ASYMMETRIC FORWARD-BACKWARD-ADJOINT SPLITTING
FOR SOLVING MONOTONE INCLUSIONS INVOLVING THREE
OPERATORS
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ABSTRACT. In this work we propose a new splitting technique, namely Asym-
metric Forward-Backward-Adjoint splitting, for solving monotone inclusions
involving three terms, a maximally monotone, a cocoercive and a bounded lin-
ear operator. Classical operator splitting methods, like Douglas-Rachford and
Forward-Backward splitting are special cases of our new algorithm. Asym-
metric Forward-Backward-Adjoint splitting unifies, extends and sheds light
on the connections between many seemingly unrelated primal-dual algorithms
for solving structured convex optimization problems proposed in recent years.
More importantly, it greatly extends the scope and applicability of splitting
techniques to a wider variety of problems. One important special case leads to
a Douglas-Rachford type scheme that includes a third cocoercive operator.

Keywords. convex optimization, monotone inclusion, operator splitting,
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1. INTRODUCTION

This paper considers two types of general problems. The focus of the first part
of the paper is on solving monotone inclusion problems of the form

0€Ar+ Mz + Cu, (1)

where A is a maximally monotone operator, M is a bounded linear operator and
C is cocoercive!. The most well known algorithms for solving monotone inclusion
problems are Forward-Backward splitting (FBS), Douglas-Rachford splitting (DRS)
and Forward-Backward-Forward splitting (FBFS) [4, 10, 28-30, 35]. The operator
splitting schemes FBS and DRS are not well equipped to handle (1) since they
are designed for monotone inclusions involving the sum of two operators. The
FBFS splitting can solve (1) by considering M + C as one Lipschitz continuous
operator. However, being blind to the fact that C is cocoercive, it would require two
evaluations of C' per iteration. Many other variations of the three main splittings
have been proposed over time that can be seen as intelligent applications of these
classical methods (see for example [5, 6,8, 141, 36]).
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Lcis B-cocoercive with respect to the P norm if for some g €]0, +oo[ the following holds

(Vz e H)(V2' € H) (Cz—C2 z—2") > pB|Cz— Cz'||?3,1.
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The main contribution of the paper is a new algorithm called Asymmetric-
Forward-Backward-Adjoint splitting (AFBA) to solve the monotone inclusion (1),
without resorting to any kind of reformulation of the problem. One important
property of AFBA is that it includes asymmetric preconditioning. This gives great
flexibility to the algorithm, and indeed it is the key for recovering and unifying
existing primal-dual proximal splitting schemes for convex optimization and devis-
ing new ones. More importantly, it can deal with problems involving 3 operators,
one of which is cocoercive. It is observed that FBS, DRS, the Proximal Point Al-
gorithm (PPA) can be derived as special cases of our method. Another notable
special case is the method proposed by Solodov and Tseng for variational inequali-
ties in [33, Algorithm 2.1]. Moreover, when the cocoercive term, C, is absent in (1),
in a further special case, it coincides with the FBFS when its Lipschitz operator
is skew-adjoint. Recently a new splitting scheme was proposed in [18] for solving
monotone inclusions involving the sum of three operators, one of which is cocoer-
cive. This method can be seen as Douglas-Rachford splitting with an extra forward
step for the cocoercive operator and at this point it seems that it can not be de-
rived by manipulating one of the main three splitting algorithms. As a special case
of our scheme, we propose an algorithm that also bares heavy resemblance to the
classic Douglas-Rachford splitting with an extra forward step (see Algorithm 2).
The proposed algorithm is different than the one of [18], in that the forward step
precedes the two backward updates.

As another contribution of the paper, big-O(1/(n + 1)) and little-o(1/(n + 1))
convergence rates are derived for AFBA (see Theorem 3.2). It is observed that
in many cases these convergence rates are guaranteed under mild conditions. In
addition, under metric subregularity of the underlying operator, linear convergence
is guaranteed without restrictions on the parameters (see Theorem 3.3). Given that
AFBA generalizes a wide range of algorithms, this analysis provides a systematic
way to deduce convergence rates for many algorithms.

The focus of the second half of the paper, in the simpler form, is on solving
convex optimization problems of the form

migé%ize f(x) +g(Lx) + h(x), (2)

where H is a real Hilbert space and L is a bounded linear operator. The functions
f, g and h are proper, closed convex functions and in addition A is Lipschitz dif-
ferentiable. The equivalent monotone inclusion problem takes the form of finding
x € H such that

0€ Az + L*BLx + Cuz,

where A = 0f, B = g are maximally monotone operators defined on H and the
operator C = Vh is cocoercive. Similar to the problem (1), the classical methods
FBS, DRS, FBFS are not suitable for solving problems of the form (2) (without
any reformulation) because they all deal with problems involving two operators.
Furthermore, these methods usually require calculation of the proximal mapping of
the composition of a function with a linear operator which is not trivial in general or
requires matrix inversion (see [30] for a survey on proximal algorithms). In the re-
cent years in order to solve problem (2), with or without the cocoercive term, many
authors have considered the corresponding saddle point problem. This approach
yields the primal and dual solutions simultaneously (hence the name primal-dual
splittings) and eliminates the need to calculate the proximal mapping of a linearly
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composed function. The resulting algorithms only require matrix vector products,
gradient and proximal updates (see [3,8, 11,14, 36] for more discussion). We follow
the same approach and notice that it is quite natural to embed the optimality con-
dition of the saddle point problem associated to (2) in the form of the monotone
inclusion (1). Subsequently, by appealing to AFBA, we can generate new algorithms
and recover many existing methods, such as the ones proposed in [6,8,11,21,24,30],
as special cases. In many of the cases, we extend the range of acceptable stepsizes
and relaxation parameters under which the methods are convergent. Additionally,
the convergence rates for these methods are implied by our results for AFBA.

The paper is organized as follows. Section 2 is devoted to introducing notation
and reviewing basic definitions. In Section 3, we present and analyze the conver-
gence and rate of convergence of AFBA. Its relation to classical splitting methods
is discussed in Section 4. In Section 5, we consider the saddle point problem as-
sociated to a generalization of (2). By applying AFBA and properly choosing the
parameters we are able to generate a large class of algorithms. We then consider
some important special cases and discuss their relation to existing methods. These
connections are summarized in the form of a diagram in Figure 1.

2. BACKROUND AND PRELIMINARY RESULTS

In this section we recap the basic definitions and results that will be needed
subsequently (see [1] for detailed discussion).
Let H and G be real Hilbert spaces. We denote the scalar product and the induced
norm of a Hilbert space by (-,-) and || - || respectively. Id denotes the identity
operator. We denote by %(H,G) the space of bounded linear operators from H
to G and set ZB(H) = #(H,H). The space of self-adjoint operators is denoted by
S(H) = {L € B(H)|L = L*}, where L* denotes the adjoint of L. The Loewner
partial ordering on S(H) is denoted by ». Let 7 €]0,+oc0o[ and define the space
of 7-strongly positive self-adjoint operators by S;(H) = {U € S(H)|U = 71d}.
For U € S:(H), define the scalar product and norm by (z,y)y = (x,Uy), and
lzllo = v/{z,Ux). We also define the Hilbert space Hy by endowing H with the

scalar product (x,y)y. One has [(z,y)| < ||z||v]|yllu-1 and ||z||y = /{x,Ux). The
operator norm induced by |- |[v is || Ll = sup,ep jufjy=1 | Lallo = |[UY2LU /2.
Let A : H — 2" be a set-valued operator. The domain of A is denoted by
dom(A) = {a € H|Azx # O}, its graph by gra(A4) = {(z,u) € H x H|u € Az} and
the set of zeros of A is zer(A) = {x € H|0 € Ax}. The inverse of A is defined
through its graph: gra(A=') = {(u,z) € H x H|(x,u) € gra(A)}. The resolvent of
A is given by J4 = (Id+A)~!. Furthermore, A is monotone if (x — y,u —v) > 0
for all (x,u), (y,v) € gra(A), and mazimally monotone if it is monotone and there
exists no monotone operator B : H — 2* such that gra(A) C gra(B) and A # B.
The set of proper lower semicontinuous convex functions from H to | — oo, 4]
is denoted by T'g(H). The Fenchel conjugate of f € To(H), denoted f* € To(H), is
defined by f* : H —] — 00, 4+00] : u — sup,cqy ((u, z) — f(2)). The Fenchel-Young
inequality, (x,u) < f(z) + f*(u) for all z,u € H, holds for f : H —] — oo, +0]
proper. Throughout this paper we make extensive use of this inequality in the spe-
cial case when f = 3| |3 for U strongly positive. The infimal convolution of f,g :
H —]—00,+00] is denoted by f O g : H —]oo, +00] : & — infyey (f(y) + g9(z —y)).
If f € To(H) then the subdifferential of f, denoted by Jf, is the maximally mono-
tone operator df : H — 27 1z — {u € H|(Vy € H) {y — x,u) + f(z) < f(y)},
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with inverse (9f)~1 = df*. The resolvent of df is called prozimal operator and is
uniquely determined by prox;(z) := Jys(x) = argmin, 4 f(2) + 3/lz — 2|2

Let X be a nonempty closed convex set in H. The indicator function of X,
denoted tx : H —] — 00, +0), is defined by tx(z) =0, if z € X and vx(x) = 400,
otherwise. The normal cone of X is the maximally monotone operator Ny = Ovx.
The distance to X with respect to |||y is denoted by dy(z, X) = inf,«cx ||z—2*||v,
the projection of z onto X with respect to ||-||¢ is denoted by 11§ (z), and the absence
of superscript implies the same definitions with respect to the canonical norm.

3. ASYMMETRIC FORWARD-BACKWARD-ADJOINT METHOD

Let ‘H be a real Hilbert space and consider the problem of finding z € H such
that
0Tz where T =A+M+C, (3)

where operators A, M, C satisfy the following assumption:

Assumption 3.1. Throughout the paper the following hold:

(i) Operator A : H — 2™ is maximally monotone and M € %(H) is monotone.
(i) Operator C' : H — H is S-cocoercive with respect to || - ||p, where 8 €
11/4,400] and P € S,(H) for some p €]0, oo, i.e.

(VzeH)(VZ' €H) (Cz—CZ, 2—2)>B|Cz— CY||H-s.

It is important to notice that the freedom in choosing P is a crucial part of our
method. In Assumption 3.1(ii) we consider cocoercivity with respect to || - || p with
B €]1/4,+00]. However, this is by no means a restriction of our setting; another
approach would have been to consider cocoercivity with respect to the canonical

norm | - || with 8 €]0,4o0[ but this would lead to statements involving ||P| and
||[P~1]|. Indeed convergence with respect to || - || and || - ||p are equivalent but in
using || - ||p we simplify the notation substantially.

