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Abstract

The goal of the current paper is to introduce the notion of certificates which verify the accuracy
of solutions of computational problems with convex structure; such problems include minimiz-
ing convex functions, variational inequalities with monotone operators, computing saddle points
of convex-concave functions and solving convex Nash equilibrium problems. We demonstrate
how the implementation of the Ellipsoid method and other cutting plane algorithms can be aug-
mented with the computation of such certificates without essential increase of the computational
effort. Further, we show that (computable) certificates exist whenever an algorithm is capable
to produce solutions of guaranteed accuracy.
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1 Introduction

To motivate the goals of this paper, let us start with a convex minimization problem (CMP) in
the form of

Opt :gél)r(lF(ac), (1)

where X is a solid (compact convex set with a nonempty interior) in R", and F' : X — RU{+o0}
is closed convex function finite on int X. Assume that the problem is black box represented,
that is,

e X is given by a Separation oracle, a routine which, given on input an x € R", reports
whether x € int X, and if it is not the case, returns a separator — a vector e such that
(e,y) < (e,x) whenever y € int X. Besides, we are given a “simple” solid B known to
contain X, simplicity meaning that it is easy to minimize linear forms over B (as it is the
case when B is an ellipsoid, a parallelotope or a simplex);

e [ is given by a First order oracle, a routine which, given on input a point x € int X,
returns the value F'(x) and a subgradient F'(z) of F at x.

Our goal is to solve (1) within a given accuracy € > 0, specifically, to find Z such that
TeX & eopt(T) :=F(z) — Opt < e (2)

(why we quantify the accuracy in terms of F, and not “in the argument” — by the distance
from Z to the set of minimizers of F' on X — this will be explained later). In the outlined
“computational environment”, an algorithm for achieving our goal is a routine which, given on
input an € > 0, after finitely many calls to the oracles terminates and outputs a vector ¥ € X
satisfying (2). This should be so for every ¢ > 0 and every CMP (1) from a given in advance
family F of CMP’s we are interested in, and, besides, the solution process should be “non-
anticipative” — the subsequent search points (for deterministic algorithms) or their distributions
(for randomized ones) should be uniquely defined by the answers of the oracles at the preceding
steps, and similarly for the approximate solution Z built upon termination.

The issue of primary interest in this paper is how could an algorithm certify the target relation
(2), and here is the proposed answer. Assume that when solving CMP (1), the algorithm has
queried the oracles at the points z!, ..., 27, where 7 is the number of steps before termination.
Part of the information acquired by the algorithm in this run forms the execution protocol
Py = {I;,J.,{z', e, }]_,}, where I, is the set of indices ¢ of productive steps — those with
2t € int X, J. = {1,...,7}\I; is the set of indices of non-productive steps and e; is either a
subgradient of F' at z! reported by the First order oracle (this is so when the step t is productive),
or e; is the separator of ! and int X reported by the Separation oracle (this is so when the step
t is non-productive). The complete information acquired in the run is obtained by augmenting
the execution protocol by the values F(x!) of F' at the productive steps. Now assume the run
in question is productive, meaning that I, # (), and let us assign steps ¢, 1 < ¢t < 7, with
nonnegative weights & such that ) ,.; & = 1. Consider the quantity

Eccrt(£|P‘r‘7B)

_ ty _ T t_
F.({|P;,B) = ZtEITftF(Hf ) max Zt:1£t<€t7x ) (3)
An immediate observation is that Fy(¢| Py, B) is a lower bound on Opt, and therefore the relation
F(3) - Fu(¢]P, B) < (4)



is a sufficient condition for (2), provided T is feasible.

The above observation indeed is immediate. Given z € X, we have F(z) > F(z')+ (e, z—a?)
whenever ¢t € I, (by convexity of F) and 0 > (e;,z — x!) whenever ¢ € J,. Summing up
these inequalities, the weights being &, we get Fi(x) > 37, o; &F(2h) — Y01 &iler, 2t — ).
Taking minima over z € X, we get Opt > 37, &F(2') —sup,ex Y{_ &{er, #* — x). The
right hand side in this inequality is > F(¢|P;, B) due to X C B, so that F,(¢|P;, B) indeed
is a lower bound on Opt.

Note that given a 7-step execution protocol P;, augmented by the values of F' at the points
xt,t € I, and a vector £ € R7, it is easy to verify whether £ is as stated above (i.e., nonnegative
with Ye; & = 1), and if its is the case, Fi(¢|Pr,B) is easy to compute’. It follows that a
certificate £ associated with a T-step execution protocol P, that is, a collection of 7 nonnegative
weights & with 7, & = 1, can be considered as a “simple proof” (as is expected of a certificate)
of an inaccuracy bound, specifically, of the bound eqp(Z) < F(Z) — Fi(¢| Pr, B).

A close inspection shows that for some important families of CMP’s, like the family F.(B) of
all problems (1) with solid feasible domains X C B and finite continuous on X convex objectives
F, the outlined way to certify the accuracy guarantees is a necessity rather than an option (see
Proposition 2.2 below). In other words, an algorithm for solving CMP’s from F.(B) which is
“enough intelligent” to solve every problem from the family within a given accuracy € > 0, al-
ways acquires upon termination enough information to equip the resulting approximate solution
Z with an accuracy certificate £ satisfying (4). Some of the existing “intelligent” algorithms
(different variants of subgradient and bundle methods, see, e.g., [11, 2] and references therein)
produce such certificates explicitly. Other black-box oriented intelligent algorithms, like the El-
lipsoid method and other polynomial time versions of the cutting plane scheme, provide accuracy
guarantees without building the certificates explicitly. Finally, the most advanced, from the ap-
plied perspective, convex optimization techniques, like polynomial time interior point methods
(ipm’s) for linear, conic quadratic and semidefinite programming, do produce explicit accuracy
certificates, but of a type different from the one just explained. Specifically, ipm’s work with
“well-structured” convex programs rather than with black-box represented ones, and heavily
exploit the specific and known in advance problem’s structure (usually, the one of a primal-
dual pair of conic problems on a simple cone) to build in parallel approximate solutions and
“structure-specific” accuracy certificates for them (in the conic case — by generating primal-dual
feasible pairs of solutions to a primal-dual pair of conic problems, with the dual feasible solution
in the role of certificate and the duality gap in the role of the certified accuracy). The primary
goal of this paper is to equip the algorithms from the second of the above three groups — the
polynomial time cutting plane algorithms for black-box represented CMP’s — with computa-
tionally cheap rules for on-line building of explicit accuracy certificates justifying the standard
polynomial time complexity bounds of the algorithms.

For example, given R < oo, consider the family F of all problems (1) with solids X contained
in B={ze€R":|z|]]z2 <R} and convex and bounded on X objectives F'. It is known that
the Ellipsoid method is capable to solve a problem from this family within (any) given
accuracy € > 0 it no more than N(e,r(X),V(F)) = 4n?In(R/r(X) + V(F)/e) calls to
Separation and First order oracles, with every call accompanied by just O(n?) operations to
process oracle’s answer; here r(X) is the largest of the radii of Euclidean balls contained in

“since the only potentially nontrivial part of the computation, that is, the minimization over = € B in (3), is
trivial due to the simplicity of B.



X, and V(F) = maxx F'—minx F is the variation of the objective on the feasible domain of
the problem. The method, however, does not produce accuracy certificates explicitly; as a
result, with the traditional implementation of the Ellipsoid method and in absence of a priori
upper bounds on 1/r(X) and V(F'), we at no point in time can conclude that a solution of
the required accuracy e is already built, and thus cannot equip the method with termination
rules which guarantee finite termination with approximate solution of the required accuracy
on every problem from the family. A byproduct of the main result of this paper is that
the Ellipsoid method can be equipped with on-line rules for building accuracy certificates
which do certify that accuracy e is achieved after at most O(1)N (e, r(X), V(F)) steps, thus
eliminating the severe theoretical drawback of the traditional implementation of the method.
It should be added that the accuracy certificates turn out to be computationally cheap; e.g.,
we can keep the per step computational effort in the new algorithm within, say, factor 1.1 in
the per step effort of the usual implementation.

After outlining, albeit in a yet incomplete form, the goals of our paper, we find it prudent to
address two easily predictable objections these goals might cause. First, a “practically oriented”
reader could say that we are looking for a remedy for an illness which by itself is of no prac-
tical interest, since we address a very restricted group of convex minimization algorithms with
seemingly minor applied importance. Indeed, convex problems arising in applications always
have a lot of structure, and it does not make much sense to treat than as black-box oriented
ones. Moreover, there typically is enough structure to make the problem amenable for powerful
polynomial time interior point methods, the techniques which outperform dramatically, espe-
cially in the large scale case, the black-box oriented cutting plane schemes we are interested in.
Thus, who cares? Our answer here is twofold. First, while the direct applied potential of poly-
nomial time cutting plane algorithms indeed is minor, these algorithms definitely are of a major
theoretical importance, since these are the algorithms underlying the most general theoretical
results on polynomial time solvability of convex programming problems. And as a matter of
fact, the inability of the known polynomial time cutting plane algorithms to produce explicit
accuracy certificates restricts significantly the “theoretical power” of these algorithms, so that
our goal seems to be quite meaningful academically. Second, the applied role of the algorithms
in question is minor, but not non-existing: there are situations when we are interested in a
high-accuracy solution to a convex program with small (just few tens) number of variables a
large number of constraints, and in these situations the methods like the Ellipsoid algorithm
are the methods of choice. And there are quite respectful and important applications where the
problems of this type arise systematically, and, moreover, the ability of a cutting plane algorithm
to produce an accuracy certificate is instrumental; for an instructive example, see Section 5.2.
The second reason for a potential criticism is our specific choice of the accuracy measure
— residual in the objective F'(x) — Opt. Of course, this is a natural accuracy measure, but
not as natural and universal as the inaccuracy in argument (which in the case of problems
(1) becomes the distance from a candidate solution to the set X,(F') of minimizers of F' on
X). First, the inaccuracy in argument is indeed universal accuracy measure — it is applicable
to all computational problems, while the residual in the objective is adjusted to the specific
form (1) of a convex optimization problem. Second, even when speaking solely on problems
(1), there are situations (e.g., parameter estimation via maximum likelihood) when what we
want is closeness of an approximate solution to the optimal set, and closeness to optimality in
terms of the objective, whatever tight it be, by itself means nothing; and we are not aware of
a single application of optimization where the opposite is true — small residual in the objective



is a meaningful quality measure, while small distance to the set of optimal solutions is not so.
All this being said, we stick to the residual in terms of the objective, the “excuse” (in our
opinion, quite sufficient) being the fact that in convex optimization, inaccuracy in argument
is, in general, completely unobservable on line. Here is one of precise versions of this vague
(what does “in general” mean?) claim. Consider the family F of all problems (1) with common
domain X = {z € R? : 7x < 1} and objectives F which are restrictions on X of C* convex
functions on the plane equal to 27z outside of X and with all partial derivatives up to a given
order d bounded in X in absolute value by a given constant Cy. Let the First order oracle report
not only the value and the gradient, but also all other derivatives of the objective at a query
point. It turns out that for a not too small Cy, this family does not allow for a non-anticipative
solution algorithm with the following properties: as applied to any problem from the family, (a)
the algorithm terminates after finitely many calls to the oracle (the number of calls can depend
on the problem and is not required to be bounded uniformly in the problems), and (b) upon
termination, the algorithm outputs an approximate solution which is at the distance < 1/4 from
the optimal set of the problem. Note that there are many algorithms, say, the simplest gradient
descent, which, as applied to a whatever problem from the family, converge to the optimal
set. The above theorem says that this convergence is completely “unobservable” on line: it is
impossible to convert, in a non-anticipating reliable fashion, the accumulated so far information
into a point which is at the distance < 1/4 from the optimal set, and this is so independently of
how long we are ready to wait. This is in striking contrast to what we can achieve for the same
family of problems with the residual in the objective in the role of the inaccuracy in argument:
a (whatever) accuracy € > 0 can be guaranteed in just O(1) In(/e) calls to the (usual) First order
oracle, each call accompanied by just O(1) arithmetic operations.

