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Abstract

The convex-concave minimax problem, also known as the saddle-point prob-
lem, has been extensively studied from various aspects including the algorithm
design, convergence condition and complexity. In this paper, we propose a gener-
alized asymmetric forward-backward-adjoint algorithm (G-AFBA) to solve such
a problem by utilizing both the proximal techniques and the extrapolation of
primal-dual updates. Besides applying proximal primal-dual updates, G-AFBA
enjoys a more relaxed convergence condition, namely, more flexible and possi-
bly larger proximal stepsizes, which could result in significant improvements in
numerical performance. We study the global convergence of G-AFBA as well
as its sublinear convergence rate on both ergodic iterates and non-ergodic opti-
mality error. The linear convergence rate of G-AFBA is also established under
a calmness condition. By different ways of parameter and problem setting, we
show that G-AFBA has close relationships with several well-established or new
algorithms. We further propose an adaptive and a stochastic (inexact) versions
of G-AFBA. Our numerical experiments on solving the robust principal com-
ponent analysis problem and the 3D CT reconstruction problem indicate the
efficiency of both the deterministic and stochastic versions of G-AFBA.
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1 Introduction

Consider the following generic convex-concave saddle-point problem

gg;;gleagﬁ(x,y) = f(z) + (Kz,y) — g(y), (1.1)

where f: X — (—o00,00] and g : Y — (—00, x] are proper lower semicontinuous con-
vex functions (not necessarily smooth), X and ) are finite-dimensional real Euclidean
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spaces, K : X — ) is a bounded linear operator. Let KT denote the adjoint operator
(or matrix transpose) of K, f* and g* denote the Fenchel conjugate [38] of f and g,
respectively. Then, (1.1) amounts to the following primal and dual problems:

min f(z) + ¢* (Kx) and min f*(—K "y) + g(y).

zeEX yey
Due to these intrinsic relationships, the problem (1.1) covers a wide range of applica-
tions, including machine learning, signal and image processing, economics, statistics,
see e.g. [9, 12, 21, 24, 28, 40, 48, 51] and the references therein. Throughout this
paper, the solution set of (1.1) is assumed to be nonempty.

1.1 Notation

Let R™ be the set of n-dimensional Euclidean space equipped with an inner prod-
uct (-,-) and Euclidean norm || - || = 1/{-,:). Let I be the identity matrix and
0 be the zero matrix/vector. Given a positive definite self-adjoint linear operator
or symmetric matrix H, we denote ||z|z = \/(z, Hz) = V2T Hx with the super-
script | representing transpose. Denote the Euclidean distance from = € C to the
closed convex set C by dist(z,C) = minyec ||z — y||, and the G-weighted distance by
distg(z,C) = minyec ||z — y|l¢ where G is a self-adjoint and positive definite linear
operator. The notation p(G) denotes the spectral radius of G, while A\nin(G) and
Amax(G) denote the minimum and maximum eigenvalues of G, respectively.

1.2 Related work

Due to the separable structure of f and ¢ in (1.1), many effective algorithms are
designed to treat them individually so as to make full use of the properties of each
component objective function. An earlier yet simpler approach for solving (1.1) is the
Arrow-Hurwicz method [1]:

e arg Héigflﬁ(x’ yk) + %HI - ‘TkHQ’
PDHG v b2
( ) yk+1 = argryflea;(ﬁ(karlvy) - %Hy o kaQ’ ( )

where the positive parameters 7 and ¢ are often regarded as the proximal primal
and dual stepsizes. This Arrow-Hurwicz method was also called a primal-dual hybrid
gradient method (PDHG) due to the earlier work [51], and it was described [50]
as a proximal version of the traditional augmented Lagrangian method (ALM) for
some canonical convex programming problems. O’Connor and Vandenberghe [36]
showed that PDHG can be viewed as a special case of the Douglas-Rachford splitting
algorithm [35] from the perspective of solving a monotone inclusion problem. Another
related well-known algorithm based on (1.2) is proposed by Chambolle-Pock [9] (see
e.g. [37]) by employing an extrapolation technique:

k+1

o = argmin £, y") + 5 [l — 2|,

2 (1.3)
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Here, a € [0, 1] is an extrapolation stepsize. Clearly, (1.3) reduces to (1.2) when oo = 0.
It was shown in [9] that (1.3) is closely related to the existing extragradient method
[32] and a preconditioned version of the alternating direction method of multipliers
(ADMM) [18]. The connection between (1.3) and the forward-backward splitting
method [35] can be found in [42]. Although the scheme (1.3) applies a proximal



technique, some counter-examples provided in [25] showed that when a = 0, i.e. the
PDHG method, it is not necessarily convergent. Moreover, the global convergence
of (1.3) with a € (0,1) remains still unknown?!, although its global convergence with
a = 0 had been established [23] by assuming strong convexity on one of the objective
functions. So far, the widely used scheme of (1.3) is the case with o = 1:

k1l = argmi;lﬁ(x,yk) + %Hl‘ — xk’ 2,
CP-PPA ve 1.4
( ) Ykl :mgmaxﬁ(?ka—xk,y)—ziHy—yk‘Q, (1.4)
yey 7
where the stepsize parameters 7 and ¢ need to satisfy
1
— >L with L=pK"K) (1.5)

TO

for ensuring global convergence of CP-PPA. Convergence of an adaptive version of
(1.4) was investigated by Goldstein et al. [20]. More recently, He et al. [24] extended
CP-PPA (1.4) to the following generalized version:

I

)

= argnéi;(lll(x,yk) + x|z -2
(GCP-PPA) { g+l — argl;lea))l(ﬁ(xk+l + ol = ak),y) — Ly - ka2 (1.6)

Y =7 (1 - @)K (ahH — ob),
where a € [0, 1] is a parameter. GCP-PPA has global convergence when

1 2
o >(1—a+a)L. (1.7)
Obviously, when o = 1 the above GCP-PPA reduces to CP-PPA, while for o €
[0,1) an extrapolation step is used for the dual variable to ensure global convergence.
Moreover, the stepsize requirement (1.7) is more relaxed than the condition (1.5). For
example, when a = 0.5, (1.7) only requires # > 0.75L. In addition, some stochastic
and accelerated first-order methods have been also proposed for solving (1.1) when its
objective function has certain structures or satisfies further smoothness conditions.
For a much incomplete reference list, please see e.g. [11, 12, 26, 28, 33, 44, 47, 52].
As a generalization of (1.3), the Condat-Vi scheme proposed independently in
[14, 42] has attracted much attention in recent years and its convergence can be
proved by casting the scheme into a forward-backward splitting method. However,
the condition of involved parameters seems to be more restrictive than that of PDHG.
Another interesting and closely related method is the asymmetric forward-backward-
adjoint algorithm (AFBA) [33] for solving structured monotone inclusion problems,
which was also studied and extended to solve the saddle-point problem (1.1) [46]. An
inexact AFBA with absolute error criteria was further proposed in [30] to alleviate
both theoretical and numerical difficulties of solving subproblems exactly. But, to our
understanding, both the original AFBA and its inexact version have an even more
conservative stepsize rule than that of the Condat-Vu scheme. For a comprehensive
survey on proximal splitting algorithms, we refer to [15] for more details.

1.3 The algorithm and contribution

Notice that the convergence condition of CP-PPA has been significantly improved by
He et al. [24] through performing an extrapolation step on the y-variable along the

! Recently, its weak convergence was established in [2] when a > 1/2 and 7oL < 4/(1 + 2a).



iterative difference of the z-variable. That is, the correction step of y-iterates uses
the interactive information from z-iterates, which is different from the traditional way
of performing correction steps along its own iterates. A natural and yet interesting
question to investigate is whether the convergence condition (1.7) can be further
improved by applying extrapolation steps on both the primal and dual updates. By
this motivation, we propose the following generalized asymmetric forward-backward-
adjoint algorithm:

Thtl — argn'éig(lf(:r) + %Hx — gk JFTK'TkaZ7
xT
_ . _ _ 2
(G-AFBA) gt = arggrg}lg(y) + 5=|ly — y* — o K[ZF ! 4+ a(@ ! — )|,

xk'H — fk-&-l _ (1 _ a)/M_KT(yk-i-l _ yk)7
Y =g L (1 — )1 — p)o K (T8 — k),

(1.8)
where o, € [0,1], 7 > 0 and o > 0 are algorithm parameters. To ensure the global
convergence of G-AFBA, we require the primal-dual stepsize parameters (o,7) to
satisfy

1 - a+(1—p+p2)(1—a)?+]a- (1—u+u2)(1—a)2]2+4a(1—a)2L
TO 2 '
(1.9)
We now have the following comments on G-AFBA:

(I) Flexibility of the algorithm. Table 1 shows that G-AFBA is quite gener-
al and includes many well-established algorithms we have previously discussed
as special cases. We refer to Sections 4-5 for more detailed discussions on the
connections between G-AFBA and other related methods including the appli-
cation of G-AFBA to multi-block convex programming, an adaptive version of
G-AFBA, and a tailored stochastic G-AFBA for solving structured saddle-point
problems from machine learning. The major difference between G-AFBA (1.8)
and other existing PDHG-type methods is the two crossing extrapolation steps
performed on the primal-dual variables, which can be also viewed as a correction
step from our later analysis in a prediction-correction framework (see (3.2)). In
fact, these two extrapolation steps can be also treated as backward and forward
steps on the primal-dual variables.

