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Abstract

In this paper, we consider a framework of inexact proximal point methods for convex optimiza-
tion that allows a relative error tolerance in the approximate solution of each proximal subproblem
and establish its convergence rate. We then show that the well-known forward-backward splitting
algorithm for convex optimization belongs to this framework. Finally, we propose and establish the
iteration-complexity of an inexact forward-backward splitting algorithm for solving optimization
problems whose objective functions are obtained by maximizing convex-concave saddle functions.

1 Introduction

In this paper, we consider a framework of inexact proximal point (IPP) methods for convex opti-
mization (CO) which allows a relative error tolerance in the approximate solution of each proximal
subproblem. This framework, which we refer to as the IPP-CO framework, is a subset of the hybrid
proximal extragradient (HPE) method introduced by Solodov and Svaiter in [19] (see also [20, 21, 22])
for solving monotone inclusion problems. Global convergence rate results for the HPE method have
been derived in [11] (see also [10]), and hence apply to the IPP-CO framework. However, by ex-
ploiting the special structure of convex optimization, convergence rate results stronger than those
obtained for the HPE method are derived for the IPP-CO framework.

We show, as illustration, that the well-known forward-backward splitting method for convex
optimization (see for example [5]) belongs to the IPP-CO framework and, as a consequence, we derive
iteration-complexity bounds similar to, but under more general assumptions than, those of Theorem 4
of [13]. More specifically, [13] assumes that the sublevel subsets of the objective function are bounded
and express the complexity bounds in terms of the diameter of the sublevel set corresponding to the
initial iterate. On the other hand, our results do not assume boundedness of the sublevel sets and
express the bounds in items of the distance of the initial iterate to the optimal solution set.

We also consider convex optimization problems whose objective functions are obtained by maxi-
mizing convex-concave saddle functions and propose an inexact forward-backward splitting algorithm
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for solving them. The inexactness of the proposed method originates from the assumption that the
objective function and its gradient are approximately evaluated in the sense that the corresponding
saddle function maximization subproblem is solved inexactly. Iteration-complexity bounds are ob-
tained for the inexact forward-backward splitting algorithm by showing that it also belongs to the
IPP-CO framework.

This paper is organized as follows. Subsection 1.1 describes the notation and basic concepts
about convex analysis used in our presentation. Section 2 describes the IPP-CO framework and
derives general convergence rate results for it. Section 3 obtains iteration-complexity results for the
forward-backward splitting method by showing that it belongs to the IPP-CO framework. Section 4
proposes and establishes the iteration-complexity of an inexact forward-backward splitting method
for saddle-based convex optimization problems. Finally, Section 5 gives some concluding remarks.

1.1 Notation

Throughout this paper, X denotes a finite dimensional inner product real vector space with inner
product and induced norm denoted by (-,-) and || - ||, respectively. We let N denote the set of all
positive integers and R denote the set of real numbers. We let R} and Ry, denote the set of non-
negative and positive real numbers, respectively. For a nonempty closed convex set {2 C X, we denote
the projection operator onto Q (with respect to (-,-)) by Pq. The identity operator from X onto X
is denoted by I. The domain of definition of a point-to-point function F' is denoted by Dom F'.

For a scalar € > 0, the e-subdifferential of a function f : X — R is the point-to-set operator
O:f : X = X defined as

O-f(x)={v | f(&) > f(z) + (T —z,v) —e, VT € X}, Vel (1)

When ¢ = 0, the operator 9. f is simply denoted by df and is referred to as the subdifferential of f.
The operator Of is trivially monotone if f is proper. If f is a proper lower semi-continuous convex
function, then 0f is maximal monotone [17].

The indicator function of a closed convex set X C X is the function dx : X — R defined as

0, zelX;
5X($)—{

o0, otherwise.

2 A framework of inexact proximal point methods

In this section, we describe the IPP-CO framework of IPP methods for convex optimization. We
mention that the IPP-CO framework does not specify how its steps are implemented, and hence
the overall cost of an iteration of a specific instance of the IPP-CO framework. However, global
convergence rate results, and hence potential complexity bounds on the number of iterations, are
derived for the IPP-CO framework. Sections 3 and 4 describe two specific instances of the IPP-CO
framework for which the actual implementation of the steps are illustrated.

The optimization problem we consider in this section is

ff=1inf{f(x):x € X}, (2)

where:



0.1) f:X — R is a proper closed convex function;
0.2) the set of optimal solutions X* := {x : f(x) = f*} is nonempty.
We now state the IPP-CO framework for solving (2).

