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1 Introduction
Consider a convex program in the following standard form:
minimize ¢z st x € G; (1)

here G is a closed and bounded convex subset of R™ with a nonempty interior. One of the most
attractive theoretically ways to solve the problem is to trace the path of analytic centers, i.e.,
the minimizers over x € int G of the penalized family of functions

Fi(z) = F(z) + tc! (2)

here F' is a barrier (interior penalty function) for G. Under the above parameterization of the
path, in order to converge to the optimal set one should trace the path as t — oo. The path of
analytic centers, however, can be parameterized in another way, say, as the path of minimizers
of the family

Fy(z) = F(z) —91n(t — ¢’ z); (3)

(¥ > 0 is fixed); here in order to get close to the optimal set one should approach the parameter
t to the optimal value of the problem. As it is well-known, both the parameterizations, under
appropriate choice of F', imply polynomial-time interior-point methods for (1). If G is a polytope,
then it is reasonable to choose as F' the standard logarithmic barrier for G; polynomiality of the
associated path-following methods for Linear Programming was first established in the seminal
papers of Renegar (1988), parameterization (3), and Gonzaga (1989), parameterization (2). For
the nonpolyhedral case polynomial time results for both the parameterizations can be obtained
if F'is a self-concordant barrier for G (see below), as it is the case with the standard logarithmic
barrier for a polytope.

Now, in order to trace the path of analytic centers F' one should once get close to the path;
this is the aim of a special preliminary phase of a path-following method, which, theoretically,
is of the same complexity as following the path itself. Moreover, to initialize the preliminary
phase one should know in advance a strictly feasible solution Z € int GG. To get such a point, it,
generally speaking, again requires an additional phase of the method; at this phase we, basically,



solve an auxiliary problem of the same type as (1), but with a known in advance strictly feasible
solution. There are numerous strategies of combining all these phases; one of the main goals of
this paper is to present a kind of a general framework, based on the notion of a “multi-parameter
surface of analytic centers”, for these combined strategies. The notion is introduced in Section
2, along with motivating the advantages of tracing surface as compared to tracing the usual
single-parameter path. Section 2 contains also a generic predictor-corrector scheme of tracing
a surface of analytic centers. When tracing a surface, one should decide, first, where to move
- what should be the strategy of choosing the subsequent search directions - and, second, how
to move - what should be the tactics of choosing the stepsize in the chosen direction in order
to move as fast as possible. The “tactics” issues are discussed in Sections 3 and 4. In Section
3 we develop, under some reasonable assumptions on the structure of the underlying barriers,
a duality-based technique which, roughly speaking, allows to adjust the stepsizes to the “local
curvature” of the surface and thus results, under favourable circumstances, in “long steps”.
Main theoretical properties of the resulting scheme are presented in Section 4. In particular, we
demonstrate that under reasonable assumptions on the underlying barriers “long steps” indeed
are long — they form a significant fraction of the way to the boundary of the feasible set. Note
that our “long steps” technique is closely related to the one recently developed in Nesterov (1993)
for path-following methods as applied to primal-dual conic formulations of convex problems, and
the results on the length of the steps are similar to those of Nesterov and Todd (1994,1995). The
advantage of our approach as compared to Nesterov (1993) and Nesterov and Todd (1994,1995)
is not only in the fact that now we are able to trace surfaces rather than paths, but also that now
we need neither explicit conic reformulation of the initial problem, nor the self-scaled property
of the associated cone; this allows to avoid necessity to increase the number of variables and
enables to work with problems (e.g., the Geometric Programming ones) which cannot be covered
by methods of Nesterov and Todd (1994,1995).

In Section 5 we present a strategy of tracing the surface for both the cases of feasible and
infeasible start; the strategy in question fits the standard polynomial time complexity bounds
and seems to be computationally reasonable.

As it was already mentioned, the “long step” technique presented in the paper requires
certain assumption on the structure of the barriers in question; Section 6 presents a number of
barriers satisfying this assumption and thus allows to understand what might be the applications
of the developed technique.

2 Surfaces of analytic centers: preliminaries

We start with specifying the basic for what follows notions of a self-concordant function/barrier
(Nesterov and Nemirovski (1994), Chapter 2; what is called below a self-concordant function, in
the indicated book is a “strongly self-concordant function”).

2.1 Self-concordant functions and barriers

Definition 2.1 Let Q be an open nonempty convex domain in certain RY. A function ¥ :
Q — R is called self-concordant (s.-c. for short), if ¥ is a C* smooth convex function on Q
which tends to oo along every sequence of points from () converging to a boundary point of @)
and satisfies the differential inequality

‘D?’\I/(u)[h, h, h]‘ <9 (DQ\II(u)[h, h])?’/z, ueQ,heRY, (4)



from now on D*F(u)[hy, ..., hs] denotes s-th differential of a function F' taken at a point u along
the set of directions hq, ..., hs.
If, in addition,

|DW (u)[h])* < OD*U(u)[h,h], ue @, heRY, (5)

for some ¥ > 1, we say that U is a ¥-self-concordant barrier (9-s.-c.b. for short) for the closed
convex domain G = cl Q.
Let a > 1. We say that a s.-c. function VU is a-regular on its domain Q, if ¥ is C* function
such that
‘D4\I/(u)[h, h,h, h]‘ < o+ 1)D*U(u)[h, h]|[h]|3,. u€Q,heRY, (6)

where
Bl Qu = inf{t™" | t > 0,u+th € Q}

is the (semi)norm on R with the unit ball being the closure of the symmeterization QN (2u—Q)
of () with respect to u.

E.g., the standard logarithmic barrier — 7", In(b; — a u) for a nonempty polytope G = cl{u |
aiTu < bi, i =1,...,m} is both m-s.-c.b. for G and 2-regular s.-c. function on int G.

The important for us properties of self-concordant functions/barriers are as follows (for
proofs, see Nesterov and Nemirovski (1994), Chapter 2):

Proposition 2.1 [Combination rules]

(i) [summation] Let Q;, i = 1,...,k, be open convex domains in RN with a nonempty inter-
section @ and let ¥; be s.-c. functions on Q;. Then the function ¥(z) =Y, V;(x) is s.-c. on Q.
If all U, are ¥;-s.-c.b.’s for cl Q;, then U is a (3, ¥;)-s.-c.b. for clQ, and if all ¥; are a-regular,
then so is W.

(ii) [direct summation] Let QQ; C RN be open convex domains, i = 1,..., k, and let ¥; be s.-c.
on Q;. Then the function

U(ug...,ug) = Z‘I’Z(ul) Q= HQZ —R

is s.-c. on Q. If all ¥; are ¥;-s.-c.b.’s for clQ;, then U is a (3_;V;)-s.-c.b. for c1Q, and if all
W, are a-reqular, then so is W.

(iii) [affine substitutions of argument] Let Q1 be an open conver set in RM and A be an
affine mapping from RY into RM with the image intersecting QT. Let UT be s.-c. on QT; then
V() =TT (A()) is s.-c. on Q = A~HQT). If UT is a 9-s.-c.b. for clQT, then VU is a ¥-s.-c.b.
for cl@, and if U is a-regular, then so is U.

From now on, for a positive semidefinite symmetric matrix A and a vector h of the corresponding
dimension,

|hla = (KT AR)'/2.

Proposition 2.2 Let Q be a nonempty open convex domain in RN, G =clQ and ¥ be a s.-c.
function on Q. Then
(i) [behaviour in Dikin’s ellipsoid] For any u € Q the Dikin ellipsoid

W) = {v| |~ ulyry < 1)
1s contained in Q, and and

U(u+h) < W(u) + 0 (w) + p(|hlwn); (7)
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from now on,
p(r)=—In(l —r) —r. (8)

(ii) [nondegeneracy| If ¥ (u) is nondegenerate at certain u € Q, then V" is nondegenerate
everywhere on Q; this for sure is the case when Q) does not contain lines. If Q) is bounded, then
U attains its minimum over @), and the minimizer is unique.

(iii) [stability with respect to Legendre transformation]| Let U (u) be nondegenerate for some
u € Q (and then, by (ii), for any u € Q). Consider the Legendre transformation

W, (v) = sup{ulv — U(u) | ueQ}

regarded as a function on the domain Q* comprised of those v for which the right hand side is
finite. Then Q* is an open nonempty convex domain, the mapping x — W'(x) is a one-to-one
correspondence between () and Q* and W, is s.-c. and with nondegenerate Hessian on Q*; the
Legendre transformation of V, is exactly W.

2.2 Surface of analytic centers

Let F be a ¥-s.-c.b. for a closed and bounded convex domain G C R" with a nonempty interior.
Aside from the parameterization issues, the path of analytic centers associated with the barrier
can be defined as the set of points z € int G where —VF(x) = Ac for some positive \. A
natural “multi-parameter” extension of this description is as follows: let us fix k nonzero vectors
c1,...,cr and associate with this collection the “surface” S, = Sk(ci,...,cx) comprised of all
points € int G where

k
—VF(ZE) = Z )\icl-
=1

with certain positive A;. A convenient way to parameterize the surface is to introduce the
k-dimensional “parameter”
t=(t1, .., tp)"

and associate with this parameter the barrier (cf. (3))

k
Fy(x) = ﬁzwi(ti —cl'z) + F(z), ¢i(r)=—Inr,

i=1

for the convex set
Gi={zreG|clz<t,i=1,.,k}.

