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Abstract The alternating direction method of multipliers (ADMM) is widely used in solv-
ing structured convex optimization problems due to its superior practical performance. On
the theoretical side however, a counterexample was shown in Chen et al. (Math Program
155(1):57-79, 2016.) indicating that the multi-block ADMM for minimizing the sum of N
(N = 3) convex functions with N block variables linked by linear constraints may diverge. It
is therefore of great interest to investigate further sufficient conditions on the input side which
can guarantee convergence for the multi-block ADMM. The existing results typically require
the strong convexity on parts of the objective. In this paper, we provide two different ways
related to multi-block ADMM that can find an e-optimal solution and do not require strong
convexity of the objective function. Specifically, we prove the following two results: (1) the
multi-block ADMM returns an e-optimal solution within O (1/€?) iterations by solving an
associated perturbation to the original problem; this case can be seen as using multi-block
ADMM to solve a modified problem; (2) the multi-block ADMM returns an e-optimal solu-
tion within O (1/¢) iterations when it is applied to solve a certain sharing problem, under the
condition that the augmented Lagrangian function satisfies the Kurdyka—t.ojasiewicz prop-
erty, which essentially covers most convex optimization models except for some pathological
cases; this case can be seen as applying multi-block ADMM to solving a special class of
problems.
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1 Introduction

We consider the following multi-block convex minimization problem:

min fi(xy) + fa(x2) + -+ fn(xn)
st. Aixi+Ayxo+---+Ayxy =b (1.1)
xie€X;, i=1,...,N,

where A; € RP*" b € RP, X; C R™ are closed convex sets, and f; : R" — R are
closed convex functions. Problem (1.1) is a general convex minimization problem with linear
equality constraints, and there exist many algorithms for solving this problem. For example,
the augmented Lagrangian method can be used to solve it. In this paper, we consider the case
that the functions f;,i = 1, ..., N have certain structures so that it is beneficial to handle
them separately, rather than treat them as a whole. One effective way to solve (1.1) that
can take advantage of its separable structure is the so-called Alternating Direction Method
of Multipliers (ADMM). The ADMM is closely related to the Douglas—Rachford [12] and
Peaceman—Rachford [34] operator splitting methods that date back to 1950s. These operator
splitting methods were further studied later in [13,16,18,32]. The ADMM has been revisited
recently due to its success in solving problems with special structures arising from compressed
sensing, machine learning, image processing, and so on; see the recent survey papers [5,15]
for more information.

The ADMM is constructed under an augmented Lagrangian framework, where the aug-
mented Lagrangian function for (1.1) is defined as

2

N N N
Loy(x1 .. XN A) :=ij(xj)—<k,Zijj —b>+z > Ajx;—b|
j=1 j=1

j=1

where X is the Lagrange multiplier and y > 0 is a penalty parameter. In a typical iteration of
the ADMM for solving (1.1), the following updating procedure is implemented:

k+1 .__ : k k .9k
x}(_H = argming .y, lly(x}(;)fz,...,kxN,k )k .
Xy i=argming ¢y, Ly (X7, X2, X3, .0, Xy AY)
: (1.2)
k41 ._ : k+1  _k+1 k+1 ok
Xy = argming oy, Liy(x1 s X ,...,xN_l,xN,)L )

N k
ML=k y (ijl ijj'H - b) )

Note that the ADMM (1.2) minimizes in each iteration the augmented Lagrangian function
with respect to xi, ..., xy alternatingly in a Gauss-Seidel manner. The ADMM (1.2) for
solving two-block convex minimization problems (i.e., N = 2) has been studied extensively
in the literature. The global convergence of ADMM (1.2) when N = 2 has been shown
in [14,17]. There are also some recent works that study the convergence rate properties of
ADMM when N = 2 (see, e.g., [2,11,23,24,33]).
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However, the convergence of multi-block ADMM (1.2) (we call (1.2) multi-block ADMM
when N > 3) has remained unclear for a long time. Recently, Chen et al. [7] constructed a
counterexample to show the failure of ADMM (1.2) when N > 3. Notwithstanding its lack
of theoretical convergence assurance, the multi-block ADMM (1.2) has been applied very
successfully to solve problems with N (N > 3) block variables; for example, see [35,37]. Itis
thus of great interest to further study sufficient conditions that can guarantee the convergence
of multi-block ADMM. Some recent works on studying the sufficient conditions guaranteeing
the convergence of multi-block ADMM are described briefly as follows. Han and Yuan [19]
showed that the multi-block ADMM (1.2) converges if all the functions fi, ..., fy are
strongly convex and y is restricted to certain region. This condition is relaxed in [8,31] to
allow only N — 1 functions to be strongly convex and y is restricted to a certain region.
Especially, Lin et al. [31] proved the sublinear convergence rate under such conditions. Cai
etal. [6] and Li et al. [28] proved that for N = 3, convergence of multi-block ADMM can be
guaranteed under the assumption that only one function among fi, f2 and f3 is required to be
strongly convex, and y is restricted to be in a certain region. In addition to strong convexity
of f2,..., fn, by assuming further conditions on the smoothness of the functions and some
rank conditions on the matrices in the linear constraints, Lin et al. [30] proved the globally
linear convergence of multi-block ADMM. Davis and Yin [9] studied a variant of the 3-block
ADMM (see Algorithm 8 in [9]) which requires that f] is strongly convex and y is smaller
than a certain bound to guarantee the convergence. More recently, Lin, Ma and Zhang [29]
proved that the 3-block ADMM is globally convergent for any ¥ > 0 when it is applied
to solve a class of regularized least squares decomposition problems. Note that the above
mentioned works all require that (parts of) the objective function is strongly convex. Without
assuming strong convexity, Hong and Luo [26] studied a variant of ADMM (1.2) with small
stepsize in updating the Lagrange multiplier. Specifically, [26] proposes to replace the last
equation in (1.2) to A1 .= 2k — ay(zlly:] ijfH —b), where o > 0 is a small step size.
Linear convergence of this variant is proven under the assumption that the objective function
satisfies certain error bound conditions. However, it is noted that the selection of « is in fact
bounded by some parameters associated with the error bound conditions to guarantee the
convergence. Therefore, it might be difficult to choose « in practice. There are also studies
on the convergence and convergence rate of some other variants of ADMM (1.2), and we refer
the interested readers to [10,20-22,25,36,38] for the details of these variants. However, it is
observed by many researchers that modified versions of ADMM though with convergence
guarantee, often perform slower than the multi-block ADMM with no convergent guarantee.
The authors of [36] made the following statement (see page 885 in [36]): “However, to the
best of our knowledge, up to now the dilemma is that at least for convex conic programming,
the modified versions, though with a convergence guarantee, often perform two to three times
slower than the multiblock ADMM with no convergent guarantee.” Wang et al. [38] compared
the multi-block ADMM with several modifications of it, and the numerical experiments on
basis pursuit and latent variable Gaussian graphical model selection problems show that the
multi-block ADMM always outperforms its modifications tested (see Section 3 of [38]). These
results motivated us to further study whether ADMM can be guaranteed to converge when it is
applied to solve certain class of problems, although it is not necessarily convergent in general.

