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Abstract. In this paper we analyze the iteration complexity of the hybrid proximal extragradient
(HPE) method for finding a zero of a maximal monotone operator recently proposed by Solodov and
Svaiter. One of the key points of our analysis is the use of new termination criteria based on the
e-enlargement of a maximal monotone operator. The advantage of using these termination criteria
is that their definition do not depend on the boundedness of the domain of the operator. We then
show that Korpelevich’s extragradient method for solving monotone variational inequalities falls in
the framework of the HPE method. As a consequence, using the complexity analysis of the HPE
method, we obtain new complexity bounds for Korpelevich’s extragradient method which do not
require the feasible set to be bounded, as assumed in a recent paper by Nemirovski. Another feature
of our analysis is that the derived iteration-complexity bounds are proportional to the distance of
the initial point to the solution set. The HPE framework is also used to obtain the first iteration-
complexity result for Tseng’s modified forward-backward splitting method for finding a zero of the
sum of a monotone Lipschitz continuous map with an arbitrary maximal monotone operator whose
resolvent is assumed to be easily computable. Also using the framework of the HPE method, we
study the complexity of a variant of a Newton-type extragradient algorithm proposed by Solodov
and Svaiter for finding a zero of a smooth monotone function with Lipschitz continuous Jacobian.
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1. Introduction. A broad class of optimization, saddle point, equilibrium, and
variational inequality (VI) problems can be posed as the monotone inclusion problem,
namely: finding  such that 0 € T'(z), where T is a maximal monotone point-to-set
operator. The proximal point method, proposed by Rockafellar [21], is a classical iter-
ative scheme for solving the monotone inclusion problem which generates a sequence
{1} according to

T = (/\kT + I)_l(xk_l).

It has been used as a generic framework for the design and analysis of several im-
plementable algorithms. The classical inexact version of the proximal point method
allows for the presence of a sequence of summable errors in the above iteration, i.e.,

loe = T + D) Haron)| <ew, Y er < oo
k=1
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Convergence results under the above error condition have been establish in [21] and
have been used in the convergence analysis of other methods that can be recast in the
above framework.

New inexact versions of the proximal point method, with relative error criteria
were proposed by Solodov and Svaiter [22, 23, 25, 24]. In this paper, we will concern
ourselves with one of these inexact versions of the proximal point method introduced
in [22], namely the hybrid proximal extragradient (HPE) method. In contrast to
[22], which studies only global convergence of the HPE method, we establish in this
paper its iteration complexity. One of the key points of our analysis is the use of a
new termination criterion based on the e-enlargement of 7' introduced in [2]. More
specifically, given € > 0, the algorithm terminates whenever it finds a point § and a
pair (7, &) such that

(1) veT(y),  max{|v],e} <e.

For each x, T¢(x) is an outer approximation of 7T'(z) which coincides with T'(x) when
¢ = 0. Hence, for ¢ = 0 the above termination criterion reduces to the condition
that 0 € T'(z). The e-enlargement of maximal monotone operators is a generalization
of the e-subgradient enlargement of the subdifferential of a convex function. The
advantage of using this termination criterion is that it does not require boundedness
of the domain of T. Another feature of our analysis is that the derived iteration
complexity bounds are proportional to the distance of the initial point to the solution
set. Results of this kind are known for minimization of convex functions but, to
the best our knowledge, are new in the context of monotone VI problems (see, for
example, [19]).

We then establish a new result showing that Korpelevich’s extragradient method
for solving VI problems is a special case of the HPE method. This allows us to
obtain an O(dy/e) iteration complexity for termination criterion (1), where dy is
the distance of the initial iterate to the solution set. Since, together with every
iterate gk, the method also generates a pair (o, &x) so that (1) can be checked, there
is no need to assume the feasible set to be bounded or to estimate dy. We also
translate (and sometimes strengthen) the above complexity results to the context
of monotone VI problems with linear operators and/or bounded feasible sets, and
monotone complementarity problems.

The HPE framework is also used to obtain the first iteration-complexity result
for Tseng’s modified forward-backward splitting (MF-BS) method [27] for finding a
zero of the sum of a monotone Lipschitz continuous map with an arbitrary maximal
monotone operator whose resolvent is assumed to be easily computable.

Also using the framework of the HPE method, we study the complexity of a
variant of a Newton-type extragradient algorithm proposed in [22] for finding a zero
of a smooth monotone function with Lipschitz continuous Jacobian.

Previous papers dealing with iteration-complexity analysis of methods for VIs
are as follows. In [14], a unifying geometric framework based on the ellipsoid method
ideas is presented for VIs with bounded feasible sets and co-coercive (also know as
strong-f-monotone) maps. Bundle-type methods for solving VIs with bounded fea-
sible sets and/or bounded variation maps are studied in [6, 12]. Nemirovski [15]
studies the complexity of Korpelevich’s extragradient method under the assumption
that the feasible set is bounded and an upper bound of its diameter is known. Nes-
terov [18] proposes a new dual extrapolation algorithm for solving VI problems whose
termination depends on the guess of a ball centered at the initial iterate. Finally,
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asymptotic convergence rate results for extragradient-type methods are thoroughly
discussed in [7, 10, 26].

This paper is organized as follows. In section 2, we review the definition and
some of the basic properties of the e-enlargement of a point-to-set operator and state
some new results about the e-enlargement of a monotone Lipschitz continuous map.
Section 3 introduces two notions of approximate solutions for the VI problem. It
also discusses how the monotone VI problem can be viewed as a special instance of
the monotone inclusion problem and interprets the above two notions of approximate
solutions in terms of criterion (1). The HPE method is reviewed in section 4, where
its general iteration complexity is also derived. In section 5, we derive iteration-
complexity results for Korpelevich’s extragradient method to obtain different types of
approximate solutions, even for the case of unbounded feasible sets. In subsections 5.1
and 5.2, we obtain other complexity results for Korpelevich’s method under different
assumptions on the function (e.g., linearity) and the feasible set (e.g., conic and/or
bounded set) of the VI problem. In section 6, we consider a particular version of
Tseng’s (MF-BS) method [27], review the result of [22] that it can be viewed as a
particular case of the HPE method, and use this fact to derive, for the first time, its
iteration complexities for finding different types of approximate solutions. In section 7,
we study the iteration complexity of a Newton-type proximal extragradient method
for solving a monotone smooth nonlinear equation. In section 8, we conclude our main
presentation by providing some concluding remarks. Finally, we review in Appendix A
other notions of error measures and discuss their relationship with the error measures
used in the main presentation of the paper.

Notation. Throughout this paper, we let R™ denote an n-dimensional space with
inner product and induced norm denoted by (-,-) and || - ||, respectively.

2. The e-enlargement. Since our complexity analysis is based on the e-en-
largement of a monotone operator, in this section we give its definition and review
some of its properties. We also derive new results for the e-enlargement of Lipschitz
continuous monotone operators.

A point-to-set operator T : R™ = R"™ is a relation 7' C R™ x R™ and

T(x) ={veR"|(z,v) € T}.

Alternatively, one can consider T' as a multivalued function of R™ into the family
o(R™) = 2(®") of subsets of R”. Regardless of the approach, it is typical to identify
T with its graph,

Gr(T) ={(z,v) e R" xR" | v € T(x)}.
An operator T : R® = R"™ is monotone if
(v—0,2—2)>0 Y(z,v), (Z,0) € Gr(T),

and T is mazimal monotone if it is monotone and maximal in the family of monotone
operators with respect to the partial order of inclusion, i.e., S : R™ = R™ monotone
and Gr(S) D Gr(T') imply that S =T.

In [2], Burachik, Iusem, and Svaiter introduced the e-enlargement of maximal
monotone operators. Here, we extend this concept to a generic point-to-set operator
in R™. Given T : R™ = R"™ and a scalar ¢, define T° : R™ = R" as

(2) T¢@@)={veR"|{(x—ZF,v—0)> - VEeR" VoeT(z)} VzeR"
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We now state a few useful properties of the operator T that will be needed in
our presentation.

PRrROPOSITION 2.1. Let T, 7' : R® = R™. Then,

(a) if e1 < eq, then T (x) C T2 (x) for every x € R";
(b) T(x) 4+ (T")¢ (z) C (T + T") (x) for every x € R and ¢’ € R;
(c) T is monotone if and only if T C T°;
(d) T is mazimal monotone if and only if T = T°;
(e) if T is maximal monotone, {(zk,vk,ex)} C R™ x R™ x Ry converges to

(Z,7,€), and vy, € T®*(xy) for every k, then v € T*(Z).

Proof. Statements (a), (b), (c), and (d) follow directly from definition (2) and the
definition of (maximal) monotonicity. For a proof of statement (e), see [4]. O

We now make two remarks about Proposition 2.1. If T" is a monotone operator
and € > 0, it follows from (a) and (d) that T¢(z) D T'(x) for every x € R™, and hence
that T is really an enlargement of T'. Moreover, if T' is maximal monotone, then (e)
says that T" and T coincide when ¢ = 0.

The e-enlargement of monotone operators is a generalization of the e-subdifferen-
tial of convex functions. Recall that for a function f : R™ — R and scalar ¢ > 0, the
e-subdifferential of f is the operator 0. f : R” = R" defined as

O-f(x)={v| fly) > f(x) + (y —x,v) —e Yy € R"} Ve R"™

When € = 0, the operator 0. f is simply denoted by Of and is referred to as the
subdifferential of f. The operator df is trivially monotone if f is proper. If f is a
proper lower semicontinuous convex function, then df is maximal monotone [20]. The
conjugate of f is the function f* : R — R defined as

f*(s) = sup (s,z) — f(x) Vs€R"
xeRn”

The following result lists some useful properties about the e-subdifferential of a
proper convex function.