In what follows we are interested only in those values of ¢ for which int Gy # (); the corre-
sponding set T' = Ty(eq, ..., ex) of values of t clearly is a nonempty open convex and monotone
(' >t €T =t cT)subset in R¥. Now, since F is a ¥-s.-c.b. for G, the functions F}, t € T,
are U4-s.-c.b.’s for the domains G; with

9, = (k +1)0 9)

(Proposition 2.1; note that the function —¢In(s) for ¥ > 1 clearly is a ¥-s.-c.b. for Ry).
Since G; is bounded, F; attains its minimum over int G, and the corresponding minimizer
x}(t) - the analytic center of Gy - is unique (Proposition 2.2.(ii)). At this minimizer, of course,



~VF(z) = 9% 1 (ti — cF'x) "'y, so that 2%(t) € Sg. Vice versa, every point of Sy is x5 (t) for
certain ¢t € T: immediate computation demonstrates that

k
{Ni>0,i=1,.. k}&{-VF(z) = Z)\ici} = x =2 (N +clx, . 0N+ el a).
i=1

Thus, we do have defined certain parameterization of Sy.
The following property of the surfaces of analytic centers is immediate:

Lemma 2.1 Let t € Ty(e1,...,ex) and let 7 > t, j = 1,2, ... be such that t{ =t forielcC
{1,....k} and tg — 00,j — o0, fori ¢ I. Then the points z}(t/) converge as j — oo to the point
xi({ti}ier) of the surface Si({ci}icr), | = card I (from now on Sy is the 0-dimensional surface
comprised of the (unique) minimizer 3, of F' over int G). Thus, the surfaces of dimensions < k
obtained from Sk(cy,...,cx) by eliminating some of the vectors ¢; are contained in the closure
of Si. In particular, the closures of all surfaces of analytic centers have a point in common,
namely, x7.

2.3 Tracing surfaces of analytic centers: motivation

To solve problem (1), we may take an arbitrary set cg,...,cx of vectors, set ¢; = ¢ and trace
the surface Sy(c1, ..., cx) along certain sequence {t'} of values of the parameter, i.e., to produce
approximations x’ € int G of the analytic centers z*(t'). If the sequence {t'} is such that
ti — c¢* as i — 0o, ¢* being the optimal value in (1), then z* clearly form a sequence of feasible
solutions to (1) converging to the optimal set. In what follows we demonstrate that there are
basically the same possibilities to trace the surface Sy as in the standard case when Sy is a
single-parameter path; with this in mind, let us explain what are the advantages of tracing a
multi-parameter surface Sy, rather than the usual path Si(c).

1. Difficulty of initialization. As it was already mentioned, in the usual path-following
method we trace the path Si(c); to start the process, we should, anyhow, come close to the
path. Now assume that we are given an initial strictly feasible solution Z. In the standard path-
following scheme, to get close to S1(c) we trace the auxiliary path Si(d), d = —VF(Z) which
clearly passes through Z. According to Lemma 2.1, both the paths Sj(c) and S;(d) approach, as
the parameter tends to oo, the minimizer z7% of F' over G therefore, tracing the auxiliary path
as t — 00, we in the mean time come close to the path Sj(c) and then may switch to tracing
this latter path. On the other hand, given Z and arbitrary t; > ¢/ Z, we can easily find vector
¢o and real 3 such that the 2-dimensional surface of analytic centers Sa(c; = ¢, c2) would pass,
as t = (f1,12), through Z; it suffices to set

c=0td—(t -7 e, h=cdT+1.

Now we have a two-dimensional surface of analytic centers which “links” ¥ with the optimal
set, and we may use various policies of tracing the surface, starting at z, in order to approach
the optimal set. Note that our “main path” S;(c), due to Lemma 2.1, lies in the closure of S,
while the “auxiliary path” Si(d), as it is immediately seen, simply belongs to the surface. Thus,
the standard path-following scheme - first trace S;(d) and then Si(c) - is nothing but a specific
way to trace the two-dimensional surface of analytic centers Sa(c, ca). After this is realized, it
becomes clear that there is no necessity to restrict ourselves with the above specific route; why
not to move in a more “direct” manner, thus avoiding the preliminary phase where we do not
take care of the objective at all?



2. Infeasible start. @ Now assume that we do not know in advance an initial strictly
feasible solution to the problem. What should we do? Note that normally the situation, under
appropriate renaming of the data, is as follows. We need to solve the problem

Ty st. 2 €@, x, =0,

(P): minimize c
where G is a solid in R™ N {x,, > 0} with a known in advance interior point Z. In other words,
normally we can represent the actual feasible set as a kind of a “facet” in a higher-dimensional
convex solid with known in advance interior point. To support this claim, consider a standard
form convex program

(CP) fo(u) = min| fi(u) <0,i=1,..m [u€ R,
(fi, 0 < i < m, are convex lower semicontinuous functions) and assume that we know in advance
e a point ug such that all f; are finite in a neighbourhood of ug,
e an upper bound R > |ug| on the Euclidean norm of the optimal solution to (CP),
e an upper bound V' > fy(ug) on the optimal value of the problem.

Then we can equivalently rewrite (CP) in the form of (P’) with the design vector x = (u,v,w) €
R?%2, the objective ¢’z = v and

G={(u,v,w) | folu) <v<Viuu<R* fi(u) <w,i=1,...,m; 0<w< W},

o~

where W is an arbitrary constant which is greater than f(ug) = max{0, fi(ug), ..., fm(uo)}. Note
that G indeed is a solid in R972 and that there is no difficulty to point out an interior point g
in G: one can set ¢ = (ug, vo, wp) with arbitrarily chosen vy € (fo(uo), V') and wy € (f(uo), W).

Now assume that we are given a ¥-s.-c.b. F for G.Note that in the case of problem (P’)
coming from (CP) such a barrier is readily given by ¥;-s.-c.b.’s F;(v,u) for the epigraphs {(u,v) |
v > fi(u)} of the functions f;, i =0,...,m:

F(u,v,w) = Fy(u, v)—l—i Fi(u, w)—In(R*—uTu)—In(V —v) —In(W —w) —In w lﬁ =4+ i ﬁi] .
i=1 i=0

In this situation the standard “big M” approach to (P’) is to apply an interior point method to
the problem
(P): minimize (c+ Mf)Tz st. z€G [fo = xn} ;

where M is a “large enough” constant. Here we meet with unpleasant question how big should
be the “big M”. Now note that the path Sj(c+ M f) which is traced in the “big M” scheme
clearly belongs to the two-dimensional surface Sa(c, f), which is independent of the particular
value of M we choose. Thus, the “big M” approach is nothing but a specific way of tracing
certain 2-dimensional surface of analytic centers. After this is realized, we may ask ourselves why
should we trace the surface in this particular manner rather than to use more flexible strategies.

Note that for the Linear Programming case (G is a polytope, F' is the standard logarithmic
barrier for G) the surface Sa(c, f) was introduced and studied in details, although from a slightly
different viewpoint, in Mizuno et al (1993).

Now, to trace Sa(c, f), we should first get close to the surface. Here again the traditional way
would be to note that all surfaces Sg(cy, ..., ¢x) in G come close to each other, so that tracing the



path S;(—VF(Z)) (which passes through the given point ) and pushing the parameter to oo,
we come close to z}, and, consequently, to Sa(c, f) and then can switch to tracing the surface
Sa(e, f). But this is nothing but a particular way to trace the 3-parameter surface S3(c, f,d) in
G given by

d=—97'VF@) - (ty — ) e — (fa —Tn) 7 f

(tAl > %ty > 7, are arbitrary). The surface S3 clearly passes through Z and links Z with the
optimal set of the initial problem. After this is realized, why should we restrict ourselves with
certain particular route?

2.4 The “surface-following” scheme

We believe that the aforementioned discussion demonstrates that it makes sense to trace not
only paths of analytic centers, but also multi-parameter surfaces of these centers, at least 2-
and 3-parameter ones. The point is, of course, how to trace such a surface; this is the issue we
address in this section.

2.5 Surface of analytic centers: general definition

To make the presentation more compact it is convenient to get rid of particular structure of the
surfaces introduced so far and speak about general situation as follows. Assume that G is a
closed convex domain with a nonempty interior in certain R™ and V¥ is a 9,-s.-c.b. for G with
nondegenerate ¥”. Let, further, m and ¢ be N x n and N x k matrices, respectively, and let
e € RN. Consider the affine mapping

(t,z) — A(t,x) = ot + 7z + ¢ : R¥ x R* - R,

and assume that
(A) the image of the mapping A intersects the interior of G*.

(A) implies that the set
Q={(t,)| Alt,z) € int GT}

is a nonempty open convex subset of R¥ x R™. Let T be the projection of @ onto the “parameter
space” RF; for t € T let

Qt:{IIZGRn| (t,(IJ‘)GQ},tGT; Gt:CIQt,

so that () is a nonempty open convex set in R".
Our second, and for the time being the last, assumption is

(B) for some (and, consequently, for all) ¢t € T" the set @Q; is bounded.
Since ¥ is a ¥,-s.-c.b. for GT, (A) implies that the function

F(t,z) = U(A{, )
is a Y¥4-s.-c.b. for cl @, and for ¢ € T' the function

Fi(z) = F(t,x)



is a ¥-s.-c.b. for G; (Proposition 2.1). Since G; is bounded, the Hessian of Fi(-) is nondegenerate
at any point from @ = int Gy, and Fy(-) attains its minimum over @); at exactly one point x*(t)
(Proposition 2.2.(ii)). From now on we call the set

S={(tz)eQ|z=2a"(t)}

the surface of analytic centers associated with the data GT, ¥, A(-). Note that the surface of
analytic centers Sk(cy, ..., cx) is obtained from the general definition by setting

t —
k

Gt = RI_‘; X Gy U(ug, ., up, ) = —ﬁZlnui + F(z), A(t,z) =
i=1

b _sz , U = (k4 1)9,
x
(10)
¥ being the parameter of the s.-c.b. F.