Our contributions. The main contributions of this paper are as follows. First, we show
that if ADMM (1.2) is applied to solve an associated perturbed problem of (1.1) rather than
(1.1) itself, then it returns an e-optimal solution to (1.1) within O(1/ €2) iterations, with the
condition that y depends on €. Here we do not assume strong convexity of any objective
function f;. Note that our result in this part can be seen as a perturbation approach. Instead of
modifying the ADMM procedure itself as most papers in the literature propose, we propose
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to modify the problem. Such approach is not uncommon. The perturbation technique applied
to resolve the cycling problem in the simplex method for linear programming is one famous
example of this type. Modifying the algorithm sometimes requires additional computational
efforts. Moreover, as shown in [36] and [38], modified versions of ADMM perform worse
than the original ADMM for some problems. Our approach maintains the effectiveness of
ADMM, at least for certain problems discussed in [36] and [38], because we do not modify
the algorithm itself. Secondly, we show that the ADMM (1.2) returns an e-optimal solution
within O(1/€) iterations when it is applied to solve the so-called sharing problems, under the
condition that the augmented Lagrangian £,, is a Kurdyka—t.ojasiewicz (KL) function [3,4],
and y is sufficiently large. Interestingly, it turns out that ADMM possesses nice convergence
properties when it is applied to solve sharing problems. In a recent work by Hong et al. [27],
global convergence of ADMM was established even when it is applied to solve a nonconvex
sharing problem. In this paper, we show that by combining the KL property and the convexity
of the problem, we can establish a sublinear convergence rate of ADMM for solving sharing
problem.

Organization. The rest of this paper is organized as follows. In Sect. 2 we provide some
preliminaries for our convergence rate analysis. In Sect. 3, we prove the O(1/¢€?) iteration
complexity of ADMM (1.2) by introducing an associated problem of (1.1). In Sect. 4, we
prove the O(1/¢) iteration complexity of ADMM (1.2) with Kurdyka—}t.ojasiewicz (KL)
property.

2 Preliminaries

We denote 2 = X} x --- x Xy x R” and the optimal set of (1.1) as 2*, and the following
assumption is made throughout this paper.

Assumption 2.1 The optimal set Q* for problem (1.1) is non-empty.

According to the first-order optimality conditions for (1.1), solving (1.1) is equivalent to

finding (x}, x3, ..., xy, A*) € Q* such that the following holds:
(i —x) (@) — AT 20, VxeX, i=12...N e
Alx]*-i-'“-i-ANxX/—b:O. '

In this paper, we analyze the iteration complexity of ADMM (1.2) under two scenarios.
The conditions of the two scenarios are listed in Table 1. The following assumption is only
used in Scenario 2.

Assumption 2.2 We assume that Xy = R"V. We also assume that f; has a finite lower
bound, ie., infyex; fi(x;)) > f* > —oofori = 1,2,..., N. Moreover, we assume that
fi + 1x; is a coercive function fori = 1,2,..., N — 1, where 14, denotes the indicator

function of A;, i.e., )
0, if x; € &;

+o00, otherwise.

1y, (x) = [

Furthermore, we assume that £,, is a KL function (will be defined later).

Remark 2.3 Some remarks are in order here regarding the conditions in Scenario 2. Note
that it is not very restrictive to require f; + 1y, to be a coercive function. In fact, many
functions used as regularization terms including £;-norm, ¢>-norm, £~,-norm for vectors
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Table 1 Two scenarios leading to sublinear convergence

Scenario Lipschitz Matrices Additional Iteration
continuous assumption complexity

1 - - $<y<e 0(1/€%)

2 Vfn Ay =1 y > /2L and O(1/e)

Assumption 2.2

and nuclear norm for matrices are all coercive functions; assuming the compactness of A
also leads to the coerciveness of f; + 1x;. Moreover, the assumptions Ay = I and V fy is
Lipschitz continuous actually cover many interesting applications in practice. For example,
many problems arising from machine learning, statistics, image processing and so on always
have the following structure:

min fi(x)) +---+ fno1Genv—1) + fab — Ayxp — - — Ay_1xn 1), (2.2)
where fy denotes a loss function on data fitting, which is usually a smooth function, and
f1, ..., fn—1 are regularization terms to promote certain structures of the solution. This

problem is usually referred as sharing problem (see, e.g., [5,27]). (2.2) can be reformulated as
min f1(x1) + -+ fyo1Gev—1) + fv(xn)
st. Aixi+---+Ay_1xy—1 +xy =D,

which is in the form of (1.1) and can be solved by ADMM (see [5,27]). Note that Ay = [ in
(2.3) and it is very natural to assume that V fy is Lipschitz continuous. Thus the conditions
in Scenario 2 are satisfied.

(2.3)

Notation For simplicity, we use u to denote the stacked vectors xi, ..., xy, i.e., u =
[x1;x2; .5 xn], uk = [x{‘; x’z‘; ...;xﬁ‘v], u* = [x{,x3;...;:xy] and denote w = [u; A].

We denote by f(u) = f1(x1)+---+ fn(xn) the objective function of problem (1.1); 1 is
the indicator function of X'; V f is the gradient of f; ||x| denotes the Euclidean norm of x.

In our analysis, the following two well-known identities are used frequently,

1
(wi —w2) (w3 —wa) = = (lwr — wall® = [|wy — w3|?)