PROPOSITION 2.2. Let f : R® — R be a proper convex function. Then,

(a) O-f(x) C (Of)%(x) for any e > 0 and x € R™;

(b) Ocf(x) ={v |f(z) + f*(v) < (z,v) + &} for any e > 0 and x € R"™;

(c) ifvedf(x) and f(y) < oo, then v € O-f(y), where e := f(y) — [f(x) + (y —

x,v)].

Note that, due to the definition of T, the verification of the inclusion v € T¢(x)
requires checking an infinite number of inequalities. This verification is feasible only
for specially-structured instances of operators 7. However, it is possible to compute
points in the graph of T using the following weak transportation formula [3].

THEOREM 2.3 (see [3, Theorem 2.3]). Suppose that T : R™ = R"™ is maximal
monotone. Let x;,v; € R™ and ¢;,a; € Ry, fori=1,...,k, be such that

k
v €T%(xi), i=1,....k > ai=1,

and define
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Then, the following statements hold:
(a) €>0 and v € T°(Z).
(b) If, in addition, T = Of for some proper lower semicontinuous convex function
fandv; € O, f(x;) fori=1,...,k, then v € 0:f(Z).
Whenever necessary, we will identify a map F : Q@ C R™ — R™ with the point-to-
set operator F': R" = R",

Fla) = {{F(x)}, reqQ,

0 otherwise.

The following result is an immediate consequence of Theorem 2.3.
COROLLARY 2.4. Let a monotone map F : Q C R™ — R"”, points x1, ...,z € R",
and nonnegative scalars aq, .. .,ax such that Ele a; =1 be given. Define

k k

k
(4) T = Zaixi, F = ZaiF(xi), €= Zai<$i -, F(x;) — F).
i=1

i=1 =1

Then, € >0 and F € F°(z).

Proof. First use Zorn’s lemma to conclude that there exist a maximal monotone
T : R™ = R™ which extends F, that is, F' C T". To end the proof, apply Theorem 2.3
to T and use the assumption that it extends F'. O

DEFINITION 1. For a constant L > 0, the map F : Q C R™ — R" is said to be
L-Lipschitz continuous on Q if ||F(x) — F(2)|| < L||lxz — &|| for any x,% € Q.

Now we are ready to prove that, for a monotone Lipschitz continuous map F
defined on the whole space R", the distance between any vector in F¢(z) and F(x) is
proportional to /e.

ProrosITION 2.5. If F': R™ — R"™ is monotone and L-Lipschitz continuous on
R™, then for every x € R™, ¢ >0, and v € F*(x),

|F(x) - ol| < 2V,

Proof. Let v € F¢(x) be given. Then, for any & € R"™, we have

where the first inequality follows from the definition of F¢ and the Cauchy—Schwarz
inequality, and the second one from the assumption that F : R™ — R" is L-Lipschitz
continuous. Specializing this inequality for # = x + (2L)~'p, where p = v — F(z), we
obtain ||p|| < 2v/Le. a

COROLLARY 2.6. Let a monotone map F : R" — R", points x1,...,xr € R",
and nonnegative scalars aq, ..., ax such that Ele a; = 1 be given and define =, F,
and & as in Corollary 2.4. Then, € > 0 and

(5) |F(z) — F| <2VEL.

Proof. By Corollary 2.4, we have F' € F¢(z), which together with Proposition 2.5
implies that (5) holds. O

We observe that when F is an affine (monotone) map, the left-hand side of (5) is
zero in view of (4). Hence, in this case, the right-hand side of (5) is a poor estimate of
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the error F'(z) — F. We will now develop a better estimate of this error which depends
on a certain constant which measures the nonlinearity of a monotone map F.

DEFINITION 2. For a monotone map F : Q C R — R", let Nonl(F';Q2) be the
infimum of all L > 0 such that there exist an L-Lipschitz map G and an affine map
A such that

F=G+ A,

with G and A monotone.

Clearly, if F' is a monotone affine map, then Nonl(F;R™) = 0. Note also that if
F is monotone and L-Lipschitz on €, then Nonl(F; Q) < L. We note however that
Nonl(F; ) can be much smaller than L for many relevant instances. For example, if
F = G+upA, where y > 0, A is a monotone affine map and the map G is monotone and
L-Lipschitz on €, then we have Nonl(F; Q) < L. Hence, in the latter case, Nonl(F; Q2)
is bounded by a constant which does not depend on g while the Lipschitz constant of
F converges to oo as 4 — oo if A is not constant.

PROPOSITION 2.7. Let a monotone map F : R™ — R", points x1,...,xr € R",
and nonnegative scalars aq, ..., ax such that Zle a; = 1 be given and define =, F,
and & as in Corollary 2.4. Then, € > 0 and

(6) |F(z) — F|| < 2v/ENF,

where N := Nonl(F;R™).
Proof. Suppose that F' = G + A, where G is an L-Lipschitz monotone map and
A is an affine monotone map. Define

- G=Y0, 0Gw), & =1 a(Gw)- G a—1),
a=YF @), & =YF ailAw) - a,z - z).

Since G is a monotone map, it follows from Corollary 2.6 that £9 > 0 and ||G(Z)—G|| <
2v/&9L. Moreover, since A is affine and monotone, we conclude that a = A(Z) and
g% > 0. Also, noting that ' = G + a and € = &* 4+ &9 > &9, we conclude that

|F(z) = F|l = [[[G(@) + A@)] - G +al| = |G() - G| < 2L < 2VEL.

Bound (6) now follows by noting that N is the infimum of all L for G and A as
above. a

3. Approximate solutions of the VI problem. In this section, we introduce
two notions of approximate solutions of the VI problem. We then discuss how the
monotone VI problem can be viewed as a special instance of the monotone inclusion
problem and interpret these two notions of approximate solutions for the VI problem
in terms of criterion (1).

We assume throughout this section that the following assumptions hold:

(A.1) F:Q CR"” — R"is a continuous monotone map.
(A.2) X C Q is a nonempty closed convex set.

The monotone VI problem with respect to the pair (F, X), denoted by VIP(F, X),

consists of finding z* such that

(8) e X, (x—2",F(z*)) >0 VxeX.
It is well known that, under the above assumptions, condition (8) is equivalent to

9) e X, (x —2*,F(z)) >0 VrelX.
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We will now introduce two notions of approximate solutions of the VIP(F, X),
which are essentially relaxations of the characterizations (8) and (9) of an exact solu-
tion of the VI problem.

DEFINITION 3. A point x € X is an e-strong solution of VIP(F,X) if

(10) 0% (x; F) := sgg(F(x), r—y) <e,

and is an e-weak solution of VIP(F,X) if

(11) 0 (z; F) == Sgg(F(y),w—w <e.

The functions #° and —0" are referred to as the gap function and the dual gap
function, respectively, in [5]. Note that, due to the monotonicity of F, we have
0<0%(; F) <6°(-; F), and hence every e-strong solution is also an e-weak solution.

For VI problems with unbounded feasible sets, the two above notions of approxi-
mate solutions are too strong. For example, if X = R”, the set of e-strong solutions
agree with the solution set. The following definition relaxes the above notions.

DEFINITION 4. A point © € X is an (p,e)-strong solution (resp., (p,e)-weak
solution) of VIP(F, X) if, for some r € R™ such that ||| < p, x is an e-strong (resp.,
e-weak) solution of VIP(F —r, X); that is,

(12) 0°(x; F —r) =sup(F(x) —rz —y) <e,
yeX
(resp., 0“(x; F —r) =sup(F(y) —r,o —y) < E) .
yeX

Moreover, any such pair (r,e) will be called a strong (resp., weak) residual of = for
VIP(F,X).

We will provide some discussion about a (p,€)-strong solution. First, a (p,¢)-
strong solution is also a (p, €)-weak solution. Second, it will be shown in Appendix A
that, if F' is L-Lipschitz continuous, then every (p,e)-weak solution of VIP(F,X)
is also a (p + 2v/Le, e)-strong solution. Third, as opposed to other notions of ap-
proximate solutions based on some gap function, it uses two tolerances which have
very natural interpretations in the context of (monotone) complementarity problems.
Indeed, if = is a (p, €)-strong solution, then the following result, whose proof is post-
poned until the end of this section, shows that p measures the infeasibility of F'(x) with
respect to the dual cone, while € measures the size of the complementarity slackness.

PrOPOSITION 3.1. Assume that X = K, where K is a nonempty closed convez
cone. Then, T € K is a (p,e)-strong solution if and only if there exists § € K* such
that

[F(@)—dl<p, (&9 <e

We will now characterize the above notions of approximate solutions for the
VIP(F, X) in terms of e-enlargements of certain maximal monotone operators. Recall
that the normal cone operator of X is the point-to-set map Nx : R” = R™,

0, xé¢ X,

(13) NX(x):{{veR”, [y—z0) <0 eX}, aeX.
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From the above definition, it follows that (8) is equivalent to —F(2*) € Nx (z*), and
hence to the monotone inclusion problem

(14) 0 € (F+ Nx)(z*).

Note that the assumption on F' and X guarantees maximal monotonicity of F' + Nx
(see, for example, Proposition 12.3.6 of [5]).

It turns out that approximate solutions of VIP(F, X) with weak, or strong, resid-
ual (r, ) are related with certain approximate solutions of problem (14), as described
by the following result.

PROPOSITION 3.2. Let T € X and pair (r,e) € R™ x Ry be given. Then, the
following equivalences hold:

(a) (r,e) is a weak residual of T for VIP(F,X) if and only if r € (F + Nx)*(Z).