Cases Algorithms Region of (7,0)

CP-PPA [9] & 5)
Reduced ALM '
Exact version of

a=1

(@) =1 Algorithm 2 [30] (1.5)
ac0,1,p=0  GCP-PPA [24] %))
a,pe0,1] G-AFBA (ours) (1.9)
a=0,p4€[0,1]  GI1-AFBA(ours) (4.4)

Table 1: Relationship between G-AFBA (1.8) and several methods.

. . . . 1 -
(II) Larger stepsize parameters. Figure 1 visualizes the lower bound of —+ in

(1.7) and (1.9) for ensuring global convergence, where Figure 1(a) is the same as
Figure 1(b) but at different azimuth and elevation angles. As shown in Figure

1, the lower bound 0.75 of % with a = 0.5 in (1.7) can be further improved
1

by the lower bound given in (1.9). Hence, the current lower bound 0.75 on —~

for PDHG-type methods e.g. given in [24, 31, 34] is not tight, and possible
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Figure 1: Visualization on the lower bound of 1~ in (1.7) and (1.9).

larger stepsizes on ¢ and 7 can be applied in G-AFBA without losing global
convergence. For example, by setting (o, p) = (1/3,1/2), the condition (1.9)
reduces to % > %L ~ 0.7182L. Moreover, note that when u = 0, the
condition (1.9) will reduce to (1.7) exactly matching the convergence condition
of GCP-PPA.

(IIT) Global convergence and various convergence rates. Based on variational
reformulations for both the saddle-point problem (1.1) and the iterative se-
quence of G-AFBA (1.8), we establish the global convergence of G-AFBA, its
sublinear convergence rate in the sense of the primal-dual function value gap,
the sublinear convergence rate of the optimality gap and the optimality error
measured by the difference of two consecutive iterates. We also show the linear
convergence of G-AFBA under proper regulation (calmness) conditions. We fur-
ther propose an adaptive version of G-AFBA with similar convergence rate but
often enjoying significantly better practical performance. In addition, we give a
customized stochastic G-AFBA (SG-AFBA) for solving a structured (1.1) with
large sample sizes from machine learning. In fact, by considering the sample
size as one, SG-AFBA will reduce to an inexact deterministic G-AFBA which
allows to solve one proximal mapping subproblem to an adaptive accuracy (see
the discussion in Section 5). Our numerical experiments on solving two classes
of image processing problems indicate that by allowing flexible choices of step-
sizes o and 7, G-AFBA and its variants can have better performance compared
with some well-established methods.

1.4 Organization of the paper

In Section 2, we prepare some preliminaries that are used to analyze the convergence
of G-AFBA. Section 3 is dedicated to analyzing the global convergence and sublin-
ear/linear convergence rate of G-AFBA based on a prediction-correction framework.
Section 4 shows the relationship of G-AFBA with some existing and new related
methods. Section 5 provides an adaptive G-AFBA (aG-AFBA) and a customized
stochastic G-AFBA (SG-AFBA). We finally present numerical comparisons of G-
AFBA, aG-AFBA and SG-AFBA with some other well-known methods in Section 6.

2 Preliminaries
In this section, we first provide a variational formulation for the saddle-point problem

(1.1). Then, we show some nice properties of certain block structured matrices which
will play key roles in the theoretical analysis of G-AFBA.



2.1 Reformulation of the saddle-point
Let Q:= X x Y. We call a point (z*,y*) € Q the saddle-point of (1.1) if it satisfies

Lz y) < L(z*,y") < L(z,y"), Ve X, ye),

that is,
{ f(m)*f($*)+<$*$*,KTy*>207 VQ’EX, (21)
9(y) —g(y*) + (y —y*, —Kz*) >0, Vye. '
These inequalities can be expressed as the following variational form
VI(9,7,9Q) : 0(u) —0(u*) + (u—u*, T (u*)) >0, VueQ, (2.2)
where T
_(z _ _( Ky
= (1), ww=s@ra. gw-(KE) ey

Notice that the above operator J(u) satisfies
(u—v,TJ(w)—TJ(v)) =0, Vu,ve.

In the convex optimization, u* satisfies (2.2) if and only if u* is a primal-dual solution
of the problem (1.1). Because of the nonempty assumption on the solution set of
(1.1), the solution set of VI(6,7,Q), denoted by Q*, is also nonempty and can be
characterized as (see [22])

o = {alow - 0@+ (u-a7@) > 0}. (24)

ue)

2.2 Some matrices and properties

In order to simplify and conveniently analyze the convergence of G-AFBA, we intro-
duce the following matrices

i1 KT I —(1—a)urK"

Q_[—aK i } M_[(l—a)a—u)af( 1 (25)

Note that the matrix M is nonsingular for any u € [0,1] and 7,0 > 0. With these
matrices, we define

H=QM™' and G=Q"+Q—- M"HM. (2.6)
For the matrices H and G, the following properties hold.

Proposition 2.1 For any parameters (1,0) satisfying (1.9), the matrices H and G
defined in (2.6) are symmetric positive definite.

Proof. First, notice that

o |1 =) (1= )? —a] £ — (1 - )*( — wpaL? > 0

= {Tlg +(1—a)?(1 - M)ML} {;ﬂ —T;L} >(1—a)?L.

Hence, for all (1, 0) satisfying (1.9), we have 1/(70) > aL, which implies @ defined
in (2.5) is nonsingular. Now, let us define D = Q" M. Then, D is nonsingular since
M is nonsingular. In addition, the H and G defined in (2.6) can be written as

H=QD'Q" and G=Q"+Q-D. (2.7)



By direct calculation, we can derive from (2.5) and (2.7) that

_ %I—Oé(l—a)(l— )UKTK _a+(1_a) KT
D= { —la+(1- a)Z]K },I[+ (1- a),uTMI](KT ] (2.8)
and
Htal—a)l-moK K [(1-ap—1]KT
o= T T ek | @9

Due to the symmetric property of D and the relationship H = QD 'QT, we
also have H is symmetric. Hence, to show the positive definiteness of H, we only
need to show D is positive definite. Without loss of generality, suppose K is an
m x n(m < n) dimensional operator matrix and let K = VXU T be the singular value
decomposition of K, where both V' € R™*"™ and U € R™*" are orthogonal matrices
and ¥ = (3,,,0) is a diagonal matrix with ¥, = diag(s1, s2, "+ ,8m) € R™*™ and
s; > 0(i =1,2,...,m) being the singular values of K. Then, we have

22

Tr —
KK—U[ 0

g ] U' and KKT =VX2VT,

Then, it follows from (2.8) that

1
v I 0

-

—[e+ (1 - a)pu|Zm 0 1I+(1-oa)purx2

P

D:[g 0] %I—a(l—og(l—u)azgn 0 —[a+(1—a)]En [g 3]T'

By linear algebra calculations (e.g. see similar techniques in [43, Page 16]), we can
show that the matrix P is positive definite if and only if

(1 —a(l—a)(l- u)as?) (é +(1- Oé),U/TS?) - [a +(1- a)urs? >0

u
for all ¢ = 1,...,m, which is equivalent to
L[ w1 — a — a] 2 — (1 a)(1 = puast >0
(10)? TO E
1 1
= [— +(1—a)?(1— ,u)usﬂ [— - as?} > 0. (2.10)
TO TO

Since L=p(K"K)=p(KK")= max s?>0,a,u€0,1] and 0,7 > 0, we have

i€{l,...,m}
from (2.10) that the matrix P is positive definite if 1/(70) > aL, which is ensured
by the previous condition (1.9). So, from the above analysis, we have H is positive
definite if (7, 0) satisfies (1.9).
By the similar analysis and the representation of G in (2.9), we can show G is also
positive definite if the condition (1.9) holds. The proof is completed. [

3 Convergence analysis

In this section, we first analyze the global convergence of G-AFBA and its sublinear
convergence rate in the ergodic sense. We then study the sublinear convergence rate
of G-AFBA in terms of both the difference of two consecutive iterations and the first-
order optimality gap. We finally discuss the linear convergence of G-AFBA under a
certain calmness conditions.