2
1
+ 5 (Ihws —wa|? = llws — w2 ||?) (2.4)
1
(Wi —w) (w3 —wy) = 5 (lwa — w3ll* = lwy — wall® = wy —w3|?).  (2.5)

3 Iteration Complexity of ADMM: Associated Perturbation

In this section, we prove the O(1/ €2) iteration complexity of ADMM (1.2) under the condi-
tions in Scenario 1 of Table 1. Indeed, given € > 0 sufficiently small and u® = (x?; R x%),
we introduce an associated perturbed problem of (1.1), i.e.,

min fi(x1) + fo(x2) + -+ fv (xn)
st. Aixi+Ayxo+---+Ayxy =b 3.1)
x;, €X, i=1,...,N,

where ﬁ(x,-) = fi(x;) + % ”Aixi - AileHZ fori =2,...,N,and u = e(N —2)(N + 1).
Note f, are not necessarily strongly convex. We prove that the ADMM (1.2) for associated
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perturbed problem (3.1) returns an e-optimal solution of the original problem (1.1), in terms
of both objective value and constraint violation, within O (1/ €2) iterations.

The ADMM for solving (3.1) can be summarized as (note that some constant terms in the
subproblems are discarded):

2
N

. 1
xlf'H = argmin, ¢y, Ji(x1) + 4 Arx) + Zijf —b— —)k s (3.2)

2 s 4

xf“ = argminxl_exiﬁ(x,-)
= N | 2
+3 DA A+ D A —b— ;x" ,i=2,...,N,(33)
j=1 j=i+l

AFL =3k —y (Alx’f“ + Aoy T+ A - b) . (3.4)

The first-order optimality conditions for (3.2)—(3.3) are given respectively by x{‘“ € X; and

N
.
(w1 =) o () = AT2k Al (A 4 DAk b ) [ 20, 35
j=2

T
(x,' — xf“) [g,' (ka) + ,uAl-TA,' (xf+1 — xlo) — Al-TAk

1
i N
+y Al | D AT+ D At b | | =0, (3.6)
j=1 j=itl

hold for any x; € A&; and g; € df;, a subgradient of f;, fori = 1,2, ..., N. Moreover, by
combining with (3.4), (3.5)—(3.6) can be rewritten as

N
T
(xl — x]fH) g1 (xlfH) — AITAkH + )/AlT ZAj (xf — xf“) >0, (3.7
j=2

-
(xi _xik+1) [gi (xtHl) + uAT A; (xl{<+1 _xio) — AT Ak

N
+yAl [ D a6k = | =0 (3.8)
Jj=i+1
Lemma 3.1 Ler (xi T, x5, Xk Ak € Q be generated by the ADMM (3.2)~(3.4)
from given (xlz‘, e va, 25). Forany u* = (x{,x5,...,x}) € Q*and ) € R?, it holds true

under the conditions in Scenario 1 that

)= £ () + S (7 1) (AT b (i Al — b)
i=1 i=1

1 2 2 -2 <
v 35 (1= = = ) + B2 S g -
i=2
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2 2
N-1 i
14 k+1
= Aj Ajx; — Aj A
+7 . Z 27+ Z & Z 7 + Z ]
i=1 j=1 Jj=i+1 Jj=i+1
> 0. 3.9
Proof Fori =1,2,..., N — 1, we have,
T N
(x,-—x{‘“) A;r Z Aj (xf—xf“)
J=i+1
i i—1 T N
= Zijj_b — ZAij-}—Aixl{(-i_l—b - Z A_,')Cf-H
j=1 J=l j=i+1
N
k
= 2 A
j=itl
; 2 2
1 k+1
=3 ZAx,+ZAx— Zij—i—ZAx
j=i+1 j=i+1
1 i—1 N 2
k+1 +1
+5 Zijj—i-Zijj ZAx]—i-Ax +ZAx —
j=1 j=i Jj=i+1
2 2
1 k1
<5 Zij—i—ZAx—b ZAx]+ZAx+
j=i+1 Jj=i+l1
= N 2
5 [ 2o A+ AT b
j=1 j=i

where in the second equality we applied the identity (2.4). Summing the above inequality for
i=1,..., N — 1 and using (3.4) yield,

N-1 T N
k+1 T k k+1
y (xi—xi+) A, Z Aj(xj—xj"')
i=1 Jj=i+l1
v N-1 i N 2 i N 2
k k+1
5 ZAij-i- Z ijj—b — ZAij-i- z ijj
i=1 \ ||j=1 j=it+l =1 j=it+l
2
1 2
o -+ 2 z ZA xJ+ZA A p) (3.10)
14
i=2 | j=I
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Adding (3.7) and (3.8), and combining the resulting inequality with (3.4) and (3.10) yields
that the following inequality holds for any A € R?:

i=1

N
.
> (n =) (@l = AT 4 G- AR T (Z Apxkt! b)
i i=1

1
14

N
T 1 2
+MZ (xi — x{‘“) Al.TA,- (xf+1 — xio) + 5 HAkH —ak H
i=2

2
N—1
s> Zij+ZAxk+]
=2
N—1 2 2
+gz ZAx]—i—ZAx— ZAx,—i—ZAx
i=1 Jj=i+1 Jj=i+1
> 0. (3.11)

Using (2.5), we have

I (r- )Lk+1)T (++ = 24) 4 ! ”)Lk-&-l _ )LkHZ _ | (HA gk H2 _ HA _ )Lk+1H2)
14 2y 2y
and
1\ T T 10
;L(x,-—xi ) A A; (xi —xi)

(”Aixi — ] = At - A

2 2
s

IA

Letting u = u™ in (3.11), and invoking the convexity of f; that

T
fi (xl*) — fi (xf“) > (xl* —xf‘“) gi (xikﬂ), i=1,2,....,N
and

N—1|i-1 N 2 N-1| N 2

gA Zij;“—i-ZijfH—b :gz ZAj(xj?H—x}“)

— A;jxt

1

)

y(N + 12)(N 2) z HA k+1
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we obtain,
N T N
F®) — @k + z (x;k _ x{m) (_AiT/\kH) O — AT (Z Aixl(m _ b)
i=1 i=1
1 (S I |
2y
o 2 2
83 (1auar - anfl - [aisg - a1 )
i=2

_1 ; 2 2

N
+% ZAX+ZAX— ZAx—{—ZAxk'H

i=1 j=1 Jj=i+1 Jj=i+l1

PHOLERD ot

> 0.

This together with the facts that u = e (N — 2)(N + 1) and y < € implies that

N N

y(N+ DIV -2 k1|)? B k||

7 A - =S XA - an <0
j=2 j=2

which further implies the desired inequality (3.9). O

Now we are ready to prove the O (1/€?) iteration complexity of the ADMM for (1.1) in
an ergodic case.