In addition, let S be a strongly positive, self-adjoint operator, K € B(H) a
skew-adjoint operator, i.e., K* = —K and H = P + K. Then, the algorithm for
solving the monotone inclusion described above is as follows:

Algorithm 1 Asymmetric Forward-Backward-Adjoint Splitting (AFBA)

Inputs: 2y € H
forn=0,...,do
Zn=H+A)YH-M-C)z,

2n = 2Zn — %

L lEIR
| (H + M*) 20|15
Zng1 = 2n + 0, STHH + M*)Z,

(e77

Before proceeding with the convergence analysis let us define
D= (H+ M*)*S™Y(H + M*). (4)

Since P € S,(H) for some p €]0, 00, K is skew-adjoint, and M € Z(H) is mono-
tone, it follows that ((H + M*)z,z) > pl||z||? for all z € H, and we have

(Vz€H) (2,D2) = |(H + M")zl[5-2 > p*|IS] 7|2 ()
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Hence, D € S,(H) with v = p?||S||~!. Notice that the denominator of a, in
Algorithm 1 is equal to the left hand side of (5) for z = Z,, and thus it is bounded
below by o215~ |2

3.1. Convergence Analysis. In this section we analyze convergence and rate of
convergence of Algorithm 1. We also consider a special case of the algorithm in
which it is possible to relax strong positivity of P to positivity. We begin by
stating our main convergence result. The proof relies on showing that the sequence
(zn)nenw is Fejér monotone with respect to zer(A + M + C) in the Hilbert space
Hs.

Theorem 3.1. Consider Algorithm 1 under Assumption 3.1 and assume zer(T) #
O where T = A+ M+ C. Let o €]0,00[, S € S;(H), K € B(H) a skew-adjoint
operator, and H = P+ K. Let (\,)nenN be a sequence such that

1
nnen €[00 with §=2= 5, 5>0, HminfAu(0—An) > 0. (6)

Then the following hold:

(i) (zn)new is Fejér monotone with respect to zer(T) in the Hilbert space Hg.
(ii) (Zn)new converges strongly to zero.
(i41) (zn)new converges weakly to a point in zer(T).

Furthermore, when C = 0 all of the above statements hold with § = 2.

Proof. The operators A = P~'(A+ K) and B = P~Y(M + C — K) are monotone
in the Hilbert space Hp. We observe that

Zo=(H+A) " (H-M—C)z, = (Id+A) " (Id—B)z,.

Therefore z, — Bz, € z, + AZ”J or —3, — Bz, € Az,. Since —Bz* € Az* for
z* € zer(T') by monotonicity of A on Hp we have

<an — Bz*+2,,2" — Znyp > 0.
Then,
0 < (Bzp — Bz* + 2,,2" — Z,)p
(PP M +C—K)zy — P Y (M+C — K)z* + 25,2 — Z,) p.
=(M—-K)(zp, —2)+Cz, — Cz* + PZ,,2" — Z,). (7)
On the other hand
(Czp — C2*, 2" — z,) =

—~

Czpn —Cz2* 2 — Zp) + (Czy — C2%, 2% — 2)

1
< Sl + Oz — O s + (Ca — 02", 2" — 2)
€
<zl (1— 2 ) (O — O, 27— 2),
-2 2¢f3 ’
The first inequality follows from Fenchel-Young inequality for §|| - |%, while the
second from fS-cocoercivity of C' with respect to || - || p. Set € := % so that
1
(Czp — Cz", 2" — Z,) < @H%H%’ (8)



ASYMMETRIC FORWARD-BACKWARD-ADJOINT SPLITTING 6

In turn, (7), (8) and monotonicity of M — K, yield

(M = K)(zp, —2%) + Czyp — Cz* + PZ,,2" — Z,)

(M = K) (2 — 2%),2" — 2n) + (M — K) (2 — 2%), 20 — Zn)
1

o
VARVAN

IN

* * - L. = * s
(zn — 2%, (M* + K) (20 — 2n)) + @Han% +(PZp, 2" — zn) — Hzn”%
1
= {2z, — 2, —(M* + H)z,) — (1 — 4ﬂ) HEHH%,

or equivalently

(oo = 2,0 4 12 < = (1= 35 ) Il )

For notational convenience define ¢ := 2— % We show that ||z, —2*[|% is decreasing
using (9) together with step 3 and 4 of Algorithm 1:

21 = 2115 = llzn — 2" + anSTH(H + M*)2|3
= llzn = 2"l + 20 (20 — 2%, (H + M*)Zn) + ap | (H + M*)Z0 |5
< lzn = 2115 = andllZallp + o7 | (H + M)z |-

! SOHE A MA)EE T IH + MA)Z R
= llzn = 2*[15 = A0 = Xl (H + M) Zall5% 1 20l 5 (10)

An(
= [lzn = 2* 15 = Xa(6 = X)IPTV2S V2 (H + M*) 2 5% ] Zall 7
A6 = A)IPTVESTVE(H + M) |52 1215
= [lzn = 2* 15 = Xa(6 = X)|ISTV2 (H + M*) P72 72| 2,13 (11)
Furthermore, when C' = 0 all the above analysis holds with § = 2.
(4): Inequality (11) and (Ay)new C [0, 8] show that (z,,)new is Fejér monotone
with respect to zer(T') in the Hilbert space Hs.
(#): From (11) and lirginf An (0 — Ap) > 0, it follows that Z, — 0.
(#i): Define

< lon = 2*[15 -

wy = —(H — M)z, + Cz, — Cz,. (12)
It follows from (12), linearity of H — M, cocoercivity of C' and (ii) that
wy, — 0. (13)

By step 1 of Algorithm 1 we have (H — M — C)z, € (H 4+ A)Z,, which together
with (12) yields

wy € T%,. (14)
Now let z be a weak sequential cluster point of (z,,)new , say zg, — z. It follows
from (ii) that zx, — z, and from (13) that wg, — 0. Altogether, by (14), the
members of the sequence (Zj, ,wg, Jnew belong to gra(T). Additionally, by [I,
Example 20.28, 20.29 and Corollary 24.4(i)], T is maximally monotone. Then, an
appeal to [1, Proposition 20.33(ii)] yields (z,0) € gra(T). This together with ()
and [1, Theorem 5.5] completes the proof. a
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Equation (11) implies that the sequence (min;—i. , [|Zi[|%)nen, the cumulative
minimum of (||Z,|%)nen, converges sublinearly. Our next goal is to derive big-
O(1/(n+1)) and little-o(1/(n + 1)) convergence rates for the sequence itself. This
is established below, under further restrictions on (A,), ., by showing that the
sequence (”2”‘”%)71 e 18 monotonically nonincreasing and summable.

Theorem 3.2 (Convergence rates). Consider Algorithm 1 under the assumptions
of Theorem 3.1. Let ¢c1 and cg be two positive constants satisfying

61P j D j CQP, (15)
with D defined in (4). Assume
(An)new €10, ¢16/co] (16)

where ¢ is defined in (6). Suppose that 7 = inf,ew Ap (0 — Ay) > 0. Then the
following convergence estimates hold:
2

1215 < ﬁ\\% — 25 and [|Z.]H = o(1/(n +1)).
Proof. Using the monotonicity of A and Step 1 of Algorithm 1
0<{((H—-M)(zn—2nt1) — H(Zn — Znt1) + Czpy1 — Czp, Zn — Zng1)- (17)
On the other hand we have
(Czpns1 — Czny Zn — Zna1) =(Czpg1 — Czny 2 — Zna1) + (Cznar — Czny 20 — Znt1)
<5120 = Zntallp + 5:1C2n41 — Ozl
+(Czpy1 — Czpy 2p — Zny1)
<Ezn = Zpplp + (1— ﬁ)(Can — Czn, 2n — Znt1)-
The first inequality follows from the Fenchel-Young inequality for 5| - [|%, and the

second inequality follows from S-cocoercivity of C with respect to ||+ ||p. Set € = %
so that

(Cznsr = Cny Zn = Zns1) < g5ll2n — Znsallp- (18)
Using (17), (18) and monotonicity of M we have
0 < 350120 = Znaallp + (=M (20 = 2zn41) = H(Zn = Znt1), Zn = Zns1)
= 15120 = Znt1llp + (M (20 — 2n11) = H(Zn = Zn41), Zn — Zns1)
(=M (20— 2n11) — HG = Zne), 20— i)
< 15l1%0 = Zonllp + (M (20 — zp41) = H(Zn — Znt1), Zn — Znt1)
+ (—H(Zn = Zn41), 20 — Zn1) (19)
== (1= &) 120 = Zaallp = (M + Bz = 201). 20 = Zngr). (20)
It follows from (20) and Step 4 of Algorithm 1 that

(1 - ﬁ) Hgn - 2n+1||%9 < <_(M + H*)(Zn - Zn+1)75n - 2n+1>
= (an(H + M*)*S™HH + M*)zn, 2, — Zpt1)
<AanDZ,, Zn — Zpy1). (21)
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Let us show that (||Z,]|%)nen is monotonically nonincreasing. Using the identity
lallB — [IbIh = 2(Da,a — b) — [la = bl[3, (22)
we have
”27%”%) - H2n+1”% = 2<D5nv§n - 5n+1> - Hgn - 2n+1||2D

> 2 (1= g5z = ZagallB = 120 = Zonallp
e ﬁ

>
> 90112, = Zugalld = 30 — Zoa I

S ~ ~
A5 1) 30— Zunlp

IV
—~

where the inequalities follow from (21), the definition of a,, and (15). Therefore
|Z.]|% is nonincreasing as long as (16) is satisfied. It follows from (10) and (15)
that

241 — Z*HQS < lzn — Z*”QS = A0 =) (H + M7) 5nH521||2n||4119
= [lzn = 2*[1% = A (8 = A)[IZall 5711 20l B
<lzn — 2*)1% — 22 An(6 = M) Zull D

Summing over n yields "2 (A (6 — \)[|Z:]|% < c3||z0 — 2*||%. Therefore we have

2
YicollZillD < Zllzo — 2713 (23)
On the other hand since ||z, ||% is nonincreasing, we have ||, [|% < n%rl S oz -

Combining this with (23) establishes the big-O convergence. The little-o conver-
gence follows from [17, Lemma 3-(1a)]. O

We can show stronger convergence results, i.e., linear convergence rate, under
metric subregulariy assumption for T. We restate the following definition from [19]:

Definition 3.1 (Metric subregularity). A mapping F is metrically subregular at
Z for g if (Z,7) € gra F and there exists n € [0, oo[, a neighborhood U of Z and V
of ¢ such that

d(x, F~1g) < nd(y, FxNV) for all x € U. (24)

This is equivalent to calmness of the operator F~1 at g for z [19, Theorem
3.2]. The above two properties are weaker versions of metric regularity and Aubin
property, respectively. We refer the reader to [32, Chapter 9] and [20, Chapter 3]
for an extensive discussion. In Theorem 3.3, we derive linear convergence rates
when the operator T = A+ M + C' is metrically subregular at all z* € zer(T') for
0. Metric subregularity is used in [26] to show linear convergence of Krasnosel’skii-
Mann iterations for finding a fixed point of a nonexpansive mapping.