Of course, there are cases in convex minimization where the inaccuracy in the argument is
“observable on line”. The simplest example here is when the objectives in the family of CMP’s
in question are restricted to be strictly convex with a given modulus of strict convexity o(-):
F(z/2+y/2) < F(x)/2+F(y)/2—o(|Jlx—y||) for all 2,y € X, where o(s) > 0 for s > 0. Note,
however, that in this case, inaccuracy in the argument can be straightforwardly bounded in
terms of €opi(-), and similarly for all other known to us cases when a desired inaccuracy
in the argument can be certified in an on line fashion. To the best of our knowledge, all
“explicit” (that is, those expressed in terms of the family of problems and independent of a
particular choice of an instance in this family) on line bounds on inaccuracy in the argument
in convex minimization are more or less straightforward consequences of on line bounds on
the residual in the objective; with this observation in mind, our choice of accuracy measure
seems to be quite natural.

Up to now we were speaking about accuracy certificates for black-box represented convex
minimization problems. It turns out that the “certificate machinery” can be extended from
CMP’s to other black-box represented problems “with convex structure”, specifically, varia-
tional inequalities with monotone operators and convex Nash Equilibrium problems (the latter
include, in particular, the problems of approximating saddle points of convex-concave functions).
We shall see that in the case of variational inequalities and Nash Equilibrium problems the cer-
tificates play more important role than in the CMP case. Indeed, in the CMP case building
approximate solutions is by itself easy — take the best (with the smallest value of the objective)
among the feasible solutions generated so far; the role of certificates is reduces here to quantify-
ing the quality of such a solution, which sometimes can be considered as a luxury rather than a
necessity. In contrast to this, in the case of black-box represented variational inequalities with



monotone operators and convex Nash equilibrium problems, the certificates are responsible not
only for quantifying the quality of approximate solutions, but for the very building of these solu-
tions (e.g., to the best of our understanding, no “certificate-free” ways for building approximate
solutions to, say, black-box represented convex-concave game problems are known).

The rest of this paper is organized as follows. In Section 2, we present a more detailed
account of accuracy certificates for convex minimization. In Section 3, after recalling basic facts
on variational inequalities with monotone operators and convex Nash equilibrium problems and
introducing relevant accuracy measures, we extend to this class of problems the notion of a certifi-
cate and demonstrate (Proposition 3.4) that a certificate allows both to generate an approximate
solution and to quantify its quality. In Section 4 we demonstrate — and this is the central result
of the paper — that all known black box oriented polynomial time algorithms (in particular, the
Ellipsoid method) for CMP’s, variational inequalities with monotone operators and convex Nash
Equilibrium problems can be augmented with computationally cheap techniques for “on line”
building of accuracy certificates, and that these certificates are fully compatible with theoret-
ical efficiency estimates of the methods (meaning that the number of steps until a prescribed
accuracy is certified is as stated in the theoretical efficiency estimate). Note that as far as the
existing literature is concerned, the only known to us relevant study [5] deals with the particular
case of an LP program solved by the Ellipsoid algorithm and demonstrates that in this case the
method can be augmented by a technique for producing feasible solutions to the dual problem
with the duality gap certifying the standard polynomial time efficiency estimate of the Ellipsoid
method. The technique used in [5] seems to be quite different from the one we propose, and it
is unclear whether it can be extended beyond the LP case. Section 5 presents two instructive
applications of the certificate machinery.

To make the paper more readable, all proofs are moved to Section 6.

2 Accuracy certificates in convex minimization

Here we present in details the definition of accuracy certificates for black-box represented CMP’s
(1) and the related results already mentioned in Introduction.

Recall that when solving a black-box CMP (1), an algorithm after 7 steps has at its disposal
the execution protocol P, = {IT,JT,{xt,et}thl}, where z',...,27 are the subsequent points
where the Separation and the First order oracles were queried, I and J; are the sets of indices
of productive (z! € int X), resp., non-productive (! & int X') query points, and e; is either the
separator of ! and int X returned by the Separation oracle (step ¢ is non-productive), or the
subgradient of F' at x! returned by the First order oracle (step ¢ is productive). A certificate for
execution protocol P: is, by definition, a collection £ = {&;:}]_; of weights such that

(a) &>0foreacht=1,...,7 5)
(b) ZteIT gt =1

Note that certificates exist only for protocols with nonempty sets I..
Given a solid B known to contain X, an execution protocol P, and a certificate £ for this
protocol, we can define the quantity

6cert(ﬂf)ﬂ B) = maXZ §t<et7 xt - l’> (6)
zeB )



— the residual of the £ on B, and the approximate solution induced by &

P (7)

telr

which clearly is a strictly feasible (i.e., belonging to int X) solution to the CMP (1) underlying
the protocol. Given, in addition to B, P, and &, the values of F' at the points !, t € I, we can
also define the quantity

F.(¢|P-,B) = min | > ft[F(fﬂt) + (e, z — 90t>] + > &lep,r — $t>
z€B |¢er, ted, (8)

= > ftF($t) — cert (§| Pr, B).
tel,

Note that the quantities defined by (6) and (8) are easy-to-compute (recall that B is assumed
to be simple, meaning that it is easy to optimize linear forms over B).

The role of the just defined quantities in certifying accuracy of approximate solutions to (1)
stems from the following simple observation:

Proposition 2.1 Let P; be a T-point execution protocol associated with a CMP (1), £ be a
certificate for Pr and B D X be a solid.
(i) One has Fy.(§|P-,B) < Opt; consequently, for every feasible solution T of the given CMP
it holds:
€opt () < F(T) — Fu(§|Pr, B). (9)

ii) Let 7, be the best — with the smallest value of F — of the search points x' generated at
bst
the productive steps t € I. Then both xi  and 27 = T[] are strictly feasible solutions of the
given CMP, with

€opt (xir)st) < €cert (£|P7'a B) and €opt (ZE\T) < €cert (£|PTﬂ B) (10)

It was mentioned in Introduction that for certain problem classes, the only way to guarantee
that a feasible approximate solution Z to (1) build upon termination satisfies €opt(Z) < € is
the ability to assign the corresponding execution protocol P., 7 being the termination step,
admits a certificate £ satisfying (4). In order to formulate the underlying statement precisely,
consider the situation as follows. We intend to solve the CMP (1), and our a priori information
on the problem is that its feasible domain X is a solid contained in a given solid B C R"
(and, perhaps, containing another given convex set) and that the objective F' belongs to a “wide
enough” family of convex functions on X, specifically, is either (a) convex and continuous, or (b)
convex and piecewise linear, or (c¢) convex and Lipschitz continuous, with a given constant L, on
X. All remaining information on the problem can be obtained solely from a Separation oracle
representing X and a First Order oracle representing F'. Now consider a solution algorithm
which, as applied to every problem (1) compatible with our a priori information, in a finite
number 7 < oo of steps terminates and returns a feasible solution Z to the problem along with
an upper bound € on €qp(Z); here both 7 and € can depend on the particular problem the
algorithms is applied to. Adding, if necessary, one more step, we can assume w.l.o.g. that
the approximate solution returned by the algorithm upon termination always is one of the
search points generated by the algorithm in course of the solution process. The aforementioned
“necessity of accuracy certificates” in convex minimization can now be stated as follows:



Proposition 2.2 If our hypothetical algorithm, as applied to a (whatever) CMP (1) compatible
with our a priori information, terminates after finitely many steps 7 and returns a feasible
solution T along with a finite valid upper bound € on €opt(Z), then T € int X and the associated
execution protocol Py admits a certificate § that satisfies (4).

3 Certificates for Variational Inequalities with Monotone Oper-
ators and for Convex Nash Equilibrium Problems

3.1 Monotone and Nash operators

Monotone operators and variational inequalities. Let ®(x) : Dom (®) — R" be a mono-
tone operator, meaning that Dom (®) C R" is a convex set and

(®(z') — ®(2"), 2’ —2") > 0Va', 2" € Dom (®).

Let X C R™ be a solid, and ® be a monotone operator with Dom (®) D int X. The pair (X, ®)
defines variational inequality problem (VIP)

find z, € X : (P(2),2 — z,) > 0 Vo € Dom (P) N X. (11)

In the literature the just defined x, are called weak solutions to the VIP in question, as opposed
to strong solutions z* € X NDom (®) : (®(z*),z — z*) > 0 Vo € X. It is immediately seen that
when ® is monotone, then strong solutions are weak ones; under mild regularity assumptions
(e.g., continuity of ®), the inverse is true as well (see [13] or Proposition 3.1 in the survey [9]).
One of our coming goals is to approximate a weak solution of a VIP defined by a pair (X, @)
where X is a solid and ® is a monotone operator. The most convenient for our purposes way to
quantify inaccuracy of an x € X as an approximate solution to this VIP is to use the proximity
measure
iz X, ®) =  sup  (B(y),x — y); (12)
yeDom (&)nXx
when X and ® are evident from the context we shall use the abbreviated notation eyi(z). By
definition, we set €y;(z| X, P) = co when = ¢ X.

By definition of (weak) solution, solutions of (11) are exactly the points & € X where
evi(z|z,®) < 0. In fact the left hand side of this inequality is nonnegative everywhere on
X, so that ey;(z|X, ®) is zero if and only if x solves (11) and is positive otherwise, which
makes €y; a legitimate proximity measure for (11). The reasons for this particular choice of
proximity are similar to those in favour of e,y in the CMP case: in our context, this measure
works.

FElementary properties of weak solutions to VIP’s with monotone operators and of the just
defined proximity measure are summarized in the following

Proposition 3.1 Consider VIP (11) where X C R™ is a solid and F is a monotone operator
with Dom ® D int X. Then

(i) The set X, of (weak) solutions to (11) is a nonempty compact subset of X ;

(ii) The function eyi(z| X, ®) is a closed convex nonnegative function on X finite everywhere
on int X and equal to 0 exactly at X;



(iii) Let ® be a monotone extension of @, that is, ® associates with a point x of a conver set

Dom ® D Dom ® a nonempty set ®(z) such that
(€ —¢ 2 —a) > 0Y(z,2' € Dom,¢ € ®(x), & € O(a'))
and ®(z) € ®(x) whenever € Dom ®. Then

X, = {zeX:(ny—2z)>0Y(yecDomdnNX,nedy)), (13)
&i(7| X, ®) = sup, {(n,x —y):y€Dom®NX,ne @(y)} Vo e X.
In particular, weak solutions and proxzimity measure remain intact when (a) replacing the original
monotone operator with its maximal monotone extension, and (b) replacing ® with its restriction
onto int X (so that the original operator becomes a monotone extension of the new one).

