AN INEXACT PROXIMAL-INDEFINITE STOCHASTIC ADMM
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Abstract. In this paper, we develop an Inexact Proximal-indefinite Stochastic ADMM (abbre-
viated as IPS-ADMM) for solving a class of separable convex optimization problems whose objective
functions consist of two parts: one is an average of many smooth convex functions and another is a
convex but possibly nonsmooth function. The involved smooth subproblem is tackled by an inexact
accelerated stochastic gradient method based on an adaptive expansion step to avoid the case that
the sample size can be huge so that computing the objective function value or its gradient is much
expensive. The restulting nonsmooth subproblem is solved inexactly under a relative error criteri-
on to avoid the case that the proximal operator is potentially unavailable. Since the dual variable
updates twice, it allows a more flexible and larger stepsize region compared with standard deter-
ministic and stochastic ADMMs. By a variational analysis, we characterize the generated iterates
as a variational inequality and finally establish the sublinear convergence rate of this IPS-ADMM
in terms of the objective function gap and constraint violation. The efficacy of our IPS-ADMM is
demonstrated by comparing with several state-of-the-art methods for solving the three-dimensional
(3D) CT reconstruction problem in medical imaging.
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1. Introduction. One of important tasts in large-scale machine learning is to
design efficient and reliable methods for structural empirical risk minimization prob-
lem, that is, to minimize a finite-sum of loss functions and an empirical regularizer
subject to linear constraints:

min{f(sc)—&—g(y)\Agc—l—By:b, x € R™, yER"}, (1.1)
T,y

where f is an average of K real-valued convex functions, that is, f(x) = % Zf; fi(x);
g:R" — RU{+oco} is a convex but possibly nonsmooth function; 4 € R™*™ B ¢
R*" b € R! are given data. Hereafter, the symbols R,R™, and R™*™ denote the
sets of real numbers, m dimensional real column vectors, and [ x m real matrices,
respectively. Problems in the form of (1.1) arise in 3D CT image reconstruction,
graph-guided fused lasso and 6G multi-access edge computing networks, cf. [1, 2, 3,
5, 20, 25] to list a few.

Let the Lagrangian function of (1.1) be
L(x,y,\) = f(z) + g(y) = A (Az + By — b)
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and the augmented Lagrangian function with penalty 8 > 0 be
La(z,y,N) :L’(x,y,)\)—&-gHAx—i—By—bW. (1.2)

A popular Lagrangian-based method for solving the problem (1.1) is the Alternating
Direction Method of Multipliers (ADMM, [13, 15]). Starting with given (y*, \F),
ADMM generates (z¥+1, y*+1 \k+1) by the following scheme
okt = argmin L(z, y*, AF),
y* = argmin Lg (21, y, \F),
y
Mo+l = \F — sB(Azk+1 + Byktt —b),

where s € (0, 1+2\/5) denotes the stepsize of the dual variable \. ADMM has been ex-
tensively investigated due to its simplicity and wide applications in machine learning,
statistic learning, image processing, signal processing and so forth, and it also has
certain relationships with some first-order algorithms. As explained in [18], the aug-
mented Lagrangian method, ADMM, proximal point method, proximal-like contrac-
tion method, primal-dual hybrid gradient algorithm, Douglas-Rachford/Peaceman-
Rachford splitting method can be viewed as variational-based first-order algorithms.
Especially, if the Peaceman-Rachford splitting method [22] is applied to the dual form
of (1.1) and the dual variable is updated twice with suitable stepsizes, we can obtain
the following symmetric ADMM

k+1

ok = arg min Lg(x, y*, AF),

Ab+3 = \F — 78(Az* T + By —b),
yk+1

AL — N\E+E sB(Azh+! + Bykt1 — b).

— argmin Lg(xF 1y, \kT2),
y

Its global convergence and sublinear complexity had been carefully established by He,
et al. [17]. Moreover, the above symmetric ADMM was extended to a multi-block
version [4] that enjoys the following relatively flexible stepsize region

AOZ{(ﬂSH T+s5>0, 7<1, _72—32—78+T+S+1>0}.

By adding a quadratic proximal term 3|ly — y*||% with D = rI — BBT B to the
y-subproblem of the standard ADMM, it is easy to obtain the following linearized
ADMM iterations

k+1

oF1 = arg min L (x, y*, AF),
xT

. 2
y*! = argmin {62+ 5lly — ¥ — LBT [\ — B(Az*+1 + Byt —0)]||"},
/\k—i—l — /\k _ ﬁ(Axk—i-l + Byk+1 _ b)
Generally speaking, the proximal parameter r needs to satisfy r > 3 HBTB H to further
guarantee convergence of the algorithm. However, in this case r might be very large

while a smaller value of r is preferred from the viewpoint of numerical performance.
In 2020, He, et al.[19] developed an optimal linearized ADMM as follows

k+1

oF1 = arg min Lg(x, y*, AF),
x

’ 2
yk+1 = argm;n{ﬁﬁ(ﬂfk—’-laya)\k) + %Hy - kaDO}7
AL — \F ,B(Axk'H + Byk+1 _ b),
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where
Dy=7rI1-BB'B with r>p||B"B| and 7€ (0.75,1).

The above parametric conditions imply that the matrix D might be positive indef-
inite since a smaller proximal parameter is allowed. For more details on using the
indefinite proximal matrix, we refer to [3, 8, 24] to list a few. In practice, it is dif-
ficult to solve the core subproblems exactly when applying ADMM-type methods to
solve real application problems in e.g. image restoration [7] and medical imaging [3].
Consequently, inexact techniques are introduced to obtain an approximate solution to
improve the efficiency of ADMM and to simplify the solving difficulty of subproblems.
In 1992, Eckstein and Bertsekas [10] proposed an inexact ADMM which tackles the
subproblems approximately and gradually increases its precision without disrupting
the convergence properties. Later, He, et al. [16] extends the inexact method [10] to
solve a class of variational inequality problems. Recently, some simple yet useful rel-
ative error criteria were proposed in [7, 11, 12]. Inspired by these inexact techniques,
in this paper we would propose an Inexact Proximal-indefinite Stochastic ADMM
(IPS-ADMM) framework which enjoys an indefinite proximal term and an adaptive
expansion step with an Armijo-type linesearch approach to improve the algorithm
performance as well as reduce the sensitivity of the parameter choice. Our proposed
algorithm and its main features are organized in the forthcoming section.