Theorem 3.3 (Linear convergence). Consider Algorithm 1 under the assumptions
of Theorem 3.1. Suppose that T is metrically subregular at all z* € zex(T) for
0, cf. (24). If either H is finite-dimensional or U = H, then (ds(zn,zer(T)))nen
converges Q-linearly to zero, (zn)new and (||Zn]|p)neN converge R-linearly to some
z* € zer(T') and zero, respectively.

2The sequence (Tn)new converges to z* R-linearly if there is a sequence of nonnegative scalars
(vn)new such that ||z, — z*|| < vy, and (vn)new converges Q-linearly® to zero.

3The sequence (xn)nemN converges to x* Q-linearly with Q-factor given by o €]0,1], if for n
sufficiently large ||zn+1 — 2*|| < o||zn — 2*]| holds.
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Proof. Tt follows from metric subregularity of T at all z* € zer(T') for 0 that
d(z,zer(T)) < n|ly| Vz €U and y € Tz with |jy|| < v, (25)

for some v €]0,00[ and 1 € [0,00[ and a neighborhood U of zer(T). Consider wy,
defined in (12). It was shown in (13) that w, — 0 and if # is a finite-dimensional
Hilbert space, Theorem 3.1(i:)-(74) yield that Z, converges to a point in zer(T).
Then there exists i € IN such that for n > 7 we have |w,|| < v and a neighbor-
hood U of zer(T') exists with z, € U (This holds trivially when & = H). Con-
sequently (25) yields d(z,,zer(T)) < n||w,||. In addition, triangle inequality and
Lipschitz continuity of C' yield

|wall = |HZ, — Mz, — CZp + Czp|| < ||(H — M)z || + |CZn — Cy|
< (Il = M1+ 31P1) U701

Consider the projection of z, onto zer(T"), I,cr (1) (2n). By definition || 2, =1L,y (2,)[| =
d(Z,,zer(T)) (the minimum is attained since T' is maximally monotone [I, Propo-
sition 23.39]), and we have

120 = Waer(ry (Zn) | < 120 = aer(r) (Zn) || + 120l = d(Zn, zer(T)) + [|Zn|
< &nllzall + 120l < En+ DIPHY 22 e,y (26)
where £ = ||H — M|| + %HPH It follows from (26) that

d%(2n, zer(T)) < |z = Wyer(r) (Za) 1§ < (€ + 12 IPTHISINZRNE.  (27)
For err(T)(zn) by its definition we have ||z, — ster(T)(Zn)”S = ds(zn,zer(T)), and
since inequality (10) holds for all 2* € zer(T'), it follows that
d%(znt1,2er(T)) < ||zn 41— My (20) |3
< Nz = Tarery ()15 = A (6 = M) (H + M) 20l 321 120l 5

= d§(zn,zer(T)) = An (6 = An) || (H +M") Zul| 21 |20 7 (28)

< d%(znyzer(T)) = A (6= Xa) 872 (H+ M) P72 2|21} (29)
2 An(6—=An) 2

Sds(znyzer( )) (§7I+1 HP*1HHSHH571/2(H+1W*)P*1/2H2ds(zn’zer(T))’

where in the last inequality we used (27). It follows from (6) that there exists n € IN
such that (A, (6 —An)),~; € [T,00] for some 7 > 0. Therefore, (ds(zn,zer(T))), cin
converges Q-linearly to zero. R-linear convergence of (||Z, | p), ¢y follows from (29)
and Q-linear convergence of (ds(zn,zer(T))), cry- Step 4 of Algorithm 1 and (28)
yield
52 2 2
lensn —2all2 = N+ M)z 52 b < & (@ er(T)) — (1 zen(T)).

Therefore, (||2n11—2nl|s), ey converges R-linearly to zero. This is equivalent to
saying that there exists ¢ €]0,1], x €]0,00[, n € IN such that for all n > n, ||z,4+1—
Znl|ls < k™ holds. Thus, for any j > k > n we have

2= zlls < bz —zills < SIopret < T ret = 2Kk (30)

Hence, the sequence (2, )nev is a Cauchy sequence, and therefore converges to some
z € H. From uniqueness of weak limit and Theorem 3.1(iii) we have z € zer(T). Let
j — o0 in (30) to obtain R-linear convergence of (z,)neIN- O
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In the special case when C = 0, M is skew-adjoint , K = M and S = P, the
operator P € #(H) can be a self-adjoint, positive operator rather than a strongly
positive operator. Under these assumptions AFBA simplifies to the following iter-
ation:

Z, = (H + A)"'Pz, (31a)
Znt1 = Zn + A (Zn — 2n). (31b)

Notice that if P was strongly positive, this could simply be seen as proximal point
algorithm in a different metric applied to the operator A 4+ M, but we have relaxed
this assumption and only require P to be positive. Before providing convergence
results for this algorithm we begin with the following lemma, showing that the
mapping (H+A)~! has full domain and is continuous when H has a block triangular
structure with strongly positive diagonal blocks, even though its symmetric part, P,
might not be strongly positive. This lemma motivates the assumption on continuity
of (H + A)7'P in Theorem 3.4. As an application of this theorem in Proposition
4.1(#11), when P is positive with a two-by-two block structure (see (57a) in the
limiting case § = 2), DRS is recovered.

Lemma 3.1. Let H=H1 P --- D Hn, where Hy, -+ ,Hn are real Hilbert spaces.
Suppose that A is block separable and H has a conformable lower (upper) triangular
partitioning, i.e.,

A:z— (Alzl, s ,ANZN),

N
HZZ'—)(Hllzl,H2121+H22ZQa"' aZHszj)v (32)
j=1

where z; € H; fori=1,--- N, z = (21, ,2n) € H, and H;; € B(H;, H;) for
i,j=1,--+- ,N. Fori=1,---,N, assume that A; is mazimally monotone, and
H;; € S;,(H;) with ; €)0,00]. Then, the mapping (H+ A)~! is continuous and has
full domain, i.e., dom((H + A)~') = H. Furthermore, the update z = (H + A)~1z
is carried out using

- (Hyp + A1) 'z, i=1; -
i (Hii_‘_Ai)_l (Zz_Z;;ll Hij5j> , i=2,---,N,
where Z = (Z1,-+- ,Zn) € H.

Proof. We consider a block lower triangular H as in (32), the analysis for upper
triangular case is identical. The goal is to consider A;’s separately. Let z = (H +
A)~lz with z = (z1,- -+, Zx). The block triangular structure of H in (32) yields the
equivalent inclusion z; € A;Z; + Z;:l H;;z;, for i = 1,--- | N. This is equivalent
to (33), in which, each Z; is evaluated using z; and Z; for j < ¢. For the first
block we have z; = (Hj; + A1)~ 'z;. Since A; is monotone and Hi; is strongly
monotone, it follows that Hy; + A is strongly monotone, which in turn implies
that (Hy; + A;) ™! is cocoercive and, as such, at most single-valued and continuous.
Since A; is maximally monotone and Hi; is strongly positive we have

dom ((H11 + Al)_l) =ran(H; + A;) = ran(Id —|—A1H1_11) = Hi,
where the last equality follows from maximal monotonicity of A; H 1_11 in the Hilbert
space defined by endowing #H; with the scalar product (-, ) Hb and Minty’s theo-
rem [1, Theorem 21.1]. For the second block in (33) we have zo = (Haa+A) 1 (22—
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Hs1%1). Hence, by the same argument used for previous block, (Hag + Ao) ™! is con-
tinuous and has full domain. Since (zo — Ho121) and (Hay + As) ™! are continuous,
so is their composition (Hay + Ag)~'(22 — H21%;). Follow the same argument for
the remaining blocks in (33) to conclude that (H + A)~! is continuous and has full
domain. O

Next theorem provides convergence and rate of convergence results for algorithm
(31a)-(31b) in finite-dimensions by employing the same idea used in [14, Theorem
3.3]. The idea is to consider the operator R = P+1d —Q, where Q is the orthogonal
projection onto ran(P). The proof presented here is for a general P and it coincides
with the one of Condat [14, Theorem 3.3] for a special choice of P (when P is defined
as in (65) with 6 = 2).

Theorem 3.4. Suppose that H is finite-dimensional. Let P € S(H), P »= 0,
M € B(H) a skew-adjoint operator and H = P + M. Consider the iteration
(31a)-(31b) and assume zer(T) # @ where T = A+ M. Furthermore, assume that
(H+ A)~1P is continuous. Let (A )new be uniformly bounded in the interval ]0, 2.
Then,

(i) (zn)new converges to a point in zer(T).
(i) Let Q be the orthogonal projection onto ran(P), and R = P +1d—Q. The
following convergence estimates hold:

P
1Pzns1 = Pzall* < ZE51Q20 — Q2112 (34)

for some constant T > 0, and |Pzp+1 — Pz, ||* = o(1/(n + 1)).

Proof. (i): Since P is not strongly positive, it does not define a valid inner product.
Consider R := P 4 Id —@Q, where @ is the orthogonal projection onto ran(P). We
show that by construction R is strongly positive. By the spectral theorem we can
write Pz; = UAU*z1, where U is an orthonormal basis consisting of eigenvectors
of A. Consider two sets: s = {i|\; # 0} and sy = {i|\; = 0}. Denote by U; the
orthonormal basis made up of u; for ¢ € s;. Then ran (P) = ran (U;) and we have
Q = U Uf. For any z € H, z = 21 + 22 where 21 = Qz and 22 = (Id —Q)z. Then
Rz =Pz+2z—Qz= Pz + 2z and (Rz,2) = (Pz; + 22,2) = (P21, 21) + || 22]%. If
z1 = 0 then (Rz,2) = ||22]|*> = ||2]|?>. Suppose that z3 # 0 and z; # 0. Denote by
Amin the smallest non zero eigenvalue of P. We have

(Rz,2) = (Pz1,21) + ||| = (UAU* 21, 21) + || 22||? = (AU* 21, U*21) + || 22|
> Amin[[U7 2117 + |22/ = Amin (21, Q21) + [[22]* = Ain|20 ]| + [| 22|
> min{1, Amin }||2]2.
If zo = 0 the above analysis holds with z = 2; and result in strong positivity
parameter equal to Apiy.