To make the paper self-contained, we present the proof of these well known facts in Section 6.

Convex Nash equilibrium problems and Nash operators. Let X; C R", i =1,...,m,
be solids, and let X = X1 x X9 X ... x X,;, CE =R™ x ... x R"m = RMT-+nm A point x € £
is an ordered tuple (x1, ..., ) with x; € R™; for such a point and for i € {1,...,m}, we denote
by x! the projection of x onto the orthogonal complement of R™ in &£, and write z = (2%, z;).
The Nash Equilibrium problem (NEP) on X is specified by a collection of m real-valued

functions Fj(x) = F;(2!, z;) with common domain D = D; X...xD,,, where for every i = 1,...,m,
int X; C D; C X;. A Nash equilibrium associated with these data is a point z, € D such that
for every i = 1,...,m the function F;([z.]’,z;) of x; attains its minimum over z; € D; at

[z4]i, and the Nash Equilibrium problem is to find/to approximate such an equilibrium. The
standard interpretation of Nash equilibrium is as follows: there are m players, i-th choosing
a point z; € D;, and incurring cost F;(x), where z = (z1,...,2y,) is comprised of choices of
all m players. Every player is interested to minimize his cost, and Nash equilibria are exactly
the tuples © = (z1,..., ) € D of choices of the players where every one of the players has no
incentive to deviate from his choice x;. There is a natural way to quantify the inaccuracy of a
point « € D as an approximate Nash equilibrium; the corresponding proximity measure is

m

en(z) = Z[F,(a:l, z;) — inf | Fi(z*, )] (14)

i=1 yi€D;

This is nothing but the sum, over the players, of the maximal gain a player ¢ can get by deviating
from his choice x; when the remaining players stick to their choices.

We intend to consider convex NEP’s, meaning that D is convex and for every ¢ = 1, ..., m the
function Fj(z) = Fj(x%, ;) is convex in x; € D;, is concave in 2° € Dy X ... X D;_1 X Djy1 X ... X Dy,
and, in addition, the function F(z) = > i, Fi(z) is convex on D.

Given a convex NEP, we associate with it the Nash operator

O(z) = (®1(z), P2(x), ..., Py (2)) 1 it X — &,

where for every x € int X and i = 1,...,m, ®;(z) is a subgradient of the convex function F;(x?, )
at the point z;. We need the following well-known fact (to make the paper self-contained, we
present its proof in Section 6):



Proposition 3.2 Consider a convex NEP. Then

(i) The Nash operator of the problem is monotone.

(i) When D = X and the functions F; are continuous on X, 1 < i <m, the Nash equilibria
are exactly the weak solutions to the VIP associated with X and the Nash operator of the problem.

Note that convex NEP’s are equipped with two proximity measures: en(-) (this measure relates
to the problem “as it is”) and e€yi(+) (this measure relates to the VIP associated with the Nash
operator induced by the NEP). These measures usually do not coincide, and we would say that
the first of them usually makes more “applied sense” than the second. We are about to consider
instructive examples of convex NEP’s.

A. In the case of m =1 a convex NEP requires to minimize a convex function F(x) = Fj(x)
over Dom (F'), where int X C Dom F' C X. Thus, CMP’s are exactly convex single-player
NEP’s, the Nash operator ® = ®; being (a section of) the subgradient field of F' over
int X. The (weak) solutions to the VIP defined by (X, ®) are just the minimizers of the
lower semicontinuous extension of F' from int X onto X. Further, for z € Dom (F') one
has

en(z) = F(z) — _inf  F(y) = €opt(),
yeDom (F)
where €pt () is the accuracy measure defined in Introduction for CMP’s. Further, if we
view a convex NEP with m = 1 as a VIP with Dom ® = int X, the convexity of F' assures
that F(z) — F(y) > (®(y),z —y) for all z € Dom F and y € int X and therefore

en(7) = €opt(7) = F(x) — oot F(y) = sup (®(y),z —y) = ei(x).  (15)
yeDom (F) yeint X

Note that the “gap” between eyi(z) and ex(z) can be large, as is seen in the case of
X =[0,D] C R, F(z) = [y min[L, 5%]ds, where ¢ < LD. Indeed, in this case (D) =
maxoy<p F'(y)(D — y) = ¢, while ex(D) = F(D) = eln ( D) +e

It is worthy of mentioning that the latter example is nearly “as extreme” as possible due to the
following observation:

Proposition 3.3 Let the Nash operator ® of a convexr m-player Nash equilibrium problem on a
solid X of the Euclidean diameter D be bounded, so that |®(z)]|2 < L < oo for all x € int X.
Then for every x € int X one has

exti) < m ealo)n (205 + et (16)

€vi(x)

B. In the case of m = 2 and F(x) = 0, a convex Nash equilibrium problem is given by a
function ¢(x1,x2) = Fi(x1,22) which is convex in x1 € D; and is concave in xg € Ds, and
Fy(z1,22) = —¢(x1,22) = —Fi(x1,22). When D; = X;, i = 1,2, and ¢(x) is continuous
on X, the weak solutions to the VIP defined by (X, ®) are exactly the saddle points (min
in x; € X1, max in z9 € X3) of ¢. When x = (x1,22) € D, the proximity measure ex(z)
admits a transparent interpretation, namely, as follows: ¢(-,-) specifies a “primal-dual
pair” of optimization problems

(P) Opt(P) = infsep, ¢(71)

’ ) SuprEDQ QZ)(SEl, .172),
(D) Opt(D) - Supsz'Dz ( )

X
(x2) = inf, ep, @21, 22);

o
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The optimal value in the primal problem is > the optimal value in the dual problem
(“weak duality”), and the optimal values are equal to each other under mild regularity
assumptions, e.g., when the convex-concave function ¢ is bounded. Note that now the
quantity ex(z1,22) is nothing but the duality gap ¢(x1) — ¢(x2), and

ex(z1,22) = ¢(x1) — d(w2) > [p(x1) — Opt(P)] + [Opt(D) — (x2)];

here the inequality holds due to weak duality (and holds as equality whenever Opt(P) =
Opt(D)). In particular, for (x1,z2) € D, the sum of nonoptimalities, in terms of the
respective objectives, of 21 as a candidate solution to (P) and of 3 as a candidate solution
to (D) does not exceed ex(x1,x2). Note that in the case in question, similar to the case
of m =1, we have
r € Dom ¢ = €i(x) < en(z). (17)

Indeed, for z = (z1,22) € Dom¢ = D1 X D2 and y = (y1,y2) € Dom® = int X; X int X, taking into
account that ®1(y) is a subgradient of convex function ¢(-,y2) at y1 and ®2(y) is a subgradient of the
convex function —¢(y1,-) at y2, we have

(@(y),z —y) = (P1(y), 21 — Y1) + (P2(y), 22 — y2) B

< [p(z1,92) — d(y1, y2)] + [D(y1,92) — d(y1, x2)] = ¢(x1,y2) — d(y1,72) < (1) — P(w2) = en (),

and (17) follows.

(Semi-)bounded operators. Let X C R"™ be a solid and ® : Dom (®) — R" be
an operator with Dom (®) O int X. & is called bounded on X, if the quantity [[®| =
sup {||®(x)||2 : = € int X'} is finite. ® is called semi-bounded on X, if the quantity

Varx (®) = sup{(®(z),y —z) :z €int X,y € X}

is finite. Clearly, a bounded operator ® is semi-bounded with Varx (®) < ||®||Diam(X); there
exist, however, semi-bounded operators which are unbounded. E.g., the Nash operator ® of
a convex Nash equilibrium problem with bounded Fi(-), i = 1,...,m, is clearly semi-bounded
with Varx(®) < >7;[sup;pt ¢ Fi — infj¢  F5]; note that @ is unbounded, unless every one of
the functions Fj(z',-) is Lipschitz continuous, with constant bounded uniformly in z*, on int X;.
Moreover, in the case of m = 1 (convex minimization) the Nash operator can be semi-bounded
for certain unbounded objectives F', most notably, when F is a 1¥-self-concordant barrier for X
[16, Chapter 2]; for such a barrier, Varx (F') <9 [16, Proposition 2.3.2].

Convention: from now on, speaking about variational inequalities (or Nash Equilibrium prob-
lems), we always assume the monotonicity of the underlying operator (resp., convexity of the
NEP).

3.2 Accuracy certificates for VIP and NEP

The notions of an execution protocol and a certificate for such a protocol can be naturally
extended from the case when the algorithms in questions are aimed at solving CMP’s to the
case of algorithms that are aimed at solving VIP’s. Specifically,

e Given a simple solid B C R", we are interested in solving VIP’s (X, ®) (which may
represent Nash Equilibrium problems) given by solids X C B and by monotone operators
® with Dom ® D int X. We assume that X is given by a Separation oracle and ® is given
by a ®-oracle which, given on input a point € int X, returns the value ®(z).
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e A 7-point execution protocol P, generated by an algorithm as applied to (X, ®) is
{I;,J-,{(z,e:)}7_1}, where z!,...,27 are the subsequent query points generated at the
first 7 steps of the solution process, e; is either the separator returned by Separation ora-
cle queried at x! (this is so when z! ¢ int X, a “non-productive step”), or the vector ®(z*)
returned by the ®-oracle (this is so when a! € int X, “a productive step”), and I, J, are
the set of productive, resp. non-productive, steps t = 1,..., 7.

e A certificate £ for a protocol P; is, exactly as above, a collection of nonnegative weights
{&}i=1 with 37,7 & = 1. The residual ecert(§|Pr, B) of such a certificate on a solid B © X
is defined by (6) and the approzimate solution Z7[£] induced by £ is defined by (7).