Theorem 3.2 Let (xk'H AT xk T AR € Q be generated by ADMM (3.2)~(3.4)
from given (xz, . .,xN, )Lk). For any integer t > 0, let i’ = (X}; %5;...;X%) and A" be
defined as

| . 1 <
M= xl"“, i=12..N M=—> "
[+14 1<

For any (u*, 1*) € Q*, by defining p := ||\*|| + 1, it holds under conditions in Scenario 1
that,

N
> Al —b

i=1

0= f)—fwH+p

2
2 02 N— N
-+ 1AV 0 %
< Aj(x; —x
T oy 2(r+1>21: ;l 105 =)
eN-2)(N+1) & 2
- 0
+ DS g — 4

This also implies that when t = O(1/€2), ' is an e-optimal solution to the original problem
(1.1), i.e., both the error of the objective function value and the residual of the equality
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constraint satisfy that

|f@") — fw)| = O(e), and = 0(e). (3.12)

N
D AiX —b
i=1

Proof Because (u¥, 2%) e €, it holds that (i, ') €  for all ¢
invoking the convexity of function f(-), we have

v

0. By Lemma 3.1 and

N
@) = f@)+a’ (Z Aix] — b)
i=1
N N
= f)— fa)+> (x —5)" (—A,Ti’) + =0T (Z Aix| - b)
i=1 i=1
t
[£a = rak

+ ﬁ“ (x;k _xlgcﬂ)T (_AiT)Lk+1) 4O kT (ZA xk+l )}
t
= gy (- -#1)

_eN-DWN 4D §

%

5 ZHAM?‘—AM?HZ
i=2
N-1 i N 2
+3 Sapi+ > Akt - ZA x4 Z Ajxk —
i=1 j=1 j=i+1 Jj=i+1
2
1 012
_mux—x (= 2(:+1)Z ZAx +]ZH‘;1AX _
N-2)(N +1
SNDOED S s a1

i=2

Note that this inequality holds for all A € R”. From the optimality condition (2.1) we obtain

N
0= fu® - faH+05" (Z Akl - b).
i=1

Moreover, since p := [|A*|| + 1, by applying Cauchy—Schwarz inequality, we obtain

0= f@") —fw+p (3.14)

N
> Al —b|.

i=1
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By setting A = —p(Z,NZI Aixl =b)/| ZlNzl A;jx! — b| in (3.13), and noting that ||A|| = p,
we obtain

N
> AiEl—b

i=1

2 0 2 N— N
P~ 127 0 s
< A0 —
T oy@+D 2(t+l) Z;‘ 2, A =)

j=i+1

fa@" — f*)+p

e(N=2)(N+1) 2
+f§”mx?—mx?” : (3.15)

When 1 = O(1/€?), together with the condition that % <y < ¢, itis implied that the right
hand side of (3.15) is of order O (¢).
We now define the function

v(§) = min ‘f(u)

N
ZAixi—b=§,xieX,-,i:l,Z,...,N].

i=1

It is easy to verify that v is convex, v(0) = f(u*), and A* € 9v(0). Therefore, from the
convexity of v and the Cauchy—Schwarz inequality, it holds that

v(€) = v(0) + (A%, &) = ™) — IA*[IE]l. (3.16)

Leté = ZIN=1 Aiii’ — b, we have f (') > v(é). Therefore, by combining (3.14), (3.16), and
the fact that the right hand side (thus the left hand side) of (3.15) is of order O (¢), we get

—IA*NEN < f@") — f @)

2 0 2 N— N
o+ 127 0 s
< A:(xY — x*
T oy@+D 2(r+1) Z;‘ 2, A =)

j=i+1

N —-2)(N +1 £
+$Z | Aixt — Aix®|)” = plIE]
=2

< Ce —p|€ll,

which, by using p = ||A*|| 4 1, yields,

= [&]l < Ce, (3.17)

where C is a constant depending on p, 20, x9 x* and N. Moreover, by combining (3.14) and
(3.17), one obtains that

—pCe < —pll€| < f@") — fu*) < (1 - p)Ce. (3.18)
Finally, we note that (3.17), (3.18) imply (3.12). m]

Remark 3.3 We remark that by applying ADMM to solve the associated perturbed problem
(3.1), we can find an e-optimal solution to the original problem (1.1), i.e., an approximate
solution to (1.1). However, the assumptions required in this section do not ensure that the

@ Springer



J Sci Comput (2016) 69:52-81 63

exact optimal solution to (1.1) can be found, because that would require y — 0 and thus
€ — 0.

3.1 Solving the Counterexample in [7]

We now implement our algorithm in this section to solve a perturbed version of the coun-
terexample constructed by Chen et al. [7]. As we will see, after modifying the problem by
adding the perturbation terms, the multi-block ADMM is always able to find an e-optimal
solution. The counterexample constructed in [7] is to find a solution to the linear system
Arxy + Axxy + Azxs = 0, where A; = (1,1, DT, Ay = (1,1,2)T and A3 = (1,2,2)".
It is easy to see that the unique solution of this linear system is (x1, x2, x3) = (0, 0, 0). The
associated perturbed problem to this example is given by

min 4[| A2xz — Axx3|)* + 5| Azxs — Azxf|? (3.19)
s.t. Aix) + Axxp + Azxz3 =0, ’
where 1 = 4e. To satisfy the conditions in Scenario 1, we chose y = €. We randomly
generated xY = (x?, xg, xg)) using the randn function in Matlab with random seed set to 0.
We plot the residual of the equality constraint and the three components of x! and the average
of x* for k = 0,...,¢in Figs. 1 and 2 for ¢ = 1072 and € = 1073 respectively, where ¢
denotes the iteration number. From Figs. 1 and 2 we can see that ADMM for solving the
perturbed problem is able to decrease the residual of the equality constraint to the order of
O(e)in O(1/ €2) iterations, which matches our theoretical results in Theorem 3.2. We also
see that both x' and the average of xkfork=0,...,¢ converge to zero, which is the unique
solution to the original problem. As a result, our approach successfully eliminates the risk of
divergence of the multi-block ADMM.

4 Iteration Complexity of ADMM: Kurdyka—Ff.ojasiewicz Property

In this section, we prove an O (1/¢€) iteration complexity of ADMM (1.2) under the conditions
in Scenario 2 of Table 1. Under the conditions in Scenario 2, since Xy = R"¥, fy is
differentiable and Ay = I, (1.1) becomes the so-called sharing problem. It turns out that
ADMM has nice convergence properties when it is applied to solve sharing problems. In
a recent work by Hong, Luo and Razaviyayn [27], it was shown that ADMM is globally
convergent under certain conditions for solving a nonconvex sharing problem. For convex
sharing problem, Corollary 3.1 in [27] gives conditions that guarantee the global convergence
of ADMM. These conditions are the same as our conditions required in Scenario 2. For
example, both papers require y > +/2L. The difference is that global convergence of ADMM
for solving (both nonconvex and convex) sharing problem is shown in [27], and we show that
by using the KL property, we are able to prove the sublinear convergence rate of ADMM for
convex sharing problem.