We continue by noting that by definition we have @ o P = P, and symmetry of
P yields P o @ = P. Therefore, Ro Q = P and for z € H we have

(Pz,2) = (QPz,z) = (Pz,Qz) = (RQz,Qz), (35)

which will be used throughout this proof. Observe now that for z* € zer(T") # 0
we have —Mz* € Az*. By monotonicity of A and (31a) we have (MZz, — Mz* +
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PZ,,2* — Z,) > 0. Then
0<(Mz, — Mz"+ Pz,,z* — z,) = (PZ,,2" — Z,)
= (PZ,, Q2" — QZn) + (RQZn, QZn) — (RQZn, QZn)
= (PZ,,Qz" — Qzy) — Q2 %, (36)

where the equalities follows from skew-symmetricity of M and (35). We show that
|Qz, — Qz*|| g is decreasing using (36):

1Qzn11 — Q2" ||k = Qzn — Q2" + \nQZn|%
= Han - QZ*H%?, + 2)‘n<an - Qz", P2n> + )‘iHQZHH%C
<Qzn — Q2" 7 — An(2 — An)1Q%n | %- (37)

Let us define the sequence x,, = @z, and T, = @z, for every n € IN. Then,
since P o @Q = P the iteration for x,, = Qz, is written as

T, =Q(H + A)ilp(xn)

Tng1 = T + A (T, — Tp). (38)
Let G=(H+ A)"'Pand G' = QoG. It follows from H = P+ M and (31a) that
0€T(G(z)) + PG(z) — P=z. (39)

Use (39) and monotonicity of T at z* € zer(T) and G(z*) to derive
0 < (G(z*) — z*,Pz* — PG(z")). (40)

In view of (40) and positivity of P, we have (G(z*) — z*, PG(z*) — Pz*) = 0,
and by [l, Corollary 18.17], PG(z*) — Pz* = 0. Hence, since Ro QQ = P, we
have RQG(z*) — RQz* = 0, and strong positivity of R implies Qz* = QG(z*) =
QG(Qz*), where the last equality is due to G o Q@ = G. Thus, Qz* is a fixed point
of G = QG. We showed that if z* € zer(T') then Qz* € Fix(G'), i.e.,

Q zex(T) C Fix(G'). (41)

Furthermore, for any 2* € Fix(G’') we have Pz* = PG'(z*) = PQG(z*) = PG(x*).
Combine this with (39) to derive G(2*) € zer(T). Therefore, 2* = G'(z*) =
QG(z*) € Qzer(T). This shows that if 2* € Fix(G’), then z* € Qzer(T), i.e.,
Fix(G") C Qzer(T). Combine this with (41) to conclude that the two sets Fix(G’)
and Qzer(T') are the same. On the other hand, we rewrite (37) for z,, and Z,:

lTnt1 — QZ*”?% <||zn — QZ*H?:,; = An(2 = A)[|Zn — xn”?% (42)

Therefore, (z,)nen is Fejér monotone with respect to Fix(G’) in the Hilbert space
Hp. Since (Ay)nen is uniformly bounded in ]0, 2], it follows that

G'(xn) — Xy =Ty —xp — 0. (43)

Let = be a sequential cluster point of (z,,)new, say Tk, — . G’ is continuous since
G' = Qo G and G is assumed to be continuous. Thus, it follows from (43) that
G'(z) —x =0, i.e., x € Fix(G"). This together with Fejér monotonicity of z,, with
respect to Fix(G’) and [1, Theorem 5.5] yields z,, — = € Fix(G’).

The proof is completed by first using G o Q = G and continuity of G to deduce
that z, = G(z,) = G(x,) converges to G(z*) € zer(T), and then arguing for
convergence of z,. We skip the details here because they are identical to the last
part of the proof in [14, Theorem 3.3]).
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(i): Follow the procedure in the proof of Theorem 3.2 to derive (19), except
that in this case the cocoercive term is absent. This yields

0 < (=M(zn — 2nt1) = H(Zn — Znt1), Zn — Zns1) — (H(Zn — Zng1), 20 — 2n41). (44)
Since H = P+ M and M is skew-symmetric, (44) simplifies to
0 < (=P(Zn — Zn41), Zn — Zng1) + (—P(2n — 2n41), Zn — Zng1)
= —11Q% — QZnt1llk + An{PZn, Zn — Zny1), (45)
where we used (35) and (31b). Using identity (22), we derive
1Qznl% = Q2041 % = 2(RQZ0, Q20 — QZny1) — [|Q2n — QZnpa R

= 2<PZ7L7 Zn — Zn+1> - ”an - Q2n+1||2R

> (& -1) 192 — Qs (46)
where we made use of (45). Consider (37) and sum over n to derive
YicoNi(2 = M)QZE < Q=0 — Q2% (47)

Inequality (46) shows that ||QZ,]|% is monotonically nonincreasing. Combine this
with (47) and uniform boundedness of Ay, i.e., (Ap)nen C [€,2 — €] for some € > 0,
to derive

1
s 12 * (|2
1Qzn[% < m”@zo — Q"R (48)
Furthermore, it follows from (38) and definition of z,,, Z,, that
|n41 = 2nllf = NQZ]% < (2 - €)?1QZ |- (49)
Combine (49) and (48) to derive
(2 — 6)2 *
20 = Znt1 % < WHQZO — Qz"|[%- (50)

This establishes big-O convergence for (z,,)new. The little-o convergence of ||QZ,[|%
and subsequently ||z, —211]|% follows from (46), (47) and [17, Lemma 3-(1a)]. We
derive from (35) that ||z, — Znt1l|% = (20 — 2n+1, P(2n — 2n41)). Then it follows
from [1, Corollary 18.17] that

1Pz = Pz |? < I1Pl2n — @ns e (51)

Set 7 = = )2, and combine (51) with (50) to yield big-O convergence for the
sequence (Pzn)ne]N. Similarly little-o convergence follows from that property of
[0 — Tni1ll- (|

4. OPERATOR SPLITTING SCHEMES AS SPECIAL CASES

We are ready to consider some important special cases to illustrate the impor-
tance of parameters S, P and K. Further discussion on other special choices for
the parameters appear in Section 5 in the framework of convex optimization with
the understanding that it is straightforward to adapt the same analysis for the
corresponding monotone inclusion problem.
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4.1. Forward-Backward Splitting. When H = v 'Id, S = Id and M = 0,
Algorithm 1 reduces to FBS. Let 5 be the cocoercivity constant of C' with respect

to the canonical norm || - ||, then 8/~ is the cocoercivity constant with respect to
the P norm and condition (6) of Theorem 3.1 becomes
(An)nen C [0,8] with 6=2— %, ~ €]0,48], liminf Ay(6 — An) > 0. (52)
n— oo

This allows a wider range of parameters than the standard ones found in the litera-
ture. The standard convergence results for FBS are based on the theory of averaged
operators (see [13] and the references therein) and yield the same conditions as in
(52) but with v €]0, 23] (see also [14, Lemma 4.4] and a slightly more conservative
version in [1, Theorem 25.8]). Additionally, if C'= 0, FBS reduces to the classical
PPA.

The convergence rate for FBS follows directly from Theorem 3.2. Since D =
7721d and P = v~ '1d, (15) holds with ¢; = ¢ = y~!. Consequently, if (A,(5 —
An))new C [1,00[ for some 7 > 0, we have

1201 < 1%,

ECEEI

and |22 = o(1/(n + 1)).

4.2. Solodov and Tseng. In Algorithm 1, set C =0, A = Nx and H = Id, where
Ny is the normal cone operator of X, and X is a nonempty closed, convex set in

H. Then we recover the scheme proposed by Solodov and Tseng [33, Algorithm
2.1].

4.3. Forward-Backward-Forward Splitting. Consider Algorithm 1 when M is
skew-adjoint and set H = v~ 'Id, S = Id. We can enforce o, = v by choosing
A = (V|(vTId +M*)Z, || /|1Za ). Tt remains to show that the sequence (A )nen
satisfies the conditions of Theorem 3.1. Since M is skew-adjoint, we have A\, =
1+ (v[|[MZz,]|/|1Z.]))?, and if the stepsize satisfies v €]0, || M||~1/1 — 1/(28)[, then
(An)nen is uniformly bounded between 0 and ¢ (in fact it is larger than 1) and thus
satisfies (6). Under these assumptions Algorithm 1 simplifies to

Z, = (Id+7A4) " (Id —yM — 7C)z,
Znt1 = Zn — YM (Zn — 2n) -

This algorithm resembles the FBFS [35]. Indeed, if C' = 0, then the range for
the stepsize simplifies to v €]0, ||[M| [ and yields the FBFS when its Lipschitz
operator is the skew-adjoint operator M.

4.4. Douglas-Rachford Type with a Forward Term. We now focus our atten-
tion on a choice for P, K and S that lead to a new Douglas-Rachford type splitting
with a forward term. In Section 3 we consider more general S, P, K and the al-
gorithm presented here can be derived as a special case in Section 5.4 in which we
also discuss a 3-block ADMM algorithm. Consider the problem of finding z € H
such that

0 € Dx+ Ex + Fz, (54)
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together with the dual inclusion problem of finding y € H such that there exists
r €H,

0€ B~y —a. (55)
where D : H — 2", E : H{ — 2" are maximally monotone and F : H — H is
n-cocoercive with respect to the canonical norm. Let I be the Hilbert direct sum
K =H & H. The pair (2*,y*) € K is called a primal-dual solution to (54) if it
satisfies (55). Let (z*,4*) € K be a primal-dual solution, then z* solves the primal
problem (54) and y* the dual (55). In this section, we assume that there exists z*
such that o* € zer (D + F + F). This assumption yields that the set of primal-dual

{OEDJE—FFQS—Fy

solutions is nonempty (see [3,11] and the references therein for more discussion).
Reformulate (55) in the form of (3) by defining
A:K =28 (z,y) = (Dz, E™Yy), (56a)
M e %K) : (z,y)— (y,—), (56b)
C:K—=K:(z,y) = (Fz,0). (56¢)

The operators A and M are maximally monotone |1, Proposition 20.23 and Example
20.30]. It is easy to verify, by definition of cocoercivity, that C' is cocoercive. Let
v >0, 6 €[0,2], (the case of # = 2 can only be considered in the absence of the
cocoercive term and results in classic DR, see Proposition 4.1). Set

PeBK): (z,y)— (v 'a— 10y, — 302 +y), (57a)
K e BK): (z,y) — (30y, —30z), (57b)
SeBK): (x,y) — ((3 — 0y e —y, —x+ ’Yy) . (57¢)

The operators P and S defined in (57) are special cases of (65) and (74b) when
L=1Id, v = 72_1 = . It follows from Lemmas 5.1 and 5.3 that they are strongly
positive for 6 € [0,2]. Then H = P + K becomes

HeBK): (v,y) = (v 'z, 0z +y). (58)
Notice that H has the block triangular structure described in Lemma 3.1. By using
this structure as in (33) and substituting (57), (58) in Algorithm 1, after some
algebraic manipulations involving Moreau’s identity as well as a change of variables

Spn = Xy, — YYn (see proof of Proposition 4.1 for details), we derive the following
algorithm:

Algorithm 2 Douglas-Rachford Type with a Forward Term

Inputs: zg € H, sg € H
for n=20,...do
Tn = 'yD(Sn _’Yan)
rn = Jyp(0%, + (2 — )z, — sp)
Sn+1 = Sn + pn(rn - -fn)
Tp4+1 = Tp + pn(i‘n - xn)

In the special case when p,, = 1, the last line in Algorithm 2 becomes obsolete
and Z,, can be replaced with x,1. The next proposition provides the convergence
properties for Algorithm 2.
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Proposition 4.1. Consider the sequences (Tpn)new and (Sp)neN generated by Al-
gorithm 2. Let n €]0,400] be the cocoercivity constant of F. Suppose that one of
the following holds:

(i) 0 € [0,2], v €]0,n(4 — 6%)] and the sequence of relaxation parameters
(pn)new is uniformly bounded in the interval

4-6>—/n
e [0 = |

(ii) F =0, 0 €0,2], v €0,00[, and sequence (pn)nenN uniformly bounded in

the interval
(prnen € [0.2 - V2 =1].

