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ADAPTIVE DOUGLAS-RACHFORD SPLITTING ALGORITHM
FOR THE SUM OF TWO OPERATORS*

MINH N. DAO' AND HUNG M. PHANf¥

Abstract. The Douglas—Rachford algorithm is a classical and powerful splitting method for
minimizing the sum of two convex functions and, more generally, finding a zero of the sum of
two maximally monotone operators. Although this algorithm is well understood when the involved
operators are monotone or strongly monotone, the convergence theory for weakly monotone settings is
far from being complete. In this paper, we propose an adaptive Douglas—Rachford splitting algorithm
for the sum of two operators, one of which is strongly monotone while the other one is weakly
monotone. With appropriately chosen parameters, the algorithm converges globally to a fixed point
from which we derive a solution of the problem. When one operator is Lipschitz continuous, we prove
global linear convergence, which sharpens recent known results.
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1. Introduction. Inclusion problems that involve finding a zero of the sum of
two set-valued operators play an important role in various areas of variational analysis
and optimization. For instance, under some constraint qualifications, the classical
optimization problem of minimizing the sum of two convex functions can be converted
to the problem of finding a zero of the sum of subdifferential operators of these
functions. One popular approach for the sum of two maximally monotone operators
is to employ the Douglas—Rachford (DR) algorithm. This algorithm was originally
introduced in 1956 by Douglas and Rachford [22] to numerically solve a system of
linear equations arising in heat conduction. In 1979, Lions and Mercier made the
algorithm applicable to a broad class of optimization problems through the seminal
work [30]. More specifically, they proved that each sequence generated by the DR
algorithm converges weakly to a fixed point which is then used to derive a solution of
the original problem. This result was later strengthened by Svaiter [36] in which weak
convergence of the shadow sequence to a solution was shown. In the formulation of
the DR algorithm, each step involves computing the resolvent of a single operator, and
hence it is often referred to as a splitting algorithm. Since mathematical structures
emerging from applications are usually complex and difficult to analyze as a whole
object, the idea of splitting is extremely important as it helps the calculation on simple
components that make up the entire mathematical model. It is worth mentioning (see,
e.g., [23]) that several splitting methods such as the method of partial inverses [35]
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and the alternating direction method of multipliers (ADMM) [25] can be written in
the form of the DR algorithm, which itself can be transformed into the proximal point
algorithm [34]. Other splitting schemes can be found in [13, 14, 16] and the references
therein.

When applied to two normal cone operators, the DR algorithm can be used to
solve the feasibility problem of finding a common point of two sets. In this context,
the DR algorithm possesses many good properties; for example, it finds a best ap-
proximation point when the intersection of sets is empty [3, 5, 8], it finds an exact
solution after only a finite number of iterations under verifiable conditions [1, 4, 7],
and it converges globally in some nonconvex settings [9, 19] while it converges locally
with linear or sublinear rate under some regularity assumptions [11, 29, 33]. In the
absence of constraint qualifications, [6] suggests that the DR algorithm outperforms
the well-known method of alternating projections. In attempting to generalize the DR,
algorithm for feasibility problems, several parameters were added to its formulation
[12, 17, 18, 24]. In this case, one has the freedom to modify the parameters that
are associated with the projections without giving up the solution. This approach
is possible because the underlying normal cone operators have homogeneous values,
which allows for scaling them independently. The situation changes completely when
working with general problems where two involved operators may no longer have such
homogeneity. In this case, a naive scaling may destroy the ability to solve the orig-
inal problem. Therefore, we aim to overcome this hurdle by proposing an adaptive
approach.

The paper is devoted to the convergence analysis of the adaptive DR algorithm for
finding a zero of the sum of a- and S-monotone operators, in which a-monotonicity
is a unification of strong and weak monotonicity (see Definition 3.1). This situation
arises in various important applications; see [27] for a brief discussion. The main
contributions are summarized below.