(b) (r,¢) is a strong residual of T for VIP(F,X) if and only if r € (F + N%)(Z).

Proof. (a) Using definition (2), we have that r € (F + Nx)¢(Z) is equivalent to

(x—z,F(z)+q—r)>—c VYreR" g€ Nx(x).

Taking the infimum of the left-hand side for ¢ € Nx(x) and using the fact that the
domain of Nx is X and the assumption that T € X, we conclude that this condition is
equivalent to 8% (x; F'—r) < ¢, i.e., to (r,e) being a weak residual of  for VIP(F, X).

(b) This equivalence follows from (a) with r = r — F(Z) and F = 0. O

We will now provide a different characterization for  to be an approximate so-
lution of VIP(F,X) with strong residual (r,¢) for the case when the feasible set is a
closed convex cone. We will first review a few well-known concepts.

The indicator function of X is the function dx : R® — R defined as

b (@) = {o, zeX,

oo otherwise.

The normal cone operator Nx of X can be expressed in terms of dx as Nx = 9dx.
Direct use of definition (2) and the definition of e-subdifferential shows that for f =
dx, inclusion on Proposition 2.2(a) holds as equality, i.e.,

(15) (Nx)® = 0.0.

We now state the following technical result which characterizes membership in
(Nx)® in terms of certain e-complementarity conditions.
LEmMA 3.3. If K is a nonempty closed convex cone and K* is its dual cone, i.e.,

K*={veR"|{(x,v) >0Vz € K},
then, for every x € K, we have
—q € (Nk)°(z) <= g€ K", (z,9) <e.

Proof. Since (Ng)® = 00k, it follows from Proposition 2.2(b) that the condition
—q € (Nk)?(z) is equivalent to

(0k)"(=q) = 0k (x) + (6x)"(—q) < (z,—q) +¢,

where the first equality follows from the assumption that x € K. To end the proof, it
suffices to use the fact that (0x)* = J_k-~. O
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With the aid of the above lemma, we can now give a characterization of strong
residuals of feasible points for monotone complementarity problems.

PROPOSITION 3.4. Assume that X = K, where K is a nonempty closed convez
cone. Then, (r,e) is a strong residual of T € K for VIP(F, K) if and only if

q=F@)-reK", (z.q)<c¢

Proof. This result follows as an immediate consequence of Proposition 3.2(b) and
Lemma 3.3. a

Finally, note that Proposition 3.1 follows as an immediate consequence of Propo-
sition 3.4.

4. The hybrid proximal extragradient method. Throughout this section,
we assume that T : R” == R™ is a maximal monotone operator. The monotone
inclusion problem for T is to find = such that

(16) 0€T(x).

We also assume throughout this section that this problem has a solution, that is,
T=1(0) # 0. In this section we study the iteration complexity of the hybrid proximal
extragradient method introduced in [22] for solving the above problem.
We start by stating the HPE method.
Hybrid proximal extragradient method:
0) Let 2o € R™ and 0 < ¢ < 1 be given and set k = 1.
1) Choose A; > 0 and find yg, v € R", o} € [0, 0], and & > 0 such that

(17)  op € T (yn), [IMwor + yr — i1 [|* + 2Xer < o7llye — 21| -

2) Define xy, = x—1 — Ak, set k < k+ 1, and go to step 1.
end
We now make several remarks about the HPE method. First, the HPE method
does not specify how to choose \; and how to find yi, vi, and e as in (17). The
particular choice of A\ and the algorithm used to compute yy, vi, and € will depend
on the particular implementation of the method and the properties of the operator T'.
Second, if y := (AT + I)"'ai_1 is the ezact proximal point iterate, or equivalently,

(19) AU+ y—xK_1 =0

for some v € R™, then (yi,vr) = (y,v) and e, = 0 satisfies (17). Therefore, the error
criterion (17) relaxes the inclusion (18) to v € T=(y) and relaxes (19) by allowing a
small error relative to |lyx — xx—1]|. Third, note also that due to step 2 of the HPE
method and the error criterion in (17), we have

(20) AUk + Yk — Th—1 = Yk — T, lye — 2k + 2 ker < opllyr — 1]
Before establishing the iteration-complexity results for the HPE method, we need

some technical results.
LEMMA 4.1. For every k € N,

(21) (1= 0)llyk — ze—1ll < [[Aevel < (L4 0)|lyk — 2]l
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Proof. In view of (17) and the triangle inequality for norms, we have
[IARvell = llyk — ze—1l| < Aok + g — 21| < okllye — zk-all VE €N,

which clearly implies (21). O
LEMMA 4.2. The following statements hold:
(a) For any x € R"™ and i € N,

(22) ||z = @i l? = o — @l” + 2Xi(ys — 2, 00) + [l — zical® = [l — vl
(b) For any x* € T=*(0) and i € N,
a* —aia|? > [la* —ail? + (1= o)y — zia|*.
(c) For any x* € T~1(0), the sequence {||x* — ||} is nonincreasing and
(23) fl2* —aoll> =D (1= o) gk — 2x—a® = (1= 0%) > Iy — 2|
Proof. To prove (a), let ];c:é R™ and ¢ € N. Then, =

=21 ]? = |z — @l + 2(x — w3, 2 — zica) + |25 — 2]
=z — 2 ||* + 2@ — v,z — wi1) + 2y — i, — 1) F ||z — zia ||
= |z —2ll? + 20z — yi, i — 2i1) + lyi — 2 |” — [lys — 2>
Statement (a) now follows by noting that z; — x;_1 = —A;v;, in view of step 2 of the

HPE method.
If 0 € T'(z*), then, since v; € T (y;), the definition of T implies that

(yi — 2", vi) = (yi — 2", v — 0) > —¢&;.
Using statement (a) with 2 = z*, the above inequality, and (17), we have

o = @i ||? > (o — @l = 2Niei + ys — zica I” = [l — wil?
> |lo* = @ill* + (1 = o)lly: — zia |,
which proves (b). Statement (c) follows immediately from (b) and the assumptions
0 <o; <o <1 (seesteps 0 and 1 of the HPE method). a

LEMMA 4.3. Let do be the distance of xo to T~1(0). For every a € R and every
k, there exists an i < k such that

a—2 2 o a1
= Ei3< : ) 5i<z(f(faz>< Azf )
2 =1

Proof. Define, for each k € N,

SR €0 Ve
i o2 7 (1+0)? |

Then, in view of the assumption that o, < o for all £ € N and relations (17) and
(21), we have

2 s A2 2
Tk)\meax{ exde Akl

TR < lye — x|
o, ol <l -l
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Letting * € T~1(0) be such that dy = ||z — *||, the latter inequality together with
(23) then implies that

- o o —a*|? 3
ZTJ)\J SZHyJ_mJ—lH < (1_0_2) = (1_0_2)7
j=1 j=1

and hence that

k d2
: « 0
<J’—H1171.I.1.k7—j) Z)\' = (1-02)

» j=1

The conclusion of the proposition now follows immediately from the latter inequality
and the definition of 7. 0

THEOREM 4.4. Let dy be the distance of xg to T~1(0). The following statements
hold:

(a) If A :=1inf A\ > 0, then for every k € N there exists i < k such that

1 -t 1
il < do 1—|—U < % ) < do 1—!—0’7
-0 Zj:l /\j A\/E -0
o?d? 1 o?d?
g < T S > .
20—=0?)F N 7 2(1—0%)Ak

(b) For every k € N, there exists an index i < k such that

1+o 1 0'2d2/\i
(25) ol < do L) e N
l—o \ 3% A2 21 —02)> 0 N

Jj=17"J Jj=173J

(¢) If Ype A = oo, then the sequences {yr} and {z} converge to some point
in T~1(0).
Proof. Statements (a) and (b) follow from Lemma 4.3 with o equal to 1 and 2,
respectively.
To prove (c), first note that if v; = 0 and &; = 0 for some i, then x; = y; € T~1(0)
and xy = x; for all kK > i. We may then assume that

a; = max{||vi||,e;} >0 Vi.
The assumption that Y% A? = +o0 implies that
Aj

lim max —/——— =0.
k—oo j=1,....k Zi:l /\12
Therefore, using also (25) we conclude that

lim min a; =0.
k—oo i=1,...,k

Therefore, there exists a subsequence {a;};cx which converges to 0. Lemma 4.2(c)
implies that {x}} is bounded and

(26) lim |lyx — k-1l = 0.
k—o00
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Hence, {yx} is also bounded and this implies that there exists a subsequence {y;}ici,
with K’ € K, which converges to some y*. Since lim;cxr a; = 0, using Proposi-
tion 2.1(e) we conclude that y* € T-1(0). Now use (26) to conclude that y* is an
accumulation point of {xy}. Since ||z, —y*|| is nonincreasing in view of Lemma 4.2(c),
we conclude that limy_, « |25 — y*|| = 0. In view of (26), the sequence {y;} also con-
verges to y*. O

Both Lemma 4.3 and Theorem 4.4 estimate the quality of the best among the
iterates y1, ..., yr. We will refer to these estimates as the pointwise complexity bounds
for the HPE algorithm.

We will now develop alternative estimates for the HPE method which we refer
to as the ergodic complexity bounds. The idea of considering averages of the iterates
in the analysis of gradient-type and/or proximal point—based methods for convex
minimization and monotone VIs goes back to at least the mid-seventies (see [1, 13,
17, 16]) and perhaps even earlier.

The sequence of ergodic means {g} associated with {y;} is defined as

k
1
2 Y = — ilYis h Ay = '
(27) Uk AL ;:1)\ Y where k E A

The next result, which is a straightforward application of the transportation formula,
shows that the ergodic iterate is related to the e-enlargement of T', even when ¢; = 0.
Thus, it provides a computable residual pair for g.

