OPTIMAL PRIMAL-DUAL METHODS FOR A CLASS OF SADDLE POINT PROBLEMS
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Abstract. We present a novel accelerated primal-dual (APD) method for solving a class of deterministic and stochastic
saddle point problems (SPP). The basic idea of this algorithm is to incorporate a multi-step acceleration scheme into the primal-
dual method without smoothing the objective function. For deterministic SPP, the APD method achieves the same optimal
rate of convergence as Nesterov’s smoothing technique. Our stochastic APD method exhibits an optimal rate of convergence for
stochastic SPP not only in terms of its dependence on the number of the iteration, but also on a variety of problem parameters.
To the best of our knowledge, this is the first time that such an optimal algorithm has been developed for stochastic SPP in the
literature. Furthermore, for both deterministic and stochastic SPP, the developed APD algorithms can deal with the situation
when the feasible region is unbounded, as long as a saddle point exists. In the unbounded case, we incorporate the modified
termination criterion introduced by Monteiro and Svaiter in solving SPP problem posed as monotone inclusion, and demonstrate
that the rate of convergence of the APD method depends on the distance from the initial point to the set of optimal solutions.
Some preliminary numerical results of the APD method for solving both deterministic and stochastic SPPs are also included.

Keywords: saddle point problem, optimal methods, stochastic approximation, stochastic programming, com-
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1. Introduction. Let X and ) denote the finite-dimensional vector spaces equipped with an inner
product (-,-) and norm || - ||, and X C X, Y C ) be given closed convex sets. The basic problem of interest
in this paper is the saddle-point problem (SPP) given in the form of:

min{f(a:) =maxG(z) + (Kz,y) —J(y)}. (1.1)

reX yey

Here, G(x) is a general smooth convex function and K is a linear operator such that, for some Lg, Lx > 0,
L
G(u) — G(x) — (VG(z),u —x) < 7(;Hu —z|* and |Ku — Kz||, < Lg|ju — x|, Vz,u € X, (1.2)

and J : Y — R is a relatively simple, proper, convex, lower semi-continuous (l.s.c.) function (i.e., problem
(2.5) is easy to solve). In particular, if J is the convex conjugate of some convex function F' and Y = ), then
(1.1) is equivalent to the primal problem:

min G(z) + F(Kx). (1.3)

zeX

Problems of these types have recently found many applications in data analysis, especially in imaging process-
ing and machine learning. In many of these applications, G(x) is a convex data fidelity term, while F(Kx)
is a certain regularization, e.g., total variation [47], low rank tensor [22, 50], overlapped group lasso [19, 30],
and graph regularization [19, 49].

This paper focuses on first-order methods for solving both deterministic SPP, where exact first-order
information on f is available, and stochastic SPP, where we only have access to inexact information about f.
Let us start by reviewing a few existing first-order methods in both cases.
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1.1. Deterministic SPP. Since the objective function f defined in (1.1) is nonsmooth in general, tra-
ditional nonsmooth optimization methods, e.g., subgradient methods, would exhibit an O(1/ VN ) rate of
convergence when applied to (1.1) [36], where N denotes the number of iterations. However, following the
breakthrough paper by Nesterov [41], much research effort has been devoted to the development of more
efficient methods for solving problem (1.1).

(1) Smoothing techniques. In [41], Nesterov proposed to approximate the nonsmooth objective function f
in (1.1) by a smooth one with Lipschitz-continuous gradient. Then, the smooth approximation function is
minimized by an accelerated gradient method in [39, 40]. Nesterov demonstrated in [41] that, if X and Y are
compact, then the rate of convergence of this smoothing scheme applied to (1.1) can be bounded by:

Le Lg

which significantly improves the previous bound O(1/ VN ). It can be seen that the rate of convergence in
(1.4) is actually optimal, based on the following observations:
a) There exists a function G with Lipschitz continuous gradients, such that for any first-order method,
the rate of convergence for solving gél)r{l G(z) is at most O (Lg/N?) [40].

b) There exists b € Y, where Y is a convex compact set of R™ for some m > 0, and a linear bounded
operator K, such that for any first-order method, the rate of convergence for solving :Iclél)r(l I&&;{(K z,y)—
J(y) := min max(Kz — b,y) is at most O (Lg/N) [37, 34].
zeX yey
Nesterov’s smoothing technique has been extensively studied (see, e.g., [38, 2, 26, 10, 42, 51, 4, 25]). Observe
that in order to properly apply these smoothing techniques, we need to assume either X or Y to be bounded.

(2) Primal-dual methods. While Nesterov’s smoothing scheme or its variants rely on a smooth approximation
to the original problem (1.1), primal-dual methods work directly with the original saddle-point problem. This
type of method was first presented by Arrow et al. [1] and named as the primal-dual hybrid gradient (PDHG)
method in [52]. The results in [52, 9, 12] showed that the PDHG algorithm, if employed with well-chosen
stepsize policies, exhibits very fast convergence in practice, especially for some imaging applications. Recently
Chambolle and Pork [9] presented a unified form of primal-dual algorithms, and demonstrated that, with a
properly specified stepsize policy and averaging scheme, these algorithms can also achieve the O(1/N) rate of
convergence. They also discussed possible ways to extend primal-dual algorithms to deal with the case when
both X and Y are unbounded. In the original work of Chambolle and Pork, they assume G to be relatively
simple so that the subproblems can be solved efficiently. With little additional effort, one can show that, by
linearizing G at each step, their method can also be applied for a general smooth convex function G and the
rate of convergence of this modified algorithm is given by

0 <LG ;LK) | (L5)

The rate of convergence in (1.4) has a significantly better dependence on Lg than that in (1.5). Therefore,
Nesterov’s smoothing scheme allows a very large Lipschitz constant Lg (as big as O(NNV)) without affecting the
rate of convergence (up to a constant factor of 2). This is desirable in many data analysis applications (e.g.,
image processing), where L¢ is usually significantly bigger than L. Note that the primal-dual methods are
also related to the Douglas-Rachford splitting method [11, 29] and a pre-conditioned version of the alternating
direction method of multipliers [13, 16] (see, e.g., [9, 12, 18, 33] for detailed reviews on the relationship between
the primal-dual methods and other algorithms, as well as recent theoretical developments).

(3) Extragradient methods for variation inequality (VI) reformulation. Motivated by Nesterov’s work, Ne-
mirovski presented a mirror-prox method, by modifying Korpelevich’s extragradient algorithm [23], for solving
a more general class of variational inequalities [34] (see also [20]). Similar to the primal-dual methods men-
tioned above, the extragradient methods update iterates on both the primal space A and dual space ), and
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do not require any smoothing technique. The difference is that each iteration of the extragradient methods
requires an extra gradient descent step. Nemirovski’s method, when specialized to (1.1), also exhibits a rate of
convergence given by (1.5), which, in view of our previous discussion, is not optimal in terms of its dependence
on Lg. It can be shown that, in some special cases (e.g., G is quadratic), one can write explicitly the (strongly
concave) dual function of G(x) and obtain a result similar to (1.4), e.g., by applying an improved algorithm
in [20]. However, this approach would increase the dimension of the problem and cannot be applied for a
general smooth function G. It should be noted that, while Nemirovski’s initial work only considers the case
when both X and Y are bounded, Monteiro and Svaiter [31] recently showed that extragradient methods can
deal with unbounded sets X and Y by using a slightly modified termination criterion.

1.2. Stochastic SPP. While deterministic SPP has been extensively explored, the study on stochastic
first-order methods for stochastic SPP is still quite limited. In the stochastic setting, we assume that there
exists a stochastic oracle (SO) that can provide unbiased estimators to the gradient operators VG(z) and
(—Kxz, KTy). More specifically, at the i-th call to SO, (z;,v;) € X x Y being the input, the oracle will output

the stochastic gradient (G(x;), Ky (z:), Ky(yi)) = (G(i, &), Ko (i, &), Iy (yi, &:)) such that

s -veen2[( G- ()

Here {¢&; € R4}22, is asequence of i.i.d. random variables. In addition, we assume that, for some 02,G) Oy, Oz K =
0, the following assumption holds for all z; € X and y; € Y:

AL E[|G(x;) = VG(2:)|2] < 02 v EllKs(2i) — Kai2] < of and  E[IKy(y:) — K yill2] < 02 -

y <
Sometimes we simply denote o, := /02 . + 02 ;- for the sake of notational convenience. Stochastic SPP

often appears in machine learning applications. For example, for problems given in the form of (1.3), G(x)
(resp. F(Kz)) can be used to denote a smooth (resp. nonsmooth) expected convex loss function. It should
also be noted that deterministic SPP is a special case of the above setting with o, = o, = 0.

In view of the classic complexity theory for convex programming [36, 21], a lower bound on the rate of
convergence for solving stochastic SPP is given by

La Lk Oy + 0O
Q= -_n Yy
(5o + 24 2te),

where the first two terms follow from the discussion after (1.4) and the last term follows from Section 5.3 and
6.3 of [36]. However, to the best of our knowledge, there does not exist an optimal algorithm in the literature
which exhibits exactly the same rate of convergence as in (1.7), although there are a few general-purpose
stochastic optimization algorithms which possess different nearly optimal rates of convergence when applied
to above stochastic SPP.

(1.7)

(1) Mirror-descent stochastic approximation (MD-SA). The MD-SA method developed by Nemirovski et al.
in [35] originates from the classical stochastic approximation (SA) of Robbins and Monro [46]. The classical
SA mimics the simple gradient descent method by replacing exact gradients with stochastic gradients, but
can only be applied to solve strongly convex problems (see also Polyak [44] and Polyak and Juditsky [45], and
Nemirovski et al. [35] for an account for the earlier development of SA methods). By properly modifying the
classical SA, Nemirovski et al. showed in [35] that the MD-SA method can optimally solve general nonsmooth
stochastic programming problems. The rate of convergence of this algorithm, when applied to the stochastic
SPP, is given by (see Section 3 of [35])

O{(LG+LK+ax+ay)\/1N}. (1.8)

3



However, the above bound is significantly worse than the lower bound in (1.7) in terms of its dependence on
both Lg and L.

(2) Stochastic mirror-prox (SMP). In order to improve the convergence of the MD-SA method, Juditsky et
al. [21] developed a stochastic counterpart of Nemirovski’s mirror-prox method for solving general variational
inequalities. The stochastic mirror-prox method, when specialized to the above stochastic SPP, yields a rate
of convergence given by

Lo+ Lg O';C—F(J'y}
0 + : 1.9
e (9

Note however, that the above bound is still significantly worse than the lower bound in (1.7) in terms of its
dependence on Lg.

(3) Accelerated stochastic approximation (AC-SA). More recently, Lan presented in [24] (see also [14, 15]) a
unified optimal method for solving smooth, nonsmooth and stochastic optimization by developing a stochastic
version of Nesterov’s method [39, 40]. The developed AC-SA algorithm in [24], when applied to the aforemen-
tioned stochastic SPP, possesses the rate of convergence given by

O{§G2+(LK+JI+%)\/1N}. (1.10)
However, since the nonsmooth term in f of (1.1) has certain special structure, the above bound is still
significantly worse than the lower bound in (1.7) in terms of its dependence on Ly . It should be noted that
some improvement for AC-SA has been made by Lin et al. [28] by applying the smoothing technique to (1.1).
However, such an improvement works only for the case when Y is bounded and o, = 0, k¥ = 0. Otherwise,
the rate of convergence of the AC-SA algorithm will depend on the “variance” of the stochastic gradients
computed for the smooth approximation problem, which is usually unknown and difficult to characterize (see
Section 3 for more discussions).

