Linear Optimization Problem, its Data and
Structure

& Linear Optimization problem:
min {c'z+d: Az < b} (LO)

e r € R": vector of decision variables,
e cc R" and d € R form the objective,
e A: an m X n constraint matrix,

e b € R"™: right hand side.

® Problem’s structure: its sizes m, n.
# Problem’s data: (¢, d, A,b).

Data Uncertainty

& The data of typical real world LOs are partially
uncertain — not known exactly when the problem
is being solved.

& Sources of data uncertainty:

e Prediction errors. Some of data entries (fu-
ture demands, returns, etc.) do not exist
when the problem is solved and hence are
replaced with their forecasts.



e Measurement errors: Some of the data (pa-
rameters of technological devices and pro-
cesses, contents associated with raw materi-
als, etc.) cannot be measured exactly, and
their true values drift around the measured
“nominal” values.

e Implementation errors: Some of the deci-
sion variables (planned intensities of techno-
logical processes, parameters of physical de-
vices we are designing, etc.) cannot be imple-
mented exactly as computed. The implemen-
tation errors are equivalent to artificial data uncer-
tainties.

Indeed, the impact of implementation errors
rj+— (1+¢€;)x; +0; on the validity of the con-
straint

;11 + ... + AinTy < b7

is as if there were no implementation errors,
but the data of the constraint was subject to
perturbations

ay = (14 €)agg, b= bi— Y ayd;.

J



Data Uncertainty: Traditional Treatment and
Dangers

& Traditionally,

# “small” (fractions of percents) data uncertainty
is just ignored, the problem is solved “as it is” —
with the nominal data, and the resulting nominal
optimal solution is forwarded to the end user;

® “large” data uncertainty is assigned with a prob-
ability distribution and is treated via Stochastic
Programming techniques.

& Fact: in many cases, even small data uncertainty can
make the nominal solution heavily infeasible and thus prac-
tically meaningless.



& Example: Antenna Design

& [Physics:] Directional density of energy transmitted
by an monochromatic antenna placed at the origin is pro-
portional to |D(0)|?, where the antenna’s diagram D(0) is
a complex-valued function of 3-D direction (unit 3-D vec-
tor) 0.

#® [Physics:] For an antenna array — a complex an-
tenna comprised of a number of antenna elements,
the diagram is

D) =Y #iDy(0) (4

e D,(-): diagrams of elements
e 1;: complex weights — design parameters responsi-
ble for how the elements in the array are invoked.

#® Antenna Design problem: Given diagrams D(), ..., D,(+)
and a target diagram D,(-), find the weights x; € C such
that the synthesized diagram (x) is as close as possible to

the target diagram D,(-).

O When D,(-), D.(-), same as the weights, are real
and the “closeness’ is quantified by the uniform
norm on a finite grid I' of directions, Antenna De-
sign becomes the LO problem

min {7‘ —7 < D,(6) — Zjaijj((S) <7TVYoe F} .

reR™ T



& Example: Consider planar antenna array com-
prised of 10 elements (circle surrounded by 9 rings
of equal areas) in the plane XY (Earth’s surface”),
and our goal is to send most of the energy “up,”
along the 12° cone around the Z-axis:

e Diagram of a ring {z = 0,a < /22 + 42 < b}:
b [2r
Doy(0) =13 | [f rcos (2mrA ! cos() cos(¢)) dqb] dr,
a LO

e (: altitude angle e \: wavelength

@

10 antenna elements, Diagrams of the elements
equal areas, outer radius 1 m  vs the altitude angle 6, A =50 cm
e Nominal design problem:

ro= min {r:—7 < D) - L% 0D(6) <7, 1< <240,0, = 5}

z€R0

Target (blue) and nominal
optimal (magenta) diagrams,
T. = 0.0589




But: The design variables are characteristics of physical
devices and as such they cannot be implemented exactly as

computed. What happens when there are implementation
errors:

27 = (14 )2, & ~ Uniform[—p, p]

with small p?

0 2 E) @ 50 ) ) a0 © o ) 2 E) @ E) ) ) ) El o i) 2 E) @0 E) ) ) ) o ) 0 2 El a0 50 0 ) & 0

“Dream and reality,” nominal optimal design: samples of 100 actual diagrams

(red) for different uncertainty levels. Blue: the target diagram

Dream Reality

p=20 p = 0.0001 p =0.001 p=0.01

value min mean max min mean max min mean max
|| - ||co-distance

0.059 1.280 | 5.671 | 14.04 || 11.42 | 56.84 | 176.6 || 39.25 | 506.5 1484

to target
energy o
. 85.1% | 0.5% | 16.4% | 51.0% || 0.1% | 16.5% | 48.3% || 0.5% | 14.9% | 47.1%

concentration

Quality of nominal antenna design: dream and reality. Data over 100 samples of

actuation errors per each uncertainty level p.

& Conclusion: Nominal optimal design is completely
meaningless...



& Example: NETLIB Case Study.
& NETLIB: a collection of LO problems for testing
LO algorithms.

& Constraint # 372 of the NETLIB problem
PILOT4:

aT:p = —15.79081%‘826 - 8.5988191‘827 — 1.88789.7)828 — 1.362417%‘829 — 1.526049%830
—0.031883x849 — 28.725555x850 — 10.792065x851 — 0.19004x852 — 2.7571762x853
—12.2908321’854 + 717.5622561'855 — 0.057865$856 — 3.78541713857 — 78.306611’858
—122.163055z859 — 6.466092860 — 0.483 712861 — 0.6152642362 — 1.353783 2863 (C)
—84.64425756864 - 12245904533865 - 43155931‘866 - 1.7125921‘870 - 0401597$871
+I880 — 0.9460491’898 — 0.946049$916

> b= 23.387405

The related nonzero coordinates in the optimal so-
lution z* of the problem as reported by CPLEX are:

Thoe = 255.6112787181108 x5y, = 6240.488912232100 ayg = 3624.613324098961
Thog = 18.20205065283259 x50 = 174397.0389573037 37, = 14250.00176680900
zhy, = 25910.00731692178  zg, = 104958.3199274139

This solution makes (C) an equality within ma-
chine precision.

® Note: The coefficients in a, except for the coef-
ficient 1 at x35), are “ugly reals” like -15.79081 or
-84.644257. Ugly coeflicients characterize certain
technological devices and processes; as such they
could hardly be known to high accuracy and coincide
with the “true” data within accuracy of 3-4 digits,
not more.

Question: Assuming that the ugly entries in a are 0.1%-
accurate approximations of the true data a, what is the
effect of this uncertainty on the validity of the “true” con-
straint alx > b as evaluated at x*?



Answer:

e The minimum, over all 0.1% perturbations a — a
of ugly entries in a, value of a’z* — b, is < —104.9,
that is, with 0.1% perturbations of ugly coefficients, the
violation of the constraint as evaluated at the nominal so-
lution can be as large as 450% of the right hand side!

e With independent random 0.1%-perturbations of
ugly coefficients,

— the violation of the constraint at average is as
large as 125% of the right hand side;

— the probability of violating the constraint by at
least 150% of the right hand side is as large as 0.18.
& Among 90 NETLIB problems, perturbing ugly
coefficients by just 0.01% results in violating some
of the constraints, as evaluated at nominal optimal
solutions,

— by more than 50% — in 13 problems,

— by more than 100% — in 6 problems.

— by 210,000% — in PILOT4.



& Conclusion: In applications of LO, there exists a real
need of a technique capable of detecting cases when data
uncertainty can heavily aflect the quality of the nominal
solution, and in these cases to generate a ‘“reliable” solu-
tion, one that is immunized against uncertainty.

Robust Optimization is aimed at satisfying the
above need.

Uncertain Linear Optimization Problems

& Definition: An uncertain LO problem is a collection

{mxin {CT:C +d: Ax < b}} CdABEU <L0u>

of LO problems (instances) mm{c v+d: Az <b} of

common structure (i.e., with common numbers m of con-
straints and n of variables) with the data varying in a given
uncertainty set Y C Rm+1)x(ntl),

® Usually we assume that the uncertainty set is
parameterized, in an affine fashion, by perturbation
vector ( varying in a given perturbation set Z:

u:{[i g] @+Z(&ﬁ:CEZCRL}.

nominal basic
data Dg shifts D,



Example: When speaking about PIL0T4, we tacitly
used the following model of uncertainty:
Uncertainty affects only the ‘ugly” coefficients {q;; :
(¢,7) € J} in the constraint matrix, and every one of
them is allowed to run, independently of all other
coefficients, through the interval

[ )OZ]|CL ‘7 23—1_1()@]’@ ]

e a;;: nominal values of the data

e p;;: perturbation levels (which in the experiment
were set to p = 0.001).

e Perturbation set: The box

{C=1Gjtupes : —prij < Gj < pij}

e Parameterization of the data by perturbation

vector:
c'd Tdn
] = |+ 2 ot

(i.J)eT




{min {CTZE +d: Ax < b}}
x (e.d, Ap)eU

(el pedfe] ceeex} o

nominal basic
data Dg shifts D,

& There is no universally defined notion of a “so-
lution to a family of optimization problems,” like
(LOy).

Consider “decision environment’” as follows:

A.1. All decision variables in (LO;) repre-
sent “here and now” decisions; they should
be assigned specific numerical values as a re-
sult of solving the problem before the actual
data “reveals itself.”

A.2. The decision maker is fully responsi-
ble for consequences of the decisions to be
made when, and only when, the actual data
is within the prespecified uncertainty set /.
A.3. The constraints in (LO;) are hard —
we cannot tolerate violations of constraints,
even small ones, when the data is in U.



{min {c"z +d: Az <b}} (LOy)
x (e,d, Ab)eld

& In the above decision environment, the only
meaningful candidate solutions to (LOy,) are the ro-
bust feasible ones.

Definition: = € R" is called a robust feasible solution to
(LOy), if z is feasible for all instances:

Az < bV(e,d, A,b) € U.

Indeed, by A.1 a meaningful candidate solu-
tion should be independent of the data, i.e.,
it should be just a fixed vector x. By A.2-3,
it should satisfy the constraints, whatever be
a realization of the data from /.

#® Acting in the same “worst-case-oriented” fash-
ion, it makes sense to quantify the quality of a can-
didate solution x by the guaranteed (the worst, over
the data from U/) value of the objective:

sup{c’x +d : (c,d, A,b) € U}



{min {c"z +d: Az <b}} (LOy)
x (e,d, Ab)eld

® Now we can associate with (LO;) the problem of
finding the best, in terms of the guaranteed value of the
objective, among the robust feasible solutions:

@pﬁ:gx+d§LAx§bV@J¢L@€U} (RC)

This is called the Robust Counterpart of (LOy).
Note: Passing from LOs of the form

min{cTaH—d cAx < b}
i
to their equivalents

min{t dor+d< t, Axr < b}
t,x

we always may assume that the objective is certain,
and the RC respects this equivalence.

= We lose nothing by assuming the objective in (LOy)
certain, in which case we can think of U as of the set in
the space R™*"*1) of the [A, b]-data, and the RC reads

min {c'z: Az < bV[A bl eU}. (RC)



[T
{mq}n {cTe: Az < b}}(A,b)eu (LOy)
4

min, {c'z: Az <bV[A, b e} (RC)
& Fact I: The RC of uncertain LO with certain objective

is a purely constraint-wise construction: when building the
RC, we replace every constraint a! v < b; of the instances

with its RC
aj x < b; V[a} b € U, (RG;)

where U; is the projection of the uncertainty set U on the
space of data [al b;] of i-th constraint.

& Fact II: The RC remains intact when extending the
uncertainty set U to its closed convex hull.

When (LOy,) has certain objective, the RC remains intact
when extending U to the direct product of closed convex
hulls of U;. Thus, the transformation

U— U = [clConv(Uy)] X ... x [cl Conv(U,,)]
keeps the RC intact.

& From now on, we always assume uncertainty set U con-
vex, and perturbation set Z — convex and closed.



[T, .
{mq}n {cTo: Az < b}}[A,b]eu (LOy)
Y

min, {c'z: Az <bV[A, b e} (RC)
& The central questions associated with the con-
cept of RC are:
A. What is the “computational status” of the RC? When
is it possible to process the RC efficiently?
— to be addressed in-depth below.
B. How to come-up with meaningful uncertainty sets?

— modeling issue to be partly addressed in the
sequel.



min {7z - Az < b V[A,b] € U} (RC)

& Potentially bad news: The RC is a semi-infinite opti-
mization problem (finitely many variables, infinitely many
constraints) and as such can be computationally tractable.
Example: Consider an “essentially linear” semi-

infinite constraint
Pr—plli <1, VIPpl e U

U={[P.p|:p=DB¢ (|l <1}
To check whether » = 0 is robust feasible is the

same as to check whether

ma | BC < 1. 0
C:[I¢]l2<1
(1) is equivalent to
1¢][2<1 2|2 [l0e <1,C:||C <1

= max max ('[B'z]= max z![BB']z
zif|z]loo <1 C:lI¢]|2<1 zif|z]lo <1

1B 2|2
Since BB! can be an arbitrary symmetric pos-
itive semidefinite matrix, and finding the maxi-
mum of a nonnegative quadratic form over the box
{l|z]|cc < 1} is NP-hard, even when relative accuracy
like 4% is sought, checking (!) is heavily computation-
ally intractable.




min {7z - Az < b V[A,b] € U} (RC)

& Good news: The RC of an uncertain LO problem is
computationally tractable, provided the uncertainty set U
1S SO.

Explanation, I: The RC can be written down
as the optimization problem

mtin {ch filx) <0,1=1, ,m}
filz) = sup [alx — b;]
[AbleUd

e The functions f;(x) are convex (due to their
origin) and efficiently computable (as max-
ima of affine functions over computationally
tractable convex sets).

e Thus, the RC is a Convex Programming
program with efficiently computable objec-
tive and constraints, and problems of this

type are efficiently solvable.



& The above “reasoning” refers to the notions of
computationally tractable problem/convex set and on
the fact that maximizing linear objective over a compu-
tationally tractable convex set, in particular, a convex
set given by finitely many efficiently computable
convex constraints, is a computationally tractable prob-
lem. While these notions and results can be rig-
orously defined and justified, it makes sense to
present a somehow restricted ‘“practical”’ version
of them, highly instructive by its own rights and
not requiring tedious an lengthy excursions to the
complexity theory of continuous optimization.



& Recaling that the RC is a “constraint-wise”
construction, all we need is to reformulate in a
tractable form a single semi-infinite constraint

Va = [a;b] € {ap+ A : (€ Z} C R ()
ollz: 1] =alz +b<0.

# Consider several instructive cases when tractable
reformulation of (x) is easy — does not require any
theory.

1. Scenario uncertainty Z = Conv{(!,...,¢"}. Set-

ting o/ = oy + A, 1 <j <N, we get
U = Conv{a',...,a™}
and therefore
(¥) ©{a’[1;1] <0,1 < j < N}
2. [|-||,-uncertainty Z = {¢ € R : [|(]|, < 1}. We have

ollr:1] <1Va el
& Jag+ A[e: 1] < 0Y(C - ¢, < 1)

s aoflr; 1]+ H?f‘l‘ax ATz 1]) <0
) _ p<l1
& aflz; 1]+ A [z 1)), <0, ]%Jr pi* =1




Va=[a;bl e {a=ay+ AC: (€ Z} CR":
ollz: 1] =alz +b<0. ()
3. Intersection of simple perturbation sets: Z =
ﬂle Z;,. Let Z,,0 € Z;,, 1 <i <k be convex compact
sets such that (), intZ; # 0.
Fact from Convex Analysis: For Z, Z, as above,

fY¢= min g max BT
C BLiBrr 4
B+ 8= 1=1

Therefore,

ollr:1] <0Va el
& 040 P 1)+ A 1] < 0VC e Z
& o[z 1] + max (T[AT[z;1]) <0

ez
Bi+ ..+ B = Az 1] (a)
~ 3517"'75]6 : Q) [gj 1]+ZZ 1ICHaZX5TC<O <b>

Thus, (%) is represented by the system

Bi+ o+ By = Al 1] (a)

of o 1]+ Ty max 5TC < 0 (0 (5)
of constraints in variables x, [, ..., Br, meaning that x
can be extended to a feasible solution of (S) if and only if
x is feasible for (x).



k
When Z =) 2, 0€ Z, (), intZ; # 0, the system
=1

(4

ag ;1] + 320 max ;¢ <0 (b) (5)

{ 51+...+5k:AT[CU; 1] (a)

of convex constraints in variables z. 3, ..., 0. repre-
sents the semi-infinite constraint

ol z;1] < 0Va € {ag+AC - ¢ € Z)}

Note: When Z; are simple, so that the convex functions

fi(B;) = max B3¢ are available in closed analytic form, (S)
€z

is a system of explicitly given convex constraints.
Example: Ball-Box-Budgeted uncertainty

Z ={¢: IClloo < Qoo MUC = ISl < Qa} (U 1K < 0}

R A= max 8¢ =Bl
f2(B) = C:Hﬂ:;Q%TC = (| B2,
FB) = o BTC = 08
C:lI¢l1 <2

and thus (S5) is equivalent to the system of convex
constraints

{ Bi+ B+ B3 = Al[z; 1]
ag [ 1] + Qoo Bull1 + Q2| Boll2 + Q| B3lloe <O



General Well-Structured Case
Definition. Let us say that a set X C R" is well-
structured, if it admits a well-structured representation
— a representation of the form

( ( Ayr + Bou+cy = 0

X=LzecRY:JueRM: AlijBluf?l. < K 2

X \AKI‘—FB]{;U—FC]CEKK)
where K., for every k < K, is a simple cone, specifically,

— either nonnegative orthant R” = {z e R™ : z > 0}, M = My,

— or a Lorentz cone L" = {z € R" : z, > \[ai+..+a2 },
m = my,

— or a Semidefinite cone S!' — the cone of positive
semidefinite matrices in the space S of real symmetric
m X m matrices, m = my.




