapses to the singleton {z} which again is the only natural candidate
to the role of “segment linking z and z.”

A function f: R™ — RU{+o0} is called convex iff its epigraph is convex, or, which is the same
(*check why),

V(z,y € R® A €[0,1]) : F((1— N+ Ay) < (1= N f(x)+ ().

To complete the terminology, a function f taking values in R U {—o0} is called concave, if —f
is convex (in this description, and everywhere else, —(—o0) = o0). In view of this definition,
handling concave functions reduces to handling convex ones, and we prefer to stick to this
possibility in the sequel. Note that there is no notion “concave set.”

One can immediately verify (do it!) that a polyhedral set is convex, whence a polyhedrally
representable function also is convex. It follows that

e lack of convexity makes impossible polyhedral representation of a set/function,
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e consequently, operations with functions/sets allowed by “calculus of polyhedral repre-
sentability” we intend to develop should be convexity-preserving operations.

To illustrate the latter point: taking intersection of two sets and taking maximum or sum of two
functions are convexity-preserving operations, and indeed we shall see them in our calculus. In
contrast to this, taking union of two sets and taking minima or difference of two functions not
necessarily preserve convexity, and we shall not see these operations in our calculus.

1.2.3 Polyhedral Representations of Sets and Functions: Calculus
The “raw materials” in our calculus are really simple:

e “clementary” polyhedral sets are those represented as X = {z € R" : a’2 < b} (when
a # 0, or, which is the same, the set is nonempty and differs from the entire space, such a
set is called half-space);

e “elementary” polyhedrally representable functions are just affine functions represented in
the standard form
fx)=aTz+b

An affine function indeed is a p.r.f., since its epigraph

{lw;7]:7 > f(2)}

is a solution set of a linear inequality in variables x, 7 and thus is polyhedral.

Calculus of polyhedral representability: sets. The basic rules here are as follows:

S.1. Taking finite intersections: If the sets X; C R", 1 < i < k, are polyhedral, so is their
intersection, and a p.r. of the intersection is readily given by p.r.’s of the operands.
Indeed, if

X;={zeR": 3w : Px+Qu' <r},i=1,..,k,

then

k
ﬂXi ={z:3Jw= [wl; ...;wk] cPr+Qu' <r,1<i< k},
i=1
which is a polyhedral representation of [ Xj.
i

S.2. Taking direct products. Given k sets X; C R™, their direct product X; x ... X X is
the set in R™ T+ comprised of all block-vectors & = [z';...; 2] with blocks z* belonging
to X;, ¢ = 1,...,k. E.g., the direct product of k segments [—1, 1] on the axis is the unit
k-dimensional box {z € RF: —1 < 2; < 1,4 = 1,...,k}. The corresponding calculus rule
is as follows:

If the sets X; C R™, 1 < < k, are polyhedral, so is their direct product, and a p.r. of
the product is readily given by p.r.’s of the operands.
Indeed, if
X;={z' e RY : 3w’ : Pa' + Q' <r;},i=1,..,k,
then

X1 X .. xXp={z= [xl; 7gvk”] cdw = [wl; ...;wk] cPrt 4+ Quwt <1, 1<i< k}.
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S.3. Taking affine image. If X C R" is a polyhedral set and y = Ax +b: R"™ — R™ is an
affine mapping, then the set Y = AX +b:={y=Ax+b:x € X} C R™ is a polyhedral,
with p.r. readily given by the mapping and a p.r. of X.

Indeed, if X = {z: Jw: Px 4+ Qw < r}, then

Y ={y:3d[z;w]: Pr+Quw < r,y = Az + b}
={y:Jz;w]: Pr 4+ Qw <r,y— Az < b, Ax — y < —b}.

Since Y admits a p.r., Y is polyhedral (Theorem 1.2.1).

Note: This is the point where we see the importance of slack variables (i.e., the advantage
of general-type polyhedral representations X = {z : Jw : Pz + Qw < r} as compared to
straightforward ones X = {x : Az < b}). When taking intersections and direct products of
“straightforwardly represented” polyhedral sets, building a straightforward representation
of the result is easy; when taking affine image of the set as simple as the k-dimensional unit
box, a straightforward representation of the result exists, but is, in general, intractable,
since it can require an exponential in k number of linear inequalities.

S.4. Taking inverse affine image. If X C R" is polyhedral, and x = Ay +b: R"™ — R" is
an affine mapping, then the set Y = {y € R™ : Ay +b € X} C R™ is polyhedral, with
p.r. readily given by the mapping and a p.r. of X.
Indeed, if X = {z: Jw: Px 4+ Qw < r}, then

Y={y:Jw: P[Ay+ b+ Qw <r} ={y: Jw: [PAly + Quw < r — Pb}.

S.5. Taking arithmetic sum: If the sets X; C R", 1 < 4 < k, are polyhedral, so is their
arithmetic sum X1+ ...+ Xy :={x =21+ ...+ z 1 z; € X;,1 <i <k}, and a p.r. of the
sum is readily given by p.r.’s of the operands.

Indeed, the arithmetic sum of the sets X1, ..., X is the image of their direct product under
linear mapping [z';...;2*] — z' + ... + 2¥, and both operations preserve polyhedrality.
Here is an explicit p.r. for the sum: if X; = {z : Jw’ : Px + Q;w* < r;}, 1 <i < k, then

k
X1+ ...+ Xk ={z: ot 2Rt Pt 4+ Qi <, 1 <i < kyx = Z:c’},
i=1

and it remains to replace the vector equality in the right hand side by a system of two
opposite vector inequalities.

Calculus of p.r. functions. Here the basic calculus rules read:

F.1. Taking linear combinations with positive coefficients. If f; : R" - RU {400} are
pr.f’sand \; > 0, 1 < i <k, then f(x) = Zle Nifi(x) is a p.r.f., with a p.r. readily
given by those of the operands.

Indeed, if {[x;7] : 7 > fi(z)} = {[z;7] : 3w’ : Pw + 7p; + Qiw® < 1}, 1 < i < k, are p.r.’s
of f1,..., fx, then

{[.’L‘,T] - T Z Zf:l )‘Zfl(x)} = {[.’L‘,T] : Eltlv atk : tz Z fl(x)7 1 S ? S k’Zz )‘th S T}
= {[z;7] : 3ty, .oty w0l WP L P 4 tip; 4+ Qiw® < 1,1 <0 < kY At < 7}

)
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Direct summation. If f; : R™ — R U {+o0}, 1 < i < k, are p.r.f.’s, then so is their
direct sum

k
f(lzts .. 2k) = Zfz(:vl) (R 5 R U {400}
i=1

and a p.r. for this function is readily given by p.r.’s of the operands.
Indeed, if {[z%;7] : 7 > fi(z")} = {[z% 7] : T’ : P’ + mp; + Qiw® < 1r;}, 1 < i < k, are
p.r.’s of f;, then

& .
{[zYs . sa®r) cr > 300 filah)}

= {[zb .k 7] 3y, ot t > filaR), 1 <i< k> it < T}

1; ..;;Ck;’i'] : dtq, ...,tk,wl, ...,wk P+t +Qiwt <1, 1 <i < k?Zi Nt < T}.

Taking maximum. If f; : R" — R U {400} are p.r.f.’s, so is their maximum f(x) =
max|fi(z), ..., fx(x)], with a p.r. readily given by those of the operands. In particular, a
piecewise linear function max[al x + by, ...,alz + by,] is a p.r.f.

Indeed, if {[z;7] : 7 > fi(2)} = {[z; 7] : 3w’ : Px + 7p; + Qiw® < r;}, 1 < i <k, then

{[z:7] : 7 > max fi(z)} = {[z;7] : Fw', ..., w" : Px 4+ mp; + Quw® < 1,1 < i < k}.

Note that this rule mirrors the rule on p.r. of the intersection of polyhedral sets, due to
Epi(max; fi) = ; Epi(fi).
Note that when we reduce a piecewise linear function f(z) = max [a]x + b;]
<i<m
onto a polyhedral set X, that is, form a function

pew) ={ 1 228 ()

we get a polyhedrally representable function. Indeed, if
X ={z:3w: Pr+ Quw <r},
then
Epi(fx) = {[z;7] : Jw: Px+ Quw < r,alz + b; < 7,1 <i < m}.

In fact, the opposite is true as well: a polyhedrally representable function always
is in the form of (!) with a piecewise linear f. To see this, observe that the
epigraph Epi(g) of a polyhedrally representable function g(x) : R — RU{+o00}
is a polyhedrally representable, and thus polyhedral, set in R"™ x R. The system
of linear inequalities defining this epigraph cannot be empty, since then Epi(g)
would be the entire R x R, meaning that g = —oo, which is not the case. We
can assume also that the epigraph is nonempty, since otherwise g = +oco, which is
nothing but fx with an empty domain X. Now, the inequalities a;fpx + ;7 < by,
1 < i < I, defining Epi(G) can be split into two groups: those with a; = 0, let
it be so for 1 < 4 < p, and those with «; # 0, let it be so for p+ 1 < i < q.
We claim that the second group is nonempty, and in all inequalities of this
group we have a; < 0. Indeed, if the second group were empty, then, setting
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X ={x:alz <b;,1 <i<p}, we would get a nonempty (along with Epi(g))
polyhedral set in R™ such that every pair [z; 7] with € X belongs to Epi(g),
meaning that ¢ = —oo on X # (), which is impossible. Now, since Epi(g)
is nonempty, there exists a pair [z;7] € Epi(g), meaning that all pairs [z;7]
with 7 > 7 also belong to Epi(g) and thus aiTa? + o;7 < b; for all 7 > 7 and
1 > p, which would be impossible were a; > 0. The bottom line is that with
X ={z:alx <b;, 1 <i<p}itholds

1 e : > _ ,71 T _ h.
Epi(g) = {[w,7]: 2 € X, 7> max [~oq]” a2 —bif},

meaning that g = fx with f(z) = max [—a;] " [alz — b;], as claimed.
p+1<i<q

The fact that a polyhedrally representable function is just a piecewise linear

function restricted onto a polyhedral domain does not nullify the usefulness of

the notion of a p.r.f. Indeed, similarly to the case of polyhedral sets, a p.r.

function f(x) admitting a “compact” p.r. can require astronomically many

“pieces” alx + b; in a piecewise linear representation f(r) = mzax[a?a? + b;]

(think of f(x) = >_, x4).

Affine substitution of argument. If a function f(z): R” — R U {400} is a p.r.f. and
r=Ay+b:R™ — R" is an affine mapping, then the function g(y) = f(Ay+0b) : R™ —
R U {+o0} is a p.r.f., with a p.r. readily given by the mapping and a p.r. of f.

Indeed, if {[z;7] : 7> f(2)} ={[z;7] : Jw: Pr +7p+ Qw < r} is a p.r. of f, then

{lysr] i 7> f(Ay +b) = {[y; 7] : 3w : P[Ay +b] + 7p+ Qu <1}
={[ly;7] : Jw : [PAly + 7p + Qw < r — Pb}.

Note that this rule mirrors the rule on p.r. of the inverse affine image of a polyhedral
set, since Epi(f(Ay + b)) is the inverse image of Epi(f) under the affine mapping [y; 7] —
[Ay + b; 7).

Theorem on superposition. Let fi(z) : R" — R U {+0c0} be p.r.f’s, and let F(y) :
R™ — R U {400} be a p.r.f. which is nondecreasing w.r.t. every one of the variables
Y1, .-, Ym- Then the superposition

o) = { P Inle)) o) < w01

400, otherwise

of F and fi, ..., fm Is a p.r.f., with a p.r. readily given by those of f; and F.
Indeed, let

7] > file)} = {[x; 7] : Jw': P+ mp 4+ Qiwt < 1),
{lys7]: 7= Fy)} ={ly; 7] : Jw: Py +7p+ Qu < r}
be p.r.’s of f; and F. Then

{ly7]: 7> g(m)}\://{[:c,T] YL e Ym Y > fi(2), 1 <i <my F(y1y ey Ym) < T}

(*) ,
={[z;7]: y, w', W™ W P+ yipi + Qiw' <11 < i <my Py +7p+ Qu < 1},

where (x) is due to the monotonicity of F'.
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Note that if some of f;, say, fi, ..., fr, are affine, then the superposition theorem remains
valid when we require the monotonicity of F' w.r.t. the variables ygy1, ..., ym only; a p.r.
of the superposition in this case reads

—~

[z;7] 7 > g(2)}
{lz; 7] sty Ym 2y = fi(x), k+1<i <m, F(f1(x), oy [(T), Ybt1s ey Ym) < T}
{lz; 7] : Jy1, ooy Yy WL ™ w sy = fi(z), 1 <1<k,

Px+yipi+ Qiw' <ri,k+1<i<m,Py+71p+ Qu <r},

and the linear equalities y; = f;(x), 1 < i < k, can be replaced by pairs of opposite linear
inequalities.

Note that when taking superposition, some monotonicity requirements on the outer func-
tion are natural, since otherwise this operation does not preserve convexity (think of
superposition of f(x) = max[z1,z3] and F(y) = —y).

1.3 *Fast Polyhedral Approximation of the Second Order Cone

We have seen that taking projection onto a subspace can convert a polyhedral set X = {z €
R" : Az < b} which is “simple” — is defined by a moderate number of linear inequalities — into
a polyhedral set Y which is “complex” — its representation in the form {y : By < b} requires a
much larger number of linear inequalities. An example, already known to us, is

k k
Y::{yERk:Z\yi\gl}:{yeRk:EIw:—wigyigwilgigk,Zwigl}.
i=1 1=1

Here the left hand side set Y C R¥ is represented as the projection onto the y-plane of the set

k
X={lyw]:—wi <y w1 <i<kY wi <1}
=1

which “lives” in R? and is given by 2k + 1 linear inequalities; it can be proved that every
representation of Y in the form {y : Cy < ¢} requires at least 2* linear inequalities.

Given this observation, a natural question is whether it is possible to approximate well a non-
polyhedral set Y by the projection X of a “simple” polyhedral set X in higher dimension. The
motivation here might be (and, as far as the construction we intend to present, actually was) the
desire to approximate well the problems of optimizing a linear objective over Y (which is not an
LO program, since Y is non-polyhedral) by the problem of minimizing the same objective over
the close to Y set X ; the latter problem reduces to an LO program with the simple polyhedral
feasible set X and thus is within the grasp of LO algorithms.

The answer to our question depends, of course, on what is the set Y we want to approximate.
We intend to demonstrate that when Y is a n-dimensional ball, the answer to the above answer
is affirmative. Specifically, we intend to prove the following

Theorem 1.3.1 [Fast polyhedral approximation of the Second Order cone| Let

L' = {[z;7] e R" x R : 7 > ||z||o := VaTz < 7}
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(this set is called the (n+ 1)-dimensional Second Order (aka Lorentz, or Ice-Cream) cone). For
every n and every € € (0,1/2) one can explicitly point out a system

Pr+71p+Quw<0 (1.3.1)

of homogeneous linear inequalities in the original variables x, T and slack variables w such that
— the number I(n,€) of inequalities in the system is < O(1)nln(1/e),
— the number V(n,e) = dim w of slack variables in the system is < O(1)nln(1/e),
and the projection
L = {[z;7] : 3w : Pz + 7p+ Qu < 0} (1.3.2)

of the solution set of this system on the space of (z,T)-variables is in-between the second-order
cone and its “(1 + €)-extension:”

L" = {[z;7] e R" xR : 7 > ||z]]o} € L™ Cc LM = {[z;7] e R* x R: (1 + €)1 > ||]|2}-
(1.3.3)

To get an impression of the constant factors in the Theorem, look at a sample of
values of I(n,¢€), V(n,e):

n e=10"1 | e=10"° e=10""
I(n,e) | V(Nye) || I(n,e) | V(n,e) || I(n,e) | V(n,e)
4 6 17 31 69 70 148
16 30 33 159 345 361 745
64 133 363 677 1458 1520 3153
256 543 1486 2711 5916 6169 | 12710
1024 || 2203 6006 10899 | 23758 || 24773 | 51050

You can see that I(n,€) ~ 0.7nIn 2, V(n,e) ~ 2nln 1.

Several comments are in order.

A. When € = 1.e-17 or something like, a usual computer cannot distinguish between 1 and 1+,
so that with such an e, L+l “for all practical purposes” is the same as the Second Order cone
L. On the other hand, with € = 1.e-17 the polyhedral representation of L the numbers of
inequality constraints and slack variables in the polyhedral representation of L by the system
(1.3.1) are moderate multiples of n (indeed, while 10717 is “really small,” In(10'7) ~ 39.1439 is
a quite moderate number).

B. After we know how to build a fast polyhedral approximation of the Second Order cone, we
know how to build such an approximation for a Euclidean ball BE = {z € R" : |z|» < R}.
Indeed, from (1.3.3) it follows that the projection Ef onto the z-plane of the polyhedral set

{[zr;w] : Px + Quw < —Rp}

in the space of (z,w)-variables is in-between B[ and B7(L1+E)R:

BE c BE c B(I+aE, (1.3.4)

C. In principle, there is nothing strange in the fact that a “good” non-polyhedral set Y in
R"™ can be approximated, within a whatever accuracy, by a polyhedral set. Such a possibility
definitely exists when Y is a closed and bounded convex set, as it is the case with the ball BF.
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Let us focus on this case; to simplify notation, w.l.o.g. let us set R = 1 and set B, = B!. It is
intuitively clear (and indeed is true) that given an € > 0 and taking a dense enough finite “grid”
Z1,...,xn on the boundary of B, that is, on the unit sphere S,,_1 = {z € R" : ||z|]2 = 1}, the
polytope bounded by the tangent to S,,_1 at z; hyperplanes {x : z7 (x — ;) =0}, 1 <i < N,
will contain B, and be contained in B*¢. The problem, however, is how many hyperplanes
should we take for this purpose, and the answer is as follows: For every polyhedral set BcCR»
such that B,, C BcC BT¢, the number N of linear inequalities in a “straightforward” polyhedral
representation B = {z € R" : Cz < ¢} is at least exp{O(1)n1n(1/e)}, provided € < 0.1. We see
that a “straightforward” approximation of B,, within a fixed accuracy ¢, say ¢ = 0.1, by a solution
set of a system of linear inequalities requires an exponential in n, and thus astronomically large
already for moderate n, number of inequalities. In contrast to this, to approximate B, within
the same accuracy by the projection onto the space where B, lives of a solution set of a system
of linear inequalities requires just linear in n numbers of inequalities and slack variables.

It is highly instructive (and not difficult) to understand where the exponential in n
lower bound on a number N of linear inequalities in a system in variables z € R"
with the solution set well approximating B,, comes from. Assume that a polyhedral
set B={z € R": alr <b;,1 <i < N}, is in-between B,, and (1 + €)B,, = B:*¢,
where € is not too large, say, ¢ < 0.1. W.l.o.g. we can assume that a; # 0 and then
normalize them to ensure that ||a;||2 = 1 for all 4, which we assume from now on.
Now, b; should be > 1, since otherwise the constraint aiTx < b; would cut off B,, a
nonempty set (due to maxep, alz = ||a;||2 = 1) and thus the inclusion B, C By
would be impossible. By the same token, if b; > 1, then, replacing it with 1, we do
not affect the validity of the inclusion B,, C B and only decrease B , thus preserving
the validity of the inclusion Bc B}t€. The bottom line is that we lose nothing by
assuming that B= {r e R": asz < 1,1 <i< N}, with all a; being unit vectors.

Now, to say that B = {z :al'z < 1,i < N} C BL¢ is exactly the same as to say
that B := {x :alx < (1 —¢),i < N} C B,. Thus, we are in the situation when
BC B, C B,

so that the boundary S,_; of B, should be contained in the set B\(int B). The
latter set is contained in the union, over i < N, of the “stripes” P, = {z € R" :
(1 —¢€) < al'x < 1}, whence also

N
Sn—l C U [-Pz N Sn—l] (*)
=1

Geometrically, H; is a “spherical hat,” and all these hats are congruent to the set
HE:{:):ER”:xT:L':an21—e}.

Denoting a, the (n — 1)-dimensional “spherical area” of H, and by « the area of the
entire S,_1 and taking into account that Hi,..., Hy cover S,_1, we get

Nac>a= N> = ()
Qe
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It remains to bound from below the ratio a/ca.. Let us start with bounding a. from
above. The projection of the spherical hat H, onto the plane z,, = 0 is (n — 1)-
dimensional ball of radius r = \/1 — (1 —€)2? = v2¢— €2 < /2e. When €is < 0.1,
this projection, up to a factor O(1), preserves the (n—1)-dimensional volume, so that
ae > O(1)r"18,_1, where B,_1 is the (n — 1)-dimensional volume of B} ;. Now,
the projection of the “northern part” {z : 7o = 1,2, > 0} of S,_1 is B}, and
this projection clearly reduces the (n — 1)-dimensional volume; thus, o > 23,,_;. We
end up with N > O(1)r="=1 < O(1)(2¢)~("D/2 < exp{O(1)nIn(1/e)}, as claimed.
A rigorous reasoning goes as follows. Assume that n > 3. Let /2 — ¢ be the “altitude angle”

of a point e on S,_1, that is, ¢ is the angle between e and the direction of n-th coordinate axis.
Then H. is the set of all points on the unit sphere S,,_1 for which ¢ > ¢o = asin(r). Denoting

by yn—1 the (n — 2)-dimensional volume of S,_2, we clearly have ac = V-1 fod)o sin™ " 2(¢)d¢ and
o =2v,_1 fOW/Q sin™ " 2(¢)dg. It follows that

e < Yn—1 f0¢° sin™"2(¢) CZ;E;?) dp = Yn—1(n — 1)  cos™(4(0)) sin™ ' (¢0)
— et (1~ 1) cos (Go)r = i (1 — 1)1 (1 — €)1y
At the same time, it can be easily checked numerically that cos(z) > 0.99 exp{—22/2} when 0 <
z < 0.5, whence
2 2 1/2
a =291 [ sin" 2($)dp = 29n-1 [;/? cos"2(9)dp > 1.98vn-1 [ exp{—¢*(n —2)/2}d¢
0
L/n=3
=1.98v,-1(n—2)"2 [ exp{—s?/2}ds = 1.98y,—1(n — 2)"?*(1 + ) I3 exp{—s*/2}ds
0
=0.99v21yn_1(n — 2) "2 (1 + ¢,),
where €, — 0 as n — co. Thus,

N > a/ac > 0.99(1 + e,)vV2r(n — 2)" V2 (n — 1)(1 — €)r~ ™Y > 0.99v27(1 + 8,)/n(2e) ("~ 1/2

with §, — 0 as n — oo. We see that for large n (on a closest inspection, “large” here means n > 10)
it definitely holds N > 2711/2(26)7("71)/2, provided ¢ < 0.1. When n = 100 and € = 0.1, this lower
bound on N is as large as 7.9e35.

D. In fact, it is well known that the Euclidean ball B,, can be easily approximated by the
projection of a very simple polyhedral set — just a box — “living” in higher-dimensional space.
Specifically, it is not difficult to prove that if Dy = {# € R" : ||z|sx < 1} is the unit box in
RY, N > n, then a “random projection” of Dy on R™ is, typically, close to a Euclidean ball in
R", with the discrepancy going to 0 as N/n grows. The precise statement is as follows: if A, n
is a random matrix with independent standard (zero mean, unit variance) Gaussian entries and
n, N, € are linked by the relation € > O(1),/ 4 In (%), then, with probability approaching 1 as
n grows, the set A, yDy C R" is in-between two concentric Euclidean balls with the ratio of
radii <1 +e.

The advantages of the result stated in Theorem 1.3.1 as compared to this well-known fact are
twofold: first, the numbers N —n of “slack variables” and 2N of inequality constraints in the “e-
accurate” polyhedral approximation of B, are “nearly” of order of ne=?2 (in fact, by a logarithmic
in 1/e factor worse), while Theorem 1.3.1 speaks about “much more compact” e-approximate
representation of an n-dimensional ball, with the numbers of slack variables and inequality
constraints of order of nln(1/¢). Second, the construction underlying Theorem 1.3.1 is explicit
and thus possesses not only academic, but also a practical value (see below). In contrast to this,
in spite of the provable fact that a random projection of a box, under the assumptions of the
“random projection” statement, with high probability is close to a ball, no individual examples
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of projections with this property are known (cf. the story about sensing matrices with high
level of goodness). This being said, it should be mentioned that in the “random projection”
approximation of a ball, the polyhedral set we are projecting is centrally symmetric, which is
important in certain academic applications. In contrast to this, the construction underlying
Theorem 1.3.1 approximates a ball by the projection of a highly asymmetric polyhedral set;
whether results similar to those stated in Theorem 1.3.1 can be obtain when projecting a centrally
symmetric polyhedral set, this is an interesting open academic problem.

E. Theorem 1.3.1, essentially, says that “for all practical purposes,” a conic quadratic optimiza-
tion problem, that is, an optimization problem P with linear objective and (finitely many) conic
quadratic constraints, that is, constraints of the generic form

|Az 4+ bl < 'z +d (%)

is an LO program (a rigorous statement reads “problem P can be approximated in a polyno-
mial time fashion by an LO program;” eventually, we shall understand what “polynomial time
fashion” means). Indeed, Theorem says that “for all practical purposes” the set ||u|s < 7 is
polyhedrally representable with an explicit (and “short”) polyhedral representation. But then,
by calculus of polyhedral representability, the same is true for the feasible set of (x) (rule on
inverse affine image) and thus for the feasible set of P (rule on taking finite intersections), so
that P reduces to an LO program.

Now, “expressive abilities” of conic quadratic problems are surprisingly rich. E.g., a quadratic
constraint of the form

2T AT Az < bz + ¢

is equivalent (check it!) to the conic quadratic constraint
|[24z;1 — b7z — |2 < 1+ b s

some constraints which do not look quadratic at all, e.g., the constraints in variables x, ¢

n
Hw;m <7,2>0
i=1

where 7; > 0 are rational numbers, or

n
H:vfl >7,2>0
i=1

where 7; > 0 are rational numbers and ), m; < 1 can be reduced, in a systematic way, to a
system of conic quadratic constraints in the original variables x, 7 and additional slack variables.
Theorem 1.3.1 states that “for all practical purposes” (or, scientifically, up to a polynomial time
approximation) the rich expressive abilities of conic quadratic programs are shared by the usual
LO’s.

As a more striking example, consider the exponential function exp{x}. The exponent which
“lives” in a computer is somehow different from the exponent which lives in our mind: the
latter is well-defined and nonzero on the entire real axis. The former makes sense in a moderate
segment of values of z: if you ask MATLAB what is exp(—800), the answer will be 0, and if you
ask what is exp(800), the answer will be +00. Thus, “for all practical purposes,” the “real life”
exponent exp{x} can be considered as the restriction of the “ideal” exponent which lives in our
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mind on a finite, and even not very large, segment —1' < x < T. Now, for the “ideal” exponent
we have

exp{a} = (exp{27*2})?",

and when |z| < T and 2 > T, exp{2~%2} is pretty close to 14 27*z. It follows that
2| < T = exp{z} ~ (1+2 %)%

Note that the right hand side function, restricted onto the segment [T, 7] with T' < 2¥, can be
expressed via a “short series” of linear and quadratic inequalities and a single linear equation:

{[z;7] eR?*: T <z <T,7 > (1+27%2)%"}

—T<ax<Tu =1+42%
={[z;7] € R2: Fug,ug, oy up : 5 o L0 9 ’ )
ug S U, U7 KU, ULy S U, U ST

Now, the quadratic inequality u? < v in variables u, v, as we already know, can be represented
by a conic quadratic constraint and thus, “for all practical purposes,” can be represented by
a short system of linear constraints in u,v and additional variables. As a result, the exponent
which “lives in a computer” is, for all practical purposes, a polyhedrally representable function.
The precise statement is as follows:

Given T > 0 and € € (0, 1), one can point out an explicit system of linear inequalities
in scalar variables x, T and additional variables w such that

e the number of inequalities in the system, same as the dimension of the vector w,
are bounded by polynomials in T and In(1/¢);

e the projection of the solution set of the system on the 2D plane of x, T-variables
is the epigraph Epi(f) of a function f(x) (which thus is polyhedrally representable)
such that Dom f = [-T,T] and

7| <T = exp{z} < f(z) < (1+¢€) exp{z}.

It follows that when solving a Geometric Programming problem — an optimization problem
with linear objective and finitely many constraints of the form

k
> explajz +bi} <1 ()
i=1

(perhaps augmented by linear constraints), we can “regularize” the problem by replacing every
constraint (!) with the system of constraints

k
0>w; > aiTaz—}-bi,wi > —T,exp{w;} <wu; 1 <i< k‘,Zui <1 W)
=1

where w; are slack variables and T' is a once for ever fixed moderate constant (say, T' = 60).
As far as actual computations are concerned, this regularization does not alter the constraint:
whenever = can be extended, for a properly chosen w, to a feasible solution of (!!), z is clearly
is feasible for (!), and “nearly vice versa.” Specifically, assume that x is feasible for (!). Then
clearly aiTﬂs + b; < 0 for all 7, so that setting w; = max[—T, a;frx + bi], u; = exp{w;}, we satisfy
all constraints in (!!) except for the last of them, Zle u; < 1. The latter can happen only when
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for some i we have alz + b; < —T, whence w; = =T and u; = exp{—T7}; in other words, we are
enforced to make u; greater than exp{a!z + b;}, which results in >, u; > >, exp{alz +b;} and
thus can lead to the former sum being > 1 in spite of the fact that the latter sum is <1 (since
x is feasible for (!)). But the resulting violation of the last constraint in (!!) cannot be larger
than kexp{—T}; with 7" = 60, this violation is < 10720k. It follows that even with k as large
as 10°, a computer cannot tell the difference between the target inequality > ;ui <1 and the
actually ensured inequality ), u; <14 kexp{—T'}.

We have seen that “numerically speaking,” the regularized problem is the same as the original
Geometric Programming program. On the other hand, the only nonlinear constraints in the
regularized problem are exp{w;} < u;, and w; is restricted to sit in [—T,0]. It follows that we
can approximate every one of nonlinear constraints, in a polynomial time fashion, by a “short”
system of linear inequalities and thus reduce the original Geometric Programming problem to
an LO one.

We do not claim that the best way to solve real-world conic quadratic and Geometric Pro-
gramming problems is to approximate them by LO’s; both these classes of problems admit
dedicated theoretically (and to some extent, also practically) efficient solution algorithms which
can solve practical problems faster than LO algorithms as applied to the LO approximations of
these problems. What is good and what is bad in practice, it depends on the available software.
A decade ago, there were no efficient and reliable software for medium-size (few thousands of
variables) conic quadratic problems, and Theorem 1.3.1 was a byproduct of attempts to handle
these problems with the existing software. Today there exists efficient and reliable software for
solving conic quadratic problems, and there is basically no necessity to reduce these problems
to LO. As about Geometric Programming, situation is different; say, in the cvx!'® package prob-
lems of this type are handled via “fast conic quadratic approximation,” which is nothing but
the outlined and somehow refined approximate representation of the epigraph of the exponent,
restricted onto a segment, by a system of quadratic inequalities. This being said, note that the
outlined “fast polyhedral approximation” results are of definite theoretical interest.

Proof of Theorem 1.3.1. Let ¢ > 0 and a positive integer n be given. We intend to build
a polyhedral e-approximation of the Second Order cone L"T!. W.lo.g. (think why) we may
assume that n is an integer power of 2: n =27 k € N.
1Y The key: fast polyhedral approximation of L3. Consider the system of linear inequal-
ities in variables y1,¥2,y3 and additional variables ¢&/,7/, 0 < j < v (v is a parameter of the
construction) as follows:

& > |yl

(@) {779 2 |y2\( ) ()
& = cos §1 + sin (5 o

(b) { ,,7]' > sin 2_71' )é‘]* +COQS-(_ s )77] 1‘ j=1..,v (135)
5” < y3

(C) { nu < tan (?%) fu

Note that (1.3.5) can be straightforwardly rewritten equivalently as a system of linear homoge-
neous inequalities

1) [y;w] <0 (5v)

Yhttp://stanford.edu/~boyd/cvx/
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Figure 1.1: From P = [¢/;17] to Pt = [¢/T1;/H1]: 1) Q is obtained from P by rotation by the
angle 7/2772; 2) Q' is the reflection of @ w.r.t. the abscissa axis; 3) PT is a point on the line
QQ' above both Q and @’.

in variables y € R? and additional variables w, specifically, as follows. First, we add slack
variables and associated linear constraints to eliminate the nonlinearities | - | which are present
in (a) and in (b); second, we use the equality constraints in (b) to eliminate the variables &7,
1 < j <wv. The numbers of variables and linear inequalities in the resulting system (S,) clearly
are < O(1)v. (S,) is a p.r. of the polyhedral set

VY ={y e R®: 3w : IM[y; w] < 0}.

Lemma 1.3.1 Y is a polyhedral x(v)-approzimation of L3 = {y € R® 1 y3 > \/y? + y3}:

LP YV C L, ={y e R®: (1+x(»)ys > \/v? +v3} (1.3.6)

with .
x(v)=—F—1 (1.3.7)

cos (757)
Proof. We should prove that

(i) If y € L3, then y can be extended to a solution to (1.3.5);

(ii) If y € R3 can be extended to a solution to (1.3.5), then ||[y1;92][l2 < (1 + x(v))ys-

Let P; = [€9;m7], 0 < j < v. System (1.3.5) can be considered as a set of geometric
constraints on the points [y1;y2]|, Fo, ..., P, on the 2D plane, namely, as follows (in the story
below, we treat x; as the abscissa, and x9 as the ordinate on the 2D plane where the points
live):

e (a) says that Py should belong to the first quadrant, and its coordinates should be > the
magnitudes of the respective coordinates in [y1;y2].
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e (b) says that the link between P; and Pj;1 should be as follows (see figure 1.1):

— given P = Pj, we rotate the vector P; clockwise by the angle 7/ 2772 and then reflect
the resulting point w.r.t. the x;-axis, thus getting a pair of symmetric w.r.t. this axis

pair of points @ = Q;, Q" = Q’;
— Pt = Pjy is a point on the vertical line passing through @, Q" which is above both
these points (i.e., the ordinate of P* is > the ordinates of Q and of Q').

e (c) says that the point P, should belong to the triangle A = {0 < z; < y3,20 <
tan(m/2v )2}

Now observe that from this description it follows that points associated with feasible solution
to (1.3.5) satisfy

: <Pl <IIPlls < . < IPoll2 < ———— .
Iy 92llle < [[Poll2 < [[Pill2 < .o <] \lz_cos(ﬂ/zyﬂ)yza

which proves (ii). On the other hand, if y3 > |[[y1,v2]|l2, then, setting Py = [|y1l; |y2|] and
specifying for all j Pj1 as either @)}, or Q;-, depending on which one of these points has a larger
ordinate, we get

y3 = llyn;walllz = [[Poll2 = - = | B2 O

We claim that what we get in this way is a feasible solution to (1.3.5). This is clearly true
when y; = y2 = 0; assuming that the latter is not the case, observe that by construction we
have satisfied the constraints (1.3.5.a-b). To prove that (1.3.5.c) is satisfied as well, let us look
at the arguments ¢; of the points P; (the angles between the direction of the z;-axis and the
directions of vectors Pj). Py lives in the first quadrant, and thus ¢g < m/2. Since Q) is obtained
by rotating Py clockwise by the angle m/4, @ is symmetric to Qo w.r.t. the zj-axis and P;
is the member of the pair Qo, @ living in the first quadrant, the argument ¢; of P; satisfies
0 < ¢1 < /4. Similar reasoning, applied to P; in the role of Py, results in 0 < ¢9 < 7/8, and
so on, resulting in 0 < ¢, < 7/2*1. Since P, lives in the first quadrant, || P,|<ys by (!) and
the argument of P, is < 7/2*! which combines with the facts that || P, |2 < y3 (by (!)) and
that P, lives in the first quadrant to imply that P, belongs to the triangle A, that is, (1.3.5.¢)
does take place. (i) is proved. O

29, From n = 2 to n = 2*. Now we are ready to approximate the Second Order cone

L' = {[;7] e R" x R:7 > /a4 ... + 22}

where n = 2. To this end, let us first add to the 2% variables x; = ¥ (“variables of generation

0”) 25~1 variables z} (‘“variables of generation 17), treating z} as the “child” of variables 9, ;,
29, of generation 0, add in the same fashion 272 variables of generation 2, children of variables
of generation 1, and so on, until arriving at two variables of generation x — 1. By definition, the
child of these two variables is 7 = . Now let us impose on the resulting 2n — 1 variables x¢ of
all generations the constraints

a5 2l e < af, 1 <0<k, 1<i <288 (1.3.8)
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It is clear (look at the case of n = 4) that the projection of the solution set of this system on
the plane of the original variables x; = z¥, 7 is nothing but L"*1. Now let us choose positive
integers v1, vs,...,, and approximate the 3-dimensional Second Order cones given by

¢ ¢ ¢
[[25;_1; 23] l|2 < %H

as explained in Lemma 1.3.1, that is, let us replace every one of the constraints in (1.3.8) by the
system of linear inequalities
=1, -1, ¢, /L
H(W)[%i—lv%i s w;] < 0.

As a result, (1.3.8) will be replaced by a system S of linear inequalities in 2n — 1 variables :z:f
and additional variables wf. Denoting by I(v) and by V() +3 the number of rows, respectively,
columns in the matrix P*) (so that I(v) < O(1)v and V(v) < O(1)v), the numbers of variables
and constraints in S are, respectively,

V=20 +2"1W (1) + 2572V (10) + .. + V() <O(1) Y0, 28wy, (13.9)
I=2"() + 272V (v2) + ... + V(1) <O(1) S5, 27 . e
Invoking Lemma, it is clear that the projection L of the feasible set of S onto the space of
x, T-variables satisfies the inclusions in Theorem 1.3.1 with the factor

v = (L+x(r1) (1 + x(2))--(1 + x(vs))

in the role of the desired factor (1 + €). It remains to choose vy, ...,y in way which ensures
that v < 1 + ¢, minimizing under this condition the sum J := )", 25=Cy, which, according to
(1.3.9), is responsible for the sizes (number of variables and number of constraints) of S. Setting
vy = O(1)In(k/€) with appropriately chosen O(1), we get x(v) < €/(2k), whence v < 1+ ¢
provided e < 0.1. With this choice of vy, we get J < O(1)nln(k/e) < O(1)nln(In(n)/e) (recall
that k = log, n), which, up to replacing In(1/¢) with In(In(n)/¢), is what is stated in Theorem
1.3.1. To get what is announced in the Theorem exactly, one needs to carry out the optimization
in v, more carefully!”; we leave this task to the reader. O

How it works. Setting y3 = 1 in (S,), we get a system (7)) of n, < O(1)v linear in-
equalities in variables y € R? and in m, < O(1)v additional variables in such a way that the
projection of the solution set P” of this system onto the 2D plane of y-variables “approximates
the unit circle By within accuracy x(v),” meaning that the projection is in-between the unit
circle By and its (1+ x(v))-enlargement B21+X(V). Here we illustrate the related numbers. To get
a reference point, note that the perfect n-vertex polygon circumscribed around By approximates
Bs within accuracy

1 2

en)=———-1~x

cos(m/n) 2

e P3 lives in R? and is given by 12 linear inequalities. Its projection onto 2D plane approx-
imates Bo within accuracy 5.e-3 (as 16-side perfect polygon).

7"Our current choice of v, distributes the overall “budget of inaccuracy” e among all cascades £ = 1, ..., k of our
approximation scheme equally, and this is clearly nonoptimal. Indeed, the number 2% of 3-dimensional Second
Order cones we should approximate in cascade £ rapidly decreases as ¢ grows, so that in terms of the total number
of linear inequalities in the approximation, it is better to use relatively rough approximations of the 3D cones in
cascades with small ¢ and gradually improve the quality of approximation as ¢ grows.



44

LECTURE 1. INTRODUCTION TO LO: EXAMPLES OF LO MODELS
e PYlives in R!? and is given by 18 linear inequalities. Its projection onto 2D plane approx-
imates Bo within accuracy 3.e-4 (as 127-side perfect polygon).

e P2 lives in R'® and is given by 30 linear inequalities. Its projection onto 2D plane
approximates B within accuracy 7.e-8 (as 8,192-side perfect polygon).

e P?* lives in R?® and is given by 54 linear inequalities. Its projection onto 2D plane
approximates By within accuracy 4.e-15 (as 34,209,933-side perfect polygon).



Part 1

Geometry of Linear Optimization
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Lecture 2

Polyhedral Sets and their Geometry

An LO program
Opt = max {c’z : Az < b} (2.0.1)

is the problem of maximizing a linear objective over the set
X ={xeR": Az < b}

given by finitely many non-strict linear inequalities. As we remember, sets of this form are called
polyhedral, and their geometry plays crucial role in the theory and algorithms of LO. In this
lecture, we make the first major step towards understanding the geometry of a polyhedral set;
our ultimate goal is to establish the following fundamental result:

Theorem [Structure of a polyhedral set] A nonempty subset X in R" is polyhedral if and only
if it can be represented via finitely many “generators” vi,...,v;r € R", r1,...,7; € R" according
to

I J
X = a::Z)\Z-vZ-+Z,ujrj:A¢20,Z)\i:1;uj20
i=1 j=1 i

The statement of Theorem is illustrated on figure 2.1. Eventually it will become clear why this
result indeed is crucial, and “on the way” to it we will learn numerous notions and techniques
which form the major bulk of the theoretical core of LO.

2.1 Preliminaries: Linear and Affine Subspaces, Convexity

2.1.1 Linear Subspaces

Here we recall some basic facts of Linear Algebra; the reader is supposed to be well acquainted
with these facts, so that we just list them.

Linear subspace: definition, examples, “calculus”

Recall that a linear subspace of R™ is a nonempty subset L of R™ which is closed w.r.t. taking
linear operations: addition and multiplication by reals. Thus, L C R” is a linear subspace iff it
possesses the following three properties:

o L#()

47
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Figure 2.1: From a polyhedral set to its generators and back.
a) a polyhedral set X (area bounded by red border) in R?

3

b) the extreme points vy, v2,v3 of X (vertices of the triangle) and their convex hull {3 Xjv; : i > 0,3, A =1}
i=1

(triangle)

c) the two extreme rays {tr1 : ¢t > 0} and {tr2 : ¢t > 0} of X
d) to get X back, one sums up the triangle and the conic span {p171 + pora @ g1, w2 > 0} of ri, 72 (the angle

bounded by rays in c)) which is the recessive cone of X.

e [closedness with respect to additions] Whenever z,y € L, we have z +y € L
e [closedness w.r.t. multiplications by reals] Whenever x € L and A € R, we have \z € L.

From closedness w.r.t. additions and multiplications by reals it clearly follows that a linear
subspace is closed w.r.t. taking linear combinations of its elements: whenever zi,...,z € L
and Aq,..., A\ € R, the vector Ele Aix;, called the linear combination of the vectors x; with
coefficients );, also belongs to L. Linear subspaces of R™ are exactly the nonempty subsets of
R" closed w.r.t. taking linear combinations, with whatever coefficients, of their elements (why?)

Examples of linear subspaces in R™:

e the entire R"™ clearly is a linear subspace. This is the largest linear subspace in R™:
whenever L is a linear subspace, we clearly have L C R"

e the origin {0} clearly is a linear subspace. This is the smallest linear subspace in R":
whenever L is a linear subspace, we have {0} C L. Indeed, since L is nonempty, there
exists x € L, whence 0 = 0-x € L as well.

e The solution set
{z : Az =0} (2.1.1)
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of a homogeneous system of linear equations with an m x n matrix A. This set clearly is
a linear subspace (check it!). We shall see in a while that every linear subspace in R™ can
be represented in the form of (2.1.1), and, in particular, is a polyhedral set.

“Calculus” of linear subspaces

There are several important operations with linear subspaces:

1.

Taking intersection: if Ly, Lo are linear subspaces of R™, so is their intersection L1 NLy. In

fact, the intersection [\ L, of a whatever family {Ly}oca of linear subspaces is a linear
acA

subspace (check it!)

Note: the union of two linear subspaces L1, Ly is not a linear subspace, unless one of the

subspaces contains the other one (why?)

. Taking arithmetic sum: if Ly, Lo are linear subspaces in R", so is the set L + Lo = {z =

x1+ 29 x1 € L1,29 € Lo} (check it!)

Taking orthogonal complement: if L is a linear subspace in R", so is its orthogonal com-
plement — the set L+ = {y : yT2 = 0Va € L} of vectors orthogonal to all vectors from
L.

Taking linear image: if L is a linear subspace in R” and A is an m x n matrix, then the set
AL :={Ax : z € L} C R™ — the image of L under the linear mapping z — Az : R® — R™
—is a linear subspace in R™ (check it!)

. Taking inverse linear image: if L is a linear subspace in R™ and A is an n x k matrix, then

the set A™'L = {y € R¥ : Ay € L} - the inverse image of L under the linear mapping
y +— Ay :RF — R"™ — is a linear subspace in R* (check it!)

Taking direct product: Recall that the direct product X; x ... x X of sets X; C R™,
1 <i < k is the set in R™* ™" comprised of all block vectors z = [z!;...; xk] with blocks
z' € X;, 1 <i<k. When all X; are linear subspaces, so is their direct product (check it!)

The most important “calculus rules” are the relations

a) (LY)* =1L
b) LNL+={0}, L+ L+ =R"
¢) (L1 + L)t =L{NnLy (2.1.2)

d) (AL)* = (AT)"'L*, thatis {y:yTAz =0Vex € L} = {y: ATy € L'}
€) (Ly X ..xLyp)" =L x .. x L

where L, L1, Ly C R™ (in (a-d)) and L; C R™ (in (e)) are linear subspaces, and A is an arbitrary
m X n matrix.

Comment on (2.1.2.h). Let L be a linear subspace in R™. The fact that L + L+ = R”"
means that every z € R” can be decomposed as x = x;, + 2,1 with 27, € L and 2,1 € L*; in
particular, 2, is orthogonal to x; 1. Since L N L+ = {0}, the decomposition of z into a sum of
two vectors, one from L and one from L, is unique (check it!), and both x; and x;. linearly
depend on x. The components zy, and x;.1 of x are called orthogonal projections of x onto L
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and L, respectively, and the mapping = — z, is called the orthogonal projector onto L. Since
zr, and z;1 are orthogonal, we have the identity

T

213 = 2"z = ||z ]l3 + oL |5

Linear subspace: linear span, dimension, linear independence, bases

Linear span. For every nonempty set X C R", the set of all linear combinations, with finitely
many terms, of vectors from X is a linear subspace (why?), and this linear subspace (called the
linear span Lin(X) of X)) is the smallest, w.r.t. inclusion, of the linear subspaces containing X:
Lin(X) is a linear subspace, and

X CcLin(X)CL

whenever L is a linear subspace containing X.

Linear span of an empty set. In the above definition of Lin(X), X C R™ was assumed to be
nonempty. It is convenient to assign with the linear span the empty set as well; by definition,
Lin(@) = {0}. This definition is in full accordance with the standard convention that a sum
with empty set of terms is well-defined and is equal to 0, same as it is consistent with the above
claim that Lin(X) is the smallest linear subspace containing X.

When L = Lin(X), we say that L is spanned (ore, more rigorously, linearly spanned) by the
set X C R"; thus, a linear subspace L is spanned by a set iff L is exactly the set of all linear
combinations of vectors from X (with the convention that a linear combination with empty set
of terms is equal to 0).

Linear independence. Recall that a collection 1, ..., x; of vectors from R" is called linearly
independent, if the only linear combination of these vectors equal to 0 is the trivial one — all
coefficients are equal to O:

k
d Nwi=0=X=0,i=1,..,k
i=1

An equivalent definition (check equivalency!) is that z1,...,z) are linearly independent if and
only if the coefficients in a linear combination of 1, ..., z; are uniquely defined by the value of
this combination:

k k
i=1 i=1
Clearly, an empty (i.e., with & = 0) collection of k vectors is linearly independent, and a

nonempty linearly independent collection is comprised of distinct and nonzero vectors.

Dimension and bases. A given linear subspace L can be represented as a span of many
sets (e.g., L = Lin(L)). The fundamental fact of Linear Algebra is that L always is spanned
by a finite set of vectors. Given this fact, we immediately conclude that there exist “minimal
w.r.t. inclusion finite representations of L as a linear span”, that is, finite collections {x1, ..., xx}
comprised of k points which linearly span L (i.e., every vector from L is a linear combination of
vectors z1, ..., k), and such that when eliminating from the collection an element, the remaining
vectors do not span the entire L. The following fundamental fact of Linear Algebra provides us
with more details on this subject:
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Theorem 2.1.1 Let L be a linear subspace of R™. Then

(i) There exist finite collections 1, ...,z which span L and are “minimal” in this respect
(i.e., such that eliminating from the collection one or more elements, the remaining vectors do
not span L). All minimal finite collections of vectors spanning L are comprised of distinct from
each other nonzero vectors and have the same cardinality, called the dimension of L (notation:
dim L), and are called linear bases of L. (ii) A collection x1,...,xx of k vectors from L is a
linear basis in L if and only if this collection possesses one of the following equivalent to each
other properties:

(i.1) The collection spans L, and the vectors of the collection are linearly independent;

(i.2) The vectors x1, ..., xx form a maximal w.r.t. inclusion linearly independent collection of
vectors from L, that is, x1, ...,z are linearly independent, but adding to the collection one more
vector xpy1 from L yields a linearly dependent collection of vectors;

(i.3) Every vector x from L admits exactly one representation as a linear combination of
vectors x1, ..., T, that is, for every x there exists exactly one collection of coefficients A1, ..., Ak
(called the coordinates of x in the basis x1, ...,xx) such that x = Zle i

(iii) One has L = Lin(X) for certain X iff L admits a linear basis comprised of vectors from
X.

(iv) For every n x n nonsingular matriz A, vectors Axi, ..., Axy form a basis in the image
AL = {Ax : x € L} of L under the linear mapping x — Az iff x1,...,xx form a basis in L.

The dimension of a linear subspace satisfies several basic relations:

(

S

) 0<dimL<n

) L C Ly = dim Ly < dim Lo, the inequality being strict unless L1 = Lo
) dim (Ll + LQ) + dim (L1 N LQ) =dim Ly + dim Lo

d) dim L+ dim L+ =n

e) dim(AL) < dim L, with equality when A is square and nonsingular

f) dim(Ll X ... XLk) = dim L1+...+dim Lk

b

2}

(2.1.3)

N N N N

where L, L1, Ly C R" (in (a-e)) and L; C R™ (in (f)) are linear subspaces.

Examples: e dim R"” = n, and R” is the only subspace of R" of dimension n. Bases in R" are
exactly the collections of n linearly independent vectors (or, if your prefer, collections of columns
of n X n nonsingular matrices), e.g., the standard basis comprised of basic orths ey, ..., e, where
e; has a single nonzero entry, equal to 1, namely, in the position ¢. The coordinates of x € R™
in this standard basis are just the entries of x.

e dim {0} = 0, and {0} is the only subspace of R" of dimension 0. The only basis of {0} is the
empty set.

e The dimensions of all proper (distinct from {0} and R") linear subspaces of R" are integers
>land <n-—1.

e The dimension of the solution set L = {z : Az = 0} of a system of m linear equations with n
variables z is n — Rank A. One way to see it is to note that this solution set is nothing but the
orthogonal complement to the linear span of the (transposes of the) rows of A; the dimension
of this span is Rank(A) (definition of rank), and it remains to use the rule (2.1.3.d).

“Inner” and “outer” description of a linear subspace

We have seen that a linear subspace L C R"™ of dimension k& can be specified (in fact, in many
ways, unless L = {0}) by a finite set which spans L. This is a kind of an “inner” description of
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L: in order to get L, one starts with a finite number of vectors from L and then augments them
by all their linear combinations.

There is another, equally universal way to specify a linear subspace: to point our a system
of homogeneous linear equations Az = 0 such that the solution set of this system is exactly L:

Proposition 2.1.1 (i) L C R" is a linear subspace if and only if L is a solution set of a (finite)
system of homogeneous linear equations Ax = 0; in particular, a linear subspace is a polyhedral
set.

(ii) When L is a linear subspace of RY, the relation L = {x : Ax = 0} holds true if and only
if the (transposes of the) rows of A span L*.

Proof. We have already seen that the solution set of a system of homogeneous linear equations
in variables x € R"™ is a linear subspace of R™. Now let L be a linear subspace of R". It is
immediately seen (check it!) that

(1) Ifay, ..., an, span a linear subspace M, then the solution set of the system
r=0,1=1,...m (*)
is exactly M.

It follows that choosing a1, ..., @, to span LT, we get, as a solution set of (), the linear subspace
(L*+)* = L, where the concluding equality is nothing but (2.1.2.a). Thus, every linear subspace
L indeed can be represented as a solution set of (x), provided that m and a4, ..., a,, are chosen
properly, namely, a1, ..., a,, span L. To see that the latter condition is not only sufficient, but
also necessary for the solution set of (x) to be L, note that when L = {z : al2 =0, i =1,...,m},
we definitely have a; € L+, and all which remains to verify is that ay, ..., a,, not only belong
to L1, but also span this linear subspace. Indeed, let M := Lin{ai,...,am}. By (!), we have
Mt ={x:alx=0,i=1,...,m} = L, whence M = (M+)+ = L+, as claimed. O

A representation L = {x : Az = 0} of a linear subspace L is a kind of “outer” description of
L — one says that in order to get L we should delete from the entire space all points violating
one or more constraints in the system Az = 0.

Comments. The fact that a linear subspace admits transparent “inner” and “outer” represen-
tations, whatever simple it looks, is crucial: in some situations, these are inner representations
which help to understand what is going on, while in other situations “outer” representations do
the work. For example, when passing from two linear subspaces L1, Lo to their sum Lj + Lo,
an inner representation of the result is readily given by inner representations of the operands
(since the union of two finite sets, the first spanning L; and the second spanning Lo, clearly
spans Lj + L9); at the same time, there is no equally simple way to get an outer representation
of L1 4+ Lo from outer representations of the operands Lj, L. When passing from the sum of
two subspaces to their intersection L1 N Lo, the situation is reversed: the outer representation
of L1 N Lo is readily given by those of L and Ly (put the systems of homogeneous equations
specifying L; and L into a single system of equations), while there is no equally simple way
to build a spanning set for L1 N Lo, given spanning sets for L; and Lo. In the sequel, speaking
about entities more complicated than linear subspaces (affine spaces and polyhedral sets), we
will systematically look for both their “‘inner” and “outer” descriptions.
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2.1.2 Affine Subspaces
Affine subspace: Definition, examples, “calculus”

Definition 2.1.1 [Affine subspace] A set M C R™ is called affine subspace, if it can be rep-
resented as a shift of a linear subspace: for properly chosen linear subspace L C R™ and point
a € R™ we have

M=a+L:={rx=a+y,ycLl}={x:x—a€L}. (2.1.4)

It is immediately seen (check it!) that the linear subspace L participating in (2.1.4) is uniquely
defined by M, specifically, L = {z =z —y : x,y € M}; L is called the linear subspace parallel
to the affine subspace M. In contrast to L, the shift vector a in (2.1.4) is not uniquely defined
by M, and one can use in the role of a an arbitrary point from M (and only from M).

A linear subspace of R™ is a nonempty subset of R™ which is closed w.r.t. taking lin-
ear combinations of its elements. An affine subspace admits a similar description, with affine
combinations in the role of just linear ones.

Definition 2.1.2 [Affine combination] An affine combination of vectors x1, ..., xy is their linear
combination Ele Aixi with unit sum of coefficients: Zle Ai=1.

The characteristic property of affine combinations as compared to plain linear ones is that when
all vectors participating in the combination are shifted by the same vector a, the combination
itself is shifted by the same vector:

k

k k
Z A;z; is affine combination of z1, ..., 7} < Z Xi(x; +a) = (Z )\ixi) + aVa.
i=1 i=1 i=1

Proposition 2.1.2 A subset M of R™ is an affine subspace iff it is nonempty and is closed
w.r.t. taking affine combinations of its elements.

Proof. Assume M is an affine subspace. Then it is nonempty and is representable as M = a+ L
with L being a subspace. If now z; = a + u;, i = 1,..., k, are points from M (so that u; € L)
and Aq,...,\; sum up to 1, then Zle \Nix; = Zle Aiv; + a, and Y, Aju; € L since L is a
linear subspace and u; € L for all i. Thus, M is nonempty and is closed w.r.t. taking affine
combinations of its elements.

Vice versa, let M be nonempty and closed w.r.t. taking affine combinations of its elements,
and let us prove that then M is an affine subspace. Let us fix a point a in M (this is possible, since
M is nonempty), and let L = M —a = {y—a:y € M}. All we need to prove is that L is a linear
subspace, that is, that L is nonempty (which is evident, since 0 = a —a € L due to a € M) and
is closed w.r.t. taking linear combinations. Indeed, when x1, ...,z € L (that is, y; = z;+a € M

for all 7) and p; are reals, we have x = >y = Y pi(ys —a) = (1 =D, pi)a + Y, piyi — a.

(2 7
Since a € M and all y; € M, the combination y = (1 — >, ui)a + >, iys (which clearly has
coefficients summing up to 1) is an affine combination of vectors from M and as such belongs
to M. We see that x = y — a with certain y € M, that is, x € L. Thus, L indeed is a nonempty
subset of R" closed w.r.t. taking linear combinations of its elements. O

Exercise 2.1 Proposition 2.1.2 states that a nonempty subset M of R™ closed w.r.t. taking
affine combinations of its elements is an affine subspace. Prove that the conclusion remains
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true when closedness w.r.t. taking all affine combinations of the elements of M is weakened
to closedness with taking only two-term affine combinations Az + (1 — \)y of elements of M.
Geometrically: a nonempty subset M of R™ is an affine subspace if and only if along with every
two distinct point x,y € M, M contains the entire line passing through these points.

Examples of affine subspaces in R™:

e The entire R"™ is an affine subspace; its parallel linear subspace also is R"™, and the shift
point a can be chosen as any vector;

e A singleton {a}, with a € R", is an affine subspace; the shift vector is a, the parallel linear
subspace is {0};

e The solution set of a solvable system of linear equations in variable x € R™ is an affine
subspace in R™:

M :={z: Az =b} # 0 = M is an affine subspace

Indeed, as Linear Algebra teaches us, “the general solution to a system of linear equa-
tions is the sum of its particular solution and the general solution to the corresponding
homogeneous system:” is a solves Ax = b and L = {x : Ax = 0} is the solution set of the
corresponding homogeneous system, then

M:={x: Az =b}=a+ L,

and L is a linear subspace by its origin. Thus, a (nonempty) solution set of a system of
linear equations indeed is an affine subspace, with the parallel linear subspace being the
solution of set of the corresponding homogeneous system.

Note that the reasoning in the latter example can be inverted: if L = {z : Az = 0} and a € R",
then a + L = {z : Az = b := Aa}, that is, every shift of the solution set of a homogeneous
system of linear equations is the set of solutions to the corresponding inhomogeneous system
with properly chosen right hand side. Recalling that linear subspaces in R" are exactly the same
as solution sets of homogeneous systems of linear equations, we conclude that affine subspaces of
R"™ are nothing but the solution sets of solvable systems of linear equations in variable x € R",
and in particular every affine subspace is a polyhedral set.

“Calculus” of affine subspaces

Some of basic operations with linear subspaces can be extended to affine subspaces, specifically

1. Taking intersection: if My, Mo are affine subspaces in R™ and their intersection is
nonempty, this intersection is an affine subspace. Moreover, if {Mg,}aca is a whatever

family of affine subspaces and the set M = [ M, is nonempty, it is an affine subspace.
acA
Indeed, given a family of sets closed w.r.t. certain operation with elements of the set (e.g., taking

affine combination of the elements), their intersection clearly is closed w.r.t. the same operation;
thus, intersection of an arbitrary family of affine subspaces is closed w.r.t. taking affine combina-
tions of its elements. If, in addition, this intersection is nonempty, then it is an affine subspace
(Proposition 2.1.2).
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2. Taking arithmetic sum: if M7, M, are affine subspaces in R"”, so is the set My + My =
{r =z +29: 21 € My,x9 € Ma} (check it!)

3. Taking affine image: if M is a linear subspace in R™, A is an m X n matrix and b € R™,
then the set AM +b := {Ax +b:x € M} C R™ — the image of M under the affine
mapping z — Az +b: R" — R™ — is an affine subspace in R™ (check it!).

In particular, a shift M +b={y=x+b:2 € M} (b € R") of an affine subspace M C R"
is an affine subspace.

4. Taking inverse affine image: if M is a linear subspace in R", A is an n x k matrix, and
b € R" and the set {y € R*¥ : Ay +b € M} - the inverse image of L under the affine
mapping y — Ay +b : RF — R" — is nonempty, then this inverse image is an affine
subspace in RF (check it!)

5. Taking direct product: if M; C R™ are affine subspaces, ¢ = 1,...,k, then their direct
product Mj X ... x My, is an affine subspace in R™ %" (check it!)

Affine subspace: affine span, affine dimension, affine independence, affine bases

Affine span. Recall that the linear span of a set X C R"™ is the set comprised of all linear
combinations of elements from X, and this is the smallest w.r.t. inclusion linear subspace
containing X . Similarly, given a nonempty set X C R", we can form the set Aff(X) of all affine
combinations of elements of X. Since affine combination of affine combinations of elements of
X is again an affine combination of elements of X (check it!), Aff(X) is closed w.r.t. taking
affine combinations of its elements. Besides this, Aff(X) D X, since every x € X is an affine
combination of elements from X: x = 1-z. Thus, Aff(X) is a nonempty set closed w.r.t. taking
affine combinations of its elements and thus is an affine subspace (Proposition 2.1.2). As we
have seen, this affine subspace contains X; it is clear (check it!) that Aff(X) is the smallest
w.r.t. inclusion affine subspace containing X:

) # X C M, M is affine subspace = X C Aff(X) C M.

The set Aff(X) is called the affine span (or affine hull) of X; we say also that X affinely spans
an affine subspace M if M = Aff(X).
As it should be clear in advance, there is a tight relation between linear and affine spans:

Proposition 2.1.3 Let ) # X C R", and let a € X. Then Aff(X) = a + Lin(X —a). In
particular, X affinely spans an affine subspace M if and only if X € M and the set X — a, for
some (and then — for every) a € X, linearly spans the linear subspace L to which M is parallel.

Proof. Let a € X. By definition, Aff(X) is comprised of all vectors representable as z =
Zle Aiz; with some k, some z; € X and some \; with ), \; = 1; for = of the outlined form, we

k
have z—a = ) Ai(z;—a). In other words, the linear subspace L to which Aff(X) is parallel (this
i=1
linear subspace is exactly the set of all differences x — a with = € Aff(X)) is exactly the set of
affine combinations of vectors from X —a. Since the latter set contains the origin (due to a € X),
the set of all affine combinations of vectors from X — a is exactly the same as the set Lin(X —a)
of all linear combinations of the points from X — a (take a linear combination ), pi(x; — a) of
vectors from X —a and rewrite it as the affine combination ), pi(x; —a)+ (1=, i) (a —a) of
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vectors from the same set X —a). Thus, L = Lin(X —a) and therefore Aff(X) = a+ Lin(X —a)
for whatever a € X. a

Affine independence. Recall that a collection of & > 0 vectors 1, ...,z is called linearly
independent iff the coefficients of a linear combination of x1, ..., z; are uniquely defined by the
value of this combination. The notion of affine independence mimics this approach: specifically,
a collection of k 4+ 1 vectors xg, ...,z is called affine independent, if the coefficients of every
affine combination of zg, ...,z are uniquely defined by the value of this combination:

k k
Z)\ixi:ZNiqu)\i:ZNz‘:1j>\i:,u«ia 0<i<k.
=0 =0 ; i

Equivalent definition of affine independence (check equivalency!) is: zg,...,z) are affinely in-
dependent, if the only linear combination of xg,...xy which is equal to 0 and has zero sum of
coefficients is the trivial combination:
k k
D Aimi=0,> A=0=X=00<i<k
i=0 i=0
As it could be easily guessed, affine independence “reduces” to linear one:

Lemma 2.1.1 Let k > 0, and let xq, ...,z be a collection of k+1 vectors from R™. This collec-
tion is affinely independent iff the collection x1 — xg, x2 — g, ..., T — To 1S linearly independent.

Proof of Lemma: There is nothing to prove when k& = 0, since in this case the system of
vectors x1 — T, ..., L — xg is empty and thus is linearly independent, and at the same time the
only solution of the system Z?:o Aix; = 0, Z?:o Ai =01is A\g = 0. Now let & > 1. Assuming
the vectors x1 — o, ..., T, — xo are linearly dependent, there exists nonzero u = [u1;...; pu] with
Zle wi(z; — xg) = 0, we get a nontrivial solution \g = — Zle Wiy A1 = 1, ..., Ay = p to the
system

k k
D Xiwi=0,> A=0 (%)
=0 =0

that is, xg, ..., xx are not affinely independent. Vice versa, assuming that xg, ..., i are not affinely
independent, (x) has a nontrivial solution Ag, ..., \g. Setting p; = A\;, 1 < i < k, and taking into
account that \g = — Zle Ai by the last — the scalar — equality in (%), the first equality in (%)
reads Z,’f:l wi(x; —xp) = 0. Note that not all u; = A\;, i = 1,..., k, are zeros (since otherwise we
would have also \g = — Zle A = 0, that is, Ao, ..., Ax are zeros, which is not the case). Thus, if
xg, ..., Tx are not affinely independent, 1 — xg, ..., £x — xg are not linearly independent. Lemma
is proved. O

Affine dimension and affine bases. By definition, the affine dimension of an affine subspace
M = a + L is the linear dimension of the parallel linear subspace L. It is also convenient to
define affine dimension of an arbitrary nonempty set X C R’ as the affine dimension of the affine
subspace Aff(X). In our course, we will not use any other notion of dimension, and therefore
from now on, speaking about affine dimension of a set, we shall skip the adjective and call it
simply “dimension”.



2.1. PRELIMINARIES: LINEAR AND AFFINE SUBSPACES, CONVEXITY o7

Remark: The above definitions and convention should be checked for consistency,
since with them, some sets (namely, affine subspaces M) are within the scope of two
definitions of affine dimension: the first definition, applicable to affine subspaces, says
that the affine dimension of an affine subspace M is the dimension of the parallel
linear subspace, and the second definition, applicable to all nonempty sets, says that
the affine dimension of M is the affine dimension of Aff(M), i.e., is the dimension
of the linear subspace parallel to Aff(M). Fortunately, these two definitions are
consistent in the intersection of their scopes: since M = Aff(M) for an affine subspace
M, both definitions of the affine dimension for such an M say the same.

The convention to skip “affine” when speaking about affine dimension could have
its own potential dangers, since some sets — specifically, linear subspaces — again are
in the scope of two definitions of dimension: the first is the dimension of a linear
subspace L (the minimal cardinality of a spanning set of L) and the second is the
affine dimension of a nonempty set. Fortunately, here again the definitions coincide
in their common scope: affine dimension of a linear subspace L is, by definition,
the dimension of the linear subspace parallel to Aff(L); but for a linear subspace L,
Aff(L) = L and L is the linear subspace parallel to Aff(L), so that both definitions
again say the same.

The bottom line is that we have associated with every nonempty subset X of R™ its dimension
dim X, which is an integer between 0 and n. For a linear subspace X, the dimension is the
cardinality of a minimal finite subset of X which (linearly) spans X or, equivalently, the maximal
cardinality of linearly independent subsets of X; for an affine subspace X, the dimension is the
just defined dimension of the linear subspace parallel to X, and for an arbitrary nonempty subset
X of R"™ the dimension is the just defined dimension of the affine span Aff(X) of X. When
X is in the scope of more than one definition, all applicable definitions of the dimension are
consistent with each other.

Affine bases. Let M = a + L be an affine subspace. We definitely can represent M as
Aff(X) for a nonempty set X (which usually can be chosen in many different ways), e.g., as
M = Aff(M). An immediate corollary of Theorem 2.1.1 and Proposition 2.1.3 is that M
can be represented as Aff(X) for a finite collection X = {xq,...,xx} where k > 0. Indeed,
by Proposition 2.1.3, a necessary and sufficient condition to have M = Aff({zg,x1,...,zx}) is
xg € M and Lin(X — xg) = L (check it!). In order to meet this condition, we can take as zy an
arbitrary point of M and to select k and a finite set of vectors dy, ..., dj in such a way that this
set linearly spans L; setting z; = xg + d;, 1 <1i < k, we get a finite set X = {zo, ..., 25} which
meets the above necessary and sufficient condition and thus affinely spans M. This reasoning
clearly can be inverted, leading to the following result:

Proposition 2.1.4 An affine subspace M = a + L is affinely spanned by a finite set X =
{zo,...,xr} if and only if xy € M and the k vectors x1 — xq, 2 — y,...,Tx — T linearly span L.
In particular, the minimal in cardinality subsets X = {xg,...,x} which affinely span M are of
cardinality k +1 = dim M + 1 and are characterized by the inclusion xo € M and the fact that
T — Xg,...,Tp — To 1S a linear basis in L.

Note that “in particular” part of the latter statement is readily given by Theorem 2.1.1.
The minimal w.r.t. inclusion collections xg, x1, ..., x; of vectors from an affine subspace M
which affinely span M have a name — they are called affine bases of the affine subspace M. It is
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a good and easy exercise to combine Proposition 2.1.4, Lemma 2.1.1 and Theorem 2.1.1 to get
the following “affine” version of the latter Theorem:

Theorem 2.1.2 Let M be an affine subspace of R™. Then

(i) There ezist finite collections x, ...,z which affinely span M and are “minimal” in this respect
(i.e., such that eliminating from the collection one or more elements, the remaining vectors do
not affinely span M ). All minimal finite collections of vectors affinely spanning M are comprised
of distinct vectors from M and have the same cardinality, namely, dim M + 1; these collections
are called affine bases of M.

(ii) A collection xq, ...,z of k + 1 vectors from M is an affine basis in M if and only if this
collection possesses one of the following equivalent to each other properties:

(ii.1) The collection affinely spans L, and the vectors of the collection are affinely independent;

(ii.2) The vectors xg, ...,z form a mazimal w.r.t. inclusion affinely independent collection
of vectors from M, that is, xg, ...,z are affinely independent, but adding to the collection one
more vector xiy1 from M yields an affinely dependent collection of vectors;

(ii.3) Every vector x from M admits exactly one representation as an affine combination of
vectors xg, ..., T, that is, for every x there exists exactly one collection of coefficients Ao, ..., Ak
(called the affine coordinates of x in the affine basis xq,...,xx) such that Zf:o Ai = 1 and
T = Zle AiZ;.

(ii.4) The vectors 1 — xq, ..., Tx — xo form a linear basis in the linear subspace L to which
M is parallel.

(iii) One has M = Aff(X) for certain X iff M admits an affine basis comprised of vectors from
X.

(iv) Let A be an n x n nonsingular matriz. Vectors Axg + b, ..., Axg + b form an affine basis of
the image AM +b={y= Az +b:x € M} of M under the affine mapping x — Ax + b iff the
vectors xg, ..., Tm form an affine basis in M.

The dimension, restricted onto affine subspaces, satisfies basic relations as follows (cf. (2.1.3)):

0<dimM<n

My C My = dim M; < dim Ms, the inequality being strict unless M; = My

if My N M, ?é @, then dim (Ml + Mz) + dim (M1 N Mg) = dim M; + dim M,

dim (AM + b) < dim M, with equality in the case when A is square and nonsingular,
dim (M; x ... x My) = % dim (M;),

=)
~—

AA/_\A/_\
QO
~_— O — —

(2.1.5)
where M, My, My, M; are affine subspaces. Pay attention to the premise M; N My # 0 in (c).!
As about the dimension of arbitrary (nonempty) subsets X C R", seemingly the only “uni-
versal” facts here are as follows (check them!):

(a) 0#X cCcRN =dim X €{0,1,...,n},

) P£XCYCR"=dim X <dimY (2.1.6)

"When M; N Mz = (), the conclusion in (c¢) does not make sense, since the dimension of an empty set is
undefined. There are good reasons for it; indeed, when trying to assign an empty set the dimension, we would
like to maintain its basic properties, e.g., to ensure the validity of (¢) when M; N Mz = @, and this clearly is
impossible: take two ¢-dimensional distinct from each other affine subspaces parallel to the same proper linear
subspace L of R": My = L+a, Ms = L+0b, b ¢ My;. Then M; N Mz = @, dim M; = dim M2 = dim L,
dim (My + M2) = dim ([a + b] + L) = dim L. We see that in order to meet the conclusion in (c), we should have
dim (@) +dim L = 2dim L, i.e., dim () should be dim L. But the latter quantity depends on what is L, and thus
there is no meaningful way to assign () a dimension.
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Examples: e There exists exactly one affine subspace in R" of the maximal possible dimension
n — this is the entire R™. Affine bases in R"™ are of the form a,a + f1,...,a + f,, where a € R"
and fi, ..., f are linearly independent.

e Unless n = 0, there exist many affine subspaces of the minimal possible dimension 0; these are
singletons M = {a}, a € R". An affine basis in a singleton {a} is comprised of the only vector,
namely, a.

e Two types of affine subspaces have special names — lines and hyperplanes.

— A line ¢ C R" is the affine span of two distinct points a,b: £ = {z = (1 — N)a + Ab, A €
R} ={x =a+ A(b—a),\ € R}. The parallel linear subspace is one-dimensional and is linearly
spanned by b — a (same as by the difference of any other pair of two distinct points from the
line). Affine bases of ¢ are exactly pairs of distinct points from .

— A hyperplane IT C R" is an affine subspace of dimension n — 1, or, equivalently (why?), the
solution set of a single nontrivial (not all coefficients at the variables are zeros) linear equation

alz =b.

“Inner” and “outer” description of an affine subspace

We have seen that an affine subspace M can be represented (usually, in many ways) as the
affine span of a finite collection of vectors xg, ..., z, that is, represented as the set of all affine
combinations of vectors xg, ..., zx. This is an “inner” representation of an affine set M, and the
minimal k£ in such a representation is dim M.

An outer representation of an affine subspace M is its representation as the solution set of
a solvable system of linear equations:

M = {z: Ax = b}. (2.1.7)

As we have already seen, such a representation always is possible, and the rows of A in such
a representation always linearly span the orthogonal complement L of the linear subspace L
to which M is parallel. The minimal number of equations in a representation (2.1.7) of M is
dim L+ =n — dim L = n — dim M.

2.1.3 Convexity

Linear and affine subspaces of R™ we have studied so far are polyhedral sets, so that the family
of polyhedral sets in R is wider than the family of affine subspaces (which in turn is wider that
the family of linear subspaces). The family of convex sets in R" is, in turn, wider than the family
of polyhedral sets, and convexity is, perhaps, the most important property of a polyhedral set.
In this section we intend to investigate convexity in more details, the rationale being twofold.
First, simple facts we are about to establish play important role in understanding the geometry
of polyhedral sets. Second, while polyhedral sets form only a tiny part of the family of convex
sets, this “tiny part” is representable: a significant part of the results on polyhedral sets can be
extended, sometimes with small modifications, on convex sets. In the sequel, we shall indicate
(without proofs) most important of these extensions, thus putting our results on polyhedral sets
in a proper perspective.

We have already defined the notion of a convex set and a convex function, and have claimed
that all polyhedral sets are convex, leaving the verification of this claim to the reader (see p.
29). For reader’s convenience, we start with reiterating the definitions and proving the above
claim.
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Definition 2.1.3 (i) Let X be a subset of R". We say that X is convez, if along with every
pair x,y of its points, X contains the segment linking these points:

V(z,ye X,A€[0,1]): (1 — Nz + Iy € X.
(ii) Let f: R™ — R U {oo} be a function. f is called convez if its epigraph — the set
Epi(f) = {[r;7] € R” x R: 7 > f(a)}
— is convez, or, equivalently (check equivalence!), for all x,y € R™ and all X € [0, 1] it holds

F(A=Nz+Ay) <A =Nf(z)+Afly) 2

Examples. The most important for our purposes example of a convex set is a polyhedral one:

Proposition 2.1.5 [Convexity of a polyhedral set] Let X = {z : Ax < b} be a polyhedral set in
R". Then X is convex.

Proof. Indeed, let z,y € X and A € [0,1]. Then Az < b, whence, A(1 — A\)z = (1 — M)Az <
(I = X)b due to A < 1, and Ay < b, whence A(A\y) < Ab due to A > 0. Summing up the
vector inequalities A(1 — Nz < (1 — A\)b and A\y < A\b, we get A[(1 — M)z + Ay] < b. Thus,
(I =Xz + Ay € X, and this is so whenever z,y € X and A € [0, 1], meaning that X is convex.
a

Corollary 2.1.1 A polyhedrally representable function (see section 1.2.2) is convez.

Indeed, the epigraph of a polyhedrally representable function, by definition of polyhedral repre-
sentability and by Theorem 1.2.1, is a polyhedral set. |
Recall that both Proposition 2.1.5 and Corollary 2.1.1 were announced already in Lecture 1.

Of course, there exist non-polyhedral convex sets, e.g., the Euclidean ball {z : ||z|3 < 1},
same as there exist convex functions which are not polyhedrally representable, e.g., the Euclidean
vorm f(z) = alls. *

“Calculus” of convex sets and functions

There are several important convexity-preserving operations with convex sets and convex func-
tions, quite similar to the calculus of polyhedral representability and, as far as sets are concerned,
to the calculus of linear/affine subspaces.

2To interpret the value of the right hand side when f(z), or f(y), or both is/are +oco, see the conventions on
the arithmetics of the extended real axis on p. 29

30f course, both the convexity of Euclidean ball in R™ and the fact that this set is non-polyhedral unless n = 1,
need to be proved. We, however, can ignore this task — in our course, we are interested in what is polyhedral,
and not in what is not polyhedral.
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Calculus of convex sets. The basic calculus rules are as follows (check their validity!):

1.

Taking intersection: if X7, X9 are convex sets in R, so is their intersection X7 N X5. In

fact, the intersection ()| X, of a whatever family {X,}qaeca of convex sets in R" is a
acA
convex set.

Note: the union of two convex sets most often than not is non-convex.

. Taking arithmetic sum: if X7, Xy are convex sets R", so is the set X1+ X9 = {x = 1 +x2 :

Tl € Xl,xg € XQ}.

Taking affine image: if X is a convex set in R™, A is an m X n matrix, and b € R™, then
the set AX +b:={Az+b:x € X} C R"™ — the image of X under the affine mapping
z+— Az +b:R" - R™ —is a convex set in R"™.

Taking inverse affine image: if X is a convex set in R", A is an n X k matrix, and b € R™,
then the set {y € R* : Ay +b € X} — the inverse image of X under the affine mapping
y+— Ay +b:RF - R" —is a convex set in RF.

Taking direct product: if the sets X; € R™, 1 < i < k, are convex, so is their direct
product X7 x ... x Xj, C R™M 1%,

Calculus of convex functions. The basic rules (check their validity!) are:

1.

Taking linear combinations with positive coefficients: if functions f; : R — R U {400}
are convex and \; > 0, 1 <4 <k, then the function f(z) = Zle Aifi(x) is convex.

Direct summation: if functions f; : R™ — R U {400}, 1 < i < k, are convex, so is their
direct sum

k
Fahssaf]) =7 fiad) s RMHFF™ 5 R U {400}
i=1
. Taking supremum: the supremum f(x) = sup fo(x) of a whatever (nonempty) family

acA
{fa}aca of convex functions is convex.

. Affine substitution of argument: if a function f(z) : R"™ — R U {4+oc0} is convex and

x=Ay+0b:R™ — R" is an affine mapping, then the function g(y) = f(Ay +b) : R™ —
R U {400} is convex.

Theorem on superposition: Let fi(z) : R™ — R U {400} be convex functions, and let
F(y) : R™ — R U {+00} be a convex function which is nondecreasing w.r.t. every one of
the variables y1, ..., ym. Then the superposition

_ | F(h®@), .., fm(@)), fi(z) <400, 1 <i<m
9(x) = 400 otherwise
of F and fy, ..., fm Is convex.

Note that if some of f;, say, fi, ..., fx, are affine, then the superposition theorem remains
valid when we require the monotonicity of ' w.r.t. the variables yi+1, ..., ym only.



62 LECTURE 2. POLYHEDRAL SETS AND THEIR GEOMETRY

Convex combinations and convex hull, dimension

A linear subspace is a nonempty set closed w.r.t. taking linear combinations of its elements; an
affine subspace is a nonempty set closed with respect to taking affine combinations of its elements.
Convex sets in R"” admit a similar characterization: these are subsets of R™ (not necessarily
nonempty) closed w.r.t. taking convex combinations of its elements, where a convex combination
of vectors x1, ..., 2y is defined as their linear combination with nonnegative coefficients summing
up to one:

k k
Z Aix; is a convex combination of z; & \; > 0,1 <i <k, and Z A= 1.
i=1 i=1

Note that convexity of X, by definition, means closedness of  with respect to taking 2-term
convex combinations of its elements. It is an easy and simple exercises to check (do it!) that
the following two statements hold true:

Proposition 2.1.6 A set X C R"™ is convex iff this set is closed w.r.t. taking all convex
combinations of its elements.

Corollary 2.1.2 [Jensen’s inequality] If f : R" — RU{o0} is a convex function, then the value
of f at a convex combination of points is < the corresponding convex combination of the values
of f at the points: whenever x1,...,xp € R™ and A\; >0, 1 < ¢ <k, are such that Zle A <1,
one has

Jensen’s inequality is one of the most useful tools in Mathematics.*

Given a set X C R", we can form a set comprised of all (finite) convex combinations of
vectors form X; this set is called the convex hull of X (notation: Conv(X)). Since a convex
combination of convex combinations of certain vectors is again a convex combination of these
vectors (why?), Conv(X) is a convex set; invoking Proposition 2.1.6, this is the smallest, w.r.t.
inclusion, convex set containing X:

X CY,Y is convex = X C Conv(X) C Y.

Dimension. We have already assigned every nonempty subset X of R™ with dimension, de-
fined as affine dimension of Aff(X), or, equivalently, as linear dimension of the linear subspace
parallel to Aff(X); in particular, all nonempty convex sets in R™ are assigned with their dimen-
sions, which are integers from the range 0,1,...,n. Now, a set X of a large dimension can be
very “tiny”; e.g., taking the union of n + 1 points affinely spanning R", we get a finite set X of
dimension n; clearly, in this case the dimension does not say much about how “massive” is our
set (and in fact has nothing in common with topological properties of the set). The situation
changes dramatically when the set X is convex; here the dimension, as defined above, quantifies
properly the “massiveness” of the set, due to the following result which we shall use on different
occasions in the sequel:

1A reader could ask how such an easy to prove fact as Jensen’s inequality could be that important. Well, it is
indeed easy to apply this tool; a nontrivial part of the job, if any, is to prove that the function the inequality is
applied to is convex.
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Theorem 2.1.3 Let X be a nonempty convex set in R™. Then X has a nonempty interior in
its affine span: there exists x € X and r > 0 such that

y € AB(X), ly—Fl2 <7 =y e X,

In particular, if X is full-dimensional (i.e., dim X = n, or, which is the same, Aff(X) =R"),
then X contains a Fuclidean ball of positive radius.

Proof. Let M = Aff(X). When k := dim M = 0, we have X = M = {a}, and we can take Z = a
and, say, r = 1. Now let £k > 0. By Theorem 2.1.2.(iii), we can find a collection xg, x1, ...,z of
points from X which is an affine basis of M, meaning, by item (ii) of the same Theorem, that
every vector from M can be represented, in a unique way, as an affine combination of vectors
xg, ..., . In other words, the system of linear equations in variables Ag, ..., Ax:

Zlio )\ll‘l = T
= 2.1.8
Zf:o Aio =1 ( :

has a solution if and only if x € M, and this solution is unique. Now, Linear Algebra says
that in such a situation the solution A\ = A(x) is a continuous function of x € M. Setting
T = k%rl Zf:o x;, the solution is A(z) = [1/(k + 1);...1/(k + 1)], that is, it is strictly positive;
by continuity, there is a neighborhood of positive radius r of Z in M where the solution is
nonnegative:

x €M, |x—2Z|2 <r= Az)>0.

Looking at our system, we see that all vectors x € M for which it has a nonnegative solution are
convex combinations of zg, ..., z; and thus belong to X (since X is convex and zg, ...,z € X).

Thus, X indeed contains a neighborhood of Z in M.

For those who do not remember why “Linear Algebra says...”, here is the reminder. System (2.1.8)
is solvable for x € M # ) and the solution is unique, meaning that the matrix A = [[zq;1], ..., [xk; 1]]
of the system has rank k + 1, and thus we can extract from A k + 1 rows which form a nonsingular
(k+1) x (k+ 1) submatrix A. In other words, the solution, when it exists, is A~'P(x), where P(z) is
the part of the right hand side vector [z;1] in (2.1.8). Thus, the solution A(z) is merely an affine function
of x € M, and thus is continuous in x € M. O

“Inner” and “outer” representations of convex sets

An “inner” representation of a convex set X is its representation as a convex hull: to get X,
you should choose appropriately a set Y € R" (e.g., Y = X) and augment it by all convex
combinations of elements of Y. While you indeed can get in this fashion a whatever convex set
in R"™, this result is incomparably less useful than its linear/affine subspace counterparts known
to us: in the latter case, the set of “generators” Y could be chosen to be finite and even not
too large (at most n elements in the case of a linear subspace and at most n + 1 element in the
case of an affine subspace in R™). In the convex case, a finite set of “generators” not always is
enough.

“Good” — closed — convex sets in R™ admit also “outer” description, specifically, a closed
convex set in R"™ always is a solution set of a system ale < b;, 1 = 1,2,... of countably many
nonstrict linear inequalities. Here again, the result is instructive, but incomparably less useful
than its linear /affine subspace counterparts, since our abilities to handle infinite (even countable)
systems of linear inequalities are severely restricted.
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2.1.4 Cones

Cones: definition. An important for us particular type of convex sets is formed by cones.
By definition, a cone is a nonempty convex set X comprised of rays emanating from the origin,
that is, such that tv € X whenever x € X and t > 0. An immediate observation (check it!) is
that X is a cone if and only if X is nonempty and is closed w.r.t. taking conic combinations
(linear combinations with nonnegative coefficients) of its elements.

Examples. Important for us will be polyhedral cones which, by definition, are the solution
sets of finite systems of homogeneous linear inequalities:

X is a polyhedral cone < 3A4: X = {x € R" : Az < 0}.

In particular, the nonnegative orthant R} = {x € R" : x > 0} is a polyhedral cone.

“Calculus” of cones in its most important (and most elementary) part is as follows (check
the validity of the claims!):

1. Taking intersection: if X1, X5 are cones in R", so is their intersection X; N Xo. In fact,
the intersection [ X, of a whatever family {X,}qca of cones in R™ is a cone;

acA
2. Taking arithmetic sum: if X, X5 are cones in R", so is the set X1 + Xo = {x =21 + 22 :
xr1 € Xl,:L’Q c XQ};

3. Taking linear image: if X is a cone in R™ and A is an m X n matrix, then the set AX :=
{Az : x € X} C R — the image of X under the linear mapping z — Az : R” — R™ — is
a cone in R™;

4. Taking inverse linear image: if X is a cone in R"™ and A is an n X k matrix, then the set
{y € R¥: Ay € X} — the inverse image of X under the linear mapping y — AyR*F — R"
— is a cone in R¥;

5. Taking direct products: if X; C R™ are cones, 1 < i < k, so is the direct product
X1 X ... x X3 Cc R+,

6. Passing to the dual cone: if X is a cone in R", so is its dual cone defined as

X,={yeR":yTz>0Vre X}.

Conic hulls. Similarly to what we observed above, given a nonempty set X C R" and taking
all conic combinations of vectors from X, we get a cone (called the conic hull of X, notation:
Cone (X)) which is the smallest, w.r.t. inclusion, among the cones containing X. For example,
the nonnegative orthant R} is the conic hull of the set comprised of all n basic orths in R".

2.2 Preparing Tools

In this section, we develop technical tools to be used later. Our ultimate goal is to prove the
following
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Theorem [Homogeneous Farkas Lemma] A vector a € R™ is a conic combination of vectors
ai, ..., am € R™ iff the linear inequality
ales >0 (2.2.1)

is a consequence of the homogeneous system of linear inequalities
ale>0,i=1,..,m. (2.2.2)

in variables x, that is, iff every feasible solution x to the system satisfies (2.2.1).
This statement is the key which will unlock basically all the locks to be opened in the sequel.

2.2.1 Caratheodory Theorem
We start with the following statement, highly important by its own right:

Theorem 2.2.1 [Caratheodory Theorem| Let x, x1, ...,z be vectors from R™. If x is a convex
combination of vectors x1, ..., xk, then T is a convex combination of at most n+1 properly chosen
vectors from the collection x1, ..., .

Moreover, if the dimension of the set X = {x1, ...,z } is m, then n+1 in the above conclusion
can be replaced with m + 1.

Proof. Let us look at all possible representations z = Zle Aixz; of T as a convex combination
of vectors x1, ..., x;. We are given that the corresponding family is nonempty; then it definitely
contains a minimal in the number of actual terms (i.e., those with \; # 0) representation. All
we should prove is that the number of actual terms in this minimal representation is < n + 1.
We can assume w.l.o.g. that the minimal representation in question is z = > 7 ; \iz;; from
minimality, of course, \; > 0, 1 < ¢ < s. Assume, on the contrary to what should be proved,
that s > n+ 1, and let us lead this assumption to a contradiction. Indeed, when s > n + 1, the
homogeneous system of linear equations

Yoi %z = 0 [n scalar equations]
>ow 8 = 01 scalar equation]

in s > n 4+ 1 variables 0 has more variables than equations and thus has a nontrivial (with not
all entries equal to zero) solution §. Observe that we have

DNtz =) N(t) =1 ("

=1 A(t) =1

for allt > 0. Now, since ), 8; = 0 and not all §; are zeros, among the reals §; are strictly negative,
meaning that for large enough values of ¢, not all of the coefficients \;(¢) are nonnegative. At
the same time, when t = 0, these coefficients are positive. It follows that there exists the largest
t =t > 0 such that all \;(¢) are still positive; and since for a larger value of ¢ not all \;(t) are
positive, the nonnegative reals \;(f), i = 1, ..., s, include one or more zeros.” When t = ¢, (!)
says that z is a convex combination of z1, ..., x5, the coefficients being A;(#); but some of these
coefficients are zeros, thus, we managed to represent x as a convex combination of less than
s of the vectors 1, ..., xr, which contradicts the origin of s. We have arrived at the required
contradiction.

°In fact we could, of course, skip this explanation and point out ¢ explicitly: £ = min [—\;/].
1:0,<0



66 LECTURE 2. POLYHEDRAL SETS AND THEIR GEOMETRY

The second part of the statement is in fact nothing but the first part in a slight disguise.
Indeed, let M = a + L be the affine span of x1, ..., z; then clearly x € M. Shifting all vectors
Z1, ..., Tk, T by —a (which affects neither the premise, nor the conclusion of the statement we want
to prove), we can assume that the affine span of x1, ..., 2y is the linear subspace L of dimension
m = dim {x1, ...,z } to which M is parallel. Note that € L along with z1, ..., 2, and we lose
nothing when thinking about all vectors x, 1, ..., ) as of vectors in R™ (since as far as linear
operations are concerned — and these are the only operations underlying our assumptions and
targets) L is nothing but R™. Invoking the already proved part of the statement, we arrive at
its remaining part.% O

Remark 2.2.1 Note that the result stated in Caratheodory Theorem is sharp: without addi-
tional assumptions on x1, ..., z, you cannot replace n+ 1 and m+ 1 with smaller numbers. E.g.,
given m < n, consider collection of m + 1 vectors in R as follows: zg =0, 1 = e1,...,Tm = €,
where ey, ..., e, are the basic orths (see p. 51). These vectors clearly are affine independent
(why?), so that dim {xg, z1,...,zm} = m, and the vector x = #_H[xo + ... + ] — which is a
convex combination of x, ..., x,, — admits exactly one representation as an affine (and thus —
as a convex) combination of zy, ..., 2, (Theorem 2.1.2). Thus, in any representation of x as
a convex combination of zg,x1, ..., T, all these m + 1 vectors should be present with positive

coefficients.

Illustration. Let us look at the following story:

In the nature, there are 26 “pure” types of tea, denoted A, B,..., Z; all other types
are mixtures of these “pure” types. What they sell in the market, are certain blends
of tea, not the pure types; there are totally 111 blends which are sold.

John prefers a specific blend of tea which is not sold in the market; from long
experience, he found that in order to get the blend he prefers, he can buy 93 of the
111 market blends and mix them in certain proportion.

An OR student (known to be good in this subject) pointed out that in fact John could
produce his favorite blend of tea by appropriate mixing of just 27 of the properly
selected market blends. Another OR student pointed out that only 26 of market
blends are enough, and the third student said that 24 also is enough. John did not
believe in neither of these recommendations, since no one of the students asked him
what his favorite blend is. Is John right?

The answer is that the first two students definitely are right, while the third cam be wrong. In-
deed, we can identify a unit (in weight) amount of a blend of tea with n = 26-dimensional vector
x = [za;xp;...;x 7], where entries in = are the weights of the corresponding pure component of
the blend; the resulting vector is nonnegative, and the sum of its entries equals to 1 (which is
the total weight of our unit of blend). With this identification, let Z be the blend preferred by
John, and let z!, ...,z be the market blends (N = 111). What we know is that John can get a
unit amount of his favorite blend by buying marking blends in certain amounts A;, ¢ =1, ..., N,

SWe believe the concluding reasoning should be carried out exactly once; in the sequel in similar situations we
will just write “We can assume w.l.o.g. that the affine span of x1, ...,z is the entire R™.”
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and putting them together, that is, we know that

N
z=) N (%)
=1

Of course, A; are nonnegative due to their origin; comparing “weights” (sums of entries) of the
right- and the left hand side in the vector equality (), we see that ) . A; = 1. Thus, the story
tells us that the 26-dimensional vector Z is a convex combination of N vectors z',...,z"V. By
the first part of the Caratheodory Theorem, x can be represented as a convex combination of
26+ 1 = 27 properly chosen vectors z*, which justifies the conclusion of the first student. Noting
that in fact z',...,2"V,Z belong to the hyperplane {z : x4 + 25 + ... + zz = 1} in R? we
conclude that the dimension of {x!,..., 2™V} is at most the dimension of this hyperplane, which
is m = 25. Thus, the second part of Caratheodory Theorem says that just m + 1 = 26 properly
chosen market blends will do, so that the second student is right as well. As about the third
student, whether he is right or not, it depends on what are the vectors Z,z!,...,2". E.g., it
may happen than # = z! and John merely missed this fact — then the third student is right.
On the other hand, it may happen that z',...,z" are just the 26 “pure” teas (basic orths),
some of them repeated (who told us that the same blend cannot be sold under several different
names?). If every basic orth is present in the collection x!, ..., 2"V and the favorite blend of John
is T = [1/26;...;1/26], it indeed can be obtained as mixture of market blends, but such a mixture
should contain at least 26 of these blends. Note that the third student would definitely be right
if the dimension of {z!,..., 2™V} were < 24 (why?).

2.2.2 Radon Theorem

Theorem 2.2.2 [Radon Theorem| Let z1, ...,z be a collection of k > n + 1 vectors from R™.
Then one can split the index set I = {1,...,k} into two nonempty and non-overlapping subsets
I and Iy such that the convez hulls of the sets {x; :i € Iy} and {z; : i € I3} intersect.

Proof follows the same idea as for Caratheodory Theorem. Specifically, consider the homoge-
neous system of linear equations in variables 4y, ..., dg:

S diwi = 0 [n scalar equations]
Ele 0; = 0 [1 scalar equation)]

Since k > n+ 2, the number of equations in this system is less than the number of variables; and
since the system is homogeneous, it therefore has a nontrivial solution 6. Now let I; = {i : §; > 0}
and Iy = {i : 6; < 0}. The sets I; and I clearly form a partition of I, and both of them are
nonempty; indeed, since ), §; = 0 and not all §; are zeros, there definitely are strictly positive
and strictly negative among 9;.

Now let us set S =3, I 5;. The equations from our system read

Zieh (sz = Zielg [_52‘]@'
Zi611 67/ = S = ZiEIQ [_61]
Setting \; = 0;/5, i € I1, p; = —0;/S, i € I, we get \; > 0, p; > 0, and the above reads
Dier, NiTi = Dlier, i
Zieh Ai=1= Zie]z Hi

meaning that Conv{z; : i € I} N Conv{z; : i € I1} # (. ]
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2.2.3 Helley Theorem

Theorem 2.2.3 [Helley Theorem| Let Ay, ..., Ay be nonempty convex sets in R™.

(i) If every n+ 1 of the sets A; have a point in common, then all N sets A; have a point in
common.

(ii) If the dimension of A1 U ...U Ay is m and every m + 1 of the sets A; have a point in
common, then all N sets A; have a point in common.