Now, observe that G-AFBA (1.8) can be equivalently written as the following
prediction-correction framework, where M is given by (2.5), u* and @* are defined as

k ~k
ukz(xk> and ﬂk:(£>,
Y Y
and the proximal operator of a function h with parameter 7 > 0 is defined as

1
= inqh —||x — 2}.
prox,,(y) := argmin {h(x) + 5l g

Algorithm 3.1: A prediction-correction reformulation of G-AFBA.

Prediction Step:
Tk = prox, (zF — 7K Ty); (3.1a)
7= prox,, (yk + oK [Z" + a(z* - mk)]); (3.1b)

Correction Step:
=k — M(u* —b). (3.2)

3.1 Global convergence

The global convergence of G-AFBA will be analyzed based on the above prediction-
correction reformulation.

Lemma 3.1 Let {u* = (Z%;7%)} be the predictor sequence generated by (3.1a)-(3.1b)
and {u**t! = (281 4*+1)} be the corrector sequence gemerated by (3.2). Then, for
any u € 2, the following inequality

L(z,§") = L@ y) > (u—u")TQu" —u¥) (3.3)
holds?, where Q is given by (2.5).
Proof. We can derive from the first-order optimality condition of (3.1a) that
fz) — f(@@*) + (z — 7" K Ty* + %(fk — xk)> >0, Vredk.
Rearranging the above inequality to obtain
Fla) = FE) + (o -7 KT > (o - L@k - - KTGE-7h) (39)
for any « € X. Similarly, we have from (3.1b) that

9) — 9@ + (y =¥, - K[ + a(@ — 2F)] + %@’“ —y")) >0, Wye,

which can be equivalently rewritten as
. . _ . _ 1 -
9(y) = 9(@") + (y - §*, —Kz") > <y — 9 oK@ =)+~ - y’“)> (3.5)
for any y € ). Combining (3.4) and (3.5) completes the proof of (3.3). O

The following lemma shows that the sequence {||u* —u*| g} is strictly decreasing
under the weighted norm |Ju|lg = VuT Hu.

2Note that (3.3) is equivalent to 0(u) — 0(u*) + (u — @, T (@*)) > (u — )T Q(u* — 7).




Lemma 3.2 Under the condition (1.9), the sequences {u*} and {u**1} generated by
G-AFBA satisfy

1

- - 1 -
L0, 7% = £ y) 2 5 (=G = =t l) + 5l = (36)

for any u € Q, where H and G are defined in (2.6). Moreover, we have
| PP b -7, vt e 0. (3.7)
Proof. According to (3.2) and the definition of H in (2.6), we have

(u— ") " Quf —u*) = (u—u*) " H(uF —u*t1). (3.8)

- kH2
U |y 2

Then, applying the identity
1 1
(a=b)TH(e—d) = Z{lla—dly — la—elf } + 5 {lle— bl — ld —vl% }
with @ = u, b = ¥, ¢ = v* and d = u**! to the right-hand side of (3.8) gives

— @) TH(ub =) = HJu = = =t}

—~
<

= {2 — ot - )

= 3 {l = ot =t ) 49
2 =, = N - ) = vt - @ )

= Y- @TQT + Q- MTHMWF )} Yl — 7|,

where the fourth equality exploits the relation Q = HM and its symmetric property.
Then, substituting (3.8) and (3.9) into (3.3) confirms the assertion (3.6).
Set u = u* in (3.6) and use (2.1) with (z,y) = (Z*,7") to obtain

*

ot = = 2 202G )~ £, 7] 2 0

Then, (3.7) follows directly. The proof is complete. O
In what follows, based on Lemma 3.2, we are ready to prove the global convergence
of G-AFBA.

Theorem 3.1 Under the condition (1.9), the sequence {u**1} generated by G-AFBA
converges to the solution point of (1.1).

Proof. First, it follows from (3.7) in Lemma 3.2 and the positive definiteness of G
and H that the sequence {u*} is bounded and
lim Hu —ukH =0. (3.10)

k—o0

As a result, the sequence {u"} is also bounded and has at least one limit point u>
Let {@*1} be a subsequence converging to u®. Then, it follows from (3.3) that

O(u) — 0(a"™) + (u —a* ki) > ( VTQuk —aki), YueQ,

which, together with (3.10), the lower semicontinuity of 6(u) and the continuity of
J (u), implies
O(u) — 0(u™) + (u—u>, T (u™®)) >0, YueQ.
That is to say, u* is a solution point of (2.2) and hence is a solution point of (1.1).
Now, by (3.10) and lim;_,o u* = u*, the sequence {u¥i} also converges to u>
For any k > k;, we can deduce from (3.7) that |[u® — " HH > |lu> — ukHH. So, the
whole sequence {u*} converges to u>. The proof is complete. [



3.2 Sublinear rate of convergence

In this section, we analyze the worst-case O(1/T') convergence rate of G-AFBA in the
ergodic sense in terms of the optimality error measured by both the difference of two
consecutive iterates and the first-order optimality gap, respectively, where T" denotes
the iteration number. First, it is obvious that (2.1) can be also expressed as

ﬂ(x,y*)—ﬁ(x*,y) 207 V(l‘vy) € (.

Hence, by (2.4), uw = (T;7) is often called an e-approximate solution point of VI(, 7, Q)
(2.2) with the accuracy e > 0 if it satisfies

L(ZT,y)— L(x,7) <€ YueBz={uec||u—1|| <1}
In the following, we will demonstrate that, after T" iterations, G-AFBA is able to find

a point w such that

useuévf{ﬁ(f, y) - L(z,9)} < O1/T). (3.11)

Theorem 3.2 Let {u"*} be the predictor sequence generated by (3.1a)-(3.1b) and {u*}
be the corrector sequence generated by (3.2). For any integers T > 0 and k > 0, let

T+k

1, p T
xT:f;x and yT:?;y. (3.12)
Then, under the condition (1.9) we have
1
L(zr,y) — L(z,y7) < 57— ||u — u”HiI, Vu € Q, (3.13)

2(T+1)
where H is defined in (2.6).

Proof. The inequality (3.6) together with the positive definiteness of G implies
~ - 1 2 2
L(@"y) — L(2,77) < i{Hu - ukHH —|Ju— uk+1||H} (3.14)

for any u € 2. Sum the last inequality over k = k,k + 1,--- ,T + K to obtain

T+k

> L@ )~ L5 <

k=k

2
K
e = [[

N =

which, by the convexity of f, g, the definitions of 7 and yr in (3.12), gives

(T +1)[L(zr,y) — L(z,yr)] < %Hu "l

Hence, (3.13) holds. The proof is complete. [

Theorem 3.2 implies that under a more flexible condition (1.9), we have (3.11)
holds, i.e., the primal-dual function value gap converges to zero with the worst-case
O(1/T) ergodic rate. A similar result to (3.13) in the sense of expectation can be
found in [4]. We next show that {||u* —u**1||%}, which also measures the optimality
error, monotonically goes to zero with the worst-case O(1/T') convergence rate. The
following lemma confirms that the sequence {|lu* —u**1||%,} decreases monotonically.

Lemma 3.3 Under the condition (1.9), the sequence {u*} generated by (3.2) satisfies

= 2 b2 (3.15)

10



Proof. Tt follows from (3.3) with u = u**! that
£(§k+1,gk) 7 £(':L,Vk’gk+1) > (,Z’Zk+1 _ ﬂk)TQ(uk . ak) (316)
Similarly, (3.3) holds at the (k + 1)-th iteration, that is,

Lz, 7" ) = L@ y) > (w— ) TQM ! — ), vueq,

k

which, by setting u = u”, results in

LE T - LELTY) > @ - BT Y. (317
Combining (3.16) and (3.17), we have
@ — @ TQ{(u* — a*) — (T — 7"} > 0. (3.18)
Then, adding the equality

{(uk _ ak) _ (uk+1 _ ﬁkJrl)}TQ{(uk _ ak) _ (ukH _ akJrl)}

(3.19)
k (uk+1 _ ak-&-l

1 _
:iuuk - )H?QU—Q)

to both sides of (3.18) leads to

k_ ~k _ (uk+1 _ ak-{-l)”z o
< uk _ ukJrl)TQ{(uk _ :dlc) _ (uk+1 _ ﬂk+1)}
(uk _ ﬂk)TMTQ{(uk _ ak) _ (uk+1 _ ,zszrl)}

3.2)
22 (uk — )T MTHM{(uF — ) — (uF - i)