Example 1: The set X = {x € RY : ||z]; < 1} admits
polyhedral representation

X:{$ERNZE|’LL€RNI—U2' SCL’Z SUZ,ZZUZS 1}
( | Uy — I | )
up + 1
= zeR":JueRY: Az + Biu+c¢ = : ER?ﬂ“
unN — IN
UN + TN

. _1—22%%_ J

Example 2: The set X = {z € Ri L x1x9x374 > 1} admits
conic quadratic representation

~”

0<wu <. /7129
X=AzeR FJueR: { 0<u < . /r314
L 2 3
I < ug < \/ujus
(215 w0 3 was urs ugs ug — 1] € RE
[2u1;x1 —xg;a:1+x2] c L3
[2u9; 23 — w4523 + 4] € L3
[2uz;uy — ugjuy +ug) € L3

—{zeR":JueR:

Example 3: The set X of m x n matrices X with nuclear
norm (sum of singular values) < 1 admits semidefinite rep-
resentation

X:{XERmX”:Elu:(UESm,VGS”):

Tr(U) +Tr(V) < 2 }

U | X
[XTv]tO



Apx + Bou+¢9g = 0
X={zeRY:JueRM: A+ Byu —I_Cl € K (*)
Agr + Byu+c¢, € Kg
& Good news on well-structured representations:
e Computational tractability: Minimizing a linear ob-
jective over a set given by (x) reduces to solving a well-
structured conic program

A0$+BQU+CQ =0

. T Alx—l—Blu—i—cl e Ky
mins ¢ xr:

Agxr + Byu+c¢, € Kg
and thus can be done in a theoretically (and to some extent
— also practically) efficient manner by polynomial time in-
terior point algorithms.
e Extremely powerful expressive abilities: w.-s.r.’s
admit a simple fully algorithmic calculus which makes
it easy to build a w.-s.r. for the result of a convexity-
preserving operation with convex sets (like taking intersec-
tions, direct sums, affine images, inverse afline images, polars,
etc.) via w.-s.r.’s of the operands.
As a result, for all practical purposes, all computation-
ally tractable convex sets arising in Optimization admit
explicit w.-s.r.’s.



& The RC Tractability Theorem: Let the perturbation
set Z of a semi-infinite linear inequality

ol ;1] < 0Va € {ay+ AL : ¢ € Z} (%)
be nonempty and be given by w.-s.r.

A(]C‘f‘Bou—f—Co =0
z CERLHUERM Ai(+Biu+ca € Ky ('>
Ag(+ Byu+c, € Kg

When not all the cones Ky, are nonnegative orthants, as-
sume that (!) is strictly feasible, that is, there exist ¢ and
u such that

Aoé—i—BQﬂ—l—Co:O&Aké—i—Bkﬂ—l—Ck e intK,, 1 <k <K,

Then the feasible set X of (x) admits an explicit w.-s.r.,
specifically,

1 . \
Sio Ait + ATz 1] = 0
K * kK __
X={a:3z=[" 28] 2Bz =0 \
ap s 1] + D025, er) <0

FeKy, 1<k<K
\ \ /

Here for a linear map e — Be from a FEuclidean space
(E, {(-,)g) to a Euclidean space (F, (-,-)r) the adjoint map
f— B*f: F — FE is given by

([, Be)r =(B"f,e)r



Proof heavily utilizes the Conic Duality Theorem
which answers the following question:
& Consider a conic program

Aoy — b() =0
Opt(P) = min q (c,y) : § Ay —br € Ky, (P)
’ 1<k<K

where K; are cones (closed, convex, pointed and
with a nonempty interior) in Euclidean spaces Ej,
1 <k<K.

How to bound from below, in a systematic way, the
optimal value of the program?

® Consider an approach as follows. Let

K, ={u € E;: (u,v) > 0Vv € K}

be the cones dual to K;. Let us choose 2z’ € Rm

and 2" € K;, 1 <k < K, and let y be feasible for
(P). By feasibility, we have

(2, Ay — b)) >0, 0< k < K,
or, which is the same,
(Ai2F ) > (2" b)), 0< k< K.

Summing up, we get

<Zk0 kZ,y >Zk02 bk.



Aoy - b() =0
Opt(P) =min < (c,y) : & Ay — b € Ky, », (P)
! 1 <k<K

Intermediate summary: Whenever 2’ € RY™% and
e Ki, 1 < k < K, every feasible solution y of (P)
satisfies the iﬂequality

( kokz,y >Zk0z br.)- (%)

Conclusion: When the left hand side in (x) is identi-
cally in y € RY equal to (c,y), the right hand side in (*)
is a lower bound on Opt(P). In other words, The opti-
mal value Opt(D) in the conic dual of (P), that is, in the
problem

( Zk c sz )
K 1<kE<K
Opt(D) =max > (¥ by): = = > (D)
{=F} | k=0 S ARk = ¢
\ k=0 y

is a lower bound on Opt(P). [“Weak Duality”]

&% Conic Duality Theorem: If (P) is strictly feasible
and below bounded, then (D) is solvable, and Opt(P) =
Opt(D).

Note: When K, = R for all k, “strict feasibility” can
be weakened to “feasibility.”



ollr: 1] <0Vae{ag+AC: € Z} (%)

A0<+Bou+60—0
Z=(CeR:JueRM:§ AcHhuta e 4
AAC+Bku+Ck€KA

Observe that z is feasible for (x) iff
P) = min {[- A [z; 1]} > o]z 1
Opt(P) = mip {[~A¢"[z: 1]} = afz:1]

or, which is the same, iff

Ao+ Bou+¢cy = 0
Opt(P) = min { [—A[z; 1]]1 ¢ : { A1<+Blu+ﬁ1‘ e Ki

C,u
AxC+ Buu+c¢. € Kg

> g [@; 1]

By CDT, and noting that K; = K; for our cones,
this is the case iff the problem

r K . I . \
Z%—o Al = _AT[Q% 1]

FUN Z \ Cr) Zk:O Bzzk =0 >

k=0 2k e K. 1<k<K

\ \ /

=
S
Mh

has a solution with the value of the objective >
ol [z 1].



e Thus, z is feasible for (x) iff there exists z =
2Y;...; 2] such that

afa 1]+ S8 (.0 <0
Z?:o Az,zk + Alx:1] =0
Zf:o BZZk =0

2F e K. 1<k<K



How it Works: Antenna Design

min {7’ :—7 < D.(6;) — ngl z;Dj(0;) <T1,1<i< I}
rj = (L+ G, —p <G <p
. { D.(6:) = > 2;Di(0:)—p > ;|| D;(0;)| = —7
= min§T: J
D.(0:) = 352 D;(0:)+p 3 |2l | D (0:)] < 7

# Solving (RC) at uncertainty level p = 0.01, we
arrive at robust design. The robust optimal value is
0.0815 (39% more than the nominal optimal value

0.0589).

,1<@-<J} (RC)

T,T

N\
N/

A S A R N S R R R R % ® % % % ® n w ®

“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 | o \oc 1 076 | 0.081 | 0.077 | 0.088 | 0114 | 0.082 | 0.113 | 0.216
to target
energy o o o

. 70.3% | 72.3% | 73.8% | 63.6% | 71.6%6 | 79.3% || 52.2% | 70.8% | 87.5%

concentration

Robust optimal design, data over 100 samples of actuation errors per each uncer-
tainty level p. For nominal design with p = 0.001, the average || - ||s-distance to

target is 56.8, and energy concentration is 16.5%.



How it Works: NETLIB Case Study

& At uncertainty level p = 0.001, the RCs of all 90
NETLIB problems are feasible, and the robust optimal

values of all problems are within 1% of their nominal op-
timal values.



Robust Linear Optimization
and
Chance Constraints

{a'z;1] = a’2 + b <0}, a: uncertain (ULC)
= ol[z;1] < 0Va el (RC)
& Question: How to specify an uncertainty set?

® Answer: This is a modeling, heavily application-

dependent, issue and as such it is beyond the scope of
the RO theory.

® However: Sometimes we already have an uncertainty
model, but a stochastic one rather than a model given in
terms of an uncertainty/perturbation set.

& Claim: Given a stochastic uncertainty model, we can
gain a lot by “translating” it into the RO paradigm.



{a'[z;1]=a’x+b <0}, a: uncertain (ULC)

& With the RO approach, we

e assume « = |a;b| to be affinely parameterized by a per-
turbation vector (:

a = qp+ Zj: Coary (%)

e assume that ( runs through a given perturbation set
Z C R*, and

e require from (ULC) to be valid for all realizations of «
associated with ( € Z.

The x’s satistying the latter requirement are treated as
“uncertainty-immunized.”

® With the Chance Constrained Stochastic Opti-
mization approach, we also assume (x), but

e instead of specifying the range Z of (, treat ( as a ran-
dom variable with (partially) known distribution, and

e associate with (ULC) the chance constraint

Prob {C : [Ozo + 25:1 Cgozg}T ;1] > O} <e (ChC)

where € < 1 is a given tolerance.
The x’s satistying the latter requirement are treated as
“uncertainty-immunized.”



{a’z;1] =a’2v+ b <0}, a: uncertain (ULC)
= Prob {C : {040 3 Cgoag}T [z;1] > 0} <e (ChC)

& Chance Constraints: pro & con

Good news on chance constraints: ignoring the con-
sequences of “rare events,” our decision-making becomes
less conservative than with the worst-case oriented RO ap-
proach.

Bad news on chance constraints: passing from an un-
certain constraint (ULC) to its chance constrained version
makes sense under four if’s as follows:

e If there are reasons to believe that uncertain data indeed
are of stochastic nature, which not always is the case
E.g., when uncertainty comes from measurement er-
rors, even those involving randomness, it perhaps
makes sense to speak about distribution of nominal
(measured) data, given the true data, but not about
distribution of the true data, given the measurements.



{a’[z;1] = a’s+ b <0}, a: uncertain (ULC)
—> Prob {C : {040 +30, Cg()&g] ! [z;1] > 0} <e (ChC)

e If we are smart enough to identify the underlying data
distribution.

While the latter indeed is the case in some Engi-
neering applications (Communications, Signal Pro-
cessing, Control,...), it typically is not the case in
“decision-making proper.” Given the “curse of di-
mensionality” when identifying multivariate distri-
butions from historical data, assigning the uncertain
data a particular distribution more often than not is an
act of faith rather than a solid inference from the experi-
mental data.

e If we are satisfied with probabilistic guarantees like
“with such and such x, the probability of a disaster is
< l.e4 (or < 1.e-8)”

Probabilistic guarantees usually make sense if the
situation repeats itself many times. Their attrac-
tiveness in the single-outcome situation is much more
problematic.

e If we are smart enough to process (ChC) in a computa-
tionally efficient manner.



{a'[z;1] = a’z + b <0}, a: uncertain (ULC)
T
= {Oéo +30 @044 z;1] <0 (RC)

. T
= Prob {C : [040 + > Cg()ég} (z; 1] > O} < e (ChC)

® We have seen that (RC) is computationally
tractable whenever the (convex) perturbation set
Z is so.

Unfortunately, there are no similar “general tracta-
bility results” for (ChC); as a matter of fact, more
often than not, chance constraints are computationally in-
tractable.

Reasons for intractability:

A. The Analysis problem associated with (ChC):
“given x, check whether x is feasible for (ChC)” usually
is difficult: as a rule, the required probability is
not available in a closed analytical form, while accu-
rate numerical multi-dimensional integration is pro-
hibitively time-consuming.

Theorem [L. Khachiyan| Consider the function

vol(a) = mes; {¢ € RF:0< ¢ <1Vl a'¢ > 1}

where a is an integral vector. Unless P=NP, no algorithm,
given on input a and § > 0, is capable to compute vol(a)
within accuracy 0 in time polynomial in the bit length of

a and in In(1/0).



Prob {C : {Ozo + Zngl Cgozg}T ;1] > O} <e€ (ChC)

#® Note: One can evaluate the probability in (ChC)
by Monte Carlo simulation. However, the required
sample size should be of order of 1/¢ and thus is
prohibitively large for small ¢, like ¢ = 1.e-6 or € = 1.e-
8.

Question: Should we bother about small €7
Answer: Sometimes this is a must. Think about

e reliability of the steering mechanism in your car
e an LO problem with 10,000 randomly perturbed
hard constraints

B. The feasible set of (ChC) typically is non-
convex, which makes problematic efficient mini-
mization of linear objectives under (systems of)
chance constraints.

Note: Essentially, the only known generic case
where neither one of the above difficulties A, B
occurs is the case of ( ~ N (;,Y) and € < 1/2. Here
(ChCQC) is equivalent to

[ + EL: pecdt [z 1] + Erflov(e)/[z; 1T AL AL [2; 1] < 0,

(=1
00

o A=lay,...,qay] e |

6—32/2
V2T

ds =r



Prob {C : {Ozo + Zle Cgozg}T ;1] > O} <€ (ChC)

T
Note: The body {Oé()—FZ;:ngOég} ;1] of (ChQC)
can be rewritten as

wola] + 3 Gourlal

where wy|z|, ..., wr|z] are affine functions of .

&% When (ChC) “as it is” is computationally in-
tractable, we can replace it with its safe tractable
convex approximation defined as follows:

Definition. A safe convex approximation of the chance
constraint

Prob{wq + ijlééwg >0} <e (#)

in variables w is a convex subset W of the set of feasible
solutions to (#).

Such an approximation is called tractable, if W is com-
putationally tractable, i.e., it is given by an explicit fi-
nite system S of efficiently computable convex constraints
filw,v) < 0,7 < I in variables w and additional variables
v.



=wy [l’]—i—z;én:l Cowg[]

' N\

T
Prob{(¢ : [ozo + Zjl@Qg] ;1] > 0} < e (ChC)
= Prob{wg 4+ Y2/, Cwe > 0} < € (#)

Note: Given a safe tractable convex approximation
filw,v) < 0,7 <1 of (#), the system of explicit efficiently
computable convex constraints

gi(z,v) = filwx],v) <0,i< 1

in variables x,v possesses the following properties:

e [tractability| it is computationally tractable

e |safety| whenever x can be extended to a feasible solu-
tion to the system, x is feasible for the chance constraint
(ChC).

Conclusion: Given a Chance Constrained LO prob-
lem with certain objective and replacing every
chance constraint with its safe convex tractable ap-
proximation, we end up with an efficiently solvable
convex optimization problem which is a safe ap-
proximation of the problem of interest: every feasi-
ble solution to the approximation is feasible for the chance
constrained problem.



Safe Tractable Approximations of Scalar Chance
Constraints and Robust Optimization

L
Prob{wg + Z Cowy > O} <€ (#)

(=1
& From now on, let (; be with finite means.
Observation: The feasible set 1V, of (#) is
e conic: we W, t>0=twellV,
e closed
e possesses a nonempty interior, specifically,

e:=[—1;0;...;0] € intW,.

Definition: A safe convex approximation of (#) (i.e. a
convex set W C W.) is called normal, if it inherits the
above properties of W, that is, it is conic, closed and
e € intW.
Conclusion: A normal safe convex approximation of (#)
is a closed convex cone W C R**! which is contained in
the feasible set of (#) and is such that e € intWV.



Prob{wy + Zj_l@wf >0} <e (#)

Conclusion: A safe convex approximation of (#) is a
closed convex cone W C R**! which is contained in the
feasible set of (#) and is such that e = [—1;0;...; 0] € intW.
Facts: Let K C R*"! be a cone.

e K is the dual of another cone, specifically, of its
dual cone K, = {v € REFL - pTw > 0Vw € K}:

K={weR" : wlv>0vw e K,}

o If f € intK, then V = {v € K, : flv =1} is a convex
compact set and

K={weR" vlw>0vweV})

® Let I be a normal safe convex approximation of
(#). Applying Facts to 1V in the role of K and ¢ in
the role of f, we get the following:

There exists a convex compact set V C R specifically,
the set

V= {v=|vgvi;...;01] € W, :[=1;0;....;0lv =1}
= {v=[-Lv;.. v e W} ={[-1,—2]: 2z € Z CR"}
such that
W= {we R vlw >0V e V)]
= {[wo; ..;wr] € RF - wy + Zle zowp < 0Vz € Z}



Prob{wy + ZEL_I@IUK >0} <e (#)

® We have arrived at the following
Proposition: Every normal safe convex approximation
W of (#) is of the Robust Counterpart form: there exists
a convex compact set Z C R" such that

L
W = {lwy; wy; ...;wp| - wy + ZszL <0Vze Z}
(=1
that is, W is the set of robust feasible solutions to the
uncertainty-affected inequality

L
wo + Z zewy < 0,

(=1
in variables w, the uncertain coefficients being z1, ..., 2z,
and the perturbation set being Z.
On a closest inspection,
The convex compact set Z associated with a normal safe
convex approximation of (#) is computationally tractable
whenever the approximation itself is so.