Notations. We follow the same notations as introduced in [6]. The bold I de-
notes the identity matrix and 0 denotes the zero matrix/vector. For any symmetric
matrices A and B having the same dimension, A >~ B(A > B) represents a pos-
itive definite(semidefinite) matrix. For any symmetric matrix G, we simply denote
r" Gz = ||z||% and specially Vo T Gz = ||z||¢ means a weighted norm if G = 0, where
the superscript | represents the transpose operator. The subdifferential of a convex
function f is denoted as 9f(-) and it reduces to Vf(-) if f is differentiable. The
mathematical expectation of a random variable is denoted as E[-]. For convenience of
analysis, we denote F'(w) = f(x) + g(y) and define

x zF —ATA —AT)F
w = y |, w*= y® ,J(w) = —BTA 7J(wk) = —BT)F .
A P Ax+ By —b Az® + ByF —b
(1.3)

2. Development of IPS-ADMM. In this section, we describe the development
of our IPS-ADMM based on a preliminary assumption which reduces to the general
Lipschitz continuity when H is an identity matrix.

ASSUMPTION 2.1. For any symmetric positive definite matriz H, there exists a
constant v > 0 such that the gradients V f; satisfy the Lipschitz condition

IVfilar) = Viilz2)|lyy0 < vlfer = a2l

for every x1,x5 € R™ andi=1,2,--- ,N.
By the well-known Taylor expansion the above assumption suggests that the
function f is v-bounded in the sense of

J(@1) < J(e) + (VS (@a), @1 = wa) + 5 [l — a3 (2.1)

Now, we present our inexact stochastic ADMM as shown in ALG. 2.1 which enjoys an
adaptive expansion step with the Armijo-type linesearch for the x-iterate and shares
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ALG. 2.1. Inexact Proximal-indefinite Stochastic ADMM (IPS-ADMM)

Parameters: >0, H>0, w>1, (1,5) € A given by (2.9).
Initialization: (2°,9°,\°,0%) € R™ x R” x R! x R", % = 20.
For £=0,1,---
1. Choose my >0, ¥ >0, and M;, such that O%Mk —BATA>D0.
Wk = —AT[\F — B(AzF + By* —b)].
(%, #F*+1) = xsub(aF, 2F hF).
—k —k

Update the expansion step: z*™!=2F 4 apd , where d =z — 2*,
o = w’ with j > 0 being the largest integer such that

E/g(ka,yk,/\k) < ;Cﬁ(ik,yk,)\k) _ ﬁ“l‘k—ﬂ _
k+1

W N

—k12

x HMWH%QATA’
if 5 > 0; otherwise, a;y =1 and x = 7¥ (without expansion step).
5. Atz = \F — 78(Azkt! + Byk —b).

Update y**! by (2.4) such that the condition in (2.6) holds
with d**! satisfying (2.7).

7. Update the auxiliary variable vl =k — gkl

8.  \ktL — \k+3 _ Sﬁ(Axk:-‘rl + Byk+! — b).

end

@)

(xT,xT) = xsub(xy,%1,h) .

For t=1,2,...,mg

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

Be=2/(t+1), v =2/(t0), Tr=_P0:T+ (1— Btz

di =91 +e, and gy = Vfe,(Ty), e; is a random vector

satisfying E[et =0.
£<dt +h,x)+ Ll - fétH; + 3|z — a:k||i4k}

5.  Tpp1 = PBiZerr + (1= By

end

Return (x7,X") = (Xpmy41, Xmp+1) -

w N

4. 4y = arg min
+ zeR™

Note: In step 4, My — H%BATA> 0 since af > 1 for any j > 0.

the same routine xsub as in [5] to obtain an inexact solution. The routine xsub is
actually deduced by solving the proximal problem inexactly:

. 1
Inin La(z,y" \*) + §Hx - ka;k, Dy, = My, — BAT A, (2.2)

that is,

. 1 K ﬁ k )\k 2 kN (12 1 k112
min K;fi(x)+2(||A:v+By fbeH —||A(z =) >+§H£E7£C HMk' (2.3)

rER™

More precisely, we linearize the bracketed terms 2 (-) in (2.3) as { — AT[\* — g(Az" +
Byk — b)],z), apply (2.1) to the first summable term in (2.3) by replacing the full
gradient by a stochastic gradient, and exploit the popular momentum acceleration
technique to obtain the solver xsub. For inexact solution of the y-subproblem, we

update it by employing an indefinite proximal term:
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E+1 . B k+1 ARtz 2 ] k|2
y Nargynelﬁr}z {g(y)+§HAz + By —b— 3 +§Hy—y HLO}, (2.4)
where
Ly=L—(1-+9)BB'B with ~¢(n1] and 7€ (0.75,1) (2.5)

for any arbitrarily positive semidefinite matrix L. When L is appropriately chosen
and the proximal operator of g(y) is available, the difficulty of solving the subproblem
(2.4) could be greatly alleviated. For more general case, we shall compute y**1 from
(2.4) such that the following relative error criteria

2(17_7)‘
147
<oully " =y +oallyt = L+ @ 7 )0 Aat T 4 By )|

<yk — yk+1,dk+1 — dk>| + 2‘<’Uk _ yk+1,dk+1>| + Hdk+1H2 (2 6)
) .

holds with v**! = v* — d*+1 and
dFt1 ¢ 8g(yk+1) _ BT ak+s +ﬁBT(Axk+1 + ByFt — b) +L0(yk+1 _ yk)' (2.7)

In the last inequality, o;(i = 1,2,3) are some negative constants to control the accu-
racy of an inexact solution of the y-subproblem and they satisfy

o1+ €[0,1), 0; €1[0,1), i =1,2,3, (2.8)

