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Abstract The majority of first-order methods for large-scale convex—concave sad-
dle point problems and variational inequalities with monotone operators are proximal
algorithms. To make such an algorithm practical, the problem’s domain should be
proximal-friendly—admit a strongly convex function with easy to minimize linear
perturbations. As a by-product, this domain admits a computationally cheap linear
minimization oracle (LMO) capable to minimize linear forms. There are, however,
important situations where a cheap LMO indeed is available, but the problem domain
is not proximal-friendly, which motivates search for algorithms based solely on LMO.
For smooth convex minimization, there exists a classical algorithm using LMO—
conditional gradient. In contrast, known to us similar techniques for other problems
with convex structure (nonsmooth convex minimization, convex—concave saddle point
problems, even as simple as bilinear ones, and variational inequalities with monotone
operators, even as simple as affine) are quite recent and utilize common approach
based on Fenchel-type representations of the associated objectives/vector fields. The
goal of this paper was to develop alternative (and seemingly much simpler) decompo-
sition techniques based on LMO for bilinear saddle point problems and for variational
inequalities with affine monotone operators.
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1 Introduction

This paper is a follow-up to our paper [1] and, same as its predecessor, is motivated by
the desire to develop first-order algorithms for solving convex—concave saddle point
problem (or variational inequality with monotone operator) on a convex domain X
represented by linear minimization oracle (LMO) capable to minimize over X, at a
reasonably low cost, any linear function. “LMO-representability” of a convex domain
X is an essentially weaker assumption than “proximal friendliness” of X (possibility
to minimize over X, at a reasonably low cost, any linear perturbation of a properly
selected strongly convex function) underlying the vast majority of known first-order
algorithms. There are important applications giving rise to LMO-represented domains
which are not proximal-friendly, most notably

— nuclear norm balls arising in low-rank matrix recovery and in semidefinite opti-
mization; here LMO reduces to approximating the leading pair of singular vectors
of a matrix, while all known proximal algorithms require much costly computa-
tionally full singular value decomposition,

— total variation balls arising in image reconstruction; here LMO reduces to solving
a specific flow problem [2], while a proximal algorithm needs to solve a much
more computationally demanding linearly constrained convex quadratic program,

— some combinatorial polytopes [3].

The needs of these applications inspire the current burst of activity in developing LMO-
based optimization techniques. In its major part, this activity was focused on smooth (or
Lasso-type smooth regularized) convex minimization over LMO-represented domains,
where the classical conditional gradient algorithm of Frank-Wolfe [4] and its mod-
ifications are applicable (see, e.g., [2,5-12] and references therein). LMO-based
techniques for large-scale nonsmooth convex minimization, convex—concave sad-
dle point problems (SP), even bilinear ones, and variational inequalities (VI) with
monotone operators, even affine ones, where no classical optimization methods work,
have been developed only recently. To the best of our knowledge, the related results
reduce to LMO-based techniques for large-scale nonsmooth convex minimization
based on Nesterov’s smoothing [13—18]. A different approach to nonsmooth convex
minimization, based on Fenchel-type representations of convex functions and process-
ing induced by these representations problems dual to the problem of interest, was
developed in [17] and was further extended in [1] to convex—concave SPs and VIs
with monotone operators. The goal of this paper is to develop an alternative to [1]
decomposition-based approach to solving convex—concave SPs and monotone VIs on
LMO-represented domains. As we shall see, our decomposition approach can, in prin-
ciple, handle general convex—concave SPs and monotone VIs. Our emphasis in this
paper is, however, on bilinear SPs and on VIs with affine monotone operators—the
cases which, on the one hand, are of primary importance in numerous applications,
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and, on the other hand, are the cases where our approach is easy to implement and
where this approach seems to be more flexible and much simpler than the machinery of
Fenchel-type representations developed in [1] (and in fact even covers this machinery,
see Sect. 3.4).

The rest of this paper is organized as follows. In Sects. 2 and 3, we present our
decomposition-based approach to SP problems, respectively, to VIs with monotone
operators, with emphasis on utilizing the approach to handle bilinear SPs and affine
VIs, on LMO-represented domains. We illustrate our constructions by applying them
to Colonel Blotto-type matrix game (Sect. 2.6.3) and Nash equilibrium with pair-
wise interactions (Sect. 3.2.2). In both these illustrations, decomposition allows
to overcome difficulties coming from potentially huge ambient dimensions of the
problems.

Proofs missing in the main body of the paper are relegated to “Appendix.”

2 Decomposition of Convex—Concave Saddle Point Problems

Course of Actions: Outline

In the nutshell, out decomposition approach is extremely simple, and it makes sense
to present an informal outline of it in the SP case.

Given convex and compact sets X1, X», Y1, ¥> in Euclidean spaces, consider a
convex—concave saddle point “master” problem

min max D(x1,x2; Y1, ¥2)
[x1;x2]€X1 x X2 [y1;y2]€Y1 X Y2

along with two “induced” problems

(P) minyex, maXy, ey, [@(x1, y1) := ming,ex, maxy,ey, @ (x1, x2; y1, y2)]
(D) min,ex, MaXy,ey, [¥(x2, y2) := miny ex, maxy, ey, P (x1, x2; y1, y2)] -

It is easily seen that (P) and (D) are convex—concave problems, and a good
approximate solution to the master problem induces straightforwardly equally good
approximate solutions to (P) and to (D). More importantly, it turns out that when
solving one of the induced problems, say, (P), by an “intelligent,” in a certain pre-
cise sense, algorithm, information acquired in course of building an e-solution allows
to recover straightforwardly an e-solution to the master problem, thus yielding an
€-solution to the other induced problem, in our case, to (D).

Now imagine that we want to solve a convex—concave SP problem which “as is”
is too complicated for the standard solution techniques (e.g., problem’s domain is
not proximal-friendly, or is of huge dimension). Our proposed course of actions is
to represent the problem of interest as the problem (D) stemming from a master
problem built in a way which ensures that the associated problem (P) is amenable to
an “intelligent” solution algorithm B. After such a master problem is built, we solve
(P) within a desired accuracy € by B and use the acquired information to build an
€-solution to the problem of interest.
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2.1 Situation

In this section, we focus on the situation as follows. We are given

1. convex and compact sets X; in Euclidean spaces X; and convex and compact sets
Y; in Euclidean spaces Vi, i = 1, 2;
2. convex and compact sets X, ¥ such that

XCXixXoC X = xX, YCYi1xY,CY: =) xs,

such that the projections of X onto X; are the sets X;, and projections of Y onto
Vi are the sets ¥;,i = 1,2. For x; € X1 and y; € Y] we set

Xolx1] = {x2 : [x1; x2] € X} C X2 and Yao[yi1] = {y2 : [y1; 2] € Y} C Ya.
Similarly,
Xilxz] = {x1 : [x1; x2] € X}, x2 € X3,
and
Yilyal = {y2 : [y1; y2l € Y}, y2 € Yo
3. Lipschitz continuous function
Q(x =[xi; 2y =Dy X xY >R, ey

which is convex in x € X, and concaveiny € Y.

We call the outlined situation a direct productone, when X = X x X andY = Y1 xY>.

2.2 Induced Convex—Concave Functions
We associate with @ primal and dual induced functions:

¢(x1,y1) ;= min  max @D(x1,x2; y1, ¥2)
Y x2€X2[x1] y2€Yaly1l Y

= max min @ (x1, x2; y1, y2) : X1 X Y1 —> R,
neYalyil xaeXalxi]

(x2,y2) ;== min = max D(x1,x2; y1,y2)
v Y x1€Xq[x2] y1€Yily2] Iy

= max min @ (x1, x2; y1, y2) : X2 X Yo —> R.
yieYily2lx1€Xilx2]

(the equalities are due to the convexity—concavity and continuity of @ and convexity
and compactness of X;[-] and Y;[-]).
Recall [19] that a Lipschitz continuous convex—concave function

O(m,v):UxV —->R
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with convex compact U, V gives rise to the primal and dual problems

Opt(P[6, U, V]) = min | 6(u) := max6(u,v) |,
uelU veV

Opt(D[O, U, V]) = max [6(v) := min6(u, v) |,
veV uelU

with equal optimal values:
SadVal(9, U, V) := Opt(P[0, U, V)] = Opt(D[6, U, V1)),
same as gives rise to saddle point residual

€sad ([; 01160, U, V) = 0(u) — 6(v)
= [0(u) — Opt(P[0, U, V]| + [Opt(D[6, U, V]) — 0(v)].

