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Abstract. Building on [J. Glob. Optim. 89 (2024) 899-926], we continue to focus on solving
a nonconvex and nonsmooth structured optimization problem with linear and closed convex set
constraints, where its objective function is the sum of a convex (possibly nonsmooth) function and a
smooth (possibly nonconvex) function. Based on the traditional augmented Lagrangian construction,
we introduce a proximal-perturbed Lagrangian function and propose a proximal alternating direction
method of multipliers that leverages this new Lagrangian-based formulation. We establish that
the iterative subsequence obtained by the proposed method converges to a stationary point under
standard assumptions.
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1 Introduction

In this study, we consider the nonconvex and nonsmooth structured optimization problem:
min 01 (p) + 02(q) s.t. Ap+q=10b, peP, (1)

where the function 67 : R™ — R is convex, proper lower semicontinuous, and possibly nonsmooth,
A5 : R™ — R is continuously differentiable and possibly nonconvex, A € R™*" is a matrix, b € R™ is
a vector, and P C R" is a nonempty, closed, convex set. It is well known that separable optimization
problems with linear constraints and closed convex set constraints have been extensively studied
in the convex setting using splitting algorithms [1, 2, 3]. In fact, nonconvex scenarios are widely
encountered in practical engineering applications. For structured problems of the form (1), most
studies, such as [3, 4, 5, 6], focus on cases that ignore the closed convex set constraints. Research
that simultaneously considers both linear constraints and closed convex set constraints in nonconvex
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structured problems remains relatively scarce. Recently, Yin et al. [7] proposed a partial Bregman
alternating direction method of multipliers (ADMM) incorporating a general relaxation factor for
solving structured problem (1) in the nonconvex setting, which has greatly inspired our work. Herein,
we further investigate this problem and design a splitting algorithm with provable convergence to
solve it.

On the other hand, Kim [8] observed that the convergence analysis of most existing augmented
Lagrangian (AL) methods depends on the boundedness assumption of the dual iterates. To relax
this restriction, Kim introduced a new Lagrangian-based formulation, namely the proximal-perturbed
Lagrangian function (PPLF), and established the convergence of the AL method to a stationary solu-
tion based on standard assumptions without requiring the aforementioned boundedness condition of
dual iterates. For the PPLF introduced by Kim [8], it does not include a quadratic penalty term for
linear constraints, which structurally differs from the traditional AL function. This design avoids the
need for additional and often stricter assumptions when handling linear constraints. Moreover, the
penalty parameter and dual proximal parameter involved in the PPLF are relatively easy to select
in numerical experiments and are not highly sensitive to the numerical results. Inspired by this for-
mulation, Kim [9] introduced a primal-dual-based method for solving nonconvex composite problems
under linear constraints. The solved objective function is the sum of a continuously differentiable
(potentially nonconvex) function and a proper closed convex (potentially nonsmooth) function. In a
subsequent study, Bai et al. [10] proposed a Bregman ADMM-type algorithm, leveraging the PPLF
to solve separable nonconvex and nonsmooth optimization problems. It is worth mentioning that
the problems studied in [9, 10] consider only linear constraints, while disregarding closed convex set
constraints.

Following the PPLF considered in [8, 9, 10], we propose a proximal ADMM with a PPLF (denote
PPLF-PADMM) to solve the structured problem (1) addressed in [7]. We further establish the
theoretical convergence of PPLF-PADMM. Specifically, we obtain that the iterative subsequence
generated by the PPLF-PADMM converges to a stationary point under standard assumptions.

2 Preliminaries

Throughout this paper, for any symmetric matrix F € R™*™, we denote HpH%J :=p! Fp. For simplic-
ity, let Apin (F') represent the smallest singular value of the linear operator F. Let A := (p, q, z, A\, v),
and use Lg(Ay) to represent Lg(p, gk, 2k, Ak, Vi) Assume a convex function 6 : R™ — R, its subdif-
ferential at p € R™ is described as 060(p) := {£ € R" | 0(q) > b6(p) + (£,q — p),

V ¢ € R"}. For a nonempty convex set C C R"™, its normal cone at p € C is given by N¢(p) =
{EeR" | ({,u—p) <0, VueCl}.