(7,s) are the stepsize parameters of the dual variable belonging to

a={

T+s>0, 7<3n—-2-—/(1-n)(13-9n),
S U g0 | @9

The relative error criteria in (2.6) implies that the the iterate d**! involved in
the optimality condition of y-subproblem can be controlled by the y-residual and/or
the equality residual. Several main features and contributions of the proposed IPS-
ADMM are summarized as the following three aspects:

(i) Flexibility of the dual stepsize. Unlike the classical ADMM, the proposed
IPS-ADMM updates the dual variable twice with a relatively flexible step-
size region as in (2.9). Especially, IPS-ADMM reduces to the existing SAS-
ADMM [6] with an extra expansion linesearch step if we take v =1, 053 =0
and n — 1. By special choices for the parameters (03,7, 7), four instances of
the region A are depicted in yellow area of Figure 2.1 and they seem to be
enlarged or shrunken of the existing region Ag:

— If (03,7) = (0,1) and n — 1, the domain of (7, s) is depicted as Figure 2.1
(a), where the top boundary curve is actually obtained by the inequality
in the sequel (3.30), that is, —72 — s> —7s+7+s+1=0.

— If (03,7) = (0,1) and 5 = 0.99, the domain of (7, s) is depicted in the
shadow area of Figure 2.1 (b).

— If (03,7) = (0,1) and n = 0.9, the domain of (7, s) is depicted in the
shadow area of Figure 2.1 (c).

— If (03,7) = (0,0.95) and n = 0.9, the domain of (7, s) is depicted in the
shadow area of Figure 2.1 (d).
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The first three cases shows that A contains the classical region (0, 1+T\/5)
Moreover, in the first two cases, the stepsize s could be 5/3 which is larger
than 1+T\/g The subsequent Remark 3.2 presents another stepsize region A,
under a different relative error criteria and two instances of Ay are depicted
in Figure 3.1. These instances suggest that our dual variable allows more
flexible stepsizes than some in the literature.

(a) The case v=1 and n—1 (b) The case =1 and 1,=0.99

2
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Fig. 2.1: Four instances of the stepsize region A

Generality of the algorithm. First and foremost, our IPS-ADMM has
low memory requirement, since the z-subproblem is solved inexactly by an
accelerated stochastic gradient method and there is no need to save pre-
vious stochastic gradients and iterates. The relative error criteria (2.6) is
provided to solve the y-subproblem inexactly and ensure the convergence of
IPS-ADMM. When the parameters (o1, 02,03) are zero, i.e., dFt1 = 0, the
y-subproblem is solved exactly. However, different from most of ADMM-type
methods [4, 9, 21, 23] that employ a positive definite/semidefinite matrix,
our proximal matrix Lg is possibly positive-indefinite according to (2.5) and
the lower bound of the parameter involved in Lyg is still 0.75 (the same value
to [19]). Except the relative error criteria (2.6), Remark 3.2 also provides
another relative error criteria while still maintaining a similar stepsize region
to A. These cases implies the generality and flexibility of IPS-ADMM.

Convergence and performance guaranteed. By the way of a unified vari-
ational characterization for the saddle-point of the problem and the generated
iterates, we eventually show that IPS-ADMM under the generalized Lipschitz
condition has the worst-case sublinear ergodic convergence rate in terms of
the expectation of both the objective value gap and the constraint violation,
and similar results can be found in e.g. [5, 21, 25]. A key step for proving the

convergence of IPS-ADMM is to estimate the lower bound of Hwk — NkHZ,k.
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Although Gy, is positive indefinite, convergence of IPS-ADMM is still estab-
lished by making full use of the optimality condition of y-subproblem and
several variants of the Cauchy-Schwarz inequality. Numerical results on test-
ing the real 3D CT reconstruction problem in medical imaging demonstrate
the feasibility and effectiveness of the proposed IPS-ADMM, showing numer-
ical improvements over several existing state-of-the-art methods.

3. Convergence analysis. In this section, we first provide a variational charac-
terization for the saddle-point of (1.1) and a similar variational reformulation for the
iterates generated by IPS-JADMM. Then, we analyze the convergence of IPS-ADMM
according to the first-order optimality conditions of each subproblem.

3.1. Variational characterization. Let Q := R™ x R™ x R'. Since any saddle-
point of (1.2) is the primal-dual solution of the convex optimization problem (1.1),
we thus focus on the saddle-point of (1.1) in the following discussions. We call w* =
(z*;y*; A*) € Q the saddle-point of (1.1) if

L(z",y",A) < L(z",y", A7) < L(z,y, A7)
holds for any w € , i.e.,

f@) = f(a*) + (z —a", —~ATX") >0,

9(y) —9(*) +{y—y*,—BTA\*) >0,
Az*+ By* —b=0.

Write these inequalities in a more compact form to obtain
F(w) — F(w*) + (w — w*, J (w*)) > 0, (3.1)
namely,
F(w) = F(w*) + (w — w*, J(w)) > 0 (3.2)
because the affine mapping J(w) defined by (1.3) satisfies
(w—w,J(w) —J(W)) =0, Yw,weN. (3.3)

Motivated by these discussions, a natural conjecture is that the iterative sequence
generated by IPS-ADMM shall converge to the primal-dual solution w* if the se-
quence can be characterized as a similar variational inequality to (3.2). To verify this
conjecture, we first provide the following lemma about the iterates generated by the
routine xsub. _

LEMMA 3.1. Let 6 = Vf(Z;) —dy and Dy = O%k/\/lk — BATA. Suppose 9y, €
(0,1/v) and Assumption 2.1 holds. Then, the iterates generated by IPS-ADMM satisfy

f(z) — ) + <m — ghtL —ATX’“> > <xk+1 — x,ﬁk(ka — Jck)> + ¢k, (3.4)

where Xk = \F — B(Az* 1 + By* — b) and

2 e (llr =213 = 1= = 24113

=
m o 9 m
mk(mk + 1) — Zt:kl t<6t, Ty — ,13> — 4(1_7?9]”]) Zt:kl t2||§t

) (3.5)
5
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Proof. On the one hand, for any j > 0 we have by [5, Lemma 3.2] that
fl@) = f(@) + (z =7 —AT[\F — B(AT" + ByF —b)] + Dp(@@* — 2F)) > ¢*, (3.6)

where Dy and (¥ are given by (2.2) and (3.5) repsectively. If j = 0, then (3.6) becomes
(3.4) with a = 1 and % = 2¥*1. On the other hand, it follows from the inequality
in the fourth step of IPS-ADMM that

J@) = @)+ (7 = b AT\ = A+ Byt - )] )

(3.7)

> 2R

— /8 -
_Olk—].H kaf\Aka%ﬁArA—§|‘A(3;k_xk+1)“2.