IPP-CO Framework:
0) Let zp € X and 0 < o < 1 be given and set k = 1;
1) choose A\t > 0 and find x, € X, oy, € [0,0] and € > 0 such that

1
Vg = )\_k(xkfl —xy) € 0, fxp), 2\er < oxllor — zr_1|® (3)

2) set k< k+ 1 and go to step 1.
end

We now make a few observations regarding the IPP-CO framework. First, the inclusion in step
1) can also be described as
xp € (I + )\kﬁskf)_l(:ck_l).

Second, if e = 0 for every k € N, the IPP-CO framework reduces to the eract proximal point
method [9, 18], which is known to be an important tool for the design and analysis of algorithms.
Hence, the IPP-CO framework may be regarded as an IPP method. Third, as opposed to the
inexactness allowed in the classical IPP method of [18], namely:

re+ap € (T+ M0f) Naeo1), Y Ikl < oo,
k=1

the IPP-CO framework allows an error in the subgradient inclusion by using the e-subdifferential and
a relative error criterion, i.e., the second inequality in (3), instead of the summable error tolerance
criterion as above. Fourth, the advantage of allowing the error €, > 0 and the relative error criterion
in the IPP-CO framework is that it contains important instances of convex optimization algorithms
(see Sections 3 and 4), including those for which only approximate gradients of the objective function
can be computed (see for example Section 4 and reference [4]). Fifth, the HPE algorithm for solving
(2) (see [19]) requires, instead of step 1) of the IPP-CO framework, that we find Ay > 0, o} € [0, o],
T € X, v € X and € > 0 such that

vp € (OF)F (Fx), || Mwvr + Tk — zp_1 || + 20er < ox | — w1

and then set
Th = Th—1 — Ak Uk,

where (0f)%* is the e-enlargement (see for example [2]) of the maximal monotone operator df. Since
O-f(x) C (0f)(z) for every x € X (see for example Lemma 3.4 and Theorem 3.5 in [23]), we easily
see that the IPP-CO framework is a special case of the HPE method by letting & = x.

In what follows, we will derive a convergence rate result (Theorem 2.5) for the IPP-CO framework.
First, we need to establish a few technical lemmas.



Lemma 2.1. For every k € N,
o
f(@) = f(og) + (@ — zp, vp) — 5)\14:“”14:”27 vz € X. (4)

Proof. Using the fact that vy, € 0;, f(zx) by (3), and definition (1), we have
o

o0 ||$k — xk_1||2, Vo € DC,

f(x) = flar) + (@ — zp, o) —ex 2 fan) + (2 — 2, 0p) —

where the last inequality is due to the assumption that oy € [0, 0] and the inequality in (3). Now,
(4) follows from the above inequality and the definition of vy in (3). O

Lemma 2.2. For every k € N and x* € X*, we have:

Fae) = fe) + (1= Z) Aelloell. (5)

and
—0

llz” = wp-1|? = Slla* = apl? + Nllowl® + A(f () = f (). (6)

Proof. In view of the definition of v, in (3), inequality (5) follows immediately from (4) with x = z§_1.
Now, using again the definition of vy, we have

1, 1, 1 .
§H$ —zpa|]® = §H9«“ —zp)* + §ka — @l + (@ — w2k — Tp—1)
1, 1 .
= lla" = 2 + AL oel® + Ao — 27, ).
Inequality (6) now follows by combining the latter inequality and (4) with = z*. O

Lemma 2.3. Define

k
Ao =0, Ak=> X, VkeN (7)
i=1
Then, for any k € N and z* € X*,

%Hx* — .Cl?kflu2 + Akfl(f(xkfl) - f*)

> et~ AelF ) — 1) +

g
5 A Agl|og |- (8)

Proof. By (5), we have

Aea(F (i) = £9) 2 Aot (@) = 17+ (1= F) Mllewl)

The result now follows by adding this inequality to (6), using the fact that Ay = Ap_1 + \x and
1—0/2>(1-0)/2. O

The following result follows by adding inequality (8) from 1 to k.



Lemma 2.4. For any k € N and z* € X*,

1
Slle =zl 2

k
. N 1-0

2% — 2k )® + Ap(f (k) — f5) + 5 E:AJ')‘J'HUJ'HQ'

=1

N —

We are now ready to state the convergence rate result for the IPP-CO framework. Throughout
this paper, we denote the distance of xg to X™* by dp.

Theorem 2.5. For every k € N, the following statements hold:
a) f(zg) = f* < dj/(20);
b) v € 0., f(xk) and there exists i < k such that

do O'dg i

”UZ” — (1 . 0_)1/2@]1/27 €Z = 2(1 o O')@k’

where Ay, is defined in (7) and ©y = Z?Zl NjA;.