2.6 Tracing a surface of analytic centers: basic scheme

Our general scheme of tracing the surface S associated with the data G, ¥, A is as follows.
First, we fix the “tolerances”

k€ (0,0.125], 7 > 2p(k) — K>

We say that a pair (¢,x) is k-close to S if it satisfies the predicate
P.(t,x): (t,x) € Q and A\(t,z) < K,

where
Mt ) = ((VoF(t,2)) T [V2F (4 2] VP ()

is the Newton decrement of the s.-c.b. Fy(-) at x; the quantity is well-defined, since, as it was
already mentioned, boundedness of G; implies nondegeneracy of V2F,(z) at any x € Q;.
We say that a pair (¢, x) is R-good with respect to S, if it satisfies the predicate

Rz : {(t,z) € QY &{V(t,z) = F(t,x) — minyeq, F(t,u) <&}

When tracing S, at each step we are given a k-close to S pair (¢,x) and transform it into a new
pair (t*, %) with the same property according to the following

Basic Updating Scheme:
1. Choose a search direction 6t € RF, “lift” it to the direction

(6t,0z) € I(t,z) = {(dt,dz) € R¥ x R™ | aatvxF(t,x)dt + V2F(t,x)dx =0} =

2

= {(dz,dt) | dz = —[ng(t,m)]-lafaxF(t,x)dt} =
= {(dt,dz) | 7TV (ot + 7z + €)[odt + wdz] = 0} (11)

and define the primal search line

R={X(p) = (t + pot,x — dy(t,x) + péx) | p € R}, du(t,z) = [VEF(t,x)] 'V F(t,z). (12)



2. [predictor step] Choose a stepsize r > 0 along the primal search line and form the forecast
(t*,7) = X (r) which should be ®-good with respect to S (this is a restriction on the stepsize;
a stepsize satisfying this restriction will be called proper, and it will be proved that proper
stepsizes do exist).

3. [corrector step] Apply to the function F(¢",-) the damped Newton minimization

1
L+ At y%)

ys+1 — ys _

[VIF(th, ") 'V Rt y), o° =2 (13)
(13) is terminated when it turns out that A(¢*,3°) < k; the corresponding y* is taken as x™T,
which ensures Py. The updating (¢,x) — (t*,2T) is completed.

Comment. The origin of equations (11) and (12) is clear: (11) is the equation in variations
corresponding to the equation V, F'(s,y) = 0 of the surface S, so that II(¢, z) is the “approximate
tangent plane” to the surface at the point (¢,x). The primal search line R is given by the
linearization

V.F(t, )+ %VxF(t, x)dt + V2F(t,z)dx = 0

of the equation of the surface at the point (¢,x): it is comprised of the points (¢ + dt, = + dx)
with dx and dt linked by the above equation and dt is proportional to dt.

We do not discuss here how to choose the direction §t; it depends on an “upper-level” strategy
of tracing the surface, the issue to be discussed in Section 5.

Since (t1,7) is a K-good pair, the number of iterations (13) at a corrector step - the Newton
complexity of the step - can be bounded as follows:

Proposition 2.3 [Nesterov and Nemirovski (1994), Theorem 2.2.3 and Proposition 2.2.2] Pro-
cess (13) is well-defined (i.e., it keeps the iterates y® in int Gy+) and results in y°* such that
Pu(tt,y®) is satisfied in no more than

N=01){F+Inln(1/k)} (14)
Newton iterations (13); here and further O(1) denote appropriately chosen absolute constants.

The point is, of course, how to choose the “large” stepsize r for which the forecast X (r) =
(t,z) + r(dt, dz) satisfies the predicate Rz. To this end it is natural to use line search in . A
straightforward line search is impossible, since V (7, y) involves the implicitly defined quantity

f*(1) = min F(r,u).

UEQT

What we intend to do is to derive “computationally cheap” lower bound for the latter quantity.
This is the issue we are coming to.

3 Dual bounds

3.1 Basic assumption
From now on we make the following assumption on the barrier ¥ under consideration:

(C) we know the Legendre transformation

U, (s) = sgp{sTu — U(u)} (15)



of the barrier V.
”We know W¥,” means that, given s, we are able to check whether s belongs to the domain
Dom ¥, of the Legendre transformation, and if it is the case, are able to compute W, (s).

Note that by assumption ¥” is nondegenerate, so that the domain of ¥, is an open convex
set and W, is s.-c. on its domain (Proposition 2.2, (ii) and (iii)).
3.2 Dual bounds
Let us start with the following simple observation
Lemma 3.1 Let s € Dom V. satisfy the linear homogeneous equation

7ls =0. (16)

Then for any T € T we have
(1) > [om 4+ €Ts — U.(s). (17)

Proof. Since U is the Legendre transformation of ¥, (Proposition 2.2.(iii)), we have for any
yeQr

F(r,y)=¥Y(or+7my+¢€) > [oT + 7y + e]Ts — W, (s) =[oT + e]Ts — U, (s)

(we have used that 77s = 0). u

According to Lemma, each dual feasible vector s (a vector s from Dom W, satisfying (16))
results in an affine lower bound for the function f*(-), and these are the bounds we intend to
use in order to ensure R. Note that dual feasible vectors belong to the subspace D C RY of
all solutions to linear equation (16); the vectors from this subspace will be called dual feasible
directions. The set D* of dual feasible vectors clearly is an open convex subset of D.

We are about to present a systematic way to generate dual feasible directions and dual
feasible vectors.

3.3 Dual search line
Lemma 3.2 Given a primal search line
R ={X(p) = (t +pdt,z — dy(t,x) + pdz) | p € R} (18)
(t,z) € Q, 6t € RF, 62 and d(t,x) are given by (11) and (12)), set
u=ot+mr+e s(t,x)=V"(u), dst,x)=9"(u)nd(t,z), ds=V"(u)[odt+ ndz] (19)

and define the dual search line as

R* ={S(p) = s(t,x) — ds(t,z) + pds | p € R}. (20)
Then all vectors from R* are dual feasible directions:
w'S(p) =0, p € R. (21)
Moreover,
At,z) <1=5(0) € Dom V., (22)

so that under the premise of (22) all points S(p) corresponding to small enough |p| are dual
feasible vectors.
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Proof. To simplify notation, let us omit explicit indicating the argument values in the below
computations; the values of all quantities related to ¥ are taken at the point u, and the values
of the quantities related to U, are taken at the point s = s(t,z) = ¥'(u).

By virtue of (12), (19) and (20) we have

w1S(p) = 7TV — 7TV 7[V2F (t, )] 'V F (1, 2) + prn? W [0t + mx] =
[since V2F(t,z) = 77 W1, V,F(t,z) = 77 ¥ and due to (11)]
= prl W'[o6t + mox] = 0,

as required in (21).
To prove (22), note that

2
2 _ 2 = ([V? !
N(t,2) = V(1 2) oz s = [VEE ()] VaF (b )|,

2 2
= |dx(t,f£)|7rT\p//ﬂ. = |7rdl‘(t7x)|\ll” =

[see (19) and take into account that [¥”]~1 = ¥/]

= [ ds(t, ) .

\Ijll

= 1ds{t. )1 = Ido(t, )3

Thus, we come to

|ds(t; @) wy = [mdo(t, )0 = At ). (23)

It remains to note that, as we know, W, is s.-c. on its domain and that s = ¥’ € Dom ¥,,
so that (23) combined with Proposition 2.2.(i) (applied to W,) implies that if A(¢,2) < 1, then
S(0) =s—ds(t,z) € DomV,. m

Now we are ready to present the “computationally cheap” sufficient condition for a forecast
X (r) to satisfy the predicate R:

Basic Test: given r, compute X (r) and S(r) (see (18) - (20)) and verify whether X (r) € Q
and S(r) € Dom VU, (then S(r) is a dual feasible vector, see Lemma 3.2). If one of these inclusions
is not valid, reject r, otherwise check the inequality

o(r) = F(t + 16tz — do(t, 2) + réz) + U, (S(r)) — [o]t + rét] + €] S(r) < E. (24)

If it is satisfied, accept r, otherwise reject it.
An immediate consequence of lemmas 3.1 and 3.2 is as follows.

Proposition 3.1 Let (t,z) € Q, (§t,0x) € II(t, ), and let r > 0 be such that r passes the Basic
Test. Then the forecast X (r) = (t + rét,z — dy(t, ) + rdz) satisfies the predicate Rz.

We should, of course, prove that the test is “reasonable”, namely, that it accepts at least “small”
steps in the parameters leading to the standard overall complexity of the algorithm. This is the
issue we are coming to.
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4 Main results on tracing a surface

4.1 Acceptable stepsizes

Our main observation is that a stepsize r such that the displacement rédt is not too large in the
Euclidean metric defined by the matrix VZF (¢, z) for sure passes the Basic Test. We start from
the following simple

Proposition 4.1 Given u € Dom ¥ and du € RV, let us set s = U’ (u), so that s € Dom ¥,
and ds = U"(u)du. Let also

ppldu] = ¥(u+du)+ V.(s+ ds)
- [\Il(u) + U, (s) + (du) T (u) + (ds)T W, (s) + 3 (du) TV (u)du + %(ds)T‘I/;’(s)ds}

be the remainder in the second-order Taylor expansion of the function W+ W, at the point (u,s)
along the displacement (du,ds) (if this displacement moves the point outside the domain of the
function, then p* = oc). Then
(1) |du‘€j,/ ‘ds|\11"(8 (dU)TdS,
(ii) if x = |du\\1,// < 1, then p}ldu] is well-defined and, moreover,
paldu] < 2p(x) = X, (25)

(p(-) is given by (8)) and

(iii) The third derivative of the function W + U, taken at the point (u,s) along the direction
(du, ds) is zero, so that p}(du) is in fact the remainder in the third order Taylor expansion of
U + W, at the point (u, s) along the direction (du,ds).