(R1) We incorporate parameters into the DR algorithm so that the weak con-
vergence to some fixed point is achieved (see Theorem 4.5). The chosen parameters
then allow us to derive a solution to the original problem by using the shadow of
the fixed point. In addition, the shadow sequences converge strongly to the solution
whenever the strong monotonicity strictly outweighs the weak counterpart. We show
by a simple proof that the rate of asymptotic regularity of the adaptive DR, operator
is 0(1/4/n). As expected, these results are also valid for the classical DR algorithm.

(R2) Under the Lipschitz continuity assumption, we prove that the convergence
is strong with linear rate (see Theorems 4.8 and 4.14) and that our linear rate re-
fines previous results (see Corollary 4.10 and Remark 4.11). We note a particular
result in Theorem 4.8(ii) that when one operator is Lipschitz continuous and the
other operator is strongly monotone, the adaptive DR, algorithm converges linearly
as long as the strong monotonicity constant is greater than the Lipschitz constant.
This is interesting since no monotonicity assumption is imposed on the Lipschitz
operator!

To the best of our knowledge, the results are new and encompass several con-
temporary works in this direction. Indeed, our results provide a consolidation for
the classical DR algorithm and its adaptive version. In particular, we show how the
parameters play a role in the convergence analysis of the algorithm.

The remainder of the paper is organized as follows. Section 2 supplies definitions
and facts that are necessary for our analysis. In section 3, we define and study various
relevant properties of a-monotone operators with and without Lipschitz assumptions.
The main results for the adaptive DR algorithm and its convergence analysis are



ADAPTIVE DOUGLAS-RACHFORD SPLITTING ALGORITHM 2699

presented in section 4. Section 5 contains some applications to structured minimiza-
tion problems. Finally, concluding remarks and comments are given in section 6.

2. Preliminaries. Throughout this work, X is a real Hilbert space with inner
product (-,-) and induced norm || - ||. The set of nonnegative integers is denoted
by N, the set of real numbers by R, the set of nonnegative real numbers by R :=
{z € R| z > 0}, and the set of the positive real numbers by R} := {z € R | z > 0}.
We use the notation A: X = X to indicate that A is a set-valued operator on X and
the notation A: X — X to indicate that A is a single-valued operator on X.

Let A be an operator on X. The domain of Aisdom A := {x € X | Az # @}, the
graph of Ais graA := {(z,u) € X x X | v € Az}, and the set of fized points of A is
Fix A := {z € X | x € Ax}. The inverse of A, denoted by A1, is the operator with
graph gra A=! := {(u,7) € X x X | u € Ax}. We say that A is Lipschitz continuous
with constant ¢ € R, if it is single valued and

(1) Va,y€domA, |Az— Ay| < (|z —y.

The operator A is nonexpansive if it is Lipschitz continuous with constant 1, i.e.,
(2) Va,yedomA, [Ar— Ay| < ||z -yl

An operator A: X = X is said to be monotone if

(3) V(z,u), (y,v) € grad, {(x—y,u—v)>0,

and said to be mazimally monotone if it is monotone and there exists no monotone
operator B: X = X such that gra B properly contains gra A. The resolvent of
A: X = X is defined by

(4) Ja = (Id+A)7,

where Id is the identity operator. The relazed resolvent of A with parameter A\ € R
is defined by

(5) T3 = (1= Td+\Ja.

Next, we recall an important characterization of maximally monotone operators.

Fact 2.1. Let A: X = X be monotone and let v € Ry . Then domJ,4 = X if
and only if A is mazximally monotone.

Proof. By definition, dom J,4 = ran(Id +vA) := (Id+vA)(X). Since v € R4,
it holds that vA is monotone. According to Minty’s theorem (see, e.g., [2, Theo-
rem 21.1]), dom Jy4 = ran(Id+vyA) = X if and only if yA is maximally monotone.
By [2, Proposition 20.22], the latter occurs if and only if A is maximally monotone.O

We conclude this section with the following useful identity whose omitted proof
is straightforward. For all s,¢ € X and all 0,7 € R,

(6) los + 7t)|* = o(o + 7)|[s]I* + (o + T)It]* = o7lls — ¢]%,

which is equivalent to

oT
(7) olls|® +7llt* = ——|Is — tlI* +

HaerTtHz
o+T o+T

whenever o + 7 # 0.
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3. Relaxed resolvents of a-monotone operators.