Proof. Fix k € N. Let * € X* be such that ||2* = z¢|| = dp. By Lemma 2.4 with such z* € X*, we
have

d? -0
70 = A(f () = ) + —5 > AN,
j=1
which immediately implies a). To prove item b), let ¢ be such that
i € Argmin{|jv;|| | j =1,...,k}.

Using the previous inequality, the above definition and the definition of ©, we conclude that

k
@2 _ 1-0 1—0
52 > AN | il = —5—Oxjuil?,
2 2 , 2
J=1
which clearly implies the first inequality in b). Moreover, by (3) and the assumption that o; € [0, 0],
we have 2\;e; < o Av;]|?. Hence, g; < \jo||v;||*/2 and the second inequality in b) follows from the

first one in b). Since the inclusion in b) follows immediately from (3), the result follows. O

In the remaining part of this section, we focus our attention on those instances of the IPP-
CO framework in which the sequence of stepsizes {\;} is constant. The first result below is a
specialization of Theorem 2.5 to these instances.

Corollary 2.6. Consider an instance of the IPP-CO framework with A\, = X\ > 0 for every k € N.
Then, for every k € N, the following statements hold:

a) flay) — f* < di/(2kN);
b) v € 0., f(xk) and there exists i < k such that

\/§d0 Jdg

N < o770
Il < T=5ime = a=ome



Proof. This result follows immediately from Theorem 2.5 and the fact that Ay = kX and O =
A?k(k 4+ 1)/2, which are due to the assumption that A\ = X for every k € N. O

We observe that the bounds on ||v;|| and &; implied by the analysis of the HPE method in [11] are
O(1/Vk) and O(1/k), respectively. Hence, the bounds obtained in Corollary 2.6 for those instances
of the IPP-CO framework with constant stepsizes improve the ones implied by the analysis of [11].

Consider the natural goal of obtaining the following notion of approximate solution.

Definition 2.7. For a given tolerance pair (p,&) € R%,, & € X is called a (p,€)-solution of (2) if
there exists a pair (v,e) € X x Ry such that

vedf(Z), |vll<p e<§,
in which case (v,€) is said to be a (p,&)-residual for .

Observe that a stopping condition based on the above notion of approximate solution has the
nice feature that it can be used for instances of (2) in which the effective domain of f is unbounded.
The following iteration-complexity result follows as an immediate consequence of Corollary 2.6(b).

Corollary 2.8. For a given tolerance pair (p,&) € R?Hr’ an instance of the IPP-CO framework
with Ay, = X > 0 for every k € N, finds a (p,&)-solution of (2), together with a corresponding

(p, €)-residual, in at most
o (e8] [ 75 })
x| —= |, |—=
Ap e

We now discuss the complexity of computing and detecting an &-solution of (2), i.e., a solution
Z such that f(z) — f* < é&. Note that Z is &-solution of (2) if, and only if, Z is a (0, £)-solution of (2)
in the sense of Definition 2.7. Clearly, verification that an iterate is an &-solution directly from its
definition is only possible for those instances of (2) in which f* is known.

Consider now those instances of (2) for which f* is not known. Corollary 2.6(a) provides one
trivial way of detecting an &-solution based on the stopping criterion DZ/(2k\) < &, where Dy is a
known upper bound on dy. For example, when dom f is bounded and xy € dom f, then Dy can be
chosen to be a known upper bound on the diameter of dom f. Another possibility for detecting an
g-solution is to use the stopping criterion

iterations.

max {(vg,zx — ) + e :x € C} <&, (10)

where C'is a “simple” compact convex set containing the effective domain of f. Note that the validity
of (10) implies that xj, is an &-solution. Indeed, assuming (10) and using the fact that vi, € 0., f(xr),
we conclude that

fleg) — 7= flog) — f(2") < — 2", v) + e, <€,

where z* is an arbitrary optimal solution of (2). The following result describes the iteration-
complexity for finding an iterate satisfying (10), which is then a provably &-solution of (2).



Corollary 2.9. Consider an instance of the IPP-CO framework with \p = X > 0 for every k € N,
applied to an instance of (2) in which dom f is bounded. Assume that a compact conver set C
containing dom f is given and let Do denote the diameter of C'. Then, there exists an index

()

such that the iterate xz; satisfies (10). As a consequence, for any k > i, xy is an &-solution of (2).