(iti)) F =0, 0 =2, v €]0,00[, (pn)nen uniformly bounded in the interval |0, 2],
and K is finite-dimensional.

(59)

Then, there exists a pair of solutions (z*,y*) € K to (55) such that the sequences
(n)nen and (sp)neN converge weakly to x* and x* — yy*, respectively.

Proof. See Appendix. O

Next proposition provides convergence rate results for Algorithm 2 when 6 = 2,
based on Theorem 3.4. Similarly, for the case when 6 € [0, 2, convergence rates can
be deduced based on Theorem 3.2. However, we omit it in this work. Furthermore,
when metric subregulariy assumption in Theorem 3.3 holds, linear convergence
follows without any additional assumptions.

Proposition 4.2 (Convergence rate). Let K be finite-dimensional. Consider the
sequences (Tp)new and (sp)neN generated by Algorithm 2. Let F = 0, § = 2,
v €]0,00[, and (pn)new be uniformly bounded in the interval ]0,2[. Then

l[sn41 — snl® < T 1Qz0 — Q=" [,

and ||$n11—5n]|? = o(1/(n+1)) for some constant T > 0, where Q is the orthogonal
projection onto ran(P), R=P +1d—Q, and z, = (zn, v YNy — sn))

Proof. See Appendix. a

Remark 4.1. Recently, another three-operator splitting algorithm was proposed
in [18] which can also be seen as a generalization of Douglas-Rachford method
to accommodates a third cocoercive operator. In the aforementioned paper, the
forward step takes place after the first backward update, while in Algorithm 2 it
precedes the backward update. Whether this is better in practice or not is yet to
be seen.

Furthermore, the parameter range prescribed in [18, Theorem 3.1] is simply v €
10,2n[ and (pn)nenv €]0,2— 5[, while for Algorithm 2 it consists of v €]0,n(4— 62)[
with relaxation parameter uniformly bounded in the interval (59). For 6 € [0,v/2],
Algorithm 2 can have larger step size but it is important to notice that this might not
necessarily be advantageous in practice because the upper bound for the relaxation
parameter in (59) decreases as we reduce 6. For example if we fix p,, = 1, conditions
of Proposition 4.1 become 0 €]1,2[ and 7v/n €]0,(2 — )(0 — /2 —6)[. This step
size is always smaller that the one of [18]. However, if the relaxation parameter p,
is selected to be small enough then v can take values larger than the one allowed
in [18].
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Algorithm 3

Algorithm 7

g g Apply = l = LU }lz =0
to dual = =t
v o dua. V
DRS 3-block rori- Sabach Brlceno—An Chambolle-
R ADMM Teboulle | Combettes | Pock [8]
Apply h=0
Pn =1\ to dual =2

ADMM

FIGURE 1. Algorithm 3 and its special cases

Remark 4.2. In Algorithm 2 the case § = 2, p, = 1 with F' = 0 (see Proposi-
tion 4.1(74)) yields the classical DRS [28]. This choice of P is precisely the one
considered in [14, Section 3.1.1].

5. STRUCTURED NONSMOOTH CONVEX OPTIMIZATION

One of the characteristics of Asymmetric Forward-Backward-Adjoint splitting
(AFBA) introduced in Section 3, is availability of the parameters P, K and S which
are independent of each other. In the general form, P is a strongly positive operator
to be chosen but it directly effects the convergence through the cocoercivity constant
in Assumption 3.1(éi). S and K are arbitrary strongly positive and skew-adjoint
operators, respectively. This introduces a lot of flexibility which proves essential
in the development of this section. We will see that by properly choosing these
parameters we can recover and generalize several well known schemes proposed in
the recent years. Specifically, we will recover the algorithms proposed by Vi and
Condat [14,306], Briceno-Arias and Combettes [6] and the one of Drori and Sabach
and Teboulle [21]. These algorithms belong to the class of so called primal-dual
algorithms and owe their popularity to their simplicity and special structure. They
have been used to solve a wide range of problems arising in image processing, ma-
chine learning and control, see for example [3,8, 15]. Recently, randomized versions
have also been proposed for distributed optimization (refer to [2,12,31]). As the
last contribution of the paper we will present a generalization of the classic ADMM
to three blocks. Figure 1 summarizes the connections between these algorithms in
the form of a diagram. We start with the following convex optimization problem

migi&n{ize f(x)+h(z)+ (gO1)(Lx), (60)
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and its dual

minimize (f + ) (~L"y) + (g 01" (v), (61)

where H and G are real Hilbert spaces, f € T'g(H), g € I'o(G), L € #(H,G) and
h : H — R is convex, differentiable on H with Sp-Lipschitz gradient for some
B €]0, +oo[. Furthermore, I € T'o(G) is B, '-strongly convex for some 3; €]0, +00]
or equivalently VI* is §;-Lipschitz. The infimal convolution g O can be seen as a
regularization of g by I and when [ = 10y, (¢0!) simply becomes g and VI* = 0. In
our analysis we will always consider the special cases [ = tfoy and h = 0 separately
because they result in less conservative conditions.
Throughout this section we assume that there exists x* such that

x* € zer (Of + Vh+ L*(0g O Ol)L). (62)

The interested reader is referred to [11, Proposition 4.3] for conditions on existence
of such z*. We consider the saddle point problem corresponding to (60). This
allows us to exploit Algorithm 1, and develop a unifying algorithm. We do all this
in the context of optimization, with the understanding that it is straightforward to
adapt the same analysis for the corresponding monotone inclusion problem. The
saddle point problem is

minimize maximize f(x)+ h(z) 4+ (Lz,y) — (¢ O1)*(y).
z€H yeg

The optimality conditions are

{o € 0f(z) + Vh(z) + L*y,

0 € dg*(y) + Vi*(y) — L. (63)

It follows from (62) that the set of solutions to (63) is nonempty. We say that
(z*,y*) is a primal-dual solution if it satisfies (63). Furthermore, if (z*,y*) is a
solution pair to (63), then z* is a solution for the primal problem (60) and y* is a
solution to the dual problem (61). For further discussion on duality see [11, 14,
and the references therein. Let IC be the Hilbert direct sum K = H @ G and define
the operators

A:K =28 (z,y) = (Of (), 09" (v)), (64a)
Me BK): (x,y) — (L*y, —Lx), (64b)
C:K—K:(z,y)— (Vh(z), VI*(y)). (64c)

The operator A is maximally monotone [I, Theorem 21.2 and Proposition 20.23],
and the operator C is cocoercive (see Lemma 5.2). The monotone inclusion problem
(63) can be written in the form of (3):

0€Az+ Mz+Cz,
where z = (x,y). Let 6 € [0, +o0o[ and set
PeBK): (z,y)— (1 'z — L0L*y, 0Lz + 5 'y), (65)
K e BK): (z,y) — (30L*y, —30Lx).
Then H = P + K yields
HeBK): (z,y) ~ (v 'z, —0Lz + 5 'y) . (66)



ASYMMETRIC FORWARD-BACKWARD-ADJOINT SPLITTING 19

Remark 5.1. We make the above choices for clarity of exposition. It is straightfor-
ward to adopt the same analysis when ~; and v, are replaced by general strongly
positive operators I'y and I's.

Operator H defined in (66) has the block triangular structure described in Lemma
3.1. Therefore, in view of (33), z, = (H + A)~*(H — M — C)z, becomes

T, = proxX., ¢ (zn, — 1L yn — NVA(z0)), (67a)
Yn = ProxXy, g« (Yn + 72 L((1 — O)zp + 02) — 72 VI (yn)). (67b)

The following two lemmas will play an important role in development of this section.
Lemma 5.1 provides a tight estimate for the strong positivity parameter of P,
while in Lemma 5.2 we develop estimates for the cocoercivity parameter of C given
by (64c).

Lemma 5.1. Consider P defined by (65). Let 1,72 > 0 and
- g
= JOILIE > . (68)
Then P € §;(K) where
=t gt = LYo+ (0 - g2 (69)

Proof. Let z = (z,y). First consider the case when ||L|| > 0 and 6 €]0,00[. We
have

(2, Pz) = (vy 'z — 300"y, @) + (—10La + 75 'y, y)
=7 2l? + 3yl — 6(La, y)
— o|1L|? - €
> (7! = LD 22 + (5t~ )yl (70)

where we used the Fenchel-Young inequality for £|-[|%. Select e = —%(v; ' —75 ")+

\/||L||2 + (7' =512, to maximize the strong positivity parameter. It is easy
to verify that € > 0. Substitute € in (70) to obtain (z, Pz) > 7|2||?, where T is given
by (69) and is positive as long as (68) is satisfied. The case when either ||L|| = 0
or § = 0 results in 7-strongly positive P with 7 = min{y;*,75 '}, which is also
captured by (69). O

Lemma 5.2. Let B €]0,+00] and B; €]0,4o00[ be the Lipschitz constants of Vh
and VI*, respectively. Let P be defined by (65) and assume that v1,v2 > 0 are such
that (68) is satisfied. Then C given by (64c) is B-cocoercive with respect to the P
norm, where

8 =Tmin{g ", 8; '}, (71)
with 7 defined in (69). If in addition | = 1oy then
_ -1 -1 _ 2,2 2
B=87" (- ZOULI?). (72)
Proof. See Appendix. O

Remark 5.2. Tt is easy to derive a more conservative strong positivity parameter in
Lemma 5.1 similar to [36, Equation (3.20)]:

. 1 _ 0
r=min{y;",25"} (1 3 VAl (73)
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It must be clear that 7 in (71) can be replaced with (73). However, (73) does not
result in simplification of our convergence analysis and the strong positivity param-
eter (69) is larger (less conservative) than (73), as long as P is a strongly positive
operator. Notice that according to (71) larger 7 results in larger cocoercivity pa-
rameter for C' and hence is less conservative. A more general version of Lemma 5.2
for several composite functions can be easily derived in a similar way but we will
not consider it in this article.

Algorithm 1 gives us an extra degree of freedom in choosing .S. Our aim here is to
select S so as to derive an easy to implement scheme without sacrificing flexibility
and generality of the algorithm. To this end, let us define S; € #(K), Se € B(K)
as follows:

Si:(zy) = (7 '+ (1=0) Ly, (1-0) La+75 'y +7(1-0)(2— )LL), (T4a)

Sy i (x,y) = (Ve +y2(2—0)L* Lo — Ly, — La 45 'y). (74b)
Then, let 4 € [0,1] and define
S=(uSyt+ (1 —-wsyh) ", (75)

so that S~ is a convex combination of S;! and S5 *. For operator D defined in (4)
we have
D = Dy + (1 — p) Dy, (76)
for p € [0,1], where Dy € #(K) and Dy € #(K) follow from (4) by substituting Sy
and Sy, respectively:
Dy (z,y) = (v 'o— L*y,—La+v5 'y +71(2—60)LL*y), (77a)
Dy: () = (v o +72(1-0)(2—0)L* La+(1-0) L*y,(1—0) Le+7; 'y).  (77b)
This choice is simple enough, yet it allows us to unify and generalize several well

known methods. The following lemma establishes conditions for strong positivity
of S, D and will be used throughout this chapter.