Proof. (i) is an immediate consequence of the relations ds = ¥”(u)du and ¥/ (s) = [¥"(u)] 1.
(i) combined with the upper bound on the remainder in the first-order Taylor expansion of a
s.-c. function (Proposition 2.2.(i)) results in (ii). To verify (iii), let us differentiate the identity

(y varies, h is fixed)
BTV (y))h = KT8 ()] h

at the point y = u in the direction du, which results in
D*W.(s)[h, h, ¥ (u)du] = =D (u)[[9" (w)] " A, [97 (u)] " h, dul;

substituting h = V" (u)du = ds, we come to D3V, (s)[ds,ds,ds] = —D3V(u)[du, du,du], as
required in (iii). m

Theorem 4.1 Let (t,z) satisfy Py, (0t,0z) € II(t,x), let
R* = {S(p) = s(t,x) — ds(t,x) +pis | p € R}
be the dual search line associated with the primal search line
R={X(p) = (t,x — dy(t,2)) + p(3t,02) | p € R}
(see Lemma 3.2) and let

u=ot+mx+e, du(r)=rodt+ w[—d.(t,z) + rox].

12



Then
(i) The vector dx is the minimizer of the quadratic form |odt + ﬁh!ﬁ,,,(u) over h € R", and,
in particular,

¢ = o6t + mox|yr () < |06ty (- (26)
(ii) One has
X(r) = [du(r)lgr ) = /r?¢ + A2(t, @) (27)
and
v(r) = F(X(r) + U (S(r) = [o(t +r6t) + 7 S(r) = p[du(r)]; (28)
i particular,
X(r) < 1= u(r) < 2p(x(r)) — x*(r), (29)
so that if
W = max [w | 2p(VK? + w?) — k% —w? < E} (30)
then all stepsizes r with "

Il < ———
’aét‘\y//(u)
for sure pass the Basic Test.

Proof. From now on the quantities related to F', ¥ and V¥, if no argument values are explicitly
indicated, are taken at the points (¢,2), u = ot + 7z + €, s = s(t,x) = V'(u), respectively.
1°. The minimizer of the quadratic form |0t + 7h|2, = [06t + wh]T¥" [0t + 7h] of h € R™ is
given by

7l [o6t + wh] = 0;

this is exactly the equation defining dx, see (11), which proves the first statement of the theorem.
20. By definition of d,(t,x) (see (12)), ds(t,z) (see (19)) and the correspondence between dx
and ds given by (19) we have

ds(t,) = V'nd,(t,z), 6s = W' [06t + mox] (32)

whence

ds(r) = —ds(t,x) + s = W'du(r). (33)
By construction s = ¥'(u). From (23) we know that

|ds(t, 2)|wy = |mda(t, 2)|lwr = A(L, 2);
besides this, [rd.(t, z)]T V" [06t + mdz] = 0 in view of (11), so that
X2(r) = |du(r)|3n = |—ndy(t, z) + rlodt + 7ox] |3, = N2(t, ) + r?¢? (34)

as claimed in (27).
3%. We have (see the definitions of X (r), S(r), du(r), ds(r))

F(X(r)+ 9. (S(r) =Y(u+du(r)) + Y.(s+ds(r)) =

[definition of p[-] combined with (33)]

= W(u) + W) + (du(r)) "0+ (ds(r)) O+ () + 5 lds(r)y + o ldu(r)] =

13



[Proposition 4.1.(i) as applied to du = du(r) combined with (33); relations ¥/ = s, U = ]
= ul's + (du(r))Ts + (ds(r)) u + |du(r) % + pfdu(r)] =

= (u+ du(r))" (s + ds(r)) — (du(r))"ds(r) + |du(r) 3 + py[du(r)] =

[Proposition 4.1.(i)]
= (u+du(r))" (s + ds(r)) + py[du(r)]. (35)

By construction,
(u+ du(r)T (s +ds(r)) = [o(t +r6t) + €]TS(r) + [z — do(t, ) + r0x] 7T S(r) =

[Lemma 3.2]
= [o(t +r6t) + €T S(r),

so that (35) implies (28). Relation (29) follows from (25) and (28), and the concluding statement
of the Theorem is a corollary of (26) and (29). =

4.1.1 How long are “long steps”

Theorem 4.1 says that if the tolerances x and & are chosen reasonably (say, k = 0.125 and & = 2)
and (t,x) is k-close to S, then any step

(t,x) — (t1,2) = (t + 6t,x — dy(t, ) + 0z)
“along the surface” (i.e., with (dt, dx) € II(¢,x)) of “O(1)-local length”, namely, with
¢ = |00t + 102w (014 rate) < 0.89

results in a K-good forecast (t7,Z) (indeed, for k = 0.125 and ¢ = 0.89 the right hand side in
(29) is < 2). The natural question is whether we could ensure a larger step, still resulting in
a k-good forecast. For the sake of simplicity, let us answer this question for the case when the
point (t,x) belongs to S (i.e., A\(t,z) = 0) rather than is k-close to the surface (modifications
required in the case of small positive A(t,x) are quite straightforward).
When answering the question, we can normalize the direction (dt,dz) € II(¢, ) to have unit
local length:
|du|g» =1, du = odt + 7z (36)

(here and in what follows all quantities related to ¥, W, are evaluated at the points u = ot+mx+e
and s = U'(u), respectively). Recall that we have associated with the data (¢, x,0t) the primal
and the dual search lines R and R*; it is convenient to aggregate these lines in a single “primal-
dual” line

Rpq = (u,s) + R(du,ds) CR2) =R) x RY,

where ds = U”du; the projection of R,q onto the space Rév of dual variables is R*, while the
projection of R,q onto the space RZ];V of the primal variables is the image of the primal search
line R under the embedding (7,y) — o7 + wy + €. It is convenient to equip the primal-dual
space Rgév with the Euclidean norm

‘(Upﬂfdﬂpd =/ ‘Up|%p" + |Ud|?p/*/§
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this is nothing but the local norm | - |z (., given by the Hessian of the s.-c. function
E(vp,va) = ¥(vp) + Vs (va)

at the point zp = (u, s).
Let us define T" as the distance from zp to the boundary of the domain Dom = = (Dom ¥) x
(Dom ¥,,) along the line R,4:

T =min{|z — 2o|pa | 2 € Rpq\ Dom =};

note that 7" > 1 due to Proposition 2.2.(i). Now, when choosing a stepsize r, forming the
corresponding forecast and subjecting it to the Basic Test, we in fact generate and process the
point 2z, = (u + rdu,s + rds) on the primal-dual search line R,q, i.e., perform certain step
along R,q. The |- |pg-length of this step |z, — 2o|pq is simply |r|v/2 (indeed, ds = ¥"du, so
that |ds|g» = |du|g» by Proposition 4.1, while du is normalized by (36)). It follows that T is
a natural upper bound on the acceptable step |z, — 29|pg — when r = 27127 and du is “badly
oriented”, the stepsize r results in 2z, € Dom = and is therefore rejected by the Basic Test. With
these remarks, the above question “how long are long steps” can be posed as follows:

Which fraction of T' indeed is accepted by the Basic Test, i.e., which fraction of the way to the
boundary of the primal-dual feasible set Dom = along the direction (du, ds) can we cover in one
step of the Basic Updating scheme 7

According to the above discussion, we for sure can move towards the boundary by the fixed
distance 0.89+/2; this is a “short step” allowed in any path-following interior point method, and
to get a result of this type, no structural assumption (C) on the s.-c.b. in question and no
dual bounding are needed. If T is large, then a short step covers small part of the way to the
boundary, and a short-step method becomes slow.

In fact our approach in many cases enables much larger steps:

Proposition 4.2 Let both the barrier ¥ and its Legendre transformation W, be a-reqular (Def-
inition 2.1), let (t,z) € S and let 0t be such that (36) takes place. Then all stepsizes satisfying

Ir] < r*(a)VT, (37)

same as all stepsizes satisfying
| < r* ()T (38)

are accepted by the Basic Test. Here r*(a) > 0 depends on « only and 9, is the parameter of
the s.-c.b. W.

Proof. Let R,; = 29 + Rdz, dz = (du,ds), be the primal-dual search line associated with
t,x,0t, and let A = {r | 29+ 2"'/?rdz € clDom Z}, so that A is a closed convex set on the axis
containing the segment [—7,T]. By Proposition 2.1, the function

o(r) = E(z0 + 27 %rd2)

is self-concordant and a-regular on int A. Since we clearly have |1 a, < (T — |r|)~F for

|r| < T (for notation, see Definition 2.1), inequality (6) implies that the function 1 (r) = ¢"(r)

satisfies
ala+1)

7 (r)] < mdf(r), r| <T. (39)
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Besides this, we have
P(0) =1, ¢'(0) =0, (40)

the first relation coming from v (0) = |2_1/2d2]§d = 1 (note that |dz|,q = v/2 due to the discussion
preceding the Proposition), and the second relation being given by Proposition 4.1.

We claim that e
(T = Jrp)>’
The left inequality follows from convexity of ¢. By symmetry reasons, it suffices to establish the
right inequality for 0 < r < T'. To this end note that the function

0<¢"(r)=y(r) < Ir| < T. (41)

TO[
) = Ty
clearly satisfies the relations
1
J'(r) = Ww(r), 0<r<T; w0)=1; &'(0)>0. (42)

From (42), (39), (40) we see that the function &(r) = w(r) — ¢ (r) satisfies the relations

€ > W ey, 0<r<T: £0)=0; €0) >0 (43)
(T —r)?
To establish (41) for 0 < r < T is the same as to prove that £ > 0 on [0, T'), which is immediate:
since 0 = £(0) < &'(0), & is positive on (0,7) with some positive 7. Consequently, if £ < 0
somewhere on [0,7"), then £ possesses a zero on [F,T). Let r* be the smallest of zeros of &
on [F,T); then £ is nonnegative on [0,r*], whence, due to (43), £ is convex on [0,r*]. This
observation combined with £(0) = 0, {’(0) > 0 contradicts the relation {(r*) = 0.
Combining (41) and (39), we come to

ala+1)T

D) < s <T. 44
600 < G I (14)
According to Theorem 4.1.(ii) and Proposition 4.1.(ii), the quantity v(2~'/2r), v(-) being defined
by (24), is the remainder in the third-order Taylor expansion of ¢(-) at the point » = 0. From

(44) we therefore conclude that
ala+ 1)Tr?
6(T — [r[v2)o+?’