Proof. Let k be the smallest k € N satisfying

V2Dedy Jdg =
(1—0)2Nk  (1—o0)Ak2 —

In view of the definition of k, the fact that dy < D¢ and Corollary 2.6, there exists
i <k=0(max dol?c , do =0 dOI?C
AE Ve AE

V2Dcdy od? _
max {(v;,x; —x) +&; :x € C} < Dellvi|| + & < T o) 2 1ol <é&.

such that

Thus, z; satisfies (10). Moreover, in view of (5) and the observation preceding Corollary 2.9, we
conclude that f(zy) — f* < f(z;) — f* < € for every k > i. O

Note that, under the assumption of Corollary 2.9, it is also possible to use the first stopping
criterion discussed above with Dy = D¢, namely D2 /(2k)\) < &. Clearly, the iteration-complexity
bound for IPP-CO framework based on this stopping criterion would be O([DZ/(A\¢)]), which is
substantially worse than the one stated in Corollary 2.9 when dy << Dg¢.

Finally, observe also that the above discussion would also hold had we only made the weaker
assumption that the compact convex set C is such that zp € C' and C' N X* # ().

3 Application I: Forward-backward splitting method

In this section, we show that the well-known forward-backward splitting method (see for example
[5]) is a special case of the IPP-CO framework described in the previous section.
In this section, we assume that

S.1) h: X — R is a proper closed convex function and p : X — R is a proper function such that
domp O dom h;

S.2) pis convex on domh and there exists an L-Lipschitz function g : Domg C X — X such that
Dom g O dom h and

™~

0 <p(F) —plx) — {g(x),7 —2) < S||& - 2|, Va,7 € domh; (11)



and consider the optimization problem (2) in which the objective function f is assumed to have the
following structure:

p(x) + h(x), = & domh,

fa) = { (@) + hl) (12)

+00, x ¢ dom h.

We now discuss Assumption S.2. If p is differentiable and convex on dom h and Vp is L-Lipschitz
continuous on dom h, then g = Vp satisfies S.2. However, the weaker assumption S.2 do not require
p to be differentiable on dom h, and hence to be defined in a neighborhood of dom h. This generality
will be particularly useful when dealing with the primal function of a convex-concave saddle function
(see Section 4). It can also be shown that the second inequality in (11) is implied by the other
conditions assumed in S.2, and hence can be dropped.

The following simple result, whose proof is given in the appendix, establishes the lower semi-
continuity of f.

Proposition 3.1. Under Assumptions S.1 and S.2, the function f defined in (12) is proper closed
conver.

We now state the algorithm we are interested in studying in this section.

Algorithm I (Forward-backward splitting algorithm for (2)-(12)):
0) Let zp € X and 0 < 0 < 1 be given and set A = o/L and k = 1;

1) compute z3 € X as
zp = (I +XOh) Nap_1 — Ag(xh_1)); (13)

2) set k< k+ 1 and go to step 1.

end

We now explain the terminology “forward-backward splitting” used by Algorithm I. If p is a
differentiable convex function with L-Lipschitz continuous gradient, then (13) becomes

z = (I 4+ A0h) " (wp—1 — AVD(24_1)).
Note that in this case, this algorithm is a particular case of a more general method which iterates as
Trp1 = (I + ANA) H(zp—1 — AB(v5-1)) = (I + M) (I — AB)(z5-1),

where A is a point-to-set maximal monotone operator and B is a point-to-point monotone map.
According to [3, 26, 5], the above method is called the forward-backward splitting method, and
converges to a solution of the inclusion 0 € (A+ B)(z), whenever B is L-co-coercive and 0 < A\ < 1/L.
Its origin dates back to [7, 1, 8, 15] or even earlier (see [26] and the references therein). In addition
to convex optimization, this method has also been used to solve variational and complementarity
problems as far back as 1982 (see [14, 6, 25, 24]). According to [3, 5], the easily computable step

Y = (I = AB)(zg-1) = 2p—1 — AB(g-1),

is the “forward” step in the direction —B(zj_1), while the backward step is the evaluation of the
resolvent

o = (L + M) ()



In the remaining part of this section, we study the iteration-complexity of Algorithm I. Our first
goal is show that Algorithm I is a special instance of the IPP-CO framework. We start by stating
the following well-known transportation formula for the subgradient of a proper convex function.

Lemma 3.2. If ¢ : X — R be a proper convex function and x,%,v € X are such that v € d¢(z) and
d(T) < 00, then v € O-¢(T) for every e > ¢(T) — [p(x) + (T — z,v)].

We are now ready to show that Algorithm I is a special case of the IPP-CO framework.

Theorem 3.3. Consider the sequence {xy} generated by Algorithm I and the sequences {hy}, {er},
{or} and {\;} defined for every k € N as o, =0, Ay = A,

1

hy == X(xkq — ) — g(zR-1), ex = p(ar) — p(Tp—1) — (9(Th—1), T — T—1).