Proof. By exactly the same reasons as in the proof of Caratheodory Theorem, (ii) is a straight-
forward consequence of (i) (replace the “universe” R"™ with Aff{(JA4;}), so that all we need is

(2
to prove (i). This will be done by induction in the number N of the sets. There is nothing to
prove when N < n + 1; thus, all we need is to verify that the statement is true for a family of
N > n + 1 convex sets A;, given that the statement is true for every family of < N convex sets
(this is our inductive hypothesis). This is easy: let us form the N sets

Bi=AsNAsN..NAN,Bo=A1NAsN..NAN,... BN =A1NAsN...NAN_1

That is, B; is the intersection of N — 1 sets A1, ..., 4;_1, A;11, ..., Ay. By inductive hypothesis,
these sets are nonempty (and are convex along with Ay, ..., Ax). Let us choose in the (nonempty!)
set B; a point x;, ¢ = 1,..., N, thus ending up with a collection z1,...,xxy of N > n + 1 points
from R™. Applying Radon Theorem, we can split this collection into two parts with intersecting
convex hulls; to save notation — and of course w.l.o.g. — we can assume that this partition is
L ={1,...m}, Iy ={m+1,..., N}, so that

b € Conv{zy, ...,z } N Conv{Tmmt1,..., TN}

We claim that b € A; for all ¢, so that the intersection of all A; is nonempty; this would complete
the inductive step and thus the proof of Helley Theorem. To justify our claim, note that when
i < m, the point x; belongs to B; and thus to every one of the sets A, 11, ..., Ay (by construction
of B;). Thus, every one of the points x1, ..., x,,, belongs to every set A; with i > m; but then the
latter set, being convex, contains b € Conv{x, ..., Zy, }. The bottom line is that b € A; whenever
i > m. By “symmetric” reasoning, b € A; whenever ¢ < m. Indeed, whenever ¢ > m, the point
x; belongs B; and thus to every one of the sets Ay, ..., Ay, (by construction of B;). Thus, every
one of the points z,+1, ..., zy belongs to every set A; with ¢ < m; being convex, the latter set
contains also the point b € Conv{z;,+1, ..., zn }, as claimed. O

Remark 2.2.2 Note that the Helley Theorem is “as sharp as it could be:” we can easily
point out n + 1 nonempty convex sets Aj, ..., Ap+1 in R™ such that every n of them have a
point in common, while the intersection of all n + 1 sets is empty. An example is given by
Ai={zeR":2; <0}, i=1,...,n, Appr ={z e R": ), z; > 1}.

INustration 1: Let S be a set comprised of 1,000,000 distinct points on the axis and f(s) be
a real-valued function on this set. Assume that for every 7-point subset S’ of s there exists an
algebraic polynomial p(s) of degree < 5 such that |p(s) — f(s)| < 0.01 whenever s € S’. We now
want to find a spline of degree < 5 (a piecewise polynomial function on the axis with pieces —
algebraic polynomials of degree < 5) which approximates f at every point of S within accuracy
0.01. How many pieces should we take?
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The answer is: just one. Indeed, we can identify a polynomial p(s) = p1 + p1s + ... + pss®
of degree < 5 with its vector of coefficients [po;...;ps] € RS. For a fixed s € S, the set of
(vectors of coefficients) of polynomials which approximate f(s) within accuracy 0.01 is Ps; =
{lpo; ;5] : |£(8) —po — p18 — ... — p5s°| < 0.01}; we see that the set is polyhedral and thus is
convex. What is given to us is that every 7 sets from the 1,000,000-set family {Ps : s € S} have
a point in common. By Helley Theorem, all 1,000,000 sets have a point p, in common, and the
corresponding polynomial of degree < 5 approximates f at every point from S within accuracy
0.01.

Illustration 2: The daily functioning of a plant is described by the system of linear constraints

(a) Arx < feRY
(b) Bx > de R O]
(¢) Cx < ceRXNW0

Here
e 1z is the decision vector — production plan for the day;

e f is nonnegative vector of resources (money, manpower, electric power, etc.) available for
the day;

e d is the vector of daily demands on different kinds on plant’s production.

The plant works as follows. In the evening of day ¢ — 1, the manager should order the resources
f for the next day; when doing so, he does not know exactly what will be the vector of demands
for the next day, but has a collection D = {d', ..., d1:%90:0901 of 1,000,000 demand scenarios and
knows that the actual demand of day ¢ will be a point from this set. The goal of the manager is
to order the resources f in the evening of day ¢t — 1 in such a way that when in the next morning
the actual vector of demands of day ¢ will become known, it will be possible to find a production
plan z which satisfies the constraints (!).

Finally, the manager knows that every scenario demand d’ € D can be “served,” in the
aforementioned sense, by properly chosen vector f* = [fi;...; fi;] > 0 of resources at the cost
Z;il ¢; f;f not exceeding $1 (¢; > 0 are given prices of the resources). How much money should
a smart manager spend on the next-day resources in order to guarantee that the tomorrow
demand will be satisfied?

The answer is: $ 11 is enough. Indeed, let F; be the set of all resource vectors f > 0
which allow to satisfy demand d* € D. This set is convex (check it!), and we know that
it contains a vector f’ which costs at most $ 1. Now let A; be the set of all nonnegative
resource vectors f which cost at most $ 11 and allow to satisfy the demand d’. This set
also is convex (as the intersection of the convex set F; and the polyhedral - and thus convex
—set {f : f >0,c"'f < 11}). We claim that every 11 of the convex sets A; C R!Y have
a point in common. Indeed, given these 11 sets A;,,...A;,,, consider the vector of resources
f=f%+ ...+ f11. Since f» allows to satisfy the demand d’» and f > fi», f allows to satisfy
the same demand as well (look at (!)); since every f% costs at most $1, f costs at most $
11. Thus, f > 0 allows to satisfy demand d*» and costs at most $ 11 and this belongs to Ai,,
1 < p < 11. By Helley Theorem, all A; have a point in common, let it be denoted f.. By its
origin, this is a nonnegative vector with cost < 11, and since it belongs to every A;, it allows to
satisfy every demands d’ € D.
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2.2.4 Homogeneous Farkas Lemma
Consider the situation as follows: we are given a finite system of homogeneous linear inequalities
alr>0i=1,...,m (2.2.3)
in variables x € R"™, along with another homogeneous linear inequality
ales >0 (2.2.4)

which we will call the target one. The question we are interested is: when (2.2.4) is a conse-
quence of the system (2.2.3), meaning that whenever x satisfies the system, it satisfies the target
inequality as well?

There is a trivial sufficient condition for the target inequality to be a consequence of the
system, specifically, the representability of the target inequality as a weighted sum, with non-
negative coefficients, of the inequalities form the system. Specifically, we have the following
observation:

Observation 2.2.1 If a is a conic combination of ai,...,am:

EAZ' > 0:a= Z )\iai, (2.2.5)
=1

then the target inequality (2.2.4) is a consequence of the system (2.2.3).

Indeed, let A\; be as in (2.2.5), and let = be a solution of (2.2.3). Multiplying the inequali-
ties aiTx > 0 by the nonnegative weights )\; and summing up, we get a’z = > Na;|Te =

> ialx > 0. O

The Homogeneous Farkas Lemma is an incomparably deeper result with states that the above
trivial sufficient condition is in fact necessary for the target inequality to be a consequence of
the system.

Theorem 2.2.4 [Homogeneous Farkas Lemma] The target inequality (2.2.4) is a consequence
of the system (2.2.3) iff a is a conic combination of ay, ..., am.

Equivalent, and sometimes more instructive, form of this statement reads:
It is easy to certify both that a is a conic combination of aq, ..., ay,, and that a is not
a conic combination of aq, ..., Gm:
— to certify the first fact, it suffices to point out nonnegative \; such that a =
> Aiai;
— to certify the second fact, it suffices to point out x such that asz >0,i=1,...,m,
and o’z < 0.

a is a conic combination of a1, ..., a,, iff the certificate of the first kind exists, and a
is not a conic combination of a1, ..., a., iff the certificate of the second kind exists.

Proof of HFL. We have already seen that if a is a conic combination of aq, ..., ay,, then the
target inequality is a consequence of the system. All we need is to prove the inverse statement:

(#) if the target inequality is a consequence of the system, then a is a conic combi-
nation of a1, ..., am,.
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Intelligent proof of (#). Observe that the set X = {x =Y ", \ia; : A > 0} is polyhedrally
representable: K = {z : I\ : z = >, Nja;, A > 0} and as such is polyhedral (Fourier-Motzkin
elmination, Theorem 1.2.1):

X={zeR":dlz>6,0=1,.. L} (%)

for some dy, dp; observe that 6y < 0 due to the evident inclusion 0 € X. Now let the target
inequality a’z > 0 be a consequence of the system aiTx > 0,1 <4< m, and let us lead to
contradiction the assumption that a is not a conic combination of a;, or, which is the same, the
assumption that a € X. Assuming a ¢ X and looking at (x), there exists £, such that dza < dy,,
and thus d;ﬂa < 0 due to dp, < 0. On the other hand, we have Aa; € X for all A > 0 and all ¢,
meaning that )\dg; a; > 6« for all A > 0 and all ¢, whence dzT* a; > 0 for all i (look what happens
when A\ — +o00). Thus, dy, satisfies the system aiT:c >0, 1 < i < m, and violates the target
inequality a2z > 0, which under the premise of (#) is impossible; we have arrived at a desired
contradiction. O

Alternative proof of (#) based on Helley Theorem. There is nothing to prove when
a = 0, since then a indeed is a conic combination of a1, ..., a;,. Thus, from now on we assume that
a # 0 and that (2.2.4) is a consequence of (2.2.3); our goal is to derive from these assumptions
that a is a conic combination of ay, ..., am,.

19, Let us set 4; = {x € R" : alx > 0, a’z = —1}. Note that every 4; is a polyhedral
set and as such is convex (perhaps, empty) and that the intersection of all m sets Aq,..., 4,
definitely is empty (indeed, a vector x from this intersection, if exists, solves the system and
does not solve the target inequality, which is impossible). Let us extract from the family of
sets A1, ..., Ay, with empty intersection a minimal, w.r.t. inclusion, subfamily with the same
property. W.l.o.g. we can assume that this subfamily is A1, ..., Ax. Thus, & > 1, the intersection
of Aj, ..., Ay is empty, and either k£ = 1 (meaning that A; is empty), or the intersection of every
k — 1 sets from Aq, ..., Aj is nonempty.

20 We claim that a € L := Lin{aq,...,a;}. Indeed, otherwise a has a nonzero projection
h onto L+, so that hTa; = 0, i = 1,...,k, and hTa = hTh > 0. Setting z = —ﬁh, we get

alr=0,1<i<k, and a’z = —1; thus, h belongs to Aj,..., Ay, and these sets have a point in
common, which in fact is not the case.

3%, We claim — and this is the central component of the proof — that ay, ..., a) are linearly
independent, or, which is the same, that dim L = k. Since L is linearly spanned by ai,...,at,
the only alternative to dim L = k is dim L < k; we assume that the latter is the case, and let
us lead this assumption to a contradiction. Observe, first, that k& > 1, since otherwise L = {0}
due to dim L < k, implying that a = 0 (we already know that a € L), which is not the case.
Further, consider the hyperplane Il = {z € L : a’x = —1} in L. Since 0 # a € L, II indeed
is a hyperplane, and thus dim P = dim L — 1 < k — 1. Now, the orthogonal projections B; of
the sets A; = {z : alx > 0,a’z = —1} onto L, 1 < i < k, clearly belong to IT and to A; (since
when projecting orthogonally x € A; onto L the inner products with ¢ and a; remain intact
due toa € L, a; € L). B;, i =1,..,k > 1, are convex subsets of I, and the intersection of
every k — 1 > 0 of the sets B; is nonempty (indeed, it contains the projection onto L of every
point from the intersection of the corresponding A;, and this intersection is nonempty). Since
dim P + 1 < k, we conclude that the intersection of every dim P + 1 of the sets By, ..., By is
nonempty, whence the intersection of all k of the sets by, ..., b; is nonempty (Helley Theorem).
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Recalling that B; C A;, we conclude that the intersection of Aq, ..., Ag is nonempty, which is a
desired contradiction (recall how k and Ay, ..., Ay were chosen).

49, Now it is easy to complete the proof. By 2°, a € L = Lin{ay,...,a}, that is, a =
Zle Aia; with certain \;; we are about to prove that all A; here are nonnegative, which will
bring us to our goal — to prove that a is a conic combination of a1, ..., a,,. In order to verify that
Ai > 0,1 < i <k, assume, on the contrary, that not all \; are nonnegative, say, that A\; < 0.
Since aq, ..., aj are linearly independent by 3°, by Linear Algebra there exists a vector Z € R”
such that alz = 1/|\1], az = 0,....,alz = 0. We have a’z = Z)\iaiTa’; = A1/|A1| = —1, while,

7

by construction, aiTj >0,i=1,...,k. Weseethat z € A;N...N A, which is impossible, since the
right hand side intersection is empty. Thus, assuming that not all of A, ..., A\ are nonnegative,
we arrive at a contradiction. O

The HFL is the key instrument in our further developments. As for now, here is one of
fundamental results readily given by HFL (in fact, this result is an equivalent reformulation of
HFL):

Theorem 2.2.5 Let K = {x € R" : Ax < 0} be a polyhedral cone, and K* be its dual cone:
K*={yeR":yTz>0Vz c K}.
Then K* is the conic hull of the (transposes of the) rows of —A:
K ={y=ATx:2<0} (2.2.6)
In particular, K is the cone dual to K*:
K={zecR": 2Ty >0vy c K*}.

Proof. Let the rows of A be af,...,al. By definition, vectors a € K* are vectors which
have nonnegative inner products with all vectors from K, that is, with all vectors which have
nonnegative inner products with the vectors —ay, ..., —a.,,. Equivalently: a € K* is and only if
the linear inequality a”x > 0 is a consequence of the system of linear inequalities —aiTx > 0,
i = 1,...,m. By HFL, this is the case if and only if a is a conic combination of —ay, ..., —ag,
and we arrive at (2.2.6). To get the “in particular” part of the statement, note that in view of
(2.2.6) we have

(K ={z:2TATA > 0VA <0} = {z: \[Az] > 0V\ < O}\z/{x Az <0} =K,
(%)

where (x) is given by the following evident observation: a vector has nonnegative inner products
with all vectors which are < 0 if and only if this vector itself is < 0. O

Note that the relation (K*)* = K is in fact true for all closed cones, not necessarily polyhedral
ones; this is a far-reaching extension of the rule (L1)* = L for linear subspaces L (note that a
linear subspace is a very special case of a cone, and the cone dual to a linear subspace L is L+

(why?).
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2.3 Faces, Vertices, Recessive Directions, Extreme Rays

In this section, we prepare tools which will allow us to prove Theorem on the Structure of a
Polyhedral Set announced at the beginning of lecture. We focus on a polyhedral set

T
ax
X={zeR": Az <b} ,A=| -+ | e R™". (2.3.1)
T
am
Unless otherwise is explicitly stated, we assume in the sequel that X is nonempty, denote by M
the affine span of X:

M = Aff(X),
and denote by Z the set of indices of the constraints: Z = {1,2,...,m}.

2.3.1 Faces

A face of the nonempty polyhedral set X given by (2.3.1), by definition, is a nonempty subset
of X comprised of all points where the inequalities aiT:v < b; with indices from certain subset I
of T are satisfied as equalities (“are active” in the optimization slang). Thus, a face of X is a
nonempty subset of X which can be represented as

T .
_ cajr=>bj,iel
XI—{x. aiTbei,iEf }, (2.3.2)

where [ is a subset of the set Z = {1,...,m} of indices of the linear inequalities defining X, and
T is the complement of I in Z. Note that by (2.3.2),
e a face X1 of a nonempty polyhedral set is itself a nonempty polyhedral set, and
e the intersection of two faces Xy, X, of X is the set Xy u,, and thus is a face of X,
provided that it is nonempty.
Besides this, we have the following:
e A face of a face X1 of a polyhedral set X can be represented as a face of X itself.
Indeed, X can be represented as the polyhedral set

aiTxgbi,iGI
X = :L“GR":—G,ZT.%'S—I)Z',Z'GI
alz <b,iel

By definition, a face of the latter polyhedral set is obtained from the above description by
replacing some of the inequalities with their equality versions in such a way that the resulting
system of inequalities and equalities is feasible. When turning one of the inequalities aiT:U < b,
i €1, or —a;fF:L‘i < —b;, 7 € I, into an equality, we do not change X, so that we lose nothing
by assuming that the inequalities we are turning into equalities to get a face of X are from the
group aZTac < b;, i € I; in the latter case, the result is as if we were replacing with equalities
some of the inequalities defining X, so that the result, being nonempty, indeed is a face of X.
Warning: For the time being, our definition of a face of a polyhedral set is not geometric: a
face is defined in terms of a particular description of X by a system of linear inequalities rather
than in terms of X itself. This is where “can be represented as a face” instead of “is a face” in
the latter statement. In the mean time we shall see that faces can be defined solely in terms of
X.
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Example. Consider the standard simplex

Ap={zeR":2;,>0,1<i<n,y  z <1}
in the format of (2.3.1): m =n+1,a; = —e;, (2.3.3)
bz' =0 fori= 1, s M A1 = [1, ceey 1]7bm+1 =1

In this case, every subset I of Z = {1,...,n 4 1}, except for Z itself, defines a face of
A, ; such a face is comprised of all points from A, which have prescribed coordinates
equal to zero (indices of these coordinates form the intersection of I with {1,...,n}),
and perhaps the unit sum of entries (the latter is the case when n+ 1 € I).

According to our definition, the entire X is a face of itself (this face corresponds to I = 0).
All faces which are distinct from X (and thus form proper — distinct from the entire X and
from () — subsets of X) are called proper. E.g., all faces of the standard simplex A, (n > 0)
corresponding to proper (I # (), I # T) subset I of Z are proper.

Proposition 2.3.1 Let X be a nonempty polyhedral set given by (2.3.1. Then every proper face
X7 of X has dimension strictly less than the one of X.

Proof. Let X} be a proper face of X; then definitely I # (). Let us look at the linear equations
alr = b;, i € 1. If every one of these equations is satisfied by all points from M = Aff(X),
then it is satisfied everywhere on X, whence, comparing (2.3.2) and (2.3.1), X; = X, which
is impossible, since X7 is a proper face of X. Thus, there exists ¢ = 7, such that the linear
equation az;x = b;, which is satisfied everywhere on X7y, is violated somewhere on M. Setting
MT ={z € M :al z =b;}, we get a nonempty set (it contains X; which is nonempty) and as
such is an affine subspace (since it is a nonempty intersection of two affine subspaces M and
{z:alz =1b;}). Since M* C M by construction and M+ # M, we have dim M+ < dim M
(see (2.1.5.b)). It remains to note that X; C M due to X; C X C M and a] z = b;, for all

x € X1, whence dim X; < dim MT < dim M. O

2.3.2 Vertices
Definition and characterization
The definition of a vertex is as follows:

Definition 2.3.1 A vertex (another name — an extreme point) of a nonempty polyhedral set X
given by (2.3.1) is a point v € R™ such that the singleton {v} is a face of X.

This definition refers to the particular representation of the set X (since for the time being, the
notion of a face of X is defined in terms of the representation (2.3.1) of X rather than in terms
of X itself). It is easy, however, to express the notion of a vertex in terms of X. The next
proposition presents both algebraic and geometric characterizations of vertices.

Proposition 2.3.2 Let X C R™ be a nonempty polyhedral set given by (2.3.1).

(i) [algebraic characterization of vertices| A singleton {v} is a face of X if and only if v
satisfies all inequalities aZTx < b; defining X and among those inequalities which are active (i.e.,
satisfied as equalities) at v there are n with linearly independent a;.

(ii) [geometric characterization of vertices| A point v is a vertex of X iff v € X and from
v+ h € X it follows that h = 0 (geometrically: v belongs to X and is not the midpoint of a
nontrivial — not reducing to a point — segment belonging to X ).
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Proof. (i): Let v be a vertex of X. By definition, this means that for a properly chosen I C Z,
a is the unique solution of the system of equality and inequality constraints in variables z:

aiTa::bi,iEI, a;fpxgbi,ief ()

W.l.o.g. we may assume that all inequalities a;fpx < b;, i € I, are satisfied at v strictly (indeed,
otherwise we could move all indices i € I with aZTfu = b; into [; this transformation of the
partition Z = I U I keeps v a solution of the transformed system (%) and can only decrease the
number of solutions to the system; thus, v is the unique solution to the transformed system).
Given that all the inequality constraints in (%) are satisfied at v strictly, all we should verify
is that among the vectors a;, @ € I, there are n linearly independent. Assuming that it is not
the case, there exists a nonzero vector f which is orthogonal to all vectors a;, i € I. Setting
vy = v + th, observe that for all small enough in modulus values of ¢ v; solves (x). Indeed,
the constraints in () are satisfied when t = 0, whence the equality constraints a] v; = b;,
i € I, are satisfied for all ¢ due to a;fph = 0, ¢« € I. The inequality constraints a?vt < b,
i € I, are satisfied strictly when t = 0, and therefore every one of them remains valid in an
appropriate neighborhood of ¢t = 0; since the number of constraints is finite, there exists a single
neighborhood which “serves” in this sense all the constraints with i € I. The bottom line is
that indeed v; solves (x) for all ¢’s close enough to 0; since h # 0, we see that the solution to (x)
is not unique, this arriving at the desired contradiction.

We have proved that if v is a vertex of X, then the characterization from (i) holds true.
To prove the inverse, assume that v € X and that among the inequalities aiT:B < b; active at
v there are n with linearly independent a;. Denoting by I the set of indices of the active at v
inequalities, we have v € X7 and therefore X7 is nonempty and thus is a face of X. It remains
to note that v is the only point in X7, since every point z in this set must satisfy the system of
equations

a;fpw =b;,1€ 1,

and the matrix of this system with n variables is of rank n, so that its solution (which does
exists — the system is solved by v!) is unique. (i) is proved.

(ii): Proof of (ii) more or less repeats the above reasoning. In one direction: let v be a vertex
of X. By (i), among the inequalities az-Tv < b;, © € Z, n inequalities with linearly independent
a;’s are equalities, let their indices form a set I. If now h is such that v £ h € X, then one has
allv £ h] < b;, i € I, which combines with alv = b;, i € I, to imply that alh = 0 for all i € I.
Since among the vectors a;, i € I, there are n linearly independent (and thus spanning the entire
R"™), the only vectors h orthogonal to all a;, i € I, is h = 0. Thus, if v is a vertex, then v € X
and v £ h € X implies that h = 0. To prove the inverse, let v € X be such that v+ h € X
implies that h = 0, and let us prove that v is a vertex. Indeed, let I be the set of indices of all
inequalities aiTa: < b; which are active at v. Assuming that there are no n linearly independent
among the vectors a;, ¢ € I, we can find a nonzero f which is orthogonal to all a;, i € I, so
that all points v; = v + tf satisfy the inequalities aZTvt < b;, i € I. And since the inequalities
a;frx < b;, i & I, are satisfied at v strictly (due to how we defined I), the points v;, same as in
the proof of (i), satisfy these inequalities for all ¢ small enough in absolute value. The bottom
line is that under our assumption that the set of a;’s with ¢ € I does not contain n linearly
independent vectors, there exists small positive ¢ and nonzero vector f such that v +tf satisfies
all inequalities in (2.3.1) and thus belongs to X; thus, with h = ¢f # 0 we have v £ h € X,
which is impossible. We conclude that among a;’s with ¢ € I there are n linearly independent;
invoking (i), v is a vertex. O
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Exercise 2.2 What are the vertices of the polyhedral set shown on figure 2.1.a)?
Answer: the vertices of the triangle shown on figure 2.1.b).

Corollary 2.3.1 The set of extreme points of a nonempty polyhedral set is finite.

Indeed, by Proposition 2.3.2, an extreme point should solve a subsystem of the m x n system
of linear equations Az = b comprised of n linearly independent equations; the solution to such
a subsystem is unique, and the number of subsystems is finite. O

Exercise 2.3 Prove the following claim:

Let v be a vertex of a polyhedral set X, and v = Zle Aix; be a representation of v as
a convex combination of points x; € X where all the coefficients are strictly positive.
Then x; = v for all i. As a corollary, whenever Conv(Y) C X and v € Conv(Y), we
have v €Y.

Exercise 2.4 Prove that whenever X1 C Xo are polyhedral sets, every extreme point of Xa
which belongs to X1 is an extreme point of X1.

We add to the above results the following simple and important
Proposition 2.3.3 A verter of a face of a nonempty polyhedral set X is a vertexr of X itself.

Proof. We have seen that a face of a face X of a polyhedral set X can be represented as a face
of X itself. It follows that a vertex of a face X; of X (which, by definition, is a singleton face
of X) can be represented as a singleton face of X and thus is a vertex of X.

Discussion. The crucial role played by vertices of polyhedral sets stems from the facts (which
we shall prove in the mean time) that

A. Every bounded nonempty polyhedral set X is the convex full of the (finite, by Corollary
2.3.1) set of its extreme points; moreover, whenever X is represented as X = Conv(Y), Y
contains the set of extreme points of X.

We shall see also that extreme points form a basic “building block” in the description of an
arbitrary nonempty polyhedral set not containing lines, not necessarily a bounded one.

Note that the notion of an extreme point can be extended to the case of convex sets: an
extreme point of a convex set () is a point v of () which cannot be represented as a midpoint
of a nontrivial segment belonging to Q: v € ) and v £ h € () implies that h = 0. The “convex
analogy” of A is the Krein-Milman Theorem: Every nonempty, bounded and closed convex set
Q@ in R™ is the convex hull of the set of its extreme points (which now can be infinite); moreover,
whenever () = Conv(Y'), Y contains all extreme points of Q.

B. If the feasible set of a solvable LO program (which always is a polyhedral set) does not
contain lines, than among the optimal solutions there are those which are vertices of the feasible
set;

C. Vertices of polyhedral set, their algebraic characterization as given by Proposition 2.3.2,
and Corollary 2.3.1 are instrumental for simplex-type algorithms of LO.

From the outlined (and many other similar) facts it should be clear that understanding the
structure of extreme points of a polyhedral set contributes a lot to understanding of this set and
to our abilities to work with it. As an instructive exercise, let us describe the extreme points of
two important families of polyhedral sets.
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Example: Extreme points of the intersection of || - |- and || - ||; balls

Consider the polyhedral set

X:{xeR”:—1<xi<1,1<i<n,zm\<k}, (2.3.4)

7

where k is a nonnegative integer < n.

Note: (2.3.4) is not a representation of X by a finite set of linear inequalities, since the
inequality >, |z;| < k is not linear. To get a polyhedral description of X, we should replace
this nonlinear inequality with the system of 2" linear inequalities ), ;2; < k corresponding to
all collections of £1 coefficients ¢;. We, however, have seen that a vertex of a polyhedral set
is a geometric notion — a notion which can be expressed solely in terms of the set X, without
referring to its polyhedral description.

Note also that geometrically, X is the intersection of the unit box Bo(1l) = {x e R": —1 <
x; < 1Vi} and the ¢;-ball of radius k Bi(k) = {x € R™: Zle |zi| < k}.

We claim that the extreme points of X are nothing but the vectors from R"™ with exactly k
nonzero coordinates, equal each either to 1, or to —1. Indeed,

(a) let v be a vector of the outlined type, and let us prove that it is an extreme point of X.
By Proposition 2.3.2.(ii) we should prove that if A is such that v £ h € X, then h = 0. Indeed,
let v£h € X and let I be the set of indices of the k nonzero coordinates of v. When ¢ € I, then
either v; = 1 — and then v + h € X implies that 1 > v; = h; = 1+ h;, that is, h; =0, or v; = —1,
and then v £ h € X implies that —1 < v; + h; = —1 + h;, and we again arrive at h; = 0. With
this in mind, v + h € X implies that k + > o/ |hi| = > e |vil + 3207 |hil < k, whence h; = 0
when ¢ € I, meaning that h = 0, as required.

(b) let v be an extreme point of X, and let us prove that v has exactly k nonzero coordinates,
equal to 1. Indeed, let J be the set of indices ¢ for which v; is neither 1, nor —1. Observe that
J cannot have less than n — k indices, since otherwise v has > k coordinates of magnitude 1 and
thus does not belong to X (due to the constraint ), |z;| < k participating in the definition of
X). When J contains exactly n —k indices, the same constraint says that v; = 0 when i € j, and
then v has exactly k nonzero entries, equal to =1, which is what we claimed. It remains to verify
that J cannot contain more than n — k indices. Assuming that this is the case: CardJ > n — k,
note that then v has at least one entry which is neither —1, nor 1 (since n — k > 0); w.l.o.g. we
can assume that this entry is v;. Since v € X, this entry should belong to (—1,1). Now, it may
happen that ), |v;| < k. In this case the vectors [v1—0; v; ...; v,] and [v1+9; ve; ...; v, ] with small
enough positive delta belong to X, and thus v is the midpoint of a nontrivial segment belonging
to X, which is impossible. Thus, ), |v;| = k. Since the number of entries of magnitude 1 in v
is £ =n — Card(J) < k, we have >, ;[vi| =k — 3,5, |vil = k— ¢ > 1, and since |v;| < 1 for
i € I, the relation ), ;|v;| > 1 implies that at least two of the entries v;, i € J, are nonzero
(and are of magnitude < 1, as all entries v; of v with indices from J). W.l.o.g. we can assume
that the two entries in question are vy and wvy: vy # 0, vg # 0, |v1] < 1, |ve] < 1. Then the
vectors [v1 — sign(vy)d; ve + sign(ve)d; vs; ...; v, and [v1 + sign(vy)d; vy — sign(vy)d; vs; ...; vy ] for
all small positive § belong to X, and v again is a midpoint of a nontrivial segment belonging to
X, which is impossible. O

Particular cases. When k = n, X is nothing but the unit box {xr e R" : -1 <x; < 1,1 <i <
n}, and the above result reads: the vertices of the unit box are exactly the £1 vectors. Similar
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statement for an arbitrary box {z € R" : p; < x; < ¢;Vi < n} which is nonempty (p < q) reads:
the vertices of the box are all vectors v with “extreme” coordinates (i.e., v; = p; or v; = ¢; for
every i) (check it!)

When k =1, X becomes the unit ¢;-ball {x € R" : >, |z;| < 1}, and our result reads: the
vertices of the unit ¢1-ball in R™ are exactly the 2n vectors +e;, i = 1,...,n (as always e; are
the basic orths).

Modifications. Slightly modifying the above reasoning, one arrives at the useful facts stated
in the following

Exercise 2.5 Verify that whenever k is an integer such that 1 < k < n, then

(i) The extreme points of the polyhedral set {x € R" : 0 < x; <1,1 <i<n,)y .x; <k} are
exactly the Boolean vectors (i.e., vectors with coordinates 0 and 1) with at most k coordinates
equal to 1;

(ii) The extreme points of the polyhedral set {x e R" : 0 <xz; <1,1<i<mn,y  z; =k} are
exactly the Boolean wvectors (i.e., vectors with coordinates 0 and 1) with exactly k coordinates
equal to 1.

Note that the second set is a face of the first one.

Example: Extreme points of the set of double stochastic matrices

An n x n matrix is called double stochastic, if its has nonnegative entries which sum up to 1 in
every row and every column. The set of these matrices is the subset

II, = {x — [xl]] c RV = an DXy > 0ve, 7, Z:L’Z'j =1, Z:L’Z'j =1, Vl,j},
i J

we see that this is a polyhedral set in R" = R™<" given by n? inequality constraints and 2n
equality constraints. In fact, we can reduce the number of equality constraints by 1 by dropping
one of them, say, >, x;1 = 1; indeed, if the sum of z;; in every row is 1, then the total sum of
entries is n; and if, in addition, the column sums in all columns except for the first one are equal
to 1, then the sum of entries in the first column automatically equals to n — (n — 1) = 1.

The following fact has an extremely wide variety of applications:

Theorem 2.3.1 [Birkhoff] The extreme points of the set of double stochastic n x n matrices are
exactly the n X n permutation matrices (exactly one nonzero entry, equal to 1, in every row and
every column,).

Proof. The fact that permutation matrices are extreme points of the set II,, of double stochastic
matrices is easy: by the above result, these matrices are extreme points of the box {[z;;] € R™*™ :
0 < x;; < 1Vi,j} which contains II,,, and it remains to use the statement of Exercise 2.4.

To prove that every vertex v of 11, is a permutation matrix, let us use induction in n. The
base n = 1is evident: II; is a singleton {1}, and clearly 1 is the only extreme point of this set (see
geometric characterization of extreme points, Proposition 2.3.2.(ii)), and this indeed is an 1 x 1
permutation matrix. Inductive step n —1 = n is as follows. Let v be an extreme point of II,,; as
it was already explained, we can think that the latter set is given by n? inequalities z;j > 0 and
2n — 1 linear equality constraints. Since IIs “lives” in R”2, algebraic characterization of vertices
(Proposition 2.3.2.(i)) says that n? linearly independent constraints from the description of II,,
should become active at v. 2n — 1 linear equality constraints participating in the description
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of II,, contribute 2n — 1 linearly independent active constraints, and the remaining n? — 2n + 1
active at v constraints should come from the n? constraints z;j > 0. In other words, at least
n? —2n+1 = (n— 1)? entries in v are zeros. It follows that there is a column in v with at most
one nonzero entry, since otherwise the number of zero entries in every column were < n — 2,
and the total number of zero entries would be n(n — 2) < (n — 1)%. Now let j; be the index of
the column where v has at most one nonzero entry. Since the corresponding column sum is 1,
this “at most one nonzero entry” means “exactly one nonzero entry, equal to 1.” Since the row
sums in v are equal to 1 and the entries are nonnegative, this nonzero entry, equal to 1, is the
only nonzero entry in its row, let this row be i;. Eliminating from the double stochastic n x n
matrix v the column j; and the row ij, we get a (n — 1) X (n — 1) matrix v which clearly is
double stochastic; since v is a vertex in II,, it is completely straightforward to verify (do it!)
that v is a vertex in II,,_;. By the inductive hypothesis, ¥ is an (n — 1) x (n — 1) permutation
matrix; recalling the relation between v and v, v is a permutation matrix itself. o

2.3.3 Recessive Directions
Definition and characterization

Definition 2.3.2 Let X be a nonempty polyhedral set. A vector e € R" is called a recessive
direction of X, if there exists T € X such that the entire ray {T + te : t > 0} emanating from
T and directed by e belongs to X. The set of all recessive directions of X is called the recessive
cone of X, denoted Rec(X).”

Note that this definition is geometric: it does not refer to a representation of X in the form of
(2.3.1).

Examples: e e =0 is a recessive direction of every nonempty polyhedral set.
e Recessive directions of an affine subspace M are exactly the vectors from the parallel linear
subspace.

Algebraic characterization of recessive directions. Given a polyhedral description (2.3.1)
of a nonempty polyhedral set X, it is easy to characterize its recessive directions:

Proposition 2.3.4 [algebraic characterization of recessive directions| Let X be a nonempty
polyhedral set given by X = {x : Az < b}, see (2.3.1). Then
(i) The recessive directions of X are exactly the vectors from the polyhedral cone

Rec(X) :={e: Ae < 0}. (2.3.5)

(ii) One has X = X + Rec(X), that is, whenever x € X and e € Rec(X), the ray {x + te :
t > 0} is contained in X. 8

"We shall see in a while that the terminology is consistent — the set of all recessive directions of a polyhedral
set X indeed is a cone.

8Note the difference between the information provided in (ii) and the definition of a recessive direction e: by
the latter, e is a recessive direction if some ray directed by e belongs to X; (ii) says that whenever e possesses
this property, every ray directed by e and emanating from a point of X is contained in X.
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Proof. If e is a recessive direction, then there exists # € X such that al z+tale = af [T+te] < b;
for all t > 0 and all ¢ € Z, which clearly implies that aiTe < 0 for all 4, that is, Ae < 0. Vice
versa, if e is such that Ae < 0, then for every x € X and every t > 0 we have A(z + te) =
Az +tAe < Az < b, that is, the ray {x +te : t > 0} belongs to X. O

Remark: The definition of an recessive direction can be straightforwardly extended from poly-
hedral to convex sets. The “convex analogy” of Proposition 2.3.4 states that the set of recessive
directions of a nonempty closed convex set () is a closed cone, and a ray, starting at a point of
(@ and directed by a recessive direction, belongs to Q).

Exercise 2.6 What is the recessive cone of the polyhedral set X shown on figure 2.1.a)? What
is the recessive cone of the triangle shown on figure 2.1.b)%

The recessive cone of X is the angle between the two rays shown on fig. 2.1.c). The recessive
cone of the triangle is trivial — it is the origin.

Recessive subspace and decomposition

Recall that a line £ in R™ is an affine subspace of R™ of dimension 1; this is exactly the same as
to say that ¢ = {z + te : t € R} with some x and a nonzero vector e. It is easy to understand
when a polyhedral set X contains lines and what are these lines:

Proposition 2.3.5 Let X be a nonempty polyhedral set given by X = {x : Az < b}, see (2.3.1).
Then X contains a set of the form {x +te : t € R} if and only if x € X and Ae = 0. In
particular,

e X contains a line, directed by vector e # 0, iff e belongs to the kernel Ker A := {e : Ae = 0}
of A, and in this case every line directed by e and passing through a point of X belongs to X.
e X contains lines iff Ker A # {0}, or, equivalently, iff Rec(A) N [—Rec(A4)] # {0}.

Proof. The set {z+te : t € R} belongs to X iff both the rays {x+te: ¢ > 0} and {z—te :t > 0}
emanating from z and directed by e and —e belong to X; by Proposition 2.3.4, this is the case
iff z € X and both e and —e belong to Rec(X), that is, Ae < 0 and —Ae < 0, or, which is the
same, Ae = 0. O

In many aspects, polyhedral sets containing lines are less suited for analysis than those not
containing lines. E.g., a polyhedral set containing lines definitely does not have extreme points
(why?), while, as we shall see in a while, a polyhedral set not containing lines does have extreme
points. Fortunately, it is easy to “get rid” of the lines.

Proposition 2.3.6 [Decomposition] A nonempty polyhedral set X = {x : Ax < b}, see (2.3.1),
can be represented as the arithmetic sum of a linear subspace L = Ker A and a nonempty
polyhedral set X which does not contain lines:

X =X +KerA. (2.3.6)

One can take as X the intersection X N L+,

Proof. Let us set X = XNL*; we claim that this is a nonempty polyhedral set satisfying (2.3.6).
Indeed, X is nonempty by assumption; with x € X and every e € Ker A, the vector  — e belongs
to X (Proposition 2.3.5). Specifying e as the orthogonal projection of z onto L (so that x—e is the
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orthogonal projection Z of z onto L1), we conclude that this projection belongs to X, and thus X
is nonempty and, moreover, is such that = 2+e € X +Ker A, whence X +Ker A O X. Since X
is nonempty, it is a polyhedral set; indeed, to get a polyhedral description of X, one should add
to the inequalities Az < b specifying X a system of homogeneous linear inequalities specifying
Lt say, the system afzﬂw =0, 1 <i < dim Ker A, where vectors a1, 1 < i < dim Ker A4,
span the linear subspace Ker A. By construction, X is a part of X, whence X + Ker A C X by
Proposition 2.3.5. We have already seen that X 4+ Ker A D X as well, whence X + Ker 4 = X.
Finally, X does not contain lines, since the direction e of a line in X, by Proposition 2.3.5, should
be a nonzero vector satisfying the equations az-Te =0,7€Z, and az;He =0, 1 <i<dim Ker A4;
the first group of these equations says that e € Ker A, and the second — that e € (Ker A)*,
meaning that e € Ker AN (Ker A)* = {0}, which is impossible. O

Proposition 2.3.6 is the first step towards our goal — describing the structure of a polyhedral
set; it says that investigating this structure can be reduced to the case when the set does not
contain lines. Before passing to the remaining steps, we need one more element of “equipment”
— the notions of a base and extreme ray of a polyhedral cone.

2.3.4 Bases and Extreme Rays of a Polyhedral Cone
Consider a polyhedral cone
T
R={zeR":Bxr<0} B=|--- | e RF™, (2.3.7)

bk

Pointed cones. Cone (2.3.7) is called pointed if and only if it does not contain lines; invoking
Proposition 2.3.5, this is the case if and only if Ker B = {0}, or, which is the same, there is no
nonzero vector e such that Be < 0 and B[—e| < 0. Geometrically, the latter means that the
only vector e such that e € K and —e € K is the zero vector. E.g., the nonnegative orthant
R :={z € R":2 >0} = {x: [-I]z < 0} is pointed.

Base of a cone. Assume that the cone K given by (2.3.7) is nontrivial — does not reduce to
the singleton {0}.

Consider a hyperplane II in R™ which does not pass through the origin. W.l.o.g. we can
represent such a hyperplane by linear equation with unit right hand side:

M={zecR": ffla=1} [f#0 (2.3.8)
It may happen that this hyperplane intersects all nontrivial rays comprising K, that is,
reK,x#0=3s>0:sx ell
This is exactly the same as to say that f has positive inner products with all nonzero vectors
from K (why?). When f possesses this property, the polyhedral set Y = K NIl = {z : Bx <

0, fTz =1} is nonempty and “remembers” K:

K={x=ty:t>0,yeY}
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In this situation, we shall call Y a base of K; thus, a base of K = {z : Bx < 0} is a nonempty
set of the form
Y ={z:Bx<0,flz=1}

where f has positive inner products with all nonzero vectors from K. For example, the bases
of nonnegative orthant are “produced” by strictly positive vectors f, and only by those vectors
(why?)

Now, not every polyhedral cone admits a base; say, the trivial cone {0} does not admit it.
Another “bad” in this respect cone is a cone which is not pointed. Indeed, if K is not pointed,
then, as we have already seen, there is a nonzero e such that both e and —e belong to K;
but then there cannot exist a vector f forming positive inner products with all nonzero vectors
from K. A useful (and even crucial, as we shall see in the sequel) fact is that the outlined two
obstacles — triviality and non-pointedness — are the only obstacles to existing a base:

Proposition 2.3.7 Let a polyhedral cone K = {x : Bx < 0} in R" be nontrivial (K # {0})
and pointed. Then there exists f € R"™ such that fTx > 0 for all x € K\{0}, that is, K admits
a base.

Proof. Let K* = {y € R" : y2 > 0Vx € K} be the cone dual to K. We claim that K*
has a nonempty interior: there exists a vector f such that an Euclidean ball of certain positive
radius r, centered at f, is contained in K*. Note that this claim implies the result we seek to
prove: indeed, if f is as above and x € K\{0}, then (f — h)?z > 0 whenever ||h||2 < r, whence
ffz> sup ATz >0.
h:||hll2<r

It remains to support our claim. Assume, on the contrary to what should be proved, that
the interior of K* is empty. Since K* is a convex set, we conclude that Aff(K™*) is less than
the entire R (Theorem 2.1.3). Since 0 € K*, Aff(K*) 3 0 and thus L = Aff(K™*) is a linear
subspace in R™ of the dimension < n. Thus, there exists e # 0 such that e € L1, whence
ey =0 for all y € K*. But then both e and —e belong to (K*)*, and the latter cone is nothing
but K (Theorem 2.2.5). Thus, K is not pointed, which is the desired contradiction. O

The importance of the notion of a base of a cone K is that on one hand, it “remembers”
K and thus bears full information on the cone, and on the other hand it is in certain respects
simpler than K and thus is easier to investigate. E.g., we shall see in the mean time that a
base of a cone is a bounded nonempty polyhedral set, and those sets admit simple description
— they are convex hulls of the (nonempty and finite) sets of their vertices. For the time being,
we shall prove a simpler statement:

Proposition 2.3.8 The recessive cone of a base Y of a polyhedral cone K is trivial: Rec(Y) =
{0}

Proof. Let Y = {z : Bx <0, fT2 = 1} be a base of a polyhedral cone K = {z : Bx < 0}, so
that K # {0} and f has positive inner products with all nonzero vectors from K. By Proposition
2.3.4, Rec(Y) = {e: BTe = 0, fTe = 0}; assuming that the latter set contains a nonzero vector
e, we see that e is a nonzero vector from K, and this vector has zero inner product with f, which
is impossible. O

Remark: the notion of a base makes sense, and the results stated in Propositions 2.3.7 and
2.3.8 hold true for arbitrary closed cones, not only polyhedral ones.
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Extreme rays of a polyhedral cone. Extreme rays of polyhedral cones are “cone analogies”
of extreme points of polyhedral sets.

Definition 2.3.3 Let K be a cone. A ray in K is the set of all vectors {tx : t > 0}, where
x € K; x is called a generator, or direction, of the ray. A ray is called nontrivial, if it contains
nonzero vectors.

From the definition it follows that generators of a nontrivial R are all nonzero points on this
ray, so that all generators of a nontrivial ray R are positive multiples of each other.

Definition 2.3.4 [extreme ray| An extreme ray of a cone K is a nontrivial ray R = {tx : t > 0}
in K with the following property: whenever a generator x of the ray is represented as x = u + v
with u,v € K, both vectors u and v belong to R.

Exercise 2.7 Let K be a pointed cone and v, ...vy be points of K. Prove that

1) Ifvy+...4v, =0, thenvy =...=v, =0

2) If v1 + ... + v = e is a generator of an extreme ray of K, then v;, 1 < i < k, are
nonnegative multiples of e.

Note that the notion of extreme ray is geometric — it does not refer to a particular description of
the cone in question. Note also that if the property characteristic for a generator of an extreme
ray holds true for one of generators of a given nontrivial ray, it automatically holds true for all
other generators of the ray.

Example: A ray in the nonnegative orthant R’} is the set comprised of all nonnegative multiples
of a nonnegative vector. Nontrivial rays are comprised of all nonnegative multiples of nonzero
nonnegative vectors. E.g., the set {t[1;1;0] : ¢ > 0} is a nontrivial ray in R3 (draw it!). On a
closest inspection, the extreme rays of R'} are the nonnegative parts of the n coordinate axes,
that is, the rays generated by basic orths ey, ..., e,. To see that, say, the ray Ry = {te; : ¢t > 0}
is extreme, we should take a whatever generator of the ray, e.g., e;, and to check that when
e1 = u + v with nonnegative vectors u,v, then both v and v are nonnegative multiples of
e1, which is evident (since from w; + v; = (e1); and w;,v; > 0 it follows that u; = v; = 0
when i = 2,...,n). To see that the nonnegative parts of the coordinate axes are the only
extreme rays of R, assume that x is a generator of an extreme ray R. Then x is a nonzero
nonnegative vector. If z has at least two positive entries, say, 1 > 0 and x5 > 0, then we
can set © = [21;0....;0] + [0; z2; x3; ...; Ty, thus getting a decomposition of x into the sum of
two nonnegative vectors which clearly are not nonnegative multiples of z. Thus, x has exactly
one positive entry, and thus is a positive multiple of certain basic orth, meaning that R is the
nonnegative part of the corresponding coordinate axis.

The role of extreme rays in the geometry of polyhedral cones is similar to the role of vertices
in the geometry of polyhedral sets. E.g., we have already mentioned the fact we intend to
prove in the sequel: a nonempty and bounded polyhedral set is the convex hull of the (finite)
set of its vertices. The “cone analogy” of this statement reads: A pointed and nontrivial
(K # {0}) polyhedral cone K possesses extreme rays, their number is finite, and K is the
conic hull of the (generators of the) extreme rays. Here we present an important result on
algebraic characterization of extreme rays and their relation to extreme points.

Proposition 2.3.9 Let K C R" be a pointed nontrivial (K # {0}) polyhedral cone given by
(2.3.7). Then
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(ii) A nonzero vector e € K generates an extreme ray of K if and only if among the inequal-
ities bZTl‘ <0,i=1,...k, defining K there are at least n — 1 linearly independent inequalities
which are active (i.e., are equalities) at e.

(ii) Let Y = {x : Bx <0, fTx = 1} be a base of K (note that K admits a base by Proposition
2.3.7) so that every nontrivial ray in K intersects Y. A nontrivial ray R in K is extreme if and
only if its intersection with Y is an extreme point of Y.

Proof. (i): Let e generate a nontrivial ray R in K, and let I be the set of indices of vectors b;
which are orthogonal to e. We should prove that R is extreme iff among the vectors b;, ¢ € I,
there are n — 1 linearly independent.

In one direction: assume that the set {b; : ¢ € I'} contains n —1 linearly independent vectors,
say, b1, ...,bp—1, and let us prove that R is an extreme ray. Indeed, let e = v + v with u,v € K;
we should prove that then u,v € R. Since e = u+ v, we have bZT(u—i—v) = bZTe =0,1<1<n—1,
on one hand, and b;fru <0, bl-Tv < 0 due to u,v € K. We conclude that blTu = b;fpv = 0,
1 <i < n-—1, so that every one of the vectors u, v, e is a solution to the system of homogeneous
linear equations

Wer=0,1<i<n-1

in variables x. Since by, ...,b,_1 are linearly independent, the solution set L of this system is a
one-dimensional linear subspace, and since e is a nonzero vector from this linear subspace, all
other vectors from L are multiples of e. In particular, u = Ae and v = Ae with some real A, u.
Now recall that K is pointed and u,v,e € K, meaning that A > 0, u > 0 (e.g., assuming A\ < 0,
we get 0 # u € K and —u = |Ae € K, which is impossible). Thus, v and v are nonnegative
multiples of e and thus belong to R, as claimed.

In the other direction: assume that R is an extreme ray, and let us prove that the set
{b; : i € I} contains n — 1 linearly independent vectors. Assume that the latter is not the case.
Then the dimension of the linear span of the set is < n — 2, meaning that the dimension of the
orthogonal complement to this linear span is > 2. Thus, the set of all vectors orthogonal to all
bi, i € I,is > 2. Therefore this set (which contains e due to the origin of I') contains also a vector
h which is not proportional to e. Now note that b (e +th) = 0 for all i € I and b} (e + th) < 0
when i ¢ I and ¢ is small enough in absolute value (since for i in question, bfe < 0). It follows
that there exists a small positive ¢ such that b;fr(e +th) <0 for all i = 1,..., k, meaning that
the vectors u = i[e + th] and v = i[e — th] belong to K. We clearly have u 4+ v = e; since
R is an extreme ray, both u and v should be nonnegative multiples of e, which, due to ¢t > 0,
would imply that h is proportional to e, which is not the case. We have arrived at a desired
contradiction. (i) is proved.

(ii): Let R = {te : t > 0} be a nontrivial ray in K; then e is a nonzero vector from K, and
from the definition of a base it follows that the ray R intersects Y at certain nonzero point eg,
which also is a generator of R. We should prove that R is an extreme ray iff er is an extreme
point of Y.

In one direction: Let R be an extreme ray. Let us lead to contradiction the assumption that
eR is not an extreme point of Y. Indeed, under this assumption there exists a nonzero vector h
such that both eg + h and eg — h belong to Y and thus belong to K. Setting u = %[eR + hl,
v = I[er — h], we get u,v € K (K is a conel) and u+ v = eg. Since R is an extreme ray, it
follows that u and v are proportional to er, whence also h is proportional to er. The latter is
impossible: since er and er + h belong to Y, we have fTeg =1 = fT(eg+h), whence fTh = 0;
since h is nonzero and is proportional to e, we conclude that fTer = 0, while in fact ffer =1
due to eg € Y. We have arrived at a desired contradiction.
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In the other direction: Let ep be an extreme point of Y, and let us prove that then R is
an extreme ray of K. Indeed, let e = u + v with u,v € K. We should prove that in this case
both v and u belong to R. Assume that this is not the case, say, u does not belong to R. Then
u # 0, and thus u ¢ —R (since K is pointed and u € K). Thus, u is not a real multiple of eg,
which combines with e = u 4+ v to imply that v also is not a real multiple of eg. In particular,
both u and v are nonzero, and since u,v € K, we have u = Au € Y and v = pv € Y for
properly chosen A,z > 0. From equations fTer = fTa = fTv = 1 (given by eg,@,v € Y) and
ffer = fTu+ fTv (due to eg = u+w) it follows that AfTu =1, ufTv =1and flu+ fTv =1,
whence %—l—i = 1. Since A and p are positive, we conclude that eg = u+v = %ﬁ—i— if} is a convex
combination of the vectors @, v from Y, the coefficients in the combination being positive. Since
er is an extreme point of Y, we should have e = @ = v (Proposition 2.3), whence u and v are
proportional to er, which is not the case. We have arrived at a desired contradiction. O

Corollary 2.3.2 Let K be a nontrivial (K # {0}) and pointed polyhedral cone. Then the
number of extreme rays in K is finite.

Proof. Indeed, by Proposition 2.3.7, K admits a base Y’; by Proposition 2.3.9.(ii), the number
of extreme rays in K is equal to the number of vertices in Y, and the latter number, by Corollary
2.3.1, is finite. O

In fact, in the context of Corollary 2.3.2 the assumptions that K is nontrivial and pointed
are redundant, by a very simple reason: neither trivial, nor non-pointed cones have extreme
rays. Indeed, the trivial cone cannot have extreme rays since the latter, by definition, are
nontrivial. The fact that a non-pointed cone K has no extreme rays can be verified as follows.
Let R = {te: ¢t > 0} be a nontrivial ray in K, and let f be a nonzero vector such that +f € K.
If f is not proportional to e, then the vectors u = e + f and v = e — f belong to K due to
+f € K and e € K, and do not belong to R (since they are not proportional to e). If f is
proportional to e, say, f = Te, then 7 # 0 (since f # 0). Setting u = %[e + %f], v = %[e — %f],
we, as above, get u,v € K and u 4+ v = e; at the same time, v = %[e — %T@] = —%e, that is,
v ¢ R. In both cases, the ray R is not extreme.

The next proposition establishes a property of extreme rays similar to the one of extreme
points (cf. Proposition 2.3.3):

Proposition 2.3.10 Let K be a polyhedral cone given by (2.3.7), and let K = {x : Bx <
0, b;f;c = 0,1 € I} be a face of K, which clearly is a polyhedral cone along with K. Every extreme
ray of Kt is an extreme ray of K.

Proof is left to the reader.

2.4 Structure of Polyhedral Sets

Now we are well-prepared to attack directly our goal — to prove the Theorem On Structure of
Polyhedral Sets stated in the preface to this lecture.

2.4.1 First Step

We start with the following fundamental statement:
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Theorem 2.4.1 Let X be a nonempty polyhedral set, given by (2.3.1) which does not contain
lines. Then

(i) The set Ext(X) of extreme points of X is nonempty and finite, and X is the arithmetic
sum of the convex hull of this set and the recessive cone of X :

X = Conv(Ext(X)) + Rec(X). (2.4.1)

(ii) If the recessive cone of X is nontrivial (Rec(X) # {0}), then this cone possess extreme
rays, the number of these rays is finite, and the cone is a conic hull of its extreme rays: if
R; = {te; :t >0}, 1 < j < J, are the extreme rays of Rec(X), then

J

Rec(X) = Cone{ey,...,es} :={z = Z,ujej tpy > 0Vjt (2.4.2)
j=1

(iii) As a straightforward corollary of (i) and (ii), we get that
I J
X = {:E = Z)\ZUZ + Z,ujej T > O,Z)\Z =1, i > 0} (243)
i=1 j=1 i

Proof. (i): The proof is by induction in the dimension k of X (that is, the affine dimension
of M = Aff(X), or, which is the same, linear dimension of the linear space L to which M is
parallel).

Base k = 0 is trivial, since in this case X is a singleton: X = {v}, and we clearly have
Ext{X} = {v}, Rec(X) = {0}, so that Ext{X} indeed is nonempty and finite, and (2.4.1)
indeed holds true.

Inductive step k = k + 1. Assume that (i) holds true for all nonempty polyhedral sets, not
containing lines, of dimension < k, and let X be a nonempty polyhedral set, not containing
lines, of dimension k + 1. Let us prove that (i) holds true for X.

The linear subspace L parallel to Aff(X) is of dimension k¥ + 1 > 1 and thus contains a
nonzero vector e. Since X does not contain lines, its recessive cone is pointed (Proposition
2.3.5); thus, either e, or —e is not a recessive direction of X. Swapping, if necessary, e and —e,
we can assume w.l.o.g. that e & Rec(X).

Now two options are possible:

A: —e is a recessive direction of X;

B: —e is not a recessive direction of X.

Let Z € X. In order to prove that Ext(X) # () and that Z € Conv(Ext(X)) + Rec(X), we

act as follows:
In the case of A, consider the ray R = {x; = Z +te : t > 0}. Since e is not a recessive
direction, this ray is not contained in X, meaning that some of inequalities aiTa: <b;,1 €L, are
not satisfied somewhere on R. Now let us move along the ray R, starting at Z. At the beginning,
we are at 7, i.e., are in X; eventually we shall leave X, meaning that there is £ > 0 such that “at
time ¢ the point x; is about to leave X”, meaning that ¢ is the largest ¢ > 0 such that z; € X
for 0 <t < t. It is clear that x; belongs to a proper face of X.

Here is “algebraic translation” of the above reasoning (which by itself appeals to
geometric intuition). Since g = = € X, all the inequalities aiTxt < b;, 1 € L, are
satisfied at t = 0, and since aiTxt is an affine function of ¢, an inequality aiT:J:t < b;
which is violated at some ¢ > 0 (and we know that such an inequality exists) is
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such that the affine function of ¢ aiTxt = aiTx + ta;fre is increasing with ¢, that is,
ale > 0. The bottom line is that there exists i such that al'e > 0, so that the set
I ={i:ale > 0} is nonempty. Let us set

t = min —, (%)

and let i, € I be the value of i corresponding to the above minimum. Taking into
account that az-T:i“ < b; for all 7 and that aZTxt < b; for all t > 0 whenever i € I (why?),
we conclude that £ > 0 and that aiTxg < b; for all 4, and on the top of it, ag;xg =b;,.
Now consider the set X = Xy, = {x : a] x = bj,al x < b;Vi # i,}. This set is
nonempty (it contains x7) and thus is a face of X. This face is proper, since otherwise
ag;af would be equal to b;, on the entire X, meaning that X is contained in the affine
subspace N = {z : al # = b;}. But then Aff(X) C N, meaning that al z = b; for
all z € M = Aff(X); since e belongs to the parallel to M linear subspace, the latter
implies that a;f’;e = 0, while by construction a;f’;e > 0. Thus, x; belongs to a proper
face X of X, as claimed.

Now, by Proposition 2.3.1, the dimension of X is < dim X, that is, it is at most k. Besides this,
X is a nonempty polyhedral set, and this set does not contain lines (since X is a part of X, and

X does not contain lines). Applying inductive hypothesis, we conclude that Ext(X) is a finite

nonempty set such that zz € Conv(Ext(X)) + r with r € Rec(X). Now, by Proposition 2.3.3,

Ext(X) C Ext(X), and by the definition of a recessive direction, r, being recessive direction of
a part of X, is a recessive direction of X. We have arrived at the following conclusion:

(1) Ext(X) is nonempty (and is finite by Corollary 2.3.1) and x; € Conv(Ext(X))+r
for some 1 € Rec(X).

Note that our reasoning did not use yet the assumption that we are in the case A, that is, that
—e is a recessive direction of X; all we use till now is that e € L is not a recessive direction of

X.
Now recall that we are in the case of A, so that —e is a recessive direction of X, whence

T = x5 —te € Conv{Ext(X)} + 7', r' = r + t(—e).

Since r and —e are recessive directions of X and Rec(X) is a cone, we have 1’ € Rec(X) and
thus Z € Conv(Ext(X)) + Rec(X).

In the case of B, the intermediate conclusion (!) still holds true — as we have mentioned,
its validity stems from the fact that e € L is not a recessive direction of X. But now similar
conclusion can be extracted from considering the ray R_ = {Z + t[—e] : ¢ > 0}, which, by the
exactly the same reasoning as above, “hits” certain proper face of X. Thus, now, in addition to
(1), there exists ¢ > 0 such that Ty = & — te satisfies

7y € Conv(Ext(X)) + Rec(X),

or, equivalently, there exist nonnegative weights Ao, U E Ext(X), summing up to 1, and a vector
7 € Rec(X) such that
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Moreover, by (!) there exist nonnegative weights \,, v € Ext(X), summing up to 1, and a vector
7 € Rec(X) such that

Since ¢ and ¢ are nonnegative, we have
T = pz+te] + (1 — p)z — te]

with properly chosen p € [0, 1], so that

= [phe+ 1= mXJv [pr 4 (1 - p)7].
—_—

veExt(X) €Rec(X)

€Conv(Ext(X))

The bottom line is that in both cases A, B Ext(X) is finite and nonempty and X C
Conv(Ext(X))+Rec(X). The inverse inclusion is trivial: the polyhedral set X is convex and con-
tains Ext(X), and therefore contains Conv(Ext(X)), and X +Rec(X) = X by Proposition 2.3.4,
whence Conv(Ext(X))+Rec(X) C X. Thus, we have proved that X = Conv(Ext(X))+Rec(X)
and that Ext(X) is nonempty and finite. Inductive step, and thus, the verification of Theorem
2.4.1.(i), are complete.

(ii): Assume that Rec(X) = {z : Az < 0} is a nontrivial cone. Since X does not contain
lines, Rec(X) is also pointed (Proposition 2.3.5). Invoking Propositions 2.3.7, Rec(X) admits
a base Y, which clearly is a nonempty polyhedral set. By Proposition 2.3.8, the recessive cone
of Y is trivial, whence, in particular, Y does not contain lines. Applying (I) to Y, we conclude
that Ext(Y") is nonempty and finite, and ¥ = Conv(Ext(Y")) + Rec(Y) = Conv(Ext(Y)) +
{0} = Conv(Ext(Y')). Further, by Proposition 2.3.9.(ii), the extreme points vy, ...,v, of Y are
generators of extreme rays of Rec(X), and every extreme ray of Rec(X) is generated by one of
these extreme points; thus, Rec(X) has extreme rays, and their number is finite. It remains to
prove that Rec(X) is the conic hull of the set of generators of its extreme rays. The validity
of this statement clearly is independent of how we choose the generators; choosing them as
v1,...,Up, We arrive at the necessity to prove that Rec(X) = Cone ({v1,...,vp}), that is, that
every = € Rec(X) can be represented as a linear combination, with nonnegative coefficients, of
V1, ..., Up. There is nothing to prove when x = 0; if z # 0, then, by the construction of a base,
x = AT with A > 0 and Z € Y. As we have already seen, Y = Conv({v,...,v,}), meaning that
Z is a convex combination of vy, ..., vp; but then = AZ is a linear combination of vy, ..., v, with
nonnegative coefficients (recall that A > 0), as claimed. (ii) is proved.

(iii) is readily given by (i) and (ii). O

Remark: For an arbitrary nonempty closed convex X, the following analogy of Theorem 2.4.1
holds true: if X does not contain lines, then the set of extreme points of X is nonempty (but
not necessary finite), and X is the arithmetic sum of Conv(Ext(X)) and the recessive cone of
X.

Immediate corollaries

Theorem 2.4.1 readily implies a lot of important information on polyhedral sets.
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Corollary 2.4.1 The set Ext(X) of wvertices of a bounded nonempty polyhedral set X is
nonempty and finite, and X = Conv(Ext(X)).

Indeed, the recessive cone of a bounded nonempty polyhedral set clearly is trivial and, in par-
ticular, the set does not contain lines. It remains to apply Theorem 2.4.1.(i). |

Corollary 2.4.2 A pointed nontrivial polyhedral cone K = {x : Bx < 0} has extreme rays,
their number is finite, and the cone is the conic hull of (generators of) the extreme rays.

Indeed, for a cone K we clearly have K = Rec(K); when K is pointed, K is a nonempty
polyhedral set not containing lines. It remains to apply Theorem 2.4.1.(ii), with K in the role
of X. O

Corollary 2.4.3 Every nonempty polyhedral set X C R"™ admits a description as follows: it
is possible to point out a finite and nonempty set V = {v1,...,vr} € R"™ and a finite (possibly,
empty) set R = {ry,...,r;} C R™ in such a way that

p J
X =Conv(V) 4+ Cone (R) = {x = v + wiri s Ay >0, Ai=1,u; >0} 2.4.4
3Ty J
i=1 j=1 i

For every representation of X of this type, it holds

Rec(X) = Cone (R) := {Z piry g > 0} (2.4.5)

In connection with possible emptiness of R, recall that according ro our convention “a sum of
vectors with empty set of terms equals to 0,” Cone {0} = {0} is the trivial cone, so that (2.4.4)
makes sense when R = 0 and reads in this case as X = Conv(V).

Proof. By Proposition 2.3.6, a nonempty polyhedral set X can be represented as the sum of a
nonempty polyhedral set X not containing lines an a linear subspace L. We can find a finite set
fi, ..., fp which linearly spans L, so that L = Cone ({g1, ..., g2p}), where g1, ..., g, are the same
as f1,..., fp, and gp41, ..., gop are the same as —fi, ..., — fp. By Theorem 2.4.1.(iii), we can find a
nonempty finite set V and a finite set M such that X = Conv(V) + Cone (M), so that

X = X+ L=[Conv(V) + Cone (M)] + Cone ({g1, ..., gap})
= Conv(V) + [Cone (M) + Cone ({g1, ..., g2p})] = Conv (V) + Cone (M U {g1,...,g2p})

It remains to prove that in every representation
X = Conv(V) + Cone (R) (%)

with finite nonempty V = {vy,...,vr} and finite R = {ry,...,rs}, it holds Cone (R) = Rec(X).
The inclusion Cone (R) C Rec(X) is evident (since every r; clearly is a recessive direction of
X). To prove the inverse inclusion, assume that it does not take place, that is, that there exists
r € Rec(X)\Cone (R), and let us lead this assumption to a contradiction. Since 7 is not a conic
combination of ri,...,r7, the HFL says that there exists f such that fTrj > 0 for all j and
fTr < 0. The first of these two facts implies that the linear form f7z of z is below bounded on
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X; indeed, by (*), every point z € X is of the form }_, Ajv; + >, pijr; with nonnegative A;, u;
such that >, \; = 1, whence

T § : T § : T § : : T : T
f = )\z f v + i 1 P> )\z f = f —0Q.
x i (Y : g Tj i [Ineln ’Ug] mgln Vo > o0

N———
>0

The second fact implies that same form f”x is not below bounded on X. Indeed, since r €
Rec(X), taking Z € X, the ray R = {Z +tr : t > 0} is contained in X, and since fTr < 0, fTx
is not bounded below on R and thus on X. We got a desired contradiction. O

Corollary 2.4.4 A nonempty polyhedral set X possesses extreme point iff X does not contain
lines. In addition, the set of extreme points of X is finite.

Indeed, if X does not contain lines, X has extreme points and their number is finite by Theorem
2.4.1. Now assume that X contains lines, and let e # 0 be a direction of such a line, then for
every x € X the vectors x £ e belong to X (Proposition 2.3.4; note that both e and —e are
recessive directions of X) and thus x is not an extreme point of X. Thus, Ext(X) = 0. O

Remark: The first claim in Corollary is valid for every nonempty closed convex set.

Corollary 2.4.5 Let X be a nonempty polyhedral set. Then X is bounded iff the recessive cone
of X is trivial: Rec(X) = {0}, and in this case X is the convex hull of a nonempty finite set
(e.g., the set Ext(X)).

Indeed, if Rec(X) # {0}, then X contains a ray {Z + te : ¢ > 0} with e # 0; this ray, and
therefore X is an unbounded set. Vice versa, if Rec(X) = {0}, then X clearly does not contain
lines, and by Theorem 2.4.1.(1) X = Conv(Ext(X)) and Ext(X) is finite and thus is bounded;
the convex hull of a bounded set clearly is bounded as well, so that Rec(X) = {0} implies that
X is bounded. O

Remark: The statement in Corollary is valid for every nonempty closed convex set.

Corollary 2.4.6 A nonempty polyhedral set is bounded iff its can be represented as the conver
full of a finite nonempty set {vi,...,v,}. When this is the case, every vertex of X is among the
points vy, ..., vp.

Indeed, if X is bounded, then Ext(X) is nonempty, finite and X = Conv(Ext(X)) by Corollary
2.4.5. Vice versa, if a nonempty polyhedral set X is represented as Conv(V), V = {vy,...,un},
then V' is nonempty, and X is bounded (since the convex hull of a bounded set clearly is bounded
(why?)). Finally, if X = Conv({vi,...,uvx}) and v is a vertex of X, then v € {vy,...,vx} by the
result of Exercise 2.3. a

The next immediate corollary of Theorem 2.4.1 is the first major fact of the LO theory:
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Corollary 2.4.7 Consider a LO program max {CT:L‘ Az < b}, and let the feasible set X = {z :

Az < b} of the problem be nonempty. Then

(i) The program is bounded from above iff ¢ has nonpositive inner products with all recessive
directions of X (or, which is the same, —e belongs to the cone dual to the recessive cone Rec(X) =
{z: Az <0} of X ). Whenever this is the case, the program is solvable (i.e., admits an optimal
solution).

(ii) If X does not contain lines (or, which is the same due to the nonemptiness of X, if
Ker A = {0}, see Proposition 2.3.5) and the program is bounded from above, then among its
optimal solutions there are extreme points of X.

Indeed, if ¢ has a positive inner product with some r € Rec(X), then, taking z € X and
observing that the ray R = {Z+tr : ¢ > 0} is contained in X and that ¢’z is not bounded above
on R (why?), the objective is not bounded above on the feasible set. Now let ¢ have nonpositive
inner products with all vectors from Rec(X); let us prove that the problem is solvable. Indeed,
by Corollary 2.4.3, there is a representation

X = Conv({vy,...,vr}) + Rec({R1,...,7) s }) (%)

with certain nonempty V = {v1,...,vr} and finite R = {rq,...,r;}. Then, of course, v; € X and
rj € Rec(X) for all 4, j. Since every z € X can be represented as

QZZZ)\Z'UZ'-FZM]'T]' [)\iZO,/LjZO,ZZ-Ai:H
i J
we have
o= Z Niclv; + Z uchrj < Z Niclv; < Z )\i[max[chl, e CTUI]] = max[chl, ey CT’U]].
i j i i
—_———
<0

We see that the objective is bounded everywhere on x by the maximum of its values at the points
v1,...,vr. It follows that the best (with theS largest value of the objective) of the (belonging
to X!) points vy,...,vr is an optimal solution to the program. (i) is proved. To prove (ii), it
remains to note that when X does not contain lines, one can take, as the above V, the set of
extreme points of X. O

Remark: The fact that a feasible and bounded LO program admits an optimal solution, stated
in Corollary 2.4.7.(i), is already known to us; we obtained it (via a quite different tool, the
Fourier-Motzkin elimination scheme) already in Lecture 1.

Minimality of the representation stated in Theorem 2.4.1

Corollary 2.4.3 states that every nonempty polyhedral set X can be represented in the form of
(2.4.4):
X = Conv(V) + Cone (R)

with certain nonempty finite ¥V and finite, possibly, empty, set R. When X does not contain
lines, Theorem 2.4.1 states that in such a representation, one can take as V the set of extreme
points of X, and as R — the set of generators of the extreme rays of Rec(X). There are, of
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course, other options: we can add to the just defined V any extra point of X, and add to R any
vector from Rec(X). It turns out, however, that the representation stated by Theorem 2.4.1 is
the only “minimal” one:

Proposition 2.4.1 Let X be a nonempty polyhedral set not containing lines, let V, = Ext(X) =
{v1,...,vp}, and let R, = {r1,...,r4} be the set of generators of the extreme rays of Rec(X). Then
for every representation

X = Conv(V) + Cone (R), (%)

where V = {uq,...,up} is a nonempty finite set, and R = {e1, ...,eq} is a finite set, the following
18 true:

(i) every point v; € Vi of X is one of the points u,...,up, and

(ii) Cone (R) = Rec(X), and every vector r; € R, is positive multiple of one of the vectors
el,...,eq (that is, every extreme ray of Rec(X), if any exists, is among the rays generated by

€1, ..., Q).

Proof. (i): let v be a vertex of X, and let us prove that v € V. Indeed, by (*) we have

P Q
v= ) N+ > pge; A >0,p >0,> X =1]
=1 =1
4 J
u e

We clearly have u; € X and e; € Rec(X) for all 4, j, whence v € X and e € Rec(X). We claim
that e = 0; indeed, otherwise we would havev—e=u € X, and v+e € X duetox € X and e €
Rec(X). Thus, v+e € X and e # 0, which is impossible for the extreme point v (see geometric
characterization of extreme points, Proposition 2.3.2). Thus, v € Conv({uq,...,up}) C X,
whence v, being a vertex of X, is one of the points uq, ..., up by the result of Exercise 2.3. (i) is
proved.

(ii): The fact that Cone (R) = Rec(X) was established in Corollary 2.4.3. It follows that

Q

if e is a generator of an extreme ray R in Rec(X), then e = } Aje; with some A; > 0. Since
j=1

e; € Rec(X), applying the result of Exercise 2.7.2), those of the vectors \je; which are nonzero

and there are such vectors, since > . Aje; = e # 0) are positive multiples of e. Thus, R admits
VAT p P )
a generator which one of the vectors ey, ..., eq. |

Note that the “minimality” result stated by Proposition 2.4.1 heavily exploits the fact that
X does not contain lines. While a nonempty polyhedral set containing lines still is the sum of the
convex hull of a nonempty finite set 1V and the conic hull of a finite set R, there definitely exist
pairs V, R and V', R’ which “produce” the same set X and at the same time, say, V'NV = (and
even Conv(V) N Conv(V') = (). What is uniquely defined by a whatever nonempty polyhedral
set X, is the conic hull of R: this is nothing but the recessive cone of X. To arrive at this
conclusion, you should repeat word by word the reasoning which we used to demonstrate that
Conv(R) = Rec(X) when proving Proposition 2.4.1.(ii).

2.4.2 Second Step

We have proved that every nonempty polyhedral set X, along with its “outer” description
X = {z : Az < b}, admits a simple “inner” representation: it is generated by two properly
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chosen finite sets V (this set is nonempty) and R (this set can be empty) according to (2.4.4).
What is missing yet, is the inverse statement — that every set representable in the just outlined
form is polyhedral. Or local goal is to establish this missing element, thus ending up with a
nice outer (solution set of a solvable system of linear inequalities) and inner (given by (2.4.4))
representation of nonempty polyhedral sets. Here is this missing element.

Theorem 2.4.2 Let V = {vy,...,vr} be a finite nonempty subset of R", and R = {ry,...,rs} be
a finite subset of R™, and let
X = Conv (V) + Cone (R). (2.4.6)

Then X is a nonempty polyhedral set.

Proof. We are about to present two alternative proofs: one immediate, and another one more
involving and more instructive.

Immediate proof: X clearly is nonempty and polyhedrally representable (as the image of a
clearly polyhedral set {[A\;u] € Rf x R/ : A > 0,>,\; = 1,2 > 0} under the linear mapping
[Asp] = 32, Aivi+3 2 pyrj). By Fourier-Motzkin elimination (Theorem 1.2.1), X is a polyhedral
set. O

Alternative proof: The fact that X is nonempty is evident: V C X. We can assume w.l.o.g.
that 0 € X. Indeed, shifting all vectors from V by —wv;, we shift by the same vector the set X
given by (2.4.6), thus ensuring that the shifted X contains the origin. At the same time, a shift
of a set clearly is polyhedral iff the set is so.

Now, the polar Polar (V') of a set Y C R"™ which contains the origin is, by definition, the set
of all vectors f € R"™ such that fTy <1 forally €Y.

For example (check what follows!),

e The polar of {0} is R", and the polar of R™ is {0}
e The polar of a linear subspace L is its orthogonal complement L+

e The polar of a cone is minus its dual cone.

The polar clearly is nonempty — it contains the origin.
Our plan of attack is as follows:
A. Assuming that the set X given by (2.4.6) contains the origin, we shall prove that its polar
X* = Polar (X) is a nonempty polyhedral set. As such, it admits representation of the form
similar to (2.4.6):
X* = Conv(V*) 4+ Cone (R*) ("

(V* is finite and nonempty, and R* is finite).
B. X* clearly contains the origin and by A is admits a representation (!), whence, by the same
A, the set (X*)* is polyhedral. On the other hand, we shall prove that (X*)* = X, thus arriving
at the desired conclusion that X is polyhedral.

Let us execute our plan.
A is immediate. Observe that f satisfies fo <1forall x € X iff fT'rj <0 for all j < J and
fTvi <1lforalli<I.
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Indeed, if fTrj > 0 for some j, then fT[v; + trj] — 400 as t — oo, and since
vy +trj € X for every t > 0 due to (x), f & X*; and of course f & X* when fTv; > 1
for some 1, since all v; € X. Thus, if f € X*, then fTrj <0 for all j and ffv; <
for all ¢. Vice versa, assume that fTrj <0 and fTv; <1 for all 4; then fTx <1 for
all z € X by exactly the same argument as used in the proof of item (i) in Corollary
2.4.7.

Now, the above observation proves that X* is the solution set of the system {T’]T <0,1<5<
J, v;-f f <1,1<i< I} of linear inequalities in variables f, and since the system is solvable (e.g.,
0 is its feasible solution), X* is a nonempty polyhedral set, as stated in A.

B: all we need is to prove that the set X given by (2.4.6) is the polar of its polar: X = (X*)*.
By definition of the polar, we every set is part of the polar of its polar, so that X C (X*)*. To
prove equality, let us prove that (X*)* C X. To this end we need the following fact:

Lemma 2.4.1 Let X be given by (2.4.6) and y € R™ be such that y ¢ X. Then there exists
f€R" and e > 0 such that

ffy> fle+evre X.

Lemma = the required conclusion: Taking Lemma for granted, assume, on the contrary
to what we want to prove, that there exists z € (X*)*\ X, and let us lead thus assumption to a
contradiction. Indeed, applying Lemma to a vector € (X™*)*\ X, we conclude that there exists
f such that f7z > fTz +eVr € X. Since 0 € X, it follows that 0 < sup,cx f1z < f1z — e
Since € > 0, multiplying f by an appropriate positive real we can ensure that 0 < sup,cx ffa <
1 < fT'Z, meaning that f € X* and Z' f > 1; the latter is the desired contradiction, since
7 € (X*)* and thus we should have z7g < 1 for all g € X*, in particular, for g = f.

Proof of Lemma. Consider vectors

1

of = 1,1 <i < I ol =301, 1 <5 < J,y" = [y;1]
in R"™!. We claim that y™ is not a conic combination of v;", 1 <4 < I+ J.

Indeed, assuming that
I+J

y" =Y Aw, with A, >0,
(=1
and looking at the last coordinates of all vectors involved, we get 1 = Zi[:l Ai; looking
at the first n — 1 coordinates, we conclude that y = 21'1:1 Apvg + Z}-le Ar+;Ajrj. The
bottom line is that y is a convex combination of v1,...,v; plus a conic combination
of r1,...,ry, that is, y € X by (2.4.6), which is not the case.

Now, since yT is not a conic combination of vf, ...,vﬁ_ 7> the HFL says to us that there exists
ft =1[f;a] such that fTy 4+ a = [fT]Ty" =: € > 0, while [er]Tvz+ <0,1</¢< T+ J. In other
words, fTv; < —a and fTrj <0 for all 7,5. Now, if x € X, then by (2.4.6) we have

T = Z)\ivi + Z/Jj?“j
i J
for certain A; > 0 summing up to 1 and p; > 0. It follows that

fa=Y Nffoi+) wiffry <Y Nl=a]+) nj-0=—a
i J i J
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The bottom line is that T2 < —« everywhere on z, while fTy = —a + € with € > 0, that is,
ffex+e< fTy for all z € X, as claimed in Lemma. O

Note that in the case of a polyhedral set X = {x : ATz < b} the result stated by Lemma
2.4.1 is evident: if y € X, then there exists a row al of A such that aly > b;, while alz <
b; everywhere on X. In contrast to this, Lemma 2.4.1 is a by far non-evident and powerful
statement (which, on a closest inspection, inherited its power from the HFL) — it provides us
with a separation-type result at time when we do not know whether the set X in question is or
is not polyhedral.

Separation Theorem for Convex Sets

The new for us “driving force” in the previous proof — Lemma 2.4.1 — admits a far-reaching
extension onto general convex sets, which is the “in particular” part in Theorem 2.4.3 we are
about to present. We start with the following

Definition 2.4.1 Let X,Y be two nonempty sets in R™. We say that a linear function e’ x

separates these sets, if the function is non-constant on X UY and everywhere on X is > than
every everywhere on'Y , that is, el x > ely whenever x € X andy €Y.

Equivalent definition of separation if (check equivalency!):
e separates X and y iff

inf eTxz > supely & sup elx > inf ely. (2.4.7)
zeX yzY zeX yey

We need also the notion of the relative interior of a nonempty set X C R"™. The definition is as
follows: a point x € X is called a relative interior point of X, if there exists r > 0 such that the
intersection of the ball of radius r centered at x with the affine span of X is contained in X :

Ir>0:yc Af(X),|ly—zl2<r=ye€X.

The set of all relative interior points of X is called the relative interior of X (notation: rint X ).
We already know that the relative interior of a nonempty convex set X is nonempty (Proposition
2.1.3); it is easily seen (check it!) that in this case rint X is convex and is dense in X, meaning
that every point x € X is the limit of an appropriately chosen sequence of points from int X.

The Separation Theorem for Convex Sets, which is an extremely powerful (if not the most
powerful) tool of Convex Analysis, reads:

Theorem 2.4.3 Let X, Y be nonempty conver sets in R™. These sets can be separated iff their
relative interiors do not intersect.

In particular, if Y is a nonempty closed convex set in R" and x € R™ does not belong to X,
then there exists a linear form which strictly separates x and Y :

eTx > sup CTy.
yey
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Proof. While we usually do not prove “convex extensions” of our polyhedral results, we cannot
skip the proof of the Separation Theorem, since we will use this result when speaking about
Conic Duality. The proof is easy — the major part of the task “sits” already in Lemma 2.4.1.

19. Separating a point and a convex set not containing this point. Let us prove that if z is a
singleton and Y is a nonempty convex set which does not contain z, then X = {z} and Y can
be separated. By shifting x and Y by the same vector, which of course does not affect neither
the premise (x ¢ Y), nor the conclusion (“z and Y can be separated”) of the statement we
are proving, we can assume w.l.o.g. that 0 € Y. The claim is easy to verify when = ¢ Aff(Y).
Indeed, since 0 € Y, Aff(Y) is a linear subspace; when = ¢ Y, taking, as e, the orthogonal
projection of x onto the orthogonal complement to this linear space, we get e’z = ele > 0
and e’y = 0 for all y € Aff(Y) DY, as required in (2.4.7). Now let € Aff(Y). Replacing, if
necessary, R"™ with Lin(Y') = Aff(Y'), we can assume w.l.o.g. that Aff(Y) = Lin(Y) = R". Now
let y1, 9, ... be a sequence of vectors from Y which is dense in Y, meaning that every point in Y’
is the limit of certain converging subsequence of {y;}°;; the existence of such a dense sequence
{y; € Y} for a nonempty set Y € R" is the standard and simple fact of Real Analysis (it is
called separability of R™). Now, let Y = Conv{y1,...,yx}, &k = 1,2,.... Since Y is convex and
z €Y, x &Yy, whence, by Lemma 2.4.1, for every k there exists a linear form e, which strictly
separates x and Yj:

e%x > sup e{y. O
yey

we clearly have ey, # 0, and since (!) remains intact when ey is multiplied by a positive real, we
can assume w.l.o.g. that |eg|l2 = 1. Now, a sequence of unit vectors in R"™ always contains a
converging subsequence, and the limit of this subsequence is a unit vector; thus, we can extract
from {ej} a subsequence {eg, }3°, converging to certain unit vector e. For every ¢, the vector y;
belongs to all but finitely many sets Yj, whence the inequality

e{jx > e;{j Yi
holds true for all but finitely many values of j. Passing to limit as j — oo, we get
el > eTyZ-

for all 4, and since {y;}:°; is dense in Y, we conclude that elx > eTy for all y € Y. All what
remains to check in order to conclude that the linear form given by e separates {z} and Y, is
that e’z is not constant on {x} UY, which is immediate: e by construction is a unit vector, and
Y is full-dimensional, so that e’ z is non-constant already on Y.

20, Separating two non-intersecting nonempty convex sets. Let now X and Y be non-
intersecting convex sets. In order to separate them, we note that theset Y — X ={y—z:y €
Y,z € X} is nonempty and convex and does not contain the origin (the latter — since X and Y
do not intersect). By the previous item, we can separate 0 and Y — X, that is, there exists e
such that

0=el0>el(y—a)V(zeX,yecY)&0>inf{ef(y—xz):yc Y,z € X}

which is nothing but (2.4.7).
30, Separating two nonempty convex sets with non-intersecting relative interiors. Let X and
Y be nonempty convex sets with non-intersecting relative interiors. As it was mentioned, rint X
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and rintY are convex nonempty sets, so that they can be separated by previous item: there
exists e such that

inf elz> sup ely& sup efz> inf ely
z€int X y€int Y z€int X y€int Y

Since the relative interior of a convex set is dense in this set, the sup and inf in the above relation
remain intact when the relative interiors of X and Y are replaced with A, Y themselves, so that
separating the relative interiors of X, Y, we automatically separate X and Y.

49 We have proved that if the relative interiors of nonempty convex sets do not intersect,
then the sets can be separated. The inverse statement is nearly evident. Indeed, assume that
rint X NrintY # (), and let us lead to a contradiction the assumption that X and Y can be
separated. Let e separate X and Y, and let a € rint X Nrint Y. By the first inequality in (2.4.7),
the linear function e’z everywhere on X should be > e’ (since a € Y), and since a € X, a
should be a minimizer of e’z on X. But a linear function fTw can attain its minimum on a set
Z at a point z of the relative interior of this set only when the function is constant on the set.

Indeed, by definition of a relative interior point, Z contains the intersection D of
Aff(Z) with a ball of positive radius, so that restricted on D, the linear function in
question should attain its minimum on D at the center z of D. The latter is possible
only when the function is constant on D, since D is symmetric w.r.t. z. When fw
is constant on D, then fTh is constant on D — z, and the latter set is a centered at
the origin ball of positive radius in the linear space L to which Aff(Z) is parallel.
Thus, f should be orthogonal to all small enough vectors from L, and thus should
be orthogonal to the entire L, whence f7w is constant on Aff(Z).

We see that the function e’y is constant, and equal to e a, on the entire Aff(X) and thus on the
entire X. By “symmetric” reasoning, e’y attains its maximum on Y and the point a € rint Y,
whence e’y is identically equal to e’a on Y. We see that e’w is constant on X UY, which
contradicts the origin of e. Thus, the convex sets with intersecting relative interiors cannot be
separated.

5°. It remains to prove the “in particular” part of the Separation Theorem. When z ¢ Y
and Y is nonempty, closed and convex, then there exists r > 0 such that the ball B of radius
r centered at z does not intersect Y (why?). Applying the already proved part of Separation
Theorem to X = B and Y, we get a nonzero (why?) vector e such that

inf el'z’ > maxely.
z'eB yey

Taking into account that the left hand side inf is @ — r||e|2 (why?), we see that e strongly
separates {z} and Y. O

Remark: A mathematically oriented reader could notice that when proving Separation Theo-
rem for Convex Sets, we entered a completely new world. Indeed, aside of this proof and the
last section in lecture 1 all our constructions were purely rationally algebraic — we never used
square roots, exponents, convergence, facts like “every bounded sequence of reals/vectors admits
extracting a subsequence which has a limit,” etc. More specifically, all our constructions, proofs
and results would remain intact if we were



98 LECTURE 2. POLYHEDRAL SETS AND THEIR GEOMETRY

e replacing our “universes” R and R’ with the field of rational numbers Q and the vector
space Q™ of n-dimensional vectors with rational coordinates, the linear operations being
vector addition and multiplication of vectors by rational scalars,

e replacing polyhedral sets in R™ — sets of real vectors solving finite systems of nonstrict lin-
ear inequalities with real coefficients — with their “rational” counterparts — sets of rational
vectors solving finite systems of linear inequalities with rational coefficients;

e allowing for rational rather than real scalars when speaking about linear/convex/conic
combinations and in all other places where we use operations involving scalars.

In fact, aside of the last section in lecture 1 and the story about Separation Theorem for Convex
Sets, we could use in the role of our basic field of scalars R not only the field of rational numbers
Q, but every sub-field of R — a nonempty subset of R which does not reduce to {0} and is closed
w.r.t. the four arithmetic operations. Different from Q and R examples of sub-fields are, say,
real numbers which can be represented as p 4+ /2 with rational p,q, or algebraic numbers —
reals which are roots of algebraic polynomials with rational coefficients.

Note that we will follow the “fully rationally algebraic” approach till the concluding lectures
on Ellipsoid Method and Conic Programming/Interior Point algorithms, where working with
reals becomes a must. In particular, till then we will not use neither Theorem 2.4.3, nor the
approximation results from section 1.3.

2.4.3 Immediate Corollaries

Theorem 2.4.2 allows us to “complete” some of the results we already know. For example,

1. Corollary 2.4.1 tells us that a nonempty bounded polyhedral set X is the convex hull of
a nonempty finite set (e.g., the set Ext(X)). Theorem 2.4.2 adds to this that the inverse
also is true: the convex hull of a finite nonempty set is a nonempty (and clearly bounded)
polyhedral set.

2. Corollary 2.4.2 tells us that every pointed and nontrivial polyhedral cone is the conic hull
of a nonempty finite set. Clearly, the trivial cone also is the conic hull of a nonempty finite
set (specifically, the singleton {0}), same as it is the conic hull of the empty set. Taking
into account that every polyhedral cone is the sum of a linear subspace and a pointed
polyhedral cone (this is an immediate corollary of Proposition 2.3.6), we conclude that
every polyhedral cone is the conic hull of a finite, perhaps empty, set. Theorem 2.4.2 adds
to this that the inverse also is true: The conic hull of a finite set {r1, ...,7;} is a polyhedral
cone (look what is given by (2.4.6) when V = {0}).

3. Corollary 2.4.3 says that every nonempty polyhedral set admits representation (2.4.6).
Theorem 2.4.2 says that the inverse also is true.

In addition, Theorems 2.4.1 and 2.4.2 allow us to make the following important conclusion
(which we will enrich in section 3.3.3):

If X is a polyhedral set containing the origin, so is its polar {y : y'z < 1Vz € X},
and X is the polar of its polar.
We have proved this statement when proving Theorem 2.4.2 (check it!)
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It is very instructive to look how the inner and the outer representations of a polyhedral
set, or, if you prefer, Theorems 2.4.1 and 2.4.2 complement each other when justifying different
facts about polyhedral sets. E.g., using inner representations of the operand(s), it is immediate
to justify the claims that the arithmetic sum of polyhedral sets or an affine image of such a set
are polyhedral; this task looks completely intractable when using the outer descriptions of the
operands (recall that when carrying out the latter task in section 1.2.2, we “used a cannon” —
the Fourier-Motzkin elimination scheme). Similarly, with the outer descriptions, it is absolutely
clear that the intersection of two polyhedral sets, or the inverse affine image of such a set,
are polyhedral, while inner descriptions give absolutely no hint why these operations preserve
polyhedrality.
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Lecture 3

Theory of Systems of Linear
Inequalities and Duality

With all due respect to the results on polyhedral sets we became acquainted with, there still are
pretty simple questions about these sets (or, which is basically the same, about finite systems
of linear inequalities) which we do not know how to answer. Examples of these questions are:
e How to recognize whether or not a polyhedral set X = {x : Ax < b} is empty?

e How to recognize that a polyhedral set is bounded /unbounded?

e How to recognize whether or not two polyhedral sets X = {x : Ax < b} and X' = {z : A'z <V}
coincide with each other? More generally, With X, X' as above, how to recognize that X C X'?
e How to recognize whether or not a given LO program is feasible/bounded/solvable?

This list can be easily extended...

Now, there are two ways to pose and to answer questions like those above:

A. [Descriptive approach] One way is to ask what are “easy to certify” necessary and sufficient
conditions for a candidate answer to be valid. E.g., it is easy to certify that the solution set
X ={x € R": Az < b} of a system of linear inequalities Az < b is nonempty — a certificate
is given by any feasible solution to the system. Given a candidate certificate of this type — a
vector x € R™ — it is easy to check whether it is a valid certificate (plug x into the system and
look whether it becomes satisfied); if it is so, the system definitely is solvable. And of course
vice versa — if the system is solvable, this property can be certified by a just outlined certificate.
In contrast to this, it is unclear how to certify that the solution set of a system Ax < b is empty,
which makes the question “whether X = {x : Az < b} is or is not empty” difficult.

B. [Operational approach] After we know what are “simple” certificates for candidate answers
to the question under consideration, it is natural to ask how to generate appropriate certificates.
For example, we know what is a simple certificate for nonemptiness of the solution set of a
system Az < b — this is (any) feasible solution to this system. This being said, it is unclear
how to build such a certificate given the system, even when it is known in advance that such a
certificate exists.

In this lecture, we focus on A; specifically, we will find out what are simple certificates for
various properties of polyhedral sets. The questions of how to build the certificates (which,
essentially, is an algorithmic question) will be answered in the part of the course devoted to LO
algorithms.

101
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3.1 General Theorem on Alternative

3.1.1 GTA: Formulation, Proof, Different Versions

Consider a general finite system of m linear inequalities, strict and non-strict, in variables
x € R™. Such a system always can be written down in the form

T <by, 1€l
aiw{gbi, iel (8)

where a; € R", b; € R, 1 <i < m, I is certain subset of {1,...,m}, and I is the complement of
I'in {1,...,m}.

The fact that (S) is a “universal” form of a finite system of strict and nonstrict
linear inequalities and linear equations is evident: a linear inequality a’« = b can
be equivalently represented by the system of two opposite inequalities a”2 < b and
a”x > b, thus we can think that our system is comprised of inequalities only; every
one of these inequalities can be written in the form a”2Qb, where € is a relation
from the list <, <, >,>. Finally, we can make the signs 2 of all inequalities either
<, or <, by replacing an inequality of the form a2 > b (a’x > b) by its equivalent
[—a]"x < [-8] ([~a]"2 < [-0]).

In what follows we assume that the system is nonempty, otherwise all kinds of questions about
the system become trivial: an empty system of equations is solvable, and its solution set is the
entire R™.

The most basic descriptive question about (S) is whether or not the system is solvable. It
is easy to certify that (S) is solvable: as we have already explained, any feasible solution is
a certificate. A much more difficult question is how to certify that the system is unsolvable!.
In Mathematics, the typical way to prove impossibility of something is to assume that this
something does take place and then to lead this assumption to a contradiction. It turns out that
finite systems of linear inequalities are simple enough to allow for unified — and extremely simple
— scheme for leading the assumption of solvability of the system in question to a contradiction.
Specifically, assume that (S) has a solution z, and let us try to lead this assumption to a
contradiction by “linear aggregation of the inequalities of the system,” namely, as follows. Let
Ai, 1 < i < m, be nonnegative “aggregation weights.” Let us multiply the inequalities of the
system by scalars A; and sum up the results. We shall arrive at the “aggregated inequality”

[Z Aiai] " Q Z)\ibz‘, (3.1.1)

where the sign € of the inequality is either < (this is the case when at least one strict inequality
in (S) gets a positive weight, i.e., A; > 0 for some i € I), or < (this is the case when \; = 0 for
all i € I). Due to its origin and due to the elementary properties of the relations ” <” and ” <”

n real life, it was realized long ago that certifying a negative statement is, in general, impossible. Say, a
French-speaking man can easily certify his knowledge of language: he can start speaking French, thus proving his
knowledge to everybody who speaks French. But how could a man certify that he does not know French? The
consequences of understanding that it is difficult or impossible to certify negative statements are reflected in rules
like “a person is not guilty until proved otherwise,” and this is why in the court of law the accused is not required
to certify the negative statement “I did not commit this crime;” somebody else is required to prove the positive
statement “the accused did commit the crime.”
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between reals, the aggregated inequality (3.1.1) is a consequence of the system — it is satisfied at
every solution to the system. It follows that if the aggregated inequality has no solutions at all,
then so is the system (S). Thus, every collection A of aggregation weights \; > 0 which results
in unsolvable aggregated inequality (3.1.1), can be considered as a certificate of insolvability of
(S).

Now, it is easy to say when the aggregated inequality (3.1.1) has no solutions at all. First,
the vector of coefficients ), A\ja; of the variables should be zero, since otherwise the left hand
side with properly chosen x can be made as negative as you want, meaning that the inequality
is solvable. Now, whether the inequality 072Qa is or is not solvable, it depends on what is
and what is a. When 2 =” <7, this inequality is unsolvable iff ¢ < 0, and when Q =7 <7 it
is unsolvable iff a < 0. We have arrived at the following simple

Proposition 3.1.1 Assume that one of the systems of linear inequalities

Ai > 0,1<i<m i > 0,1<i<m
. ZiEI)\i > 0 Z’LEI)V =0
(1): S Na; = 0 ., (I S N = 0 (3.1.2)
2221)\1'[% < 0 ZE:Mz’bz < 0

in variables \ is solvable. Then system (S) is insolvable.

Indeed, if A solves (I), then, aggregating the inequalities in (S) with the weights \A;, one gets a
contradictory inequality of the form 07z < ”something nonpositive”. When A solves (II), the
same aggregation results in a contradictory inequality of the form 072 < ”somehting negative”.
In both cases, (S) admits a consequence which is a contradictory inequality (i.e., inequality with
no solutions), whence (§) itself has no solutions. O

Remark 3.1.1 Both systems in (3.1.2) are homogeneous, and therefore their solvability/insol-
vability is equivalent to solvability/insolvability of their “normalized” versions

N > 0,1<i<m N> 0,1<i<m
/ Zief)‘i > 1 N . Zz‘el)‘i =0
() S Na; = 0 , (I ST e = 0
diciAibi <0 Sicidibi < -1

which contain only equalities and nonstrict inequalities. Thus, Proposition 3.1.1 says that if
either (I'), or (IU') is solvable, then (S) is unsolvable.