Lemma 5.3. Let v1,72 > 0 and assume that (68) holds. Then S and D defined in
(75) and (76) are strongly positive.

Proof. See Appendix. O

Lemma 5.3 shows that this choice of S poses no additional constraint on the
parameters because it is strongly positive under the same condition required for
strong positivity of P. By using (67) and S defined in (75) (or equivalently D
defined in (76)), we derive the following algorithm from Algorithm 1.

Algorithm 3

Inputs: zo € H, yo € G
forn=0,...do
I prox,hf(xn —nL*y, — 1Vh(z,))
I = D10% g (g + 12L((1 = B) + 07) — 1290 (3)
In =Tn —Tn, Yn =Yn —Yn
Compute «, according to (78)
Tn+l = Tn + an(i‘n - /’6’71(2 - G)L*gﬂ)
Ynt1 = Yn + an(y2(1 — ) (2 = 0) LTy, + Fn)
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_ 0 E 4 v gall? — 06Fn, L)
n — \n ~ ~ 9
V(Zn, Un)

where
V(@nyGn) =71 1 Zall® + 95 10al” + (1= n)r2(1 = 0)(2 = 0)[| L, ||
+ (2 = )L Gnll” +2((1 = p)(1 = 0) — u)(&ny L*Gn).  (79)
The convergence properties of Algorithm 3 are stated in the following theorem.
When [ is the indicator of {0} or h = 0, it is possible to derive less conservative
conditions. Theorem 5.1 distinguishes three cases: the general case; the case with

[ = t{0y; and the case when h =0, | = t{gy. The analysis for h = 0 and general [ is
similar.

Theorem 5.1. Consider the sequences (Tn)new and (Yn)new generated by Algo-
rithm 3. Let By, €]0,+o00[ and B; €]0,+o0] be the Lipschitz constants of Vh and
Vi*, respectively. Let 8 € [0, 00 and suppose that one of the following holds:

(i) (An)new is such that (6) holds with

1
0=2— > max{/, fn}, (80)

where T is defined in (69) and
4rmin{B, ', B} > 1. (81)

(i) 1 = 110y, (An)new is such that (6) holds with
— -1 —
522 B (7 - 20 L)P) " and A7t - REYLE > 2
(i) 1 = tr0y, h =0 and (An)new is such that (6) holds with § =2 and
= 26L) > 0. (82)

w) =1y, h=0, 0 =2 and K is finite-dimensional. (A\p)peN is uniformly
{0}
bounded in the interval |0,2[ and v;* — yo||L||*> > 0.

Then there exists a pair of solutions (z*,y*) € K to (63) such that the sequences
(n)new and (Yn)new converge weakly to x* and y*, respectively.

Proof. (i): The proof relies on Theorem 3.1. From (81) we have that (68) holds.
Therefore, strong positivity of P and S follow from Lemmas 5.1 and 5.3. Use
Lemma 5.2 and substitute (71) in (6) to derive (80) and (81). Therefore, weak
convergence follows by invoking Theorem 3.1. (éi): Mimic the proof of (i) but
replace the cocoercivity parameter, 3, with (72) instead of (71). (4ii): The proof
is similar to previous parts, except that we use Theorem 3.1 with C' = 0. (iv): In
this case P € S(K), P = 0. In view of (64a), (66) and Lemma 3.1 (H + A)"'P is
continuous, and thus Theorem 3.4 completes the proof. (]

Remark 5.3. Condition (81) of Theorem 5.1 can be simplified for some practical spe-
cial cases. For example, if 7, = v, = 7, (81) becomes v < 4 (20||L|| + max{ S5, 5 }) "

Remark 5.4. Algorithm 3 requires 4 matrix vector products in the general case.
However, we consider two special cases 4 = 1 and g = 0 in which only 2 matrix
vector products are needed. Consider the case where p = 0. Initially calculate Lxzg
and LTo. This yields LZg, ag and consequently Lx; = Lxg + agLZg. Continue in
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the same fashion. Therefore at each iteration we only need to calculate Lz,. A
similar trick can be applied when p = 1.

Remark 5.5. Algorithm 3, is not symmetric with respect to the primal and dual
variables. Switching the role of the primal and dual variables we obtain
Yn = ProX,, g (Yn +v2Lwn — 72V (yn))
Tp = pI‘OX,Ylf(-'IIn - 'YIL*((l - e)yn + agn) - 71Vh(l‘n))
Tp =Tn — Tn,Yn = Tn — Yn
Yn+1 = Yn + an(:u(Q - 9)'721/5571 + gn)
Tpt1 = Tn + 0 (Tn — (1= p)(2 = )11 L Fn),
with
_ 0 IE A v gall? + 06En, L)
Up = An ~ - s
V(Zn, Yn)

where
V(@ Gn) = 71 1Z0ll* 472 1G]l + 1722 = )| LT |12
+ (1= (1= 0)2 - )L G
= 2((1 = )1 = 0) — p) (&, L"),
for p € [0,1] and 6 € [0, o0
5.1. Special Case 6 = 2. One notable special case of Algorithm 3 is the algorithm
proposed by Vit and Condat in [14,36]. Substitute § = 2 in Algorithm 3 to obtain
Ty = prox,, ¢ (Tn — L Yn — 11 Vh(2n))
Un = ProXy, g (Yn + 12 L(2Zn — 1) — 72V (yn))
Tn =Tn = TnyYn = Yn — Yn
Tpt1 = Tp + AnTn
Ynt1 = Yn + AnTn.

The convergence results are summarized in the following proposition and they are
direct consequences of Theorems 3.2, 3.4 and 5.1 and for this reason the proof is
omitted.

Proposition 5.1. Consider the sequences (Zy)new and (Yn)new generated by Al-
gorithm 4. Let By €]0,+o0] and f5; €]0,+o0[ be the Lipschitz constants of Vh and
VI*, respectively. The following results hold:

(1) (Convergence) Suppose one of the following holds:
(i) (An)new is such that (6) holds where § is defined in (80) with 8 = 2.
(i) 1 = t10y, (An)new is such that (6) holds with 5:2—%(71_1—72HLH2)_1,
and 3
=l LI >
(iii) | = 110y, h =0 and (Ap)new is such that (6) holds with 6 =2 and
¥ =l >0,

(iv) I = 1501, h = 0 and K is finite-dimensional. (Ap)new is uniformly
bounded in the interval 10,2 and 47 — 72|/ L||? > 0.
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Then there exists a pair of solutions (x*,y*) € K to (63) such that the
sequences (Tp)neN and (Yn)new converge weakly to x* and y*, respectively.

(2) (Convergence rate)
(1) Let (An(6 — Ap))new C [z, 00 for some T > 0. For (1-i)-(1-iii) the

following convergence rates hold:

_r
7(n+1)
(i) For (1-iv) the convergence rates in (34) holds, with R, Q defined therein.

1201 < lzo = 2*[I3  and [|Z.][3 = o(1/(n+1)).

Remark 5.6. The conditions in Proposition 5.1(1-7) are less restrictive than the
conditions of [30, Theorem 3.1]. In the case when [ = t(g), a less conservative
condition was proposed in [14, theorem 3.1], which is also more conservative than
Proposition 5.1(1-ii). The difference is that in the latter v; ' — 42|/L||?> needs to
be larger than fj,/4 rather than larger or equal to ;,/2. In the special case when
K is finite-dimensional, Proposition 5.1(1-iv) coincides with [14, theorem 3.3].
Proposition 5.1(2) Further provides big-O and little-o convergence rates by only
requiring (A, (2 — A\p))new C [7, oo[ for some 7 > 0.

5.2. Special Case 6 =0, u = % Another special case of Algorithm 3 generalizes
the algorithm proposed by Briceno-Arias and Combettes in [6]. Specifically, setting
0 = 0 in Algorithm 3, the Gauss-Seidel-type proximal updates are lost but positive
definiteness of P boils down to «; > 0, for ¢ = 1,2. In addition, we set u = % and
select A, such that the algorithm converges with constant stepsize «,, = 1 (see the

proof of Proposition 5.2). This leads to Algorithm 4:

Algorithm 4

Inputs: zg € H, yo € G

for n=0,...do
Ty = prox., 1(Tn — M L*Yn — 11 Vh(2n))
ZLL = pI‘OX,ng* (yn + fYQL-rn - 72Vl*(yn))
Tp =Ty *l’n,ﬂn =Yn — Yn
Tnt1 = Ty — ’YlL*gn
Ynt1 = Yn + 12 LTy

The convergence results for Algorithm 4 are stated in the following proposition.

Proposition 5.2. Consider the sequences (Zn)newN and (Yn)new generated by Al-
gorithm 4. Let By €]0,+o0[ and B €]0,+o0[ be the Lipschitz constants of Vh and
VI*, respectively. Suppose that one of the following holds:

(i) 8= Tmin{%, ﬁl—h} with T defined in (69) and
-1 _ L 2 >
(ii) 1 = tg0y and
_1 2 ﬁh
At =l > (59)

(iii) 1= 10, h =0 and ;" — || L|]* > 0.
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Then there exists a pair of solutions (x*,y*) € K to (63) such that the sequences
(n)new and (Yn)new converge weakly to x* and y*, respectively.

Proof. See Appendix. O

Remark 5.7. We can derive o(1/(n + 1)) convergence rate for Algorithm 4 using
Theorem 3.2. It must be noted that this leads to more restrictive conditions com-
pared to the ones required for convergence in Proposition 5.2. It was shown in the
proof of Proposition 5.2 that (A,(d — An))new C [1, 0] for some 7 > 0. Further-
more, P and D are given by (65) and (76) with 6 = 0 and p = %, and it’s easy to
verify that (15) holds for ¢; = 1 and ¢y = 1 + y172||L||?>. According to Theorem
3.2, the o(1/(n + 1)) convergence rate is achieved if (Ap)nemw C [0,c¢10/c2]. By
substituting ¢; and co, we derive the following sufficient condition

L+ 7172l L)%)? < 2 — 45, (85)

where 3 is defined in (71), and in the special case when | = ¢{¢y, it can be replaced
by the simpler term in (72).

Remark 5.8. In Algorithm 4, if 1 = 72 = 7, h = 0 and | = 140}, the error-free
version of the algorithm proposed by Briceno-Arias and Combettes [0, Algorithm
(4.8)] is recovered. Furthermore, it follows from (85) that o(1/(n + 1)) convergence
rate is guaranteed if
VL2 € V-1,

It is worth mentioning that another splitting was proposed by Combettes and Pes-
quet in [11, Theorem 4.2] that solves the minimization problem (60). The afore-
mentioned algorithm requires two evaluations Vi and VI* per iteration.