Then, for every k € N, (3) holds with f = p+ h. As a consequence, Algorithm I is a special case of
the IPP-CO framework.

Proof. First note that (13) and the definition of hy imply that hy € Oh(zy). Now, consider the
function p : X — R defined as

(14)

_ p(z), x € domh,
p(x) =
0o, x ¢ domh.

Clearly, p is a proper convex function, f = p + h and, in view of the first inequality in (11),
g(x) € 0p(x) for every x € domh. Moreover, using the definition of ¢, and Lemma 3.2 with
(¢,x,%,v) = (D, xk—1, 2k, g(xk—1)), we conclude that g(z_1) € 0., p(xy), and hence that

Tp—1 — Tk

N = g(:):kfl) + hi € 85kﬁ(xk) + 8h($k) C 8€k (]5 + h)(xk) = 8€kf(xk)’ (15)

where the first identity is due to the definition of h; and Ag, and the last inclusion follows from a
well-known property about subgradients. Also, the second inequality in (11), the definition of e, Ay
and oy, and the assumption that A\ = o /L, imply that

2\kek = 2hep < AL||zg — zp—1||® = opl|zk — 1| O

The complexity result below follows as a consequence of the above result and Corollary 2.6. A
similar result was obtained in Theorem 4 of [13] under the assumption that the sublevel sets of f are
bounded, and the bounds are expressed in terms of the diameter of the sublevel set determined by
the initial iterate. On the hand, the result below gives bounds in terms of dy and does not assume
that the sublevel sets of f are bounded.

Corollary 3.4. Consider the sequence {xy} generated by Algorithm I and the sequences {hy} and
{er} defined as in Theorem 3.3. Then, for every k € N, the following statements hold:

a) f(zy) — f* < Ldg/(2ko);

b) g(xk—1) € O, p(xk) and hy € Oh(xy), and hence g(xp—1) + hy € O-, f(xk); moreover, there
exists 1 < k such that

V2  Ldp - Ld?

i— hl Si—p T 7 N7.90
lo(@ia) +hill < =577, R (ST

9



and
V2(1+0) Ldg
(1—0)20 k

llg(xi) + hil| <

Proof. By Theorem 3.3, Algorithm I is a special case of the IPP-CO framework with A = A for every
k € N. This observation together with Corollary 2.6(a), and the assumption that Ay = A = o/L
for every k € N, immediately imply a). We now prove b). First note that the inclusions in b) have
already been shown in the proof of Theorem 3.3. The first two estimates in b) follow from Corollary
2.6(b), the assumption that Ay = A\ = o /L for every k € N, and the first identity in (15). Moreover,
the last estimate follows from the first one, the triangle inequality for norms, and the fact that, by
Assumption S.2 and the definition of Ay and A, we have

lg(zi) — g(@i—1)|| < Ll|w; — zi—1l| = AL||g(wi-1) + hil| = ol|g(zi-1) + hil|. O

We end this section by making some remarks. First, when h = §x for some nonempty closed
convex set X C X, Algorithm I reduces to the classical projected gradient method, which is based
on the following recursive formula

zp = Px(Tk-1 — Ag(Tk-1)). (16)

This is due to the fact that the resolvent (I+A0h)~! of Oh in expression (13) is exactly the projection
operator Px onto X. Second, all the analysis of this section holds for any L > L,, where L, is the
smallest Lipschitz constant for the map g. If a constant L > L, is not known a priori, then we can
use the ideas of [13] for estimating such a constant. Third, in fact Algorithm I does not need to work
with a fixed stepsize A = o /L for some L > L4, but only with an adaptive stepsize A; > 0 such that

22k [p(zx) — plar—1) — (or — 2p—1, 9(wp-1))] < ook — 2]

where == (I + A\Oh) 1T — A\.g)(zp_1)-

4 Application II: A saddle point problem

In this section, we consider an optimization problem of the form (2)-(12), where the function p
is assumed to be the primal function associated with a convex-concave saddle function. We then
develop an inexact forward-backward splitting method for solving it in which the gradient of p is
computed only in an approximate sense.

We will now describe the structure of the function p in detail. Let Y denote another finite
dimensional inner product space with inner product and associated norm also denoted by (-,-) and
|| - ||, respectively. Let ¥ : Dom ¥ C X x Y — R and convex sets X C X and Y C Y such that

X xY CDomV%¥, domhCX (17)
be given. Assume that:
C.1) for every y € Y, the function ¥(-,y) is differentiable and convex on X;
C.2) there exist Lyg, Ly, > 0 such that

”vw\p(x,vy/) - Vm‘I’(f’?ay)H < LﬂCﬂCHx/ - xH + LmyHy/ - y”v V(:):,y), (xlvy/) € X xY;

10



C.3) there exists 5 > 0 such that, for every x € X, the function ¥y (z,-) : X — (—o0, o0] defined as

U(z,y), yev,

i = {—oo yey.

is an upper semi-continuous (-strongly concave function.