One of the major results of the LO theory is that the simple sufficient condition for insolv-
ability of (S) stated by Proposition 3.1.1 is in fact necessary and sufficient:

Theorem 3.1.1 [General Theorem on Alternative] A finite system (S) of linear inequalities
is insolvable if and only if it can be led to a contradiction by admissible (A > 0) aggregation.
In other words, system (S) of linear inequalities in variables x has no solutions iff one of the
systems (1), (II) of linear inequalities in variables A\ has a solution. o

Postponing the proof of GTA, we see that both solvability and insolvability of (S) admit simple
certificates: to certificate solvability, it suffices to point out a feasible solution x to the system;
to certify insolvability, it suffices to point out a feasible solution A to either (I) or (II). In both
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cases, (S) possesses the certified property iff an indicated certificate exists, and in both cases it
is easy to check whether a candidate certificate is indeed a certificate.
Proof of GTA. Proposition 3.1.1 justifies the GTA in one direction — it states that if either (I),
or (II), or both the systems, are solvable, then (S) is insolvable. It remains to verify that the
inverse also is true. Thus, assume that (S) has no solutions, and let us prove that then at least
one of the systems (I), (IT) has a solution. Observe that we already know that this result takes
place in the special case when all inequalities of the system are homogeneous (i.e., b = 0) and
the system contains exactly one strict inequality, let it be the first one. Indeed, if the system of
the form

ple<0,piz<0,..,plz<0 (S)

with k£ > 1 inequalities has no solutions, then the homogeneous linear inequality plTa: >0is a
consequence of the system of homogeneous linear inequalities —p2 x > 0, —p:{a: > O,...,—pf:n > 0.
By HFL, in this case there exist nonnegative \o, ..., A such that p; = Zf:z Ai[—pi], or, setting

A1:17
k

Ai>0,1<i<k Y \pi=0.
i=1
We see that A solves system (I) associated with (.5).
Now let us derive GTA from the above particular case of it. To this end, given system (S),
consider the following system of homogeneous linear inequalities in variables x,y,z (y, z are
scalar variables):

(a) -z < 0

(b) aZ-Tx—bZ-y—i-z < 0,71el

(c) alx—by < 0,iel (3.1.3)
(d) z—y < 0

We claim that this system is insolvable. Indeed, assuming that this system has a solution [z; y; 2],
we have z > 0 by (a), whence y > 0 by (d). Setting ' = y~ 'z and dividing (b) and (c) by y, we
get

ale' —b; < —(z/y) <0,iel, ale—b; <0,iel,

that is, 2’ solves (S), which is impossible, since we are under the assumption that (S) is insolv-
able.

Now, system (3.1.3) is in the form of (S), whence, as we have seen, it follows that there exist
nonnegative Ag, ..., \;m+1 with A9 = 1 such the combination of the right hand sides in (3.1.3)
with coefficients Ag, ..., Am+1 is identically zero. This amounts to

(a) Yoty a;g = 0 [look at the coefficients at x]
(b) Yot Aibi = —Apg1 [look at the coefficients at y] (3.1.4)
() Dierdi+tAmpr = 1 [look at the coefficients at z]

Recalling that Aq, ..., Ajy11 are nonnegative, we see that

— in the case of \p,+1 > 0, (3.1.4.a,b) say that Aq,..., Ay, solve (II);

— in the case of \,+1 =0, (3.1.4.a,b,c) say that A, ..., A, solve (I).

Thus, in all cases either (I), or (II) is solvable. O

Several remarks are in order.
A. There is no necessity to memorize the specific forms of systems (I), (II); what you should
memorize, is the principle underlying GTA, and this principle is pretty simple:
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A finite system of linear equations and (strict and nonstrict) inequalities has no
solutions if and only if one can lead it to contradiction by admissible feasible aggre-
gation of the inequalities of the system that is, by assigning the inequalities weights
which make it legitimate to take the weighted sum of the inequalities and make this
weighted sum a contradictory inequality.

In this form, this principle is applicable to every system, not necessary to one in the standard

form (S). What does it actually mean that the aggregated inequality is contradictory, it depends

on the structure of the original system, but in all cases it is straightforward to understand what

“contradictory” means and thus it is straightforward to understand how to certify insolvability.
For example, the recipe to realize that the system

T1+x2 > 0
r1 — Ty = 3
21‘1 S 2

is insolvable is as follows: let us multiply the first inequality by a nonnegative weight A1, the
second equality — by a whatever weight s, and the third inequality - by a nonpositive weight
A3; then it is legitimate to sum the resulting relations up, arriving at

/\1[331 + CEQ] + /\2[331 — CCQ] + /\3[21171] QX -0+X2-3+X3-2 (*)

where Q is 7 > 7 when Ay > 0 and € is 7 > ” when A\ = 0. Now let us impose on \’s
the requirement that the left hand side in the aggregated inequality as a function z1, 9 is
identically zero. Adding to this the above restrictions on the signs of \;’s, we arrive at the
system of restrictions on A, specifically,

A FA+2X3=0
A=A =0 O]
A12>0,A3<0

which expresses equivalently the fact that the aggregation is “legitimate” and results in identi-
cally zero left hand side in the aggregated inequality (x). The next step is to consider separately
the cases where 0 =7 > "7 and (2 =” > 7. The first case takes place when A\; > 0, and here,
under assumption (!), () reads 0 > 3Aa2 +2A3; thus, here the fact that the aggregated inequality
is contradictory boils to

A1 > 0,3+ 2A3 > 0. ((I)

we get a system of constraints on A such that its feasibility implies insolvability of the original
system in z-variables. The second case to be considered is that £ =” > 7, which corresponds
to A1 = 0; here the aggregated inequality, under assumption (!), reads 0 > 33Xy + 23, thus, in
the case in question the fact that the aggregated inequality is contradictory boils up to

A =0,3 4223 >0 (b)

Now, GTA says the original system in x-variables is insolvable iff augmenting (!) by either
(a), or (b), we get a solvable system of constraints on \. Since the system (!) implies that
A1 = Xo = —A3, and thus 3\ + 23 = — A3, these augmentations are equivalent to

A3 <0
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and

A3 =0, —=A3 > 0.
The first system clearly is solvable, meaning that the original system in variables x is insolvable;
as an insolvability certificate, one can use A3 = —1,A1 = Ay = — A3 = 1.

B. It would be easier to use the GTA if we knew in advance that one of the systems (I), (II),
e.g., (IT), is insolvable, thus implying that (S) is insolvable iff (I) is solvable. Generic cases of
this type are as follows:

e. There are no strict inequalities in (S). In this case (I) definitely is insolvable (since the strict
inequality in (I) clearly is impossible), and thus (S) is insolvable iff (IT) is solvable;

e The subsystem of S comprised of all nonstrict inequalities in (S) is solvable. In this case, (II)
definitely is insolvable?; thus, (S) is insolvable iff (I) is solvable.

The reasoning in the footnote can be extended as follow: if we know in advance
that certain subsystem (S) of (S) is solvable, we can be sure that the admissible
aggregation weights \; which lead (S) to a contradiction definitely associate positive
weights with some of the inequalities outside of (S). Indeed, otherwise the contradic-
tory aggregation, given by A, of the inequalities from (S) would be a contradictory
aggregation of the inequalities from (S), which is impossible, since (S) is solvable.

Corollaries of GTA

Specifying somehow the structure of (S) and applying GTA, we get instructive “special cases”
of GTA. Here are several most renown special cases (on a closest inspection, every one of them
is equivalent to GTA)

Homogeneous Farkas Lemma is obtained from GTA when restricting (S) to be a system
of homogeneous inequalities (b; = 0 for all 7) and allowing for exactly one strict inequality in
the system (check it!). Of course, with our way to derive GTA, this observation adds nothing
to our body of knowledge — we used HFL to obtain GTA.

Inhomogeneous Farkas Lemma. The next statement does add much to our body of knowl-
edge:
Theorem 3.1.2 [Inhomogeneous Farkas Lemma| A nonstrict linear inequality
alz < by (3.1.5)
is a consequence of a solvable system of nonstrict inequalities
alz <b,1<i<m (3.1.6)

iff the target inequality (3.1.5) is a weighted sum, with nonnegative coefficients, of the inequalities
from the system and the identically true inequality 0T < 1, that is, iff there exist nonnegative
coefficients A1, ..., Ay, such that

i/\iai = aop, i)\zbz < bo. (3.1.7)
=1 i=1

%look at (IT): this system in fact is not affected by the presence of strict inequalities in (S) and would remain
intact if we were dropping from (S) all strict inequalities. Thus, if (II) were solvable, already the subsystem of
nonstrict inequalities from (S) would be insolvable, which is not the case.
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To see the role of the identically true inequality, note that to say that there exist nonnegative
A1y ooy A Satisfying (3.1.7) is exactly the same as to say that there exist nonnegative A\, ..., Am+1
such that

m

[ao; bo] = > _[Ailai; bi] + Amya[05...; 05 1].

i=1

Proof. The fact that the existence of A; > 0 satisfying (3.1.7) implies that the target inequality
(3.1.5) is a consequence of the system (3.1.6) is evident — look at the weighted sum > \;al 2 <

K3
> Aib; of the inequalities of the system and compare it with the target inequality; note that here
the solvability of the system is irrelevant. To prove the inverse, assume that the target inequality
is a consequence of the system and the system is solvable, and let us prove the existence of A; > 0
satisfying (3.1.7). Indeed, since the target inequality is a consequence of the system (3.1.6), the
system of linear inequalities

—aTz < —b, alx <by,...,alx < b, ()

is insolvable. The GTA says that then an appropriate weighted sum, with nonnegative weights
140, --+5 i, Of the inequalities from the latter system is a contradictory inequality. It follows that
o is nonzero (since otherwise the weights p1, ..., iy, were certifying that the system (3.1.6) is
insolvable, which is not the case). When pg > 0, the fact that the weighted sum

m T m
[Mo[—ao] + Zuz‘ai] o < pig[—bo] + Z fib;
=1 i=1

of the inequalities from (x) is contradictory reads
m m
poao = Y pidi, probo > pibi,
i=1 i=1

meaning that \; = p;/uo are nonnegative and satisfy (3.1.7). O
We are about to present two other renown equivalent reformulations of the GTA.

Exercise 3.1 1) Prove Gordan Theorem on Alternative:

A system of strict homogeneous linear inequalities Ax < 0 in variables x has a
solution iff the system AT\ =0,\ > 0 in variables \ has only trivial solution A\ = 0.

2) Prove Motzkin Theorem on Alternative:

A system Ax < 0, Bx < 0 of strict and nonstrict homogeneous linear inequalities
has a solution iff the system ATX + BTy = 0,A> 0, > 0 in variables \, i1 has no
solution with X # 0.

Discussion. It is time now to explain why GTA is indeed a deep fact. Consider the following
solvable system of linear inequalities:

—-1<u<l -1<v<1. O
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From this system it clearly follows that u? < 1, v? < 1, whence u? + v> < 2. Applying the
Cauchy inequality, we have

u1+u2:1-u+1-v§\/12+12\/u2+v2:\/§\/u2+02

which combines with the already proved w412 < 2to imply that u4+v < V242 = 2. Thus, the
linear inequality u+v < 2 is a consequence of the solvable system of linear inequalities (!). GTA
says that we could get the same target inequality by a very simple process, free of taking squares
and Cauchy inequality — merely by taking an admissible weighted sum of the inequalities from
the original system. In our toy example, this is evident: we should just sum up the inequalities
u <1 and v <1 from the system. However, a derivation of the outlined type could take 1,000
highly nontrivial (and “highly nonlinear”) steps; a statement, like GTA, capable to predict in
advance that a chain, whatever sophisticated, of derivations of this type which starts with a
solvable system of linear inequalities and ends with a linear inequality, can be replaced with just
taking weighted sum, with nonnegative coefficients, of the inequalities from the original system,
should indeed be deep...

It should be added that in both Homogeneous and Inhomogeneous Farkas Lemma, it is
crucial that we speak about linear inequalities. Consider, for example, a target homogeneous
quadratic inequality

27 Apz < 0 (*)

along with a system
2T Ar<0,1<i<m, O]

of similar inequalities, and let us ask ourselves when the target inequality is a consequence of the
system. A straightforward attempt to extend HFL to quadratic case would imply the conjecture
“(x) is a consequence of (!) is and only if the symmetric matrix Ay is a conic combination of the
matrices A;, i = 1,...,m.” On a closest inspection, we realize that to expect the validity of this
conjecture would be too much, since there exist nontrivial (i.e., with nonzero symmetric matrix
Ap) identically true homogeneous quadratic inequalities #7 Agz < 0, e.g., —2T2 < 0; these are
inequalities produced by the so called negative semidefinite symmetric matrices. Clearly, such
an inequality is a consequence of an empty system (!) (or a system where all the matrices
Aq, ..., Ay are zero), while the matrix Ap in question definitely is not a conic combination of
an empty collection of matrices, or a collection comprised of zero matrices. Well, if there exist
identically true homogeneous quadratic inequalities, why not to think about them as about
additional inequalities participating in (!)? Such a viewpoint leads us to an improved conjecture
“a homogeneous quadratic inequality (%) is a consequence of a finite system (!) of similar
inequalities if and only if Ag can be represented as a conic combination of Ay, ..., A, plus a
negative semidefinite matrix?” (Note that in the case of homogeneous linear inequalities similar
correction of HFL “is empty”, since the only homogeneous identically true linear inequality is
trivial — all the coefficients are zero). Unfortunately, the corrected conjecture fails to be true
in general; its“if” part “if Ag is a conic combination of matrices Aq,..., A, plus a negative
semidefinite matrix” is trivially true, but the “only if” part fails to be true. Were it not so,
there would be no difficult optimization problems at all (e.g., P would be equal to NP), but we
are not that lucky... This being said, it should be noted that

e already the trivially true “if” part of the (improved) conjecture is extremely useful — it
underlies what is called semidefinite relaxations of difficult combinatorial problems;

e there is a special case when the improved conjecture indeed is true — this is the case when
m = 1 and the “system” (in fact, just a single inequality) (!) is strictly feasible — there exists &
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such that 7 A1Z < 0. The fact that in the special case in question the improved conjecture is
true is called S-Lemma which reads

Let A, B be symmetric matrices of the same size. A homogeneous quadratic inequal-
ity T Apxz < 0 is a consequence of strictly feasible homogeneous quadratic inequality
T Ayx < 0 iff there exists X\ > 0 such that the matrix Ay — \A; is negative semidef-
inite.

Whatever poor looks this fact as compared to its “linear analogy” HFL, S-lemma is one of the
most useful facts of Optimization.

3.1.2 Answering Questions

Now we are in a good position to answer question we posed in the preface of the lecture. All
these questions were on how to certify such and such property; to save words when presenting
answers, let us start with setting up some terminology. Imagine that we are interested in certain
property of an object and know how to certify this property, that is, we have in our disposal a
family of candidate certificates and an easy-to-verify condition C on a pair (“object,” “candidate
certificate”) such that whenever a candidate certificate and the object under consideration fit
the condition C, the object does possess the property of interest. In this situation we shall say
that we have in our disposal a certification scheme for the property.

E.g., let the objects to be considered be polyhedral sets in R", given by their de-
scriptions of the form {Axz < b}, the property of interest be the nonemptiness of a
set, candidate certificates be vectors from R”, and the condition C be “a candidate
certificate T satisfies the system of constrains Ax < b specifying the object under
consideration.” What we have described clearly is a certification scheme.

By definition of a certification scheme, whenever it allows to certify that a given object X
possesses the property of interest (that is, whenever there exists a candidate certificate S which
makes C(X,S) valid), X indeed possesses the property. We say that a certification scheme is
complete, if the inverse also is true: whenever an object possesses the property of interest, this
fact can be certified by the certification scheme. For example, the outlined certification scheme
for nonemptiness of a polyhedral set clearly is complete. When strengthening the condition
C underlying this scheme to “a candidate certificate Z has zero first coordinate and satisfies
the system of constrains Az < b specifying the object under consideration,” we still have a
certification scheme, but this scheme clearly is incomplete.

Finally, we note that certifying the presence of a property and certifying the absence of this
property are, in general, two completely different tasks, this is why in the sequel we should (and
will) consider both how to certify a property and how to certify its absence.?

When a polyhedral set is empty/nonempty? Here are the answers:

Corollary 3.1.1 A polyhedral set X = {x € R"™ : Az < b} is nonempty iff there exists x such
that Az < b. The set is empty iff there exists A > 0 such that ATXA =0 and b"\ < 0.

30f course, if certain property admits a complete certification scheme S, the absence of this property in an
object X is fully characterized by saying that X does not admit a certificate required by S; this, however, is a
negative statement, and not a certification scheme!
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Indeed, the first part is a plain tautology. The second part is verified as follows: by GTA, X
is empty iff there exists a weighted sum ATAz < ATb of the inequalities, the weights being
nonnegative, which is a contradictory inequality; the latter clearly is the case iff AT\ = 0 and
bI'A < 0. O

When a polyhedral set contains another polyhedral set? The answer is given by

Corollary 3.1.2 A polyhedral setY = {z : p;frx < ¢;,1 <i <k} contains a nonempty polyhedral
set X ={x: ATy < b} iff for every i < k there exist \' > 0 such that p; = ATX and ¢; > BTN,

Indeed, Y contains X iff every inequality p;fpsc < q; defining Y is satisfied everywhere on X, that
is, this inequality is a consequence of the system of inequalities Az < b; it remains to use the
Inhomogeneous Farkas Lemma. O

Now, Y = {z : plz < ¢;,1 < i < k} contains X = {x : Az < b} iff either X = (), or
X # () and X C Y. It follows that in order to certify the inclusion X C Y, it suffices to
point out either a vector A satisfying A > 0, ATA = 0,b7\ < 0, thus certifying that X = ()
(Corollary 3.1.1), or to certify that X # () and point out a collection of vectors \’, satisfying
X>0,p; = ATN ¢ > TN, 1 < i <k, thus certifying that every one of the inequalities defining
Y is valid everywhere on X. In fact, in the second case one should not bother to certify that
X # (), since the existence of A’ as in Corollary 3.1.2 is sufficient for the validity of the inclusion
X C Y independently of whether X is or is not empty (why?). It should be added that

e the outlined certification scheme for the inclusion X C Y is complete;

e it is trivial to certify that X is not contained in Y’; to this end it suffices to point out an
x € X which violates one or more of the linear inequalities defining Y'; this certification scheme
also is complete.

As a direct consequence of our results, we get a complete certification scheme for checking
whether two polyhedral sets X = {z € R" : Az < b} and Y = {& € R" : Cz < d} are/are not
identical. Indeed, X = Y iff either both sets are empty, or both are nonempty and both the
inclusions X C Y and Y C X hold true, and we already know how to certify the presence/absence
of all properties we have just mentioned.*

When a polyhedral set is bounded/unbounded? Certifying boundedness. A polyhedral
set X = {x € R" : Az < b} is bounded iff there exists R such that X is contained in the box
Br={z e R": EZT.CE < R, —ez-Ta; < R, 1 < i < n}, where ey, ..., e, are the standard basic orths.
Thus, certificate of boundedness is given by a real R augmented by a certificate that X C Bpg.
Invoking the previous item, we arrive at the following “branching” scheme: we either certify
that X is empty, a certificate being a vector X satisfying A > 0, ATA = 0,67\ < 0, or point

1At a first glance, the very question to which we have answered seems to be fully scholastic; in comparison,
even the question “how many angels can sit at the tip of a needle” discussed intensively by the Medieval scholars
seems to be practical. In fact the question is very deep, and the possibility to answer it affirmatively (that is, by
indicating a complete certification scheme where the validity of candidate certificates can be efficiently verified) is
“an extremely rare commodity.” Indeed, recall that we wand to certify that two sets are/are not identical looking
at the descriptions of these sets, and not at these sets as abstract mathematical beasts in the spirit of Plato.
To illustrate the point, the Fermat Theorem just asks whether the set of positive integer quadruples z,y, z,p
satisfying ¥ + y? — 22 = 0 and p > 3 is or is not equal to the set of positive integer quadruples (z,y, z,p)
satisfying = 0; this form of the theorem does not make it neither a trivial, nor a scholastic statement.
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out a collection (R, \', !, ..., A", u") satisfying A\¥ > 0, ATN" = ¢;,bT XNt < R, p* > 0, ATyt =
—e;, bt < R, 1 < i < m, thus certifying that X C Bgr. The resulting certification scheme is
complete (why?).

Certifying unboundedness. An unbounded set clearly should be nonempty. By Corollary
2.4.5, a polyhedral set is unbounded iff its recessive cone is nontrivial. Applying Proposition
2.3.4, we conclude that in order to certify unboundedness of a polyhedral set X = {z € R" :
Az < b}, it suffices to point out a vector Z such that AZ < b and a nonzero vector y such that
Ay <0, and this certification scheme is complete.

A useful corollary of the results in this item is that the properties of a nonempty polyhedral
set X = {z : Az < b} to be bounded/unbounded are independent of a particular value of b,
provided that with this value of b, the set X is nonempty.

How to certify that the dimension of a polyhedral set X = {z € R" : Az < b} is
> / < a given d? First of all, only nonempty sets possess well defined dimension, so that the
“zero step” is to certify that the set in question is nonempty. We know how to certify both this
property and its absence; thus, we can work under the assumption that the nonemptiness of X
is already certified.

Let us start with certifying the fact that dim X > d, where d is a given integer. By Theorem
2.1.2.(iii) and Lemma 2.1.1, dim X = dim Aff(X) > d iff one can point out d 4+ 1 vectors
xg, ..., g € X such that the d vectors x1 — xg, z2 — x9, ..., 4 — To are linearly independent. Both
the inclusions z; € X, ¢ = 0,1, ...,d, and the linear independence of x1 — xq, ..., zq — ¢ is easy
to verify (how?), so that we can think of a collection xy, ..., z4 with the outlined properties as a
certificate for the relation dim X > d. The resulting certification scheme clearly is complete.

Now let us think how to certify the relation dim X < d, d being a given integer. There
is nothing to certify if d > n, so that we can assume that d < n. For a nonempty X C R",
the relation dim X < d holds iff there exists an affine subspace M in R”™ such that X C M
and dim M < d; the latter means exactly that there exists a system of n — d linear equations
azTa? = b; with linearly independent aq, ..., a,_q such that M is contained in the solution set of
the system (see section 2.1.2). The intermediate summary is that dim X < d iff there exist n—d
pairs (a;, b;) with linearly independent ay, ..., a,,—q such that for every i aZTx = b; on X, or, which
is the same, both a;fpx < b; and —a;fpsc < —b; everywhere on X. Recalling how to certify that a
linear inequality a2 < B is a consequence of the solvable system Az < b of linear inequalities
defining X, we arrive at the following conclusion: In order to certify that dim X < d, where
X ={z € R": ATx < b}, A being an m x n matrix, and X is nonempty, it suffices to point out

n — d vectors a; € R™, n — d reals b; and 2(n — d) vectors A\, u* € R™ such that
® ai,..., 0, g are linearly independent,
o for every i < n —d, one has \* >0, AT)\; = a; and bT\* < b,
e for every i < n — d, one has ' > 0, AT = —q, bT,u,i < —b;.

Every one of the above conditions is easy to verify, so that we have defined a certification scheme
for the relation dim X < m, and this scheme clearly is complete.
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3.1.3 Certificates in Linear Optimization

Consider an LO program in the form

Px < p (0
Opt =max{clz:{ Qz > q (g (3.1.8)
¢ Rx = r (e)

(7€ from "less or equal”, ”7g” from ”greater or equal”, ”e” from ”equal”).

Of course, we could stick to a “uniform” format where all the constraints are, say, the ”7<”-
inequalities; we prefer, however, to work with a more flexible format, reflecting how the LO’s
look “in reality.” Our goal is to show how to certify the basic properties of an LO program.

Certifying feasibility /infeasibility

Certificate for feasibility of (3.1.8) is, of course, a feasible solution to the problem. Certificate
for infeasibility is, according to our theory, a collection of aggregation weights A = [Ag; Ag; Ac]
associated with the constraints of the program (so that dim Ay = dim p, dim A\, = dim g,
dim A\, = dim r such that first, it is legitimate to take the weighted sum of the constraints, and,
second, the result of aggregation is a contradictory inequality. The restriction to be legitimate
amounts to

Ae > 0, Mg <0, no restrictions on A¢;

when aggregation weights A\ satisfy these restrictions, the weighted by A sum of the constraints
is the inequality
[PTA + QTN + RTN) 2 <pP Ao+ ¢" Ay + 11 A,

and this inequality is contradictory if and only if the vector of coefficients of x in the left hand
side vanishes, and the right hand side is negative. Thus, A certifies infeasibility iff

A >0,0 <0, PTN+ QTN+ RTN, = 0,p" N+ ¢" N, +77 e < 0. (3.1.9)

According to our theory, the outlined certification schemes for feasibility and for infeasibility are
complete.

Certifying boundedness/unboundness

Certifying boundedness of (3.1.8). An LO program (3.1.8) is bounded iff it is either in-
feasible, or it is feasible and the objective is bounded below on the feasible set, that is, there
exists a real p such that the inequality ¢’z < u is a consequence of the constraints. We al-
ready know how to certify infeasibility; to certify boundedness for a feasible problem, we should
certify feasibility (which we again know how to do) and to certify that the inequality ¢’z < u
is a consequence of a feasible system of constraints, which, by the principle expressed by the
Inhomogeneous Farkas Lemma, amounts to pointing out a collection of weights A = [Ag; Ag; Ae]
which makes it legitimate to take the weighted sum of the constraints and is such that this
weighted sum is of the form ¢’z < constant. Thus, A in question should satisfy

A >0, <0, PTN, +Q")\, + R\, =c. (3.1.10)

The resulting certification scheme for boundedness — “either certify infeasibility according to
(3.1.9), or point out a certificate for feasibility and a A satisfying (3.1.10)” — is complete. On a
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closest inspection, there is no need to bother about certifying feasibility in the second “branch”
of the scheme, since pointing out a A satisfying (3.1.10) certifies boundedness of the program
independently of whether the program is or is not feasible (why?)

As an important consequence, we get the following

Corollary 3.1.3 For an LO program max{ch PTe <p, Qe > q,RTx = r} the property to
X

be or not to be bounded is independent of the value of the right hand side vector b = [p;q;r],
provided than with this b the problem is feasible.

Indeed, by completeness of our certification scheme for boundedness, a feasible LO program is
bounded iff and only if there exists A satisfying (3.1.10), and the latter fact is or is not valid
independently of what is the value of b. O

Note that Corollary 3.1.3 “mirrors” the evident fact that the property of an LO program to
be or not to be feasible is independent of what is the objective.

Certifying unboundedness of (3.1.8). Program (3.1.8) is unbounded iff it is feasible and
the objective is not bounded above on the feasible set. By Corollary 2.4.4, the objective of a
feasible LO is unbounded from above on the feasible set iff this set has a recessive direction y
along which the objective grows: ¢’y > 0. It follows that a certificate for unboundedness can
be specified as a pair x,y such that

(a) Pr<p,Qr>0,Rr=r
(b) Py<0,Qy>0,Ry=0 (3.1.11)
(c) cTy>0

Here (a) certifies the fact that the program is feasible, and (b) expresses equivalently the fact that
y is a recessive direction of the feasible set (cf. Proposition 2.3.4). The resulting certification
scheme is complete (why?).

Certifying solvability /insolvability

An LO program (3.1.8) is solvable iff it is feasible and above bounded (Corollary 2.4.7), and we

already have in our disposal complete certification schemes for both these properties.
Similarly, (3.1.8) is insolvable iff it is either infeasible, or is feasible and is (above) unbounded,

and we already have in our disposal complete certification schemes for both these properties.

Certifying optimality /nonoptimality

A candidate solution Z to (3.1.8) is optimal if and only if it is feasible and the linear inequality
c'z < ¢z is a consequence of the (feasible!) system of constraints in (3.1.8). Invoking Inho-
mogeneous Farkas Lemma, we conclude that a certificate for optimality of  can be obtained by
augmenting T by a A = [Ag; Ag; A¢] satisfying the relations

(a‘) )\é > 07 )‘g < 07
(b)) PN+ QTN+ RN\ =¢ (3.1.12)
() p"Ae+q Ay +rTN < Tz

and that the resulting certification scheme for optimality of T is complete provided that T is
feasible.
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Observe that for whatever A satisfying (3.1.12.a) we have
A PT < pt A, AL QZ < q"Ag, XL Rz = 1T\, (%)

and the first two inequalities can be equalities iff the entries in A\, and A\, corresponding to the
nonactive at  inequality constraints — those which are satisfied at T as strict inequalities —
should be zeros. Summing up the inequalities in (%), we end up with

AN P2+ AQz < q"Ag+ N Rz < p"Ap+q" Mg+ 17\ (1

On the other hand, if \ satisfies (3.1.12.c¢), then the inequality opposite to (!) takes place,
which is possible iff the inequalities in (*) are equalities, which, as we have seen, is equivalent
to the fact that the entries in A associated with nonactive at Z inequality constraints are zero.
Vice versa, when the entries in A satisfying the nonactive at z inequality constraints are zero,
then (3.1.12.c) is satisfied as an equality as well. The bottom line is that \ satisfies (3.1.12) iff
A satisfies the first two relations in (3.1.12) and, in addition, the entries in \ associated with
non-active at T inequality constraints of (3.1.8) are zeros. We have arrived at the following

Proposition 3.1.2 [Karush-Kuhn-Tucker Optimality Conditions in LO] A feasible solution T to
an LO program (3.1.8) is optimal for the program iff T can be augmented by Lagrange multipliers
X = [A; Agi Ae] in such a way that the following two facts take place:

o multipliers corresponding to the ” < ”-inequality constraints (3.1.8.£) are nonnegative,
multipliers corresponding to the ” > " -inequality constraints (3.1.8.g) are nonpositive, and, in
addition, multipliers corresponding to the nonactive at x inequality constraints are zero (all this
is called “complementary slackness”);

e one has

c=P'\+Q")\,+R")\,.

We have seen how to certify that a feasible candidate solution to (3.1.8) is optimal for the
program. As about certifying nonoptimality, this is immediate: Z is not optimal iff it either
is not feasible for the program, or there exists a feasible solution y with ¢’y > ¢’z, and such
an y certifies the nonoptimality of . The resulting “two-branch” certification scheme clearly is
complete.

A corollary: faces of a polyhedral set revisited

Recall that a face of a polyhedral set X = {z € R" : al-Tx <b1l<i< m} is a nonempty
subset of X which is cut off X by converting some of the inequalities a;fpx < b; into equalities
al'z = b;. Thus, every face of X is of the form X; = {z : alz < b;,i ¢ I,al'z = bi € I}, where
I is certain subset of the index set {1,...,m} (which should be such that X; # (). As we have
already mentioned, a shortcoming of this definition is that it is not geometric — it is expressed
in terms of a particular representation of X rather than in terms of X as a set. Now we are in
a position to eliminate this drawback.

Proposition 3.1.3 Let X = {zr € R": aZTx < b;,1 <i<m}, be a nonempty polyhedral set.
(i) If 'z is a linear form which is bounded from above on X (and thus attains its mazimum

on X ), then the set Argmax !z of maximizers of the form is a face of X.
X

(ii) Vice versa, every face X1 of X can be represented in the form X; = Argmaxclz for
X

appropriately chosen linear form ¢’ x.
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In particular, every vertex of X is the unique maximizer, taken over x € X, of an appropri-
ately chosen linear form.

Since the sets of the form Argmax,.y ¢!z are defined in terms of X as a set, with no reference
to a particular representation of X, Proposition indeed provides us with a purely geometric
characterization of the faces.

Proof of Proposition 3.1.3 is easy. To verify (i), let Z be a maximizer of ¢!z over X, and
let J be the set of indices of all constraints alz < b; which are active at z: J = {i : al 7 = b;}.
Invoking the “only if” part of Proposition 3.1.2 and noting that we are in the situation of
PT =ay;...; a,) with Q and R being empty, we conclude that there exist nonnegative \;, i € J,
such that ¢ = Y ;. ; Aja;. Let us set I = {1 € J : A\; > 0}, so that in fact ¢ = ) ,.; A\ja;, and let
us verify that Argmaxc’2z = X (so that Argmax c’z is a face in X, as claimed). If I is empty,

X X

then ¢ = >, ; Aia; = 0, so that Argmax lr= Xy = X, as required. Now let I # (). We have
X

Ve e X :cle =  hai]Te =3 Nfalz] < 3o \bi
i€l \(f)’
maxclz = 'z =Y [Nal z] = 3,0, Nibs.

zeX i€l

(we have taken into account that A\; > 0). From these relations it is clear that z € X is a
maximizer of the linear form given by c iff the inequality (*) is an equality; the latter, for z € X,
takes place iff al x = b; for all i € I (since for such an z, a] x < b; and \; are strictly positive,
i € I), that is, iff x € X7, as required. (i) is proved.

To prove (ii), consider a face X7, and let us prove that it is nothing but Argmaxy ¢’z for a
properly chosen c. There is nothing to prove when I = (), so that X; = X; in this case we can
take ¢ = 0. Now let I be nonempty, let us choose whatever strictly positive A;, ¢ € I, and set
c = ;cr Mia;. By the “if” part of Proposition 3.1.2, every point of the (nonempty!) face X7 of
X is a maximizer of ¢’z over € X, and since all \;,i € I, are strictly positive, the reasoning
used to prove (i) shows that vice versa, every maximizer of ¢’z over X belongs to X;. Thus,

X1 = Argmax ¢’z for the ¢ we have built. O
X

3.2 LO Duality

We are about to develop the crucial concept of the dual to an LO program. The related
constructions and results mostly are already known to us, so that this section is a kind of
“intermediate summary.”

3.2.1 The Dual of an LO Program

Consider an LO program in the form of (3.1.8) (we reproduce the formulation for reader’s
convenience):

Pz < p (0
Opt(P) = max Az Qe > ¢ ((g; : (P)
Rx = r (e

From now on we refer to this problem as the primal one. The origin of the problem dual to
(P) stems from the desire to find a systematic way to bound from above the optimal value of
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(P). The approach we intend to use is already well known to us — this is aggregation of the
constraints. Specifically, let us associate with the constraints of (P) the vector of dual variables
(called also Lagrange multipliers) A = [Ay; Ag; Ae] restricted to satisfy sign constraints

Ao > 054, <0, (3.2.1)

Using such a A as the vector of aggregation weights for the constraints of (P), we get the scalar
inequality
P4+ QTN + RTN) T < p"hp + T Ay + 1T (%)

which, by its origin, is a consequence of the system of constraints of (P). Now, if we are lucky
to get in the left hand side our objective, that is, if
PTXN+ QT N\, + RPN, =,

then (x) says to us that pT A, + g7 A, + 77 A is an upper bound on Opt(P). The dual problem
asks us to build the best possible — the smallest — bound of this type. Thus, the dual problem
reads

AN > 0
Opt(D) =  min AN = p" N+ "N T Ay < 0 3. (D)
A=Pedordd P+ QT+ RTA, = ¢

This is again an LO program.

3.2.2 Linear Programming Duality Theorem

The most important relations between the primal and the dual LO problems are presented in
the following

Theorem 3.2.1 [Linear Programming Duality Theorem| Consider primal LO program (P)
along with its dual (D). Then

(i) [Symmetry] Duality is symmetric: (D) is an LO program, and its dual is (equivalent to)
(P).

(ii) [Weak duality] Opt(D) > Opt(P), or, equivalently, for every pair (x,\) of feasible
solutions to (P) and (D) one has

DualityGap(z, \) := d? X\ — ¢z = [pT Ay + qT)\g + 1T =Tz >0.

(iii) [Strong duality] The following properties are equivalent to each other:

(iii.1) (P) is feasible and bounded from above

(iii.2) (P) is solvable

(iii.3) (D) is feasible and bounded from below

(iii.4) (D) is solvable

(iii.5) Both (P) and (D) are feasible

and whenever one of these equivalent to each other properties takes place, we have Opt(P) =
Opt(D).
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Proof. (i): In order to apply the recipe for building the dual to (D), we should first write it
down as a maximization problem in the format of (P), that is, as

Ay <0 (0)
—Opt(D) = max —[p" X+ "N+ TN A > 0 (9)
A=[Ag5AgiAe] PT)\K + QT)\g + RT)\r —c (6)

This is the problem in the form of (P), with the matrices [0,1,0], [1,0,0], [PT,QT, RT] in the
role of P, @), R, respectively; here I and 0 stand for the unit and the zero matrices of appropriate
sizes (not necessary the same in different places). Applying to the latter problem the recipe for
building the dual, we arrive at the LO program

ye = 0
~min 07y, 4+ 0"y, + Ty, yg < 0
vl [Yg + Pyriye + Qur; Ry,] = [-p;—¢; =]

We can immediately eliminate the variables y, and y,. Indeed, y, does not affect the objective,
and what the constraints want of y, is yo > 0, vy + Qy, = —q, which amounts to —Qy, > q.
The situation with y, is similar. Eliminating y, and y,, we arrive at the following equivalent
reformulation of the problem dual to (D):

Py, > —p
min{ ¢y, :{ Qur < —q },
v Ryr = —-Tr

which is nothing but (P) (set x = —y,). (i) is proved.

(ii): Weak duality is readily given by the construction of (D).

(iii): Let us first verify that all five properties (iii.1) — (iii.5) are equivalent to each other.

(iii.1)«(iii.2): a solvable LO program clearly is feasible and bounded, the inverse is true due
to Corollary 2.4.7.(i).

(iii.3)<>(iii.4): follows from the already proved equivalence (iii.1)<>(iii.2) due to the fact that
the duality is symmetric.

(iii.2)=-(iii.5): If (P) is solvable, (P) is feasible. In order to verify that (D) is feasible as
well, note that the inequality ¢’z < Opt(P) is a consequence of the system of the constraints
in (P), and this system is feasible; applying the Inhomogeneous Farkas Lemma, the inequality
¢z < Opt(P) can be obtained by taking admissible weighted sum of the constraints of (P) and
the identically true inequality 072 < 1, that is, there exists A\g > 0 and A = [A\g; Ag; Ac] satisfying
the sign constraints (3.2.1) such that the aggregated inequality

Mo[07a] + A Pz + AL Qu + M Re < Ao - 1+ A\ p+ A g+ Alr
is exactly the inequality ¢’z < Opt(P), meaning that
PTx 4+ ¢" )\, + R\ =¢

and
A p+Abq+ N =0pt(P) — Ao (%)

Since A satisfies the sign constraints from (D), we conclude that A is feasible for (D), so that D)
is feasible, as claimed. As a byproduct, we see from (x) that the dual objective at A is < Opt(P)
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(since Ao > 0), so that Opt(D) < Opt(P). The strict inequality is impossible by Weak duality,
and thus Opt(P) = Opt(D).

(iii.4)=-(iii.5): this is the same as the previous implication due to the fact that the duality
is symmetric.

(iii.5)=-(iii.1): in the case of (iii.5), (P) is feasible; since (D) is feasible as well, (P) is bounded
by Weak duality, and thus (iii.1) takes place.

(iii.5)=-(iii.3): this is the same as the previous implication due to the fact that the duality
is symmetric.

We have proved that (iii.1)<(iii.2)=-(iii.5)=-(iii.1), and that (iii.3)<(iii.4)=-(iii.5)=>(iii.3).
Thus, all 5 properties are equivalent to each other. We have also seen that (iii.2) implies that
Opt(P) = Opt(D). O

3.3 Immediate Applications of Duality

In this section, we outline several important applications of the LO Duality Theorem.

3.3.1 Optimality Conditions in LO

The following statement (which is just a reformulation of Proposition 3.1.2) is the standard
formulation of optimality conditions in LO:

Proposition 3.3.1 [Optimality conditions in LO] Consider the primal-dual pair of problems
(P), (D) and assume that both of them are feasible. A pair (xz,\) of feasible solutions to (P)
and to (D) is comprised of optimal solutions to the respective problems

— [Zero Duality Gap] iff the duality gap, as evaluated at this pair, is 0:

DualityGap(z, A) == [p" Ao+ ¢ Ay + 77 A] — Tz =0

as well as

— [Complementary Slackness| iff all the products of Lagrange multipliers \; associated with
the inequality constraints of (P) and the residuals in these constraints, as evaluated at x, are
ZET08:

[Adi[Pz —pli = 0Vi,  [Aglj[Qz —g]; =0 Vj.

Proof. (i): Under the premise of Proposition we have Opt(P) = Opt(D) by the LP Duality
Theorem, meaning that

DualityGap(z, \) = [[pT)\g +qt Ny + 1N — Opt(D)] + [Opt(P) — ch] .

Since x, A are feasible for the respective problems, the quantities in brackets are nonnegative,
so that the duality gap can be zero iff both these quantities are zeros; the latter is the same as
to say that x is primal-, and A is dual optimal.

(ii): This is the same as (i) due to the following useful observation:

Whenever z is primal-, and X\ is dual feasible, we have

DualityGap(z, \) = A} (p — Pz) + )\g(q — Q). (3.3.1)
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Indeed,

DualityGap(z, \) = Ml p + )\gq + ATy — Ty

=Al'p+ )\gq + Al — [PTA 4+ QT Ay + RN )T [since A is dual feasible]
=\ (p = Pa) + \] (¢ = Qz) + A[[r — Ra]

=A'(p— Pz)+ A?(q — Q) [since x is primal feasible]

It remains to note that the right hand side in (3.3.1) is
> ilP = Pali+ D [A)Tlg - Q. ("
@ J

and all terms in these two sums are nonnegative due to sign restrictions on A coming from (D)
and the fact that z is primal feasible. Thus, DualityGap(z, A) is zero iff all terms in (!) are
zeros, as claimed. O

3.3.2 Geometry of a Primal-Dual Pair of LO programs

Consider an LO program

Opt(P) = max {ch : Px <p,Rr = r} (P)
along with its dual program
Opt(D) = | rain}\ ] {p"Xe + 1T A : N >0, PTN + RN = ¢} (D)
=|Ae3Ae

Note that to save notation (and of course w.l.o.g.) we have assumed that all the inequalities in
the primal problem are ” <7”.

Our goal here is to rewrite both the problems in a “purely geometric” form, which, as we
shall see, reveals a beautiful, simple and instructive geometry of the pair.

First, assume that the systems of linear equations participating in (P) and in (D) are solvable,
and let Z, —\ = —[\s; A¢] be solutions to the respective systems:

(a) Rz =r;
(b) PTh +RTA. = —c. (3.3.2)
Note that the assumption of solvability we have made is much weaker then feasibility of (P) and
(D), since at this point we do not bother about inequality constraints.

Observe that for every x such that Rz = r we have

e = —[PTXN+ R\ T2 = —S\g[PJJ] — MR
= 5\% [p — Pzx] + [—5\ng — j\zr]
—_—
constp

so that (P) is nothing but the problem

Opt(P) = max{j\gT[p — Px] + constp :p— Pz >0,Rzx =1} .
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Let us pass in this problem from the variable x to the variable
E=p— Pz

(“primal slack” — vector of residuals in the primal inequality constraints). Observe that the
dimension m of this vector, same as the dimension of )y, is equal to the number of inequality
constraints in (P). We have already expressed the primal objective in terms of this new variable,
and it remains to understand what are the restrictions on this vector imposed by the constraints
of (P). The inequality constraints in (P) want of £ to be nonnegative; the equality constraints
along with the definition of £ read equivalently that & should belong to the image Mp of the
affine subspace Mp = {z : Rz = r} C RY¥™® under the affine mapping 2 + p — Pz. Let
us compute Mp. The linear subspace Lp to which Mp is parallel is the image of the linear
subspace L = {z : Rz = 0} (this is the subspace Mp is parallel to) under the linear mapping
x — —Pux, or, which is the same, under the mapping = — Px. As a shift vector for Mp, we
can take the image p — PZ of the vector Z € Mp under the affine mapping which maps Mp onto
Mp. We have arrived at the following intermediate result:

(1) Problem (P) can be reduced to the problem

Opt(P) = max {M¢:¢>0, £eLp+E}
Lp={Py:Ry=0},{=p— Pz

The optimal values of (P) and (P) are linked by the relation

Opt(P) = Opt(P) + constp = Opt(P) — X 'p — AL

Now let us look at the dual problem (D), and, similarly to what we did with (P), let us represent
it solely in terms of the “dual slack” A\;. To this end, observe that if A\ = [As; \¢] satisfies the
equality constraints in (D), then

pPxe+ e = pT A+ [RE]T A = pT Ag + 2T [RTA]

=p" N+ ZT[c— PTN] =[p—PZ)]" N+ Z'c
constp

= ET)\g + const p;

we managed to express the dual objective on the dual feasible set solely in terms of Ay. Now,
the restrictions imposed by the constraints of (D) on A\; are the nonnegativity: Ay > 0 and the
possibility to be extended, by properly chosen A., to a solution to the system of linear equations
PTX;+ R\, = c. Geometrically, the latter restriction says that )\, should belong to the affine
subspace Mp which is the image of the affine subspace Mp = {[As; Ae] : PTAp + RTA. = ¢}
under the projection [Ag; Ae] — Ag. Let us compute M p. The linear subspace Lp to which Mp
is parallel clearly is given as

Lp={X:3: PTN 4+ RTN. = 0};

as a shift vector for Mp, we can take an arbitrary point in this affine space, e.g., the point —\,.
We have arrived at the following result:
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(!1) Problem (D) can be reduced to the problem
Opt(D) = ,\Zrelir{lm {ET)\g A >0, M€ Lp— ;\g}
Lp={X:e:PTXN+QT )\ = ¢}
The optimal values of (D) and (D) are linked by the relation
Opt(D) = Opt(D) + constp = Opt(D) + 7' c.

Now note that the linear subspaces Lp = {Py: Ry =0} and Lp = {A\;: I\, : PTA\+RT ). =0}
of R™ are closely related — they are orthogonal complements of each other. Indeed,

(Lp)"={X: N[ Py=0Vy: Ry =0},

that is, Ay € £1J5 if and only if the homogeneous linear equation (PT\,)”y in variable y is a
consequence of the system of homogeneous linear equations Ry = 0; by Linear Algebra, this is
the case iff PT)\, = RT i for certain p, or, setting A\, = —pu, iff PTX\, + RT )\, = 0 for properly
chosen A¢; but the latter is nothing but the description of Lp.

We arrive at a wonderful geometric picture:

Problems (P) and (D) are reducible, respectively, to
Opt(P) = max {N€:€ 20,6 € Mp = Lp +¢} (P)

and
Opt(D) = min {ET)\g A >0, € Mp = [,ﬁ — 5\@}.
Ag€ER™

Both (P) and (D) are the problems of optimizing a linear objective over the inter-
section of an affine subspace (called primal, resp., dual feasible plane) in R™ and
the nonnegative orthant R, and the “geometric data” (the objective and the affine
subspace) of the problems are closely related to each other: they are given by a pair
of vectors &, A\ in R™ and a pair of linear subspaces Lp, Lp which are orthogonal
complements to each other. Specifically,

e the feasible planes of (P) and (D) are shifts of the linear subspaces Lp = L7 and
Lp= ﬁI%, respectively;

e the objective (to be maximized) in (P) is X;tpf , and minus the vector Ay is also a shift
vector for the dual feasible plane Mp. Similarly, the objective (to be minimized) in
(D) is €'y, and the vector € is also a shift vector for the primal feasible plane Mp

The picture is quite symmetric: geometrically, the dual problem is of the same structure as the
primal one, and we see that the problem dual to dual is the primal. Slight asymmetry (the
vector Ay responsible for the primal objective is minus the shift vector for the dual problem,
while the vector & responsible for the dual objective is the shift for the primal) matches the fact
that the primal problem is a maximization, and the dual problem is a minimization one; if we
were writing the primal and the dual problem both as maximization or both as minimization
programs, the symmetry would be “ideal.”

Now let us look what are, geometrically, the optimal solutions we are looking for. To this
end, let us express the duality gap via our slack variables £ and Ay. Given feasible for (P) and
(D) values of £ and Ay, we can associate with them x and A according to

E=p— Pz, Rx =, PT)\Z—l—RT)\e:c;
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clearly, x will be a feasible solution to (P), and A = [As; Ae] will be a feasible solution to (D).
Let us compute the corresponding duality gap:

DualityGap(z,\) = [pIAe+ 77X —clz=p" A\ +7rTAe — [PTAr + RT A ]z
= (p—Px)"X\+[r — Rx]T ),
= &7,

Thus, the duality gap is just the inner product of the primal and the dual slacks. Optimality
conditions say that feasible solutions to (P) and (D) are optimal for the respective problems iff
the duality gap, as evaluated at these solutions, is zero; in terms of (P) and (Q), this means that
a pair of feasible solutions to (P) and (D) is comprised of optimal solutions to the respective
problems iff these solutions are orthogonal to each other. Thus,

To solve (P) and (D) means to find a pair of orthogonal to each other and nonnegative
vectors with the first member of the pair belonging to the affine subspace M p, and
the second member belonging to the affine subspace Mp. Here Mp and Mp are
given affine subspaces in R™ parallel to the linear subspaces Lp, Lp which are
orthogonal complements of each other.

Duality Theorem says that this task is feasible iff both Mp and Mp do contain
nonnegative vectors.

It is a kind of miracle that the purely geometric problem at which we have arrived, with for-
mulation free of any numbers, problem which, modulo its multi-dimensional nature, looks as an
ordinary exercise from a high-school textbook on Geometry, is in the focus of research of at least
three generations of first-rate scholars, is the subject of dedicated university courses worldwide
and, last but not least, possesses huge spectrum of applications ranging from poultry production
to signal processing.

A careful reader at this point should ring an alarm: We indeed have shown that a
primal-dual pair of LO programs with m inequality constraints in the primal problem
and feasible systems of equality constraints can be reduced to the above geometric
problem; but how do we now that every instance of the latter problem can indeed be
obtained from a primal-dual pair of LO’s of the outlined type? This is a legitimate
question, and it is easy to answer it affirmatively. Indeed, assume we are given
two affine subspaces Mp and Mp in R™ such that the linear subspaces, Lp and
Lp, to which Mp and Mp are parallel, are orthogonal complements of each other:
Lp= El%. Then

Mp=_Lp+E& Mp=_L5—X (%)

for properly chosen & and A\;. We can represent £p as the kernel of an appropriately
chosen matrix R. Consider the LO in the standard form:

m?X{S\;{g =€ < 0,R¢ = REY,

and let us take it as our primal problem (P). The dual problem (D) then will be

i RETN. : =X+ RTA. = N\ ).
i {[R¢] 0+ o}

Clearly, the systems of linear equality constraints in these problems are solvable, one
of solutions to the system of linear constraints in (P) being & (which allows to take
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T = £), and one of the solutions to the system of linear constraints in (D) being
[~ Ag;0;...;0]. It allows to apply to (P) and (D) our machinery to reduce them to
problems (P), (D), respectively. From observations on what can be chosen as feasible
solutions to the systems of equality constraints in (P) and in (D) it is immediate to
derive (do it!) that the problem (P) associated with (P) is nothing but (P) itself,
so that the its primal feasible affine plane is {¢ : R¢ = RE}, which is nothing but

Lp+ &= Mp. Thus, (P) = (P) is nothing but the problem

m?x{ngzgzo,geMpzﬁeré}.

According to the links between (P) and (D) we have established, (D) is nothing but
the problem

i Ty, > LY.
n}in{g A\ >0, M€ Lh )\g}

The affine feasible plane in (D) is therefore Mp (see (x)), and our previous analysis
shows that the geometric problem associated with (P), (D) is exactly the problem
“pick in the nonnegative parts of Mp and M p vectors which are orthogonal to each
other.”

The last question to be addressed is: the pair of problems (P), (D) is specified by a pair
Mp, Mp of affine subspaces in R™ (this pair cannot be arbitrary: the parallel to Mp, Mp
linear subspaces should be orthogonal complements to each other) and a pair of vectors £ € Mp
and A\ € [-Mp]. What happens when we shift these vectors along the corresponding affine
subspaces? The answer is: essentially, nothing happens. When ), is shifted along —M p, that
is, is replaced with Ay + A with A € Lp, the dual problem (D) remains intact, and the objective
of the primal problem (P) restricted on the feasible plane M p of this problem is shifted by a
constant depending on A (check both these claims!); this affects the optimal value of (P), but
does not affect the optimal set of (P). Similarly, when shifting £ along M p, the primal problem
(P) remains intact, and the objective of the dual problem (D) on the feasible plane of this
problem is shifted by a constant depending on the shift in €. We could predict this “irrelevance
of particular choices of £ € Mp and A\, € —Mp” in advance, since the geometric form of the
primal-dual pair (P), D) of problems: ”find a pair of orthogonal to each other nonnegative
vectors, one from Mp and one from M p” is posed solely in terms of Mp and Mp.

Our geometric findings are illustrated on figure 3.1.

3.3.3 Extending Calculus of Polyhedral Representability and Robust LO

Polyhedral representability of the cost function of an LO and the support function
of a polyhedral set

Consider a LO program in the form
Opt(c,b) = max {CT:U c Az <b}  [A:mxn] (3.3.3)

which we will denote also as (P[c,b]). There are situations when either b, or ¢, instead of being
fixed components of the data, are themselves decision variables in certain “master program”
which involves, as a “variable,” the optimal value Opt(c,b) of (3.3.3) as well.
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Figure 3.1: Geometry of primal-dual pair of LO programs. Blue area: feasible set of (P) —
intersection of the 2D primal feasible plane M p with the nonnegative orthant Ri. Red segment:
feasible set of (D) — intersection of the 1D dual feasible plane M p with the nonnegative orthant
Ri. Blue dot: primal optimal solution {*. Red dot: dual optimal solution ;. Pay attention to
orthogonality of the primal solution (which is on the z-axis) and the dual solution (which is in
the xy-plane).

To give an example, let (3.3.3) be a production planning problem, where b as a vector
of resources “consumed” by a factory, x as a production plan, and Opt(c,b) is the
maximum, given the resources, volume of sales. Now imagine that we can buy the
resources at certain prices, perhaps under additional restrictions on what can and
what cannot be bought (like upper bound on the total cost of ordering the resources,
lower and upper bounds on the amounts of every one of resources we can buy, etc.).
In this situation the master problem might be to maximize our net profit (volume of
sales minus the cost of resources) by choosing both the resources to be used (b) and
how to produce ().

A highly instructive example of a situation where ¢ is varying will be given later
("Robust Optimization”).

In such a situation, in order to handle the master program, we need a polyhedral representation
of Opt(c,b) as a function of the “varying parameter” (b or ¢) in question.

Opt(c,b) as a function of b. Let us fix ¢ and write (P.[b]) instead of (P[ec,b]) and Opt,.(b)
instead of Opt(c,b) to stress the fact that c is fixed and we treat the optimal value of (3.3.3) as
a function of the right hand side vector b. Let us make the following assumption:

(!) For some value b of b, program (P.[b]) is feasible and bounded.
Then the problem dual to (P[b]), that is,
min {b"A: A >0, ATX = c} (D.[b))

is feasible when b = b. But the feasible set of the latter problem does not depend on b, so that,
by Weak Duality, (P.[b]) is bounded for all b, and thus Opt,(b) is a function taking real values
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and, perhaps, the value —oo (the latter happens at those b for which (P,[b]) is infeasible). Taking
into account that a feasible and bounded LO program is solvable, we have the equivalence

Opt (b)) >te Iz Az <b& Tz >t (3.3.4)

which is a polyhedral representation of the hypograph {[b;t] : t < Opt,(b)} of Opt,(-). As a
byproduct, we see that Opt,(+) is a concave function.

Now, the domain D of Opt,(:) — the set of values of b where Opt,(b) is a real — clearly is the
set of those b’s for which (FP.[b]) is feasible (again: under our assumption that program (P,.[b])
is feasible and bounded for some b = b, it follows that the program is solvable whenever it is
feasible). Let b € D, and let A be the optimal solution to the program (D.[b]). Then X is dual
feasible for every program (P.[b]), whence by Weak duality

Opt.(b) < XTb = ATh + XT'(b —b) = Opt,(b) + AT (b —b).
The resulting inequality
Vb : Opt,(b) < ®5(b) := Opt,(b) + AT (b —b) (3.3.5)

resembles the Gradient inequality f(y) < f(z) + (y — 2)TV f(z) for smooth concave functions
f; geometrically, it says that the graph of Opt.(b) never goes above the graph of the affine
function ®;(b) and touches the latter graph at the point [b; Opt,(b)]. Now recall that Opt,(b) is
polyhedrally representable concave function and thus is the restriction on D of the minimum of
finitely many affine functions of b:

b€ D= Opt.(b) = min ¢;(z), ¢i(x) =a]b+fi.
1<i<I

Assuming w.l.o.g. that all these functions are distinct from each other and taking into account
that D clearly is full-dimensional (since whenever b > b € D, we have V/ € D as well), we
see that Opt,(b) is differentiable almost everywhere on D (specifically, everywhere in int D,
except for the union of finitely many hyperplanes given by the solvable equations of the form
¢i(r) = ¢;(x) with i # j). At every point b € int D where Opt,(b) is differentiable, (3.3.5) is
possible only when A = VOpt,(b), and we arrive at the following conclusion:

Let (Pc(b)) be feasible and bounded for some b. Then the set D = Dom Opt,(-) is
a polyhedral cone with a nonempty interior, and at every point b € int D where
the function Opt,(-) is differentiable (and this is so everywhere on int D except for

the union of finitely many hyperplanes), the problem (D[b]) has a unique optimal
solution which is the gradient of Opt,(-) at b.

Of course, we can immediately recognize where the domain D of Opt,(-) and the “pieces” ¢;(-)
come from. By Linear Programming Duality Theorem, we have

Opt,(b) = min {"X:x>0,ATA=¢}.

We are in the situation where the feasible domain A of the latter problem is nonempty; besides
this, it clearly does not contain lines. By Theorem 2.4.1, this feasible domain is

Conv{Ai, ..., As} + Cone{p1, ..., pr},
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where \; are the vertices of A, and p; are the (directions of the) extreme rays of Rec(A). We
clearly have
D={b:p;b>0,1<j<T}be D= Opt,(b) = min b,
1<i<S

so that D is exactly the cone dual to Rec(A), and we can take I = S and ¢;(b) = A\I'b, 1 <i < S.
Here again we see how powerful are polyhedral representations of functions as compared to their
straightforward representations as maxima of affine pieces: the number S of pieces in Opts(+)
and the number of linear inequalities specifying the domain of this function can be — and
typically are — astronomical, while the polyhedral representation (3.3.4) of the function is fully
tractable.

Law of diminishing marginal returns. The concavity of Opt.(b) as a function of b,
whatever simple this fact be, has important “real life” consequences. Assume, as in the motivat-
ing example above, that b is the vector of resources “consumed” by a production process, and we
should buy these resources at a market at certain prices p; forming price vector p. Interpreting
the objective in (3.3.3) as our income (the total dollar value of our sales), and denoting by M our
investments in the resources, the problem of optimizing the income becomes the LO program

Opt(M) :me})x{ch s Ar < b,ngq,prgM},

where Qb < ¢ are “side constraints” on b (like nonnegativity, upper bounds on the maximal
available amounts of various recourses, etc.) In this problem, the right hand side vector is
[q; M]; we fix once for ever ¢ and treat M as a varying parameter, as expressed by the notation
Opt(M). Note that the feasible set of the problem extends with M; thus, assuming that the
problem is feasible and bounded for certain M = M)y, it remains feasible and bounded for
M > Mjy. We conclude that Opt(M) is a finite, nondecreasing and, as we have shown, concave
function of M > Mjy. Concavity implies that Opt(M + §) — Opt(M), where § > 0 is fixed,
decreases (perhaps, nonstrictly) as M grows. In other words, the reward for an extra $1 in the
investment can only decrease as the investment grows. In Economics, this is called the law of
diminishing marginal returns.

Opt(c,b) as a function of c¢. Now let us treat b as once for ever fixed, and ¢ — as a varying
parameter in (3.3.3), and write (P®[c]) instead of (3.3.3) and Opt®(c) instead of Opt(c,b). Assume
that (P?[c]) is feasible (this fact is independent of a particular value of ¢). Then the relation

Optl(c) < 7 (%)

is equivalent to the fact that the problem (D,[b]) is solvable with optimal value < 7. Applying
the Linear Programming Duality Theorem, we arrive at the equivalence

OptP(e) <7 IN:ATA=c, A > 0,01 A > 7; (3.3.6)

this equivalence is a polyhedral representation of Optb(c) as a convex function. As a byproduct,
we see that Opt®(c) is convex. The latter could be easily seen from the very beginning: Opt®(c)
is the supremum of the family ¢’z of linear (and thus convex) functions of ¢ over the set
{z : Az < b} of values of the “parameter” x and thus is convex (see calculus of convex functions).

The above construction works when (3.3.3) is feasible. When it is not the case, the situation
is trivial: Opt®(c) is —oo identically, and we do not treat such a function as convex (convex



3.3. IMMEDIATE APPLICATIONS OF DUALITY 127

function must take finite values and the value 400 only); thus, we cannot say that Opt®(c) is a
“polyhedrally representable convex function,”, in spite of the fact that the set of all pairs (¢, 7)
satisfying (%) — the entire (¢, 7)-space! — clearly is polyhedral.

Now let ¢ € Dom Opt®(:). Then the problem (PP[¢]) is feasible and bounded, and thus is
solvable. Denoting by Z an optimal solution to (P°[¢]) and observing that Z is feasible for every
program (P?[c]), we have

Opt?(c) > 'z ="'z + (c — )Tz = Opt? (&) + 27 (c — @),

that is,
Ve : OptP(e) > Opt®(e) + 27 (¢ — @), (3.3.7)

which looks as the Gradient inequality for a smooth convex function. To simplify our analysis,
note that if A has a nontrivial kernel, then Opt®(c) clearly is 400 when c is not orthogonal to
Ker A; if ¢ is orthogonal to Ker A, then Opt®(c) remains intact when we augment the constraints
of (P%[c]) with the linear equality constraints + € L = (Ker A)*. Replacing, if necessary, R"
with L, let us assume that Ker A = 0, so that the feasible set II of (P?[]) does not contain lines.
Since it is nonempty, we have

IT = Conv{xy,...,x5} + Cone {ry,...,rr},

where z; are the vertices of II, and r; are the (directions of the) extreme rays of Rec(II). We
now clearly have

Dom Opt®(-) = —(Rec(II))*, ¢ € Dom Opt’(-) = Opt®(c) = maxz!c.

Since the cone Rec(II) is pointed due to Ker A = {0}, the domain of Opt’(-) possesses a nonempty
interior (see the proof of Proposition 2.3.7), and Opt®(c) is differentiable everywhere in this
interior except for the union of finitely many hyperplanes. This combines with (3.3.7) to imply
the following result, completely symmetric to the one we got for Opt,(+):

Let Ker A = {0} and (P"[:]) be feasible. Then P = Dom Opt, () is a polyhedral cone
with a nonempty interior, and at every point ¢ € int D where the function OptB(-)
Opt,(+) is differentiable (and this is so everywhere on int P except for the union of
finitely many hyperplanes), the problem (P°[¢]) has a unique optimal solution which
is the gradient of Opt®(-) at .

Support function of a polyhedral set. Given a nonempty set X C R", we always can form

the function Suppy(c) = supc’z : R® — R U {400} called the support function of X. E.g.,
zeX

the above function Opt®(c) is the support function of the polyhedral set X = {z : Az < b}
(which we assume to be nonempty). The support function always is convex (as the supremum
of a family of convex functions ¢!z of ¢ taken over z € X). In the polyhedral case, the support
function “remembers” the set it comes from due to the formula

X ={z eR": 'z < Suppy(c) Vc}

To see its validity, note that the right hand side set, let us call it X', clearly contains X (indeed,
Suppy (c) = sup,¢x ¢’ z, that is, for every ¢ the linear form ¢’z is < Suppy(c) everywhere on
X). To see that the inverse inclusion also is true, we should prove that if Z ¢ X, then 7 ¢ X’
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as well, that is, there exists a ¢ such that ¢’z > Suppy(c). But this fact is immediately given
by the “separation theorem for polyhedral sets:” representing X as {z : aiTx <b;i, 1 <i<m},
the fact that z ¢ X means that azi > b;, for some i,. Setting ¢ = a;,, we therefore have
¢z > b; > Suppy (¢), where > is evident.

Similar reasoning, with Separation Theorem for convex sets (Theorem 2.4.3) in the role of
the (evident!) separation theorem for polyhedral sets, demonstrates that the support function
of a nonempty set X remembers this set, provided that the set is convex and closed. We com-
plete this section with the following useful modification of the equivalence (3.3.6) which should
be considered as a new rule in the calculus of polyhedral sets and polyhedrally representable
functions which we started in section 1.2.3. The numeration of calculus rules below continues
the one in section 1.2.3.

F.6. Taking the support function of a polyhedrally representable set: a polyhedral representa-
tion
X={zeR":Jw:Pr+Quw<r}
of a nonempty polyhedral set can be easily converted to a polyhedral representation of its
support function:
{[c; 7] : 7 > Suppx (c) := sup cTa:} = {[c; 71:3X:A>0,PTA=¢,QTA=0,rTA < 7'}.
zeX

To prove the latter relation, note that from the definition of Suppy(c) and from the
polyhedral representation of X in question it follows immediately that Suppy(c) is the
optimal value in the (feasible, since X is nonempty) LO program

max{cTa: P+ Quw < r},

[;w]

and it remains to apply (3.3.6). Note that progress as compared with (3.3.6) is in possibility
to build a p.r. of Suppx(-) given a whatever p.r. of X, while in (3.3.6) X is given by a
straightforward p.r. not involving slack variables.

The following two calculus rules are immediate corollaries of F.6:
S.6. A polyhedral representation
X={zeR":Jw:Pr+Quw<r}

of a polyhedral set containing the origin can be straightforwardly converted into a p.r. of
its polar:

Polar (X) := {¢ : ¢Tx < 1Vx € X}
={¢:Suppyx(§) <1} = {5:HA:)\ZO,PT)\:&QT)\:(],TT)\ < 1}.

S.7. Let X be a polyhedral cone given by a p.r.
X={z:3w: Pr+Quw<r}.
Then the cone X, dual to X admits the p.r.

X, :={6:&T2 >0V € X} = {¢: Supp(—¢£) <0}
—{&: M A>0,PTA+£=0,QTA=0,/TA<0}.
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Applications in Robust LO

Polyhedral representability of Optb(c) plays crucial role in Robust Linear Optimization — a
(reasonably novel) methodology for handling LO problems with uncertain data. Here is the
story.

Data uncertainty in LO: sources. Typically, the data of real world LOs
max {2 : Az <b} [A = [a;]:m xn] (LO)

is not known exactly when the problem is being solved. The most common reasons for data
uncertainty are as follows:

e Some of data entries (future demands, returns, etc.) do not exist when the problem is
solved and hence are replaced with their forecasts. These data entries are thus subject to
prediction errors;

e Some of the data (parameters of technological devices/processes, contents associated with
raw materials, etc.) cannot be measured exactly, and their true values drift around the
measured “nominal” values; these data are subject to measurement errors;

e Some of the decision variables (intensities with which we intend to use various technological
processes, parameters of physical devices we are designing, etc.) cannot be implemented
exactly as computed. The resulting implementation errors are equivalent to appropriate
artificial data uncertainties.

Indeed, the contribution of a particular decision variable z; to the left hand side of constraint 4
is the product a;jz;. A typical implementation error can be modeled as z; — (1 + &;)z; + n;,
where §; is the multiplicative, and 7; is the additive component of the error. The effect of this
error is as if there were no implementation error at all, but the coefficient a,; got the multiplicative
perturbation: a;; — a;;(1 4+ &;), and the right hand side b; of the constraint got the additive
perturbation b; — b; — n;a4;.

Data uncertainty: dangers. In the traditional LO methodology, a small data uncertainty
(say, 0.1% or less) is just ignored; the problem is solved as if the given (“nominal”) data were
exact, and the resulting nominal optimal solution is what is recommended for use, in hope that
small data uncertainties will not affect significantly the feasibility and optimality properties
of this solution, or that small adjustments of the nominal solution will be sufficient to make
it feasible. In fact these hopes are not necessarily justified, and sometimes even small data
uncertainty deserves significant attention. We are about to present two instructive examples of
this type.

Motivating example I: Synthesis of Antenna Arrays. Consider a monochromatic
transmitting antenna placed at the origin. Physics says that

1. The directional distribution of energy sent by the antenna can be described in terms of
antenna’s diagram which is a complex-valued function D(6) of a 3D direction 6. The
directional distribution of energy sent by the antenna is proportional to |D(4)|%.

2. When the antenna is comprised of several antenna elements with diagrams D1 (4),..., Dg(9),
the diagram of the antenna is just the sum of the diagrams of the elements.
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In a typical Antenna Design problem, we are given several antenna elements with diagrams
D1(9),...,D,(0) and are allowed to multiply these diagrams by complex weights x; (which in
reality corresponds to modifying the output powers and shifting the phases of the elements). As
a result, we can obtain, as a diagram of the array, any function of the form

D(6) = x;D4(0),
j=1

and our goal is to find the weights x; which result in a diagram as close as possible, in a
prescribed sense, to a given “target diagram” D,(J).

Example: Antenna Design. Consider a planar antenna comprised of a central circle and 9
concentric rings of the same area as the circle (figure 3.2.a) in the XY -plane (“Earth’s surface”).
Let the wavelength be A = 50cm, and the outer radius of the outer ring be 1 m (twice the
wavelength).

One can easily see that the diagram of a ring {a < r < b} in the plane XY (r is the distance
from a point to the origin) as a function of a 3-dimensional direction ¢ depends on the altitude
(the angle 6 between the direction and the plane) only. The resulting function of § turns out to
be real-valued, and its analytic expression is

b [ 2n
Dy p(0) = ;/ /rcos (27Tr)\_1 cos(8) cos()) do | dr.
a 0

Fig. 3.2.b represents the diagrams of our 10 rings for A = 50cm.

Assume that our goal is to design an array with a real-valued diagram which should be axial
symmetric with respect to the Z-axis and should be “concentrated” in the cone 7/2 > 6 >
m/2 — w/12. In other words, our target diagram is a real-valued function D, () of the altitude
0 with D.(0) = 0 for 0 < 6 < 7/2 — /12 and D,(f) somehow approaching 1 as 6 approaches
/2. The target diagram D, () used in this example is given in figure 3.2.c (blue).

Let us measure the discrepancy between a synthesized diagram and the target one by the
Tschebyshev distance, taken along the equidistant 240-point grid of altitudes, i.e., by the quan-
tity
s

)

10
= D,.(0;) — Dy (0;
T izrl??.t,};m‘ *( Z) ;xj 7“;1,7"].( Z) }’

Dj(ez)

Our design problem is simplified considerably by the fact that the diagrams of our “building
blocks” and the target diagram are real-valued; thus, we need no complex numbers, and the
problem we should finally solve is

10
i 4T TS D.(6;) — ;xjpj(ei) <71i=1,..,240 3 . (3.3.8)
This is a simple LP program; its optimal solution x* results in the diagram depicted at figure
3.2.c (magenta). The uniform distance between the actual and the target diagrams is ~ 0.0589
(recall that the target diagram varies from 0 to 1).

Now recall that our design variables are characteristics of certain physical devices. In reality,
of course, we cannot tune the devices to have precisely the optimal characteristics x}'f; the best
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(a) (b) ()

Figure 3.2: Synthesis of antennae array.

(a): 10 array elements of equal areas in the XY -plane; the outer radius of the largest ring is
1m, the wavelength is 50cm.

(b): “building blocks” — the diagrams of the rings as functions of the altitude angle 6.

(c): the target diagram (blue) and the synthesized diagram (magenta).

p=0 p = 0.0001 p = 0.001 p=0.01

Figure 3.3: “Dream and reality,” nominal optimal design: samples of 100 actual diagrams (red)
for different uncertainty levels. Blue: the target diagram
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Dream Reality
p=0 p = 0.0001 p =0.001 p=0.01
value min mean max min mean max min mean max

| - ||co-distance
to target
energy
concentration

0.059 1.280 | 5.671 14.04 11.42 | 56.84 176.6 39.25 | 506.5 1484

85.1% 0.5% | 16.4% | 51.0% 0.1% | 16.5% | 48.3% 0.5% | 14.9% | 47.1%

Table 3.1: Quality of nominal antenna design: dream and reality. Data over 100 samples of
actuation errors per each uncertainty level p.

we may hope for is that the actual characteristics 2t will coincide with the desired values T

within a small margin p, say, p = 0.1% (this is a fairly high accuracy for a physical device):
2t = (14 &)a, €] < p=0.001.

It is natural to assume that the actuation errors {; are random with the mean value equal to 0;

it is perhaps not a great sin to assume that these errors are independent of each other. Note

that as it was already explained, the consequences of our actuation errors are as if there were

no actuation errors at all, but the coefficients D;(6;) of variables x; in (3.3.8) were subject to

perturbations D;(6;) — (1 +&;)D;(6;).

Since the actual weights differ from their desired values 27, the actual (random) diagram
of our array of antennae will differ from the “nominal” one we see on figure 3.2.c. How large
could be the difference? Looking at figure 3.3, we see that the difference can be dramatic. The
diagrams corresponding to p > 0 are not even the worst case: given p, we just have taken as
{¢; }jlgl 100 samples of 10 independent numbers distributed uniformly in [—p, p] and have plotted
the diagrams corresponding to z; = (1 + §j)a;;‘». Pay attention not only to the shape, but also
to the scale (table 3.1): the target diagram varies from 0 to 1, and the nominal diagram (the
one corresponding to the exact optimal z;) differs from the target by no more than by 0.0589
(this is the optimal value in the “nominal” problem (3.3.8)). The data in table 3.1 show that
when p = 0.001, the typical || - || distance between the actual diagram and the target one is
by 3 (!) orders of magnitude larger. Another meaningful way, also presented in table 3.1, to
understand what is the quality of our design is via energy concentration — the fraction of the total
emitted energy which “goes up,” that is, is emitted along the spatial angle of directions forming
angle at most 7/12 with the Z-axis. For the nominal design, the dream (i.e., with no actuation
errors) energy concentration is as high as 85% — quite respectable, given that the spatial angle
in question forms just 3.41% of the entire hemisphere. This high concentration, however, exists
only in our imagination, since actuation errors of magnitude p as low as 0.01% reduce the average
energy concentration (which, same as the diagram itself, now becomes random) to just 16%; the
lower 10% quantile of this random quantity is as small as 2.2% — 1.5 times less than the fraction
(3.4%) which the “going up” directions form among all directions. The bottom line is that “in
reality” our nominal optimal design is completely meaningless.

Motivating example II: NETLIB Case Study NETLIB includes about 100 not very large
LOs, mostly of real-world origin, used as the standard benchmark for LO solvers. In the study
to be described, we used this collection in order to understand how “stable” are the feasibility
properties of the standard — “nominal” — optimal solutions with respect to small uncertainty in
the data. To motivate the methodology of this “case study”, here is the constraint # 372 of the
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problem PILOT4 from NETLIB:

aTx = —15.79081x826 — 8.598819$827 — 1.88789I828 - 1.362417:6829 - 1.526049:6830
—0.031883x849 — 28.725555x850 — 10.792065x851 — 0.19004x852 — 2.7571762853
—12.290832x854 + 717.5622562855 — 0.0578652856 — 3.785417Txg57 — 78.30661 2358
—122.1630552859 — 6.466092560 — 0.48371zgg1 — 0.615264x862 — 1.353783x563 (©)
—84.644257.%‘864 — 122.4590451‘865 — 43-1559337866 - 1-71259237870 — 0.40159733871
+xg880 — 0.946049.13898 - 0.946049.13916

> b= 23.387405

The related nonzero coordinates in the optimal solution x* of the problem, as reported by CPLEX
(one of the best commercial LP solvers), are as follows:

Tho = 255.6112787181108  xy, = 6240.488912232100 2, = 3624.613324098961
Thog = 18.20205065283259 25,9 = 174397.0389573037  x3,, = 14250.00176680900
Ths, = 25910.00731692178  x3g, = 104958.3199274139

The indicated optimal solution makes (C) an equality within machine precision.

Observe that most of the coefficients in (C) are “ugly reals” like -15.79081 or -84.644257.
We have all reasons to believe that coefficients of this type characterize certain technological
devices/processes, and as such they could hardly be known to high accuracy. It is quite natural
to assume that the “ugly coefficients” are in fact uncertain — they coincide with the “true” values
of the corresponding data within accuracy of 3-4 digits, not more. The only exception is the
coefficient 1 of xggy — it perhaps reflects the structure of the underlying model and is therefore
exact — “certain”.

Assuming that the uncertain entries of a are, say, 0.1%-accurate approximations of unknown
entries of the “true” vector of coefficients a, we looked what would be the effect of this uncertainty
on the validity of the “true” constraint a’« > b at «*. Here is what we have found:

e The minimum (over all vectors of coefficients @ compatible with our “0.1%-uncertainty
hypothesis”) value of a’z* — b, is < —104.9; in other words, the violation of the constraint can
be as large as 450% of the right hand side!

e Treating the above worst-case violation as “too pessimistic” (why should the true values of
all uncertain coefficients differ from the values indicated in (C) in the “most dangerous” way?),
consider a more realistic measure of violation. Specifically, assume that the true values of the
uncertain coefficients in (C) are obtained from the “nominal values” (those shown in (C)) by
random perturbations a; — a; = (1 + §;)a; with independent and, say, uniformly distributed
on [—0.001,0.001] “relative perturbations” &;. What will be a “typical” relative violation

max[b — al z*, 0]

V:
b

x 100%

of the “true” (now random) constraint @’ x > b at 2*? The answer is nearly as bad as for the
worst scenario:

Prob{V > 0} | Prob{V > 150%} | Mean(V)
0.50 0.18 125%

Relative violation of constraint # 372 in PILOT4
(1,000-element sample of 0.1% perturbations of the uncertain data)

We see that quite small (just 0.1%) perturbations of “clearly uncertain” data coefficients can
make the “nominal” optimal solution x* heavily infeasible and thus — practically meaningless.
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A “case study” reported in [2] shows that the phenomenon we have just described is not an
exception — in 13 of 90 NETLIB Linear Programming problems considered in this study, already
0.01%-perturbations of “ugly” coefficients result in violations of some constraints as evaluated
at the nominal optimal solutions by more than 50%. In 6 of these 13 problems the magnitude
of constraint violations was over 100%, and in PILOT4 — “the champion” — it was as large as
210,000%, that is, 7 orders of magnitude larger than the relative perturbations in the data.

The conclusion is as follows:

In applications of LO, there exists a real need of a technique capable of detecting
cases when data uncertainty can heavily affect the quality of the nominal solution,
and in these cases to generate a ‘“reliable” solution, one that is immunized against
uncertainty.

Uncertain Linear Problems and their Robust Counterparts. We are about to intro-
duce the Robust Counterpart approach to uncertain LO problems aimed at coping with data
uncertainty.

Uncertain LO problem. We start with

Definition 3.3.1 An uncertain Linear Optimization problem is a collection

{HlBX {"z+d: Az < b}}(chb)eu (LOy)

of LO problems (instances) min{cT:c +d: Az < b} of common structure (i.e., with common
x
numbers m of constraints and n of variables) with the data varying in a given uncertainty set

Uc R(m+1)x(n+1)

We always assume that the uncertainty set is parameterized, in an affine fashion, by perturbation
vector ( varying in a given perturbation set Z:

' |d cho] L [CT de} }
U= = |2 £ (e ZC RV}, 3.3.9
{{Ab} [AobO +e§1<£ A | by ¢ ( )
—_——— —_———
nominal basic
data Dy shifts Dy

For example, when speaking about PILOT4, we, for the sake of simplicity, tacitly
assumed uncertainty only in the constraint matrix, specifically, as follows: every
coefficient a;; is allowed to vary, independently of all other coefficients, in the interval
a3 — pizlaiy], aiy+ pijlai;|], where aj; is the nominal value of the coefficient — the one
in the data file of the problem as presented in NETLIB, and p;; is the perturbation
level, which in our experiment was set to 0.001 for all “ugly” coefficients a;; and
was set to 0 for “nice” coefficients, like the coefficient 1 at xggg. Geometrically, the

corresponding perturbation set is just a box
(ezZ= {C = {CZJ = [_17 1]}i,j:a;]j is ugly}>
and the parameterization of the a;j-data by the perturbation vector is

B { aji(1+Gj),  aj; is ugly

a;; = ;
“ az;, otherwise
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Robust Counterpart of Uncertain LO. Note that a family of optimization problems like
(LOy), in contrast to a single optimization problem, is not associated by itself with the con-
cepts of feasible/optimal solution and optimal value. How to define these concepts depends on
the underlying “decision environment.” Here we focus on an environment with the following
characteristics:

A.1. All decision variables in (LOy) represent “here and now” decisions; they should
be assigned specific numerical values as a result of solving the problem before
the actual data “reveals itself.”

A.2. The decision maker is fully responsible for consequences of the decisions to be
made when, and only when, the actual data is within the prespecified uncer-
tainty set U given by (3.3.9).

A.3. The constraints in (LOy) are “hard” — we cannot tolerate violations of con-
straints, even small ones, when the data is in U.

Note that A.1 — A.3 are assumptions on our decision environment (in fact, the strongest ones
within the methodology we are presenting); while being meaningful, these assumptions in no
sense are automatically valid; In the mean time, we shall consider relaxed versions of these
assumptions and consequences of these relaxations.

Assumptions A.1 — A.3 determine, essentially in a unique fashion, what are the meaningful,
“Immunized against uncertainty,” feasible solutions to the uncertain problem (LOy). By A.1,
these should be fixed vectors; by A.2 and A.3, they should be robust feasible, that is, they
should satisfy all the constraints, whatever the realization of the data from the uncertainty set.
We have arrived at the following definition.

Definition 3.3.2 A vector x € R"™ is a robust feasible solution to (LOy), if it satisfies all
realizations of the constraints from the uncertainty set, that is,

Az <b V(e d,Ab) €U (3.3.10)

As for the objective value to be associated with a robust feasible) solution, assumptions A.1 —
A.3 do not prescribe it in a unique fashion. However, “the spirit” of these worst-case-oriented
assumptions leads naturally to the following definition:

Definition 3.3.3 Given a candidate solution x, the robust value c(x) of the objective in (LOy)
at x is the smallest value of the “true” objective ¢’ x + d over all realizations of the data from
the uncertainty set:
dz)= inf [cTz+d]. 3.3.11
( ) (c,d,A,b)EZ/{[ ] ( )
After we agree what are meaningful candidate solutions to the uncertain problem (LOy) and
how to quantify their quality, we can seek the best robust value of the objective among all robust
feasible solutions to the problem. This brings us to the central concept of the RO methodology,
Robust Counterpart of an uncertain optimization problem, which is defined as follows:

Definition 3.3.4 The Robust Counterpart of the uncertain LO problem (LOy) is the optimiza-
tion problem

max {E(x) = inf [Tz +4d]: Az <bV(c,d,ADb) € Ll} (3.3.12)
T (e,d,Ab)eUd
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of mazximizing the robust value of the objective over all robust feasible solutions to the uncertain
problem.

An optimal solution to the Robust Counterpart is called a robust optimal solution to (LOyy),
and the optimal value of the Robust Counterpart is called the robust optimal value of (LOy).

In a nutshell, the robust optimal solution is simply “the best uncertainty-immunized” solution
we can associate with our uncertain problem.

Tractability of the RC. In order for the outlined methodology to be a practical tool rather
than a wishful thinking, the RO of an uncertain LO problem should be efficiently solvable. We
believe (and this belief will be justified in the “algorithmic” part of our course) that LO programs
are efficiently solvable; but the RO of uncertain LO problem, as it appears in (3.3.12), is not an
LO program — when the uncertainty set I/ is infinite (which typically is the case), (3.3.12) is an
optimization program with infinitely many linear inequality constraints, parameterized by the
uncertain data! And programs of this type (the so called semi-infinite LO’s — not necessarily
are tractable...

The situation, however, is not that bad. We are about to demonstrate — and this is where
the equivalence (3.3.6) is instrumental — that the Robust Counterpart of an uncertain LO prob-
lem with a nonempty polyhedral uncertainty set U (given by its polyhedral representation) is
equivalent to an explicit LO program (and thus is computationally tractable).

The reasoning goes as follows. Introducing slack variable ¢, we can rewrite (3.3.12) as the
problem with “certain” linear objective and semi-infinite constraints:

max
y=[zst]

t—cle—d<0

To save notation, let n stand for the data (c,d, A,b) which we can treat as a vector of certain
dimension N (in this vector, the first n entries are those of ¢, the next entry is d, the next mn
entries are the coefficients of the constraint matrix, written, say, column by column, and the
last m entries are those of b). Note that (!) is of the generic form

max {h"y :Vn €U : p} [yln < qly], 1 <L < L} (1)
Yy

where L = m+ 1, and py[y], qe[y] are known affine vector- and real-valued functions of y. All we
need in order to convert (!!) into an ordinary LO, is to represent every one of the semi-infinite
constraints

pi [ < qily] Yn et (*¢)
with a finite system of linear inequalities on y and on appropriate slack variables. Now, for every
¢ and y fixed, (%¢) says that

sup p; [y]n < qulyl; (%)
neu

Recalling that U is polyhedral and we are given a polyhedral representation of this set, let it be
U={n:Fu:Pn+Qu+r <0},

the supremum in 7 in the left hand side of (x*) can be represented as the optimal value in an
LO program in variables 7, u, specifically, the program

Opt(y) = max {p{ [yln : Pn+ Qu <r}.
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This program is feasible (since U is nonempty), and we can invoke the equivalence (3.3.6) to
conclude that

Opt(y) < q(y) & Jw:w > 0,[P; QTw = [pe[y]; 05 ...; 0], 77w < goly]-

dim u

The bottom line is that y satisfies (x;) if and only if it can be extended, by a properly chosen
w = w', to a feasible solution to the system of linear inequalities

w' >0, PTw’ = ply], QTw’ = 0, rTw’ < q[y] (Se)

in variables y,w’ (to see that the inequalities indeed are linear, note that p,[y] and g¢[y] are
affine in y).

We are done: replacing every one of the L semi-infinite constraints in (!!) with the corre-
sponding systems (Sy), £ = 1, ..., L, we end up with an equivalent reformulation of (!!) as an LO
program in variables y, w',...,w”. Note that given a polyhedral representation of I, building
the resulting LO is a purely algorithmic and efficient process, and that the sizes of this LO are
polynomial in the sizes of the instances of the original uncertain LO problem and the sizes of

the polyhedral description of the uncertainty set.

How it works: Robust Antenna Design. In the situation of the Antenna Design
problem (3.3.8), the “physical” uncertainty comes from the actuation errors z; — (1 + &;)z;;
as we have already explained, these errors can be modeled equivalently by the perturbations
D;(6;) = D;j = (14+&;)D;(0;) in the coefficients of z;. Assuming that the errors ¢; are bounded
by a given uncertainty level p, and that this is the only a priori information on the actuation
errors, we end up with the uncertain LO problem

J=10
mind 7:—7 S Z Dijxj - D*(GZ) S T, 1 S ) S I =240 . |D1J - Dj(91)| S p|D](91)|
T, T

7j=1

The Robust Counterpart of the problem is the semi-infinite LO program

Gij (3.3.13)

min 7: —7 < ZDijﬂvj <11<i<IVD; e [Ql-j,

T, T

J

with G,; = G;(0;) — p|G;(60;)|, Gij = G;(60;) + p|Gj(6;)|. The generic form of this semi-infinite
LO is

myin {cTy: Ay <BY[A,D] : [A,b] < [A,b] < [4,0]} (3.3.14)

where < for matrices is understood entrywise and [4,b] < [A,b] are two given matrices. This
is a very special case of a polyhedral uncertainty set, so that our theory says that the RC is
equivalent to an explicit LO program. In fact we can point out (one of) LO reformulation of the
Robust Counterpart without reference to any theory: it is easy to see (check it!) that (3.3.14)
is equivalent to the LO program

min{cTy:Az—kZ(y—l—z) §Q,220,y+z20}. (3.3.15)
y72:
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T 0w w I R R T Y ) 0 2 @ 0 & 1 0 %

p=0.01 p=0.05 p=0.1

Figure 3.4: “Dream and reality,” robust optimal design: samples of 100 actual diagrams (red)
for different uncertainty levels. Blue: the target diagram.

Reality
p=0.01 p=0.05 p=0.1

min mean max min mean max min mean max

I lloo-distance 0.075 | 0.078 | 0.081 || 0.077 | 0.088 | 0.114 || 0.082 | 0.113 | 0.216
to target
energy

. 70.3% | 72.3% | 73.8% 63.6% | 71.6%6 | 79.3% 52.2% | 70.8% | 87.5%
concentration

Table 3.2: Quality of robust antenna design. Data over 100 samples of actuation errors per each
uncertainty level p.

For comparison: for nominal design, with the uncertainty level as small as p = 0.001, the
average || - ||co-distance of the actual diagram to target is as large as 56.8, and the expected
energy concentration is as low as 16.5%.

Solving (3.3.13) for the uncertainty level p = 0.01, we end up with the robust optimal value
0.0815, which, while being by 39% worse than the nominal optimal value 0.0589 (the latter, as
we have seen, exists only in our imagination and says nothing about the actual performance of
the nominal optimal design), still is reasonably small. Note that the robust optimal value, in
sharp contrast with the nominally optimal one, does say something meaningful about the actual
performance of the underlying robust design. In our experiments, we have tested the robust
optimal design associated with the uncertainty level p = 0.01 versus actuation errors of this
and larger magnitudes. The results are presented on figure 3.4 and in table 3.2. Comparing
these figure and table with their “nominal design” counterparts, we see that the robust design
is incomparably better than the nominal one.

NETLIB Case Study The corresponding uncertainty model (“ugly coefficients a;; in the
constraint matrix independently of each other run through the segments [a}; — plaj;|, a}; + plaj; |,
p > 0 being the uncertainty level) clearly yields the RCs of the generic form (3.3.14). As
explained above, these RCs can be straightforwardly converted to explicit LO programs which

are of nearly the same sizes and sparsity as the instances of the uncertain LOs in question. It



3.3. IMMEDIATE APPLICATIONS OF DUALITY 139

turns out that at the uncertainty level 0.1% (p = 0.001), all these RCs are feasible, that is, we
can immunize the solutions against this uncertainty. Surprisingly, this immunization is “nearly
costless” — the robust optimal values of all 90 NETLIB LOs considered in [2] remain within 1%
margin of the nominal optimal values. For further details, including what happens at larger
uncertainty levels, see [2].

3.3.4 Extending Calculus of Polyhedral Representability: Majorization

Preliminaries

We start with introducing two useful functions on R". Given an integer k, 1 < k < n, let us set
sk(x) = sum of the k largest entries in x

and
||z||x,1 = sum of the k largest magnitudes of entries in x

(we already met with the latter function, see p. 19). For example,
s2([3;1;2]) =3+2=05, 52([3,3,1]) =34+3=6, ||[, -1, =T][21 =7+ 5 = 12.

We intend to demonstrate that these functions are polyhedrally representable, and to build their
p.r.’s.

Function si(-). Let Sy be the set of all Boolean vectors (i.e., those with coordinates 0 and 1)
in R™ which have exactly k£ coordinates equal to 1. We clearly have

T
= ma ) *
sk(x) yes}:y x ()

Now, by the result stated in Exercise 2.5, Sy is exactly the set of vertices of the polyhedral set

Y={yeR":0<y, <1L,1<i<n Y y=kk

)

since X is bounded and thus is the convex hull of its vertices, () says that si(z) is the support
function of Y:

sk(aj):max{xTy:Ogyi§1,1§i§n,2yi:kz},
y ,

(2

so that a polyhedral representation of si(-) is readily given by the results of section 3.3.3.
Applying (3.3.6) and denoting A~, A", i the (vectors of) Lagrange multipliers associated with
the constraints y > 0, y < [1;...;1] and ), y; = k, respectively, we get

{[z;7] 7 > sp(@)} = {lws7): 3 <ONT>0,0) : AT+ AT plls 51 =2, > A +hp >},
which clearly simplifies to

{[57] : 7 = sp(@)} = {3 7] I s S XNt 1< i <mym > ) Ak, A > 0Vi}). (3.3.16)

=1
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We have built a p.r. for si(-).

Remark: since the functions si(z) are p.r.f., so are the functions s,_p(z) — > 1" | z;, meaning
that the sum sy (z) of k smallest entries of x € R" is a concave polyhedrally representable func-
tion of z (indeed, s;(x) = Y1 | 2; — Sp—k(2)). What is important in these convexisty/concavity
results, is that we speak about sums of k largest/smallest entries in 2, not about the k-th largest
(or k-th smallest) entry in z. One can demonstrate by examples that the k-th largest entry z*(x)
of a vector z € R™ is neither concave, nor convex function of z, unless k = 1 (z!(z) = s1(z) is
convex) or k =n (z"(z) = s;(x) is concave).

Function ||z|[; ;1. Denoting |z| = [|z1];...;|zn|], we clearly have ||z||x1 = sk(|z|), which com-
bines with (3.3.16) to imply that

{sr] o7 > lzllea} = {lzs7] : I pe 2 < N+ p, 1 <i<n,7 > Z)\i + kp, i > 0Vi}.
i=1
(3.3.17)
which is a p.r. for ||z||g1.

Majorization

Postponing for a moment functions s(+), let us look at something seemingly completely different
— at the set II,, of double stochastic n xn matrices (see p. 78). Recall that this is the polyhedral
set in the space R"*" = R" of n x n matrices P given by the constraints
I, ={Pe€R™™: P; >0Vi,j,y P;=1Vj, ) P;=1Vi}.
i J

Birkhoff’s Theorem (Theorem 2.3.1) states that the vertices of II,, are exactly the permutation
n X n matrices. Since II, clearly is bounded, it is the convex hull of the set of its vertices, and
we arrive at the following useful result:

Annxn matrix is double stochastic iff it is a convex combination of nxn permutation
matrices.

We now make the following

Observation 3.3.1 Let f be a conver and symmetric function on R™, the symmetry meaning
that whenever ' is obtained from xz by permuting the entries, one has f(x') = f(x). Then for
every x and every double stochastic matrix P one has

f(Pz) < f(x). (3.3.18)

Verification is immediate: if P is double stochastic, then P =", \iP?, where P are permutation
matrices and \; are nonnegative weights summing up to 1. It follows that

f(Px) = fQ_NiP'e) < 3 Nf(Pla) = Y hif (w) = f(a),
% (a) % (b) %

where (a) is given by Jensen’s inequality and (b) is due to the symmetry of f. O

Observation 3.3.1 is the source of numerous useful inequalities. For starters, here is the
derivation of the famous inequality between the arithmetic and the geometric means:
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For nonnegative reals x1, ..., T, it always holds

1+ ... +2n
n

> (:clxg...xn)l/”.

Indeed, it is not difficult to prove that the function g(z) = (a;l...:cn)l/ ™ is concave in the nonneg-

ative orthant, and of course it is symmetric. Given an x > 0, specifying P as the n x n matrix
with all entries equal to 1/n (this clearly is a double stochastic matrix) and applying (3.3.18)
to x, P and the convex symmetric function f = —g, we get

9(Pz) > g(z);

but g(Px) clearly is the arithmetic mean of z1, ..., z,, and we are done.
We can get in the same fashion the inequality between the arithmetic and the harmonic
means:

For positive reals 1, ..., x, it always holds

n 1+ ... + T,
To1,. s L=ST 4
et

Indeed, it is easy to see that the function f(z) = i + ...+ ﬁ, regarded as a function of a
positive vector z (i.e., extended by the value +o0o outside the set of positive vectors), is convex
(and of course symmetric). Given x > 0 and using the same P as above, we get from (3.3.18)
as applied to x, P, f that
n? 1 1

——— < —+ ...+ —,

1+ ...+, T T
which is nothing but ().

In fact both these inequalities can be easily obtained directly from the Jensen inequality and

do not need “a cannon” like Birkhoff’s Theorem® This is not so in our next example:

(!) Let S™ be the space of symmetric n X n matrices; for a matrix X € S", let
A(X) € R"™ be the vector of eigenvalues \i(X) of X (taken with their multiplicities
in the non-ascending order). For every convex and symmetric function f on R™, the
function F(X) = f(A(X)) on S™ is convex.

To justify this claim it suffices to verify the following, important by its own right, relation:

F(X) = Sup f(diag(UXUT)), ()

where O, is the set of all orthogonal n x n matrices, and diag(Y") is the vector comprised
of the diagonal entries of a matrix Y. Indeed, taking (!!) for granted, we observe that
f(diag(UXUT)) is convex along with f (calculus of convex functions, rule on affine substi-
tution of argument). It remains to recall that the supremum of a whatever family of convex
functions is convex as well.