Lemma 2.1 ¢ and  are convex—concave on their domains, are lower (upper) semi-
continuous in their “convex” (“concave”) arguments, and are Lipschitz continuous
in the direct product case. Besides this, it holds

SadVal(¢, X1, Y1) = SadVal(®, X, Y) = SadVal(y, X», Y»), 2)

and whenever X = [x1; x2] € X and y = [y1; y2] € Y, one has

€sad ([X1; Y110, X1, V1) < €aa([x; ¥]|P, X, Y),

_ 2L 3
€ (1523 21|V X2, 1) < eqaa ([ 31 @, X, V). @
The strategy for solving SP problems we intend to develop is as follows:
1. We represent the SP problem of interest as the dual SP problem

min max ¥ (x2, y2) (D)

x2€X2 yr€Yr

induced by master SP problem

min max P (xy, x2; y1, ¥2)- M)

[x1;x21€X [y15y2]€Y

The master SP problem is built in such a way that the associated primal SP problem

min max ¢ (xy, y1) (P)
x1€X1 y1€Yy

admits first-order oracle and can be solved by a traditional first-order method (e.g.,
a proximal one).

2. We solve (P) to a desired accuracy by first-order algorithm producing accuracy
certificates [20] and use these certificates to recover an approximate solution of
required accuracy to the problem of interest.
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We shall see that the outlined strategy (originating from [21]") can be easily imple-
mented when the problem of interest is a bilinear SP on the direct product of two
LMO-represented domains.

2.3 Regular Sub- and Supergradients

Implementing the outlined strategy requires some “agreement” between the first-order
information of the master and the induced SPs, and this is the issue we address now.

Givenx| € X1, y1 € Y1,letx; € Xo[x1]and y» € Y2[y;] form a saddle point of the
function @ (x1, x2; ¥1, y2) (mininxy € X>[x1], maxin y; € Y2[y1]). In this situation,
we say that (x = [x1; X2], ¥y = [y1; ¥2]) belongs to the saddle point frontier of @,
and we denote this frontier by S2Letnow z = (¥ = [X1; Xa], y=1[y;y]) €S8,so
that the function @ (x1, x2; y1, y2) attains its minimum over xp € X»[x] at x», and
the function @ (x1, X2; y1, y2) attains its maximum over y» € Y[y;] at y». Consider a
subgradient G of @(-; y1, y2) taken at x along X: G € 9, @ (x; y). We say that G is a
regular subgradient of @ at z, if for some g € A it holds

Vx =[x1;x2] € X : (G, x —Xx) > (g, x1 — X1);

every g satisfying this relation is called compatible with G. Similarly, we say that a
supergradient H of @ (x; -) taken at y along Y is a regular supergradient of @ at z, if
for some /& € ) it holds

Vy=IysyleY : (H y—y) <(hy—),
and every & satisfying this relation will be called compatible with H.
Remark 2.1 Let X = X1 x X2, Y = Y X Y2, meaning that we are in the direct
product case. If @ (x; y) is differentiable in x at x = X, then the partial gradient

Vi@ (x; y) is aregular subgradient of @ at (x, y), and Vy, @ (x; y) is compatible with
this subgradient:

Vx =[x1;x0] € X1 x X
(Vi@ (x;y), x —X) = (Vy @(X;¥), x1 — X1) +(Vi, P(X; ), x2 — X2)

>0

> (Vi @(x:y), x1 — X1).

Similarly, if @ (x; y) is differentiable in y at y = y, then the partial gradient V, & (x; y)
is a regular supergradient of @ at (x, y), and V,, @(x; y) is compatible with this
supergradient.

' retrospect, a special case of this strategy was used in [22-24].

2 Note that the saddle point frontier depends on the order of blocks in the x- and the y-variables, and this
order will always be clear from the context.
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Lemma 2.2 In the situation of Sect. 2.1, let
2= =[x 2l y=[y;nDES,

let G be a regular subgradient of @ at 7 and let g be compatible with G. Let also
H be a regular supergradient of @ at z, and h be compatible with H. Then, g is a
subgradient in x1, taken at (X1, y1) along X1, of the induced function ¢, and h is a
supergradient in y1, taken at (X1, y1) along Y1, of the induced function ¢:

(@) ¢(x1,y1) = ¢ (X1; y1) + (g, x1 — X1),
) ¢(x1, y1) < d(x1; y1) + (b, y1 — Y1),

forall x1 € X1, y1 € V1.

Regular sub- and supergradient fields of induced functions. In the sequel, we say that
qﬁ;l(xl, 1), qb;l (x1, y1) are regular sub- and supergradient fields of ¢, if for every
(x1,y1) € X1 x Y1 and properly selected x>, y» such that the point z = (x =
[x1; X21, ¥y = [y1; y21) is on the SP frontier of @, qb)’c] (x1, ¥1), qb;] (x1, y1) are the sub-
and supergradients of ¢ induced, via Lemma 2.2, by regular sub- and supergradients
of @ at 7. Invoking Remark 2.1, we arrive at the following observation:

Remark 2.2 Let X = X1 x X»,Y = Y1 x Y», meaning that we are in the direct product
case. If @ is differentiable in x and in y, then regular sub- and supergradient fields of
¢ can be built as follows: given (x1, y;) € X x Y1, we find X, y> such that the point
z = (x = [x1; x2], y = [y1; ¥2]) is on the SP frontier of @, and set

by, (x1, Y1) = Vi @(x1, %23 1, 32), ¢;1 x1,y1) = Vy, @(x1, X2; y1,¥2).  (4)
2.3.1 Existence of Regular Sub- and Supergradients

The notion of regular subgradient deals with @ as a function of [x1; x2] € X only,
the y-argument being fixed, so that the existence/description questions related to reg-
ular subgradient deal in fact with a Lipschitz continuous convex function on X. And
of course the questions about existence/description of regular supergradients reduce
straightforwardly to existence/description of regular subgradients (by swapping the
roles of xs and ys and passing from @ to —@). Thus, as far as existence and description
of regular sub- and supergradients are concerned, it suffices to consider the situation
where

— W (x1, x2) is a Lipschitz continuous and convex function on X,
— X1 € X1, and xp € X3[x;] is a minimizer of ¥ (x1, xp) over x, € Xo[x1].

What we need to understand is when a subgradient G of ¥ taken at x = [X; x»] along
X and some g satisty the relation

(G, [x1;x2] —Xx) = (g, x1 —X1) VYx =[x1;x2] € X, (5)

and what can be said about the corresponding gs. The answer is as follows:
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Lemma 2.3 With ¥, x1, Xo as above, G € 0¥ (x) satisfies (5) if and only if the

following two properties hold:

(i) G is a “certifying” subgradient of ¥ at X, meaning that (G, [0; xo — x2]) > 0
for all x, € X>[x1] (the latter relation indeed certifies that x> is a minimizer of
¥ (X1, x2) over x3 € Xo[x1]);

(ii) g is a subgradient, taken at x1 along X1, of the convex function

xc(x1) = min (G, [xg; x2]).
x2€X2[x1]

It is easily seen that with ¥, X = [X1; x»] as in Lemma 2.3 (i.e., ¥ is convex and
Lipschitz continuous on X, X1 € Xi, and xp € X»,[x1] minimizes ¥ (X1, x) over
x3 € X»o[x1]) a certifying subgradient G always exists; when ¥ is differentiable at
X, one can take G = V, ¥ (x). The function xg(-), however, not necessary admits a
subgradient at x1; when xg(X1) # @, every g € dxg(x1) satisfies (5). In particular,

1. [Direct Product case] When X = X x X», representing a certifying subgradient
G of ¥, taken at [x1; X € Argrninxzex2 ¥ (x1, x2)], as [g; h], we have
(h,x3 —Xx2) =0 Vxz € X,

whence yg(x1) = (g, x1) + (h, x2), and thus g is a subgradient of xg at x1. In
particular, in the direct product case and when ¥ is differentiable at X, (5) is met
by G = V¥ (x), g = Vy, ¥ (X);

2. [Polyhedral case] When X is a polyhedral set, for every certifying subgradient G
of ¥ the function y¢ is polyhedrally representable with domain X1, and as such
has a subgradient at every point from X1;

3. [Interior case] When X is a point from the relative interior of X, xg definitely
has a subgradient at xy.