Therefore, none of the stochastic optimization algorithms mentioned above could achieve the lower bound
on the rate of convergence in (1.7).

1.3. Contribution of this paper. Our contribution in this paper mainly consists of the following three
aspects. Firstly, we present a new primal-dual type method, namely the accelerated primal-dual (APD)
method, that can achieve the optimal rate of convergence in (1.4) for deterministic SPP. The basic idea of
this algorithm is to incorporate a multi-step acceleration scheme into the primal-dual method in [9]. We
demonstrate that, without requiring the application of the smoothing technique, this method can also achieve
the same optimal rate of convergence as Nesterov’s smoothing scheme when applied to (1.1). We also show
that the cost per iteration for APD is comparable to that of Nesterov’s smoothing scheme. Hence our method
can efficiently solve problems with a big Lipschtiz constant L.

Secondly, in order to solve stochastic SPP, we develop a stochastic counterpart of the APD method, namely
stochastic APD and demonstrate that it can actually achieve the lower bound on the rate of convergence in
(1.7). Therefore, this algorithm exhibits an optimal rate of convergence for stochastic SPP not only in terms of
its dependence on IV, but also on a variety of problem parameters including, Lg, Lk, 0, and o,. To the best
of our knowledge, this is the first time that such an optimal algorithm has been developed for stochastic SPP
in the literature. In addition, we investigate the stochastic APD method in more details, e.g., by developing
the large-deviation results associated with the rate of convergence of the stochastic APD method.

Thirdly, for both deterministic and stochastic SPP, we demonstrate that the developed APD algorithms
can deal with the situation when either X or Y is unbounded, as long as a saddle point of problem (1.1)
exists. We incorporate into the APD method the termination criterion employed by Monteiro and Svaiter [32]
for solving variational inequalities, and generalize it for solving stochastic SPP. In both deterministic and
stochastic cases, the rate of convergence of the APD algorithms will depend on the distance from the initial
point to the set of optimal solutions.



Finally, we demonstrate the advantages of the proposed deterministic and stochastic ADP method for
solving certain classes of SPP through numerical experiments.

1.4. Organization of the paper. We present the APD methods and discuss their main convergence
properties for solving deterministic and stochastic SPP problems, respectively, in Sections 2 and 3. In order to
facilitate the readers, we put the proofs of our main results in Section 4. Experimental results on deterministic
and stochastic APD methods including comparisons with several existing algorithms are presented in section
5. Some brief concluding remarks are made in Section 6.

2. Accelerated primal-dual method for deterministic SPP. Our goal in this section is to present
an accelerated primal-dual method for deterministic SPP and discuss its main convergence properties.

The study on first-order primal-dual method for nonsmooth convex optimization has been mainly moti-
vated by solving total variation based image processing problems (e.g. [52, 12, 43, 9, 6, 17]). Algorithm 1
shows a primal-dual method summarized in [9] for solving a special case of problem (1.1), where Y = R™ for
some m > 0, and J(y) = F*(y) is the convex conjugate of a convex and l.s.c. function F.

Algorithm 1 Primal-dual method for solving deterministic SPP

1: Choose x1 € X, y; € Y. Set 7 = x1.
2: Fort =1,..., N, calculate

. _ 1
yrp1 = argmin (—K7y,9) + T () + 5y = vell*, (2.1)
yey Tt
. 1
o1 = argmin G(x) + (Ko, yerr) + 5 —[|lz — a0, (2.2)
zeX 2n;
i’t+1 = et($t+1 - l’t) + Ti41- (23)

N N
3: Output 2V = % S,y = % Dot—1 Yt-

Algorithm 2 Accelerated primal-dual method for deterministic SPP

1: Choose x1 € X,y; €Y. Set 217 = 21,97 = y1, 71 = z1.
2: Fort=1,2,..., N — 1, calculate

o = (1= ;i + B s (2.4)
Y1 = a?ygel@m (—KZy,y) +J(y) + %Vy(y,yt), (2.5)
Tpr1 = ar;ger;in <VG(x;"d)7x> + <x,KTyt+1> + %Vx(x,xtL (2.6)
2y = (1= B ey + By twe, (2.7)

ity = (=87 + Bty
Toy1 = Orp1(Tep1 — 24) + Topr

3: Output z37, yyf.

The convergence of the sequence {(z,y:)} in Algorithm 1 has been studied in [43, 12, 9, 6, 17] for various
choices of 6;, and under different conditions on the stepsizes 7 and n;. In the study by Chambolle and Pock [9],
they consider the case when constant stepsizes are used, i.e., 7z = 7, 9, = 1 and 6; = 6 for some 7,1,0 > 0 for
all t > 1. If TnL3 < 1, where L is defined in (1.2), then the output (2, y”) possesses a rate of convergence
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of O(1/N) for § = 1, and of O(1/v/N) for § = 0, in terms of partial duality gap (duality gap in a bounded
domain, see (2.13) below).

One possible limitation of [9] is that both G and J need to be simple enough so that the two subproblems
(2.1) and (2.2) in Algorithm 1 are easy to solve. To make Algorithm 1 applicable to more practical problems
we consider more general cases, where J is simple, but G may not be so. In particular, we assume that G
is a general smooth convex function satisfying (1.2). In this case, we can replace G in (2.2) by its linear
approximation G(x¢) + (VG(x¢),z — ). Then (2.2) becomes

2411 = argmin (VG(z4), z) + (Kz,y141) + QLHx — 22 (2.10)
reX uiz
In the following context, we will refer to this modified algorithm as the “linearized version” of Algorithm 1. By
some extra effort we can show that, iffort =1,...,N,0<0; = 7,1 /7 = p4—1/m: < 1, and Lgn+L%mm < 1,
then (z,y") has an O((Lg + Lk )/N) rate of convergence in the sense of the partial duality gap.

As discussed in Section 1, the aforementioned rate of convergence for the linearized version of Algorithm 1
is the same as that proved in [9], and not optimal in terms of its dependence on Lg (see (1.5)). However, this
algorithm solves the problem (1.1) directly without smoothing the nonsmooth objective function. Considering
the primal-dual method as an alternative to Nesterov’s smoothing method, and inspired by his idea of using
accelerated gradient descent algorithm to solve the smoothed problem [39, 40, 41], we propose the following
accelerated primal-dual algorithm that integrates the accelerated gradient descent algorithm into the linearized
version of Algorithm 1.

Our accelerated primal-dual (APD) method is presented in Algorithm 2. Observe that in this algorithm,
the superscript “ag” stands for “aggregated”, and “md” stands for “middle”. For any z,u € X and y,v € Y,
the functions Vx(-,-) and Vy (-, -) are Bregman divergences defined as

Vx(z,u) :=dx(x) — dx(u) — (Vdx (u),x — u), and Vy (y,v) :=dy(y) — dy (v) — (Vdy (v),y —v), (2.11)

where dx(-) and dy () are strongly convex functions with strong convexity parameters ax and «y. For
example, under the Euclidean setting, we can simply set Vy (x, ;) := ||z —x¢||?/2 and Vy (v, u¢) := |ly —v:]|?/2,
and ax = ay = 1. We assume that J(y) is a simple convex function, so that the optimization problem in
(2.5) can be solved efficiently.

Note that if 8; = 1 for all t > 1, then 2" = x;, xy{, = 2441, and Algorithm 2 is the same as the linearized
version of Algorithm 1. However, by specifying a different selection of 5; (e.g., 8; = O(t)), we can significantly
improve the rate of convergence of Algorithm 2 in terms of its dependence on L. It should be noted that the
iteration cost for the APD algorithm is about the same as that for the linearized version of Algorithm 1.

In order to analyze the convergence of Algorithm 2, it is necessary to introduce a notion to characterize
the solutions of (1.1). Specifically, denoting Z = X x Y, for any Z = (Z,9) € Z and z = (z,y) € Z, we define

Q,2) = [G(2) + (KZ,y) = J(y)] = [G(z) + (Kz,9) — J(7)]. (2.12)

It can be easily seen that Z is a solution of problem (1.1), if and only if Q(Z,z) <0 for all z € Z. Therefore,
if Z is bounded, it is suggestive to use the gap function
Z) = Z 2.1

9(2) == maxQ(z, 2) (2.13)
to assess the quality of a feasible solution Z € Z. In fact, we can show that f(Z) — f* < g(2) for all Z € Z,
where f* denotes the optimal value of problem (1.1). However, if Z is unbounded, then g(2) is not well-defined
even for a nearly optimal solution zZ € Z. Hence, in the sequel, we will consider the bounded and unbounded
case separately, by employing a slightly different error measure for the latter situation.

The following theorem describes the convergence properties of Algorithm 2 when Z is bounded.
THEOREM 2.1. Suppose that for some Qx,Qy >0,

sup Vx(z1,22) < (2%( and sup Vy(y1,y2) < Q% (2.14)
T1,2€X Y1,Y2€Y

6



Also assume that the parameters By, 0y, m, 7y in Algorithm 2 are chosen such that for all t > 1,

fr =1, Bey1 — 1= Bibiya, (2.15)
0 <, <min{ =L Tty (2.16)
Ur Tt
Lo L2
ax 26 ZKTE . (2.17)

Then for allt > 1,

2 2
g(zi)) < ﬁ —Q% +m§2 (2.18)

There are various options for choosing the parameters S, n;, 7+ and 6; such that (2.15)—(2.17) hold. Below
we provide such an example.
COROLLARY 2.2. Suppose that (2.14) holds. In Algorithm 2, if the parameters are set to

t+1 t—1 axt ay Dy
Bt 9 t PR t 2Lg—|—tLKDy/DX ana Ty LDy’ ( )
where Dx := Qx+/2/ax and Dy := Qy+/2/ay, then for allt > 2,
2L D? 2L Dx D
g(209) < 262X KXY (2.20)

= t(t—1) t

Proof. It suffices to verify that the parameters in (2.19) satisfies (2.15)—~(2.17) in Theorem 2.1. It is easy
to check that (2.15) and (2.16) hold. Furthermore,

ax _ Lg _ Likm _ 2Lg+tLkDy/Dx _ 2Lg _ LxDy >0
- b

¢ Bt oy t t+1 Dx

o0 (2.17) holds. Therefore, by (2.18), for all t > 1 we have

ag)

4L 2(t—1)Lxg Dy /D 2Lk Dx /D
g(zt QZ 1 02 — a+2( )KY/X.%DQ KX/Y.OtTyD%/

— Bi- 1"7t 1 + Bt—1Tt—1 axt(t—1) 2 X ayt
2LGDX + QLKDxDY
t(t—1)

|

Clearly, in view of (1.4), the rate of convergence of Algorithm 2 applied to problem (1.1) is optimal when
the parameters are chosen according to (2.19). Also observe that we need to estimate Dy /Dx to use these
parameters. However, it should be pointed out that replacing the ratio Dy /Dx in (2.19) by any positive
constant only results in an increase in the RHS of (2.20) by a constant factor.