(2.5

Using this relationship, the identity |la||% — [|b|% = 2a" H(a — b) — |la — b||% with
a=M(u* —u*) and b = M (u**1 — @*+1) and v — uFtt = M(u¥ — @*), we have
o~
= [[M k= @)y - [|M ™ @],
_ Q(Uk o ﬂk)TMTHM{(uk o ﬂk) _ (uk+1 _ ak+1)} _ ||M{(uk _ ﬂk) _ (uk)+1 _ ak+1)}||i[
> Huk ok (uk+1 o ﬂk+1)||?QT+Q) - ||M{(uk . ﬂk) _ (uk+1 _ ak+1)}||2
el | PR

where the last inequality follows from the positive definiteness of G. We complete the
proof. [

Theorem 3.3 Suppose the condition (1.9) holds. Then, for any integers T > 0 and

k > 0, there exists a constant co > 0 such that the sequence {u**1} generated by
G-AFBA satisfies

HUT-M . uT+n+1H; <

1 2
—||u" —u” Yu* € Q. 3.20
(T+1)00Hu iy, Vu & (3.20)

Proof. First, by the positive definiteness of G and M T HM, there exists a constant
co such that G — coM T HM is positive definite. Hence, we have

¥ = > eol| M — ), = colju w7
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Then, it follows from inequality (3.7) that

2

e PR e

- C()Huk — ukHHZ, Yu* € Q. (3.21)

Summing (3.21) over k = k,k + 1,---,T + &, it follows from the monotonicity of
{|luf — uk*1||%} given in (3.15) that

T+k
N A S I A R P s
k=kr

for any u* € *, which leads to (3.20) immediately. O
For any given ¢ > 0, Theorem 3.3 shows that the proposed G-AFBA (1.8) needs
at most [c/e] iterations to ensure ||uf —u**1||%, < ¢, where ¢ = inf [u® — u*|% /co.
u*ef2*

Recall that u**1 is a solution point of VI(¢,J, Q) if and only if |u* — u**1|| = 0.
Hence, Theorem 3.3 indicates that ||u* — u**||, which can be used as a measure of
optimality error, converges to zero sublinearly. Moreover, let d* := (d*, d{j) where

N L R .~k

dh= Lt ) KT ) and b= LF ) - oK@ - )
T Y o

Since the optimality conditions in (3.4) and (3.5) are equivalent to

f@) = f@*) 4+ (x—2" KTgk —dt) >0, Vzedk,
9(y) —g(@*) + (y — ", —Kz* —df) >0, Vye),

we have from finite-dimensional Euclidean spaces of X and Y that
d¥ — K'g* € 0f(z%) and dﬁ + K% € ag(7").

Hence, ||d*|| also measures the first-order optimality error. Notice that d* = Q(u* —
u*) = H(uF — ukF*1). So,

|l = [[H (u* = " )| < v Amax(H)[[u* = u* 1,

which, by Theorem 3.3, implies ||d*|| also goes to zero in a sublinear rate.

3.3 Linear rate of convergence

For any u = (x;y) € Q, we define the KKT mapping as

[ T —prox (x—KTy)

which is Lipschitz continuous on 2 because the proximal operator of a proper convex
function is Lipschitz continuous with unit Lipschitz constant. Furthermore, given any
u € Q, we have u € Q* if and only if R(u) = 0. Hence, Q* = {u € Q | R(u) = 0}.

In this subsection, under a calmness condition (see (3.23)), we establish the Q-
linear convergence of {distz (u¥, %)} to zero, where disty (u*, 2*) = min,ecq- [|[u —
u¥|| 7, and the R-linear convergence of {u*} to a v € Q*. Similar conditions had
been used for the linear convergence of ADMM and the inexact primal-dual algorithm,
cf. [3, 29] to list a few.

Theorem 3.4 Let {i*} be the predictor sequence generated by (3.1a)-(5.1b) and {u*}
be the corrector sequence generated by (3.2). Suppose the condition (1.9) holds. Then,
we have the following properties:

12



(i) There exists a saddle-point u> = (x°°;y>) € Q* such that

lim @* = lim o*t! = >
k—o0 k—o0

(ii) If R=' is calm at the origin for u® with modulus 6 > 0, that is,
dist(u, Q") <O|R(w)||, Vue {ueQu—u>|<r}, (3.23)
for some r > 0, then there exist a £ € (0,1) such that
dist g (u"Th, Q) < &disty (u®, Q%) (3.24)
for all k > 0. Moreover, the sequence {||uF —u||} converges to zero R-linearly.

Proof. First, property (i) directly follows from Theorem 3.1. So, there exists an
integer k > 0 such that B
uf —u®| <7, VE>Ek. (3.25)
From the optimality conditions of (3.1a)-(3.1b), we can derive
B proy 5 (L) + K7)]. -
3.26
7 = prox, |7 — (L@* = ) - K@ +a(@ - b))

Combine (3.26) and the definition of R(-) in (3.22) to obtain

IRG@*)|? = ||3* fproxfu — KT +||y - pros, <y + K3 >||
< - Ax’f o)+ KT (5 — o) + oK@ — ab)- ol
<2(a’L +:2>||x — T2+ 2(L + L)yt — 7)1

< ror||uk — T2,

where first inequality uses the non-expansive property of prox;(-) and prox,(-), and

1 1
:“61:21’1'13,)({0[2[/"—72,.[/"' 0_2} (327)

So, it follows from the last inequality and (3.23) that for all k > k,
dist (", Q%) < 0y/my |Ju* — 7. (3.28)

Then, by triangle inequality and (3.28), for all k > k, we have

— = disty (uF, Q%) < dist(uF, Q) < dist(@*, Q) + [|u* — T
it (0, 0) < (04,07 < (@ )+ s~

1
< (Lt ovR)et — 7] < %nu’f . (3.29)

Since (3.7) holds for any u* € Q*, for all kK > 0 we have
dist?, (uF L Q%) < dist, (u®, Q) — ||[u* — 7|2, (3.30)

which together with (3.29) gives

. 1 Amin(G) .
disty (w1, Q%) < (/1 — distz (v, Q* 3.31
4 )_¢ (15 03, A (H) 00 (331
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for all k > k. Finally, (3.30) and (3.31) implies there exists a & € (0,1) such that
(3.24) holds, that is, the sequence {dist (u*, 2*)} converges to zero Q-linearly.
Now, let d* = u*** — u*. We have from (3.30) and triangle inequality that

Hdk Huk-l—l _ukHH S dlStH(uk,Q*) +diStH((’u,k+1’Q*)

(3.24)
< adisty(u®, Q%) < 26Fdisty (u®, Q).
Hence, we have from u™ = u* + Zj‘;k d’ that

o ol < S ] < 2, 920) S5 €
= 2dist g (u®, *)¢F E?io =k (QdiStH(uov Q*)ﬁ) ’

which implies the sequence {||u* — u®} converges to zero R-linearly. [

Theorem 3.4 shows linear convergence of G-AFBA under the calmness condition.
In practice, it is not easy to check whether the calmness condition (3.23) holds or
not. However, when the mapping R defined by (3.22) is piecewise polyhedral, or
equivalently, R~! is piecewise polyhedral, we know (e.g. see [39]) there exist two
constants 5,n > 0 such that

dist(u, Q) < B|R(u)|l, Vu € {ue Q||R)| <n}. (3.32)
When R(u) > n, for all ||lu —u®°|| < r with some r > 0, we have

dist(u, Q%) < flu —u™|| <r < %HR(U)H (3.33)

So, given any r > 0, we have from (3.32) and (3.33) that the calmness condition (3.23)
holds with § = max{f,r/n}. Moreover, by Theorem 3.1, there exists a 7 > 0 such that
|u* —u>|| < 7 for all k > 0. Hence, when the mapping R defined by (3.22) is piecewise
polyhedral, for {u*} generated by G-AFBA, we have dist(u”*, %) < || R(u")|| for some
0 > 0. Furthermore, by Theorem 3.4, we have {distz (u*,2*)} converges to zero Q-
linearly and {|/u* —u*>} converges to zero R-linearly. Here, we want to mention that
linear convergence had been also discussed when assuming certain strongly convexity
on the objective function (see e.g. [10, 11]).

4 Connections between (1.8) and other related meth-
ods

In this section, we discuss in a bit more detail on the connections between G-AFBA
(1.8) and some existing and new related algorithms.

e Case 1 (CP-PPA in [9] and a reduced ALM). When o = 1, G-AFBA
(1.8) will reduce to

rhtl = arggéi;(l f(@) + 5|z —2F + TKTkaQ,

2

= argming(y) + 55[ly — " - oK (22" —2h)[",

Y
which is CP-PPA proposed in [9]. When o =1 and g = 0, the problem (1.1) is

equivalent to
min f(z) st. Ke=0, z € X, (4.1)

14



and G-AFBA (1.8) recovers a ALM-type method

htl = argmi}l{lf(x) + o |le — 2* + TKT/\kHZ,
HAS
ML = \F L o K (228 F1 — 2F).