2.4 Main Result, Saddle Point Case
2.4.1 Preliminaries: Execution Protocols, Accuracy Certificates, Residuals

We start with outlining some simple concepts originating from [20]. Let W be a
convex and compact set in Euclidean space W, and M(w) : W — )V be a vector
field on W. A ¢-step execution protocol associated with M, W is a collection Z; =
{fwi € W, M(w;) : 1 < i < t}. A t-step accuracy certificate is a t-dimensional
probabilistic (i.e., with nonnegative entries summing up to 1) vector A. Augmenting a
t-step accuracy protocol Z; by ¢-step accuracy certificate A gives rise to two entities:

approximate solution: w' = w'(Z;, ) == >I_; Lyw; € W;

residual: Res(Zy. 2| W) = max 31 2 (M(w;). w; - w). ©)
we

When W = U x V, where U is a closed and convex subset of Euclidean space ¢/ and
V is a closed and convex subset of Euclidean space V, and M is vector field induced
by convex—concave function 6 (u, v) : U x V — R, that is,
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M@, v) =[M,(u,v); My(u,v)] U xV —-UxXxYV

with
F,(u,v) € 0,0(u,v), Fy(u,v) € 9,[—60(u, v)] (7)

(such a field is always monotone), an execution protocol associated with (M, W) will
be called also protocol associated with 6, U and V, or protocol associated with the
saddle point problem

min max 6 (u, v). ®)
uelU veV

Typical sources of execution protocols are first-order algorithms. For example, when
(8) is solved by a first-order algorithm, the latter queries a first-order oracle along
subsequently generated search points w; € W, wy € W, .. .; the information returned
by the oracle when queried at w; = [u;; v;] includes at least a subgradient of 0 (u, v;)
w.r.t. u taken at u = u; and a subgradient of —6(u;, v) w.r.t. v taken at v = v;;
these two subgradients form the value F(w;) of a vector field F(-) of form (7). As a
result, after t = 1, 2, ... calls to the oracle, the algorithm produces a ¢-step execution
protocol associated with 6, U, V.

The importance of these notions in our context stems from the following simple
observation [20]:

Proposition 2.1 Let U, V be nonempty, convex and compact domains in Euclidean
spacesU, V, 0(u,v) : U x V — R be a convex—concave function, and M be induced
monotone vector field:

M@, v) = [M,(u,v); My(u,v)]: U xV =>UXYV
M, (u,v) € 0,0(u, v), My(u, v) € 9,[—60(u, v)]].

For a t-step execution protocol
T ={wi =[uj; vl € W:=U xV, M; = [My(u;, v;); My(u;, v;))] : 1 <i <t}
associated with 0, U, V, and t-step accuracy certificate X, it holds

6sad(w[(It» A)

0,U, V) <Res(Z;, A|U x V). )
Proof For [u; v] € U x V, we have
t
Res(Z;, A|U x V) = D" hi(Mi, wi — [u; v])
i=1

t
= D Mil(My (i, vi), i — u) — (My (i, v7), v; — )]
i=l >0/(ui,v1) 0 (,v7) <0(ui,v1)—0(u;,v)

t
> D Ml i, v) — 0, vi)] = 0’ v) = O(u, v"),

i=1
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where the inequalities are due to the origin of M and convexity—concavity of 8. The
resulting inequality holds true for all [u; v] € U x V, and (9) follows. O

2.4.2 Main Result

Proposition 2.2 In the situation and notation of Sects. 2.1-2.3, let ¢ be the primal
convex—concave function induced by @, and let

Lr={lx1:; yril € X1 x Y1, [0 = by (x1,4, y1.0); Bi == =@, (x1i, y1.)] 2 1<i <1}

be an execution protocol associated with ¢, X1, Y1, where gb;l, q&;l are regular sub-
and supergradient fields associated with @, ¢. Due to the origin of ¢, qb)’”, ;1’ there
exist x2; € Xo[x1,i], Gi € X, y2.i € Ya[y1.il, and H; € Y such that

(a) Gi € 0xP(x; := [x1,i5x2,i], yi = [y1.i3 2.0

) Hj € 0y [—®(xi == [x1,i5 %21, vi == [y1i3 y2.iD]
(©) (Gi,x = [x1is x2,41) = (b, (1, Y1), X1 — x1,i) VX = [x15 x2] € X,
(d) (Hi,y = [yis y2.i1) = (=¢y, (x1,0 1.0, Y1 = yii) Yy =1[yi; 2l €Y,

(10)

implying that
T ={zi = [xi = [x1is x2,): yi = [ynis v2ill. Fi = [Gis Hil: 1 < i <t}

is an execution protocol associated with @, X, Y. For every accuracy certificate A, it
holds
Res(J;, A|X x ¥) < Res(Z, A|X| x Y)). (11)

As a result, given an accuracy certificate A and setting
t
[xs v T = [lxfs ) [yfs val = D & [nit x0T [ynit y2.il] -

i=1

we ensure that
€sad([x'5 y']|@, X, Y) < Res(Z;, A| X1 x 1), (12)

whence also, by Lemma 2.1,

€sad([X]5 ¥i1|@, X1, Y1) < Res(Zy, A| X1 x Y1),

13
esaa (L5: 1|, X2, V2) < Res(Zy., 4| X) x V1), (13)

where s is the dual function induced by ®.
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Proof Let z := [[u1; uz]; [vr; v2]] € X x Y. Then,

St hilFizi—z) =D, /\i[(Gi, [x1,i5 x2,i] — [ur; ual)
S(y) (1,05 Y1), X1, —U1) by (100)
+ (Hi, [y1,i5 y2.i] — [vi; v2]>]

<=}, (K12 y1.0),Y1,i —V1)by (00

< > i hifled, xni —un) + (Biyyii — vi)]
< Res(Z, 1| X1 x 1),

and (11) follows. O

2.5 Application: Solving Bilinear Saddle Point Problems on Domains
Represented by Linear Minimization Oracles

2.5.1 Situation

Let W be a nonempty, convex and compact set in R", Z be a nonempty, convex and
compact set in RM | and let Y : W x Z — R be bilinear convex—concave function:

v(w,z) = (w, p) +(z,q) + (z, Sw). (14)
Our goal is to solve the convex—concave SP problem

min max ¥ (w, z) (15)
weW zeZ

givenby ¥, W, Z.

2.5.2 Simple Observation

We intend to show that vy can be represented (in fact, in many ways) as the dual
function induced by a bilinear convex—concave function @; this is the key element of
the outlined in Sect. 2.2 strategy for solving (15).

In the situation described in Sect. 2.5.1, let U C R", V C R™ be convex and
compact sets, and let D € R"*N_ A e R™*M R e R™*" Consider bilinear (and thus
convex—concave) function [U x W] x [V x Z] — R:

@(u,w;v,z) = (w, p+DTv)+ (z,g + ATu) — (v, Ru) (16)

(the “convex” argument is (u, w), the “concave” one is (v, z)). Assume that a pair of

functions
u(w,z): WxZ27Z- U,

v(w,z2) :WxZ—>V (17)
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satisfies
Y(w,z) e Wx Z:Dw = Ru(w, 2), (18)
Y(w,z2) e Wx Z: Az =RTo(w, 2).
Denoting u = u(w, z), v = v(w, z), we have
(@) (w, DTv) = (Dw, v) = (Ru, v),
- AU (19)
(b) (z, A"u) = (Az,u) = (u, R"v) = (Ru, v).
Thus,
V. ®t, w; v,z) = Az — RTv =0,
V@ (u,w;v,z) = Dw— Ru =0,
whence
Y (w, 2) := min,ey maxyey @ (u, w; v, z) = G (U(w, 2), w; V(w, 2), )
= (w, p) + (2, q) + (Dw, v(w, 2)) [by (19)].
We have proved
Lemma 2.4 In the case of (17), (18), assuming that
(Dw, v(w, 2)) = (z, Sw) Y(w e W,z € Z), (20)

Y is the dual convex—concave function induced by @ and the domains U x W,V x Z.

Note that there are easy ways to ensure (18) and (20).

Example 2.1 Herem = M,n = N,and D = AT = R = S. Assuming U D W,
V D Z and setting u(w, z) = w, v(w, z) = z, we ensure (17), (18) and (20).