Lemma 2.1 [11] Let # : R® — R be a continuously differentiable function with the gradient V6 that
is Lp-Lipschitz continuous. Then for any ¢, ¢ € R"™, we have |0(q) —6(¢) —(VO(q),q—q)| < %Hq—(jHQ.

Proposition 2.1 [12] Let 61,02 : R™ — R be two functions, and let C C R™ be a nonempty closed
convex set.

(i) If the function 6 is locally Lipschitz continuous at p* € R™ and reaches its local minimum at p*,
then p* is a stationary point of 61, i.e., 0 € 96;(p*).

(ii) If both 6; and 65 are subdifferentially regular at p, it follows that (61 +62)(p) = 901 (p) + 9b2(p).
As a result, if 0y is subdifferentially regular at p and 6> is continuously differentiable at p, it follows
that 0(01 + 02)(p) = 901(p) + Vb2 (p).



(iii) p* € C is a minimizer of the problem min{6,(p) | p € C}, where 6, is a convex function, if and
only if 0 € 9601 (p*) + N¢(p*), or equivalently, there exists £* € 96;(p*) such that (¢*,p — p*) > 0 for
any p € C.

Definition 2.1 We say that (p*, ¢*, \*) € R” x R™ x R™ is a stationary point of structured problem
(1) if it satisfies

0 € 901(p*) + ATX* + Np(p*), p* € P; Voa(q*) + N\ = 0; Ap* +¢* = b,
or equivalently, there exists £* € 961 (p*) such that

prEP, (& HATN p—p*) >0, VpEP; Voa(g*) + N\ =0; Ap* +¢* =b.

3 The Proposed Algorithm and Its Theoretical Analysis

Inspired by [8, 9, 10], which apply PPLF to the design of first-order algorithms, we reformulate
problem (1) by introducing perturbation variable z € R™ and letting Ap+ ¢ —b = z and z = 0.
Then, we have

min 01(p) + 02(q) st. Ap+q—b=2z2,2=0, VpeP.
pER™, geR™
For the unique solution z* = 0, the problem mentioned above is equivalent to (1). Now, we present
the PPLF of problem (1):

£5(8) = 01(p) + Oa(a) + N Ap +a—b—2) + w2+ Ll = ZIn— v, )

where A € R™ and v € R™ are the Lagrange multipliers corresponding to Ap + ¢ — b = 2z and
z = 0, respectively. Here, v > 0 is a penalty parameter, and g > 0 is a dual proximal parameter.
Notice that the structure of L£g(A) is different from that of the standard AL function. Specifically,
it lacks a penalty term for enforcing the linear constraint Ap 4+ ¢ — b = 2. Instead, only the auxiliary
constraint z = 0 is penalized with a quadratic term, while the constraint Ap+q—0b = z is relaxed into
the objective function using its associated multiplier A. Additionally, the negative quadratic term
—g”)\ — v||? ensures that £z is smooth and strongly concave in A for a fixed v, and vice versa. Due
to the strong convexity of Lg(A) with respect to the perturbation variable z, a unique solution exists
for any given (\,v). Minimizing £z with respect to z yields z(\,v) = (A —v)/~, which implies A = v
at the unique solution z* = 0. This relationship between A and v at z* = 0 motivates the inclusion of
the term —%H)\ —v||? in the PPLF (2). Substituting z(\, v) into L£g(A) leads to the reduced PPLF,
ie.,

1
[’B(p7Q7Z()‘aV)))‘7V) = 91(]7) + 92((]) + <)‘7Ap+q - b> - %H)‘ - V||2' (3)

Since L5(p,q,2(X\,v), A\, v) is strongly concave in A for given (p,q,v), there exists a unique maxi-
mizer, denoted by A(p, q,v). Maximizing the reduced PPLF (3) with respect to \ yields A(p, q,v) =
arg maxyerm L£5(p, ¢, 2(A\, V), A\, v) = v+p(Ap+q—>b), from which the A-update step in (4d) is derived.