Sum up the inequalities (3.6) and (3.7) together with the notation of Dj and the
relation \¥ = \*¥ — B(Axz*+! + By* — b) to obtain

f(z) = f(z*) + <:v — gt —ATX’“>

+(z — 7", BATA@E@" — ") + Dy (@ — 2¥)) + gHA(f’“ — M2 (3.8)
1

> lle" ~ T rtenpara + O

Notice that by the expansion step zFt1 = o, 7° + (1 — ay, )2, we have

Tzt = — and =z —z" = T

_ 1 Qg _
7h _ ok (xk+1 . xk) k+1 k (xk+1 . k)7
Qg ap —1

which, by Dy = M;, — BAT A, implies

(z -7 BATA@ — F1) + Dy (@" — o)) + gHA(Ek — 2|
—(z — F g gk GAT Ak — FHL))

F (o= M b))+ A - ar)|
=(z— 2" BATA(ah — M) + (2 — 7F, M (@F - 2¥))

+ (7 - okt §ATA(E’“ a4 ab - k)

1
:<z — g BAT Ak — Z,k:+1> i <x ISy Y/ (s zk:)>
ag

+ <§k A gATA(l + O%)(mkﬂ - a:k)>

=<1: sy (aikMk _/BATA)(ka _xk)> I %

k+1
e

— 2
kaM,r“%ﬁATA'

Inserting this relation into (3.8) with simple algebra confirms the result in (3.4) im-
mediately. O

In the above Lemma 3.1, ¥ € (0,1/v) is a necessary and sufficient condition
to ensure the positveness of the last term in ¢*. Next, we provide a variational
characterization for the iterates generated by IPS-ADMM and a direct corollary by
some identical transformations.
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LEMMA 3.2. Suppose 9y € (0,1/v). Then, the iterates generated by IPS-ADMM
satisfy

F(w)fF(lfﬁk)+<wfﬁk,J(@k)>7<y—§k,dk+1> > <w7’&7k,Qk(wkf{Dk)>+Ck (3.9)

for all w € Q, where

5’6 fEkJrl 5kz
ot = g’“ = yﬁ"'l and Q= Lo+BB"B —rBT |. (3.10)
G G _B 11

Proof. By the definition of Met3 and X’ﬂ we have
Ntz = \F (R Z XF) = 3 4 (7 — (W = AP, (3.11)

Then, combine the convexity of g and (2.7) to obtain

9(y) = 93*) + (y— 7, ~BT (V" + (r = ) = A")) 1)
+ BBT(AT* + BY* — b) + Lo(7* — y*) — d"*1) > 0, ¥y e R". '

Next, we focus on the {-} term in (3.12). Since B(AZ* + By* —b) = —(A\F — \F),
—BT(A\F 4 (7 = 1)(A* = \¥)) + BBT (AF* + Bg* — b) + Lo(7* — y*) — d"*!
- BT(Xk + (7_ _ 1)(Xk _ /\k)) + ,BBTB(gk _ yk) — JgFtt
+ BB (AT + By" — b) + Lo(7" — y*)
_ BTXk _ TBT(Xk . )\k) + (ﬁBTB “I‘LO)(ij _ yk) _ dk+1.
Substituting the above relation into (3.12) gives

- & =BT —7BT(\F — \k) — gkt
9(y) — 9(7*) + <y -7, (Lot BBTB)YG — o) > >0. (3.13)

Besides, the definition of Ak implies

~ 1 ~
<)\—)\’“,(Afc'k+Bﬂk—b)—B(gjk—yk)+B()\k—)\k)>20, VAER.  (3.14)

Finally, the result (3.9) is confirmed by the previous (3.4), (3.13) and (3.14). O
COROLLARY 3.3. Suppose Oy € (0,1/v). Then, we have

F(w) — F(0*) + {w — a*, J(w)) — {y — g*,d" )

1 1 B (3.15)
22 ([l = w5, = o = w*|5,) + 5l = @[5, +¢*

for all w € Q, where
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and
Dy,
G = Lo+ (1-s)BB"™B (s—1)B"
(s—1)B %I

Proof. Tt holds by the updates of A¥*1 X¥_and (3.11) that

PLaRIS LS sB(Az* Tt + By* —b) + sBB(y* — y* )
=AF =T = W) — s = N9+ sBB(S — ),
that is,

AP N = BB(yF — GF) + (7 4 s)(AF = AF).

Combine this equality together with 7% = 2**! and y* = y**! to have
I

wh — whtt = P(w® — @*),  where P = I (3.16)

—sBB (1T + )1

is clearly invertible. Let
Dy
Hp=QrP~ ' = Lo+ (1- Z%)8B™B *T%ISBT : (3.17)
—B ol

Then, we have from (3.3), (3.9) and (3.16) that

F(w) = F(@*) + (w — o*, 7 (@*)) — (y — g*,d"*")
=F(w) — F(@") + (w — @", T (w)) = (y — §*,d"*")
>ck+ <w —@*, Hy,(w* — wk+1)>

1 2 2
=¢* + 5 {llw =, = o — ot }

1 ~ —
Rt LGl A A P

(3.18)

where the equality uses the following popularly used identity

1
(u=v,Hilp =) = 5 {llu—allf, = lu=pl, + o= plf, — o —all}y,} (319)

with specifications v := w, v := @WF, p := w*, g := w**.