The role of the just introduced notions in our context stems from the following

Proposition 3.4 Let X C B be solids in R™ and ® be a monotone operator with Dom (®) D
int X. Let, further, P, = {I.,J;,{(et,x")}]_1} be an execution protocol, & = {&}i—q be a
certificate for Pr and 7 = Z"[€] be the induced approximate solution. Then 7 € int X and

6Vi(i'\‘r) < fcert(g‘Pﬂ B), (18)
in particular, €cert(§|Pr,B) > 0. Further, when ® is the Nash operator of a convex NEP, then

eN(Z7) < €cert (£ Pr, B). (19)

Necessity of accuracy certificates for VIP’s. We have seen that an accuracy certificate for
an execution protocol associated with a VIP allows both to build a strictly feasible approximate
solution Z for the VIP and to bound from above the inaccuracy €yi(Z) (and ex(Z) in the case
of a Nash VIP) of this solution. It turns out that when solving VIP’s from certain natural
families, this mechanism is to some extent unavoidable. Specifically, assume that when solving
VIP (11), all our a priori information is that X is a solid contained in a given solid B C R", and
® :int X — R" is a monotone operator bounded by a given constant L < oo (i.e., || ®(x)|2 < L
for all € int X). The only sources of further information on the VIP are a Separation oracle
representing X and a ®-oracle which, given on input x € int X, returns ®(z). Now consider
an algorithm for approximate (within ey-accuracy < €) solving VIP’s in the just described
environment. As applied to a VIP (X, ®) compatible with our a priori information and given
on input a required tolerance € > 0, the algorithm generates subsequent search points z!, 2, ...,
calls Separation oracle to check whether ! € int X, and if it is the case, calls the ®-oracle
to compute ®(z!). After a finite number of steps 7, the algorithm terminates and outputs
an approximate solution Z € int X which must satisfy the relation e;i(Z|X, ®). Of course, we
assume the algorithm to be non-anticipative, meaning that 2!, ....27, 7 and Z are determined
solely on the basis of information accumulated so far. Adding, if necessary, one extra step, we
can assume w.l.o.g. that 27 € {z',...,27}, and, in particular, that upon termination, the set
I; = {t <7:2' €int X} is nonempty. We have the following result (cf. Proposition 2.2):

Proposition 3.5 Let (X, ®) be a VIP compatible with the our a priori information (so that
X C B is a solid and ® : int X — R™ is a monotone operator with |®(z)|2 < L for every
x €int X ), let T be the number of steps of our hypothetical algorithm as applied to (X, ®), and
let P be the associated execution protocol. Then there exists a certificate & for Pr such that

6C6rt(§|PT7 (I>) < V LDk, (20)

where D is the Euclidean diameter of B.
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Comment. Proposition 3.4 states that when solving the VIP defined by (X, ®), a certificate
& with ecert (€| Pr,B) < €, where Pr = {I, J-,{2',e;}]_; } is the execution protocol at step T,
P. and ¢ allow to build an approximate solution ¥ € {z; : t € I} such that €, (Z7|X,®) < e.
Proposition 3.5, in turn, says that whenever an algorithm is capable to solve every VIP (X, ®)
with X C B and a monotone and bounded by L operator ® within ey;(-)-accuracy < e and the
resulting approximate solution Z € int X belongs to the trajectory z',...,27 upon termination,
then the corresponding execution protocol P; admits a certificate £ with €cert (§|Pr, B) < vV LDe.
Observing that €vi(z|X,®) = sup, cint x(®(y),2 — y) < LD whenever € int X, the only
interesting case is the one when ¢ < LD, and in this case v LDe > ¢, so there is a “gap”
between the sufficiency and the necessity results stated by Propositions 3.4 and 3.5. We do not
know whether this gap reflects the essence of the matter or just a weakness of Proposition 3.5.

4 Ellipsoid Algorithm with Certificates

As it was already mentioned, the Ellipsoid algorithm® is “an intelligent” method which, however,
does not produce accuracy certificates explicitly. Our local goal is to equip the method with a
“computationally cheap” mechanism for producing certificates with residuals converging to 0,
as T — 00, at the rate justifying the usual polynomial time theoretical efficiency estimate of the
Ellipsoid algorithm. In fact, the technique to be described is applicable to a general Cutting
Plane scheme for solving black-box represented convex minimization problems and VIP’s with
monotone operators, and it makes sense to present the technique in question in this general
context, thus making the approach more transparent and extending its scope.

4.1 Generic Cutting Plane algorithm

A generic Cutting Plane algorithm works with a vector field ® : Dom® — R"™ defined on a
convex set Dom® C R"™ and with a solid X, int X C Dom ®. The algorithm, as applied to
(X, ®), builds a sequence of search points x! € R™ along with a sequence of localizers Q¢ — solids
such that 2! € int Qy, t = 1,2, .... The algorithm is as follows:

Algorithm 4.1 Initialization: Choose a solid Q1 D X and a point x' € int Q1.
Step t, t =1,2,...: Given xt, Q,

1. Call Separation oracle, x being the input. If the oracle reports that x* € int X (productive
step), go to 2. Otherwise (nonproductive step) the oracle reports a separator e; # 0 such
that {es,x — ') <0 for allz € X. Go to 8.

2. Call ®-oracle to compute e; = ®(xt). If e; = 0, terminate, otherwise go to 3.

3. Set
Qi1 ={x € Qi : (er,x — 2"y <0}
Choose, as Qi11, a solid which contains the solid Qt+1- Choose x
to step t + 1.

1 cint Qi1 and loop

For a solid B C R™, let p(B) be the radius of Euclidean ball in R™ with the same n-dimensional
volume as the one of B. A Cutting Plane algorithm is called converging on (X, ®), if for the
associated localizers (); one has p(Q:) — 0, t — oo.

®This method was developed in [22] and independently and slightly later — in [19]; for its role in the theory of
Convex Optimization see, e.g., [10, 8, 14, 1] and references therein.
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4.1.1 An implementation: the Ellipsoid algorithm

The Ellipsoid algorithm is, historically, the first “polynomial time” implementation of the Cut-
ting Plane scheme. In this algorithm,

1. The initial localizer @)1 is the centered at the origin Euclidean ball B of radius R known
to contain X;

2. All localizers ; are ellipsoids represented as the images of the unit Euclidean ball under
affine mappings:

Qi={r=Bu+z":uu<l} [Bt : n x n nonsingular]
so that the search points z! are the centers of the ellipsoids;

3. Qt11 is the ellipsoid of the smallest volume containing the half-ellipsoid @t+1- The corre-
sponding updating (By, z') — (Biy1, ') is given by

q — BT6 pr = BtTQt
t t €ty Pt \/(ma o1
Biyi = a(n)B, + (v(n) — a(n)) Bipip} (21)
ot = 2t — Lo Byp,
where n > 1 is the dimension of z and
n n
_ - 22
afn) = g 7(n) = 1 (22)
The ellipsoid method is converging, with
(Qer1) = £(M)p(Qr), K(n) = @™ () (n) " < exp{ ! }
P(Qi1+1) = k(n)p(Qy), K(n) =a = (n)yn(n) = — — <exp{——F—=}.
(n+1)%% (n—1)% 2n(n — 1)
(23)

Other implementations. Aside of the Ellipsoid algorithm, there are several other implementations
of the Cutting Plane scheme with “rapid convergence”: p(Q:) < p(n)p(Q1)exp{—t/p(n)} with a fixed
polynomial p(n) > 0. The list includes

e the Center of Gravity method [12, 18]: Q1 = X, x' is the center of gravity of Q;, Q11 = @t+1§
here p(n) = const. This method, however, is of academic interest only, since it requires finding
centers of gravity of general-type polytopes, which is NP-hard;

e the Inscribed Ellipsoid algorithm [20] where Q; is a box containing X, x! is the center of the
ellipsoid of the (nearly) largest volume contained in @; and Q;+1 = Q41; here again p(n) = const;

e Circumscribed Simplex algorithm [4, 21], where @; are simplexes, z' are the barycenters of Qy;

here p(n) = O(1)n3. The Ellipsoid and the Circumscribed Simplex algorithms are examples of the
stationary Cutting Plane scheme — one where Q; = 2! + B;C for a fixed solid C, 0 € intC. In
order for such a scheme to be converging, C should possess specific and rare property as follows:
for every e # 0, the set C. = {x € C: {e,z) < 0} can be covered by an affine image of C under
an efficiently computable affine mapping which reduces volumes by factor exp{—1/p(n)} for an
appropriate polynomial p(n) > 0. For a long time, the only known solids with this property were
ellipsoids and simplexes. Recently it was discovered [6] that the required property is shared by all
compact cross-sections of symmetric cones by hyperplanes; here a symmetric cone is, by definition,
a finite direct product of irreducible factors which are the Lorentz cones and the cones of positive
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semidefinite symmetric real/Hermitian/quaternion matrices. Among the associated converging
stationary Cutting Plane algorithms, the Ellipsoid method, associated with the Lorentz cone, is
the fastest in terms of the guaranteed rate of convergence of p(Q;) to 0, and the Circumscribed

Simplex method, associated with the direct product of nonnegative rays (which are nothing but

cones of positive semidefinite real 1 x 1 matrices), is the slowest oneS.

4.2 Building the certificates: preliminaries

To equip a generic Cutting Plane algorithm with certificates, let us treat our original “universe”
R™ as the hyperplane E = {(z,t) € R"" :t =1} in ET = R""! and let us associate with the
localizers @; the sets Q;” which are convex hulls of the sets Q; (treated as subsets in E) and the
origin in E*:
Qi = {[sz;5]:0<s< 1,2 €@} B

Let us further associate with vectors e; € R" the cuts e = [es; —(es, 2t)] € R™FL. Observe
that the convex hulls @;ﬁrl = {[sz;5] : 0 < s < 1,2 € Qep1} of the origin in ET and the sets
@t+1 C E, the sets Q:“ and the cuts are linked by the relation

Qfii={2€Q : (ef ,2) <0} C Q. (24)

Recall that the polar of a closed convex set P C ET, 0 € P, is the set Polar (P) = {z € E* :
(z,p) <1Vp € P}. An immediate observation is as follows:

Proposition 4.1 Assume that e; # 0, so that Q11 is well defined. Then

Polar (Q/,;) C Polar (@;_1) = Polar (Q]") + Rief (25)

4.3 Building the certificates: the algorithm

Equipped with Proposition 4.1, we can build certificates in a “backward fashion”, namely, as
follows.

Algorithm 4.2 Given an iteration number T, we build a certificate for the corresponding pro-
tocol Py = {1, J;,{(z',e:)}]_1} as follows:

At a terminal (i.e., with e; = 0) step 7: Since e; = 0 can happen at a productive step only, we
set here & =0, t < 7, & =1, which, due to e, = 0, results in a certificate for P with

fcert(f‘PT, Ql) =0.

At a nonterminal (i.e., with er #0) step T:

1. We choose a “nearly most narrow stripe” containing Qr+1, namely, find a vector h € R"
such that

max (h,x) — min (h,z) <1 26
g (o) = gy (o) (26)

51t should be stressed that we are speaking about the theoretical worst-case-oriented complexity bounds; “in
reality” the Circumscribed Simplex algorithm seems to be faster than the Ellipsoid one.

"Here and in what follows we use “MATLAB notation”: for matrices v', ..., v* with common number of columns
(e.g., for column vectors), [v';...;v"] stands for the matrix obtained by writing v? beneath v, v* beneath v, and
SO on.
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and

1

Ihlle > 55—, x<dn 1)
Note that such an h always exists, and, for all known converging cutting plane algorithms,
can be easily found.

Indeed, when Q:; is an ellipsoid, one can easily find h satisfying (26) with ||hlj2 < m (see
below). In the general case, we can apply the “ellipsoidal construction” to the Fritz John ellipsoid
of Qu41 — an ellipsoid Q D Qu41 with p(Q) < np(Qe41), see [7]. Note that for all aforementioned
“rapidly converging” implementations of the Cutting Plane scheme, except for the center-of-gravity
one (which in any case is not implementable), the Fritz John ellipsoids of the localizers are readily

available.