Note that two different parameters 7 and o are exploited here, which is different
from the standard augmented Lagrangian method for solving (4.1).

Case 2 (Exact version of [30, Algorithm 2]). When («a, ) = (0,1), G-
AFBA reduces to

Zhtl arggréi;(lf(x) + o= ||o —2F + TKTkaZ,

. _ 2
yhtl = arg min g(y) + 55 |ly —v¥ — o KT"|7, (4.2)

k1 _ k41 T o k+1 ok
Pt =ghtl — KT (yF T — o),

which is the exact version of [30, Algorithm 2] by setting the iterative relative
error to zero. For this case, the condition (1.9) reduces to 1/(o7) > L, which
matches the condition given in [30].

Case 3 (A subclass of G-AFBA). By setting a = 0, G-AFBA reduces to

T afg;fgf(”) + o= ||o — 2F + TKTkaza

k+1 k+1||27

77 — : 1 .k _
(G1-AFBA) { ¥ =arg glelgg(y) +o5 |y —y* — oKz

k1l = f:+11 _ MTKT(yk—&-l ; z{k)’

Pl =g 4 (1 — oK (@ — 2b).

(4.3)

One may consider (4.3) as an extension of (4.2), since (4.3) applies an additional
extrapolation step on the y-iterate, while the z¥*!-iterate in (4.3) can be written
as

karl _ §k+1 _ TKT(yk+1 _ yk) + (1 _ [L)TKT(ngrl _ yk).

Interestingly, with a = 0, the condition (1.9) for convergence reduces to
1 2
— > (1 —p+p°)L. (4.4)
TO

Clearly, (1 — pu + p?) < 1 for any p € [0,1] and when p = 0.5, it becomes
L > 0.75L. The condition (4.4) seems similar to the condition (1.7) for ensuring
convergence of GCP-PPA [24]. However, we can see from (4.3) that G1I-AFBA
is completely a different method from GCP-PPA (1.6).

Case 4 (GCP-PPA [24]). When p = 0, G-AFBA reduces to

k+1 2
;

x zarggg(lf(x)—l—i”x—xk—i—rl(—ryk’

— . 2
gH = argming(y) + 55y —y* - oKt alet = 2N (45)

Y = (1 = )oK (@ - ob),

which is the method (1.6) proposed in [24]. As mentioned in the introduction, in
this case the condition (1.9) will reduce to (1.7), which is exactly the condition
derived in [24] for the convergence of GCP-PPA. Moreover, as pointed in [24],
GCP-PPA is equivalent to CP-PPA for solving the the convex programming
min{f(z) | Kz = b,z € X}.
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e Case 5 (G-AFBA for multi-block problem). Consider the following saddle-
point problem with multi-block structure:

q
L(x, A i(x; Kx, ) — (b, \), 4.6
min max £(z,A) := zfz(:vz)ﬂ 2, A) = (b, 2) (4.6)
i—
where each f;, i = 1,...,q, is a proper lower semicontinuous convex function,

z= (21, ,24) with x; € R, K = (Ay,---,A,) is given with A; € R™*ni
and n = Y7 n;. Clearly, the problem (4.6) is a special case of (1.1) and is
the dual problem of the following multi-block separable convex optimization

problem
a
min {Z filz
i=1

Applying G-AFBA (1.8) to (4.6) results in the following operator splitting

i=1

q

method:
Tf“ = arg nelliRn filzs) + ||:cl —zF + 74, TA’“H =1,---,q,
PN )\k_i_UZZA [z —k+1 —l—a(_k‘H 25 — b, ",
=T (L) AT k) =1 g,
N =X (- a1 ) 0 A - o).

Note that the above scheme (4.8) updates the primal variable x; in parallel and is
different from the proximal ADMM proposed [16] for solving (4.7). However, by
our previous analysis, the scheme (4.8) will enjoy all the convergent properties
we discussed before.

5 More extensions

In this section, we would give an adaptive and a stochastic versions of G-AFBA, and
we briefly discuss their convergence properties.

5.1 Extension to an adaptive G-AFBA

Our adaptive G-AFBA (see Algorithm 5.1) as well as its convergence theory are
motivated from an adaptive PDHG (a-PDHG) developed in [20]. In fact, a-PDHG
can be considered as a special case of aG-AFBA, which is almost identical to G-AFBA
except using adaptive stepsizes (7x, o). In particular, in Algorithm 5.1, the stepsizes
(1%, 0% ) are adjusted according to the ratio between the PrimalError(k) (error related
to a-variable at the k-th iteration) and DualError(k) (error related to y-variable at
the k-th iteration), which can be defined/chosen by the user in various ways such
that problem (1.1) is solved as long as max{PrimalError(k), DualError(k)} = 0. The
goal is to adaptively adjust the stepsizes (7x,0%) so that both the primal error and
the dual error can be reduced in a balanced way. Hence, the overall acceleration of
Algorithm 5.1 can be achieved. Moreover, it is not difficult to show (one may see [20]
for details) the stepsizes (7x,0p) in Algorithm 5.1 satisfy the following conditions:

(A1) Both {71} and {0} are positive, bounded, and the product 7,01, = 1900 := C;»
satisfying (1.9);
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(A2) The sequence {¢y} is summable, where ¢) = max{ - o

Tk —Tk+1 Ok —Ok+41 0
) ) N

Algorithm 5.1: An adaptive G-AFBA (aG-AFBA).

Initialization: Choose (2°,4%) € X x Y and (79, 0¢) satisfying (1.9), set o, € [0, 1],
0o =1n=0.95and v > 1> v >0, given € > 0.

for k=0,1,---
~k _ : 1 k T,k||2.

1. 2% = arggrtnelzrvlf(x) + HH{L‘ -2+ 7K'y || ;

2. 7" =argming(y) + o7 |ly — ¢ — onK[# + (@ - )|
3. 2l =3F - (1 - Q)un KT (g% — y*);

4. Yy =gF + (1 —a)(1 — p)orK(@* — 2F);

5. if DualError(k) > ~; PrimalError(k), then

6. Thp1 = Tk(1 = Ok), ong1 = ok /(1 = Ok), Oky1 = Orm;

7. else if DualError(k) < 75 PrimalError(k), then

8. Tkﬂ:Tk/(l—ﬁk),akﬂ:ak(l—Qk),GkH:an;

9. end if

10. if max {DualError, PrimalError} < e, break;

end for

Return (zF+! y*+1),

To analyze global convergence of aG-AFBA, analogous to the previous analysis in
Section 3, let us define the following matrices:

i1 KT I —(1—a)ur KT
— | M. —
@ { —aK L1 ] . [ (1—a)(1 - porK I ]
B 1 T ~(l—p+ap)KT [ C;1 0
Hi = QM = [ —(I—=p+aop)K X 0 C;t [’
where
1 . 1 .
Tio= (140 - a)(1 - o KTK), 5= — (T (1 - a)opC,, KKT),
Tk Ok
and

C.,=I1+(1-a)*1-ppuCr(o KK, C, =1+ (1-a)*(1 —p)uC,,KK".
In addition, we define

po_| T O c;' o ]_ [Tt 0
Tl oo 0 C;j'| | 0 x%Ct

Both C, and C, are symmetric positive definite, so does their inverse. By Proposition
2.1, Hj, is symmetric and positive definite. Hence, we have EC;l and EkC;l are
symmetric and positive definite, and (KTC, )T = KC, .

Based on the above preparations, we next show that the sequence {u* — u*} is
upper bounded, which is essential for deriving the convergence rate of aG-AFBA.

Lemma 5.1 Suppose the parameters 1, and oy in aG-AFBA satisfy the assumptions
(A1)-(A2). Then, we have

k

[u® — w3, < e (5.1)

for some upper bound c,, > 0.
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Proof. Since 101, = C,, satisfies (1.9), by Proposition 2.1, Hy, is positive definite. In
addition, there exists an € € (0,1) independent of k such that (7x,0}) still satisfies
(1.9), where 7, = 7,/(1 — €) and 7} = 01 /(1 — €). Hence, similar to Proposition 2.1,
Hj, — ePy, is still positive definite for all £ > 0. Since Hy, is positive definite, for any
u e X x ) we have

w Hyu >0 <= u' Pou>2(1 — p+ ap)y' KC, 'z,
Then, we have from Hjy — e Py being positive definite that
enlluly, =201 - p+ ap)y"KC; s, (5.2)

for any k > 0 and any u € X x)), where ¢y = 1/e. By taking u = (xF+1—a* yk+1—y*)
and H41 in the above inequality, we have

21— p+am) (™ =y )TECT (@M —2) < ep|luf —u'|ffy,, -

So, from the above inequality, (KTC, )T = KC "', (3.7) and (5.2), we have

[ A e

:||uk:+1 _ u*”%k 21— p+ au)(ykJrl - y*)TKC;1(xk+1 — %)

>0t — w3, — 20— gt ap)(yF — ) TRC; @M — 2%)
=Gl =~ 201 6)(1— p e ap) (T -y ) TRC (@ - 2
>0kllut T — w3, — en (1= ST — R,

={1—¢p[l+cu]} |t - U*HZ}IHN

where the second inequality uses

Tk+1 Ok+1 . Tk+1 Ok+1
Tr = Trv1, Xk = Yit1, O 1=1—¢k=mln{ ; s Lp,
Tk O Tk O

and the second equality uses the relationship between Hj and Py.