The first-order optimality conditions for the subproblems in (1.2) are given by x{""l €
X;,i=1,...,N—1,and for any x; € A,
i N-1
gi (x{‘“)—AlT)\k + )/AlT Zij;fH—i— Z ijf—i—xl,‘v b =0 i=1,...,N—1,
j=1 j=i+1
4.1
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N-1
va (x;(V—H) +y ijk+l +1 b|=o0, (42)
j=1
where g; € d(f; + 1x;) is a subgradient of f; +1x,,i = 1,2, ..., N — 1. The last equation
in (1.2) that updates ¥ now becomes

WLk (AM*l F A o Ay kT b). 4.3)
Moreover, by combining with (4.3), (4.1) and (4.2) can be rewritten as
N-1
g =AMy AT | D7 A8 D+ et | =0, i =1, N -1,
j=it
4.4)
V fn (k= 2k = o, (4.5)

Note that in Scenario 2 we require that £, is a Kurdyka—}t.ojasiewicz (KL) function. Let
us first introduce the notion of the KL function and the KL property, which can be found,
e.g., in [3,4]. We denote dist(x, S) := inf{||y — x| : y € S} as the distance from x to S. Let
n € (0, +-00]. We further denote ®,; to be the class of all concave and continuous functions
¢ : [0, n) — Ry satisfying the following conditions: (1) ¢(0) = 0; (2) ¢ is C'on (0, n) and
continuous at 0; (3) for all s € (0, 1) : ¢'(s) > 0.

Definition 4.1 Let f : Q — (—00, +00] be proper and lower semicontinuous.

1. The function f has KL property at wg € {w € Q : af (w) # @} if there exists n €
(0, +o0], a neighborhood Wy of wo and a function ¢ € &, such that for all

wo € WN{w e Q: f(w) < f(wo) < f(w)+n},
the following inequality holds,

@' (f (o) — f (wo))dist(0, 3f (o)) > 1. (4.6)
2. The function f is a KL function if f satisfies the KL property at each point of € N
{0f (w) # 0}

Remark 4.1 1t is important to remark that most convex functions from practical applications
satisfy the KL property; see Section 5.1 of [4]. In fact, convex functions that do not satisfy the
KL property exist (see [3] for a counterexample) but they are rare and difficult to construct.

Indeed, £,, willbe a KL functionif each f; satisfies growth condition, or uniform convexity,
or they are general convex semialgebraic or real analytic functions. We refer the interested
readers to [1,4] for more information.

The following result, which is called uniformized KL property, is from Lemma 6 of [4].

Lemma 4.2 (Lemma 6 [4]) Let Q be a compact set and f : R* — (—o00, 00] be a proper
and lower semi-continuous function. Assume that f is constant on Q2 and satisfies the KL
property at each point of Q2. Then, there exists € > 0, n > 0 and ¢ € ®,, such that for all u
in 2 and all u in the intersection:

{ueR" dist(u, Q) <e}N{ueR": fa) < f(u) < f()+n},
the following inequality holds,
@' (f () — f@@)dist (0, 3f (u)) > 1.
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We now give a formal definition of the limit point set. Let the sequence w® =

(x]f, RN xﬁ‘v, Ak) be a sequence generated by the multi-block ADMM (1.2) from a start-

ing point w® = (x¥, ..., x%, 2%). The set of all limit points is denoted by @ (w"), i.e.,

Q") = {w € R" x .- x R"¥ x R : Jan infinite sequence {k/};—1...
such that w* — w as [ — oo} .

In the following we present the main results in this section. Specifically, Theorem 4.3 gives
the convergence of the multi-block ADMM (1.2), and we include its proof in the “Appendix”.
Theorem 4.5 shows that the whole sequence generated by the multi-block ADMM (1.2)
converges.

Theorem 4.3 Under the conditions in Scenario 2 of Table 1, then:

1. Q%) is a non-empty set, and any point in Qw°) is a stationary point of
Ly(xl, A )\),'

2. Q) is a compact and connected set;

3. The function L (x1, ..., xy, A) is finite and constant on (w9).

Remark 4.4 InTheorem 4.3, we do notrequire £,, to be a KL function, which is only required
in Theorem 4.5 (see next).

Theorem 4.5 Suppose that L, (x1,...,xy,A) is a KL function. Let the sequence wh =
(x{‘, e xlli,, Ak) be generated by the multi-block ADMM (1.2). Let w* = (xi‘, R 518 k*) IS
Q(w"), then the sequence w* = (x]f, ey xlli,, Ak) has a finite length, i.e.,

00 N—1
3 3 e R e B el ) EL
k=0 \i=1

where the constant G is given by

N—1
G z(z A0 — gt [ — b + 20 - ||)
i=1

2My (1 + L%

212 o (L,(w") =L, w"),

and

N-1 N-1
1
M:max(yZHAiT',—l—l—l— E HA,T )>0, (4.8)
: 14 :
i=1 i=1

and the whole sequence (A1x]1‘, A2x12‘, o AN_1xf\,71,x§,, Ak) converges to (Ale, o,
AN_1Xfy_y, Xl M%),

Proof The proof of this theorem is almost identical to the proof of Theorem 1 in [4], by
utilizing the uniformized KL property (Lemma 4.2), and the facts that Q(w") is compact,

L, (w) is constant (proved in Theorem 4.3), with function W replaced by £,, and some other
minor changes. We thus omit the proof for succinctness. O

Based on Theorem 4.5, we prove a key lemma for analyzing the iteration complexity for
the ADMM.
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Lemma 4.6 Suppose that L, (x1, ..., xn, A) is a KL function. Let (x{""1 ]2<+1, o xf\,"'],
Aty e Q be generated by the multi-block ADMM (1.2) from given (x2, .. xN, 1K), For
any u* = (x{, x3,...,xy5) € Q" and A € R?, it holds under conditions in Scenario 2 that

Nl T T
F@®) = F + z (xi* _xl{<+1) (_AiTAkH) _ (x;‘:/ _xlli;rl) s

N1 2 N—1 2
+— Apxf + ZAx +xN b Arxy —l—ZA,-ka—i-ka b
- i—2
1 2
w5 (=2 - =)
2y
N—1
+yD(N—2)(Z | it = auxfr | + [ - fv“H)
i=1
>0, 4.9)

where D is a constant that will be specified later.