2. Observe that both the vectors

ht =[h;—(h,a™ € BT, h~ = —h"
clearly belong to Polar (Qiﬂ). Applying Proposition 4.1 recursively, we build representa-
tions
(@) ht =7, \ef + ¢t [\ > 0,¢" € Polar (Q])] (28)
() h™=—ht =37 e +¢F [ > 0,9 € Polar (QF)]

The certificate for the protocol Pr is well defined only for those T for which the set I, =
{t <7 :a' € int X} is nonempty and, moreover, the quantity dr = > ,c; [N + i) is
positive. In this case, the certificate is given by

_ At + it

T

&t

,1<t<T,

and we also set
Dy = Yier e +willledlle = dr Dier, Stlletll2
W, = maxyer, max,ex (e, — zt).

Note: The quantities D, W, are used solely in the convergence analysis, and Algorithm
4.2 is not required to compute these quantities.

Implementation of Algorithm 4.2 in the case of Ellipsoid method in the role of Algorithm
4.1 is really easy. Indeed,

e to find A in rule 1, it suffices to build the singular value decomposition B,y = UDV
(U,V are orthogonal, D is diagonal with positive diagonal entries) and to set h = ﬁU €,
where e; are the standard basic orths and i, is the index of the smallest diagonal entry o;, in D.
We clearly have o, < |Det(B,11)|"" = p(Qr41), so that |||z > m (i.e., we ensure (27)
with x = 1). Besides this, maxg,,, (h,z) — ming,,, (h,z) = max|y,<1 jo|,<1 (Bf1hu —v) =
%maX||u||2§17||v||2§1<VT€i*7u —wv) = 1, as required in rule 1;

e we clearly have Polar (Qf) = {[e;s] : | Bfe|2 + (z!,e) + s < 1}, so that given [g;a] €
Polar (Qf,,), to find a representation [g;a] = [f;b] + ref with [f;b] € Polar (Q;) and r > 0
reduces to solving the problem (known in advance to be solvable) of finding r > 0 such that
|BE (g —ret)|l2 + (zt,g) + @ < 1. A solution 7, can be found at the cost of just O(n?) arithmetic
operations. Specifically, if the vectors p = B} g and ¢ = B%FT e; have nonpositive inner products,

q

r« = 0 is a solution, otherwise a solution is given by r, = Pt
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From the just presented remarks it follows that with the Ellipsoid method in the role of
Algorithm 4.1, the computational cost of building certificate for P, is O(n3)+O(7n?) arithmetic
operations (a.o.), provided that the subsequently generated data (search points z!, matrices B;
and vectors e;) are stored in the memory. Note that the cost of carrying out 7 steps of the
Ellipsoid algorithm is at least O(rn?) (this is the total complexity of updatings (2%, B;)
(2!t Byy1), t = 1,..., 7, with computational expenses of the oracles excluded). It follows that
when certificates are built along a “reasonably dense” subsequence of steps, e.g., at steps 2,4,8,...
the associated computational expenses basically do not affect the complexity of the Ellipsoid
algorithm, see Discussion below.

4.4 The main result

Theorem 4.1 Let Algorithms 4.1 — 4.2 be applied to (X, ®), where X C R™ is a solid and
¢ :int X — R" is a vector field, and let r = r(X) be the largest of the radii of Euclidean balls
contained in X.

(i) Let T be an iteration number such that & = {&;}]_, is well defined. Then & is a certificate
for the corresponding execution protocol Py = {I, J;, {(z*,e;)}i_1 }. If T is the terminal iteration
number (i.e., e =0), then €cert(§|Pr, Q1) = 0, otherwise

6cert(£|PT7Ql) < (29)

2
d

and, besides this,

2 €
€r = E <r= 6cert(£|PTvQ1) < , —TET

(ii) Let D(Q1) be the Euclidean diameter of Q1. Then for every nonterminal iteration number
T one has

W, (30)

D. > D HQ, (T—1>. 31
(@) 2xp(Qr+1) (30
(iii) Whenever T is a nonterminal iteration number such that
r2
T S PN R Y72 32
the certificate £ is well defined, and
16xD W
core(€]Pr. @) < 0P ), (3)
so that when ® is semi-bounded on int X : Varx (®) = SupxeiﬂtX,y€X<(I)(x)’ y—x) < 0o, we have
16xD Q Varx (@
€cert(§’PﬂQ1) < ( ;2) ( )p(QT+1)' (34)

In particular, in the case of the Ellipsoid algorithm (where x = 1 and p(Qi+1) <
Rexp{—ﬁ}, R being the radius of the ball B = Q1), the certificate £ is well defined,
provided that

(T 1> 32R?
2n(n—1)" = r2 ’

(35)
and in this case

32R2Varx(q)) T

6C6rt(§|PT7 Ql) < T’—2 exp{_m}) (36)

provided that ® is semi-bounded on X.
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Combining Proposition 3.4 and Theorem 4.1, we arrive at the following result:

Corollary 4.1 Let X C R"™ be a solid which is contained in the centered at the origin Fuclidean
ball B = Q1 of radius R, and let r = r(X) be the largest of the radii of Euclidean balls contained
i X. Further, let ® : Dom® — R", Dom ® D int X, be a semi-bounded on int X operator:

Varx(®)=  sup (P(x),y —x) < oc.
zelnt X yeX

For appropriately chosen absolute constant O(1) and every e € (0, Varx (®)], with

(0 =Jo(m? (LX) |

Te

the Ellipsoid algorithm, augmented with Algorithm 4.2 for building certificates, as applied to
(X, @), in 7 < 7(€) steps generates a protocol Pr and a certificate & for this protocol such that

6C€rt(€’PT7 B) <k,
along with the corresponding solution T = ¢y Lol €int X. As a result,

e when ® is monotone, we have
6i(Z|X, @) < ¢

e when ® is the Nash operator of a convex Nash equilibrium problem on X (in particular,
in the case of convexr minimization), we have

EN(./T\) < €.

Discussion. Corollary 4.1 states that solving a convex Nash equilibrium problem (or a vari-
ational inequality) associated with a semi-bounded, monotone operator ® within accuracy e

“costs” O(1)n?In (M) steps of the Ellipsoid algorithm, with (at most) one call to the

TE€E

Separation and the ®-oracles and O(1)n? additional a.o. per step; note that this is nothing but
the standard theoretical complexity bound for the Ellipsoid algorithm. The advantage offered
by the certificates is that whenever a certificate £ with €ceri(§|Pr, B) < € is built, we know that
we already have in our disposal a strictly feasible approximate solution of accuracy e. Thus, in
order to get a strictly feasible solution of a prescribed accuracy € > 0, we can run the Ellipsoid
algorithm and apply from time to time Algorithm 4.2 in order to generate a strictly feasible ap-
proximate solution and to bound from above its nonoptimality, terminating the solution process
when this bound becomes < e. Note that this implementation, while ensuring a desired quality
of the resulting approximate solution, requires no a priori information on the problem (aside
of its convexity and the knowledge of a ball B containing the feasible domain X). Moreover,
if Algorithm 4.2 is invoked along a “reasonably dense, but not too dense” sequence of time
instants, e.g., at steps 2,4,8,..., the number of steps upon termination will be at most the one
given by the theoretical complexity bound of the Ellipsoid algorithm, and the computational
effort to run Algorithm 4.2 will be a small fraction of the computational effort required to run
the Ellipsoid algorithm itself.
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4.5 Incorporating “deep cuts”

The certificates we use can be sharpened by allowing for “deep cuts”. Specifically, assume that the
separation oracle provides more information than we have postulated, namely, that in the case of x & int X
this oracle reports a vector e # 0 and a nonnegative number a such that X C {y: (e,y —2) < —a}. In
this situation, all our results remain valid when the residual of a certificate on a solid B D X is redefined
as

cert (€| Pr, B) = rg;stueh 2! —z) — ai, (37)

where [et; a;] is the output of the Separation oracle at a nonproductive step ¢ and a; = 0 for productive
steps t, and the sets Q¢+1 in Algorithm 4.1 are defined as

Qi1 ={reQ: e,z —a') < —ay}, (38)

where oy = a; for all ¢. With the Ellipsoid method in use, the latter modification allows to replace the
updating formulae (21), (22) with

T
- BT __ Bia -
qt t €ty Dt q?BtB;qt7 Mt thBtBtht’
2 71/2 i 1 : 39
Bii1 = [(1 - /j‘t)zng—l] {Bt + {1 - Ewﬂig&ri BtptptT] ) (39)
ottt = ot — 71:;”1” Bipy

new updating formulae, while still ensuring that the ellipsoid ;11 contains @t—&-l, result in larger reduction
in the volumes of subsequent ellipsoids.
In the case of convex minimization, we can further allow for “deep cuts” also at productive steps by
setting
a; = F(a") — msin{F(xS) ts<tx®eint X}, ap = a¢/2

for a productive step ¢ (a; is used in (37), ¢ — in (38) and (39)). With this modification, all our CMP-
related results remain valid (modulo changes in absolute constant factors in Theorem 4.1), provided that
the approximate solutions we are considering are the best found so far solutions zf - Moreover, in this
situation the relation

eopt(fgst) < ecert (€| Pr, B)

(cf. (10)) remains valid whenever B is a solid containing the “leftover” part
X, ={zeX:(epz—a"y<—a, Vtel}

of the feasible domain. Thus, using “deep cuts” in the cutting plane scheme and when defining the
residual allows one to accelerate somehow the algorithms and to obtain somehow improved accuracy
bounds.

The proofs of the just outlined “deep cut” modifications of our results are obtained from the proofs
presented in this paper by minor and straightforward modifications.

5 Application Examples

In this Section, we present two instructive examples of application of the certificate machinery
(more examples will be given in our forthcoming followup paper). The first of examples is of
academic nature, while the second is of a practical flavour.
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5.1 Recovering Dual Solutions to Large LP Problems

Consider a Linear Programming program with box constraints

min F(z) = (c,z), X ={z€R": Az = [AI;—I)z < b= [b;1;1]} (40)

where 1 is the all-one vector. Note that X is contained in the box B={z € R": -1 <z < 1}.
Assuming that X has a nonempty interior and A has no all-zero rows, we have int X = {z €
R" : Az < 5} Assume that we have in our disposal oracle, which, given on input a point
u € R", reports whether u € int X, and if it is not the case, returns a constraint a]T(u)x < bj(w)

from the system Az < b which is not strictly satisfied at * = u. This oracle can be considered
as a Separation oracle for X, the separator in the case of z ¢ int X being given by the vector

i)

. l)Assume that we are solving (40) by an iterative oracle-based method and after a number
7 of steps have in our disposal the corresponding execution protocol Pr = {I, J-, {(z', e;)}7_1 }
along with a certificate £ with small residual on the box B. Let us look what kind of “LP
information” can we extract from this certificate. For t € J., the vectors e; are (the transposes
of) certain rows a]( " of the matrix A such that a7, e )xt > bj(gt). Setting

)‘; = Z gta j = 1a ey TN,

teJi:j(at)=j

where m is the number of rows in /T, we get a nonnegative vector A” such that

Z Eep = AT, Z Eeler, zt) > BTAT.

tedr teJr

Now, when t € I, we have e; = c. Setting 7 =,/ &2t and taking into account the outlined
remarks, the relation

€cert (§| Pr, B) = max {Z &ilet, at - $>}
z€B =
implies that

eert (§| P, B) > [T + BT N] + max(—a, [+ ATNT)) = [TZ + 6T+ Jle+ ATAT[|y - (41)

“duality gap” “dual infeasibility”

(note that B is the unit box). Now, AT = [AT I, —1I]; decomposing A" accordingly: A" =
[A74; AZL; AZ], we can easily build nonnegative AA;, AA_ € R" such that the vector A = [X7;; A7 +
AXs; AT + AX_] > 0 satisfies the relation ¢ + ATA = 0 and ||AX |1 + [|AA_||1 = [|c + ATAT||1,

whence
BN < Jle+ ATAT ||l + b7

(note that the entries in b corresponding to nonzero entries in A7 — X are +1). Invoking (41),
we arrive at

TTeX, A>0, c+ ATA=0,¢"Z + 0"\ < ecers (€| Py, B).