5.3. Special Case 0 =1, = 1. As another special case, we derive an algorithm
that generalizes the scheme proposed recently by Drori and Sabach and Teboulle
in [21]. When 6 = 1, Algorithm 3 essentially leads to Arrow-Hurwicz updates.
In addition, we set p = 1, and select A, in order to have o, = 1 (see proof of
Proposition 5.3). This simplifies the iterations and results in Algorithm 5:

Algorithm 5
Inputs: zo € H, yo € G
forn=0,...do
Ty = prox., ¢(Tn — L Yn — 11 Vh(20))
Yn+1 = ProXo, o (Yn + 72 LTy — 12 VI* (yn))
Tpyl = Tn — ’YlL*(yn-&-l - yn)

In the next proposition we establish convergence results for Algorithm 5. The
proof is similar to that of Proposition 5.2 and is omitted here.

Proposition 5.3. Consider the sequences (xy)neN and (Yn)new generated by Al-
gorithm 5. Let By, €]0, 400 and B €]0,+o0o[ be the Lipschitz constants of Vh and

VI*, respectively. Suppose that one of the following holds:
(i) B = Tmin{i, ﬂih where T is defined in (69) and
(a) 26 > 1,

2
() 7t = (1+ i) IEI2 > 0.
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(ii) 1 = tg0y and

Brm < 2 =2 | LIP = vyl L2 (86)
(iii) | = 150y, h =0 and
= ellLl? > 0.
Then there exists a pair of solutions (x*,y*) € K to (63) such that the sequences
(Zn)neN and (Yn)new converge weakly to z* and y*, respectively.

Remark 5.9. In Remark 5.7 we deduced o(1/(n+1)) convergence rate for Algorithm
4 using Theorem 3.2. We can similarly deduce the same rate for Algorithm 5. How-
ever, also in this case Theorem 3.2 imposes more restrictive conditions compared to
the ones required for convergence in Proposition 5.3. It is easy to verify that in this
case (15) holds for ¢; = 2/(24 /7172l L||?), c2 = 2/(2— \/1172||L||?). According to
Theorem 3.2 we have o(1/(n + 1)) convergence rate if (A, )new C [0,¢10/c2]. With
c1 and ¢y defined as above we derive the following sufficient condition

1y ten/omlte) (87)

B (2* ’Yl’YzHLH2)27
with § = Tmin{é, Bih}, where 7 is defined in (69). For [ = 140y, (87) becomes

(24 L?)”

Bam < 4= mllLlP? - = 5mE

If in addition h = 0, it further simplifies to 12| L|* < % =0.192.

Remark 5.10. Algorithm 5 with f = 0 and | = ¢y reduces to the algorithm
proposed by Drori, Sabach and Teboulle in [21]. The authors require 8,y < 1,
y172||L||? < 1, which is less restrictive that (86).

5.4. Special Case: p = 0. In this section we discuss three algorithms that are
all special cases of Algorithm 3 when p = 0. Algorithm 7 was already discovered
in Section 4. Here we briefly restate it in the optimization framework. Algorithm
8 is an application of Algorithm 7 to a dual problem formulation. Algorithm 6 is
derived from Algorithm 3 when =0, h =0 and | = ¢(p}, by selecting A, in order
to have constant stepsize a,, = 1. A more general algorithm can be considered
that includes A and I, but this would complicate the conditions for selecting the
parameters.

Algorithm 6
Inputs: zo € H, yo € G
forn=0,...do
Tpy1 = Prox,, ¢(zn — 71L"Yn)
Yn = PIOX., g« (Yn + 72 L((1 = O)zp + O141))
Ynt1 = Un +72(2 = O) L(zn41 — x)

The next proposition provides the convergence results for Algorithm 6 through
the same reasoning used in Propositions 5.2 and 5.3.

Proposition 5.4. Assume that h = 0 and | = 1(oy. Consider the sequences
(n)new and (yn)new generated by Algorithm 6. Let 6 € [0,00[ and suppose that
one of the following holds:
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(i) vt = 72007 =30+ 3)|[ L] > 0,
(i) 6 =2, K is finite-dimensional and 'yfl — || L||? > 0.

Then there exists a pair of solutions (x*,y*) € K to (63) such that the sequences
(n)newN and (Yn)new converge weakly to x* and y*, respectively.

Remark 5.11. Algorithm 2 was introduced in Section 4 for the monotone inclusion
problem (54). It can be rediscovered here by considering Algorithm 3 with =0
and setting | = tgy, L to be the identity and v1 = 72_1 = ~ and following the
same algebraic manipulations. For this reason we only state it in the framework of
optimization and refer the reader to Proposition 4.1 for convergence results.

Algorithm 7 Douglas-Rachford Type with a Forward Term
Inputs: zg € H, sg € H
for n=0,...do
T, = prox, ;(sn — YVh(zn))
Ty = prox. (0%, + (2 — 0)z, — sn)
Sn+1 = Sn + pn(rn - Lfn)
T+l = Tp + pn(jn - xn)

ADMM Form. Consider the following problem

H_;iln_gnge fi(zy) + fa(z2) + f3(x3) (88a)
subject to Lixy + Lows + Lyzg = b, (88b)

where H1, ..., H4 are real Hilbert spaces, f; € T'o(H;), L; € B(H;, Hq) fori=1,2,3
and b € Hy. Additionally, fi is &-strongly convex for some £ €]0, +ool. It is well
known that the classic Alternating Direction Method of Multipliers (ADMM) is
equivalent to Douglas-Rachford algorithm applied to the dual problem (see [4] and
the references therein). We derive a new 3-block ADMM iteration in a similar way.
Consider the dual problem

miniyrnize d1(y) + da(y) + ds(y), (89)

where di(y) = fT(=Liy), d2(y) = f3(—Lsy) and d3(y) = f3(—L3y) + (y.b). By
strong convexity of f; we have that d; has a £7!||L;||?>-Lipschitz gradient. Form
the augmented Lagrangian

2

3 3 3
Ly (x1,22,23,Y) = Zlfz(%) + <%§Li$i - b> + % ZILNUZ —b

We apply Algorithm 7 with p, = 1 to (89) and after a change of order and some
algebraic manipulations we derive Algorithm 8 (the procedure is similar to the one
found in [22, Section 3.5.6] for the classic ADMM). Our 3-block ADMM can be
written as
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Algorithm 8 3-block ADMM

Inputs: (21,0, 72,0,23,0) € H1 X Ha X Hz, (yo,y1) € Ha x Hy
for n=20,... do

Yn = (9 - 1)yn + (2 - 6>yn71

T1 g1 = argming Lo(T1, T2n, T30, Yn)

Ty py1 = argming, L (21n, T2, 23,0, Yn)

T3 41 = argming Lo (T1,n41, 72,041, T3, Un)

Ynt1 = Un +7Y(L121 041 + Lo nt1 + L2z np1 — b)

Proposition 5.5. Let Hi,...,Hy be finite-dimensional, f; € To(H;), b € Ha,
L; € B(Hi,Ha) fori=1,2,3 and ker(Lg) = {0}, ker(Ls) = {0}. Let & €]0, +o0]
be the strong convezity constant of f1. Assume that the set of saddle points of (88),
denoted by X, is nonempty. Let 0 €]1,2[ and

v < &2 -0)(0 - V2-0)/||IL.|*. (90)
Then the sequence (T1n,T2.n,T3n, Yn)neN generated by Algorithm 8, converges to
some (x7,25, x5, y%) € .
Proof. Let (z7, 2%, x%,y*) denote a KKT point of (88), i.e.,

{068f,;(xf)+L;“ * for i =1,2,3

(91)
0=b— lef - LQ.’E§ — Lgxg

Algorithm 8 is an implementation of Algorithm 7 (or Algorithm 2 in the framework
of general monotone operators) when applied to the dual problem (89). Hence,
Proposition 4.1 yields y, — y, where y is a solution to (89). Let x1 be a point
satisfying —Liy € 0f1(x1). From strong convexity of f1 at x; and x1 5,11, we have

(Vu € 8f1(x1,n41)) (Yo € Of1 (1)) Ellarn1 — 21| < (u— 0,21 041 — 21).
It follows from the optimality condition for the x; 41 update and the definition of
1 that
Elrrnrr —a1l* < {=Liyn + L1y, 21,011 — 21) <[ Lall[@1ns1 — 21l llyn — yll-
Combine this with the convergence of (yn)new to derive x1, — x;. From the
change of variables to derive Algorithm 8 we have
Sn = Yn = VL1215 — VL3730, (92)

which together with the convergence of (s,)neN, (Yn)new (see Proposition 4.1) and
(1,n)nen imply that (Lzzs ,)nenw converges to a point. Since ker(Lz) = {0}, it
follows that (3, )nemw converges to some xg. From the optimality condition for the
23 n+1 update and the last step in Algorithm 8, we have

—L3ynt+1 = —L3Gn — vL5(L121 ny1 + Lozonyr + Lsxs nir — b) € Of3(23.n41)-

Taking the limit and using [1, Proposition 20.33(iii)], we have —L3y € 9f3(x3). On
the other hand, Theorem 3.1(4i) and the last line of Algorithm 8 yield

Yn+1 — Yn — 0, and L1$17n + LQ.Z'Q,»,L + Lgl‘gm — b. (93)

It follows from (92), (93), and the convergence of (s, )neN, (Yn)new that (Lazs n)nen
converges to a point. We can now argue almost exactly as we did for (L3x3.5)nenN-
Since ker(Lg) = {0}, we deduce that (2 ,)nen converges to some z,. Combine the
optimality condition for the x2 ,4+1 update and the last step in Algorithm 8 with
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the convergence of y,, to derive —L3y € dfa(x2). Altogether, we showed that the
limit points (z1, xo, x3,y), are jointly optimal by the KKT condition (91). O

Remark 5.12. The convergence rate of Algorithm 8 can be deduced similar to Al-
gorithm 2 from Theorems 3.2 to 3.4 with p,, = 1. However, we do not consider it
in this paper due to lack of space.

Remark 5.13. In the case when f; = 0 we can choose the limiting value 8 = 2 and
recover the classical ADMM (see Proposition 4.1(%4)). On the other hand if fy or
f3 vanish, the Alternating Minimization Method (AMM) [34] is recovered. Finally,
when both f; and f3 vanish then the dual ascent method is recovered.

Remark 5.14. In the recent work [18, Algorithm 8], another 3-block ADMM for-
mulation is presented by following similar algebraic manipulations (It is derived by
applying their Algorithm 7 to the dual). It should be noted that they do not re-
quire rank assumptions on Lo, L3. In contrast to that work in our version (1, )nen
and (z2,n)nen are updated in parallel which corresponds to the fact that in Algo-
rithm 2 the forward step precedes the first prox step. Furthermore, in our algo-
rithm, (22,)nen and (23,)nen are updated using the augmented Lagrangian at
(0 — 1)y, + (2 — 0)y,,—1 rather than y,,. Moreover, the stepsize in [18, Theorem 2.1]
has to satisfy v < 2¢/||L1||*. This is always larger than the stepsize in (90). Refer
to Remark 4.1 for further discussion, noting that Algorithm 8 is derived by setting
the relaxation parameter, p,, equal to one.