To prove (1), note that by the eigenvalue decomposition, a symmetric matrix X can be
represented as X = VAVT, where V is orthogonal and A is the diagonal matrix with the
eigenvalues of X on the diagonal. Denoting temporary the right hand side in (!!) by G(X),

®Indeed, when proving the arithmetic-geometric means inequality, we lose nothing by assuming that > 0
and Y, x; = n. Applying Jensen’s inequality to the (clearly convex) function —In(s) on the positive ray, we get
0= —In(&tutin) < Ll In(zy) — ... —In(zn)] = — In([z1...2¢,]*/™), which is the same as the inequality we need.
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we clearly have G(X) > F(X) = f(\(X)) (take U = V7). To prove the opposite inequality,
note that when U is orthogonal, we have UXUT = U(VAVT)UT = WAWT  where W = UV
is orthogonal along with U, V. It follows that

(UXU")y = Z WijAje W = Z W2 (X).
3,0 j=1

Since W is orthogonal, the matrix P = [ijhgi,jgn is double stochastic. We see that

the diagonal of UXU" is the product of a double stochastic matrix and the vector of

eigenvalues of X, whence, by (3.3.18), f(diag(UXUT)) < f(A(X)) (recall that f is sym-

metric and convex). The latter inequality holds true for every orthogonal U, whence

G(X) = supyeo, f(diagUXUT)) < FA(X)) = F(x). :

The results above imply numerous useful and by far non-evident at the first glance facts, like

e The sum of k < n largest eigenvalues of a symmetric n X n matrix X is a convex function
of X, and its value at X is > the sum of the k largest diagonal entries in X (use (!) — (!)
with f = sg). Similar result holds for the sums of k largest magnitudes of eigenvalues and
k largest magnitudes of the diagonal entries of X;

e The functions Det '/"(X) and In(Det (X)), regarded as functions of positive semidefinite
(all eigenvalues are nonnegative, or, equivalently, ¢¥ X¢ > 0 for all &) symmetric n x n
matrix X are concave, and Det (X) is < the product of the diagonal entries of X (use (!)
— (1) with the functions f(s) = (s1...5,)/" and f(s) = >, Ins;, s > 0);

e The function Det ~}(X), regarded as a function of positive definite (all eigenvalues positive)
symmetric matrix X is convex,

to name just a few.

Majorization Principle
Observation 3.3.1 attracts our attention to the following question:

Given x,y € R", when y can be represented as Px with a double stochastic matrix
pP?

The answer is given by

Theorem 3.3.1 [Majorization Principle] A vector y € R™ is the image of a vector x € R"
under multiplication by a double stochastic matriz iff

sp(y) < sp(x), 1 <k <n & su(y) = sp(z). (3.3.19)

Proof. Necessity: let y = Px for a double stochastic P. Then si(y) < si(z), 1 < k < n, by
Observation 3.3.1, since sg(-) is convex (we have seen it) and clearly is symmetric. And of course
multiplication by a double stochastic matrix preserves the sum of entries in a vector:

Z(Px)l =[1;..; 1) Pe = (PT[1; ;1) e = (1551 6

%

to understand the equalities, note that if P is double stochastic, then so is PT, and the product of a double
stochastic matrix by the all-1 vector is this very vector.



3.3. IMMEDIATE APPLICATIONS OF DUALITY 143

so that s, (Pzx) = s,(x).

Sufficiency: Assume that (3.3.19) holds true, and let us prove that y = Px for some double
stochastic matrix P. Both the existence of the representation in question and the validity of
(3.3.19) are preserved when we permute entries in x and permute, perhaps differently, entries in
y. Thus, in addition to (3.3.19), we can assume w.l.o.g. that

TL 222 2Ty Y12 Y2 2 e 2 Yne

Now suppose that the representation we are looking for does not exist: y ¢ X = {Px: P € I1,,},
and let us lead this assumption to a contradiction. Since II,, is polyhedral, so is X (as the image
of II,, under the linear mapping P +— Px). Since y ¢ X and X is polyhedral, there exists a
nonstrict linear inequality which is valid on X and is violated at y, or, equivalently, there exists
& € R™ such that

My > max ¢, ("
r'eX

Now, if & < &; for 4, j such that ¢ < j, then, permuting i-th and j-th entry in &, the right hand
side in (!) remains intact (since X clearly is closed w.r.t. permutations of entries in a vector),
and the left hand side does not decrease (check it, keeping in mind that & < &; and y; > y; due
to i < j). It follows that arranging the entries in £ in the non-ascending order, we keep intact
the right hand side in (!) and can only increase the left hand side, that is, (!) remains valid.
The bottom line is that we can assume that & > & > ... > &,. Now comes the punch line: since
y; are in the non-ascending order, we have sx(y) = y1 + ... + yx, whence

Uk = sk(y) —sk—1(y), 2 <k <mn,
so that

y = &si(y) + &lsa(y) — s1(y)] + &ls3(y) — s20)] + - + Enlsn(y) — sn1(y)]
(€1 — &)s1(y) + [&2 — &3)s2(y) + o + [En—1 — &n)Sn—1(y) + Ensn(y)

(What we have used is the identity 327", aib; = S0 ai — i1 Z§:1 bj + an Y i_; bj; this
discrete analogy of integration by parts is called Abel transformation). Similarly, si(xz) =
r1 + ... + 2, whence

e =6 — &)s1(x) + (&2 — &3]52(x) + oo + [Enm1 — Enlsn—1(2) + Ensn(a).

Comparing the resulting expressions for ¢7'y and ¢7x and taking into account that &, — &1 > 0,
se(y) < sp(x) and s, (y) = s,(x), we conclude that ¢7y < ¢z, Since x € X, the latter inequality
contradicts (!). We have arrived at a desired contradiction. 0
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Lecture 4

Simplex Method

In this lecture, we focus of historically the first algorithm for solving LO programs — the famous
Simplex method invented by George Dantzig in late 1940’s. The importance of this invention
can hardly be overestimated: the algorithm turned out to be extremely successful in actual
computations and for over than 4 decades was the working horse of LO. Today we have in our
disposal also other, theoretically more advantageous (as well as better suited for many practical
applications) LO algorithms; nevertheless, the Simplex method still remains indispensable in
numerous applications.

As nearly all computational methods, the Simplex method is not a single well-defined al-

gorithm; it is rather a common name for a family of algorithms of common structure. In our
course, we will focus on the most basic members of this family — the Primal and the Dual
Simplex methods. These methods heavily exploit the specific geometry of LO. The informal
“high level” description of the Simplex method is quite transparent and natural. Assume that
the feasible set of an LO program is nonempty and does not contain lines. From the theory
developed in lecture 2 it then follows that if the program is feasible, its optimal solution, if any,
can be found among the finitely many candidates — the vertices of the feasible set. The Simplex
method moves along the vertices according to the following scheme (see figure 4.1):
e staying at a current vertex v, the method checks whether there is an edge — a one-dimensional
face of the feasible set — which contains v and is an improving one, that is, moving from v along
this edge, the objective improves (increases when speaking of a maximization problem and de-
creases when the problem is a minimization one). There are three possibilities:

e an improving edge does not exist. It can be proved that in this case the vertex is the
optimal solution;

e there exists an improving edge, which, geometrically, is a ray, that is, moving from v along
this edge, we never leave the feasible set. In this case the problem clearly is unbounded;

e there exists an improving edge which is a nontrivial segment and thus has two vertices
which, being vertices of a face of the feasible set, are vertices of this set itself (Proposition
2.3.3). One of these vertices is v; denoting the other vertex by v and taking into account
that the edge is an improving one, the value of the objective at v™ is better than its value
at v. The Simplex method moves from v to v™, and proceeds from this point as from v.

Since there are only finitely many vertices and the method before termination strictly improves
the objective and thus cannot visit the same vertex twice, it in finitely many steps either finds

145
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Figure 4.1: Geometry of Simplex Method. The objective to be maximized is the ordinate
(“height”). Left: method starts from vertex S and ascends to vertex F where an improving ray
is discovered, meaning that the problem is unbounded. Right: method starts from vertex S and
ascends to the optimal vertex F.

an improving ray and terminates with the (correct) claim that the program is unbounded, or
arrives at a vertex which does not admit an improving edge and thus is optimal. The essence of
the matter is in the fact that there are relatively simple, quite transparent and fully algorithmic
algebraic tools which, modulo “degenerate cases” (which need a special treatment and never
occur when the problem is “in general position”), make it easy to implement the above strategy,
that is, to find, given a vertex, an improving edge, or to detect correctly that no one exists.

Note that the outlined “finiteness” of the Simplex method by itself does not promise much
— if finiteness were the only goal, why not to use the Fourier-Motzkin elimination scheme (see
p. 26)? The only upper bound on the number of steps of the Simplex method (i.e., the number
of vertices visited before termination) given by the proof of method’s finiteness is that the total
number of steps is bounded by the total number of vertices, and the latter can be astronomically
large: the polytope as simple as the n-dimensional box has 2™ vertices! It is a kind of miracle
(which, in our opinion, still does not have a good explanation) that “in reality” the method visits
a negligible part of all vertices (empirically speaking, just a moderate multiple of the number
of equality constraints in the standard form of the program) and is a surprisingly successful
algorithm capable to solve routinely in reasonable time “real world” LO programs with tens and
hundreds of thousands of variables and constraints.

4.1 Simplex Method: Preliminaries

Primal and Dual Simplex methods (PSM and DSM for short) are directly applicable to an LO
program in the standard form

Opt(P) = max {T"z:zeX={z:Az=0b2>0}}, A=[a];..;al); (4.1.1)
reR"

g eeey Wy
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as we remember from lecture 1, every LO program can be straightforwardly converted to this
form.

Assumption. From now on, we make the following

Assumption: The system of linear constraints Ax = b in (4.1.1) is feasible, and the
equations in this system are linearly independent, so that the rank of A is equal to
the number m of rows in A.

Note that to check the solvability of a system of linear equations Az = b is a simple Linear
Algebra task; if the system is not feasible, so is the LO program (4.1.1), and its processing is
therefore complete. If the system Ax = b is solvable, then the solution set remains intact when
we eliminate from the system, one at a time, equations which are linear combinations of the
remaining equations until a system with linearly independent equations is built; this reduction of
redundant linear equations again is a simple Linear Algebra task. We see that our Assumption
(which by default acts everywhere in the sequel) in fact does not restrict generality.

4.2 Geometry of an LO Program in the Standard Form

Our next step is to understand how our results on the geometry of a general type LO program
should be specialized when the program is in the standard form. We start with building up the
problem dual to (4.1.1).

4.2.1 The Dual of an LO Program in the Standard Form

The dual to (4.1.1) reads
Opt(D) = min {b"A:e—ATX <0} (4.2.1)

The optimality conditions read (see Proposition 3.3.1):

Proposition 4.2.1 A feasible solutions x to (4.1.1) is optimal iff there exists vector of Lagrange
multipliers A € R™ such that ¢ — ATX <0 and

zj(c—ATN); =0,1<j<n [complementary slackness|

If X\ satisfies these requirements w.r.t. some feasible solution x to (4.1.1), then X is an optimal
solution to the dual problem (4.2.1).

Note that when replacing the original objective ¢’z in (4.1.1) with [c — ATA]Tz, on the feasible
set of the program the objective is changed by a constant (specifically, by —A”b), and the primal
problem remains intact. In LO terminology, such an equivalent modification ¢ — ¢ — AT\ of the
primal objective is called passing to reduced costs." Proposition 4.2.1 says that a primal feasible
solution z is optimal iff there exist reduced costs ¢ — AT\ which “make optimality evident” — all
the reduced costs are nonpositive and complementary slackness w.r.t. x takes place, so that the
new objective is nonpositive everywhere on the nonnegative orthant, while being zero at x due
to the complementary slackness; thus, £ maximizes the new objective on the entire nonnegative
orthant, not speaking about maximizing the new (and thus the old) objective on the primal
feasible set.

!This terminology fits a minimization LO in the standard form, where ¢; can be interpreted as costs. In our
maximization setting of the primal problem, the name “reduced profits” would be more to the point, but we
prefer to stick to the standard terminology.
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4.2.2 Basic and Basic Feasible Solutions

Now it is time to investigate the vertices of the primal feasible set X = {€ R" : = > 0: Az = b}
and the dual feasible set A = {\ € R™ : ¢ — AT\ < 0}. Note X does not contain lines (as a part
of the nonnegative orthant R} which does not contain lines), and A does not contain lines due
to the fact that A is of rank m, that is, AT has trivial kernel.

We call a collection I = {iy, ..., iy, } of m distinct indices from the index set {1,...,n} a basis
of (4.1.1), if the corresponding columns A;, , ..., 4;  of A are linearly independent (and thus form
a linear basis in the space R™ to which they belong). Since A is of rank m, bases do exist. If I is
a basis, we can partition every vector € R" into its m-dimensional basic part x; comprised of
entries with indices from I and its non-basic part 7 comprised of all remaining entries; we shall
denote this partition as = (x7,27). We can similarly partition the matrix A: A = (A4, A7),
where Aj is the m x m matrix comprised of the columns of A with indices from I, and A7 is
comprised of all remaining columns of A. With these partitions, A; is an m X n nonsingular
matrix, and the system of linear constraints in (4.1.1) can be written down as

A[l‘] + AT:ET =b
4.2.2
& T+ [A[]ilAT.%T = [A]]ilb. ( )
We can now satisfy the primal equality constraints by setting 7 = 0 and x; = [A7]7'b, thus
arriving at a basic primal solution

ol = (7 = [Af)7'b, 27 = 0)

associated with basis I; this solution satisfies the primal equality constraints, but not necessarily
is feasible for the primal problem; it is primal feasible iff z; > 0.

Similarly, given a basis I, we can try to find a dual solution A which makes the dual inequality
constraints with indices from I active, that is, is such that

(ATXN—¢); =0,i €1

The matrix of coefficients in this system of m linear equations in m variables X is AT, so that
the system has a unique solution

/\I = [A[]iTC[; [B_T = [B_I]T]

M is called the basic dual solution associated with the basis I. This solution is not necessarily
feasible for the dual problem; it is feasible iff the corresponding vector of reduced costs is
nonpositive:

c— AT[A;] Ter <0,

Note that by construction all basic components in this vector are zeros.
The role of bases in our context stems from the following simple

Proposition 4.2.2 (i) Let v be a feasible solution to the primal program (4.1.1). v is a vertex
of the primal feasible set X iff v = x! for some basis I.
Equivalently: vertices of X are exactly the feasible primal basic solutions.

(ii) Let X\ be a feasible solution to the dual program (4.2.1). X is a vertex of the dual feasible
set A iff X = A for some basis I.

Equivalently: vertices of A are exactly the feasible dual basic solutions.



4.2. GEOMETRY OF AN LO PROGRAM IN THE STANDARD FORM 149

Proof is immediate. (i): By algebraic characterization of vertices (Proposition 2.3.2), a point v
from a polyhedral set X C R™ is a vertex iff among the equality /inequality constraints defining
the set and active at v (i.e., satisfied at v as equalities) there are n linearly independent (i.e.,
with linearly independent vectors of coefficients). In our case this reads as follows: a primal
feasible solution v is a vertex of X iff adding to the constraints Ax = b all inequality constraints
xj > 0 which are active at v (i.e., v; = 0), we get a system of linear equations which contains
n linearly independent equations. Now let v be a vertex, let J = {j : v; = 0}, and let n — k be
the cardinality of J. Augmenting A by n — k rows 6’{, j € J, we should get a matrix of rank n
which looks as follows (w.l.o.g, we have assumed that J = {k+ 1,k +2,...,n}):

A17 A27 ) Ak ‘ Ak‘+17 Y ATL
‘ Infk (*)

(blank spaces are filled with zeros, I,,_j is the unit (n — k) x (n — k) matrix). Since the matrix
has n columns and is of rank n, the columns should be linearly independent, which is possible
iff the columns of A with indices not in J (the columns Aj, ..., Ay in our illustration) are linearly
independent. In other words, the k& columns of A with indices corresponding to the nonzero
entries of v are linearly independent. Since the columns of A are of the dimension m, we
conclude that k£ < m; and since Rank(A) = m, we can augment the k columns we have found
with m — k other columns of A to get a collection of m linearly independent columns. Denoting
by I the set of indices of these m columns, we get a basis of our program, and by construction
vy = 0. Since Av = b, we conclude that v; = [A;]7'b, that is, v = x!. We have proved part (i)
of Proposition in the “only if” direction. The proof in the “if” direction is even easier: if v is
primal feasible and v = ! for certain basis I, then the system of primal constraints Az = b,
z; =0,7 € I which are active at v is comprised of n linearly independent equations (check it
by assuming that I = {1,...,m} and by looking at the analogy of (x)), and thus v is a vertex of
the primal feasible set X by the algebraic characterization of vertices.

(ii): The proof is completely similar to the one of part (i). Assume that X is a vertex of
A. By algebraic characterization of vertices, among the inequalities [AT\ — ¢]; <0, 1 < i < n,
which are satisfied at \ as equalities, there are m = dim A with linearly independent vectors of
coefficients, let their indices be i1, ..., 4y,. In other words, the columns A4;,, ..., 4;, of A (which
are nothing but the vectors of coefficients in question) are linearly independent and Ag;jx = ¢y,
¢=1,..,m. We see that I = {i1, ..., iy, } is a basis and X = M. Vice versa, if I is a basis and A
is dual feasible, then A is a feasible dual solution which makes equalities m linearly independent
constraints defining A, specifically, the constraints c¢; — A;fp)\ < 0 with indices j € I. Applying
algebraic characterization of vertices, we see that A\ is a vertex of A. O

Some remarks are in order.

A. Proposition 4.2.2 suggests the following conceptual scheme for enumerating the vertices
of the feasible set X of the program (4.1.1): we look one by one at all m-element subsets I of the
index set {1, ..., N} and skip those which are not bases. When I is a basis, we find the (unique)
solution to the system Az = b with the zero non-basic part (“primal basic solution” in the LO
terminology), that is, the solution #! = (z; = [A;]7'b,27 = 0). If 27 is nonnegative, we get
a vertex of the primal feasible set (“primal basic feasible solution” in the LO terminology). In
this fashion, we get all the vertices of X, if any. Similar process can be used to enumerate the
vertices of the dual feasible set; now these are exactly the dual basic solutions A’ which happen

to be dual feasible.
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B. Pay attention to the fact that while every vertex v of X is a primal basic feasible solution,
the corresponding basis not always is uniquely defined by the vertex. This basis definitely is
unique, if the vertex is nondegenerate, that is, possesses exactly m nonzero (and thus positive)
entries. In this case the basis which makes the vertex a primal basic feasible solution is comprised
of indices of the m nonzero entries in the vertex. A degenerate — with less than m positive entries
— vertex v can be defined by many different bases. To give an extreme example, consider the
case of b = 0. In this case, X is a pointed cone and as such has exactly one vertex — the origin;
but when b = 0, the origin is the primal basic feasible solution for every basis of the program,
and there could be astronomically many of them.

Similarly, every vertex of the dual feasible set is a dual basic feasible solution, but a particular
vertex A of A can be associated with more than one basis. It may happen only when the vertex
A is degenerate, meaning that the number of zero entries in the corresponding vector of reduced
costs ¢ — AT X is > m. If the vertex is nondegenerate — there are exactly m zero entries in the
associated with A vector of reduced costs — there exists exactly one basis I such that A = A,
namely, the basis comprised of indices of the m zero entries in ¢ — AT\,

Potential degeneracy (presence of degenerate vertices) of a LO program needs a special (as
we shall see, not too difficult) treatment. Speaking about “general” LO programs of given sizes
m,n, degeneracy (presence of at least one degenerate primal and/or dual basic feasible solution)
is a “rare phenomenon” — the data of degenerate programs form a set of Lebesque measure zero
in the space R™T" T of data of all programs of these sizes. In “general position,” an LO
program is nondegenerate, and every subset I of the index set {1,...,n} is a basis. Nevertheless,
there are important special classes of LOs where a significant part of the data are “hard zeros”
(coming from problem’s structure), and in these cases degeneracy can be typical.

C. An important point is that given a primal basic feasible solution z!, we can try to certify
its optimality by building dual basic solution A\’ associated with the same basis. Observing that
by construction ! and A satisfy the complementary slackness condition xf [c — AT\ j = 0 for
all 7 (indeed, by construction the first factor can be nonzero only for j € I, and the second —
only for j & I), we see that if A happens to be dual feasible, ' and \' are optimal solutions
to the respective problems. By exactly the same token, given a dual basic feasible solution A,
we can try to certify its dual optimality by building the primal basic solution z!; if it happens
to be primal feasible, ! and A again are optimal solutions to the respective problems.

D. The strategy implemented in Simplex method follows the recommendations of the previ-
ous item. Specifically,

e the Primal Simplex method generates subsequent primal basic feasible solutions, improv-
ing at every step (strictly, if the current solution is nondegenerate) the primal objective, and
augments this process by building associated dual basic solutions until either unboundedness of
the primal problem is detected, or a feasible dual basic solution is met, thus certifying optimality
of the current primal and dual basic feasible solutions;

e the Dual Simplex method generates subsequent dual basic feasible solutions, improving at
every step (strictly, if the current solution is nondegenerate) the dual objective, and augments
this process by building associated primal basic solutions until either unboundedness of the dual
problem is detected, or a feasible primal basic solution is met, thus certifying optimality of the
current primal and dual basic feasible solutions.

In both cases, the finiteness of the method in the nondegenerate case follows from the fact
that the corresponding objective strictly improves from step to step, which makes it impossible
to visit twice the same primal (in the Primal Simplex Method) or dual (in the Dual Simplex
Method) vertex; since the number of vertices is finite, the method must terminate after finitely
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many steps.
E. Finally, we make the following observation closely related to detecting unboundedness:

Observation 4.2.1 Let I be a basis.

(i) Assume that 3 ¢ I and w € R™ is a nonzero vector such that w > 0, w; = 0 when
JE€TU{y} and Aw =0. Then w is the direction of an extreme ray of the recessive cone of the
primal feasible domain X = {x € R" :> 0, Az = b} of (4.1.1).

(ii) Assume that p € R™ is a nonzero vector such that ATy >0 and (ATp); =0 for all but
one indices j € I. Then p is the direction of an extreme ray of the recessive cone of the dual

feasible domain A = {\ € R™ :c— AT\ <0} of (4.1.1).

Indeed, the recessive cone of X is Rec(X) = {x € R" : z > 0, Az = 0}. w clearly belongs to this
cone and makes equalities n — 1 of the homogeneous constraints defining Rec(X), specifically, m
constraints al x = 0,7 = 1,...,m and n —m — 1 constraints e]Tx =0, 5 ¢ IU{y}. Since the rows
of As are linearly independent, the n — 1 vectors ar, ..., am, {€;} j¢ruq,y are linearly independent,
and (i) follows from Proposition 2.3.9.(i).

Similarly, the recessive cone of A is Rec(\) = {\ € R™ : ATX\ > 0}; u clearly belongs to
this cone and makes equalities m — 1 among the m homogeneous linear equations A;‘-F/\ > 0,
j € I, participating in the description of the cone. Since the vectors A;, j € I, are linearly
independent, (ii) follows from Proposition 2.3.9.(i). O

4.3 Simplex Method

4.3.1 Primal Simplex Method

We are ready to present the PSM. In what follows, italized paragraphs constitute the description
of the method, while the usual text between these paragraphs contains explanations.

In the description to follow, we assume that the program (4.1.1) is feasible and, moreover,
we have in our disposal a starting point which is a basis associated with a primal basic feasible
solution to the program.

At step t, the current basic feasible solution x
basis are updated according to the following rules.

I associated with the current basis I and this

A. We compute the vector ¢! = c—ATN A = [A;]7Tc;, of the reduced costs associated with
the basis I. If ¢! is nonpositive, we terminate with the claim that ! is an optimal solution
to the primal program, and \' is the optimal solution to the dual program, otherwise we
pass to item B.

B. We pick an index j — a pivot — such that the reduced cost CJI- is positive (such an index
does exist, otherwise we were not invoking B; the index does not belong to I, since by
construction the basic reduced costs ¢/ (those with i € I) are zeros). We then try to
increase the variable x; (which was zero in the solution x!), allowing for updating the
basic entries x;, i € I, in a feasible solution, and keeping the entries with indices outside
of T U{j} zeros. Specifically, let z(t), t > 0, be given by

0, i ¢ ITU{j}
w(t) =14 t, i=j (4.3.1)
.%'2[ — t([A]]ilAj)i, 1el
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Comment: the origin of (4.3.1) is as follows. x(¢) is the feasible solution of the system
Az = b such that x;(t) =t and z;(t) = 0 when ¢ ¢ I U {j}. As is seen from the second
relation in (4.2.2), the basic entries z;(t), ¢ € I, in z(¢) should be exactly as stated in
(4.3.1). Note that while z(t) satisfies the constraints Az = b for all ¢ > 0, the feasibility
of z(t) for the program (which amounts to nonnegativity of all entries in x(¢)) depends on
what happens with the basic entries z;(t). For every i € I, there are just two possibilities:

— (A): the associated quantity ([A7]7'A;); is nonpositive. In this case, the variable
x;(t) is nonnegative for every t > 0.

— (B): the associated quantity ([A7]~1A4;); is positive, in which case z;(t) is nonnegative
iff t < t; := [2]] [([AI]_IAj)i]_I and becomes negative when ¢t > ¢;. Note that t; is
nonnegative since xZI is so.

We check whether (A) takes place for all basic indices i (i.e., indices from the current basis
I). If it is the case, we terminate and claim that the program is unbounded. If there
are basic indices for which (B) takes place, we define t* as the minimum, over these basic
indices, of the corresponding t;’s, and set i, equal to the basic index corresponding to this
minimum:

te = miin {ti = [:CZI] [([A[]ilAj)i]_l : ([Aj]ilAj)i > 0}, Ty - ([A[]ilAj)Z‘ >0&t, =1t

We specify our new basis as I = [I\{ix}] U{j} (in the LO terminology: the variable z;
enters the basis, the variable z;, leaves it), our new basic feasible solution as oI = x(ts)

and pass to the next step of the method.

Several justifications and comments are in order.

According to the above description, a step of the PSM can lead to three outcomes as

follows:

1. termination with the claim that the current primal basic feasible solution x

I is optimal;

this happens when all the reduced costs ciI are nonpositive.
In this situation, the claim is correct due to the discussion in item C of section 4.2.2, see
p- 150.

. termination with the claim that the problem is unbounded; this happens when for all basic

indices, (A) is the case.

In the situation in question, the claim is correct. Indeed, in this situation z(t) is feasible
for the primal program for all ¢ > 0. As we remember, replacing the original objective ¢z
with the objective [¢/]” reduces to adding a constant to the restriction of the objective
on the primal feasible plane. Since cZ-I =0foriel, cjl» > 0 (due to the origin of j) and all

entries in x(¢) with indices not in I U {j} are zeros, we have

[Tz (t) = Zc{xl(t) + cjl-xj(t) = cjlmj(t) = cjlt — 400, t = 00,
el

whence also ¢’'z(t) — +o0o as t — oo, thus certifying that the problem is unbounded.
Note that in the case in question the improving direction %x(t) is the direction of an
extreme ray of Rec(X), X = {x : > 0, Az = b} being the feasible domain of (4.1.1), see
Observation 4.2.1.
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3. passing to a new step with the claims that I is a basis, and z(t.) is the corresponding
primal basic feasible solution.
In this situation, the claims also are correct, which can be seen as follows. From the origin
of t, and i, it is clear, first, that x(¢*) satisfies the equality constraints of the problem
and is nonnegative (i.e., is a feasible solution), and, second, that (z(t*)); = 0 when i = i,
and when i ¢ I U {j}, that is, (z(t«)); can be positive only when i € I'". Further, I by
construction is and m-element subset of {1,...,n}. Thus, all which remains to verify in
order to support the claims in question is that IT is a basis, that is, that the m columns
A;, i € I'T, of A are linearly independent. This is immediate: assuming the opposite and
taking into account that the columns A;, i € I\{i.} of A “inherited” from I are linearly
independent, the only possibility for A;, ¢ € I, to be linearly dependent is that A; is
the linear combination of these inherited columns, which amounts to the existence of a

representation
n
i=1

with u; = 0 whenever ¢ ¢ I or i = i,. But then the vector
y(t) =x —tu +tej

satisfies exactly the same requirements as the vector x(t): Ay(t) = Ax = b, all coordinates
in y(t), except for those with indices from I U{j}, are zero, and the j-th coordinate equals
to t. From the explanation where x(¢) comes from it follows that z(¢) = y(t¢), which, in
particular, implies that (z(t));, is independent of ¢ (recall that p;, = 0). But the latter is
impossible due to

i, (t) = o] — t([A1) " Ay,

and the fact that ([A7]714;);. > 0.

The bottom line is that PSM is a well-defined procedure — when running it, at every step we
either terminate with correct claims “the current basic feasible solution is optimal” or “the
problem is unbounded”, or have a possibility to make the next step, since the updated I and
2! are what they should be (a basis and the associated primal basic feasible solution) in order
make the next step well defined.

II. The correctness of PSM is a good news, but by itself this news is not sufficient: we
want to get an optimal solution, and not just “to run.” What is crucial in this respect, is the
following

Observation 4.3.1 SMP is a monotone process: if ' and 2" are two consecutive primal basic
feasible solutions generated by the method, then ¢zl < CT:EI+, with the inequality being strict

unless 21 = 21", The latter never happens when the basic feasible solution ! is nondegenerate.

The verification is immediate. In the notation from the description of PSM and due to the
explanations above, we have ¢Tz!" — ¢Tal = [/|T2!" — [¢])T2! = cJIt* > 0, the equality being
possible iff t* = 0. The latter can happen only when z! is degenerate, since otherwise x{ >0
for all i € I and thus ¢; > 0 for all ¢ € I for which ¢; are well defined. O
We arrive at the following
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Corollary 4.3.1 The Primal Simpler method, initiated at a primal basic feasible solution of
(4.1.1), possess the following property: if the method terminates at all, the result upon termina-
tion either is a primal basic feasible solution which is an optimal solution to the program, or is
a correct claim that the problem is unbounded. In the first case, the method produces not only
the primal optimal solution, but also the corresponding optimality certificate — an optimal basic
solution to the dual problem. In the second case, the method produces a ray which is contained
in the feasible set of the problem and is a ray along which the objective increases, so that this
ray is a certificate of unboundedness. In fact, this ray is an extreme ray of the recessive cone of
the primal feasible set.

The method definitely terminates in finitely many steps, provided that the program is primal
nondegenerate (i.e., all primal basic feasible solutions are so).

This result is an immediate corollary of our preceding observations. The only claim that indeed
needs a comment is the one of finite termination on a nondegenerate problem. On a closest
inspection, this property is immediate as well: when the problem is nondegenerate, every step
before termination increases the value of the objective, implying that the method cannot visit
the same vertex more than once. Since the number of vertices is finite, and method before
termination moves from vertex to vertex, the number of steps before termination is finite as
well. O

4.3.2 Tableau Implementation and Example

To illustrate the Primal Simplex Method let us work out an example. In this example, we will use
the so called full tableau form of the algorithm well suited for both thinking about the method
and solving LO programs by hand (while now the latter process takes place in classrooms only,
once upon a time this was how the LO programs, of course, toy ones in our today scale, were
actually solved). The idea is that if I is a basis of the program of interest, then the original
program is equivalent to the program

mgx{[cI]Ta: DA A = [Al]flb} sl =c— AT[A]) e (%)

and we can keep the data of this equivalent problem, along with the current basic feasible

solution z!, in a tableau of the form

Tl [ T

[A7] 7' | [Af] 1A

or, in more detailed form,

T,.I VA |
_CI :UI Cl...Cn

v, | (A~ A]

21

wf, | [[A]t A"
where I = {i1,...,i5,} and [B]® stands for s-th row of a matrix B. It should be stressed that
what we keep in the tableau, are the values of the corresponding expressions, not the expressions
themselves. It is convenient to count the rows and the columns of a tableau starting from 0; thus,

the zeroth row contains the minus value of the objective at the current basic feasible solution
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augmented by the reduced costs; rows 1,2,... are labelled by the current basic variables and
contain the entries of the vector [A;]~!'b augmented by the entries of the corresponding rows
in [A7]7*A. Since (%) is equivalent to the original problem, we can think about every iteration
as about the very first iteration of the method as applied to (x), and our goal is to update the
tableau representing the current equivalent reformulation () of the problem of interest into the
tableau representing the next equivalent reformulation of the problem of interest.

Now let us work out a numerical example ([3, Example 3.5]). The initial program is

max 10x1 + 1229 + 1223
subject to
T1 + 2x9 4+ 223 < 20
2¢1 4+ x99 + 2z3 < 20
21 4+ 2x9 + r3 < 20

Z1,T2,T3 > 0

We introduce slack variables to convert the problem to the standard form, thus arriving at the
program

max 10x1 + 1229 + 1223
subject to
T1 + 2x9 4+ 223 + x4 = 20
201 +  xo + 23 + x5 = 20
2r1 4+ 2x9 + x3 + 26 = 20

X1,y T >0

which allows us to point out a starting basis I = {4,5,6} and the starting basic feasible solution
2! with nonzero entries z4 = x5 = 26 = 20. The first tableau is

r1 Ty X3 T4 Ty Tg
0 10 12 12 0 0 O

rg=20] 1 2 2 1 0 O
rs=20| 2 1 2 0 1 O
=20 2 2 1 0 0 1

The reduced cost of x1 is positive; let this be the variable entering the basis. When trying to
replace x1 = 0 with z1 =t > 0, keeping x2 and x3 zeros, the basic variables x4, x5, xg start to
change: x4(t) =20—1-t, x5(t) =20 —2-t, z6(t) = 20— 2-t. The largest ¢ which keeps all there
variables nonnegative, is t* = 20/2 = 10, and it is clear where this value comes from: this is just
the minimum, over all rows in the tableau corresponding to A and containing positive entries
in the pivoting column (in our case, the column of x1), of the ratios “value of the basic variable
labelling the row” (shown in the zeroth column of the tableau) to the entry in the intersection
of the row and the pivoting column:

. [20 20 20]
t« = min

17272

In fact, the minimum of this ratio is achieved simultaneously in two rows, and this is in our will
to decide which one of the current basic variables, x5 or xg, is leaving the basis. Let us say this
is x5; thus, at the first iteration z1 enters the basis, and x5 leaves it. It remains to update the
tableau, that is, to replace the rows in the tableau representing the equality constraints by their
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linear combinations in order to get the unit matrix (which in the initial tableau is in the columns
4,5,6) in the rows 1, 4, 6 corresponding to our new basis, and augment this transformation by
updating the column of basic variables and the “zeroth row” containing the optimal value and
the reduced costs. The rules for this updating are as follows (check their validity!):

e we mark somehow the pivoting element — the element in the pivoting column and the row
of the basic variable which leaves the basis (in our tableau, it is underlined)

e we divide the entire pivoting row (i.e., the row of the pivoting element) by the pivoting
element, thus making the pivoting element equal to 1; note that in the “basic variables”
part of the pivoting row we get exactly t*, that is, the would-be value of the variable (x;)
which enters the basis; we update accordingly the “basic variable label” of this row, thus
arriving at the intermediate tableau

X1 Tro I3 T4 X
0 10 12 12 0
re=20| 1 2 2 1
zz7=10 1 05 1 0 O
z6=20 2 2 1 0

o
8

— O O OoO|e

o Ut OO

e finally, we subtract from every non-pivoting row of the intermediate tableau a multiple of
the updated pivoting row, the coefficient of the multiple being the entry in the pivoting
column of the non-pivoting row we are processing; as a result, all entries in the pivoting
column, aside of the one of the pivoting row, become zeros. What we get is nothing but
our new tableau:

T1 €T Tr3 T4 5 Tg

—100 o 7 2 0 -5 0
zy=10| 0 15 1 1 =05 O
z1=10| 1 0.5 1 0 05 O
ze=10| O 1 -1 0 -1 1

Now we process the new tableau exactly in the same fashion as the initial one:

— there are two variables with positive reduced cost — x9 and x3; we choose one of them, say,
x3, as the variable entering the basis, so that the pivoting column is the column of x3;

— we divide the values of basic variables shown in the tableau by the corresponding values in the
pivoting column, skipping the divisions by nonpositive entries of the latter column; the results
are % = 10 in the first row and % = 10 in the second row. We then choose the element in the
pivoting row corresponding to the smallest ratio as the pivoting element, and its row — as the
pivoting row. In our example, we can choose both the first and the second row as the pivoting
one; let our choice be the first row.

— we now mark the pivoting element, divide by it the pivoting row (with our numbers, this
does not change the pivoting row) and replace the basic variable label 5 in this row (x5 is the
variable which leaves the basis) with the label x3 (this is the variable which enters the basis, so
that the new basis is 3,1, 6)

— finally, we subtract from all non-pivoting rows of the tableau the multiples of the (already



4.3. SIMPLEX METHOD 157

updated) pivoting row to zero entries in the pivoting column, thus arriving at the new tableau

T xT9 T3 T4 rs Tg

—120 0 4 =2 0 -4 0
zz3=10| 0 1.5 1 1 =05 0
r1=10| 1 -1 0 -1 1 0
ze=10| 0 25 O 1 —-15 1

In the zeroth row of the new tableau, there is only one positive reduced cost, the one of xs,
meaning that xo should enter the basis. The pivoting row corresponds now to the minimum of
the ratios % (row of x3) and 21—% (row of xg), that is, the pivoting row is the one of xg, the
pivoting element is 2.5, and the variable leaving the basis is z¢ (so that the new basis is 1,2,3).
We proceed by

— dividing the pivoting row by the pivoting element and updating the basic variable mark in
the row from xg (this variable leaves the basis) to x2 (this is the variable which enters the basis).

The updated pivoting row is

lz2=4]0 1 0 04 —0.6 04

We then subtract from all non-pivoting rows of the tableau multiples of the just transformed
pivoting row to zero the corresponding entries in the pivoting column. The result is the new
tableau

2 I3 T4 T5 Te
-136 | 0 0 O =36 —-16 -1.6
zg3=4| 0 0 1 04 04 -06

0

1

=41 1 0 -06 04 04
zo=4| 0 0 04 —-06 04

In this tableau, all reduced costs are nonpositive, meaning that we have built the optimal solution
to the problem, This optimal solution is

r1=x0o=x3=4, x5 =26 =27=0

(this is said by the column of the values of basic variables), the optimal value is 136 (minus the
number in very first cell of the zeroth row of the tableau) and the minus optimal dual slack —
the vector of the reduced costs ¢ — AT\, corresponding to the dual optimal solution A, is the
vector [0; 0; 0; —3.6; —1; 6; —1; 6] the transpose of which we see in the “reduced costs” part of the
zeroth row of the final tableau.

Remark. A careful reader should have noticed at this point a slight discrepancy between what
was promised in the beginning of the “tableau story” and what we actually see in the above
tableaus, starting from the second of them. Specifically, the matrices we see in the rows 1,2,....m
of the tableaus are not exactly the matrices [[A;]~'b, [A;]71A] (were it so, we would see in the
basic columns of the tableaus the unit n x n matrix, while what we actually see is obtained
from the unit matrix by permuting rows). This is due to the fact (absolutely irrelevant in our
context) that what we actually keep in the tableaus is obtained from matrices [[A;] 7', [A7] 1 A]
by permuting rows. This is also seen from the fact that the basic variables labelling the rows are
not ordered. Permuting the rows 1,...,m to make the labels ordered would result in the tableau
matrices being exactly of the form [[A;] 716, [A;] 1 A], but there is absolutely no necessity in this
reordering.
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4.3.3 Preventing Cycling

We have seen that the Primal Simplex Method, if it terminates, solves the problem it is applied
to, and that the method definitely terminates when the program is primal nondegenerate (i.e.,
all primal basic feasible solutions have exactly m nonzero entries). The degenerate case needs
a special treatment, since here, without additional precautions, the method indeed can “loop
forever”, staying at the same degenerate and nonoptimal basic feasible solution; all that changes
from step to step, are only the bases specifying this solution, but not the solution itself. Fortu-
nately it is easy to prevent cycling by applying lexicographic pivoting rule which we are about
to explain.

Lexicographic order. We start with the notion of the lexicographic order on R™. Specifically,
we say that vector u € R™ lexicographically dominates vector v € R™ (notation: u > v) if
either ©w = v, or the first nonzero entry in the difference u — v is positive. We write u > v,
when u > v and u # v, same as write v <y v and v <p, u as equivalents of u >y v, u > v,
respectively. For example, here is a sample of valid lexicographic inequalities:

[1:2;3] <p [1;2;4);[152; 3] <r [2; —1;100]; [2; =15 10] > [2;—1;9].

Note that the lexicographic inequalities follow the same arithmetic as the usual arithmetic
inequalities <, < between reals and the coordinate-wise inequalities © < v, u < v for vectors,

e.g.,

u <p, u [reflexivity]

(u>rpv) & (v<pu)=u=wv [anti-symmetry]

(u<pv) & (v<pw)=u<gw [transitivity]
u<pv, R3A>0= Au<g Av;

compatibility with linear operations
uSLUaU/<LU/:>u+U/<LU+U,}[ P yw P }

Exactly as in the case of arithmetic inequalities with reals, and in contrast to what happens to
the coordinate-wise vector inequality < between vectors, the lexicographic order is complete —
for every pair u, v of vectors of the same dimension, we have either u <y v, or u = v, or u >, v,
and these three possibilities are mutually exclusive.

Lexicographic pivoting rule. This is a specific rule for choosing a pivoting element in the
Primal Simplex Method in the case when such a choice is necessary (that is, the current tableau
contains positive reduced costs). The rule is as follows:

(L) Given the current tableau which contains positive reduced costs c]I- , choose as
the index of the pivoting column a j such that CJI- > 0.

Denote by w; the entry of the pivoting column in row i, i = 1,...,m, and let some
of u; be positive (recall that otherwise the PSM terminates with the (correct) claim
that the problem is unbounded). Normalize every row i with u; > 0 by dividing
all its entries, including those in the zeroth column, by w;, and choose among the
resulting (n + 1)-dimensional row vectors the smallest w.r.t the lexicographic order,
let its index be i.. The pivoting row is the one with index i,, so that the basic
variable (the one which labels the row) leaves the basis, while the variable x; enters
the basis.
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Observe that at a non-terminal iteration, the outlined rule defines i, in a unique fashion, and
that it is compatible with the construction of the Simplex method, that is, ¢, corresponds to the
minimal, over the rows with u; > 0, ratio of the zeroth entry in the row to the element of the
row in the pivoting column (in the description of an iteration of PSM, these ratios were called
t;, and their minimum was called t*).

Indeed, taking into account that the lexicographic order is complete, in order to prove that i,
is uniquely defined it suffices to verify that the normalizations of the rows 1,...,m in the tableau
are distinct from each other, or, which is the same, that before normalization, these rows were
not proportional to each other. The latter is evident (look what happens in the columns indexed
by basic variables). Now, the zeroth entries of the normalized rows ¢ with u; > 0 are exactly the
quantities t; from the description of a simplex iteration, and by definition of the lexicographic
order, the lexicographically minimal among these normalized rows corresponds to the smallest
value t, of t;’s, as claimed.

Thus, in the context of PSM, the lexicographic pivoting rule is completely legitimate. Its
role stems from the following

Theorem 4.3.1 Let the Primal Simplex Method with pivoting rule (L) be initialized by a primal
basic feasible solution, and, in addition, let all rows in the initial tableau, except for the zeroth
row, be lexicographically positive. Then

(i) Every row in the tableau, except for the zeroth one, remains lexicographically positive at
all non-terminal iterations of the algorithm,;

(ii) When passing from the current tableau to the next one, if any, the vector of reduced costs
strictly lexicographically decreases;

(iii) The method terminates in finitely many iterations.

Proof. (i): It suffices to prove that if all rows with indices ¢ = 1,2, ...m in the current tableau are
lexicographically positive and the next tableau does exist (i.e.,the method does not terminate
at the iteration in question), then every row i, i = 1,...,m, in the next tableau also will be
lexicographically positive. Let the index of the pivoting row be ¢, and the index of the pivoting
column be j. Denoting uy, ..., u,, the entries in the pivoting column and i-th row, and invoking
the lexicographic pivoting rule, we have

(th ith
ue >0 &—— <) PR G g  &u; > 0),
Uy Uq

let r; be ith row in the current tableau, and rf be the ith row in the next tableau, 1 <i < m.
Then by description of the method:

e when i = /, rj = uz_lm, so that r; >7, 0 due to 7y >1, 0 (recall that we are under the
assumption that r; > 0 for all 1 <i < m);

e when i # ¢ and u; < 0, we have 7“:_ =r;, — %W >r, 0 due to r; >, 0, rp >r 0 and
—u;/ug > 0;
e when i # £ and u; > 0, we have rj =r; — Z—Zrzr, or
1 1 1
—r;r = —7r; — —7y.
Uj Uj Uy

By the lexicographic pivoting rule, the th normalized row u%rg is strictly less lexicograph-
ically than the ¢th normalized row u%ri (due to u; > 0 and i # ¢), whence u%r:r >, 0,
whence rf >, 0 as well.
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(i) is proved.
(ii): By the description of the method, the reduced costs ¢! and ¢! in the current and the
next tableaus are linked by the relation

+ cf
AT = = —j[rg]T.
Uy

since c]I- >0 and r; >, 0, we have ¢! <, ¢!. (ii) is proved.

(iii) The iterations of the Simplex Method prior to termination, if the latter indeed happens,
can be split into consecutive phases in such a way that the primal basic feasible solutions
associated with the iterations from a particular phase are equal to each other and are distinct
from the primal basic feasible solutions associated with the iterations of the next phase, if any.
When passing from a phase to the next one, the primal basic feasible solution changes, and
thus the primal objective strictly increases; it follows that distinct phases are associated with
distinct primal basic feasible solutions, and since there are finitely many of these solutions, the
number of phases is finite. It follows that in order to prove that the method is finite, it suffices
to verify that a particular phase cannot last forever. But this is evident: since there are finitely
many bases, in an infinite phase certain basis would be visited more than once. The latter is
impossible, since the reduced costs, by construction, are uniquely defined by the corresponding
basis, on one hand, and, by (ii) strongly lexicographically decrease along the iterations, on the
other hand, so that the same vector of reduced costs cannot be generated twice. O

In view of Theorem 4.3.1, all we need in order to guarantee finiteness of the Primal Simplex
Method, is to ensure lexicographic positivity of rows 1, 2,...,m in the initial tableau. This can
be achieved as follows. Recall that for the time being, we have designed the PSM only for the
case when we from the very beginning have in our disposal an initial basic feasible solution.
Renaming the variables, we can assume w.l.o.g. that the initial basis is I = {1,...,m}, so that
the initial contents of the A-part of the tableau is [A7]7'A = [I,,,,[A;]7'A7]. Thus, i-th row
in the initial tableau, 1 < i < m, is of the form [a,O0,...,0,1,...], where a > 0 is the value of
certain basic variable in the initial primal basic feasible solution; a row if this type clearly is
lexicographically positive.

A simpler pivoting rule, due to Bland, which provably prevents cycling is as follows:

Smallest subscript pivoting rule: Given a current tableau containing positive
reduced costs, find the smallest index j such that j-th reduced cost is positive; take x;
as the variable to enter the basis. Assuming that this choice of the pivoting column
does not lead to immediate termination due to problem’s unboundedness, choose
among all legitimate (i.e., compatible with the description of the PSM) candidates
to the role of the pivoting row the one with the smallest index and use it as the
pivoting row.

4.3.4 How to Start the PSM

Our description of the PSM still is incomplete; we have assumed that we know in advance a
primal basic feasible solution to the problem, and to find this solution is a nontrivial (and not
always achievable — what if the problem is infeasible?) task. Luckily enough, this problem can
be resolved by the same PSM as applied to a properly defined auxiliary problem. We are about
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to describe one of implementations of this type — the two-phase PSM. As applied to the LO
program in the standard form

max {CT:U : Az =b,x >0} (4.3.2)

with m x n matrix A of rank m, the method works as follows.

First phase. Multiplying, if necessary, some of the equality constraints by —1, we can enforce
b to be > 0. After this, we introduce m additional variables y1, ..., ¥, and build the auxiliary
LO program

m
Opt = max —g yi:Ar+y=0b,x>0,y>0,. (4.3.3)
oy i=1

Note that
(i) the original problem is feasible iff the optimal value in the auxiliary problem is 0, and

(ii) the auxiliary problem is feasible and bounded, and we can point out its primal basic feasible
solution, specifically, x = 0,y = b, along with the associated basis [ = {n + 1,...,n + m}.

Using [0;...;0; b] as the starting point, we solve the (solvable!) auxiliary problem by the PSM,
eventually arriving at its optimal solution [z.;y.]. If y. # 0, the optimal value in the auxiliary
problem is negative, meaning, by (i), that the original problem is infeasible.

In the case in question, the optimal solution A, to the dual to (4.3.3), which we get
as a byproduct of solving (4.3.3) by the PSM, satisfies

d—[A, I,)" A <0,2Th = Opt < 0.

where d = [0;...;0; —1;...; —1] is the objective of the auxiliary problem. The vector
inequality here implies that p := AT, > 0. Now, taking weighted sum of the
equality constraints in the original problem, the weights being —(A);, and adding
weighted sum of the inequalities ; > 0, the weights being p;, we get the inequality

0lz = [u— AT ] 2 > (=\)7Th;

since AI'b = Opt < 0, this inequality is contradictory, that is, not only know that the
original problem is infeasible, but have in our disposal a certificate for infeasibility.

Second phase. It remains to consider the case when y, = 0. In this case, x. is a feasible
solution to the original problem, and, moreover, a vertex of the feasible set X of this problem
(this immediately follows from the fact that [z4;y.] is a vertex of the feasible set X of the phase
I problem.). Applying the (easy-to-implement) construction we used when proving Proposition
4.2.2, we can extend the set of columns of A corresponding to the nonzero entries in z, to a basis
of the problem of interest. Now we have in our disposal both a primal basic feasible solution x,
and an associated basis for (4.3.2), and we solve this problem by the PSM.
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4.3.5 Dual Simplex Method

Recall the geometric interpretation of the primal-dual pair of LO programs: we have two affine
planes — the primal feasible plane Mp and the dual feasible plane Mp such that the corre-
sponding linear subspaces are orthogonal complements to each other; our goal is to find in the
intersections of the planes with the nonnegative orthant two orthogonal to each other vectors.
When the primal problem is in the standard form (4.1.1), Mp is given as {z : Az = b}, while
M is the plane of dual slacks — vectors which can be represented as AT\ — ¢. The geometry
of the Primal Simplex method is as follows: at every step, we have at our disposal basis I. This
basis specifies two orthogonal to each other vectors from Mp and Mp:

e the primal solution 2! = (v = [A7]~'b, z7 = 0). This solution satisfies the necessary con-
dition for being a vertex of the primal feasible set: among the constraints Az = b,z > 0 which
cut this set off R”, n constraints with linearly independent vectors of coefficients, specifically,
the constraints Az = b and x; > 0, j € I, are satisfied as equalities;

e the dual solution M’ = [A7]~T¢c;. This solution satisfies the necessary condition for being
a vertex of the dual feasible set: among the constraints A7\ — ¢ > 0 which cut this set off
R™, m constraints with linearly independent vectors of coefficients, specifically, the constraints
[AT ) — clj > 0 with j € I, are satisfied as equalities.

By construction, the primal solution z! belongs to Mp, the dual slack s' = ATA —¢ = —¢

belongs to Mp, and 2!, s' satisfy the complementary slackness condition — x]I S]I- =0 for all j.

Now, in the Primal Simplex method z! is maintained to be primal feasible, while A’ not
necessarily is dual feasible. When A\’ happens to be dual feasible (that is, s’ > 0, or, equivalently,
¢! < 0), we are done — we have built a pair of orthogonal to each other nonnegative vectors
2! € Mp and s! € Mp. Until it happens, we update the basis in such a way that the primal
objective either remains the same (which is possible only when the current primal basic feasible
solution z! is degenerate), or is improved.

An alternative, “symmetric” course of actions would be to maintain feasibility of the dual
solution A!, sacrificing the primal feasibility of /. When 2! happens to be feasible, we are
done, and while it does not happen, we update the basis in such a way that the dual objective
improves. This is exactly what is going on in the Dual Simplex method. One could think that
this method does not deserve a separate presentation, since geometrically this is nothing as
the Primal Simplex method as applied to the swapped pair of the problems — what used to be
primal, now is called dual, and vice versa. This conclusion is not completely correct, since an
algorithm cannot directly access geometric entities; what it needs, are algebraic descriptions of
these entities, and in this respect primal-dual symmetry is not ideal — the algebraic representation
of the primal feasible plane (for programs in the standard form we stick to, this is representation
by system of linear equations) is not identical to the one of the dual feasible plane (which is
represented in the “parametric” form {s = ATA — ¢,\ € R™}). By the outlined reasons, it
makes sense to present an explicit algorithmic description of the Dual Simplex method. This is
what we do next.

I

A step of the Dual Simplex Method

At a step of the Dual Simplex Method (DSM) as applied to (4.1.1), we have in our disposal
current basis I (i.e., an m-element subset {i1,...,i,} of {1,...,n} such that the columns A;
of A with indices from I are linearly independent) along with the corresponding basic primal
solution z! = (z; = [A;]7'b,z7 = 0) which is not necessary nonnegative and the basic dual
solution A/ = [A;]~T¢; which is dual feasible: ¢! = ¢ — ATA! < 0. We associate with the basis
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I a tableau, exactly as in the PSM:

T,.I VA |
—C; T} Ci.Cpy

o | (AT AT

oAl

the difference with the PSM is that now all entries c{ s ey c{l in the zeroth row (except for the
entry in the zeroth column) are nonpositive, while some of the entries x{l, vy x{m in the zeroth
column can be negative.

A. Tt may happen that all l’ile, 1 < ¢ < m, are nonnegative. In this case we are done: A is
a feasible solution to the dual problem, z! is a feasible solution to the primal problem, and z!
and the dual slack —c! satisfy the complementary slackness condition (since by construction of
M, CZ-IZ =0 for all £ < m), i.e., #/ and A are optimal solutions to the respective problems.

B. Now assume that some of xfe are negative. Let us pick ¢ with this property and call /-th
row of the tableau the pivoting row. We intend to eliminate iy from the basis. To this end let us
look what happens when we update A in such a way that i,-th reduced cost (which currently
is zero) becomes —t, t > 0, and the reduced costs in the basis columns distinct from the i,-th
column are kept zeros. In other words, we update A’ according to A = A(t) := X +¢[A;] Te,.
Observe that as a result of this shift, the dual objective reduces (i.e., improves); indeed,

VINE) = bIN 10T (A Tep = 0T N - tel [[Af)710) = 07N + ta!

107

and xfé < 0. Now let us look how passing from A to A(t) affects the vector of reduced costs.
These costs ¢;(t) = [c — ATA(t)]; vary as follows:

e the reduced cost in the basic column i, becomes —t;
e the reduced costs in all other basic columns stay zero;

e the reduced cost in a non-basic column j varies according to ¢;(t) = CJI - tA? (A7) Te, =
C]I- — tpj, where p; is the entry in the pivoting row of the tableau.

There are two possibilities:

B.1. All entries p;, j > 1, in the pivoting row, except for those in the basic columns, are
nonnegative. In this case, all reduced costs ¢;(t), in basic and nonbasic columns alike, are
nonpositive for all ¢ > 0, in other words, we have found an improving ray {A(¢) : t > 0} in the
dual problem; this ray certifies that the dual problem is unbounded, whence the primal problem
is infeasible.

B.2. Among the entries p;, j > 1, in the pivoting row, aside of those in the basic columns,
there are negative ones. Then there exists the largest nonnegative value ¢ of ¢ for which ¢;(t)
still are nonpositive for all j, specifically, the value

_ . Cj Cj, .
t_jZIllzl;?<Opj = [1<j & 1,pj. <0
(note that we safely can write min 2 instead of min -2, since the entries of the pivoting
Gy <0 PI jgLp;<0 s
row in the basic columns are nonnegative, specifically, m — 1 of them are zero, and remaining
one is equal to 1). Observe that when we exclude from the basis I the basic column A;, and
add to the basis the index j, & I, we get a basis, and this is the new basis I we deal with, with
M7= A(t) being a new dual basic feasible solution.
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Indeed, assuming that I is not a basis, the column A;, is a linear combination of
the m — 1 columns A;,, 1 <v<m,v#{: Aj, = > y,A;. Butthen

v:1<v<m
v#£L
P =AL[AN Ter = > wlAT A Tee = ) wele =0,
v:1<v<m v:l1<v<m
v#L v#L

which is impossible, since p;, is negative.
We then update the information in the tableau, exactly as in the PSM, specifically,

e call the column j, the pivoting column, and the entry p;, in the intersection of the pivoting
row and the pivoting column — the pivoting entry;

e replace the pivoting row with its normalization obtained by dividing all entries in the row,
including the one in the zero column, by the pivoting entry, and replacing the label x;, of
this row with z;, ;

e update all other rows of the tableau, including the zeroth, by subtracting from them
multiples of the normalized pivoting row, where the multiples are chosen in such a way
that the entry of the updated row in the pivoting column j, becomes zero, and proceed to
the next iteration of the DSP.

Dual Simplex Method: convergence

Observe that as a result of the iteration, we either

(a) conclude correctly that the current dual basic feasible solution is optimal and augment
it by an optimal primal basic solution, or

(b) conclude correctly that the dual problem is unbounded (and therefore the primal problem
is unsolvable), or

(c) pass from the current dual basic feasible solution to another solution of the same type,
but with strictly smaller value of the dual objective, or keep the dual solution intact and update
the basis only. The second option is possible only when A is a degenerate solution, meaning
that not all nonbasic reduced costs corresponding to A are strictly negative.
In view of these observations, exactly the same argument as in the PSM case leads to the
following conclusion:

Corollary 4.3.2 The Dual Simplex method, initiated at a dual basic feasible solution of (4.2.1),
possesses the following property: if the method terminates at all, the result upon termination
either is a pair of primal and dual basic feasible solutions which are optimal for the primal
program (4.1.1), (4.2.1), or is a correct claim that the primal problem is infeasible. In the second
case, the method produces a ray which is contained in the feasible set of the dual problem and is a
ray along which the dual objective decreases, so that this ray is a certificate of primal infeasibility.
In fact, this ray is an extreme ray of the recessive cone of the dual feasible set.

The method definitely terminates in finitely many steps, provided that the program is dual
nondegenerate (i.e., all dual basic feasible solutions are s0).

Similarly to the PSM, the Dual Simplex Methods admits pivoting rules which prevent cycling,
various techniques for building the initial basic dual feasible solution, etc., see [3].
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4.3.6 “Warm Start”

Assume we have solved LO program (4.1.1) to optimality by either Primal, or Dual Simplex
method, and thus have in our disposal a basis I which gives rise to feasible primal and dual
solutions satisfying the complementary slackness condition and thus optimal for the respective
programs. We are about to understand how this basis helps to solve a “close” LO program. This
necessity arises when we intend to solve series of relatively close to each other LO programs, as
it is the case, e.g., in branch and bound type methods of Integer Programming.

Recall that the optimal basis is characterized by two requirements:

[A7]71'5 >0 [feasiblity]
c— AT[A;]7Te; <0 [optimality]

When these requirements are satisfied, 2!/ = (z; = [A7]7'b,27 = 0) is an optimal primal basic
solution, and A\; = [A7]~Tc; is an optimal dual basic solution.
We now consider several typical updatings of the problem.

New variable is added

Assume we extend x with a new decision variable x, 1, A — with a new column A,1, and ¢
— with a new entry c¢,+1, keeping the rest of the data and the standard form of the problem
intact. I still is a basis for the new problem, and we do not affect the feasibility condition. As
far as optimality condition is concerned, it remains satisfied when

Cnt1 — Apya[Ar] Ter <0 (*)
If this easy to verify condition holds true, 2! is an optimal solution to the new primal problem,
and ! is an optimal solution to the new dual problem. If (!) is not satisfied, we can think of I
as of the current basis for the PSM as applied to the new problem, and of x,,41 as of the variable
entering this basis, and run PSM until the new problem is solved. This is called “warm start,”
and usually with such a warm start the solution of the new problem takes significantly less time
than if we were solving it from scratch.

Changes in the cost vector c

When we replace the cost vector ¢ with ¢ = ¢+ tdc, where dc is the “direction of change,” and
t € R is the “step along this direction,” the feasibility conditions remain intact; in order for
optimality conditions to be satisfied, the perturbation should satisfy the requirement

T=c—AT[A) e = +t[oc— AT[A;] T deq] < 0.

Ql

Note that given dc and ¢, this fact is easy to verify; moreover, we can easily find the largest range
T of values of ¢ such that & has nonpositive nonbasic components. If the actual perturbation
is “too large” to satisfy this requirement and some entries in the new vector of reduced costs
are positive, we can run the PSM on the new problem starting with the basis I until the new
problem is solved. This warm start usually saves a lot of computational effort as compared to
solving the new problem from scratch.

Note that even when the shift ¢ — ¢+ tdc keeps x! primal optimal, the optimal dual solution
can change — it becomes [A;]~T[c; + tdc;], and thus changes, unless t = 0 of dc; = 0.
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Changes in the right hand side vector b

Now assume that we perturb the right hand side vector b according to b — b+ tdb. I still is
a basis, and the optimality condition remains intact. In order for the feasibility condition to
remain valid, we need

[A7]7 b + tob] > 0,

and here again we can easily find the largest range of values of ¢ where the latter condition holds
true. When ¢ is in this range, we easily get a new primal optimal solution, while the optimal
dual solution remains intact. If ¢ is outside of the indicated range, we still have in our disposal
a dual basic feasible solution for the new problem, and we can start at this solution the DSM
to solve the new problem to optimality.

Change in a nonbasic column of A

When j & I, and we perturb j-th column of A according to A; — A; + téa, 2! remains a basic
feasible solution to the new problem, A; remains intact, and the only important for us entity
which can change is the j-th entry n the vector of reduced costs which changes according to

(c")j = (") = t(6a)"[Af] ey,

As above, we can easily find the largest range of values of ¢ in which the perturbed reduced cost
remains nonpositive, meaning that in this range both primal and dual optimal solutions remain
intact. If perturbation in A; runs out of this range, we can solve the new problem with the PSM
started at the basis I, with the variable x; entering the basis.

New equality constraint is added to the primal problem

Assume that A is augmented by a new row, al, 41, and b — by the corresponding new entry
bm+1, SO that the constraint matrix in the new problem is Ay = [4;al 4], and the right hand
side vector in the new problem is by = [b;b;,4+1]. In order to process the new problem, we
check whether the rows in A are linearly independent; if this is not the case, the new system
of equality constraints is either infeasible, or the added equality constraint is redundant and
does not affect the problem. When the rows of A, are linearly independent, we proceed as
follows. We can easily find §\;, 1 < i < m, such that ap1,; = > ioq 0Xai; for all j € I; indeed,
SA = [A7] T [am+1]r. Now let X be the optimal dual basic solution we end up with when solving
the old problem, and let A(t) = [X 4 t6A; —t]. Then [A,]TA(t) = ATX +tp, p = AT6N — a1
Observe that the entries of p with indices from I are zero, while p itself is nonzero, since the
rows of A4 are linearly independent. It follows that the reduced costs ¢;(t) = [c — ATA(?)];
corresponding to the solution \(¢) of the new dual problem remain zero when j € I, while some
of the ¢;(t) with j ¢ I are nonconstant linear functions of ¢. Let J be the set of those j for
which ¢;(t) are nonconstant functions of t. When t = 0, all ¢;(¢) are nonpositive; it follows that
we can easily find a value ¢ € R of ¢ such that all ¢;(f) are nonpositive, and at least one of ¢; (%)
with j € J is zero, let this value of j be denoted by j.. Setting I, = I U {j.}, it is immediately
seen that the columns [A];, j € I, of Ay are linearly independent, so that I is a basis of the
new problem.

Indeed, since the columns aj, j € I, of A are linearly independent, so are the
columns [A1];, j € I. It follows that the only possibility for the columns [A4];,
j € Iy, to be linearly dependent is that [A4];, = >, y;[A4]; for some y;. But
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then AT (B[], = ey AT (O[AL]; = Xyer w5 ATA + tpy] = Xy, 5[ATA], since
p;j = 0 for j € I. We see that AT (¢)[A];,, and thus ¢, (), is independent of ¢, which
is not the case.

By construction, setting A = A(Z), we have that ¢ — AJTFS\ <0 and (c— AIS\)Lr =0, i.e., we have
in our disposal a dual basic feasible solution associated with the basis I of the new problem.
We now can use I and A to run the DSM on the new problem.

4.4 Simplex Method and Large-Scale LO Programs

When the LO program to be solved becomes large-scale, a straightforward application of the
Simplex method can become prohibitively time- and memory-consuming. These cases need
special care, and we are about to overview some of the techniques which are used in this case.

4.4.1 Revised Simplex Method

For the time being, our description of the PSM was primarily geometric; the only “algebraic”
representation was the tableau scheme. In this scheme, when solving a standard form LP with
n variables and m equality constraints

max {ch Ax = b} ,

we keep in the memory and update from step to step to step the matrix [b, A] = [A7]~![b, A],
I being the current basis. This is done without computing [A;]~! explicitly; given the current
matrix [A, b] with basic columns forming the unit matrix (or, more exactly, a matrix obtained
from the unit m x m matrix by permutation of rows), we decide which variable should enter the
basis and which should leave it, and then replace the rows of [b, A] with their linear combinations
to make the columns indexed by the new basis to form the (permuted) unit m x m matrix. To
this end, we normalize the pivoting row to make the pivoting element equal to 1 and then
subtract its multiples from all rows different from the pivoting one to zero the entries of these
rows in the pivoting column. The overall computational effort of this transformation is O(mn)
a.o. (arithmetic operations). An alternative is not to compute the matrix [b, A] explicitly and
to compute explicitly only the matrix [A;]7. Given I and [A;]™!, all we need on a step of the
PSM is

1. to compute the part 7 = [A;]7'b of the current basic feasible solution z! (O(m?) a.o.).
2. to compute the vector A = [A;] Te; ((O(m?) a.0.),

3. to compute, given ), the reduced costs ¢c; — ATA;, j € I (O(m) a.0. per cost) until a
positive reduced cost, if any, is met,

4. given the index j of the variable to enter the basis and the already computed column
[A []_1Aj, to decide whether the problem is unbounded, and if it is not the case, to identify
the basic variable which leaves the basis (O(m) a.o.), thus identifying the new basis I,
and, finally,

5. to compute the matrix A]_f
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We intend to demonstrate that the latter problem can be solved at the cost of O(m?) a.o.
Taking this fact for granted, note that then the total computational effort per step is O(m?)
plus the cost of finding a variable with positive reduced cost, if such a variable exists. This
latter effort, let it be called N, in the worst case seems to be O(mn), and since n > m, even
the worst-case complexity of s step in the new implementation is of the same order O(mn) as in
the tableau scheme. There are, however, serious reasons to assert that typically N < O(mn).
Indeed, first, only in the worst case we need to look through all the columns to find one with
positive reduced cost, and we can hope that the worst case is not that typical. Second, and
much more importantly, the matrices A arising in large-scale LO programs, at least those of the
decision-making origin, are extremely sparse, that is, the numbers of nonzero entries in most of
the columns A; are by orders of magnitude less than m, and if A is stored in compact form?,
then even the effort of computing all n reduced costs will be a tiny fraction of mn.? Finally,
there are situations when problem’s structure allows to find a variable with positive reduced
cost or to conclude correctly that no such variable exists at a much lower computational effort
that the one required by brute force computation of all n reduced costs. By these reasons it is
computationally much better to have Ay and generate columns [A;]7'A4; of A when necessary
than to have in an explicit form the matrix A.

It remains to explain how to convert [A;]~! into A;rl at the cost of O(m?) a.o. We
lose nothing when assuming that I = {1,2,...,m}. Let k be the index of the matrix
which leaves the basis. Then A; = [Aj,..., A;] and Aj+ is, up to permutation of
two columns, the matrix B = [Aq, ..., Ap—1, Aj, Akt1, ..., Am], where j is the index of
variable entering the basis. We have [A 1]_1A,~ =¢;, 1 <1 < m, e; being the standard
basic orths, whence [A;]7'B = [e1, ..., €5—1, U, €t1, -y €m], With u = [A7]71A;. In
other words, [A;]7'B = I, + fuef, where v; = u; for i # k and vy = up — 1. Observe
that uy # 0, since otherwise the matrix [A;]7! B were singular (why?), which is not
the case, since B corresponds to a basis. We now use the following nice Sherman-
Morrison formula: if P, () and m x p-matrices such that I, + QT P is invertible, then
In+PQ also is invertible, and (I,,+PQT)~t = I-P(I,+QT P)~1Q™*. Applying this
formula to I,, — vez and taking to into account that egv =v =up—1# —1, we get
(Im +vel)™t = I, — [1 4 v] “tovT. Thus, BYA; = ([A[)71B) ™ = [I,, +vel |7t =
Im — (14 vp) " tvo”, whence B~ = [I, — (1 +vg) tooT ) [A7] 71 = [A[] 7 = (1 +
o) "tw[A; )T, and computing B~! according to this formula costs O(m?) a.o., as
claimed.

2That is, we store only nonzero entries augmented by pairs of their indices.

3 A reader might argue than if A is sparse, then the cost of updating the tableau also is by orders of magnitude
less than O(mn). This argument by far is not universal, since sparsity of A does not automatically imply similar
sparsity of [Ar]"1A.

“Here is the way to memorize this formula: formally, (I, + PQT)™' = I, — PQT + PQTPQT —
PQTPQTPQT... = I, — P(I, — QTP+ Q" PQTP + Q" PQTPQTP + ..)Q" = I — P(I, + QY P)*Q". Ver-
ification of the formula is given by the direct multiplication: (I, + PQ™)[In — P(I, + QTP)™'QT] = (I, +
PQ") = PlL.+Q"P| Q" —~ PQ"P(1,+Q"P) Q" = In+ P [I, — [, + Q" P "] = Q" PI, + Q" P] '] Q" =
Im+ P [I,— I, + Q" P '[I, + QTP]] Q" = I
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4.4.2 Dantzig-Wolfe Decomposition

We now illustrate how the performance of the Revised Simplex Method can be further improved
by using problem’s structure. To this end consider a “structured” LO program, specifically,

¢ t

max {Z ngg : ZDga:g =bo, Fpog=bp, 1 <l <t,x=[x1;...;m) > O} , (4.4.1)

x
=1 =1

where x4, ..., x; are blocks of dimensions nq,...,n; of the decision vector x. Problems of this
structure often arise in decision-making; imagine ¢ branches of certain firm, every branch with
its own decision vectors z1,...,x;. The constraints Fyxy = by, £ = 1,...,t, represent “local”
restrictions of the branches, while the ‘linking” constraints ), Dyxy = by represent restrictions
coming from their interconnections (e.g., they consume common resources, or outputs of certain
branches are inputs to other branches, etc.). Usually, the number mg of linking constraints is
essentially smaller than the total number mi + ... + m; of “local” constraints. Dantzig-Wolfe
decomposition is aimed at exploiting this structure.
The first step of the construction is as follows. Assume that the polyhedral sets

Py={z; e R" : 2y > 0, Fpzy = by}
do not contain lines and are nonempty, and thus can be represented as
Py = Conv{xz :j € Jy} 4 Cone {wh : k € K}

where all wf are normalized to have the unit length. It follows that (4.4.1) is equivalent to the
master program

i | T .0 kyok| .
max { 2 =1 [ZjeJe Noct T+ Dper, M wz} ‘

k

14

Ster Do [ ges, Mwd + Lrer, #hw| = b, (4.4.2)
Sies, o= 1YL X,k > 0 W,j,k}

This action seems to be strange, to put it mildly: we have reduced the number of equality
constraints to v = mg + ¢ at the cost of introducing possibly astronomic number of variables
)\%, ué?. Nevertheless, let us look what happens when we have in our disposal a basis I of the
problem along with the corresponding basic feasible solution and want to perform a step of the
revised PSM. Let us denote the v x N matrix of the standard from LO program (4.4.2) by H,
and its cost vector by d. Given the v x v matrices H; and H; ', it takes O(1?) operations
to compute \ = [Hl_l]d]. Now we want to choose among the (perhaps astronomically many)
columns of H a column with positive reduced cost, or to become sure that no such column
exists. Note that every column of H is either of the form [Dy7; f¢] (“z-column”), or of the form
[Dgwé?; Otx1] (“w-column”), where f; is the t-dimensional vector with exactly one nonzero entry,
equal to 1, in the position ¢. In particular, the columns can be split into ¢ groups, according
to the value of £ = 1,2,...,¢. Partitioning A as X\ = [, p] with dim n = mg and dim p = ¢, the
reduced cost of an z-column [Dyz); f] is

ey ) — ' Dyx) — p fo = ler — D g x) — po,
while the reduced cost of a w-column [Dgwéf i O¢x1] s

cTwl — 0T Dywl = (¢ — DInTwh.
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Now consider the auxiliary problems

max [Cg — D;;Fn]T Ty (Ap)

xpEPy

For a given ¢, there are two possibilities:
(a): [cp — DIn]Twk < 0 for all kK € Ky — in this case, problem (A) is solvable, and its basic
optimal solution is one of the extreme points xz of Pr;
(b): there exists k € Ky such that [c, — Dfn]Tw} > 0, in which case (Ay) is feasible and
unbounded.

Now let us solve the “quite tractable” and relatively small, as compared to the problem of
interest (4.4.1), LO program (Ay) by the PSM. In the case (a), the method will end up with a

basic optimal solution to (Ay), i.e., with a point of the form ac% such that
[ce — D{n)" @y — pe > [ee = D) ) — pe Vi € Ji;

if the left hand side quantity is > 0, we have found an z-column of type ¢ of H with positive
reduced cost; this column is not in our current basis I for the master program, since all columns
from this basis have reduced costs equal to 0. We now can perform a simplex step for the master
program — we have found a column in H with positive reduced cost.

In the case of (b), the PSM will end up with a direction e of an extreme ray of Rec(P;) such
that [cp — DzTn]Te > 0. W.l.o.g we can assume that e is of the unit length, that is, this vector is
wéf with certain k € K/, and

[ce — DI ] wf > 0;

we again have found a non-basic column of H with positive reduced cost, now — a w-column, and
can proceed with a simplex step for the master program. The bottom line is that solving (.Ay)
with the PSM, we either find a non-basic column in H with positive reduced cost, or conclude
that all columns of type £ in the master program have nonpositive reduced costs. It follows that
solving one by one all ¢ auxiliary problems (A;), £ = 1,2, ..., t, we either perform a simplex step
for the master program, or conclude that all columns in the matrix of the latter program have
nonpositive reduced costs, so that the current basic feasible solution of the master program —
the one associated with the current basis I — is optimal.

As indicated in [3], the available experience shows that the Dantzig-Wolfe decomposition in
terms of operation count does not save much as compared to the revised simplex method as
applied to the original problem, The main advantage of the decomposition is in reduced storage
requirements. Indeed, imagine all mq,...,m; are the same. The revised simplex method as
applied to the original problem should work with basic matrices of size (mg-+tm1) x (mg+tmy),
which needs the storage of O((mg+tm1)?) the decomposition needs to work with basic matrices
of the size (mg + t) x (mo + t) for the master problem and with matrices of size m; x my,
one at a time, for the auxiliary problems, that is, the storage is O((mg + t)? + m2). When
mg = my is much larger than ¢ and ¢ is like 10, the storage in the decomposition algorithm is
by two orders of magnitude less than the storage in the straightforwardly implemented revised
simplex algorithm, which essentially increases the scope of large-scale applications which can be
processed in a reasonable time.

Starting the solution process. This can be dome similarly to the Phase q in the PSM —
multiply the first mg equality constraints in (4.4.1) by £1 to make b > 0, augment (4.4.1) with
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artificial variables y1, ..., Ym, and solve the Phase 1 problem

mo Eé Dg:Bg—i-y =)
max —Zyi: Frey=0b,,1 <0<t
Fhoen Y i=1 xp>0,0=1,...,t,yp >0

by the Dantzig-Wolfe decomposition algorithm, starting with the basic variables /\%, )\%,...,)\%, Y;
with this initialization for the master problem, we clearly have a basic feasible solution. When
the optimal value in the Phase 1 problem is negative, we know that the problem of interest is
infeasible, otherwise the optimal solution to the master problem associated with Phase 1 is a
basic feasible solution to the master problem associated with (4.4.1).

Remark. A careful reader could notice a “gap” in the above presentation, specifically, as
follows. In order for the PSM to work well, the rows in the matrix of the standard form problem
should be linearly independent. We can assume that this is the case for the original problem;
but why it then will be the case for the master problem (4.4.2)7 Fortunately, the latter indeed is
true under the (not too restrictive) additional assumption that every polyhedral set P, C R™,
1 </ <'t, is not merely nonempty, but contains a strictly positive vector.

Indeed, let the latter be the case and let, as always, the vectors of coefficient of the
equality constraints in (4.4.1) be linearly independent. Let the constraint matrix H
of the master problem be partitioned as H = [P;Q] with my x N matrix P and
t x N matrix @Q; we want to lead to a contradiction the assumption that the rows of
H are linearly dependent. Assume that they are dependent, so that [p; q]7 H = 0 for
certain nonzero vector [p;q| with dim p = mg and dim g = ¢. Observe that p # 0,
since the rows in @) clearly are linearly independent. Now let zp,y, € Pp, 1 < £ < t.
We claim that

T
p" Y Dl —yi = 0. (*)
/=1
Indeed, since xy,y, € P, we have x;, = Zjng )\Z:L'% + Zkng ,u,lgwf and y, =

S icn Vit + Xper, Mfwy with 35X = 37 v = 1. We now have

0= [psa"H [{N = vi Y0 k= nfhice]
= p7 ¢ Dalae =y + a7 |50 = X5 2 0 = v s 2 N — 125
=p" 32y Dilwe — ydl,

as claimed in (!). Now, since P, contains a strictly positive vector, every small
enough in norm vector z, satisfying Fyzy, = 0 can be represented as the difference of
two vectors x4, yg from Py, which combines with (!) to imply that when zp, ¢ =1, ..., ¢,
are small enough vectors such that Fyz, = 0 for all £, then p” > ¢ Dezg = 0. But if the
latter implication holds true for all small enough in norm vectors z; with Fjzp, = 0, it
holds true for all vectors z, with Fyz, = 0, that is, whenever z, are such that Fyzy = 0,
1 < ¢ < t, we have pT > ¢ Dezg = 0. The latter clearly contradicts the assumption
that the constraint matrix, let it be called G, of the original problem (4.4.1) has
linearly independent rows. Indeed, under this assumption the system Gz = g is
solvable for all vectors g, e.g., for the vector [p;0;...;0]; the corresponding solution
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should satisfy ), Dyz¢ = p and Fyz; = 0, 1 < £ < ¢, whence pl > e Deze = plp >0,
which contradicts the implication we have established. We have arrived at a desired
contradiction.



Lecture 5

The Network Simplex Algorithm

In this lecture, we present a version of the Simplex method for solving the Network Flow problem
— the single-commodity version of the multicommodity network flow problem (p. 12 in section
1.1.3). The presence of additional structure — the graph underlying the problem — allows for sig-
nificant modifications and simplifications in the prototype Simplex algorithm and thus deserves
a dedicated description.

Our presentation follows [3, Chapter 7], where an interested reader can find a much broader
picture of network flow algorithms.

5.1 Preliminaries on Graphs

5.1.1 Undirected graphs

An undirected graph G = (N, &) is a pair of two finite sets. The first, A/, is called the set of
nodes and can be an arbitrary nonempty finite set; without loss of generality, we can identify
the nodes with the integers 1,...,m, where m = Card N is the number of elements in N. The
elements of the second set &£, called arcs, are distinct from each other two-element subsets of the
set of nodes; thus, an arc is an unordered pair {i,j} of two distinct nodes 4, j. Note that £, in
contrast to NV, is allowed to be empty. We say that the nodes i, j are incident to the arc {i,j},
and the arc links the nodes ¢, j.

Walks, paths, cycles. A walk in an undirected graph G is an ordered collection iy, ..., 7 of
nodes such that every two consecutive nodes in this collection are linked by an arc in G, that

Figure 5.1: Graphs: left — undirected graph; right — directed graph
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is, {is,is+1} € €, 1 < s < k—1. A walk ij,...,4; is called a path, if all the nodes iy, ..., i; are
distinct from each other. A walk iy, ...,t; is called a cycle, if the nodes i1, ...,4;—1 are distinct
from each other, 7y = ¢; and, in addition, ¢ > 3. For example, in the undirected graph depicted
on figure 5.1 (left):

o N ={1,2,3,4}, &€ = {{1,2},{2,3},{1,3}, {3, 4} };
e 1,3,2,3,4 is a walk, but not a path;
e 1.2,3,4is a path;

e 1,23 11is a cycle, while 1,2,3 and 1,2,1 are not cycles.

Connectedness. An undirected graph is called connected, if there exists a walk passing
through all nodes. For example, the graph on figure 5.1 (left) is connected.

Leaves. A node in an undirected graph is called isolated, if it is not incident to any arc (for a
connected graph, such a node exists only in the trivial case of a single-node graph). A node is
called a leaf, if it is incident to exactly one arc. For example, node 4 of the graph on figure 5.1
(left) is a leaf, and all other nodes are not leaves.

Trees. An undirected graph G = (N, E) is called a tree, if it is connected and does not have
cycles. The graph on figure 5.1 (left) is not a tree; we can make it a tree by removing any one
of the arcs {1,2}, {1,3}, {2,3}. Trees play important role in the simplex-type network flow
algorithms, and we are about to summarize here the properties of trees needed in the sequel.

Theorem 5.1.1 (i) Every tree with more than one node has a leaf.

(ii) An undirected graph (N,E) is a tree with m nodes if and only if it is connected and has
exactly m — 1 arcs;

(iii) For every two distinct nodes i,j in a tree, there exists exactly one path which starts at i and
ends at j;

(iv) When extending the set of arcs of a tree by adding a new arc, the resulting graph gets exzactly
one cycle!

Proof. (i): Assume that we are given a tree with more than one node and without leaves, and
let us lead this assumption to a contradiction. Since our tree is connected and does not have
leaves, every node is incident to at least two arcs. Now let us walk along the tree as follows:
we start from an arbitrary node; after arriving at a node along certain arc, we leave it along
another arc incident to this node (since every node is incident to at least two arcs, an “exiting
arc” always can be found). Since the number of nodes is finite, eventually we will visit for the
second time a node ¢ which we have already visited; when it happens for the first time, the
segment of our walk from leaving ¢ on the first visit to the node to entering ¢ on the second visit
to it is a cycle (recall that we exit a node by an arc distinct from the one used to enter the node,
so that the above segment cannot be of the form i, j,7 and thus indeed is a cycle). Since a tree
does not have cycles, we get a desired contradiction.

(ii): Let us prove by induction in m that every tree with m nodes has m — 1 arcs. When m = 1,

Tt is assumed here that when counting cycles, we do not distinguish between the cycles like a, b, ¢, d, a and
b, c,d, a,b (the same “loop” along which we move starting from different nodes), same as do not distinguish between
the cycles like a, b, ¢, d,a and a,d, c,b,a (the same “loop” along which we move in two opposite directions).
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the statement clearly is true. Assuming that the statement is true for m-node trees, let us prove
that it is true for every tree with m + 1 nodes. Thus, let G = (N, &) be a tree with m + 1 nodes;
we should prove that G has exactly m arcs. By (i), G has a leaf i; removing from the nodal set
this node, and from the set of arcs — the (unique) arc incident to the leaf i, we get an m-nodal
graph G’ which clearly is connected along with G since every cycle in G’ clearly is a cycle in G,
G’', along with G, has no cycles. Thus, G’ is a tree, and by inductive hypothesis, G’ has m — 1
arcs, whence G has m arcs, as claimed. The induction is complete.

It remains to prove that every connected m-nodal graph G = (N, £) with m —1 arcs is a tree.
If G has a cycle and we eliminate from &£ an arc from this cycle, we clearly keep the resulting
graph connected; if it still has cycles, we can remove in a similar fashion another arc, keeping
the graph connected, and so on. As a result, we will end up with a connected m-node graph
which has no cycles and thus is a tree; by the statement we have already proved, the resulting
graph has m — 1 arcs — as much as G itself. This is possible only when no arcs were actually
removed, that is, G itself does not have cycles and thus is a tree.
(iii): Let G be a tree, and 7, j be two distinct nodes of G. Since G is connected, there exists
a walk which starts at ¢ and ends at j. The smallest, in the number of nodes incident to it,
walk of this type clearly is a path. Now, if there are two distinct from each other paths of this
type, then we can build a walk from ¢ to ¢ which first goes from ¢ to j along the first path and
then goes back from j to ¢ along the “inverted” second path. Unless the paths are identical, the
resulting “loop” clearly contains one or more cycles, which is impossible, since G is a tree.
(iv): Let G be a tree with m nodes (and thus, by (ii), m — 1 arcs). When extending the set £ of
arcs of G with an arc {7, j} which is not in the set, we get a connected graph G’ which is not a
tree (indeed, this graph has m nodes and m arcs, which is forbidden for a tree by (ii)). Since G’
is connected and is not a tree, it has a cycle; this cycle clearly contains the arc {7, j} (otherwise
it would be a cycle in G, and G does not have cycles). Since all arcs {is,is11}, in a cycle
i1, .--,8t—1,% = 11 are distinct from each other, the part of the cycle obtained when eliminating
the arc {7, j} is a path in G which links j and ¢. By (iii), such a path is unique, whence the cycle
in question also is unique, since, by our analysis, it must be obtained by “closing” the added arc
{i,7} by the unique path from j to i in G. O

Subgraphs of a graph. Let G = (N,€) be an undirected graph. An undirected graph
G' = (N, &) is called a subgraph of G, if N C N and & C &'. In other words, a subgraph is
what we can get from G by eliminating from N part of the nodes to get AN/ and eliminating from
& part of the arcs, including all arcs which do not link pairs of nodes from N, to get £'. For
example, the graph with the nodes 1,3,4 and the arcs {1,3},{1,4} is a subgraph of the graph
presented on figure 5.1 (left).

Spanning trees. A subgraph of an undirected graph G = (N, €) is called a spanning tree, if
it is a tree with the same set of nodes as GG; in other words, a spanning tree is a tree of the form

T = (N,E&), where & C £.

Theorem 5.1.2 Let G = (N, &) be a connected undirected graph and &y be a subset of arcs of
G such that there is no cycle in G with all arcs belonging to &. Then there exists a spanning

tree T = (N, &1) of G such that & C &;.

Proof. Let G = (WV,€) and & be as in the premise of the theorem. If G is a tree, we can set
&1 = &, and we are done. Otherwise GG contains a cycle. The arcs in this cycle cannot all belong
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to &y, and thus the cycle contains an arc which does not belong to &. Let us remove this arc
from &. The resulting graph G’ can be a tree, and we can take as & the set of its arcs; otherwise
we can repeat the above transformation with G’ in the role of G. This process clearly cannot
last forever, and when it stops, we have in our disposal a spanning tree (N, 1) with & C &1, as
claimed. O

Corollary 5.1.1 Let G = (N, &) be an undirected graph with m nodes, m — 1 arcs and no
cycles. Then G is a tree.

Proof. All we should prove is that G is connected. Assume that this is not the case. Then G
can be split into k£ > 2 connected components — connected subgraphs G, ..., G — in such a way
that

e the nodal sets N7, ...N} of the subgraphs form a partition of the nodal set A/ of G into
non-overlapping components,

e the set & of arcs of Gy is comprised of all arcs of G linking the nodes from Ny, 1 < ¢ < k;

e we have £ = £ U ... U &, that is, there are no arcs in G which start in one of the sets N
and end in another of these sets.

To get this partition, let us take a node and define N as the set of all nodes which
can be reached from this node by a walk. Defining &£; as the set of all arcs of G which
link the nodes from N7, note than by construction of N, no other arc is incident to
a node from Nj. If the resulting graph (N7, &) differs from G, the remaining nodes
and arcs of G form a graph, and we can repeat the same construction for this graph,
and so on.

Let the cardinalities of Ny be my. Since G does not have cycles, so are the components of G,
and since they are connected, they are trees. By Theorem 5.1.1, ¢-th component has my — 1
arcs, and thus the total number of arcs in G is Zlgzl my —k =m — k. Since k > 1 and G has
m — 1 arcs, we get a contradiction. O

5.1.2 Directed graphs

A directed graph is a pair of two finite sets, the (nonempty) set of nodes N and (possibly
empty) set of arcs £, where an arc is an ordered pair (i,j) of two distinct from each other
nodes i,7 € N. We say that an arc (i,j) € & starts at node i, ends at node j and links
nodes i and j. For example, the oriented graph depicted on figure 5.1 (right) has the nodal set
N ={1,2,3,4}, and the set of arcs £ = {(1,2);(1,3),(2,3),(3,4)}. For a oriented graph, it is
legitimate to include “inverse to each other” pairs of arcs (7, ) and (j,7) — an option impossible
for an undirected graph. However, in both directed and indirected cases we forbid arcs with
identical to each other endpoints.

A walk in an oriented graph is a sequence i1, ...,i; of nodes augmented with a sequence
Y1, ey Ye—1 Of arcs such that for every s < t either vs = (is,i541), or ¥s = (is+1,%s). Informally
speaking, when walking along a directed graph, we are allowed to move through arcs, but not
necessary in the directions of these arcs. The arcs 7, along which we move in their direction (that
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is, vs = (is,1s+ 1) € &) are called forward arcs of the walk, and the arcs 5 along which we move
in the direction opposite to the one of the arc, (i.e., vs = (is+1,1s) € £) are called backward arcs.
A walk 41,791,192, 7v2, ..y G4—1,V¢—1, ¢ 18 called a path, if the nodes i1, ...,7; are distinct from each
other. For example, the sequence i1 = 1,71 = (1,2),i2 = 2,72 = (2,3),i3 = 3,73 = (1,3),i4 = 1
is a walk in the oriented graph depicted on figure 5.1 (right), the forward arcs being 71, 2 and
the backward arc being 3. This walk is not a path; to get a path, we could, e.g., eliminate from
the walk the arc v3 and the last node i4 = 1.

Given an directed graph, we can convert it into an indirected one, keeping the set of nodes
intact and passing from oriented arcs (i.e., ordered pairs of nodes) to their unordered counter-
parts; needless to say, opposite to each other arcs (i, j), (j,7) in the oriented graph, if any are
present, lead to the same arc {i,j} = {j,i} in the undirected graph. Note that the indirected
graph on figure 5.1 (left) is obtained in the outlined way from the directed graph depicted on
the right half of the same figure.

A directed graph is called connected, if there is a walk passing through all the nodes, or,
which is the same, if the indirected counterpart of the graph is connected.

5.2 The Network Flow Problem

Recall the single-commodity version of the Multicommodity Network Flow problem (p. 12 in
section 1.1.3):

Given

e a directed graph G = (N ={1,...,m}, &),
e a vector s of external supplies at the nodes of G,
e a vector u of arc capacities, and

e a vector ¢ of transportation costs of the arcs,
find a feasible flow f with the smallest possible transportation cost.
Recall that
e a supply s is a vector with entries indexed by the nodes of G;
e a flow f is any vector f;; with entries indexed by the arcs (i, j) of G;
e a flow is feasible if it
— is nonnegative and respects the capacities of the arcs:
0 < fij Swgj V(i,j) €€
— respects the flow conservation law
Vi<n:s;+ Z fji = Z fij
J:(G)ee Ji(i,5)€€

or, in words, for every node, the sum of the external supply at the node plus the total
incoming flow of the node is equal to the total outgoing flow of the node.
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Recall that the incidence matrix of a directed graph G = (N, &) with n = Card€ arcs and
m = CardN nodes is the m x n matrix P = [P,,] with the rows indexed by the nodes ¢ =1,...,m
of the graph, and the columns indexed by the arcs v € £, defined by the relation

1, node i starts arc -y
P = —1, node? ends arc vy
0, in all other cases

and in terms of this matrix, the flow conservation law reads

Pf=s.
Thus, the Network Flow problem reads
. Pf=s
T . .
m}n c fi= Wgegcva P 0<f<u (5.2.1)

5.3 The Network Simplex Algorithm

Here we present a variant of the Primal Simplex method aimed at solving the uncapacitated
version of the network flow problem (5.3.1), that is, the problem

mfin CTf::Zc.yfw:Pf:s,fZO (5.3.1)

ye€

obtained from (5.3.1) by letting all arc capacities to be 4o00.

5.3.1 Preliminaries
From now on, we make the following
Assumption A: The graph G is connected, and )\, s; = 0.

Note that when G is not connected, it can be split into connected components. It is clear that
the network flow problems (5.3.1), (5.2.1) reduce to series of uncoupled similar problems for
every one of the components, so that the assumption that G is connected in fact does not reduce
generality. Further, the sum of rows of an incidence matrix clearly is 0, meaning that Pf is a
vector with zero sum of entries for every flow f. In other words, the assumption >, .\ s;i = 0
is necessary for a network flow problem, capacitated or uncapacitated alike, to be feasible. The
bottom line is that Assumption A in fact does not restrict generality.

5.3.2 Bases and Basic Feasible Solutions

We intend to solve problem (5.2.1) by the Primal Simplex Method somehow adjusted to the
specific structure of the problem. Note that this problem is in the standard form, as is needed
by the method. It remains to take care of the rank of the constraint matrix (the method “wants”
it to be equal to the number of rows in the matrix) and to understand what are its bases. Our
immediate observation is that the constraint matrix P arising in (5.2.1) has linearly dependent
rows — their sum is the zero vector, in contrast to what we need to run the Simplex method.
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The remedy is simple: linear dependence of the vectors of coefficients in equality constraints of
an LO problem, depending on the right hand side, either makes the problem infeasible, or allows
to eliminate the equality constraints which are linear combinations of the remaining equality
constraints. Under Assumption A, every one of equality constraints in (5.2.1) is just the minus
sum of the remaining equality constraints (recall that >, s; = 0), and therefore when eliminating
it, we get an equivalent problem. For the sake of definiteness, let us eliminate the last, m-th
equality constraint, thus passing to the equivalent problem

mfin {"f:Af =b,f >0}, (5.3.2)

where A is the (m — 1) X n matrix comprised of the first m — 1 rows of P, and b = [s1;...; Sp—1].
We shall see in a while that the resulting constraint matrix A has linearly independent rows, as
required by the Simplex method. This result will be obtained from a very instructive description
of basic feasible solutions we are about to derive.

Basic solutions are tree solutions

Recall that the Primal Simplex method works with bases — sets I of (indexes of) the columns
of A such that the corresponding submatrix of A is square and nonsingular — and with the
corresponding basic solutions f! uniquely defined by the requirements that Af! = b and the
entries of f! with indexes outside of I are zeros. In the case of problem (5.3.2), the bases should
be sets of m — 1 arcs of G (since these are the arcs which index the columns in A) such that
the corresponding m — 1 columns of A are linearly independent. We are about to describe these
bases and to present a simple specialized algorithm for finding the associated basic solutions.

Let I € £ be a set of m — 1 arcs of G such that the undirected counterpart GGy associated
with the subgraph Gr = ({1,...,m},I) is a tree; in the sequel, we shall express this fact by the
words “the arcs from I form a tree when their directions are ignored.” Note that by Theorem
5.1.1, this tree has m — 1 arcs, meaning that the set I (which contains m — 1 oriented arcs) does
not contain pairs of inverse to each other arcs (4, j), (j,4), and thus different arcs in I induce
different non-oriented arcs in G7j.

Lemma 5.3.1 Let I be the set of m — 1 arcs in G which form a tree when their directions are
ignored. Whenever a vector of external supplies s satisfies Y, s; = 0, there exists an associated
flow f (that is, a flow satisfying Pf = s) such that f, = 0 when v € I, and such a flow is
unique.

Proof. Let B be the (m —1) x (m — 1) submatrix of A comprised of columns which are indexed
by arcs from 7. We should prove that whenever b € R™~!, the system of equations Bz = b has
exactly one solution, or, equivalently, that B is nonsingular. Let us call the last node of G the
root node; this is the only node which does not correspond to a row in A. By Theorem 5.1.1,
for every other node there exists a unique path in Gy which links the node with the root node.
We clearly can renumber the nodes of G in such a way that the new indexes i’ of the nodes
i would increase along every such path?. We then associate with every arc v = (i,5) € I the
serial number min[i’, j/]. Clearly, different arcs in I get different numbers (otherwise G; would

2this is how it can be done: let d(i) be the “distance” from a node i to the root node in Gr, that is, the number
of arcs in the unique path of G; which links 7 and the root node. We give to the root node index m (as it used
to be). We then order all the nodes according to their distances to the root, ensuring that these distances form a
non-ascending sequence. The new index i’ of a node 4 its the serial number of this node in the above sequence.
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have cycles). The incidence matrix P’ of the graph with renumbered nodes is obtained from
P by permuting rows, and this permutation does not move the last row (since by construction
m’ = m), so that the matrix A’ which we get when eliminating from P’ the last row is obtained
from A by permuting rows. Consequently, the submatrix of A’ comprised of columns indexed
by «v € I is obtained from B by permuting rows. Numbering the columns in this submatrix
of A" according to the serial numbers we gave to the arcs from I, we get a (m — 1) x (m — 1)
matrix B’ which is obtained from B by permuting rows and then permuting columns; clearly, B
is nonsingular if and only if B’ is so. Now, ¢-th column of B’ corresponds to an arc (7, j) from I
such that min(¢/, j) = ¢; the nonzero entries in the corresponding column of P have row indexes
i and j, and in P’ — row indexes i’ and j'; since £ = min|[i’, j’|, one of these row indexes is ¢, and
the other one is > £, meaning that B’ is low-triangular with nonzero diagonal entries. Thus, B’,
and then B, is nonsingular. O

Corollary 5.3.1 The rank of the matriz A in (5.3.2) is m—1, that is, the rows of A are linearly
independent.