Now, we study the convergence properties of the APD algorithm for the case when Z = X x Y is
unbounded, by using a perturbation-based termination criterion recently employed by Monteiro and Svaiter
and applied to SPP [31, 33, 32]. This termination criterion is based on the enlargement of a maximal monotone
operator, which is first introduced in [7]. One advantage of using this criterion is that its definition does not
depend on the boundedness of the domain of the operator. More specifically, as shown in [32, 31], there always
exists a perturbation vector v such that

g(zZ,v) = = max Q2 2)—(v,Z—2) (2.21)

is well-defined, although the value of ¢g(Z) in (2.13) may be unbounded if Z is unbounded. In the following
result, we show that the APD algorithm can compute a nearly optimal solution Z with a small residue §(Z,v),
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for a small perturbation vector v (i.e., ||v] is small). In addition, our derived iteration complexity bounds are
proportional to the distance from the initial point to the solution set.

THEOREM 2.3. Let {29} = {(2}7,4/7)} be the iterates generated by Algorithm 2 with Vx(z,x¢) =
|z —2z¢||?/2 and Vy (y,yt) = ||y — ye||?/2. Assume that the parameters B¢, 0y, m; and 7, satisfy (2.15),

g, = M=1 _ Tim1 (2.22)
ui Tt
1 Lg L3
S 26 KT ) (2.23)
ur Bt p
for allt > 1 and for some 0 < p < 1, then there exists a perturbation vector viy1 such that
~(.a (2 B p)D2 .
Q(Z,,fpvtﬂ) < 7&7%(1 ) =&t (2.24)
for any t > 1. Moreover, we have
1 . 1 .. 1 m 2Lk
v <—|Z—z1|| + 5—l9—vy +[(1+ )—i— D, 2.25
e Bene | o Bt | 2 Bene (1 —p) Bt (2.25)
where (&,9) is a pair of solutions for problem (1.1) and
D= |3 2, My 2
=/ 1& =z | +71||y—y1|\ : (2.26)

Below we suggest a specific parameter setting which satisfies (2.15), (2.22) and (2.23).
COROLLARY 2.4. In Algorithm 2, if N is given and the parameters are set to

t+1 t—1 t+1 t+1
o= b= e S S Ny T T aN L, (2:27)
then there exists vy that satisfies (2.24) with
10LgD? | 10LkD? 15LgD | 19Lg D
< .
EN S T v ol vl S —m—+ = (2.28)

where D = VIIE =12 + 11§ — w2
Proof. For the parameters B, v, n, 7t in (2.27), it is clear that (2.15), (2.22) holds. Furthermore, let
p=1/4, foranyt=1,...,N — 1, we have

1 _ Lg _ Lk7e _ 2LG+2LgN _ 2Lg _ 2Lk(t+1) 5 2LgN _ 2Lk(41) 5
N _— I

nt Bt P t+1 t+1 LxkN = t+1

thus (2.23) holds. By Theorem 2.5, inequalities (2.24) and (2.25) hold. Noting that n; < 7, in (2.24) and
(2.25) we have D < D, ||& — x1|| + ||§ — v1]| < V2D, hence

lvega |l < 7‘5515 + 0ty 4/3D 4 2LgD
— Pt

Bene Bt
and
(2-p)D* _ 7D?
i1 S Bine(1—p) — 3Bime*
Also note that by (2.27), BN—ll'r]N—l = 4(LG;£KN) = 4]3—«? + ‘LLTK. Using these three relations and the definition

of By in (2.27), we obtain (2.28) after simplifying the constants. O

It is interesting to notice that, if the parameters in Algorithm 2 are set to (2.27), then both residues ey
and ||un|| in (2.28) reduce to zero with approximately the same rate of convergence (up to a factor of D). Also
observe that in Theorem 2.3 and Corollary 2.4, we fix Vx(-,-) and V3 (-,-) to be regular distance functions
rather than more general Bregman divergences. This is due to fact that we need to apply the Triangular
inequality associated with /Vx(:,-) and 1/Vy (:,+), while such an inequality does not necessarily hold for
Bregman divergences in general.



3. Stochastic APD method for stochastic SPP. Our goal in this section is to present a stochastic
APD method for stochastic SPP (i.e., problem (1.1) with a stochastic oracle) and demonstrate that it can
actually achieve the lower bound in (1.7) on the rate of convergence for stochastic SPP.

The stochastic APD method is a stochastic counterpart of the APD algorithm in Section 2, obtained
by simply replacing the gradient operators —Kz;, VG(27?) and KTy;, 1, used in (2.5) and (2.6), with the
stochastic gradient operators computed by the SO, i.e., —I@x(it), QA(a:g”d) an Iéy(ytﬂ), respectively. This
algorithm is formally described as in Algorithm 3.

Algorithm 3 Stochastic APD method for stochastic SPP
Modify (2.5) and (2.6) in Algorithm 2 to

. s 1
Yer1 = argmin (=K (Z¢),y) + J(y) + = Vv (y, yt) (3.1)
yey Tt
A m . 1
Ti41 = afgn;l(ln (G(y d)71?> + <x,/Cy(yt+1)) + ;Vx(xaxt) (3.2)
TE t

A few more remarks about the development of the above stochastic APD method are in order. Firstly,
observe that, although primal-dual methods have been extensively studied for solving deterministic saddle-
point problems, it seems that these types of methods have not yet been generalized for stochastic SPP in
the literature. Secondly, as noted in Section 1, one possible way to solve stochastic SPP is to apply the
AC-SA algorithm in [24] to a certain smooth approximation of (1.1) by Nesterov [41]. However, the rate
of convergence of this approach will depend on the variance of the stochastic gradients computed for the
smooth approximation problem, which is usually unknown and difficult to characterize. On the other hand,
the stochastic APD method described above works directly with the original problem without requiring the
application of the smoothing technique, and its rate of convergence will depend on the variance of the stochastic
gradient operators computed for the original problem, i.e., O'g’G, 0’5 and O‘%’ x in Al. We will show that it can
achieve exactly the lower bound in (1.7) on the rate of convergence for stochastic SPP.

Similarly to Section 2, we use the two gap functions g(-) and g(-,-), respectively, defined in (2.13) and
(2.21) as the termination criteria for the stochastic APD algorithm, depending on whether the feasible set
Z = X x Y is bounded or not. Since the algorithm is stochastic in nature, for both cases we establish its
expected rate of convergence in terms of g(-) or g(-,-), i.e., the “average” rate of convergence over many runs
of the algorithm. In addition, we show that if Z is bounded, then the convergence of the APD algorithm can
be strengthened under the following “light-tail” assumption on SO.

A2 E [exp{HVG(x) - gA(x)Hf/aigﬂ <exp{l}, E [exp{HKac - /Q(x)ni/aj}} < exp{1}
and E [exp{ | KTy — K, (1)|2/02 x}| < exp{1}.
It is easy to see that A2 implies A1 by Jensen’s inequality.

Theorem 3.1 below summarizes the convergence properties of Algorithm 3 when Z is bounded. Note that
the following quantity will be used in the statement of this result and the convergence analysis of the APD
algorithms (see Section 4):

1, t=1,
%—{ PR (3.3)

THEOREM 3.1. Suppose that (2.14) holds for some Qx,Qy > 0. Also assume that for all t > 1, the
parameters By, Oy, mp and 1 in Algorithm 8 satisfy (2.15), (2.16), and
qax La L%(Tt

— =2 >0 3.4
Mt B pay (8:4)




for some p,q € (0,1). Then,
(a). Under assumption A1, for allt > 1,

Elg(23{1)] < Qo(t), (3.5)

where

Qu(t) i= g5, {2005 + 2% | + o T, {FEdikol + a2l (36)

Mt (1-g)ax (1-p)ay

(b). Under assumption A2, for all A >0 andt > 1,

Prob{g(z{,) > Qo(t) + AQ1(t)} < 3exp{—A?/3} + 3exp{—A}, (3.7)

Ox oy 2—q)nivi 2—-p)Tivi
Qi(t) = 5L (@g* n m) V2 g Y, {‘ui))l 22 4 Gop ay}. (3.8)

We provide below a specific choice of the parameters f;, 0y, n; and 7 for the stochastic APD method for
the case when Z is bounded.

COROLLARY 3.2. Suppose that (2.14) holds and let Dx and Dy be defined in Corollary 2.2. In Algo-
rithm 3, if the parameters are set to

t+1 t—1 20szxt QOzyDY
Pr=—F— 0r=—— m= 375 and Ty = - (3.9)
2 t 6LgDx + 3Lk Dyt + 30t 3Lk Dx + 30\t
Then under Assumption A1, (3.5) holds, and
6LgD§( 6L Dx Dy 6(O'$DX + O'yDy)

t) < + . 3.10
QO()_t(t-i-l) t Vi (3.10)

If in addition, Assumption A2 holds, then for all A > 0, (3.7) holds, and

50, D 40,D

0, () < 2eX TR0y (3.11)

Vit

Proof. First we check that the parameters in (3.9) satisfy the conditions in Theorem 3.1. The inequalities
(2.15) and (2.16) can be checked easily. Furthermore, setting p = q = 2/3 we have for all t,

gax _ Lg _ Lim < 2Lc;DX+%KDyt _2Lg _ LiDyt 0,

Nt ﬁ pay — Dx t+1 LxgDxt —

thus (3.4) hold, and hence Theorem 3.1 holds. Now it suffice to show that (3.10) and (3.11) hold.
Observe that by (3.3) and (3.9), we have v, = t. Also, observe that Y.\ /i < ff“ Vudu < 2(t41)3/2 <
22 (¢ 1 1)/i, thus

1\t . < 2axDx - 4V2axDx (t+1)Vi 1t .~ 2ayDy - _ 4\2ay Dy (t+1)V/1
quzl MY < T35 2 i Vi< e and Zzz'ﬂ Tivi < 3oyt 2io1 Vi < T 9o,t ¢

Apply the above bounds to (3.6) and (3.8), we get

2 (6LgDx+3LgDyt+30,t>2  ax n2  3LxDx+30,vVt ay 2
Q) < 73 ( oxDxt > Dx + oy > Dy
+20§. 4v2ax Dx (t+1)VE I 207 4v2ay Dy (t+1)VE
ax 9ot ay 9oyt ’

2 oy D [2t(t+1)2 152 4v2ax Dx (t+1)vVE 407 420y Dy (t+1)VE
Qi(t) < t(t+1) (UIDX + y\/ﬁy) 3 + ax (t+1) XQU)it + ay(til) ’ YQU:,t .
10



Simplifying the above inequalities, we see that (3.10) and (3.11) hold. O

Comparing the rate of convergence established in (3.10) with the lower bound in (1.7), we can clearly
see that the stochastic APD algorithm is an optimal method for solving the stochastic saddle-point problems.
More Speciﬁcally, in view of (3.10), this algorithm allows us to have very large Lipschitz constants L (as big
as O(N?)) and Lx (as big as O(v/N)) without significantly affecting its rate of convergence.