LEMMA 4.5. For every k € N, define

k k
1 1
(28) Vg = Tk Z)\{Ui, Ep i= — Z)\l(f:‘z + <yz — Yk, V5 — 5k>)-

=1 =1

Then, & > 0 and vy, € T (yg,).

Proof. The inequality & > 0 and the inclusion ©, € T+ () follow from Theo-
rem 2.3 and the inclusions v; € T (y;). O

The following result gives alternative expressions for the residual pair (v, &),
which will be used for obtaining bounds on its size.

PROPOSITION 4.6. For any k we have

1

(29) Vg = A—k(ﬂio — ﬂik),
_ 1 _
(30) T [2(Fk — @0,z — o) — llzk — zoll® + Bi] »
where
k
(31) Bri=Y_ (2higi + |z — will® — llyi — zi—a||*) 0.
i=1

Proof. The definitions of Ay and oy, in (27) and (28) and the update rule in step 2
of the HEP method imply that

k
Ty = To — E Aiv; = To — Ay,
i1

from which (29) follows.
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Direct use of the definition of gy, yields

k k k
D N = Grovi = Ok) = Y Ny = Uovi) — O Niyi — Tk, Or)
i=1 i=1 i=1
k
- Z)\z<yz - yk;vz> - <Z /\z(yl - yk)avk>
i=1 i=1
k
= Z)\i<yi — Y, Vi)
=1
Adding (22) with z = gi from i = 1 to k, we have
k
19k — zoll® = |15k — xnl|” + Z (2Xi(ys — Ui, vi) + lyi — il = Il — will®) -
i=1

Combining the above two equations with the definitions of € in (28) and S in (31)
we obtain

1
= o5 |

Ek 9% — @oll® = 1Tk — @1 ]|* + Bi] -

Relation (30) now follows from the above equation and the identity
17k = @1 1* = 17k — zoll* + 2(Fr — z0, w0 — xk) + [|lwo — |,

Finally, the inequality in (31) is due to (20) and the assumption 0 < o; < o < 1 (see
steps 0 and 1 of the HPE method). O
The next result provides estimates on the quality measure of the ergodic mean gy .
It essentially shows that the quantities ), and &, appearing in (28) are O(1/Ag).
THEOREM 4.7. For every k € N, let Ak, §i, Uk, and & be as (27), (28). Then,
for every k € N, we have

o 2dy 202
< — <
(32) HU/C” = As ) €k > Ax )

where dy is the distance of xo to T~1(0),

i
(33) O ::1—0—07\/?]~C T, = max — < 1.

/(1 — 02)’ i=1,....k A, —

Proof. Let x* € T—1(0) be such that ||zg — 2*| = dy. Using Lemma 4.2(c), we
have ||z — x*|| < dp, and hence

(34) [z = moll < flzx — ™[] + (|27 — ol < 2do

for every k € N. This, together with (29), yields the first bound in (32). Defining

1 k
Ty = — i ;\
Tk Ak ; i L4
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and noting (20), (23), (27), (33), and (34), we have

k
1
(33) o = zoll < | 1= D" Auai = 20)
i=1
Lk
< — Nillzs — < 2dy,
< g DNl ol < 2
Lk k
(36) g — zx ]| < A D Nillyi — @il < 7Y llyi — @il
i=1 i=1
9 k 9 o d?
<o) Ny —wia|? < =02y

=1

where the first inequalities in the above two relations are due to the convexity of || - ||
and || - ||?, respectively. The above two relations together with (33) and the triangular
inequality for norms yield

_ = _ _ T
|5x — zoll < 15 — @xll + |74 — 20|l < odoy |5 +2do = (1 + 6},) do.
1—o02

Expressions (30) and (31), the Cauchy—Schwarz inequality, and the above relation
then imply

_ 1 _ 1

e < m [_ka — 3;0”2 + 2Hyk — on ka — QJQH] < m [—tz + 2 (1 + Gk) do tk} ,
where tj, := ||z — zol|. Since 0 < ¢, < 2dy and 6 > 1 by (34) and (33), respectively,
it follows that the maximum of the right-hand side of the above relation, with respect
to tg, is attained at 2dy. This clearly implies the second inequality in (32). O

5. Korpelevich’s extragradient method for the monotone VIP. Our main
goal in this section is to establish the complexity analysis of Korpelevich’s extragra-
dient method for solving the monotone VI problem over an unbounded feasible set.
First, we state Korpelevich’s extragradient algorithm and show that it can be inter-
preted as a particular case of the HPE method. This allows us to use the results of
section 4 to derive its iteration complexities for computing different notions of approx-
imate solutions. In subsection 5.1, we obtain additional iteration-complexity results
under the assumption that F is defined in the whole space R™ (e.g., when F is linear)
and/or X is a closed convex cone. In subsection 5.2, we state the consequences of the
aforementioned iteration-complexity results for the case when X is bounded.

Korpelevich’s method, as well as its global convergence proof, was presented for
the first time in [11]. A unifying global convergence analysis of the proximal point
method and Korpelevich’s method for solving VIP(F,R™) is presented in [7] using
the concept of modified monotone maps. Results showing that Korpelevich’s method
converges at a linear rate under strong assumptions on the VIP are given in [26].

Throughout this section, unless otherwise explicitly mentioned, we assume that
the set X C R™ and the map F': Q) C R™ — R” satisfy the following assumptions:

(B.1) X C Q is a nonempty closed convex set.
(B.2) F is monotone and L-Lipschitz continuous (on ).
(B.3) The set of solutions of VIP(F,X) is nonempty.
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We start by stating Korpelevich’s extragradient algorithm. The notation Px denotes
the projection operator onto the set X.
Korpelevich’s extragradient algorithm:

0) Let xp € X and 0 < 0 < 1 be given and set A =0/L and k = 1.

1) Compute

(37) Yk = PX($k—1 — )\F(a:k_l)), T = PX(Z’k—l — )\F(yk))

2) Set k + k+ 1 and go to step 1.

end

We observe that assumptions (B.1) and (B.2) imply that the operator T' = F'+ Nx
is maximal monotone (see, for example, Proposition 12.3.6 of [5]). Also, recall that
solving VIP(F, X) is equivalent to solving the monotone inclusion problem 0 € T'(x),
where T = F + Nx (see the discussion on the paragraph following Proposition 3.1).

We will now show that Korpelevich’s extragradient algorithm for solving VIP
(F, X) can be viewed as a particular case of the HEP method for solving the monotone
inclusion problem 0 € T(x), and this will allow us to obtain iteration-complexity
bounds for Korpelevich’s extragradient algorithm without assuming boundedness of
the feasible set X.

THEOREM 5.1. Let {yr} and {xy} be the sequences generated by Korpelevich’s
extragradient algorithm and, for each k € N, define

1
(38) @ =5 [h—1 — AF(yx) — 2], ek = (k26 — Yr), V& = F(yr) + -

Then,

(a) zk = xp—1 — Avg;

(b) qr € 0-,0x (y) and vy € (F + N¢)(yk) C (F + Nx) (yx);

(©) [k + g — zp—1]* + 2Xex < 0®[lyn — 21|
As a consequence of the above statements, it follows that Korpelevich’s algorithm is a
special case of the HPE method.

Proof. Statement (a) follows immediately from the definition of ¢; and vy, in (38).
Recall that the projection map Px has the property that

(39) z — Px(z) € Nx(Px(z)) Vz e R".

Using this fact together with the definition of x and g in (37) and (38), respectively,
it follows that

(40) gk € Nx(ka) = 55;{(%@)

The first inclusion in statement (b) follows from (40) and Proposition 2.2(c). Using
this inclusion, the definition of vy, and identity (15), we obtain

vk = F(yk) + qx € F(yr) + 0c,.0x (k) = F(yr) + (Nx)* (yx)
C FO(yk) + (Nx)™ () C (F + Nx)™ (yr),

where the two last inclusions follow from the monotonicity of F' and statement (c)
and statement (b) (with &’ = 0) of Proposition 2.1.
To prove statement (c), define

(41) Di = % [@h—1 — AF(Tk—1) — Yx] -
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Using this definition, the definition of y; in (37), and (39), we conclude that p; €
Nx (yx). This fact, together with (38), gives the estimate

€k = (qk — Pk, Tk — Yk) + (Pks Tk — Yk) < (Qk — DPks Tk — Yk)-
This, together with (a), implies that

Aok + yr — 21| + 2Xen = |lyn — z1]|* + 2Aer
<l = yrll* + 2XM @ — s 2 — k)
= [[A(gk — pr) + & — yel> — Nk — pell®
< Mg = pr) + x1 = yill? = [IMF(ze-1) = F(y) I,

where the last equality follows from the definition of ¢ and py in (38) and (41).
Statement (c) follows from the previous inequality, the assumption that A = o/L,
and our global assumption that F' is L-Lipschitz continuous on X. d

The following result establishes the global convergence rate of Korpelevich’s ex-
tragradient algorithm in terms of the criterion (1) with 7' = F' 4+ Nx.