The function p : X — R is then defined as

_ | supyey U(z,y), ifzxelX;
p(x) = { +00, otherwise. (18)

In view of conditions C.1 and C.3 and assumption (17), p is a proper convex function such that
domp = X D dom h. This observation together with Proposition 4.1 below imply that the functions
p and h, and the map g : X — X defined as

g(z) = VU (z,y(z)), VrelX,

where

y(x) := argmax ¥(x,y), (19)

yey

satisfy conditions S.1 and S.2 of Section 3. Hence, direct application of Algorithm I to problem
(2)-(12), with p of the form (18), requires the computation of the exact solution of an optimization
problem of the form (18) at every iteration in order to evaluate g(zy_1) in (13). However, such an
approach is only possible for those instances of (2)-(12)-(18) for which it is possible to compute y(x)
as in (19) for every z € X. An natural idea to circumvent this drawback is to instead work with
approximate solutions of (18) which, in view of the result below, yield approximate subgradients of

p.

Proposition 4.1. Let n > 0 and T € X be given. Assume that § € Y is such that

and define g := VU (Z,y) and

Then, the following statements hold:
a) g€ Oyp(T);
b) for every x € X,
p(x) < p(@) + (5,2~ 7) + Ll — 7| + (22

c) for every & € X, we have g € O5p(&), where

. L. .
0 =0(7) =2+ 3| - z||.

11



Proof. a) Using (20), the definition of p and Assumption C.1, we conclude that

p(.ﬁlf) - \I/(.Cl_?,g) - > \I/(.’E,g) - \Il(fvg) -1
x—I)—mn, VrelX,

and hence that that g € 0,p(7).
b) Using Assumption C.3, Proposition B.2 with h = —Uy(Z,-), and the fact that —p(z) =
min{—Yy(Z,y) : y € Y}, we conclude that

5 21
@)z @)+ 5 (lv-al- %) . wev.

Also, by Assumptions C.1 and C.2 and the definition of g, we have

‘I/(:E,y) - \IJ(.’Ly) - <gv*f - ‘T> <vx\11(x7y) - VI\I/(.%,g),.’f - CC>
—[IV2¥(2,y) — Vo ¥ (2, 9)ll |z — 2|

= (Laalle = Zl| + Laylly — gl) [le = z[|,  V(z,y) € X x Y.

AVARAVARIY]

Adding these two inequalities, we then conclude that for every (z,y) € X x Y,

2
N . _ _ B _ 2n
V(z,y) < p() + (g, — ) + Laallw — 2> + Loy ly — gl o — 7| - 5 (v =3l - 3
2
. _ _ _ g 2
< p(.ﬁlf) + (g,x - .Cl?> + L:v:v”x - .’/UH2 + r?e?igx {Lacny - x”t - 5 t— ﬁn
L2 2
= (@) + (g0 = ) + | Low + 52 | llo = 32 + /2 Luylle - 3]
20 g
_ _ _ L%y —112
§p(:):)—|—(g,x—:1:>—|— L:v:v+ 5 H.Cl?—.il?” +1.
Inequality (22) now follows from the definition of p and the previous relation.
c) Since g € Oyp(Z), it follows that for any = € X,
p(z) =2 p(@) + (g2 — &) —n=p(@) + (g,x — %) — [n+ p(&) — p(Z) — (3,2 — T)]
. _ - L, . ._ . _ -
> p(@) + (0o~ 3) = (204 515~ 3P| 2 0(@) + (g0 - ) -7
Hence, g € 05p(2). O

Our main goal now is to state an inexact version of Algorithm I for solving problem (2)-(12), with
function p given by (18). The method, which we refer to as the inexact forward-backward splitting
algorithm, is as follows.
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Algorithm IT (An inexact forward-backward splitting algorithm for (2)-(12)-(18)):

0) define L as in (21) and let 29 € X, 0 < o < 1, A € (0,0/L) and a tolerance pair (p,) € RZ
be given; set k =1 and