Proof. Since G is connected, there is a set I of m — 1 arcs of G which from a tree after their
directions are ignored (apply Theorem 5.1.2 to an empty set & of arcs). By Lemma 5.3.1, the
columns of A indexed by the m — 1 arcs of I are linearly independent. Thus, the (m — 1) x n
matrix A has a (m — 1) x (m — 1) nonsingular submatrix. 0

Now we are ready to describe the bases of A. Observe that by definition of a base, this is an
(m — 1)-element subset of indices of the columns in A (i.e., and (m — 1)-element set of arcs in
G3) such that the corresponding columns of A are linearly independent.

Theorem 5.3.1 An (m — 1)-element set I of arcs in G is a base of A if and only if the arcs
from I form a tree when their directions are ignored.

Proof. In one direction — if m — 1 arcs of G form a tree after their directions are ignored, then
the set I of these arcs is a base of A — the fact was already proved. To prove it in opposite
direction, let I be a set of m — 1 arcs which is a basis; we should prove that after the directions
of these arcs are ignored, they form a tree. First, we claim that I does not contain any pair of
“inverse to each other” arcs (7,j), (4,7). Indeed, for such a pair, the sum of the corresponding
columns of P (and thus of A) is zero, while the columns of A indexed by arcs from I are linearly
independent. Since I does not contain pairs of inverse to each other arcs, different arcs from 1
induce different arcs in G, meaning that the undirected m-node graph Gy has m — 1 arcs. We
want to prove that the latter graph is a tree; invoking Corollary 5.1.1, all we need to prove is that
G7 has no cycles. Assuming that this is not the case, let iy, 49, ...,4:_1,% = i1, t > 4, be a cycle
in G, meaning that I contains arcs vi,...,7%¢—1 where 7y, is either (ig,ip41), or (igt1,7¢). Observe
that all ¢ — 1 arcs 7 are distinct from each other. Now let ¢, be equal to 1 when vy, = (ig, ip11)
and €y = —1 otherwise. It is immediately seen that the flow f with f, =€, for vy =y and f, =0
when ~ is distinct from 71, ..., 11 satisfies Pf = 0, meaning that the columns of P indexed by
Y1, .-, Y¢t—1 are linearly dependent. Since 7, € I, the columns of P indexed by v € I also are
linearly independent, which is a desired contradiction. O
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Integrality of basic feasible solutions. As a byproduct of the above considerations, we get
the following important result:

Proposition 5.3.1 Let the right hand side vector b in (5.3.2) be integral. Then every basic
solution to the problem, feasible of not, is an integral vector.

Proof. By Theorem 5.3.1, the bases of A are exactly the (m — 1)-element sets of arcs in I" which
form trees when the directions of the arcs are ignored. From the proof of Lemma 5.3.1 it follows
that the associated (m — 1) x (m — 1) submatrices B of A after reordering of rows and columns
become lower triangular with nonzero diagonal entries. Since every entry in A is either 1, or —1,
or 0, every lower triangular matrix B’ in question has integral entries and diagonal entries +1,
whence the entries in the inverse of B’ are integral as well. Therefore, if B is a basic submatrix
of A and b is an integral vector, the vector B~'b is integral, meaning that the nonzero entries
in every basic solution to Ax = b are integral. |

Algorithm for building basic solutions. Theorem 5.3.1 says what are the basic solutions
to the uncapacitated network flow problem (5.3.2) — these are exactly the tree solutions, those
which can be obtained as follows:

e we choose in the set £ of arcs of G a subset I of m — 1 arcs which form a tree when their
directions are ignored;

e the tree solution associated with I is a flow f such that f, =0 for vy € I and Af = b :=
[$1;...; 8n—1]. These conditions uniquely define f (Lemma 5.3.1), and in fact f is given by
the following simple algorithm. Let GG be the m-node tree associated with I. To get f,
we process this tree in m — 1 steps as follows:

— At the beginning of step t = 1,2,...,m — 1 we have in our disposal a m —t + 1-node
subgraph G = (N, ) of G| which is a tree, and a vector s’ of external demands at
the nodes of G? satisfying the relation D et st = 0. At the first step, Gl is Gy, and
sl =s.

— At step t, we act as follows:

1. We identify a leaf of G*, let it be denoted by 4; such a leaf exists by Theorem
5.1.1. By the definition of a leaf, in G! there exists a unique arc {7,i} incident to
the leaf. Since G? is a subgraph of G7, this arc corresponds to an arc v € I, and
this arc is either (j,4), or (z,7). In the first case, we set f, = —sg, in the second
we set f, = st.

2. We eliminate from G* the node i and the incident arc {7,i}, thus getting a graph
G'! (which clearly is a tree).

3. We further convert s’ into s'*! as follows: for every node k of G**! which is
distinct from j, we set s’;jl = sk, and for the node j we set S§~+1 = s§ + 5%; note

t+1 {5 the same as the similar sum

that the sum of entries in the resulting vector s
for s', that is, is 0.

4. Step t is completed; when t < m—1, we pass to step t+1, otherwise we terminate.

Note that upon termination, we have at our disposal the entries f, for all v € I. Setting
fy = 0 for v € I, we get a flow f; it is immediately seen that this flow satisfies Af = b,
that is, f is the tree solution we are looking for.
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Illustration: Let us illustrate the above algorithm for finding a tree solution. Our data are
as follows:

e ( is the 4-node oriented graph shown on figure 5.1 (right);

o [ ={(1,3),(2,3),(3,4)} (these arcs clearly form a tree when their directions are ig-
nored);

e s=[1;2;3;—6].

The algorithm works as follows:

e G' = G is the undirected graph with the nodes 1,2,3,4 and the arcs {1,3},{2,3},{3,4},
and s! = [1;2;3; —6];

e At the first step, we choose a leaf in G, let it be the node 2, and the unique arc {2, 3} inci-
dent in G! to this node. The corresponding arc in G is v = (2,3). We set fa 3 = s3 = 2, elim-
inate from G' the node 2 and the arc {2, 3}, thus obtaining G = ({1, 3,4}, {{1,3},{3,4}}),
and set 5?2 =1, 3 =2+ 3 =5, s = —6. The first step is completed.

e At the second step, we choose in G? a leaf, let it be the node 4, and the unique arc {3,4}
incident to this node; the corresponding arc in G is (3,4). We set f34 = —s7 = 6, elimi-
nate from G? the node 4 and the arc {3,4}, thus obtaining G3 = ({1, 3}, {{1,3}}), and set
s3 =52 =1, s3 = 52 + 57 = —1. The second step is completed.

e At the third step, we take a leaf in G2, let it be the node 3, and the arc {1, 3} incident to
this node. The associated arc in G is (1,3) and we set f13 = —s3 = 1.

Finally, we augment the entries fo 3 =2, f34 =6, f1,3 = 1 we have built with f; 2 =0, thus
getting a flow satisfying the conservation law, the vector of external supplies being s, and
vanishing outside of the arcs from 1.

5.3.3 Reduced costs

As we remember, at every step of the Primal Simplex method we have in our disposal a base I
of A along with the associated basic solution f!, and the vector ¢! of reduced costs of the form
c — AT )\;, where )\ is uniquely defined by the requirement that the reduced costs with indexes
from I are equal to 0. In the case of problem (5.3.2), it is convenient to write the reduced
costs in the equivalent form ¢ — PT\, where A € R™ is normalized by the requirement X, = 0.
Recalling the structure of P, the requirements specifying the reduced cost ¢! become

(Cl)ij = Cij+)\i_/\j7 (Z,j) €& (a) (533)
cij = Aj— i, (4,4) €1 () o
We are about to point out a simple algorithm for building the required vector A. Recall that the
bases I we are exactly the collections of m — 1 arcs of G which form a tree after their directions
are ignored. Given such a collection, a byproduct of the algorithm for building the associated
feasible solution is the collection of subgraphs G* = (N, &), t = 1,...,m — 1, of G|, every one
of the subgraphs being a tree, such G! = G and for every t < m — 1 G**! is obtained from G*
by eliminating a leaf node i; of Gt along with the unique arc {j;,4;} of G* which is incident to
this node. It is immediately seen that every arc in Gy is of the form {j;,4;} for certain t. Given
G, t=1,...,m — 1, we can build the vector \; of Lagrange multipliers as follows:

e [first step] G™~! is a 2-node tree, let these nodes be o and 3. Without loss of generality
we can assume that (a, B) is an arc in I. Let us set Ao = 0, A\g = cqop, thus ensuring
CaB = Ag — Aa.
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e [(-th step, m — 1 > ¢ > 2] At the beginning of step ¢ we already have in our disposal the
Lagrange multipliers ); associated with the nodes i of G™ 1 and these multipliers satisfy
the relations ¢;; = )\ — \; for all arcs v € I which link the nodes of G+ At the step,
we take the only node, i = iy, of the graph G™~¢ which is not a node of G™¢*1 and
identify the (unique!) incident to this node arc {j,7} in G™*; note that by construction
of the graphs G*, j is a node of G™ 1, so that the Lagrange multiplier 5\* is already
defined. Now, the arc 7 in I associated with the arc {j,i} of G™ ¢, is either (7, z) or (i,7).
In the first case, we set \; = )\ + ¢; 5, and in the second case, we set N = )\ ¢;;» thus
ensuring in both cases that cy IS the difference of the Lagrange multipliers assomated with
the end- and the start-nodes of 7. As a result of step ¢, we have defined the multipliers \;
for all nodes of G™~¢, and have ensured, for every arc v € I linking the nodes from G™*,
that the transportation cost ¢, of this arc is the difference of the multipliers associated
with the end- and the start-node of the arc. When ¢ < m — 1, we pass to the next step,
otherwise we terminate.

As a result of the outlined algorithm, we get a vector A of multipliers associated with the nodes
of G and satisfying the requirements (5.3.3.b). Subtracting from all entries of A the quantity
An, we keep (5.3.3.b) intact and meet the normalization requirement ), = 0 on the multipliers,
thus obtaining 7.

Illustration: Let us equip the graph G depicted on figure 5.1 (right) with transportation
costs c12 = 1, ca3 = 4, c13 = 6, c3a4 = 8 and compute the vector of reduced costs, the
base I being the same set of arcs {(1,3),(2,3),(3,4)} we used when illustrating the algo-
rithm for building basic solutions, See p- 181. The corresponding subgraphs of Gy are G' =
({1,2,3,4}, {{1, 3}, {2,3}, {3,4}}), G% = ({1,3,4}, {{1,3}, {3.4}}), G* = ({1, 3}, {{1,3}}).

We start with looking at G® and setting A\; = 0, A3 = ¢; 3 = 6. At the next step we look at
G?; the node of G? which is not in G® is 2, and we set Ay = A3 — ¢ 3=06—4 =2 At the last
step, we look at the graph G' = G7; the node of this graph which is not in G? is 4, and we set
M = A3 + c3 4 =6+ 8 = 14. The Lagrange multipliers (before normalization) form the vector
A = [0;2;6; 14] and after normalization — A = A\; = [—14; —12; —8;0]. The reduced costs are

(01)1,2201,24—)\1—)\2:14-( 14+4+12) = 1,(1)132013+)\1 A3 =6+ (—14+8) =0,
(01)273202734-)\2—)\3:44-( 124+8) =0, (c )34—034+)\3—>\4—8+( 8—0)=0.

Note that we could skip computation of the reduced costs associated with the arcs from I — we
know in advance that they are zeros.

5.3.4 Updating basic feasible solution

We now are ready to describe a step of the Network Simplex algorithm. As we remember from
the general description of the Primal Simplex algorithm, this step is as follows (in the description
below, the general-case rules (in Italics) is accompanied by its “network flow translation” (in
Roman)):

1. At the beginning of the step, we have at our disposal the current basis I along with the
associated basic feasible solution.
At the beginning of the step, we have at our disposal a set I of m —1 arcs of G which form

3in actual computations, there is no reason to care on normalization A, = 0 of a vector of Lagrange multipliers,

since all which matters — the associated reduced costs (5.3.3.b) — depend only on the differences of the entries in
A
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a tree after their directions are ignored, along with the flow f! which vanishes outside of
the arcs from I, satisfies Af! = b and is nonnegative.

. At the step, we start with computing the vector of reduced costs.

At the step, we apply algorithm presented on p. 182 to get the vector of Lagrange multi-
pliers A € R" such that

Cij = )\j -\ V(Z,]) el

and form the reduced costs
(c")ij = cij + X — N, V(i) € €. (5.3.4)

If all the reduced costs are nonnegative, we terminate — f! is an optimal solution to
(5.3.2), and X is the corresponding “optimality certificate” — an optimal solution to the
dual problem. (Note that we are solving a minimization problem, so that optimality
corresponds to non-negativity of all reduced costs). Otherwise we identify a variable with
negative reduced cost; this is the non-basic variable to enter the basis.

We terminate when ¢! > 0, otherwise find an arc ¥ = (7, ) such that (¢! )i < 0.

We start to increase the value of the nonbasic variable entering the basis, updating the
values of the basic variables in order to maintain the equality constraints, until

— either one of the basic variables is about to become negative; this variable leaves the
basis. In this case, we update the basis by including the variable which enters the basis and
eliminating the variable which leaves it, updating accordingly the basic feasible solution,
and pass to the next step of the method;

— or it turns out that when the variable entering the basis increases, no basic variables are
about to become negative. In this case, we have found a recessive direction of the feasible
domain X along which the objective decreases; this direction certifies that the problem is
unbounded, and we terminate. Recall that according to the general theory of the Primal
Simplex method, the recessive direction in question generates an extreme ray in Rec(X).
The “network translation” of the latter rules is as follows. There are two possibilities:

A. The “index” — the arc § = (i, ) — of the variable fy which enters the basis is not the
arc inverse to one of the arcs in Z;

B. The arc 74 is inverse to one of the arcs from Z.

Case A: In this case, the arc 4 induces a new arc, {7, j}, in the undirected graph Gy, this
converting this tree into a new graph GI+ which is not a tree anymore. By Theorem 5.1.1,
G;r has exactly one cycle, which includes this new arc {i,j}. “Lifting” this cycle to G, we
get a cycle C' in G — a sequence 11, ..., iy = 1 of nodes of GG such that

e the nodes i1, ...,4;_1 are distinct from each other,

e i] = i,iy = j, so that 41 and iy are linked by the arc 7, and

e every other pair of consecutive nodes is, i3, i3, 14,...,9t—1, ¢ i OUr SEQUENCE i1, ..., It = i1
is linked by an arc from I. For a pair of consecutive nodes is,%51+1, 2 < s < t, the
corresponding arc is either (is,is41) (“forward arc”), or (isy1,4s) (“backward arc”).

Let T" be the collection of arcs forming the above cycle C; one of them is 7, and it is a
forward arc of the cycle, and the remaining arcs belong to I, some of them being forward,
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and some of them being backward. Consider the flow h given by

+1, v €T isa forward arc of C
hy=<¢ —1, v¢&Tl isa backward arc of C
0, all other cases

It is immediately seen that Ph = 0, whence Ah = 0 as well, whence, in turn, A(f! +th) =
b := [s1;...;8,_1] for all ¢, that is, f(t) := f! + th is a flow which satisfies the equality
constraints in (5.3.2). When ¢ = 0, this flow is feasible, and when t grows, starting with
0, the cost of this flow decreases. Indeed, the change in the cost ¢’ fI(t) — c¢T f! is the
same as when the original costs ¢ are replaced with the reduced costs ¢! # Since the re-
duced costs corresponding to all arcs in C except for the arc 4 are zero, we conclude that
L) — T fE = [T FE) — [T 1 = []T]tn] = t[e!)]Th = tcéhxY = tc% (since hy =1
by construction of h; note that 4 is a forward arc in C'. Since C'% < 0, we see that the di-
rection h is a direction of improvement of the objective: when ¢ is positive, ¢! f1(t) < ¢* f1.

Now, tho cases are possible:

A.1. h >0 (this is so if and only if all arcs of G comprising the cycle C' are forward). In
this case, fI(t) is a feasible solution of (5.3.2) for all t > 0, and as t — 0o, the cost of this
feasible solution goes to —oo, meaning that the problem is below unbounded. In this case
we terminate with a certificate h of unboundedness in our hands.

A.2. Some entries in h are negative (this happens when C' includes backward arcs). In this
case, when increasing ¢ starting from ¢ = 0, the flow f!(¢) eventually looses nonnegativity.
Since the §-component of the flow fI(¢) is equal to ¢, the entries in the flow which can
eventually become negative are among those with indexes in I. We can easily compute
the largest ¢t = £ for which f/(¢) still is nonnegative:

t= min{ﬁ : v € I is a backward arc of C'}.

In the flow f!(£), one (or more) of components of fI(f) with indexes v € I become zero.
We take one of the corresponding arcs, let it be denoted 7, and claim that is leaves the
basis, while ¥ enters it, so that the updated basis is I = (I\{7})U{7}, and the new basic
feasible solution is f!(#). Observe that It indeed is a basis.

This observation (which is readily given by the general theory of the Primal
Simplex method; recall that we are just “translating” this method to the par-
ticular case of network problem (5.3.2)) can be justified “from scratch,” namely,
as follows: the undirected counterpart G+ of the graph obtained from G when
eliminating all arcs except for those from I' is obtained from the tree Gy as
follows:

— we first add to G a new arc {i,j} (it is induced by 7); the resulting graph
G;r has m arcs and a unique cycle induced by the cycle C' in G;

“This fact is given by the theory of the Primal Simplex method: on the set of solutions to the system of
equality constraints of a problem in the standard form, the objective given by the original cost vector differs by
a constant from the objective given by the vectors of reduced costs, so that the changes in both objectives when
passing from one solution satisfying the equality constraints to another solution with the same property are equal
to each other.
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— to get G+, we eliminate from the graph G;r an arc which belongs to the
unique cycle of G}“, thus getting a graph with m — 1 nodes. The arc we elimi-
nate from G? is induced by the arc 5 in C and is different from the arc {i,j}.
Since G? clearly is connected along with Gy, and eliminating form a connected
graph an arc belonging to a cycle, we preserve connectivity, G+ is a connected
graph with m nodes and m — 1 arcs and thus is a tree (Theorem 5.1.1), as
claimed.

Thus, in the case of A.2 we convert the current basis I and the associated basic feasible
solution f! into a new basis I and the corresponding new basic feasible solution f! T = ffl )
and can pass to the next step of the algorithm.

Remark. Note that in the case of ¢ > 0, the cost of the new basic feasible solution is
strictly smaller than the cost of the old solution, in full accordance with the general theory
of the Primal Simplex method. It may happen, however, that ¢ = 0, in which case the basic
feasible solution remains intact, and only the basis changes; this, in full accordance with
the general theory, can happen only when the basic feasible solution f! we are updating
is degenerate — has less than m — 1 positive entries.

Case B: Recall that this is the case when the arc 4 = (4, j) with negative reduced cost c,%
— the index of the variable which enters the basis, in the general Simplex terminology — is
inverse to one of the arcs from /. In this case we act in the same fashion as in the case A,
although our life becomes simpler. The analogy of the cycle C is now the loop 7 = (i, 5),
A = (j,i) (recall that we are in the situation when the second arc in this loop belongs to
I). The flow h satisfying Ph = 0 is now the flow with exactly two nonzero components,
hs and hs, both equal to 1; and since c% <0, C’% =0, adding to f! a positive multiple th
of the “circulation” h, we, same as in the case of A, reduce the cost of the flow, keeping it
feasible; thus, we have discovered a recessive direction of the feasible set of the problem.
Along this direction, the objective decreases, that is, we can terminate with a certificate
of unboundedness in out hands.

The description of a step in the Network Simplex algorithm as applied to the uncapacitated

network flow problem is completed.

Illustration: Let us carry out a step of the Network Simplex algorithm as applied to the
directed graph depicted on figure 5.1 (right), the external supplies and the transportation
costs being as in the illustrations on pp. 182 and 183, that is:

5=[1;2;3;—6]; cio=1,co3=4,c13="06,c34=38.

Let the current basis be I = {(1, 3),(2,3), (3,4)}; the associated graph Gy is the undirected
graph with nodes 1,2,3,4 and arcs {1,3},{2,3},{3,4}. The corresponding basic solution
was computed in illustration on p. 182, it is

flI,Q = OaflI,S = 1af21,3 = 2,f?f,4 = 6;

as we see, this solution is feasible. The reduced costs associated with the basis I were
computed in illustration on p. 183; they are

(N2 =-1,(c")13=0,(c")23=0,(c")34 = 0.

The reduced cost associated with the arc (1,2) is negative, meaning that the solution f!
is nonoptimal. We enter the arc 4 = (1,2) into the basis (that is, the variable f; 2 should
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become a basic variable). When adding to G the non-oriented arc {1,2} associated with
the oriented arc % in G, we get a graph GI+ which is non-oriented counterpart of G; in full
accordance with our theory, it has a single cycle 1,2,3,1. The corresponding cycle C' in
Gis 1,(1,2),2,(2,3),3,(1,3),1; the arcs (1,2) and (2,3) are forward, and the arc (1,3) is
backward. We are in Case A; the improving direction h is h1 o = 1, hi3 = —1, hoz = 1,
hs.a = 0; as it should be, this direction satisfies Ph = 0 (that is, it is a flow meeting the
conservation law, the external supplies being zero). We now add a nonnegative multiple th
of the flow h to our “old” basic feasible flow f!, choosing the largest possible t for which the
updated flow is nonnegative. Looking at f! and h, we get ¢t = 1; the variable which leaves
the basis is fi 3, the variable which enters the basis is f1 2 (in terms of the indexes: the arc
which should be added to I is ¥ = (1, 2), the arc which leaves I is 5 = (1,3)). The new basis
and basic feasible solution are

It It It It

I+ = {(1a2)7 (2a3)a (374)}7 f1,2 = 1af1,3 = 07 f2,3 = 2af3,4 =0.

The step is completed.

Let us carry out the next step of the algorithm. To this end let us compute the reduced
costs associated with our new basis 1. Applying algorithm presented on p. 183, we get

Al =13, = —-12,A3 = -8, 4 =0,
(CI+)1,2 = (CI+)2’3 = (CI+)3,4 =0, (CI+)1’3 =cC,3+ A — A3 =6+ (—13 + 8) =1.

The reduced costs are nonnegative, meaning that the flow f! T s optimal.

5.3.5 Network Simplex Algorithm: Summary and Remarks

Summary of the algorithm. We have described in details the “building blocks” of the
network-oriented implementation of the Primal simplex method. When put together, we get an
algorithm which can be summarized as follows:

1. At the beginning of a step, we have at our disposal current basis I, which is the set of m—1
arcs in G which form a tree after their directions are ignored, along with the corresponding
basic feasible solution f; this is a feasible flow such that f,{ =0 for all arcs v & I.

2. At the step, we

(a)

use the algorithm presented on p. 183 to compute the Lagrange multipliers Ay, ..., Ay,
such that
Cij = N — )\j V(Z,j) el

and then compute the reduced costs
(Cl)ij =ci + A — )\j, (Z,j) e€.

The reduced costs associated with the arcs v € I are zero. If all remaining reduced
costs are nonnegative, we terminate — f! is an optimal solution to (5.3.2), and the
vector A = [A; — A\n;..i; Am_1 — A is the optimal solution to the dual problem.

If there are negative reduced costs, we pick one of them, let it be c%, and add to I the
arc 4 = (i,7) (“variable f5 enters the basis”). We extend (it is always possible) the
arc 4 by arcs from I to get a loop i1 := 7,71 := 7,42 := J, V2, 13,7Y3, ..y Ve—1, it = 1; here
Y2y .., Yi—1 are distinct arcs from I, the nodes i1 = i,i = j,43,...,4;_1 are distinct
from each other, and for every s < t s is either the arc (is,75+1) (“forward arc”), or
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the arc (isy1,is) ("backward arc”). This loop gives rise to a flow A which is equal
to 1 at every forward arc and equal to —1 in every backward arc of the loop, and
vanishes in all arcs not belonging to the loop; this flow satisfies the relation Ph =0
and [¢']"h = ¢f < 0. It follows that a flow of the form f'(t) := f! + th with t > 0
satisfies the flow conservation law: PfI(t) = s, and its cost strictly decreases as ¢
grows.

(c) It may happen that the flow f(¢) remains nonnegative for all ¢ > 0. In this case
we have found a ray in the feasible set along which the objective tends to —oo,
meaning that the problem is unbounded; if it happens, we terminate, h being the
unboundedness certificate.

An alternative is that some of the entries in f!(t) decrease as t increases; this clearly
can happen only for the entries corresponding to arcs from I (since the only other
entry in f(¢) which is not identically zero is the entry indexed by 7, and this entry is
equal to ¢ (recall that 4, by construction, is a forward arc in the above loop, and thus
hs = 1) and thus increases with ¢). We find the largest value ¢ of ¢ such that the flow
f1 (%) is nonnegative, and eliminate from I an arc 5 where the flow f/(¢) is “about to
become negative” at t = (i.e., 7 is such that the corresponding component of f(t)
decreases with ¢ and becomes 0 when ¢ = #). We set IT = [I U{75}]\{7}; this is our
new basis (and it indeed is a basis), the corresponding basic feasible solution being
the flow f]+ = f1(f), and loop to the next step of the algorithm.

Remarks. A. Correctness and finite termination. The Network PSM is just an adaptation
of the general-purpose PSM to the special case of uncapacitated Network Flow problem (5.3.2);
as such, it inherits the fundamental properties of the PSM:

e the only possibilities to terminate are

— either to produce an optimal basic feasible solution to the problem along with the optimality
certificate — a feasible solution to the dual problem which, taken along with the primal solution,
satisfies the complementary slackness condition and thus is an optimal solution to the dual
problem,

— or to detect that the problem is unbounded and to produce the corresponding certificate.

e the method is monotone — as a result of a step, the value of the objective either decreases, or
remains the same. The latter option takes place only if the basic feasible solution the step starts
with is degenerate — has less than m — 1 positive entries. If there are no degenerate feasible
solutions at all, the method terminates in finite time. There are also examples which show
that, same as in the case of a general-purpose PSM, in the presence of degenerate solutions the
Network PSM can loop forever, unless an appropriate care of the “‘ties” in the pivoting rules is
taken.

B. Oriented cycles of negative cost. The unboundedness certificate, if any, is an oriented
cycle in G with negative cost, that is, a collection of t arcs (i1,142), (i2,73),...,(i¢, 1) such that
the sum of the associated reduced costs is negative. Now observe that from (5.3.4) it follows
that for every oriented cycle and for every basis I of (5.3.2), the sum of reduced costs of all arcs
of the cycle is equal to the sum of the original costs of the arcs. It follows that the certificate
of unboundedness produced by the Network PSM is a oriented cycle of negative total cost. It
is also clear that whenever a feasible problem (5.3.2) admits an oriented cycle of negative total
cost, the problem is unbounded.

C. Integrality. From the description of the Network PSM it follows that all arithmetic
operations used in the computations are additions, subtractions and multiplications; no divisions
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are involved. Therefore when the vector of external supplies is integral, so is the optimal solution
(if any) reported by the Network PSM — the fact already known to us from Proposition 5.3.1. We
can augment this statement by noting that when all costs c¢;; are integral, so are all reduced costs
and the associated \;’s (see (5.3.4)) and, in particular, the optimal dual solution (if any) returned
by the algorithm is integral — this observation is readily given by algorithm for computing reduced
costs presented in section 5.3.3, see p. 182.

Needless to say, absence of divisions implies that in the case of integral data all computations
in the Network PSM are computations with integral operands and results, which eliminates a
lot of numerical issues related to rounding errors®.

D. Getting started. We did not explain yet how to initialize the Network PSM — where
from to take the initial basic feasible solution. The simplest way to do it is as follows. Let us
augment the m-vertex graph G by an additional node, let its index be m + 1, and m additional
artificial arcs, namely, as follows. For every original node ¢ with nonnegative external supply, we
add to the graph the arc (i,m + 1), and for every original node i with negative external supply
— the arc (m + 1,4). Finally, we assign the new node m + 1 with zero external supply. For the
extended graph, finding initial basic feasible solution is trivial: the corresponding basis I is just
the basis comprised of the m artificial arcs®, and the solution is to send s; units of flow from
node ¢ to node m + 1 along the arc (i,m + 1), when s; is > 0, and —s; units of flow through the
arc (m+ 1,7), when s; is negative. Now, it is easily seen that if the original problem is feasible
and the transportation costs for the added m arcs are large enough, every optimal solution to
the augmented problem will induce zero flows in the artificial — “expensive” — arcs and thus
will be an optimal solution to the problem of actual interest.

5.4 Capacitated Network Flow Problem

In this section we present a modification of the Network PSM aimed at solving the capacitated
Network Flow problem which is obtained from (5.3.2) by assuming that some of the arcs have
finite capacities, that is, the flows in these arcs are subject to upper bounds. In fact, it makes
sense to consider a slightly more general situation where the flows in the arcs are subject to
both lower and upper bounds, so that the problem reads

mfin{ch:Af:b,uVqu,ZEv,'yES}, (5.4.1)

where, same as in (5.3.2), A is the (m — 1) x n matrix obtained by eliminating the last row in
the incidence matrix P of a m-node graph G with the set of arcs £, and b is the “truncation”
[$1;...8m—1) of the vector of external supplies s, Y i, s; = 0. As about the bounds u., £,, we
assume that

B.1: some of /, are reals, and some can be equal to —oo, similarly, some of u, are reals, and
some are +00;

B.2: /, < u, for all v (“no arc flows are fixed in advance”), and

B.3: for every v, either £, or u,, or both these quantities are reals (“no free arc flows”).

5Tt should be mentioned, however, that without additional precautions the method may suffer from “integral
overflows” — some intermediate results can become too large to be stored in a computer as integers.

SNote that our new graph has m + 1 nodes, so that the basis should contain m arcs which form a tree after
their directions are ignored; this is exactly the case with the proposed set of arcs.
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We also keep our initial assumption that G is connected; this assumption, as we remember,
implies that the rows of A are linearly independent.

5.4.1 Preliminaries: Primal Simplex Method with Bounds on Variables

When presenting the Network PSM for the capacitated Network Flow problem, it makes sense
to start with the version of the general-purpose PSM aimed at handling bounds on the variables.
Thus, consider a LO program

Opt:min{ch:Ax:b, U<z <u;, 1<y Sn}, (5.4.2)

where for every j either ¢;, or u;, or both these quantities are finite, and ¢; < w; for all j. As
about A, we assume that this is an m X n matrix with linearly independent rows.

Problem (5.4.2) is not in the standard form. One option to handle the problem via the
PSM is to convert it into the standard form and to apply the method to the resulting problem.
However, as far as the efficiency of the computational process is concerned, this option is not
the best one; it is better to adjust the PSM to (5.4.2), which, as we shall see, requires just minor
and mostly terminological modifications of the method.

Bases and basic solutions to (5.4.2)

The feasible set of (5.4.2) clearly does not contain lines; thus, if the problem is solvable, it
admits a solution which is a vertex of the feasible set X = {z : Az = b,¢ < x < u}. As in the
basic version of the method, the PSM as applied to (5.4.2) travels along the vertices, and our
first step is to describe these vertices. By algebraic characterization of extreme points, a point
v € X is a vertex of X iff among the constraints defining X and active at v (i.e., satisfied at v
as equalities) there are n = dim z constraints with linearly independent vectors of coefficients.
Part of these m active constraints with independent vectors of coefficients, say, m’ < m of them,
are the equality constraints agx = bp, p € P, and n — m/ remaining constraints in this group
come from the bounds. Since ¢; < u;, the lower and the upper bounds on the same variable
cannot become active simultaneously; thus, n —m’ entries in v should be on their upper or lower
bounds, let the indexes of these constraints form a set J. Since the n x n matrix which we get by
augmenting the rows ag, p € P, with the rows of the unit matrix corresponding to the entries
of v which are at their bounds should be nonsingular, we conclude, same as in the case of the
basic PSM, that the columns of A with indexes from I' := {1,...,n}\J are linearly independent.
Since A is of rank m, we conclude that cardinality of I’ is at most m, and I’ can be extended
to a basis I of A. Thus,

every vertex v of the feasible set X of (5.4.2) can be associated with a basis I of A
(a set of m distinct indexes from {1,...,n} such that the columns of A with these
indexes are linearly independent) in such a way that every entry v; in v with index
outside of I is either /¢;, or u;.

Note that given a basis I and setting every entry in x with non-basic index to #; or to u;, there
is exactly one option to define the “basic” entries in x — those with indexes from I — which
results in a vector satisfying the equality constraints in (5.4.2); specifically, the basic part of x
should be
T = Al_l[b — Z$ZAZ]
iZl
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The resulting solution z! is called the basic solution associated with basis I and the way in

which we set the non-basic entries in ! — those with indexes outside of T — to the values ¢; and
u;. Note that feasibility of a basic solution z/ depends solely on what are the basic (those with
indexes from I) entries in this solution: the solution is feasible iff these entries are between the
corresponding bounds ¢;, u;.

The bottom line of our discussion is as follows:

(1) Extreme points of the feasible set of (5.4.2) are exactly the basic feasible solutions,
that is, the just defined basic solutions which happen to be feasible.

This conclusion resembles pretty much the similar conclusion for the standard form LO’s. The
only difference is that in the standard case a basic solution is uniquely defined by the basis,
while now it is uniquely defined by the basis and the way in which we set the non-basic entries
to their upper and lower bounds.

Reduced costs

Given a basis I, we define the associated vector ¢! of reduced costs exactly as in the case of a
standard form problem, that is, as

' =c—ATA ey, (5.4.3)

where ¢y is the m-dimensional vector comprised of the entries in ¢ with indexes from I. In other
words, ¢! is obtained from ¢ by adding a linear combination of rows of A, and this combination
is chosen in such a way that the basic entries in ¢! are zeros. We clearly have ¢’z = [¢!]Tx for
all x with Ax = b, or, equivalently,

Ax = Ax" = b=l — 2" = [I]T[2 —2"]. (5.4.4)
Let us make the following observation:

Lemma 5.4.1 Let I be a basis, ' be an associated basic feasible solution (that is, x' is feasible
and non-basic entries in x! sit on the bounds), and c' be the vectors of reduced costs associated
with I. Then the condition

Vi g I: either (xf =4; and c! >0), or (x! =wu; and ¢! <0) (5.4.5)
is sufficient for x! to be optimal.

Proof. The fact can be easily derived from considering the dual problem, but we prefer a self-
contained reasoning as follows: since ! is feasible, all we need is to verify that if y is a feasible
solution, then ¢’z < cT'y. By (5.4.4) we have ¢! [y — 21] = [/|T[y — 2] = >igl cHy: — 1] (we

3
have taken into account that ¢! = 0 when i € I). For i € I we have

— either xf =/{;, y; > ¢; and CZ-I >0,
I

—or T; = U, Yi < U andciISO,

and in both cases c![y; — 2] > 0, whence Zz‘el cHy; — zf] > 0. O

2
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A step of the algorithm

We are ready to describe a step of the PSM as applied to (5.4.2). At the beginning of the step,
we have at our disposal a basis I along with an associated feasible basic solution z! and the
vector of reduced costs ¢!. At the step, we act as follows:

1. We check whether 2/, ¢! satisfy the sufficient condition for optimality (5.4.5). If it is the
case, we terminate, z/ being the resulting optimal solution and ¢! being the optimality
certificate.

2. If (5.4.5) is not satisfied, we identify a non-basic index j such that either
— Case A: mJI = {; and ch» <0, or
— Case B: x]I = u; and C]I- > 0.
In the case of A, we proceed as follows: we define a parametric family 2/ (¢) of solutions by
the requirements that x]I(t) ={;+t, Az (t) = b and z{(t) = 21 (¢) for all non-basic entries
with indexes k different from j. We clearly have 2/(0) = x!; as t > 0 grows, the entries
zk(t) with indexes k € I U {j} somehow vary, while the remaining entries stay intact,
and we have Ax!(t) = b for all t. Note that these requirements specify z!(t) in a unique
fashion, completely similar to what we have in the case of a standard form problem:

ol (t) =2l —tA7TA;.
Observe that the objective, as evaluated at x!(t), strictly improves as ¢ grows:

Tl (t) =) = [T (0) = 2] =) o [l —all+ of t+ > o [#](t) - X]].
iel \<’0'/ igTu{j} T
Now, when ¢t = 0, 2/(t) = 2! is feasible. It may happen that z!() remains feasible for
all ¢ > 0; in this case, we terminate with the claim that the problem is unbounded. An
alternative is that eventually some entries z/(t) leave the feasible ranges [¢;,u;]; this, of
course, can happen only with the entries which do depend on ¢ (those are the entry with
index j and those of the basic entries for which the corresponding coordinates in A;lAj
is nonzero). We can easily find the largest ¢ = £ for which 2/ (¢) still is feasible, but one or
more of the coordinates in 2 (f) is about to become infeasible. Denoting by i the index of
such a coordinate, we set It = [I N {j}]\{i}, 27" = 27 (f). It is immediately seen that I+
is a basis, and z! " is an associated basic feasible solution, and we pass to the next step.
In the case of B, our actions are completely similar, with the only difference that now,

instead of requiring 3:5 (t) = ; + t, we require a:§ (t) =uj —t.

Note that the construction we have presented is completely similar to the one in the case of a
standard form program. The only new possibility we meet is that as a result of a step, the basic
solution is changed, but the basis remains the same. This possibility occurs when the entry
x!(t) which is about to become infeasible when ¢ = # is nothing but the j-th entry (which indeed
is possible when both ¢; and u; are finite). In this case, as a result of a step, the basis remains
intact, but one of the non-basic variables jumps from one of its bounds to another bound, and
the objective is strictly improved.

Finally, observe that the presented method is monotone. Moreover, the objective strictly
improves at every step which indeed changes the current basic feasible solution, which definitely
is the case when this solution is nondegenerate, i.e., not all basic entries in the solution are
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strictly within their bounds. What does change at a step which does not update the basic
feasible solution, is the basis. These remarks clearly imply our standard conclusions on the
correctness of the results reported by the method upon termination (if any) and on finiteness of
the method in the nondegenerate case.

5.4.2 Network PSM for Capacitated Network Flow Problem

The network PSM for the capacitated Network Flow problem is nothing but the specialization
of the just outlined PSM for solving (5.4.2) to the case of problem (5.4.1). We already have in
our disposal all “network-specific” building blocks (they are inherited from the uncapacitated
case), same as the blueprint of how these blocks should be assembled (see the previous section),
so that all we need is just a brief summary of the algorithm. This summary is as follows.

1. At the beginning of an iteration, we have at our disposal a basis I — a collection of
m — 1 arcs in G which form a tree when their directions are ignored — along with the
corresponding basic feasible flow f! — a feasible solution f! to (5.4.1) such that the flows
fé in the arcs distinct from those from I are at their upper or lower bounds.

2. At a step we act as follows.

Z-Ij = cin + A; — Aj according to the algorithm

presented in section 5.3.3, so that C,Iy =0 when v € I.

(a) We compute the vector of reduced costs ¢

(b) If for every arc v ¢ I we have either cg >0 and f{ =/, or cfy <0 and fvl = Uy, We
terminate — f! is an optimal solution, and ¢! is the associated optimality certificate.

(c) If we do not terminate according to the previous rule, we specify an arc ¥ := (i,5) & I
such that either
— Case A: c% < 0 and f;{ = {5, or
— Case B: c% > (0 and f;{ = U,.
Below we assume that we are in the case of A (our actions in the case of B are
completely “symmetric”).

(d) Same as in the uncapacitated case, we find a loop i1 = 4,71 = 7,ip =
JyY2,03, eey G415 Vi1, %¢ = i1, Where i1, ...,4;_1 are distinct nodes of G and o, ..., 71
are distinct from each other arcs from I such that either v; = (is,is41) (forward arc),
or vs = (is4+1,1s) (backward arc) for every s, 1 < s <t — 1. We define flow h which
vanishes outside of the arcs from the loop, and in the arc + from the loop is equal
to 1 or -1 depending on whether the arc is or is not a forward one. We further set
f1(t) = fT + th, thus getting a flow such that

F1(0) = " and Af'(r) = bVt " [f1(7) = f1] = o5 t.
~~

<0

(e) It may happen that the flow f!(t) remains feasible for all ¢ > 0. In this case, we have
found a feasible ray of solutions to (5.4.1) along which the objective goes to —oo, and
we terminate with the conclusion that the problem is unbounded. An alternative is
that as ¢ > 0 grows, some of the entries fWI (t) eventually become infeasible. In this
case it is easy to identify the smallest ¢ = £ > 0 for which f/(%) still is feasible, same
as it is easy to identify an arc 4 from the above loop such that the flow faf(t) att =1
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is about to become infeasible. We add to I the arc 4 and delete from the resulting set
the arc 7, thus getting a new basis, the corresponding basic feasible solution being
FI7 = f1(7), and pass to the next step.

The resulting algorithm shares with its uncapacitated predecessor all the properties mentioned
on p. 188, in particular, produces upon termination (if any) an integral optimal flow, provided
that all entries in b and all finite bounds ¢;, u; are integral. To initialize the algorithm, one
can use the same construction as in the uncapacitated case, with zero lower and infinite upper
bounds on the flows in the artificial arcs.



Part 111

Complexity of Linear Optimization
and The Ellipsoid Method



196 LECTURE 5. THE NETWORK SIMPLEX ALGORITHM



Lecture 6

Polynomial Time Solvability of
Linear Optimization

6.1 Complexity of LO: Posing the Question

We know that the Simplex Method equipped with an anti-cycling strategy is a finite algorithm
assuming precise arithmetics, it solves exactly every LO program in finitely many arithmetic
operations. Once upon a time this property was considered the most desirable property a compu-
tational routine can possess. However, actual computations require from a good computational
routine not only to be able to solve problems, but also to do it “in reasonable time.” From
practical perspective, the promise that a particular algorithm, as applied to a particular prob-
lem, will eventually solve it, but the computation will take 10'° years, does not worth much. At
the theoretical level, the purely practical by its origin question of “how long a computation will
take” is posed as investigating complexity of problem classes and solution algorithms. Speaking
informally, the complexity is defined as follows:

1. We are interested in solving problems from certain family P (e.g., the family of all LO
programs in the standard form); let us call this family a generic problem, and particular
member p € P of this family (in our example, a particular LO program in the standard
form) — an instance of P. We assume that within the family, and instance is identified
by its data, which form an array of numbers. E.g., the data of an LO in the standard
form are comprised of two integers m,n — the sizes of the constraint matrix A, two linear
arrays storing the entries of the objective ¢ and the right hand side vector b, and one two-
dimensional array storing the constraint matrix A. In fact, we lose nothing by assuming
that the data data(p) of an instance is a single one-dimensional array, i.e., a vector. E.g.,
in the LO case, we could start this vector with m and n, then write one by one the entries
of ¢, then — the entries of b, and then — the entries of A, say, column by column. With
this convention, given the resulting data vector, one can easily convert it into the usual
representation of an LO program by two vectors and a matrix.

Similarly, we can assume that candidate solutions to instances are linear arrays — vectors

(as it indeed is the case with LO).

2. Now, a solution method B for P can be thought of as a program for a computer. Given
on input the data vector data(p) of an instance p € P and executing this program on this
input, the computer should eventually terminate and output the vector representing the

197
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solution of p we are looking for, or, perhaps, a valid claim “no solution exists.” E.g., in
the LO situation the result should be either the optimal solution to the LO instance the
algorithm is processing, if any, or the correct claim “the instance is unsolvable,” perhaps,
with explanation why (infeasibility of unboundedness).

. We now can measure the complexity C(B,p) of B as applied to an instance p € P as

the running time of B as applied to the instance, that is, as the total time taken by
elementary operations performed by the computer when processing the instance. Given B,
this complexity depends on the instance p in question, and it makes sense to “aggregate”
it into something which depends only on the pair (B,P). A natural way to do it is to
associate with an instance p its “size” Size(p) which is a positive integer which somehow
quantifies the “volume of the data” in p. For example, we can use, as the size, the number
of data entries specifying the instance within P, that is, the dimension of the data vector
data(p). Another, more realistic, as far as digital computations are concerned, way to
define the size is to assume that the data entries admit finite binary representation, e.g.,
are integers or rationals (i.e., pairs of integers), and to define the size of an instance p as
the total number of bits in the vector data(p); this is called the bit size of p.

After the instances of P are equipped with sizes, we can define the complexity of a solution
algorithm B as the function

Cp(L) = sup {C(B,p) : p € P,Size(p) < L}

which shows how the worst-case, over instances of sizes not exceeding a given bound L,
running time of B as applied to an instance, depends on L.

We then can decide which types of complexity functions are, and which are not appropriate
for us, thus splitting all potential solution algorithms for P into efficient and inefficient,
and investigate questions like

e Whether such and such solution algorithm B, as applied to such and such generic problem
P, is efficient? What is the corresponding complexity?

or e Whether such and such generic problem P is efficiently solvable, that is, admits an
efficient solution algorithm?

A reader could argue why should we quantify complexity in the worst-case fashion,
and not by the “average” or “with high probability” behavior of the algorithm.
Practically speaking, a claim like “such and such algorithm solves instances of size
L in time which, with probability 99.9%, does not exceed 0.1L%” looks much more
attractively than the claim “the algorithm solves every instance of size L in time not
exceeding 100L3.” the difficulty with probabilistic approach is that most often we
cannot assign the data of instances with a meaningful probability distribution. think
of LO: LO programs arise in an extremely wise spectrum of applications, and what
is “typical” for the Diet problem modeling nutrition of chickens can be quite atypical
for “the same” problem as applied to nutrition of cows, not speaking about problems
coming from production planning. As a result, meaningful probabilistic approach can
make sense (and indeed makes sense) only when speaking about relatively narrow
problems coming from a “isolated” and well understood source. A typical alternative
— to choose a data distribution on the basis of mathematical convenience — usually
leads to “efficient” algorithms poorly performing in actual applications.
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Polynomial time algorithms and polynomially solvable generic problems. As a mat-
ter of fact, there exists a complete consensus on what should be treated as an “appropriate
complexity” — this is polynomiality of the complexity in L, that is, the existence of a polyno-
mial in L upper bound on this function. Thus, a solution algorithm B for a generic problem P
is called polynomial, or polynomial time, if

Cs(L) < cL?

for fixed constants ¢,d and all L = 1,2, .... A generic problem P is called polynomially solvable,
or computationally tractable, if it admits a polynomial time solution algorithm.

Informally, the advantage of polynomial time algorithms as compared to their most typical
(and usually easy to build) alternatives, the exponential time algorithms with the complexity
exp{O(1)L}, can be illustrated as follows. Imagine that you are solving instances of certain
generic problem on a computer, and then get a 10 times faster computer. If you use a polynomial
time algorithm, this constant factor improvement in the hardware will result in constant factor
increase in the size of an instance you can process in a given time, say, in one hour. In contrast
to this, with an exponential algorithm, 10-fold improvement in the performance of the hardware
increase the size L of an instance you can solve in one hour only additively: L — L + const.

There are deep reasons for why the theoretical translation of the informal notion “computa-
tionally tractable generic problem” is polynomial time solvability. The most important argument
in favor of formalizing tractability as polynomial solvability is that with this formalization the
property to be tractable becomes independent of how exactly we encode candidate solutions and
data of instances by linear arrays; as a matter of fact, all natural encodings of this type can be
converted one into another by polynomial time algorithms, so that the property of a problem
to be tractable turns out to be independent of how exactly the data/candidate solutions are
organized. Similarly, the property of an algorithm to be polynomial time is insensitive to minor
details on what are the elementary operations of the computer we use. As a result, theoretical
investigation of complexity can ignore “minor technical details” on how exactly we encode the
data and what exactly our computer can do, thus making the investigation humanly possible.

E.g., a natural way to store the data of a multicommodity flow problem is essentially
different from a natural way to store the data of the standard form representation
of the same problem. Indeed, to specify a problem with N commodities on a graph
with n nodes and m arcs, we need to point out the incidence matrix of the graph (mn
data entries when we store the matrix as a full one), the supply of each commodity
at each node (totally Nn data entries) and Nm cost coefficients; all this amounts
to N(m + n) + mn data entries. In the standard form representation of the same
problem there are more than Nm variables and more than n equality constraints, so
that the number of data entries in the constraint matrix is more than Nmn; when N,
m, n are large, the number of data entries in the standard form representation is by
orders of magnitude larger than in the former, natural and compact, representation
of problem’s data. Nevertheless, the standard form data clearly can be produced
in a polynomial time fashion from the data of the compact representation of the
problem. As a result, if we know a polynomial time algorithm B for solving multi-
commodity flow problems represented in the standard form, we automatically know
similar algorithm for these problems represented in the compact form; to build such
an algorithm, we first convert in polynomial time the “compact form data” into the
standard form one, and then apply to the resulting standard from problem the algo-
rithm B. The overall computation clearly is polynomial time. Note that conclusions
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of this type are “automatically true” due to our somehow “loose” definition of effi-
ciency. Were we defining an efficient algorithm as one with the complexity bounded
by linear function of L, similar conclusions would be impossible; say, it would be
unclear why efficient solvability of the problem in the standard form implies efficient
solvability in the standard form, since the conversion of the data from the latter form
to the former one takes non-linear, although polynomial, time.

From the viewpoint of actual computations, the simple dichotomy “polynomial — non-
polynomial” is indeed loose: we would not be happy when running an algorithm with complexity
of order of L', However, the loose definition of efficiency as polynomiality captures perhaps
not all, but at least the most crucial components of the diffuse real-life notion of efficiency.
While a polynomial complexity bound may happen to be too big from practical viewpoint, a
typical non-polynomial bound — the exponential bound exp{O(1)L} — definitely is too big from
this viewpoint. It should be added that, as a matter of fact, the complexity bounds for the vast
majority of known polynomial time algorithms are polynomials of quite moderate order, like
2 and 3, so that discussions on what is better in applications — an polynomial time algorithm
with complexity L'% or a non-polynomial time algorithm with complexity exp{0.1n} — have
more or less empty scope. What indeed is true, is that after we know that a generic problem
is polynomially solvable, we can start to bother about the degrees of the related polynomials,
about what is the best, from the practical viewpoint, way to organize the data, etc.

6.1.1 Models of Computations

The informal “definition” of complexity we have presented is incomplete, and the crucial yet
missing element is what is our model of computations, what is the “computer” and its “elemen-
tary operations” we were speaking about. In our context, one could choose between two major
models of computation!, which we will refer to call the Rational Arithmetic and Real Arithmetic
ones.

Real Arithmetic model of computations. You can think about this model of
a computation on idealized Real Arithmetic computer capable to store indefinitely
many real numbers and to carry out precisely elementary operations with these
numbers — the four arithmetic operations, comparisons, and computing the values
of elementary functions, like /> €XD; sin, etc. Execution of such an operation takes
unit time.

Rational Arithmetic model of computations. Here we are computing on a
Rational Arithmetic computer capable to store indefinitely many finite binary words.
We interpret these words as encoding pairs of binary-represented integers (say, “00”
encodes bit 0, “11” encodes bit 1, “10” encodes sign —, and “01” separates bits and
signs of the first member of the pair from those of the second member. For example,
the pair of integers (3, —2) will be encoded as
a b c d

P e o

1111 01 10 1100
where a encodes the binary representation ‘11’ of 3, b plays the role of comma, ¢
encodes the sign —, and d encodes the binary representation ‘10’ of 2. We shall

'In the presentation to follow, we intend to explain the essence of the matter and skip some of the technicalities.
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interpret the integers encoded by a binary word as the numerator and denominator
of a rational number. The operations of the Rational Arithmetic computer are
the four arithmetic operations with rational numbers encoded by the operands and
comparison (>, =, <) of the rational number encoded by the operand with 0. The
time taken by an elementary operation is now not a constant, but depends on the
total binary size £ of the operands; all what matters in the sequel is that this time
is bounded from above by a fixed polynomial of /.

note that our assumption on how long an operation takes corresponds to the situa-
tion when the true elementary operations, those taking unit time, are “bit-wise” —
operate with operands of once for ever fixed binary length, say, with bytes. With rich
enough family of these bit-wise operations, it still is possible to carry our arithmetic
operations with rational numbers, but such an operation, rather than to be “built
into the hardware,” is implemented as execution of a micro-program which uses the
bit-wise operations only. As a result, time taken by, say, addition of two rational
numbers is not a constant, it grows with the total binary size of the operands, as it
is the case with computations by hand.

Needless to say, the Rational Arithmetic computer is much closer to a real-life computer than
the Real Arithmetic computer is. Nevertheless, both models are meaningful idealizations of the
process of actual computations; which one of the models to use, it depends on the subject area
we intend to analyze. For example, the Rational Arithmetic model is the model used in Com-
binatorial Optimization which operates with fully finite entities and hardly needs even rational
fractions, not speaking of reals. In contrast to this, in Continuous Optimization, especially,
beyond LO, would be a complete disaster — in this area, to bother all the time on keeping the
results of all computations in the field of rational numbers would be a severe obstacle to in-
venting and analyzing algorithms, and here a Real Arithmetic model of computations is really
indispensable.

Existence of several models of computation makes the question “Whether a given generic
problem P is or is not polynomially solvable” somehow ill-posed. Assume that we use the
Rational Arithmetic model of computations and want to know what is the solvability status
of a generic problem like “Solving square nonsingular systems of linear equations,” or “Solving
LO programs.” First of all, we should restrict ourselves with instances where the data vector
is rational, since otherwise we cannot even load the data in our computer. Second, we should
measure the size of an instance, taking into account the total binary lengths of the entries in
the data vector, not only their number. Otherwise solving the linear equation as simple as
ax = b, a and b being positive rationals, would be an intractable computational task: to solve
the equation, we should compute the numerator and the denominator of the rational number
b/a, and the running time of such a division on a Rational Arithmetic computer is the larger
the larger is the total bit size of the four integers hidden in a,b. Thus, our equation cannot
be solved in time polynomial in the number of data entries. To overcome this difficulty, the
standard definition of the size of an instance p is the bit length of the corresponding data , that
is, the total number of bits in the binary representation of the (rationall) entries of the data
vector data(p). We will refer to the resulting complexity model as to the Combinatorial one.
Thus,

In the Combinatorial Complexity Model:

e all instances of a generic problem have rational data vectors,
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e the size of an instance is the total bit length of its data vector, and

e computations are carried out on a Rational Arithmetic computer, so that the
running time is quantified by the total number of bit-wise operations performed
in course of the solution process. In particular, the running time of an arithmetic
operation with rational operands is a fixed polynomial of the total binary length
of the operands.

Now assume that we use the Rational Arithmetic model of computations and address “the
same” generic problems “Solving square nonsingular system of linear equations” and “Solving
LO programs.” Now there is no necessity to require from the data of the instances to be rational.
Likewise, it is natural to define the size of an instance the number of entries (i.e., the dimension)
of the corresponding data vector. We will refer to this complexity model as the Real Arithmetic
one. Thus,

In the Real Arithmetic Complexity Model:

e instances of a generic problem may have real data vectors,
e the size of an instance is the dimension of its data vector, and

e computations are carried out on a Real Arithmetic computer, so that the run-
ning time is quantified by the total number of real arithmetic operation per-
formed in course of the solution process. In particular, it takes unit time to
perform an arithmetic operation with real operands.

For more details on Real Arithmetic Complexity Model (including, in particular, the
case where we seek for approximate solution of a prescribed accuracy rather than for
a precise solution — the situation typical for nonlinear optimization programs which
cannot be solved exactly in finite number of arithmetic operations), see [1].

Note that when passing from investigating tractability of a generic problem, say, “Solving square
nonsingular systems of linear equations” in the framework of CCM (Combinatorial Complex-
ity Model) to investigating “the same” problem in the framework of RACM (Real Arithmetic
Complexity Model), the task — to build a polynomial time solution algorithm — simplifies in
some aspects and becomes more complicated in other aspects. Simplification comes from the
fact that now we have in our disposal much more powerful computer. Complication comes from
two sources. First, we extend the family of instances by allowing for real data (this is why he
quotation marks in the above “the same” come from); usually, this is a minor complication.
Second, and much more important, complication comes from the fact that even for instances
with rational data we now want much more than before: we want the running time of our new
powerful computer to be bounded by a much smaller quantity than before — by polynomial in
the dimension of the data vector instead of polynomial in the bit size of this vector. As a result,
polynomial solvability of the problem in one of the models does not say much about polynomial
solvability of “the same” problem in the second model. For example, the problem of solving a
square nonsingular system of linear equations is tractable — polynomially solvable — in both
CCM and RACM, and the efficient solution algorithm can be chosen to be “the same,” say,
Gaussian elimination. However, the meaning of the claim “Gaussian elimination allows to solve
square nonsingular systems of linear equations in polynomial time” heavily depend on what is
the complexity model in question. In CCM, it means that the “bit-wise” effort of solving a
system is bounded by a polynomial in the total bit size of the data; from this fact we cannot
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make any conclusion on how long it takes to solve a single linear equation with one variable —
the answer depends on how large is the binary length of the data. The same claim in RACM
means that a n x n system of linear equations can be solved in a polynomial in n time of op-
erations of the precise Real Arithmetics (just one division in the case of 1 x 1 system). At the
same time, the claim does not say how long it will take the system with rational data on a
“real life” computer which in fact is a Rational Arithmetics one. That the latter shortcoming
of the “RACM tractability” indeed is an important “real life” phenomenon, can be witnessed
by everybody with even a minor experience in applications of Numerical Linear Algebra — just
ask him/her about rounding errors, condition numbers, ill-posed systems and the like.

Now, what about tractability status of the main hero of our course — LO? The situation is
as follows.

e The question whether LO admits a polynomial time solution algorithm in the Real Arith-
metic Complexity model remains open for over 5 decades; in somehow refined form, it
is included in the “short list,” compiled by the famous mathematician, Fields Laureate
Stephen Smale, of the major open problems with which Mathematics enters the XXI Cen-
tury. The strongest result in this direction known so far is that when restricting the entries
of the constraint matrix in a standard form LO to be integers varying in a once for ever
fixed finite range, say, 0/1 or 0,1,...,10 and allowing the right hand side and the objec-
tive vectors to be real, we get a polynomially solvable in the RACM generic problem (E.
Tardos, '85 [15]).

e The question whether LO admits a polynomial time solution algorithm in the Combi-
natorial Complexity model of computations remained open for about three decades; it
was answered positively by L.G. Khachiyan (’79, [7]); his construction, to be reproduced
later in this lecture, heavily exploits the Real Arithmetic Ellipsoid Algorithm for convex
optimization proposed in [8] and independently, slightly later, in [14].

6.1.2 Complexity Status of the Simplex Method

In spite of the exemplary performance exhibited by the Simplex Method in practical computa-
tions, this method is not polynomial neither in RACM, nor in CCM. Specifically, as early as in
mid-1960’s, Klee and Minty presented examples of simply-looking LO programs (“Klee-Minty
cubes,” see [3, Section 3.7]) where the method exhibits exponential time behavior. More pre-
cisely, Klee and Minty discovered a series of concrete LO instances p1, pa,..., n being the design
dimension of P,, with the properties as follows:

e both the bit length and the dimension of the data vector of p,, are polynomial (just quadratic)
in n;

e the feasible set of p, is a polytope given by 2n linear inequality constraints and possessing 2"
vertices, all of then nondegenerate;

e as applied to p,, the Simplex method, started at an appropriately chosen vertex and equipped
with appropriate pivoting rules compatible with method’s description, arrives at the optimal
vertex after 2" iterations, that is, visiting one by one all 2™ vertices.

Since Klee and Minty presented their examples, similar “bad examples” were built for all
standard pivoting rules. Strictly speaking, these examples do not prove that the Simplex Method
cannot be “cured” to become polynomial. Recall that the method is not a single fully determined
algorithm; it is a family of algorithms, a particular member of this family being specified by the
pivoting rules in use. These rules should be compatible with certain “conceptual scheme” we
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have presented when describing the method, but they are not uniquely defined by this scheme.
And nobody proved yet that this scheme does not allow for implementation which does lead
to a polynomial time algorithm. What could be fatal in this respect, at least in the RACM
framework, is the “heavy failure to be true” of the famous Hirsch Conjecture as follows:

Let X be a polyhedral set given by m linear inequality constraints on n variables
and not containing lines. Every two vertices of X can be linked to each other by a
path of at most m — n consecutive edges (one-dimensional faces such that the end
vertex of an edge from the path is the start vertex in the next edge from it).

If this long-standing conjecture is in fact “severely wrong,” and the maximin number

N(m,n) = max min{# of path edges}
X,v,v" paths
of edges in an edge path (the maximum is taken over all “line-free” polyhedra X given by m
linear inequalities on n variables and over all pairs of vertices v, v’ of X, the minimum is taken
over all edge paths on X linking v and v') grows with m,n faster than every polynomial of
m + n, then the Simplex method cannot be cured to become a polynomial time one. Indeed,
given the polyhedral set X long with its vertices v, v’ corresponding to the above maximin, we
can make v’ the unique optimal solution to minx ¢« (Proposition 3.1.3), and v — the vertex
the Simplex method starts with when solving this program. Whatever be the pivoting rules,
the number of vertices visited by the Simplex method when solving the program clearly will be
bounded from below by N(m,n), and the latter quantity, if Hirsch was severely mistaken in his
conjecture, grown with m,n in a super-polynomial fashion.
The current status of the Hirsch Conjecture is as follows. For polytopes (i.e., nonempty and
bounded polyhedral sets) its validity remains open. For unbounded polytopes, it is disproved
by Klee and Walkup ’67 who demonstrated that

H(m,n) > m — n + floor(n/5);

this lower bound on H(m,n), however, does not lead to any fatal consequences regarding poten-
tial polynomiality of the Simplex method. As far as an upper bound on H(m,n) is concerned,
the best known bound, due to Kalai and Kleitman 93, is

N(m,n) < n'os2™;

while being sub-exponential, it is not polynomial. The bottom line is that to make the Simplex
method polynomial is not easier than to prove a somehow relaxed (a polynomial in m,n instead
of m — n) version of the long standing Hirsch Conjecture.

6.1.3 *Classes P and NP

Here we briefly explain the notions of complexity classes P and NP are of paramount importance
in CCM; while we do not directly use them in what follows, it would be unwise to omit this
topic. In what follows, we deal with the Combinatorial Complexity model only.

Consider a generic problem P with rational data, and let it be a decision problem, meaning
that a candidate solution to an instance is just the answer “yes, the instance possesses certain
property P,” or “no, the instance does not possess the property P;” the property in question is
part of the description of the generic problem P. Examples are:

e [Shortest path] “Given a graph with arcs assigned nonnegative integral weights, two nodes in
the graph, and an integer M, check whether there exists a path of length? < M linking these

2defined as the sum of lengths of edges constituting the path
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two nodes”
e [Traveling salesman] “Given a graph with arcs assigned nonnegative integral weights and an
integer M, check whether there exists a tour (cyclic path which visits every node exactly once)
of length < M”
e [Stones| “Given positive integral weights ai, ..., a, of n stones, check whether the stones can
be split into two groups of equal total weights”
e [Decision version of LO| “Given LO program with rational data, check its feasibility”

A decision problem is in class NP | if the positive answer is “easy to certify.” Specifically,
there exists a predicate A(x,y) (a function of two finite binary words z,y taking values 0 and
1) and a polynomial 7(¢) such that

1. The predicate is polynomially computable — there exists a code for the Rational Arith-
metic computer which, given on input a pair of binary words x,y, computes A(z,y) in the
a polynomial in ¢(x) + ¢(y) number of bit-wise operations; here and in what follows £(-) is
the bit length of a binary word;

2. For every x, if there exists y such that A(x,y) = 1, then there exists a “not too long” 1/
with the same property A(x,y’) = 1, specifically, such that ¢(y) < w(¢(x));

3. An instance p of P possesses property P iff the data data(p) of the instance can be aug-
mented by certain y in such a way that A(data(p),y) = 1.

We assume that the predicate A, the polynomial time algorithm computing this predicate, and
polynomial 7 are part of the description of the generic problem P.

Comments: A. P is a generic program with rational data, so that data(p) is a finite sequence of
integers; we always can encode such a sequence by a finite binary word (cf. encoding of (3, —2)
above). After the encoding scheme is fixed, we can think of data(p) as of a binary word, and 3)
above makes sense.

B. The structure of the above definitions is well known to us. They say that presence of the
property P in an instance p is easy to certify: a certificate is a binary word y which, taken
along with the data of p, satisfies the condition A(data(p),y) = 1, and this certification scheme
is complete. Moreover, given data(p) and candidate certificate y, it is easy to verify whether
y is a valid certificate, since A(-, ) is polynomially computable. Finally, given p, we can point
out a finite set C(p) of candidate certificates such that if p possesses property P, then the
corresponding certificate can be found already in C(p). Indeed, it suffices to take, as C(p), the
set of all binary words y with ¢(y) < 7(¢(z)), see 2).

It is easily seen that all decision problems we have listed above as examples (except, perhaps,
the decision version of LO) are in the class NP . E.g., in the Shortest path problem, a candidate
certificate y encodes a loop-free path in a graph® In order to compute A(data(p),y), we first
check that whether y is a loop-free path in the graph represented by p, and then compute the
length of this path and compare it with the threshold M (which is part of the data of p); you
can easily verify that this construction meets all the requirements in 1) — 3).

The only example in our list for which its membership in NP is not completely evident
is the decision version of LO with rational data. Of course, we understand how to certify the
feasibility of an LO program — just by pointing out its feasible solution. The question, however,

3that is, a finite sequence of distinct from each other positive integers, like (1,17,2), meaning that the con-
secutive arcs in the path are (1,17) and (17,2); we assume that the nodes in a graph are identify by their serial
numbers.
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is why such a certificate, if it exists, can be chosen to be rational with “not too long” binary
representation. What we need here is the following statement:

(1) If a system of linear inequalities with rational data of total bit length L is feasible,
then it admits a rational solution with total bit length of the entries bounded by a
fixed polynomial of L.

The validity of this statement can be easily derived from what we already know, specifically,
from algebraic characterization of extreme points of polyhedral sets, see Step 1 in the proof of
Theorem 6.3.1 below. With (!) in our disposal, the fact that the decision version of LO with
rational data is in NP .

The class Pis, by definition, a subclass of NP comprised of all polynomially solvable prob-
lems in NP.

A decision problem P € P clearly admits a finite solution algorithm. Indeed, given an
instance p of P, we can look, one by one, at all candidate certificates y with ¢(y) < w(L),
where L = ¢(data(p)) is the bit size of p. Each time we check whether y is a valid certificate
(this reduces to computing .A(data(p),y), which is easy). When a valid certificate is found,
we terminate and claim that p possesses property P, and if no valid certificate is found when
scanning all 27X of our candidates, we can safely claim that p does not possess the property.
While being finite, this algorithm is not polynomial, since the number 27(%) of candidates we
should scan is not bounded by a polynomial of the bit size L of p. Thus, while every problem
belonging to NP admits a finite solution algorithm, it is unclear whether it is tractable —
belongs to P.

The question whether P = NP is the major open question in Complexity Theory and in
Theoretical Computer Science; it also belongs to Smale’s list of major mathematical challenges.
The extreme importance of this question stems from the fact that essentially every problem
in Combinatorics, Boolean and Integer Programming, etc., can be reduced to solving a “small
series” of instances of an appropriate decision problem from NP, specifically, in such a way
that a polynomial time solution algorithm for the decision problem can be straightforwardly
converted into a polynomial time solution algorithm for the original problem.

E.g., the optimization version of the Travelling salesman problem “given a graph with
arcs assigned nonnegative integral lengths, find the shortest tour” can be reduced to
small series of instances of the decision version of the same problem, where instead of
minimizing the length of a tour one should check whether there exists a tour of the
length not exceeding a given bound (think what this reduction is). Similarly, solving
LO programs with rational data reduces to a small series of decision problems “check
whether a given system of linear inequalities with rational data is feasible,” see Step
2 and Step 3 in the proof of Theorem 6.3.1 below.

Thus, if NP were equal to P, our life would become a paradise — there would be no difficult,
at lest from the theoretical viewpoint, computational problems at all! Unfortunately, even after
over 4 decades of intensive studies, we do not know whether P =NP. The common belief is
that this is not the case, and the reason stems from the fundamental discovery of NP -complete
problems.

Polynomial reducibility and NP -completeness. Consider two generic decision problems
with rational data, P and P’. We say that P’ can be polynomially reduced to P, if the data
data(p’) of every instance p’ € P’ can be converted in polynomial time into the data of an
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instance p[p/] of P such that the answers in p’ and in p[p'] are the same — or both are “yes”,
or both are “no.” In this situation, tractability of P automatically implies tractability of P’;
indeed, to solve an instance p’ of P’, we first convert its data in polynomial time in the data
of p[p/] and then solve p[p'] by a polynomial time solution algorithm for P (P is tractable!);
the answer we get is the desired answer for p’, and the overall computation is polynomial?. In
particular, if P and P’ are polynomially reducible to each other, their tractability status is the
same.

Now, a problem P from the class NP is called NP -complete, if every problem from NP is
polynomially reducible to P. Thus, all NP -complete problems have the same tractability status;
moreover, if one of them is polynomially solvable, then so are all problems from NP, and thus
P=NP.

The major discovery in Complexity Theory we have mentioned is that NP -complete problems
do exist. Moreover, it turned out that nearly all difficult problems in Combinatorics — those
for which no polynomial time algorithms were known — are NP -complete — “as difficult as a
problem from NP can be.” For example, in our list of examples, the Shortest path problem is
polynomially solvable, while the Travelling salesman and the Stones problems, are NP -complete.
Eventually, nearly all interesting problems from NP fell in one of just two groups: NP -complete
and polynomially solvable. There is just a handful of exceptions — problems from NP which still
are not know neither to be NP -complete, nor to be polynomially solvable.

Now we can explain why the common expectation is that NP #£P (or, which is the same, that
NP -complete problems are intractable), so that in our current practice, the verdict “problem
P is NP -complete” is interpreted as luck of hope to solve the problem efficiently. As we have
already mentioned, the vast majority of NP -problems are known to be NP -complete and thus,
in a sense, form a single problem. This “single problem” in various forms arises in, and often
is vitally important for, a huge spectrum of applications. Due to their vital importance, these
problems over decades were subject of intensive research of many thousands of excellent scholars.
Since all these scholars were in fact solving the same problem, it is highly unlikely that all of
them overlooked the possibility to solve this problem efficiently.

6.2 The Ellipsoid Algorithm

In this section, important by its own right, we make a crucial step towards demonstrating that
LO polynomial solvable in the Combinatorial Complexity model. Surprisingly, this step seems
to have nothing to do with LO; the story to be told is about a particular algorithm for solving
black-box-oriented convex problems.

6.2.1 Problem and Assumptions

The Ellipsoid Algorithm (EA) is a “universal” method for solving convex optimization problems
in the form

Opt = ;Iél)rfl f(z) (6.2.1)

where X C R"™ is a solid — a closed convex set with a nonempty interior, and f : R® — R is
a convex function. To stick to the policy “minimum of Calculus” we follow in our course, we

“To see this, note that the bit size of p[p’] is bounded by a polynomial of the bit size of p'; indeed, in the
CCM, the bit size of the output of a polynomial time computation is bounded by a polynomial of the bit size of
the input (it takes unit time just to write down a single bit in the output).
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assume from now on that f(z) is the maximum of finitely many differentiable convex functions
fl, ceey fMZ
f(z) = max fi(x), (6.2.2)

while X is cut off R™ by finitely many constraints g;(z) < 0, where g; are differentiable convex
functions:
X={zeR":gi(x)<0,1<i< N} (6.2.3)

Black box representation of (6.2.1). In what follows, we assume that the descriptions of
f as the maximum of finitely many differentiable convex functions and of X as the set given
by finitely many convex inequality constraints with differentiable right hand sides “exist in the
nature,” but not necessarily are accessible for a solution algorithm. For the latter, the problem
is given by two oracles, or black boxes — routines the algorithm can call to get their outputs.
The oracles are as follows:

e Separation Oracle which, given on input a query point x € R™, “says” on the output whether
or not x € X, and if it is not the case, returns a separator — a nonzero vector e € R’ such that

el(z—2') >0V € X; (6.2.4)

Note that e # 0, since X is nonempty.
e First Order Oracle which, given on input a query point x € R6n, returns the value f(z) and
a subgradient f'(x) of f at .

A subgradient of a convex function h : R" — R U {+00} at a point x € Dom#h is,
by definition, a vector e € R™ such that h(y) > h(z) + e’ (y — ) for all z. If a
convex function h is differentiable at a point x from its domain, one can take, as a
subgradient of h at z, the gradient VA(z) of h at z; the easy to prove fact is that
Vh(z) indeed is a subgradient:

h(y) > h(z) + [Vh(z)]" (y — 2) vy

is called gradient inequality for convex functions; it expresses the quite intuitive
fact that the graph of a convex function is above its tangent hyperplane. In fact,
subgradients do exist at every interior point of the domain of a convex function. A
subgradient of a given function at a given point not necessary is unique (think what
are the subgradients of the function h(x) = |z| at z = 0).

One of the ways to build a Separation and a First Order oracles is as follows:

e Separation oracle: given on input a point x, we compute one by one the quantities g;(x)
and check whether they are nonnegative. If it is the case for all ¢, then x; € X, and
we report this outcome to the algorithm. If g; (z) > 0 for certain i., we report to the
algorithm that z ¢ X and return, as a separator, the vector e = Vg;, (). This indeed is
a separator, since by gradient inequality

9i.(y) > gi.(z) + el (y — z),

meaning that if y € X, so that g;,)y) < 0, we have €T (z—y) > g;. (%) —g;, (y) > gi.(z) > 0.
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e First Order Oracle: given on input a point x, we compute one by one all the quantities f;(x)
and pick the largest of them, let it be f;, (x); thus, f(x) = max; f;(x) = f;, (x). We return to
the algorithm the real f;, (x) as the value, and the vector V f;, (z) — as a subgradient of f at
x. To justify correctness of this procedure, note that by the gradient inequality as applied
to the convex and differentiable function f;, (-), we have f;, (y) > fi. (x) + [V fi, (2)]T (y — )
for all y; the left hand side in this inequality is < f(y), and the right hand side is equal to
f(@) + [V fi, ()] (y — x), so that f(y) > f(z) + [V, (2)]" (y — 2) for all y, as claimed.

A priori information on (6.2.1) is comprised of two positive reals R > r such that X is
contained in the Euclidean ball Bf = {z € R™ : ||z||z < R}, and there exists & such that the
Euclidean ball {z : ||z — Z||2 < r} is contained in X. Recall that X was assumed to be bounded
and with a nonempty interior, so that the required R and r “exist in the nature.” We assume
that these “existing in the nature” quantities are known to the solution algorithm (note: we
do not assume that the center Z of the second ball is known to the algorithm). It should be
mentioned that the a priori knowledge of R is crucial, while the knowledge of r does not affect
the iterations and is used in the termination criterion only. In fact with appropriate modification
of the method (see [9]), we can get rid of the necessity to know 7.

In addition, we assume that we are given an a priori bound V' < oo on the variation x(f) :=
max, f — miny f of the objective on the feasible set.

Here is a simple way to build V. Calling the First Order Oracle at x = 0, we get
f(0 and f/(0), thus getting an affine lower bound /(x) = f(0) + [f'(0)]z on £(x).
Minimizing this bound over the ball B® which contains X, we get a lower bound
Opt = f(0) — R| f'(0)||2 on Opt. Further, we build n + 1 points o, ..., z, in such
a way that their convex hull A contains the ball B® and thus contains X. Calling
the First Order Oracle at these n + 1 points, we build the quantity F' = Jnax f(zi).

By Jensen’s inequality, f(z) < F for all # € A and thus for all z € X (since
X C Br C A). It follows that the quantity F'— Opt > max f(x) — Opt can be taken
— xe

as V.

The goal. Our goal is, given access to the oracles, the outlined a priori information and an
€ > 0, to find an e-solution to (6.2.1), that is, a feasible solution x. such that f(z¢) < Opt + €.

6.2.2 The Ellipsoid Algorithm

After we have specified our goal — solving (6.2.1) within a given accuracy € > 0, our oracle-
based “computational environment, and our a priori information, we are ready to represent the
Ellipsoid Algorithm. We start with recalling what an ellipsoid is.

Ellipsoids in R™. An ellipsoid FE in R" is, by definition, a set representable as the image of
the unit Euclidean ball under an invertible affine transformation = — Bz + ¢:

E={z=Bu+c:u'u<l1} [B : n x n nonsingular]

Recall that under an invertible affine transformation z +— Bx + ¢ the n-dimensional volumes
of bodies in R™ are multiplied by | Det (B)|. Taking, as the unit of n-dimensional volume, the
volume of the unit n-dimensional ball, we therefore have

Vol(E) = | Det (B)|.
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N rz=Bu+tc \;\ =
E, E and E* U,Uand U™

Figure 6.1: Building a “small” ellipsoid containing a half-ellipsoid.

We need the following

Lemma 6.2.1 Given an ellipsoid E = {Bu+c:u'u <1} in R", n > 1, and a nonzero e, let
E= {zx e E:elx <elc} be the half-ellipsoid cut off E by the linear inequality e’z < eTc in
variable x (geometrically: we take the hyperplane {x : e’z = e’'c} passing through the center
¢ of the ellipsoid E. This hyperplane splits E in two parts, and E is one of these parts) Then
E is contained in an explicitly given ellipsoid ET with the volume strictly less of the one of E,

specifically, in the ellipsoid

Et ={x=Byu+c; :ulu <1}, where

cyp =c— %HBp,
n n n n n 6.2.5
B, =B (m(ln —pp") + THPPT) = Vel t (nTl - \/ﬁ) (Bp)p", (6.2.5)

Te
P= Vg
The volume of the ellipsoid E™ satisfies
n—1
+y _ n n _

Vol(E™) = <m> i Vol(E) < exp{—1/(2(n+ 1))} Vol(E). (6.2.6)

Proof. We only sketch the proof, leaving completely straightforward, although somehow tedious,
computations to a reader. The key observation is that we can reduce our statement to the one
where E is the unit Euclidean ball. Indeed, E is the image of the unit ball U = {u : [Jufs < 1}
under the mapping u — Bu + ¢; E is the image, under the same mapping, of the half-ball
U= {fueW: fflu <0}, where f = BTe. Choosing appropriately the coordinates in the
u-space, we can assume that U = {u € U : u,, < 0}. Now, invertible affine mappings preserve
ratio of volumes and map ellipsoids onto ellipsoids. It follows that in order to cover E by a
“small” ellipsoid ET, it suffices to cover the half-ball U by a “small” ellipsoid U™ and to take,
as BT, the image of U™ under the mapping u — Bu + ¢ (see figure 6.1). Let us take, as U™, the
smallest volume ellipsoid containing U. The latter is easy to specify: by symmetry, its center
should belong to the nth coordinate axis in the u-space, and U™ should be the result of rotating
a 2D ellipsis shown on figure 6.1 around this axis. “By minimality,” this ellipsis should look as
shown on the picture: its boundary should pass through the 0; —1] and the “equatorial points”
[£1;0] of the unit circle; which specifies the ellipsis up to the “height” h of its center. The
half-axis of the ellipsis are easy-to-compute functions p(h) and q(h) of h; the ellipsoid U™ has
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n — 1 of its half-axes equal to the largest of the half-axes of the ellipsis, let i be P(h), and one
half-axis equal to the smaller half-axis g(h) of the ellipsis. Since the volume of an ellipsoid is
proportional to the product of its half-axes, and we want to minimize the volume, we need to
minimize the univariate function p”~!(h)q(h). This problem has a closed form solution, and this
solution underlies the formulas in (6.2.5). O

The Ellipsoid Algorithm. Now we are ready to present the EM. The idea of the method is
very simple and looks as a natural multidimensional extension of the usual Bisection. Specifically,
we build a sequence of ellipsoids of decreasing volume which “localize” the optimal set of the
problem; it turns out that when the latter is localized is an ellipsoid of a small enough volume,
we automatically have in our disposal a good approximate solution. In what follows, the italized
text constitutes the description of the algorithm; the paragraph printed in Roman contain
explanations, comments, etc. We describe the method in geometric terms; their algebraic (and
thus algorithmic) “translation” is readily given by formulas in (6.2.5).

e Initialization: We specify Ey as the ball B = {x ¢ R" : ||z|» < R}.
Note that this ball contains X and thus contains the optimal set of (6.2.1).

e Stept=1,2,...: At the beginning of step t, we have in our disposal the current localizer —
an ellipsoid E;_1; let xy be the center of this ellipsoid. At step t we act as follows.

1. We call the Separation Oracle, x; being the input. If the oracle reports that z; € X,
we call step t productive and go to rule 2, otherwise we call step t non-productive,
denote by e; the separator reported by the oracle and go to rule 3.

2. We call the First Order Oracle, x; being the input, and set e; = f'(x;). If e, = 0, we
terminate and claim that x; is an optimal solution to (6.2.1), otherwise we go to rule
3.
Note that we arrive at rule 2 only when z; € int X. If e¢; := f’(x;) = 0, then by the
definition of a subgradient, f(y) > f(z:) + [f'(x:)]* (y — x) = f(=x;) for all y, meaning
that x; is a global minimizer of f; since we are in the situation when z; is feasible for
(6.2.1), the claim we make upon termination according to rule 3 is correct.

3. We set Et = {2z € E_1 : efx < ez}, build the ellipsoid E; which covers Et
according to the recipe from Lemma 6.2.1 and go to rule 5.
Since a separator always is nonzero and in view of the termination rule in 2, we arrive
at rule 3 with e; # 0, which makes E a half-ellipsoid and thus makes Lemma 6.2.1
applicable. Besides this, we note — and this explains the idea of the construction —
that Fy (and thus E; D E) inherits the property of E;_; to localize the optimal set
of (6.2.1). Indeed, if step ¢ is non-productive, then e; separates z; and X, whence
el'(ry —x) > 0 for all z € X. Looking at the formula defining E;, we see that
what we cut off E;_1 when passing from the ellipsoid E; 1 to its half Et is outside
of X, i.e., not only optimal, but even feasible solutions to the problem which “sit”
in F;_1 sit also in E. Now let t be a productive step. In this case x; is a feasible
solution to the problem, and e; = f’(x¢). by the definition of a subgradient, we have
f(@) > fz) + [f'(2)" (x — 2;), meaning that for all points € E;_1\E; it holds
f(z) > f(x). Since x; is feasible, it follows that when passing from E;_; to Et, no
optimal solutions are thrown away.
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4. We check whether the volume of the ellipsoid F; satisfies the inequality
Voll/n(E,) < % (6.2.7)

If it is the case, we terminate and output, as the approximate solution T generated by
the method, the best — with the smallest value of f — of the points x, corresponding
to productive steps T < t. Otherwise, we pass to step t + 1.

We shall check is a short while that the termination rule 4 is well defined, meaning
that upon termination according to this rule, the set of productive steps performed
so far is nonempty, so that the approximate solution is well defined.

Correctness and performance guarantees. We are about to prove the following

Theorem 6.2.1 Under the assumptions from section 6.2.1, given a required accuracy €, 0 < € <
V', the Ellipsoid method terminates after finitely many steps and returns a feasible approximate
solution to x to (6.2.1) such that f(xe) < Opt+e. The number N(e) of steps before termination
can be upper bounded as
9 V R
N(e) <O(1)n“In <2 + = > , (6.2.8)

r
where O(1) is an absolute constant, and V is an a priori upper bound on max f(x) — Opt, R is
S

an a priori upper bound on the size of X (specifically, such that X is contained in Ey = {x :
lzll2 < R}), and r > 0 is an a priori lower bound on the largest of radii of Euclidean balls
contained in X.

A step of the method requires at most two calls to the Separation and the First Order oracles,
augmented by O(1)n? arithmetic operations to process the answers of the oracles.

Proof. The last statement, describing the effort per step, is readily given by the description
of the method and formulas (6.2.5) explaining how to convert the description of F;_; into the
description of Ej.

To prove the upper bound on the number of steps, note that in view of (6.2.6) we have
Vol(E:) < Vol(Ep) exp{—m} = R" exp{—m}; since at every step except for the last one,
the inequality opposite to (6.2.7) holds true, (6.2.8) follows.

It remains to verify that the algorithm does produce a result, and this result is a feasible
e-solution to the problem. There is nothing to prove if algorithm terminates according to rule 2
(indeed, it was explained in the comment to this proof that in this case the algorithm returns an
optimal solution to the problem). Thus, assume that the algorithm does not terminate according
to rule 2. Let z,. be an optimal solution to (6.2.1) and let # = ¢/V, so that 0 < § < 1. Let us
set

Xi=(1—-0)z, +0X,

so that Vol(X,) = 6" Vol(X) > 6"r". Let T be the termination step. We claim that Ep cannot
contain X,.. Indeed, otherwise we would have Vol(X.) < vol(Er), whence Vol(Er) > 0"r" =
(e/V)™r™. But this contradicts the termination criterion (6.2.7) in rule 4, and this criterion
should be satisfied at step T, since this is the termination step.

We have proved that X,\Er # (), so that there exists y € X, such that y ¢ Ep. By
construction of X, we have y = (1 — 0)x, + 0z for some z € X, whence, in particular, y € X
(since X is convex). Thus, y € X C Ep and y ¢ FErp; thus, there is a step 7 < t such that
y € E,_1and y € E.. since E; D E,, we conclude that y ¢ E’T. The bottom line is that at
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certain step 7 < T the point y satisfies the inequality el'y > eIz, (see the relation between E, 1
and Et) Now, 7 is a productive step, since otherwise e, would separate x, and X, meaning
that elz’ < eIz, for all 2/ € X, and in particular for 2’ = y (we have seen that y € X). Since
7 is a productive step, the result T of the algorithm is well defined, is feasible and satisfies the
relation f(Z) < f(z,), see rule 4. It follows that

f@) < flar) = f((1 = 0)ze +02) =< (1 = 0)f(z:) + 0f(2) = f2:) +0(f(2) = f(24)),

where the second inequality is due to the fact that f is convex. It remains to note that the last
quantity in the chain, due to the origin of V' is < f(z.)+60V = f(x4)+e. Thus, f(Z) < Opt+e.
O

Discussion. Let us explain why the statement of Theorem 6.2.1 is truly remarkable. The
point is that in the complexity bound (6.2.8) the desired accuracy € and the “data-dependent”
parameters V, R, r are under the logarithm; the only parameter which is not under the logarithm
is the structural parameter n. As a result, the iteration count N(e€) is “nearly independent” of
€, V, R,r and is polynomial — just quadratic — in n. Another good news is that while we cannot
say exactly how large is the computational effort per step — it depends on “what goes on inside
the Separation and First Order oracles,” we do know that modulo the computations carried
out by the oracles, the Real Arithmetic complexity of a step is quite moderate — just O(1)n?.
Now assume that we use the Real Arithmetic Complexity model and want to solve a generic
problem P with instances of the form (6.2.1) — (6.2.3). If the functions f; and g; associated
with an instance p € P of the problem are efficiently computable (that is, given x and the data
of an instance p € P, we can compute the taken at x values and the gradients of all f; and
g; in polynomial in Size(p) = dim data(p) time), then the RACM-complexity of an iteration
becomes polynomial in the size of the instance. Under mild additional assumptions on P (see
[1, Chapter 5]), polynomiality of the per-iteration effort combines with low — just logarithmic
— dependence of the iteration count N(e) on € to yield an algorithm which, given on input the
data of an instance p € P and a desired accuracy € > 0, finds an e-solution to p in a number of
Real Arithmetic operations which is polynomial in the size of the instance and in the number
In(1/€) of accuracy digits we want to get.’

Historically, the Ellipsoid Algorithm was the first universal method for solving black-box-
represented convex problems with iteration count polynomial in problem’s dimension n and in
the number In(1/¢) of accuracy digits we want to get, and with polynomial in n “computational
overhead” (computational effort modulo the one of the oracles) per iteration®. As we shall see
in a while, these properties of the EA are instrumental when demonstrating CCM-tractability
of LO with rational data.

°In the RACM framework, algorithms of this type usually are called polynomial time ones. The reason is
that aside of a handful of special cases, generic computational problems with real data do not admit finite (i.e.,
with a finite on every instance running time) algorithms capable to solve the instances exactly. By this reason, it
makes sense to relax the notion of efficient — polynomial time — algorithm, replacing the ability to solve instances
exactly in RACM-time polynomial in their sizes, with the ability to solve instances within a prescribed accuracy
€ > 0 in RACM-time polynomial in the size of an instance and In(1/€). Of course, such a relaxation requires to
decide in advance how we quantify the accuracy of candidate solutions, see [1, Chapter 5] for details.

5Now we know a handful of other methods with similar properties



214 LECTURE 6. POLYNOMIAL TIME SOLVABILITY OF LINEAR OPTIMIZATION

6.3 Polynomial Solvability of LO with Rational Data

Our goal here is to prove the following fundamental fact:

Theorem 6.3.1 L.G. Khachiyan] In Combinatorial Complexity model, Linear Optimization
with rational data is polynomially solvable.

Proof. In what follows, “polynomial time” always means “polynomial time in the Combinatorial
Complexity model of computations.”

Step I: Checking feasibility of a system of linear inequalities. We start — and this is
the essence of the proof — with demonstrating polynomial solvability of the following feasibility
problem:

Given a system of linear inequalities Ax < b with rational data, check whether the
system is or is not feasible.

Note that we do not want to certify the answer: all we want is the answer itself.

Multiplying the constraints by appropriate positive integers, we can make all the entries in
A and in b integral; it is easy to verify that this transformation can be carried out in polynomial
time. Further, we can get rid of the kernel of A by eliminating, one by one, columns of A which
are linear combinations of the remaining columns. This is a simple Linear Algebra routine
which takes polynomial time. Thus, we lose nothing by assuming that the original system of
constraints is with integer data, and A has trivial kernel. In the sequel, we denote by m and n
the sizes (numbers of rows and columns) of A, and by L — the bit size of [A, b].

Our plan of attack is as follows: We observe that feasibility of the system Ax —b is equivalent
to the fact that the simple piecewise linear function

f(z) = max [afz — bi].

Note that the system Ax < b is feasible iff f is not everywhere positive. We intend to prove two
facts:

A. If f is not everywhere positive, that is, attains nonpositive values, it attains nonpositive
values already in the box X = {z : [|2]e := max; |z;| < M = 20DL,
An immediate consequence is that the system Az < b is feasible iff the optimal value in
the convex optimization problem

Opt = min {f(w) = max [alz — b : [|#]ec < M = 20(1)L} (6.3.1)

1<i<m
is < 0.
B. If the optimal value in (6.3.1), it is not too close to 0:

Opt > 0= Opt > o :=279WL, (6.3.2)

Taking A and B for granted, a polynomial time algorithm for solving the Feasibility problem
can be built as follows: we apply to (6.3.1) the Ellipsoid method, the target accuracy being
e = a/3. As a result, we will get an approximate solution z, to the problem such that Opt <
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f(xze) < Opt + € = Opt + /3. Therefore, computing f(x.), we get an get an approximation of
Opt accurate within the error «/3. Since, by B, either Opt < 0, or Opt > «, this approximation
allows us to say exactly which one of the options takes place: if f(x.) < a/2, then Opt < 0, and
thus, by A, the answer in the Feasibility problem is “yes”, otherwise Opt > «, and the answer
in the problem, by the same A, is “no”.

It remains to understand how to apply the Ellipsoid Algorithm to (6.3.1). First what we
need are a Separation oracle for the box {z : [|z]lcc < M} and a First Order oracle for f;
these oracles can be built according to the recipe described in section 6.2.1. Note that a single
call to an oracle requires no more than mn operations. Next what we need is the a priori
information R,r, V. This information is immediate: we can take R = My/n = ﬁ?o(l)L, =M
and V = 2M(n + 1)2%, where the latter bound comes from the evident observation that the
magnitudes of all entries in A and b do not exceed 2%, so that |aiTx —b;| is bounded from above
by 2% (n + 1) provided ||z|/o < L.

Invoking the complexity bound for the Ellipsoid method and taking into account that M =
20WL the total number of iterations before termination is polynomial in n and L (since all
exponents 2°ML will appear under the logarithm), and thus is polynomial in L due to mn < L
(indeed, we have more than m(n + 1) entries in the data [A,b], and it takes at least one bit
to represent a single entry. Since the number of arithmetic operations at a step of the method
(including those spent by the oracles) is O(1)(mn + n?), we conclude that the total number of
arithmetic operations when solving the Feasibility problem is polynomial in L.

The last difficulty we need to handle is that the Ellipsoid Algorithm is a Real Arithmetic
algorithm — it operates with real numbers, and not with rational ones, and assumes precise real
arithmetics (exact arithmetic operations with reals, precise comparisons of reals and even precise
taking of square root, since this operation appears in (6.2.5)), and thus polynomial in L total
number of arithmetic operations we spoke about is the number of operations of real arithmetics.
And what we want to get is an algorithm operating with rational operands and the cost of an
arithmetic operation taking into account the bit sizes of the operands. Well, a straightforward,
although tedious, analysis shows that we can achieve our goal — to approximate the optimal value
of (6.3.1) within accuracy € = «/3 in polynomial in L number of operations — when replacing
precise real arithmetic operations with “actual” reals with approximate operations with rounded
reals; specifically, it turns out that it suffices to operate with rationals with at most O(1)nL
binary digits before and after the dot, and to carry out the arithmetic operations and taking the
square root approximately, within accuracy O(1)2~". We can implement all these approximate
arithmetic operations, and thus the entire computation, on a digital computer, with the “bitwise
cost” of every approximate operation polynomial in nL (and thus in L), so that the total number
of bitwise operations in course of the computation will be polynomial in L, as required.

All what remains is to justify A and B. Let us start with A. Since A is with trivial kernel,
the polyhedral set X = {z : Az < b} does not contain lines (Proposition 2.3.5). Therefore if X
is nonempty, X contains an extreme point v (Theorem 2.4.1). By algebraic characterization of
extreme points (Proposition 2.3.2), we can choose form ay, ..., a,, n linearly independent vectors
{a; : i € I} such that al v = b; for i € I. In other words, v is the unique solution of the linear
system Alz = bl of n linear equations with n variables and nonsingular matrix A’ such that
[AT b1] is a submatrix in [A,b]. Applying Cramer rules, we conclude that

>

V; =
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where A = Det A’ # 0 and A; is the determinant of the matrix AiI obtained from A by
replacing the i-th column with b’. Now, A as the determinant of a matrix with integer entries,
is an integer; being nonzero (A’ is nondegenerate!), its magnitude is at least 1. It follows that

lvi| < A

Now, the determinant of an n x n matrix P;; does not exceed the product of the || - [|;-lenghts
of its rows 7. If now P is integral (as it is the case with A!) and ¢;; is the bit length of P;;, then
|P;j| < 2%~1 8 and we see that |Det P| < 922i%  When P = AE >ty < L, since AJI- is
a submatrix of [A,b], end we end up with |A;| < 2”. The bottom line is that ||v]| < 2%, and
since f(v) <0, A holds true with O(1) = 1.

Now let us prove B. Thus, assume that Opt > 0, and let us prove that Opt is not “too
small.” Clearly,

Opt > Opt™ = inf f(x) = [mf] {t: At [z;t] := Az —t1 < b} 1=1[1;...;1]]
z x;t
The LO program
Opt™ = I[Illr]l {t: At[z;t] := Az —t1 < b} O]
x;t

clearly is feasible; we are in the situation when it is below bounded (indeed, its objective at
every feasible solution is nonnegative, since otherwise Opt™ would be negative, meaning that f
attains somewhere negative values; but then, by already proved A, Opt < 0, which is not the
case. Being feasible and bounded, (!) is solvable, meaning that f attains its minimum on R"
9 This minimum cannot be < 0, since then, by A, Opt would be nonpositive, which is not the
case. The bottom line is that LO program (!) has strictly positive optimal value Opt™.

Now, we claim that the AT = [A, —1] has trivial kernel along with A. Indeed, otherwise
there exists [Z; ] # 0 such that AT [Z;¢] = 0, we have ¢ # 0, since otherwise T # 0 and Z is in the
kernel of A, and this kernel is trivial. We see that both [Z;?] and minus this vector are recessive
directions of the nonempty feasible set X of (!); along one of these directions, the objective
strictly decreases (since t # 0), meaning that (!) is below unbounded, which is not the case.

Since (!) is solvable with positive optimal value and the feasible set of this program does not
contain lines, among the optimal solutions there exists one, let it be denoted z = [z4;t], which
is a vertex of the feasible set of (!). Since Opt™ > 0, we see that ¢, > 0. Now we can act exactly
as in the proof of A: since z is a vertex of the feasible set of (!), there exists an (n+1) x (n+2)
submatrix [A, b] of the integral m x (n + 2) matrix [AT,b] such that A is an (n+ 1) x (n + 1)
nonsingular submatrix A" such that A[z,;t.] = b, whence, by Cramer rule and due to ¢, > 0,

A A

RN TNE

where A, is the determinant of certain submatrix in [A,b], and A is Det A. Since t, > 0,
|A,| > 0; being integral (A" is integral along with A, b), we therefore have |A,| > 1. Further, the

"Indeed, opening parentheses in the product [T, (32, [Pij]), we get the sum of moduli of all “diagonal prod-
ucts” forming the determinant of P, and a lot of other nonnegative products. In fact, | Det P| admits a better

upper bound [] v/P3 + ... + P2, (Hadamard inequality; think how to prove it), but for our purposes, the previous,
i=1

mush worse, bound also is enough.