Since the Basic Test accepts all stepsizes with v(r) < &, we see from (45) that it accepts all
stepsizes satisfying (37), with properly chosen r*(«) (recall that T'> 1).

In view of already proved part of the statement, in order to demonstrate acceptability of the
stepsizes (38) with properly chosen r*(«), it suffices to verify that

T < y(a)V/7. (46)

This inequality is an immediate consequence of the following

o(r) < V2lr| < T. (45)
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Lemma 4.1 Let ¥ be a-regular ¥4-s.c.b. for convexr domain G, let u € int GT, let du be such
that |dulgr ) = 1, and let T be such that u £ T'du € G*. Then

T < 22+9/2\/9,. (47)

Proof. Without loss of generality we may assume that (du)”%’(u) > 0 (otherwise we could
replace du with —du). Let

¢(r) =V(u+rdu), r€ A={r| u+rduc G} D[-T,TJ;

by Proposition 2.1, ¢ is a-regular J,-s.-c.b. for A. We claim that if r € int A and d > 0 is such
that » £ 2d € int A, then

0<¢"(r—d) <20T¢"(r). (48)
Indeed, by Proposition 2.1 the function X(s) = ¢(r — s) + ¢(r + s) is a-regular on the set

A, ={s| r£seint A} D [-2d,2d] and is such that X’(0) = X""(0) = 0. From these properties,
same as above (cf. (41)), one can derive the inequality

(2d)

= e

X"(0), |s| < 2d.

Substituting s = d, we get
¢”(7‘ _ d) + (ﬁ”(?“ + d) _ X”(d) S 2axl/<0) — 2a+1¢”(7“>,

which, in view of the convexity of ¢, implies (48).
Now let 0 < r < T/3. Applying (48) to d = r, we get

¢"(r) > 27" 0) =271 0<r<T/3 (49)
(the equality is given by |du|gn(,) = 1), whence, in view of ¢'(0) = (du)TW' (u) > 0,
() >27 1 0<r<T/3.

Now note that ¢ is ¥.-self-concordant barrier for A, whence, by Nesterov and Nemirovski (1994),
Proposition 2.3.2, ¢/(r)(s — r) < 9, for all s € A. Applying this inequality to s =T € A and
r € (0,T/3), we get 27 1r(T —r) < ¥, 0 <7 < T/3, and (47) follows. =

Results similar to those stated by Proposition 4.2 were recently obtained in Nesterov and
Todd (1994,1995) for the predictor-corrector interior point methods associated with the self-
scaled cones. Note that the property of ¥ and W, to be a-regular seems to be less restrictive
than the one imposed in Nesterov and Todd (1994,1995); we shall see in Section 6 that the
property of 6-regularity is shared by the functions ¥ and W, responsible for Linear, Quadratically
Constrained Quadratic and Semidefinite Programming (these applications are covered by the
results of Nesterov and Todd (1994,1995) as well), same as by those responsible for Geometric
Programming (where the results of just mentioned papers are inapplicable).

4.2 Centering property

To proceed, we need certain centering property of the surface of analytic centers given by the
following
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Proposition 4.3 Let (t,x) satisfy P, with k < 0.125, and let t' € cIT. Then
(W (ot + 7z + €)]To(t’ —t) < (1+ 6K)0, + 4k. (50)

Proof. By evident reasons, it suffices to consider the case t’ € T. Let 2’ € Qu. From general
properties of s.-c.b.’s (Nesterov and Nemirovski (1994), Proposition 2.3.2) it follows that

(VF(t, )T (t' —t, 2’ —z) < 0.,
so that (in what follows the derivatives of ¥ are taken at ot + wx + €)

(W ot —t) +n(z' —z)] < 0.
Therefore

(WY ot —t) <V + (V) n(z —2') =0, + (Vo F(t,2)T (x — 2). (51)
On the other hand, let z* be the minimizer of F'(¢,-), and let
b = (WTVEE(t,2)h)' /2, |kl = (WT[VRE(t,a*)] " )12,
From the relation A(¢,x) < x < 0.125 it follows (see Nesterov and Nemirovski (1994), Theorem
2.2.2 and Proposition 2.3.2) that
v —2*| <1, |2/ — 2| <1+30,, |VF(t, )]s < 2k.

Therefore the concluding expression in (51) does not exceed |x —a'||V,F(t, z)|« < 2r(304+2)+
¥4, and we come to (50). m
What we are interested in is the following consequence of the latter theorem:

Corollary 4.1 Let F(t,z) be the barrier associated with a surface of the type Si(ci,...,ck):
——ﬁZln — cl'x) + F(z),

where F is a U¥-s.-c.b. for a closed and bounded convex domain G C R™, and let (t,x) satisfy
P, with some k < 0.125. Ift' <t belongs to c1T, then
k ’
t; —1; T
Z A < 2(,1{3 + ) A; = Ai(t,l’) =t —c; . (52)

i=1 i

Geometrically: The part of clT “to the left oft” i.e., comprised of t' < t, belongs to the simplex
t/

(ta:)—{t’<t|z 2<2(k+1)}

and contains the box

/
Cltw)={¢ <t| Pt c1iz1,. k).
A,
In particular, if
) =inf{cjy| yeG, cjy<t;,j=1,..k},

then, for every i < k,

ti — 7 (t) < 2(k+ 1)A(t, ). (53)
Proof. In the case in question the left hand side in (50) is equal to ¥ S°F_; (t; —t})A; ", while the
right hand side is (146x)0,+4x < 1.75(k+1)9+0.5 < 29(k+1) (recall that ¥ > 1, see Definition
2.1). Thus, (50) implies (52). The inclusion C(¢,x) C clT is evident, since for ¢’ € int C(t, z) we
simply have ¢l z < t,,i=1,...,k, sothat (¢,7) € Q = {(1,y) | y€int G, 7; > cly,i =1,...,k}.
Relation (53) is an immediate consequence of the preceding statements of the Corollary. =
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5 Solving convex programs via tracing surfaces

To the moment we know what are our local abilities to trace a surface of analytic centers,
but did not discuss the “strategy” - where to move in order to solve the problem the surface
is associated with. This question does not occur in the usual path-following approach, since
there is a unique reasonable strategy: to vary the parameter in the only direction of interest
at the highest possible rate compatible with the restriction on the Newton complexity of the
corrector steps. In the multi-parameter case the strategy of tracing the surface requires special
investigation; this is the issue we are coming to.
We intend to apply our surface-following scheme to convex programs

(P) minimize ¢’z s.t. v € G,
(P) minimize ¢’z s.t. x € G, fTa <0;

in both of the problems, G is a closed and bounded convex domain in R” represented by a
¥-s.-c.b. F, and we are given a starting point Z € int GG. In the second problem it is assumed
that the quantity

f*=min f'z (54)

is nonnegative (the case of feasible (P’) clearly corresponds to the case of f* =0).

To make presentation more compact, we shall focus on (evidently more general) problem
(P'); to get constructions and results for (P), it suffices to set in what follows f = 0.

In Section 2.3 problem (P’) was associated with the barrier

F(t,z) = —9In(t; — ') — Oty — fTz) — I n(ts — d z) + F(x) (55)

and the 3-parameter surface S3(c, f, d); here d is readily given by the requirement that the pair
(t,z), with certain explicit ¢, belongs to the surface. In what follows we deal with the setup

t = CTE—I—[ TIV2F(7)] 1}1/2

o= [T+ [/TVF@) }”2 (56)
= —07IVF(@) —[f — T2 e — [t — fT2] 7,

?3 = de—i-l

Note that fj, j = 1,2, are nothing but the maxima of the linear forms ¢’ z, respectively, fIz,

over the closed Dikin ellipsoid Wg(Z), see Proposition 2.2; according to this Proposition, the
ellipsoid is contained in G, so that

o~

t; <maxclz; ty < maxflz. (57)
zeG zeG
Below ¢* denotes the optimal value in the problem in question. When measuring accuracy of
an approximate solution z € G, we normalize the residuals ¢’ « — ¢* and fTx by the variations
of the corresponding linear forms on the domain of the problem, the variation of a linear form

e’z on a bounded set U being defined as

Vu(e) = maxel z — minel z.
zeU zelU

When solving (P’) via tracing the surface Ss(c, f,d), our goal is to enforce the “objective
parameter” t; and the “constraint parameter” to to converge to the optimal value ¢* and to 0,
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respectively. As for the “centering parameter” ts, all we need is to control it in a way which
allows us to achieve the indicated goals, and a reasonable policy is to push the parameter to oo,
since with a “small” value 7 of the centering parameter the artificial constraint d’z < 7 may
vary the optimal value in the problem.

5.1 Assumption on the structure of F

In order to use the long-step tactics presented in Section 3, from now on we make the following
assumption on the structure of the barrier F' for the domain G:

Q : we are given a closed convex domain H € RM, a ¥-s.-c.b. ® for H such that ®" is
nondegenerate and the Legendre transformation ®, is known, and an affine mapping B(x) =
7z + e : R® — RM with the image of the mapping intersecting int H, such that

G =B Y(H), F(z) = ®B(z)).

Note that under this assumption any barrier of the type

k
F(t,xz) = ﬁzwi(ti —cl'z) + F(z), ¢i(s) = —Ins, (58)
i=1

and, in particular, the barrier underlying the surface S3(c, f,d), satisfies assumptions (A) - (C)
from sections 2.5 and 3.1. The corresponding data are

k
GT =RY x H, U(uy, ..., up, u) = ﬂzwi(ui) + ®(u), 9. = (k+1)9,
i=1

A(tax) = (tl - C,{JZ‘, ot — Cfl’a B(JI)),
the Legendre transformation of W is

k
V(81 .0y Sk, S) = 1921/]2'(—81') + ®.(s) + k¥ (Ind — 1),
i=1

Dom ¥, = {(s1,...,8x) < 0} x Dom ®,.