DEFINITION 3.1 (a-monotonicity). An operator A: X = X is said to be a-
monotone (a € R) if

(8) V(m,u),(y,v) EgraAa (x—y7u—v> ZaHx—yHQ.

The constant « is referred to as the monotonicity constant. We also say that A
is maximally a-monotone if it is a-monotone and there is no a-monotone operator
whose graph strictly contains gra A.

We note that 0-monotonicity simply means monotonicity, that if « > 0, then
a-monotonicity is precisely the notion of strong monotonicity [2, Definition 22.1(iv)],
and that if « < 0, then a-monotonicity can be referred to as weak monotonicity.
For detailed discussions on maximal monotonicity and its variants as well as the
connection to optimization problems, we refer the reader to [2, 10, 15].

LEMMA 3.2 (monotonicity versus a-monotonicity). Let A: X = X and let
a, B € R. Then the following hold:
(i) A is a-monotone if and only if A — S1d is (a — 3)-monotone.
(ii) A is mazimally a-monotone if and only if A — S1d is mazimally (o — B)-
monotone.
Consequently, A is (resp., mazimally) a-monotone if and only if A — «ld is (resp.,
mazimally) monotone.

Proof. (i) We first have the equivalences

(9a) (x,u) € grad < (z,u— fzx) € gra(4A — f1d),
(9b) (y,v) € grad <= (y,v— Py) € gra(A - 81d),
and

(10) (z—y,u—v) > alla—y|* <= (z -y, (u—pBz) = (v-Py)) > (a=pB)llz—y|*,

from which the conclusion follows.

(ii) Assume that A is maximally a-monotone. By (i), A—/31d is («—8)-monotone.
Now, suppose that A—1Id is not maximally («— )-monotone. Then there must exist
B’: X = X such that B’ is (a — 3)-monotone and gra(4 — S1d) € gra B'. Tt follows
that B := B’+1d is a-monotone due to (i) and that gra A C gra B, which contradict
the maximal a-monotonicity of A. We deduce that if A is maximally a-monotone,
then A — $1d is maximally (o — 8)-monotone. This also implies that if A — g1d is
maximally (o — 8)-monotone, then A = (A — g1d) 4+ £1d is maximally a-monotone,
and we are done. |

LEMMA 3.3 (resolvents of a-monotone operators). Let A: X =2 X be a-mono-
tone and let v € Ry,. Then the following hold:
(i) For all (z,a),(y,b) € gra Jya,

(11a) (z—y.a—8) > (1+r0)|a—b[* and
(11b) o =yl = (1 +~a)la - b].

(i) If Jya is single valued, then, for all x,y € dom J, 4,
(12) (@ =y, Jyaz = Jyay) = (L +7a)[Jyaz — Jyayl?,

i.e., Jya is (1 + ya)-cocoercive.
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Proof. (i) Let (x,a), (y,b) € graJya. Then z € (Id +vA)a, y € (Id+vA)b, and so
T =a+yu, y =b+ v for some u € Aa, v € Ab. We derive from the a-monotonicity
of A that

(13a) (z—y,a—b) = ((a+yu) — (b+v),a—0)
(13b) = |la=b|® +7{a—bu—uv)
(13c) > fla = bl]* + ~alla - bf|?
(13d) = (1 +va)|a — b||>.

Now, by the Cauchy—-Schwarz inequality,
(14) Iz = ylllla = bl = (& —y,a—b) = (1 +~a)]la—b]?

which gives ||z — y|| > (1 + va)||a — b|| while noting that this is trivial when a = b.
(ii) This is a direct consequence of (i). |
PROPOSITION 3.4 (single-valuedness and full domain). Let A: X =2 X be a-

monotone and let v € Ry such that 1 +~a > 0. Then the following hold:

(i) Jya is single valued.

(ii) domJ,4 = X if and only if A is mazimally a-monotone.

Proof. (i) This follows from Lemma 3.3(i).