& For the time being, we were speaking on the
chance constraints of the form

L
Pl“Ob{’wo + Z Cowy > O} <e€
(=1
tacitly assuming that the probability distribution of ¢
is fixed. In reality, more often than not the proba-
bility distribution P of ( is only partially known —
all we know is that PP belongs to a given family P of
probability distributions on R*. Whenever this is the
case, it is natural to associate with randomly per-
turbed constraint its ambiguously chance constrained
version
L
VP € P :Probq.p {wo + Zngg > O} < e (1
(=1
Assuming from now on that ( is “P uniformly
summable:”

sup Ecp{[[C]]} < oo,
PeP

the notions of normal/safe/convex/tractable ap-
proximation of a “usual” chance constraint word
by word extend to the case of ambiguous chance
constraint, and Proposition extends on this case as
well.



L
p(w) :=sup Prob¢.p{wy + Z Cowe > 0} < e ("
reP /—1

Generating-Function-Based Safe Convex
Approximation of Chance Constraint

& Definition: A generator is a convex function ¥(-) on
the axis such that v(s) — 0 as s = —oo and v(0) > 1.

] Wz

TR B

o= — — - o=

7(s) = max[1 + s, 0] v(s) = exp{s}
® Observation: Let v(-) be a generator. Then the
function

L
Up(w) =Ecup {7(100 + Z ngg)} RFTT 5 RU {+00}
(=1

is convex and lower semi-continuous (l.s.-c.), and
this function is an upper bound on p(w). Conse-
quently, the function

V(w) = sup Up(w)

pPeP

is a convex l.s.-c. upper bound on p(w).
#® Further, we clearly have o > 0 = p(w) = p(w/«),
whence o > 0 = V(w/a) > p(w) Yw.



p(w) = sup Probep{wo + 37, Guwy >0} <e (1)
PepP

v(): R —= R, : convex, y(—o0) =0,v(0) > 1

= W(w) = sup B {7 + Sy Qo) } > pluw) (4)

Corollary. The system
aV(w/a) —ae <0, a>0 (S)

in variables w, «a is a system of convex constraints which
is a safe convex approximation of (!): whenever w can be
extended by properly chosen « to a feasible solution of (.5),
w is feasible for (!).

Proof. WV(w) is convex by its origin, which, by a
well-known fact of Convex Analysis, implies that
aV(w/a) is convex in w,a in the domain a > 0.
Thus, (5) is indeed a system of convex constraints
in variables w, a.

Now let (w, a) be feasible for (S). Then V(w/a) <,
whence p(w/a) < € as well. Since p(w) = p(w/a) < e,
w is feasible for (1), Q.E.D.
® A simple technical exercise allows to strengthen
Corollary to the following

Proposition.The convex constraint
G(w) = in% {aV(w/a) — ae}< 0
o>

is a safe convex approximation of (!).



p(w) := sup Probep{wy + 31, Cwy >0} <e (1)
PepP
)R — R, : convex, v(0) > 1, v(—o0) =0
(

w) = sup Ec.p {’y(’wo + 25:1 @’wz)} > p(w) (+)
PeP

(-
=2

Corollary of Proposition: Let V" (-) be a convex upper
bound on V(-). Then the system of convex constraints in
variables w, o

aV T (w/a) —ae <0, a >0 (.S)
and the convex constraint

G (w) := inf {aV " (w/a) — ae}< 0

a>0

are safe convex approximations of (!).



& Example: Assume that (; are known to be independent
zero mean and taking values in [—1, 1], or, equivalently,
P is comprised of product-type distributions P with zero
mean marginals Py supported on [—1,1].

® Let us apply the above approximation scheme
with the generator v(s) = exp{s}. When P = P, x
... X P, € P, we have

Up(w) = Ecop <. xp, {exp{wo + Zngl Cowy}}
L
= exp{wo} 51:[1 E¢piexp{Cwi}}.

Lemma: Let () be a zero mean distribution supported on
|—1,1]. Then

/exp{ts}d@(s) < cosh(t) < exp{t*/2}. (%)

Proof. The inequality cosh(t) < exp{t?/2} is evi-
dent. To prove that [exp{ts}dQ(s) < cosh(t), let
f(s) = exp{ts} — ssinh(¢). Since () is with zero mean
and is supported on |—1, 1], we have

[ expits}dQ(s) = [ f(s)dQ(s)

< max f(s) = max f(s) = coshit)

Note: When @ is uniform on {—1;1}, the first inequality
in (x) becomes equality.



® We see that we are in the situation

U(w) = exp{wg} /1%1 cosh(wy)

< Ut (w) := exp{wy + 3 S wr}.
= For our P, the safe convex approximation of the
chance constraint

L
V(P c P) ; PI’ObCNp{w() + Z Cowy > O} <€
(=1
reads
)

Q Ly

- —_ el <o,

él;%oz exp{atwy + 5 Zﬁzlwg} 6] <0 (%)
fla)

O Assuming wi + ... + w7 > 0, we have f(a) — oo as

a — +oo and as a — +0

L
= (x) is equivalent to o > 0 : o 'wy+%5- Z w; < In(e),

or, which is the same, to

wo + /2 1In(1/e) \/Z wg_ (+)

O When w; = ... = wp = 0, (%) also is equivalent to

(+)-




® Bottom line: When (; are independent zero mean ran-
dom variables taking values in [—1, 1], the conic quadratic
inequality

wo + v/ 21n(1/e) \/Zjlwg < 0. (+)

is a safe tractable approximation of the chance constraint

L
Prob{wo + Z Cowp > O} <€
(=1

#® Observation: The constraint (+) is the RC

L
w0+Zagwg§OVa€U
(=1

of the uncertain constraint

L
wo + Z aywy < 0
(=1

in variables w, with the ball

U={a:llalz < v2In(1/€);

in the role of the uncertainty set.



L
V(P € P) : Probep{wy + Z Cowe > 0} <€ ("
(=1
& Discussion. The simplest RO-based way to safely
approximate (!) is as follows:
e We choose as the uncertainty set // a convex com-

pact set U/ which ‘(1 — ¢)-supports” all distributions
from P:

V(P € P): Probeup{¢ U} <.
e We set U/ = U, thus ensuring that
wo + Z/@L_1 awy < 0Va € UE
= V(P € P) : Probsp {wo + ZgL:ngwg > O} < e.



& Note: The perturbation set

U={a:|als<Q2:=+/2In(l/e)}

yielded by our approximation scheme is, for € fixed and L large,
incomparably smaller than any (1 — €)-support U¢ of the dis-
tributions from P.

For example, with ¢ = 1.e-6 we have () = 5.26, and

e When L > O = 27.63 and P is the uniform
distribution on the vertices of [-1,1]', we have
P{C e U} = 0;

e When ¢ < 1/2, the Euclidean diameter of every
(1 — ¢)-support of the distributions from P is at
least 2v/L, while the Euclidean diameter of U/ is
just 2Q) =~ 10.51;

e The ratio of the volume of an (1 — ¢)-support of
distributions from P to the volume of {/ exponen-
tially grows with L. when L > 60; for L = 256 this
ratio is as large as 2 - 10*.



The Least Conservative Implementation:
Conditional Value At Risk

V(P € P) : Probe.p{wy + Zle Cowp > 0}< € (1)
v(-) + convex, y(—oo) = 0,7(0) > 1

= V(w) - sup Ec.p {7 (wo + 3 @W) }

= G(w) = inf a|V(w/a) — € <0 (Appr)

a>0
& Question: What is the best choice of () 7
® Answer: As far as the conservatism of (Appr) is con-
cerned, the best choice of ~(+) is

v(s) = max|1 + s, 0]
lor v(s) = max|1l + as, 0] with a > 0]

Indeed, when ~(0) > 1, the conservatism is reduced

by

Y() =) /(D).
Assuming v(0) = 1 and setting a = 7/(+0), we get a >
0 and 7(s) > 1 + as. Since v(s) > 0 (as a generator),
we get Y(s) > 7y(s) = max|1 +as,0]. ¥(-) is a legitimate
generator, and since () > 7(-), passing from 7 to 7
can only reduce the conservatism of (Appr).



V(P € P) : Probeop{wy + 3, Gwe > 0k<e ()
v(+) : convex, y(—oo) = 0,v(0) > 1

= V(w) : ]5;1;]% E¢p {7 (wo +3°7, CzW) }

= G(w) = inf a|¥(w/a) — € <0 (Appr)

a>0

#® On a closest inspection, when P = {P} the ap-
proximation (Appr) associated with v(s) = max[1+s, 0]
reads

1 L
min [a +-E {max[wo —a+ Zg_lfgwg, 0] H <0

€

\ . 7

—=:CVaR, [w()—i-ZgL‘:1 Cowy)

This is the well-known Conditional Value at Risk safe
convex approximation of (!) originating from Rock-
afellar et al.

® Bad news on the CVaR approximation: This ap-
proximation typically is computationally intractable.
Two basic exceptions are:

e ( ~ N(a,Q) — of no interest: here (!) by itself is
an explicit convex constraint on w, and no approx-
imations are necessary

e ( takes moderately many values (', ..., (" with
known probabilities 7y, ..., my.



#® When ¢ takes moderately many values ¢!, ..., ¢V
with known probabilities 7, ..., 7y, the CVaR ap-
proximation of the chance constraint reads

L
1 i
' +—§ ; — +E 0] p<0
mam{a 2 7T, ax [wo a 2 Cywy, }_

O The RC form of this approximation is

L It |
3 S 0<u <o
Wo + agwg<OVaeu{ UZ'CZ: iz;f }
i=1 v

(=1




“Tractable Case”: Bernstein Approximation

I
V(P € P) : Prob¢p{wy + ZH@W >0p<e (1)

& Assume that
Brn.1 Random perturbations (i,...,(; are indepen-
dent and their distributions P, belong to given fam-
ilies P, of probability distributions on the axis;
Brn.2 We can point out convex l.s.-c. upper bounds
¢, on logarithmic moment-generating functions of
distributions from P;:
(I)Z(t) > In (Egngg {exp{t(:g}}) VP, € Py
= O (w) = Y, B (w)
& Taking +(s) = exp{s} and applying our approxi-
mation scheme in logarithmic scale, we arrive at
Theorem: In the case of Brn.1-2, (!) admits safe convex
approximation given by the convex constraint
H"(w) = ir;%a (wo/a+ O (w/a)+1In(1/€)]< 0
This approximation is tractable, provided that the l.s.-c.
convex functions O, (-) are efficiently computable. Assum-
ing 0 € intDom &, the approximation is of the RC form:
H(w) <0< wy+alw;..;w] <0Vaeld,
where U is a nonempty convex compact set. When
O (w) = sup, [wss . wi]T[Bz + 8] — 6(2)]
for a lLs.-c. convex function ¢(-) with bounded level sets,
one can take

U={Bz+b:¢(z) <In(l/e)}.



\V/(P c 7)) : Prongp {wo + Zngleg > O} <€ (')
Example 1: (; ~ N(us,07) are independent; we know
lower and upper bounds [,s Fg 0L [ and upper bounds 7y
on oy.

Building Bernstein approximation of (!):

= {N(p,0°) - p, < p < Ty, 0 <74}
= &/ (t):= sup In (Eggwpg{exp{t@}})

PePy
= maxlpt if] + 7322

_ 242
= max {[Agg (1= Nt + a5t /2}

= max max {vt — A, + (1 =N, — U]Q/(262>}

0<A<1 w

— max {vt — ming<p<1[Ap, + (1 — A, — U]Q/(252>}

(%

= max { vt — dist*(v, 1,73/ (27)

v
= The Bernstein approximation is

wo+ S0, max|p,we, fewe) + /2 1In(1/€) \/Zleﬁﬁwg <0

& The uncertainty set U participating in the RC represen-
tation of the Bernstein approximation is

U ={aeR: 3 dist*(ap, [, 7))/ (207) < In(1/e)},
which is the arithmetic sum of the box {y < a <71} and

the ellipsoid {a : \/Zlea%/ﬁﬁ < 21n(1/e)}
V p, = i for all £ = the uncertainty set is ellipsoid.




V(P € P) : Probe.p {wo + 500 Cowy > O} <e (1
Example 2: (; are independent, supported on |—1, 1| and
with given bounds on expectations: E{(} € [u;, 1] (by
“scaling” (; <— ay+ by(, this covers the case of independent ¢,
with partially known means and known finite ranges).

& The uncertainty set U/ associated with the RC
form of Bernstein approximation of (!) is

e {6537 6ia) < 2m(1/e))

((L+s)n () + (10— (=) —1<s <y

S <s<uS

ol =1 | n () 4 (1 — s)In (= 7Mﬁ28<§%
(1+3)n<1+w> (—s)n(lu> p, <s
| +oo  |s| > 1

o The EntI'Opy approximation of (!) is given by a system
of explicit efficiently computable convex constraints.
& The Entropy uncertainty can be extended to the
Ball-Box one:

UPB = | {p= < ¢ <t {1ICl < v2I(/e) H NIl < 1}
e The BallBox approximation of (!) is given by a system

of conic quadratic constraints.
& The BallBox uncertainty can be extended to Bud-

geted uncertainty

uPte — | {u < ¢ <+ { il < v2i(/gm | NIl < 1}
e The Budgeted approximation of (!) is given by a system
of linear constraints.




V(P € P) : Probe.p {wo + 500 Cowy > O} <e (1

& Finally, the Budgeted uncertainty can be ex-

tended to Box uncertainty
U = {¢: [[¢llo < 1}

which ignores any information on the distribution
of ( aside of its support.
e The Box approximation of (!) is given by a system of
linear constraints.

Example 2: Random 2D central cross-sections of perturba-
tion sets corresponding to various approximations, L = 256

e black: Box approximation
e cyan: Budgeted approximation
e magenta: Ball-Box approximation



Illustration: Portfolio selection

There are L. = 200 assets with independent random
yearly returns r,. It is known that
e For / < 199, return r, has expectation p, = 1.05 +

0.3% and varies in |y — oy, g + o], op = 0.05 +

200—.
0.6555-;

e For ¢ = 200, ry = 1.05 [“money in the bank”|.

We want to distribute $1 between the assets in order
to maximize the Value-at-0.5%-Risk of the portfolio in
a year from now, that is, we want to solve the chance
constrained problem

L
max {t - Prob {26:1 ey < t} <e=0.005 }

b r>0,> ,x=1

& Setting r, = yy + 0/(y, the random variables (, are
independent zero mean and take values in [—1,1].
The problem of interest now reads

max{t:szo’z:ﬂjg:1 }

b Prob{wyz, t] + > _,_; Cwelx,t] > 0} <€ [’
wolx,t] =1 — Zle pexe, welr,t] = —opxy
Replacing the chance constraint with its safe tractable
approximation and solving the resulting convex

program, we get a feasible suboptimal solution to
the problem of interest.



L L L L L L L L L
o 20 40 60 80 100 120 140 160 i80 200

Means and ranges of returns

0.008 -

0.006

0.004 -

0.002 -

Distributions of $1 between assets
blue: Budgeted approximation
magenta: Ball-Box approximation
red: Entropy approximation
The Box approximation (not shown) leads to
the solution “keep all money in the bank.”

Approx. | Box |Budgeted | Ball-Box | Entropy
Opt. Val.[1.0500 1.1012 | 1.1200 | 1.1209




Beyond the Scope of Affinely Perturbed Chance
Constraints with Independent Perturbations:
Lagrangian Relaxation of Chance Constraint

& As far as tractable approximations are concerned,
our construction imposes on (; the requirements to
be independent and to enter affinely the body of the
chance constraint.

Consider a different situation, where

e the random perturbations (;, enter the body of
chance constraint quadratically (decision variables
still enter it linearly), and

e we have partial information on the marginal dis-
tributions P, of (;, on their covariances, and on the
domain of (, but no more than that.

® Thus, from now on our chance constraint is

V(P eP):
Pl”ObCNp{gTU[I']C +2¢ v[x] + wlz] >0} < e
I rer
Wlx| = [UT[x]w[:U]] , Z[¢] = [ CT 1]

where W|z] is affine in z.



V(P € P): Probep{Tr(WZ[(]) > 0} <€ (1
As about P, we assume that this family is com-
prised of all distributions on R* such that
e the marginal distributions P, belong to known families
Py of probability distributions on the axis,
e the covariance matrix V = E{Z|(]} of ¢ is known to
belong to a given closed convex subset )V of the positive
semidefinite cone,

e ( is supported on a set S given by a finite list of quadratic
constraints:

Te(A,Z[¢]) <0, i=1,..., 1.



V(P € P): Probeop {Tr(WZ[(]) > 0} < e (1
P @ ~ P e Pg, ECNP{Z[C]} c)
VP e P :supp(P) C S={z:Tr(A;Z]z]) <0,i <[}

& The idea of our approximation scheme inspired by Bert-
simas, Popescu and Sethuraman, is as follows:

e We build a mechanism which produces pairs (f(z) :
RY — R, X\ > 0) such that

A. f(z) >0on S

B. f(z) > X whenever z € S and Tr(W Z|z]) > 0

C. We can point out an upper bound V| f] on sup E..p{ f(()}.
pPepP
Clearly, for a pair (f(-), \) produced by our mecha-

nism for every P € P we have

/f )dP(z /f )dP(z / F(2)dP (2

z€eS":
IVZ >0

> AProb¢p{Te(W Z[(]) > 0},

so that the condition
U[f] < Ae (+)

is sufficient for the validity of (!).

We impose on the “free parameters” of our con-
struction the requirement to ensure (+), thus ar-
riving at a safe approximation of (!).