5.2 Preliminary remarks

In what follows we speak about tracing the surface S3(c, f,d). Sometimes we write ¢; instead of
the i-th vector identifying the surface (so that ¢; = ¢, ca = f, ¢3 = d).
Let us fix the tolerances k, ® such that

K € (0,0.125); & > 2p(k) — K2

When tracing the surface S3, we form a sequence of pairs (#%, 2°) satisfying the predicate P,
associated with the surface. To update the pair (#~!, z°~1) into the new pair (¢, z*), we use the
Basic Updating Scheme equipped with the Basic Test for choosing a proper stepsize r; in the
current direction (6t%, 6x%), so that the forecast we use is

1,7 = (7 2 = d (7 2T Y) (6t 6at).
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The above remarks specify the method up to the following two “degrees of freedom”:

(I) strategy of choosing the direction §t*;
(IT) tactics of choosing a proper stepsize ;.

(I) is the main subject of this section. As about (II), we are not going to be too specific.
The only assumption on r; is that it is at least the “short step” r; given by Theorem 4.1, i.e.
(see (31)),

Wi

VO X (682 /A1, 2t )

(from now on, the superscript in notation like (5t§~ denotes the number of the step, and the
subscript is the coordinate index). In view of the origin of w, (see (30)) and Theorem 4.1
(applied to barrier (55)), the default value r} of the stepsize for sure passes the Basic Test
(so that to use the default stepsize no Basic Test, and, consequently, no assumptions on the
structure of F' are needed). One is welcome to combine the Basic Test with any kind of line
search to get a larger (proper) stepsize. Note that in what follows we sometimes impose certain
“safety” upper bounds on r;; each time it can be immediately verified that these bounds are
valid for r; = r}, so that the safety bounds are consistent with the aforementioned lower bound
on r;.

With the above remarks, we may completely focus on the “strategic” issue (I).

As it was already explained, when tracing surface Sz(c, f, d), we should get rid of the centering
parameter; the simplest way is to push it to co. How to ensure this, this is the issue we start
with.

Consider a surface Sk(cy, ..., ¢x) associated with barrier (58), and let (¢, z) satisfy the predi-
cate P, associated with the surface. Let

ri >y =

, Aj(t,x) =t; — c]Ta: (59)

1= 4/3—? 3 (60)
We say that a direction 6t = (dt1, ..., dtx) in the space of parameters is k-safe, if
5t), >0,Af(tt’fx) >2(2k+1)%, i=1,. k1, (61)
where, same as in Corollary 4.1,
Ai(t,x) =t; — csz, 1=1,..k,
and we say that a stepsize r > 0 in the direction 0t is k-safe, if
t+qglroteT={tcR" | Iycint G:t; >cly,i=1,..,k}. (62)

Lemma 5.1 Let (t,x) satisfy Py, with respect to Sg(c1, ..., ck), 0t be a safe direction, r be a safe
stepsize, and let t+ =t + rdt. Then

roty .

tr —t(tT) > min{l + L+ (63)

1 .
2k +2’
where, same as in Corollary 4.1, t}(t) = min{cl'y | y € G, CJTy <tj,j=1,....k}.

Proof is given in Appendix.
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5.3 How to trace S;(c, f,d)
5.3.1 The algorithm

Our strategy for solving (P’) is as follows. Given (t,z) k-close to S = Ss(c, f,d), we say that
(t,z) is good, if
tQ S 16A2(t,$) (64)

and is bad otherwise; here and in what follows, as always,
A(t,x) =t; —clx, Ag(t,z) =ty — fla, As(t,z) =t3 —d  z.

At step i (where zi~! = (#/71, 2~1) is updated into 2’ = (#, 2%)), we act as follows.
1) If the current iterate (=1, 2°~1) is bad, we apply
Infeasibility Test: If both the inequalities

Av(E 2 ) > 00, (VIR ) ) (65)

and
A : , , 1/2
Ayt a1 > 00, (& (V2R 2 ) (66)
are valid, claim that (P') is infeasible and terminate.
2) If the method is not terminated by 1), we set

( A(z7h), 0, 16A3(2""')), otherwise (67)

St — { (—A1(z771), —Ag(2h), 16A3(27Y)), 2 !is good
After the direction 6t' is determined, we use the Basic Updating Scheme to update (', z¢~1)
into (¢!, 2%); in this updating, we subject the stepsize r; to the “safety restriction”

. 1 ) )
ri|6th| < gAj(tH,xH), j=1,2 (68)

(this does not forbid “long steps”: the short step ¥ in our case is by factor O(v/9)) less than the
upper bound in (68)).
The recurrence is started at (t°,2°) = (£,2) € Ss, see (56).

Remark 5.1 In the case of problem (P) — according to our convention, it means that f =0 —
all (#=1 2'=1) are good, since t5 1 = Ay(t~1, 2'71), so that (67) always results in 6t < 0: we
decrease the parameter of interest, as it should be in the case of feasible start.

5.3.2 Complexity

To describe the rate of convergence of the resulting method, let us denote by N* the index of
the iteration where the method terminates (if it happens; otherwise N* = oo), and let N (e),
0 < e <1, be the index ¢ of the first iteration starting with which all iterates are e-solutions to
(P'):

ol —c* <evgle), fra? <eve(f), Vi, N*>j>i

(note that in the case of N* < oo the latter relations are for sure satisfied when ¢ = N*, so that
N(e) < N*). The efficiency estimate for the presented method is given by the following.
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Theorem 5.1 The method never claims a feasible problem (P') to be infeasible, and if (P') is
infeasible, this is detected in no more than

2 1z *
N* = 01 Vi LG :E](\J’f(f) aak )> (69)
iterations; here w, is given by (30), f* is given by (54) and
[G:Z] =max{s | Y& G: 2+ s(x —y) € G}
is the asymmetry coefficient of G with respect to .
If (P) is feasible, then
N(e) < O(1)w," Vi 1n (W) Ve € (0,1). (70)

The Newton complexity of any corrector step of the method does not exceed
O){F+Inln(1/k)}.

Proof. 1°. The upper bound on the Newton complexity of corrector steps is given by Proposi-
tions 2.3 and 3.1.
20, Note that (59), (67) and (68) result in

> > O(1)w, 912, (71)

o =

Let, same as before,

Gi={reqG| chStl,foStg,deStg}, T:{tGR?’\ int Gy # 0}

and
ti(t) = min{c'z | 2 € G, fTx <ty,d'z < t3}
ts(t) = min{fTzx| zeG,cTe<t,dz<ts}, teT.
t5t) = min{dTx| z € G,clx <ty, fTa <t}

3. Let us prove that if the method terminates at certain step i, then (P’) is infeasible. Let
x be an arbitrary point of the domain Gyi-1, let z* be the minimizer of F(#~1 ), and let
H, = V2F({t"= 1 2*), H = V2F(t 1,271, As we know, F(#71,.) is ¥s-s.-c.b. for Gyi-1 and
At 271 <k < 0.125; from these observations by Nesterov and Nemirovski (1994), Theorem
2.2.2.(iii) and Proposition 2.3.2, it follows that

l2* — 2|y, <30 +1, |27 —a¥|y <2k, H, < (1-2r)"2H,
whence |z — 27!y < 99,, = € Gyi-1. Therefore for an arbitrary vector e we have

max elz <ela 1+ 99 le|pg-1.
xEGt¢,1

Applying this relation to e = ¢ and e = d and taking into account (65) and (66), we see that

t=1'> max ¢! T, t2='> max d'x.
1 3
z€Gi—1 z€G i1
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T

Thus, the constraints ¢' z < tifl and d'x < téﬁl are redundant in the description of Gyi-1,

whence .
5t = min{ fTz | z € G}.

By Corollary 4.1 applied with & = 3, we have (see (53))
ty ! = t5(t") < 8A (" 2" );

since the Infeasibility Test was applied at the step i, the pair (#~1, 2'~1) is bad, so that t’;l >
16Ao (1, 271, and we come to

mig fle =6 > 5 —8A(# 1, 271 > 8Ay (#7127 1) > 0,
TE

and (P’) is infeasible, as claimed.

The algorithm in question terminates when the Infeasibility Test detects that (P’) is infea-
sible. In what follows it is however more convenient to think that we ignore the “reports on
infeasibility”, if any, and continue the process as if there were no Infeasibility Test at all.

49, Note that all directions 6t' satisfy (61) with k = 3. Besides this, (68) ensures that the
stepsizes r; are 3-safe. Indeed, in our case ¢~! = 5/2, so that by (68) we have for j = 1,2:

rl =1

i1 1 i i—1 1—1 —1\ __
6 g oty > = AT )_{fT:ci—l, j=2’

since 6t§ > 0, we also have t'~! + ¢~ 1r;0t} > dTz=1, whence t'=! + ¢ 'r;ott € T.
50. Applying Lemma 5.1 and taking into account (71), we observe that

ty = t5(t) = (L+r) (5! = 65(671) = (L+ O(wad™/2)(t57 = £5(5)). (72)

Let us derive from this observation that there exists the first moment i, let it be called i*, when
té > max,cq d’ x, and that
i* < 01wy 92 n(29[G: 7). (73)

To derive (73) from (72), it clearly suffices to verify that
Va(d) < 149(G:2)(Es — £5(F)). (74)
To get (74), note that by (57) the domain
Gini = {x € G | o<ty ffz< tAQ}
contains the closed Dikin ellipsoid
W={y| ly—2lpg <1}

Let G = G N (22 — G) be the symmeterization of G with respect to Z; by definition of the
quantity [G:Z], we have

~

GCzZ+[G:Z)(G—72). (75)
On the other hand, the function



is J-s-c.b. for G, J = 29 (Proposition 2.1.(i)), and clearly VF(Z) = 0. From the latter
inequality it follows (Nesterov and Nemirovski (1994), Theorem 2.2.2.(iii)) that G is contained
in |- a—ball of the radius 1 + 39 < 71 centered at z, whence

=%
G-z C W —7);

combining this relation with (75), we get

G Cz+MG: (W —172).