Now, we focus on the last {-} term in (3.18). It holds by (3.16) that

A e
~k 12 ~k112
S A
~ — ~ )
= ¥, — ¥ - ¥ Pk - ),
-
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where

Gp.=P'H,+H'P-P"H,P=Q] +Q,—P"H,P
Dy
= Lo+(1-5s)BB™B (s—1)BT
(s—1)B %I

Then, (3.15) follows from (3.18) and the above discussions. O

3.2. More technical results. If both Hy and Gj are positive semidefinite ma-
trices, then convergence of IPS-ADMM can be proved by Corollary 3.3. However,
these two matrices are not necessarily positive semidefinite for any stepsize parame-
ters (7, s), which brings new challenges in the convergence analysis of IPS-ADMM. To
proceed, a feasible scheme is to provide a condition to ensure Hj > 0 and to estimate
a lower bound of Hwk — {[)kHGk.

LEMMA 3.4. Let L = (t —v)3B"B. Then, the matriz Hy, given by (3.17) is
symmetric positive semidefinite for any (7,s) € A.

Proof. The first step of IPS-ADMM ensures Dy = 0. Recalling the structure of
Hj., we only needs to demonstrate the positive semi-definiteness of its lower-upper
2-by-2 block, i.e.,

[ Lo+ ( )BT B —TisBT ] [ L+(y—-Z%)3B™B —T;sBT } o r
= r = H}
r+sB B(T+S)I T+sB B(T+s)I

For any L >= (1 —~)BBT B and 3 > 0, we have

HE - [ (r—75)BB'B —TlsBT } _ 1 ( VBTBT )T( VBB —-LI )

1
‘r+sB (T+s) T+s _WI VB

Clearly, the matrix in the right-hand-side of the last equality is positive semidefinite
for any 7 + s > 0. Consequently, the matrix HZ is positive semidefinite. O

Notice that, the condition in Lemma 3.4 with v = 1 is the same to that in [6,
Lemma 4.3], which together with the condition below (2.5) shows that L is a positive
semidefinite matrix. This suggests that our proxunal matrix is more relaxed than that

in [19]. Before evaluating the term ||w* — wk|| G, We estimate the involved crossing

term (Az* + By* — b) T B(y* — y*!) in quadratic forms based on a variant of the
Cauchy-Schwarz inequality.
LEMMA 3.5. For any constants ni,ns and 6 € (0,1/2], it holds

n1n2<Azk + Byk — b, B(yk — yk+1)>

(4 + 5 1B k+1)H — (1= 6)n3||Az" + By* — bHQ.

Moreover, take § = 5= with 1) € (0,1) to obtain

nina{Az® + By" — b, B(y" — y**1))

1+~v—2n 9 2—n— 77
= Sy B =y - S ] et + Byt -

5 (3.20)
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Proof. For any 6 € (0,1), we have from the Cauchy-Schwarz inequality that

n1n2<A:ck + By* — b, B(y" —y"))
1 2 k k41 2 k k 2
2—4(1_6)n1HB(y -y )H —(1—5)nzHAm + By —bH .
Let 6 € (0,0.5], then ﬁ < % + %(5 and hence the first result is confirmed. In
particular, by taking § = W with n € (0,1), the inequality (3.20) is obtained.

Finally, ¢ € (0,0.5] implies

o 1
< —
O<sa=p =72
The left inequality is ensured by n € (0,1) and v € (n,1] as in (2.5), while the right
inequality is ensured by v < 1. 0
LEMMA 3.6. Let

(o . 2m—=)(-s)
o= (2 i)
_2=n—m01-5)? 17
RC ey . R T (3:21)
" :<T2+(1—3’7)T+5’Y—4_(1+’7—277)(1—T)2)ﬁ
s 1+7 21 —n)(1+7)

Then, the iterates generated by IPS-ADMM satisfy

l* = @"lg,

2k <, g~y + ol A+ By )
+w4whmﬂ+3w“—wf—wm*+3w—wf)HWWw—y“w1(3m>

o+ @ =B (BGE -y - B - )]

_ yk+1)H2 + 2(1—1) <yk

k+1 dk+1 o dk>
1+7 ’ '

+w3||B(Z/k -y

Proof. Combine the definition of A¥ in Lemma 3.1 and the notation @* in (3.10)
to obtain

~ ~ ~ 1 ~
(AZ* + By* —b) — B — %) + B()\k -\ =0
which, by the structure of Gy, further shows

2 2
L s L Vs VR

25 = D =X BOF - gt ) + T N - R
=[|a* — "I, + [yt -
+(2—T—S)B’|Axk+1+Byk+1 —bHQ—&—( BHB k+1)H

+2(1 - T)B<Amk+1 + Byk'H — b, B(yk — yk+1)>.
(3.23)
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Next, we analyze the crossing term in the second equality of (3.23). Setting y = y*
in (3.12) and y = y**1 in (3.12) at the (k — 1)-th iteration respectively, we have

Tyk+i T k+1 k+1
kY okl k_ k1 —BIATTE 4 BB (AT 4 Byt —b) \
9W") —9y™) + <y VT Lot — ) — >0

and
gWF ) =g+ (" =k, BTN 4 BB T (Azk 4+ Byt —b)+ Lo(yF —y* ) —d¥) > 0
respectively. Adding these two inequality and using the following relation

N=E — AE = 73(AxR T 4 ByMt —b) + sB(Aa® + ByF —b) + 7BB(yF — y* ),

we have (since 14+ 7 > 0)

< 2L 4 Byt —p, B( yk+1)>
1-—

> ®(Ad* + By* — b, B(y* — yF ) — 1+THB — MY

+ ﬁ@’“ " (L= (1 =BB'B)[(y* — ") - (" = yk)]>
1 k k+1 k41 k

s LR

1+ <Agc + ByF b,B(yk—yk+1)> 1+7-HB k+1)||

* 6(11+ 7) “W YT = W =y LR = F) = (L= )BIBE -y Y|
+ (1 —y)BF =y, BTByF ! — yk)>] I—