In other words, in the case in question a certificate for P, straightforwardly induces a pair
(z, \) of feasible solutions to the problem of interest and its LP dual such that the duality gap,
evaluated at this pair, does not exceed €cert (€| Pr, B).

19



This example is of significant interest when the LP problem (40) has a huge number of
constraints which are “well organized” in the sense that it is relatively easy to find a constraint,
if any, which is not strictly satisfied at a given point (for examples, see., e.g., [8]). By Corollary

nll|2

4.1, the latter property allows, given € > 0, to build in O(n? In (T(X)E)) steps, with a single call to

Separation oracle for X and O(n?) additional operations per step, a protocol P, and associated
certificate & such that ecert(&|Pr, B) < e. With the just presented construction, we can easily
convert (Pr, &) into a pair of feasible solutions to the primal and the dual problems with duality
gap < e. Note that in our situation the dual problem has a huge number of variables, which
makes it impossible to solve the dual by the standard optimization techniques. In fact, with huge
m it is even impossible to write down efficiently a candidate solution to the dual as a vector; with
the outlined approach, this difficulty is circumvented by allowing ourselves to indicate indices
and values of only nonzero entries in the “sparse” dual solution we get.

5.2 Auxiliary problems in large-scale minimization via first order methods

As a matter of fact, numerous “simply looking” large-scale problems are beyond the grasp of
modern polynomial time interior point methods, since the latter require Newton-type iterations
which in high dimensions (many thousands of decision variables) become prohibitively expensive,
unless the problem possesses a favourable sparsity pattern (which not always is the case). As
a result, there is a growing interest, initiated by the breakthrough paper [17], in solving well-
structured convex programs by computationally cheap first order optimization techniques. A
common feature of the state-of-the-art first order algorithms (smoothing technique from [17],
Mirror Prox algorithm from [15], NERML algorithm [2] and many others) is the necessity to
solve at every step an auxiliary problem of the form

Opt = qulelll}l {f(u) =w(u)+elu: Au < b} , (42)

where U € RY is a simple, although perhaps extremely large-scale, convex compact set, and
w(+) is a continuous convex function on U which “fits” U, meaning that it is easy to minimize
over U a function of the form w(u)+g¢7u, g € R (an instructive example is the one when U is a
large-scale simplex {u € Rf :>o;ui =1} and w(u) = Y, u; Inw; is the entropy). Thus, the only
difficulty when solving (42) can come from the general-type constraints Au < b. If we knew how
incorporate at a cost even small (few, or perhaps few tens) systems of these constraints, it would
extend significantly the scope of the “master methods”. Well, a natural way to incorporate a
small system of general-type linear constraints is to pass from the problem (42) to its partial
Lagrange dual problem

min F(x), F(z) = —min{f(u) +(z,4u—b)} (43)

b (u,x)

(the standard dual is maxg>o[—F(z)]; we represent it in the equivalent form (43) in order to
get a CMP). Note that it is easy to equip F' with the First order oracle: since w fits U, it is
easy to find u, € Argmin,c;; ¢(u, ), which gives us both the value F(z) = —¢(usz, z) and a
subgradient F'(z) = —(Au, —b) of F at x. Assuming (42) satisfies the Slater condition (so that
(43) is solvable) and that we have in our disposal an upper bound L on the norm ||z, of an
optimal solution x, to (43) (in the applications we are speaking about, both assumptions are
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quite realistic), we can therefore “reduce” the situation to solving a low-dimensional black-box-
represented CMP

min F(z), X = {z € RE . ||z|| < 2L} (44)
xe

with easy-to-implement Separation and First order oracles. If the dimension k of the resulting
problem (i.e., the number of general type linear constraints in (42)) is indeed small, say, < 10, it
makes full sense to solve (44) by a polynomial time cutting plane algorithm, say, by the Ellipsoid
method, which allows to get a high accuracy solution to (44), even when L is large, at a relatively
low (like few hundreds) steps. Note, however, that as far as our ultimate goals are concerned, we
need not only a high-accuracy approximation to the optimal value of (42) (which is readily given
by a high accuracy solution to (44), but also a high-accuracy approximate solution to (42); and
the question is, how to extract such a solution from the information accumulated when solving
(44). Tt turns out that this can be easily done via the certificate machinery:

Proposition 5.1 Let (43) be solved by a black-boz-oriented method, Py = {I,, J;,{z", e;}L_;}
be the execution protocol upon termination, and let & be an accuracy certificate for this protocol.

Let us set
u= Z gtuxta
telr

where uye € Argmin,op; [f(u) + (2!, Au — b)] are the vectors underlying the answers of the First
order oracle for as queried at the points x¢, t € I.. Then u € U and

(a) [AZ =" g < €cert(§1Pr, X), (b)  f(@) — Opt < €cert (| Pr, X), (45)

where [ATU — b is the “vector of constraint violations” obtained from Au — b by replacing the
negative components with 0, and q = z%' Thus, u is a nearly feasible and nearly optimal

solution to (42), provided that €cert(§|Pr, B) is small.

6 Proofs

6.1 Proofs for Section 2

Proof of Proposition 2.1. (i) was already proved in Introduction. To prove (ii), note that
both z] and Z7 belong to int X (as convex combinations of the belonging to int X points at,
t € I;). Next, from (8),

F*(€|P7’a B) = Zte[ ftF(xt) _Ecert(g‘P‘ra B) > mintEITF(xt) _Ecert(ﬂPTa B)a (46)
—s D —
> F(z7) =Flahg)

()

with (%) given by (5.b) and the convexity of F. So, (10) follows from (9). m

Proof of Proposition 2.2. Let the algorithm in question as applied to a problem min,¢cx F(z)
compatible with our a priori information terminate in 7 steps, generating execution protocol
Py ={I.,J;,{(2" e;)}]_ }, a feasible solution Z and a valid upper bound € on €y (Z. With our
assumptions on the algorithm, Z is one of the points z!, ..., 27, say, © = 2°. We first claim that
s € I (and this I # () and Z € int X). Indeed, our a priori information on X, augmented by the
information accumulated in course of running the algorithm on the problem, does not contradict
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the assumption that X = X°:={z € B : (e, x — ') < —0,t € J,}, provided that § > 0 is small
enough, specifically, such that (e, z! — rt) < —6 whenever t € J, and ¢ € I;. When s € J, and
§ > 0, we clearly have 2° ¢ X°. Thus, when § > 0 is small enough, our a priori and accumulated
information is compatible with the assumption that X = X?°, while under this assumption
the resulting approximate solution = x* is infeasible, so that the corresponding inaccuracy
€opt (Widehatz) is 400, which is not the case — we know that this inaccuracy is < e < oco.
Now let us set
X={reB: (e, r—2") <0,t e J}, F(x)=max[F(a') + (F'(2"), > — 2")]. (47)

tel,

Observe that our a priori information on the problem [,y F(x) (“X is a solid contained in B
and F' is either (a) convex continuous, or (b) convex piecewise linear, or (c¢) convex Lipschitz
continuous, with a given constant L, function on X”) plus the additional information acquired
from the oracles when solving the problem allows for X to be exactly X, and for F' to be exactly

the restriction of F on X, that is, it may happen that
Opt = Opt, = min F(z), (48)

rzeX

and in this situation Z still should be an e-solution, that is, we should have
F(z) — Opt, <e. (49)
It remains to note that

Opt, + {er,w — 2] (e, x — ) SO,tGJT,:EEB}

S>F Y+ (er,x —al), tel,
mln 5 et,x—x>,tEJT
:L‘EB

= max < min

£>0 | z€B,s tel,

s+ > &GIF(z )—SJ+ZZ:1§t<et7xt—w>H

= max {Ztel, §F (x') + min S &ilenr—at) 1620, 2 & = 1}

tel;

= mgax {Zte[.r §tF($t) - €cert(§’P’ra B) : § >0, ZteIT gt = 1}

In this chain, (a) is evident, (b) is given by the Lagrange Duality Theorem (see, e.g., [3, Chapter
5]) as applied to the optimization problem in the right hand side of (a) ¥; (b) is evident. Further,
the same Lagrange Duality Theorem states that the optimal value in the optimization problem
in (a), and thus in (b), is achieved, which makes evident (c¢) and (d). We see that

Opt, = max D GF (") — cert(§]Pr,B) 1 £20,Y & =1,

tel; tel;

so that there exists a certificate £* for the protocol P, such that Opt, = >,/ EF(at) —
€cert (§¥| Pr, B). Substituting this representation into (49), we arrive at (4). m

8applicability of the Lagrange Duality Theorem follows from the fact that this convex problem in the right
hand side of (a) clearly is below bounded, since B is bounded and I, # (), and satisfies the Slater condition —
namely, every point s,z with z € int X and s > F(z) strictly satisfies the constraints.
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6.2 Proofs for Section 3

Proof of Proposition 3.1. (i): By definition, X, is the solution set of a system of nonstrict
linear inequalities and thus is convex and closed; it is bounded along with X. To prove that
X, # 0, assume that X, is empty, and let us lead this assumption to a contradiction. Since X is
empty, the intersection of closed subsets X, = {z € X : (®(y),y — ) > 0} of the compact set X
over all y € Dom ® N X is empty, meaning that there exist finitely many point y; € Dom & N X,

i =1,...,1, such that U Xy, = 0, or, equivalently, the function g(x) = max (F(yi),x — y;) is

pOblthG everywhere on X Applying the von Neumann Lemma, we see that there exist \; > 0,
ST, A\i = 1 such that
Z N(F(y:),z —y;) > 0Vz € X. (50)

On the other hand, setting ¥ = >; iy, we get ¥y € Dom ® N X, and by monotonicity of ' we
get (F(9),y —vi) > (F(yi),§ — yi). Taking weighted sum of these inequalities with the weights
Ai, we get 0 > >~ Ni(F(vi), ¥ — vi), which contradicts (50). (i) is proved.

(ii):  evi(z) clearly is convex and closed. If z € Dom® U X D int X, we have (F(y),z —y) <
(F(z),z —y), y € X NDom @, whence €vi(z) = sup,c ynDom s < SUPye xrDom (L (%), —¥) €
[0, 00]. We see that €yi(-) is a closed convex function with domain contained in X and containing
X NDom @, and that €,i(-) is nonnegative on the latter set and, in particular, on int X; since
€vi(+) is convex on X and is nonnegative on int X, €;(-) is nonnegative. Finally, by definition,
weak solutions to (11) are exactly the points z € X where €yi(z) < 0, and the latter set, as we
just have seen, is exactly the set of zeros of ey;(+).