Example 2.2 Let § = ATD with A € REXM p ¢ REXN, Settingm = n = K,
R =Ig,u(w,z) = Dw, v(w, z) = Az and assuming that U D DW,V D AZ, we
again ensure (17), (18) and (20).

2.5.3 Implications

Assume that (17), (18) and (20) take place. Renaming the variables according to
X1=u,y1=v,xx=w,yy=zandsetting X1 =U, X, =W, Y1 =V, h =7Z,
X=X1xXo=UxW,Y =Y xY> =V xZ,wefind ourselves in the direct product
case of the situation of Sect. 2.1, and Lemma 2.4 says that the bilinear SP problem
of interest (14), (15) is the dual SP problem associated with the bilinear master SP
problem

MmNy, weU x W MaX[y:7]ev xz [P, w; v, 2) @1

= (w, p+ D"v) + (z,qg + ATu) — (Ru, v)].
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Since @ is linear in [w; z], the primal SP problem associated with (21) is

U=X]E€ V=) €

min max |:¢(u, v) = min(w, p + DTv) + max(z, qg+ ATu) — (Ru, v)] .
U=X; Vot weW zeZ

Assuming that W, Z allow for cheap linear minimization oracles and defining w(-),
Zx(+) according to

w«(§) € Argmin (w, §), z.(n) € Argmin (z, 1),
weW

zeZ

we have

¢, v) = (wi(p+ DTv), p+ DT ) + (zu(—q — ATu), g + ATu) — (Ru, v),
¢l (u,v) == Azs(—q — ATu) — RTv € 3,0 (u, v),
¢! (u, v) := Dwy(p + DTv) — Ru € —3,[—p(u, v)],

that is, first-order information on the primal SP problem

min max ¢ (u, v), (22)

uelU veV
is available. Note that since we are in the direct product case, ¢/, and ¢/ are regular

sub- and supergradient fields associated with @, ¢.
Now let

L =A{lui; vil € U x V, [yi :== ¢, (ui, vi); 8 == —¢,(uj, v)]: 1 <i <1}

be an execution protocol generated by a first-order algorithm as applied to the primal
SP problem (22). Let also

wi = wy(p+ DTv), zi = ze(—q — ATuy),
ai = Vy®(ui, wis vi,zi) = p+ D vy,
Bi = =V @ (ui, wi; v, zi) = —q — Al u;,

so that suffices to consider the situation where

Jr = [[[ui;wi];[vi;zz’]],[ [yi; a;] ; [6:; Bi] J:1<i=<t
—— ——

V6w w) @ Ui wisv;,2i)  — Vi P (i, wisvi,zi)

is an execution protocol associated with the SP problem (21). By Proposition 2.2, for
any accuracy certificate A, it holds

Res(J;, AU x W x V x Z) < Res(Z;, A|U x V); (23)
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whence, setting
t
[l w'l; o5 21 = D Aallis wil; [vis 2]] (24)
i=1

and invoking Proposition 2.1 with @ in the role of 9,

€sad([[u's w']; [v'5 Z'11|@, X1 x X2, Y1 x Y2) < Res(Zy, A|U x V); (25)
— ——
UxW VxZ

whence, by Lemma 2.1,
esad (W' ' 1|9, W, Z) < Res(Z;, A|U x V). (26)

We have arrived at the following

Proposition 2.3 In the situation of Sect. 2.5.1, let (17), (18) and (20) take place.
Suppose that a first-order algorithm B with accuracy certificates is applied to the
primal SP problem (22). Then, t-step execution protocol I; and accuracy certificate
A, generated by B, yield straightforwardly a feasible solution to the SP problem of
interest (14)—(15) of the egaq-inaccuracy < Res(Z;, A! |U x V).

Note also that when the constructions from Examples 1 and 2 are used, there is a
significant freedom in selecting the domain U x V of the primal problem (we only
require U, V to be convex and compact sets “large enough” to ensure the inclusions
mentioned in Examples), so that there is no difficulty to enforce U, V to be proximal-
friendly. As a result, we can take as 13 a proximal first-order method, for example, non-
Euclidean restricted memory level algorithm with certificates [17] or mirror descent
[1]. The efficiency estimates of these algorithms, as given in [1,17], imply that the
resulting procedure for solving the SP of interest (14) — (15) admits nonasymptotic
O(1/4/1) rate of convergence, with explicitly computable factors hidden in O(.).
The resulting complexity bound is completely similar to the one achievable with the
machinery of Fenchel-type representations [1,17].

We are about to consider a special case where the O(1/+/f) complexity admits a
significant improvement.

2.6 Matrix Game Case
Let § € RM*N admit representation
s=A"D

with A € REXM and D € REXN Tetalso W = Ay = {w € Rf > w =13,
Z = Ay Our goal is to solve matrix game

min maZx [V (w, z) = (z, Sw) = (Az, Dw)]. 27

weW ze
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Let U, V be convex and compact sets such that

VDAZ, UDDW, (28)

and let us set

D, w;v,z) = (u, Az) + (v, Dw) — (u, v),
=u(w,z) = Dw,
=v(w, z) = Az,

STERN]

implying that

Vi@, w;v,z) = Az —v =0,
V@ (U, w; v,z) = Dw—u =0,
@ (u, w; v, z) = (u, Az) + (v, Dw) — (u, v)
= (Dw, Az) + (Az, Dw) — (Dw, Az)
= (z, AT Dw) = Yy (w, 2).

It is immediately seen that the function ¥ from (27) is nothing but the dual convex—
concave function associated with @, as in Example 2, while the primal function is

& (u, v) = Max(ATu) + Min(DTv) — (u, v); (29)

here Min(p) and Max(p) stand for the smallest and the largest entries in vector p.
Applying the strategy outlined in Sect. 2.2, we can solve the problem of interest (27)
applying to the primal SP problem

min max [¢> (u, v) = Min(D"v) + Max(ATu) — (u, v)] , (30)

uelU veV

an algorithm with accuracy certificates, and using the machinery outlined in previous
sections to convert the resulting execution protocols and certificates into approximate
solutions to the problem of interest (27).

We intend to consider a special case when the outlined approach allows to reduce
a huge, but simple, matrix game (27) to a small SP problem (30)—so small that it can
be solved to high accuracy by a cutting plane method (e.g., the ellipsoid algorithm).
This is the case when the matrices A, D in (27) are simple—the notion to be defined in
the next section and illustrated by a generic example (‘“knapsack-generated” matrices)
in Sect. 2.6.2. In Sect. 2.6.3, we show how our approach allows to process, by an
algorithm as simple as the ellipsoid method (an extension of) the well-known Colonel
Blotto Game which may have really huge sizes (in our numerical illustration, N =
M ~ 101,
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2.6.1 Simple Matrices

Given a K x L matrix B, we call B simple if, given x € RK, it is easy to identify
the columns BJ[x], BJ[x] of B making the maximal, respectively, the minimal, inner
product with x.

When matrices A, D in (27) are simple, the first-order information for the cost
function ¢ in the primal SP problem (30) is easy to get. Besides, all we need from the
convex and compact sets U, V participating in (30) is to be large enough to ensure
that U D DW and V O AZ, which allows to make U and V simple, e.g., Euclidean
balls. Finally, when the design dimension 2K of (30) is small, we have at our disposal
a multitude of linearly converging, with the converging ratio depending solely on K,
methods for solving (30), including the ellipsoid algorithm with certificates presented
in [20]. We are about to demonstrate that the outlined situation indeed takes place in
some meaningful applications.

2.6.2 Example: Knapsack-Generated Matrices’

Assume that we are given knapsack data, namely

— positive integer horizon m,

— nonnegative integer bounds ps, 1 <s < m,

— positive integer costs kg, 1 < s < m, and positive integer budget H, and

— output functions fs(-) : {0, 1, ..., ps} > R, 1 <s <m.
Given the outlined data, consider the set P of all integer vectors p = [py; ...; pm]in
R™ satisfying the following restrictions:

0 < ps <P,, 1 <s < m [range restriction]
Daihsps < H [budget restriction]

and the matrix B of the size K x Card(P), K = Z;"zl rs, defined as follows: the
columns of B are indexed by vectors p = [p1; ...; ps] € P, and the column indexed
by p is the vector

By =1fitp1)i -5 fm(pm)]-

Assuming th_at m, pg and ry are moderate, matrix B is simple—given x € RK itis
easy to find B[x] and B[x] by Dynamic Programming.