To proceed, based on the above analysis, we present the proposed PPLF-PADMM, which leverages
the features of the PPLF to solve problem (1). Throughout the proof and analysis, we suppose that
the sequence {Ay} is produced by the PPLF-PADMM and L3(Ag) < 4o00. The specific iterative
steps are outlined as follows:



Algorithm 1 PPLF-PADMM for solving problem (1).

Input: v > 1, § € (0,1), p = ig, r € (0.9,1), 7 > Lg, + 3p + 2, and Len)
(3+ 55) ol > 0.
Initialize: pg, qo, 20, Ao, Yo and Jo.
for k=0,1,.... K — 1 do
. 1
Pr1 = argmin { La(p, @, 2k, Moy Vi) + = lp —prllF [P EP ¢, (4a)
P 2
Qi1 = arg rnqin {<vq£5(pk+17kazka Aoy Vk), 4 — Q) + g\lq - Qk||2} ; (4b)
) O,
Vg1 = Vg + Tk()\k — l/k) with T = m, (4C)
Aet1 = Vg1 + p(Aprs1 + qe+1 — b), (4d)
)\ _
Rk+1 = H%Vkﬂ’ 041 = 70k (4e)

end for
Output: Apy1:= (Dht1s Qet1s Zht1s Mot15 Vot 1)-

Lemma 3.1 The sequences {vy}, {\r}, and {z;} are bounded.

Proof From the v-update step (4c), we deduce that

5
[l = llvo + E Ti(Ai =) < llwoll + E NP v
l

1
.JMHZQ@
1=

Note that Y ;25 8 is convergent, where §; = 7%y and r € (0.9,1). Moreover, since ||vg| < +o0,
{vi} is bounded. Furthermore, it follows from (4c) that Ay = i(ykﬂ — 1) + . Combining (4c)

and (4e), we obtain zj, = V’“Zlfyk Since {vy} is bounded, we conclude that both {\;} and {z;} are
bounded.

1A = will

l

[RY —Vzll

Lemma 3.2 The following four relationships hold.

52
V1 — vell® = 72| A — vel|* < Zka Tl M = vel® < Ok W1 — Mell> = (1 — 7%\ — vell®, (5)
M1 = Akll® < 3021 AP Pkt — pell® + 307 laksr — aill® + 3llvirr — vl (6)

Proof It immediately follows from the v-update step (4c) that

52 52
lvk+1 — vil|? = 77| A — vi||* = k < -k
e = vl + 2+ 2o

and the first relation in (5) holds. By 7, = M_i% < 1, where 0, € (0,1], and combining

el A — v? = Hl/Hf\W < 0, we obtain the second relation in (5). Using (4c), we obtain



A — vit1l] = | Ak — vk — Ak — vi) || = (1 — 7%)|| Ak — vi||, and squaring both sides yields the third
relation in (5). Finally, using the A-update (4d) and the fact that (a + b+ ¢)? < 3(a? + b? + ¢?) for
any a,b,c € R™, we obtain (6).

Lemma 3.3 Suppose that the gradient of 65 satisfies the Lipschitz condition. Then, for any k£ > 0,
we have R
Ls(Arp1) — Ls(Mk) < —crllperr — pell® = callgrsr — all® — eallzrea|? + O, (7)

Amin F 2 ~
where ¢ := % - (%+ﬁ)p|\AH2, co = %(77— <£92 +3p—|—2%)>, c3 = %, and 0 :=
30F L o _ mdy
8p - p 2p ¢

Proof From the p-update of (4a), we see that

Amin(F‘)

2 Pkt — pell® (8)

1
Lo(Prt1: Ghs 21 My i) = La(Ak) < =S [Prr — el < —
By the definition of PPLF in (2), we have

L8 (Dk+1, Qt1, 2k Mer Vi) — L8(Dkt1, Qs 2k, Moy Vi) = 02(qt1) — 02(qr) + Mk, @1 — )

9)

Lo 1
< (VO02(ar), @1 — ar) + 72||Qk+1 — ql? + Oy o1 — i) < _§(U — Lo,)lak+1 — x|,

where the first inequality applies Lemma 2.1, and the second inequality follows from the iteration of
the g-subproblem (4b). Next, we start by noting that