We now present the convergence results for the stochastic APD method applied to stochastic saddle-point
problems with possibly unbounded feasible set Z. It appears that the solution methods of these types of
problems have not been well-studied in the literature.

THEOREM 3.3. Let {2/} = {(xt ,yi9)} be the iterates generated by Algorithm 2 with Vx(z,xz¢) =
|z — 24||?/2 and Vy (y,y:) = ||y — vel|?/2. Assume that the parameters B¢, 0;,m: and 7 in Algorithm 3 satisfy
(2.15), (2.22) and (3.4) for allt > 1 and some p,q € (0,1), then there exists a perturbation vector viy1 such
that

N 1 6—14 5—-3
E[§(%9,, vee1)] < 5( Lp s 1_502) - (3.12)

for any t > 1. Moreover, we have

2|z — x| | 2|y — y1|| [ 2 1 n ( 1 ) 2LK:|
El|lv < + 2D? + 202 +1 + , 3.13
[veal] Bime By B BtTt 1-p B (3.13)

where (Z,9) is a pair of solutions for problem (1.1), D is defined in (2.26) and

77 m 7717—’5
C:= : . 3.14
1320 11

Below we specialize the results in Theorem 3.3 by choosing a set of parameters satisfying (2.15), (2.22)
and (3.4).
COROLLARY 3.4. In Algorithm 3, if N is given and the parameters are set to

t+1 t—1 3t

0: = —
9 » Ut t777t 477

By = , and 7 = %, (3.15)

where

- - 9
n=2Lg+2Lg(N —1)+ NVN —10/D for some D >0, 0 =4/ 103 + 02, (3.16)

then there exists vy that satisfies (3.12) with

1
NENN-1 N N_1 ’ (8.17)
50LgD  LxD((B5+4D/D)  o(9+25D/D
Ellovl] < pveg B+ iD/D) B EHD), (318)

where D is defined in (2.26).
Proof. For the parameters in (3.15), it is clear that (2.15) and (2.22) hold. Furthermore, let p = 1/4,
q=3/4, then for allt =1,...,N — 1, we have

n _ 2Lg _ ALkt § 2Le+2Lk(N-1) _ 2Lg _ _ 2Lkt 0
t t+1 n = t t Lx(N—-1) =

11



thus (3.4) holds. By Theorem 3.3, we get (3.12) and (3.13). Note that ny/7s = 3/4, and

I S |- 1 1 N1 _4/3/4D
BN-1MN-1 ||$ JJ1|| < BN—11N— 1D’ BN—1TN— 1Hy ZJ1|| = BN_1nN—1 177N 1 TN-1 \/>D_ BN-1MN-1"

so in (3.12) and (3.13) we have

1 20 17
ey < ——(5=D? + —(C?), 3.19
N= BN-11N— 1( 3 3 ) (3.19)
(2+\/§)D 2D2 + 202 (34-\/3/4) 2L/2D2 + 202
Ef[lun]]] < + + . (3.20)
BN_1MN—-1 BN_1MN—1 BN-1

By (3.14) and the fact that Zf\;_ll i? < N?(N —1)/3, we have

2,2 _ 2;2
C \/EN 1 90 ’L Zill 0’;;21 S #NQ(N _ 1) (911‘

o2) — eNVN=1
Y V31

Applying the above bound to (3.19) and (3.20), and using (3.16) and the fact that v/2D% + C? < /2D + C,
we obtain

8 20 1762N3(N-1)\ _ 8 20 1762 N2(N—1
EN < 3N(J\7r]71) (?D2 + 9ng )> = 3NWV-D) (?nDQ + T))
<  820LgD? +320LK(N—1)D2 160N/N—10D?/D 13602 N2(N—1)
=  9N(N-1) IN(N-1) ~ IN(N-1) 27N2(N-1)3/2¢/D
<  36LgD? + 36L ;D2 aD(lSD/D+6D/D)
= N(N 1) N VN—1
Ellovll < gemims (2D+\fD+3fD+fD/2+3fc+fC/2) e
< wLG“GLKg]JVV(;”g)NV —19/D (3 4 \/3 4+ 3v2 +/6/2) D
4fL D 4vV2L ko NvV/N—1
(\[Jr f/Q) =+ JY\/gl\;(\/Nfla/D
50Lg D LxD(55+4D/D 94+25D/D
< N(NG—1)+K(N/)+(N,1/)~

O

Observe that the parameter settings in (3.15)-(3.16) are more complicated than the ones in (2.27) for the
deterministic unbounded case. In particular, for the stochastic unbounded case, we need to choose a parameter
D which is not required for the deterministic case. Clearly, the optimal selection for D minimizing the RHS of
(3.17) is given by v/6D. Note however, that the value of D will be very difficult to estimate for the unbounded
case and hence one often has to resort to a suboptimal selection for D. For example, if D = 1, then the RHS
of (3.17) and (3.18) will become O(LgD?/N?+ LxD?/N +0D?/v/N) and O(LgD/N?+ LxgD/N+aD/V/N),
respectively.

4. Convergence analysis. Our goal in this section is to prove the main results presented in Section 2
and 3, namely, Theorems 2.1, 2.3, 3.1 and 3.3.

4.1. Convergence analysis for the deterministic APD algorithm. In this section, we prove Theo-
rems 2.1 and 2.3 which, respectively, describe the convergence properties for the deterministic APD algorithm
for the bounded and unbounded SPPs.

Before proving Theorem 2.1, we first prove two technical results: Proposition 4.1 shows some important
properties for the function Q(+,-) in (2.12) and Lemma 4.2 establishes a bound on Q(z}?, z).

PROPOSITION 4.1. Assume that By > 1 for all t. If Zt+1 (xt+1,yt+1) is generated by Algorithm 2, then
for all z = (x,y) € Z,

BeQ(z{1,2) — (B — 1)Q(27, 2)

La
< (VG(a]"), x40 — ) + T&H%H — 2?4 [J(yes1) = J@)] + (Kzos1,y) — (Ko, ye41).
12
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Proof. By equations (2.4) and (2.7), x{9, —a = B; H(wi11—x4). Using this observation and the convewity
of G(-), we have

5tG(%+1) < 5tG($Td) + 5t<VG( Nyl — apd) + 23S |2, — 2
BiG (™) + B(VG(a7"), xt+1 - xl"d> QLT?tHfftH — x|

= BG(a?) + (@t — I(VG(a}" ) ?g 9Ct 4 + <VG(9Ct N, 21 — 2P + 5 |lwen — a?

= (B -1 [Gap®) +(VC(ap® 7]+ [G( + (VG ), 21 — )] + 58 |lze — 2?
(Be — 1) G ) (VG(zf" 7]+ [G( + (VG (@), x —a]")] + (VG (2]"), 2441 — )

+2L*5’:||99t+1 —xtH
(B = DG(7%) + G(x) + (VG(@]), w41 — @) + 55 |wer1 — 24|

Moreover, by (2.8) and the convexity of J(-), we have

Bed (Y1) — Bed (y) < (Be — V)J (i) + T (yes1) — BeJ () = (Be — 1) [T (i) — T ()] + T (ye1) — I (y).
By (2.12), (2.7), (2.8) and the above two inequalities above, we obtain

5tQ(ng1, z) = (B = DQ(27, 2)

ﬂt{[G(x?il) <K17t+1ay> J(y)] - [G( )+ (K, yt+1 yt+1 ”
—(B: = DA{[G(2(?) + <K93t ) = J(y)] = [G(@) + (K, y! > J (i)}

= BG(@,) — (@s - 1)G(x?) = G(x) + B¢ [J(yif)) — T (y)]

—(Br = 1) [J(y?) — J()] + (K (Bexyly — (Be — Da?),y) — (K, Bryily — (Be — Dyi?)
(VG(ap), 21 — 2) + 58 w1 — 2> + T (yesr) = J(y) + (Kzpar,y) — (K2, yesn).

IN

IN

a

Lemma 4.2 establishes a bound for Q(z/7,,z) for all z € Z, which will be used in the proof of both
Theorems 2.1 and 2.3.

LEMMA 4.2. Let z/{, = (z{,,y;{,) be the iterates generated by Algorithm 2. Assume that the parameters
B, 0¢,me, and 1 satisfy (2.15), (2.16) and (2.17). Then, for any z € Z, we have

o o} L
@mQ(thpz) < Bi(z, 2p) + vl K (2441 — 24), ¥ — Y1) — Ve (2; - 2;) 2441 — ﬂftHQ’ (4.2)
where 7y is defined in (3.3), 21 = {(24, i) 1 and
t
i
(e = 2 { 2 W) = Vo] + 2 V5 () = Vo i) (4.3

=1

Proof. First of all, we explore the optimality conditions in iterations (2.5) and (2.6). Apply Lemma 2 in
[15] to (2.5), we have

_ 1 1 1
(=KZt,ye01 —y) + (Y1) — J(y) < EVY(yvyt) - ;VY(yt-Hvyt) - EVY(yvyt-‘rl)

1 N 1 (4.4)
Y
< =V W e) — 5=l — well® — =V (, 1),
Tt 27} Tt
where the last inequality follows from the fact that, by the strong convezity of dy (-) and (2.11),
a
Wy (y1,92) > %Hyl — 2l for all y1,y2 € V. (4.5)
Similarly, from (2.6) we can derive that
md T 1 ax 2 1
(VG(2"), 241 — ) + (@41 — 2, K" ypy1) < ;VX(IaIt) - Tnt”xt“ —z” — n*VX(SC’xH—l) (4.6)
t t

13



Our next step is to establish a crucial recursion of Algorithm 2. It follows from (4.1), (4.4) and (4.6) that

BQ(z{1,2) — (B — DQ(27, 2)

m L¢g
< (VG(), 241 — 7) + 25, g — el + [T (ger1) — T ()] + (Kzerr,y) — (K, gt
1 1 ax Lg) 2
< —Vx(z,xs) — —Vx(x,x - =—=— = — | ||lz¢s1 — = 4.7
< V() - V(o) - (52 - 5% ) o~ (@)

1 1 ay
+ =W, u) — =V (W, ye41) — — |y — wel?
Tt Tt 2Tt
— (@11 — @, K ye1) + (K2, i1 — ) + (Ka1,y) — (Ko, yqa).
Also observe that by (2.9), we have
—(mep1 — 2, K ypn) + (KT, o1 — y) + (Kaeg1,y) — (K, yeg1)

= (K(t41 — 2¢), Y — Yer1) — O(K (¢ — 24-1), Y — Y1)
= <K(-Tt+1 - xt),y - yt+1> - 9t<K($t —T4-1),Y — :Ut> - 9t<K(33t - xt71)7yt - yt+1>-

Multiplying both sides of (4.7) by i, using the above identity and the fact that 4.0, = vy;—1 due to (3.3), we
obtain

ﬁmQ(foZu z) — (B — D)1Q(27, 2)

< EVX(%%) - *VX(%%H) + *VY(y,yt) - &VY(y,ytﬂ)
Uiz e Tt Tt
+ Y (K (21 — 26), ¥ — Yer1) — V-1 (K (0 — 1),y — Y1)

ax Lg CYY%
-Vt ( ) ||£Ut+1 !Et||2 ||yt+1 - yt” - Vt— 1<K($t - $t71),yt - yt+1>~
2 26

Now, applying Cauchy-Schwartz inequality to the last term in (4.8), using the notation Lk in (1.2) and
noticing that y;—1 /v = 0; < min{n,_1/n, 7e—1/7} from (2.16), we have

— i1 (K (¢ — T6—1), Yt — Y1) <% K (2 — 2 1)« l|ye — v ||

L?
Lvi-allze — w1l lye — yeall < %jﬁ”xt — x|+

2
PRI g — e |2 4 B2 |y — e[

QQYTZt lye = yesall?