THEOREM 5.2. Let {yr} and {xy} be the sequences generated by Korpelevich’s
extragradient algorithm and let {vy} and {er} be the sequences given by (38). For
every k € N, define

1< 1
42 Vg = = ) Uk = — s
(42) Uk k;v Uk k;y
1 k
(43) €k = T ; lei + (Vi — Uk, vi — Uk)] -

Then, for every k € N, the following statements hold:
(a) yx is an approximate solution of VIP(F, X) with strong residual (vg,e), and
there exists 1 < k such that

Ldy [ (1+0) < oLd?

ill < T &S g
loll = ==\ za=oy &= 20=0m%

(b) @ is an approzimate solution of VIP(F,X) with weak residual (U, €x), and

2Ld 2Ld%0
(44) okl < ==, g < 0k
ko ko

where dy is the distance of xq to the solution set of VIP(F,X) and

Proof. (a) By Theorem 5.1(b), we have that vy € (F + N3¥)(yx). Hence, by
Proposition 3.2(b), we conclude that yy, is an approximate solution of VIP(F, X) with
strong residual (vg,ex). Also, Theorem 5.1 implies that Korpelevich’s extragradient
algorithm is a special case of the general HPE method of section 4, where A\, = o /L

for all & € N. Hence, the remaining claim in (a) follows from Theorem 4.4(a) with
A=o/L.
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(b) By Theorem 5.1(b) and Lemma 4.5 with T'= F + Nx, we conclude that 7, €
(F 4+ Nx)®*(gx). In view of Proposition 3.2(a), this implies that g is an approximate
solution of VIP(F,X) with weak residual (vx,&;). The bounds in (44) follow from
Theorem 4.7 with 7' = F + Nx and Ay = o/L, and the fact that Ay, 7, and 0
defined in (27) and (33) are, in this case, equal to kA/L, 1/k, and 0y, respectively,
where 0y is given by (45). a0

Observe that the derived bounds obtained in (b) are asymptotically better than
the ones obtained in (a). Indeed, while the bounds for ¢, and &, are O(1/k), the
ones for vy and ), are O(1/vk) and O(1/k), respectively. However, it should be
emphasized that (a) describes the quality of the strong residual of some point among
the iterates y1, ..., yr while (b) describes the quality of the weak residual of gy.

The following result, which is an immediate consequence of Theorem 5.2, presents
iteration-complexity bounds for Korpelevich’s extragradient algorithm to obtain (p, £)-
weak and -strong solutions of VIP(F,X). For simplicity, we ignore the dependence
of these bounds on the parameter o and other universal constants and express them
only in terms of L, dy, and the tolerances p and €.

COROLLARY 5.3. Consider the sequence {yr} generated by Korpelevich’s extra-
gradient algorithm and the sequence {yr} defined as in (42). Then, for every pair of
positive scalars (p, ), the following statements hold:

(a) There exists an index

2 7272
(46) i:(9<max {L?do,lj dO])

2

such that the iterate y; is a (p, €)-strong solution of VIP(F,X).
(b) There exists an index

2
(47) ko=0 (max [L—do, L—do]>
e p

such that, for any k > ko, the point g is a (p, e)-weak solution of VIP(F,X).

5.1. Specialized complexity results for computing strong solutions. In
this subsection we will obtain additional complexity results assuming that F' is defined
in all R™, and/or that the feasible set is a cone.

We first establish the following preliminary result.

LEMMA 5.4. Let {yr} and {xp} be the sequences generated by Korpelevich’s
extragradient algorithm and let {vi}, {qr}, and {er} be the sequences given by (38).
For every k € N, define

El
-
)
=

s
Il
-

(48) Fe =

s

k
Z Fyi), ax=
=1

El
]~

s
Il
-

K
1 _
(49) e = EZ@i—ﬂk,F(yi)—Fk% &y = lei + (i — Urs 6 — Q)] -
=1

Then, for every k € N, we have

(50) Fr € F(g), ax € (Nx) (k) o = Fi + G,
(51) Er=c¢,+ep, emen>0.
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Proof. Applying Theorem 2.3 with T' = F, x; = y;, v; = F(x;), &; = 0, and
a; =1/k for i =1,...,k, we conclude that F}, € Fek (gx) and €}, > 0. Also, it follows
from Theorems 5.1(b) and 2.3 with ' = Nx, ; = y;, v; = ¢, and «; = 1/k for
i =1,...,k that g, € (NX)EZ(Q;C) and €} > 0. The identity vy = F + g follows
from (42), (48), and the fact that v; = F(y;) + ¢, ¢ = 1,..., k. The other identity
& = €}, + ¢} now follows from (49) and the fact that 7, = Fy+qr and v; = F(y;) +qi,
i=1,....k O

The following result shows that, if F' is defined in all R™, satisfies assump-
tions (B.1)—(B.3) (and hence is L-Lipschitz continuous on the whole R"), and Ny < L,
then the iteration complexity for the ergodic point g to be a (p, €)-strong solution is
better than the iteration complexity for the best of the iterates among y,...,yr to
be a (p,e)-strong solution. Moreover, when F is affine, it is shown that the depen-
dence on the tolerance p of the first complexity is O(1/p) while that of the second
complexity is O(1/p?).

THEOREM 5.5 (F defined in all R™). In addition to assumptions (B.1)—(B.3),
assume that Q = R™. Let {yr} and {xr} be the sequences generated by Korpelevich’s
extragradient algorithm, let {gx}, {Ux}, {e}}, and {Gr} be the sequences defined as in
(42), (43), and (48), and define

(52) g = F(gr) + @ Yk eN.

Then, for every k € N, g is an approzimate solution of VIP(F,X) with strong
residual (O, €}), and the following bounds on ||0y|| and €}, hold:

(53) < 2Ld%ék oe]] < dov/ 80, LN n 2Ld,
£ ke S Vhe ko

where N := Nonl(F;R"), 0y is defined in (45), and dy is the distance of xq to the
solution set of VIP(F, X). As a consequence, the following statements hold:
(a) For every pair of positive scalars (p,€), there exists an index

Ld2 L 2L
(54) ko=O<maX [ﬂ,ﬂ—i—do i\/‘F}>
e’ p P

such that, for any k > ko, the point §i. is a (p, )-strong solution of VIP(F, X).
(b) If F is also affine, then, for every pair of positive scalars (p,€), there exists
an index

2
(55) ko = O (max {L—do L—do])
ey

such that, for any k > ko, the point §i. is a (p, )-strong solution of VIP(F, X).
Proof. (a) First note that (52) and (50) imply that ox = F(yx) + gx € (F +
N;"‘/)(gk), from which we conclude that g is an approximate solution of VIP(F, X)
with strong residual (0g,€), in view of Proposition 3.2(b). The first bound in (53)
follows immediately from the second bound in (44) and the fact that €} < & in view
of (51).
Now, (50), (52), Proposition 2.7 with x; = y;, and the triangle inequality for
norms yield

oxll < 1okl + 10k — Oell = 10ell + 17 (Gr) — Fill < oxll + 2/ N
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The second bound in (53) now follows from the above inequality and the bounds
in (44).

Statement (a) follows from the bounds in (53), the definition of (p,e)-strong
solution, and some straightforward arguments. Statement (b) is a special case of (a),
where Nr = 0. 0

In many important instances of F (e.g., see the discussion after Definition 2), the
constant N = Nonl(F;R") is much smaller than L, and hence bound (54) can be
much smaller than (46) on Corollary 5.3.

In the following result, we consider the situation where X = K is a closed convex
cone and VIP(F, K) becomes equivalent to the following monotone complementarity
problem:

0=F(y)—s, (y,s)=0, (y,s)€K xK".

Using Proposition 3.4, we can translate the conclusions of Corollary 5.3(a) and The-
orem 5.5 to the context of the above problem as follows.

COROLLARY 5.6 (monotone complementarity problems). In addition to assump-
tions (B.2)—-(B.3), assume that X = K, where K 1is a nonempty closed convex cone.
Consider the sequences {xr} and {yr} generated by Korpelevich’s extragradient al-
gorithm applied to VIP(F,K) and the sequences {qi}, {gr}, and {qx} determined
according to (38), (42), and (48), respectively. Then, for any pair of positive scalars
(p,€), the following statements hold:

(a) There exists an index
2 7272
k=0 (max [%, L ;lo})
e’ p

such that the pair (y, s) = (yk, —qx) satisfies

(56) IF(y) —sll <p, (y,5)<e, (y,5)€KxK"

(b) IfQ=R" and F : R™ — R"™ is monotone and L-Lipschitz continuous on R™,
then there exists an index

Ld? Ldy d3L
(57) koz(’)(max [—O,—O-I— 9 ?/F]>,
e’ p p
where Ng := Nonl(F;R"™), such that, for any k > ko, the pair (y,s) =
(Jk, —qr) satisfies (56). In particular, if F is affine, then the iteration-
complezity bound (57) reduces to the one in (55).

5.2. Bounded feasible set. So far, we have obtained complexity results for
Korpelevich’s method that do not require boundedness of the feasible set. In this
subsection we will give some consequences of these results for the case where the
feasible set X is bounded.

The following simple result shows that, when X is bounded, every approximate
solution of VIP(F,X) with weak (resp., strong) residual (r,e) is an &’-weak (resp.,
¢’-strong) solution of VIP(F, X) for some ¢’. Recall that the diameter Dx of a set
X C R is defined as

(58) Dx :=sup{||z1 — z2| : 21,22 € X }.
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LEMMA 5.7. Assume that X has finite diameter Dx. For any T € X, if (r,€) €
R™ x Ry is a weak (resp., strong) residual of T for VIP(F,X), then T is an &' -weak
(resp., €'-strong) solution of VIP(F,X), where

e i =e+sup(r,z —z) <e+|r|Dx.
rxeX

Proof. This result follows from Definitions 3 and 4, the definition of Dx, and the
Cauchy—Schwarz inequality. O

The following result derives alternative global convergence rate bounds for Kor-
pelevich’s extragradient algorithm in the case where the feasible set X of VIP(F, X)
is bounded.

THEOREM 5.8 (bounded feasible sets). Assume that conditions (B.1)—(B.3) hold
and that the set X has finite diameter

Dx < 0.