® Implementation:

C: The simplest way to ensure the possibility to

bound from above sup [ f(z)dP(z) is to stick to “sim-
pPep

ple” f, e.g., those of the form

L
= folz0) + Te(F Z[2]), ()
(=1
which allows to take
Ul f Sup /fg )dPy(s) + sup Tr(FV).
P/ew Vey

A: The 81mplest way to ensure that a function [ of
the form (x) is > 0 on S = {z: Tr(A;Z|2]) < 0,7 < I}
is to ensure that

fo(s) > ap+2bys +cps®, 1< <L (a)
and that the quadratic form of z

[ag + 2bpz0 + 2] + Te(F Z[2] +ZMZT1" A;Z|z))
(=1 1=1

Mh

where the parameters 1; are > (0, is nonnegative every-
where, which amounts to the matrix inequality

Diag{cy,...,cp}| b : A
[ b ZM]+F+ZM2A£O




f(2) =) fz) + Te(FZ[2)), (*)

B: The simplest way to ensure that a function [
of the form (x) is > A on S = {z : Tr(A,Z[z]) < 0,7 <
[, Tr(WZ|z]) > 0} is to ensure that

fe(s) = po+2qus +res®, 1< U< L (b)

and that the quadratic form of z

Zle[pg + 2qpz + 127 + Tr(F Z[2]) + Zi[zl viTr(A; Z]2])
—Tr(WZ|z]) — A

where the parameters v; are > (), is nonnegative every-
where, which amounts to the matrix inequality

I

Diag{ry,....,rp} q ]

: 7 —+ F — W -+ Vz'Ai i 0
q D D= A ;



V(P € P): Probeop {Tr(WZ|[(]) > 0} <€ (1)
P Cg ~ P e 735, ECNP{Z[C]} c)
VP e P :supp(P) C S={z:Tr(A;Z]z]) <0,i <[}

® We have arrived at the following
Theorem:The system of convex constraints in variables

W, A, {ag, be,co, pe, qos ey iy, {pisvitley, F € SY 6

| Diag{ci,...,cr}| b 7
: A -
@ [Pl el D P s wan
_Diag{rl, T} q

b + F
( ) qT ngg —\

—W + Zz'lzl ViAi i 0
(1

(¢) ] 9] = 0 [says that X\ > 0]

(d) > sup [max(as+ 2bps + cos?, pe + 2qes + 1¢5°|d Py(s)

(=1 PyePy
+ max Ir(F V) < )A€
VeV

(e) i >0,12>0

is a safe convex approximation of the chance constraint
(). This approximation is tractable, provided that the
suprema in (d) are efficiently computable.



& How it works? Portfolio Selection revisited.

There are L assets with random yearly returns
re =14+ pup+0¢(y, 1 < € < L, where puy > 0 and
oy > 0 are known expected gains and their variabil-
ities, and (; are random perturbations taking values
in |[—1,1]. Given partial information on the distri-
bution of ¢ = [(1;...; (], we want to distribute $1
between the assets in order to maximize the guar-
anteed value-at-e-risk of the profit > [ + ovColxy:

;. Prob¢.p {Zéil[ﬂf + OgCg]ZlZg < t} < 0.0lVP e P
maXx’t . 15 B
x>0, jxe=1



O In the experiments, we set L = 15, ¢ = 0.01,

¢ —1 ¢ —1
= 0.001 +0.9—— 0.9 02—

and consider 3 concurrent hypotheses on (:
A: (1,...,(5 € [—1,1] are zero mean and independent
B: (1, ...,(15 € [—1, 1] are zero mean and uncorrelated
C: Cl,. ,C15 [ 1, ] are zero mean

25K o) 7
®
I
2+ - B @ |
[o} o
(o) o B
fo) e T
15+ fo! R
Q@ -
o I
D S T S N S
© @ o ) 5

® Expectations and ranges of returns ~ ® Portfolios: A (magenta), B, C (blue)

Hypothesis | Approximation | Guaranteed value-at-1%-risk
A Bernstein 0.0552
B Lagrangian 0.0101
C Lagrangian 0.0101

& Facts:

e The single-asset portfolio given in the cases of
B, C by Lagrangian approximation is exactly optimal
in these cases

e Diversified portfolio given in the case of A by
Bernstein approximation can exhibit negative profit
if the true case is B



Explanation: A, B, C postulate that (; € [—1, 1]
are zero mean. A postulates that (; are indepen-
dent, and B — that (; are uncorrelated. There ex-
ists a distribution P, of ( compatible with B where
“crisis” ( = |—1;—1;...; —1| happens with probability
> 1%.

= Under hypotheses B, C, the guaranteed value-at-
1%-risk for any portfolio cannot be better than its profit
in the case of crisis. As a matter of fact, in our problem
Lagrangian approximation maximizes the profit of a port-
folio in the case of crisis.

Note: Assuming yearly returns of assets i.i.d. over

time, it takes > 100 years to distinguish, with relia-
bility 99%, between A and P,,.



Uncertain Conic Quadratic and Semidefinite
Optimization

& “Canonical” Conic problem:

Aix + by € Ky
min{ ¢’z +d: (CP)
! Arx+b; € Ky

e 1. decision vector
e K;: simple cone: nonnegative orthant R"", or Lorentz cone

L™ ={y € R" : y, > \/y% + ...+ y> .}, or Semidefinite
cone S comprised of positive semidefinite symmetric m X
m matrices, with m = m,.

e Structure of (C'P): the collection of cones Ky, ..., K;

e Data of <CP> C, d, Al, bl, ceey A[, b[




Az + b € Ky
min{ ¢’z +d: ce (CP)
! Arx+b; € Ky
® Uncertain canonical conic problem P: a collec-
tion of canonical conic programs (‘“instances”) with com-
mon structure and with the data running through a given
uncertainty set U.

& We always assume that the data is affinely parameter-

ized by a perturbation vector ( running through perturba-
tion set Z:

U = {(C[C]ad[daAlKL 7b[[CD ‘= (CovdoaA(l)v 7b9)

+Z£L:1 Colct, db AL bY) e Z}

® Robust Counterpart of uncertain canonical conic
problem ‘P: the problem

[ t—c[(J'r—d[(] € Ry ) \
Acfe bl e K Lo c 2L pey

min<{ t:
t,xr

Afdr+ bl € K ,



Az +b € Ky

min{ 'z +d -
X

300 Gl df AL b e 2
(UCP)

® Same as in the LO case, we w.l.o.g. can assume the
objective to be certain (and then skip d), in which case the RC
becomes

Aﬂdﬂ? + bl[d < K1
min ¢ ¢ x V(e Z (RC)
' Aq[Clz +b;[¢] € K;

Note: Same as in LO, the RC remains intact when extending
Z to its closed convex hull
= From now on, we always assume Z to be convex and
closed.
# Same as in the LO case, the RC of (UCP) with certain
objective is a constraint-wise construction, and we can focus
on the RC

AlClz +0[¢] € K (RC)

of a single uncertain conic constraint.



Allz+b[( e KV( e Z

[ALC) BICT) = [A° 6] + 300y GlAY b
& Questions of primary importance:
e When the semi-infinite conic constraint (RC) is computa-
tionally tractable?
e What to do when (RC) is intractable?
# Fact: Tractability of (RC) depends on “tradeoff” between
the geometries of the perturbation set Z and the cone K: the
simpler is Z, the more complicated can be K.
e When K is as simple as possible — just a nonnegative or-
thant (uncertain LO), Z can be a whatever computationally
tractable convex set, e.g., one given by well-structured conic
representation.
e When Z is as simple as possible:

Z = Conv {¢',...,¢"}

(RC)

(scenario uncertainty), (RC) is equivalent to
ANz +b[¢eK, i=1,...,N,

that is, (RC) is tractable whenever the cone K is so (as is the
case for nonnegative orthants, Lorentz and Semidefinite cones
we are interested in).



Alllz+ bl e KV( e Z
[A[C],b[C]] = [A%, 0] + 3o, GAY b

e In the “in-between” situations, tractability of (RC) is a “rare
commodity:”

e When K is the Lorentz cone, (RC) is tractable when Z is
an ellipsoid, and is intractable when Z is a box.

Indeed, checking feasibility of = 0 for the semi-infinite Least
Squares inequality

|Az +bll <1 Vb e U = {BC: [|(]loc <1}

& [Az + B¢ 1] e L™V [l <1

reduces to checking whether || B(|[s < 1 for all ¢ with ||| <
1, or, equivalently, to the maximization of the positive semidetf-
inite quadratic form ¢! [B* B]¢ over the unit box, which is NP-
hard even when accuracy of 4% is sought.

e When K is a Semidefinite cone, (RC) is intractable when Z
is either an ellipsoid or a box.

& As a result, In Robust Conic Optimization the goals of
primary importance are

e To discover special cases where (RC) is tractable, and

e To build tight safe tractable approximations to (RC)
when (RC) “as it is” is intractable.

(RC)



Allz+b[( e KV( e Z
[ALC) BICT) = [A° 6] + 300y GlAY b
Definition. A system & of efficiently computable convex
constraints in variables x and, perhaps, additional variables
u is called a safe tractable approximation of (RC) if the
projection X |S] of the feasible set of the system on the plane
of x-variables is contained in the feasible set of (RC), that is,

(z,u) is feasible for § = = is feasible for (RC)

(RC)

O Replacing the RC’s of the conic constraints in an uncertain
conic problem P with their safe tractable approximations, we
end up with a computationally tractable problem such that
(the z-components of) its feasible solutions are feasible for the
RC of the uncertain problem.

® Question: How to quantify “tightness” of a safe approxi-
mation?

® Answer: Assume, as it usually is the case, that 0 € Z
(¢ = 0 corresponds to the nominal data).

= We can embed (RC) in a parametric family of RC’s

Alflz + 0[] e KV( € Z,:= pZ (RC[p])

As the uncertainty level p grows, the perturbation set Z,
extends, and the feasible set X, of (RC|p]) shrinks.



AlClz+ bl e KV( € Z,:=pZ (RC|p])

Definition: A safe tractable approximation of (RC|p]) is a
system S|p| of efficiently computable convex constraints, de-
pending on p > 0 as on a parameter, in variables x and ad-
ditional variables u such that the projection X, of the feasible
set of S[p| on the plane of z-variables is, for every p > 0, con-

tained in the feasible set X, of (RC|p]).
Such an approximation is called J-tight, if

Vp>0:X,D X, D Xy,

Equivalently: S|-| is ¥-tight safe approximation of (RC[:]),
if, for every p > 0,

e [safety] whenever x can be extended to a feasible solution to
S|p|, x is feasible for (RC[p]), and

e [tightness| whenever x cannot be extended to a feasible so-
lution to S[p], = is not feasible for (RC[¢p]).

e We call an approximation scheme tight, if its tightness factor

is independent of the numerical values of the data specifying
Z.



Example: The semi-infinite Least Squares inequality with
box uncertainty

V¢ Clloe < o JA[CJz + B[l < 7

[
Az + 0[] 7] € L™V IClle < p - (RC))

[ALC) BIT] = [A° 8] + 320, GlAY b
is, in general, computationally intractable. It, however, admits
a tight within the factor m/2 safe tractable approximation

T Az + p0F L
[A%+UJ o Sl -0
[A£$+b€]7€:1 S[p]
Yeti[A%Mg ]iO,lﬁgﬁL

(variables are z and symmetric matrices Y, ..., Y7).

O As far as the x-components of feasible solutions are con-
cerned, the above system can be replaced with a system with
a much smaller number of variables, namely

T — S0 M| [A% + 00T ]
Az + B’ 71, Alz +0t ... Afx +b"
[Alili‘ + bl]T A1 >~ 0
i [ALI' + bL]T )\L |

(variables are x and Ay, ..., A\p).



Note: Let P be an uncertain canonical conic problem with
certain objective. Assume that the RC’s of all conic constraints
of P admit J-tight safe tractable approximations. Then the
optimal value Opt, . (p) of the resulting safe tractable approx-
imation of P, treated as a function of the uncertainty level p,
satisfies

Optp(p) < Optapp(p) < Optp(dp).



Tractable Reformulations and Tight Tractable
Approximations of Semi-Infinite Conic Quadratic
Inequalities

& The fact that a vector [Az + b;c'z + d] € R™"! affinely
depending on x belongs to the Lorentz cone L™+ can be equiv-
alently represented by conic quadratic inequality (c.q.i.)

Az + bl < c'w+d (CQI)

When [A, b; ¢!, d] are affinely parameterized by a perturbation
vector (:

[A, byt d] = [A[C], b[¢T; ¢ [¢], d[¢]]
— [Aoa bo; [CO]T7 do] + Zszl Cg[Aga bE; [Cg]Tv dg]

and we want the inclusion [Ax + b;clz + d] € L™ (or,
equivalently, the c.q.i. (CQI)) to hold true for all ( € Z, we
end up with semi-infinite c.q.i.

Al )z +b[c]fl2 < ¢'[Je +d[¢] V¢ e 2 (RC)
Note: Convex quadratic constraint
el AT Az + 20T + ¢ <0,
the data being A, b, ¢, is equivalent to the c.q.i.
I2Az; 1+ 26"z + ([ <1—2b"x —¢

= What follows covers, in particular, the RC’s of uncertainty-

affected convex quadratic constraints.



| Al +0[¢ll2 < ' [(Je +d[] VCe 2 (RC)

& Aside of the trivial case of scenario-generated perturba-
tion set Z. essentially the only known generic case when
(RC) is computationally tractable/admits tight computation-
ally tractable approximation independently of any assump-
tions on how the affine perturbations enter the problem is
the case of an ellipsoid Z.

All other tractability results known to us deal with the case of
semi-infinite Least Squares inequality

IA[Clz +0[Cllo < T V0 € 2

in variables x, 7, or, which is the same, with the case when
the right hand side in (RC) is not affected by the uncertainty,
since in this case (RC) is equivalent to

JA[Clz + 0[]l <TVCeZ& T<clz+d

and tractable reformulation/building tight safe tractable ap-
proximation of the latter system reduces to the same problem
for the “troublemaking” semi-infinite Least Squares inequality.



| Al +0[¢ll2 < ' [(Je +d[] VCe 2 (RC)

O Note: (RC) with side-wise uncertainty, where the pertur-
bation set Z is the product Z'° x Zieht of sets of perturbations
affecting the left- and the right hand side data, reduces to the
system of semi-infinite constraints

(a) [ A[C ] +b[¢M]l2 < 7 WO € ZX,
<b) CT[Cright]x 4+ dKright] > 7 vcright c Zright

in variables x, .

e Whenever the right hand side perturbation set is tractable,
the semi-infinite constraint (b) is computationally tractable
= All we need to process the RC efficiently is to build a
tractable reformulation/tight tractable approximation of
the semi-infinite Least Squares inequality (a).



| Al +0[¢ll2 < ' [(Je +d[] VCe 2 (RC)

Tractable Case I: Z is an Ellipsoid
& W.lo.g. we can assume that the ellipsoid Z is just the unit
ball centered at the origin:

Z={CeR":¢> < 1}.

® A well-structured representation of (the feasible set of ) (RC)
was recently found by R. Hildenbrandt

(Highly nontrivial construction with highly nontrivial justifi-
cation.)

& We restrict ourselves with an easy demonstration that Z
being the ball, the feasible set X of (RC) (which clearly is
a closed convex set) admits an efficient Separation oracle —
a routine which, given on input x, reports whether x € X,
and if it is not the case, returns a separator - a linear form
e such that

GTQZ > max GT

r'eX
Note: Given an efficient Separation oracle for X, we can use,
say, the Ellipsoid method to solve efficiently convex problems
of the form

/
X .

min {f(2) - gi(e) <0, =1,..,m)

provided that f and g; are efficiently computable.



X = {a: ALl + bicllh < Tcle + di) Ve, IClh < 1}
(RCBall)
# Since A[(],..., d|(] are affine in ¢, (RCBall) reads

X = {z: |afz]¢ + Blallls < " [2]C + dla] V¢ (IC]l2 < 13

with «a|x],....0|x| affine in x.

& Clearly, r € X iff

A [Clls < 1 ATC + 6l2] > 0 & nfall < dla]

and

B. The quadratic form of ¢: ¢! Plz]¢ + 2p’ [x]¢ + q[x]

= [v![2]C + d[x]]* — ||alx]¢ + Blx]||; is > 0 on the domain
¢r'¢ <1

& Miracle # 1: S-Lemma: Consider two quadratic
forms

fle)=2"Az+2a" 2+, g(z) =2"Bz+ 20" 2+ 8

and let the set {z : g(z) > 0} be nonempty. Then the
implication
g(2) 2 0= f(z) > 0

holds true iff A\ > 0: f(z) > Ag(z) Vz, that is, iff

D> 0 A—AB a— X\

=V ST a—ag | =V




X = {z: [lafz]¢ + Blalllz < A" [xl¢ +dla] V¢ [I¢]l: < 13

& ¢ € X iff the following two properties take place:

A [ylzll]2 < dlz]

B.g(2)=1—-2'2>0= f(2) = 2! Plz]z + 2p' [2]z + q|x]
Plx] + M| plz]

&S A >0 =0

pilz] gl —A] T

¢ Given z, we can easily verify A and B; if both the properties

hold true, we report that x € X.

e Now let either A, or B, or both do not take place. On

a closest inspection, here we can find efficiently ¢, ||([l2 < 1,

such that the vector

j = lefz]¢ + Bla]; v [#]¢ + 6]

does not belong to L™ and thus can be casily separated
from L™*! That is, we can efficiently build n € R**! such
that

nT;Q > S = sup nTy.

— The affine form e[¢] = n7[a[€]C + BI]: /T [E1C + E]) sep-
arates r and X, and we can return this form as a required

separator.