Since the sequence {¢y} is summable, we have ¢ (1 + cyr) € (0,1) for all &k suffi-
ciently large. Hence, we assume, without loss of generality, that ¢x(1 + cg) € (0,1)
for all k. Then, it follows that

k—1

[u® =i, = TT {1 = &5 (1 +em) Hlu* — |7, - (5.3)
j=0

Since Y072, ¢; < oo, we have [[}Z, {1-0¢;(1+c2)} >1/cy for some ¢; > 0. So, we
have from (5.3) that
[u” =%, < ellu’ -l

which together with H,, — eP,, being positive definite gives (5.1). O

Lemma 5.2 Let ¢, > 0 be given by Lemma 5.1 and cy = ZZOZO . Then, under the
assumptions (A1) and (A2), we have

n
> (I =y, = I =l ) < 20 (cu + epllu—u[?),
k=1

where ¢, is a constant such that |lu — u*||3, < cpllu —u*|]?.
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Proof. Since T,C, ! and ¥ Cy I are positive definite, it follows from the definition of
¢ that

ThCy' = Thn G =2 T oot < 6 TRCS

Tk—1

0y =BGy =T TR0 < 6 DG

Then, by the definitions of Hy and Pj and (5.1), we have

n
> (I =y, =l = ully, )

k=1

n
. k 2
D (e ANy 7. S—
k=1

n n
<> drallut —ullp, <2 e (uF —utlB, + u—ut)B)
=1 k=1
* |12
<2¢4(cy + cpllu — u|*) < oo,

where the last inequality follows from the definition of ¢, such that ||u —

w3, <
cpl|lu — u*||? for all k. Note that such ¢, exists by Assumption (Al). O

Theorem 5.1 Let oY = %ZZ lofk yN =1 Zk o U*. Then, under the conditions

given in Lemma 5.2, for any u € X X Y we have
lu — uoll3, + 2cscu + cocpllu — w*|?
2t '

Lz, y) — L(z,y) < (5.4)

where cg,c, and c, are the same constants given in Lemma 5.2.

Proof. Summing (3.14) over k =0,1,--- ,t — 1 together with Lemma 5.2, we obtain

t
< — oy, — lu = welly, + 37 (=l — o — il )

Sllu — uollfy, — Ilu —well, + 2eseu + 2epcp[lu — w2,
which, by the convexity of f, g, the definitions of ¥ and y}, yields

lu — uollF, — llu — uell?y, + 2cqcu + 2eqcpllu — u”?

and immediately gives (5.4). O

5.2 Extension to a stochastic G-AFBA

Now, let us consider the following case of special structured (1.1):
N

+ (K - h 5.5

min max f(z) + (Kz,y) — g(y), where f(z g (5.5)
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is an average of N Lipschitz continuously differentiable real-valued convex functions
fisj=1,...,N,ie., there exists a v > 0 such that

IV fi(z1) = V(@) < vl —z2f, Vai,ze € X.

Problem (5.5) often arises from machine learning applications, e.g. [4, 6], where N
denotes the sample size and f;(x) corresponds to the empirical loss on the j-th sample
data. A major difficulty for solving (5.5) in machine learning applications is that the
sample size N can be huge so that it is computationally prohibitive to evaluate either
the function value f or its gradient at each iteration. Hence, in this subsection,
by extending the previous analysis of deterministic G-AFBA, we aim to develop a
stochastic version of G-AFBA, see Algorithm 5.2, for solving the structured problem
(5.5). In the following, we briefly discuss the convergence properties of SG-AFBA
following a similar approach proposed in [4].

Algorithm 5.2: A stochastic G-AFBA (SG-AFBA).

Initialization: choose (7, 0) satisfying (1.9), a, p € [0,1] and
initialize (2°,y°) € X x Y, 3% = 20,

for k=0,1,---

Choose my, > 0,9 > 0, and compute h* = 2% — 7K Ty¥;

(%, 2+1) = xsub(z*, &%, V5, my, h¥);

§t = argming(y) + g6 [ly —y* — oK[F* + a(@ M)

=30 — (1 - a)p 7K (7" — y");
Yy =7+ (1 - a)(l - p) oK (@ —a");
end for

Return (zF*1, ¢#+1).

2

b

R

(xt, %) = xsub(zy, #1, Vg, mp, h*)

fort=1,2,...,my

1. Randomly select & € {1,2,..., N} with uniform probability;

2. Be=2/(t+1), v=2/tk), Tp= L+ (1— By

3. di¢ =i+ e, where gy = Vfe,(Z;) and e; is a random vector
satisfying E[et] =0;

[+ gl — B4

4. Typq = arg;réi)r(l <dt,a?> + % |33 — Ty

5. Ty = Pl + (1 — By)ay;
end for
Return (x7,%X") = (X, 41, Xmy+1)-

We first need to obtain a variational inequality analogous to (3.3) for establishing
the convergence of SG-AFBA. Note that the Z;1-subproblem in step 4 of subroutine
xsub amounts to

Fopr = argmin (dy + K T9%, ) + 2o — &> + 2 [l — *|)°
TEX 2 2T

Hence, almost same to the proof of [4, Lemma 3.1], we have the following lemma.

Lemma 5.3 Let us define I'y = 2/(t(t + 1)) and
Bu(e) = @)+ dela), where vy(@) = o Jle— 2|7+ (KTyE 0 (56)

20



Then, for any © € X and k with ¥y, € (0,1/v), we have

1 01, t=1,
ﬁ [¢k(xt+1) - (bk(l')] < { rtlfl [Qbk(xt) _ ¢k(x)] + at; t>2, (57)

where for all t > 1,

1
0 =5

Iit® [0
4 (1 — ﬁku)’
(5-8)

y b t b b
lz = &l|* = Iz — $t+1H2} o 2z = Eopal|*+ (8, & — 2) + ——

and 6t = Vf(i’\t) - dt.
Based on Lemma 5.3, we further establish the following result.

Lemma 5.4 Let §; be defined in Lemma 5.3, and suppose Oy € (0,1/v). Then the
iterates generated by SG-AFBA satisfy

Fla) = FE) o — 7 KTy 4 @ - a) > ¢ (5.9)
for all x € X, where
2 1 . o
¢ = g (= o)
mi 19 mi
—Zt<6t,§ét—$> —mzt2 ||(st2:| (510)
t=1 t=1

Proof. Let T = mj,. Summing (5.7) over 1 < ¢ < T and recalling that ¥ = 7,
% = 27y, and ¥ = Z7,1, we obtain

1 . 2
oy [ - Zet 77 [l =24 = = 242
1 O a
N 2 . 2 2
75,522175”‘%7%&4_1” +;t<6t,$t*$>+m;t ||5t|| (511)

for any = € X, where 6; is defined in (5.8). Dividing x¢+1 = Bi#ry1 + (1 — Be)xy by
I'; and exploiting the identity 8;/T; = t yields (1/T¢)x¢11 = (1/T¢—1)x¢ + tZ¢11. Sum
this equality over 2 <t < T and recall I'y = $; = 1 to obtain

T T
- 1 Z y v Z v
LL'k TT4+1 = FT {F.TQ + t.%'tJrl} = FT {CEQ — To + t$t+1}
L t=2

t=1

T T

T { [Bids + (1 — Br)a1] — & + Zt:ﬁtﬂ} = (tIr)Z. (5.12)
t=1 t=1

Since I'r ZtT:lt =1 and ||z — z||? is convex in z, it follows from (5.12) that

T
75— 2|” < S (tTr) [#r01 — 2)®,  Vae X
t=1

Plug the last inequality into (5.11) to obtain

& [0@) — o) + o 13— of*] < & lle = ) - ||e — 24+ ]
T
+t;t<6t,a“;t —z)+ ﬁ;# 607 (5.13)
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Now, by the definitions of ¢ and ¥ in (5.6), we have

Ou(F) — du(2) = FE*) — F(&) +u(@) — (@),
Un(@) = (o) = (K Ty" 3 — ) + [ Ilg — 22 = Jlo — 2¥]2]-

The identity (a —b)"(a —c) = 3 {[la—c||* — |lc = b||? + [a — b[[*} with a = ¥,
b = z*, and ¢ = = implies that

1., - - -
3 [||a:k — az:k||2 — ||z — ask||2 + ka — x||2] = (a:k — zk)T(xk — a:)

Insert all these relations in (5.13) and make the substitutions T = my, and I'r =
2/(T(T 4 1)) with simple transformation to obtain (5.9). O

Now, replacing the inequality (3.4) by (5.9), under the condition (1.9), we will
have from the same proofs of Lemmas 3.1-3.2 that

O) () (i, 7)) > & () 4 o, 510

]
where H and G are positive definite matrices defined in (2.6). With the help of (5.14),
we have the following theorem.