Remark 5.15. Some of the other recent attempts to directly generalize ADMM for
3 blocks include [7,9,23,25,27]. In [9], it was shown through a counterexample that
a direct extension of ADMM to more that 2 blocks is not convergent in general.
In order to ensure convergence, additional assumptions on strong convexity of the

functions or rank of L;’s are needed. In [7] the authors require one function to
be strongly convex and Lo and L3 to have full column rank, while [25] modify
the steps with regularization terms and [27] solves a perturbed problem (see [27]

and the references therein for further discussion). In contrast to these papers, the
first minimization step of Algorithm 8 consists of minimizing a normal Lagrangian
rather than an augmented one (therefore it can be trivially executed in a distributed
fashion in the case where f is block-separable) and it can be performed in parallel
to the second step.

6. CONCLUSION AND FUTURE WORK

In this paper we introduced a unifying operator splitting technique called
Asymmetric-Forward-Backward-Adjoint splitting (AFBA) for solving monotone in-
clusions involving three terms. We discussed how it relates to, unifies and extends
classical splitting methods as well as several primal-dual algorithms for structured
nonsmooth convex optimization. Asymmetric preconditioning is the main feature
of AFBA that can lead to several extensions and new algorithmic schemes. Explor-
ing block triangular choices for the operator H in (66) that lead to Gauss-Seidel-
type updates for multi-block structured convex optimization problems is certainly
a promising research direction. Another research direction involves investigating if
the linear operator M can be replaced by a Lipschitz operator. It is also desirable
to study randomized variants of our algorithm for problems with block structure
in order to further reduce memory and computational requirements. Some natural
applications include distributed optimization, control and image processing.
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7. APPENDIX

The proofs omitted in the main text are listed below.

Proof of Proposition 4.1. (i): Let us start by noting that P and S defined in (57)
are special cases of (65) and (75) when L = Id, 71 = 7, ' = v and, as such, are
strongly positive if § € [0,2] (see Lemmas 5.1 and 5.3). Next, consider step 3 of
Algorithm 1 and Substitute the parameters defined in (57), to derive
an _ Il _ 7l + 2l ” = 645, ) -
A Nzl 02 =30 4 3)1Enll? + Gl + 2(1 = 0)(Fn, Gn)
where D is defined in (4) and by construction is strongly positive. Let \,, be equal
to the inverse of the right hand side in (94) multiplied by p,, where (p,,)nen C|0, 2[.
This would result in «,, = p, and simplify the iterations. Consider C defined
in (56¢), we have

-1
[Cz—C||por =~ (1—16*) " ||Cz— C|*.

From here it is easy to see that C' is $-cocoercive with respect to P norm, where
B =mny"'(1—16?). In order to apply Theorem 3.1, condition (6) must hold. From
strong positivity of D, boundedness of P and the fact that p,, is uniformly bounded
above 0 it follows that (A, )nenw Clv1, 0o[ for some positive v1. Let vo be a positive
parameter such that

1 20,24+ V2-10)
1/2<2*%*2_*_—9, (95)
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holds for all n € IN. It’s easy to verify that such v, exists as long as p,, is uniformly
bounded in the interval (59). For brevity, we define 5’ such that 2%3, = % + vs.
Additionally, introduce the notation v = p, (2 — g), w1 = v0 +2(1 = 0), wp =
62 — 30+ 3. We proceed by showing that ), is smaller than 2 — ﬁ —vo. A sufficient
condition for this to hold is

£ =771 v = w)llZall* + (v = DIIFnll® = wi(Zn, Fn) > 0. (96)

Apply the Fenchel-Young inequality for §|| - ||? to lower bound &:

€2 (v (v —wa) = |wil§) 1Zall® + (v(v = 1) = |wilz:) 1nll?, (97)

where | - | is the absolute value. It follows from (95) that v > 1 for all n € IN. Let
|w|
2v(v-1)

€= so that the term involving ||,[|? in (97) disappears. We obtain

w? ~
77 (v—w2 — iy ) a2 > 0, (98)

which is sufficient for (96) to hold. By substituting w; and we and after some
algebraic manipulations we find that the condition (95) is sufficient for the right
hand side in (98) to be positive. Consequently, Theorem 3.1 completes the proof
of convergence. We showed that we can set a,, = p,, by choosing \,, appropriately.
Algorithm 2 follows by setting a,, = p,, a change of variables s, = x, — YYn,
substituting x, 1 and application of Moreau’s identity.

(#): Mimic the proof of (i), but use Theorem 3.1 with C' = 0, by showing that
Ap is uniformly bounded between 0 and 2.

(4ii): When 6 = 2, we have P € S(K), P > 0. It follows from (56a), (58) and
Lemma 3.1 that (H + A)~!P is continuous. Therefore, since F' = 0, by appealing
to Theorem 3.4 and following the same change of variables as in previous parts the
assertion is proved. O

Proof of Proposition 4.2. Following the argument in proof of Proposition 4.1(iiz)
and Theorem 3.4(i1) yields

1Pzn11 — Pzal® < 2L 11Q20 — Q2% %, (99)

and || Pz,11 — Pz, ||? = o(1/(n+1)), where z,, = (2,7 *(#, — s5,)). Combine this
with definition of P, (57a) with 6 = 2, to derive

|Pzns1 = Peall? = (1 4+7 ) 541 — sal% (100)
Furthermore, simple calculation shows that P? = (y +~~1)P. Hence for all z € K
IP2|* = (v + 77 )(z, P2)

= (v (7l + Ayl - 2, y)
< (v, (101)

where we used Fenchel-Young inequality with e = «. It follows from (101) that
|P|| < (v+~1). Combining this with (99) and (100) completes the proof. O
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Proof of Lemma 5.2. For every z and z; in K we have
(Cz—C\ 2= 2") = (Vh(z) = VA('),z — ') + (VI"(y) = VI" (), y — ¥)
1 1 * *
> —||Vh(z) = Vh(z")|]* + = VI*(y) = VI*(y/)|?
Bh B
> min{B, 87} Cz - O (102)

It follows from Lemma 5.1 that P € S;(K) with 7 defined in (69). Therefore, we
have ||[P~!|| < 771, Using (102), we have

(Cz—CZ\ 22y >min{B; ', B, ' }|Cz — CZ|)?
= [|P7HI mind 87 8 HICF = O
> rmin{f;, B H|Cr — O || %0

Hence, C is 3-cocoercive with respect to || - || p, where 8 = 7min{3; ', 5, '}. In the
case when [ = gy, we have VI* = 0 and it is possible to derive less conservative
parameters. Define the linear operator @ : (z,y) — (x,0), then,

1QzI3-1 = (. (3 1A =226L* L)"') < |la]]?(3; 1A= 220%L* L)
_ V2 _
< Q=120 = 2oL

where we used (65). For 8}, €]0, +00[, considering the above inequality and the fact
that Cz = (Vh(x),0) we obtain

_ Y _
|C2 = C/ s < (07" = Z262ILI%) ! [ Vi) - VAR
< Bu(r ! = ZOILI?) T (Vh(@) - Vh(a'),x — ')
= Bu(rr! = ZOPLIP) T Cz - Oz = ),

where the last inequality follows from the Baillon-Haddad theorem [1, Corollary
18.16]. This shows that C is S-cocoercive with respect to || - ||p, with 8 defined
in (72). O

Proof of Lemma 5.3. We start by showing that Sy is strongly positive. Lemma
5.1 asserts that P € S;(K) with 7 defined in (69). Simple algebra shows that
7 < min{y; !, v5 '} If 0 € [2, 00| define a constant ¢, such that 0 < ¢ < 7, otherwise

-1
if 6 € [0, 2] set ¢ such that 0 < ¢ < min{r, %}. Then for all z = (z,y) € K,
((P —cId)z, z) > 0 which implies

-1 _ 2 _ 62 2
(! — Al — g 1Ll > (108)
It follows from (74b) that

(2,822) = 77 Hlz)® = 2(La, y) + 3 'lyl* +72(2 — 0)|| Lz||?
=c|zl]?+ (" = o)llz|® = 2(Lz,y) + (v5 " — ) |lyl|> +12(2 — 0)|| Lz|?
>cllzll* + (it = ollzlP + (it == Ollyl® + (12(2 — 0) — e || L3,
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where the inequality follows from Fenchel-Young inequality for §|| - [|*. Let ¢ =
75 1 — ¢ so that the term involving ||y||? disappears, and use (103) to derive

(5,822) 2 cllzlP + (7 = el + (2 (2 - 0) — == ) I La?

> cllal? + (22— 0) + (§ - 1) == ) 1Ll (104)

75—
It follows from the choice of ¢ for both 6 € [0,2[ and 0 € [2, 00] that the last term
in (104) is nonnegative and hence, Sy € S.(K). The analysis for Sy is similar and
have been omitted here. Hence, it follows that S;* and S5 ' are strongly positive
and so is their convex combination and its inverse, S. Furthermore, It was shown
in (5) that if S and P are strongly positive, K skew adjoint and M monotone, then
D € 8,(K) for some v €]0, 00[, where D was defined in (4). We conclude by noting
that D in (76) can be derived by substituting S in (4). O

Proof of Proposition 5.2. Algorithm 4 is a special case of Algorithm 3 and conse-
quently of Algorithm 1. Let us establish the proof by directly showing that Theorem
3.1 is applicable with (A,)nen selected such that «,, = 1, while satisfying (6). For
all (1)-(iii), strong positivity of the operators P, S, and D follow from Lemmas 5.1
and 5.3. Set

_ D ellZEl 4 L
= = =14+ = . .
1211 7 EN? 22 G012
Such a choice would yield a,, = 1. A sufficient condition for (6) to hold is to show
that (A,)new is uniformly bounded between 0 and §. From strong positivity of
D and boundedness of P it follows that (A;)new € [v1,00[ for some positive v;.

Denote by 3 the cocoercivity constant of C' with respect to || - || p. We proceed by
showing that (A\p)new C [v1,2 — % — vg]. Assume that

An

(105)

0 < 1—mllLl? - . (106)
Then, there exists a positive constant v, such that
vy < 1—myllL|? - 2. (107)

It follows from (105) that
V2l LIP[IZn]* + Y2l LI [1Fn )12

¥ 1Eall? + 73 (1712
where in the second inequality we used (107) to upper bound both 7o| L||? and
71||L||?. We showed that (106) is sufficient for (6) to hold. Consequently, Theorem
3.1 completes the proof of convergence.

(7): By Lemma 5.2, substitute 8 in (106) with (71) to derive (83). The algorithm
follows by substituting a,, = 1 in Algorithm 3 when § =0 and u = %

(#i): Similar to (i), since [ = vy, substitute 3 in (106) with (72), i.e. § =
By 'yt This choice of B results in (84) and the algorithm follows.

(#ii): The proof is similar to previous parts, but we show that (\,),en is uni-
formly bounded between 0 and 2, and then use Theorem 3.1 with C' = 0. O

A <14

<2—%—1/27
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