Consider the sequences {xy} and {yr} generated by Korpelevich’s extragradient algo-

rithm applied to VIP(F, X) and the sequences {gx} and {&r} determined according to

(42) and (43), respectively. Then, for every k € N, the following statements hold:
(a) g is an Eg-weak solution of VIP(F, X), or equivalently,

max(F(2), g — ) < &,

where

N 2Ldy
& =

. (DX + doék) .

(b) IfQ=R" and F : R® — R" is monotone and L-Lipschitz continuous on R",
then gi is an éi-strong solution of VIP(F,X), or equivalently,

F(i). i —x) < &
glea;g (Ur), g — x) < Ep,

where

. doDx+/ 8§kLNF i 2Ld0(DX + ékdo)

and N := Nonl(F;R").

Proof. Both statements follow immediately from Lemma 5.7 and Theorems 5.2(b)
and 5.5(a). a

The following result, which is an immediate consequence of Theorem 5.8, presents
iteration-complexity bounds for Korpelevich’s extragradient algorithm to obtain
e-weak and -strong solutions of VIP(F,X). We again ignore the dependence of these
bounds on the parameter ¢ and other universal constants and express them only in
terms of L, dy, and the tolerance ¢.

COROLLARY 5.9. Assume that conditions (B.1)—(B.3) hold and that the set X
has finite diameter Dx . Consider the sequence {yi} generated by Korpelevich’s extra-
gradient algorithm applied to VIP(F, X) and the sequence {§i} determined according
to (42). Then, for every e > 0, the following statements hold:
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(a) There exists an index

(60) ko =0 <wjd°>

such that, for any k > ko, the point gy, is an e-weak solution of VIP(F, X).
(b) IfQ=R" and F : R™ — R"™ is monotone and L-Lipschitz continuous on R™,
then there exists an index

LDxdy | LN#D%d3
%:0( ==+ M?XO)

€ €2

where Np := Nonl(F;R"™), such that, for any k > kf, the point gy is an
g-strong solution of VIP(F,X).

It is interesting to compare the iteration-complexity bound obtained in Corol-
lary 5.9(a) for finding an e-weak solution of VIP(F,X) with the corresponding ones
obtained in Nemirovski [15] and Nesterov [18]. Indeed, their analyses both yield an
O(D% L/e) iteration-complexity bound to obtain an e-weak solution of VIP(F,X).
Hence, in contrast to their bounds, our bound O(dyDx L/¢) is proportional to dg and
formally shows for the first time that Korpelevich’s extragradient method benefits
from warm-start.

6. Tseng’s modified forward-backward splitting method. In this section,
we analyze a special case of Tseng’s MF-BS method [27] for solving the inclusion
problem

(61) 0eT(x), T=F+DB

for the particular case where the following conditions hold:
(C.1) F:R™ — R" is monotone and L-Lipschitz continuous.
(C.2) B:R™ =2 R™ is maximal monotone.
(C.3) The solution set of (F + B)~1(0) # 0.
For this problem, an iteration of the general Tseng’s MF-BS method is as follows:

yr = (I + X\ B) " (I — M\ F) (zg-1), zr = Py lyr — Me(F(y) — F(2r-1))],

where Y is a closed convex set such that (F + B)~1(0)NY # @ and A > 0 is such
that

(62) Al F(yr) = Fer-1)ll < ollyr — 21|

with o € (0,1). Note that since we are assuming that F'is L-Lipschitz continuous, the
above inequality is satisfied for A, = o/L. In the following, we will study the iteration
complexity of the special case of Tseng’s method, where Y = R™ and Ay = o/L for
every k.
We now formally state the special case of the MF-BS method studied in this

section.
Tseng’s MF-BS method:

0) Let 2o € R™ and 0 < o < 1 be given and set A = o/L and k = 1.

1) Compute

(63) yp = (I +AB)""(I — AF)(zk-1), zp = yr — AMF(yx) — F(wg-1)).

2) Set k + k+ 1 and go to step 1.
end
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The following result was first observed in [22] for the case Dom(B) = R". Al-
though the proof of its extension for an operator B with arbitrary domain is essentially
the same, we will include it here for the sake of completeness.

PROPOSITION 6.1. Let {yr} and {x} be the sequences generated by Tseng’s
MF-BS method. For each k, define

(64 = 5 (s~ )~ Flaia),

(65) vk = qrx + F(yr).

Then,

(a) T = Tp—1 — )\’Uk,‘

(b) qx € B(yk) and vy € T'(yr) = (F + B)(yx);

(©) [k + g — zp—1]* < o2 lyn — 21
As a consequence of the above statements, it follows that the special case of Tseng’s
MF-BS method described above is a special case of the HPE method.

Proof. Statement (a) follows directly from (64), (65), and the second equation in
(63). The first inclusion in (b) follows from (64) and the first equation in (63), while
the second inclusion follows from the first one and (65). To prove statement (c), first
use (64), (65) to obtain

(66) vk + Yk — Tr—1 = AF(yr) — F(@p-1)),
which, together with the assumption of F' being L-Lipschitz continuous and the defi-
nition of A\, yields the desired result. d

Note that, in view of (66), criterion (62) (with Ay = X) is equivalent to statement
(c) of the above theorem. Also, as a consequence of Proposition 6.1, Theorem 4.4,
Lemma 4.5, and Theorem 4.7, we have the following iteration-complexity result about
Tseng’s MF-BS method.

THEOREM 6.2. Consider the sequences {yx} and {x} generated by Tseng’s MF-
BS method, and the sequences {vi}, {r}, {Uk}, and {&x} defined as in (64), (65),
(42), and (43) with ¢; = 0. Then, the following hold:

(a) For every p > 0, there exists an index

2 72
i:O(Lf‘))
P

such that v; € (F 4+ B)(y;) and |lvi]| < p.
(b) For every p,e > 0, there exists an index

2
ko = O (max {%,%D
e’ p

such that v € (F + B)**(gx), ||vk|| < p, and &, < € for any k > k.
Since VI(F,X) with X C R™ closed and convex is equivalent to the inclusion
problem (61) with B = Nx, Tseng’s MF-BS method with B = Nx can be used to
solve VIP(F, X). In this case, the iteration formula (63) reduces to

(67) Yk = Px[zp—1 — AF (zr-1)], zp = yk — AMF(yx) — F(zg-1))-

Note that, in contrast to Korpelevich’s method, the above algorithm for solving VIP
(F, X) requires just one projection per iteration. Moreover, in addition to the triv-
ial specialization of Theorem 6.2 to the context of monotone VlIs, all the iteration-
complexity results of section 5 hold for Tseng’s MF-BS method with B = Nx.
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7. Hybrid proximal extragradient for smooth monotone equations. In
this section we consider the problem of solving

(68) F(z)=0,

where F' : R™ — R” satisfies the following conditions:

(D.1) F is monotone;

(D.2) F is differentiable and its Jacobian F’ is L;-Lipschitz continuous.
Note that this problem is a special case of VIP(F, X), where X = R".

Newton’s method, applied to problem (68), under assumption (D.2), has excellent
local convergence properties, provided the starting point is close to a solution z* and
F’ is nonsingular at x*. Global well-definedness of Newton’s method requires F” to be
nonsingular everywhere on R™. However, this additional assumption does not guaran-
tee the global convergence of Newton’s method. A globally convergent extrapolation
Newton-type method for solving (68) was proposed in [8, 9] (see also [10]).

Solodov and Svaiter [22] proposed the use of Newton’s method for approximately
solving the proximal subproblem at each iteration of the HPE method for prob-
lem (68). In this section, we will analyze the complexity of a variant of this method.
Specifically, we will consider the following special case of the HPE method.
Newton proximal extragradient (NPE) method:

0) Let 29 € R™ and 0 < 0y < 74, < 1 be given and set k = 1.
1) If F(zg,) =0, STOP. Otherwise
2) compute Ax € R and s € R™ satisfying

(69) (/\kFl(xkfl) + I)Sk = —/\kF(xkfl),
2 2

70 — g <\ < — gy
(70) 7, %< k||8k||_L10'

3) Define yr, = xr—1 + sk and zx = xx—1 — M\ F(yx), set k < k+ 1, and go to
step 1.

end
We will assume that F(xg) # 0 for £k = 0,1,... . The complexity analysis will

not be affected by this assumption, because any assertion about the results after k&
iterations will be valid, adding the alternative “or the algorithm finds a zero.”

For practical computations, given Ay, the step si shall be computed solving the
linear equation

(F'(wg) + A\, ' T)s = —F(wg).

Note that the direction s in step 1 of the NPE method is the Newton direction with
respect to the proximal point equation AF'(z) + Ag(z — zx—1) = 0 at the point zx_1.
Define, for each k,

L
(71) o = 71m|sk|\.

We need the following well-known result about differentiable maps with Lipschitz
continuous Jacobian.

LEMMA 7.1. Suppose that G : R™ — R™ is differentiable and its Jacobian G’ is
L-Lipschitz continuous. Then, for every x,s € R™, we have

Gz + ) = G(x) - G'(2)s]| < §|\8||2-
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We will now establish that the NPE method can be viewed as a special case of
the HPE method.
LEMMA 7.2. For each k, op < 0, < 0 and

(72) M E'(yr) +ye — zp—1l| < orllye — 21

As a consequence, the NPE method is a special case of the HPE method stated in
section 4 with e, =0, vy = F(yx), and 0 = oy,.
Proof. The bounds on oy, follow directly from (70). Define for each &

Gi(z) := MF(z) + ¢ — xp—1.
Then, G}, is AxL1-Lipschitz continuous and in view of (69)
Gk(ﬂik_l)sk + Gk(ﬂik_l) 0.