CE

k+1 dk+1 _ dk>

e 21 =v)+7 5
17 —(Az" + By = b, B(y" - ")) - THB(y’“ — )|
1 , ) . 2
+ﬁﬁ??wf_fﬂh—wk“ﬂWﬂHLﬂWWMf—f“W
—|BGA = h)|| )) T)@k N a0

(3.24)
where the last inequality uses the Cauchy-Schwarz inequality. Combining (3.23) and
(3.24), we immediately get

o* = 3],

Z|‘xk . kaH%k + Hyk . yk+1H2L r@-T— S)ﬁHAkarl + Byk+1 B bH2

+( - T BHB k+1)H +W<Axk+3yk_b73(yk_yk+l)>
202 =27+ 7)(1 — o1 _
_ ( ’;+77'_)( 7) 5HB(yk —yk+1)|‘2+%< k —ka,dk“‘l —dk>

1;7- k_ k+1 2_ k=1 k 2 _ ||By _yk-+1 ||2
+ 1 (Il = L =y =+ =B ( B P
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ko k1|2 I O VO k1 kel g2
ZHy Y HL—&-(Q T—35 A=t BHAJL‘ + By b”

2oy == 9y [Ac 4 By - o
(1= +7) || Az* + By* —b|®

112 1 2 By — y*+1|?
I = = —ykl|L+(1—v)/3< L,g )

n (’Y—T— 22=2y+7)1-7) (A+vy-—2n9)(1- )ﬁHB k+1)||

o+ [l =t I, +

1-—
].+’7'

1+7 20— +7)
2(1—17)

20=7) ) b k1 k41 gk
+ 147 (" —y".d @)

=[la* = 5, + ll* -

+ <2 s (2-n-701 —)3)2) BHAxk-i-l +Byk+1 _bH2

(L=n+7
# Ot (et 5y o = s+ 5y* =)
e R T U (HﬁB L )]
( 17131:+5v 4 (7;(11_2)72)(1T )ﬂHB ok
)

where the second inequality follows from (3.20) with specifications ny :=1—7, ng :=
1 —s. As a result, (3.22) holds with w;(¢ = 0,1,2,3) given in (3.21). O

LEMMA 3.7. Suppose 9y € (0,1/v) and Dy = Dy = 0. Then, the iterates
generated by IPS-ADMM satisfy

2[F(w) — F(@") + (w — @", T (w))] > ®py1(w) — Pp(w) + Uppr +2¢%,  (3.25)

B (w) :Hw _ wkHiIk + Hy - kaQ + wy HAggk + By* — sz 326
+(wQ+02)Hyk_1 —kai-l—wz(l— 5”3 ]H_l)H

and

2 2
b=t =, + (= o)y~ .

+onA:Ek+1 + Byk+! - b||2 +w3HB(yk_1 _ yk)H2

) (1—s)2
with@o = [(2— 7 — $)(1 - 03) - =208 5
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Proof. Rearrange (3.15) with 7% = y*+1 to get

2[F(w) = F(@*) + (w - @, T (w))]

= 2, — 2y ) [ ot
> ([l = w1, = Il = w5, ) = 20k = g, d* )+ [|a (3.28)
= (o = w3, = o = bl ) + 20y — o5, 0F = Ry o — b
=(fleo = w* 3, = o = bl ) + fly = o = fly = o,

where the first equality follows from the seventh step of IPS-ADMM and the last
equality uses the aforementioned identity in (3.19).
Based on the previous inequalities (2.6) and (3.22) as well as the assumption that

Dy, = Dyy1 = 0, it holds by (3.28) that
2[F(w) — (@) + (w— @, 7 ()]

> (Jlw = w5, + =) = (o=, + [l = ")
[t =@, 200 =y ) — [l gt

Sack 4 2LTT) gk ht g gy g ggok g gy g

1+7
I et B0 -
) = () + o2 (o — 2 — o o)
>2C% + Dy (w) = @p(w) + oz (o = v - [l - 1)
g P A0 By B )
ol I ol 4 oA By

=2C* 4+ Bppy (w) — Op(w) + Tppr.

’ 2

(3.29)
This completes the proof. O
REMARK 3.1. We explain why the region of the dual stepsize is the previous A
o The first inequality in A comes from the proof of Lemma 3.4.
e The third inequality in (2.9) comes from the requirement that Wy > 0, i.e.,
(I-—n@2-7-s)1—-03)(1+7)

>2—-n- .

Combine the last inequality and the constraints v < 1 and n < 1 to obtain
(1-s)?<(1-03)2—7—8)(1+7).

When o3 = 0, it gives
= —Trs+T+s5+1>0 (3.30)

which reduces one of the constraints in the region of the dual stepsize [6].

Moreover, when 7 = 0 we will have s € (0, %] which is relatively larger
than that in the classical ADMM. Besides, wg > 0 implies wy > 0.
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o The requirement on wy > 0 has been ensured by v € (n,1] and n € (0.75,1).
And we will explain the lower bound of n in the next item.
e The second inequality in (2.9) is obtained by requiring ws > 0, i.e.,

0>2(1—-n)[d-5yv+By-Dr—7*]+(1+~v-2n)(1—7)°
0> (y—1)[r*+ (4—6n)7T + 10— 9],

which together with v < 1 shows
T<3n—2—+/(1—n)(13—-97).

Here, the identity (1 —n)(13 — 9n) > 0 has been ensured by n < 1. Finally,
combine this inequality and the constraint 1 > 7 > —1 to obtain n > 0.75.