Indeed, to identify B[x], x = [x1;...; Xn] € R x --- x R (identification
of B[x] is completely similar), it suffices to run for s = m,m — 1,...1 the
backward Bellman recurrence: forh =0, 1, ..., H,

Us(h) = maZx {US_H(h —hsr) + (fs(r),x5) :0<r <p,,0<h— hsr}
re

Ag(h) € Argmax {Usy1(h — her) + (fs(r), %) : 0 <r <P, 0 < h — hyr}
rez.

3 The construction to follow can be easily extended from “knapsack-generated” matrices to more general
“Dynamic Programming-generated” ones, see Sect. 1 in the “Appendix.”
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with Up41(-) = 0, and then to recover one by one the entries p; in the index
p € P of B[x] from the forward Bellman recurrence

Hy = H, p1 = A1(H));
Hyyy = Hy — hsps, ps+1 = Asy1(Hsy1), 1 <5 <m.

2.6.3 Illustration: Attacker versus Defender

The “covering story” we intend to consider is as follows.* Attacker and defender are
preparing for a conflict to take place on m battlefields. A pure strategy of attacker is
avector a = [ay; .. .; a,], where nonnegative integer as, 1 < s < m, is the number
of attacking units to be created and deployed at battlefield s; the only restrictions on
a, aside of nonnegativity and integrality, are the bounds a; < as, 1 < s < m, and the
budget constraint Z'Y”: 1 hsaas < Hy with positive integer hg4 and Hu. Similarly, a
pure strategy of defender is a vector d = [d1; .. .; d;;], where nonnegative integer d;
is the number of defending units to be created and deployed at battlefield s, and the
only restrictions on d, aside of nonnegativity and integrality, are the bounds d; < d,
1 < s < m, and the budget constraint ZT=1 hspds; < Hp with positive integer hsp
and Hp. The total loss of defender (the total gain of attacker), the pure strategies of
the players being a and d, is

m

Sad = D _[2la,.d-

s=1

with given (@; + 1) x (dy + 1) matrices £2°. Our goal is to solve in mixed strategies
the matrix game, where defender seeks to minimize his total loss, and attacker seeks
to maximize it.

Let us denote by A and D the sets of pure strategies of attacker, respectively,
defender. When representing

Is
Q= OOV T =1 ] 8 = 1sp gl ) r = Rank(2Y),
i=1

and setting

m
K = Z"‘s,
s=1

Aa =LA P LU f2 U™ 1 e RE La e A,

72,2 Ym,m

1 , ,
Dy =1gg"s -5 8 ' Llgg]s - 82 L s Mgy g " e RX ,d e D,

4 This story is a variation of what is called “Colonel Blotto Game” in Game Theory; see, e.g., [25,26] and
references therein.
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we end up with K x M, M = Card(A), knapsack-generated matrix A with columns
Ag,a € A, and K x N, N = Card(D), knapsack-generated matrix D with columns
Dy, d € D, such that

S = [Sadlaca = AT D.
deD

As a result, solving the attacker vs. defender game in mixed strategies reduces to
solving SP problem (27) with knapsack-generated (and thus simple) matrices A,
D and thus can be reduced to convex—concave SP (30) on the product of two K-
dimensional convex and compact sets. Note that in the situation in question the design
dimension 2K of (30) will, typically, be rather small (few tens or at most few hun-
dreds), while the design dimensions M, N of the matrix game of interest (27) can be
huge.

Numerical illustration. With the data (quite reasonable in terms of the “attacker vs.
defender” game)

m=8, hga=hp=1,1<s<m Hy=Hp=64=d,=a,, | <s<m

and rank 1 matrices £2;, | < s < m, the design dimensions of the problem of interest
(27) are as large as

dim w = dim z = 97082 021 465,
while the sizes of problem (30) are just
dimu = dimv =8,

and thus (30) can be easily solved to high accuracy by the ellipsoid method. In
our numerical expelriment,5 the outlined approach allowed to solve (27) within €gyq-
inaccuracy as small as 5.0e-9 in just 1537 steps of the ellipsoid algorithm (110.0s on
a mid range laptop). This performance is quite promising, especially when taking into
account huge—nearly 10!'—sizes of the matrix game of interest (27).

3 From Saddle Point Problems to Variational Inequalities with
Monotone Operators

In what follows, we extend the decomposition approach (developed so far for convex—
concave SP problems) to variational inequalities (VIs) with monotone operators, with
the primary goal to handle VIs with affine monotone operators on LMO-represented
domains.

5 For implementation details, see Sect. 1.
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3.1 Decomposition of Variational Inequalities with Monotone Operators
3.1.1 Preliminaries

Recall that the (Minty’s) variational inequality VI(M, W) associated with a convex
and compact subset W of Euclidean space W and a vector field M : W — W is

findweW: Mw),w —w)>0 Yw e W; (VIIM,W))

w satisfying the latter condition is called a weak solution to the VI. A natural measure of
inaccuracy for an approximate solution w € W to VI(M, W) is the dual-gap function

evi(w|M, W) = sup (M(w'), w — w');

w'eWw

weak solutions to the VI are exactly the points of W where this (clearly nonnegative
everywhere on W) function is zero.
In the sequel, we utilize the following simple fact originating from [20]:

Proposition 3.1 Let M be monotone on W, let
I ={w;e W, M(w;) : 1 <i <t}

be a t-step execution protocol associated with (M, W), A be a t-step accuracy certifi-
cate, and w' = Z;Zl Aiw; be the associated approximate solution. Then,

evi(w'|M, W) < Res(Zy, A|W).

Proof We have

w'eWw

t
Res(Z;, A|W) = sup |:Z A{M (w;), w; — w/):|

i=1

v

t
sup Zki(M(w’), w; — w') | [since M is monotone]
weWw | ;-
= sup (M(w'), w' —w') = eyi(w'|M, W).

w'eWw
3.1.2 Situation
Let X, H be Euclidean spaces, ® C X x H be convex and compact set, E be the

projection of ® onto &X', and H be the projection of ® onto H. Given & € E, n € H,
we set

He ={n:[5:n]eB}), E,={ck:[5:n] Ol

@ Springer



J Optim Theory Appl (2017) 172:402-435 421

We denote a point from X' x H as 0 = [§; n] with & € X, n € H. Let, further,

be a continuous and monotone vector field.
Let& € E, and let 7 = 77(£) be a somehow selected, as a function of £ € E, strong
solution to the VI given by (Hg, @, (&, n)), that is,

n(&) € He & (P, (§.7(5)). n —7(§)) =0 Vn € H;. 3D

Let us call @ (more precisely, the pair (@, 17(-))) n-regular, if for every £ € &, there
exists ¥ = ¥ (&) € X such that

(W), 8" —&) <(PE7E), £ 0T 157D VIE:n1e6. (32

Similarly, let £(n) be a somehow selected, as a function of € H, strong solution to
the VI given by (B, @,(§, )), that is,

E(n) € By & (De(E(m), m), & —Em) =0 V& € E,. (33)

Let us call (@, £(-)) &-regular, if for every n € H, there exists I' = I'(n) € H such
that

(T, n" =) < (@Em,m, [E5 01— [Em:nl) VIE n1e®. (34

When (@, 1) is n-regulgr, we refer to the above ¥ (+) as to a primal vector field induced
by ®.° and when (@, &) is &-regular, we refer to the above I'(-) as to a dual vector
field induced by @.

Example 3: Direct product case. This is the case where ® = E x H. In this situation,
setting ¥ (§) = ¢ (&, 77(§)), we have for [§'; '] € ©:

(@E7E, £ 01— [5:7E)]) = (Pe(€,7(E)), & — &) + (@&, 7(E), 0" —7(&))
=(¥(§).§'-¢) >0 Vn'eHg=H

> (P(§), & —8),

thatis, (@, 77(-)) is n-regular, with ¥ (§) = @z (&, 7(£)). Setting T () = @, (1), n),
we get by similar argument

(@EM), [E5 0T —1E: 1) = (T, —n),n,n € H,

that is, (@, £(-)) is &-regular, with T'() = ®,(E (1), n).