(ii) By Lemma 3.2(i), A’ := A—aId is monotone. Noting that (7)1 = Tflo% Id
for any operator T' and any 8 € R \ {0}, we have

(15a) Joa = (Id+7A4) 7" = (1 +7a) [d+v(A — ald)) ™'
-1
Y / 1
1 =11 A I
(155) (d+1+va ) o<1+7a d)
1
(15¢) =J a0 (1 T Id) .

It follows that

16a domJ,y =X <= domJ_~ 4 =X
¥

I+~ya
(16b) <= A’ is maximally monotone (by Fact 2.1)
(16¢) <= A is maximally a-monotone (by Lemma 3.2(ii)).
The proof is complete. ]

Next, we further characterize the maximal a-monotonicity.

PROPOSITION 3.5 (maximal a-monotonicity). The following statements hold:

(i) Let A: X = X and o € Ry.. Then A is mazimally a-monotone if and only
if A is a-monotone and maximally monotone.

(ii) Let A: X — X and o € R. Then A is maximally a-monotone if A is a-
monotone and continuous with full domain.

Proof. (i) Since a > 0, it follows from Fact 2.1 that A is a-monotone and maxi-
mally monotone if and only if A is a-monotone and dom J4 = X, which, by Proposi-
tion 3.4(ii), happen if and only if A is maximally a-monotone.

(ii) Set A’ := A — aId. Then A’ is monotone (due to Lemma 3.2(i)) and contin-
uous with full domain. By [2, Corollary 20.28], A’ is maximally monotone, and by
Lemma 3.2(ii), A is maximally a-monotone. d
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In fact, an anonymous colleague has led us to the simple but important equivalence
in Proposition 3.5(1). From now on, we will simply use maximal a-monotonicity
whenever convenient.

Remark 3.6 (Lipschitz c-monotone operators). Suppose that A is Lipschitz con-
tinuous with constant £. Then A is single valued and

(17)  Vz,yedomA, |[(z—y, Az — Ay)| < |z —y| - [Az — Ay| < {||z —yl?,
which yields
(18) Vz,y € domA, —l|z—y|® < (z—y, Az — Ay) < |z — y|*.

We immediately deduce that A is (—¢)-monotone. Now suppose, in addition, that A
is a-monotone. On the one hand, we can always assume without loss of generality
that o > —¢. On the other hand, it follows from the a-monotonicity and (18) that
a < f as soon as dom A has more than one element. Therefore, unless otherwise
stated, whenever A is both a-monotone and Lipschitz continuous with constant ¢, we
assume that |a| < /.

As seen in the following lemma, when an a-monotone operator is also Lipschitz
continuous, its resolvent possesses metric properties stronger than Lemma 3.3. Some
of these properties were also observed in [26, 32| for the o > 0 case.

LEMMA 3.7 (resolvents of Lipschitz a-monotone operators). Let A: X — X be
Lipschitz continuous with constant £ and let v € Ry . Then the following hold:
(i) For all (z,a),(y,b) € gra Jya,

1 —b|| > -
(19a) la— o] > 1+7ellﬂf yll,
1 1
a9h)  fe-ga—8) > Sle—ylP+ 50222 b2,
and if v < 1, then
2 —y,a—b) > —y|?.
(20) (x—y,a—b) > 1+7£le vl

li I’ A iS a—mO’rLOtOTw wlth ]. + ’ya > 07 then, ’01 all x, y S dOm J A
vy
( ) <.'I; y"]?l‘x e Y‘ly> >— ( ’Yi )Z J ||'T y” ’

where

1

T oatpe 1=t

(22a) ay =
if v < 1;

(1+va)(1+~£)
and if additionally A satisfies (8) with equality, then

1

22b _=—
(22b) WY 2ya + 202
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Proof. (i) Let (x,a), (y,b) € graJ,a. Then z = a + vAa and y = b+ vAb. By
Lipschitz continuity, |[Aa — Ab|| < £|la — b||. It follows that

(23) [z =yl <lla—0bl+~[Aa — Abl| < (1 ++£)|la— b]|

and that

(24a) 2(x—y,a—b) = [lz —y|* + [la = b]|* = [|(z — a) = (y = b)|]?
(24b) = [l — yl* + la — blI* = ~?||Aa — Ab||?
(24¢) > |l —ylI> + (1 —¥*6%)]|a — b]%.