It follows that for an arbitrary vector e one has

Vale) < (G 2]V (e) = 149(G: 7] (eT 7 — glclél‘}[l/ el'x). (76)

Taking into account that
%\3 — t?;(tA) = 53 — min{de | S G, CT.T < %\1, fo < %\2, dT:E < %\3} =

=15 — min{dT:L‘ | z € G, dre<ty, ffa< 2?2} =15 — mGin d¥ e >
z€Gini
[since ts > d'z and W C Gini)
>d'z2 — mind'z
zeW

and applying (76) to e = d, we come to (74).
6Y. Let A )
t— #i(t)

(t5)32

Our key argument is as follows: for properly chosen O(1) and all i one has

0 =

Qi/Qi_1 > 1+ 01w~ V2. (77)

To establish the inequality, let us fix ¢ and consider separately the cases of good and bad
(ti—l7 xi—l).
6°.1. Assume that (¢~!,2°71) is bad. According to (67), in the case in question
L= A (Y, =t >

Since t1(t) clearly depends only on ¢, 3 and is nonincreasing in (¢2,?3), we have ¢} () < (¢,
whence, in view of t§ = 51,

Q _ H-HE) T AmAa e - ()

O { (s I to (1)

Al(ti_la xi_l)
o =)

=14

According to Corollary 4.1 applied with k& = 3 (see (53)), the concluding quantity is > 1 + ém.
Taking into account (71), we come to (77).
6°.2. Now assume that (#~1, 2°71) is good. For the sake of brevity, let us write (¢, ) instead
of (t1,z=1), r instead of r;, and let t+ = t'. By definition of {(-), there exists u € G such
that
u=ti(t); ffu<ty d'u<ts; (78)
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by definition of Aj(-,-) and since x € Gy, we have
r=t—A(t,x); fTo=ty— Ao(t,z); dlao <ts, (79)

and since (¢, z) is good, we have
t2 S 16A2(t,$). (80)

Let
v=_1-7r)u+re,

and let us verify that v € G,+. Indeed, by (78) - (79) and due to t5 > t3 we have dlv < 3.
Further, by (78), (79) and (67)

ffo=0—r)flutrfTe < (1—r)tg+rta— Do(t,2)) = to — rAs(t,x) = t5.
Last, by (78) and (79)
dv=Q0-r)cut+rcla <clo=t — A(t,z) <tf

(concluding inequality is given by (68)).
Thus, v € Gy+; consequently,

) <clv=00-r)clTu+rclz =0 —r)ti{t) +r(t; — Ay, x)). (81)
With this inequality, we have

tF =t =t1 —rA1(t,z) —t5(tT) >t —rAL(t,2) — (L =)t (t) —r(t — Ay(t, 7)) =

whence

[see (80)]

32
2(14)(1_1{6) 2(1—7«)(1+1:5)322(1—7~)(1+2r)21+ir

(we have taken into account that r» < 1/8, see (71)); this inequality combined with (71) results
in (77).

79. Let (P') be infeasible, and let us prove (69). Indeed, we have t§ > f* > 0, whence
Q; < Aq(t, 2)(f*) 732 We conclude from (77) that

. 32
At a') = (14 0w, 07 2) Ay (1, 2) (A {f 9?)) '
2\

Taking into account that As(f, ) < Va(f) due to to < maxeq fLz (see (57)) and that

Ay(t,7) > (149[G:3]) V(o)
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(apply (76) to e = ¢ and note that ¢’ % — mingew ¢’z = t; — ¢L'Z by (56)), we come to

. £\ 32
Aq(t, %) > (1+ O(l)w*ﬁ_l/g)illgf((;;)f] <V£(f)) '

It follows that

i > i, = 01w V9 In (W) = At 2") > 509, Va(c). (82)
Further, from (53), (72) and (74) we have
Azt 2") > é(té —t5(t;) > %(1 + O(V)w, 97 Y2) (5 — t3(1)) >

> (1+ 01w, 9™V (1129]G: 7)) "'V (d),

whence

i >ig = 01w VI I(20[G: 7)) = As(t’, %) > 50, Va(d). (83)
Last, t} < té_l for all 4, and if (t=!,2°~!) is good, then
th = (1 —r Aot 2" N/t > (1 — 1/16) 8571 > (1 — O(D)w, 9~/ 2) 5!

(we have used (71)). We clearly have tb > f*, while t, < f* + Vg(f) by (57). Combining these
observations, we see that the total number is of those ¢ with good (¢t'~!,2°~1) can be bounded

as follows:
iy < O(Dw; Vol (219(\/@;{) +f )> . (84)

From (82), (83) and (84) we conclude that there exists

it <O(lw Vi (2"9[(;:9?](\]/5“) - f*)>

such that (¢~ 27" ~1) is bad and
A (T 2T > 50, va(e), Ast et Y > 59, va(d). (85)

Now let H = V2F(t"" 1,2/ ~1). The Dikin ellipsoid {z | | — 2' ~}|; < 1} is contained in
G, so that the variation 2veT H~le of a linear form e’z on the ellipsoid is < Vg(e). Thus,
(85) implies (65) and (66); since (£ ~1, %" 1) is bad, we see that the Infeasibility Test detects
infeasibility at the iteration i, and (69) follows.

80. Tt remains to consider the case when (P’) is feasible, as it is assumed from now on. We need
the following observation:

Lemma 5.2 Let i be such that t5 " > max,eq d@. If (171, 2771) is bad, then both t\™' and t}
are < c*.

Proof. For the sake of brevity, let us write (£,z) instead of (#*~!,2'~!) and ¢ instead of t'.
Since t3 > maxgeq d! , we have

ts(r, 7 t3) = ¢(1) = min{fo | z € G,z < 7}, (r,7,t3) € T.
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Since G is compact convex set, ¢(7) is continuous nonincreasing convex function on the ray
[mingeq ¢! @, 00); this function is positive to the left of ¢* and is zero to the right of ¢* (recall
that since (P’) is feasible, we have mingeq fo =0 and ¢* = min,cg. ;r,<o ¢’ ).

By Corollary 4.1 and since (t,x) is bad, we have

16As(t, z) < ta = t5(t) + [t2 — t5(¢)] < t5(¢) + 8Aa(t, x) = ¢(t1) + 8Aq(t, x),

whence

1
gb(tl) > §t2 > SAQ(t,:C) > 0. (86)
Consequently, t; < c¢*. Besides this,
CTx:tl_Al(tax)v fo:tQ_AQ(tvx)a

whence

¢(t1 — Al(t,:c)) < tz — Ag(t,l’).
Since ¢ is convex, we have
o(t1 + A1 (t,x)) > 2¢(t1) — ¢(t1 — Ar(t, ) > 26(t1) + Aa(t,z) —ta >

[see (86)]
> A2(ta$) >0,

whence t; + Ay (t,z) < ¢*. It remains to note that in view of (67), (71)
t;r =11+ TiAl(t, l‘) <t1+ Al(t, 1,‘) n

99, According to Lemma 5.2, the behaviour of the sequence {t}} starting with the moment i* is
as follows: if (¢*,2*) is bad, then both #] and t21+1 are less than ¢*, and if (¢*,2") is good, then,
by (67), t7!1 < t}. Consequently, the sequence

{Ei = max[tzi — C*, O]}izi*
is nonincreasing and

=+t —minc'z < ¢* = max[c* . #] —minclz, > " 87
¢z 1 el —¢ [ 71] el ) et ( )

Since one clearly has ] — t}(#') < ¢;, we come to
t—t(t") < ¢*, i > (83)
By definition of §2;, for ¢ > i* we have

. 21/32
Qo ti — (1 _
Qo t; —t( )1 7, <

frat <th = -
Qi —t1(D)

[see (77), (57) and (88)]



Applying (76) to e = ¢ and taking into account that by definition of #; one has

t—ti(t) >t —c'Z=c'2 — min !z,

zeW
we get
i>i" = T2t < (1—0Q)w, 07 2) (¢*)/32 gleaécf%, ¢ = 149[G: 7] vz(c)' (89)
10°. Let us prove that
¢ < 200[G:Z]Va(ce). (90)
Let d; = t§ — t5(t). By (72) we have d; > (1 + r;)d;_1, while (see (87), (67))
i A (#1271

<Il+mn
bi—1 ’ bi—1

we have taken into account that ¢;_; > A (£ 1, 2771) = ¢071 — ¢T'2'~1). Consequently,
1 y

<1+

di

d;
< op— <

(the second inequality is given by (57)). In the case of i* = 0 the resulting relation clearly
implies ¢« < Vg(c). If i* > 0, then the above inequalities lead to

dix_1 <

Gir < (L4 7ri)pp—1 < (1 +1)Veal(c) A =

[see (71) and note that dj«_1 < V(d) by definition of i*, while dy > (149[G : z]) "'V (d) by
(74)]
<200[G:Z]Va(c).