Tractable Case II: Semi-Infinite Least Squares
Inequality with Unstructured Norm-Bounded
Uncertainty

[AlClz +blc]lo <7 V(e 2 (RC)

Definition: We say that the uncertainty in (RC) is unstruc-
tured norm-bounded, if

e Z is the set of p x ¢ matrices of matrix norm || - ||2,2 not
exceeding 1

o AlC]z + b[¢] = A% + 0"+ LT [2]¢ R]x] with matrices L[z],
R|z] of appropriate sizes affinely depending on x and such that
either L|x], or R|z| is constant.

& Example: Z is an ellipsoid. W.l.o.g. we can assume

that Z = {¢ € RY 1 ||¢|ls < 1}, that is, Z is comprised of
L x 1 matrices ¢ of norm < 1. We have
AlC]z + bl¢] = alz|¢ + ]

with affine in x a|x| and Blz], and we can set

Az + 0" = B[], L'[x] = alx], R[z] = 1.



Az + 0l < 7VC R o ST e
AlC]z + b[¢] = A%z + b + LT[z]C R[]

Theorem: When R|x| is independent of z, (RC) can be
represented equivalently by the Linear Matrix Inequality

T — AR'R|[A% + 0°)F
Az + b 71, L1z
] Lz A,

in variables x, \

~ 0

—_ )

When Llz| is independent of x, (RC) can be represented
equivalently by the LMI

T (A% + )1 | RY (2]
Az + 0V 71, — NL'L
| Rz M,

in variables x, A.

Proof: to be given later.




Example [Robust Linear Estimation| Given noisy observa-
tion

w = [A+ BAC|v+ & (€ ~ N(0,%)]
of unknown signal v known to belong to a given ellipsoid
{v 0l Qu < R?}, estimate the value at v of a given linear
form (f,-).
Here: o A, B, C are given matrices, ® A is unknown pertur-
bation known to be norm-bounded: ||All22 < p with a given
p.
We restrict ourselves with linear in w estimates z!w
(x is the weight vector to be found) and want to minimize
the worst-case expected squared recovery error. Thus, our
problem is
( )
min ¢ max \/E {(fTv — o1]|[A+ BAC]v + 6])2} 0

L vl Qu< R2
\ A:f|Allg 2<p

We have
E { (fTv — 2T[[A + BAC)v + 51)2} — [VT[f — [AT + CTATBT)2]]* + 275
= v:vTIESz}){ng E { (fTU — 2T[[A+ BACv + 5]) }
= RY[f — [AT + CTATBT2]TQ7[f — [AT + CTATBT|z] + 2732,
= the problem of interest is
15V 2%||y < s, VR2T2 + 52 < 7
min ¢ 7 [|Q7V2[f — [AT + CTATBT2)||, < 7
o VA, [|Allz2 < p

/




15122, < s, VR2T2 4+ 82 < 7
min ¢ 7 [|Q7V2[f — [AT + CTATBT 2|, < 7
o VA, [|All22 < p

& The only “troublemaker” is the semi-infinite Least Squares
inequality

|Q~12f — [AT + CTATB ],

AV 140 LY (Rl (=AY /p
= Q7f — ATl + [-QPCTATB ] |l < 7
VC:|[Cll22 <1

Passing to its tractable reformulation, the problem of interest
becomes an explicit canonical conic program

(

||El/2x]|2 < s, VR(?4+s2 <7
min < 7 : T [Q2[f — AT2))" | pa”B

X,7,7,8,\ < Q! 2[f — ATx] [ — \Q2CTCQ1/? =0 >

pBTx A




Tight Approximation of Semi-Infinite Least
Squares Inequality with Structured
Norm-Bounded Uncertainty

[AlC]z +blc]lls < 7 V¢ € pZ (RC)

Definition: We say that the uncertainty in (RC) is struc-
tured norm-bounded, if

e Z is the set of collections of L py X ¢y matrices ¢* of matrix
norm || - [|2.2 not exceeding 1

o Al]z +b[¢] = A%z + b+ Zle L[z]¢" Ry[x] with matrices
Ly|x], Ry|x] of appropriate sizes affinely depending on x and
such that for every ¢, either Ly|x|, or Ry|x| is constant.

& Example: Z is a box. W.lo.g we can assume that
Z={CeRY: ||l <1}, that is, Z is comprised of L 1 x 1
matrices (¢ = ¢; of norm < 1. We have

(e +b[¢ Z Galz] + Bla]

with affine in x Gfg[[l?] and 5[:13], and we can set

Az + Y = Blx], LgT[JJ] = ay|z|, Rylx] =



| A[¢)z + b[¢] 2
= || A% + 50 + Yy, LE[2]C' Rilalll» < 7 V¢ € pZ, (RC)
Z={C=(C"...cH) : (" e Rx || ¢*[lnp < 1},

Theorem: Semi-infinite Least Squares inequality with
structured norm-bounded uncertainty admits safe tractable
approximation given by an explicit system of LMIs and
tight within the factor w/2. This approximation is precise
when L =1 (i.e., in the case of unstructured norm-bounded
perturbation).

Explicit representation of the approximation and its jus-
tification will be presented later.



Example: Antenna Design with Least Squares fit. When
speaking on Robust LO, we have considered the Antenna De-
sign problem with uniform fit. Now consider similar problem
with Least Squares fit:

min {T D =322 2eDil|o,0 < T}
= (L+ ), G €[—p,p)

0

| Dy (L+ ) Dy, G € [—p.p)

e D, Dy, .., Dy restrictions onto the grid §; = imw /480,
1 < ¢ < 240 of altitude angles of the target diagram and
the diagrams of 10 antenna elements.

o D3, = 31 Z?Lﬂ cos(0;) D*(0;)

Origin of weights: Physically, diagrams in question are func-
tions on the upper hemisphere S depending solely of the al-
titude angle, and our weighted 2-norm mimics the standard

norm of Ly(.S).




min {7+ | D. = 3200, 21+ () Dl < 7}
—p <G <p, 1<L<10

® Nominal optimal design, same as in the case of uni-
form fit, is a complete disaster when implementation errors are
present:

p=20 p=0.0001 p=0.001 p=0.01
“Dream and reality,” nominal optimal design: samples of 100

actual diagrams (red) for different uncertainty levels. Blue:
the target diagram

Dream Reality
p= p = 0.0001 p =0.001 p=0.01
value min mean max min mean max min mean max

- M2,
distance 0.011 0.077 | 0.424 | 0.957 | 1.177 | 4.687 | 9.711 | 8.709 | 45.15 | 109.5
to target

energy
concen- 99.4% | 0.23% | 20.1% | 77.7% || 0.70 | 19.5% | 61.5% | 0.53% | 18.9% | 61.5%

tration

Quality of nominal antenna design. Data over 100 samples of
actuation errors per each value of p.




10
min {’7' || Dy — Zw(l + ) Dyll2.0 < TVC, |00 < P}

T, X
(=1
RC
® We are in the case of box (and thus — structured norm-
bounded) uncertainty, whence (RC) admits a tight, within the
factor /2, tractable approximation. The approximation reads

min T
7_7:'57’)/

S.t.

(> 4, WDz —1b]"
WDz —1b Tl pW DDiag{x} | =0

p[WDDiag{x}]T Diag{~1, ..., 710} _

where:

o D= |D;= Dy(0;)]1<i<10.,

1<4<240

o W = Diag{cos(#,), ..., cos(6240) } /240
oeb=WD,



Setting p = 0.01, we end up with robust design which with-
stands implementation errors incomparably better than the
nominal one:

Ny

N

e » w6 % m s w % w m » % w w %

“Dream and reality,” robust optimal design: samples of 100
of 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
|+ {20
distance 0.021 | 0.021 | 0.021 0.021 | 0.023 | 0.030 0.021 | 0.030 | 0.048

to target
energy
concen- 96.5% | 96.7% | 96.9% || 93.0% | 95.8% | 96.8% || 80.6% | 92.9% | 96.7%

tration

Quality of robust antenna design. Data over 100 samples of
actuation errors per each value of p.

For comparison: For nominal design, with p = 0.001, the
average || - ||o.o-distance of the actual diagram to target is as
large as 4.69, and the expected energy concentration is as low

as 19.5%.



® How conservative is our safe tractable approxi-
mation?

e The robust design was obtained from safe tractable approx-
imation of the true RC rather than from the RC itself = the
guaranteed value ApprOpt(0.01) = 0.0212 of the objective can
be larger than the true optimal value RobOpt(0.01) of the RC
at the uncertainty level 0.01. How large is the loss in optimal-
ity?

e Our approximation is tight within the factor 7w/2. This
means only that

RobOpt(0.01) < ApprOpt(0.01) < RobOpt(0.01 - 7/2)

and does not allow to make any conclusion on how far is

ApprOpt(0.01) from RobOpt(0.01).

e The nominal optimal value NomOpt = 0.011 is a lower
bound on RobOpt(0.01) = ApprOpt(0.01) = 0.0212 is within
90% of the true robust optimal value.

e Fortunately, our perturbation set is a box in R and thus
can be treated as a set given by a large, but not prohibitively
so, number 21 = 1024 of scenarios. This allows to compute
the true robust optimal value exactly, and it turns out to be
by just 0.2% worse than its upper bound ApprOpt(0.01).



Tight Tractable Approximation of Semi-Infinite
Least Squares Inequality with ()-Ellipsoidal
Perturbation Set

lA[Clz = b[c]ll2 = llalz]¢ + Blz]ll: < 7 V(€ pZ RC
& Consider the case of [)-ellipsoidal perturbations

Z={CeR": ('Qi(<1,1<5< T}
Q; = 0,2.,Q; = (]

Geometrically: Z is bounded and is the intersection of J
ellipsoids/elliptic cylinders centered at the origin.
Examples: e Unit ball; ¢ A polytope Z, 0 € intZ, symmet-
ric w.r.t. the origin (e.g., a box centered at the origin). Indeed,
such a polytope can be represented as Z = {¢ : (¢; ()" <
L1<j<J}
® Deriving the approximation. We ask when

(C"QIC< P 1< < T} = llafal¢ + Blal <
or, equivalently, when

(CTQIC < 1< <2< 1) |
= JlalzlC + 8l |13 < 2 "V

An evident sufficient condition for (!) is:

)\o+p2)\1—|—...+p2)\J < 72
N > 0100 ¢ A2+ T Q¢+ .+ AT Q ¢
> ||efz]¢ + tB]z]l5 V(2 ).



JAle — blle = lofald + Blallo <7 o
VCi Q<1<
OAssuming 7 > 0 and setting p; = A;/7, the above sufficient
condition for the validity of (RC) reads

J
(a) NO+P2 Zj:l pj < T

o 1 T
) |5 | ~ 4Pl e 13 ) =

Now let us use

Miracle # 2: Schur Complement Lemma: A sym-

metric block matrix P = [;T g] with C > 0 is = 0 iff
A—BC'BT »o.
Proof: P = 0 iff [u;v]! Plu;v] > 0 for all u, v, that is,

iff minfu; v]! Plu;v] > 0 for all w. Since C' = 0, the latter

minimum is u! [A — BC™'B]u. ]
O Thus, a sufficient condition for (x, 7 > 0) to satisfy (RC) is
[ 1o : 8] ]
/ ). | AT =
> 0. 2]21 ILL]Q] o [ZE] -
i 2 o Bl ala] | L

J
po <7 —p’ Z]‘:1 Hj



[Al¢]z = b[c]]l2 = [lodz]C + Blallls < 7
VO TQiIC < p? 1< < T
O We have proved the first part of the following

RC

Theorem. (i) The explicit system of convex constraints

By B[]
> i@ al [z
] Blx] oz Tl

=0 (4

in variables x, T, i1, ..., j1; is a safe tractable approximation
of (RC) — whenever (x,7) can be extended to a feasible

solution of (+), this pair is feasible for (RC).

(ii) The approximation is precise when J = 1, and is

tight within the factor O(1)

In(J) otherwise.



Tractable Reformulations/Tight Safe Tractable
Approximations of Semi-Infinite Linear Matrix
Inequalities

& Here we are interested in tractable reformulations/tight safe
tractable approximations of a semi-infinite Linear Matrix In-
equality

Al¢, 2] = 0V( € pZ (RC)

where A[(, x| is a symmetric matrix which is bi-affine in x and

in C:

Al¢, 2] = Agl¢] + Z 7, A z] + Z Galz]

where the symmetric matrices A;|C] and «;|z| are affine in
their arguments.

® As a matter of fact, aside of the “universally tractable”
(and trivial) case of scenario-generated Z, in the LMI case no
“universally good” — leading to tractable or “nearly so” (i.e.,
admitting tight safe tractable approximations) — geometries of
Z are known.

& All known to us generic tractability results impose structural
restrictions on how the uncertainty enters the body of the LMI,
specifically, they assume norm-bounded , structured or not.
model of perturbations



AlC, x| =0V € pZ (RC)

Definition: We say that (RC) is with norm-bounded per-
turbations, if

A. Z is comprised of collections ¢ = {¢, ..., (*} of matrices
¢t e RPe* of the spectral norm not exceeding 1.

In addition, prescribed part of the matrices ¢* — those with
indices from a given set Z, — are marked as “scalar perturba-
tion blocks” and should be scalar — proportional to the unit
matrix (for those ¢, of course, p; = q¢). The remaining “full

perturbation blocks” ¢‘ in ¢ can be arbitrary p; x g, matrices
of norm < 1. Thus,

¢t e Reeaeyy
Z=0C={¢" " I a2 < 1V
(*eR-1,,0eT,

B. The body A|(, x| of (RC) is
AlG, 2] = A'a] + Z Ly 2" Reler] + R [x)[C) Lel]]

where Lj[z], Ry|x| are affine in x and for every £ at least one
of these matrices is constant.

Note: W.lo.g. we assume that Ry[z] = Ry for all £.

e Norm-bounded uncertainty is called structured, if L > 1,
and unstructured otherwise.



& Relation to norm-bounded uncertainty in c.q.i.
& The Lorentz cone L' can be represented as the intersection
of the semidefinite cone S'!' and a linear subspace. Specifically,
by the Schur Complement Lemma

u; t] € L™ < Arrow(u, t) == t] w =0
Uu; wiu,t) = |- 57 | =

& Consequently, a semi-infinite c.q.i. can be reformulated
equivalently as a semi-infinite LMI. In particular, a semi-
infinite Least Squares inequality is equivalent to an “arrow”
semi-infinite LMI with uncertainty-affected off-diagonal entries
of the first row and column:

[Al¢]z +b[¢][l2 < TVC € pZ

& Al = [A[C]; o MT] =0V epz

With this correspondence, norm-bounded uncertainty in the
semi-infinite Least Squares inequality:

L
AlCJz +b[¢] = A + 10+ >~ LT [x]¢ Ry[a]
(=1
induces norm-bounded uncertainty with no scalar pertur-
bation blocks in the semi-infinite LMI:

Al¢, x] = Arrow(A% + b, 7)
4Ly [T IO Rafe] + REECY L]



& As a consequence, every result on tractability /tight safe
tractable approximation of semi-infinite LMI with unstruc-
tured or structured norm-bounded uncertainty induces
similar results on semi-infinite Least Squares inequalities,
and this is how the results of the latter type we have mentioned
in the “c.q.i-part” were obtained.



Derivation of Tight Safe Tractable Approximation
of Semi-Infinite LMI with Norm-Bounded
Uncertainty

Aole] + 2y [LF [21¢" Re + RY (¢ Lfa]] = 0

V{¢t € R} - || lan < pVE, CP €R -1,V € T,
The idea is pretty simple: an evident sufficient condition for
x to be feasible for (RC) is existence of matrices Y, such that

(a) Yo = [Ly[a]¢ Ry + Ry [C] Lol ]
V¢ = Nl < [[Cell22 < 1, € € T4
(b) Y= [L [2]¢"Re + RE[C]" L[] ()
|l < 1, £ £ T,
(©) Adi] — pSE Vi = 0
e “Semi-infinite” LMIs (a) are equivalent to finite system of
LMIs

(RC)

Yy = £[L] [x] Ry + R{ Ly[x]], € € I, (A)

e From S-Lemma one can derive without much thought that
semi-infinite LMIs (b) can be represented equivalently by finite
system of LMIs

Yy — MR Ry Ly [z]

L[] M, =0, £ &1 (B)




Aole] + S [LF 101C Ry + RY [ Lla]] = 0
V{¢" € Rrexar} : ||¢tae < pVE, P € R -1,V € T,

We have arrived at the first part of the following
Theorem: (i) The explicit system of LMIs

(a) Y, = £[L}[z] R, + R} L/[x]], V¢ € T,

(b) Yy — AKRETRK LET[m]
Ly|x] My,

(€ Aa] = pXL, V= 0

in variables x, \p € R, { & I, Y;, 1 < ¢ < L, is a safe
tractable approximation of (RC).
(ii) This approximation is exact when L = 1 (unstructured
norm-bounded perturbations) and is tight within factor /2
when L > 1, provided that there are no nontrivial (with
pe > 1) scalar perturbation blocks.

When there are nontrivial scalar perturbation blocks,
the tightness factor of the approximation is a universal
function 9(p) of pn = 2 maxyez, py such that

Hp) < Vp /2.