®8Indeed, the number of bits in a representation of p; is at least log,(|P;;| + 1) bits to store the binary digits
of | P;; plus one bit to store the sign of P;;.

91n fact, our reasoning shows that every below bounded piecewise linear function attains its minimum on R™.
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bit size of [A™,b] clearly is O(1)L, whence, by the same reasons as in the proof of A, |A| < 20(WL
in view of these observations, t, = Optt > 279 whence, invoking (*), Opt > 279 ag
claimed in B. O

Step II: From checking feasibility to building a solution. The remaining steps are much
simpler than the previous one. After we know how to check in polynomial time feasibility of a
system S of m linear inequalities and equations, let us understand how to find its solution in
the case when the system is feasible. It makes sense to denote the initial system by Sp; w.l.o.g.,
we can assume that the vectors a; of coefficients in all constraints a;fpfvzbi constituting Sy are
nonzero. We start with checking feasibility of the system. If Sy is infeasible, we terminate; if
it is feasible, we take the first inequality a’x < b in the system, if any exists, convert it into
the equality a”z = b and check feasibility of the resulting system. If it is feasible, it will be our
new system Sp, otherwise the hyperplane a’z = b does not intersect the feasible set of Sy, and
since this set is nonempty and is contained in the half-space a’z < b, the inequality a’2 < b in
Sp is in fact redundant: when we remove it from the system, the solution set does not change
(why?). In the case in question we eliminate from Sy the redundant inequality a’z < b and call
the resulting system of inequalities and equalities S7. Note that in all cases S is solvable, every
solution to S is a solution to Sy. Besides this, the number of inequalities in S is by 1 less than
in Sp.

We now repeat the outlined procedure with S; in the role of Sy, thus obtaining a feasible
system So; its solution set is contained in the one of the system S7, and thus — in the solution set
of Sp, and the number of inequalities in sg is by 2 less than in Sy. Iteration this construction, we
in at most m steps end up with a system .Sy which is feasible, contains only equality constraints,
and every solution to this system solves Sy as well. It remains to note that to solve a feasible
system of linear equality constraints with integer or rational data is a simple Linear Algebra
problem which is polynomially solvable. solving Sy, we get a solution to the original system Sy.

Now note that the bit sizes of all systems we deal with in the above process are of the same
or even smaller bit size as the original system. Since feasibility checks take time polynomial in
L, m < L, and the last system is polynomially solvable, the complexity of the entire process is
polynomial in L.

Step III: Solving an LO program. Now we can solve in polynomial time an LLO program
max{cl z : Az < b} (P)
x

with rational data. Let L be the bit size of the program. We start in checking in polynomial
time whether the program is feasible; if it is not the case, we terminate with the correct claim
“(P) is infeasible,” otherwise check in polynomial time the feasibility of the dual problem

m/\in{bT)\ tA>0, ATA=¢} (D)

which clearly has bit size O(1)L. If the dual problem is infeasible, we terminate with a correct
claim “(P) is unbounded.”

It remains to consider the case when both (P) and (D) are feasible and thus both are
solvable (LO Duality Theorem). In this case, we put together the constraints of both programs
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and augment them with the “zero duality gap” equation, thus arriving at the system of linear
constraints

Az <bA>0; AT N=¢; I =Tz (S)

in variables z,\. By LO Optimality conditions, every feasible solution [z;A] to this system is
comprised of optimal solutions to (P) and to (D)), so that (S) is feasible; the bit size of (5)
clearly is O(1)L. Applying the construction from Step II, we can find a feasible solution to
(S), and thus optimal solutions to (P) and to (D), in time polynomial in L. From the above
description it is clear that overall computational effort of solving (P) also is polynomial in L.
Khachiyan’s Theorem is proved. O

Certifying insolvability in polynomial time. The proof of Khachiyan’s Theorem presents
a CCM-polynomial time algorithm which, as applied to and LO program (P) with rational data,
detects correctly whether the problem is infeasible, feasible and unbounded, or solvable; in the
latter case, the algorithm produces an optimal solution to (P) and to the dual problem, thus
certifying optimality of both the solutions. A natural question is, whether it is possible to get
in polynomial time certificates for infeasibility /unboundedness of (P), when the problem indeed
is infeasible or unbounded. The answer is “yes.” Indeed, as in was explained in section 3.1.3
(see p. 112), in order to certify that (P) is infeasible, it suffices to point out a vector A > 0 such
that ATA =0 and b7\ < 0 (cf. (3.1.9)), or, which is the same (why?), a A such that

A>0,4ATA=0,b"N< 1. (S)

After infeasibility of (P) is detected, we can solve the latter system of linear inequalities and
equations as explained in Step 2 above; note that we are in the situation when this system is
solvable (since the certification scheme we are utilizing is complete). The data of (.5) is rational,
and its bit size is O(1)L, where L is the bit size of (P). Applying construction form Step 2 to
(S), we get in polynomial time a solution to this system, thus certifying that (P) is infeasible.

After feasibility of (P) is detected and certified by presenting a feasible solution (which can
be done by algorithm from Step 2) and the problem is found unbounded, in order to certify the
latter conclusion it suffices to point out a recessive direction of (P) along which the objective of
(P) increases (under circumstances, this is the same as to certify that (D) is infeasible). Thus,
we need to find a solution y to the system

Ay <0,¢y >0
(cf. (3.1.11)), or, which is the same, a solution to the system
Ay <0,y >1 ()

which we already know to be solvable. By the same reasons as in the case of (5), system (S5")
can be solved in a polynomial in L time.
The Ellipsoid Algorithm and computations

As we have seen, the Ellipsoid Algorithm, which by itself is a “universal” algorithm for solving
convex optimization problems, implies a CCM-polynomial time solution algorithm for LO with
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rational data; from the academic viewpoint, this algorithm outperforms dramatically the Sim-
plex Method which has exponential worst-case complexity. In actual computations the situation
is completely opposite: when solving real-life LO programs, Simplex Method dramatically out-
performs the Ellipsoid one. The reason is simple: as a matter of fact, the Simplex Method never
works according to its exponential complexity bound; the empirically observed upper bound on
the number of pivoting steps is something like 3m, where m is the number of equality constraints
in a standard form LO program. In contrast to this, the EA works more or less according to its
theoretical complexity bound (6.2.8) which says that in order to solve within an accuracy € < 1
a convex program with n variables, one should run O(1)n? In(1/¢) iterations of the method, with
at least O(n?) arithmetic operations (a.0.) per iteration, which amounts to the total of at least
O(1)n*In(1/€) a.o. While being nearly independent of ¢, this bound grows rapidly with n and
becomes impractically large when n = 1000, meaning that problems with “just” 1000 variables
(which is a small size in the LO scale) are beyond the “practical grasp” of the algorithm.

The fact that the EA “fails” when solving medium- and large-scale LO is quite natural —
this algorithm is black-box-oriented and thus “does not know” how to utilize rich and specific
structure of an LO program. KEssentially, all what matters for the EA as applied to an LO
program min{c’ z : a;fpx —b; < 0,1 <i < M}, is that the program has convex objective and
constraintsf and that the data of the problem allows to compute the values and the gradients
of the objective and the constraints at a given point. Note that the Simplex Method is of
completely different nature: it is not black-box-oriented, it works directly on program’s data,
and it is “tailored” to LO: you just cannot apply this method to a problem with, say, convex
quadratic objective and constraints.

The importance of the EA is primarily of academic nature — this is the algorithm which
underlies the strongest known theoretical tractability results in Linear and Convex Optimization.
Citing L. Lovasz, as far as efficient solvability of generic convex problems is concerned, the EA
plays the role of an “existence theorem” rather than a tool of choice for practical computations.

In this respect, we should mention an additional important feature which did not
attract our attention yet. Assume we are solving problem (6.2.1) — (6.2.3) with a
simple — just linear — objective f (which, as we remember from lecture 1, is not an
actual restriction) and a “complicated” feasible set X given by a finite, but perhaps
very large, number M of linear inequality constraints g;(x) < 0. Note that M does
not directly affect the complexity characteristics of the algorithm; the constraints are
“inside the Separation oracle,” and the EM simply does not “see” them. It follows
that if the constraints depending X are “well organized,” so that given x, there is a
way to identify in polynomial time a constraint, if any, which is violated at z, or to
detect correctly that all the constraints are satisfied at x, the arithmetic complexity
of a step of the EA will be polynomial. There are important optimization problems,
some of them of combinatorial origin, which fit this framework; the EA, same as in
the LO case, allows to demonstrate tractability of these problems (for examples, see

[6])-

In should be added that while low-dimensional convex problems are of rather restricted applied
interest, “restricted interest” is not the same as “no interest at all.” Low-dimensional (few tens of
variables) convex problems do arise in may applications; whenever it happens, the EA becomes
a “method of choice” allowing to get a high-accuracy solution in a quite reasonable time. The
EA is especially well suited for solving low-dimensional convex problems with large number N
of constraints in (6.2.3), since the complexity of the algorithm, even with a straightforward
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implementation of the Separation oracle (“given a query point, look through all the constraints
to find a violated one or to conclude that all of them are satisfied”), is just linear in N.
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Lecture 7

Conic Programming and Interior
Point Methods in LO and
Semidefinite Optimization

The EA-based Khachiyan’s polynomial time algorithm for solving LO program with rational
data is of academic interest only; in the real life LO, it is by far outperformed by “theoretically
bad” pivoting time algorithms. Nevertheless, the discovery of polynomial time algorithm for
LO triggered an intensive search for LO techniques which are both theoretically and practically
efficient. The breakthroughs in this direction due to N. Karmarkar (’84), J. Renegar (’86) and
C. Gonzaga (’86) led to development of novel Interior Point polynomial time algorithms for LO
which were further extended onto nonlinear “well-structured” convex problems. The common
name for the resulting Convex Programming techniques is Interior Point Methods (IPMs); this
name is aimed at stressing the fact that even in the LO case, the methods, in contrast to
the simplex-type ones, move along the interior of the feasible polyhedron rather than along its
vertices.

As far as LO is concerned, the state-of-the-art IPM’s are quite competitive with the simplex-
type algorithms. It suffices to say that they are the default options in modern commercial LO
solvers.

While the very first IPMs were designed for LO, it turned out that their intrinsic nature has
nothing to do with Linear Optimization, and the IPM approach can be extended, essentially, onto
all convex programs; the corresponding theory was proposed in [10] and is now the standard way
to treat IPM’s. In [10] and in the subsequent IPM particular, it was discovered, in particular,
that

e the most powerful IPM’s are associated with representation of convex problems in a specific
conic form, pretty similar to the form of a usual LO program. Aside of algorithmic issues,
conic representation of convex programs allows for very instructive reformulation of convex
programming theory, most notably, of its duality-related part;

e there exist three intrinsically very close to each other generic conic problems — Linear,
Conic Quadratic and Semidefinite Optimization; taken together, these three problems
allow to handle nearly all convex optimization models arising in applications. The specific
intrinsic nature of these three problems, along with other important consequences, allows
for a significant enrichment (primarily, due to Nesterov and Todd, [11, 12]) of the general
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IPM theory, on one hand, and for unified and relatively non-technical presentation of the
basic part of this theory, on the other hand.

While our course is devoted to LO, it would be a pity to restrict ourselves with LO also when
speaking about Interior Point Methods. Indeed, at a low “setup cost” of learning Conic Pro-
gramming (a knowledge which is highly valuable by its own right) we can “kill two birds with
one stone” — to become acquainted with the basic IPM methods for Linear and Semidefinite
Optimization®. To the best of our understanding, the only shortcoming of this course of actions
is that while we will be able to understand what is going on, we will be unable to explain why
we act as we are acting and where some “miracles” to be met come from. Answering these “why
and where” questions would require long excursions to the general theory of IPM methods as
presented in [10, 13], which would be too much for an introductory course on LO.

The course of our actions is as follows: we start with acquaintance with Conic Programming,
with emphasis on Conic Programming Duality Theorem and investigating “expressive abilities”
of the three most important generic conic problems, those of Linear, Conic Quadratic and
Semidefinite Optimization? We will then become acquainted with the basic theory of IPM’s for
SDO (and thus for LO, which, as we shall see in the mean time, is a simple particular case of
SDO).

7.1 Conic Programming

7.1.1 Cones in Euclidean Spaces
Euclidean spaces

A FEuclidean space is a finite dimensional linear space over reals equipped with an inner product
(x,y) g real-valued function of x,y € E which is

e symmetric ((z,y)r = (y, 2)E),

e bilinear ((Au + pv,y)p = Mu,y)p + (v, y) g, and similarly w.r.t. the second argument)
and

e positive definite ((x,z)r > 0 whenever z # 0).

In the sequel, we usually shorten (x,y)r to (x,y), provided that E is fixed by the context.

Example: The standard Euclidean space R™. This space is comprised of n-dimensional
real column vectors with the standard coordinate-wise linear operations and the inner product
(x,y)r» = xTy. R™ is a universal example of an Euclidean space: for every Euclidean n-
dimensional space (F, (-,-)g) there exists a one-to-one linear mapping = — Ax : R™ — E such
that 7y = (Ax, Ay)p. All we need in order to build such a mapping, is to find an orthonormal
1, i=j
0, i#]
a basis always exists. Given an orthonormal basis {e;}!" ;, a one-to-one mapping A : R" — E
preserving the inner product is given by Az = > | x;e;.

basis e1, ...,ep, n = dim E, in E, that is, a basis such that (e;,ej)p = §;; = { ; such

n our unified treatment, we are enforced to omit Conic Quadratic Optimization, where the IPM constructions,
intrinsically the same as in LO and SDO, would require different notation.

2Since we already know what are expressive abilities of LO, our focus here will be on how these abilities extend
when passing from LO to CQO and SDO.
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Example: The space R"™*" of m x n real matrices with the Frobenius inner prod-
uct. The elements of this space are m x n real matrices with the standard linear operations and
the inner product (A, B)p = Tr(ABT) = > AijBij.

Example: The space S" of n x n real symmetric matrices with the Frobenius
inner product. This is the subspace of R™*" comprised of all symmetric n x n matrices; the
inner product is inherited from the embedding space. Of course, for symmetric matrices, this
product can be written down without transposition:

A,B eS" = <A, B>F = TI‘(AB) = ZAUBU
.3

The last example explains why we need Euclidean spaces instead of sticking to R™ with the stan-
dard inner product: we intend in the future to works also with the Euclidean space S™, (-, -)p);

while it is possible to identify it with RV, N = n(n;l), equipped with the standard inner prod-
uct, it would be complete disaster to work with “vector representations” of matrices from S™

instead of working with these matrices directly.

Linear forms on Euclidean spaces

Every homogeneous linear form f(x) on a Euclidean space (F, (-,-)g) can be represented in the
form f(x) = (ey,x)E for certain vector ey € E uniquely defined by f(-). The mapping f — ey
is a one-to-one linear mapping of the space of linear forms on £ onto E.

Conjugate mapping

Let (E,(-,-)p) and (F,(--)r) be Euclidean spaces. For a linear mapping A : E — F' and every
f € F, the function (Ae, f)r is a linear function of e € E and as such it is representable as
(e, A* f) g for certain uniquely defined vector A*f € E. It is immediately seen that the mapping
f— A*f is a linear mapping of F' into F; the characteristic identity specifying this mapping is

(Ae, f)p = (e, A" f) V(e € E, f € F).

The mapping A* is called conjugate to A. It is immediately seen that the conjugation is a
linear operation with the properties (A*)* = A, (AB)* = B*A*. If {e;}7, and {f;}]., are
orthonormal bases in F, F', then every linear mapping A : E — F can be associated with the
matrix [a;;] (“matrix of the mapping in the pair of bases in question”) according to the identity

m
AY wiej =D | Y aiwi| fi
j=1 i L
(in other words, a;; is the i-th coordinate of the vector Ae; in the basis fi,..., fn). With
this representation of linear mappings by matrices, the matrix representing A* in the pair of

bases {f;} in the argument and {e;} in the image spaces of A* is the transpose of the matrix
representing A in the pair of bases {e;}, {fi}.

Cones in Euclidean spaces

A nonempty subset K of a Euclidean space (E, (-,-)g) is called a cone, if it is a convex set
comprised of rays emanating from the origin, or, equivalently, whenever t1,t2 > 0 and z1,z2 € K,
we have tix1 + toxs € K.
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A cone K is called regular, if it is closed, possesses a nonempty interior and is pointed —
does not contain lines, or, which is the same, is such that a € K, —a € K implies that a = 0.
Dual cone. If K is a cone in a Euclidean space (E, (-,-)g), then the set

K*={e€ E:(e,h)g >0Vh € K}

also is a cone called the cone dual to K. The dual cone always is closed. The cone dual to dual
is the closure of the original cone: (K*)* = clK; in particular, (K*)* = K for every closed cone
K. For a closed cone K, the cone K* possesses a nonempty interior iff K is pointed, and K* is
pointed iff K possesses a nonempty interior; in particular, K is regular iff K* is so.

Example: Nonnegative ray and nonnegative orthants. The simplest one-dimensional
cone is the nonnegative ray Ry = {t > 0} on the real line R!. The simplest cone in R" is the
nonnegative orthant R} = {r € R": z; > 0,1 < i < n}. This cone is regular and self-dual:
(R%)" = RY.

Example: Lorentz cone L™. The cone L™ “lives” in R™ and is comprised of all vectors
x = [x1;...; 2] € R™ such that z,, > w/Z?:_ll x?; same as R, the Lorentz cone is regular and
self-dual.

By definition, L' = R, is the nonnegative orthant; this is in full accordance with the
“general” definition of a Lorentz cone combined with the standard convention “a sum over an
empty set of indices is 0.”

Example: Semidefinite cone S’}. The cone S} “lives” in the Euclidean space S™ of n xn
symmetric matrices equipped with the Frobenius inner product. The cone is comprised of all
n x n symmetric positive semidefinite matrices A, i.e., matrices A € S” such that 7 Az > 0 for
all x € R", or, equivalently, such that all eigenvalues of A are nonnegative. Same as R’} and
L™, the cone S" is regular and self-dual.

Finally, we remark that the direct product of regular cones is regular, and the dual of this
product is the direct product of the duals of the original cones.

When checking this absolutely evident statement, you should take into account how
we take the direct product of Euclidean spaces, since without a Euclidean structure
on the product of the Euclidean spaces embedding the cones we are multiplying, the
claim about the dual of a direct product of cones becomes senseless. The Euclidean
structure on the direct product ¥ = Fy X ... X E,, of Euclidean spaces is defined
as follows: vectors from FE, by the definition of direct product, are ordered tuples
(x!,...,2™) with 2! € E;, and we set

m

<(‘/L‘17 ™), (ylv Y E = Z(l‘l?yz>El

=1

with this definition, a direct product of the spaces R™ ... R™" equipped with the
standard inner products is R "m also equipped with the standard inner prod-
uct, and the direct product of the spaces S™,...,S™" equipped with the Frobenius
inner products can be viewed as the space S"™»"m of block-diagonal symmetric ma-
trices with m diagonal blocks of sizes ni, ..., n;,, equipped with the Frobenius inner
product.

We have made several not self-evident claims, and here are their proofs (we slightly
alter the order of claims and, aside of the latter item, assume w.l.o.g. that the
Euclidean space in question is R"™ with the standard inner product).
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e For every cone K, one has K* is a closed cone, and (K*)* = cl K. The closedness
of a dual cone is evident, same as the facts that cl K is a closed cone such that
(cl K)* = K*. Besides this, we clearly have (K*)* D cl K. To prove that the
latter D is in fact =, assume that this is not the case, so that (K*)* contains
a vector ¢ LK. By Separation Theorem for Convex Sets (Theorem 2.4.3),

there exists a linear form e”w such that e’z < inlfK ely = infy.x ely. But the
yeEC

infinum of a linear form e’y on a cone K is either —oco (this is the case when
e has negative inner product with certain vector from K, i.e., when e € K*),
or is 0 (this is the case when e € K*). We are in the case when the infinum
infyer ey is > el'x and thus is finite, whence e € K*, the infinum is 0 and
thus and e’x < 0, which impossible due to z € (K*)*. O

e For every cone K, K* is pointed iff int K # (). Indeed, if int K is nonempty
and thus contains a ball B of radius » > 0, and h,—h € K*, then the linear
form h”x should be both nonnegative and nonpositive on B; but a vector h can
be orthogonal to all vectors from a ball of positive radius iff ~ = 0. Thus, K* is
pointed. On the other hand, if int K = (), then Aff(K) # R"™ due to Theorem
2.1.3. Since 0 € K, Aff(K) is a linear subspace in R", and since it differs from
R", its orthogonal complement does not reduce to {0}. In other words, there
exists h # 0 which is orthogonal to Aff(K), whence +h € K*, and the latter
cone is not pointed. O

e For a closed cone K, K* has a nonempty interior iff K is pointed. This is readily
given by the previous item due to K = (K*)*.

e The nonnegative orthant R} is regular and self-dual. This is evident.

e The Lorentz cone L" is regular and self-dual. Regularity is evident. To prove
self-duality, we should verify that given [u;t] with u € R"™ !, the relation
[u; t]T [v; 7] > 0 holds true for all [v; 7] with 7 > |lv||2 iff t > |lu||2, or, which is

the same, to verify that for every vector [u;t] one has  inf  [u;¢]T[v;7] >0
[vsT]:[[vll2<T

iff t > ||ul|2. This is immediate, since

inf  [u;t)T[v;7] = inf |tr 4+ inf  wTo| = inf 7[t — ||ul|2]. O
fsrlllvll2 <7 720 viljull2<7T >0

e The cone S"} of positive semidefinite matrices in the space of S" of symmet-
ric n X n matrices equipped with the Frobenius inner product is regular and
self-dual. Regularity if evident. To prove self-duality we should verify that if
B € 8", then Tr(BX) = (B, X(sn> 0 for all X € S iff B € S". In one
direction: setting X = za” with z € R™, we get X = 0. Thus, if B € (S7)*,
then Tr(zz? B) = Tr(2”Bz) = 2T BX > 0 for all z, and thus B € S 3. In
the opposite direction: When B € S”, then, by the Eigenvalue Decomposi-
tion Theorem, B =31 | )\ieie;fp with orthonormal eq, ..., e, and nonnegative \;

3We have used a simple and useful identity: when P and Q are matrices such that PQ makes sense and is a
square matrix, so that Tr(PQ) makes sense, then Tr(PQ) = Tr(QP) (why?).
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(the latter in fact are eigenvalues of B). It follows that when X € S, then
Tr(BX) =Y, A Tr(e;el X) = 37, Miel Xe;; when X € S7, and all terms in the
resulting sum are nonnegative, and thus Tr(BX) > 0 whenever X € S'}, that
is, B € (S")*.

7.1.2 Conic Problems
A conic program is an optimization program of the form

Opt(P) = min {(c, g gf:—fi ceK; i=1,..m, }

where
e (E,(-,)r) is a Euclidean space of decision vectors x and ¢ € E is the objective;

e A;, 1 < i < m, are linear maps from E into Euclidean spaces (Fj, (-,")r,), b; € F; and
K, C F; are regular cones;

e R is a linear mapping from FE into a Euclidean space (F,(-,-)r) and r € F.

A relation a — b € K, where K is a regular cone, is often called conic inequality between a and
b and is denoted a >k b; such a relation indeed preserves the major properties of the usual
coordinate-wise vector inequality >. While in the sequel we do not use the notation A >g b,
we do call a constraint of the form Az — b € K a conic inequality constraint or simply conic
constraint.

Note that we can rewrite (P) equivalently as a conic program involving a single cone K =
K x ... x K;,, specifically, as

A b A1£C—b1
II%H{(C,.Z‘>E: Ri:TEK_le"'XKm’}, Az — b= : ; (P)

Az — by,

Since the direct product of several regular cones clearly is regular as well, (P’) indeed is a
legitimate “single cone” conic program.

Examples: Linear, Conic Quadratic and Semidefinite Optimization. We will be
especially interested in the three generic conic problems as follows:

e Linear Optimization, or Linear Programming: this is the family of all conic programs
associated with nonnegative orthants R/, that is, the family of all usual LPs ming {c’'z :
Az —b > 0};

e Conic Quadratic Optimization, or Conic Quadratic Programming, or Second Order Cone
Programming: this is the family of all conic programs associated with the cones that are
finite direct products of Lorentz cones, that is, the conic programs of the form

min {CTZL' C[Av; e Az — (b s by) € LR XL X Lkm}

where A; are k; x dim z matrices and b; € RFi. The “Mathematical Programming” form
of such a program is

min {¢"z : Az — bill2 < oz — i, 1 <i <mj,
xX
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where A; = [Ai;a?] and b; = [b;; 3], so that a; is the last row of A;, and f3; is the last
entry of b;;

e Semidefinite Optimization, or Semidefinite Programming: this is the family of all conic
programs associated with the cones that are finite direct products of Semidefinite cones,
that is, the conic programs of the form

dim x
min CZL’.Ai—i-E :BjAgtO,lSsz , ()
=1

where Ag are symmetric matrices of appropriate sizes.

7.1.3 Conic Duality
Conic duality — derivation

The origin of conic duality is the desire to find a systematic way to bound from below the
optimal value in a conic program (P). This way is based on linear aggregation of the constraints
of (P), namely, as follows. Let y; € K! and z € F. By the definition of the dual cone, for every
x feasible for (P) we have

(Afyi, x) B — (Vi bi)F, = (Yi, Azy — bi)p, > 0, 1 <0 < m,

and of course
(R*'z,x)g — (2,7)r = (2, Rt —r)p = 0.

Summing up the resulting inequalities, we get

<R*Z+2Afyi,$)13 > <27T>F+Z<yiabi>Fi- (C)

By its origin, this scalar linear inequality on z is a consequence of the constraints of (P), that
is, it is valid for all feasible solutions z to (P). It may happen that the left hand side in this
inequality is, identically in 2 € E, equal to the objective (¢, x)g; this happens iff

R*z—i—ZA;‘yi =c.

Whenever it is the case, the right hand side of (C) is a valid lower bound on the optimal value
of (P). The dual program is nothing but the program

om(d) = s i+ i RIS LI 0

of maximizing this lower bound.

Remark: Note that the construction we have presented is completely similar to the one we
used in section 3.2.1 to derive the LO dual of a given LO program. The latter is the particular
case of (P) where all K; are nonnegative orthants of various dimensions, or, which is the same
the cone K in (P’) is a nonnegative orthant. The only minor differences stem from the facts
that now it is slightly more convenient to write the primal program as a minimization one, while
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in the LO we preferred to write down the primal program as a maximization one. Modulo this
absolutely unessential difference, our derivation of the dual of an LO program is nothing but our
present construction as applied to the case when all K; are nonnegative rays. In fact, a reader
will see that all Conic Duality constructions and results we are about to present mirror already
known to us constructions and results of LO Duality.

Coming back to conic dual of a conic program, observe that by the origin of the dual we
have

Weak Duality: One has Opt(D) < Opt(P).

Besides this, we see that (D) is a conic program. A nice and important fact is that conic duality
is symmetric.

Symmetry of Duality: The conic dual to (D) is (equivalent to) (P).

Proof:
In order to apply to (D) the outlined recipe for building the conic dual, we should rewrite (D)
as a minimization program

B . . _ 7. .yiEK;*,lgigm ) ,

the corresponding space of decision vectors is the direct product F' x I} X ... X F},, of Euclidean
spaces equipped with the inner product

(2301, o U], (2500 s U]y = (2, 2) P+ Y (Wi U B
7

The above “duality recipe” as applied to (D') reads as follows: pick weights n; € (Kf)* = K;
and ( € F, so that the scalar inequality

<C,R*2+2Afyz‘>E+Z(m,y¢>ﬂ > (¢ 0)E ()

=(RC,2) F+2_,(AiC+mi,y:) p;

in variables z, {y;} is a consequence of the constraints of (D’), and impose on the “aggregation
weights” (,{n; € K;} an additional restriction that the left hand side in this inequality is,
identically in z, {y;}, equal to the objective of (D’), that is, the restriction that

R<: -, AZC+777, == _bia 1 §Z§m7
and maximize under this restriction the right hand side in (C’), thus arriving at the program

CKioni=A-(-b,1<i<m

Substituting x = —(, the resulting program, after eliminating 7; variables, is nothing but

max —<cx> . Aix—b €Ki 1<i<m
p ) E - Ry —r ,

which is equivalent to (P). O
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Conic Duality Theorem

A conic program (P) is called strictly feasible, if it admits a strictly feasible solution, that is, a
feasible solution Z such that A4;7 —b; € int K;, i =1, ..., m.

Conic Duality Theorem is the following statement resembling very much the Linear Pro-
gramming Duality Theorem:

Theorem 7.1.1 [Conic Duality Theorem| Consider a primal-dual pair of conic programs (P),
(D). Then

(i) [Weak Duality] One has Opt(D) < Opt(P).

(ii) [Symmetry| The duality is symmetric: (D) is a conic program, and the program dual to
(D) is (equivalent to) (P).

(iii) [Strong Duality] If one of the programs (P), (D) is strictly feasible and bounded, then
the other program is solvable, and Opt(P) = Opt(D).

If both the programs are strictly feasible, then both are solvable with equal optimal values.

Proof:
We have already verified Weak Duality and Symmetry. Let us prove the first claim in Strong
Duality. By Symmetry, we can restrict ourselves to the case when the strictly feasible and
bounded program is (P).

Consider the following two sets in the Euclidean space G = R X F X F} X ... X Fy,:

T = {lt;zy155Ym) : Jxt = (c,x)p;yi = Aix — b, 1 <i<my
z = Rx —r},
S = {ltszy155ym] 1 t <Opt(P),y1 € Ky, ooy ym € Ky, 2 = 0}

The sets T' and S clearly are convex and nonempty; observe that they do not intersect. Indeed,
assuming that [t; z;y1;...;ym] € SN T, we should have ¢ < Opt(P), and y; € K;, z = 0 (since
the point is in S), and at the same time for certain x € E we should have t = (¢,x)g and
Aix — b; = y; € K;, Rr —r = z = 0, meaning that there exists a feasible solution to (P) with
the value of the objective < Opt(P), which is impossible. Since the convex and nonempty sets
S and T do not intersect, they can be separated by a linear form (Theorem 2.4.3): there exists
[T5¢;m;5nm] € G =R X F X F} x ... X F, such that

(a) sup ([T5¢m1s o3 mmly [6 25915 - Uml )@
[t;25915--5ym] €S
< b (Gl [ 2y s ymles
(25915 5ym] €T

(b) inf (7G55 0m)s [ 25915 Ym]) G
[t;25915.-;ym] €S
< osup ([T G s [ 25015 s Yml) s
[t:25915-5ym] €T

or, which is the same,

(a) sup [Tt + (i, vi)
t<Opt(P),y;eK;

< 1161}; [7(c,z)g + ((, Rz —r)p + >, (mi, Aix — bi) ],
(b) inf [Tt + > (s vi) ]
t<Opt(P),y:eK;

< sup [t{c,x) + (¢, Rx —r)p + Y, (ni, Aix — bi) ] .
zeE

(7.1.1)
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Since the left hand side in (7.1.1.a) is finite, we have
7>0,—m K], 1<i<m, (7.1.2)

whence the left hand side in (7.1.1.a) is equal to 7Opt(P). Since the right hand side in (7.1.1.a)
is finite, we have
RC+ > Ami+7c=0 (7.1.3)

)

and the right hand side in (a) is (—=(,7)r — >, (1i, bi) F;, so that (7.1.1.a) reads

TOPt(P) < (=C,7)r — > (mi,bi) - (7.1.4)

)

We claim that 7 > 0. Believing in our claim, let us extract from it Strong Duality. Indeed,
setting y; = —n;/7, z = —(/7, (7.1.2), (7.1.3) say that z,{y;} is a feasible solution for (D), and
by (7.1.4) the value of the dual objective at this dual feasible solution is > Opt(P). By Weak
Duality, this value cannot be larger than Opt(P), and we conclude that our solution to the dual
is in fact an optimal one, and that Opt(P) = Opt(D), as claimed.

It remains to prove that 7 > 0. Assume this is not the case; then 7 = 0 by (7.1.2). Now let
Z be a strictly feasible solution to (P). Taking inner product of both sides in (7.1.3) with z, we
have

(C.RT)p + > (ni, AiZ)p, = 0,

while (7.1.4) reads

)

Summing up the resulting inequalities and taking into account that Z is feasible for (P), we get

Z<m,Aii’ — bz> > 0.

7

Since A;x — b; € int K; and n; € —K, the inner products in the left hand side of the latter
inequality are nonpositive, and i-th of them is zero iff 1; = 0; thus, the inequality says that
n; = 0 for all i. Adding this observation to 7 = 0 and looking at (7.1.3), we see that R*¢ = 0,
whence (¢, Rz)r = 0 for all x and, in particular, (¢,r)r = 0 due to » = Rz. The bottom line is
that ({, Rz —ryr = 0 for all x. Now let us look at (7.1.1.b). Since 7 = 0, n; = 0 for all 7 and
(¢, Rx —r)p = 0 for all x, both sides in this inequality are equal to 0, which is impossible. We
arrive at a desired contradiction.

We have proved the first claim in Strong Duality. The second claim there is immediate: if
both (P), (D) are strictly feasible, then both programs are bounded as well by Weak Duality,
and thus are solvable with equal optimal values by the already proved part of Strong Duality.
Od

Remark: The Conic Duality Theorem is a bit weaker than its LO counterpart: where in
the LO case plain feasibility was enough, now strong feasibility is required. It can be easily
demonstrated by examples that this difference stems from the essence of the matter rather than
being a shortcoming of our proofs. Indeed, it can be easily demonstrated by examples that in
the case of non-polyhedral cones various “pathologies” can take place, e.g.
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e (P) can be strictly feasible and below bounded while being unsolvable;

e both (P) and (D) can be solvable, but with different optimal values, etc.
Importance of strong feasibility is the main reason for our chosen way to represent constraints
of a conic program as conic inequality /inequalities augmented by a system of linear equality
constraints. In principle, we could write a conic problem (P) without equality constrains,
namely, as

min{ch:Aix—bieKi,lgigm,R:n—reR’i,r—RxeR’i} [k = dim ]

— the possibility we used, to save notation, in LO. Now it would be unwise to treat equality
constraints via pairs of opposite inequalities — the resulting problem would definitely be not
strictly feasible?.

Refinement

We can slightly refine the Conic Duality Theorem, extending the “special treatment” from linear equality
constraints to scalar linear inequalities. Specifically, consider problem (P) and assume that one of the
conic constraints in the problem, say, the first one, is just Ajxz — by > 0, that is, F; = R* with the
standard inner product, and K; is the corresponding nonnegative orthant. Thus, our primal problem is

Alx - b1 Z 0 (CL)
Opt(P) =min | (c,z)p: Aix—b, €K;,2<i<m, (b) (P)
‘ Rr=r (c)
so that the dual (D) is
m Y1 Z O7
Opt(D) = max < (r,z)r+ by + Z(bi,yiﬁi oy e KE 2<i<m, (D)
Hluidin, i=2 Rz+> " Aty =c

Essentially strict feasibility. Note that the structure of problem (D) is completely similar to the
one of (P) — the variables, let them be called £, are subject to finitely many scalar linear equalities
and inequalities and, on the top of it, finitely many conic inequalities P;{ — p; € L;, i € I, where L
are regular cones in Euclidean spaces. Let us call such a conic problem essentially strictly feasible, if
it admits a feasible solution ¢ at which the conic inequalities are satisfied strictly: P;§ — p; € int L;,
i € I. Tt turns out that the Conic Duality Theorem 7.1.1 remains valid when one replaces in it “strict
feasibility” with “essentially strict feasibility,” which is some progress: a strictly feasible conic problem
clearly is essentially strictly feasible, but not necessarily vice versa. Thus, we intend to prove

Theorem 7.1.2 [Refined Conic Duality Theorem| Consider a primal-dual pair of conic programs (P),
(D). Then

(i) [Weak Duality] One has Opt(D) < Opt(P).

(ii) [Symmetry] The duality is symmetric: (D) is a conic program, and the program dual to (D) is
(equivalent to) (P).

(iii) [Refined Strong Duality] If one of the programs (P), (D) is essentially strictly feasible and
bounded, then the other program is solvable, and Opt(P) = Opt(D).

If both the programs are essentially strictly feasible, then both are solvable with equal optimal values.

Note that the Refined Conic Duality Theorem covers the usual Linear Programming Duality Theorem:
the latter is the particular case m = 1 of the former.

4 Another way to eliminate equality constraints, which is free of the outlined shortcoming, could be to use the
equality constraints to express part of the variables as linear functions of the remaining variables, thus reducing
the design dimension of the problem and getting rid of equality constraints.
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Proof of Theorem 7.1.2. With the Conic Duality Theorem at our disposal, all we should take care
of now is the refined strong duality. In other words, invoking primal-dual symmetry, all we need is to
prove that

(1) If (P) is essentially strictly feasible and bounded, then (D) is solvable, and Opt(P) =
Opt(D).

Thus, assume that (P) is essentially strictly feasible and bounded.

1%, Let
X ={x:A1x > b1, Rx =71}

This set is nonempty. Let IT = {z : Rz = r, Sz = s} be the affine span of X. We claim that Either
(A) X =NI={z:Rx=rSx=s}, or

(B) X ={z: Rz = r,Sx = s,Cix > di} with properly selected C1,d; such that there exists ' € X
satisfying C1a’ > d;.

Indeed, assume that (A) is not the case, and let L = {« : Rx = 0, Sz = 0} be the linear subspace
to which II is parallel. Let oz;T, 1 <4 < p, be the rows of Ay, 5; be the entries in by, and o; be the
orthogonal projections of a; onto L, so that

Lo, =a; — RT’lLi — ST’Ui
for properly selected vectors u;, v;. We clearly have
X={z:Rrx=rSc=s020>06:=0 —rlu—sv,1<i<u}

Let [ = {i: 0; # 0}. For every i ¢ I, the inequality [072 =]o] 2z > §; holds true for some z (namely, for
every z € X) and thus is identically true. It follows that

X ={zv:Rx=r,Sr=sCux>d}, (7.1.5)

where the rows of C; are the vectors o, i € I, and the entries in d; are the respective quantities d;.
Note that I # () since X # II. To complete the justification of our claim, it remains to note that every
point 2’ from the relative interior of X (this set is nonempty!) satisfies 2’ € II, Cyz’ > dy. Indeed, X
contains a set of the form U(z') = 2’ + {h € L : ||h|l2 < §(2’)} with some 6(z") > 0; since the relation
Cyz > dy should be valid on U(z') and the rows of C are (transposes of) nonzero vectors from L, this

implies Cix’ > d.

20, Consider the case of (B), and let us pass from the original problem (P) to the equivalent problem

0193 — d1 Z 0 (CL)
Opt(P) = min < (¢, x)p : 1{11%; bi_e Iff’ 1=2,3,...m,  (b) (P)
_ (c)

xT
Sr = s

The equivalence of (P) and (P) is an immediate corollary of the fact that the set X of z’s satisfying
(P.a) and (P.c) is, by construction, exactly the same as the set of 2’s satisfying (P.a) and (P.c). Our
next observation is that (P) is strictly feasible. Indeed, let # be a feasible solution to (P) such that
A;x —b; € int K;, i = 2,...,m; existence of such a solution is given by essentially strict feasibility of
(P). Now let 2’ € X be such that Chz’ > d; (we have seen in the previous item that such z’ exists).
Then for every A € (0,1), the point )y = (1 — A)Z + Az’ belongs to X and thus satisfies (P.c), same as
satisfies the strict version Cixy > di of (P.a). For small positive A x) clearly satisfies also the inclusions

Ajzy —b; €int K;, ¢ = 2,3,...,m and therefore is a strictly feasible solution to (P). Thus, (P) is strictly
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feasible (and bounded along with (P)), so that by the Conic Duality Theorem the dual to (P) — the
problem

_ n=0
Opt(D) = max (r,2)p 4+ sTw+d} 17+Z (Yisbi)r, » yi €KF,2<i<m
Z,W,n, {yl R*Z+STw+Cikn+ZZQ A;kil/z =cC

(D)
is solvable with the optimal value Opt(P). Let z*,w*,n*,y3, ...,y be an optimal solution to (D). All
we need to prove is that this solution can be converted to a feasible solution to (D) with the value of
the objective of (D) at this feasible solution at least Opt(D) (since we have seen that Opt(D) = Opt(P),
by Weak duality the resulting solution will be optimal for (D) with the value of the objective equal to
Opt(P), which is all we need).

To convert (z*,w*,n*,y5,...,ys,) into a feasible solution to (D), let us act as follows. To simplify
notation, we may assume w.l.o.g. that w* > 0. Indeed, we can multiply by (—1) the equations in the
system Sx = s which correspond to negative entries in w*, replacing simultaneously these entries with
their magnitudes; in our context, this clearly changes nothing.

Now, the system of linear inequalities and equations

Ciz>di & Re=r & Sz > s
is satisfied everywhere on the nonempty solution set X of the system
Az >by & R =r.

Consequently, by Inhomogeneous Farkash Lemma, there exist entrywise nonnegative matrices G, H and
matrices U,V of appropriate sizes such that

(a1) Ci = GA,+UR,

(@.2) Gby+Ur > di;

(1) S = HA +VR, (7.1.6)
(b.2) Huy+Vr > s

Now consider the candidate solution Z, g1, ..., §m to (D) as follows:

z = 2Z+U*n*+V*w
1 = G+ H'w
Yi = ?J:J:Q;,m

This indeed is a feasible solution to (D); all we need to verify is that §; > 0 (this is true due to n* > 0,
w* > 0 and to entrywise nonnegativity of G, H) and that R*z+) ;" | A¥y; = c. The latter is immediate:

¢ = RzZ*+S*w*+Cin*+ ZTQ Afyr = R*[z* + U*n* + V*w*] + AJ[G*n* + H*w*] + 222 Atyf
= R*Z+Aly1 +Zl 2A*yz7

where the equalities follow from (a) the fact that (z*,w*,n* y,...,y’,) is feasible for (D), (b)
(7.1.6.a.1,b.1), and (c) the definition of z, ;.
Further, we have
[Opt(P) =] Opt(D) r, 2"V p + sTw* +dT *—|—ZZ 2<yl,b>F
r, 2%V p 4+ [Hby + Vr|Tw* + [Goy + Ur|Tn* + 30, (y7, bi) p,
r, 2"+ Un* + V*w*) g + b [H w* + G* 74+ S (Y bi) e,
T, 2>F + 221@“ b2> Fy»
where the first inequality is due to w* > 0,7* > 0 and (7.1.6.a.2,b.2), and the last equality is due to the

definition of Z, 41, ..., ¥m. The resulting inequality, as it was already explained, implies that z, ¥1, ..., Ym
form an optimal solution to (D) and that Opt(P) = Opt(D), which is all we need.

A
PPN
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3%, We have verified (!) in the case of (B). In the case of (A) the verification is completely similar, up
to straightforward simplifications, with the equivalent reformulation

Aix—b; €Ki, i=2,3,...,m, (b)
Opt(P) =min ¢ (¢, z)p : Rx = r (©)
¢ Sx = s

(P)

of (P) in the role of (P) and the relations (7.1.6.b) in the role of (7.1.6.a,b). The detailed proof is left to
the reader.
Another option is to note that in the case of (A) we still have

X ={x:Rx=R,Sz =s,Cix > dy}

with essentially strictly feasible system of constraints (i.e., Cix > d; for some x € X); indeed, it suffices
to set C1 = [0, ...,0], d; = —1. This allows to reduce the case of (A) to the case of (B).? a

7.1.4 Consequences of Conic Duality Theorem
Optimality Conditions in Conic Programming

Optimality conditions in Conic Programming are given by the following statement:

Theorem 7.1.3 Consider a primal-dual pair (P), (D) of conic programs, and let both programs
be essentially strictly feasible. A pair (x,§ = [z;y1;...;Ym]) of feasible solutions to (P) and (D)
1s comprised of optimal solutions to the respective programs iff

(1) [Zero duality gap] One has

DualityGap(z; &) = (c,x)r — [(z,7)Fr +D>_;{bi» vi) F]
- 0,

same as iff
(ii) [Complementary slackness]

Vi : <yi, Aixi — bz>Fl = 0.

Proof:
By Refined Conic Duality Theorem, we are in the situation when Opt(P) = Opt(D). Therefore

DualityGap(z;€) = [(c,x)g — Opt(P)]

(z,b)F + Z(bm yi>Fi]]

Opt(D) —
b

_|_

5The second option follows the old joke: Given an egg, an empty pan, a stove and a source of water, you need
to boil the egg. How should you act? — Well, you pour water into the pan, put the egg there and place the pan
on the stove to boil the water. Now you need to solve a close problem: all as before, except that now the pan
contains the water from the very beginning. How should you act? — You pour the water out of the pan and reduce
the problem to the previous one...
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Since x and ¢ are feasible for the respective programs, the duality gap is nonnegative and it can
vanish iff ¢ = b = 0, that is, iff x and £ are optimal solutions to the respective programs, as
claimed in (i). To prove (ii), note that since x is feasible, we have

Rx =r, Ajx — b; € K;, c:A*Z—i-ZA;‘yi,yi € K;,

]

whence

DualityGap(2; &) = (¢, x)p — [(2,7)F + 32;(bi, ¥i) ]

= (B2 + 3 Alyim)p — [(z,7)F + 32 (bi, i) )]

= (&, Rx —r)p+3; (Y, Aix — bi)

N———— ————
=0 >0

where the nonnegativity of the terms in the last ), follows from y; € Kf, A;z; — b; € K;. We
see that the duality gap, as evaluated at a pair of primal-dual feasible solutions, vanishes iff the
complementary slackness holds true, and thus (ii) is readily given by (i). O

A Surrogate of GTA

The following statement is a slightly weakened forms of the Inhomogeneous Farkas Lemma
(which is equivalent to GTA):

Proposition 7.1.1 [Conic Inhomogeneous Farkas Lemma] Let K be a regular cone. A scalar
linear inequality
ple>q (*)

1 a consequence of essentially strictly feasible system

Az —beK,Rx=r O

comprised of a conic inequality and a system of linear equations® iff (x) is “linear consequence”
of (), i.e., iff there exists A\, such that

ANeK*, A A+ R'u=p, (b,\) + (r,u) > gq. (7.1.7)
Proof. Let (*) be a consequence of (!). Then the (essentially strictly feasible!) conic program
min{p’z : Az — b € K, Rz = r}
€T

is below bounded with optimal value > ¢q. Applying the Refined Conic Duality Theorem, the
dual program has a feasible solution with the value of the dual objective > ¢, which is nothing
but the solvability of (7.1.7) (look at the dual!). Vice versa, if A,y solve (7.1.7) and x solves (!),
then

0 < (X Az —b) + (i, Rz — 1) = [A"A+ R )" — (b, \) — (r,p) = p" & — (b, X) — (r,p) < pTw—gq,

so that (x) indeed is a consequence of (!); note that to get the latter conclusion, no assumption
of essentially strict feasibility (and even feasibility) of (!) is needed. 0

SEssentially strict feasibility of (!) is defined completely similarly to essentially strict feasibility of a conic
problem; it means that K is the direct product of a nonnegative orthant (perhaps of dimension 0) and a regular
cone K’, and (!) has a feasible solution Z with the K'-component belonging to the interior of K'.
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*Certificates of robust solvability status

In LO, we know complete certification schemes for the basic components of the “solvability sta-
tus” of and LO program, that is, we know how to certify that the program is feasible/infeasible,
feasible and bounded or feasible and unbounded, same as we know that a program is solvable iff
it is feasible and bounded; all these certification schemes stem from LO Duality Theorem, see
section 3.1.3. In the conic case, we have a slightly weaker version of the Duality Theorem, and
a result, the question of what are the complete certification schemes for feasibility, boundedness
and solvability becomes much more difficult. It, however, admits simple answers when we ask
about robust presence of a particular property rather than of its “plain” presence. Specifically,
consider a conic problem in the single-cone form:

min {ch t Az —beK,Rx =r} (P)
along with its dual problem

rr;a;c{(b, )+ (r,z):ye K A*y + R 2 = ¢} (D)
and assume that the systems of linear equality constraints in (P) and in (D) are feasible’. Now
imagine that we fix once for ever part of the data, namely, R, r, A, K, but allow to perturb slightly
the objective ¢, keeping it all the time in the image C' of the linear map (y, z) — A*y+ R*z, same
as allow to perturb slightly the primal right hand side vector b. It may happen that arbitrarily
small perturbations allow to change a particular component of the solvability status of (P), say,
convert a feasible program (P) into an infeasible one; in this case, we say that (P) possesses the
property in a non-robust fashion. It may happen also that there exist § > 0 such that whenever
b is replaced with b’ such that ||b —b'|| < ¢, and c is replaced with ¢ € C such that ||c — || <€,
the property in question remains intact. In this case, we say that (P) possess the property in a
robust fashion. Specifically, we say that program (P) is

e robustly feasible, if it is feasible and remains to be so when we replace b with a b’ which is
close enough to b (specifically, “if there exists € > 0 such that whenever || —b|| <e...”);

e robustly infeasible, if it is infeasible and remains to be so when we replace b with a b’ close
enough to b;

e robustly bounded, if it is robustly feasible and bounded, and remains bounded when we
replace ¢ with ¢ € C close enough to ¢;

e robustly unbounded, if it is robustly feasible and unbounded, and remains unbounded
when we replace ¢ with ¢ € C close enough to c;

e robustly solvable, if it is solvable and remains so when we replace b and ¢ with ¥/, ¢ € C
close enough to b, ¢, respectively;

e robustly unsolvable, if it is unsolvable and remains so when we replace b and ¢ with ¥/,
c € C close enough to b, ¢, respectively.

"This assumption, which can be easily checked by elementary Linear Algebra tools, is quite natural: when the
system of linear inequalities RX = r in (P) is infeasible, (P) is infeasible. When the system of linear inequalities
Ay + R*z = ¢ in (D) is unsolvable, ¢ has a negative inner product with certain vector h such that Ah = 0 and
Rh = 0 (“kernel of a linear mapping is the orthogonal complement to the image space of the conjugate mapping”),
meaning that (P) is either infeasible, or unbounded (why?). In all these cases (P) is “bad.”
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In the sequel, we refer to the problem (P) with vectors b, ¢ replaced with V', ¢ as to (P[V',(]),
so that (P) is the same as (PIb, c]).
Warning! In the above pairs of properties, one member is not the negation of the other
member. E.g., a program which is not robustly feasible, not necessary is robustly infeasible! In
fact, it can be even feasible, but “at the border of feasibility:” — by appropriate arbitrarily small
perturbation in b we can make it infeasible. This is like colors in gray scale: an object can be
black, it can be white, and it can be gray — neither black nor white.
Why should we bother on robustness? The point is that if a conic program (P) possesses
certain solvability-related feature — say, feasibility — in a non-robust fashion, then, by definition,
we can change change this feature by appropriate arbitrary small perturbation of the part of the
data, namely, b and c. In contrast to this, the property to possess robustly certain feature “is
itself robust” — it is preserved by small enough perturbations in b and ¢. Theoretically speaking,
in LO with rational data we can use, e.g., Khachiyan’s algorithm to recover in CCT-polynomial
time the “true” solvability status of an LO instance, along with building the corresponding
certificates. Similar possibility exists in LO with real data in the Real Arithmetic model of
computations — it suffices to solve the LO program in question by the Simplex method. Note,
however, that the resulting procedure is not ReACM-polynomial. In “non-polyhedral” conic
optimization, even in the Real Arithmetics model of computations, there is no theoretical pos-
sibility to recover in finite time the true solvability status of an instance (or at least we do not
know how to do it). As about real life finite precision computations, the situation is even worse.
When solving a problem with non-robust (or even “robust, but poorly so”) solvability status,
rounding errors can lead to completely wrong conclusions on this status, and this happens in
the LO case as well®.

Motivated by the above discussion, we are about to understand what robustness amounts to
and how to it can be certified.

A. Robust feasibility. We claim that (P) is robust feasible iff (P) is strictly feasible. As a
result, to certify robust feasibility, it suffices to point out a vector x such that Ax — b € int K,
and this certification scheme is complete.

The second claim is an immediate corollary of the first one, and the latter can be certified
as follows. If (P) is strictly feasible, this program clearly is robust feasible (why?). Now assume
that the program is not strictly feasible, and let us prove that then it is not robust feasible as
well. To this end, let A € int K; given ¢ > 0, consider the program (P[V/, ¢]) with o' = b—tA. We
claim that this problem is infeasible. Indeed, assuming that Z is a feasible solution to (P[V, ¢]),
we would get RZ = r and AT — b = Az — b + tA; the latter vector clearly belongs to int K
(since as the sum of the vector Az — b’ from K and the vector tA € int K), meaning that (P)
is strictly feasible, which was assumed not to be the case. When ¢ is close to 0, tA is small,
and we see that by arbitrarily small perturbations of (P) we can make the problem infeasible,
so that (P) is not robustly feasible, as claimed. O

8Everybody with even small experience of solving LO’s with commercial software knows a lot of examples
when definitely solvable problems were claimed infeasible or unbounded; I remember my shock when a quite
respectable code managed to solve my problem to optimality before I removed one of the constraints and claimed
it infeasible after the constraint was removed. Good LO solvers at least report that in course of computations,
some numerical difficulties were met, so that the results should be accepted “with a grain of salt;” not so good
solvers do not care to report on difficulties...
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B. Robust infeasibility. We claim that (P) is robustly infeasible iff the constraints of the
problem can be led to a contradiction by linear aggregation, that is, iff there exists [y; z] such
that

ye K", A"y + R*2=0, (b,y) + (r,z) > 0. (7.1.8)

As a result, to certify robust infeasibility of (P), it suffices to point out a solution [y; z] to (7.1.8),
and this certification scheme is complete.

Here again it suffices to prove the first claim only. Assume, first, that (7.1.8) has a solution
[y; z], and let us prove than (P) is robustly infeasible. Indeed, since (b,y) + (z,r), there exists
a small enough centered at b ball B of positive radius such that (V/,y) + (2,t) > 0 whenever
b’ € B. Let us prove that every problem (P[b,c]) b’ € B is infeasible (this would mean that (P)
is robustly infeasible, as desired). Indeed, assuming that x is feasible for (P[¥',c]) and b’ € B,
we would get (y, Az — ') > 0 (since y € K* and Az — b’ € K) and (z, Rz — r) = 0; summing
up these inequalities, we get (A*y + R*z,z) — (y,b') — (z,7) > 0, that is, —(y,b') — (z,7) > 0,
which is impossible due to ¥’ € B. Thus, (P[V/, ¢]) is infeasible when b’ € B, as claimed.

Now let us verify that if (P) is robust infeasible, then (7.1.8) is solvable. To this end, let us
choose A € int K, and consider the conic program

ntlin{t:Ax—l-tA—bEKij:T}. O

We claim that this problem is feasible with strictly positive optimal value. Strict feasibility is
evident: take a whatever x satisfying Rx = r; then for all large enough values of ¢t we have
t 1Az — b] + A € int K due to A € int K, whence Az — b+ tA € int K as well. The fact that
the optimal value is positive stems from the fact that otherwise (!) would have feasible solutions
with ¢ arbitrarily close to 0, that is, program (P[V,c]) with " = b — tA, would be feasible for
all close to 0 values of ¢, which contradicts the robust infeasibility of (P). Since (!) is strictly
feasible with positive value of the objective, by Conic Duality Theorem the program dual to (!),
that is, the program

n;@c{(b, y)+ (rz):ye K A"y + R*2=0,(y,A) = 1}

has a feasible solution with positive values of the objective, meaning that (7.1.8) is solvable. O

C. Robust boundedness. We claim that (P) is robustly bounded iff either (P) is robustly
infeasible, or (D) is strictly feasible. As a result, in order to certify robust boundedness of (P),
it suffices either to certify robust infeasibility of (P) (which we already know how to do), or to
point out a strictly feasible solution to (D), and this certification scheme is complete.

We need to prove the first claim only. In one direction: Assume that (P) is robustly bounded.
We should prove that if, in addition, (P) is not robustly infeasible, then (D) is strictly feasible.
We should, therefore, lead to a contradiction the assumption that (P) is robustly bounded, (P)
is not robustly infeasible, and (D) is not strictly feasible. Assume that all these properties take
place. Since (P) is robustly bounded, there exists € > 0 such that whenever [|b' — || < € and
d e C, ||d —¢|| <e, the problem (P[V/,]) is bounded. Since (P) is not robustly infeasible,
we can find b”, ||b" — b|| < €/2, such that (P[b”,¢]) is feasible; therefore, setting v/ = 0" — A
with small in norm A € int K, we get a strictly feasible problem (P[,c]) and ensure that
|lb—"0|| < e. Now, the dual to (P[V/, c]) is the problem (D[, p']) obtained from (D) by replacing
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b with b and ¢ with ¢’. Since (P[V/,¢c]) is strictly feasible and bounded, its dual (D[, c]) is
solvable and thus feasible. But the feasible set of (D[V/, ¢]) is the same as the feasible set of (D),
so that the latter is nonempty. Now let [y; z] be a feasible solution to (D), and let A € int K*.
Setting c(t) = A*[y — tA] + R*z, we see that ¢(t) € C, ¢(0) = ¢ and the program (D[b, c(t)]) is
infeasible for every ¢ > 0 (since if [J; Z] were a feasible solution to the latter program, [§+ tA; Z]
would be a strictly feasible solution to (D), and we are in the case when (D) is not strictly
feasible). Choosing small enough ¢ > 0 and setting ¢ = ¢(t), we ensure that ||[¢' — ¢|| < € and
the problem (D[b,]) is infeasible, meaning that the problem (D[V,/]) also is infeasible. We
arrive at a contradiction: since [[V/ —b|| <€, || —¢| <€ and ¢ € C, program (P[V',]) should
be either infeasible, or feasible and bounded. The former option is impossible, since the feasible
set of the program is the same as for (P[V/, ¢]), that is, the program is even strictly feasible. We
conclude that (P[b',c]) is strictly feasible and bounded, whence, by Conic Duality Theorem,
(D[, ]) is feasible, which by construction of ¢’ is not the case. We have arrived at the desired
contradiction, thus proving that if (P) is robustly bounded, then the program either is robustly
infeasible, or (D) is strictly feasible.

In the opposite direction: We should prove that if (P) is either robustly infeasible, or (D) is
strictly feasible, then (P) is robustly bounded. If (P) is robustly infeasible, then of course it is
robustly bounded. Now let (D) be strictly feasible, and let [g; Z] be a strictly feasible solution
to the problem, so that a ball Y of a positive radius r centered at ¢ is contained in K*. By
elementary linear algebra, we can find continuous in ¢ € C functions y(¢’) and z(c’) such that
y(c) = g and A*y(c') + R*2(c’) = ¢ for all ¢ € C. In particular, we can find € > 0 such that
whenever ¢ € C and || — ¢|| < €, we have ||y(c) — g|| < r, meaning that y(¢’) € K* and
thus [y(c¢'); 2/(¢')] is a feasible solution to (D[, ']) for all ¥/. By Weak Duality it follows that
(P[V,]) is either infeasible, or bounded for every b’ and every ¢ € C such that ||¢ —¢|] < e,
meaning that (P) is robustly bounded. O

B. Robust unboundedness. We claim that (P) is robustly unbounded iff (P) is robustly
feasible and there exists h such that

Ah € K,Rh=0,c'h < 0. (7.1.9)

Consequently, to certify robust unboundedness of (P), it suffices to point out a certificate of
robust feasibility (that is, a strictly feasible solution to (P), see above) and a vector h satisfying
(7.1.9), and this certification scheme is complete.
As always, it suffices to prove the first claim. In one direction: assume that (P’) is robustly
feasible and a direction h satisfying (7.1.9) does exist. Then there exists a ball B of positive
radius centered at ¢ such that [¢']Th < 0 for all ¢ € B. It follows that there exists ¢ > 0 such
that whenever ||’ — b|| < € and ||¢ — ¢|| < ¢, the problem (P[V,(]) is feasible and [¢']Th < 0.
With o, ¢ as above, h clearly is a recessive direction of the feasible set of (P[V/,/]), and along
this direction the objective of (P[V, ¢/]) strictly decreases, meaning that (P[V/, ¢']) is unbounded.
Now assume that (P) is robustly unbounded, and let us verify that then (P) is robustly
feasible (this is evident is evident) and (7.1.9) has a solution. It may happen that the linear

éi ] has a nontrivial kernel L. Note that in this case the image C' of the
mapping [y; z] — A*y + R*x is exactly L', so that restricting x and h to reside in C = L does
not affect neither the robust unboundedness of (P), nor the solvability status of (7.1.9). Thus,

mapping x — Ax = [
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we can assume w.l.o.g. that C' = R" is the entire space of z’s, and the linear mapping A has a
trivial kernel. Now let us prove the existence of h satisfying (7.1.9).

Let H={h € R": Ah € K, Rh = 0}. H clearly is a closed convex cone in R". We claim
that this cone is pointed. Indeed, if h is such that +h € H, then Rh = 0 and £Ah € K; since
K is pointed, it follows that Ah = 0. Thus, Ah = 0 and Rh = 0, whence h = 0 (recall that we
are in the situation when the mapping x — (Ax, Rx) has the trivial kernel). Now let us use the
following simple and important

Lemma 7.1.1 If M is a closed pointed cone in R"™, then there exists f € H* and a constant
0 > 0 such ||h|lz2 < 0fTh for all h € M. Specifically, one can take as f any vector from the
nonempty set int H*.

Proof of Lemma. Since M is a closed pointed cone, its dual cone M™* has a nonempty interior.
Let f € int M*, so that there exists r such that f + e € M* whenever |le||2 < r. It follows that
when h € M, we have 0 < min [f 4+ e]Th = fTh —r||h||2, so that r||h|j2 < fTh for all h € M;

e:|le]l2<r
it remains to take = r—1. O

Now we are ready to prove that (7.1.9) has a solution. Applying Lemma to the closed pointed
cone H, we see that there exists a vector f € R™ and 6 > 0 satisfying 0 7 h| k|2 for all h € H.
Since (P) is robustly unbounded and we are in the situation C' = R", there exists ¢ > 0 such
that with ¢ = c+¢f, the program (Pb, ¢']) is unbounded, that is, there exists a sequence {h:}§°,
of feasible solutions to this problem such that [¢/]Th; — —oc as t — oo. This relation is possible
only if p; = ||h¢|| = co as t — oo. Now let e; = p; 'hs. Passing to a subsequence t; — 00, i — 00
we can assume that the unit vectors e;; converge, as ¢ — 0o, to a unit vector e. We have

Ret:pt_tht:p_lr—>O,t—>ooéRe:O

and
Ae; — pr1b = p; Ay — b] € K,

and since K is closed and p, 1y 5 0, t > oo, we see that Ae € K. The bottom line is
that the unit vector e belongs to H. Finally, we have [¢/]Th; — —o0o as t — oo, whence
[1Te = lim; o0 p;. ' [¢/]"hs; < 0. Recalling what ¢ is, we see that ¢’e + efTe < 0, and since
e € H, we have 0fTe > |e|2 = 1, that is, efTe > ef~!. The bottom line is that c’e 4+ €01 <0,
whence c¢’'e < 0. Since e € H, (7.1.9) holds true with e = h. O

E. Robust solvability. We claim that (P) is robustly solvable iff both (P) and (D) are strictly
feasible. As a result to certify robust solvability of (P), it suffices to point out strictly feasible
solutions to (P) and to (D), and this certification scheme is complete.

Indeed, assume that (P) is robustly solvable. Then (P) clearly is robustly feasible and
robustly bounded. The latter fact, in view of item C, implies that (D) is strictly feasible, while
strict feasibility of P’), bu item A, implies that (P) is strictly feasible. Thus, if (P) is robustly
solvable, both (P) and (D) are strictly feasible.

To prove the inverse statement, assume that (P) and (D) are strictly feasible, and let g, z
be a strictly feasible solution to (D). By the argument from item C, we can find continuous
functions y(c’), z(¢') of ¢ € Cand a neighborhood U of ¢ in C' such that for all ¢ € U the pair
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y(), z() is a strictly feasible solution to (D([b,]), and thus for (D[V,']) for all ¥'. Besides
this, by item A (P[V,¢]) is feasible for all &’ close enough to b, meaning that for these b’ the
program (P[V, ¢']) is feasible for all ¢/. The bottom line is that for all b’ close enough to b and all
¢ € C close enough to ¢ problem (P[V',(]) is feasible (and thus (D[, ]) is bounded by Weak
duality), and (D[V/, ¢]) is strictly feasible. Since (d'[b/,c/]) is strictly feasible and bounded for
indicated V', ¢, (P[V, ']) is solvable (Conic Duality Theorem). Thus, (P[b', ¢]) is solvable for all
b and ¢ € C close enough to b, ¢, that is, (P) is robustly solvable. O

Remark: It should be added that (P) is robustly solvable iff (P) is robustly feasible and
robustly bounded. Indeed, robustly solvable program clearly is robustly feasible and robustly
bounded. To see that inverse also is true, note that if (P) is robustly feasible, then (P) is strictly
feasible by A and (D) is strictly feasible by C, whence (P) is robustly solvable by F.

Remark: From the definitions of robustness it follows that, say, the property to be, say, robust
feasible itself is “robust:” if (P) possesses this property, so are all problems obtained from
(P) by small enough perturbations of b and ¢, and similarly for all other properties we have
considered. Sometimes we can say more. For example, assume that that C' is the entire z-space
(that is, that the mapping (y, z) — A*y+ R*z is an onto mapping, or, equivalently, the mapping
x +— (Ax, Rx) is with trivial kernel. Then robust solvability of (P) is preserved by small enough
perturbations of all the data, including A and R (why?).

F. Robust insolvability. We claim that (P) is robustly unsolvable iff the program is either
robustly infeasible, or there exists h satisfying (7.1.9), or both. Since we know how to certify
robust infeasibility, this claim yields a complete certification scheme for robust insolvability.
Let us prove our claim. In one direction this is easy: when (P) is robustly infeasible, then
of course (P) is robustly unsolvable. If there exists h satisfying (7.1.9), then (P) is robustly
unsolvable as well. Indeed, looking at (7.1.9), we see that h satisfying (7.1.9) satisfies also

Ah e K,Rh=0,[]Th <0 (%)

for all ¢ € V, where V is a small enough neighborhood of ¢ in C'. Now let us prove that (P[V/, ¢'])
is unsolvable, specifically, is either infeasible, or unbounded, for all ¥’ and all ¢ € V' (and thus
(P) is robustly unsolvable). Indeed, when (P[V/,c]), ¢ € V, is feasible, h from (x) clearly is
a recessive direction of the feasible set of the program such that the objective of the program
strictly decreases along this ray, meaning that the program is unbounded.

Now assume that (P) is robustly unsolvable, and let us prove that the program is either robust
infeasible, or (7.1.9) takes place. It suffices to verify that if (P) is robustly unsolvable and is
not robustly feasible, then (P) is robustly unbounded. Thus, let (P) be robustly unsolvable and
not robustly infeasible. Since (P) is robustly unsolvable, there exists € > 0 such that whenever
VeU={V:|b=V|<e andd e V={eC:|d—c| < e}, the program (P[V',c]) is
unsolvable. Since (P) is not robustly infeasible, there exists b, ||b — b|| < €/2, such that (P[b, c])
is feasible for all ¢. Setting b = b — A, where A € int K is of norm < €/3, we ensure that
b e U and (P[b,¢]) is strictly feasible. We claim that the program (P') = (Pb, c]) is robustly
unbounded. Indeed, since (P[b,c]) is strictly feasible, there exists a neighborhood W C U of
b such that all programs (P[0, ¢]) with b’ € U are strictly feasible. Assuming that (P[b, ]
is not robustly unbounded, we can find ¥’ € W and ¢ € V such that (P[V/,(]) is bounded,;
since the latter program is strictly feasible due to ¥ € W, the problem (D[V,]) is solvable
and thus feasible. If y,z is a feasible solution to (D[V/,]), then, for every A € int K*, the
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pair yn = y + A, z is a strictly feasible solution to (D[V, ca]) with ca = ¢ + A*A. Choosing
A € K* to have a small enough norm, we can ensure that 2/ = za € V. Thus, ¥ e U, " € V,
problem (P[V/, ")) is feasible, and problem (D[V', ¢"]) is strictly feasible. By Weak duality, the
latter program is not only strictly feasible, but also bounded, which, by Conic Duality Theorem,
implies that (P[b/,c"]) is solvable, which contradicts the origin of U > b and V > ¢”. This
contradiction proves that program (P[b, ¢]) is robustly unbounded. Invoking item D, it follows
that either (P[b,c]) is robust infeasible, or there exists an h satisfying (7.1.9). By choice of b,
the first option is impossible — problem (P[b,¢]) is feasible by construction. We conclude that
(7.1.9) has a solution . O

How “rare” are primal-dual strictly feasible programs? Here we intend to demonstrate
that strict primal-dual feasibility (or, which is the same by E, robust solvability) is not too rare
commodity: whenever problem (P) is feasible and bounded, properly chosen arbitrarily small
perturbations of b and ¢ make it strictly primal-dual feasible. Specifically,

Proposition 7.1.2 Let (P) be feasible and bounded. Whenever Ab € int K and Ay € int K*,
the problem (P[b — Ab,c+ A*Ay]) is strictly primal-dual feasible.

Proof. Let b =b— Ab and = x + A*Ay. Every feasible solution to (P) clearly is a strictly
feasible solution to (P[b, c]) for all ¢/, so that (P[b,¢/]) is strictly feasible for all ¢/ (recall that
(P) is feasible). We claim that the problem (P[b,c] cannot be robustly unbounded. Indeed,
assume that (P[b,c]) is robustly unbounded. Then, by item D, (7.1.9) has a solution h. But
such an h is a recessive direction of the (nonempty!) feasible domain of (P), and along this
direction the objective of (P) strictly decreases, meaning that (P) is unbounded, which in fact
is not the case. Thus, (Pb,c]) is not robustly unbounded. Further, ¢ € C. indeed, otherwise,
by Linear Algebra, there would exist h such that Ah = 0, Rh = 0 and ¢’k < 0, which, as we
just have seen, is impossible. The system of linear equations A*y + B*r = d is solvable for all
d € C; by Linear Algebra, it admits a linear in d € C solution (Y (d), R(d)). Now let r > 0 be
such that Ay — e € int K* whenever |le|| < r. Recalling that (P[b,¢]) is strictly feasible and
y(d) is linear, there exists e > 0 such that (P[b',]) is strictly feasible whenever ||’ — b|| < €
and ||Y(d)|| < r whenever d € C and ||d||2 < e. Let us prove that Since (P[b, ¢] is not robustly
unbounded, there exist ¥, ||’ — b|| < ¢, and ¢ € C with ||’ — ¢[|2 < € such that the program
(P[V',]) is not unbounded; since this program is strictly feasible, it should be bounded which,
by Conic Duality Theorem, implies that that (D[b',]) is feasible. Thus, there exist § and 7
satisfying
JeEK A"+ R'z="C.
Now let us set
yP=g+Ay+Y(c—C), 2T =2+ Z(c-{).
Observe that ||Y(c—¢)|| < r due to |[c—|| < €, whence Ay+Y (c—¢) € int K*. Since § € K*,
we conclude that y™ € int K*. At the same time
A*yT + R*2T = [A*j+ R*z] + AAy + [A*Y (¢ — ) + R*Z(c — )]
=d+(c—d)+AAy=C+[c— ]+ A*Ay=c+ A*Ay =¢C.
We see that (yT,z7") is a strictly feasible solution to (Db, ¢]). Since by construction (P[b,¢])
also is strictly feasible, (P[b,e]) is strictly primal-dual feasible. O
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7.1.5 Sensitivity Analysis

The results we are about to present resemble those of Sensitivity Analysis for LO. Consider a
primal-dual pair of cone program in the single-cone form:

min{cT:B : Az —beK,Rx =r} (P)
T
along with its dual problem

max {(b,y) + (r,z) :y e K", A"y + R*z = ¢} (D)
Y,z

In what follows, we treat the part of the data A, b, K, R as fixed, and b, r, ¢ — as varying, so that
it makes sense to refer to (P) as (P[b,r;¢]), and to its dual (D) as to (Db, r;¢]), and to denote
the optimal value of (P[b,7;c]) as Opt(b,r;¢c). Our goal is to explore the structure of the cost
function Opt(b,r;¢) as a function of (b,r), ¢ being fixed, and of ¢, b, r being fixed.

The cost function as a function of ¢

Let [b;r] be fixed at certain value (b, 7) such that (P[b,;c]) is feasible (this fact is independent
of the value of ¢). An immediate observation is that in this case, the function Opt,,.(c) =
Opt(b,7;¢) is a concave function of ¢. Indeed, this is the infinum of the nonempty family
{fe(c) =Tz : Ax —b € K, Rr = r} of linear (and thus concave) functions of c. A less trivial
observation is as follows:

Proposition 7.1.3 Let ¢ be such that (P[b,7,¢) is solvable, and T be the corresponding optimal
solution. Then T is a supergradient of Optgf(‘) at ¢, meaning that

Ve : Opty z(c) < Opty #(€) + il(c—¢).
Geometrically: the graph of Opt; -(c) never goes above the graph of the affine function ((c) =
Opty -(¢) + 77 (c — €) and touches this graph at the point [¢; Opty ()] (and perhaps at other
points as well).
Proof is immediate: since Z is a feasible solution of (P[b, 7; c]) for every ¢, we have
Optj (c) < di=(c-o)lz+cz= Opty -(¢) + ' (c —@). 0

Remark: The fact that a function is convex (or concave) implies, in particular, that the function
possesses certain “regularity.” e.g., the following is true:

Let f be a convex (or concave) function and X be a closed and bounded set belonging

to the relative interior of function’s domain. Then f is Lipschitz continuous on X:
there exists L < oo such that

V(z,y € X): [f(x) = f(y)| < Lllz = yl|
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The cost function as a function of (b,r)

Let now ¢ be fixed at certain value ¢, and assume that there exists [b; '] such that the problem
(P[V/,7’";@]) is strictly feasible and bounded. Then the dual problem (D[, r/;¢) is feasible (and
even solvable) by Conic Duality Theorem, meaning that the duals to all problems (D[b, r;¢) are
feasible (since the feasible set of the dual is independent of b,r). By Weak duality, it follows
that problems (PIb,r;¢]) are bounded, and thus the cost function Opt(b,r) = Opt(b, r;¢) takes
only real values and the value +o00. It is easily seen that this function is convex.

Indeed, denoting for short ¢ = (b, r) and suppressing temporarily the subscript z, we
should prove that Opt((1 — X\)g + A¢') < (1 — \)Opt(q) + A\Opt(¢') for all ¢,¢" and
all A € [0,1]. There is nothing to prove when A\ = 0 or A = 1; when 0 < A < 1,
there is nothing to prove when Opt(q) or Opt(¢’) are infinite. Thus, we can restrict
ourselves with the case ¢ = (b,r) € domOpt, ¢’ = (¥',r') € domOpt and 0 < A < 1.
Given € > 0, we can find x and 2’ such that

Az —be K, Rx =r,c'z < Opt(q) + ¢,
Az’ —b;e K, Re' = r,é'a’ < Opt(q) +e.

Setting 7 = (1 — N)x + X2/, § = (1 — N)g + \¢, we have Az — ¢ = (1 — \)[Ax — b] +
AAz" — V] € K, where the inclusion follows from the fact that K is a cone; this, ¢ is
a feasible solution for (P[g, ¢]). We also have

cl'g=(1—-Nelz+ ey < (1 —N)[Opt(q) + €] + A[Opt(q') + €]
= (1 — X\)Opt(q) + AOpt(q’) + €.

Since ¢ is feasible for (P]q, ¢]), we have
Opt(q) < "¢ < (1 - A)Opt(g) + AOpt(q) + ¢
The resulting inequality holds true got every € > 0, whence
Opt(q) < (1 = A)Opt(q) + AOpt(q),
which completes the proof of convexity of Opt(-).
We have the following analogy of Proposition 7.1.3:

Prqposition 7.1.4 Let b,7 be such that (P[b,7,¢]) is strictly feasible. Then the dual problem
(D[b, 75¢]) is solvable, and every optimal solution (y,7) to the latter program is a subgradient of
the convez function Opt(-) at the point (b,7), meaning that

V(b,7) : Opty(b, ) > Opty(b, 7) + (§,b — b) + (2,7 — 7).

Geometrically: the graph of Opts(b, ) never goes below the graph of the affine function £(b,r) =
Opts(b,7)+ (g, b—b) + (2,7 —7T) and touches this graph at the point (b, 7; Opt.(b, 7)) (and perhaps
at other points as well).

Proof is immediate. As we have already mentioned, our choice of ¢ ensures that (Db, 7;¢]) is
feasible, and thus the program (P[b, 7, ¢) is bounded; since by assumption the latter program is
strictly feasible, the Conic Duality Theorem says that (D[b,7;¢c]) is solvable, which is the first
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claim in the Proposition. Now let (,7) be an optimal solution to (D[b,;¢]). Then for every
feasible solution x to (P[b,r;¢]) we have
e =[A*g+ R*2)"w = (, Az — b) + (2, Rx) + (5,0) > (5,b) + (z,7)

xr=
= <77b_b>+<277'_f>+<g7b>+<27f>;
————
=0pt, (5,7

Since the resulting inequality is valid for all feasible solutions z to (P[b, r;¢]), we conclude that

Opta(b,7) > Opta(b, 7) + (7, b — b) + (Z,r — 7). .

7.1.6 Geometry of Primal-Dual Pair of Conic Problems

We are about to derive geometric interpretation of a primal-dual pair (P), (D) of conic programs
completely similar to the interpretation of a primal-dual pair of LO programs (section 3.3.2). As
was explained in the beginning of section 7.1.2, we lose nothing when assuming that the primal
program is a single-cone one and that the space E of the primal decision vectors is R", so that
the primal program reads:

Opt(P) = min {CTQS : Az —be K, R =r} (P)

where x — Rz is a linear mapping from R to Euclidean space F', and K is a regular cone in
a Euclidean space F; which, for aesthetical reasons (we do not need index anymore!), we now
denote H. The dual program now reads

Opt(D) = max {(r,z) + (b,y) : y e K*, A"y + R*z = ¢} (D)
zy

(to save notation, we skip the indices in (-,-)). Assume that the systems of linear equality
constraints in (P) and in (D) are solvable, and let Z and [g; z] be solutions to these systems:

(a) Rz =r
() A+ Rz=c (7.1.10)
Let us express (P) in terms of the primal slack £ = Az —b € H. The constraints of (P) say that
this vector should belong to the intersection of K and the primal feasible plane Mp which is
the image of the affine plane {x : Rz = r} in the z-space under the affine mapping = — Ax — b.
The linear subspace Lp in E which is parallel to Mp is Lp = {{ = Az : Rz = 0}, and we can
take the point AZ — b := —¢ as the shift vector for Mp. Thus,

Mp==Lp—§& E=b— Az, Lp=1{( = Ax: Rx =0}. (7.1.11)

Now let us express the primal objective in terms of the primal slack. Given x satisfying the
equality constraints in (P), we have (F' is the destination space of the mapping x — Rz):
cl'e =[A*y+ R 2Tz = [A*y) Tz + [R*2)Tx = (g, Az) + (R, %(
= (y,Ax —b tp, tp = (y,b L Z).
(g, Ax — b) + constp, constp = (y,b) + (r, z)
3

We have arrived at the following intermediate conclusion:
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Program (P) can be reduced to the program

Opt(P) =min {(7,£) : £ e KN Mp}
{eH

Mp = ﬁp—g::b—Ai‘ (P)
Lp = {¢{=Az:Rx=0}
Opt(P) = Opt(P)+ (y,b) + (1, 2).

Now let us process in a similar fashion the dual program (D), specifically, express it in terms
of the vector y. The constraints of (D) say that this vector should belong to the intersection
of K* and the dual feasible plane Mp = {y : 3z : A*y + R*z = c}. This plane is parallel to
the linear subspace Lp = {y : 3z : A*y + R*z = 0}, and as a shift vector for Mp we can take
g € Mp. It remains to express the dual objective in terms of y. To this end note that if [y; z]
satisfies the linear equality constraints of (D), then

(r,2) + (b,y) = (RT, 2(+(b,y) = T [R*2] + (b, y)
=zl[c— A%y + (b,y) = 2Tc+ (b — Az, y) = (£,y) + constp, constp = ¢! z.

We have arrived at the following conclusion:

Program (D) can be reduced to the program

Opt(D) = max {(zi,y) : y € K. N Mp}
yeH

Mp = Lp+yg:=b— AZ (D)
Lp = {y:3z:A*y+ Rz2=0}
Opt(D) = Opt(D)+c'z.

Now, same as in the LO case, Lp is just the orthogonal complement of £p. Indeed, h € (Lp)*
iff (h, Az) = 0 whenever Rz = 0, that is, iff the linear equation 27 [A*h] = 0 in variables z is a
consequence of the linear system Rx = 0, which is the case iff A*h = R*w for some w, which,
after substitution w = —z, is nothing but the characterization of Lp.

Finally, let us compute the duality gap at a pair (z, [y, z]) of candidate solutions satisfying
the equality constraints in (P) and (D):

e —(byy) — (r,2) = [Ay + R* 2|2 — (b,y) — (r,2)
= (Az —b,y) + (Rx —r,z) = (Az — b, y).

Putting things together, we arrive at a perfectly symmetric purely geometric description of (P),
(D):

Assume that the systems of linear constraints in (P) and (D) are solvable. Then
the primal-dual pair (P), (D) of conic problems reduces to the following geometric
problem. We are given

e two dual to each other cones K, K, in a FEuclidean space H,

e a pair of linear subspaces Lp, cLp in H which are orthogonal complements to each
other, and

e a pair of shift vectors &, 7 in H.

These geometric data define affine subspaces Mp = Lp — &, Mp = Lp + 7.

The primal problem (P) reduces to minimizing the linear form (y,-) over the inter-
section of the primal feasible plane M p and the cone K, which is the primal feasible
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set; the dual problem (D) reduces to maximizing the linear form (£, -) over the inter-
section of the dual feasible plane M p and the cone K*, which is the dual feasible set.
Given feasible solutions £, y to these geometric problems, the corresponding duality
gap Is the inner product of the solutions.

Strict feasibility of a problem from our primal-dual pair means that the correspond-
ing feasible plane intersects the interior of the corresponding cone. Whenever both
problems are strictly feasible, the minimal value of the duality gap is zero, and the
duality gap, as evaluated at a pair of primal and dual feasible solutions, is the sum of
their non-optimalities, in terms of the objectives of the respective problems. Under
the same assumption of primal-dual strict feasibility, pairs of optimal solutions to
the respective problems are exactly the pairs of orthogonal to each other primal and
dual feasible solutions, and these pairs do exist.

We see that geometrically, a primal-dual pair of conic problems looks completely similar to a pair
of primal-dual LO programs: in both situations (in the second — under additional assumption
that both problems are strictly feasible) we are looking for pairs of orthogonal to each other
vectors with one member of the pair belonging to the intersection of “primal” affine plane and
“primal” cone, and the other member belonging to the intersection of the “dual” affine plane
and the “dual” cone.

The pair of primal and dual affine planes cannot be arbitrary: they should be shifts of
linear subspaces which are orthogonal complements to each other. Similarly, the pair of cones
in question are “rigidly connected” to each other — they are duals of each other. In LO,
the underlying cone is the nonnegative orthant and thus is self-dual, this is why in our LO
investigations (section 3.3.2) we did not see two cones, just one of them.

We complete this section by mentioning that, same as in the LO case, the choice of the shift
vectors for Mp, Mp (or, which is the same, the objectives in (P) and (D)) is immaterial: when
replacing the above & with any other vector from the minus primal feasible plane [~Mp], the
primal problem (P) clearly remains intact, and the dual objective (£7,-), restricted on the dual
feasible plane, changes by an additive constant, which affects nothing but the optimal value
Opt(D). By similar reasons, replacing y with any other vector from Mp keeps (D) intact and
changes by additive constant the restriction of the primal objective (7, ) on the primal feasible
plane.

7.1.7 Conic Representations of Sets and Functions

It is easily seen that every convex program mi)r{l f(z) (f : R™ — R is convex, X C R" is convex
xe

and closed) can be equivalently reformulated as a conic program. This fact is of no actual use,
since a general-type cone is not simpler than a general-type closed convex set. What indeed is
important, is to recognize when a given convex program can be posed as a conic program from
a given family, primarily — when it can be posed as an LO/CQO/SDO program. To this end
we can develop an approach completely similar to the one we used in section 1.2.2. Specifically,
assume we are given a family K of regular cones, every one of them “living” in its own Euclidean
space. It makes sense to assume also that the family contains the nonnegative ray and is closed
w.r.t. taking finite direct products and to passing from a cone to its dual cone. The most
important for us examples are:

e the family £O of nonnegative orthants; this family underlies LO.
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e the family CQO of finite direct products of Lorentz cones; this family underlies CQO
(Conic Quadratic Optimization).
Note that CQO contains R, = L!; the fact that all other requirements are satisfied is
evident (recall that the Lorentz cones are self-dual).

e the family SDO of finite direct products of semidefinite cones; this family underlies SDO
(Semidefinite Optimization).
Note that SDO contains Ry = S}F, and satisfies all other requirements by exactly the
same reasons as CQQO.

Now, given a family I, we call a set X C R™ K-representable, if it can be represented in the
form

X={zeR":Jw:Pr+Qu+reK} O]

where K is a cone from K; corresponding data (P, Q,r,K), same as the representation itself,
are called KC-representation of X (KC-r. of X for short). note that this definition mirrors the
definition of a polyhedral representation of a set (which in our now language becomes LO-
representation). Completely similar to the polyhedral case, given a K-representation (!) of X,
we can immediately rewrite the problem of minimizing a linear objective ¢’z over X as a conic
program on the cone from the family /C, specifically, the program

min{cT:n cPr4+Quw+re K}
T,Ww

Bearing in mind this observation, we understand why it is important to build a calculus of K-
representable sets and functions. A IC-r. of a function f is, by definition, the same as C-r. of its
epigraph, and a function is called /C-representable, if it admits a JC-r. Same as in the polyhedral
case, a [C-r.

{[z;7]: 7> f(2)} ={[x;7] : Jw: Pr+ 7p+ Quw +r € K}

of a function f implies KC-r.’s of the level sets of the function:

{z:a>f(z)} ={z:Fw: Pr+ap+ Quw+r € K}.

The basic calculus rules from section 1.2.3 extend word by word from the polyhedral rep-
resentability to K-representability; there are just two facts which, on a close inspection, are
responsible for the validity of the calculus rules:

e the fact that, given two systems of linear inequalities (that is, two component-wise vector
inequalities Az < b and Cxz < d), we can put them together, thus getting a single vector in-
equality [A; Blx < [c¢;d]. What underlies this fact, is the closedness of the associated family
of cones (in the case of polyhedral representability, the family of nonnegative orthants) w.r.t.
taking direct products. Since we have required from K to possess the latter property, putting
together two conic inequalities Az —b € K and A’z — V' € K’ with K, K’ € K results in a single
conic inequality [Az; A'z] — [b; '] € K x K’ involving a cone from K.

e the fact that the feasible sets of finite systems of linear inequalities/equations are polyhedrally
representable. Since we require from K to contain rays and to be closed w.r.t. taking direct
products, these sets and /C-representable as well.
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Extending more advanced rules of calculus of polyhedral representability to the case of
K-representability requires certain care. For example,

1. Assume that an LO program min{c’z : Az > b, Rz = r} is feasible and bounded for some
x

value of [b;7]; as we remember from section 3.3.3°, under this assumption the function
Opt([b;7]) = min{c"z : Az > b, Rz = r} is convex and polyhedrally representable:
€T
{sr;7): 7 > Opt((bs 7))} = {[byr;7] : Jx: Az —b>0,Bx =r,c’a < 7}. O]

Now let us pass from the optimal value in a LO program to the one in a conic program:
Passing to the optimal value of a K-conic problem

Opt([b;7]) = inf {ch : Az —beK,Bz=r}. (7.1.12)

Assume that the program is strictly feasible and bounded for some value of [b;7]. Then
the dual program is feasible, and since the latter fact is independent of [b; r], we conclude
from Weak duality that (7.1.12) is bounded for all values of [b; r], so that the cost function
Opt([b; r]) takes only real values and perhaps the value +00. You can easily verify that
the cost function is convex. Now, the “literal analogy” of (!) would be

{53 7] : 7 > Opt([bs 7))} = {[bsrs7]): Fw: Az —be K, Bx =r,cla <7},

but this relation is not necessarily true: Opt([b;r]) can be finite and non-achievable, mean-
ing that the fact that the point [b; 7; 7] with 7 = Opt([b; 7]) is in the epigraph of Opt cannot
be “certified” by any z.

The correct version of (!) is as follows:

Let (7.1.12) be bounded and strictly feasible for some value of [b;r]. Then the
cost function Opt([b;r]) is a convex function, and the IC-r. set

G= {[b;r;T] 3z Az —beK,Rr=r.cla < 7‘}.
is in-between the epigraph
Epi(Opt(-)) = {[b;r; 7] : 7 = Opt([b; r])}
of the cost function and the “strictly upper part”
Epi*(Opt()) = {[bs737] : 7 > Opt([b; 7])}

of this epigraph:
Epi*(Opt(+)) C G C Epi(Opt(-)).

2. The support function of a nonempty polyhedral set is polyhedrally representable, with a
p.r. readily given by a p.r. of the set (section 3.3.3). To get similar result in the general
conic case, we need strict feasibility of the representation of the set. The precise statement
reads:

9take into account that in section 3.3.3 we were speaking about the optimal value of a maximization problem,
while now we are speaking about optimal value of a minimization one; as a result, what used to be concave, now
becomes convex.
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Let X be a nonempty K-representable set given by a K-representation
X={z:Jw:Pr+Quw—-beK, Re + Sw=r} K € K]
which is strictly feasible, meaning that there exists Z,w such that
Pi+Quw—beint K, R + Sw = r.
Then the support function

Supp(€) = sup ¢’z
xeX

of the set X admits the explicit K-representation

{[& 7] : 7 > Supp(§)}
e CAEK  PA+RU+£=0,Q* A+ S* =0, (7.1.13)
_{[g’ﬂ'%’“' (b, A) + (ryp) +7>0 }

Note that (7.1.13) indeed is a K-representation of the support function, since K
is closed w.r.t. passing from a cone to its dual.

Indeed, —Supp(&) is the optimal value in the K-conic program

min{—{Tx:Pw+Qw—beK, Rm+5w:r}. ()

The latter problem is strictly feasible; thus, for a real 7, we have 7 > Supp(&) iff the latter
problem is bounded with the optimal value > —7, which, by Conic Duality Theorem, is
the case iff the conic dual of (x) admits a feasible solution with the optimal value > —7,
that is, iff

INp AEK  PA+ R u=—-£Q" N+ S u=0,(b,\) + (r,u) > —,

and (7.1.13) follows.

Remark: Similar to what was done in section 3.3.3, the possibility to point out a K-
representation of the support function of a (nonempty) K-r. set implies, along with other
consequences, the following result:

Let the (nonempty) uncertainty set of an uncertain LO problem be given by a
strictly feasible KC-representation. Then the Robust Counterpart of the problem
can be straightforwardly converted into an explicit K-conic program.

Expressive abilities of CQO and SDO

We have seen that the “rule” part of the calculus of K-representable sets and functions remains
intact (and in its “advanced” parts is even slightly weaker) than the calculus of polyhedral
representability. What extends dramatically when passing from LO to CQO and especially
SDO, is the spectrum of “raw materials” of the calculus, that is, “elementary” COO- and SDO-
representable functions and sets. With slight exaggeration, one can say that “for all practical
purposes,” all computationally tractable convex sets and functions arising in applications are
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SDO-representable, so that all “real life” convex problems are within the grasp of SDO'? In
our LO-oriented course, we omit the list of “raw materials” for the calculus of COO- and SDO-
representable functions/sets; such a list can be found in [1]. Here we restrict ourselves with a
single “advertising example:” the messy and highly nonlinear optimization program

minimize i 3:%
(a) x> Ol;ZI
(b) azx <by, b=1,..n
(c) [Pz —pll2 < cl'z +d;
(d) x:%l < eéTw + fe, £=1,...,n;
(e) x”%xf_ﬁ zgeTx%—hg,E:l,...,n—l;
D r3 o Tpo |
Ty @ Ty o Tpoa
(f)  Det | T3 T2 21 o T2 | >
| T Tp—1 Tp—2 - X1
(90 1< Zzn: g cos(lw) < 1+ sin?(5w) Vw € [—%,1.3]
=1

can be converted in a systematic way into a semidefinite program; omitting the constraints (f)
and (g), the problem can be systematically converted into a CQO-program (and thus solving it
within accuracy e can be reduced in polynomial time to a similar problem for an LO program,
see section 1.3.

Remark: In the case of polyhedral representability, ignoring the “compactness” of a represen-
tation, we always can avoid slack variables: if a set in R™ admits a polyhedral representation,
it always is polyhedral, i.e., can be represented as the solution set of a system of linear in-
equalities in the “original” variables — the coordinates of a vector sunning through R". In the
non-polyhedral case, using slack variables in representations of sets and functions is a must. For
example, take the epigraph of the univariate function 2#; this set is conic quadratic representable:

G:={lz,7|eR®: 7>} = {[z;7] : Jw e R : || 2z;w — 1]||2 < w + 1,||[2w; 7 — 1]|]2 < 7 + 1}.
(a) (b)

Indeed, (a) says that w > 22, and (b) says that 7 > w?; what these inequalities say about
7,z is exactly 7 > z%. On the other hand, assume that we managed to find a conic quadratic
representation of the same set without slack variables:

G = {[z;7] : |lwa; + 7b; + cill2 < iz + BT+ i, 1 <i <m,zp+ T ="} O]

Observe, first, that the system of linear equations should be trivial: p = ¢ = r = 0. Indeed,
otherwise these equations would cut off the 2D plane of z and 7 a line or a point containing G,

100f course, whatever be a family K of cones, the K-representable sets and functions are convex (why?), so that
Conic Programming stays within the boundaries of Convex Optimization.
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which clearly is impossible. Now, the sets of the form {[z; 7] : [[za; + 7b; + ¢i||2 < x4+ BT+ 74}
are convex sets representable as intersections of solutions sets of quadratic inequalities

lza; + 7b; + i3 < [ewm + BiT + 7]

with half-planes (or the entire 2D planes) {[z;7] : aiz + Bi7 + v > 0}. A set of this type is
bounded by finitely many “arcs,” every one of them being either a line segment (including rays
and entire lines), or parts of ellipses/parabolas/hyperbolas, and thus the right hand side set in
(!) is bounded by finitely many arcs of the same type. But such an arc, as it is easily seen, can
intersect the true boundary of G — the curve given by ¢ = 2* — only in finitely many points,
so that a finite number of the arcs cannot cover the curve. The conclusion is that G cannot
represent by conic quadratic inequalities in variables x, 7 only.

Relations between LO, CQO and SDO. Clearly, polyhedral representations of sets and
functions are their CQO-m and SDO-representations as well — recall that the nonnegative ray
is the same as the one-dimensional Lorentz and one-dimensional semidefinite cones, so that non-
negative orthants “sit” in CQQO and SDQO, as a result, an LO program can be straightforwardly
converted into a conic quadratic and into a semidefinite program. For example, the “single-cone”
semidefinite reformulation of LO program

min {CT.’E :Ax > b, Rx = T} (%)
x

is as follows: keep the objective and the linear equality constraints as they are, and put the
entries of the m-dimensional vector Az — b on the diagonal of a diagonal m X m matrix A(x)
which, of course, will depend affinely on x. Since a diagonal matrix is symmetric and is positive
semidefinite iff its diagonal entries are nonnegative, () is equivalent to the SDO program

min{cT:U :A(z) = 0,Rz =r}.

A less trivial, but still simple, observation is that conic quadratic representable sets/functions
are semidefinite representable as well, with semidefinite representations readily given by conic
quadratic ones. The reason is that a Lorentz cone L™ is SDO-representable — it is just the inter-
section of the semidefinite cone S} and an appropriate linear subspace of 8" (this is completely
similar to the fact that the nonnegative orthant R} is the intersection of S’} and the subspace
of n x n diagonal matrices). Specifically, given a vector x € R™, let us build the n x n symmetric
matrix

[ zp |21 22 . x|
x2 | Ty
Arrow(z) = | 3 T1
N 1

(blanks are filled with zeros).

Lemma 7.1.2 Let x € R". The matriz Arrow(z) is positive semidefinite iff v € L". As a
result, a conic quadratic representation of a set

X=A{zx:Jw:Az+Bw+b L 1<i<m}
can be converted into a semidefinite representation of the same set, specifically, the representation

X ={z: 3w : Arrow(Ajz + Biw + b;) = 0, 1 <i <m}.



7.1. CONIC PROGRAMMING 255

Proof. All we need is to prove the equivalence z € L" < Arrow(xz) > 0. In one direction:
assume that x € L™, and let us prove that Arrow(z) = 0. The symmetry of Arrow(z) is evident.
To verify positive semidefiniteness, we should prove that h” Arrow(x)h > 0 for all h € R™.
Partitioning h = [g;t] with scalar ¢, and denoting y = [x1;...; Zp—1], we have z, > |ly[j2 due to
x € L™, whence

WY Arrow(a)h = 2a(12 + g79) + 2579 = 2a(t? + g79) — 20t|yzllgllz > alr + 679 — 2/tl[lg]l2
= 2a(Jt] ~ lg]l2)? > 0.