Theorem 5.2 Let ur = (xr,yr) be defined in (3.12). If for some integers T > 0
and K > 0, the following conditions hold for all k € [k, k+T): (1), € (0,1/(2v)] and
the sequence {Oxmy(my + 1)} is nondecreasing; (II) E(||8:]%) < ¢2 for some ¢ > 0,
where 8; is defined in Lemma 5.3. Then, under condition (1.9), for any u € Q, it has

E[@(UT) —0(u) + (ur —u, T (u))] (5.15)
w+T
1+T { Zﬁkkar 4_’_1)19 fo‘r’i” Jr”uul{H}

Proof. Summing the inequality (5.14) over k between x and k47T, using the convexity
of 6 and the definition of ur, we can obtain

1 [1 sy
O(ur) = 0(u) + (ur — u, T (u)) < M{QU—UKH%{—Z&}- (5.16)
k=k

By assumption (I), the sequence {dxmy(my + 1)} is nondecreasing for k € [k, k + T,
which implies

wk+T H||2
vk||2

1
Z my(my + 1)U (e~

k=k

.fk+1||2) < H$*.’£

— ||z — _—mﬁ(mn—&- )19&.

(5.17)

The definition of d; in Lemma 5.3 gives
6t = Vf(gc\f) — dt = Vf(i’t\t) — Vfgt (/IZ?\t) — €¢.

Then, because the random variable & € {1,2,..., N} is chosen with uniform proba-
bility and E[e;] = 0, it holds that E[d;] = 0. Thus, since §; only depends on the index
& while &; depends on &;_1, &_a, ..., we have E [(d;,Z; — )] = 0. Then, it follows
from E(||6]|?) < <2 from assumption (II) and my > 1 that

mg 2 2
s“mp(mi +1)(2mg, + 1 S
E[E t2||6t21 < i lme 6)( b )gmi(mkﬂ) (2>
t=1
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So, by ¢* defined in (5.10) and the condition 95, < 1/(2v), we have

k+T ‘| 2||.’L’ _ ¥ ||2 2 k+T

ZC (my +1)9 +7Zﬁkmk

Applying the expectation operator to (5.16) together with this bound completes the
proof. [

Theorem 5.3 Suppose the conditions in Theorem 5.2 hold. Let

C1

ﬂk:min{ ),02} and my = max {[c3k?], m},

mp (mk +1
where c1,c3,¢3 > 0, 0 > 1 are constants and m > 0 is a given integer. Then, for
every u* = (x*,y*) € Q* and ur = (7, yr) being defined in (3.12), we have

|E[L(zr,y*) = L(z*,yr)]| = |E[0(ur) — 0(u*)]| = E,(T), (5.18)
where E,(T) = O(1/T) for 0> 1 and E,(T) = O(T 'logT) for o = 1.

Proof. The proof is same as that of [4, Theorem 4.2] and thus is omitted here. O

Notice that, when considering the sample size N = 1 and setting e, = 0, SG-AFBA
will reduce to a deterministic algorithm to solve (1.1), while applying the subroutine
xsub to solve the prediction step (3.1a) inexactly. This inexact G-AFBA will be
particularly useful when the function f is not simple so that it is expensive or there
is no closed-form solution for calculating the prediction step (3.1a) exactly.

6 Numerical experiments

6.1 Robust principal component analysis

The robust principal component analysis problem, which arises from video surveillance
and face recognition [5, 8, 31, 41, 49] etc., aims at recovering the low-rank and sparse
components of a given matrix. Such a problem is often modeled [13] as

i X[+ MY | X +Y =CY, 6.1
min {IX] AV | X +Y = O} (6.)
where C is the given data, || - ||« and || - || denote the nuclear norm (the sum of all

singular values) and the {1-norm (the sum of absolute values of all entries) of a matrix,
respectively, and A > 0 is a weight parameter. Clearly, (6.1) can be reformulated as
the following saddle-point problem

min  max || X[l + A|[Y] + (X +Y,2) — (C, Z). (6.2)
X, Y ERMmXn ZcRmXn

We will test the proposed G-AFBA in (1.8), aG-AFBA in Algorithm 5.1 and
G1-AFBA (that is G-AFBA with o = 0 as shown in (4.3)) with other comparison
algorithms by solving (6.2) with A = 1/y/max(m,n) as suggested in [8] and four real
data sets: Hall airport video containing 300 144 x 176 frames, ShoppingMall video
containing 350 256 x 320 frames, Bootstrap video containing 200 120 x 160 frames,
and Lobby video containing 200 128 x 160 frames. We use (a, ) = (1/3,1/2) as
default values for G-AFBA, (y1,72) = (1.5,0.96) for aG-AFBA, («, u) = (0,1/2) for

23



G1-AFBA and we choose (7,0) = (¢1/+/t, ca/+/t) to satisfy the condition (1.9), where
c1,c2 > 0 are some constants satisfying cico < 1 and

oot —p+p)(1-aP+ o= —p+p?)(1 -0 +4da(l—a)*
2

with L = 2. After tuning the parameters through the for loop (similar technique is
used in the comparative methods), we set ¢; = 0.2 and ¢ = 0.95/¢; for G-AFBA,
aG-AFBA and G1-AFBA, respectively, for this set of testing problems. The following
are several comparison algorithms where the parameters are also tuned and chosen
to obtain the best possible performance:

e Dual-Primal Balanced ALM (DP-BALM) with involved parameters (51, 2, @, 0)
(10,10,1,1073), which is suggested in [45, Section 5.2.2];

e Generalized PDHG (G-PDHG) with (7,0) = (¢1/v0.75L,ca/V/0.75L), where
parameters (1, ¢o) use the same setting as our G-AFBA to satisfy the condition
% > 0.75L, which gives much better performance than the original setting given
in [31, Section 5.4];

e PDHG (1.2) with (7,0) = (¢1/VL,c2/VL) and (c1,c2) = (7.0711,0.1245);

e aPDHG with the tuned (y1,72) = (8,2) and the same (7,0) used in PDHG as
the initial values, since these values give better performance than the suggested
setting in [20];

e GCP-PPA (1.6) [24] with (a, ) = (1/2,0) and the same (c1,c¢2) as those for
G-AFBA, to satisfy the convergence condition (1.7).

o Extended G-AFBA (eG-AFBA) [46] with parameters (c1,¢2) = (0.9899,0.2121)
to satisfy the involved condition - > L/4.

All experiments are implemented in MATLAB R2018a and performed on a PC with
Windows 10 operating system, with an Intel i7-8700K CPU and 16GB RAM. All
algorithms start with initial iteration (X,Y,Z) = (0,0,0) and are terminated when
max{PrimalError(k), DualError(k)} < 107% is satisfied, where

I = XE| e+ Y - YR
([ XM o+ YHp + 1)

XA 4 YR e
IClIF

and

PrimalError(k)

DualError(k) :=

Here, 7, > 0 is the primal stepsize used at the k-th iteration by each comparison
method. Similar stopping criterions can be found in e.g. [31, 41, 49].