IN A

Noting that 0341 = Y¢/Ve+1, so by (2.15) we have (Biy1 — 1)yir1 = Biye. Combining the above two relations
with inequality (4.8), we get the following recursion for Algorithm 2.

(Be+1 = Dye1Q(2f1,2) — (B — DmQ(217,2) = BirvQ(2i1,2) — (Br — D@27, 2)
< wVx(@ ) — EVx(wmga) + 2V (y, ) — 2V (U yes)
(K (41 — 1), Y — Y1) — %—21<K(3€t —Tt-1),Y — Yt)
(85 = £ ) lava — mull? + Bt g — |2V 2 1,
Applying the above inequality inductively and assuming that ro = x1, we conclude that

(Be+1 — 1)%+1Q(Ztaf1a z) — (b1 — 1)%@(21 12) < Bi(z, 2p) + (K (Te41 — 26), Y — Yet1)
LiT;
v (85 — 55 ) leers —ml? = ST w (85 — 528 — 552 ) i — @),

which, in view of (2.17) and the facts that 81 = 1 and (Bex1 — 1)yer1 = Beye by (2.15), implies (4.2). O

We are now ready to prove Theorem 2.1, which follows as an immediate consequence of Lemma 4.2.
14



Proof of Theorem 2.1. Let B;(z, z;)) be defined in (4.3). First note that by the definition of v; in (3.3)
and relation (2.16), we have 6y = v;—1/v < m:—1/n: and hence v¢—1/n:—1 < v:/m:. Using this observation and
(2.14), we conclude that

Bi(z,2) =  LVx(z,21) — Y5, (l - M) Vx (2, xit1) = I Vx (@, 2441)

m M4 Ni+1
-1 ) i
T2V (goyn) - 0o (2 - 22) Wy ien) — 2V (v )

Ti41

L% - (l - M) 0% — BVx (2, 2441) (4.9)

IN

i Mi+1 i
1102 _ N1 (v vt 2 vt
+ T1 QY Zi:l (Ti Ti+1 ) QY Tt VY (y’ yH'l)
— Yt ()2 Yt Yt )2 Yt
= EQX - EVX(wv‘rtJrl) + .,.jQy - ;VY(ymytJrl)'

Now applying Cauchy-Schwartz inequality to the inner product term in (4.2), we get

Ly ay

=Ygt o 2
2y = g

(4.10)

21 — 2e]l® +

Ve K (@41 — 24), ¥ — Y1) < Lrvell e — zelllly — yega || <

Using the above two relations, (2.17), (4.2) and (4.5), we have

51:%@(2?11’3) < lfQ?x - %VX(%UUHI) + %fo - % (VY(%ytﬂ) - QTYHZJ - Z/t+1||2)

ax Lg Lyt 2 Yt ()2 Yt O)2
— <ﬁ T 7 ) o1 — aef|* < Q5 + 2LO5, Vze Z,

which together with (2.13), then clearly imply (2.18). O

Our goal in the remaining part of this subsection is to prove Theorem 2.3, which summarizes the con-
vergence properties of Algorithm 2 when X or Y is unbounded. We will first prove a technical result which
specializes the results in Lemma 4.2 for the case when (2.15), (2.22) and (2.23) hold.

LEMMA 4.3. Let 2 = (£,9) € Z be a saddle point of (1.1). If Vx(z,24) = ||x — 2¢|?/2 and Vy (y,y:) =
lly — yel|?/2 in Algorithm 2, and the parameters B;, 0y, m; and 7 satisfy (2.15), (2.22) and (2.23), then

a). . n(l—p), . - LTS
(@ ||g;—xt+1u2+t(THy—ytH||2 < o =il + 2g -l for allt > 1, (4.11)
(b). _ag « L yae o2y L opag 2 s nt>1 412
g(zt+lvvt+1) > 2ﬁmt||$t+1 z1||* + 251&7}”%“ Y1l 20411, forallt > 1, (4.12)
where g(-,-) is defined in (2.21) and
1 1 1
Vt+1 = <ﬁmt($1 = Tpy1), m(yl —= Y1) — EK(%H - xt)) . (4.13)

Proof. It is easy to check that the conditions in Lemma 4.2 are satisfied. By (2.22), (4.2) in Lemma 4.2
becomes

I?

1 , 1 , 1 1 ,
BiQ(2i11,2) < s—llz — x| —Tmllw—wm\\ +27t”y_yl _Tn||y_yt+1||

2 L (4.14)
+ (K(Tt41 — Tt), Y — Yet1) — (27% - 2@) o1 — @]
To prove (4.11), observe that
(K(2t41 — @),y — Yeg1) < Licm o1 — ael|* + %Hy — g (4.15)

15



where p is the constant in (2.23). By (2.23) and the above two inequalities, we get

BiQ(2121,2) < gy lle = @1l* = g lle = e | + 55 Iy — 0al® = 20y — yean 1.

Letting z = % in the above, and using the fact that Q(z{,,2) > 0, we obtain (4.11).
Now we prove (4.12). Noting that

o = 21l ~ e~ @ I? = 2zss = 0,2) + |2 — el
=2ze41 — 21,2 — 2¢)) + 2wern — w1, 20) + @1]® = |zea? (4.16)
=2(T441 — 1, T — 33?il> + ||$t+1 - 951H2 - ||J3?il - $t+1||27
we conclude from (2.23) and (4.14) that for any z € Z,
BiQ(z1, 2) + (K (zes1 — @), 4y —y) — 771 (1 = 2,28y — @) = (1 — Yo, Yty — Y)
< g (2l — ol = ll2¥y — 2eall?) + 5 (lwefa — wall® = lwefs — ven?)

Ui
(K (@ern —20), 08 = ver) = (5 = 55) loer — il

< (et = ml? = ety — wenl®) + 2 (s =l = lyids — e ]?)
L
'ﬁﬂ@ﬂ—%HW—Gﬁ—%"f)WHrﬂﬂ

< g leit - el + vt —wn

The result in (4.12) and (4.13) immediately follows from the above inequality and (2.21).
|

We are now ready to prove Theorem 2.3.

Proof. Proof of Theorem 2.3. We have established the expression of v;1; and d;41 in Lemma 4.3. It
suffices to estimate the bound on ||vs41]| and d¢11. It follows from the definition of D, (2.22) and (4.11) that

forall t > 1, ||& — 2441]| < D and ||§ — yeq1|| < D, | sri=py- Now by (4.13), we have

feeall < ﬁt ol — zenll + 557 v — il/t+1H + E |z —
< ,Bmt (& = 21l + 112 = zeal) + 75 (19— vall + 19 — e D) + 2 (12 = zoga |l + [1& — 24]))
< ﬁmt ([[# — 21| + D) + ﬁm (|y yill + D e p)) + 2LKD
= gz =zl + g5 19—l + D {[ﬁm (1 + /s p)) i 2LK} .

To estimate the bound of 0,1, consider the sequence {v;} defined in (3.3). Using the fact that (Br41—1)ye41 =
Biye due to (2.15) and (3.3), and applying (2.7) and (2.8) inductively, we have

t t t
1 1 1
aq ag
ViTiv1, Y N YiYir1 and —— v = 1. 4.17
Tyl = Bt'Yt IZZI ibi+1 t+1 /Bt’}/t lzzl 1Ji+ ﬂt’)/t Zzzl e ( )

Thus z;7{, and y;, are convex combinations of sequences {z;11}/_; and {y;41}/_, . Using these relations
and (4.11), we have

Seir = g 200, — ]2 4 g ey — 2 < 5 (2 — 209,12+ 2 — 2all?) + 5 (19— ye2 12 + 1 — wa]1?)

1—
! (D2 —+ H$ - $t+1||2 + m( =) ||y yt+1||2 + mp”y yt+1H2)

Bine
t 1
s@tm+&wzﬂm|m—Mw%N*pm/wHW+Tm yir|?)]
1 2 t (P2 1 mp . 2 (2—p)D?
< Bine D+ Bive Zi:l v\ D7+ 7; 711(1 :U)D >] Bine(1—p)
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4.2. Convergence analysis for the stochastic APD algorithm. In this subsection, we prove The-
orems 3.1 and 3.3 which describe the convergence properties of the stochastic APD algorithm presented in
Section 3.

Let G(x?), K.(%:) and K,(y:+1) be the output from the SO at the t-th iteration of Algorithm 3.
Throughout this subsection, we denote

Al =G = VG(ap), AL = Ky(yip1) = Ky, Al = —Ko(2,) + K2y,
AL :=AL o+ AL g and A':= (A;,Aty).

Moreover, for a given z = (x,y) € Z, let us denote ||z]|?> = ||z||? + ||y||* and its associate dual norm for A =
(Az, Ay) by [|A]2 = [|AL||2 + |Ay||I2. We also define the Bregman divergence V (z, 2) := Vy (z,%) + Vy (y,7)
for z = (z,y) and z = (&, 7).

Before proving Theorem 3.1, we first estimate a bound on Q(2;Y,, z) for all z € Z. This result is analogous
to Lemma 4.2 for the deterministic APD method.

LEMMA 4.4. Let 279 = (z39,y;9) be the iterates generated by Algorithm 3. Assume that the parameters
B, 0¢,me and 1 satisfy (2.15), (2.16) and (3.4). Then, for any z € Z, we have

t
o qo L
BimQ (211, 2) < Bilz, 215) + % (K (Te41 — 1),y — Yeg1) — e (277); - 25;) i1 — 2e]® + ZAi(Z),
i=1
(4.18)
where v and By(z, z1)), respectively, are defined in (3.3) and (4.3), 2 = {(%i,y:) fi% and
1—q)axy; 1 ay i

e I N .

Proof. Similar to (4.4) and (4.6), we conclude from the optimality conditions of (3.1) and (3.2) that
(=K Co(B0), Y41 — y) + Tyer) = JW) < W (,m) — 27—,5 et = vell? = 2V (4 ver),
(G ), g1 — 2) + (werr — 2, Ky (1)) £ - Ve (@,20) = §35 |z — 2 — -V (2, 2ep1).