Therefore, using Lemma 7.1 and (71) we have

ALy
2

1GE(yi)l = 1Gryr) — [G(zh—1) + Gy (zr—1)s] || < l[skll? = orllsell,

which, due to the fact that s = yp — xx_1, proves (72).

Now we shall prove that the NPE method is a special case of the HPE method.
Using inequality (72) and the facts that oy < 04, e = 0, vy, = F(yi), and F = F =
Fer we conclude that condition (17) is satisfied with T'= F. To end the proof, note
that T, = Tp—1 — A\pvUg. 0

We have seen in Theorems 4.4 and 4.7 that the performance of the HPE method
depends on the sums > \; and >_ A?. We now give lower bounds for these quantities
in the context of the NPE method.

LEMMA 7.3. The sequence {\;} of the NPE method satisfies

46 < 1 )
(73) L_%;/\_ggd07

where dy is the distance of xo to F~1(0) and B is the minimum value of the function
(1 — t)t% over the interval [0y, 0], i.e.,

(74) ﬁ —mln{(l—O'g)O'g,(].—O' ) u}
As a consequence, for any k,
k
2\/_ 8/2 25
(75) Z > leok Z/\ L2d2

Proof. Using the definition of y; and (71) we have

1 /2 \°
o=l = 53 Ol = 55 (1 )

Since the NPE method is a particular case of the HPE method (Lemma 7.2), we can
combine the above equation with the first inequality in (23) to conclude that

4 o0
2
> ﬁZ(l
1 =1

To end the proof of (73), use the inclusion o; € [0y, 0,,] and the definition of 5.
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The inequalities in (75) now follow by noting that the minimum value of the
functions Zle t; and Zle t? subject to the condition that Zle t;72<Candt; >0
fori=1,...,k are k%/2/\/C and k?/C, respectively. |

The next result gives the pointwise iteration-complexity bound for the NPE
method.

PROPOSITION 7.4. Consider the sequence {yr} generated by the NPE method.
Then, for every k > 1, there exists an index © < k such that

1+o0, leg
Fy)| < ,
1Pl < 12 2D

where (3 is the constant defined in Lemma 7.3. As a consequence, for any scalar € > 0,

there exists an index
Lid?
i—o(=4)
€

such that the iterate y; satisfies || F(y;)| < e.

Proof. By Lemma 7.2, the NPE method is a special case of the HPE method,
where 0 = o, and the sequences {v;} and {ex} are given by vy = F(yi) and g, = 0
for every k. Hence, it follows from Theorem 4.4(b) and Lemma 7.3 that, for every
k € N, there exists ¢ < k such that

(1+04) doy 1+oy le(2)
Fy)|l = llvll < = :
£ (ya)ll = llvill (1= 0w ( 3 /\2)1/2 V1=0,2k/B

The last part of the theorem follows immediately from the first part. O

We now state a global convergence rate result for the NPE method about the
ergodic pair (yx, Ux) defined as in (27) and (28).

PROPOSITION 7.5. Let {\¢}, {yr}, and {xx} be the sequences generated by the
NPE method and consider the sequences {vi} and {ey} defined as vy = F(yi) and
ex = 0 for every k > 1. Then, the sequences {gi}, {Ux}, and {&x} defined according
to (27) and (28) satisfy the following conditions:

(a) For every k > 1, &, > 0 and vy, € F(4y,), or equivalently, (x — g, F(z) —

V) > —&k for all x € R™.

(b) For every k > 1, we have

_ Ld3 _ OLyd}
(76) okl < TSNk €k < EENGA
where
0:=1+ Tu

\/1—02
Proof. This result follows as an immediate congequence of Theorem 4.7 with
o = o, and Lemmas 7.2 and 7.3. 0
Our goal in the remaining part of this section will be to discuss the work involved
in finding the pair (sk, Ag) in step 1 of the NPE method. First note that, due to the
monotonicity of F', F'(x) is positive semidefinite and for every € R™ and A > 0, the
system

(77) (AF'(z) +I)s = —\F(z)
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has a unique solution s € R™, which we denote by s(A;z). Clearly,
s(\z) = —(F'(x) + X' F(x) .

Observe that, given x € R", step 1 of the NPE method can be rephrased as the
problem of computing A > 0 such that

(78) 20¢/L1 < M|s(\;2)|| < 20,/Ls.

Computation of the scalar A will done by performing a logarithmic-type bisection
scheme on A, which will be discussed shortly. Each iteration of this bisection scheme
requires computation of s(\;x) and evaluation of the quantity A||s(\;z)| to check
whether A\ satisfies the aforementioned condition. Without any use of previous in-
formation, computation of s(\;x) requires O(n3) arithmetic operations for each .
Hence, if the aforementioned bisection scheme requires k, evaluations of s(-;x), then
the total cost of the bisection scheme will be O(nk,) arithmetic operations. How-
ever, it is possible to do better than that by using the following steps. First, com-
pute a Hessenberg factorization of F'(x), i.e., factor F'(x) as F'(x) = QHQT,
where @ is an orthonormal matrix and H is an upper Hessenberg matrix (namely,
H,; = 0 for every j < i). Then, s = s(A;x) can be computed by solving the system
(H + X5 = QTF(x) for 5 and letting s = QT3. Clearly, the first step of the
modified bisection scheme can be performed in O(n?) arithmetic operations and sub-
sequent steps in O(n?) arithmetic operations. Hence, the modified bisection scheme
can be carried out in O(n® + n?k,) arithmetic operations.

Given a fixed x € R", our goal now will be to describe the aforementioned bisec-
tion scheme to compute A and to estimate its number of iterations k.

PROPOSITION 7.6. For any x € R™, the mapping A — s(\;x) is continuous on
(0,00) and

(79) DL < sl < MFP@) A0,

AE ()] +

where ||F'(x)]|| is the operator norm of F'(x).

Proof. Continuity s(\) for A € (0,00) follows from the fact that F’(x) is positive
semidefinite. To simplify the proof, let s = s(A;x). Using (77), the triangle inequality,
and the definition of operator norm, we conclude that

AF @) < IAF ()s]| + llsll < (IAF (@) + DlIs]l,

and hence that the first inequality in (79) holds. To prove the second inequality,
we multiply both sides of (77) by s and use the Cauchy—Schwarz inequality and the
positive definiteness of F’(x) to obtain

Isl* < Ms, F'(x)s) + [[s* = =X(s, F(2)) < Als|[[|F(2)]],

and hence the second inequality in (79) holds. a

The following result establishes the existence of scalars A satisfying (78) under
the mild assumption that F(xz) # 0. It also provides an explicit closed interval in
R4 which contains all the solutions of (78). This interval will be used as an initial
bracketing interval on a log-type bisection scheme (see Routine Step 1 below) for
computing a solution of (78).
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PROPOSITION 7.7. Suppose that x € R™ is such that F(x) # 0 and let T, be the
set of all A > 0 satisfying (78). Then, I, is nonempty and I, C [ay,by], where

20,

20'g 20'u
(80) g = 4| — by = —
Lyf|F(2)]| L[| F ()]

1" ()] +
Proof. Suppose that © € R™ is such that F(z) # 0. By (79) and the fact that
F(z) # 0, we easily see that limy_,o Al|s(A;2)|| = 0 and limy—,0 Alls(X;2)|| = oo.
This conclusion together with the continuity of the function A — A||s(A; 2)|| and the
assumption that oy < o, implies that there exists A satisfying (78), i.e., Z, # 0.
Assume now that A € Z,, and hence that (78) holds. The latter relation together
with (79) implies that
20 _ VIF@)| 20,
— < M| F@)], _ < —
Ly — IF@)I MF(z)||+1 ~ Ly
The first inequality clearly implies a, < A. Multiplying the second inequality by
M| F’(x)]|4+1, we obtain a quadratic inequality in A which, together with the inequality
(a? + a§)1/2 < aj + ag for ag, as > 0, implies that A < b,,. We have thus proved that
Ty C [ag, by). a }
LEMMA 7.8. For every x € R™ such that F(x) # 0 and 0 < X\ < X\, we have

” A
(81) s 2)ll < lls(As2)] < Slls(xs2)ll-

Proof. To simplify the notation, let s = s(\; ) and § = s(\; ). Since by definition
s(A;x) is the unique solution of (77), we easily see that

(82) F'(z)(5—s) = A"ts — A7 15

Noting that s # 0 due to Proposition 7.6 and the assumption that F'(x) # 0, it follows
from (82) that s # §. Moreover, (82) and the monotonicity of F’(z) imply that

A ts—AT15,5—s) = (F'(x)(3 — 5),5 — s) > 0.

Multiplying this inequality by A, we obtain after some straightforward algebraic
manipulations that

(A= A)(s,5—s) > \||5 — s||.

Since A—\ > 0 by assumption and s # 3, the above relation implies that (s, 5—s) > 0,
and hence that [|3]|> > ||s||?. This proves the first inequality in (81). Also, the above
inequality, the Cauchy—Schwarz inequality, and the fact that ||§ — s|| > 0 imply that

A= N)lIsll = All3 — s]].