6 «q primal” instead of “the primal” reflects the fact that ¥ is not uniquely defined by ®@—it is defined by
@ and 7 and by how the values of ¥ are selected when (32) does not specify these values uniquely.
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3.1.3 Main Result: Variational Inequality Case

Proposition 3.2 In the situation of Sect. 3.1.2, let (D, 7(-)) be n-regular. Then,

—~

(1) Primal vector field W (§) induced by (®,7(-)) is monotone on E. Moreover,
wheneverZ; = {§ € E,W(§) : 1 <i <t}and J;, = {6; :=[§: ()], @6;) : 1 =<
i <t}and A is at-step accuracy certificate, it holds s

t
evi (Z 2i0;|®, ©) < Res(J;, 1|©) < Res(Z;, 1| :) (35)
i=1

(ii) Let (D, &) be &-regular, and let T be the induced dual vector field. Whenever
0 = [&;7] € ©, we have

evi@|T, H) < evi(@]®, ©). (36)

3.2 Implications

In the situation of Sect. 3.1.2, assume that for properly selected 7(-), §(~), (@,1(-)
is n-regular, and (&, £(-)) is &-regular, induced primal and dual vector fields being ¥
and I'. In order to solve the dual VIVI(I", H), we can apply to the primal VIVI(¥, E)
an algorithm with accuracy certificates; by Proposition 3.2.1, resulting 7-step execution
protocol Z; = {&;, W (&) : 1 <i <t} and accuracy certificate A generate an execution
protocol

Ji ={0; == [&i; ()], @(0;) : 1 =i <1} such that

Res(J;, A|®) < Res(Z;, 1| B),

whence, by Proposition 3.1, for the approximate solution
T 1
0' =& 0= D hibi = D hil&i: (&)
i=1 i=1

it holds

evi(0'|®, ©) < Res(Z;, A|E).

Invoking Proposition 3.2.ii, we conclude that n’ is a feasible solution to the dual VI
VI(I", H), and

evi(n'|T, H) < Res(Z;, A|E). (37)

We are about to present two examples well suited for the just outlined approach.
3.2.1 Solving Affine Monotone VI on LMO-Represented Domain

Let H be a convex and compact set in H = R, and let H be equipped with an LMO.
Assume that we want to solve the VI VI(F, H), where
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F(n)=Sn+s

is an affine monotone operator (so that § 4+ S7 > 0). Let us set X = H, select E as a
proximal-friendly convex and compact set containing H, and set ® = E x H,

@(é,n)=£‘%[ﬂ+[s}

S

(here and in what follows blank fields in matrices/vectors represent zero blocks). We

have
T
S+8T = [ﬁ'i] >0,

so that @ is an affine monotone operator with
Pe(5.m) = S"E — ST,
Py (&, 1) = S& +5.

Setting &() = 1, we ensure that £(7) € E when n € H and ®:(E(n),n) = 0,
implying (33). Since we are in the direct product case, we can set

() =®,EMm.n) =Sn+s=F®);
thus, VI(T", H) is our initial VI of interest. On the other hand, setting

7(§) € Argmin (S§ + s, 1),
neH

we ensure (31). Since we are in the direct product case, we can set
W (E) = e (E,7(8) = STIE —T(E)];

note that the values of ¥ can be straightforwardly computed via calls to the LMO
representing H. We can now solve VI(¥, E) by a proximal algorithm B with accu-
racy certificates and recover, as explained above, approximate solution to the VI of
interest VI(F, H). With the non-Euclidean restricted memory level method with cer-
tificates [17] or Mirror Descent with certificates (see, e.g., [1]), the approach results in
nonasymptotical O (1/+/t)-converging algorithm for solving the VI of interest, with
explicitly computable factors hidden in O(-). This complexity bound, completely sim-
ilar to the one obtained in [1], seems to be the best known under the circumstances.

3.2.2 Solving Skew-Symmetric VI on LMO-Represented Domain

Let H be an LMO-represented convex and compact domain in H = R" and assume
that we want to solve VI(F, H), where
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F(n) =20TPn+f:H—>H
with K x N matrices P, Q such that the matrix Q7 P is skew-symmetric:
o'p+Plo=0. (38)
Let X = RX x RX andlet E;, E, be two convex and compact sets in RX such that
QH C E;,—PH C &;. (39)

Letus set E = E1 x &, and let

Ix |P &1
D& =[&;8]Ln=| —Ik 0 & | +
N n f

Note that @ is monotone and affine. Setting

&) =[0n; —Pn]

and invoking (39), we ensure (33); since we are in the direct product case, we can
take, as the dual induced vector field,

r'(n) = ®,Em),n) =—-PL(Qn) — QT (—Pn) + f
=[Q"P —PTQIn+f = 20" Pn+ f=F(,

by (38)

so that the dual VI, VI(I", H), is our VI of interest.
On the other hand, setting

T(E =[&1; &) € Argrgin (f —PTer — 0Te, ),
ne

we ensure (31). Since we are in the direct product case, we can define primal vector
field as
— £ _ CE1 F(TE _| &+ P7)

Note that LMO for H allows to compute the values of ¥, and that E can be selected
to be proximal-friendly. We can now solve VI(¥, E) by a proximal algorithm B with
accuracy certificates and recover, as explained above, approximate solution to the VI
of interest VI(F, H). When the design dimension dim E of the primal VI is small,
other choices of B, like the ellipsoid algorithm, are possible, and in this case we can
end up with linearly converging, with the converging ratio depending solely on dim &,
algorithm for solving the VI of interest. We are about to give a related example, which
can be considered as multi-player version of the “attacker vs. defender” game.
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3.3 Nash Equilibrium with Pairwise Interactions

Consider the situation as follows: there are

— L > 2players, £th of them selecting a mixed strategy w, from probabilistic simplex
Ay, of dimension N,

— encoding matrices Dy of sizes my x Ny, and loss matrices M of sizes myg X mys
such that

MY =0, MY = M9 1 <00 <L.

— The loss of ¢th player depends on mixed strategies of the players according to

L
Loi=Twis..;we)) = > wi ECwy, EY = D{ M"“ Dy + (g0, m).
=1

In other words, every pair of distinct players £, £’ is playing matrix game with
matrix M”,, and the loss of player ¢, up to a linear in [wy; ...; wr] function, is
the sum, over the pairwise games he is playing, of his losses in these games, the
“coupling constraints” being expressed by the requirement that every player uses
the same mixed strategy in all pairwise games he is playing.

We have described convex Nash equilibrium problem, meaning that for every ¢,
Le(wy, ..., wy) is convex (in fact, linear) in wy, is jointly concave (in fact, linear) in
w = (wy, ..., we_1, Weg1, ..., wr),and 25:1 L¢(n) is the linear function (g, 1),
g=>> ¢ 8¢, and thus is convex. Itis known (see, for example, [20]) that Nash equilibria
in convex Nash problem are exactly the weak solutions to the VI given by monotone
operator

Fn:=lwys...;wr]) = [V, Li(m); ... Vi, L ()]
on the domain

H=AyN XX Ayp,.

Let us set
Dy M“'Dy M'2D, ... M"ED,
1 D, M>'Dy M*2D, ... M*LDy
Q := N 9 P = . .
2 . : : . e
Dr MY'Dy ME2D, . MEE D)
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Then,
pI'm“'p, DIM'?D, ... DTM'LD,
. 1| bIm*'D, DIM>*?D, ... DIM'LD,
o'P = :
2 : : "
DI'mMY1py DI ME2D, ... DTMEED,
so that Q7 P is skew-symmetric due to M% = —[M*¢]T. Besides this, we clearly
have
F(p:=[wi;...;w,]) =20" P+ f,
=0V lg, [wis...;wrls ... Vi, (g, [wis ... we D]
Observe that, if Dy, ..., Dy are simple, then so are Q and P.

Indeed, for Q this is evident: to find the column of Q which makes the largest
inner product with x = [xy;...; xr], dim x; = my, it suffices to find, for every
£, the column of Dy which makes the maximal inner product with x¢, and then
to select the maximal of the resulting L inner products and the corresponding to
this maximum column of Q. To maximize the inner product of the same x with
columns of P, note that

L L
SP= 1> A M DD MY DL
(=1 (=1
— —
i i

so that to maximize the inner product of x and the columns of P means to find,
for every ¢, the column of D, which makes the maximal inner product with
ye, and then to select the maximal of the resulting L inner products and the
corresponding to this maximum column of P.