(RC)

= 0, £ ¢ 1



& Example: Robust Truss Topology Design

e A trussis a mechanical construction, like electric mast, rail-
road bridge, or Eiffel Tower, comprised of thin elastic bars
linked to each other at nodes.

e Under external load, the truss deforms until the internal
forces caused by the deformation compensate the external
forces. At the resulting static equilibrium, the truss capaci-
tates certain energy, called compliance. Compliance is a nat-
ural measure of the rigidity of the truss w.r.t. a load: the less
the compliance, the more rigid is the truss.

e In a Truss Topology Design problem, one is given

A. A list of tentative nodes — an m-point grid in R? (d =
2/d = 3), along with boundary conditions which declare some
nodes partially or completely fixed by supports, and thus define
for every i < m a linear subspace V; C R? of virtual displace-
ments of node 2. A virtual displacement of the nodal set is

a collection of allowed displacements of the nodes, and these

virtual displacements form a linear space V = € V;;
i=1
B. A collection of n tentative bars — pairs of nodes which can

be linked by a bar;

C. A finite set F of loading scenarios — vectors f € }V com-
prised of external forces acting at the nodes and representing
the load in question.



The goal in a TTD problem is to assign the with non-
negative volumes t = |ty;...;t,|€ T in a way which mini-
mizes the worst, over loading scenarios, compliance of the
construction w.r.t. a scenario. Here 7" C R is a given poly-
tope of admissible designs, most typically — just the simplex
{t > 0,> .t; < w}, where w is an a priori upper bound on
the weight of the construction.

& Mathematically, the fact that the compliance of a truss ¢
w.r.t. aload f € Vis < 7 is expressed as

[71{(;] =

where .
Alt) =) tibib]
i=1

is the stiffness matrix of the truss; b; € V are readily given
by the geometry of the nodal set.
Thus, the TTD problem is the semidefinite program

. or | 1 ] }
min 4 7 : =0, ferF,.
i { [ Fram | =%
& In TTD, one starts with a dense nodal grid and allows for
all pair connections of nodes with bars. At optimality, most of

the bars get zero volume, thus revealing the optimal topology
of the construction, along with its optimal sizing.




& The set of loading scenarios F usually is comprised of small
(1-2-3) number of “loads of interest.” In reality, the truss will
be subject to small “unforeseen occasional loads” which can

crush it:

oooooooo

oooooooo

oooooooo

oooooooo

oooooooo

oooooooo

oooooooo

oooooooo

(a): 9x9 nodal grid with
most left nodes fixed and .

the Toad of interest. M — (b): 2,039 tentative bars
144 degrees of freedom.

(c): Single-load optimal d.e PISH, (d): Deformation of nominal design
12 nodes, 24 bars. Compliance under the load of interest f
w.r.t. load of interest 1.00. '

(e): Deformation of nominal design | (f): “Dotted lines”: positions of nodes in
under “occasional” load 10® times deformed nominal design, sample
less than f. of 100 loads ~ N (0, 1010 75)




& To avoid potential instability of the designed truss w.r.t.
small occasional loads, it makes sense to control its compli-
ance w.r.t. both loads of actual interest and all “occasional”
loads of norm < p.

e Question: Where should the occasional loads be ap-
plied? Usually, most of the nodes from the original grid are
not used in the resulting construction; why to bother about
forces acting at nonexisting nodes?

Possible answer: When “robustifying” the nominal design,
we can choose, as the nodal set, the nodes actually used in
this design and to allow the occasional loads to act at all these
nodes.

e Question: How to choose p?

Possible answer: Let 7, be the nominal optimal value in
the TTD problem, and let 7= > 7, be the compliance “we
are ready to tolerate.” When robustifying the nominal design,
we can look for the design which ensures, for as large p as
possible, that the compliance w.r.t. the loads of interest and
all occasional loads g with ||g|ls < pis < 77,



& The resulting Robust TTD problem reads

( B T 7 )
27; f{(t) ~OVferF
_ . [ o+ T 7
S L e R R B
. teT ,

Note: Let M = dim ¢ be the number of degrees of freedom
in the (reduced) nodal set. The body of the semi-infinite LMI

in (%) is

[27 Zé)] a [w A(t)]

LT R
- 7 —N—

+ [0arss In]" ¢, 0par] +R7CTL,
with ¢ € R™*! so that 1< ]l2.2 = ||<]]2
= We are in the case of unstructured norm-bounded un-
certainty and thus (x) admit a tractable reformulation,

namely,

( 27_—|—fT] )
~0VfelF
[ FoAW | © +f
- |
r&?§<p'A(t)zs]M,[2; /S)]io > (")
. teT )




& Applying the outlined approach in the console design, we
set 77 = 1.0257, = 1.025 and end up with p, = 0.362. The
resulting design, being only marginally inferior to the nomi-
nally optimal one as far as the load of interest is concerned, is
incomparably more rigid w.r.t. occasional loads.

nominal design robust design
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-
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(a): reduced 12-node set with
most left nodes fixed and the
load of interest. M = 20
degrees of freedom.

(b): 54 tentative bars

b

(¢): Robust optimal design, 12
nodes, 24 bars. Compliance
w.r.t. load of interest 1.025.

(d): Deformation of robust design
under the load of interest.

(e): Deformation of robust design | (f): “Bold dots”: positions of nodes
under “occasional” load 10 times in deformated robust design over
less than the load of interest. 100 loads ~ A(0, 102 1y)

Robust design of a console




Applications in Robust Control

& Semi-infinite LMIs arise on numerous occasions in Robust
Control.

Example: Lyapunov Stability Analysis. Consider an
uncertain time-varying linear dynamic system

x(t) - Atf’f(t)a

where A; for all ¢ is known to belong to a given convex compact
set U. How to certify that the system is stable, that is, all
trajectories of (all realizations of) the system go to 0 as t —
ool

& The standard sufficient stability condition is existence of
Lyapunov Stability Certificate: a matrix X such that

X-0&ATX+XA<0VACU.
Indeed, given and LSC X, by compactness of U
Ja>0:ATX + XA =< —aXVAec A

whence for every trajectory

%[:BT(t)Xx(t)] =l ([AI X + X Az (t) < —alz! (1) X x(t)]
Y
vl () Xz(t) < exp{—at}z’ (0)Xz(0) = z(t) = 0, t — <.
® Note: Existence of an LSC is equivalent to the feasibility
of the semi-infinite Lyapunov LMI

X-=1, AT X+ XA<—-IVAclU



X-=1 AT X+ XA<—-IVAclU

& In many Control applications, U is given by norm-bounded
perturbations:

U=U,=A"+pZ,
¢t e Reexa

Z=0A=Y PCQut (¢ 22 <1V
(teRI, (€T,

Example 1: Interval uncertainty. In this case
U, ={A: Ay — Aj}| < pdij},
that is,
Z={Z=> djee] |7 < 1Vi,j}
0,

(full 1 x 1 perturbation blocks).



Example 2: Closed loop dynamical system. Consider
a time invariant Linear Dynamical system “closed” by a linear
feedback control:

t(t) = Px(t) + Qu(t) + TE(t) [state equations]
y(t) = R:U( )+ U&(t) [observed outputs|
(t) Sy(t) [feedback]

93( ) = [P+ QSR|x(t)+ [T+ QSUJE(L) [closed loop]

When one (or more) of the matrices P, @, R, S drifts with
time around its nominal value, the system becomes uncertain.
Assuming norm-bounded uncertainty in P, Q), R, .S"

1" — Plla2 < pdp, ..., [|¢° = Sy — Slla2 < pds

we can approximate the range U, of the matrix
Ay = P+ QiS5 Ry

of the closed loop system by the norm-bounded perturbation
set:
U,~ P+ QSR+ pZ,
Z = {(P+(C9SR+QC°R+ QS
¢ 22 < 1, 167122 < 13
(this approximation is exact when only one of the matrices

P,Q, R, S is subject to drift).



AA, X] =—-T-A'X - XA=0VAelU, (L)

U, = A"+ pZ,
(f e Reexa
NB
Z =830 PCQr [IC o < 1V (NB)
(e RI, (€T,

Observation: Norm-bounded uncertainty (NB) induces
norm-bounded uncertainty in the Lyapunov LMI (L), the
number, sizes and types (full/scalar) of the perturbation
blocks being preserved.

Corollary: When L = 1 (unstructured norm-bounded un-
certainty, case A), (L) admits a tractable reformulation, oth-
erwise:

— when there are no nontrivial (p; > 1) scalar pertur-
bations blocks (case B), (L) admits tight within the factor
7 /2 safe tractable approximation,

— otherwise (case C) (L) admits a safe tractable approx-

imation tight within factor 9(pu) < /7u/2, p = 2%’1%}{]?5.
€1lg

O In particular, The Lyapunov Stability Radius of (A", Z)
— the largest p for which (1.) has a positive definite solution
X — admits an efficiently computable lower bound which
IS

— exact in case A,

— tight within the factor 7 /2 in case B,

— tight within the factor ¥(u) in case C.



Globalized Robust Counterparts
& We are about to reconsider two of the ba-
sic assumptions on the ‘“decision environment” we
made, namely, that
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 pre-
specified uncertainty set U.
A.3. The constraints are hard — we cannot toler-
ate violations of constraints, even small ones, when
the data is in U.
E.g., the mail traffic (or shopping) around Christ-
mas is much higher than during the rest of the year.
When following A.2-3 literally, when designing the
corresponding service capacities, we should
— either completely ignore Christmas and orient
ourselves towards the most-of-the-year load on the
system,
— or design the system as if the Christmas load
could happen every day.

e Both these extremes hardly are wise.



® What we want now is to “immunize” against
data uncertainty in the case when

— the data are allowed to run out of the uncer-
tainty set, and

— we allow for controlled violation of the constraints
when it happens.

® Pursuing this goal, we, as always, can focus on a
single uncertainty-affected conic constraint, which
now is convenient to write down in the form of

_Mdm+WjeQ:{y:B%;%§;ng:F (UCQ)

A[(], b|¢] are affine in their arguments.
&% We assume that the “physically possible” per-
turbations ¢ run through the set

Z+LCE=R" (Pert)

e Z: closed convex “normal range” of (
e [: closed convex cone.

Definition: z is robust feasible for (UCC), (Pert) with
global sensitivity «, if
dist(A[(]z + b[(], Q) < adist((, Z|L) V(€ Z4+ L
dist(y, Q) = min [ly — 3| p:
yeQ

dist(z, Z|L) = inf{[[z = Z||p: 2" € Z,2 — 2" € L}




Alc]z + bl € Q (UCC)

x is robust feasible for (UCC) with global sensitivity a
& dist(A[C]z + b[¢], Q) < adist((, Z|L) V(€ Z+ L

Clearly, if x is robust feasible for (UCC) with a whatever
global sensitivity, x is robust feasible for (UCC), the un-
certainty set being Z.

#® Given an uncertain conic problem with certain
objective

P = {mxiﬂ {c"z: Az +bi[¢] € Qi, i =1, “"m}C}

and a perturbation structure, that is, Z, £ and norms
used to measure the participating distances, the
Globalized Robust Counterpart of the uncertain prob-
lem is the semi-infinite conic problem

{CT:C - dist(A;|¢lx + bi[¢], Qi) < audist((, Z|L) }

min
o

V(e Z+ L

(GRC)
where o, > 0 are given parameters.
(Alternatively, we can treat = and o; as the decision
variables and to optimize a new convex objective,
depending both on r and o;, under the same semi-
infinite constraints as in (GRC), and, perhaps, ad-
ditional certain constraints on r and «;.



# Sometimes it makes sense to “add some struc-
ture” to the perturbations, specifically, to assume

that
¢ =[¢h ,Ck] C LZl X ... X ZKl"‘Lﬁl X ... X EKl

zZ L

Z

(Z; are closed convex sets, L; are closed convex
cones) and to define the GRC of an uncertain conic

constraint

Al¢]z +0[¢] € Q

as

K
V¢ € Z + L dist(A[¢Jx +[¢], Q) < ) adist(CF, Zi[Ly).
k=1



GRC of Scalar Linear Inequality
& Consider the GRC of an uncertain scalar linear
inequality

dist(a’ [(Jz 4+ b[¢],R_) < adist(¢, Z|L) V¢ € Z+ L
(ULC)

#® Since a[(], b|(] are affine in (, we have

alcle +0[¢) = W' [2]¢ + 2]

with w|x|, v|z] affine in x.
Theorem: Semi-infinite inequality (ULC) is equivalent to
the pair of semi-infinite inequalities

(a) wz]¢+z] <0V e Z
) wzlc<aVCe Li={Ce Ll |||z}

In particular, (GRC) is computationally tractable, provided
that Z, Land || - || = || - || g are so.



# Illustration: || - |, Antenna Design via GRC.
¢ |- ||~ Antenna Design is the uncertain LO

{n:;nTn {r:—71<d— D(I+Diag{¢})r <71} : ||(||cc < ,0}
D :m x n

& The robust performance of a design z is

Fy(p) = max |[|d — D(I + Diag{(})2||s-
Cl[¢lloo<p

This is a convex nondecreasing function of p.

& Let us fix an uncertainty level p > 0 and set
Z={C: IClloo < 7} £=R", [Cll5 = (1<l

Note: A pair (x,7) is robust feasible, with global sensi-
tivity «, for the Antenna Design problem iff 7 > F,(p)
and

d "
> . — e
a =z a(r) = g&@F@>1g§ Dl

= F.(p), a(x) imply a “global” upper bound on the
robust performance of x:

Vp =0 Filp) < Fu(p) + ale) max[0, p— .

Invoking the easily computable quantity F,.(0), we
can improve this bound to

ELE(0)+EF(p), 0<p<p
Pﬂmg{PMm+@(W>p]p>p



Robust performance of a design
and its upper bound (UB) with p = 0.01

® When solving Antenna Design problem, our
ideal goal would be to optimize in =z the robust
performance F,(p) for all p simultaneously, which of
course is impossible.

& With the usual RC approach we fix the uncertainty
level p = p and optimize the robust performance at this
level. This makes sense when we know reasonably
well the uncertainty level we intend to work with.
& When the range of possible uncertainty levels is wide, it
can be more to the point to look for a “good global upper
bound” (UB) on the robust performance.



Example: Given a “reference uncertainty level” p,
we can act as follows:

e We solve the RC of the problem, thus finding
the best robust performance ¢(p) = min, F,(p) at the
reference uncertainty level p = p;

e We then allow for controlled deterioration of the robust
performance at the reference uncertainty level and choose
among the corresponding designs the one with the smallest
global sensitivity, i.e. solve the problems

z5 € Argmin la(z) : Folp) < (1+0)o(p)t  (F)

for several values of 0. The larger 0, the worse is the
robust performance of x5 at the uncertainty level p, and
the smaller is the (upper bound on the) rate at which the
robust performance deteriorates when p > p grows.

e The arising tradeoff “robust performance at the
reference uncertainty level” vs. “deterioration of
robust performance as the uncertainty level grows”
can be resolved by the end-user.



IMustration: Set p = 0. Here (Fj) is a simple LO
program:

T5 € Argmin{ max » o |Dyjllz| -
X

1<i<m

|d — Da||oc < (1+ 8)min ||d — Dul|ue, w}

O Here are the optimal values in (P;) (= global
sensitivities of the designs z;):

0 0 02 | 03 | 04 | 05
a(zs) 2.6 x 10”]3.8134/1.9916| 0.9681 | 0.9379

Red and magenta: upper bounds F,(0) 4+ c(x5)p
on F(p)

Blue: upper bound on the robust performance of the
robust optimal design associated with p = 0.01.



Globalized Robust Counterparts of Conic Constraints
& Entity of interest: semi-infinite conic constraint

K
V¢ € Z + L :dist(A[¢Jx +b[¢], Q) < ) adist(Ch, Zi[Ly).
k=1

(GRC)
e Q={y: Py+qeK;1<i<I}
KR /L /ST
o Z. C RY: closed convex set
e L, C R closed convex cone
Note: A[¢Jz +b[¢] = >op, Uulal¢h + y[z] with Qfa], 4[]
affine in x.
# Equivalent reformulation of (GRC)
e Recessive cone Rec(X) of a closed convex set X:
the set of all directions d such that y+td € X Vt > 0 for some
(and then for all) y € X.
Examples: A. X is bounded = Rec(X) = {0}
B. X is a cone = Rec(X) = X
Theorem: (z,« > 0) is feasible for (GRC) if and only if

(a) AlCle+0[Cl e QV( e Z X ... X Zg
(b) Wp(x) = sup dist(Q[z]¢*, Rec(Q)) < ag, B < K
Check

LY ={¢" e L I8l < 1]



® We have reduced the Globalized Robust Coun-
terpart (GRC) of an uncertain conic constraint to a
pair of semi-infinite conic constraints (a), (b), and
such a system not necessarily is tractable. What to
do when (a) - (b) is intractable?

As in the case of RC, assume that 0 € Z;, k£ < K,
and embed (GRC) into a single-parametric family
of semi-infinite conic constraints

V(e pZ+ L

dist f Qula]cE +a], Q) < i adist(ch, pzylcy) (GRO

0

(a,) Al{lz +0b[C] € QV( € pZ1 X ... X pZk
(b) Vi(x) = sup dist(Q]x]C*, Rec(Q)) < ap, k < K
Ckech

L7 ={¢" € L% [|¢Fllwy < 1}]

and let us look for tight tractable approximations of

(a,) and (D).