In the opposite direction: let x € R™ and Arrow(z) = 0, and let us prove that x € L™. The
statement is evident when n = 1, so let n > 1. Setting = = [y; z,], let h = [g; 1], where g is the
unit vector such that g7y = —||y||2. Then

0 < h' Arrow(w)h = an||hl3 +2- 1+ g"y = 22, — 2/ly|l2 = 2[zn — [ly]2].

We see that x,, > ||y||2, meaning that = € L". O

Remark. The possibility to convert straightforwardly LO and CQO to Semidefinite Optimiza-
tion does not mean that this is the best way to solve LOs and CQO’s in actual computations.
Two former problems are somehow simpler than the latter one, and dedicated LO and CQO
solvers available today in commercial packages can solve linear and conic quadratic programs
much faster, and in a much wider range of sizes, than “universal” SDO solvers. This being said,
when solving “moderate size” LOs and CQOs (what is “moderate,” it depends on “fine struc-
ture” of a program being solved and may vary from few hundreds to few thousands of variables),
it is very attractive to reduce everything to SDO and thus to use a single solver. This idea is
implemented in the cvx package!! which uses the calculus of the semidefinite representable sets
and functions to convert the input “high level” description of a problem into its “inner” SDO-
reformulation which then is forwarded to an SDO solver. The input description of a problem
utilizes full capabilities of MATLAB and thus is incredibly transparent and easy to use, making
cvx an ideal tool for a classroom (and not only for it).

H» vX: Matlab Software for Disciplined Convex Programming,” Michael Grant and Stephen Boyd,
http://www.stanford.edu/~boyd/cvx/
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7.2 Interior Point Methods for LO and SDO

In this section we present basic theory of IPM’s for LO and SDO. In this presentation, same
as everywhere else in this course, we intend to stick to the “grand scheme of things,” without
going into algorithmic and implementation details. This allows for unified treatment of IPM’s
for LO and SDO.

7.2.1 SDO Program and its Dual

In what follows, the problem to be solved is a semidefinite program

n
xnelgln e E Al = B; = 0,i=1,..,m p, ()
=1

where B; and Ag are symmetric v; X v; matrices.

Note that for notational convenience, we have omitted linear equality constraints
which used to be a component of the standard form of a conic program. This can be
done without loss of generality. Indeed, we can use the linear equality constraints, if
any, to express part of the decision variables as affine functions of the remaining “in-
dependent” variables. Substituting these representations in the conic constraints and
discarding the linear equality constraints, we end up with an equivalent “equalities-
free” reformulation of the original problem.

It is convenient to think about the data matrices BZ-, 1 < ¢ < m, as about diagonal blocks in
a block-diagonal matrix B, and about matrices AZ, 1 < i < m, as about diagonal blocks in
block-diagonal matrices A7. Since a block-diagonal symmetric matrix is positive semidefinite iff
its diagonal blocks are symmetric and positive semidefinite, we can rewrite (x) equivalently as

Opt(P) = min {2 : Az — B € 8%} (P)
xX
where
e A denotes the linear mapping

N
z— Az = Za:jAj (A)

j=1
from the space RY of the design variables z to the space S” of block-diagonal symmetric

matrices of the block-diagonal structure v = [v1; ...; 14y, ], that is, symmetric block-diagonal
matrices with m diagonal blocks of sizes vy, ..., Vp,.

e S is the cone of positive semidefinite matrices from S”.

Note that S¥ clearly is a linear subspace in the space S™ of n x n symmetric matrices, where
m
n=ly|:= ZV,‘. (7.2.1)
i=1
S¥ is equipped with the Frobenius inner product

(X,8) =Tr(XS) = Y X;S [X,S €8]
i,j=1

inherited from S™. Note that the cone S is regular and self-dual (why?).
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Notational conventions. I. We are in the situation when the cone associated with the conic
problem we want to solve “lives” in the space S” of matrices. As a result, we need a special
notation for linear mappings with S” as the argument or the image space, to distinguish these
mappings from matrices “living” in S”. To this end we will use script letters A,5,... as in (A);
matrices from S, as usual will be denoted by capital Roman letters.

IT. As always, we write A = B (< B =< A) to express that A, B are symmetric matrices
of the same size such that A — B is positive semidefinite; in particular, A = 0 means that A
is symmetric positive semidefinite. We write A = B (& B < A) to express that A, B are
symmetric matrices of the same size such that A — B is positive definite; in particular, A > 0
means that A is symmetric positive definite. The set of all positive definite matrices from S” is
exactly the interior int S” of the cone S¥ .

ITI. We shall denote the Euclidean norm associated with the Frobenius inner product by

I s
Al = VA A] = /Te(A%) J}Tx Aes

Assumption A. From now on we assume that

A. The linear mapping A has the trivial kernel, or, which is the same, the matrices
Al ... AN are linearly independent.

To justify this assumption, note that when A has a nontrivial kernel and ¢ is not orthogonal
to this kernel, problem (P) definitely is bad — either infeasible, or unbounded. And if ¢ is
orthogonal to Ker A, we lose nothing by restricting x to reside in the orthogonal complement L
to Ker A, which amounts to passing from (P) to an equivalent program of the same structure
and with linear mapping possessing trivial kernel.

The problem dual to (P)

The problem dual to the conic problem (P), according to our general theory, is

Opt(D) = max {(B,S> cA'S =¢,Se(Sh)" = Si} (D)

where A* : 8¥ — RY is the linear mapping conjugate to the mapping A : RV — S”. Let us
compute A*. By definition, A*S is characterized by the identity

v € RN : (S, Az) = 27 [A*S].

Invoking (A), this reads

N N
Vo = [x1;..;2 Z (S, ATy = Z:L‘j[A*S]j,
=1 j=1

whence, recalling what (-, -) is,
A*S = [Tr(ALS); ...; Tr(ANS)] (A*)

In other words, the equality constraints in (D) read Tr(A475) =¢j, 1 < j < N.
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Assumption B. In what follows we, in addition to A, make the following crucial assumption:

B. The primal-dual pair (P), (D) is primal-dual strictly feasible: there exist T and
S such that

Az > 0

S+0& A8 =c. (7.2.2)
By Conic Duality Theorem, B implies that both (P) and (D) are solvable with equal optimal
values.

Geometric form of the primal-dual pair (P), (D)

By elementary Linear Algebra, assumption A ensures solvability of the system of linear con-
straints in (D). Denoting by C' € S” a solution to this system and recalling the construction from
section 7.1.6, we can pass from (P), (D) to geometric reformulations these problems, specifically,

to the pair
r%}n{<C,X>:XMPme sy} )
[C:A*C:c,/\/lp:/lp—B, Lp=SA:= {Ax:xeRN}]
mgx{(B,S) : SMpn € 84} ()

[Mp =Lp+C, Lp=KerA* :={S €S : AS =0} = L}]
Recall that

e 1 is feasible for (P) iff the corresponding primal slack X (z) = Az — B is feasible for (P),
and ¢’z = (C, X (x)) + (C, B);

e (D) is nothing but (D) written in the geometric form;

e When z is feasible for (P) and S is feasible for (D), the corresponding duality gap satisfies

DualityGap(z, S) := ¢’z — (B, S) = (X (z), S); (7.2.3)

e A pair of optimal solutions to (P), (D) is exactly a pair of orthogonal to each other feasible
solutions to the respective problems. A pair x, S of optimal solutions to (P), (D) is exactly
a pair of feasible solutions to the respective problems such that X (x) is orthogonal to S.

7.2.2 Path-Following Interior Point methods for (P), (D): preliminaries
Log-Det Barrier

In what follows, the central role is played by the log-det barrier for the cone S’ — the function
®(X) = —InDet X :int S, — R. (7.2.4)

This function is clearly well defined and smooth (has derivatives of all orders) on the interior
int 8% of the positive semidefinite cone; we extend ® from this interior to the entire S” by
setting ®(X) = +oo when X ¢ Dom ® := int S¥, obtaining, on the closest inspection, a convex
function (it was shown in section 3.3.4, see p. 141). We are about to list the most important in
our context properties of this barrier. It will be very instructive for a reader to “translate” these
properties to the case of LO, which is nothing but the case of simple block-diagonal structure
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v = [1;...; 1], where S” is just the space of n x n diagonal matrices, or, identifying such a matrix
with the vector of its diagonal entries, just R™. With this identification, S¥ is nothing but the
nonnegative orthant R” , and the log-det barrier becomes the log-barrier

F(z)=—) In(z;): int R} — R.
=1

I. Barrier property: Whenever {X;} is a sequence of points from Dom ® = int S7}
(i.e., a sequence of positive definite matrices) converging to a matrix X € 0 Dom ®
(i.e., converging to a positive semidefinite and singular matrix), we have ®(X;) —
400 as i — oo.

This property is evident: the vector of eigenvalues A\(X) of X (see p. 141) is the
limit of the vectors A\(X;), and since X is positive semidefinite, but not positive
definite matrix, some of \;(X) are zeros. Thus, some of the n sequences {\;(X;)}2,,
1 < 5 < n, have zero limits, while the remaining have positive limits, whence

O(X;) = —logDet (X;) = — Y In(X;(X;)) = 400, i — 0. O
j=1

IT. Derivatives of ®: Let X > 0. Then the gradient V®(X) of ® at X is
Vo(X)=-X""1 (7.2.5)

and the Hessian H(X) = V®'(X) (which is a self-conjugate linear mapping acting
from S” to S”, see p. 332 in Appendix) is given by

H(X)H = X"'HX, HeS". (7.2.6)
For derivation of these formulas, see Appendix, p. 328 and p. 333.

III. Strong convexity of ® on its domain: For every X € Dom ®, we have
VH € S”: (H,/H(X)H) = | X Y2HX?3, >0, (7.2.7)

with the concluding inequality being strict unless H = 0.
Indeed, we have

(H,H(X)H) = Tr(HX‘lHX_l)\:/Tr([HX_lHX_l/Q]X_l/Q)
(a
=To(X V2 HX'HX'/?) = Te((X " YV2HX1V/?]?),

~

where (a) is given by the simple and important fact we have already mentioned:
whenever A and B are such that AB is well defined and is square, we have Tr(AB) =
Tr(BA).

IV. “Self-Duality” of ¢ and basic identities: We have

e [“Self-duality”] The mapping X — —V®(X) = X! is a one-to-one mapping
of int S% onto itself which is self-inverse: —V®(—V®(X)) = (X!)~! = X for
all X > 0.
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e [“Basic identities”] For X € Dom ® we have

(a) (X, VO(X))=—n:=37", v
(b) VO(X)=-H(X)X; (7.2.8)
(c) VO(tX)=t"1Ve(X).

Indeed, by (7.2.5) (X, V®(X)) = Tr(X[-X"!]) = Tr(~1I,) = —n, while by
(7.2.6) and (7.2.5) VO(X) = - X! = - XXX = ~H(X)X. We have
proved (a) and (b); (c) is evident due to V@(X) = —X 1.

Path-Following Scheme: the Idea

The idea underlying the IPMs we are about to consider is as follows. Let p > 0. Consider the
penalized primal objective, the penalty parameter being i — the function

P,(X):=(C,X) + pu®(X): M} := Mpnint S4 — R.

Thus is a smooth convex function on the strictly feasible part M™ of the feasible set of (P)
which has the barrier property — it blows up to +oo along every sequence of strictly feasible
solutions to (P) converging to a boundary point of MIJS (i.e., to a feasible solution which is a
degenerate matrix; in the LO case, this is a feasible solution with not all the coordinates strictly
positive). Assume that this function attains its minimum over Mﬁ at a unique point X = X, (u)
(as we shall see in a while, this indeed is the case). We arrive at a curve X, (u), g > 0, in the
space of strictly feasible solutions to (P). called the primal central path. Now, what happens
when g — +07 When g is small, the function P,(X) is close to the primal objective (C, X) in
“almost entire” set M} of strictly feasible solutions to (P), that is, everywhere in the set M7,
except for a narrow “strip” along the relative boundary OM} = {X € MpNSY : Det (X) = 0}
of the set where ®(X) is so large that the penalty term pu®(X) is “non-negligible.” As p — 40,
this stripe becomes more and more thin, so that ‘P,(X) becomes more and more close to the
primal objective in a larger and larger part of the set ./\/lJ]S of strictly feasible primal solutions.
As a result, it is natural to expect (and indeed is true) that the primal central path approaches
the primal optimal set as p — 0 — it is a kind of Ariadne’s thread leading to the primal optimal
set, see figure 7.1. In the path-following IPM, we move along this path, staying “close” to it —
exactly as Theseus used Ariadne’s thread — and thus approach the optimal set. How we “move
along the path staying close to it,” this will be explained later. What is worthy of noting tight
now, is that the dual problem (D), which is in no sense inferior to (P), also defines a path,
called the dual central path, which leads to the dual optimal set. It turns out that it makes
full sense to follow both the paths simultaneously (these two processes “help each other”), thus
approaching both primal and dual optimal solutions.

7.2.3 Central Path: Existence and Characterization

Proposition 7.2.1 Under Assumption B of strict primal-dual feasibility, for every u > 0 the
functions

P,(X)=(C,X) 4+ u®(X): M} :=Mpnint S} - R

Dy(X)=—(B,S) + u®(S) : M} := Mpnint 8§ - R

the respective minimizers X.(u) and Si(u) being unique. These minimizers X, = X, (u) and
Sy = Si«(w) are fully characterized by the following property: X, is a strictly feasible solution
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pn=0.1

p=0.01

©=0.001

Part of M}, where |u®(X)| > p%/4

Central path (magenta) and optimal solution
(the lowest point of the feasible domain)

Figure 7.1: 2D primal feasible set Mp N Si and the primal central path
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to (P), Sk as a strictly feasible solution to (D), and the following four equivalent to each other
relations take place:

Se=pX 1 & Se=—uVe(X,)] (a

)
& X.=upS;t [& X.=-uVe(S,)] (b)
& XS, =pul (c) (7.2.9)
& S X, =ul (d)
& XuSi + S X =2ul (e)

Proof. 1°. Let us prove first that P,(-) achieves its minimum at M}. Indeed, let X; be a
minimizing sequence for P,, that is, X; € M} and

P,(X;) = inf P,(X),i— oo.
XeM}

All we need is to prove that the sequence {X;} is bounded. Indeed, taking this fact for granted,
we could extract from the sequence a converging subsequence; w.l.o.g., let it be the sequence
itself: 3X = lim; ,oo X;. We claim that X € MJ]S, which would imply that X is a desired
minimizer of ®,(-) on M}. Indeed the only alternative to X € M} is that X is a boundary
point of §¥; but in this case ®(X;) — oo as i — oo due to the barrier property of ®, while the
sequence (B, X;) is bounded since the sequence {X;} is so. It would follow that P,(X;) — +o00
as i — 0o, which contradicts the origin of the sequence {X;}.

It remains to verify our claim that the sequence {X;} is bounded. To this end note that,
as we remember from section 7.1.6, when we replace C' (which by its origin belongs to the dual
feasible plane Mp = {S : A*S = ¢}, see (P), (D)) with any other point C’ € Mp, the primal
objective, restricted to the primal feasible plane Mp, is shifted by a constant, meaning that
{X;} is a minimizing sequence for the function P,(X) = (C", X) + p®(X) on M. Since (D)
is strictly feasible, we can choose C’ to be = 0, which, by Lemma 7.1.1 and due to the fact
that S% is self-dual, implies that || X||m < 6(C’,X) for some # and all X € S¥. Assuming
that || X;||m — oo as i — oo and taking into account that ®(X) > —In(m||X||r.) when int S
(why?), we would conclude that

PL(Xz) = <C/,Xi> + /L(I)(XZ) > 971HX1‘HF1" — ,uln(mHX,HFr) — 00, 1 — 00,

which contradicts to the fact that {X;} is a minimizing sequence for P,(-) on M. This con-
tradiction shows that the sequence {X;} bounded, as claimed.

29 Now let us prove that the minimizer of P,(-) on M$ is unique. This is immediately given
by the fact that M} is convex and P,(+) is strongly convex along with ®.

Since we do not assume previous knowledge of continuous optimization, here is the
verification. Assume that X', X" are two distinct minimizers of P,(-) on M}, and let
us lead this assumption to a contradiction. To thisend let H = X" X', X; = X'+tH
and ¢(t) = P,(X¢), 0 <t < 1. Computing ¢"(t), we get ¢"(t) = (H, H(X;)H) > 0,
see item III in section 7.2.2. At the same time, ¢ attains its minimum on [0, 1]
at 0 and at 1 due to the origin of X’ and X”. Since ¢(0) < ¢(t) for t € [0,1],
¢'(0) > 0, and since ¢(t) > ¢(1) for ¢ € [0, 1], ¢/(1) < 0. But this is impossible, since
¢'(1) = ¢'(0) + [ ¢"(t)dt > ¢/(0).

3% We have proved that the minimizer X, of P,(-) on /\/l; exists and is unique. By exactly
the same argument but applied to (D) instead of (P), the minimizer S, = Sy () of D,(-) on M},
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exists and is unique. Now, for every H € Lp a segment {X, + tH,—0 <t < A} is contained in
MJIS provided § > 0 is small enough; indeed, this segment clearly is contained in M p for all §
and is comprised of positive definite matrices for small enough § > 0 due to X, > 0. Applying
the Fermat rule, we see that the directional derivative DP,(X,)H] = dt‘ o Pu(X + tH) =
(C—uVe(X,), H) of P,(X) taken at X, along the direction H should be 0, and this should be
so for every H € Lp, meaning that the gradient VP,(X,) should be orthogonal to Lp and thus
should belong to Lp = L. Vice versa, if X € MIJS is such that VP,(X) € L3, then, taking
into account that P,(-) is convex on /\/l+ along with ®(-) (see the beginning of sectlon 7.2.2) and
applying Gradient inequality, we conclude that X is a minimizer of P,(-) over ./\/l;. The bottom
line is as follows: X, is fully characterized by the fact that it is a strictly feasible solution to
(P) such that C + uV®(X,) = C —uX;' € L5 = Lp. Since X, = 0 due to X, = 0, recalling
the definition of the dual feasible plane, this conclusion can be reformulated as follows:

(1) Xy = X.(n) is fully characterized by the fact that it is a strictly feasible solution
to (P) such that uX;' = —uV®(X,) is a strictly feasible solution to (D).

By similar argument,

(NS, = S«(n) is fully characterized by the fact that it is a strictly feasible solution
to (P) such that pS;! = —uV®(S,) is a strictly feasible solution to (P).

Now note that the “strictly feasible solution to (D)” mentioned in (!) is nothing but S,. Indeed,
setting temporary S = puX ' we get a strictly feasible solution to (D) such that ,u§ -1 =X,
is a strictly feasible solution to (P); but by (!!), these two facts fully characterize Sy, and we
conclude that S, = uX_ 1

49 We have proved that X, = Xi(p), Sy = Si(p) are fully characterized by the facts that
they are strictly feasible solutions to the respective problems (P), (D) and are linked to each
other by any one of the first four (clearly equivalent to each other) relations in (7.2.9). It remains
to verify that these four relations, taken along with the fact that X, and S, are positive definite,
are equivalent to the fifth relation in (7.2.9). To this end it clearly suffices to verify that if X, S
are positive semidefinite symmetric matrices such that SX + XS = 2tI with certain real ¢, then
the matrices commute: SX = SX, so that SX = XS = ¢I. Indeed, from SX + XS = 2t]
it follows that X2S = 2tX — XSX is a symmetric matrix, that is, X25 = (X29)7 = SX?,
i.e., the symmetric matrices X? and S commute. By Theorem on simultaneous diagonalization
of commuting symmetric matrices (Appendix, p. 337), there exist orthogonal matrix U such
that both the matrices USUT = P and UX2U”T = Q are diagonal (and positive semidefinite
along with S, X). Setting R = QI/Q, consider the matrices S = UTPU and X = UTRU. These
matrices clearly commute, so that all which we need to prove is that in fact X = X. But this
is evident: by construction, X > 0 and X2 = UT[Q'/?]2U = X2, that is, X = (X?)"/2; but the
latter matrix is nothing but X due to X > 0. O

Primal-dual central path. We have proved that the primal and the dual central paths
Xi(p), S«(p) are well defined. In the sequel, we refer to (X.(+), S«(+)) as to primal-dual central
path of the strictly primal-dual feasible primal-dual pair (P), (D) of semidefinite programs. By
the origin of (P), X.(u) = Az, (p) for uniquely defined (by assumption A) path x.(u) of feasible
solutions to (P).



264 CONIC PROGRAMMING AND IPMs

Augmented Complementary Slackness. The equivalent to each other relations (7.2.9.c-¢)
are called augmented complementary slackness conditions The reason is clear: the necessary
and sufficient condition for a pair of primal-dual; feasible solutions (X,S) to (P), (D) be be
comprised of optimal solutions is Tr(XS) = 0, or, which is the same for symmetric positive
semidefinite matrices, XS = SX = 0 2 Relations (7.2.9.c-¢) replace XS = 0 with a close, for
small p > 0, relation X.§ = ul, which allow X and S to be positive definite.

7.2.4 Duality Gap along the Primal-Dual Central Path and around it

We start with the following immediate

Observation 7.2.1 The duality gap along the primal-dual central path is equal to un, n =

> vis
Vi > 0 : DualityGap(X.. (1), S« (1)) = ¢" @ (1) — (B, Sul(p) = (Xa(p1), Su()) = pm. (7.2.10)

Indeed, the first equality in (7.2.10) is explained in section 7.1.6, and the second equality is due
to the definition of the Frobenius inner product and (7.2.9).

Observation 7.2.1 shows that if we were able to move along the primal-dual central path
pushing p to +0, we were approaching primal-dual optimality at the rate depending solely on
the rate at which p approaches 0. unfortunately, the primal-dual central path is a curve, and
there is no possibility to stay at it all the time. What we intend to do, is to trace this path,
staying close to it. Immediate related questions are

A. What kind of closeness is appropriate for us?
B. How to trace the path staying “appropriately close” to it?

Here we answer question A; question B, which is the essence of the matter, will be answered in
the next section.

Proximity measure. A good, by far not evident in advance, is offered by the proximity
measure as follows:

Given a target value u > 0 of the path parameter and a pair Z = (X,5S)
of strictly feasible solutions to (P), (D), we quantify the closeness of (X,S) to

Zx(p) = (Xu(p), S«(p)) by the quantity

dist(Z, Z«(w)) = /(p1S — X],H(X)]"[u"1S — X7 1])
= /Tr(X[p 1S — X X[ 1S — X-1)).

(7.2.11)

Observe that this “strange” proximity measure is well defined: H(X), due to its origin, is a
symmetric positive definite mapping of S¥ onto itself, so that the quantity under the square
root always is nonnegative and is 0 iff S = uX ! — the equality which, for strongly feasible

12The equivalence is shown as follows: Let X >= 0, S = 0; we should prove that Tr(XS) = 0 iff XS and
iff SX = 0. In one direction this is evident: if XS = 0, then also SX = (XS)T = 0, and vice versa, and of
course in this case Tr(XS) = 0. In the opposite direction: assume that Tr(XS) = 0. Then 0 = Tr(XS) =
Tr(X'/2SXY?) = Te((X'/28Y2)(X1/28Y/2)T) = | X1/28'/2|]3,, whence X'/?SY/? = 0, so that S/2X'/? =
(X1/28Y2T = ( as well. We see that the matrices X'/? and S*/? commute and their product is 0, whence also
XS = (XU/2)2(§1/2)2 = x1/251/281/2x1/2 — g,
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solutions to (P), (D), characterizes the pair X, (u), S«(p). Note also that the above “distance,”
which looks asymmetric w.r.t. X and S. is in fact perfectly symmetric:

Tr(X[p™'S = XX [p~'S = X71]) = Te([p ' XS — I|[p ' XS — 1))

=Tr(p 2XSXS —2u XS+ 1) =Tr(p 29XSX — 2u~1SX + 1)
=Tr([p1SX -1 1SX — 1)) = Te(S[p1X — S7HS[p1X - 571)).

Besides recovering the symmetry w.r.t. X, S, this computation shows also that

dist?((X, s), Ze(n)) = Tr(p2XSXS —2u~'XS +1)
= Tr(u72X1/2SXSX1/2 —2uX1/28X1/2 )
= Tr([p ' XY2SXY2 — I1%) = [|p ' XRS5 X2 — I3

taking into account the symmetry, we arrive at
dist?((X, ), Z,(t)) = || X286 X2 — 1|2, = ||t Y2 X512 — 1|3, (7.2.12)
We extract from these relations an important

Corollary 7.2.1 Let Z = (X, S) be a pair of strictly feasible solutions to (P), (D). Then
DualityGap(X, §) < un(1 + p/v/), p= dist((X, 5), (X.(s), S (10)). (7.2.13)

Indeed, the matrix R = p~'XV28X1/2 — I is symmetric, and p? = Y Rfj > . R%, whence
> Rii < py/n. In other words,

n
DualityGap(X, §) = Tr(XS) = Tr(X/25XY2) = 11y (1 + Rii) < pm + ppy/n. O
=1

In the sequel, we shall say that a pair (X,S) close to Z,() = (Xu(p), Se(p)), if X is strictly
feasible solution to P), S is strictly feasible solution to (D), and

dist((X, S), Z« () <0.1.

Corollary 7.2.1 says that as far as the duality gap is concerned, a pair of primal-dual strictly
feasible solutions (X, .S) which is close to (X.(1), S«()) is essentially as good as the latter pair
itself:

DualityGap(X, S) < 1.1un.

Thus, it is wise to trace the path as u — 40 — to build a sequence of triples (X;, S;, 1;) with
(Xi, S;) close to Z,(p;) and p; — 0 as i — oco. The rate of convergence of such a scheme depends
solely on the rate at which we can push y; to 0.

Conceptual Path-Following Scheme

Assume we are given a current value fi > 0 of the path parameter and a current iterate (X,S)
close to Z,(f1). How could we decrease the value of u to a smaller value u4 > 0 and to update
(X,S) into a new iterate (X, Sy) close to Zi(pu+)? If we knew an answer to this question,
we could iterate the updating (X, S, i) — (X, S, 1), thus hopefully obtaining a converging
algorithm.
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Assume that we have somehow chosen p; > 0. Denoting AX = X, — X, AS =5, — S,
these two matrices should satisfy the following restrictions:

(a) AX e Lp

(@) X+AX =0

(b) ASeLp=Lp (7.2.14)
() S+AS=0

() Gu (X+AX,54+AS)~0.

Here (a), (a’) ensure that X, = X +AX is strictly primal feasible, (b), (') ensure that S, = S+
AS strictly dual feasible, and G, (X, S) represents equivalently the augmented complementary
slackness condition p;'S — X! = 0, so that (c) is responsible for closeness of (X4, Sy) to
Z(pt)-

Now, (a) and (b) are just linear equality constraints, and we know from Linear Algebra how
to handle them. Since (s') and (') are strict conic inequalities which are satisfied when AX = 0,
AS = 0, they will be automatically satisfied when AX and AS are small enough, which we can
hope to ensure by decreasing 1 “not too aggressively” — by choosing py < i close enough to
fi. What is an actual troublemaker, is (¢) — this is a system of nonlinear inequalities. Well,
in Computational Mathematics there is a standard way to cope with nonlinearity of systems of
equations we want to solve — linearization. Given current iterate, we linearize the equations
of the system at this iterate and solve the resulting system of linear equations, treating the
resulting solution as our new iterate. The rationale behind this approach, called the Newton
method (it indeed goes back to Newton) is that if we already are close to a solution to the true
system, then the linearized system will be “very close” to the true one, so that the new iterate
will be “much closer” to the actual solution than the previous one. When replacing (7.2.15)
with the linearization of the augmented complementary slackness condition taken at “previous
iterate” AX =0, AS =0, we end up with the system of linear equations in variables AX, AS

(CL) AX e Lp
b) AS€Lp=L} (7.2.15)

9G,u, (X.5) Gy, (X.5)

(

augmented by >-inequalities B
T+ AX ~0,S+AS >0 (7.2.16)

At a step of a “simple” path-following method, given current value fi > 0 of the path parameter
along with current strictly primal-dual feasible iterate (X, 5), we

e choose a new value 4 > 0 of the path parameter,
e form and solve the system (7.2.15) of linear equations in matrix variables AX, AS, and
e update the iterate according to (X, S) — (X4 = X + AX, S = S+ AS)

and go to the next step (i,.e., replace X, S, i with X, S,y and repeat the above actions. In
such a method, the care on »-inequalities (7.2.16) comes from the construction of the method —
it should be such that these inequalities are automatically satisfied. In more advanced methods,
the solution AX, AS to (7.2.15) plays the role of search direction rather than the actual shift
in the iterates; the new iterates are given by

X: =X +aAX, Sy =S+ aASs, O
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where o > 0 is a stepsize chosen according to rules (different in different methods) which include,
in particular, the requirement that (!) preserves positive definiteness. With this modification,
the restrictions (7.2.16) become redundant and are eliminated.

Primal path-following method

Let us look what happens when we use in (7.2.15) the augmented complementary slackness
condition in its initial form

Gu, (X + AX, S+ AS) = p ' [S+ AS] - [X +AX] ' =0. (%)

In this case, recalling that —(X + Ax)™! = VO(X + AX) ~ V®(X) + H(X)AX and taking
into account item II in section 7.2.2, relation (7.2.15.c) reads

p (S+AS) - X+ XAXX T =0,
so that (7.2.15) becomes the system

(a) AXeLlp & AX = Asr [Axr € RY]
(b) ASeLp & A*AL=0 (Nwt)
(c) pi'[S+AS]-X1+X1AXX1=0

(we have used the description of Lp and Lp as given in (P), (D)). To process the system, we
act as follows. We set
K(z) =®(X(x)) = ¢(Ax — B),

thus getting a barrier for the feasible domain of (P); note that for a strictly feasible solution x
to (P) we have

VK (z) = A*VO(X (2)), V2K (2)h = A*H(X (z))Ah [X(z) = Az — B]

Let also z be the strictly feasible solution to (P) corresponding to the strictly feasible solution
X to (P):
X =X(z)=Az - B.

Multiplying both sides in (Nwt.c) by A* and taking into account that A*(S + AS) = ¢ (since S
is dual feasible and AS should satisfy A*AS = 0), we get the equation

V2K (2)6x + VK (Z) + pite=0 (%)

in variable Az € R™. Tt is immediately seen that assumption A and strong convexity of ® (item
III in section 7.2.2) ensure that V2K () is positive definite and thus nonsingular, and we can
solve (x) thus getting

§r = — [V2K(2)] ' [VK(Z) + pi'd]

N Xy = X(@+Az)=Alz+Az]-B
Sy = S+AS=puy [X_l +H(X).AA$] .

We see that this process can be expressed in terms of the original decision variables € R and
the barrier K (z) for the feasible domain of (P). Iterating this process, we arrive at the primal
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path-following method where the iterates x; in the space of original decision variables and the
values p; of the path parameter are updated according to

(a) i piyr >0

(b) i @i =2 — V2K (2)] " [VE (25) + pidl (7.2.17)

and this process is accompanied by generating primal slacks X;;; and dual solutions S;1 ac-
cording to
Xit1 = X(wi1) = Aziy1 — B
Siv1 = piv1 [X; '+ X Al — ) X1
Note that the relation (7.2.17.b) is quite transparent. Indeed, the original design
variables z € R" affinely parameterize the primal feasible plane Mp in (P) accord-
ing to X = X () = Az— B, and the objective (C, X) of (P) in this parameterization,
up to an irrelevant additive constant, is the original objective ¢’ z. With this pa-
rameterization, the set ./\/l; of strictly feasible solutions to (P) is parameterized by
the interior int X' of the feasible domain X = {X : Ax — B € M}} of (P), and the
primal central path X, (i) is parameterized by the primal central path z,(u) € int X
in the space of z-variables. Now, X, (x) minimizes (C, X) + u®(X) over X € M7,
meaning that z,(x) minimizes ¢’z 4+ pu®(Ax — B) = ¢’z + pK(x) over = € int X.
In other words, x.(u) is given by the Fermat equation

VK(z) + pc = 0;

(7.2.18)

Linearizing this equation (where p is set to u;11) at i-th iterate z; € int X', we get
the Newton equation for x;41:

VK(.Z‘Z) + VQK(xZ‘+1)(.Z‘Z'+1 — l’l) + pir1c = 0.
Solving this equation with respect to z;;1, we arrive at the recurrence (7.2.17.b).

Note: With the augmented complementary slackness relation G, (X,S) = 0 rewritten in the
form ,ujrlX — 8§71 =0, the construction completely similar to one we have just presented leads
to the dual path-following method which, essentially is the primal path-following algorithms as
applied to the “swapped” pair (D), (P) of problems.

The complexity analysis of the primal path-following method can be summarized in the
following statement (we omit its proof):

Theorem 7.2.1 Assume that we are given a starting point (o, So, po) such that xg is a strictly
feasible solution to (P), Sy is a strictly feasible solution to (D), po > 0 and the pair

(Xo = .Ax() — B, S[))
is close to Z,(1o):
diSt((Xo, SQ), Z*(HO)) <0.1.

Starting with (po, xo, Xo, So0), let us iterate process (7.2.17) — (7.2.18) equipped with the updating
policy for u; given by

—1 m
fip1 = <1 + %) pi =Y ] (7.2.19)
=1

The resulting process is well-defined and generates strictly primal-dual feasible pairs (X;, S;) such
that (X;, S;i) stay close to the points Z.(p;) on the primal-dual central path:

dist((Xi, S;), Zo(pi)) < 0.1, 6 =1,2, ... (7.2.20)
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The theorem says that getting once close to the primal-dual central path, we can trace it by the
primal path-following method, keeping the iterates close to the path (see (7.2.20) and decreasing
the penalty parameter by an absolute constant factor every O(1)y/n steps. Taking into account
Corollary 7.2.1 we conclude that

DualityGap(X;, S;) < 1.1nugexp{—0(1)i/v/n}, (7.2.21)
that is,

(1) Every O(1)y/n iterations of the method reduce the (upper bound on the) duality
gap by an absolute constant factor, say, by factor 10.

This fact is extremely important theoretically; in particular, it underlies the best known so
far RACM-polynomial time complexity bounds for LO, CQO and SDO. As a practical tool,
the primal at least in their short-step form presented above, are not that attractive. The
computational power of the methods can be improved by passing to appropriate large-step
versions of the algorithms, but even these versions are thought of to be inferior as compared
to “true” primal-dual path-following methods (those which “indeed work with both (P) and
(D)”, see below). There are, however, cases when the primal or the dual path-following scheme
seems to be unavoidable; these are, essentially, the situations where the pair (P), (D) is “highly
asymmetric”, e.g., (P) and (D) have different by orders of magnitude design dimensions dim Lp,
dim Lp. Here it becomes too expensive computationally to treat (P), (D) in a “nearly symmetric
way”, and it is better to focus solely on the problem with smaller design dimension.

7.2.5 Primal-Dual Path-Following methods
Zhang’s family of path-following IPMs

The augmented complementary slackness condition can be written in several equivalent forms,
eg, p 1S —X1=0,pu X —-8"1=0,or XS+ SX =2u"'I. What the word “equivalence”
means here is that the “positive definite parts” (those where X = 0,5 > 0) of the solution sets
of the above matrix equations coincide with each other. Note, however, that we are interested
in approximate solutions to these equations and in linearizations of the equations taken at these
approximate solutions, and from this viewpoint different “equivalent” forms of the augmented
complementary slackness condition are not equivalent at all and lead to different path-following
algorithms.

Let us focus on the Zhang’s family of representations of the augmented complementary
slackness condition. Specifically, given p > 0 and a positive definite matrix @) € S”, let us look
at the equation

QXSQ'+Q1SXQ =2ul. (7.2.22)

in symmetric matrix variables X, S € S”. We claim that positive definite solutions X, .S to this
equation are exactly positive definite X, S satisfying the augmented complementary slackness
condition XS = ul.

In one direction our claim is evident: if X > 0,5 > 0 satisfy XS = ul, then,
of course, X, S are positive definite solutions to (7.2.22). Vice versa, let X, S be
positive definite solutions to (7.2.22), and let us prove that X.S = pl. to this end
let X = QXQ and S = Q1SQ!; since Q, S, X are symmetric positive definite, so
are X and S. We have

XS+5X = [QXQIQ7'SQN+[Q7'SQQXQ] = QXSQ '+ Q718X Q = 2ul,
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where the last equality is due to (7.2.22). But when proving Proposition 7.2.1, we
have seen that if a pair of positive definite symmetric matrices X S satisfies the
relation XS+ SX = 2ul, then XS = pl, that is, QX SQ~! = pul, which is the same
as XS = ul.

We can use the representation (7.2.22) of the augmented complementary slackness condition in
a path-following method, even varying the scaling matrix () from step to step. Analysis of such
a method simplifies dramatically when the matrix @ > 0 we choose at an iteration ensures that
the matrices

§=Q7'5Q7", X =QXQ
commute (X, S are the iterates to be updated); such a policy is called a “commutative scaling.”
Popular commutative scalings are:

1. Q=S8Y2 (8§ =1,X = §/2X51/2) (the “X$” method);

2. Q=X"12(S=XY28X12 X =I) (the “SX” method);

3. Q is such that § = X (the NT (Nesterov-Todd) method, extremely attractive and deep)
X

In the matrix case this simple formula becomes a bit more complicated (to make our
life easier, below we write X instead of X and S instead of .S):

_ _ N\ 1/4
If X and S were just positive reals, the formula for @ would be simple: Q) = <§—> .

Q _ PI/Q’ P = X71/2(X1/2SX1/2)71/2X1/2S.

We should verify that (a) P is symmetric positive definite, so that @ is well-defined,
and that (b) Q71SQ~! = QXQ.
(a): Let us first verify that P is symmetric:

pP?=?pT
i)
X—1/2(Xl/QSXl/Z)—l/QXl/QS ? =2 SX1/2(X1/25X1/2)_1/2X_1/2
i
(Xfl/Z(XI/ZSXl/Z)fl/QXl/Qs) (X1/2(X1/2SX1/2)1/2X71/2571) ?2=27
i
X_1/2(X1/23X1/2)_1/2(X1/25X1/2)(X1/2SX1/2)1/2X_1/2S_1 ?2=27
X_1/2(X1/25X1/2)X_1/25_1 =27

and the concluding ? =7 indeed is =.

Now let us verify that P is positive definite. It is known from Linear Algebra that
the spectrum (the set of distinct eigenvalues) of the product AB of two square matrices
remains unchanged when we swap the factors'®. Therefore, denoting o(A) the spectrum

3Here is the verification: If A = 0 is an eigenvalue of AB, then the matrix AB is singular, that is, Det (AB) = 0,
whence Det (BA) = 0 and thus BA is singular, meaning that A = 0 is an eigenvalue of BA as well. Now let
A # 0 be an eigenvalue of AB. Assume that A is not an eigenvalue of BA, and let us lead this assumption to
a contradiction. Setting R = I + X"'A[l — A™'BA|"'B, we have R[I — \™'AB] = [[ — A\"'AB] + A1 A[I —
AT'BATYB[I - XT'AB]) = [I = A 'AB) + A YAT - M 'BA]TI - ANT'BA|B=[I - X 'AB]+ AT'AB =1,
that is, [I — A™'AB] is invertible, which is impossible since X is an eigenvalue of AB.
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of A, we have

O’(P) _ O’( —1/2 X1/2SX1/2) 1/2X1/25)
O'( X1/2SX1/2 1/2X1/QSX—1/2)
O'( X1/2SX1/2 1/2(X1/2SX1/2)X71)
O’( X1/2SX1/2 1/2X 1)

= o(X~ 1/2(X1/QSX1/2)1/2X*1/2),

and the argument of the concluding o(-) clearly is a positive definite symmetric matrix.
Thus, the spectrum of symmetric matrix P is positive, i.e., P is positive definite.

(b): To verify that QXQ = Q~'SQ~", i.e., that PY/2XPY? = p~1/29P~1/2 is the
same as to verify that PX P = S. The latter equality is given by the following compu-

tation:
PXP = (X71/2(X1/2SX1/2)71/2X1/25)X (X71/2(X1/25X1/2)71/2X1/2s)
_ X—1/2(X1/2sxl/2)—1/2(X1/2SX1/2)(X1/25X1/2>—1/2X1/25
— X—1/2X1/QS
= S

You should not think that Nesterov and Todd guessed the formula for this scaling ma-
trix. They did much more: they have developed an extremely deep theory (covering the
general LO-CQO-SDO case, not just the SDP one!) which, among other things, guar-
antees that the desired scaling matrix exists (and even is unique). After the existence
is established, it becomes much easier (although still not that easy) to find an explicit
formula for Q).

Primal-dual short-step path-following methods based on commutative scalings

Path-following methods we are about to consider trace the primal-dual central path of (P), (D),
staying close to it. The path is traced by iterating the following updating;:

(U): Given a current pair of strictly feasible primal and dual solutions (X, S) such
that the triple

(n=n""'Tr(XS),X,S) (7.2.23)
satisfies dist((X, S), Z«(f)) < x < 0.1, or, equivalently, (see (7.2.12))
|EXY28XY2 — I|g < &, (7.2.24)

we

1. Choose the new value py of the path parameter according to

X _ m
[y = <1 - ) tn=> u; (7.2.25)
\/ﬁ =1

2. Choose somehow the scaling matrix ¢ > 0 such that the matrices X = QXQ
and S = Q 'SQ~! commute with each other;

3. Linearize the equation
RQXSQ '+ Q7 1SXQ=2u,1
at the point (X, S), thus coming to the equation

QIAXS+ XAS|Q ' +Q ASX + SAX]Q = 2u I — [QXSQ 1+ Q15X Q);
(7.2.26)
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4. Add to (7.2.26) the linear equations

AX € Lp,
AS ¢ L= Ch (7.2.27)
5. Solve system (7.2.26), (7.2.27), thus getting “primal-dual search direction”
(AX,AS);
6. Update current primal-dual solutions (X, S) into a new pair (X, Sy ) according
to
X, =X+AX, S =S5+AS.

We already have explained the ideas underlying (U), up to the fact that in our previous expla-

nations we dealt with three “independent” entities fi (current value of the path parameter), X,

S (current strictly feasible primal and dual solutions), while in (U) z is a function of X, S:
i=n"'Tr(X8S). (7.2.28)

The reason for establishing this dependence is very simple: if (u, X, S) were on the primal-dual
central path: XS = pul, then, taking traces, we indeed would get y = n~!Tr(XS). Thus,
(7.2.28) is a reasonable way to reduce the number of “independent entities” we deal with.
Note also that (U) is a “pure Newton scheme” AX and AS are used as shifts X, — X,
S, — S rather than as search directions.-
The major element of the complexity analysis of path-following polynomial time methods
for LO and SDO is as follows:

Theorem 7.2.2 Let 0 < x < k < 0.1. Let, further, (X,S) be a pair of strictly feasible primal
and dual solutions to (P), (D) such that the triple (7.2.23) satisfies (7.2.24). Then the updated
pair (X4, Sy) is well-defined (i.e., system (7.2.26), (7.2.27) is solvable with a unique solution),
Xy, St are strictly feasible solutions to (P), (D), respectively,

pp =n"tTr(X1Sy)
and the triple (u4, X+, S1) is close to the path:

dist((X4, 54), Zi(p4)) < k.

Discussion. The theorem says that updating (U) converts a close to the primal-dual central
path, in the sense of (7.2.24), strictly primal-dual feasible iterate (X,S) into a new strictly
primal-dual feasible iterate with the same closeness-to-the-path property and smaller, by factor
(1-— xn~ Y 2), value of the path parameter. Thus, after we once get close to the path, we are able
to trace this path, staying close to it and decreasing the path parameter by absolute constant
factor in O(1)y/n steps. According to Corollary 7.2.1, this means that every O(1)y/n steps
decrease the (upper bound on the) duality gap by absolute constant factor.

Note that path-following methods implemented in software work more or less according to the
outlined scheme, up to the fact that they decrease the path parameter more aggressively and
move in an essentially larger neighbourhood of the central path than the short-step methods we
have described. From the theoretical worst-case-oriented viewpoint, this “aggressive behavior”
is dangerous and can result in decreasing the duality gap by an absolute constant factor at the
cost of O(n) iterations, rather than of O(y/n) of them. In actual computations, however, this
aggressive policy outperforms significantly the worst-case-oriented “safe short-step policy.”
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*Proof of Theorem 7.2.2

We are about to carry out the complexity analysis of the primal-dual path-following methods
based on “commutative” Zhang’s scalings. This analysis, although not that difficult, is more
technical than whatever else in our course, and a non-interested reader may skip it without any
harm.

Scalings. Let @@ be a nonsingular matrix of the same size and block-diagonal structure as
those of the matrices from S”. We can associate with () a one-to-one linear transformation on
S” (“scaling by Q") given by the formula

H— Q[H] = QHQ". (Scl)

It is immediately seen that (Scl) is a symmetry of the semidefinite cone S¥, meaning that it
maps the cone onto itself, same as it maps onto itself the interior of the cone. This family of
symmetries is quite rich: for every pair of points A, B from the interior of the semidefinite cone,
there exists a scaling which maps A onto B, e.g., the scaling

H — (Bl/2A_1/2)H(A_1/2Bl/2).
Q QT

Essentially, this is exactly the existence of that rich family of symmetries of the underlying cones
which makes SDO (same as LO and CQO, where the cones also are “perfectly symmetric”)
especially well suited for IP methods.

In what follows we will be interested in scalings associated with positive definite scaling
matrices from S”. The scaling given by such a matrix @ (X,S,...) will be denoted by Q (resp.,
X,S,...):

Q[H] = QHQ.

Given a problem of interest (P) and a scaling matrix @ > 0, we can scale the problem, i.e., pass
from it to the problem

mzin {c"z: Q[Az — B] = 0} (Q(P))

which, of course, is equivalent to (P) (since Q[H] is positive semidefinite iff H is so). In terms
of “geometric reformulation” (P) of (P), this transformation is nothing but the substitution of
variables

QXQ=Y & X=Q'YQ Y

with respect to Y-variables, (P) is the problem
min {Tr(C[Q—lm—l]) LY € Mp:=Q[Lp] — Q[B], Y € si} ,
i.e., the problem
n%;n{Tr(éY):YE/(/l\p .= Lp— B, YGS”} ~
[6* =Q'CQ ', B=QBQ,Lp=1Im(Q- A) = Q[Lp] = {Q[H] : H € zp}]

~

The problem dual to (P) is

max {Tr(EZ) Zelb+C, Z€ si} . (D)
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It is immediate to realize what is EI%:

(Z2,QXQ) = Tr(ZQXQ) = Tr(QZQX) = (RZQ, X);

thus, Z is orthogonal to every matrix from Ep, i.e., to every matrix of the form QX@Q with
X € Lp iff the matrix QZQ is orthogonal to every matrix from Lp, i.e., iff QZQ € C};. It
follows that

LH =07 'L,

Thus, when acting on the primal-dual pair (P), (D) of SDO programs, a scaling, given by a
matrix @ > 0, converts it into another primal-dual pair of problems, and this new pair is as
follows:

e The “primal” geometric data — the subspace Lp and the primal shift B (which has a part-
time job to be the dual objective as well) — are replaced with their images under the mapping
Q;

e The “dual” geometric data — the subspace Lp = EI% and the dual shift C' (it is the primal
objective as well) — are replaced with their images under the mapping Q! inverse to Q; this
inverse mapping again is a scaling, the scaling matrix being Q.

We see that it makes sense to speak about primal-dual scaling which acts on both the primal
and the dual variables and maps a primal variable X onto QX (@, and a dual variable S onto
Q~'SQ~'. Formally speaking, the primal-dual scaling associated with a matrix @ > 0 is the
linear transformation (X,S) — (QXQ,Q 1SQ™!) of the direct product of two copies of S”
(the “primal” and the “dual” ones). A primal-dual scaling acts naturally on different entities
associated with a primal-dual pair (P), (D), in particular, at:

e the pair (P), (D) itself — it is converted into another primal-dual pair of problems (P),
(D);

e a primal-dual feasible pair (X,.S) of solutions to (P), (D) - it is converted to the pair
(X =QXQ,5= Q~'SQ1), which, as it is immediately seen, is a pair of feasible solutions
to (P), (D). Note that the primal-dual scaling preserves strict feasibility and the duality
gap:

DualityGapp p (X, S) = Tr(XS) = Tr(QXSQ™ 1) = Tr()?g) = DualityGaps 5()?, S);

e the primal-dual central path (X.(-),S«(-)) of (P), (D); it is converted into the curve
(Xa(p) = QXi(1)Q, Si(u) = Q_IS*QL)QZI), which is nothing but the primal-dual central
path Z(p) of the primal-dual pair (P), (D).

The latter fact can be easily derived from the characterization of the primal-dual central
path; a more instructive derivation is based on the fact that our “hero” — the barrier ®(-)
— is “semi-invariant” w.r.t. scaling:

P(Q[X]) = —InDet (QXQ) = —InDet (X) — 2InDet (Q) = ®(X) + const(Q).

~

Now, a point on the primal central path of the problem (P) associated with path parameter
i, let this point be temporarily denoted by Y (p), is the unique minimizer of the aggregate

P(Y) = {(Q1CQLY) + pd(Y) = Te(QLCQIY) + pd(Y)
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over the set ]\/4\; of strictly feasible solutions of (73) The latter set is exactly the image of
the set M of strictly feasible solutions to (P) under the transformation Q, so that Y (u)
is the image, under the same transformation, of the point, let it be called X (u), which
minimizes the aggregate

Tr((Q7'CQ™(QXQ)) + p®(QXQ) = Tr(CX) + u®(X) + const(Q)

over the set M}, of strictly feasible solutions to (P). We see that X (u) is exactly the point
X, (p) on the primal central path associated with problem (P). Thus, the point Y (u) of the
primal central path associated with (P) is nothing but X, (t) = QX,(t)Q. Similarly, the
point of the central path associated with the problem (D) is exactly S, (t) = Q15 (£)Q".

e the neighbourhood of the primal-dual central path
N ={(X € M}, s € M}) : dist((X,S), Z(Tr(X9)))

associated with the pair of problems (P ), (D). As you can guess, the image of N, is

exactly the neighbourhood A, of the primal-dual central path Z(-) of (P), (D).
The latter fact is immediate: for a pair (X, S) of strictly feasible primal and dual solutions
to (P), (D), and a p > 0 we have (see (7.2.11)):

dist?((X, S), Z. (1))

=Tr ([QXQI(p'Q™'SQ™! - [QX QI H[RXQ)(p'Q™'SQ™ - [QXQ]™))
=Tr (QX(p 'S =X X (s -x"He)
=Tr(X(p'S—XHX(p's—X1)

= {diSt}2((X7 S)aZ*(M))

and

Tr(XS) = Tr([QXQ)Q'SQ ™)) = Tr(QXSQ ™) = Tx(XS).

Proof of Theorem 7.2.2. 1°. Observe, first (this observation is crucial!) that it suffices
to prove our Theorem in the particular case when X, S commute with each other and Q = I.
Indeed, it is immediately seen that the updating (U) can be represented as follows:

1. We first scale by @ the “input data” of (U) — the primal-dual pair of problems (P), (D) and
the strictly feasible pair X, S of primal and dual solutions to these problems, as explained
in section “Scaling”. Note that the resulting entities — a pair of primal-dual problems and
a strictly feasible pair of primal-dual solutions to these problems — are linked with each
other exactly in the same fashion as the original entities, due to scaling invariance of the
duality gap and the neighbourhood N. In addition, the scaled primal and dual solutions
commute;

~

2. We apply to the “scaled input data” yielded by the previous step the updating (U) com-
pletely similar to (U), but using the unit matrix in the role of Q;

3. We “scale back” the result of the previous step, i.e., subject this result to the scaling
associated with Q~!, thus obtaining the updated iterate (X, S, ).
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Given that the second step of this procedure preserves primal-dual strict feasibility, w.r.t. the
scaled primal-dual pair of problems, of the iterate and keeps the iterate in the neighbourhood N
of the corresponding central path, we could use once again the “scaling invariance” reasoning to
assert that the result (X, Sy ) of (U) is well-defined, is strictly feasible for (P), (D) and is close
to the original central path, as claimed in the Theorem. Thus, all we need is to justify the above
“Given”, and this is exactly the same as to prove the theorem in the particular case of Q) = I
and commuting X, S. In the rest of the proof we assume that @Q = I and that the matrices X, S
commute with each other. Due to the latter property, X, S are diagonal in a properly chosen
orthonormal basis, meaning hat there exists a block-diagonal, with block-diagonal structure v,
orthogonal matrix U such that UXU7T and USU” are diagonal. Representing all matrices from
S¥ in this basis (i.e., pasing from a matrix A to the matrix UAUT), we can reduce the situation
to the case when X and S are diagonal. Thus, we may (and do) assume in the sequel that X and
S are diagonal, with diagonal entries x;,s;, i = 1, ..., k, respectively, and that @ = I. Finally, to
simplify notation, we write u, X, S instead of i, X, S, respectively.

20, Our situation and goals now are as follows. We are given affine planes Lp — B, Lp = /J]%
in S” and two positive definite diagonal matrices X = Diag({z;}) € Lp — B, S = Diag({s;}) €
Eﬁ + C. We set

p=mn"1Tr(XS)

and know that
|t XY28X Y2 — I||g < k.

We further set
py = (1—xn™?)p (7.2.29)
and consider the system of equations w.r.t. unknown symmetric matrices AX, AS:
(a) AX e Lp

(b) ASe€Lp=LF (7.2.30)
() AXS+ XAS+ASX +SAX =2u,I—-2XS

We should prove that the system has a unique solution, and for this solution the matrices
X+:X+AX, S+:S+AS

are
(i) positive definite,
(ii) belong, respectively, to Lp — B, L3 + C and satisfy the relation

(iii) satisfy the relation
Q= |l XS XY I < (7.2.32)

Observe that the situation can be reduced to the one with p = 1. Indeed, let us pass from the
matrices X, S, AX,AS, X+,5; to X, = p71S,AX,AS = ptAS, X1, S, = p71S4. Now
the “we are given” part of our situation becomes as follows: we are given two diagonal positive
definite matrices X, S’ such that X € Lp — B, S’ € Lt + ', C' = u~1C,

Tr(XS)=nx1
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and

||X1/2S/X1/2 - I”Fr _ ||M_1X1/QSX1/2 _ IHFr < K.
The “we should prove” part becomes: to verify that the system of equations

(CL) AX eLp
(b) AS' € L+
() AXS +XAS +AS'X +S'AX =2(1 —xn V)T - 2X 5

has a unique solution and that the matrices X, = X +AX, S/ = S'+AS’, are positive definite,
are contained in Lp — B, respectively, E}; + C’ and satisfy the relations

Tr(X,S)) = % =1—xn /2

and
(1= xn V)71 X128, X2 — I|p < k.

Thus, the general situation indeed can be reduced to the one with p =1, py =1 — xn~ Y2, and
we loose nothing assuming, in addition to what was already postulated, that

p=n"Tr(XS) =1, pp=1—n2

whence i
[Te(XS) =] > wisi=k (7.2.33)
=1
and .
N ' XPSXY2 I =] > (wisi —1)° < K2 (7.2.34)
=1

3°. We start with proving that (7.2.30) indeed has a unique solution. It is convenient to
pass in (7.2.30) from the unknowns AX, AS to the unknowns

0X = X V2AXX1?2 & AX = XV25XX1/2,

58 = X1/2A8Xx1/2 o AS = X-1/259x-1/2. (7.2.35)

With respect to the new unknowns, (7.2.30) becomes

(a) XV25X X112 € Lp,
(b) XV258X71% € L4,
(¢) XY25XX'V28 + X1V/268X 12 4 X—1/268 X2 4 SX 26X XV/2 =2, 1 —2X S

n

(d) L(6X,68) = | /ziz;(si + 5;)(6X)s; + < , /% + /% > (6S);;
e e j A
pe Yo Vo
Vis ij=1

=2[(p+ — xisi)‘sij]?’j:1 )
(7.2.36)
where 6;; = { (1]’ ; f j are the Kronecker symbols.

)
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We first claim that (7.2.36), regarded as a system with unknown symmetric matrices 6.X, 6.5
has a unique solution. Observe that (7.2.36) is a system with 2dim S” = 2K scalar unknowns
and 2K scalar linear equations. Indeed, (7.2.36.a) is a system of K/ = K — dim Lp linear
equations, (7.2.36.b) is a system of K” = K —dim £ = dim Lp linear equations, and (7.2.36.c)
has K equations, so that the total # of linear equations in our system is K’ + K" + K =
(K —dim Lp) +dim Lp + K = 2K. Now, to verify that the square system of linear equations
(7.2.36) has exactly one solution, it suffices to prove that the homogeneous system

XV25x X2 e £, X V255X e £t L(6X,65) =0

has only trivial solution. Let (6X,dS) be a solution to the homogeneous system. Relation
L(6X,AS) =0 means that

(6X)s; = 21 (55),5 (7.2.37)
Qbij
whence
Tr(0X6S) =-» - d’” (AS)Z. (7.2.38)

7j

Representing 60X, 05 via AX, AS according to (7.2.35), we get
Tr(6X65) = Tr(X V2AXX12X12ASXY2) = Te(X"V2AXASXY?) = Tr(AXAS),

and the latter quantity is 0 due to AX = X/26X X2 ¢ £p and AS = X~ 1/255X1/2 ¢ [,1%.
Thus, the left hand side in (7.2.38) is 0; since ¢;; > 0, 1;; > 0, (7.2.38) implies that 65 = 0.
But then 60X = 0 in view of (7.2.37). Thus, the homogeneous version of (7.2.36) has the trivial
solution only, so that (7.2.36) is solvable with a unique solution.

4% Let 0X,0S be the unique solution to (7.2.36), and let AX, AS be linked to §X,dS
according to (7.2.35). Our local goal is to bound from above the Frobenius norms of §X and
0S.

From (7.2.36.c) it follows (cf. derivation of (7.2.38)) that

— Yy u+ xis; C _
a) (6X)ij = —52(09)i; +2 Sij, hj=1,..m
o) 00 ﬁié( o+ LB b (7.2.39)
(b) (08)i; = ~%e; (0X)s; + 28— o “0ij, G,j=1,...,n
Same as in the concluding part of 3%, relations (7.2.36.a — b) imply that
Tr(AXAS) = Tr(6X585) =Y (6X)i;(65)i = 0. (7.2.40)

1,J

Multiplying (7.2.39.a) by (6.5);; and taking sum over 4, j, we get, in view of (7.2.40), the relation

Z;ZZ(‘SS)?J' = 22%(55%5 (7.2.41)
ij ? i %

by “symmetric” reasoning, we get

Z ¢u (0X)5 = ZM(M) (7.2.42)

’L’L
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Now let
91' = T;S;, (7.2.43)

so that in view of (7.2.33) and (7.2.34) one has

(a) E 0; =n,
(b) >(0; —1)* < K>,

)

0; 0 : »
bij = T (51 + 55) = /T ( + 3) =b;\ [~ + 6,y [ L.
ZT; Zj T4 T

by = OB 40,2,
! ]Iij e (7.2.45)
Yij = ;jﬁL\/:?i;

since 1 — Kk < 60; <1+ Kk by (7.2.44.b), we get

(7.2.44)

Observe that

Thus,

1ok icqyn (7.2.46)
i

By the geometric-arithmetic mean inequality we have 1;; > 2, whence in view of (7.2.46)
dii > (1— k) > 21— K) Vi, j. (7.2.47)
We now have

(1= k) 22(6X)3;

]

IN

Dij 2
> 56X}

[see (7.2.46)]

< 23 B (0X)i
[see (7.2.42)]
< 2 \/;w - x>2\/z BA0X)2
< (1 =0;)% = 2xn V2 (1 = 0;) + x2n7Y) [3(0X)3
Z [see z&j7.2.47)]
< \/x2 +20-6)2 %(5)()3].
[since Y°(1 — 6;) = 0 by (7.2.44.0)]
< VTR [S6x5

1,]

[see (7.2.44.b)]

and from the resulting inequality it follows that

2 2
16X | < p= Y8 (7.2.48)

11—k
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Similarly,

(1+k)~ Z(éS)

7]

IN

508
[see (7.2.46)]

IN

2 Z M((gs)”
[see ( 7 2. 41)]

’I/L

\/z<5s>
[see (7 2.47)]

VAN
&
-1
)
:
Q
M
ﬁ

AN
T
R
&
-1
=
|

[same as above}
and from the resulting inequality it follows that

1+ 2+ 2
168 ]1e < ¢ *’”1) V_’; 1+ k)p. (7.2.49)

5°. We are ready to prove 2°.(i-ii). We have
X, =X +AX =XY2(I46Xx)X'/2,

and the matrix I 4+ 0.X is positive definite due to (7.2.48) (indeed, the right hand side in (7.2.48)
is p < 1, whence the Frobenius norm (and therefore - the maximum of modulae of eigenvalues)
of §X is less than 1). Note that by the just indicated reasons I + X < (1 + p)I, whence

Xy =2 (1+pX. (7.2.50)
Similarly, the matrix
S, =8+ AS=X"VXV25XxY?2 4 55)x1/?

is positive definite. Indeed, the eigenvalues of the matrix X1/25X1/2 are > min6; > 1 — k, while
7

the modulae of eigenvalues of 4.5, by (7.2.49), do not exceed % V:ZW < 1 — k. Thus, the

matrix X1/2SX /2 4 68 is positive definite, whence S, also is so. We have proved 2°.(i).
20 (ii) is easy to verify. First, by (7.2.36), we have AX € £, AS € £, and since X € £ — B,
Selt+C,wehave X, € L— B, S, € L+ 4 C. Second, we have

Tr(X1S54) = Tr(XS+XAS+AXS+AXAS)
= Tr(XS+ XAS+ AXS)
[since Tr(AXAS) =0 due to AX € £, AS € L]
= p+n
[take the trace of both sides in (7.2.30.c)]

20.(ii) is proved.
6°. It remains to verify 2°.(iii). We should bound from above the quantity

_ 1/2 1/2 1 1 2
Q= |y X2 X3P — Ilm = X2 (1S — XD X Iy
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and our plan is first to bound from above the “close” quantity

Q= |XV/2(u;' 5y —

and then to bound 9 in terms of ).
6°.1. Bounding €2. We have

7 =

so that

XHX P = 1 Z] e

7 = X1/2(S+ _ M+X;1)X1/2, (7'2'51)
X1/2(5+ _ H+X;1)X1/2
XY2(S + AS)XV?2 — iy X12[X + AX] 71X 1/2
XS +68 — py  XV2[XV2(I + 6 X)X/~ 1x1/2
[see (7.2.35)]
XS +689 — pup(I+6X)7!
XS+68S —pus(I —0X) —pyp [((I+6X)" - T+ 6X]
XS +68S+0X — py T+ (py — 16X +py [I — 06X — (I+6X)71Y,
; Z? 73
1Z15e < N2 ke + 11227 + 112° - (7.2.52)

We are about to bound separately all 3 terms in the right hand side of the latter inequality.

Bounding || Z?||g,: We have

1225 =

g = 16X g < xn™'/2p (7.2.53)

(see (7.2.48) and take into account that p; — 1 = —xn~/2).
Bounding || Z3||g:: Let \; be the eigenvalues of §X. We have

Bounding || Z" ||,

122

= s [(1 +0X)7! 1+ 0X] |,
< T +6X) =T +6X ||k

fsince [j14| < 1]

\/Z 1+>\ 1+/\>

[pass to the orthonormal eigenbasis of 0 .X]|

A4
—_ 2
= /2 T
K3

(7.2.54)

PN
SRR =

P
< 15

[see (7.2.48) and note that ZAQ 16X 1% < p?]

This is a bit more involving. We have

1
Z;

(X8)i +

(6X)ij
(6X)i; [1

(653 [1

(08)ij + (0X)ij — pyi
+ (65)ij + (zisi — pi4)04j

2] 4 [t s — g ] 6y

[we have used (7.2.39.0)]

_ LJ}
wij

[since ¥y; = 2, see (7.2.45)]
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whence, in view of (7.2.46),

1 K
\Z}jlﬁ‘l—H’|(5X)ij|: 10X,

1_
so that

Z e < — (16X ||pe < —— 7.2.55
12 e < = Ml0Xlix < 37— ( )

(the concluding inequality is given by (7.2.48)).
Assembling (7.2.53), (7.2.54), (7.2.55) and (7.2.52), we come to

p K
e < p| X 4 P
12 < | 2+ 12 2]

whence, by (7.2.51),

. P X p K
< —— | = —— . 7.2.56
_1—Xn—1/2[\/7z+1—p+1—/£} ( )

6°.2. Bounding 2. We have

_ 1/2 1/2
0?2 = Hu{éf/ Sexy —IHFH/Q
= 1XY? sy - X7 X2
%,_/

e=0T
1/2 1/2
T (x}%6x, 0x1%)
(1+p)Tr (X} *0x0X17)
[see (7.2.50)]

1+p) Tr (X?0X12X120 X/
1+p) Tr (X120x1° X120 Xx1/2
1+p) Tr (X20X,0X1/2)
1+ p)2Tr (X1/20X0X1/2)

[the same (7.2.50)]
(1+p)? IIXI/Q@XII/QH%r L
(14 P IX 23 Sy — XTXV2R,

IN

(
(
(
(

IA

(1+p)202
[see (7.2.51)]
so that
Q< (1+p)0= 220, [ 412+ 5]
s (7.2.57)
pP= 1-k

(see (7.2.56) and (7.2.48)).
It is immediately seen that if 0 < xy < x < 0.1, the right hand side in the resulting bound
for Q is < k, as required in 2Y.(iii). O
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7.2.6 How to Start Path-Tracing

So far, we have explained “how to travel along a the highway” — how to trace the primal-dual
central path after we get close to it. The question which still remains open is “how to reach the
highway” — how to come close to the primal-dual central path. It turns out that this can be
achieved with the same path-following technique as applied to an appropriate auxiliary problem.
We consider two schemes of the latter type — the first which requires a priori knowledge of a
strictly feasible primal solutions, and the second which does not require such knowledge.

Tracing auxiliary path

Assume that the feasible set of (P) is bounded, and that we have in our disposal a strictly
feasible solution Z to (P). In this case we can act as follows. Let us look at the primal central
path x,(u) in the space of original design variables:

Z4(p) = argmin {cTac + u®(Az — B)} .

We know that as p — +0, this path approaches the optimal set of (P). But what happens when
u — 00?7 Rewriting the relation defining the path equivalently as

2, (p) = argmin {p" '’z + ®(Az — B)},

the answer becomes clear: as p — 400, x.(u) converges to the unique minimizer xy of the
function K (z) = ®(Ax — B) on int X, where X is the feasible domain of (P); this minimizer is
called the analytic center of X.

The fact that zx is well defined and unique follows immediately from the fact that
K (x) is a strongly convex function on the bounded domain int X and that this
function possesses the barrier property: K(z;) — +oo along every sequence of points
x; € X converging to a boundary point of X, where strong convexity of K follows
from item III, section 7.2.2, and the fact that A has trivial kernel).

We see that the “starting point” of x,(-) — limit of the path z.(u) as p — oo — is independent
of ¢. On the other hand, let us look at the central path Z(u) associated with the objective dl'z,
where d = —VK(z) = A*(—=V®(Az — B)). Now let (P’) be the problem obtained from (P) by
replacing the objective with d”z. Setting D = —V®(AZ — D, we see that D € int SY, meaning
that the objective (D, X) in the “primal slack” reformulation (P’) of (P’) is > 0 and thus is a
strictly feasible solution to the geometric dual (D) of (P’). Since (P’) is strictly feasible along
with (P), the primal-dual pair (P’), (D’) generates a primal-dual cental path, so that z(-) is
well defined. Now observe that by construction, V[d? x + ®(Ax — B)] vanishes when x = 7, that
is, we know that z(1) = Z. As a result, we can trace the primal-dual central path

widetildeZ(-) of (P"), (D), since we know that the pair (AZ — B, D) is exactly on this path,
the value of the path parameter being 1. Let us trace this path “backward in time”, that
is, increasing the path parameter instead of decreasing it. It is immediately seen that the
result of Theorem 7.2.2 remains intact when the updating rule (7.2.25) in (U) is replaced with
iy = (14 xn~Y/2)p, that is, we can trace Z(u), increasing the value of x by absolute constant
factor every O(1)y/n steps and staying all the time in the neighbourhood Ny g9 of this path. It
is not difficult to see that checking in this “back tracing” the auxiliary path the proximity to
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the path of interest, we eventually will discover that this proximity is < 0.1. At this moment
we already “are on the highway” and can switch to tracing the path of interest.

A shortcoming of the construction we have just presented is in the necessity to know an
initial strictly feasible solution to (P) and to have the feasible domain of the problem bounded
(otherwise the analytic center does not exist). We are about to present another scheme, where
we trace infeasible path and approach optimality and feasibility simultaneously.

Infeasible start path-following method

Situation and goals. For the sake of a reader, we start with reiterating our assumptions and
goals. We are interested to solve a SDO program

3 T . e _ v
mxln{c z:X=Ar—-BeS}. (P)
The corresponding primal-dual pair, in its geometric form, is

min {(C,X) : X € (Mp = Lp — B) N84} (P)
mgx{(B,S}:SE(MD =L +C)NSY} (D)
[Ep =ImA, Lp=Lp=KerA*, A*C = c]

where A has trivial kernel and (P), (D) are strictly feasible.

To proceed, it is convenient to “normalize” the data as follows: when we shift Bm, the
shift belonging to Lp, (P) remains intact, remains unchanged, while (D) is replaced with an
equivalent problem (since when shifting B by a shift from along £p, the dual objective, restricted
to the dual feasible plane, gets a constant additive term). Similarly, when we shift C, the shift
belonging to Lp, the dual problem (D) remains intact, and the primal (P) is replaced with an
equivalent problem. Thus, we can shift B by a shift from £p and C by a shift from Lp = El%,
while not varying the primal-dual pair (P), (D) (or, better to say, converting it to an equivalent
primal-dual pair). With appropriate shifts of this type we can ensure that B € El% and C € Lp.
We lose nothing when assuming that the data from the very beginning is normalized by the
requirements

BeLlp=Lp, CE€Lp, (Nrm)

which, in particular, implies that (C, B) = 0, so that the duality gap at a pair (X, .S) of primal-
dual feasible solutions becomes

DualityGap(X, S) = (X,S) = (C, X) — (B, S); (7.2.58)
to see it, it suffices to open parentheses in the equality

0=(X+B,S-C)
—— ——

eLp eﬂ}%
Our goal is rather ambitious:

to develop an interior point method for solving (P), (D) which requires neither a
priori knowledge of a primal-dual strictly feasible pair of solutions, nor a specific
initialization phase.
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The scheme. The construction we are about to present achieves the announced goal as follows.

1. We write down the following system of conic constraints in variables X,S € SY and
additional scalar variables 7, o:

(a) X+17B—-—P € Lp;

(b) S—tC—-D € [t C
(¢) (C,X)—-(B,S)+0—-d = 0 (€)
(e) Diag{X,S,0,7} € S¥ xS x R}y x Ry.

Here P,D € S¥,d € R are certain fixed entities which we choose in such a way that
(i) We can easily point out a strictly feasible solution ¥ = Diag{X,5,5,7 = 1} to the
System;

(ii) The solution set ) of (C) is unbounded; moreover, whenever Y; = (X;, S;, 04, 7) € Y
is an unbounded sequence, we have 1; — 0.

2. Imagine that we have a mechanism which allows us to “run away to oo along )7,
i.e., to generate a sequence of points Y; = (X;,S;,04,7) € Y such that ||V;||] =

\/HXZHI%\r—i— |S;]|3, + 02 + 72 — oo. In this case, by (i) 7, — o0, i — co. Let us de-

7

fine the normalizations
X; = Ti_lX,-, S; =718,

7

of X;, S;. Since (X, S;, 0;,7;) is a solution to (C), these normalizations satisfy the relations

(a) X, € (Lp—B+71'P)nSY;
(b) S; € (Lp+C+7'D)NK; (e
<

() (C,X;)—(B,S)) < 7 'd.

Since 1; — 0o, relations (C') say that as i — oo, the normalizations )NQ, S; simultaneously
approach primal-dual feasibility for (P), (D) (see (C'.a-b)) and primal-dual optimality (see
(C'.c) and recall that the duality gap, with our normalization (C,B) = 0, is (C,X) —
(B, S)).

3. The issue, of course, is how to build a mechanism which allows to run away to co along ).
The mechanism we intend to use is as follows. (C) can be rewritten in the generic form

Y = Diag{X, S,0,7} € (€ + R)N S, (G)
where

o U =[v;v;1;1], that is, S” =S¥ x ¥ x Ry x Ry;

e & is the linear subspace in S” given by

€= {Diag{U,v,s,r}:U+rBe,cp,V—rCeﬁi,<C,U>—<B,v>+s:o}

e o The point R € S” is given by

R = Diag{P, D,d — (C, P) + (B, D), 0}.
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Let
Y = Diag{X,S,5,7 =1}

be the strictly feasible solution to (G) given by 1.(i), and let
C=-voy).
Consider the auxiliary problem

m}}n{(é,Y%YE(E%—R)ﬁSi}. (Aux)

By the origin of C, the point Y belongs to the primal central path ﬁ(ﬂ) of this auxiliary
problem:

o~ ~

Y =1.(1).

Let us trace the primal central path }7*(), but increasing the value p of the path parameter
instead of decreasing it, thus enforcing p to go to +0o. What will happen in this process?
Recall that the point Y, (u) of the primal central path of (Aux) minimizes the aggregate

(C.Y) + n®(Y)

over Y € YT = {YV € (£ + R)nint S¥}. When u is large, we, essentially, are trying
to minimize over Y1 just ®(Y). But the log-det barrier restricted to an unbounded
intersection of an affine plane and the interior of the associated semidefinite cone is not
bounded below on this intersection. Taking for the moment this fact as granted, let us
look at the consequences. If we were minimizing the barrier ® over V', the minimum
“would be achieved at infinity”; it is natural to guess (and this is indeed true) that when
minimizing a slightly perturbed barrier, the minimum will run away to infinity as the
level of perturbations goes to 0. Thus, we may expect (and again it is indeed true) that
|Ya()|le — o0 as p — 400, so that when tracing the path Y (u) as u — 0, we are
achieving our goal of running away to infinity along ).

Here is the justification of the claim we took for granted. By 1.(i), ) intersects
int SEL and is unbounded; since ) is a closed and unbounded convex set, it has a
nonzero recessive direction H:'* Y +tH € Y whenever Y € ) and ¢ > 0. Since
Ye Sz, H is a positive semidefinite matrix. Now let us look what happens to
® on the ray {EA/ +tH :t > 0} C Y. The matrix Y by assumption is positive
definite, while H is positive semidfeinite and nonzero. It follows that as t — oo,

the eigenvalues of Y +tH are positive, remain bounded away from zero, and some
o 2n+2 R
of then tend to 400, meaning that ®(Y +tH) = In(\(X +tH)) — —o0 as
i=1

t — 00, so that ® is not below bounded on Y.

Now let us implement the outlined approach.

14YWhile we know this fact only for polyhedral sets, it is true for all closed convex sets.
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Specifying P,D,d. Given the data of (P), let us choose somehow P, D € S” in such a way
that P > B, D = —C, ¢ > 0 and set

d=(C,P-B)—(B,D+C)+o0.
It is immediately seen that with this setup, the point
Y =Diag{X =P—-B,S=C+D,5,7=1} (7.2.59)

is a strictly feasible solution to (Aux). Thus, our setup ensures 1.(i).

Verifying 1.(ii). This step is crucial:

Lemma 7.2.1 Let (Aux’) be the problem dual to (Aux). Then (Aux), (Aux') is a strictly
primal-dual feasible pair of problems, and, in addition, the feasible set Y of (Aux) is unbounded.

Proof. By construction, Y is a strictly feasible solution to (Aux), whence (Aux) is strictly
feasible. Also by construction, C = —V®(Y) = 0, and since (Aux) is in the form of (P), C
belongs to the feasible plane of (Aux’), meaning that C is a strictly feasible solution to (Aux’).

Now, (P), (D) are strictly feasible, which by Conic Duality Theorem implies that both
problems are solvable with equal optimal values. Let X, be an optimal solution to (P), S,
be an optimal solution to (D), meaning that X, + B € Lp and S, — C € L'I%. Besides this,
0 = DualityGap(X., Sx) = (C, X\) — (B, Sx) (see (7.2.58). Now consider the direction A =
Diag{ XL, S.,0,1}. Looking at the definition of £, we see that A € £, and since X, > 0, S, = 0,
A€ S’i as well. It follows that A is a recessive direction of ), and since A is nonzero, ) is
unbounded. O

To complete the verification of 1.(ii), we need the following simple fact:

Lemma 7.2.2 Let X, S be a strictly feasible pair of primal-dual solutions to (P), (D), so that
by Lemma 7.1.1 there exists v € (0,1) such that

WX < (S,
WISle < (X

X) VX eS8y, 0
,S) VS e sy. '

Then for every feasible solution Y = Diag{X, S, 0,7} to (Aux) one has
Yl < ar+8, .
a=7"1[(X,0) - (S,B)] +1, (7.2.60)
B=~y"1[(X+B,D)+(5-C,P)+d].

Note that (7.2.60) clearly implies that whenever Y; = Diag{...,7;} € Y are such that ||Y;||m — oo
as i — oo, then 7, = oo as i — oo as well.

Proof of Lemma 7.2.2: Feasible solution Y to (Aux), by construction, is a feasible solution
to (C). By (C.a) we have X + 7B — P € Lp, whence, since S — C € L5,

0=(X+7B-P,S—-C)=(X,5) <7(B,C—-8)+(P,S—C)+ (C,X);
similarly, by (C.b) and due to X + B € Lp, we have

0=(S—7C—D,X +B)= (S,X)<(C,X + B) ++(D,X + B) — (B, S).
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Summing up the resulting inequalities, we get

(X,5)+(S,X) <7[(B,C—S)+(C,X + B)]
+[(C, X) —(B,S)]+ [(P,S—C)+ (D, X + B)],

<d—o by (C.c)

whence, taking into account that X > 0, S > 0 by (C.d) and invoking (!),
X e +1IS|lw] + 0 <7 [(B,C = 8) +(C, X + B)] +d+ [{P,§ = C) + (D, X + B)] ;

since o > 0 by (C.d), (7.2.60) follows. O

Tracing the path f@(,u) as 4 — +oo. The path f@(,u) is the primal central path of the
strictly primal-dual feasible primal-dual pair of problems (Aux), (Aux’) which are in the form
of (P), (P'). The only difference with the situation discussed in previous sections is that now
we are interested to trace the path as u — +oo, starting the process from the point Y = }N{k(l)
given by 1.(i), rather than to trace the path as p — +0. It turns out that we have exactly the
same possibilities to trace the path 17*(,11) as the path parameter goes to 400 as when tracing
the path as 4 — +0; in particular, we can use short-step primal and primal-dual path-following
methods with stepsize policies “opposite” to those mentioned, respectively, in Theorem 7.2.1
and Theorem 7.2.2 (“opposite” means that instead of increasing u at each iteration in certain
ratio, we increase it in exactly the same ratio). It can be straightforwardly verified that the
results of Theorems 7.2.1, 7.2.2 remain valid in this new situation as well. Thus, in order to
generate a triple (u,Y,U) such that p € (1,00), Y is strictly feasible for (Aux), U is strictly
feasible for the problem (Aux’) dual to (Aux), and dist((Y,U), Zs(1)) < k < 0.1, it suffices to
carry out

N(p)=0(1)V2n +2In(2u)

steps of the path-following method; here 2*() is the primal-dual central path of the primal-dual
pair (Aux), (Aux’), and dist from now on is the distance to this path, as defined in (7.2.11) (the
latter definition should, of course, be applied to (Aux), (Aux’)). Thus, we understand what is
the cost of arriving at a close-to-the-path triple (i, Y, U) with a desired value p € (1,00) of the
path parameter. Further, our original scheme explains how to convert the Y-component of such
a triple into a pair Xy, Sy of approximate solutions to (P), (D):

1 1

S, = ——8[V],

X=XV = o

where

Y = Diag{X[Y], S[Y],0o[Y], 7[Y]}
What we do not know for the moment is

(?) What is the quality of the resulting pair (X,,S,) of approximate solutions to
(P), (D) as a function of p?

Looking at (C'), we see that (7) is, essentially, the question of how rapidly the component
T[Y] of our “close-to-the-path triple (p, Y, U)” blows up when p goes to co. In view of the bound
(7.2.60), the latter question, in turn, becomes “how large is ||Y||; when p is large.” The answers
to all these questions will be obtained in the three steps to follows.
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Step 1. We start with associating with V' € int Si a norm on the space S”, specifically,
the Euclidean norm

1Hly = |V2HYV 2| = \/Tr([V‘1/2HV‘1/2]2) = VTr(V-IHV-1H) = \/(H, H(V)H).
Lemma 7.2.3 Let V € int SZ. Then the Dikin ellipsoid of V' — the set
EV)={WeS": |W-V]|y <1}

18 contained in SZ_.
Besides this, if H € S", then

(Vo(V),—H) > ||H]|v. (7.2.61)
Proof. For W € S” we have

W = Vlly = [V V2W = VIV 2| = [V 2V Y2 — |
— \/Zi[)\i(v—l/ZW‘/—l/Q) _ 1]2 15

If now ||W — V||y <1, then from the latter equality it follows that \;(V ~/2WV ~1/2) > 0, that
is, the matrix V~/2W VY2 is positive semidefinite, whence W is so as well. We have proved
the first statement of the lemma.

The verification of the second statement is immediate:

(VO(V),—H) = (V- H)=Te(V'H) = Te(V'2HVY2) = 3, M(V-2HV—1/2)
= [AV2HV )|,

where the last equality is given by the fact that )\(V_l/QHV_l/Q) > 0 due to H = 0. On the
other hand, ||H|y = /Tr([V-12HV-1/2]2) = | \(V-Y2HV ~1/2)||5. Since ||h|s < ||h||1 for all
h, we conclude that ||H||y < (V®(H),—H). O

Step 2. We have the following

Lemma 7.2.4 Let (u,Y,U) be a “close-to-the-path” triple, so that > 0, Y is strictly feasible
for (Aux), U is strictly feasible for the dual to (Aux) problem (Aux’) and

dist (Y, U), Z.(p)) < < 0.1.

Then

(a) max{ (~Ve(Y), H) : H € €, |[H]y <1)
() max{|(uz~1C + V<I>(Y),H>‘ CHe&, ||H|y <1}

IN IV

(7.2.62)

whence also
max{(—u~'C,H) : He &, |H|y <1} > 0.9. (7.2.63)
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Proof. Since the feasible set ) of (Aux) is unbounded, this set admits a nonzero recessive
direction H; clearly, H € £ and H > 0. Multiplying H by appropriate positive real, we
can ensure also that |H|ly = 1. By Lemma 7.2.3 applied with Y in the role of V, we have
(=VO(Y),H) > |H|ly =1, and (7.2.62.a) follows.

To prove (7.2.62.b), note that (Aux) is in the form of (P), and the primal feasible plane in
(Aux) is parallel to £, whence the feasible plane in (Aux') is £+ + C. Recalling what U is, we
conclude that U — C € &L, that is, whenever H € &, we have

(u'C 4+ VO(Y), H) = (u™'U = VO(Y), H) = (u™'U — Y1, H)
=Tr(p U - Y H) = T (Y ?[u U - Y HHY ~1/?)
— T\I‘([Yl/Z[,uilU _ Yfl]Yl/Q] [Yfl/QHY71/2]),

whence by the Cauchy inequality

(u™1C + VO(Y), H)| < /Te([Y12[u1U — Y-1y1/2]%) /Te([Y - 2HY - /2])
= VYU = Y Y10 — VY2 Hly

= VT [ lU =Y Y[ U - Y1) H|y

= dist((Y,U); Zu(w) || H |y < &l[H]|ly < 0.1[[H]ly.

The resulting inequality holds true for all H € £, and (7.2.62.b) follows.
Relation (7.2.63) is an immediate consequence of (7.2.62). O

Step 3. Now consider the following geometric construction. Given a triple (i, Y, U) satis-
fying the premise of Lemma 7.2.4), let us denote by W' the intersection of the Dikin ellipsoid of
Y with the feasible plane of (Aux), and by W* the intersection of the Dikin ellipsoid of ¥ with
the same feasible plane. Let us also extend the line segment [f/, Y] to the left of Y until it crosses
the boundary of W1 at certain point P. Further, let us choose H € & such that ||H||y = 1 and

(—p~'C,H) > 0.9
(such an H exists in view of (7.2.63)) and set

_ Y - Plln

M=Y+H, N=Y+wH w= — "
1Y = Pllg

The cross-section of the entities involved by the 2D plane passing through P,Y, M looks as
shown on figure 7.2.
A. We claim, first, that the points P, M, N belong to the feasible set ) of (Aux).

Indeed, since the direction Y-Y belongs to £, P belongs to the feasible plane of
(Aux), and since by construction P belongs to the Dikin ellipsoid of }A/, P belongs to
Sz by Lemma 7.2.3. Thus, P belongs to ). By similar reasons, with Y in the role
of 5/}, we have M € ). Since N is a convex combination of P and M, N € ) as well.

B. We further claim that

(VO(Y),N =Y = po(—p~'C, H) > 0.9wp (7.2.64)
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Figure 7.2: The entities related to Step 3.
Indeed, the equality in (7.2.64) is evident, since by construction C = VCD()/}); the
inequality is given by the choice of H.
C. We make the following simple and extremely important

Observation 7.2.2 Let X € int Sﬁ and W € S’L Then
(P(X), W —-X) <k.
Verification is immediate:
(VO(X),W-X) = (X1 X-W)=Te(X X -W])) =Tr(Ix - X 'W)—k— (XL, W) <k,

where the concluding < is due to X1, W € Si and the fact that the latter cone is self-dual. O

From A, B, C it follows that

w< 2n + 2. Q)
0.9u
Now let .
0 O.Qlen[HD”Fr Dy = 1] o PN
— — _D N D - Y v — 1 .
T : max[|| Dl : | Iy = 1]

Observe that © and € are positive quantities depending on our “starting point” Y and com-
pletely independent of p. The role of these quantities in our context is clear from the following
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Observation 7.2.3 Under the premise of Lemma 7.2.4, one has
1V e > Qe — 9. (7.2.65)

Indeed, by definition of w we have ||Y — P||g = ||Y = P||mw ™", whence, by (1), ||[Y — P|lg >

0.9;1”}/2;ig“, and by the Triangle inequality,
Y = Pl
Y| > 09p—— — || P||Fe-
Il 2 096 =20 P,
It remains to note that by construction H}A/—PH? = 1, whence 0.9”YQZ£QFY > Qand ||Pljm < .

a

The result. Combining Observation 7.2.3 and (7.2.60), we arrive at the following

Theorem 7.2.3 Whenever a triple (u,Y,U) is “close-to-the-path” (i.e., satisfies the premise of
Lemma 7.2.4) and Y = Diag{X, S,0,7}, one has

T>0u—-0"1 (7.2.66)

with © > 0 depending solely on the data of (P). Consequently, when u < 2072, the pair
(X, =771X,8, = 7718) satisfies the relations (cf. (C'))

X, €Sy N(Lp—B+2u'OP) [“primal O(1/p)-feasibility”]
S; €84 N(Ls+C+2u~tOD) [“dual O(1/p)-feasibility”] (7.2.67)
(C,X:) —(B,S;) <2p~'0d  [“O(1/p)-duality gap”]

Discussion. Theorem 7.2.3 says that in order to get an “e-primal-dual feasible e-optimal”
solution to (P), (D), it suffices to trace the primal central path of (Aux), starting at the point ¥
(path parameter equals 1) until a close-to-the-path point with path parameter O(1/¢) is reached,
which requires O(1)y/2n + 21n (ﬁ) iterations. Thus, we arrive at a process with the same
complexity characteristics as for the path-following methods described by Theorems 7.2.1 and
7.2.2; note, however, that now we have absolutely no troubles with how to start tracing the
path.

At this point, a careful reader should protest: relations (7.2.67) do say that when p is large,
X, is nearly feasible for (P) and S; is nearly feasible for (D); but why do we know that X, S-
are nearly optimal for the respective problems? What pretends to ensure the latter property, is
the “O(u~!)-duality gap” relation in (7.2.67), and indeed, the left hand side of this inequality
looks as the duality gap, while the right hand side is O(x~!). But in fact the relation

DualityGap(X, S) = [(C, X) — Opt(P)] + [Opt(D) — (B, S)] = (C, X) — (B, 5)16)

is valid only for primal-dual feasible pairs (X, S), while our X, S, are only O(u~!)-feasible.
Here is the missing element:

16) In fact, in the right hand side there should also be the term (C, B); recall, however, that with our setup this
term is zero.
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Proposition 7.2.2 Let the primal-dual pair of problems (P), (D) be strictly primal-dual feasible
and be normalized by (C, B) = 0, let (X4, Sy) be a primal-dual optimal solution to the pair, and
let X, S “e-satisfy” the feasibility and optimality conditions for (P), (D), i.e.,

(@) X €Sy N(Lp— B+AX), |[AX||r <
(b) SeSLN(Lp+C+AS), |AS|r <e,
(c) (C,X)—(B,S) <e.

Then
(C,X) — Opt(P)
Opt(D) — (B, S)

e(1+ X + Bllm),

<
< eI +]1Se = Ol

Proof. We have S — C — AS € L5, X, + B € Lp, whence
0 = (S—C—-ASX,+B)
= (S, X) —Opt(P) + (S, B) + (-AS, X, + B)
~——
>0:X.,5€S% =(S7 )~

= —O0pt(P) < —(S,B)+(AS, Xi + B) < —(S, B) + €| Xy + Bl|p:.

Combining the resulting inequality and (c), we get the first of the inequalities to be proved; the
second of them is given by “symmetric” reasoning. O
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Appendix A

Prerequisites from Linear Algebra

Regarded as mathematical entities, the objective and the constraints in a Mathematical Pro-
gramming problem are functions of several real variables; therefore before entering the Optimiza-
tion Theory and Methods, we need to recall several basic notions and facts about the spaces R"
where these functions live, same as about the functions themselves. The reader is supposed to
know most of the facts to follow, so he/she should not be surprised by a “cooking book” style
which we intend to use below.

A.1 Space R": algebraic structure

Basically all events and constructions to be considered will take place in the space R" of n-
dimensional real vectors. This space can be described as follows.

A.1.1 A point in R"

A point in R" (called also an n-dimensional vector) is an ordered collection = = (z1, ..., ,) of
n reals, called the coordinates, or components, or entries of vector x; the space R" itself is the
set of all collections of this type.

A.1.2 Linear operations

R is equipped with two basic operations:

e Addition of vectors. This operation takes on input two vectors x = (z1,...,2,) and y =
(y1, .-, Yn) and produces from them a new vector

r4+y=(r14+ Y1, Tn + Yn)
with entries which are sums of the corresponding entries in x and in y.

e Multiplication of vectors by reals. This operation takes on input a real A\ and an n-
dimensional vector x = (x1, ..., z,,) and produces from them a new vector

A = (21, ..., A\Tp)
with entries which are A times the entries of x.

The as far as addition and multiplication by reals are concerned, the arithmetic of R™ inherits
most of the common rules of Real Arithmetic, like z4+y =y+ =z, (x+y)+2z =2+ (y + 2),
A+ p)(z+y) = Az + pr + Ay + py, AMpx) = (Ap)z, ete.

295
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A.1.3 Linear subspaces

Linear subspaces in R™ are, by definition, nonempty subsets of R™ which are closed with respect
to addition of vectors and multiplication of vectors by reals:

L #0;
L Cc R" is a linear subspace < r,2yelL=z4+yel
rel, ADeR= )X el

A.1.3.A. Examples of linear subspaces:

1

The entire R™;

. The trivial subspace containing the single zero vector 0 = (0, ...,0) 1); (this vector/point

is called also the origin)

. The set {x € R™ : 1 = 0} of all vectors = with the first coordinate equal to zero.

The latter example admits a natural extension:

. The set of all solutions to a homogeneous (i.e., with zero right hand side) system of linear

equations
anr1+ ... +apr, = 0
s eR"- a1 x1 + ... +agprn, = 0 (Al 1)
am1x1 + ... + apnn, = 0

always is a linear subspace in R"™. This example is “generic”, that is, every linear sub-
space in R" is the solution set of a (finite) system of homogeneous linear equations, see
Proposition A.3.6 below.

. Linear span of a set of vectors. Given a nonempty set X of vectors, one can form a linear

subspace Lin(X), called the linear span of X; this subspace consists of all vectors x which
N N

can be represented as linear combinations . A\jx; of vectors from X (in Y A\x;, N is an
i=1 =1

arbitrary positive integer, )\; are reals and x; belong to X). Note that

Lin(X) is the smallest linear subspace which contains X : if L is a linear subspace
such that L D X, then L D L(X) (why?).

The “linear span” example also is generic:

Every linear subspace in R" is the linear span of an appropriately chosen finite
set of vectors from R".

(see Theorem A.1.2.(i) below).

DPay attention to the notation: we use the same symbol 0 to denote the real zero and the n-dimensional
vector with all coordinates equal to zero; these two zeros are not the same, and one should understand from the
context (it always is very easy) which zero is meant.
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A.1.3.B. Sums and intersections of linear subspaces. Let {L,}qocs be a family (finite or
infinite) of linear subspaces of R™. From this family, one can build two sets:

1. The sum ), L, of the subspaces L, which consists of all vectors which can be represented

(03
as finite sums of vectors taken each from its own subspace of the family;

2. The intersection (| Ly of the subspaces from the family.
(03

Theorem A.1.1 Let {Ly}aer be a family of linear subspaces of R™. Then
(i) The sum > Lo, of the subspaces from the family is itself a linear subspace of R™; it is the
«

smallest of those subspaces of R™ which contain every subspace from the family;
(ii) The intersection (| Lq of the subspaces from the family is itself a linear subspace of R";

(03
it is the largest of those subspaces of R™ which are contained in every subspace from the family.

A.1.4 Linear independence, bases, dimensions

A collection X = {z', ..., 2V} of vectors from R™ is called linearly independent, if no nontrivial
(i.e., with at least one nonzero coefficient) linear combination of vectors from X is zero.

Example of linearly independent set: the collection of n standard basic orths e; =
(1,0,...,0), e2 = (0,1,0,...,0), ..., e, = (0,...,0,1).

Examples of linearly dependent sets: (1) X = {0}; (2) X = {e,e1}; (3) X =
{e1,e2,e1 + ea}.

A collection of vectors f1, ..., f™ is called a basis in R", if
1. The collection is linearly independent;

2. Every vector from R"™ is a linear combination of vectors from the collection (i.e.,
Lin{f!, ..., f™} = R").

Example of a basis: The collection of standard basic orths eq, ..., e, is a basis in R".

Examples of non-bases: (1) The collection {es,...,e,}. This collection is linearly
independent, but not every vector is a linear combination of the vectors from the
collection; (2) The collection {ey, €1, €3, ..., e, }. Every vector is a linear combination
of vectors form the collection, but the collection is not linearly independent.

Besides the bases of the entire R"™, one can speak about the bases of linear subspaces:
A collection {f1, ..., f™} of vectors is called a basis of a linear subspace L, if

1. The collection is linearly independent,

2. L = Lin{f!,..., f™}, i.e., all vectors f* belong to L, and every vector from L is a linear
combination of the vectors f1,..., f™.

In order to avoid trivial remarks, it makes sense to agree once for ever that

An empty set of vectors is linearly independent, and an empty linear combination of

vectors Y \;x; equals to zero.
i€
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With this convention, the trivial linear subspace L = {0} also has a basis, specifically, an empty
set of vectors.

Theorem A.1.2 (i) Let L be a linear subspace of R™. Then L admits a (finite) basis, and all
bases of L are comprised of the same number of vectors; this number is called the dimension of
L and is denoted by dim (L).

We have seen that R" admits a basis comprised of n elements (the standard basic
orths). From (i) it follows that every basis of R" contains exactly n vectors, and the
dimension of R" is n.

(ii) The larger is a linear subspace of R", the larger is its dimension: if L C L' are linear
subspaces of R™, then dim (L) < dim (L'), and the equality takes place if and only if L = L’.

We have seen that the dimension of R" is n; according to the above convention, the
trivial linear subspace {0} of R" admits an empty basis, so that its dimension is 0.
Since {0} € L C R" for every linear subspace L of R", it follows from (ii) that the
dimension of a linear subspace in R is an integer between 0 and n.

(iii) Let L be a linear subspace in R™. Then
(iii.1) Ewvery linearly independent subset of vectors from L can be extended to a basis of L;
(iii.2) From every spanning subset X for L — i.e., a set X such that Lin(X) = L — one
can extract a basis of L.

It follows from (iii) that

— every linearly independent subset of L contains at most dim (L) vectors, and if it
contains exactly dim (L) vectors, it is a basis of L;

— every spanning set for L contains at least dim (L) vectors, and if it contains exactly
dim (L) vectors, it is a basis of L.