Adding A||s|| to both sides of this inequality and using the triangle inequality for
norms, we obtain the second inequality in (81). O

COROLLARY 7.9. For every x € R™ such that F(x) # 0, the set I, is a closed
interval [Az ¢, Ag,u] such that
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Proof. Note that A — \||s(A, z)|| is a strictly increasing continuous function over
Ry due to the first inequality in (81). Also, by Proposition 7.6, we have limy_;o
Als(X;z)|| = 0 and limy_oo Al|s(A;2)|| = co. The above two observations clearly
imply that Z, is a closed interval, say Z, = [Az ¢, Mg 0], and
200

s(Aze52)|| = L_lv )‘Lu”S()‘Lu;x)H = 5

)\w7€|

Moreover, the second inequality in (81) implies that

2
dealsOi )l < (522) Aallsthr i)l
x,l

Combining the above relations, we obtain the desired conclusion. d

With the aid of the above results, we can now show how the pair (A, sx) can be
computed at step 1 of the NPE method. Using ;1 as input on the following routine,
it then outputs the pair (Ag, sk).
Routine Step 1:

Input: z € R" such that Fi(x) #0 and 0 < 0y < 7, < 1.
0) Compute a, and b, as in (80) and set a < a, and b < b,.
1) Set A = vab and compute s = —(F'(z) + A\~ 'I)F(x).
2) If 204/L1 < A||s|| < 20,/L1, then output the pair (A, s) and STOP.

3) If A||s|| > 204,/L1, then set b < X; otherwise, set a + .

4) Go to step 1.
end

Let € > 0 be given. We have seen in Proposition 7.4 that the NPE method finds
an iterate y; satisfying the termination criterion ||F ()| < ¢ in at most O(L,d3/¢).
Clearly, while computing such an iterate we may assume that ||F(zx—1)| > € every
time step 1 of the NPE method is executed since otherwise z_1 itself would satisfy
the termination criterion ||F(z)|| < e. Moreover, (34) implies that ||xg_1 — 20| <
2dp. Hence, it is sufficient to analyze the complexity of Routine Step 1 under the
assumption that its input z € R"™ satisfies ||F(z)|| > € and ||z — o] < 2dp. In
the following result, we also assume that the constants o, and o, are such that
(logoy,/or)~1 = O(1), which allows us to express the complexities only in terms of
the quantities L1, €, do, and ||F”(x0)]|.

ProprosITION 7.10. Let € > 0 be given. Then, for every x € R™ such that
|[F(2)|| > € and ||z — x| < 2dy, the number of iterations and arithmetic operations
performed by Routine Step 1 are bounded respectively by

(53) 0 (togtox (1EE0 4 214, ).
and

o (n3 + n?loglog (”F (o) + \/L_ldo)> .

vV L1€ 9
Proof. Since log A = (loga + logb)/2, it follows that, after k inner iterations of

the above implementation of step 1 of the NPE method, the scalars a and b at step 3
satisfy

b

-z
Gy

b 1
(84) log P log
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Assume now that the method does not stop at the kth iteration. Then, the values
of a and b in step 3 of this iteration satisty Z, = [Ag¢, Azu] C [a,b], and hence

b/a > \/oy/oe, due to Corollary 7.9. This together with (84) implies that

1 bm>1
Z—klogafglog

Oy
0
gy

and hence that

b 1tog ()

log(ow/0e)

Since (80), assumption (D.2), and the assumptions that |[F(z)|| > ¢ and ||z — zo|| <
2dp imply that

2= 214 ——— ||F(x < /_"<1_|_ F'(z0)|| - 2L, d )7
Ay oy ( L1||F($)H ” ( )”) o ng (H ( 0)” 1 0)

we conclude that the number of iterations performed by Routine Step 1 is bounded
by (83). The bound on the number of arithmetic operations is due to the discussion
following Proposition 7.5. d

8. Concluding remarks. We provide in this section some concluding remarks.
We start by summarizing the contribution of this paper as compared to [22],
where the HPE method was proposed. First, iteration-complexity analysis of the
HPE method is given here for the first time. Second, in contrast to our analysis,
[22] does not study the properties of the ergodic mean for the HPE method. Third,
the result that Korpelevich’s method is a special case of the HPE method is new.
Fourth, in contrast to rule (70), [22] chooses \Aj, proportional to ||F(x)||~/? in the
NPE method, and does not study the iteration complexity of the resulting method.
It is important to emphasize that all complexity bounds in section 5, with the
exception of the ones obtained in subsection 5.2, do not require boundedness of the
feasible set X. The bounds on these results are expressed in terms of the distance dy of
the initial point to the solution set, instead of the diameter of X. In the usual situation
where dj is unknown, these complexity bounds have only theoretical value in the sense
that they cannot be used to terminate the method. Instead, our analysis provides
practical stopping rules to obtain (p, )-weak (resp., -strong) solutions by monitoring
the size of the pair (vg, ) or the ergodic pair (v, &x) (or (Ok,&k)), both of which can
be easily computed. It should be observed that, to obtain an e-weak /-strong solution,
it is necessary to have a (finite) bound on the diameter of the feasible set. But as we
observed after Definition 4, computation of (p, €)-weak/-strong solutions is a natural
goal in the context of nonlinear complementarity and most likely VI problems as well.
The iteration-complexity analysis developed for the HPE method in this paper
was used to obtain iteration-complexity results for two specific algorithms, namely, the
Korpelevich and NPE methods. It would be interesting to derive iteration-complexity
results for other algorithms by viewing them as special cases of the HPE method.

Appendix A. Relationship between error measures. In this appendix, we
review other notions of error measures and discuss their relationship with the error
measures introduced in the main presentation of the paper.

It is well known that x is a solution of VIP(F,X) if and only if the quantity

(85) ro(w: F) = c {a: Py (a: _ %F@;))]
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vanishes, where ¢ > 0 is a scaling factor. The norm of r.(z; F) is commonly used to
measure the quality of x as an approximate solution of VIP(F, X). Another measure
of the quality of z as an approximate solution of VIP(F, X) is the regularized gap
function (see [5]) defined as

(86) Ocls F) = sup(F(2).x = 9) = gy

It is easy to see that 6. is a nonnegative function whose set of zeros coincides with
the solution set of VIP(F, X) and that the unique optimal solution of (86) is

1
y = Px <x - —F(x)) .
c
Hence, in view of (85) we have

1 1
87 Oc(z, F) = —(F(2),re(x; F)) — 5 |re
(87) (v, F) = —(F(a),re(a F) — |l
The following result provides a connection between the regularized gap function and
the notion of (p, €)-strong solutions.
THEOREM A.l. Let x € X be given. If (r,e) is a strong residual of x for
VIP(F, X), then

(3 F)|1%.

1
) < —|Ir||? +e.
(88) Oc(a; F) < o fIrll” + e

Moreover, there exists a unique strong residual (r,€) of x for which equality holds in
(88), namely,

(89) r=re(e;F), &= % ((F(2),re(z; F)) = |re(a; F)|) -

Proof. Fix x € X. To prove the theorem, it suffices to show, in view of Proposi-
tion 3.2(b) and (87), that the solution of the problem

. 1 9
min 2—C||rH +e

st. re(F+Ng)(z)

(90)

is unique and is given by (89). For any r, the smaller € for which r € F(x) + N¢(x)
is given by

sup(r — F(z),y — ).
yeX

Hence, problem (90) is equivalent to
1
minsup —||r||> + (r — F(z),y — 2).
T oyey 2¢

Since the above objective function is strongly convex, we conclude that the above
problem, and as a by-product problem (90), has a unique optimal solution. Note that
(88) follows from the fact that

1 1
0.(z; F) = sup inf —||7‘H2 + (r— F(z),y —z) < inf sup —||7‘H2 +{(r—F(x),y —x)
yey T 2¢c T oyey 2¢
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and from the equivalence of the latter problem with (90). Clearly, in view of (89) and
(87), it follows that the objective function of (90) evaluated at the pair (r,e) given
by (89) is equal to 6.(x; F'). To conclude the proof, it suffices to show that this pair
also satisfies r € (F'+ N%)(z). Indeed, using (85), we obtain

Py (a: - %F(x)) —ae %rc(a};F).

Subtracting F'(x) from both sides of (85) and using (39) and the above equation, we
conclude that

ro(2; F) — F(z) € Nx <x _ %rc(x; F)) .

Using the above relation, Proposition 2.2(c) with f = dx, v = r.(z; F) — F(z), and
y=x—c lr.(x; F), and relation (15), we then conclude that r.(z; F) — F(z) € N (z)
with

€= <rc(x;F) — F(x), z— %rc(x;F) — x> = % ((F(x),rc(x;F)) — ||rc(x;F)||2) . O

The following result follows as an immediate consequence of the Theorem A.1.
COROLLARY A.2. Let x € X be given. If x is a (p,e)-strong solution of
VIP(F,X), then for any ¢ > 0,

2

0.(z: F) < % e, el F)|| < VP2 + 2ee.

We now relate the notion of a weak solution with that of a strong solution.
LEMMA A.3. If F' is L-Lipschitz continuous in X, then for any x € X,

Oar (2; F) < 0 (x; F).
Proof. Using Definition 3 and the Lipschitz continuity of F', we have

0" (z; F') = sup(F(y),z —y) = sup(F(z),r — y) + (F(y) — F(x),z —y)

yeX yeX
>sup(F(z),x —y) — Ll|z — y[|* = 6o (x; F). O
yeX

THEOREM A.4. If F is L-Lipschitz continuous in X and x € X is a (p,e)-weak
solution of VIP(F,X), then x is (j,€)-strong solution, where p = p+ 2v/Le.

Proof. By the assumptions of the theorem, there exists r € R™ such that ||r|| < p
and 0% (z, F,.) < g, where F.(-) = F(-) — r. Using Lemma A.3, we conclude that
s, (z; F}) < e. Moreover, by Theorem A.1, there exists a strong residual (r’,¢’) of =
for VIP(x; F}) such that

1
1P+ = bar(a; Fy) <e.
This implies that 0°(x; F —r — ') = 6°(z; F, —1') <&’ <e and
Ir+ o' < el + 1)l < p+2VEe = p,

and hence that x is (p, £)-strong solution of VIP(F, X). O
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