(a) The case (7, 7)=(0.01,1) and 1 (b) The case (o, )=(0.1,1) and 7=0.99

’ 2
/,[7,“137.’1'&:17 _o(0:1:614) /(:lflf“o'mj“—]\,‘(“»”m
ey — 7\'\7\
15 = _ \\\\\ 15 . i —
/ . 4 9
l(-1,1) EEN L(~1,1)
1
oo ke
\\
® 05 N © 05 \\\
0 0 S~
\\
\\
05 \ 05 e
SN(-Y) -
\\ (0.77,-0.77)

-1 -05 0 05 ) -1 05 0 05 1

Fig. 3.1: Two instances of the stepsize region A,

REMARK 3.2. According to the analysis of Lemma 3.7, especially the inequality
(3.29), the following relative error criteria

11;: ‘< E k+1’dk+1 _ dk>| + 2‘<Uk _ yk+1’dk+1>| + HdkHHQ

So—lHykJrl - kaL + 0'3ﬂHAxk+1 + BykJrl - b||2a 01,03 S [07 1)7

(3.31)

can be also exploited for the y-iterate. In this case, the parameter oo in (3.26)-(3.27)

will be removed and wg = |(2—7 —5) — % - 03} B. As a result, the stepsize

parameters (T, s) shall satisfy

T+5>0, 7<3n—2—/(1-n)(13—9n), }
@—y-m =5’ —(1-nA+7)2—T—s—03) <0 |

(3.32)
Figure 3.1 shows two instances of the region Ay, which are similar to the first two
subfigures of Figure 2.1. It follows from the last inequality in (3.82) with v =1 that

s ear={(r)

0>1—n)s* =1 —-7)s+7> = (1 —03)7 — (1 — 03)]
15ls < %(177+\/ 372 4+ (4272)T+4z+1) = f(7) where z=1— 03
=0 —2 1 5—
Vi Of[ 272)](772):7:23 = — EJBZMS 03.
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That is, the stepsize s could be 57% if we choose T = —H% and v = 1. One may
choose 1 = 0 or o3 = 0 to derive a similar result to Lemma 3.7, and the difference
lies in the region of the parameters (7,s) and the terms in the right-hand-side of the
relative error criteria for the y-iterate (i.e., users can exploit the y-residual and/or
the equality error to control the solution quality), which suggests that more flexible
relative error criteria could be employed for the y-subproblem.

3.3. Iteration complexity. Now, we present the following key convergence re-
sult based on the previous Lemma 3.7.

THEOREM 3.8. Let L = (1 —¥)BB"B and (1,5) € A. If for some integers
k, N >0, the following conditions hold for all k € [k,k + N]:

(i) U € (0,1/2v) and the sequence {9my(my + 1)} is nondecreasing;

(ii) Dy = Dis1 = O, E([|6:/13,-1) < o2 for some o > 0, where §; and Dy, are

defined in Lemma 3.1.

Then, we have

. 1 2\~ Al — 23,
E[F(w )—F(w)+< —w, J(w))] < 2(1+N){0 ; ﬁkmk‘i‘w‘i‘@n(w)}
- (3.33)

for any w € Q, where W™ = 1+N Z"H'iv w* and ®p(w) is defined by (3.26).

Proof. By the assumptions together with Wy > 0, it follows from Lemma 3.7 that

F(@") — F(w) + (@ — w, T(w)) < —¢* + %(@k(w) — By (w)).

Summing the inequality over k between k and k + N, we have by Lemma 4.4 that

Kk+N k+N

ZF —(1+ N)[F(w) — (@ —w, T (w <-Z¢’f+c1> . (3.34)

The convexity of the composite function F' shows F (@) < 1 + N Z'HN F(w"*). Then,
divide (3.34) by 1+ N to obtain

k+N
F@™) — F(w) + (@™ —w, J(w )>_m(—22<k+¢>) (3.35)

In what follows, we try to estimate the expectation about terms involving ¢*.
Since the sequence {my(my + 1)¥;} is nondecreasing for any k € [k,x + N] and
H > 0, it holds that

k+N

2 Y R P =S | 2) 2||96*5”H||3-L
g ma(mp + 1), (Hx x H?—L H:c z H?—L < M (my + 1)0,.

Because §; = Vf(Z;) — di = Vf(Z) — Vfe, (1) — e relies on the index &, we have
E[d;] = O since the random variable & € {1,2,..., K} is selected with uniform prob-
ability and E[e;] = 0. Besides, we have

E[(6;, % —x)] =0 (3.36)
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because Z; relies on &_1, &—2, .... The assumption E(||6;]|3,-1) < 02 together with

my > 1 implies

2 1)(2 1 >
a’my(mg 4 1)(2my, + 1) < % 2 (my, +1). (3.37)

mg
E[Y 2 63 | < -
t=1

Based on the above discussions and the condition ¥; < 1/(2v), we have

gaey 2| H?—L 0® "X
—E[ZC}_mﬁm+1 +—Z19kmk

Substitute the last inequality into (3.35) to confirm the result (3.33). O
REMARK 3.3. Suppose the conditions in Theorem 3.8. Let

. C1
9 :mm{i } and ™My = ma { c3k? ,m}, 3.38
‘ Ty = max { [egh?] (3.39)
where c1,c2,c3 > 0,0 > 1 are constants and m > 0 is a given integer. Then, set
w = w* in (8.25) together with the property in (3.1) and Wy > 0 to obtain
0 <2[F(a*) — F(w*) + (0" — w*, T (w*))]
* * 4 * vk+1 2 * uk|12
<Pp(w*) — Pppr1(w )—m(\x — &[G = [l - )
42 (e — a7+ —2E 30 2|j5
mk + 1 ’ (1 — ﬂkv) = HL(

which, by the choice in (3.38), gives

4
<I>k+1(w*) + a”iﬂ* — Sflﬁ_l”i

*

* 4 v
§<I>k(w )+ a”l‘ 71’16”7{

'l9k ok 2 2
o (my + 1 {4Zt<5t’xt (1 —ﬁkv) tzzlt HdtHH—l}

- ||
T Ty

k m;
¥, - 2
+ 4 5 T + 2165, ¢
;ml ml—i—l { Z bt (1—19w)tzz1 19¢[ 13-
Taking expectation on both sides of the last inequality together with the previous results

in (3.86)-(3.37), we have
2 b 1

ol 2
+ci1o Zzzl 1T caie

— ] < @ *\

E|®pi(w *|

due to ¥9;m; < 1+v = by the choice in (3.38). And the last term in the above inequality
is O(1) if o > 1, while it is O(logk) if o = 1. Hence, the sequence {w"} is bounded

in expectation.
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The following theorem shows that by a proper choice for the algorithm parameters,
we can establish the convergence rate of IPS-ADMM in the expectation of both the
objective function value gap and the constraint violation.