If v¢ < 1, then combining the above inequalities yields

1 — ~2¢2
(25) 2(x—y,a—b)2||x7y||2+m\|x—y\|2:

2
1+~

e =yl

and we get the claim.
(i) We first note that .J, 4 is single valued due to Proposition 3.4(i). Then (24)
reads as

(26) 2(x —y, Jyaxw — Jyay) > |z —yl? + (1 = ¥23) | Jyaz — Jyayl*.
We claim that if v¢ > 1 or A satisfies (8) with equality, then
262

1—x
27)  2(x—y, Jyax — Jyay) > |z —yl* +

TFqa (x —y, Jyax — Jyay) .

Indeed, the former case implies 1—v2¢? < 0 and, by combining (26) with Lemma 3.3(ii)
and noting that 1 +vya > 0, we get (27). In the latter case, Lemma 3.3(ii) reduces to

(28) (@ =y, Jyaz = Jyay) = (L+ya)|| Jyaz — Jyay|*.

Substituting this into (26), we also obtain (27).
Now, in view of Remark 3.6, 1 + 2ya + 7%(* > 1 + 2ya + 7%a? = (1 + ya)? > 0.
It thus follows from (27) that

I +ya 2
29 -, J —J > — = _x— .
( ) <'T Y, JyAT ’YAy> el 1+2’YO[+’Y2£2”$ y”
Finally, if v¢ < 1, then, by (i),
(30) (x =y, Jyar — Jyay) > 1+7€Hx—yH2,
and the conclusion follows. O

Remark 3.8 (a case of equality in (8)). At first glance, an operator that satisfies
(8) with equality seems unusual. Nevertheless, it turns out that there is a special
operator class that falls into this case. Indeed, let S: X — X be a linear skew
operator, i.e., S* = —5. Define A := S + ald with @ € R. Then, for all z,y €
dom A = dom S, we have that

(31) (@ —y, Az — Ay) = (v —y, S(z —y)) + ollz — y||* = allz — yI*,

i.e., A satisfies (8) with equality.
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Next, we turn our attention to the relaxed resolvent of an a-monotone operator,
which is a special case of the linear combination of the resolvent and the identity.
We will establish two types of metric estimations for relaxed resolvents, one for gen-
eral a-monotone operators and one for Lipschitz a-monotone operators. In fact, the
latter case possesses some Lipschitz estimations, which help when proving the linear
convergence in the next section.

PROPOSITION 3.9 (linear combinations of resolvents and the identity).
Let A: X = X be a-monotone and let v € Ry. Set J := Jya and define Q :=
vId+AJ with v, A € R.

(i) Suppose that J is single valued and v\ < 0. Then, for all x,y € dom J,

(32)  11Qz — Qul* < v?|lw =yl + A(2v(1 + ya) + A) ||z — Jy|*.

(ii) Suppose that A is Lipschitz continuous with constant £, 1 + vya > 0, and
A2v(1 4+ va) +A) <0. Then Q is Lipschitz continuous with constant

(33) pi= \/u2+)\(2u(1+'ya)+)\)a1,

where ay is defined as (22). If additionally A(v + 1_7%52) > 0 whenever
v < 1, then the Lipschitz constant (33) can be improved to

A2v(1 +va) 4+ A)
34 D= 2 <
(34) P \/y * 14 2ya + 7202 =7

Proof. Let x,y € dom J. By the definition of @,

(35a) 1Qz — Qyl* = v(z —y) + AN(Jz — Jy)||?
(35b) =z —y||? 4+ 2w\ (z —y, Jx — Jy) + \2||Jz — Jy|*

(i) Since vA < 0, combining (35) with Lemma 3.3(ii) yields
(36a)  [Qz — QylI* < v2|lz — ylI* + 20AA +ya) [ Jo — Jyl* + N[z — Jy||?
(36Db) =z —y)? + A2v(1 4+ ya) + A) [Tz — Jy||°.