(a,) AlClx+D[C] € QV( € pZ) X ... X pZk
(b) Vi(z) = sup dist(Q[z]¢*, Rec(Q)) < oy, Vk
Chech

(GRC,)
e We already know what a J-tight safe tractab-
le approximation of (a,) is: a system S, of efficiently
computable convex constraints on x and additional variables
such that
—1if p > 0 and x are such that x can be extended to a feasible
solution of S,, x is feasible for (a,);
— if p > 0 and z are such that  cannot be extended to a
feasible solution of S,, x is not feasible for (ay),)
e By definition, a safe k-tight tractable approximation of
(b) is a collection of efficiently computable convex upper
bounds @ on Wy, such that ®p(x) < kUi (x) for every .
& Replacing (a,) with a J-tight s.t.a. S,, and (b) with a k-
tight s.t.a. Op(x) < oy, b < K, we get a tractable system S
of convex constraints on x, aq, ..., ax and additional variables
such that
— if p and (z,a) are such that (z,a) can be extended to a
feasible solution of Z 1, (x, ) is feasible for (GRC,).
—if p and (z, «) are such that (x, o) cannot be extended to a
feasible solution of Zf, (z, k™ 'a) is not feasible for (GRC-1,).



Tight Approximations of Y,

& Situation: We are given

e Buclidean space F' with closed convex cone K and norm
- le

e Euclidean space F with closed convex cone K and norm
I-le

e A linear mapping x — Ax : £ — F.
& Goal: to build a tight efficiently computable convex upper
bound ®[A] on the function

W[A] = max {dist). .(de, K") e € K", |le|]lp < 1}

Fact: The resulting problem admits a kind of duality:.
O Definition: Let B be a Euclidean space with a norm || -||.
The conjugate to || - || norm is defined as

2 = Imnax (<
I=1l- y:uyns1< &

In fact, || - ||« is the smallest norm on B such that

(z,y) < [[zllllyll Yy, =
Example 1: When B is R" with the standard inner prod-
uct, p € [1,00] and [[ - || = || - [|, one has || - |l. = || - [|; with
1,1 _
st =1
Example 2: When B is R™*" with the standard inner prod-
uct, p € |1, 00 and ||Y]| = [|o(Y) ][, o(Y") being the vector of
singular values of Y, one has || Z|. = ||o(Z)]], with %‘F% = 1.
Fact: ([ [l.). = -.




meax{distH.HF(Ae, K" :ee K" |le|r <1} (%)
Observe that
disty. .(Ae, K*') = mgx{—(Ae,f}F - f e KL | fllpe <1}

=
max {dist|.| .(Ae, K') : e € K*, |e||p < 1}

ec KE |lellp <1
= max 4 — (Ae, : ’ -
e,f{ % {fEKfaHfHF,*Sl}
=(A*f.e)E

— m?X{diSt|.|E’*(A*f, Kfj) e Kf, | fllFs < 1}

Thus: Quantity (%) remains intact when one carries out
the following transformation of its data:

e A+ A, =A"
0E<—E+::F,KE%KE::K5,

I lle =1z =1 e
QF%FJF::E,KF%KE::KE,
I lle =1 7 =11 - 2

Conclusion: “Good cases” of () — tuples

(E7 KEJ H ' HE7F7 KF? H ' HF>
allowing for efficient computation (of a tight upper bound on)
the quantity (%) as a function of A — are met in “conjugate
pairs” with members of a pair linked to each other by the
above transformation.



E.K* Bp={lle|e <1} & F. K", Bp = {|| f|r < 1}

4
VAl = max diStH.HF<A6,KF)

QEBEHKE

& From now on we assume that K%, By, K, Br are compu-
tationally tractable, and ask when V|| is efficiently computable
(or admits tight computable upper bound).

E_
0) [Trivial case] gF ; ;O} = VA =0

K* = E,Bp = Conv{ey, ...,ex}
DIET =10}, 1/llr = max[{F. fir]
W[A] = maxdisty. .(Ae;, K)
DA = rrg%x{(Ae, M5 ez < Lee KF)
Note: In the GRC context, K% is the cone £ (or £},), and

Kt is the recessive cone of Q. Therefore 1) implies, e.g., that
the GRC of uncertain conic constraint is tractable when

=

— L=F and | -||g =] |1, or when
— Q is bounded and || - ||F = || - ||



2) K¥ = E,Kr = {0} [self-conjugate case]. In the GRC
context this relates to £ = E, Q bounded. Here

WA} = max {[|Ael| - [[e]lp < 1} = [|Allz.F-

O We know 3 generic cases when ||A||g r is efficiently com-
putable:
e By = Conviey,...,en}
= AHE,F = Imax; HAe@HF
e Br=1{f{f,f)r <1i<N}
= Al = max {(A°F, e} lellp < 1}
o [[<lle=1"1ll2 [l-llz=1"12
= AHE,F = \/)\max<A*A)
O When || -|[g = |- |lp, [| - [l = || - ll, computing [|A|| g p is
provably NP-hard, provided that p > r. However, we have

Theorem |Nesterov]| When p > 2 > r, ||A||g.r admits the
efficiently computable upper bound

min{luppﬁ =y [Diag{u} AT ] }0}7

JIN% ) A Dlag{y}

-1
and this bound is tight within the factor [% — 2} ~

3
2.29306.
e Depending on p, r, the tightness factor can be improved; e.g.,
when p = oo, r = 2, it reduces to \/7/2.



u; > 0,1 € 1,

I =R", ||||F:||Hoo, Kt =S u: u; < 0,72 € -
U; = O,Z c [0
vj 2 0,7 € Jy
E=R"-lle=1"lh Kf=<Swv: v; < 0,7 € J_
v; = Oa] < JO
U[A] = max max ule,
u€l ee K |le|| p<1
U={—fi}ier, U{fitier U{Efi}icl,
_ [fi+ basic orths in F]

W[A] = max disty, (Ao, K7,

V = {ej}jer, U{—e;}jer U{Ee;} e )
le;: basic orths in F]




F=R", K" =L" ||-|[p=]" |
4) K" =FE= R -l =1 - [l
F=R" K" ={0}, |- [[r=1 "2
E=R" K'=L1L", ||-lg="]>
AL | A*Diag{\/3n-1, L} 12> < v/3/20[A]
(4] < | ADing{y /31,1, L} 22 < /3/20[A
Explanation: Assuming £ =R"™, |- ||z = |- |, K* =
L7, F=R" K" = {0}, |- lr = - [l2, we have
v e L™,
VIA] = maX{HAUHQ loll, < 1 } = mgx{HAng v € B},

B = Conv{{v e L, ||v|ls <1} U{v e =L™ |jv]ls < 1}},

= W[A] is the operator norm of A induced by the norm
| - ||¥ with the unit ball B in E and the Euclidean

norm in F. The norm |[v]|¥ can be approximated
within the factor /3/2 by the Euclidean norm

\/fu% + U2+ 202

Blue: set B

and the result follows.



® Illustration: Least Squares Antenna Design via
GRC.

e |- |2 Antenna Design is the uncertain Least
Squares problem with instances

min {7 : [h — H(I + Diag{(})x;7] € Q = Lm+i}
| & |lh — H(I + Diag{C})all> < 7
e H:m xn e(: data perturbation

& The robust performance of a design z is

Fy(p) = e | — H(I + Diag{C})z||>.
This is a convex no}ldecreasing function of p.

& Let us fix an uncertainty level p > 0 and set
-l =11l 2 =1C: [Clloe < P}y L=RY |- [l =[] [loe-
Note: A pair (x,7) is robust feasible, with global sensi-

tivity «, for the Least Squares Antenna Design problem,
iff > F,(p) and

o> a() = max disty,([Dl)G; 0, L")
Dl|z| = HDiag{x}

Observation: dist),([u; 0]; L™ ™) = 271/2||ul|,.
Observation:
pli_)rgo d%Fx(p) = lim, .o Fi(p)/p = max || D[x]C|2.

I¢]loe=1
= lim d%Fx(p) = 2120(x)

pP—>00



Conclusion: similarly to the LO case, F,.(0), F,.(p) and a(x)
produce a global upper bound on F,(-):

LLp, LE.(p < 7
P <{ 7 _<0>+p12(p), U=p<p
F,(rho) +2"2a(z)[p —pl, p>p

= when the uncertainty level p we should work with is only
vaguely known, we can use the GRC methodology to optimize,
to some extent, a global upper bound on the robust perfor-
mance, similarly to what we did in the || - || Antenna Design.



Tractability Issues
&% In contrast to the LO case, now neither F,(p),
nor a(z) is easy to compute. However, these quanti-
ties admit tight tractable upper bounds:

o F.(p) = ﬂ%ﬁg | — H(I + Diag(¢))z ||2

h—HztDlz)¢
= max ||pDlz]n+tlh — Hazl|2
.t [m:t] o<1
= ||[pDlz], h — Hz]|| -
By Nesterov’s Norm Bound Theorem, the efficiently
computable quantity

7 vl [pDa],h — Hz] ] o }
Fa(p) IE}V“{ 2 '[[pD[th—Hx]T Diag{1} ]—O

is a tight within the factor /7 /2 upper bound on Fj(p).

Note: same as F,(p), F,(p) is a convex nondecreasing func-
tion of p > 0.

e af(r) = max dis z|C: m+1
() o d b ([D[2]C; 0], L)

:2_1/2 max D{L‘ :2—1/2 Dx N
choogl” ZIcll: | D]x]|| o2

= the efliciently computable quantity

- — : HMH1+V . V[m ‘ D[ZC] }
ol(z) r/angl{ 2v2 [DT[I]Diag{u}] =l

is a tight within the factor /7 /2 upper bound on a(z).
Note: a(z) =272 lim LF,(p).
p—oo 4P




& Summary: the efficiently computable quantities ﬁx(p),

a(x) are tight, within the factor \/m /2, upper bounds on

F,(z), a(z), respectively.

Since F,(p) is convex and nondecreasing in p and

~ _ o—1/2 7; i/\

alr) =2 plggo dpr(p), we have

P=LE (p) + LFL(0 0<p<p

Fp<q 2 B0t E0. ey
Fy(p) +2'%a(z)p— pl, p = p

and we can optimize, to some extent, the right
hand side in order to ensure a desirable robust per-
formance of our design in a wide range of values of

p-



& Illustration: Setting p = 0, we solve the problems
B(6) = mgn {a(x) : F.(0) = |h — Hzlf
< (1+0)min||h — Hul}

for several values of 9, thus getting global upper bounds

F,,(0) +2'28(8)p ()

on the robust performances of the resulting designs. The end-
user could then choose the design he finds the most appropri-
ate.

6 | 0 ]025] 050 075 1.00 | 1.25
B(0)9441.4]14.883 | 1.7165 | 0.6626 | 0.1684 | 0.1025

Red and Magenta: bounds (x) for the values of § from the
table.

Blue: Bound on global performance of the RC design corre-
sponding to p = 0.01 (global sensitivity < 0.3962).



Intermediate Summary
& So far,
® We have defined the notion of uncertain conic prob-
lem — a family P of instances

Al[C]x -+ bl[d - K1
min< clz: , ez

X

with the data A,b,..., A,,.b,, affinely parameterized
by the perturbation ¢ running through a given pertur-
bation set Z. Here K, are simple cones, specifically,
nonnegative rays (uncertain LO), or Lorentz/Semide-

finite cones (uncertain CQO/SDO), and Z w.l.o.g.
can be assumed convex and closed.

#® We associated with uncertain problem P its Ro-
bust Counterpart — the semi-infinite convex problem

Al[C]ZIJ + bl[C] - K1
min 'z V(e Z (RC)
AnlC]z + by[¢] € Ky,

and treated the optimal solution of (RC) as the
best “uncertainty-immunized” solution to the un-
certain problem of interest.



min 'z V(e Z (RC)
) AplClz + by [¢] € Ky

® The major theoretical issue we focused on was
the one of computational tractability of the RC. We
have seen that this crucial property

— always takes place in uncertain LO, provided that
the perturbation set Z is computationally tractable,
— takes place in the case of scenario uncertainty
Z = Conv{(!, ..., (M},

— sometimes takes place in Uncertain CQO/SDO.

In the case of Uncertain CQO/SDO, we have listed
known “solvable cases” (same as “nearly solvable” ones
— those where the RC admits a tight safe tractable ap-
proximation), and we have seen that these (nearly) solv-
able cases cover a reasonably wide variety of interesting
and important applications.

e | believe building tractable reformulations/tight safe
tractable approximations of the RC (or, which is the
same, of semi-infinite conic constraints) is a rich, chal-
lenging and nontrivial research area.



Challenges: Adjustable Robust Optimization
& Aside of applications of the RO methodology in
various subject areas, an important venue of the
RO-related research is extending the RO methodology
beyond the scope of the RC approach as presented so far.

The most important in this respect is, we believe,
passing to Adjustable Robust Optimization, where the
decision variables are allowed to “adjust themselves”, to
come extent, to the true values of the uncertain data.
® One of the central assumptions which led us to
the notion of Robust Counterpart reads:

A.1. All decision variables in uncertain problem repre-
sent “here and now” decisions; they should be assigned
specific numerical values as a result of solving the prob-
lem before the actual data “reveals itself.”

While being adequate to many decision making sit-
uations, A.1 is not a ‘“universal truth.”



® In some cases, not all decision variables represent
“here and now” decisions. In dynamical decision mak-
ing some of the variables represent “wait and see”
decisions and as such can depend on the portion
of the true data which “reveals itself” before the
moment when the decision is being made.
Example: In an inventory affected by uncertain demand,
there are no reasons to specity all replenishment orders in ad-
vance; the true time to specity the replenishment order of pe-
riod ¢ is the beginning of this period, and thus we can allow this
order to depend on the actual demands in periods 1,...,t — 1.
& Usually, not all decision variables represent actual deci-
sions; there exist also “analysis” (or slack) variables
which do not represent decisions at all and are used
to convert the problem into a desired form, e.g.,
one of a LO problem. Since the analysis variables do
not represent actual decisions, why not to allow them to
depend on the entire true data?”



Example: The convex constraint . |a/ 2 — b;| < 7 can be
represented by a system of linear constraints

—y; < aj x —b; <y, Ziyz <T (%)

When the data a;, b; are uncertain and z; represent “here and
now’  decisions and thus should be assigned values independent
of the true data, there are absolutely no reasons to impose
the same restriction on the slack variables y. To see the
difference,

e The “true” RC of the uncertain constraint
>ilai[dJz = bl <7, (€ Zis

>oilai (e = bl < T V(€ Z,

and the “true” robust feasible set is

{z:VCe Z:TFy:—y <al [Clx—0bll] <y, Zzyz <7}
(1)

e The RC of the uncertain system (%) is
~yi < af[(lr = bil¢] < i, Doy < TVC € Z,
and the robust feasible set is
{z:3y:¥¢Ce Z: —y < af[z = bl Sy ) yi <7}
(2)

(2) is smaller than (1), and the difference can be
dramatic:

|x+<|+\x—c|s2,<e[—1,u:»{



P = mm{c |z +d[C ij (e Z

Adjustable and Affinely AdJustable Robust Counterpart
& In order to allow for the decision variables in
P to “adjust themselves,” to some extent, to the
true values of the uncertain data, we could act as
follows:
e We fix matrices P; and allow the decision variable
x; to be an arbitrary function of the “portion” P;(
of the true data: =, = X,(P;()
e We plug the decision rules X,;(P;() into P and re-
quire them to be robust feasible:

> X(POA S W e 2

e We associate with uncertain problem P its Ad-
justable Robust Counterpart

S ldX (PO +dlq] <
mm{ S X,(POAC < ) }WEZ} (ARC)

Note: When the decision rules X;(-) are restricted to be
constant, (ARC) recovers the usual RC of P.



D {mgn{czrmx +di(] - ijlxjAj[C] <b[¢l}:Ce Z}#

e lX (PO +dll] <
“““{ > X,(PO)A L) < blc] }WEZ} (ARC)

® While perfectly well suited to capture the ad-
justability, if any, of decision variables to the true
data, (ARC) has a severe built-in drawback: it is
a “genuine” infinite-dimensional problem, and as such is,
in general, severely computationally intractable. It is
unclear even how to represent candidate decision
rules — which are functions of many variables! —
in a computer. Seemingly the only techniques allowing to
handle ARC are offered by Dynamic Programming, and thus
suffer from the “curse of dimensionality.”

® Remedy: to restrict ourselves with parametric decision
rules, specifically, with affine ones:

X;(PiC) = €J+77 PiC.

¢ Restricted to affine decision rules, the ARC be-
comes a finite-dimensional semi-infinite problem

: , Zj '[CH@‘F%PC]‘FCZ[C]
f?{’f > 1€ + T PiCAC) < bC }W EZ}

called the Affinely Adjustable RC of the uncertain
problem P.



[ 2eldlg 4y Pidl + did) < t} }
85 {t | Zj[fj t+ ”ijCjAj[d < b[¢] veez

(AARC)
Definition: We say that P is with fixed recourse, if the
coefficients ¢;[C], A,[C] of every adjustable (i.e., with P; # 0)
variable x; are in fact certain.
Observation: Under fixed recourse, (AARC) is of the same
structure as the RC of P, specifically, is a problem with linear
objective and bi-affine in ( € Z and in (x,t) constraints.

We have arrived at the following
Theorem 1: The AARC of an uncertain LO problem

with fixed recourse is computationally tractable, provided
the perturbation set Z is so.

Theorem 2: The AARC of an uncertain LO problem
with non-fixed recourse and with NM-ellipsoidal perturba-
tion set 2 = Z, = {¢ : 'Q;¢ < p*1 < 5 < J}
Q; = O,Zj Q); > 0] admits a safe tractable approxima-
tion tight within the factor O(1)y/In(J + 1). When J = 1,
the approximation is exact.

Note: the conclusion of Theorem 2 remains valid when the de-
cision rules for “fixed recourse” x; (those which enter the prob-
lem solely with certain coefficients) are allowed to be quadratic
in P;¢, and the decision rules for the “non-fixed-recourse” vari-
ables are allowed to be affine in P;(.