Now we establish an important recursion for Algorithm 3. Observing that Proposition 4.1 also holds for
Algorithm 3, and applying the above two inequalities to (4.1) in Proposition 4.1, similar to (4.8), we have

BevQ(zi1 1, 2) — (Be — ) Q(279, 2)
< &VX(-%xt) - *VX(CUaCUtH) + —Vy(y,yt) - lVY(yaytﬂ)
Mt Tt Tt

Yo

(K (21 — 20),y — yerr) — -1 (K (20 — 201), 9 — ) (4.20)
o} L o

(5 = 55 ) o =l = G e = P = 3ea o = ). = e

— (AL g+ AL s Teg1 — ) — (A, Y1 —y), VzEZ
By Cauchy-Schwartz inequality and (2.16), for all p € (0,1),

- ’7t71<K(xt - l"tfl), Yt — yt+1> < %71||K($t - $t71)||*||yt - yt+1||

L3 ’72 Tt pay
< L —x. — < KoLt — 12+ _ 2
< Lgvi-1llze — ze-1lllye — yegall < 2py s |zt — zi—1]]" + o7, lye — yesall (4.21)
L3~y 171 2y pay e 2
<L £ - - - - — _ .
Ipay lze — @a|]” + o7 lye — yerall
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y (2.15), (4.19), (4.20) and (4.21), we can develop the following recursion for Algorithm 3:
(Brr1 — Dy Q(2 1, 2) — (Be = DmeQ(27, 2) = BimQ(21,2) — (B — D1eQ(27, 2)
< BVx(wome) = V(@ ) + EW(y,ue) — 2V (Y yes)
TV (K (@1 — )y — Y1) — V-1 (K (@ — @e-1), 4 — W)
qox

Ly ye—1mi—
Ve \ oy, T ﬁ) €11 — a4]* + %”l‘t —zia|]? 4 Ag(z), VzeZ

Applying the above inequality inductively and assuming that To = x1, we obtain

(Brr1 = D11 Q27 1,2) — (b1 — D)mQ(217, 2)
< Bt(zaz[t]) + Y (K (1 — 24), Y — Y1) — W (q;;f - Tgt) |zip1 — 4]

t—1 L7 t
- S (5 - ke B i - P+ S, Ale), Vo€ Z

Relation (4.18) then follows immediately from the above inequality, (2.15) and (3.4). O

We also need the following technical result whose proof is based on Lemma 2.1 of [35].
LEMMA 4.5. Let n;, 7 and ~v;, i = 1,2,..., be given positive constants. For any zy € Z, if we define
27 =2z and

zi,; = argmin {—n,(Ai,x) — Ti<A;,y> + V{(z, zf)} , (4.22)
z=(z,y)€Z
then
t
) i [ Ti%i i
D (=AY 2 — 2) < By(z, 2y) Z HA [& +Z ||A 1%, (4.23)
i=1

where zj = {22}, and Bt(z,zﬁ]) is defined in (4.3).
Proof. Noting that (4.22) implies 2%, = (z¥,1,yY,) where ¥, = argmin {—n; (AL, 2) 4+ Vx (z,2?)} and
r=cX

Yty = argmin {—7,(AL, y) + V(y,y})}, from Lemma 2.1 of [35] we have
yey

P IA I

ALIZ v v i *
” ” ) and VY(yay'H-l) < VY(y yl) <Ay7y Yi > + ﬁ

Vx (2, 2y, ) < Vx(z,2)) —ni (AL, o — xf) + Dot
for alli> 1. Thus

Vi ; Yinil| AL |12
Ty iy (AL — gty + B
m X(x’xz+1) i X( ) ,Y< zs L xz> + 200y an

i ; Yol |A 17

VY(y7yz+1) T —Vy (ya yl) <A Y — > + T

Adding the above two mequalztzes together, and summing up them from i =1 to t we get

t 1 t e || AL ’YNHHA ”2
OSBt(Z’Zﬁ])721‘:1%<A172*25>+Zi 17772'(‘”( e Jrzz 17 2ay

o (4.23) holds. O

We are now ready to prove Theorem 3.1.
Proof of Theorem 3.1 Firstly, applying the bounds in (4.9) and (4.10) to (4.18), we get

Ve Vi Ve Vt Qy 7Vt
BimQ(z7,2) < —Q% — “Vx(z,441) + — 0 — =Vy (4, yes1) + —— |y — yesa|?
M uiz Tt Tt 27

¢
gax Lg  Lim 2
N (42X G — A;
Ve < o 26, 20y lzerr — ze||” + Z (2) (4.24)

I /\

thQ +%§22 +ZA , V2eZ
=1
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y (4.19), we have

(1 —qgaxvi (1 —playyi
Ai(z):*i2 i — @il = 22— gl (AT 2 — zi)
i 27;
1—-—q)axy; 1—-playy )
- ( 271' = i = aill® - ( 22 P lyis1 — uill® + % (A" 20 — zig1) + % (A 2 — 2) (4.25)
i 2 Ti%i i 12 i
< T AR+ L ||AY]12 4 (A 2 — 2),
ST AL + 5l A+ )

where the last relation follows from Young’s inequality. For all ¢ > 1, letting 2{ = 21, and 2}, as in (4.22),
we conclude from (4.25) and Lemma 4.5 that, Vz € Z,

17 in2 Ti%i in2 ,
Ai(2) < ALY 4 A (AT Y AL
> (2)_;{21_qax|| L+ g e A 4 ) 48—

(4.26)

IA
DN | =

t
2 i Vi i P)Ti%i i
Bu(z ) + Z{ ” L jaLge + (Gt DL AYNAT B! >}

i=1 (1= play

Ut

where similar to (4.9) we have B;(z, z[';]) < Q%7 /n + Q344 /7. Using the above inequality, (2.13), (2.14) and
(4.24), we obtain

2 2
Bevng(zfy) < L Q2 T Qz + Ut (4.27)

Now it suffices to bound the above quantity Uy, both in expectation (part a)) and in probability (part b)).
We first show part a). Note that by our assumptions on SO, at iteration i of Algorithm 3, the random
noises A! are independent of z; and hence E[{(A’,z — z;)] = 0. In addition, Assumption A1l implies that

E[|AL|Z] < 02 ¢ +02 x = o2 (noting that Al  and Al - are independent at iteration i), and E[[| A} ||7] < o7
Therefore,

1 (2 - q)nivio? (2 —p)mivioy
E[U:] < 5 > { + . (4.28)

2\ T-gax ' A-pay

Taking expectation on both sides of (4.27) and using the above inequality, we obtain (3.5).

We now show that part b) holds. Note that by our assumptions on SO and the definition of 2z}, the
sequences {{A; T — ;) }i>1 is a martingale-difference sequence. By the well-known large-deviation theorem
for martingale-difference sequence (e.g., Lemma 2 of [27]), and the fact that

eXp{OzX% 6o — 20)? ) (297Q% 07 6) }] < Elexp {ax[IAL g2z} — @i/ (20% 07 ¢) }]
Elexp {| A} ¢l2Vx (', 2:)/ (%07 o) }] < Elexp {[|A gl|2/07 ¢ }] < exp{1},

we conclude that

Prob {Zle 'yi<Ai,G7:r§’ —Ti) > A 05,60x4/ % 22:1 'yf} < exp{—A?/3},¥V\ > 0.

By using a similar argument, we can show that, VA > 0,

Prob{ZE:m(N,yz — i) > A0,y 2 Vi 1%} exp{—\?/3},
Prob{zzzl ’yz-(Az’K, —Z) > A0y KQX,/ Yo 1%} < exp{—A?/3}.
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Using the previous three inequalities and the fact that o, ¢ + 02,k < V20, we have, Y\ > 0,

Prob SO0 4ilAL 20 — 2) > A [% + Uy\/g—yy} V23, %2} <
t NG L ) (0e,c+0e,kK)Qx | 0yQy t 2 2
Prob > . (A" 20 — z;) > A [ Jas + W} /2> ’yi} < 3exp{—\°/3}.

(4.29)

Now let S; := (2 — ¢)nivi/[(1 — @)ax] and S := 2221 S;. By the convexity of exponential function, we
have

E [exp {4 S0 SIALGl12/02 0 }] S E[E 0, Siexp {185 6l12/0% 6}] < exp{1}.

where the last inequality follows from Assumption A2. Therefore, by Markov’s inequality, for all A > 0,
Prob{z (2—q)niv:

: @2=a)niv
i1 g AL gll2 > (1+ Va2 ¢ X 1%}
= Prob {exp{§ Zi:l S¢||A;7G||*/%G} > exp{1+)\}} < exp{—A}.

Using an similar argument, we can show that

Prob {2211y GEUB|AL k12 > (14 X)02 e iy G202 L < expf-A},

Prob Zt (2— p)n% HAz 12> (1+ )‘)Jy Zt (2— p)n%} < exp{—A\}.

i=1 (1-p)ay i=1 (1-p)ay

Combining the previous three inequalities, we obtain

Prob {Zt; Qamyi | A2 4 5 (22 p)ﬂm 1AL|2 >

i=1 (1—q)ax i=1 (1-p)ay

(I+X) [ Et @=a)nivi —|—022 @=p)riyi p)T’%]} < 3exp{—A},

i=1 (1-q)ax i=1 (1—p)ay

(4.30)

Our result now follows directly from (4.26), (4.27), (4.29) and (4.30). O

In the remaining part of this subsection, our goal is to prove Theorem 3.3, which describes the convergence
rate of Algorithm 3 when X and Y are both unbounded. Similar as proving Theorem 2.3, first we specialize
the result of Lemma 4.4 under (2.15), (2.22) and (3.4). The following lemma is analogous to Lemma 4.3.

LEMMA 4.6. Let 2 = (£,9) € Z be a saddle point of (1.1). If Vx(z,2¢) = ||z — x¢||?/2 and Vy (y,y:) =
lly — y:l|?/2 in Algorithm 3, and the parameters By, 0y, m; and 74 satisfy (2.15), (2.22) and (3.4), then

(a). ne(1 —p)

~ ~ ~ Nt |~
& — zeqa |® + 12 — 2, 17 + 9 — yeslI” + ?t”y — il

) ) (4.31)
< 2é i+ TG~ wll? + U Jorallt 21,
Tt Tt
where (z7,1, yiy,) and Uy are defined in (4.22) and (4.26), respectively.
v 1 1 1
g(z7 v < — 2, — 2P+ —|y, — P+ =—U =: 6441, forallt>1, 4.32
g( t+1 t41) < 6t77t” tr1 1]l /BtTtHyHI 1] Beve t 1, S ( )
where (-, -) is defined in (2.21) and
1 1 1
Vi1 = ( (221 — 1 — @ 1), 7— (201 — Y1 — Yiy1) + o K (21 — It)) : (4.33)
Bene BTt Bt

Proof. Apply (3.4), (4.15) and (4.26) to (4.18) in Lemma 4.4, we get

BinQ(#1,2) < B(z,210) + 8 lly — yesa* + Bz, 2fy) + Us,
20



where B(-,-) is defined as

Bz, ) = gelle — &1 — 2o — Bl + 2y — Gall2 — 2 lly — G|, V2 € Z and 2 € Z

thanks to (2.22). Now letting z = %, and noting that Q(2}{,,2) >0, we get (4.31).