N0 — AL) &0 — AL
n::min{p)\(a A ),E(U A )}, (23)
4 20
1) use the black-box to compute y; € Y such that
(0 —AL) 2
p(ep-1) = W21, 5%) < max 0, —— llew(ye) — zeall” ¢, (24)
and set xp = zx(yx), where
we(y) == (I + A0h) N (wp—1 — AV U (z_1,y)), Yy €Y; (25)
9) if
o— AL

o T — w1 |* <, (26)

then stop and output (z, vk, ex), where

(o —AL)
4N

LTp—1— Tk

2 L 2
€x = 2max {7, ”xk - xkq” + 5”9% - 901%1” ) Vg = by ;

otherwise, set k < k + 1 and go to step 1.

end

Note that step 2 of Algorithm II requires a subroutine that is able to obtain an approximate
solution xj of the problem min{—V(x;_1,y) : ¥y € Y} in the sense that its functional error p(xy_1) —
U(zg—_1,yx) is bounded by an adaptive tolerance, i.e., the right hand side of (24), that has the
following properties: i) it is bounded below by #7; ii) it is larger than 7 in those iterations for which
the stopping criterion (26) is not satisfied.

In what follows, we establish iteration-complexity bounds for Algorithm II by using the fact that
it is a special instance of the IPP-CO framework.

Lemma 4.2. The following statements hold:
&) vk € Deyplay) + Oh(ax) C Ouy fla);
b) inequality (26) holds if, and only if, ||vg|| < p and e, < E.

As a consequence, if Algorithm II stops at step 2, then xy is a (p,€)-solution of (2)-(12)-(18) and
(v, k) 1s a (p, €)-residual at xy,.

Proof. We first prove a). First, note that (24), Proposition 4.1(c) and the definition of €5 imply that

vx‘ll(xk‘—la yk?) € 86kp(xk?)

13



This inclusion, the definition of vk, and (25) with y = yg, then imply that

Vg = @ € va:\p(xkflvyk) + 8h($k)
€ Oz p(ay) + Oh(wi) = O, [p + hl(zk) = Oc, f (k). (27)

We now prove b). Using the definition of vy, we easily see that ||vg|| < p if, and only if,

o — AL
4\

g — zp_1)? < w.

Moreover, using the definition of €, we easily see that ¢, < £ if, and only if,

o— AL 9 _(o=AL) . (g &—2n E(c — AL)
_ < - 7 — g
75 lxg — zp—1]]° < 5 mm{ 5 )

o’ L\

where the last equality follows from the fact that n < &(o — AL)/(20), due to (23). In view of the
definition of 1 in (23), we have thus shown that (b) holds. O

Lemma 4.3. If Algorithm II does not stop at the k-th iteration, then (3) holds with f = p + h,
o =0 and \, = \.

Proof. The assumption of the lemma implies that (26) does not hold. This together with the defini-
tion of g5 then imply that

o— AL L g
ey = %ka —zpa|® + 3 Ml — zpa|? = oyl = w1l
which, together with (27), shows that (3) holds with f =p+ h, o, = 0 and A\, = A. =

Theorem 4.4. Algorithm II terminates in at most

o(oe([4]- [ 1)

iterations with a (p,€)-solution of (2)-(12)-(18) together with a corresponding (p,€)-residual.

Proof. Assume that Algorithm II has not stopped at the k-th iteration. In view of Lemma 4.3, it
follows that Algorithm IT (until the k-th iteration) is a special case of the IPP-CO framework in
which \; = A for every ¢ = 1,..., k. Hence, in view of Corollary 2.8, we conclude that &k is bounded
above by (28). Thus, the conclusion of the theorem follows. O

Note that checking whether (24) holds requires that p(-) be evaluated at xj_1, which is exactly
what the approach described in this section is trying to avoid. For the sake of shortness, let 1 denote
the right hand side of (24). Clearly, (24) is equivalent to the inclusion

0 € O [= Uy (zp—1,)] (1),

It turns out that we may instead use the checking criterion:
wg € O, [~ Yy (T—1, )] (Yk),

14



where (wg, 7,) € Y x Ry is a (small) residual pair. The result below shows that, as long as (wg, 7x)
is sufficiently small, we can still guarantee that the first condition above holds. Moreover, it is
worth noting that, in view of Theorem 2.5(b) and/or Corollary 2.6(b), any instance of the IPP-CO
framework, and in particular Algorithm I, applied to the problem

] _\Ij _ = \I/ —
rgjlel‘?( v)(Th—1,9) max (@k-1,Y)

will eventually generate a pair as above, without any need to evaluate p.