To get (90), it remains to note that, by definition,

¢* = max|c*, t] | — min ¢’ z = max[¢* — min ¢!z, p] < max[Va(c), di<].
el rzelG

Combining (90) and (89). we come to

i>i = T2t <0G 7)1 — 01w ?) max fTx. (91)

zeG

11°. Now let 5** be the first 4 > i* such that (¢!, 2%) is bad (if no such i exists, we set i** = +00).
As it was explained in the beginning of 9°, we have

; 0 1>
T * _ ) =
—c <g = ; . .
cC T C S¢&; {maX [tzl _ 0*70] 7 Z* S i< Z** (92)
According to Corollary 4.1,
el g < 8A (T 2,
when ¢ > ¢*, we have

1t =min{c’z | z € G, fTz <t5'} < ¢,
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so that for i* < i < i**

. . . . . 7 ) i T .
oo < - (et - e e - B ) < (1 5 ) (6 - e,

whence, due to (71),
g1 < (1— 0w, Y2y, i > i,

Combining this observation with (92), we come to
Tt = < (1= 0w V2 i i > ¥,
whence, in view of g+ < ¢* and (90)
et — ¢ <OMI[G:7)(1 — 0w~ Y2 yg(e), i > i (93)

Combining (93), (91) and taking into account (73), we come to (70). =

6 Application examples

Our “long step” technique for tracing a surface of analytic centers heavily exploits assumption
Q (Section 5.1) on structure of the s.-c.b. F for the domain G of problems (P), (P'); let us call
barriers satisfying this assumption good. The goal of this section is to demonstrate that the
s.-c.b.’s responsible for many important applications indeed are good.

6.1 Combination rules

Let us start from the following general remark. The desired structure is “stable with respect to
intersections”. Namely, assume that G is represented as an intersection N2, G; of closed convex
domains; we shall say that G; represents (or simply is) i-th constraint of the problem. The
aforementioned stability means that if every G; admits a good ¥;-s.-c.b. Fj(x) = ®;(mx + €;)
(so that ®; is a 9¥;-s.-c.b. for certain closed convex domain H; C R% and we know the Legendre
transformation ®;, of ®;), then a good (3}, ¥;)-s.c.b. for G is

F(x) = ®(rx +¢),

where
m
DUy eeey Upy) = Z@Z(u,) cint (Hy X ... X Hyp) = R, mx 4+ €= (ma + €1, ..., Tn@ + €m);
i=1
note that m
(I)*(Slv 75m) = Zq)L*(SZ)
i=1

(see Proposition 2.1).

Thus, our assumption is “separable with respect to the constraints” involved into the de-
scription of G.

The structure in question is also stable with respect to affine substitutions of argument: if G
is the inverse image of certain closed convex domain G under an affine mapping A (the image
of the mapping intersects int GT) and we know a good ¥-s.-c.b. F* for GT, then we can equip
G with the ¥-s.-c. barrier F(z) = F*(A(z)), and this barrier clearly is good.

30



6.2 “Building blocks”

The indicated combination rules can be applied to a number of “building blocks”, i.e., good
barriers for certain standard convex domains. These blocks are as follows:

1. Nonnegative half-axis Ry: The standard 1-s.-c.b. ®(z) = —Inz for Ry is good: its
Legendre transformation is ®,(s) = —In(—s) — 1, s < 0; both ® and @, are 2-regular.

This elementary observation, in view of the combination rules, allows to handle arbitrary
linear inequality constraints and, in particular, covers all needs of Linear Programming.

2. Convex domain G C R™ which is a connectedness component of the Lebesgue set cl{x |
f(x) < 0} of a quadratic function f: Such a domain can be represented as the inverse image of

the second-order cone
q—1

H={ueR"| uy> () u})"*}
i=1
under an easily computable affine mapping « — u = 7wz 4+ € with the image of the mapping
intersecting the interior of H; setting

q—1
O(u) = —ln(ug — Zu?),
i=1
we obtain a 2-s.-c.b. for H (Nesterov and Nemirovski (1994), Chapter 5) with the explicit
Legendre transformation
qg—1
D, (s) = —ln(sg — Zsf) —2+2In2, se —H,
i=1
and consequently can equip G with the good 2-s.-c.b. F(x) = ®(wz + €); both ® and ®, are
6-regular.

This observation covers convex quadratically constrained problems and even more general
family of convex programs (note that f should not necessarily be convex, e.g., we may handle
the hyperbolic domain of the type Z?;ll 2 +1< 22, 2, >0).

3. Geometrical Programming in the exponential form: Assume that among the constraints
defining the feasible domain of a convex program there is a constraint of the form

q
Z exp{alz +b;} <pla+r
i=1

Adding ¢ extra variables y, ..., 74, one may pass from the initial problem to an equivalent one
where the indicated constraint is represented by the system of convex inequalities

q
explal 2} <wi,i=1,..,¢; Y exp{bily; <p'x+r.
=1

We already know how to handle the concluding linear constraint, and all we need is to understand
how to deal with the exponential inequality

exp{a] z} < yi.

In order to penalize the latter constraint by a good barrier, it suffices to point out a good barrier
for the epigraph
G ={(t,z) € R*| t > exp{x}}
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of the exponent and to use the combination rule related to affine substitutions of argument. A
good 2-s.-c.b. for G can be written down explicitly (Nesterov and Nemirovski (1994), Chapter

5):
B(t,7) = —In(Int — 2) — Int, u(r,€) = (€ +1)1n (T) Cf-mE-2,

Dom ®, = {(1,£) € R* | 7 < 0,& > 0}.

Both ® and ®, turn out to be 6-regular.
4. Linear Matrix Inequality constraint: A constraint of this type arises in numerous appli-
cations and defines the domain of the form

G = {z | A(x) is positive semidefinite},

where A(x) is an affine in z matrix-valued function taking values in the space of symmetric
matrices of a given row size m. A good m-s.-c.b. for G is given by

F(z) = ®(A(x)), ®(y) = —InDet y;

® is the standard m-s.-c.b. for the cone S'!' of symmetric m x m positive semidefinite matrices
(see Nesterov and Nemirovski (1994), Chapter 5) with the Legendre transformation

®,(s) = —InDet (—s) —m, Dom ®, = —int S'";

both ® and @, are 2-regular. This example covers all needs of Semidefinite Programming.
We see that our assumption on the structure of F' is compatible with a wide spectrum of
important Convex Programming problems.

7 Appendix. Proof of Lemma 5.1

Proof of Lemma 5.1. The function ¢}(-) clearly depends on the first £k — 1 components of
argument only; let us denote the vector comprised of these first £k — 1 components by 7, so
that ¢; = t*(7). Since G is bounded, t*(7) is a convex continuous function on the closure 7’
of the projection of T on the plane of the first £k — 1 parameters; this projection is monotone
(r">7e€T =71 €T), and t*(7) is monotonically nonincreasing on 7".
Let
T=(t1,...,tg—1), 01 = ((0t1)—, (6ta)—, ..., (Otg—1)—),

where a_ = min{a,0}, and let AT = (6t; — 071, ...,0tx—1 — 0TK—1); then A7 > 0. It is possible
that d7 = 0; then the statement in question is evident, since here

£t +70t) = (7 + rAT) < (1) = (1)

(we have used the monotonicity of t*(-)), so that
N N . roty
by 4 16t — Eh(t 4+ 16t) > by 4 1ty — tE(E) = (b, — th(t) [ 1+ ) 2
E— Yk

St .
> (1 IO 1)Ak<t,az>> (ti = 5(1))
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(the concluding inequality follows from (53)), and we come to (63).
Now consider the case when d7 # 0. Let z be the largest real p > 0 such that

Ipdms) < Ai(t,x), i=1,...k—1.
As we know from Corollary 4.1, one has (7 + 207, t, — Ag(t,z)) € clT, and consequently
(1 4 207) < t, — Ag(t, ). (94)

Let, further,
7 =min{r,z}, 0 =7/z;

since t* is convex, we have
(7 +F07) S (1) + 01" (7 + 207) = £7(7)) < (1) + 6lt, — Ap(t,2) — (1 — 20k + D AK(t, 2))]
(the latter inequality follows from (94) and (53)). Thus, we come to
(1 +707) < (1) + (2k + 1)0AL(t, ),
and since t*(-) is monotonically nonincreasing, we have also
Lt +70t) =t (1 + 701 + TAT) < t*(7) + (2k + 1)0Ak(t, z),

or

tr(t 4+ 7ot) < th(t) + (2k + 1)0Ak(t, x). (95)
On the other hand, by definition of z one has z|dt;| = A;(t,x) for certain i < k with 0t; < 0;
since, by assumption, 0t is k-safe,

Oty
Ak (t7 x)

|6t
Ai<t, .%') ’

> (4k + 2)

and we come to
20ty > (4k + 2)2|06ti| AR(t, ) AT () = (4k + 2) Ax(t, ), (96)

whence
Ag(t,z) < (4k +2) 7126ty

Combining this inequality with (95), we come to
(tr + 7Oty) — th(t + 70t) > 7oty + (tp — th(t)) — 02(4k + 2) "1 (2k + 1)6ty, =
[since 0z = 7] R
= S8t + (tr — (1)),
whence, again in view of ¢, — t;(¢) < 2(k + 1)Ax(t, x),

oty

(b1 + P0t) =t (¢ +701) = (1+ )(te — t(t)). (97)
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It is possible that 7 = r; in this case (63) immediately follows from (97). It remains to consider
the case when 7 < r. By definition of 7, it means that 7 = z < r, and in view of (96) relation
(97) implies that

Ak +2 o Ak+3
m)(tk —tr(t)) =

A = (b + 70ty) — (¢ +70t) > (1 +

Now consider the function
g(l) = (tg + lrdty) — t,(t + lrét);

since r is a safe stepsize, it is a well-defined concave nonnegative function on the segment
[0,1/¢]; the value of this function at the point [ = 7/r < 1 is, as we know from (98), >
(4k + 3)(2k + 2)71g(0), and from concavity it follows that

¢'-1 =

9(1) = =————=g(l) = (1-q)g(),
qgt—1
whence
4k +3 4k +3
—t5 = > — = —_ _ ¢*
b + 7oty — it +rot) = g(1) 2 (1 = @) 5 ——59(0) = (1 = @) 5= (B — 1 (1),

as required in (63). =
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