L(Pk+15 Q15 2k Mot 15 Vkt1) — L3(Pk41, Q15 28 Mk Vi)
= (Mkt1 — Moy APkt + @1 — 0) + (A — vk) — (Meg1 — Via1)s k)
(A) (B)

(10)
P L P
2 2
By using the update steps (4c¢) and (4d), we have A\pr1 — vky1 = p(Apre1 + qee1 — b) and z =

%()\k — vy,). Applying the identity (a — b,a) = %[la — b||> + &[la]|* — 3[6]|* to (A) and (B) with
a= A, — v and b = Ag11 — Vgy1, we obtain

1 1 1
A) = — [ Mer1 — Mell? + — 1 Apoq — 2 — — Ml 11
(A) 2pH k1 — Ak||T+ 2pH k1 — V|| 2p||1/1c+1 kIl (11)
1 2 1 2 1 2
(B) = %HPA(pk — prt1) + p(@k — ar+1))]|” + %H)‘k iz g!\)\kﬂ — Vgt
I e P e a4 el e v
>~ k+1 k ~y k+1 k 27 k k 2,_}/ k+1 k41| -



Substituting (11) and (12) into (10) and rearranging terms, we yield

L8(Pkt1, Q15 Zhs Mot 15 V1) — L8(Dk+1, Q15 2k Mk Vi)

1 p?|| A2 2 PP 9 1 9, 1 2
< e — M2 - P s — al® = et — Al + o[ —
< 2p|| k1 — A7+ |Pkt+1 — pill” + 5 | gr+1 — al| 2p||Vk+1 kll”+ QpH K — Vkll
< i(3/’2’\1‘1”2”1%“ — il + 307 g1 — akll® + 3w — vel®) + pIAI |Pks1 — prl?
~2p 1+98

2
P 2 1 2 2
+ — — + — 27 — )| A — v
7”€11c+1 ax| 2p( k i) [ Ak k|l

3 1 3p  p? 9 3(5,% Op  TiOk
<=+ All? — 2+<+> - +—4+—— —,
< (2 1+7ﬁ> p | Al lPrs1 — Pl 9 ~ lqr+1 — qr|l 8p P 2

(13)
where the second inequality applies the third relation in (5) and (6), and the third inequality uses
the first and second relations in (5). For the z-update expression, it notes that V.Lg(Ax41) = 0 since

241 minimizes £g (Pr+41, Qht1, 2, Mit+1, Vk+1). Hence, by the v-strong convexity of £z with respect to
z, we have

La(Akt1) = LB(Dk+41, Qht15 Zhs Mot 15 Vkg1) < —

o2

1
2641 — 2] < —%szHHQ,

where the last inequality follows from the existence of a sufficiently large positive v such that ||zx11]| <
V||2k41 — 2| for any k > 0, which implies that —3||zp41 — 25 [|? < —%||zk+1||2. Combining the above
inequality with (8), (9), and (13), we yield the desired result (7).

Theorem 3.1 Suppose the conditions in Lemma 3.3 hold, and let 6; and 6, satisfy the coercivity
condition. Then the following hold:

(i) The sequences {p;} and {g;} are bounded. Moreover, Lg(Aj) is convergent.

(i) Tirn s oo (1721 — D6l + g — el + 21l + Pia — Ml + 71— 2]) = 0.

(iii) Any accumulation point (p*, ¢*, \*) of the sequence {(p, ¢k, Ax)} is a stationary point of (1).

362,
8p

Proof (i) Using the inequality in (7), we have Lg(Ag) + Zfz_ol (%r% + %orz) > La(Ap_1) +
5’“7*1 > Ls(A). Based on the definition of PPLF in (2), we obtain

_|_

La(wy) = 01 (pr) + 02 (qr) + My Apr + qr — b) — (A — Vg, 21) + % (BN g IAe = vl
1 1
=01 (pr) + 02 (q) + = s Mo — vi) — — || Ak — )?
p 2p
_ Lo Ly e
=01 (px) + 02 (q) + 2% [ Akl % lvell” -

Combining the fact that ¢, and 03 satisfy the coercivity condition, i.e., limj,_ 100 01(p) = 400 and
lim| g 400 02(q) = +00, with the boundedness of the sequences {v}} and {1}, we conclude that both
{pr} and {q} are bounded. Since Lg(Aj) is lower semicontinuous and nonincreasing, the sequence
{Ls(Ak)} is nonincreasing and bounded below, hence {L£3(Ay)} converges to a finite value L.