Proposition 4.5. Let x € X be given and assume that (y,e,w) € Y x Ry X Y satisfies
w € O [~y (z,)|(y)- (29)

Then,
pe) - vo) < (24 ve)
V28
Proof. Define the function ¢ := =Wy (z,-) — (w, -). Note that condition C.3 implies that ¢ is a proper
lower semi-continuous (-strongly convex function. Moreover, assumption (29) is equivalent to the
condition that 0 € 0-¢(y), or equivalently

g (30)

Py) —¢" <e, (31)

where ¢* := inf{¢(y') : ¥/ € Y}. Hence, it follows from Proposition B.2 that for every § € Y:

2 2
626+ 5 (15-vl- ) 2o -<+5 (l-01- %) .

where the last inequality is due to (31). Noting the definition of ¢ and Wy (z, ), we easily see that
the above inequality implies that

5 - G (. . 2e 2
vo) - ¥e) —< < i) - 5 (1501 /%)
2
< max {HMHHZJ/ —yll - g (”Z// —yll - 2_;> }
CE P
_\/%HwH—i— 53 VieY

This inequality together with (18) then imply that (30) holds. O

In view of the above result, Algorithm II with step 1 replaced by the following alternative step
would still possess all the convergence properties of its original version.

Step 1’: Compute (yx, e, wi) € Y x Ry x Y such that

2
w0, -yl (U va) < ma{n O ) - al?).
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5 Concluding Remarks

After the release of the first version of this work, Devolder at al. released the paper [4], where un-
accelerated and/or accelerated inexact first-order (gradient) methods for convex optimization are
proposed. In particular, they discuss how their methods can be used to minimize primal func-
tions associated with convex-concave saddle-point problems, where the inner subproblems (needed
to evaluate the primal functions) are solved inexactly. Motivated by their work, we have added a new
section, namely Section 4, to the present version, dealing with the same type of saddle-based convex
minimization problems. However, we note that the class of saddle functions considered here, i.e.,
those satisfying conditions C.1-C.3 of Section 4, are more general than those considered in Section
3.2 of [4].

Observe that condition C.3 requires that the saddle function Wy (z,-) be f-strongly concave for
every x € X. For saddle functions which satisfies C.1, C.2 and C.3 with 8 = 0, it is possible to
add, for some small © > 0, a p-strongly concave function on Y to ¥ to obtain a perturbed saddle
function satisfying C.1, C.2 and C.3 with § = p > 0, to which Algorithm II can be applied. Under
the assumption that Y is a compact convex set and by properly choosing p > 0, it is possible to
present an unaccelerated smoothing minimization scheme where the primal function of the perturbed
saddle function is minimized by an instance of the IPP-CO framework and the inner subproblems
solved inexactly instead of exactly as in the accelerated smoothing minimization scheme of [12]. For
the sake of shortness, we have omitted the details of the aforementioned smoothing minimization
scheme.

A Proof of Proposition 3.1

Our goal in this section is to establish Proposition 3.1.

Lemma A.1. Let ¢ : X — R be a proper convex function such that ¢ restricted to its domain is
lower semi-continuous. Then, cl¢(x) = ¢(x) for every x € dom ¢.

Proof. We know that (cl f)(z) = liminf,_., f(y) for every & € X. Since, by assumption,

liminf f(y) = f(z), VaeX,

yEdom f
and f(y) = oo for every y ¢ dom ¢, the result follows. O

Proof of Proposition 3.1. Consider the function p defined according to (14). We know that p is a
proper convex function and f = p + h. Since domp = domh # (), it follows from Theorem 9.3 of
[16] and Assumption S.1 that cl f = clp + h. Moreover, since p is continuous on its domain due
to (11), we conclude from Lemma A.1 that clp and p coincide on domp = domg. Based on these
observations, we can now easily see that cl f = f. O

B A technical result on convex optimization

In this section, we establish a technical result, namely Proposition B.2, needed in the proof of
Proposition 4.1.
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Proposition B.1. Let ¢ : X — (—o00,00]| be a proper lower semi-continuous [-strongly convex
function. Then, the problem

¢* = inf{o(z) : x € X} (32)

has a unique optimal solution z* € X and
* ﬂ * (12
o(x) > ¢ +§||ac—$c I, VzelX. (33)

Using the above proposition, we can now establish the following variant of the above result.

Proposition B.2. Let ¢ : X — (—o0,00] be a proper lower semi-continuous [(3-strongly convex
function and assume that T is a n-approzimate solution of (32), i.e., it satisfies

P(T) — 9" <. (34)
Then,

2
gb(:c)ng*—i—g(”x—:c”— %), Vo e X.

Proof. By (33) with = z and (34), we have

o~ <o(z) - 6" <n.

This inequality together with (33) then imply that

5 2
o) =0 2 Jle - 2 S le—al ~Ja-o1? 2 § (le-al - /2) . O
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