Proof Note that similar to the proof of Lemma 3.1, we can prove that, for any x; € A7,

N—1
T
(x1 — x]fH) AlT Z Aj ()c§< — x?“) + (va — xlk\frl)
j=2
1 N-1 2 N-1 2
55 A1x1+ZAJ-x§+x§,—b - A1x1+ZA xk+1+xk+1 b
Jj=2 Jj=2

1 k+1 k 2
+FHA - |

Forany x; € &;,i =2,3,..., N — 1, we have,

N-1

T
(xl- —xf'H) AlT Z Aj (x§C —xk'H) + (x;‘v —xﬁ,“'])

j=i+1

N—1
ok ey k k+1
> [ = At ok -
Lj=i+1

N—1

Lk k1 k k+1
> s = ang ]+ [k =] ]
—

= HAixi - Aix,Hl‘

< HA,')C,’ — A,-x;"H’
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Therefore, for any x; € Xj,i = 1,..., N — 1, it holds that

N-1 T N-1

)/Z(x,-—xik"'l) A,T z Aj (xf—xf“)—i—(x;‘v—xﬁ,"'])

i=1 j=itl

N—1 2

Axy + Z A,'xik —i—x],i, —-b
i=2

N-1
Arxy + z A;xl{""l +x5§,+1 —-b
i=2

-2

L H)Lk+l _)\kHZ
Y

N—1
(35 ) [E st st -] oo
i=2

Combining (4.3), (4.4), (4.5) and (4.10), it holds for any A € R? that

N-1

Z (x, _xk+1> (g (xk—H) _ A[T)LkJrl) n (xN —X]X/H) (VfN(vaH) _ )Lk+1)

i=1

N—
1
14

y N—1 2 N—1 2
+ ) Aixy + Z A,-xi +x§, —b Alx) + Z Aixf"'] +xf\,+] —b
i=2 =2
n b H)\k+1 ‘AkHZ
2y
N-1 N—1
(3 Jan =t ]) 3 st -t o =7
i=2 i=1
> 0. 4.11)

Using (2.5), we have

N ST et S (S}
Y 2y 2y

Letting u = u™ in (4.11), and invoking the convexity of f;, we obtain

Fu®y = f@h + 2 (x "“) (—A,TA"“) + (x;t, —x’;,“)T (k)

i=1

N—-1
N P o R
4

i=1

2 2

LY

k k
5 Ale—f—ZA,-xi +xy—b

i=2

N—-1 N—-1
(X [t = st ]) | 3 st ot -

N—-1
AT+ S Akt Lk
i=2

i= i=1

@ Springer



70 J Sci Comput (2016) 69:52-81

From Theorem 4.5 we know that the whole sequence (Alx{‘, Axxhk, oo AN_le\,71 Xk 2K
converges to (Alxi“, ce S ANCIX N, XY k*). Therefore, there exists a constant D > 0 such
that

”A,ch — Aix;‘+1 ” <D,
forany k > Oandanyi = 2,3, ..., N — 1. This implies (4.9). O

Now, we are ready to prove the O(1/¢) iteration complexity of the multi-block ADMM
for (1.1).

Theorem 4.7 Suppose that L, (x1, ..., xn, L) is a KL function. Let (x{“'l x]2‘+1, R xf\,'H,
At € Q be generated by the multi-block ADMM (1.2) from given (x2, o, xN, AK). For
any integert > 0, let i’ = ()Ei; )Eé; . X;v) and \' be defined as

- -
-t k+1 : t k+1
= — x 0, i=12,...,N, M =—— AR
AR e t+1§

For any (u*, A*) € QF, by defining p := |A*|| + 1, it holds in Scenario 2 that,

N
> Aix —b

i=1

0< f@)—fu+p

N—1

2
2 02
p* + 120 %
< > A =X + (e — xR
i=2

ye+1 204+ 1)

DG
L PG
t+1

Note this also implies that when t = O(1/e), u' is an e-optimal solution to the original
problem (1.1), i.e., both the error of the objective function value and the residual of the
equality constraint satisfy that

|f@") — f"l = 0(), and = 0(e). (4.12)

Proof Because (uX, 1) € Q, it holds that (i, 1’) € € for all + > 0. By Lemma 4.6 and
invoking the convexity of function f(-), we have for any A € R?,

N—1

fw — fah + ﬂ(z A+ 7y — b)
i=1
N—-1

= f*) - f(u)+z s = &) (a3

N—1
+ (e —x)  (=AD + 0 )JT( A +xN—b)
i=1
1 t N—1 kl .
* k+l + T4 k+1
IZ(f(u)—f(u R ) (—alx+)

i=1
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+ (xN _ lei/+1) (k1

F (= kT (Z Ly ke b))

N
> 2[5 (- - -1
k=0 Y
N—-1
SCGRE! 03 DT P )
1
N—1 2 N_1 2
+% Axf + z A,'lel +va+1 —-b Axf + Z Aixf +x11§, —b
i=2 i=2
! , y N-1 2
P — ) W ) | Axi+ Aix 4+ x% —b
=5+l I3+ |4 ; HiTeN
N—-1
yD(N —2) § H k k+1 ko k1
RO (S -t |
r+1 I; ; iX iX; + Xy — Xy
1 y = yDG(N —2)
S — ) g L] | Arx Axd 4+ —p| -2
=t P ””Jr;‘ e F+1
(4.13)

where the last inequality holds due to Theorem 4.5. From the optimality conditions (2.1) we
obtain

N-1
0> fu*)— f@)+anH’ (Z Aixl + 5y — b).
i=1
Since p := ||]A*]| + 1, by the Cauchy—Schwarz inequality, we obtain

N—-1

> A + iy —b|.
i=1

0< f@")—fwH+p (4.14)

By setting A = —,O(Z, 1 vy X+ Xy —b)/|l ZIN:_II A;x! 4+ X}, — b|| in (4.13), and noting
that ||A|| = p, we obtain

N-1

> AR+ Xy —b
i=1

fa@ —fw+p

B
y(+1) 2(t+1)

yDG(N —2)
t+1 '

N—1 2
ZA,-(x?—x;")—i—(x](i,—x?{,) +
i=2

(4.15)