We see that, if D, are simple, then we can use the approach from Sect. 3.2.2 to
approximate the solution to the VI generated by F on H. Note that, in the case in
question, the dual-gap function e\/l(n‘F , H) admits a transparent interpretation in
terms of the Nash equilibrium problem we are solving: for n = [wy;...; wr] € H,
we have

evi(n|F, H) = eNasn(1) “0)
L .

=2 [ﬁe(n) —miny ey, Le(wi, ..., we-t, Wy, Wyl - -, wL)] )

and the right-hand side here is the sum, over the players, of the (nonnegative) incentives

for a player ¢ to deviate from his strategy w, to another mixed strategy when all other

players stick to their strategies as given by n. Thus, small ey ([wy; .. .; wr]|-, -) means

small incentives for the players to deviate from mixed strategies wy.
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Verification of (40) is immediate: denoting f; = V,,,(g¢, w), by definition of
ey we have for every ' = [w{;...;w}] € H:

evi|F, H) = (F('),n — ') = 2o (Vu, Le(), we — w))
= Zz(fi, we — LU%) + Zg,[(D@TMM Df’w/;u Wy — w@

Since ZU/(DZTMMDpzy, z¢) = 0 due to MY = —[MY4]T, one get

evi|F, H) = 3 (fo. we — w)) + 3 o (DT M Dpwyr, we — w))
=2 oV, L), we —wy) ="y [Le(n) — Le(wr, ..., we_1, Wy, Wy, ..., wL)]
[recall that £, is affine in wy]

and (40) follows.

3.4 Relation to [1]

Here we demonstrate that the decomposition approach to solving VIs with monotone
operators on LMO-represented domains cover the approach, based on Fenchel-type
representations, developed in [1]. Specifically, let H be a convex and compact set in
Euclidean space H = RY, G(-) be a monotone vector field on H, and n+— Ax+abe
an affine mapping from 7 to Euclidean space X = RM . Given a convex and compact
set 2 C X, letussetfor® = E x H,

(e, ) = [Pel6, ) i= An+a; (6, m) == GO — ATE] 1 © > X x H, (4D)

so that @ clearly is a monotone vector field on ®. Assume that7(§) : € — H isa
somehow selected strong solution to VI(®,(§, -), H), see (31):

VEE€E () e H& (GOE) —ATE,n—T(§) 20 Vne H;  (42)
=(®y(€.7(E).0—71(6)

note that required 7(§) deﬁxgtely exists, provided that G(-) is continuous and
monotone. Let us also define £(n) as a selection of the point-to-set mapping 1 —
Argmin (An + a, &), so that, see (33),

E€E

VneH:En) € E& (An+a, &6 —E()) >0, VEekE. (43)
=(®: EM),n).E—E®M))

Observe that with the just defined &, H, ®, @, 7(-), §(-) we are in the direct product
case of the situation described in Sect. 3.1.2. Since we are in the direct product case,
(@, 71(-)) is n-regular, and we can take, as the induced primal vector field associated
with (@, 77(+)), the vector field
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V(E)=AnE)+a=D:(&, (&) E— X, (44)
and as the induced dual vector field, the field

T =Gm) —ATE(m) = ,Em),m) - H > X.

Note that in terms of [1], relations (44) and (42), modulo notation, form what in
the reference is called a Fenchel-type representation of vector field ¥ : E — X, the
data of the representation being H, A, a, 71(-), G(-), H. On a closer inspection, every
such representation of a given monotone vector field ¥ : & — X can be obtained in
this fashion from some setup of the form (41).

Assume now that E is LMO-representable, and we have at our disposal G-oracle
which, given on input n € H, returns G(n). This oracle combines with LMO for E to
induce a procedure which, givenoninputn € H,returns I"(n). As aresult, we can apply
the decomposition machinery presented in Sects. 3.1, 3.2 to reduce solving VI(¥, E)
to processing VI(I", H) by an algorithm with accuracy certificates. It can be easily seen
by inspection that this reduction recovers constructions and results presented in [1,
Sections 1-4]. The bottom line is that the developed in Sects. 3.1, 3.2 decomposition-
based approach to solving VIs with monotone operators on LMO-represented domains
essentially covers the developed in [ 1] approach based on Fenchel-type representations
of monotone vector fields.”
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Appendix

Proof of Lemma 2.1 1t suffices to prove the ¢-related statements. Lipschitz continuity
of ¢ in the direct product case is evident. Furthermore, the function 6 (x1, x2; y;) =

n}a? ]¢(x1, X2; Y1, ¥2) is convex and Lipschitz continuous in x = [x1; x2] € X for
Y2€121Y1
every y; € Y1, whence

¢(x1,y1) = min  0(x1, x2; y1)
x2€X2[x1]

is convex and lower semicontinuous in x| € X (note that X is compact). On the other
hand,

(x1,y1) = max  min D(x1,x2; ¥1, y2)
¢ Y neYalyr] xaeXa[x1] Iy
= max |x(x;;y1, )= min D(xy,xz; yl,yz)],
neYalyil x2€Xo[x1]

7 “covers” instead of “is equivalent” stems from the fact that the scope of decomposition is not restricted

to the setups of the form of (41).
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so that x (x1; y1, y2) is concave and Lipschitz continuous in y = [y;; y2] € Y for
every x1 € X1, whence

¢(x1,y1) = max x(x1;y1,y2)
neYalyi]

is concave and upper semicontinuous in y; € Y7 (note that Y is compact).
Next, we have

SadVal(¢, X1, X2) = inf | sup sup inf D(x1,x2; Y1, Y2)
XEXL | yievr [ yalyizynley x2lxinleX
= inf su inf  @(xy,x2; y1, y2)
x1€X] |:[y];y2£])eyx2:[x1;xz]ex Iy
= inf inf sup @ (x1, x2; y1, y2) | [by Sion-Kakutani Theorem [19]]
x1€X1 xz:[xl;xz]EX[y];yz]Ey

= inf sup @ (x1, x2; y1, y2) = SadVal(®, X, Y),
[x1:x2]€X [y ys)ey

as required in (2). Finally, let x = [x1; X2] € X and y = [y1; y2] € Y. We have

@(¥1) — SadVal(¢. Xy, Y1) = (%)) — SadVal(®, X, ¥) [by (2)]
= sup ¢(x1,y1) — SadVal(®, X, Y)
YI€Y]
sup sup inf @ (X1, X2; Y1, Y2)
YIEY] yailyiiynley X2l¥inleX
—SadVal(®, X, Y)

= sup inf @ (X1, x2; y1, y2) — SadVal(®, X, V)
[y1:y2]ey X2:[X1;x2]€X
= lnf Sup @(il , X2, y) —_ SadVal(¢, X, Y)

xo:[Xx2leX y—[y:y,]ey

< sup P, F2; y) — SadVal(®, X, Y)
y=[yi;y2]€Y

= @ (xX) — SadVal(®, X, Y)

and

SadVal(¢, X1, Y1) — ¢(y1) = SadVal(®, X, Y) — ¢(y1) [by (2)]
= SadVal(®, X, Y) — ing d(x1,y1)
X1€X]

— SadVal(®, X, Y)

— inf[ inf sup ¢>(X1,X2:§1,y2)}

MEXT | 222X vy 5y ey
= SadVal(®, X,Y)— inf sup D(x; y1, )
r=lvnleX yifjiipnler

< SadVal(®, X,Y) — inf D(x; y1, M)

x=[x1;x2]eX

— SadVal(®, X, Y) — & ().
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We conclude that

€sad ([X15 Y1]|¢p, X1, Y1) = [@(x1) — SadVal(¢, X1, Y1)]
+ [SadVal(¢, X,Y) — Q()_’l)]
< [®(¥) — SadVal(®, X, Y)] + [SadVal(®, X, Y) — & ()] =€sa([X: 71| @, X, V),

as claimed in (3). O

Proof of Lemma 2.2 For x| € X1, we have

¢(x1;y1) = min max  P(xy,x2;y1,y2) = min D(xy, x2; Y1, ¥2)
xa:[x1;x2]€X ya:[y1;y21€Y xa:[x;x2]€X