On the other hand, if we only apply (3.4) and (4.26) to (4.18) in Lemma 4.4, then we get
BiniQ (21, 2) < B(2, 21) + 7 (K (241 — 21),y — Yer1) + B2, 2fy) + U

Apply (2.22) and (4.16) to B(z, zp) and B(z,zﬁ]) in the above inequality, we get (4.32). O

With the help of Lemma 4.6, we are ready to prove Theorem 3.3.
Proof of Theorem 3.3 Let 0,41 and v,y be defined in (4.32) and (4.33), respectively. Also let C and D,
respectively, be defined in (3.14) and (2.26). It suffices to estimate E[||vsy1||] and E[d;41]. First it follows from
(2.22), (3.14) and (4.28) that

E[U] < L2, (4.34)
Tt

Using the above inequality, (2.22), (2.26) and (4.31), we have E[||Z — x441|]?] < 2D? + 2C? and E[||§ —

v l?] < (2D% + 2C’2)% which, by Jensen’s inequality, then imply that E[||Z — z441]|]] < v2D? + 2C?

and E[||§ — yer1|] < vV2D? +2C?, /5=y - Similarly, we can show that Elllz — z7,,]]] £ v2D? +2C? and
E[llg — v ll] < v2D? +2C2, /7% Therefore, by (4.33) and the above four inequalities, we have

Elflvesll]
<E Bim (s =l + s = s ) + g (lon = a4 o = v l) + B s — ]
< E g @3 - el + 12 = 2ol + 1@ - :ct+1||)

+a 9=l + 119 — el + 19 = yiall) + 5 (& = zesa || + |12 — xt\\)}
2ie—all  2g=wmll | SHDHT 1902 (2 4 L 2L
S ﬁ + 5t7—t + 2D +20 |:/8tnt + Btth(F+ 1) + K:|

tt

thus (3.13) holds.
Now let us estimate a bound on ;1. By (4.17), (4.28), (4.31) and (4.34), we have

Eml] = E |55 28, - 2all? + g5 iy — nill?] + 55 ElU]
2 (5 — 522+ 13— 2117) + 52 (19— vl + 19— al1?) ] + 53-C7

2n: (1— 2 ~
- B[ (2D2+2||x—x 112+ 2Ol — g 2+ 222 — i, |?) | + 5 C2

(1= N . R
< g 207+ 55 i (E (2 - $i+1|| 2] + 2R [l — yigall?] + Z2E [[l§ — yi+1||2]) + 02}
1 2 2 t . 2 2 L mp 2 2 2| _ 1 6—4p 12 5—3p 2
< Bene 2D +Bt’¥tzi:1% 2D°+C +7’t 7]1(1 P)(2D +C>)+C]_ﬂtﬂt<lpD +1—PC>.

Therefore (3.12) holds.
O

5. Numerical examples. In this section we will present our experimental results on solving three saddle
point problems using the deterministic or stochastic APD algorithm. The comparisons with the linearized
version of the primal dual algorithm in [9], Nesterov’s smoothing technique in [43], Nemirovski’s mirror-prox
method in [36], the mirror-descent stochastic approximation method in [35] and the stochastic mirror-prox
method in [21] are provided for a better examination of the performance of the APD algorithm.
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5.1. Image reconstruction. Our primary goal in this subsection is to compare the performance of
Algorithms 1 and 2. Consider the following total variation (TV) regularized linear inversion problem, which
has been widely used as a framework for image reconstruction:

1
i = —||Az —b|]? D 1
min /(@) = 5| Az = > + \| Dz, (5.1)
where z is the reconstructed image, ||Dz||2 1 is the discrete form of the TV semi-norm, A is a given structure
matrix (depending on the physics of the data acquisition), b represents the observed data, and X := {z € R" :
I, <200 < uy, Vi = 1,...,n}. For simplicity, we consider = as a n-vector form of a two-dimensional image.
Problem (5.1) can be reformulated as the following SPP problem of in the form of (1.1):

. 1 2
min max{z[| Az — bl|" + AM{Dz, y) },
where YV := {y € R*" : ||y|l2,00 := max;—1,__, [|[y’]]2 < 1}, and ||y*||2 is the Euclidean norm of y* in R?.

In our experiment, we consider two types of instances depending on how the structure matrix A € RF*™
is generated. More specifically, the entries of A are normally distributed according to N(0,1/ \/E) for the
first tye of instance, while for the second one, the entries of A are generated independently from a Bernoulli
distribution, i.e., each entry of A is given by 1/vk or —1 / Vk with equal probability. Both types of structure
matrices are widely used in compressive sensing (see, e.g., [3]). For a given A, the measurements are generated
by b = Axtrye + €, where Ty is a 64 by 64 Shepp-Logan phantom [48] with intensities in [0, 1], and € =
N(0,10751;) with k = 2048. Weset X :={z € R":0 <z <1,Vi=1,...,n} and A = 1073 in (5.1).

We applied the linearized version of Algorithm 1, denoted by LPD, in which (2.2) replaced by (2.10), and
the APD algorithm to solve problem (5.1). In LPD the stepsize parameters are set ton; = 1/(Lg+Lx Dy /Dx),
7t = Dy /(LxDx) and 0; = (t — 1)/t. The stepsizes in APD are chosen as in Corollary 2.2, and the Bregman
divergences are defined as Vx (xy,7) := |z — z||3/2 and Vy (ys,9) = |lye — v||3/2, hence Dy /Dx = 1. In
addition, we also applied the APD algorithm with unbounded feasible sets, denoted APD-U, to solve (5.1) by
assuming that X is unbounded. The stepsizes in APD-U are chosen as in Corollary 2.4, and we set N = 150. To
have a fair comparison, we use the same Lipschitz constants Lg and Lk for all algorithms without performing
a backtracking. It can be easily seen that L}, = \peqx(ATA) and L, = AV/8 (see [8]) are the smallest Lipschitz
constants that satisfy (1.2). Moreover, since in many applications the Lipschitz constants are either unknown
or expensive to compute, the robustness to the overestimated Lipschitz constants of the algorithm is important
in practice. Hence, we also compare the sensitivity to the overestimated Lipschitz constants of the algorithms
APD, APD-U and LPD in image reconstruction.

To do so, we supply all algorithms with the best Lipschitz constants L = L¢, and Lg = Lj, first. For an
approximate solution & € R™, we report both the primal objective function value f(Z) and the reconstruction
error relative to the ground truth, i.e., 7(Z) := ||Z — Ztruell2/||Ttruell2, versus CPU time, as shown in Figure
5.1. Moreover, to test the sensitivity of all algorithms with respect to Lg and L, we also supply all algorithms
with over-estimated Lipschitz constants Lg = (gL{, and Lx = (x L}, where (g,(x € {21‘/2}?:0_ We report
in Figure 5.2 the relationship between the multipliers (g, (x and the primal objective function value of all
algorithms after N iterations. We make a few observations about the obtained results. Firstly, for solving
the image reconstruction problem (5.1), both APD and APD-U outperform LPD in terms of the decreasing
of objective value and relative error. Secondly, although APD-U has the same rate of convergence as APD,
its practical performance is not as good as APD. A plausible explanation is that we need to specify more
conservative stepsize parameters in APD-U (see (2.27) and (2.19)) in order to ensure its convergence for
unbounded sets X and Y, which may contribute to its inferior practical performance. Finally, the performance
of both APD and APD-U is more robust than LPD when Lg is over-estimated. This is consistent with our
theoretical observations that both APD and APD-U have better rates of convergence than LPD in terms of
the dependence on Lg.

5.2. Nonlinear game. Our next experiment considers a nonlinear two-person game

1
Jnin, max 5(Qz, ) + (K, y), (5.2)
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where Q = AT A is a positive semidefinite matrix with A € R¥*", and A™ and A™ are standard simplices:
A" = {ac eRY: Z?:1 z() = 1} and A™ := {y S ZZI y() = 1} .

We generate each entry of A independently from the standard normal distribution, and each entry of K
independently and uniformly from the interval [—1,1].

Problem (5.2) can be interpreted as a two-person game, in which the first player has n strategies and
chooses the i-th strategy with probability (7, i = 1,...,n. On the other hand, the second player has m
strategies and chooses strategy i = 1, ..., m with probability y(?. The goal of the first player is to minimize
the loss while the second player aims to maximize the gain, and the payoff of the game is a quadratic function
that depends on the strategies of both players. A saddle point of (5.2) is a Nash equilibrium of this nonlinear
game.

It has been shown (e.g., [41, 34, 35]) that the Euclidean distances Vx (¢, ) = ||z¢ — z||3/2 andVy (s, y) =
lly: — yl||3/2 are not the most suitable for solving optimization problems on simplices. In this experiment, we
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- - - APD-U
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4
®
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o
>
T

Relative Error to Ground Truth

I I I I 0 I I I I
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- — — APD-U

Objective Value
Relative Error to Ground Truth

0.4r

0.2 —
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[ 0.5 1 15 2 25 0 0.5 1 15 2 25
CPU Time CPU Time

Fig. 5.1: Comparisons of APD, APD-U and LPD in image reconstruction. The top and bottom rows, respectively, show the
performance of these algorithms on the “Gaussian” and “Bernoulli” instances. Left: the objective function values f(z}?) from
APD and APD-U, and f(z¢) from LPD vs. CPU time. The straight line at the bottom is f(ztrue). Right: the relative errors
r(zy?) from APD and APD-U and r(z¢) in LPD vs. CPU time.
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0
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Fig. 5.2: Sensitivity to the overestimated Lipschitz constants: comparisons of APD, APD-U and LPD in image reconstruction.
Left: the primal objective function values f(237) from APD and APD-U, and f(zx) from LPD vs. (¢ and {x on the “Gaussian”
instance. Right: the primal objective function values f(x?vg) from APD and APD-U, and f(zy) from LPD vs. (g and (x on the
“Bernoulli” instance.

choose || - || := || - |lx and || - ||« := ||  ||oo in both spaces X and Y, and use the following entropy setting for
Bregman divergences Vx (-, ) and V3 (-, -):

n (#) s ()
: z\¥ +v/n i +v/m
Vx(a,x) = Z(az(’) +v/n)ln .7/, Wy (Y, y) = Z(y(l) +v/m)In y,i/,
(4) (4)
i=1 z +v/n i=1 Y +v/m
Ly = max |Q"))], L = max|[K(7)|, ax =1+, ay =1+, (5-3)
1,7 2,3

Q% = L+ 2) (S +1), 9 = (1+ ) In(= +1), Dx = Qxv/2/ax, Dy = &v/2/ay,

where L}, and L} are the smallest Lipschitz constants, and v is arbitrarily small (e.g., v = 10719), see [5] for
the calculation of ax, ary, Qx and Qy. With this setting, the subproblems in (2.5) and (2.6) can be efficiently
solved within machine accuracy [5].