& How it works: Inventory Problem. A single-product
inventory comprised of a warehouse and [ factories evolves over
time horizon 1, ..., N. The inventory is affected by uncertain
demand d = |dy;...;dy| varying in a given domain D. No
backlogged demand is allowed. Let

e 1; be the inventory level at the beginning of period ¢,

e w;; be the amount of product, ordered from and delivered
by factory # ¢ in period ¢.

Given the initial state x; of the inventory, bounds on the
inventory levels and on the instant and cumulative replen-
ishment orders, we want to minimize the worst, over the
demand trajectories from D, overall ordering cost:

min C total ordering cost]
C xw )
s.t. C'> Zi\i S cwgy cost description]
Tl = Ty + Zle w;; — dy [state equations]
X< <X bounds on states|
0 < wy < Wy bounds on orders]
0 < 27]-\[:1 wir < W, bounds on accumulated orders|

® Applying the AARC approach, we

e allow to our actual “wait and see decisions” w;
to depend affinely on Pd = [dy;...;di1]: wi = pi +
ZT<t qz_th

e allow to the ‘“analysis variables” zs,...,xy,1 to be
arbitrary affine functions of d: z; = & + n/ d;

e treat (' as the only non-adjustable variable.



We plug the decision rules into the model and re-
quire the constraints to be satisfied for all d € D,
thus ending up with the semi-infinite LO problem
min C

C ,ftm,

s.t. C > Zt 1Zz 1 Cit it + ZT<t q;d-]
Sl + 77t+1d &+ de + Zz 1[pzt T th qhd;] — dy
O < Zz pit + ZT<t qhd;] < Wy

0 < Zt it + 2 Gids] < Wi

where the constraints should be satisfied for all d € D.

e Note: We are in the situation of fixed recourse= the AARC
is tractable, provided that D is so.

e Note: We could handle easily a much more complicated
problem (many products, additional components in the cost
function, probabilistic constraints, etc., etc.) All what mat-
ters is that the underlying problem is uncertain LO with
uncertainty affecting the right hand sides of constraints

only (and thus not affecting coefficients of adjustable vari-
ables).



& Numerical illustration: N =48, I =3, D is a box:

Demand box 0.8d" < d < 1.2d* Ordering prices c;
and a sample demand trajectory (periodic with period 24)
We ran several hundreds of simulations and com-
pared the average replenishment cost incurred by
optimal affine decision rules with utopian cost we
could pay when knowing in advance the demand tra-
jectory and optimizing accordingly our policy. This
comparison (biased against affine decision rules)
shows a surprisingly high quality of these rules:

AARC-based cost Utopian cost
Uncertainty | Mean Std Mean Std
2.5% 33974 190 33878(-0.3%) | 194
5% 34063 432 33864(-0.6%) | 454
10% 34471 595 34009(-1.6%) | 621
20% 35121 1458 33958(-3.4%) | 1541

Note: With our setup, the RC is infeasible already at the 5%

uncertainty level.



¢ There is significant evidence that affine deci-
sion rules indeed work well in multi-stage Inven-
tory problems.

% Recent (difficult!) result of Bertsimas, Iancu and
Parrilo states that For a single-product Inventory with
the cost function S, [cyw; + hy(x)] (¢ > 0, hy(+) are con-
vex), state equations

Ty = Tp—1 + Wy — dt

bounds W, < w; < W, on replenishment orders and a box
D in the role of the set of uncertain demand trajectories,
the ARC is equivalent to the AARC, that is, the optimal,
in terms of the worst-case management cost, decision rules
can be chosen to be affine in the respective parts of the de-
mand trajectory.

While this theoretical result cannot be extended to a more
general settings of the Inventory problem (say, it fails to be
true when bounds on accumulated orders are added, and/or
the box uncertainty set is replaced with a more general one),
AARC, practically speaking, seems to be a good technique for
worst-case oriented Inventory management.

Note: When passing from minimizing the worst-case
management cost to minimizing the average one, affine de-
cision rules become by far non-optimal already for pretty
simple Inventory models.



& Assume we want to solve a “restricted ARC”
on an Uncertain LO problem with fixed recourse,
that is, its ARC where the decision rules are re-
stricted to reside in a given class (e.g., to be affine,
or quadratic, or polynomial,... in their arguments).
e When restricted to affine decision rules, the ARC becomes
easy. Is the affinity an actual restriction here?

#® Assume that instead of affine decision rules
x; = &+n; P;¢ we indent to use rules from a general
parametric family:

rj =Y njfie(PiC) (*)

e fiu(-): “basic functions” e 7,: free parameters.
OAugmenting the perturbation ¢ by the entries (;r = fu(FP;C),
that is, extending ¢ to the new perturbation vector

Cl¢) = (G {F(PiO) Y,

decision rules (*) become affine in the new perturbation. Thus,
for all practical purposes all parametric decision rules can be
thought of as affine ones.

""" Bottleneck: The AARC of an Uncertain LO with
fixed recourse is easy due to both affinity of the decision
rules and the assumption (which we always made) that
the perturbation set Z is tractable. Passing from ( to

its nonlinear transform E[C], the perturbation set becomes

Z= Conv{z (] : ¢ € Z} and can easily lose tractability.



Good case: Quadratic decision rules, Z is an el-

lipsoid. Here E[C] — _C CCCTT]. Assuming Z = {( :

1]l < 1}, Z = COHV{E:C] - ( € Z} is computationally
tractable:

£ {[05] (1] oo

Semi-Good case: Quadratic decision rules, N-ellip-
soidal uncertainty. Here

Z={¢:{"Qi<1,1<j<J}
A J>1,Q;=0,5,Q; = 0]

and (|-| is as above. Now the set

Z = Conv{C[(]: C € 2}

can be intractable, but it admits an outer tractable
approximation:

ZCZ = Sl (S T(ZQ.) <1,1<j<J
C Z ) C Z — J/ — — ] —
which is tight within factor ¢ = O(1) In(J):
W 1ZCc ZCZ.



Generic Application: Synthesis of Linear Controllers
& Consider time-varying discrete time linear dy-
namical system

Ty = 2 initial state]

| state equations

T = Ay + Byuy + Rydy | e x4 state e uy: control
e d;: external disturbance
y; = Cyxy + Dyd, [c_)bserved output] ]

“closed” by affine output-based control law

t
w=g+) Gy ()

& Given finite time horizon 0 < ¢t < N, we want
to specify a control law (x) which ensures that the

state-control trajectory w = [xg;...xn11; U;-..; Uy| satis-
fies given design specifications
Aw < b (1

robustly w.r.t. the “perturbation” ( = |z:dy;...;dy]
running through a given set Z.

Good news: by linearity of the system and the control law,
the trajectory is affine in (.

= The Analysis problem: check whether a given control
law (%) robustly meets the design specifications reduces to
verifying whether a system of affine constraints on ( is satisfied
by all ( € Z. This is easy, provided Z is tractable.



o — <2

L1l = Atﬁﬁt + Btut -+ tht (S)
vy = Cyry + Dydy
/
Ut = gt + ZT_OGZZUT (*)

Bad news: the trajectory is highly nonlinear in the param-
eters v = { g, G] } of the control law ()

= The Synthesis problem: find control law (x), if it exists,
which robustly meets the design specifications seems to be
intractable.

Remedy: pass to afline purified-output-based control laws.
& Consider, along with system (S) “closed” by
some control law, its model

Ty = 0
ZE\LL_H = A@tJrBtut (M)
yr = Cyy

which we “feed” by the same controls u; as (5). We
can run the model in an on-line fashion, and thus
at time ¢, before the decision on u; should be made,
we have in our disposal purified output v; = y; — y;
Observation: purified outputs are independent on the
control law known in advance affine functions of (.
Indeed, setting A\; = x; — Ty, we clearly have

v = CiAy + Dydy, Ao = 2z, Ay = Ay + Rydy.



System: Model:
To = 2 2o = 0
T = Ay + Boup + Redy (S)| 101 = Aoy + Bouy (M)
vy = Cury + Didy = Ciy
Purified outputs: v, = y; — v
o { g+ > GTy, [output-based affine law] (%)
"l e+ Y Hv, [purified-output-based affine law] (+)

Facts:

O Purified-Output-Bbased (POB) affine laws are equiva-
lent to the output-based affine laws: every mapping ( — w
which can be obtained when “closing” (S) by a law (x), can
be obtained by closing (S) by a law (+), and vice versa.
O When (5) is closed by a purified-output-based affine con-
trol law (+), the trajectory w = W|(,n| becomes bi-affine
in ¢ and in the parameters 1 = {h;, H] } of the control law.
O As a result, Sticking to purified-output-based control
laws, the Synthesis problem

Given design specifications Aw < b on the state-
control trajectory, find a control law, if one exists,

which meets these specifications robustly w.r.t. ( =
z;dy; ...;dy] € 2

becomes an efficiently solvable system of semi-infinite
affinely perturbed linear constraints on 7.



How it Works: Control of 3-Level Serial Inventory

3—-LEVEL SERIAL INVENTORY

e Level 1 supplies extrnal demand

e Level 2 supplies Level 1

e Level 3 supplies Level 2 and is supplied from Factory

e There is 2-period delay in executing replenishment orders

The Inventory can be modeled as the 9-state LDS

ri(t+1) = x1(t) + 22(t) —d;

xg(t + 1) — .I'g(t)

ng(t + 1) — ul(t)

Zlf4<t + 1) — 334(t> + 335(t> —U1<t>

ZC5<t + 1) — 336(t>

ZC@(f + 1) — ”LLQ(?f)

£C7(t + 1) — $7(t) + Qfg(t) —Ug(t)

$8(t + 1) — I‘g(t)

To(t+1) = us(t)
y(t) = x(t)

e 1|, Ty, T3 — inventory levels

e 1, — replenishment orders e d; — demands



& It is well known that serial inventories with de-
lays suffer from bullwhip effect: variations in exter-
nal demand result in much larger variations in the
inventory levels, especially in the one closest to the
factory, thus badly affecting the production:

-

& This is what happens with “naive” feedback:

Bullwhip effect
Top: time-dependent demand varying in [—1, 1]
Middle: replenishment orders (1), us(t), us(t)
Bottom: inventory levels (green: #1, blue: #2, red: #3)

#® Note: variations of the demand in the range [—1, 1] result
in huge (hundreds!) oscillations in the level #3 and in the
replenishment orders.



O To reduce the bullwhip effect, we can look for the
best — with the largest decay rate as certified by
Lyapunov Stability Certificate — linear feedback.
With this control, the picture looks much better:
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Good linear feedback
Top: time-dependent demand varying in [—1, 1]
Middle: replenishment orders (1), us(t), us(t)
Bottom: inventory levels (green: #1, blue: #2, red: #3)

But: At the very beginning, we still have unpleasant jumps
in the inventory levels and replenishment orders.



¢ To improve the behaviour of the process in the
beginning, we can use purified-output-based affine
control aimed at minimizing the initial jumps and
converging to the above feedback control. This is
what we get:

1
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Combined p.o.b./feedback control
Top: time-dependent demand varying in [—1, 1]
Middle: replenishment orders u(7), us(t), us(t)
Bottom: inventory levels (green: #1, blue: #2, red: #3)



¢ This is what we gain in the beginning, while
loosing nothing in the long run:
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Pure feedback control (left)
VS.
combined p.o.b/feedback control (right)
Top: time-dependent demand varying in [—1, 1]
Middle: replenishment orders (1), us(t), us(t)
Bottom: inventory levels (green: #1, blue: #2, red: #3)



Handling Infinite-Horizon Design Specifications
& Let the open loop system be time-invariant:

Xy — <
Tyl = ACCt+BUt+Rdt, t:O,l,
Yy = CZCt+Ddt

and stable: the spectral radius of A is < 1.
® Let us use nearly time-invariant affine POB control:

up = hy + le;éHﬁUt—s
for t > N,:h,=0& H! = H,

N.,: stabilization time.



ri1 = Axy+ Buy + Rd,
Yy = Cxy + Dd;
wo=he+ S0 Hivy_
fort > N,:hy=0& H.=H,

t=0,1,...

® Setting

515 = Tt — /x\ta H = [H()a "'7Hk—1]7

for t > N,, evolution of the closed loop system will
be given by the time-invariant LDS

Wi+1 A+A[H ]
[ 2 | | A|BH,C BH,C ... BH, |C|
Ot+1 A
5,5 = A Wt
| Ot—kt2 | I A
R, \H d
TR|BH,D BH,D ... BH,.D | |d ]|
R d,
+ R di—q
R di—f+1
Up = S H,[Co, + Dd;_,).

& Facts:
e The matrix A, |H]| is affine in H and is stable for all H
e The resolvent

Ru(s) = (s] — AL [H])™ s € C]

has all its singularities in spectrum of A and is affine in H.



ri1 = Axy+ Buy + Rd,

Yy = Cxy + Dd;

w o= h+ S0 Hivy_

fort > N,:hy=0& H!=H,
& Starting with time N,, the closed loop system
can be “embedded” into the time-invariant LDS
W1 = A+[H]wt + R+[H]dt

U = Zi;éHv[Cét—y + Dd;_,)|
® Let s € C differ from 0 and from all eigenvalues

of A, and let the external disturbance be
dt — Stf, L = O, 1,

t=0,1,...

& Facts:

e Ast — oo, the state-control trajectory |x;; u;| approaches
the trajectory

S Hoyu(8)f

The transfer matrix H,,(s) is easy to compute: setting
Ra(s) = (sI —A)~', one has

H(s)

7\

~

i k—1
Ra(s) | R+ ZVZOS_VBHV (D + CRA(s)R]

Hou(s) =

Zk:;sH‘ D+ CR4(5)R]

N— 7
~~

Hu(s)
The transfer matrix has all its singularities in the spec-

trum of A and is affine in the steady-state parameters
H = [H,y, ..., H;_1] of the POB control law we use.




ri1 = Axy+ Buy + Rd,
Yy = Cxy + Dd;
w o= h+ S0 Hivy_
fort > N,:hy=0& H!=H,
® The transfer matrix of the closed loop system
has all its singularities in the spectrum of (stable)
A and is affine in the parameters H = |Hy, ..., H;,_1] of the
POB affine control law we use.
= Let the design specifications on asymptotic behaviour
of the closed loop system be given by convex constraints
on the transfer matrix. Then design of the POB affine
control law meeting these specifications reduces to Convex
Programming.
e After the above design specifications are met, we can fur-
ther adjust the “transitional behaviour” of the closed loop
system by modifying the resulting POB on finite horizon
0 <t < N,, which again reduces to Convex Programming.

t=0,1,...




Example: Discrete time H., control.
& Discrete time H,, design specifications impose
constraints on the transfer matrix along the unit
circumference s = exp{ww}, 0 < w < 27, that is, on
the steady state response of the closed loop system
to harmonic oscillations in the role of disturbances.

Let the only nonzero entry in the disturbances be the
j-th one, and let it be a harmonic oscillation of unit
amplitude and frequency w. Induced steady-state be-
havior of ¢-th state is the harmonic oscillation of the
same frequency with the amplitude |(H,(exp{ww}));;|
and the phase shifted by arg(H,(exp{uww});).

= The state-to-input responses (H,(exp{uw}));; ex-
plain the steady-state behavior of states when input
is comprised of harmonic oscillations, and similarly
for control-to-input responses (H,(exp{ww}))i;.

® A wide spectrum of H,, design specifications are
given by the systems of constraints of the form

V(s = exp{w} :w e A; C[0,27])
1Gi(s) = Li(s)Hay(s) Rils)|| <75, 1 <0 <m
o G(s),L;(s), R;(s): rational in s matrix-valued
functions with no singularities on |s| = 1
e /A\;: given segments e | -||: standard matrix norm.

(' These specifications reduce to explicit convex constraints
on the parameters H of the affine POB control law we
intend to use and thus are tractable



Control of 3-Level Serial Inventory (continued)
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& Minimizing the maximal, over frequencies, mag-
nitude of the frequency response of level 3 orders
to the demand, we get results as follows:

Inventory, level 1 Inventory, level 2

\/
I \
I v

max: 10.39/71.95/5.00

Inventory, level 3 Orders, level 3

ﬂ\

B 7l
N
P %

N TN

max: 280.53/111.77/1.07 |max: 140.29/20.38/1.00

Magnitudes of frequency responses
e Magenta: naive linear feedback
e Blue: optimal POB affine control with £ =1
e Red: optimal POB affine control with £ =6




20
LEVELlINVENTORY !

o MH .

max1mal magmtudes 10 11 / 3. 08
0 50 100 150 200 250 300 350 400

-20

100 I
LEVELZINVENTORY :

o
o v‘v‘v‘v HH L v‘v‘v‘v‘v‘v v‘v‘v‘v‘v‘v‘

‘maximal magnitudes: 51.19/0.74
0 50 100 150 200 250 300 350 400

-100

500 |
LEVEL3INVENTORY :

: .AnAHHHHHHHHHHIHHHH
SRV VDTV

maX1ma1 magmtudes 259.1 / 0.7 0
0 50 100 150 200 250 300 350 400

-500

200

T
° 'v‘v'uH!HH!H!H!HHHH! Ll

‘maxima nlt des:

-200
0 50 100 150 200 250 300 350 400

Inventories and Orders vs. Time
Disturbance: cos(0.6t) starting with ¢ = 0
Magenta: naive feedback
Blue: optimal affine POB control with k& = 6
We have dramatically reduced and inverted
the bullwhip effect!