> min [ ®(F ) +(G, [x1; x2] — [¥1; Ba21])
x:xpix]eX T ——
¢ (x1;31))
[since @ (x; y) is convex and G € 0, P (x; y)]
> ¢ (x1; y1) + (g, x1 — X1) [by definition of g, G,
as claimed in (a). “Symmetric” reasoning justifies (b). O

Proof of Lemma 2.3 Assume that (5) holds true. Then, G clearly is certifying, imply-
ing that

xG(x1) = (G, [x1; x21),
and therefore (5) reads
(G, [x13 x2]) = xg(x1) + (g, x1 —X1) Vx = [x1;x2] € X,
where taking minimum in the left-hand side over x, € Xs[x1],
xc(x1) = xc(x1) + (g, x1 —x1) Vx1 € Xy,
as claimed in (ii).
Now assume that (i) and (ii) hold true. By (i), xg(x1) = (G, [x1; X2]), and by (ii)

combined with the definition of xg,

Vx = [x1;x2] € X (G, [x15 x2]) = xc(x1) = xc(X1) + (g, x1 — X1)
= <G7)E> + <g1x1 _)El>’

implying (5). O

Dynamic Programming-Generated Simple Matrices

Consider the situation as follows. There exists an evolving in time system S, with state
&g attime s = 1,2, ..., m belonging to a given finite nonempty set E;. Furthermore,
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every pair (§,s) withs € {1,...,m}, & € E; is associated with nonempty finite set
of actions Ag, and we set

Sy ={(E.a): & € By, a € AY).

Furthermore, for every s, 1 < s < m, a transition mapping 75(§, a) : Sg — Egsy1 18
given. Finally, we are given vector-valued functions (outputs™) xs : Ss — R's.

A trajectory of S is a sequence {(&, as) : 1 < s < m} such that (&, a;) € S, for
1 <s <mand

&1 =ms(&5,a5), 1 <5 <m.

The output of a trajectory T = {(&;, a5) : | <s < m} is the block vector

xltl=0aGnan); o5 xmGm, am)l.

We can associate with S the matrix D = D[S] with K = r{ + - -+ + r;;, rows and
with columns indexed by the trajectories of S; specifically, the column indexed by a
trajectory 7 is x[t].

For example, knapsack-generated matrix D associated with knapsack data from
Sect. 2.6.2 is of the form D[S] with system S as follows:
— Bs,5 = 1,...,m,is the set of nonnegative integers which are < H;
- Ag is the set of nonnegative integers a such thata < py and & — hgps > 0O;
— the transition mappings are w5 (§, a) = & — ahy;
— the outputs are xs(§,a) = fi(a), 1 <s <m.

Inthe notation of Sect. 2.6.2, vectors [p1; . . .; pm] € P are exactly the sequences
of actions ay, .. ., a, stemming from the trajectories of the just defined system
S.

Observe that matrix D = D[S] is simple, provided the cardinalities of E; and A‘g are
Easonable. Indeed, given x = [x1;...; xp] € R" =R x --- x R we can identify
DI[x] by dynamic programming, running first the backward Bellman recurrence

Us(§) = ng-]’s {XSTXS(E, a) + Usy1(7s (8, a))}
asiy

Ay (&) = Argmax {x] x5 (&, a) + Ugy1 (5§, 2)) }
aeAg

,EelB,s=mm—1,...,1
(where Uy, 4+1(+) = ( 0), and then recovering the (trajectory indexing the) column of D
corresponding to D[x] by running the forward Bellman recurrence

§1 € Argmaxg.g Ui(§) = a1 € A1(§1) = -+

s=1,2,...,m—1.
= &1 =m5s,a5) = agp1 € Agp1541) = - -
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Attacker Versus Defender Via Ellipsoid Algorithm

In our implementation,

1. Relation (39) is ensured by specifying U, V as centered at the origin Euclidean
balls of radius R, where R is an upper bound on the Euclidean norms of the
columns in D and in A (such a bound can be easily obtained from the knapsack
data specifying the matrices D, A).

2. We process the monotone vector field associated with the primal SP problem (30),
that is, the field

F(u,v) = [Fy(u,v) = Alu] = v; Fy(u, v) = u — D[v]]

by ellipsoid algorithm with accuracy certificates from [20]. Fort =1, 2, ..., the
algorithm generates search points [u; v;] € RX x RX with [u;; v1] = 0, along
with execution protocols Z% = {[u;; v;], F(u;, v;) :i € Iy}, where I; = {i < T :
[ui; vi] € U x V}, augmented by accuracy certificates AT = {kf >0:1i € I}
such that > A7 = 1. From the results of [20], it follows that for every € > 0
it holds

iel;

R
T > N(e) := O(DK*In (2i) = Res(Z",A'|U x V) <e.  (45)
€

3. When computing F(u;, v;) (this computation takes place only at productive
steps—those with [u;; v;] € U x V), we get, as a by-product, the columns
A" = A[u;] and D' = DJv;] of matrices A, D, along with the indexes a,d of
these columns (recall that these indexes are pure strategies of attacker and defender
and thus, according to the construction of A, D, are collections of m nonnegative
integers). In our implementation, we stored these columns, same as their indexes
and the corresponding search points [u;; v;]. As is immediately seen, in the case
in question the approximate solution [w?; z*] to the SP problem of interest (27)
induced by execution protocol Z* and accuracy certificate A is comprised of two

Sparse vectors
wh =D AT8D. =D arsh, (46)

iel; iely

where § 5 is the “dth basic orth” in the simplex Ay of probabilistic vectors with
entries indexed by pure strategies of defender, and similarly for 8(;‘. Thus, we have
no difficulties with representing our approximate solutions,® in spite of their huge
ambient dimension.

According to our general theory and (45), the number of steps needed to get
an e-solution [w;z] to the problem of interest (i.e., a feasible solution with
€sad ([w; z] ]1//, W, Z) < ¢€) does not exceed N (¢), with computational effort per step
dominated by the necessity to identify A[u;], D[v;] by dynamic programming.

8 Note that applying Carathéodory theorem, we could further “compress” the representations of approxi-
mate solutions—make these solutions convex combinations of at most K + 1 of § g s and ‘Sfi S.
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In fact, we used the outlined scheme with two straightforward modifications.

— First, instead of building the accuracy certificates A” according to the rules from
[20], we used the best, given execution protocols Z%, accuracy certificates by
solving the convex program

min 1 Res(Z AU x V).-yg[lja))((‘/%;)»i<F(ui, vi), [wiz vil—y) 1 4 >0, ,«;M =1}.
(47)
In our implementation, this problem was solved once per 4K? steps. Note that
with U, V being Euclidean balls, (47) is a Conic Quadratic Problem and may be
solved using, e.g., CVX [27].
— Second, given current approximate solution (46) to the problem of interest, we
can compute its saddle point inaccuracy exactly instead of upper-bounding it by
Res(Z7, AT | U x V). Indeed, it is immediately seen that

€sad (W™ 27 1|9, W, Z)=Max | AT Z}\;D" —Min | DT ZA}Ai

iel; iel;

In our implementation, we performed this computation each time when a new
accuracy certificate was computed, and terminated the solution process when the
saddle point inaccuracy became less than a given threshold (1.e-4).

Proof of Proposition 3.2 (i): Let &, & € E, and let n; = 17(&1), 2 = 17(&2). By (32),

we have

(W(&), & — &) = (D2, ), [&2— &2 — mi)),
(W), 61— &) = (PE1, 1. 61 — & m — n2)).

Summing inequalities up, we get

(W(52) =W (81). 62— &1) = (P52, m2) — P(&1.m1), [E2 —&1sm2 —m]) = 0,

so that ¥ is monotone.

Furthermore, the firstinequality in (35) is due to Proposition 3.1. To prove the second
inequality in (35),letZ; ={& € E, ¥ (&) : 1 <i <t}, T ={0; := [&;1(&)], D)) :
1 <i < t}, and let A be ¢-step accuracy certificate. We have

0=1[5ne®=

S A PO, 0 — 0) < DU_ M (W), & — &) [see (32)]
<Res(Z;, 1| E)
= Res(Jr. A|©) = supy_z.jco 2im Ai(P(6)). 6; — ) < Res(Z;, A|E).

(i) is proved.
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(i1): Let n € H. Invoking (34), we have

(T, 7 —n) < (@Em), n), [&; 71 — [Em: n]) < evi@]P, ©),

and (36) follows. O
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