Table 2 reports the number of iterations (Iter), the computing time in seconds
(Time(s)), the PrimalError and DualError at the last iterate of the algorithms. Figure
2 also visualizes the background and foreground separations of the 10th frames of
Hall airport, the 259th frames of ShoppingMall, the 194th frames of Bootstrap, and
the 80th frames of Lobby, respectively. The results obtained by eG-AFBA, DP-
BALM and PDHG are not showed since they take significantly more iterations and
CPU time than others. The computing results of Table 2 demonstrate that aG-
AFBA performs the best among all the comparison algorithms in terms of CPU
time and the iteration number; G-AFBA is slightly better than its special case G1-
AFBA and usually better than other comparison algorithms. Although there are
more relaxed stepsize requirements of eG-AFBA for ensuring convergence, eG-AFBA
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Data Methods Iter Time(s) PrimalError DualError

G-AFBA 101 50.91 9.91e-5 5.69e-5
aG-AFBA 78  39.56 9.45e-5 6.93e-5
GI1-AFBA 104 52.96 9.99e-5 5.50e-5
eG-AFBA 189 110.46 9.77e-5 9.94e-5
Hall airport GCP-PPA 120 55.84 9.82e-5 3.51e-5
DP-BALM 267 149.03 9.97e-5 7.13e-6
PDHG 170 99.67 9.98e-5 3.14e-6
a-PDHG 109  73.34 9.88e-5 7.85e-5
G-PDHG 121 58.70 9.95e-5 3.58e-5
G-AFBA 120 283.20 9.79e-5 9.70e-5
aG-AFBA 101 225.36 9.72¢-5 9.80e-5
GI1-AFBA 124 289.97 9.96e-5 9.35e-5
eG-AFBA 275 754.83 7.56e-5 9.92e-5
ShoppingMall GCP-PPA 131  298.28 9.76e-5 8.07e-5
DP-BALM 173  445.26 9.99¢-5 1.34e-5
PDHG 146 322.40 9.78e-5 2.60e-5
a-PDHG 112 290.81 8.44e-5 9.98e-5
G-PDHG 133 304.64 9.76e-5 8.06e-5
G-AFBA 101 2249 9.89¢-5 2.87e-5
aG-AFBA 91 20.89 9.79e-5 9.59e-5
GI1-AFBA 104 23.59 9.92e-5 2.76e-5
eG-AFBA 171 44.86 9.97e-5 9.27e-5
Bootstrap GCP-PPA 119 24.19 9.89e-5 1.67e-5
DP-BALM 296 68.03 9.97e-5 7.03e-6
PDHG 181 42.99 9.94e-5 2.41e-6
a-PDHG 166  35.62 9.94e-5 7.07e-5
G-PDHG 120 24.17 9.98e-5 1.68e-5
G-AFBA 103 26.61 9.90e-5 1.32e-5
aG-AFBA 91 23.64 6.89e-5 9.82e-5
GI1-AFBA 107 27.47 9.97e-5 1.37e-5
eG-AFBA 188  55.02 9.35e-5 9.93e-5
Lobby GCP-PPA 129 29.74 9.83e-5 6.67¢-6
DP-BALM 359 93.01 9.95e-5 7.96e-6
PDHG 213 47.76 9.99e-5 2.57e-6
a-PDHG 152 42.39 9.81e-5 3.17e-5
G-PDHG 130 30.12 9.87e-5 6.53e-6

Table 2: Numerical results of different algorithms for solving Problem (6.2).
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Figure 2: Background and foreground separations of the 10th frame(rows 1-3) of Hall
airport, the 259th frame(rows 4-6) of ShoppingMall, the 194th frame(rows 7-9) of

Bootstrap, and the 80th frame(rows 10-12) of Lobby. From left to right: G-AFBA,
G1-AFBA, GCP-PPA, G-PDHG, a-PDHG aG-AFBA, respectively.
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seems to take more iteration numbers and CPU time. We think this may be due to the
different strategies used by the correction step of eG-AFBA that requires inversion
of a matrix. Besides, the two adaptive methods (a-PDHG and aG-AFBA) clearly
improve the performance of its original version, which verifies the effectiveness of
adaptively adjusting the proximal stepsizes. Figure 3 depicts the convergence curves
of PrimalError(k) and ItError(k) := |lu* — u*|/(||u*|| + 1) obtained by G-AFBA on
the four data sets, where u* = (X*,Y™*, Z*) is the approximate solution obtained by
running G-AFBA after 300 iterations, which demonstrates the convergence rates in
Theorem 3.3 and (3.24), respectively.

10 10
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Figure 3: Convergence curves of PrimalError(k) and ||u* —u*|| obtained by G-AFBA.

6.2 3D CT reconstruction problem

The 3D CT reconstruction problem is a crucial problem in medical imaging and plays
a vital role in diagnosis, treatment planning, and research [7, 19]. The problem with
TV-L; regularization is formulated as the following

. N
min & 37, (Ryz = by)? + Myl

6.3
s.t. Va =y, (6.3)

where A > 0 is a weight parameter, R is the Radon transform generated by the cone
beam scanning geometry [19], b is the observed noisy input data, and V is a discrete
gradient operator. The primal-dual formulation of (6.3), as a special case of (5.5),
can be written as

N
1
mmma NZ: (Rjz —b;)* + Myl + (Va, 2) — (y, 2). (6.4)

When N is sufficiently large, e.g. N = 131,334,144 in our numerical experiment,
the computation of the prediction step (3.1a) of applying G-AFBA to solve (6.4)
becomes prohibitively expensive. Hence, we would apply the stochastic gradient based
SG-AFBA, that is Algorithm 5.2, to solve (6.4) with A = 0.1. We set (o, ) = (1/2,0),
(r,0) = (102,1077) and my = 10 for SG-AFBA. Hence, in this case, SG-AFBA is
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in fact a stochastic version of GCP-PPA. The reconstructed image quality is usually
evaluated by the Peak Signal-to-Noise Ratio (PSNR):

dy x dy x d,

PSNR = 10log;, < NISE

) with MSE = ||z — Z||?,
where z and ¥ are the original and reconstructed 3D images, respectively. We also
denote the relative error by Res = || — Z|| /|| z]|.

For comparison purpose, we solve the reformulation problem (6.4) by the deter-
ministic Generalized ADMM (G-ADMM, [17]) and 5 stochastic gradient-based meth-
ods: stochastic ADMM (sto-ADMM, [27]), stochastic ADMM based on the popular
SARAH gradient estimator (called SARAH-ADMM, [7]) and the SAGA gradient es-
timator (called SAGA-ADMM, [7]), PDHG (1.2) and CP-PPA (1.4). All experiments
are run in MATLAB R2019a on a high-performance computational cluster with a
Tesla V100 GPU and 192GB memory. For each algorithm, we run 3 times to solve
(6.4) with a 2000-second time budget for each run.

Methods PSNR Res
sto-ADMM 24.8068 + 0.0013  0.4099 =+ 6.29e-05
G-ADMM 24.8493 4+ 0.0059  0.4079 =+ 2.79e-04

SARAH-ADMM  24.9106 4 0.0041  0.4051 =+ 1.93e-04
SAGA-ADMM 24.8810 4+ 0.0017  0.4064 =+ 7.72e-05
PDHG 25.0356 4+ 0.0396  0.3993 £ 1.82e-03

CP-PPA 24.9976 + 0.0719  0.4010 £ 3.32e-03

SG-AFBA 25.1245 + 0.1256 0.3952 =+ 5.74e-03

Table 3: The mean and standard deviation of PSNR and Res from solving (6.3).
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sto-ADMM G-ADMM = SARAH-ADMM SAGA-ADMM

SG-AFBA PDHG ——CP-PPA

Figure 4: Comparison of different algorithms for solving (6.3).

Table 3 shows the mean and standard deviation of the final PSNR and Res ob-
tained by each algorithm over 3 independent runs. We can see from Table 3 that
SG-AFBA has overall better performance, achieving the highest PSNR and the low-
est relative error Res, although it has relatively larger standard deviation on the PSNR
value. In addition, both PDHG and CP-PPA perform better than other ADMM-type
methods from the final obtained PSNR. Figure 4 shows the average convergence curve
of PSNR of each algorithm within 2000 seconds. From Figure 4 we see that although
SARAH-ADMM converges faster than other algorithms at the beginning iterations
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(see the left-hand-side of Figure 4), SG-AFBA seems to generate the best final re-
sult. Figures 5 and 6 visualize the 7th and 58th slices of the reconstructed 3D CT
image, respectively. It shows that the images reconstructed by SG-AFBA are closer
to the ground truth compared to other algorithms. Taking the 7th slice of the recon-
structed 3D CT image as an example, many blurry circle contours can be observed
in the images reconstructed by comparative algorithms sto-ADMM, SAGA-ADMM,
SARAH-ADMM and G-ADMM. However, these circular contours are not clear in the
images reconstructed by our SG-AFBA. Similar observations can be also seen from
the 58th slice.

(a) Ground truth (b) SAGA-ADMM=31.32 (c) Sto-ADMM=30.06 (d) G-ADMM=30.66

(e) SARAH-ADMM=31.95 (f) PDHG=31.96 (g) CP-PPA=31.74 (h) SG-AFBA=32.97

Figure 5: Final reconstruction images of different methods for the 7th slice.

(a) Ground truth

(b) SAGA-ADMM=30.86 (c) sto-ADMM=29.58 (d) G-ADMM=30.31

(e) SARAH-ADMM=31.6

(f) PDHG=31.71 (g) CP-PPA=30.94 (h) SG-AFBA=33.27

Figure 6: Final reconstruction images of different methods for the 58th slice.
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