In this experiment, we compare the proposed APD algorithm with Nesterov’s smoothing technique in [41]
and Nemirovski’s mirror-prox method in [34]. The notation APD denotes the APD algorithm with the stepsizes
in Corollary 2.2 and (5.3). NEST denotes Nesterov’s algorithm in Section 5.3 of [41] with entropy distance
(See Theorem 3 and Section 4.1 in [41] for details about the setting for Nesterov’s algorithm). NEM denotes
Nemirovski’s mirror-prox method in (3.2)-(3.4) of [34] in which L = max; ; |Q"/)|D% /24+max; ; |K"/)|Dx Dy
(see “Mixed setups” in Section 5 in [34] for the variational inequality formation of SPP (5.2). In particular,
we set L11 = LG, L12 = L21 = LK, L22 = 0, @1 = Qg(, @2 = Q%;, a1 = Qax and g = Qy in (511) in [34])

Our basic observations are as follows. First, both APD and NEST exhibit similar numerical performance
when applied to the test problems in Table 5.1. It should be noted, however, that APD can be potentially
applied to a wider class of problems, e.g., those with unbounded dual feasible set Y. Second, both APD
and NEST decrease the primal objective function value faster than NEM, and are more robust to the over-
estimation of Lg. This is consistent with our theoretical observations that both APD and NEST enjoy the
optimal rate of convergence (1.4), while NEM obeys a sub-optimal rate of convergence in (1.5). In addition,
both APD and NEST have lower iteration cost than NEM, since NEM requires an extragradient step in its
inner iteration.
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Table 5.1: Nonlinear game.

Instance 1: k=100, Instance 2: k=1000, Instance 3: k=100 Instance 4: k=1000,

Algorithm N n=1000, m=1000 n=1000, m=1000 n=10000, m=1000 n=10000, m=1000

Lg=14860, Lxk =1 | L =1139.98, Lx =1 | Lg=16193, Lix =1 | Lg =1198.02, L =1

Obj. Val. CPU Obj. Val. CPU Obj. Val. CPU Obj. Val. CPU

100 0.038 0.7 0.302 0.4 0.015 17.8 0.031 14.3

APD 1000 0.014 6.3 0.203 4.0 -0.023 184.7 -0.005 141.2
2000 0.010 12.5 0.202 8.1 -0.025 354.1 -0.018 285.0

100 0.047 0.6 0.304 0.4 0.016 18.0 0.031 14.4

NEST 1000 0.008 6.3 0.205 4.0 -0.021 279.6 -0.011 141.8
2000 0.006 12.5 0.202 8.0 -0.026 441.9 -0.019 284.6

100 0.114 1.2 0.604 0.8 0.023 35.5 0.073 28.4

NEM 1000 0.038 12.1 0.427 7.6 0.009 401.5 0.043 279.6
2000 0.028 24.1 0.352 15.3 0.005 1127.3 0.029 562.0
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figures are the primal objective function values vs. (g and (g after N = 2000 iterations.
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5.3. Randomized algorithms for nonlinear game. Our goal in the last experiment is to test the
efficiency of stochastic APD in solving the nonlinear game in (5.2). In particular, we consider the case when
both A and K are full matrix, and m = n > k. Consequently, the computation of Kz and Ky is much more
expensive than that of Qz. In order to reduce the arithmetic cost for computing Kz and K7y, Nemirovski et
al. introduced a novel randomized algorithm in [35], where the calculations of Kz and KTy are replaced by
calls to a stochastic oracle and then the mirror-descent SA algorithm is applied to solve the resulting stochastic
SPP. When @ = 0 in (5.2), it is reported in [35] that the time for mirror-descent SA to solve (5.2) is almost
within one call to the deterministic oracle to compute [K Ty, —Kx| (see Sections 3.3 and 4.6 in [35]).

Using similar ideas to [35], we assume that for each input (z;,y;) € X x Y, the SO outputs the stochastic
gradient (VG (x;), Kz (i), Ky(yi)) = (Qui, Ko (24, &), ICy (34, &)) such that

D vi=1,...m, (5.4

K2

Prob(K,(z;) = K;) = xl(-j), Vj=1,...n, and Prob(-K,(y;) = -K') =y

where K; and (K')T are the j-th column and I-th row of K, respectively. In other words, each call to the SO
outputs the random samples of the columns and rows of K whose distributions depend on the input (T4, Y5)-
It can be checked that E[—K,(x;)] = —Kxy, E[K,(y;)] = KTy;, and under the settings in (5.3),

E [”Kz(%) . szllf] _ le(j) 121]?2(71 (K(k,j) _ ZK(k,l)xz(l)> Zz(ﬂ 121132(71 K e — $Z>2
=

=1

3

n

< Do max [K*|Zlle; — it < dmax |KED 2,
— k,j
-

and similarly E[||K,(y:) — KTyi||?] < 4max, j |[K49)|2. Therefore, we set 0, = 0, and 0, = 0, x =
2Hlla.X|K(l’j)|~
J

In our experiment we set n = m = 10%, k = 100, and use the same matrix K as in [35], i.e.,

- i+ —1\°
K9 — (%) . 1<4,j<n, (5.5)
or
o s 1 C
Kd) — (22”:7_—’1_) , 1<i,5<n, (5.6)

for some constants ¢ > 0. We use S-APD! to denote the proposed stochastic APD method with pa-
rameters described in (5.3) and Corollary 3.2, MD-SA to denote the mirror-descent SA method in [35],
and SMP to denote the stochastic mirror-prox method in [21]. The iterations of MD-SA are described in
(3.7) as well as Sections 3.2 and 3.3 in [35]. We set the stepsize constants (3.12) in [35] to § = 1 and
M? = 2Inn[(max; ; |Q%9)| + max, ; |[K7])? + max; ;(K(#9))?]. For SMP, we use the technique in NEM to
formulate SPP (5.2) as a variational inequality, and apply the scheme described in (3.6) and (3.7) in [21], using
the suggested stepsize constants (4.3) in [21] with © = 1, L = max; ; |Q")|D% /2 + max; ; |K“?)|Dx Dy, and
M? = 4(u? + py ?) max; ; |[K9)| (see (5.11) in [34] for the definition of y; and py).

We report in Table 5.2 the average objective values obtained by S-APD, MD-SA and SMP over 100
runs, along with the estimated standard deviations. While a statistically more sound way to compare these
algorithms is to estimate the confidence intervals associated with these objective values and/or conduct some
statistical tests (e.g., the paired ¢ test) on the collected observations, we can safely draw some conclusions
directly from Table 5.2 since most of the estimated standard deviations are relatively small in comparison

1Tt should be noted that Z; in (2.9) is not necessary in A™, thus K (Z;) may not be sampled by (5.4). However, we can set
Ka(Z1) = Ko (z1) and Kz(Z¢) := (1 + 0;)Ka(2t) — 0:K2(x¢—1) when t > 1. This setting does not affect the proof of Theorem
3.1, hence the rate of convergence of stochastic APD remains the same.
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Table 5.2: Randomized algorithms for nonlinear game. The Lipschitz constant Lg = 161.2 in all the experi-
ments.

Instance 5: K in (5.5) Instance 6: K in (5.5) Instance 7: K in (5.6) Instance 8: K in (5.6)
Al N withe=2. Lg =1 with c=0.5. Lg =1 with c=2. Lg =0.25 with ¢ =0.5. Lg = 0.5
& Value of f CPU Value of f CPU Value of f CPU Value of f CPU

Mean Std. (Avg.) | Mean Std. (Avg.) | Mean  Std. (Avg.) | Mean  Std. (Avg.)

100 0.457  8.8e-4 0.6 0.834  3.0e-4 0.6 0.088  4.1e-3 0.6 0.495  1.6e-2 0.6
S-APD 1000 | 0.272  4.5e-5 3.9 0.727  5.0e-5 4.1 0.069  1.6e-3 3.9 0472  2.8e-3 4.1
2000 | 0.262  1.6e-5 9.8 0.718  1.5e-5 9.2 0.066  9.5e-4 9.8 0.449  6.7e-3 8.0

100 0.579  1.2e-4 0.9 0.865  2.0e-5 0.9 0.087  1.6e-4 0.9 0.476  1.0e-3 0.9
SMP 1000 | 0.510 1.1le-4 7.4 0.850  2.0e-5 7.6 0.086  1.7e-3 7.5 0.474  5.0e-3 7.7
2000 | 0.483  8.8e-5 18.6 0.844 2.1e-5 14.9 0.084 1.2e-3 15.6 0472  2.8e-3 15.1

100 0.583 1.3e-4 0.6 0.866  2.5e-5 0.6 0.087  2.5e-5 0.5 0.476  1.9e-4 0.6
MD-SA 1000 | 0.574 1.3e-4 3.7 0.861  2.1e-5 3.8 0.086  2.1e-5 3.7 0.474  1.5e-4 3.9
2000 | 0.569 1.2e-4 7.3 0.859  2.2e-4 7.5 0.085  2.3e-5 7.3 0.474  1.6e-4 7.6

with the average objective values. Firstly, it can be seen that S-APD exhibits better performance than both
MD-SA and SMP for the first two instances in Table 5.2. More specifically, the objective values obtained by
S-APD in 100 iterations for these instances are better than those obtained by the other two algorithms in 2, 000
iterations. Secondly, for the last two instances in Table 5.2, when the number of iterations is small (N = 100),
the objective values obtained by S-APD does not seem to be significantly different from and may even turn
out to be worse than those obtained by MD-SA and SMP, respectively, for Instance 7 and 8. However, it
seems that S-APD can decrease the objective values faster than the latter two algorithms, and hence that its
advantages become more apparent as the number of iterations increases. In particular, the objective values
obtained by S-APD in 1,000 iterations appear to be better than those obtained by the other two algorithms
in 2,000 iterations for these two instances.

6. Concluding remarks. We present in this paper the APD method by incorporating a multi-step
acceleration scheme into the primal-dual method in [9]. We show that this algorithm can achieve the optimal
rate of convergence for solving both deterministic and stochastic SPP. In particular, the stochastic APD
algorithm seems to be the first optimal algorithm for solving this important class of stochastic saddle-point
problems in the literature. For both deterministic and stochastic SPP, the developed APD algorithms can
deal with either bounded or unbounded feasible sets as long as a saddle point of SPP exists. In the unbounded
case, the rate of convergence of the APD algorithms will depend on the distance from the initial point to the
set of optimal solutions.

It should be noted that, although some preliminary numerical results have been reported, this paper focuses
more on the theoretical studies of the iteration complexity associated with the proposed APD methods. We
expect that the practical performance of these algorithms can be further improved, for example, by adaptively
choosing a few algorithmic parameters, e.g., nx, based on some backtracking techniques to search for the most
appropriate Lipschitz constants Lg and L. It is also worth mentioning that in the APD algorithm the range
of the combination parameter 6 is restricted to (0,1]. On the other hand, He and Yuan [17] recently showed
that the range of @ in the primal-dual algorithm can be enlarged from [0,1] to [—1, 1] from the perspective
of contraction methods. As a result, the primal and dual stepsize condition with respect to Ly in [9] is
relaxed when 6 € (0,1]. Moreover, both the primal and dual stepsizes can be arbitrarily large if 6 = —1.
These enlarged ranges of the involved parameters can allow us to choose more aggressive stepsizes and hence
possibly to improve the practical performance of the primal-dual algorithm. It will be interesting to study if
the ranges of the parameters in the APD algorithm can be enlarged by incorporating the ideas in [17] or other
novel methods.
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