THEOREM 3.9. Suppose the conditions in Theorem 3.8 and (3.38) hold. Then,
we have

[E[P@Y) - Fw")]| = B,(N) = E[[[ Aoy + Byx —b]]].

where E,(N) = O(1/N) for o > 1 and E,(N) = O(N~'log N) for o = 1.
Proof. The proof is omitted since it is same as that of [5, Theorem 4.2]. O

4. Numerical Experiments. In this section, we evaluate the performance of
the proposed IPS-ADMM for solving the 3D CT reconstruction problem in medi-
cal imaging and we also compare it with a variety of state-of-the-art methods. All
experiments are run in MATLAB R2019a on a heterogeneous high-performance com-
putational cluster equipped with Tesla V100 GPU with 24 cores and 192GB memory.

Recall the so-called 3D CT reconstruction problem

N
min F(x R x— b 24
nin F(z,y) Z:: wlyl 1)
st. Ve=y,

where R is the Radon transform generated by the cone beam scanning geometry [14]
and V is the discrete gradient operator. The size of 3D image to be constructed is
256 x 256 x 64, the detector plane is 512 x 384 and the number of viewers is 668.
Clearly, the size of the observed data b (that is N) is 131334144 and is a big data.
Problem (4.1) is a a special case of (1.1) with (A, B,b) = (V,—1,0) and applying
IPS-ADMM to the problem (4.1) results in

{ ‘%t+1 = [fYt'H + Mk]il[’%?'[.’zt + Mklﬂk — dt — hk},

1
k1 _ . u k Ak+§—ﬁ(v1)k+l—yk)
Yyt = Shrlnk(—bﬂﬁ YT — P ),

where Shrink(-, ) is the soft shrinkage operator and can be computed by the built-in
MATLAB function "wthresh”. Here, we compute y**1 exactly (that is d**! = 0)
since the corresponding subproblem has a closed-form solution and we do not need to
solve it inexactly. The regularization parameter of the problem is set as 1 = 10~ and
the penalty parameter 8 = 10~%. For computational efficiency, we let the number of
inner iterations my, = 10, and we use the tuned parameters (H, My) = (10~°L, 10721),
¢t = 107?, and (7,s,7,m) = (0.75,1.09,0.8,0.99). By these choices, the proximal
matrix Lo given by (2.5) is positive indefinite and parameters satisfy (2.9).

In order to quantitatively evaluate the performance of IPS-ADMM, we consider
four state-of-the-art baselines: stochastic ADMM (sto-ADMM, [20]) with mini-batch
stochastic gradients; Generalized ADMM (G-ADMM, [10]); SARAH-ADMM with the
SARAH gradient estimator and SAGA-ADMM with the SAGA gradient estimator, see
[2]. We terminate these algorithms when the maximal iterations 10* or the allowable
running time 2000 seconds is satisfied. The quality of the reconstructed image is
evaluated by the following Peak Signal-to-Noise Ratio (PSNR):

dy x dy xd,

PSNR = 10log;, ( NISE

) with MSE = ||z — 7|2,
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where z and T are the original and reconstructed images, respectively. We also calcu-

late the Relative Error = ||z — Z||/||z||. For each algorithm, we calculate the average
and standard deviation of these two metrics over 5 independent runs.

26

25 |

246 24 |

23

22

PSNR

21

20,

100150200250 o 500 1000 1500 2000 2500

1500 1900 2000
time (second nd’
¢ g time (second)

time (second)

slo-ADMM G ADMM SARAH-ADMM SAGA ADMM IPS-ADMM

Fig. 4.1: PSNR results of five comparative algorithms

25.1267 0444

04112

PSNR
Relative error

sto-ADMM G-ADMM  SARAH-ADMM  SAGA-ADMM  IPS-ADMM sto-ADMM G-ADMM  SARAH-ADMM SAGA-ADMM  IPS-ADMM

Fig. 4.2: The average PSNR and relative error of each algorithm

We report some experimental results in Figures 4.1-4.4. Figure 4.1 shows how
the PSNR of reconstructed images changes by different algorithms, and we can see
the performance of all methods improves as the running time increases. Although the
left zoom-in view in Figure 4.1 indicates that SARAH-ADMM can achieve a specific
PSNR value in a relatively short time, the running time of our IPS-ADMM is similar
to SARAH-ADMM and significantly faster than the other three algorithms. Moreover,
the right zoom-in view in Figure 4.1 shows that IPS-ADMM achieves obviously the
best restoration result. Figure 4.2 describes the obtained average PSNR and relative
error of each algorithm, which indicates that IPS-ADMM consistently has the best
quality of reconstructed images in terms of the obtained PSNR and relative error.
Figures 4.3 and 4.4 visuralize the Tth and 57th slices of the reconstructed 3D CT
image, respectively. It can be seen that IPS-ADMM produces visually superior results
than SAGA-ADMM, G-ADMM and sto-ADMM, and also slightly better results than
SARAH-ADMM employing the biased SARAH gradient estimator.
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(a) Ground truth (b) SAGA-ADMM=31.1 (c) sto-ADMM=29.7
(d) G-ADMM=30.77 (e) SARAH-ADMM=32 (f) IPS-ADMM=33.08

Fig. 4.3: Final reconstruction images of different methods for the 7th slice

(a) Ground truth (b) SAGA-ADMM=38.5 (c) sto-ADMM=36.34

(d) G-ADMM=37.98 (e) SARAH-ADMM=39.75 (f) IPS-ADMM=40.34

Fig. 4.4: Final reconstruction images of different methods for the 57th slice