(iii): Let ® be a monotone extension of ®, and let X,, &, be the right hand sides in (13). It is
immediately seen that the proofs of (i), (ii) are applicable to multi-valued monotone operators,
so that X, is exactly the set of zeros of €vi(+) on X, and therefore all we need in order to verify
(13) is to prove that €(-) = €i(-). To prove the latter relation, observe that €,(-) > €yi(-)
since ® extends ®. Thus, all we need is to prove that whenever z € X, one has &(z) < eyi(z).
Recalling the definition of €,;, we see that it suffices to prove that

V(z e X,ze XNDom®,p € B(2)) : (¢p,z — 2) < O(z) := s'ui)X@)(y),m — ) (51)

(note that ©(z) < eyi(z)). To prove (51), let us fix z, z, ¢ satisfying the premise of this statement,
and let e be such that z + e € int X. For ¢ € (0,1], 6 € (0,1) let zp = x + 6(z + te — x); note
that the latter point is a convex combination of the points z, z + e, x belonging to X, and the
weight of the point z 4+ e € int X in this combination is positive, so that z;y € int X C Dom .
Since ® is a monotone extension of ®, we have

(P, 19 — 2) § (F(x49), 219 — 2) = (F(x49), (1 — 0)z — (1 — )2z + Ote)

F(xw), 50 [z — 0(z + te) — (1 — 0)z] + te) = 158 (F(ww), x — 219) + t(F(219), €)
100(x) + t{F(244), €),

IA

Thus,
1

(6,00~ 2) < T50O(@) + tlt), 6(t) = (Flzin), ). (52)
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We claim that ¢(¢) < (1) when 0 < ¢ < 1. Indeed, we have z19 = xp + 0(1 — t)e, whence
b
0(1 —1t)
Since () < (1) when 0 < ¢t < 1, (52) implies that

(¢, 210 — 2) < 1%009(56) +tp(1), 0 < t < 1;

Y(1) —(t) = (F(w19) — F(x10),€) = (F(x19) — F(x49), 210 — 249) > 0.

passing to limits as ¢ — 40, we get

1-6

(6, (1 = 0)(z = 2)) = (b, 249 — 2) < ——O(z),

whence (¢, z — z) < $0(z). This inequality holds true for every 6 € (0,1), and the conclusion
n (51) follows. =

Proof of Proposition 3.2.  (i): Let z,y € int X, and let us prove that (®(z)—®(y), z—
or, which is the same, that (®(z+A)—®(z—A), A) > 0, where Z = 1(z+y) and A =
We have

(@ +A) -z —A),A) =Y, (®(E+A),A) + (@i(E—A),-A) |

y) >0,
3(@—y).

(j)F(x+A) Fi(Zi+ A7) <§‘)F¢(a’cfA)fF¢(g’cifAi,ii)
> 5 [Fi(@ + A) = (@ + A7) + Fy(T — A) = F(z' — A, ;)]

=F@4+A) 4+ F(@—A) =Y, [Fi(@' 4+ AL ;) + Fy(3' — AL %) ]

Z 0

F@E+A)+F(z—-A)-2F(7) g

where (a), (b) are due to the fact that Fj(u’,u;) are convex in u; and concave in u’, and (c) is
due to the convexity of F' =3, F;.

(ii): Assume that the functions F; in a convex Nash equilibrium problem are continuous on X.
Then, of course, F;(x!, z;) are convex in x; € X; forevery 2 € X? = X1 x..x X; 1 X Xi11%X...x X,
and are concave in z° € X for every x; € X;, and F(z) = Y, F;(z) is convex on X.

a) Let z, be a Nash equilibrium, and let us prove that x, is a weak solution to the Nash
VIP. Let y € int X, A = %(y —x,) and T = %(y—l—x*), so that T € int X. We have

3(P)y —2) = (@ +A),A) =% (Bi(T+A),A)
( ) Fi(z+A)—F;(z"+A%z;)
>3 [F(T+A) = F(F + AL 7)) + F(T - A) - KT - A 5) ]

=F(x,(z+)i)— Fl(x*,mz)(b)()
—F@E+A) 4+ F(@—A) =X, [F(F + AL z) + Fi(@ — A, 3)]

2F;(2)

@)
> F(Z+A)+ F(z — A) = 2F(z) 3,0

where (a) is due to convexity of F(y%,-), (b) due to the fact that F;(z%, ;) attains it minimum
in x; € X; at the point (x4);, (¢) is due to the concavity of F;(z', Z;) in ' € X* and (d) is due
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to the convexity of F. We see that (®(y),y — ) > 0 for all y € int X, so that z, is a weak
solution to the VIP in question.

b) Now let =, be a weak solution to the VIP, and let us prove that z, is a Nash equilibrium.
Assume, on the contrary, that for certain i the function Fj(z%,x;) does not attain its minimum
over x; € X; at the point (z.);; w.l.o.g., let it be the case for i = m. Let v be a minimizer of the
convex continuous function Fy,(z7",-) on X,,; then the function f(s) = F, (27", (x4)m + s[v —
(+)m]) is nonincreasing in s € [0, 1] and there exists § € (0, 1) such that f(5)—f(1) > 0, or, which
is the same, Fy,(z},, (Tx)m + S[v — (Tx)m]) > Fn(zl*,v). Since Fy,(x) is continuous in z € X,
we can find, first, v € int X,,, close enough to v and, second, a small enough neighbourhood U
(in X™) of the point z* such that

V(ueU): Fp(u, (x)m + 5[0 — (x4)m]) — Fin(u,v) > € > 0. (53)
Let us choose w € U Nint X™ and let

lp, 0] = (23" + plu — 23], (2)m + 0[0 = (2:)m]),

Up Vs

so that z[p,d] €int X for 0 < p,d <1. For 1 <i<mand 0 < p<1,0<d <1 we have

(®i(z[p, 8]), wilp, 0] — (wx)i) = 755(Pi(x[p, 0]), Ui — wi[p, 0])

& 15 Fi(@[p, 8], w) — Fi(xlp, d])] < 125 M,

(54)

where M /2 is an upper bound on |Fj(z)| over j = 1,...,m and = € X; here (a) is given by the
convexity of Fj in x; € X;. We further have u, € U, whence, by (53),

—€ > F(ty,v) = Fp(tp, (T4)m + 5[0 — (4)m]) = Fn(z(p,1]) — Fn(z(p, 5])
= f§1<¢’m($m[0a s]), 0 — (T4)m)ds.

We see that there exists 6 = 0, € [5, 1] such that (®,,(z™[p,0,],0 — (x+)m) < —e, or, which is
the same,

(@ (z]p, 5p])a Tmp, 5/)] — (@)m) = 5p<q>m($[foa 5p])aﬁ — (T)m) < —0p€ < —(1-3)e.

Combining this relation with (54), we get

14 _
(@(elp. ). xlp.0)) = 22 < (m =12 - (1= 3)e
For small p > 0, the right hand side here is < 0, while the left hand side is nonnegative for all
p € (0,1] since x, is a weak solution to the VIP. We got a desired contradiction. m

Proof of Proposition 3.3. Given z € int X, i < m and y; € int X, let f;(t) = Fj(a%, y; +
t(w; —y;)) — Fy(x%, ;). Then f; is a continuous convex function on [0, 1], and f!(t) = (®;(x, y; +
t(x; — yi)),x; — yi) < LD. Besides this, setting z = (2%, y; + t(x; — v;)), we have i) =

=(®(2),z — 2) < 51172:) Therefore
i i to 0 LD
Fi(a',2i) — Fi(a',ys) = f(1) < / min[LD, (1 - ) en(@)ldt = e(e)In { =
0 evi(z

) + €yi(2)

(we have used the evident fact that eyi(x) < LD). We see that for every i one has Fj(z) —

infyieint X, Fi(2',y;) < evi(z) In (evLi(Dx)) + evi(z), and (16) follows. =
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Proof of Proposition 3.4. The inclusion 7 € int X is immediate, since Z7 is a convex
combination of points x! € int X, t € I.. Also, as e; = ®(z!) when t € I, and (e, 2! —x) > 0
when z € X and ¢ € J;, we have that

ecert(£|PT’B) = I;leaé( LZ;:lgt<et7xt _$>] > maX[Z £t< ( ) at —l‘> . (55)

reX |¢el,
For z € X N Dom (®), the monotonicity of ® implies that (®(z), 2! — z) < (®(zt),2* — x) for

t=1,...,7, and therefore

Ecert(g‘Pﬂ B) > sup
zexnDom (&)

Z E(®(z), 2t — x)] = sup (P(x), 2" — ) = €,i(T7)

tel, zexnDom ()

proving (18).

Next assume that ® is the Nash operator of a convex NEP on X = X x ... x X,,,. Let
F;(z*, z;) be the corresponding cost functions, D = D; x ... x Dy, the common domain of these
functions and F'(z) be the function ;" Fi(z); in particular, int X; C D; C X, for all ¢. Since
each function Fj([z!]?,-) is convex on D; D int X; and ®;(z!), t € I,, is a subgradient of this
function at the point [z?]; € int X; we have that for each z € D and t € I,

(@(a).at —2) = 5 (@([o']" o). o) - )
> 3[Rt o1 - FilleVs 0] = F@t) - £ RtV ).
The resulting inequality combines with (55) to imply that
ccert (€| Pr,B) > sup > & | F(a') = Y Fy([2']',21) | - (56)
€D teq, i=1

Since F' is convex on int X, we have

> GF(2') > F(aT) ZF (z7)

telr

and since for every i the function Fj(-, z;) is concave on int (X7 X ... X X;—1 X Xj41 X ... X Xpp),

we have
= &Fi( ) > —Fy([Z7]',z).
tel,
Therefore (56) implies that
5cert(§’PT> > Sup Z ZU\T]ia xz)] = 6N(ZU\T)7

xGDZ 1

which verifies (19). m
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Proof of Proposition 3.5

19, We start with the following, important by its own right, result on monotone extensions of
bounded monotone operators.

Lemma 6.1 LetY = {z!, .., 2V} CR", let ®: Y — R" be monotone (i.e., (®(x;)—P(x;),;—
xj) >0 for alli,j) and bounded by L (i.e., ||®(z;)||2 < L for alli), and let x € R™\Y. Then ®
can be extended to a monotone and bounded by L mapping of Y U {x}.

This statement is very close to one of the results of [13]; to make the paper self-contained, we
present a proof.