When ¢t = O(1/¢€), we have that the right hand side of (4.15) is of order O (¢). By the same
arguments as in the proof for Theorem 3.2, (4.12) follows from (4.14) and (4.15). O
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0 200 400 600 800 1000
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Fig. 4 The residual of the equality constraint of ADMM for solving the sharing problem (4.16) with y =
0.0l %2 %L

4.1 Divergence Counterexample Revisited

In this subsection we shall test the same divergence counterexample as considered in Sect. 3.1,
but now equivalently reformulated in a way to satisfy the conditions required in Scenario 2.
The example in [7] can obviously be formulated equivalently as:

L2
min 3|yl

4.16
s.t. Apxy + Axxo + Azxz +y =0, (4.16)

where A1, Az, A3 are the same as in Sect. 3.1. Note that (4.16) is in the form of the sharing
problem with four block variables x1, x2, x3 and y, and it satisfies assumptions in Scenario
2. Note that (4.16) corresponds to f4(-) = %H . ||2 and the Lipschitz constant L = 1 for V f4.
It is easy to see that the unique solution to (4.16) is x; = x» = x3 = 0and y = (0, 0, 0T,
We then apply ADMM (1.2) to solve (4.16) with y = 1.01 /2 % L so that the assumption
on y in Scenario 2 is satisfied. Similarly as the tests in Sect. 3.1, we plot the residual of the
equality constraint and the components of the average of x* and y* for k = 0, ..., in Fig.
3, where ¢ denotes the iteration number. From Fig. 3 we again observed the convergence of
ADMM. We then tested the same problem using a smaller y, which was set to 0.01 /2% L.
The residual of the equality constraint is plotted in Fig. 4. Figure 4 shows that after a few
number of iterations, ADMM diverges. This indicates that if the assumption y > +/2 x L is
violated, then it is possible that ADMM diverges for solving the sharing problem (4.16).

Acknowledgments The authors are grateful to the associate editor and two anonymous referees for their
insightful comments that have improved the presentation of this paper greatly.
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Appendix: Proof of Theorem 4.3

We first prove the following lemma.
Lemma 4.8 The following results hold under the conditions in Scenario 2.
1. The iterative gap of dual variable can be bounded by that of primal variable, i.e.,
I =28 < L2t = s 4.17)

where L is the Lipschitz constant for V .
2. The augmented Lagrangian L,, has a sufficient decrease in each iteration, i.e.,

k ko ok k+1 k+1 . 5 k+1
ll,/(x],...,xNH,)\)—ll,/(x1+,..-, Nil’)‘+)
—2L? ' 2
- it = At [ o =k [ [ ).
2)/(1 ) (Z H x i X; + Xy +

(4.18)

3. The augmented Lagrangian L, (wk) is uniformly lower bounded, and it holds true that

00 N-—1 2 ) 2
z(z HAl-fo — Ak + ngﬂ —xk H n kaﬂ —AkH )
=0 \i=1
2y (1 + L2 0
T (£, (w”) —L*) (4.19)

where L* is the uniform lower bound of L, (w*), and hence

2
im (35 e = e [ ok - [ ) =0 a0
kl)rrgo(z X; i X; + Xy + (4.20)
Moreover, {(x{‘, x’z‘, R xlli,, Ak) tk=0,1,.. } is a bounded sequence.

4. There exists an upper bound for a subgradient of augmented Lagrangian L, in each
iteration. In fact, we define

N-1
R .= yaAT (Z ApxEH kit b)

i=1
N—-1

T k+1 k+1
—vA; Z Aj (xf—xﬁ)—i—(x,k\, xN+)
j=i+l
and
N—1 N—
R;CV'FI =y (Z Aixl{(—Fl +x5€v+l _ b), R])f+1 = Z k+1 x[kv-‘rl
i=1 i=1

for each positive integer k, and i = 1,2,..., N. Then (le'H, AU RI;VH, Rl)f'H) €
dL, (wkth). Moreover, it holds that
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N
k+1 k1 pk+1 k+1 k+1
|(mrvt it )] = X[+ ]

N—1
<1 (3 st - et
i=l1

A R STl ) V)

4.21)

where M is a constant defined in (4.8).

Proof of Lemma 4.8. 1. (4.17) follows directly from (4.5).
2. From (4.1), by invoking the convexity of f;, we have fori =1,..., N — 1:

.
0=(xf—x*) | g (xf*)—ATA 4yl ZA kg Z Ajxk 4k — b
Jj=i+1

)= ()= 1 )
T/ N—1
k k+1 k+1 k k
+y(A,-xi—A,-xi ) ZAij + Z ijj+xN—b
j=1 j=i+1

L

k+1 k k k k+1 k+1 k
:EV(xl ,...,xi_l,xi,...,k)—Ey(xl L X ,xH_l,...,k)

2
-Z |4t = aix]" (4.22)
Similarly, from (4.2) we can prove that

k+1 k—+1 k Lk k+1 k+1 k k+1
£y(x1 s Xyo 1,xN,...,k)—Ey(xl e Xy A) H H

(4.23)

Summing (4.22) overi = 1,..., N — 1 and (4.23), we have

Ly (x{‘,...,x}li,,)\k)—ﬁy (xf“,..., §,+1 Ak)
)/ N-1 ) v 2
> HA,-x{‘ — AjxfH! H + 5 ij‘v — xht! H : (4.24)

i=1

On the other hand, it follows from (4.2) and (4.17) that

k+1 k+1 1k k+1 k+1 5 k+1
[,y(xl s Xy ,)»)—Ey(xl seen Xy A )

1 2 L2 2
2 HA" _ ke ” > _= Hxka — ki H . (4.25)
y y
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Combining (4.24) and (4.25) yields

k k k k+1 k+1 4 k+1
Ly(xl,...,xN,A)—Ly(xl see XN LA )

=

y? —2L? k 1|2

v
SR
LM

HAx —Ax"“H +

v
2

2 2
v H“ _Axk+1H2+ y-—2L ka fVH” +Hkk_kk+1H2
2 & 2y (1 + L?)