(iv) Let L be a linear subspace in R™, and f',...,f™ be a basis in L. Then every vector
x € L admits exactly one representation

as a linear combination of vectors from the basis, and the mapping
= (A(x), .oy Ap(z)) : L > R™
s a one-to-one mapping of L onto R™ which is linear, i.e. for everyi=1,...,m one has

Ailz+y) = Ni(z) +Ai(y) V(z,y € L); (A.1.2)
Xi(ve) = vXi(z) V(reL,veR). o
The reals \i(z), i = 1,...,m, are called the coordinates of x € L in the basis f1,..., f™.

E.g., the coordinates of a vector z € R"™ in the standard basis ey, ..., e, of R™ — the
one comprised of the standard basic orths — are exactly the entries of x.

v) [Dimension formula| Let L1, Ly be linear subspaces of R™. Then
(v) [

dim (Ll N LQ) + dim (L1 -+ LQ) = dim (Ll) + dim (Lg)
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A.1.5 Linear mappings and matrices

A function A(z) (another name — mapping) defined on R™ and taking values in R™ is called
linear, if it preserves linear operations:

Az +y) = A(z) + Aly) V(z,y e R"); A(\z) = A(z) V(r e R", A €R).

It is immediately seen that a linear mapping from R™ to R™ can be represented as multiplication
by an m x n matrix:

A(z) = Az,

and this matrix is uniquely defined by the mapping: the columns A; of A are just the images of
the standard basic orths e; under the mapping A:

Aj = Alej).
Linear mappings from R" into R™ can be added to each other:
(A+ B)(z) = A(z) + B(z)

and multiplied by reals:
(A)(z) = AA(x),

and the results of these operations again are linear mappings from R to R™. The addition of
linear mappings and multiplication of these mappings by reals correspond to the same operations
with the matrices representing the mappings: adding/multiplying by reals mappings, we add,
respectively, multiply by reals the corresponding matrices.
Given two linear mappings A(z) : R® — R™ and B(y) : R™ — R*, we can build their
superposition
C(z) = B(A(z)) : R"* — RF,

which is again a linear mapping, now from R” to R*. In the language of matrices representing
the mappings, the superposition corresponds to matrix multiplication: the k x n matrix C
representing the mapping C is the product of the matrices representing A and B:

A(x) = Az, B(y) = By = C(x) = B(A(x)) = B - (Ax) = (BA)z.

Important convention. When speaking about adding n-dimensional vectors and multiplying
them by reals, it is absolutely unimportant whether we treat the vectors as the column ones,
or the row ones, or write down the entries in rectangular tables, or something else. However,
when matrix operations (matrix-vector multiplication, transposition, etc.) become involved, it
is important whether we treat our vectors as columns, as rows, or as something else. For the
sake of definiteness, from now on we treat all vectors as column ones, independently of how
we refer to them in the text. For example, when saying for the first time what a vector is, we
wrote x = (x1, ..., ), which might suggest that we were speaking about row vectors. We stress
that it is not the case, and the only reason for using the notation z = (z1,...,x,) instead of
T1 T
the “correct” one z = | : is to save space and to avoid ugly formulas like f(| : |) when
Tn Tn
speaking about functions with vector arguments. After we have agreed that there is no such
thing as a row vector in this Lecture course, we can use (and do use) without any harm whatever
notation we want.
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Exercise A.1 1. Mark in the list below those subsets of R™ which are linear subspaces, find
out their dimensions and point out their bases:
(a) R"
(b) {0}
(c) 0

(d) {xeR”:iili:ni—O}
(e) {xeR":iZn:lix?—O}
() {xeR”:;Z:lixizl}
(9) {xeRn;ém?:n

2. It is known that L is a subspace of R™ with exactly one basis. What is L?

3. Consider the space R™*™ of m x n matrices with real entries. As far as linear operations
— addition of matrices and multiplication of matrices by reals — are concerned, this space
can be treated as certain RY.

(a) Find the dimension of R™*™ and point out a basis in this space

(b) In the space R™™ of square n X n matrices, there are two interesting subsets: the set
S™ of symmetric matrices {A = [Aj] : Aij = Aij} and the set J™ of skew-symmetric
matrices {A = [A] + Aij = —Aji}.

i. Verify that both S™ and J™ are linear subspaces of R™"*™
1. Find the dimension and point out a basis in S™
191, Find the dimension and point out a basis in J"
w. What is the sum of S™ and J"? What is the intersection of S™ and J"?

A.2 Space R": Euclidean structure

So far, we were interested solely in the algebraic structure of R", or, which is the same, in
the properties of the linear operations (addition of vectors and multiplication of vectors by
scalars) the space is endowed with. Now let us consider another structure on R™ — the standard
Euclidean structure — which allows to speak about distances, angles, convergence, etc., and thus
makes the space R™ a much richer mathematical entity.

A.2.1 Euclidean structure

The standard Euclidean structure on R" is given by the standard inner product — an operation
which takes on input two vectors z,y and produces from them a real, specifically, the real

n
(w,y) =a2Ty = i
=1

The basic properties of the inner product are as follows:



A.2. SPACE RY: EUCLIDEAN STRUCTURE 301

1. [bi-linearity]: The real-valued function (x,y) of two vector arguments z,y € R" is linear
with respect to every one of the arguments, the other argument being fixed:

(Au+po,y) = Mu,y) +pv,y) V(u,0,y € R" A u€R)
(, \u+pv) = MNaz,u)+ plzr,v) Y(r,u,v € R", A\, ueR)

2. [symmetry]: The function (x,y) is symmetric:
(z,y) = (y,z) V(z,y € R").

3. [positive definiteness|: The quantity (z,z) always is nonnegative, and it is zero if and only
if z is zero.

Remark A.2.1 The outlined 3 properties — bi-linearity, symmetry and positive definiteness —
form a definition of an Euclidean inner product, and there are infinitely many different from
each other ways to satisfy these properties; in other words, there are infinitely many different
Euclidean inner products on R™. The standard inner product (z,y) = 27y is just a particular
case of this general notion. Although in the sequel we normally work with the standard inner
product, the reader should remember that the facts we are about to recall are valid for all
Fuclidean inner products, and not only for the standard one.

The notion of an inner product underlies a number of purely algebraic constructions, in partic-
ular, those of inner product representation of linear forms and of orthogonal complement.

A.2.2 Inner product representation of linear forms on R”

A linear form on R" is a real-valued function f(z) on R™ which is additive (f(z+y) = f(z)+f(y))
and homogeneous (f(Ax) = Af(z))

Example of linear form: f(x) = ix;
i=1

Examples of non-linear functions: (1) f(z) = x1 + 1; (2) f(z) = 22 — 2%; (3) f(z) =
sin(z1).

When adding/multiplying by reals linear forms, we again get linear forms (scientifically speaking:
“linear forms on R™ form a linear space”). Euclidean structure allows to identify linear forms
on R" with vectors from R™:

Theorem A.2.1 Let (-,-) be a Euclidean inner product on R™.
(i) Let f(x) be a linear form on R™. Then there exists a uniquely defined vector f € R™
such that the form is just the inner product with f:

f@) =(f,z) Va

(ii) Vice versa, every vector f € R™ defines, via the formula

flx) = (f,2),

a linear form on R™;

(iii) The above one-to-one correspondence between the linear forms and vectors on R™ is
linear: adding linear forms (or multiplying a linear form by a real), we add (respectively, multiply
by the real) the vector(s) representing the form(s).
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A.2.3 Orthogonal complement

An Euclidean structure allows to associate with a linear subspace L C R"™ another linear sub-
space Lt — the orthogonal complement (or the annulator) of L; by definition, L' consists of all
vectors which are orthogonal to every vector from L:

Lt ={f:(f,x)=0 VzelL}.

Theorem A.2.2 (i) Twice taken, orthogonal complement recovers the original subspace: when-
ever L is a linear subspace of R™, one has

(LYt =L

(ii) The larger is a linear subspace L, the smaller is its orthogonal complement: if L1 C Lo
are linear subspaces of R™, then L{ D Ly

(iii) The intersection of a subspace and its orthogonal complement is trivial, and the sum of
these subspaces is the entire R™:

LNL*={0}, L+L*=R"

Remark A.2.2 From Theorem A.2.2.(iii) and the Dimension formula (Theorem A.1.2.(v)) it
follows, first, that for every subspace L in R’ one has

dim (L) 4 dim (L*) = n.
Second, every vector € R™ admits a unique decomposition
r=x+TpL
into a sum of two vectors: the first of them, zr, belongs to L, and the second, x.1, belongs
to L. This decomposition is called the orthogonal decomposition of x taken with respect to
L, L*; x is called the orthogonal projection of x onto L, and x 1L — the orthogonal projection
of x onto the orthogonal complement of L. Both projections depend on x linearly, for example,

(x+y)L =z +yr, (Ax)p=AzL.

The mapping x — =z, is called the orthogonal projector onto L.

A.2.4 Orthonormal bases

A collection of vectors f!,..., f™ is called orthonormal w.r.t. Euclidean inner product (-,-), if
distinct vector from the collection are orthogonal to each other:

i#Fj= () =0
and inner product of every vector f* with itself is unit:

(o =1,i=1,...,m.



A.2. SPACE RY: EUCLIDEAN STRUCTURE 303

Theorem A.2.3 (i) An orthonormal collection f!,..., f™ always is linearly independent and is
therefore a basis of its linear span L = Lin(f!,..., f™) (such a basis in a linear subspace is called
orthonormal). The coordinates of a vector x € L w.r.t. an orthonormal basis f!, ..., f™ of L are
given by explicit formulas:

m

T = Z)\Z(a:)f’ & N(x) = (z, f1).

i=1

Example of an orthonormal basis in R™: The standard basis {e1, ..., e, } is orthonormal with
respect to the standard inner product (z,y) = 7y on R™ (but is not orthonormal w.r.t.
other Euclidean inner products on R"™).

Proof of (i): Taking inner product of both sides in the equality
= Y N
J

with f?, we get
@ f) = (SA@)F,F)
= i Nj(@)(f7, f) [bilinearity of inner product]
= )i(x) [orthonormality of {f%}]
Similar computation demonstrates that if 0 is represented as a linear combination of f with

certain coefficients \;, then \; = (0, f*) = 0, i.e., all the coefficients are zero; this means that
an orthonormal system is linearly independent.

(ii) If f*, ..., f™ is an orthonormal basis in a linear subspace L, then the inner product of
two vectors x,y € L in the coordinates \;(-) w.r.t. this basis is given by the standard formula

m

(2.5) = 3 N@)hi(y):

=1
Proof:
r = LA@F y =S N)f
= oy = (SN N)f)

= Zz Ai(z)Aj (y)l<fi, 17 [bilinearity of inner product]
2
= 2 Ni(@)Ai(y) [orthonormality of {f%}]

(iii) Fvery linear subspace L of R™ admits an orthonormal basis; moreover, every orthonor-
mal system f1, ..., f™ of vectors from L can be extended to an orthonormal basis in L.

Important corollary: All Euclidean spaces of the same dimension are “the same”. Specifi-
cally, if L is an m-dimensional space in a space R" equipped with an Euclidean inner product
(-,-), then there exists a one-to-one mapping x — A(x) of L onto R™ such that

e The mapping preserves linear operations:

Alx +y) = A(z) + Aly) VY(x,y € L); A(Az) = MA(z) V(z € L,\ € R);
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e The mapping converts the (-,-) inner product on L into the standard inner product on
R™:
(@,y) = (A(x))TAly) Va,ye L.

Indeed, by (iii) L admits an orthonormal basis f1, ..., f™; using (ii), one can immediately
check that the mapping
= A(z) = (M (), ..., A ()

which maps x € L into the m-dimensional vector comprised of the coordinates of x in the
basis f1, ..., f™, meets all the requirements.

Proof of (iii) is given by important by its own right Gram-Schmidt orthogonalization process

as follows. We start with an arbitrary basis h',...,h™ in L and step by step convert it into
an orthonormal basis f!, ..., f™. At the beginning of a step t of the construction, we already
have an orthonormal collection f!,..., f®=! such that Lin{f!,..., fi=1} = Lin{ha!,...,R!71}.
At a step t we

1. Build the vector

t—1
gt =h"=> (h', ) fI.
j=1

It is easily seen (check it!) that
(a) One has

Lin{f*, ..., =1, ¢'} = Lin{Rn', ..., n'}; (A.2.1)
(b) g* # 0 (derive this fact from (A.2.1) and the linear independence of the collection

hl, ..., h™);

(c) g* is orthogonal to f1, ..., ft=1
2. Since g* # 0, the quantity (g*, g*) is positive (positive definiteness of the inner product),
so that the vector
t 1 t
= g
(9" g")
is well defined. It is immediately seen (check it!) that the collection f%,..., f* is or-
thonormal and

Lin{f', ..., f'} = Lin{f*, ..., f"', ¢'} = Lin{n', ..., n'}.
Step t of the orthogonalization process is completed.

After m steps of the optimization process, we end up with an orthonormal system f*, ..., f™
of vectors from L such that

Lin{f!, ..., f™} = Lin{h!,....h™} = L,

so that f1,..., f™ is an orthonormal basis in L.

The construction can be easily modified (do it!) to extend a given orthonormal system of
vectors from L to an orthonormal basis of L.

Exercise A.2 1. What is the orthogonal complement (w.r.t. the standard inner product) of

n
the subspace {x € R" : >  x; =0} in R"?
i=1

2. Find an orthonormal basis (w.r.t. the standard inner product) in the linear subspace {x €
R" : 21 =0} of R"
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3. Let L be a linear subspace of R™, and f', ..., f™ be an orthonormal basis in L. Prove that
for every x € R™, the orthogonal projection xp, of x onto L is given by the formula

m

zp = (" f)f.

i=1
4. Let Ly, Lo be linear subspaces in R™. Verify the formulas

(L1 + Lo)t = Li N L;  (Ly N Lo)t = Li + Ly

5. Consider the space of m x n matrices R™*™, and let us equip it with the “standard inner
product” (called the Frobenius inner product)

(A,B) = Z AijBij
i,J

(as if we were treating m X n matrices as mn-dimensional vectors, writing the entries of
the matrices column by column, and then taking the standard inner product of the resulting
long vectors).

(a) Verify that in terms of matriz multiplication the Frobenius inner product can be writ-
ten as

(A, B) = TH(ABT),
where Tr(C) is the trace (the sum of diagonal elements) of a square matriz C.

(b) Build an orthonormal basis in the linear subspace S™ of symmetric n X n matrices

(¢) What is the orthogonal complement of the subspace S™ of symmetric n X n matrices
in the space R™ ™ of square n X n matrices?

(d) Find the orthogonal decomposition, w.r.t. S%, of the matriz [ :1), 421 ]

A.3 Affine subspaces in R"

Many of events to come will take place not in the entire R"™, but in its affine subspaces which,
geometrically, are planes of different dimensions in R”. Let us become acquainted with these
subspaces.

A.3.1 Affine subspaces and affine hulls

Definition of an affine subspace. Geometrically, a linear subspace L of R" is a special
plane — the one passing through the origin of the space (i.e., containing the zero vector). To get
an arbitrary plane M, it suffices to subject an appropriate special plane L to a translation — to
add to all points from L a fixed shifting vector a. This geometric intuition leads to the following

Definition A.3.1 [Affine subspace| An affine subspace (a plane) in R™ is a set of the form

M=a+L={y=a+z|zel} (A.3.1)
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where L is a linear subspace in R™ and a is a vector from R 2).

E.g., shifting the linear subspace L comprised of vectors with zero first entry by a vector a =
(a1, ...,ap), we get the set M = a+ L of all vectors x with 21 = a;; according to our terminology,
this is an affine subspace.

Immediate question about the notion of an affine subspace is: what are the “degrees of
freedom” in decomposition (A.3.1) — how “strict” M determines a and L? The answer is as
follows:

Proposition A.3.1 The linear subspace L in decomposition (A.3.1) is uniquely defined by M
and is the set of all differences of the vectors from M :

L=M-M={z—-—y| z,ye M} (A.3.2)

The shifting vector a is not uniquely defined by M and can be chosen as an arbitrary vector from

M.

A.3.2 Intersections of affine subspaces, affine combinations and affine hulls

An immediate conclusion of Proposition A.3.1 is as follows:

Corollary A.3.1 Let {M,} be an arbitrary family of affine subspaces in R™, and assume that
the set M = Ny M, is nonempty. Then M, is an affine subspace.

From Corollary A.3.1 it immediately follows that for every nonempty subset Y of R™ there exists
the smallest affine subspace containing Y — the intersection of all affine subspaces containing Y.
This smallest affine subspace containing Y is called the affine hull of Y (notation: Aff(Y")).

All this resembles a lot the story about linear spans. Can we further extend this analogy
and to get a description of the affine hull Aff(Y') in terms of elements of Y similar to the one
of the linear span (“linear span of X is the set of all linear combinations of vectors from X”)?
Sure we can!

Let us choose somehow a point yg € Y, and consider the set

X =Y —yp.

All affine subspaces containing Y should contain also 3y and therefore, by Proposition A.3.1,
can be represented as M = yg + L, L being a linear subspace. It is absolutely evident that an
affine subspace M = yy + L contains Y if and only if the subspace L contains X, and that the
larger is L, the larger is M:

LcLl =M=y +LCcM =yy+1L.

Thus, to find the smallest among affine subspaces containing Y, it suffices to find the smallest
among the linear subspaces containing X and to translate the latter space by yq:

Aff(Y) = yo + Lin(X) = yo + Lin(Y — yo). (A.3.3)

Daccording to our convention on arithmetic of sets, I was supposed to write in (A.3.1) {a} + L instead of
a + L — we did not define arithmetic sum of a vector and a set. Usually people ignore this difference and omit
the brackets when writing down singleton sets in similar expressions: we shall write a + L instead of {a} + L, Rd
instead of R{d}, etc.
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Now, we know what is Lin(Y — yo) — this is a set of all linear combinations of vectors from
Y — yo, so that a generic element of Lin(Y — y) is

k

2= pi(yi—yo) [k may depend of z]
=1

with y; € Y and real coefficients p;. It follows that the generic element of Aff(Y) is

k k
y=yo+ Y myi—vo)=> N,
i=1 i=0

where
)\OZI—ZW, )\ZZILL“Z21
(2

We see that a generic element of Aff(Y) is a linear combination of vectors from Y. Note, however,
that the coefficients A; in this combination are not completely arbitrary: their sum is equal to
1. Linear combinations of this type — with the unit sum of coefficients — have a special name —
they are called affine combinations.

We have seen that every vector from Aff(Y) is an affine combination of vectors of Y. Whether
the inverse is true, i.e., whether Aff(Y) contains all affine combinations of vectors from Y? The
answer is positive. Indeed, if

k
y= Z AiYi
=1

is an affine combination of vectors from Y, then, using the equality Y  \; = 1, we can write it
i
also as

k
y=1v0+ > Xy — o),
=1

1o being the “marked” vector we used in our previous reasoning, and the vector of this form, as
we already know, belongs to Aff(Y"). Thus, we come to the following

Proposition A.3.2 [Structure of affine hull
AfE(Y') = {the set of all affine combinations of vectors from Y'}.

When Y itself is an affine subspace, it, of course, coincides with its affine hull, and the above
Proposition leads to the following

Corollary A.3.2 An affine subspace M is closed with respect to taking affine combinations of
its members — every combination of this type is a vector from M. Vice versa, a nonempty set
which is closed with respect to taking affine combinations of its members is an affine subspace.

A.3.3 Affinely spanning sets, affinely independent sets, affine dimension

Affine subspaces are closely related to linear subspaces, and the basic notions associated with
linear subspaces have natural and useful affine analogies. Here we introduce these notions and
discuss their basic properties.
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Affinely spanning sets. Let M = a+ L be an affine subspace. We say that a subset Y of M
is affinely spanning for M (we say also that Y spans M affinely, or that M is affinely spanned
by Y), if M = Aff(Y), or, which is the same due to Proposition A.3.2, if every point of M is an
affine combination of points from Y. An immediate consequence of the reasoning of the previous
Section is as follows:

Proposition A.3.3 Let M = a + L be an affine subspace and Y be a subset of M, and let
Yo €Y. The set Y affinely spans M — M = Aff(Y') — if and only if the set

X=Y -

spans the linear subspace L: L = Lin(X).

Affinely independent sets. A linearly independent set x1, ..., x is a set such that no nontriv-
ial linear combination of x1, ..., z; equals to zero. An equivalent definition is given by Theorem
A1.2.(iv): 21, ..., 2k are linearly independent, if the coefficients in a linear combination

k
Tr = E )\ixi
i=1

are uniquely defined by the value x of the combination. This equivalent form reflects the essence
of the matter — what we indeed need, is the uniqueness of the coefficients in expansions. Ac-
cordingly, this equivalent form is the prototype for the notion of an affinely independent set: we
want to introduce this notion in such a way that the coefficients A; in an affine combination

k
y=>_ At
i=0

of “affinely independent” set of vectors yq, ..., yr would be uniquely defined by y. Non-uniqueness

would mean that . i
Z AiYi = Z Ny
i=0 i=0

for two different collections of coefficients A; and A, with unit sums of coefficients; if it is the

case, then
m

i=0
so that y;’s are linearly dependent and, moreover, there exists a nontrivial zero combination
of then with zero sum of coefficients (since Z()\ - X)) = Z)\ — Z/\’ =1-1=0). Our

reasoning can be inverted — if there exists a nontr1v1al linear comblnatlon of y;’s with zero sum
of coefficients which is zero, then the coefficients in the representation of a vector as an affine
combination of y;’s are not uniquely defined. Thus, in order to get uniqueness we should for
sure forbid relations i

Z wiyi =0

i=0

with nontrivial zero sum coefficients p;. Thus, we have motivated the following
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Definition A.3.2 [Affinely independent set] A collection yq, ...,y of n-dimensional vectors is
called affinely independent, if no nontrivial linear combination of the vectors with zero sum of
coefficients is zero:

k k
Z)\iyizo,Z)\i:0:>/\0:/\1:...:)\k:0.
=1 =0

With this definition, we get the result completely similar to the one of Theorem A.1.2.(iv):

Corollary A.3.3 Let yg,...,yr be affinely independent. Then the coefficients \; in an affine

combination i
y=> Ay D> =1
i=0 i
of the vectors yo, ..., yx are uniquely defined by the value y of the combination.

Verification of affine independence of a collection can be immediately reduced to verification of
linear independence of closely related collection:

Proposition A.3.4 k+ 1 vectors yo, ..., yr are affinely independent if and only if the k vectors
(y1 — v0), (Y2 — Y0), ---s (Y — Yo) are linearly independent.

From the latter Proposition it follows, e.g., that the collection 0, ey, ..., e;, comprised of the origin
and the standard basic orths is affinely independent. Note that this collection is linearly depen-
dent (as every collection containing zero). You should definitely know the difference between
the two notions of independence we deal with: linear independence means that no nontrivial
linear combination of the vectors can be zero, while affine independence means that no nontrivial
linear combination from certain restricted class of them (with zero sum of coefficients) can be
zero. Therefore, there are more affinely independent sets than the linearly independent ones: a
linearly independent set is for sure affinely independent, but not vice versa.

Affine bases and affine dimension. Propositions A.3.2 and A.3.3 reduce the notions of
affine spanning/affine independent sets to the notions of spanning/linearly independent ones.
Combined with Theorem A.1.2, they result in the following analogies of the latter two statements:

Proposition A.3.5 [Affine dimension] Let M = a + L be an affine subspace in R™. Then the
following two quantities are finite integers which are equal to each other:

(i) minimal # of elements in the subsets of M which affinely span M ;

(ii) mazimal # of elements in affine independent subsets of M.
The common value of these two integers is by 1 more than the dimension dim L of L.

By definition, the affine dimension of an affine subspace M = a + L is the dimension dim L of
L. Thus, if M is of affine dimension k, then the minimal cardinality of sets affinely spanning
M, same as the maximal cardinality of affine independent subsets of M, is k + 1.

Theorem A.3.1 [Affine bases] Let M = a + L be an affine subspace in R™.

A. Let Y C M. The following three properties of X are equivalent:
(i) Y is an affine independent set which affinely spans M ;

(ii) Y is affine independent and contains 1 + dim L elements;

(iii) Y affinely spans M and contains 1 + dim L elements.
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A subset Y of M possessing the indicated equivalent to each other properties is called an
affine basis of M. Affine bases in M are exactly the collections yo, ..., Ydim 1, Such that yo € M

and (Y1 — Y0), ---» (Ydim L — Yo) s a basis in L.

B. Every affinely independent collection of vectors of M either itself is an affine basis of M,
or can be extended to such a basis by adding new vectors. In particular, there exists affine basis
of M.

C. Giwen a set' Y which affinely spans M, you can always extract from this set an affine
basis of M.

We already know that the standard basic orths ey, ..., e, form a basis of the entire space R™.
And what about affine bases in R"? According to Theorem A.3.1.A, you can choose as such a
basis a collection eg, eq + €1, ..., €9 + €,, €9 being an arbitrary vector.

Barycentric coordinates. Let M be an affine subspace, and let yg, ...,y be an affine basis
of M. Since the basis, by definition, affinely spans M, every vector y from M is an affine
combination of the vectors of the basis:

k k
y:Z)\iyi [Z)\izl],
=0

=0

and since the vectors of the affine basis are affinely independent, the coefficients of this com-
bination are uniquely defined by y (Corollary A.3.3). These coefficients are called barycentric
coordinates of y with respect to the affine basis in question. In contrast to the usual coordinates
with respect to a (linear) basis, the barycentric coordinates could not be quite arbitrary: their
sum should be equal to 1.

A.3.4 Dual description of linear subspaces and affine subspaces

To the moment we have introduced the notions of linear subspace and affine subspace and have
presented a scheme of generating these entities: to get, e.g., a linear subspace, you start from
an arbitrary nonempty set X C R™ and add to it all linear combinations of the vectors from
X. When replacing linear combinations with the affine ones, you get a way to generate affine
subspaces.

The just indicated way of generating linear subspaces/affine subspaces resembles the ap-
proach of a worker building a house: he starts with the base and then adds to it new elements
until the house is ready. There exists, anyhow, an approach of an artist creating a sculpture: he
takes something large and then deletes extra parts of it. Is there something like “artist’s way”
to represent linear subspaces and affine subspaces? The answer is positive and very instructive.

Affine subspaces and systems of linear equations

Let L be a linear subspace. According to Theorem A.2.2.(i), it is an orthogonal complement
— namely, the orthogonal complement to the linear subspace L. Now let a1, ..., a,, be a finite
spanning set in L. A vector z which is orthogonal to ari, ..., a,, is orthogonal to the entire
L+ (since every vector from L* is a linear combination of ai, ..., a,, and the inner product is
bilinear); and of course vice versa, a vector orthogonal to the entire L is orthogonal to a1, ..., apn,.
We see that

L=IYr={z|ale=0,i=1,.,k}. (A.3.4)
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Thus, we get a very important, although simple,

Proposition A.3.6 [“Outer” description of a linear subspace] Fvery linear subspace L in R"
1s a set of solutions to a homogeneous linear system of equations

alz=0,i=1,..,m, (A.3.5)

i
given by properly chosen m and vectors a1, ..., Q.

Proposition A.3.6 is an “if and only if” statement: as we remember from Example A.1.3.A .4,
solution set to a homogeneous system of linear equations with n variables always is a linear
subspace in R".

From Proposition A.3.6 and the facts we know about the dimension we can easily derive
several important consequences:

e Systems (A.3.5) which define a given linear subspace L are exactly the systems given by
the vectors ay, ..., ay, which span Lt 3)

e The smallest possible number m of equations in (A.3.5) is the dimension of Lt ie., by
Remark A.2.2, is codim L =n — dim L %

Now, an affine subspace M is, by definition, a translation of a linear subspace: M =a + L. As
we know, vectors x from L are exactly the solutions of certain homogeneous system of linear
equations

CLZT:E =0,7=1,....m.

It is absolutely clear that adding to these vectors a fixed vector a, we get exactly the set of
solutions to the inhomogeneous solvable linear system

T

_p =T, ;_
a;r=b=a;a,1=1,...,m.

Vice versa, the set of solutions to a solvable system of linear equations
aiTx =b,i=1,...,m,

with n variables is the sum of a particular solution to the system and the solution set to the
corresponding homogeneous system (the latter set, as we already know, is a linear subspace in
R"™), i.e., is an affine subspace. Thus, we get the following

Proposition A.3.7 [“Outer” description of an affine subspace]

Every affine subspace M = a + L in R"™ is a set of solutions to a solvable linear system of
equations

To=b,i=1,...,m, (A.3.6)

a;

given by properly chosen m and vectors a1, ..., Qp,.

Vice versa, the set of all solutions to a solvable system of linear equations with n variables
s an affine subspace in R™.

The linear subspace L associated with M is exactly the set of solutions of the homogeneous
(with the right hand side set to 0) version of system (A.3.6).

We see, in particular, that an affine subspace always is closed.

3)the reasoning which led us to Proposition A.3.6 says that [a1, ..., am span L] = [(A.3.5) defines L]; now we
claim that the inverse also is true

“to make this statement true also in the extreme case when L = R™ (i.e., when codim L = 0), we from now
on make a convention that an empty set of equations or inequalities defines, as the solution set, the entire space
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Comment. The “outer” description of a linear subspace/affine subspace — the “artist’s” one

— is in many cases much more useful than the “inner” description via linear /affine combinations
(the “worker’s” one). E.g., with the outer description it is very easy to check whether a given
vector belongs or does not belong to a given linear subspace/affine subspace, which is not that
easy with the inner one®). In fact both descriptions are “complementary” to each other and
perfectly well work in parallel: what is difficult to see with one of them, is clear with another.
The idea of using “inner” and “outer” descriptions of the entities we meet with — linear subspaces,
affine subspaces, convex sets, optimization problems — the general idea of duality — is, I would
say, the main driving force of Convex Analysis and Optimization, and in the sequel we would
all the time meet with different implementations of this fundamental idea.

A.3.5 Structure of the simplest affine subspaces

This small subsection deals mainly with terminology. According to their dimension, affine
subspaces in R™ are named as follows:

e Subspaces of dimension 0 are translations of the only 0-dimensional linear subspace {0},
i.e., are singleton sets — vectors from R”. These subspaces are called points; a point is a
solution to a square system of linear equations with nonsingular matrix.

e Subspaces of dimension 1 (lines). These subspaces are translations of one-dimensional
linear subspaces of R™. A one-dimensional linear subspace has a single-element basis
given by a nonzero vector d and is comprised of all multiples of this vector. Consequently,
line is a set of the form

{y=a+td| teR}

given by a pair of vectors a (the origin of the line) and d (the direction of the line), d # 0.
The origin of the line and its direction are not uniquely defined by the line; you can choose
as origin any point on the line and multiply a particular direction by nonzero reals.

In the barycentric coordinates a line is described as follows:
L={Xoyo+My1 | Ao+ =1t ={Ayo+(1—Ny1 | A € R},

where yg, %1 is an affine basis of [; you can choose as such a basis any pair of distinct points
on the line.

The “outer” description a line is as follows: it is the set of solutions to a linear system

with n variables and n — 1 linearly independent equations.

e Subspaces of dimension > 2 and < n — 1 have no special names; sometimes they are called
affine planes of such and such dimension.

e Affine subspaces of dimension n — 1, due to important role they play in Convex Analysis,
have a special name — they are called hyperplanes. The outer description of a hyperplane
is that a hyperplane is the solution set of a single linear equation

alz=10

5)in principle it is not difficult to certify that a given point belongs to, say, a linear subspace given as the linear

span of some set — it suffices to point out a representation of the point as a linear combination of vectors from
the set. But how could you certify that the point does not belong to the subspace?
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with nontrivial left hand side (a # 0). In other words, a hyperplane is the level set

a(z) = const of a nonconstant linear form a(x) = a’z.

e The “largest possible” affine subspace — the one of dimension n — is unique and is the
entire R™. This subspace is given by an empty system of linear equations.
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Appendix B

Prerequisites from Real Analysis

B.1 Space R": Metric Structure and Topology

Fuclidean structure on the space R™ gives rise to a number of extremely important metric
notions — distances, convergence, etc. For the sake of definiteness, we associate these notions
with the standard inner product zTy.

B.1.1 Euclidean norm and distances

By positive definiteness, the quantity 7« always is nonnegative, so that the quantity

lz| = ||z]]2 = VaTae = /22 + 23 + ... + 22

is well-defined; this quantity is called the (standard) Euclidean norm of vector x (or simply
the norm of z) and is treated as the distance from the origin to z. The distance between two
arbitrary points x,y € R™ is, by definition, the norm |z — y| of the difference z — y. The notions
we have defined satisfy all basic requirements on the general notions of a norm and distance,
specifically:

1. Positivity of norm: The norm of a vector always is nonnegative; it is zero if and only is

the vector is zero:
|z| >0 Vz; |z|=0&2=0.

2. Homogeneity of norm: When a vector is multiplied by a real, its norm is multiplied by the
absolute value of the real:

IAz| = |\ - |z| Y(zeR",XeR).

3. Triangle inequality: Norm of the sum of two vectors is < the sum of their norms:

|z +y| <l|z[+y| Y(z,y € R").

In contrast to the properties of positivity and homogeneity, which are absolutely evident,
the Triangle inequality is not trivial and definitely requires a proof. The proof goes
through a fact which is extremely important by its own right — the Cauchy Inequality,
which perhaps is the most frequently used inequality in Mathematics:

315
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Theorem B.1.1 [Cauchy’s Inequality] The absolute value of the inner product of two
vectors does not exceed the product of their norms:

2Tyl < lzlly] V(z,y € R")

and is equal to the product of the norms if and only if one of the vectors is proportional
to the other one:

27yl = |z[lyl & {3a @ =ay or 35y = fz}

Proof is immediate: we may assume that both z and y are nonzero (otherwise the
Cauchy inequality clearly is equality, and one of the vectors is constant times (specifi-
cally, zero times) the other one, as announced in Theorem). Assuming x,y # 0, consider
the function

fO) == )T (& - y) =Tz —2x2Ty + \%yTy.

By positive definiteness of the inner product, this function — which is a second order
polynomial — is nonnegative on the entire axis, whence the discriminant of the polyno-
mial
T T T
(2"y)* = (2" 2)(y"y)
is nonpositive:
(@"y)? < (@"2)(y"y).

Taking square roots of both sides, we arrive at the Cauchy Inequality. We also see that
the inequality is equality if and only if the discriminant of the second order polynomial
f(X) is zero, i.e., if and only if the polynomial has a (multiple) real root; but due to
positive definiteness of inner product, f(-) has a root A if and only if x = Ay, which
proves the second part of Theorem. m

From Cauchy’s Inequality to the Triangle Inequality: Let x,y € R™. Then

z+yl? = (@+yl@+y) [definition of norm)]
2Tz +yTy +22Ty  [opening parentheses]

IN

Tz +yTy +2|z|ly] [Cauchy’s Inequality]
el 2
= (lz[+[y])?
= lz+yl < z[+ 1yl .

The properties of norm (i.e., of the distance to the origin) we have established induce properties
of the distances between pairs of arbitrary points in R", specifically:

1.

Positivity of distances: The distance |x — y| between two points is positive, except for the

case when the points coincide (x = y), when the distance between x and y is zero;

. Symmetry of distances: The distance from x to y is the same as the distance from y to x:

lz —y| = |y — zl;

Triangle inequality for distances: For every three points x,y, z, the distance from x to z

does not exceed the sum of distances between x and y and between y and z:

|z —z| <|y—z[+]z -yl V(z,y,ze€R")
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B.1.2 Convergence

Equipped with distances, we can define the fundamental notion of convergence of a sequence of

vectors. Specifically, we say that a sequence z!, 22, ... of vectors from R™ converges to a vector T,

or, equivalently, that Z is the limit of the sequence {z'} (notation: Z = lim z'), if the distances
1— 00

from Z to x' go to 0 as i — oo:

z=limz' < |z —2'| — 0,i — oo,
1—00

or, which is the same, for every € > 0 there exists ¢ = i(¢) such that the distance between every
point x*, i > i(€), and T does not exceed e:

{|a‘c—m’| — 0,1 — 00} & {Ve > 03i(e) : i > i(e) = |z — 2’| < €}.
Exercise B.1 Verify the following facts:
1. & = lim 2% if and only if for every j = 1,....,n the coordinates # j of the vectors x'
1—00
converge, as i — 00, to the coordinate # j of the vector T;

2. If a sequence converges, its limit is uniquely defined;

3. Convergence is compatible with linear operations:
—ifat >z andy' =y asi — oo, then ' +y* — x + vy as i — oo;

—ifa' = x and \j = X as i — oo, then \jix® — \x as i — o0.

B.1.3 Closed and open sets

After we have in our disposal distance and convergence, we can speak about closed and open
sets:

e A set X C R" is called closed, if it contains limits of all converging sequences of elements
of X:

{wieX,:c_ limxi}:>x€X

1—00

e A set X C R” is called open, if whenever x belongs to X, all points close enough to x also
belong to X:
Vize X)3(6>0):|2' —z|<d=2" € X.

An open set containing a point x is called a neighbourhood of x.

Examples of closed sets: (1) R™; (2) 0; (3) the sequence z' = (4,0, ...,0),i = 1,2, 3, ...;

n
(4) {x e R" : Y a;jo; = 0,7 =1,..,m} (in other words: a linear subspace in R"
i=1

n
always is closed, see Proposition A.3.6);(5) {x € R" : > ajjz; = b, i = 1,...,m}
i=1

(in other words: an affine subset of R™ always is closed, see Proposition A.3.7);; (6)
Any finite subset of R"

Examples of non-closed sets: (1) R™"\{0}; (2) the sequence z* = (1/i,0,...,0), i =
1,2,3,.;3){zeR":2; >0,j=1,....,n} (4) {xr e R": > x; > 5}.
i=1
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n
Examples of open sets: (1) R™; (2) 0; (3) {z € R™: Y ajjz; > bj,i =1,...,m}; (4)
j=1
complement of a finite set.

Examples of non-open sets: (1) A nonempty finite set; (2) the sequence z! =
(1/i,0,...,0), i = 1,2,3,..., and the sequence z' = (4,0,0,...,0), i = 1,2,3,...; (3)

{reR":2; >0,j=1,..,n}; (4) {x e R": ) z; > 5}.
i=1

Exercise B.2 Mark in the list to follows those sets which are closed and those which are open:

1. All vectors with integer coordinates

2. All vectors with rational coordinates

3. All vectors with positive coordinates

4. All vectors with nonnegative coordinates
5. {x:|z| < 1};

6. {x:|z|=1};

7. Az x| <1};

8 {x:|z| > 1}:

9. {x:|x| > 1};

10. {z:1< |z] < 2}.
Verify the following facts
1. A set X C R™ is closed if and only if its complement X = R™\ X is open;

2. Intersection of every family (finite or infinite) of closed sets is closed. Union of every
family (finite of infinite) of open sets is open.

3. Union of finitely many closed sets is closed. Intersection of finitely many open sets is open.

B.1.4 Local compactness of R"

A fundamental fact about convergence in R", which in certain sense is characteristic for this
series of spaces, is the following

Theorem B.1.2 From every bounded sequence {xz};‘il of points from R™ one can extract a
converging subsequence {x% ;’il. Fquivalently: A closed and bounded subset X of R™ is compact,
i.€., a set possessing the following two equivalent to each other properties:

(i) From every sequence of elements of X one can extract a subsequence which converges to
certain point of X;

(ii) From every open covering of X (i.e., a family {Uy}taca of open sets such that X C

U Ua) one can extract a finite sub-covering, i.e., a finite subset of indices o, ...,an such that
acA

N
X c U Uy-
=1

)
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B.2 Continuous functions on R"

B.2.1 Continuity of a function

Let X € R™ and f(x) : X — R™ be a function (another name — mapping) defined on X and
taking values in R™.

1. fis called continuous at a point € X, if for every sequence z° of points of X converging
to = the sequence f(z') converges to f(z). Equivalent definition:

f: X — R™ is continuous at T € X, if for every € > 0 there exists 4 > 0 such
that

reX,|lx—z|<d=|f(z)— f(T)| <e.

2. fis called continuous on X, if f is continuous at every point from X. Equivalent definition:
f preserves convergence: whenever a sequence of points x* € X converges to a point z € X,
the sequence f(z") converges to f(x).

Examples of continuous mappings:

1. An affine mapping

m
Z Aljib‘j + by
j=1

flz) = : =Az+b:R" - R"™

s

Amjxj + by,
L j=1 J

is continuous on the entire R™ (and thus — on every subset of R"™) (check it!).

2. The norm |z| is a continuous on R™ (and thus — on every subset of R") real-
valued function (check it!).

Exercise B.3 e Consider the function

22— 22
S (o) £0
f(.%'l,.%'g): 0’ 1 =29=0 2R2—>R.

Check whether this function is continuous on the following sets:
R?;

R*\{0};

{x € R?: 21 =0};

{x € R? : 29 = 0};

{x € R? : 21 + 13 = 0};

{x € R?: 21 — 1y = 0};

{x € R?: |11 — 2| < 2] + 23},

NS G v~
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o Let f:R™ — R™ be a continuous mapping. Mark those of the following statements which
always are true:

1. If U is an open set in R™, then so is the set f1(U) = {z: f(x) € U};
2. If U is an open set in R", then so is the set f(U) = {f(z):x € U};

3. If F is a closed set in R™, then so is the set f~1(F) = {x : f(z) € F};
4. If F is an closed set in R™, then so is the set f(F) ={f(x):xz € F}.

B.2.2 Elementary continuity-preserving operations

)

All “elementary” operations with mappings preserve continuity. Specifically,

Theorem B.2.1 Let X be a subset in R".

(i) [stability of continuity w.r.t. linear operations] If fi(z), fa(x) are continuous functions
on X taking values in R™ and \i(x), Ao(x) are continuous real-valued functions on X, then the
function

F(2) = M(@)fi(2) + dol@) fala) : X — R

18 continuous on X ;
(ii) [stability of continuity w.r.t. superposition] Let

e XCR", YCR™;
e f: X — R™ be a continuous mapping such that f(x) €Y for every z € X;
e g:Y — R be a continuous mapping.

Then the composite mapping
h(z) = g(f(2)): X - R"

1s continuous on X.

B.2.3 Basic properties of continuous functions on R”
The basic properties of continuous functions on R"™ can be summarized as follows:

Theorem B.2.2 Let X be a nonempty closed and bounded subset of R™.
(i) If a mapping f : X — R™ is continuous on X, it is bounded on X : there exists C' < oo
such that |f(x)| < C for allx € X.

Proof. Assume, on the contrary to what should be proved, that f is unbounded, so that
for every i there exists a point #* € X such that |f(z?)| > i. By Theorem B.1.2, we can
extract from the sequence {«'} a subsequence {z%}52, which converges to a point Z € X.
The real-valued function g(z) = |f(x)| is continuous (as the superposition of two continuous
mappings, see Theorem B.2.1.(ii)) and therefore its values at the points x% should converge,
as j — oo, to its value at Z; on the other hand, g(z%) > i; — 00 as j — oo, and we get the
desired contradiction.

(ii) If a mapping f : X — R™ is continuous on X, it is uniformly continuous: for every e > 0
there exists § > 0 such that

z,y€ X, |z -yl <d=|f(z) - fly)l <e
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Proof. Assume, on the contrary to what should be proved, that there exists ¢ > 0 such
that for every 6 > 0 one can find a pair of points z,y in X such that |2 — y| < § and
|f(x) — f(y)] > e. In particular, for every i = 1,2,... we can find two points z*,y* in X
such that |z* — yi| < 1/i and |f(2%) — f(y*)] > €. By Theorem B.1.2, we can extract from
the sequence {z'} a subsequence {x%}32, which converges to certain point & € X. Since
|y —a%| < 1/i; — 0 as j — oo, the sequence {y* }52, converges to the same point Z as the
sequence {z% }521 (why?) Since f is continuous, we have

lim f(y") = f(z) = lim f(z"),

j—o0 j—o0

whence lim (f(z%) — f(y%)) = 0, which contradicts the fact that |f(z%) — f(y%)| > € >0

J—00

for all j.

(iii) Let f be a real-valued continuous function on X. The f attains its minimum on X :
Argmin f ={z € X : f(z) = inf f(y)} #0,
X yeX

same as f attains its mazximum at certain points of X :

Argmax f ={x € X : f(x) = sup f(y)} #0.
X yeX

Proof: Let us prove that f attains its maximum on X (the proof for minimum is completely
similar). Since f is bounded on X by (i), the quantity

fr=sup f(z)

zeX

is finite; of course, we can find a sequence {z°} of points from X such that f* = lim f(z?).
1— 00

By Theorem B.1.2, we can extract from the sequence {z'} a subsequence {z}32, which
converges to certain point £ € X. Since f is continuous on X, we have

f(@) = lim f(z¥) = lim f(a') = f*,
Jj—o0 i—00
so that the maximum of f on X indeed is achieved (e.g., at the point Z).

Exercise B.4 Prove that in general no one of the three statements in Theorem B.2.2 remains
valid when X 1s closed, but not bounded, same as when X is bounded, but not closed.

B.3 Differentiable functions on R"
B.3.1 The derivative
The reader definitely is familiar with the notion of derivative of a real-valued function f(x) of

real variable x: £( Ax) — f(2)
+Ax) — f(z
/ — 1 x
F(@) A0 Az

This definition does not work when we pass from functions of single real variable to functions of
several real variables, or, which is the same, to functions with vector arguments. Indeed, in this
case the shift in the argument Az should be a vector, and we do not know what does it mean
to divide by a vector...
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A proper way to extend the notion of the derivative to real- and vector-valued functions of
vector argument is to realize what in fact is the meaning of the derivative in the univariate case.
What f/(z) says to us is how to approximate f in a neighbourhood of x by a linear function.
Specifically, if f'(z) exists, then the linear function f'(x)Ax of Ax approximates the change
f(z + Az) — f(x) in f up to a remainder which is of highest order as compared with Ax as
Az — 0:

|f(z+ Az) — f(z) — f(z)Az| < o(|Az|) as Az — 0.

In the above formula, we meet with the notation o(|Az|), and here is the explanation of this
notation:

o(]Ax|) is a common name of all functions ¢(Ax) of Ax which are well-defined in a
neighbourhood of the point Ax = 0 on the axis, vanish at the point Az = 0 and are
such that

¢(Az)

|Az|

— 0 as Az — 0.

For example,

1. (Az)? = o(|Ax|), Az — 0,

2. |Az|M0 = 5(|Az|), Az — 0,
3. sin?(Az) = o(|Ax|), Az — 0,
4. Az # o(|Az|), Az — 0.

Later on we shall meet with the notation “6(|Az|*) as Az — 07, where k is a positive
integer. The definition is completely similar to the one for the case of k = 1:

o(|Az|*) is a common name of all functions ¢(Axz) of Ax which are well-defined in
a neighbourhood of the point Ax = 0 on the axis, vanish at the point Ax = 0 and
are such that

¢(Ax)

AalF —0as Az — 0.

Note that if f(-) is a function defined in a neighbourhood of a point = on the axis, then there
perhaps are many linear functions aAz of Az which well approximate f(z + Ax) — f(z), in the
sense that the remainder in the approximation

f(z+ Az) — f(x) — aAx

tends to 0 as Az — 0; among these approximations, however, there exists at most one which
approximates f(x + Az) — f(z) “very well” — so that the remainder is o(|Ax|), and not merely
tends to 0 as Ax — 0. Indeed, if

f(x+ Azx) — f(z) — aAx = o(|Ax|),

then, dividing both sides by Az, we get
flz+ Az) — f(x) o(|Ax|)

R v
by definition of o(-), the right hand side in this equality tends to 0 as Az — 0, whence
L fat A f)
Ax—0 Az

= f'(x).
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Thus, if a linear function aAx of Az approximates the change f(z + Az) — f(z) in f up to the
remainder which is o(|Az|) as Az — 0, then a is the derivative of f at x. You can easily verify
that the inverse statement also is true: if the derivative of f at x exists, then the linear function
f'(x)Az of Az approximates the change f(z + Az) — f(x) in f up to the remainder which is
o(|Az|) as Az — 0.

The advantage of the “6(]Az|)”-definition of derivative is that it can be naturally extended
onto vector-valued functions of vector arguments (you should just replace “axis” with R™ in
the definition of 0) and enlightens the essence of the notion of derivative: when it exists, this is
exactly the linear function of Az which approximates the change f(x + Axz) — f(z) in f up to
a remainder which is 6(|Ax|). The precise definition is as follows:

Definition B.3.1 [Frechet differentiability| Let f be a function which is well-defined in a neigh-
bourhood of a point x € R"™ and takes values in R™. We say that f is differentiable at x, if
there exists a linear function D f(x)[Ax] of Ax € R™ taking values in R™ which approximates
the change f(xz + Ax) — f(x) in f up to a remainder which is o(|Ax|):

|f(z + Az) — f(z) — Df(x)[Ax]| < o(]Az]). (B.3.1)

Equivalently: a function f which is well-defined in a neighbourhood of a point x € R™ and takes
values in R™ is called differentiable at x, if there exists a linear function D f(z)[Ax] of Az € R"
taking values in R™ such that for every € > 0 there exists § > 0 satisfying the relation

|Az| <0 = |f(x+ Ax) — f(z) — Df(x)[Az]| < e|Ax|.

B.3.2 Derivative and directional derivatives

We have defined what does it mean that a function f: R™ — R™ is differentiable at a point =z,
but did not say yet what is the derivative. The reader could guess that the derivative is exactly
the “linear function D f(x)[Ax] of Az € R" taking values in R™ which approximates the change
flx + Ax) — f(z) in f up to a remainder which is < o(|]Az|)” participating in the definition
of differentiability. The guess is correct, but we cannot merely call the entity participating in
the definition the derivative — why do we know that this entity is unique? Perhaps there are
many different linear functions of Az approximating the change in f up to a remainder which
is 0(|Az|). In fact there is no more than a single linear function with this property due to the
following observation:

Let f be differentiable at x, and D f(z)[Az| be a linear function participating in the
definition of differentiability. Then

A _
YAz R Df(w)[da] = lim, Jla+t t@ f().

(B.3.2)

In particular, the derivative D f(x)[-] is uniquely defined by f and x.
Proof. We have

|f(z +tAz) — f(z) — Df(x)[tAz]| < o([tAx)

|fattan) () _ Di(ltde]| < alltal)

FtAz)— f(2) enel) [since D f(z)[] is linear]
Lt/ D f(z)[A]| < Hoz)

4
3 ing to limit as ¢ — +0;
D) Azl — lim L@+tde)—f@) PAssIig 1o - ’
f(@)[Az] = lim z note that 24220 — 0, ¢ — +0

t
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Pay attention to important remarks as follows:

1. The right hand side limit in (B.3.2) is an important entity called the directional derivative
of f taken at x along (a direction) Ax; note that this quantity is defined in the “purely
univariate” fashion — by dividing the change in f by the magnitude of a shift in a direction
Az and passing to limit as the magnitude of the shift approaches 0. Relation (B.3.2)
says that the derivative, if exists, is, at every Az, nothing that the directional derivative
of f taken at z along Az. Note, however, that differentiability is much more than the
existence of directional derivatives along all directions Az; differentiability requires also
the directional derivatives to be “well-organized” — to depend linearly on the direction Azx.
It is easily seen that just existence of directional derivatives does not imply their “good
organization”: for example, the Euclidean norm

f(@) = |z|
at x = 0 possesses directional derivatives along all directions:

i J0+82) 70
t—+0 t

= |Az];

these derivatives, however, depend non-linearly on Az, so that the Euclidean norm is not
differentiable at the origin (although is differentiable everywhere outside the origin, but
this is another story).

2. It should be stressed that the derivative, if exists, is what it is: a linear function of Ax € R"
taking values in R™. As we shall see in a while, we can represent this function by some-
thing “tractable”, like a vector or a matrix, and can understand how to compute such a
representation; however, an intelligent reader should bear in mind that a representation is
not exactly the same as the represented entity. Sometimes the difference between deriva-
tives and the entities which represent them is reflected in the terminology: what we call
the derivative, is also called the differential, while the word “derivative” is reserved for the
vector /matrix representing the differential.

B.3.3 Representations of the derivative

indexderivatives!representation ofBy definition, the derivative of a mapping f : R™ — R™ at
a point x is a linear function D f(z)[Az] taking values in R™. How could we represent such a
function?

Case of m = 1 — the gradient. Let us start with real-valued functions (i.e., with the case
of m = 1); in this case the derivative is a linear real-valued function on R™. As we remember,
the standard Euclidean structure on R™ allows to represent every linear function on R" as the
inner product of the argument with certain fixed vector. In particular, the derivative D f(z)[Ax]
of a scalar function can be represented as

Df(x)[Az] = [vector]T Ax;

what is denoted ”vector” in this relation, is called the gradient of f at x and is denoted by

Vf(x):
Df(z)[Az] = (Vf(z)T Ax. (B.3.3)
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How to compute the gradient? The answer is given by (B.3.2). Indeed, let us look what (B.3.3)
and (B.3.2) say when Az is the i-th standard basic orth. According to (B.3.3), D f(z)[e;] is the
i-th coordinate of the vector V f(x); according to (B.3.2),

1= Tiyp ftte)—f(z)
Drwle] = I, ' = Df(a)e] = of ()
Df(@)lei) = ~Df (@) ~ei] = — lim [EPEED =l L= Oz

Thus,

If a real-valued function f is differentiable at x, then the first order partial derivatives
of f at x exist, and the gradient of f at x is just the vector with the coordinates
which are the first order partial derivatives of f taken at x:

of(x)
0z

Vi(z) = :
of(z)

Ozn,

The derivative of f, taken at x, is the linear function of Ax given by

DA = (V@) ar =3 2 (ag)

g

=1

General case — the Jacobian. Now let f : R®™ — R™ with m > 1. In this case,
D f(z)[Ax], regarded as a function of Az, is a linear mapping from R” to R™; as we remem-
ber, the standard way to represent a linear mapping from R” to R™ is to represent it as the
multiplication by m x n matrix:

Df(x)[Ax] = [m x n matrix] - Az. (B.3.4)

What is denoted by “matrix” in (B.3.4), is called the Jacobian of f at z and is denoted by f’(z).
How to compute the entries of the Jacobian? Here again the answer is readily given by (B.3.2).
Indeed, on one hand, we have

Df(x)[Az] = f'(z)Ax, (B.3.5)
whence
[Df(z)e;lli = (f (x)ijy i =1,ccmyj=1,..,n.
On the other hand, denoting
fi(z)
flz) = : ;

the same computation as in the case of gradient demonstrates that

Df@es) = 25

and we arrive at the following conclusion:
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If a vector-valued function f(z) = (fi(x), ..., fm(x)) is differentiable at x, then the
first order partial derivatives of all f; at x exist, and the Jacobian of f at x is just
the m x n matrix with the entries [%w(j)]i,j (so that the rows in the Jacobian are

Vi (2)]T,..., [V fm(z)]L. The derivative of f, taken at x, is the linear vector-valued
function of Ax given by

[V f1(2)]T Ax

Df(z)Az] = f'(x)Azx = :

[V f(2)]T Az

Remark B.3.1 Note that for a real-valued function f we have defined both the gradient V f(x)
and the Jacobian f’'(z). These two entities are “nearly the same”, but not exactly the same:
the Jacobian is a vector-row, and the gradient is a vector-column linked by the relation

fl(z) = (Vf(x))".

Of course, both these representations of the derivative of f yield the same linear approximation
of the change in f:

Df(a)[Aa] = (Vf(2)" Az = f/(2) Aa.

B.3.4 Existence of the derivative

We have seen that the existence of the derivative of f at a point implies the existence of the

first order partial derivatives of the (components fi,..., fi, of) f. The inverse statement is not

exactly true — the existence of all first order partial derivatives %z(_x) not necessarily implies the
J

existence of the derivative; we need a bit more:
Theorem B.3.1 [Sufficient condition for differentiability] Assume that

1. The mapping f = (f1,..-s fm) : R™ = R™ is well-defined in a neighbourhood U of a point
xo € R”,

2. The first order partial derivatives of the components f; of f exist everywhere in U,

and

3. The first order partial derivatives of the components f; of f are continuous at the point
Zo-

Then f is differentiable at the point xq.

B.3.5 Calculus of derivatives

The calculus of derivatives is given by the following result:

Theorem B.3.2 (i) [Differentiability and linear operations] Let fi(x), fa(x) be mappings de-
fined in a neighbourhood of xo € R™ and taking values in R™, and \i(x), Aa(z) be real-valued
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functions defined in a neighbourhood of xg. Assume that f1, fo, A1, Ao are differentiable at xg.
Then so is the function f(x) = A (z)f1(z) + Aa(z) fa(z), with the derivative at xo given by

Df(zo)[Az] = [DAi(z0)[Az]]f1(z0) + A1(20)D f1(z0)[Az]
+[DA2(w0)[Az]] f2(20) + A2(20) D f2(w0)[Az]
N8
f(zo) = fi(zo)[V ()" + AMi(zo) f](x0)
+ f2(20) [V A2 (20)]T + Xa(0) f3(20).

(ii) [chain rule| Let a mapping f : R™ — R™ be differentiable at xy, and a mapping g : R™ —
R"™ be differentiable at yo = f(xg). Then the superposition h(x) = g(f(x)) is differentiable at
xg, with the derivative at xy given by

Dh(xo)[Az] = Dg(yo)[D f(x0)[Az]]
I
W (xo) = g'(y0) f' (o)

If the outer function g is real-valued, then the latter formula implies that

Vh(zo) = [f'(z0)]" V(o)

(recall that for a real-valued function ¢, ¢' = (V$)T).

B.3.6 Computing the derivative

Representations of the derivative via first order partial derivatives normally allow to compute it
by the standard Calculus rules, in a completely mechanical fashion, not thinking at all of what
we are computing. The examples to follow (especially the third of them) demonstrate that it
often makes sense to bear in mind what is the derivative; this sometimes yield the result much
faster than blind implementing Calculus rules.

Example 1: The gradient of an affine function. An affine function

f(x):a+Zgim¢Ea+ng:Rn—>R

=1

is differentiable at every point (Theorem B.3.1) and its gradient, of course, equals g:

(V@) Ar = lm 7 [fatha) - f@)]  [(B3.2)]
= thot_l[thAx} [arithmetics]

and we arrive at

’V(a+gT:c):g‘

Example 2: The gradient of a quadratic form. For the time being, let us define a
homogeneous quadratic form on R™ as a function

flx) = ZAijxia:j = zT Az,
1]
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where A is an n x n matrix. Note that the matrices A and AT define the same quadratic form,
and therefore the symmetric matrix B = %(A + AT also produces the same quadratic form as
A and AT. Tt follows that we always may assume (and do assume from now on) that the matrix
A producing the quadratic form in question is symmetric.

A quadratic form is a simple polynomial and as such is differentiable at every point (Theorem
B.3.1). What is the gradient of f at a point x? Here is the computation:

(Vf(@)'Az = Df(x)[Ax]

= lim [(z+ tAz)TA(z + tAz) — 27 Az
t—+0

[(B.3.2)]
= lim [27 Az 4+ t(Az)T Az + taT AAz + t*(Az)T AAz — 27 Az
t—+0
[opening parentheses]
= lim t7! [2t(Az)T Az + 3 (Az)T AAz]
t——+0
[arithmetics + symmetry of A]

= 2(Ax)TAz
We conclude that

’ V(2T Ax) = 2Ax ‘

(recall that A = AT).

Example 3: The derivative of the log-det barrier. Let us compute the derivative of
the log-det barrier (playing an extremely important role in modern optimization)

F(X) =InDet (X);

here X is an n x n matrix (or, if you prefer, n?-dimensional vector). Note that F'(X) is well-
defined and differentiable in a neighbourhood of every point X with positive determinant (indeed,
Det (X)) is a polynomial of the entries of X and thus — is everywhere continuous and differentiable
with continuous partial derivatives, while the function In(¢) is continuous and differentiable on
the positive ray; by Theorems B.2.1.(ii), B.3.2.(ii), F' is differentiable at every X such that
Det (X) > 0). The reader is kindly asked to try to find the derivative of F' by the standard
techniques; if the result will not be obtained in, say, 30 minutes, please look at the 8-line
computation to follow (in this computation, Det (X) > 0, and G(X) = Det (X)):

DF(X)[AX]

= DIn(G(X))[DG(X)[AX]] [chain rule]
= G YX)DG(X)[AX] [In'(t) = ¢t
= Det 1(X) tlilfot_l [Det (X + tAX) — Det (X)] [definition of G and (B.3.2)]

= Det 1(X) thI-Is—lo t~! [Det (X (I +tX1AX)) — Det (X)]
—
= Det 1(X) th%t—l [Det (X)(Det (I +tX'AX)—1)] [Det(AB) = Det (A) Det (B)]
*>
= lim ¢! [Det (I +tX 1AX) —1]
t—+0 _
= Te(X'AX) = Y [X;i(AX)y
irj
where the concluding equality
lim ¢~ [Det (I + tA) — 1] = Tr(A) = > Ay (B.3.6)

t—+0 -
(2
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is immediately given by recalling what is the determinant of I 4 tA: this is a polynomial of ¢
which is the sum of products, taken along all diagonals of a n x n matrix and assigned certain
signs, of the entries of I +tA. At every one of these diagonals, except for the main one, there are
at least two cells with the entries proportional to ¢, so that the corresponding products do not
contribute to the constant and the linear in ¢ terms in Det (I + tA) and thus do not affect the
limit in (B.3.6). The only product which does contribute to the linear and the constant terms in
Det (I 4+ tA) is the product (1 +tA;1)(1+ tA2)...(1 +tA,,) coming from the main diagonal; it
is clear that in this product the constant term is 1, and the linear in ¢ term is t(A11 + ... + Ann),
and (B.3.6) follows.

B.3.7 Higher order derivatives

Let f: R™ — R™ be a mapping which is well-defined and differentiable at every point = from
an open set U. The Jacobian of this mapping J(x) is a mapping from R" to the space R™*"
matrices, i.e., is a mapping taking values in certain R™ (M = mmn). The derivative of this
mapping, if it exists, is called the second derivative of f; it again is a mapping from R” to
certain RM and as such can be differentiable, and so on, so that we can speak about the second,
the third, ... derivatives of a vector-valued function of vector argument. A sufficient condition
for the existence of k derivatives of f in U is that f is C¥ in U, i.e., that all partial derivatives
of f of orders < k exist and are continuous everywhere in U (cf. Theorem B.3.1).

We have explained what does it mean that f has k derivatives in U; note, however, that
according to the definition, highest order derivatives at a point x are just long vectors; say,
the second order derivative of a scalar function f of 2 variables is the Jacobian of the mapping
z— f'(z) : RZ = R2, ie., a mapping from R? to R?*2 = R*; the third order derivative of f
is therefore the Jacobian of a mapping from R? to R?, i.e., a mapping from R? to R**2 = RS,
and so on. The question which should be addressed now is: What is a natural and transparent
way to represent the highest order derivatives?

The answer is as follows:

(¥) Let f : R® — R™ be C*¥ on an open set U C R". The derivative of order £ < k
of f, taken at a point x € U, can be naturally identified with a function

Dif(z)[Axt, Az?, ..., Azt

of £ vector arguments Az® € R", i = 1,...,¢, and taking values in R™. This function

is linear in every one of the arguments Axz’, the other arguments being fixed, and is

symmetric with respect to permutation of arguments Azx!, ..., Azt

In terms of f, the quantity D' f(z)[Azt, Az?, ..., Az’] (full name: “the (-th derivative
(or differential) of f taken at a point x along the directions Axz', ..., Ax*”) is given
by

aé

Dt Azt A% A = ————
f(l’)[ THBF e x] 8tgatg_1...8t1’t1:"‘:t4

:Of($+t1Al'1+t2A£L'2—|—...—Hngl’e) .
(B.3.7)

The explanation to our claims is as follows. Let f : R. — R™ be C* on an open set U C R™.

1. When ¢ = 1, (x) says to us that the first order derivative of f, taken at x, is a linear function
Df(z)[Axl] of Azt € R™, taking values in R™, and that the value of this function at every



330

APPENDIX B. PREREQUISITES FROM REAL ANALYSIS

Az! is given by the relation

Df(x)[Az'] = x +t1Axt) (B.3.8)

0
aitl ‘tliof(

(cf. (B.3.2)), which is in complete accordance with what we already know about the
derivative.

. To understand what is the second derivative, let us take the first derivative Df(z)[Az!],

let us temporarily fix somehow the argument Az' and treat the derivative as a function of
x. As a function of 2, Ax! being fixed, the quantity D f(x)[Az!] is again a mapping which
maps U into R™ and is differentiable by Theorem B.3.1 (provided, of course, that k& > 2).
The derivative of this mapping is certain linear function of Az = Axz? € R", depending
on z as on a parameter; and of course it depends on Az! as on a parameter as well. Thus,
the derivative of Df(z)[Ax!] in x is certain function

D? f(z)[Az!, Ax?]

of z € U and Az', Az? € R" and taking values in R™. What we know about this function
is that it is linear in Az?. In fact, it is also linear in Az, since it is the derivative in 2 of
certain function (namely, of D f(x)[Az']) linearly depending on the parameter Ax!, so that
the derivative of the function in x is linear in the parameter Az! as well (differentiation is
a linear operation with respect to a function we are differentiating: summing up functions
and multiplying them by real constants, we sum up, respectively, multiply by the same
constants, the derivatives). Thus, D?f(z)[Ax!, Az?] is linear in Az! when x and Az? are
fixed, and is linear in Az? when z and Az! are fixed. Moreover, we have

D?f(x)[Azt, Ax?] = 8%2 ‘tg:ODf($ + taAx?)[Ax!] [cf. (B.3.8)]
- %‘tgzoaih‘tlzof(x +t282% + t1Azt) - [by (B.3.8)] (B.3.9)
= %gn f(x +t1 Azt 4 toAx?)
t1=t2=0

as claimed in (B.3.7) for £ = 2. The only piece of information about the second derivative
which is contained in () and is not justified yet is that D?f(x)[Ax!, Ax?] is symmetric
in Az!, Ax?; but this fact is readily given by the representation (B.3.7), since, as they
prove in Calculus, if a function ¢ possesses continuous partial derivatives of orders < £ in
a neighbourhood of a point, then these derivatives in this neighbourhood are independent
of the order in which they are taken; it follows that

D?f(x)[Azt, Ax?] = %(2%1 flx+ tiAz! + t2Al‘2) [(B.3.9)]
t1=t2=0 ¢(t17t2)
2

= 8t?3t2 ¢(tla t2)
t1=t2=0

— 7815?&2 Of(x + toAx? + tlel)
t1=ta=

= D?f(x)[Az? Azl [the same (B.3.9)]

3. Now it is clear how to proceed: to define D3f(x)[Az', Ax? Az?], we fix in the second

order derivative D?f(z)[Ax!, Az?] the arguments Az!, Ax? and treat it as a function of
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x only, thus arriving at a mapping which maps U into R™ and depends on Axz!, Az? as
on parameters (linearly in every one of them). Differentiating the resulting mapping in
x, we arrive at a function D3 f(z)[Ax!, Az?, Ax3] which by construction is linear in every
one of the arguments Az!, Az?, Az? and satisfies (B.3.7); the latter relation, due to the
Calculus result on the symmetry of partial derivatives, implies that D3 f(z)[Ax!, Az?, Ax3]
is symmetric in Az', Az?, Az3. After we have in our disposal the third derivative D3 f, we
can build from it in the already explained fashion the fourth derivative, and so on, until
k-th derivative is defined.

Remark B.3.2 Since Df(z)[Az!,..., Az’] is linear in every one of Az’, we can expand the
derivative in a multiple sum:

3 n (B.3.10)
D'f(2)[Adl, ..., Aaf] = Def(«’ﬂ)[zl Azjejy, o .21 Adj,ej]
= Je=
- 1< E < sz(x)[ejw"'7ejg]A$}1...Ax§£
SJ15--000 SN

What is the origin of the coefficients D’ f(z)[ej,, ..., e;,]? According to (B.3.7), one has

Y4
Def(l') {6]’1, cees ejé] = m f(.’E + tlejl =+ t2€j2 + ...+ tgeje)
ti=..=ty=0

_ ot
- ijeazjeil...ale f(l’)
so that the coefficients in (B.3.10) are nothing but the partial derivatives, of order ¢, of f.

Remark B.3.3 An important particular case of relation (B.3.7) is the one when Az! = Ax? =
... = Ax?%; let us call the common value of these £ vectors d. According to (B.3.7), we have

aZ

DY f(x d,d,...d = —F——F—
f( )[ ] 8754(%[—1.--8751 t1=...=ty=0

f(:v +tid + tod + ... + tgd).

This relation can be interpreted as follows: consider the function

o(t) = f(z + td)
of a real variable t. Then (check it!)

8Z
Oy~ 9 _
¢ (0) O T T tlz...:té:of@ + t1d + tod + ... + tyd) f()[d, ..., d).

In other words, D’f(z)[d, ..., d] is what is called ¢-th directional derivative of f taken at x along
the direction d; to define this quantity, we pass from function f of several variables to the
univariate function ¢(t) = f(x + td) — restrict f onto the line passing through x and directed
by d — and then take the “usual” derivative of order ¢ of the resulting function of single real
variable t at the point ¢ = 0 (which corresponds to the point z of our line).
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Representation of higher order derivatives. k-th order derivative D¥f(z)[-, ...,"] of a C¥
function f : R™ — R is what it is — it is a symmetric k-linear mapping on R™ taking values
in R™ and depending on z as on a parameter. Choosing somehow coordinates in R"™, we can
represent such a mapping in the form

k
DFf(@)[Azr, s Arg) = Y O°f (@) (Az1)i, - (Azp)i, -

ox;, 0x;, . ...0x;
1<i,oyip<n k=1 “

We may say that the derivative can be represented by k-index collection of m-dimensional

o f(x)
vectors oz

95— 8a- 9. Lhis collection, however, is a difficult-to-handle entity, so that such a
[k R |

representation does not help. There is, however, a case when the collection becomes an entity we
know to handle; this is the case of the second-order derivative of a scalar function (k = 2, m = 1).

2
In this case, the collection in question is just a symmetric matrix H(z) = [% . This

Lgi,jgn
matrix (same as the linear map h — H(z)h) is called the Hessian of f at z. Note that

D2 f(x)[Azy, Axy] = AxT H(z)Azy.

B.3.8 Calculus of C* mappings

The calculus of C*¥ mappings can be summarized as follows:

Theorem B.3.3 (i) Let U be an open set in R™, f1(-), fa(-) : R® — R™ be C* in U, and let
real-valued functions A\1(-), A2(+) be C¥ in U. Then the function

f(@) = () fr(z) + Aa(z) f2(2)

is CF in U.

(ii) Let U be an open set in R™, V be an open set in R™, let a mapping f : R™ — R™ be
CF in U and such that f(z) € V for x € U, and, finally, let a mapping g : R™ — RP be CF in
V. Then the superposition

is Ck inU.

Remark B.3.4 For higher order derivatives, in contrast to the first order ones, there is no
simple “chain rule” for computing the derivative of superposition. For example, the second-
order derivative of the superposition h(x) = g(f(z)) of two C2-mappings is given by the formula

Dh(x)[Ax', Az®] = Dg(f(2))[D*f(2)[Ax', Az®]] + D?g(2)[D f(x)[Az'], Df (x)[Az)]

(check it!). We see that both the first- and the second-order derivatives of f and g contribute
to the second-order derivative of the superposition h.

The only case when there does exist a simple formula for high order derivatives of a superposi-
tion is the case when the inner function is affine: if f(z) = Az+band h(x) = g(f(x)) = g(Az+0b)
with a C! mapping ¢, then

D'h(z)[Az!, ..., Azt = D'g(Ax + b)[AAL!, ..., AAZY). (B.3.11)
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B.3.9 Examples of higher-order derivatives

Example 1: Second-order derivative of an affine function f(z) = a+ b’z is, of course,
identically zero. Indeed, as we have seen,

Df(x)[Az'] = bT Azt

is independent of =, and therefore the derivative of Df(z)[Axz!] in 2, which should give us the
second derivative D?f(z)[Ax!, Az?], is zero. Clearly, the third, the fourth, etc., derivatives of
an affine function are zero as well.

Example 2: Second-order derivative of a homogeneous quadratic form f(z) =27 Az
(A is a symmetric n X n matrix). As we have seen,

Df(z)[Az'] = 22T AAz!.
Differentiating in z, we get

D?f(x)[Azt, Ax?] = thI—lr—IO 1 [2(z + tAz*)T AN — 21’TAA:L‘1] =2(Az*)T AAL!,
—

so that

| D*f(x)[Az!, Aa?] = 2(Aa*)TAAs! |

Note that the second derivative of a quadratic form is independent of x; consequently, the third,
the fourth, etc., derivatives of a quadratic form are identically zero.

Example 3: Second-order derivative of the log-det barrier F(X)=InDet(X). As we
have seen, this function of an n x n matrix is well-defined and differentiable on the set U of
matrices with positive determinant (which is an open set in the space R™*™ of n x n matrices).
In fact, this function is C*° in U. Let us compute its second-order derivative. As we remember,

DF(X)[AX'] = Tr(xtAX). (B.3.12)

To differentiate the right hand side in X, let us first find the derivative of the mapping G(X) =
X! which is defined on the open set of non-degenerate n x n matrices. We have

DG(X)[AX] = lim ¢t [(X +tAX) — X

t—+0

= lim 7' [(X(I+tXTAX)) - X1
t—+40

= lim t I+t X TAX) XL - X1
t—+0 T

= | lim 7' [(I+tY)"! - 1]] X!
_t—>+0

= |lim t7'[I - (I +tY)] (I + tY)_l} X!
_t—>+0

= | lim [-Y(J +tY)1}} X!
[t—+0

= -Yx!

—X1AXXx!
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and we arrive at the important by its own right relation

DX D[AX]=—X TAXX I, [X € R, Det (X) #0] |

which is the “matrix extension” of the standard relation (z71) = —z72, z € R..
Now we are ready to compute the second derivative of the log-det barrier:

F(X) =InDet (X)

J
DF(X)[AXY] = Tr(X1AXY)

4
D’F(X)[AX', AX?] = th%t—l [Tr((X + tAX?)TTAXY) — Tr(XAXT)]
—
= lim Tr (¢t (X +tAX?)TAXT - XTAXT)
t—+0
= lim Tr (7YX +tAX?)~ ' - X AXY)
t—+0

= Tr([-XAX2XYAXY),

and we arrive at the formula

[ D’F(X)[AXT,AX? = —Tr(X TAX’X TAX') [X € R™" Det (X) > 0] |

Since Tr(AB) = Tr(BA) (check it!) for all matrices A, B such that the product AB makes sense
and is square, the right hand side in the above formula is symmetric in AX', AX?, as it should
be for the second derivative of a C? function.

B.3.10 Taylor expansion

Assume that f : R® — R™ is C* in a neighbourhood U of a point Z. The Taylor expansion of
order k of f, built at the point Z, is the function

Fi(x) = f@)+Df(@)e 7]+ g D*f(2)lr — 7,2 — 1]
+3 D @)z — 2,2 — T2 — T+ ...+ 5DV (D) [z — 2, ...,.a — T (B.3.13)

k times

We are already acquainted with the Taylor expansion of order 1
Fi(z) = f(z) + Df(2)[x — 7]

— this is the affine function of z which approximates “very well” f(z) in a neighbourhood of
Z, namely, within approximation error 6(|z — Z|). Similar fact is true for Taylor expansions of
higher order:

Theorem B.3.4 Let f: R" — R™ be C* in a neighbourhood of Z, and let Fy,(z) be the Taylor
expansion of f at T of degree k. Then

(i) Fi(z) is a vector-valued polynomial of full degree < k (i.e., every one of the coordinates
of the vector Fy(x) is a polynomial of x1, ..., Ty, and the sum of powers of x;’s in every term of
this polynomial does not exceed k);

(ii) Fy(z) approvimates f(x) in a neighbourhood of T up to a remainder which is o(|x — Z|¥)
as T — T:
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For every € > 0, there exists § > 0 such that

v~ 2| <6 = |Fule) — f(2)] < o — 2.

Fy(-) is the unique polynomial with components of full degree < k which approximates f up to a
remainder which is o(|x — z|¥).

(iii) The value and the derivatives of Fy, of orders 1,2, ..., k, taken at Z, are the same as the
value and the corresponding derivatives of f taken at the same point.

As stated in Theorem, Fj(z) approximates f(x) for x close to  up to a remainder which is
o(]z — z|¥). In many cases, it is not enough to know that the reminder is “6(|z — z|¥)” — we
need an explicit bound on this remainder. The standard bound of this type is as follows:

Theorem B.3.5 Let k be a positive integer, and let f : R* — R™ be C**! in a ball B, =
B.(z) ={x € R" : |x — Z| < r} of a radius v > 0 centered at a point T. Assume that the
directional derivatives of order k + 1, taken at every point of B, along every unit direction, do
not exceed certain L < co:

\DELf(2)[d, ..., d]| < L Y(x € B)V(d,|d] =1).
Then for the Taylor expansion Fy, of order k of f taken at T one has

L]m—f]kJrl

V(z € By).

Thus, in a neighbourhood of Z the remainder of the k-th order Taylor expansion, taken at Z, is
of order of L|z — Z|F*!, where L is the maximal (over all unit directions and all points from the
neighbourhood) magnitude of the directional derivatives of order k + 1 of f.
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Appendix C

Symmetric matrices

C.1 Spaces of Matrices

Let S™ be the space of symmetric m x m matrices, and M™" be the space of rectangular m x n
matrices with real entries. From the viewpoint of their linear structure (i.e., the operations of
addition and multiplication by reals) S™ is just the arithmetic linear space R™m+1)/2 of dimen-
sion M: by arranging the elements of a symmetric m x m matrix X in a single column, say,
in the row-by-row order, you get a usual m?-dimensional column vector; multiplication of a ma-
trix by a real and addition of matrices correspond to the same operations with the “representing
vector(s)”. When X runs through S™, the vector representing X runs through m(m + 1)/2-
dimensional subspace of R™ consisting of vectors satisfying the “symmetry condition” — the
coordinates coming from symmetric to each other pairs of entries in X are equal to each other.
Similarly, M"™" as a linear space is just R"", and it is natural to equip M"™"™ with the inner
product defined as the usual inner product of the vectors representing the matrices:
m n

(X,YV)=>") X;;Vy; = Te(XTY).
i=1 j=1

Here Tr stands for the trace — the sum of diagonal elements of a (square) matrix. With this inner
product (called the Frobenius inner product), M"™ becomes a legitimate Euclidean space, and
we may use in connection with this space all notions based upon the Euclidean structure, e.g.,
the (Frobenius) norm of a matrix

1Xll2 = VX, X) = 13D X5 = Tr(XTX)

i=1 j=1

and likewise the notions of orthogonality, orthogonal complement of a linear subspace, etc.
The same applies to the space S equipped with the Frobenius inner product; of course, the
Frobenius inner product of symmetric matrices can be written without the transposition sign:

(X,Y) =Tr(XY), X,Y € S™.

C.2 Eigenvalue Decomposition

Let us focus on the space S™ of symmetric matrices. The most important property of these
matrices is as follows:

337
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Theorem C.2.1 [Eigenvalue decomposition] n x n matriz A is symmetric if and only if it
admits an orthonormal system of eigenvectors: there exist orthonormal basis {ey,...,en} such
that

Aei = Aiei, 1= 1, ey T, (C.2.1)
for reals X;.

In connection with Theorem C.2.1, it is worthy to recall the following notions and facts:

C.2.A. Eigenvectors and eigenvalues. An eigenvector of an n X n matrix A is a nonzero
vector e (real or complex) such that Ae = Ae for (real or complex) scalar A; this scalar is called
the eigenvalue of A corresponding to the eigenvector e.

FEigenvalues of A are exactly the roots of the characteristic polynomial

m(z) =det(z] — A) = 2"+ b12" £ b2 2+ .+ b,

of A.
Theorem C.2.1 states, in particular, that for a symmetric matrix A, all eigenvalues are real,

and the corresponding eigenvectors can be chosen to be real and to form an orthonormal basis
in R".

C.2.B. Eigenvalue decomposition of a symmetric matrix. Theorem C.2.1 admits equiv-

alent reformulation as follows (check the equivalence!):

Theorem C.2.2 An n x n matrix A is symmetric if and only if it can be represented in the
form

A=UAUT, (C.2.2)

where

e U is an orthogonal matriz: U~ = UT (or, which is the same, UTU = I, or, which is the
same, UUT = I, or, which is the same, the columns of U form an orthonormal basis in
R", or, which is the same, the columns of U form an orthonormal basis in R™).

e A is the diagonal matriz with the diagonal entries Ay, ..., \y.

Representation (C.2.2) with orthogonal U and diagonal A is called the eigenvalue decomposition
of A. In such a representation,

e The columns of U form an orthonormal system of eigenvectors of A;

e The diagonal entries in A are the eigenvalues of A corresponding to these eigenvectors.

C.2.C. Vector of eigenvalues. When speaking about eigenvalues \;(A) of a symmetric n xn
matrix A, we always arrange them in the non-ascending order:

A(A) = Aa(A) = .. = An(A);

A(A) € R™ denotes the vector of eigenvalues of A taken in the above order.
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C.2.D. Freedom in eigenvalue decomposition. Part of the data A, U in the eigenvalue
decomposition (C.2.2) is uniquely defined by A, while the other data admit certain “freedom”.
Specifically, the sequence A, ..., A, of eigenvalues of A (i.e., diagonal entries of A) is exactly
the sequence of roots of the characteristic polynomial of A (every root is repeated according to
its multiplicity) and thus is uniquely defined by A (provided that we arrange the entries of the
sequence in the non-ascending order). The columns of U are not uniquely defined by A. What is
uniquely defined, are the linear spans E()) of the columns of U corresponding to all eigenvalues
equal to certain \; such a linear span is nothing but the spectral subspace {x : Az = Az} of
A corresponding to the eigenvalue A\. There are as many spectral subspaces as many different
eigenvalues; spectral subspaces corresponding to different eigenvalues of symmetric matrix are
orthogonal to each other, and their sum is the entire space. When building an orthogonal matrix
U in the spectral decomposition, one chooses an orthonormal eigenbasis in the spectral subspace
corresponding to the largest eigenvalue and makes the vectors of this basis the first columns in U,
then chooses an orthonormal basis in the spectral subspace corresponding to the second largest
eigenvalue and makes the vector from this basis the next columns of U, and so on.

C.2.E. “Simultaneous” decomposition of commuting symmetric matrices. Let
Aq,...,Ar be n X n symmetric matrices. It turns out that the matrices commute with each
other (A;A; = AjA; for all i,j) if and only if they can be “simultaneously diagonalized”, i.e.,
there exist a single orthogonal matrix U and diagonal matrices A1,...,Ay such that

A =UNUT, i=1,.. k.

You are welcome to prove this statement by yourself; to simplify your task, here are two simple
and important by their own right statements which help to reach your target:

C.2.E.1: Let X\ be a real and A, B be two commuting n X n matrices. Then the
spectral subspace E = {x : Ax = Az} of A corresponding to A is invariant for B
(i.e., Be € E for every e € E).

C.2.E.2: If A is an n X n matrix and L is an invariant subspace of A (i.e., L is a
linear subspace such that Ae € L whenever e € L), then the orthogonal complement
L+ of L is invariant for the matrix AT. In particular, if A is symmetric and L is
invariant subspace of A, then L' is invariant subspace of A as well.

C.3 Variational Characterization of Eigenvalues

Theorem C.3.1 [VCE — Variational Characterization of Eigenvalues] Let A be a symmetric

matriz. Then

M(A)=min max zTAz, (=1,..,n, (C.3.1)
Ee&reEaxTr=1

where E; is the family of all linear subspaces in R™ of the dimension n — £+ 1.

VCE says that to get the largest eigenvalue A;(A), you should maximize the quadratic form
2T Az over the unit sphere S = {z € R" : Tz = 1}; the maximum is exactly A\;(A). To get
the second largest eigenvalue A\2(A), you should act as follows: you choose a linear subspace E
of dimension n — 1 and maximize the quadratic form 27 Az over the cross-section of S by this



340 APPENDIX C. SYMMETRIC MATRICES

subspace; the maximum value of the form depends on E, and you minimize this maximum over
linear subspaces E of the dimension n — 1; the result is exactly A2(A). To get A\3(A), you replace
in the latter construction subspaces of the dimension n — 1 by those of the dimension n — 2,
and so on. In particular, the smallest eigenvalue \,(A) is just the minimum, over all linear
subspaces E of the dimension n —n+ 1 = 1, i.e., over all lines passing through the origin, of the
quantities 27 Az, where x € F is unit (2”2 = 1); in other words, \,(A) is just the minimum of
the quadratic form 7 Az over the unit sphere S.

Proof of the VCE is pretty easy. Let eq,...,e, be an orthonormal eigenbasis of A: Ae;, =

Me(A)eg. For 1 < £ < n, let F; = Lin{ey,...,es}, Gy = Lin{es, epy1,...,e,}. Finally, for

x € R™ let £(z) be the vector of coordinates of  in the orthonormal basis ey, ...,e,. Note

that

eTe = €7 (2)¢(),

since {eq, ..., e,} is an orthonormal basis, and that

atAr = 2TAY G(2)e;) = 2 2 Ni(A)éi(x)e; =

Zi: Xi(A)&i() (27 e;) (C.3.2)
Si(x)

= Y AAE().

Now, given £, 1 < ¢ < n, let us set E = Gy; note that F is a linear subspace of the dimension
n—{+1. In view of (C.3.2), the maximum of the quadratic form z7 Az over the intersection
of our £ with the unit sphere is

max {i Ni(A)E? - igf = 1} ,
i=£ i=/

and the latter quantity clearly equals to Jnax Ai(A) = M(A). Thus, for appropriately chosen
1SN

E € &, the inner maximum in the right hand side of (C.3.1) equals to A¢(A), whence the
right hand side of (C.3.1) is < A\¢(A). It remains to prove the opposite inequality. To this end,
consider a linear subspace E of the dimension n — ¢ + 1 and observe that it has nontrivial
intersection with the linear subspace F; of the dimension ¢ (indeed, dim E + dim F, =
(n—¢+1)+£ > n, so that dim (ENF) > 0 by the Dimension formula). It follows that there

exists a unit vector y belonging to both E and Fy. Since y is a unit vector from Fy, we have
¢ ‘
y= > me; with 3 n? = 1, whence, by (C.3.2),

i=1 =1

T 1<i<e

4
yl Ay = Z)\i(A)n? > min X\ (A) = M\(4).
i=1

Since y is in E, we conclude that

max zl Az >yl Ay > Ae(A).

zeE:2Tz=1
Since F' is an arbitrary subspace form &, we conclude that the right hand side in (C.3.1) is
> MN(A). m
A simple and useful byproduct of our reasoning is the relation (C.3.2):
Corollary C.3.1 For a symmetric matriz A, the quadratic form z' Az is weighted sum of

squares of the coordinates &;(x) of x taken with respect to an orthonormal eigenbasis of A; the
weights in this sum are exactly the eigenvalues of A:

ol Az = Z Ni(A)EX(z).
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Corollaries of the VCE

VCE admits a number of extremely important corollaries as follows:

C.3.A. Eigenvalue characterization of positive (semi)definite matrices. Recall that a
matrix A is called positive definite (notation: A = 0), if it is symmetric and the quadratic form
2T Az is positive outside the origin; A is called positive semidefinite (notation: A > 0), if A is
symmetric and the quadratic form 27 Az is nonnegative everywhere. VCE provides us with the
following eigenvalue characterization of positive (semi)definite matrices:

Proposition C.3.1 : A symmetric matriz A is positive semidefinite if and only if its eigenval-
ues are nonnegative; A is positive definite if and only if all eigenvalues of A are positive

Indeed, A is positive definite, if and only if the minimum value of z7 Az over the unit sphere
is positive, and is positive semidefinite, if and only if this minimum value is nonnegative; it
remains to note that by VCE, the minimum value of 27 Az over the unit sphere is exactly the
minimum eigenvalue of A.

C.3.B. =-Monotonicity of the vector of eigenvalues. Let us write A = B (A > B) to
express that A, B are symmetric matrices of the same size such that A— B is positive semidefinite
(respectively, positive definite).

Proposition C.3.2 If A »= B, then \(A) > \(B), and if A > B, then \(A) > \(B).
Indeed, when A > B, then, of course,

max ! Ar> max 2’ Bx
zeR:xTx=1 zeE:xTx=1

for every linear subspace F, whence

M(A)=min max zTAz>min max zTBz=X\(B), {=1,..,n,
E€& xeE:xTz=1 E€& zeE:xTa=1

i.e.,, A(A) > A(B). The case of A = B can be considered similarly.

C.3.C. Eigenvalue Interlacement Theorem. We shall formulate this extremely important
theorem as follows:

Theorem C.3.2 [Eigenvalue Interlacement Theorem| Let A be a symmetric n x n matriz and
A be the angular (n—k) x (n—k) submatriz of A. Then, for every £ < n—k, the (-th eigenvalue
of A separates the (-th and the (£ + k)-th eigenvalues of A:

Ae(A) = N(A) = Ny (A). (C.3.3)
Indeed, by VCE, A\¢(A) = min max 7 Az, where & is the family of all linear subspaces of
EcéyzeE:xTx=1

the dimension n — k — £+ 1 contained in the linear subspace {x € R" : Zy,_p+1 = Tp—p42 = ... =
xn, = 0}. Since & C &k, we have

M(A) = min  max 2T Az > min max ! Az = A1k (A).
Ecéy zeExTz=1 Ee&pik xeB:xTx=1

We have proved the left inequality in (C.3.3). Applying this inequality to the matrix —A, we
get

—Ae(A) = Ap—e(—A) 2 Mpo(=A) = =Ne(A),

or, which is the same, A¢(A) < \¢(A), which is the first inequality in (C.3.3).
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C.4 Positive Semidefinite Matrices and the Semidefinite Cone

C.4.A. Positive semidefinite matrices. Recall that an n x n matrix A is called positive
semidefinite (notation: A > 0), if A is symmetric and produces nonnegative quadratic form:

A0 {A=AT and 2TAz>0 Vaz}.

A is called positive definite (notation: A > 0), if it is positive semidefinite and the corresponding
quadratic form is positive outside the origin:

A=0s {A=AT and zTAz>00 Vz#0}.
It makes sense to list a number of equivalent definitions of a positive semidefinite matrix:

Theorem C.4.1 Let A be a symmetric n X n matriz. Then the following properties of A are
equivalent to each other:

(i) A=0

(i) A(4) > 0

(iii) A = DTD for certain rectangular matriz D

(iv) A= ATA for certain upper triangular n x n matriz A

(v) A= B2 for certain symmetric matriz B;

(vi) A = B2 for certain B = 0.
The following properties of a symmetric matriz A also are equivalent to each other:
iy A=0
(i) A(A) >
(i) A DTD for certain rectangular matriz D of rank n
(iv') A= ATA for certain nondegenerate upper triangular n x n matriz A
(v') A = B? for certain nondegenerate symmetric matriz B;
(vi") A = B? for certain B > 0.
Proof. (i)<(ii): this equivalence is stated by Proposition C.3.1.

(ii)<(vi): Let A = UAUT be the eigenvalue decomposition of A4, so that U is orthogonal and
A is diagonal with nonnegative diagonal entries \;(A) (we are in the situation of (i) !). Let A/2
be the diagonal matrix with the diagonal entries )\Z-l / 2(A); note that (A/2)2 = A. The matrix
B = UA2UT is symmetric with nonnegative eigenvalues /\;/ 2 (A), so that B = 0 by Proposition
C.3.1, and

B2 =UA2UTUAN?UT = UANV/?)?2UT = UAUT = 4,
~—
I

as required in (vi).

(vi)=(v): evident.

(v)=(iv): Let A = B? with certain symmetric B, and let b; be i-th column of B. Applying
the Gram-Schmidt orthogonalization process (see proof of Theorem A.2.3.(iii)), we can find an

7
orthonormal system of vectors ui, ..., u, and lower triangular matrix L such that b; = ) L;;uy,
j—l
or, which is the same, BT = LU, where U is the orthogonal matrix with the rows u? .. We

i ’I’L

now have A = B? = BT(BT) = LUUTLT = LLT. We see that A = ATA, where the matrix
A = L7 is upper triangular.

(iv)=-(iii): evident.
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(iii)=(i): If A= DT D, then 2T Ax = (Dz)T(Dx) > 0 for all x.
We have proved the equivalence of the properties (i) — (vi). Slightly modifying the reasoning
(do it yourself!), one can prove the equivalence of the properties (i') — (vi’). m

Remark C.4.1 (i) [Checking positive semidefiniteness| Given an n X n symmetric matrix A,
one can check whether it is positive semidefinite by a purely algebraic finite algorithm (the so
called Lagrange diagonalization of a quadratic form) which requires at most O(n3) arithmetic
operations. Positive definiteness of a matrix can be checked also by the Choleski factorization
algorithm which finds the decomposition in (iv'), if it exists, in approximately %ng arithmetic
operations.

There exists another useful algebraic criterion (Sylvester’s criterion) for positive semidefi-
niteness of a matrix; according to this criterion, a symmetric matrix A is positive definite if
and only if its angular minors are positive, and A is positive semidefinite if and only if all its

: . . . . b | .
principal minors are nonnegative. For example, a symmetric 2 X 2 matrix A = [ Z c } is

positive semidefinite if and only if a > 0, ¢ > 0 and det(A) = ac — b* > 0.

(ii) [Square root of a positive semidefinite matrix] By the first chain of equivalences in
Theorem C.4.1, a symmetric matrix A is > 0 if and only if A is the square of a positive
semidefinite matrix B. The latter matrix is uniquely defined by A = 0 and is called the square
root of A (notation: A'/?).

C.4.B. The semidefinite cone. When adding symmetric matrices and multiplying them by
reals, we add, respectively multiply by reals, the corresponding quadratic forms. It follows that

C.4.B.1: The sum of positive semidefinite matrices and a product of a positive
semidefinite matrix and a nonnegative real is positive semidefinite,

or, which is the same (see Section 2.1.4),

C.4.B.2: n xn positive semidefinite matrices form a cone S'} in the Euclidean space
S™ of symmetric n X n matrices, the Euclidean structure being given by the Frobenius
inner product (A, B) = Tr(AB) = ) Ai; Bij.

%,J

The cone S} is called the semidefinite cone of size n. It is immediately seen that the semidefinite
cone S is “good,” specifically,

e S’ is closed: the limit of a converging sequence of positive semidefinite matrices is positive
semidefinite;

e S is pointed: the only n x n matrix A such that both A and —A are positive semidefinite
is the zero n X n matrix;

e S’ possesses a nonempty interior which is comprised of positive definite matrices.

Note that the relation A = B means exactly that A — B € S", while A > B is equivalent to
A — B € int 8. The “matrix inequalities” A = B (A > B) match the standard properties of
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the usual scalar inequalities, e.g.:

A A [reflexivity]
A-B,B-A=A=8B [antisymmetry]
A=B,B=-C=A=C [transitivity]
A-B,C>D=A+C=B+D [compatibility with linear operations, I]
A>B,A>0=)A > )\B [compatibility with linear operations, II]
A; = B;,A;, - A B, Basti—o0c0o=>A>B [closedness]

with evident modifications when > is replaced with >, or
A»B,C>-D=A+C > B+ D,

etc. Along with these standard properties of inequalities, the inequality > possesses a nice
additional property:

C.4.B.3: In a valid »-inequality
A>B

one can multiply both sides from the left and by the right by a (rectangular) matrix
and its transpose:
ABeS", A=B, VeMm
U
VTAV = VTBV

Indeed, we should prove that if A — B = 0, then also VT (A — B)V = 0, which is
immediate — the quadratic form y? [VT(A — B)V]y = (Vy)T(A — B)(Vy) of y is
nonnegative along with the quadratic form x” (A — B)x of z.

An important additional property of the semidefinite cone is its self-duality:

Theorem C.4.2 A symmetric matriz Y has nonnegative Frobenius inner products with all pos-
itive semidefinite matrices if and only if Y itself is positive semidefinite.

Proof. “if” part: Assume that Y > 0, and let us prove that then Tr(Y X) > 0 for every X > 0.
Indeed, the eigenvalue decomposition of Y can be written as

n

Y =) M(Y)ee],

i=1
where e; are the orthonormal eigenvectors of Y. We now have

Tr(YX) = (3 M(Y)eiel)X) = 32 M(Y) Tr(eie? X)
= = (C.4.1)

where the concluding equality is given by the following well-known property of the trace:

C.4.B.4: Whenever matrices A, B are such that the product AB makes sense and
is a square matrix, one has

Tr(AB) = Tr(BA).
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Indeed, we should verify that if A € MP? and B € M%P, then Tr(AB) = Tr(BA). The

P4
left hand side quantity in our hypothetic equality is >, > A;;B;;, and the right hand side
i=1j=1

q p
quantity is Y > Bj;A;j; they indeed are equal.
j=1i=1
Looking at the concluding quantity in (C.4.1), we see that it indeed is nonnegative whenever
X > 0 (since Y > 0 and thus \;(Y) > 0 by P.7.5).

"only if” part: We are given Y such that Tr(Y X) > 0 for all matrices X > 0, and we should
prove that Y > 0. This is immediate: for every vector z, the matrix X = za’ is positive
semidefinite (Theorem C.4.1.(iii)), so that 0 < Tr(YzzT) = Tr(z7Yz) = 27Yx. Since the

resulting inequality 7Yz > 0 is valid for every z, we have Y = 0. m
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