Proof. For j =1,...,N, let F; = ®(z;), let Q = {¢ e RNV : ¢ > O,Zév:lﬁj =1}, and for £ € Q,
let e = Z;-V:l §F and e = Zévzl §xj. For each j, ||Fj|l2 < L and for each £ € Q, ||F¢ll2 < L
and, from the monotonicity of ® on Y,

0< ZZ&ng(Fj - strj - xs> = Z£j<Fj7xj> + Z§S<F3a$s> - 2<F§,LL’§>
Jj s J s
assuring that »°; &;(F}), x;) > (F, x¢); consequently, for each F' € RN

N
=1

The assertion of our lemma is equivalent to the statement that the quantity A =
max| p|, < Ming (F' — Fj, r — ;) is nonnegative; given this fact, the required monotone extension
of F from Y onto Y U{z} is given by ®(z) = F, where F} is the maximizer in the maximization
yielding A. We have

A = max min(F — Fj,x — x;)
[Fll2<L J

P B 1 el
N “max” and “min” can be exchanged as the
=min max [Y (F — Fj,z — xj)] bracketed term is bilinear in ¢ and F and
SEQIF<L j=1 {F :||F|l2 < L}, Q are convex compact sets

=min max [(F,z)— (F,z¢) — (F¢,x) +J§1 §i(Fy, xj)]

€eQ ||F|2<L

> min max (F — Fg,o—=x by (57

>min max (F - F &) [ by (57) |

> 12ni§r21<F§ —Fe,x—ag) =0. [ as|[Fella < Lforeach £ €Q |m
€

Lemma 6.2 Let L be a positive real, X C R™ be a solid, Y C X be a nonempty set, and
® Y — R™ be monotone and bounded by L. Then there exists a bounded by L monotone
extension of ® from Y onto the entire X.

Proof. Given a monotone and bounded by L mapping ® : Y — R™ with Y C X, let us look
at the set ) all pairs (Y, ®’) with Y C Y’ € X and @’ being a monotone and bounded by L
mapping on Y’ which coincides with ® on Y. Introducing partial order on these pairs:

[(Y/, @/) i (Y”, @//)] o= [Y/ D) Y//&©/|Y” — @//]
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and applymg Zorn lemma, there exists a »-maximal pair (SA/ &D) All we need to prove is
that ¥ = X. Indeed, assume otherwise and let z € X \Y For every point y € Y the set
Fy={F:||F|ls < L,(F—®(y),z—y) > 0} is compact. Lemma 6.1 shows that each finite family
of sets of this type has a nonempty intersection, whence by standard compactness arguments
the intersection of all these sets is nonempty. Let F' be a point in the intersection. Extending
® from Y to Yt = Y U {z} by setting ®(z) = F, we get a pair in Y which is = (V,®), a
contradiction which proves that Y=X.u

20, In the situation described in Proposition 3.5, let P; = {I,, J., {x!, e;}7_ }; note that I, # 0,
since the approximate solution Z generated by the algorithm as applied to (X, ®) belongs to
int X, on one hand, and is a point from the trajectory z',...,z7, on the other hand. Let us set
X={zeB:{e,z—a')<0,t€J.}. Asin the proof of Proposition 2.2, setting

§ = maxmin (®(z;), 2" — z), (58)
zeX telr

there exists a certificate £ for P such that
6cert(§|P7'a B) =0;

in fact, this certificate is given by a solution to the problem

max {gféig [Z Eles, x — 2t + Z &leg, @ — aﬂ] } . (59)

gZO’ZtEIT =1 telr teJr
The conclusion in Proposition 3.5 is trivially true when ¢ < 0, so that let us assume that § >
0. Let Y = {2 : ¢t € I.}. The function z — minyey (®(y), y—z) is continuous and thus attains its
maximum over X, say at .. Evidently, z, ¢ Y (since otherwise § = min,cy (®(y),y —z4) < 0),
and since Z € {z!,...,27} Nint X, we have
6 < (B(27),Z — z4) < [|R(@) 2|7 — 242 < LT — 22

In particular,

J
D> ||z — x|z > I (60)
Next, set R
T — x4
F = 6/\7
D7 — |2
and note that ||F||2 < 4 < L and for each y € Y,

o
(Fyy = 24) S IFll2lly — 22 = 5D =06 < (2(y),y — a)

(the last inequality follows from the definition of §). We see that extending ® from the set
Y onto the set Y U {z,} by mapping z. to F preserves monotonicity and boundedness by L.
Lemma 6.2 assures that we can further extend the resultlng mapping from Y U {z,.} onto the
entire X to get a monotone and bounded by L operator ® on the entire X. As

(B(2,), T — ) = (F,7 — x) =

012 =zl _ OllT = wull2 0%
D\m—x*u D T LD’

(61)

(we have used (60)), we have that e (Z]X,®) > T D

Now, the a priori information on (X, ®) and the information accumulated by the algorithm
in question upon termination do not contradict the assumption that X = X and @ = &’, whence
O < (@ X, ®) < e. Thus, ecert(€|Pr,®) =5 < v/LDe. m

28



6.3 Proofs for Section 4
Proof of Proposition 4.1

The inclusion in (25) is evident due to the inclusion in (24) (“the larger is the set, the less is its
polar”). The equality in (25) is given by the following simple statement:

Lemma 6.3 Let P,Q be two closed convex sets in E* containing the origin and such that P is
a cone, and let int P Nint Q # (). Then Polar (P N Q) = Polar (Q) + Ps, where P, = {z € E* :
(z,u) < 0Vu € P}.

Proof of Lemma: By standard facts on polars, Polar (PNQ) = cl (Conv (Polar (P) U Polar (Q))).
In our case, Polar (P) = Pi; since P, is a cone and Polar (Q)) contains the origin, the convex
hull of the union of P, and Polar (@) is dense in the arithmetic sum of these two sets, that is,
Polar (PN Q) = cl (P, + Polar (Q)). It follows that all we should verify in order to prove Lemma
is that the set P, + Polar (Q) is closed. But this is immediate: let u; € P, and v; € Polar (Q)
be such that u; + v; — w, i — oo; we should prove that w € P, 4+ Polar (Q). To this end it
is clearly enough to verify that the sequences {u;} and {v;} are bounded. The latter is nearly
evident: by assumption, there exists a ball B of a positive radius which is contained in both P
and Q. The quantities s; = mingep(u; + w;, z) form a bounded sequence due to u; + v; — w,
and (u;, ) <1, (v;,z) <1 for all z € B due to B C PN Q. Therefore we have

Imréig(ui,@ = Imrélg[mz + v, ) — (v, )] > s — 1,
that is, the sequence {min,e g (u;, z) }52, is below bounded. Since the sequence {maxzep(u;, z)}5°;
is above bounded by 1, we conclude that the sequence {maxzep(u;, ) — mingep(u;, )52, is
bounded. Recalling that B is a ball of positive radius, we see that the sequence {u;}°; is
bounded; via the boundedness of the sequence {u; +v;}52;, this implies that {v;};2; is bounded
as well. m
From Lemma to equality in (25): By (24), @;:1 = Q; N P, where P is the cone P = {z €
ET : (ef,z) <0}. Since 2! € intQ; and e; # 0, the interiors of P and Q] have a nonempty
intersection, so that by Lemma 6.3 Polar (Q;, "1) = Polar (Q]) + P, = Polar (Qf ) + Rye/ . u

Proof of Theorem 4.1

(i): When 7 is terminal, the validity of (i) is evident. Now let 7 be nonterminal with well
defined £. The fact that £ is a certificate for P; is evident form the construction; all we need is
to verify (29) and (30). Let # € Q1 and let 2+ = [x;1], so that * € Q7. Summing up relations
(28.a-b), and dividing both sides of the resulting equality by d,, we get

D Ged = —d (¢ +u);
t=1
multiplying both sides by ™, we get
Y Glenw —at) =) &lef aT) = —d N o + oyt aT) > —2d
t=1 t=1

where the concluding inequality is given by the inclusions ¢, %+ € Polar (Qf) and z* € Q7.
The resulting inequality holds true for every = € @1, and (29) follows.
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To prove (30), let 7 be such that € = e, < r, and let Z be the center of Euclidean ball B of
the radius r which is contained in X. Observe that

tel, = (e, — ') <W,Vx € B,

whence (e;, 7 — 2') < W, — r|le¢||2. Recalling what is e; for t € J, = {1,...,7}\I;, we get the
relations

_ W. —rlledls, tel
. ot < T ) T
(71) fer, @ = 2) < { 0, teJ;

Now let x € 1, and let y = w, so that y € Q1. By (29) we have

T

Z[)\t + (e, 2t —y) < 2
t=1

multiplying this inequality by r and adding weighted sum of inequalities (P;), the weights being
[At + pule, we get

Z[)\t + pilles, rat —ry + €z — ext) < 2r + eW,d, — reD,.

=1 (r—e)(zt—z)

The right hand side in this inequality, by the definition of €, is eW.d;, and we arrive at the

relation
-

(r—e) Z[)\t + pelles, ot — 2) < Wod, < Z£t<et,:vt —z) <
=1 =1

eW

r—e

This relation holds true for every = € @1, and (30) follows. (i) is proved.

(ii): As above, let T be the center of Euclidean ball B of radius r which is contained in X.
Consider first the case when (h, z—27+1) > 0. Multiplying both sides in (28.a) by 2 = [Z+7re; 1]
with e € R", |le]l2 < 1, we get

(h,re) < (h,re) + (h,z — ™) = (bt 2F) = 377_; M(er, @ +re — at) + (pT, 2F)

< Alen, T +re —at) + 1 [since 2t € Qf, ¢ € Polar (QF)]

<1+ Y er, Mler, @+ re — at) [since T+ re € X and e; separates 2 and X for t € J;]
S 14 3er, Mled2D(Q1) <1+ D-D(Q1).

The resulting inequality holds true for all unit vectors e; maximizing the left hand side over these

e, we get D > %. Recalling that || k|2 > m, we arrive at (31). We have established

(ii) in the case of (h, 7 — 27 *1) > 0; in the opposite case we can use the same reasoning with —h
in the role of h and with (28.b) in the role of (28.a). (ii) is proved.

(iii): This is an immediate consequence of (i), (ii) and the evident fact that whenever & is
semi-bounded on int X, we have W, < Varx(®) for all 7. =
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6.4 Proofs for Section 5

Proof of Proposition 5.1. In the situation of Proposition, setting € = €cert(&|Pr, X), T =
>oter, & and ug = ug,, t € I, we have e; = b — Auy, t € I, and

Vo € Xt ey, &len,xe —a) < 2ol &len, ue —x) <€

= Sier, &b — Aug, zy) + maxgex (— Y &(b— Awy),z) <€
tel,

=Au-b
= 2L[|[AT — b ||q + Yer, (b — Aug, ) < € ()

Further, by origin of u; we have for every u € U:
flug) + (Aug — b, 2s) < f(u) + (Au—b,xy), t € I

Multiplying ¢-th inequality by &;, summing up and taking into account that 3 ,c; & f(u) > f(@),
we get

f@) = flu)+ (b— Au,z) <> &(b— Auy, zy).

tel,

This inequality combines with (*) to imply that
2L[|[AT = b |lg + f(@) = f(w) + (b — Aus, 7) <, (62)

where wu, is an optimal solution to (42). Taking into account that £ € X and thus z > 0,
whence (b — Au,,x) > 0, we arrive at (45.b). Further, we have f(u.) < f(u) + (x4, Au — b for
all u € U due to the origin of x,, whence f(u) > f(us) + (x«,b — Au), and the latter quantity
is > f(u«) — L||[Au — b]"||4 due to z, > 0 and ||z«||, < L. Thus, f(@) > f(us) — L||[Aq — b] T4,
which combines with (62) to imply (45.a. =
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