2 2 N—1
y-—2L k k12 Lk ko k+t]?
227(1+L2)(z HA"X" — Aix; H +Hx N H +H)‘ — H :
o1

(4.26)

3. It follows from (4.2) and the fact that V f is Lipschitz continuous with constant L that,

N—1
I (b -> Aixf‘+l)

i=1

< fn (va+l> + <VfN (xf\,"']) , (b - Nz_l Aixf'H — va+1)>
i=1

N— 2
E‘ Lkl ket
—||b— Ajx; Xy

N-1 L[y 2
_ k+1 k+1 kL kL s
= fn (xN )—<x ,ZA,xi X b>+2 ZA +akt —b
i=1 i=1
This implies that there exists L* > —o0, such that
Ly, (xlfﬂ, R xﬁlﬂ, Ak+l>
N—1 N-1 S 2
k+1 k41 - Lk
DI )+fN(b_ZAixi )+2 2 A b
i=1 i=1 i=1
> L*, 4.27)

where the last inequality holds since y > L and infy, f; > fl* fori =1,2,..., N.
Therefore, it directly follows from (4.18) and y > V2L that,

K

N—-1
Lﬂzz DA — AP+ et = 1P 4 IR =k
2y(1+ L% =\ o
<L, —L*

Letting K — oo gives (4.19) and (4.20).

It also follows from (4.27), (4.18) and y > ~/2L that £, w®) — f3 > V" fi(xkth.
This implies that {(x{‘ x5 xﬁ,_l) :k=0,1,...} is a bounded sequence by using
the coerciveness of f; +1x,,i =1,2,..., N — 1. The boundedness of (xlli, Ak) can be
obtained by using (4.3), (4.17) and (4.20).
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4. From the definition of £, , itis clear that fori =1,..., N — 1,
N—1
g (xf“) _ AiTAk+1 + VAiT(Z Aixl(c+1 +va+1 _ b) c aXiLV(wk—H)’
i=1
and
N—1
Vf (xllcv+1) Ay (Z Aixl{(-‘rl +va+1 _ b) _ VXN[’V(warl)!
i=1
and
b— > AT —xfl = v,L, ),
where g; € 9 (fi +1x,) fori =1,2,...,N — 1.
Combining these relations with (4.4) and (4.5) yields that
N-1
R;‘H = yAiT (Z Al-lel + )c]k\,Jrl - b)
i=1
N—1
AT [ DD Ak = o x| a2 ),
j=i+1
N—1
R§€V+l = (Z A4x(<+1 +xk+l _ b) — vaﬁy(wk+l),
=1
N—
R1;+1 — b Z k+l +1_ V}\ﬂy(wkﬂ)’
fori =1,2,..., N = 1. Therefore, (R{*!,... R, REFT) € o, (i),
‘We now need to bound the norms of Rf“, i=1,...,N—1, Rf\, and R’/{. It holds that
N—
&+ ] = var] | 2 HA o = A [ = |
—i—y”AiT i f“—}-xﬁ,ﬂ—b
N-1
<o A7) (3 s - om |+ -] ) ¢ a2
j=1
and
= 1
R b S R e
These relations immediately imply (4.21). O
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Proof of Theorem 4.3. 1. Tt has been proven in Lemma 4.8 that {(x{‘, xhoxk AKY
k=0,1,...}is abounded sequence. Therefore, we conclude that Q(wo) is non-empty
by the Bolzano-Weierstrass Theorem. Let w* = (x}, ..., x%, A*) € Q(w") be a limit
point of {w* = (x},...,x%,2%) : k = 0,1,...}. Then there exists a subsequence
{wkfl = (xf",...,xlli;’,)\kQ) 1q =0, 1} such that wk — w* as ¢ — oo. Since
fi,i=1,..., N — 1, are lower semi-continuous, we obtain that

liminffi(xf") > fi(x), i=1,2,...,N. 4.28)
q—)OO
From (1.2), we have for any integer k andany i =1,..., N — 1,
xf“ = argmin L, (xlfH, o xlkjll,x,', xik+1, R xﬁ‘v; Ak) .
X €X;

Letting x; = x in the above, we get

k+1 k+1 _k k.1 k k+1 k+1 k k .k
L, (xl+ ,...,xi+ SX s XS A >§£y (x1+ ,...,xl.fl,x;“,xiH,...,xN,A ),
ie.,
y i N1 2
k+1 k k+1 k+1 k k
fi (1) = (35, i >+5 S A > Ak -
j=1 j=i+1
y i-1 N—1 2
* k * k+1 * k k
§ﬁ(xi)—<A,Aixi>+5 S ap A+ D Akl b
j=I Jj=i+1

Choosing k = k; — 1 in the above inequality and letting g go to +00, we obtain

lim sup f; (xf“') < lim sup (g HA,»xf‘f — Aixt

i
q—>+00 ! q——+00

2
+ <kk, A,'xik" - Aixi*>) + fi (x7),
(4.29)

fori =1,2,..., N—1.Here we have used the facts that the sequence {(wk:k=0,1,...}
is bounded, and y is finite, and that the distance between two successive iterates tends to
zero (4.20), and the fact that

i N-1 N-1
A 3 Ak b= 3 (A - A + (o - 4)
=1 =it =it
oL ( K )Lk-H) '
14

From (4.20) we also have x;“’il — xf as ¢ — o0, hence (4.29) reduces to
lim sup ﬁ(xf “) < fi(x]). Therefore, combining with (4.28), ﬁ(qu) tends to f;(x})

q—> 00
as ¢ — o0o. Hence, we can conclude that
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N N—-1
. k . k. k k. k.
Jim, w0 = tim 357 (x) = {30, 32 et 230 =0
1= 1=

N—1 2

k k
+g ZAixi[’ +xy —b
i=1

N N—1 y N—1 2
= Zf,- (xF) = (A%, ZAixi*—i—x}"v—b +3 ZA,-xi*—l—x}t,—b
i=1 i=1 i=1
=L, (w").
On the other hand, it follows from (4.20) and (4.21) that
(REFL . RETLREY) € oz, ) (4.30)
(R RGLRET) > (000,00, k> o0 431)
Itimplies that (0, ...,0) € L, (x], ..., x}, A*) due to the closeness of 9 L,, . Therefore,

w* = (x}, ..., x}y, A¥) is a critical point of £y (x1, ..., xy, ).

2. The proof for this assertion directly follows from Lemma 5 and Remark 5 of [4]. We
omit the proof here for succinctness.

3. We define that L is the finite limit of Ly (x’l‘, o x’;\,, Ay as k goes to infinity, i.e.,

L=lim £, (.. 2k 00,

k—00

Take w* € Q(w"). There exists a subsequence w*s converging to w* as ¢ goes to infinity.
Since we have proven that

. kgy *
qli)rgolly(w 1) = Ly(w"),

and L, (w) is a non-increasing sequence, we conclude that Ly (w*) = L, hence the
restriction of £y, (x1, ..., xy, A) tO Qw% equals L.
]
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