(ii) Suppose that A* is an accumulation point of the sequence {Ay}, and consider a convergent
subsequence, i.e., lim; o Ay, = A*. Summing (7) from k = 0 to k = K — 1, using the result from



conclusion (i), and letting ¢y := min{cy, c2, c3}, we obtain

K-1 1 K-1
Z (Ipks1 = orll® + llars1 — arll® + [lzr4a[1?) < o <£5(A0) — Ls(Ax) + k)
k=0 0 k=0
! K-1
<= <£5(A0) L5+ Y 5k) .
k=0

2 ~
Since Y720 6k < % < +o0 and Y 2502 < ﬁ < +00, and 73 € (0,1), we have Y ;200 <

+o00. Then, by taking the limit as K — +o0, we deduce

400 +oo 400
Z Ipr+1 = prll” < 400, Z k1 — arll* < +o0, Z l2541]* < +o0.
k=0 k=0 k=0

On the other hand, it can be deduced from (5) and >.{25 67 < 4oo that S.020 vkt — vell® <

2
Zi?) %’“ < 4o0. Finally, by combining (6), we obtain

“+o00 “+00 +oo “+oo
D et = Mell® < 302 1AIPD ok — pall® + 30D llaesr — aull® + 3D ka1 — wll* < +o0.
k=0 k=0 k=0 k=0

Therefore, conclusion (ii) follows immediately.
(iii) We begin by noting from the first-order optimality condition of PPLF-PADMM that py41 € P,
and there exists {41 € 061(pg+1) such that

(Char + AT\ + F(prs1 — pi)s o1 —p) <0, VpEP, (14a)
VOy(ar) + e =0, p(Aprs1 + @1 — b) = Ak — Vi1, Akt — Vi1 = Y2k41,  (14b)
It is straightforward to see that (14a) is equivalent to pry1 € P and (A" X\g+ F(prr1—Dr)s Phi1—p) <
(€k+1,P—DPr+1)- Notice that from the convexity of 61 and &1 € 001 (pr+1), we have (€1, p—prt1) <
01(p) — 01(pi+1) for any p € P. Hence, we obtain
prt1 € Py 01(Pr41) + (Mks Api1) + (F(Prt1 — i)y Prtr — p) < 01(p) + (A, Ap).
In the above-mentioned relationship, let k& := k;, and then take the limit as ¢ — 400, invoking

lim;_ 4o A, = A*, conclusion (ii), and using the closeness of P, we obtain
preP, 6i(p*)+ (N, Ap*) < Oi(p) + (\", Ap), VpeP,

which implies that p* = argmin,cp 61 (p)+(\*, Ap). According to the first-order optimality condition,
there exists £* € 9601 (p*) such that

prEP, (&+ATN P —p)<0, VpeP.

Using (14b), taking k := k;, passing to the limit as ¢ — oo, and invoking lim; .o Ap, = A*, we
conclude that V(q*) + \* = 0 and p(Ap* + ¢* — b) = A* —v* = ~vz* = 0. From the above results
and Definition 2.1, it follows that any accumulation point (p*, ¢*, A*) of the sequence {(p, gk, A\x)} is
a stationary point of (1).



4 Conclusion

In this work, we address the problem of solving a nonconvex and nonsmooth structured optimization
problem with linear and closed convex set constraints, where the objective is the sum of a convex
(possibly nonsmooth) function and a smooth (possibly nonconvex) function. Building upon the
augmented Lagrangian function, we introduce a new Lagrangian-based formulation and develop a
PPLF-ADMM tailored to this problem. We demonstrate that the sequence obtained by the proposed
PPLF-ADMM converges to a stationary point under standard assumptions. Our results are expected
to provide a reference algorithm for efficiently solving composite practical optimization problems.
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