(ii) First, according to Proposition 3.4(i), J is single valued, and so is ). Next,
using (35), Lemma 3.3(ii), and Lemma 3.7(ii) and noting that A(2v(1 +~va)+ ) <0,
we have

2

(37a) |Qz — Qul*> < v?|lz — y|* + 2vA (z — y, Jo — Jy) + T+ a (x —y, Jr — Jy)
A2v(1 +ya) + A)
.2 _ 2 _ _
(37b) =vilz —y|" + o (x—y,Jr— Jy)
(37c) <Vl —yl? + A2v(1 +ya) + N ayllz — yl> = p*llz — y?,

which implies that @ is Lipschitz continuous with constant p.
For the last statement, we show that «; in formula (33) can be replaced by

1
38 of R S—
(38) YT T 2va + 4202
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If (x —y,Jz — Jy) > (1 +~a)ay||z — y||?, then (37) also holds with «; replaced by
@,. Now, assume that (z —y, Jo — Jy) < (1 +~a)a,|lz —yl/*>. By Lemma 3.7(ii), we
must have v¢ < 1, and then, by assumption, A(v + 177#222) > 0. It now follows from
(35) and (19b) that

1Qz — QylI> < v?||lz — yl|* + 2vA (z — y, Jz — Jy)

A2 9
(39a) e Ry Je=Jy) =l =yl
A2 A

— (2 _ — 2 _ —
(39b) = (= 1)l P 2 (v b =) (= T = )
(39¢) < (1/2 - L) Iz —yl? + 2/\(1/ + #) (1 +~a)ay||z —y|?

= 1— 202 1 —~202 J
(394) = (¥ 4 2@ +70) + N)E ) 2~ ol = 7l — ul

Finally, we will prove @; > «, which implies p < p, i.e., the Lipschitz constant is
indeed improved. From the definition of «, it suffices to consider the case in which
ay = 1/(1 4+ va)(l +~£)). Then v¢ < 1. Since |a] < ¢ (see Remark 3.6), it holds
that

(40a) 0 < (1 4+~a)? <1+ 2ya+~2% <14 2ya + 202 + (v — ya) — Y(y — ya)

(40Db) =1+ ya+ v+ (ya)(vL)
(40c¢) = (1 +~va)(1+~¢),

and so

(41) ag L oy = L

= > .
1+ 2ya+ 202 — (1+~va)(1+~E)

The proof is complete. 0

Remark 3.10. In the setting of Proposition 3.9(ii), if #A < 0, then one can also
obtain a Lipschitz constant of @ via Proposition 3.9(i) and (19a) in Lemma 3.7(i), in
particular,

A2v(1 4+ vya) + A)
49 -~ 2 o [,2 2
(42) @ — Qul* < ( g ) el
i.e., @ is Lipschitz continuous with constant

A2v(1 4 ya) + A)
43 = 2 .

However, p' is actually larger than p in (33), which means that p is a better Lipschitz
constant than p’. To see this, since A(2v(1 4 ~va)+ ) < 0, we only need to check that
1/(1+ +£)? < ay. Noting from Remark 3.6 that a < £, we have 0 < 1+ ~vya < 1+~
and 0 < 1+ 2ya + 7202 < (1 4 v£)?. Therefore,

(44) ! < mi { ! ! <
- mn s S Q.
(14~£)2 — (I +va)(1++0)" 14 2va + 22 !
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COROLLARY 3.11 (relaxed resolvents of a-monotone operators). Let A: X = X
be a-monotone and let v € Ry . Suppose that J := J, 4 is single valued and define

R:=(1—-XNId+\J with A € Ry, and Q := R+ c1d with e € R. Then the following
hold:

(i) If A > 1, then, for all z,y € dom J,
(45) |Rz — RylI> < (A= 1)*[lz —ylI* = A((A = 1)(2+27a) = A)[|Jz — Jy]|*.
(ii) Ife < A —1, then, for all x,y € dom J,
1@z — Qyl* < (A —1—¢)?|lz —y|I”
(46) —A(A =12+ 2va) = A —2e(1 +ya))||Jz — Jy|*.
Consequently, if additionally (A —1)(2 + 2ya) — X — 2e(1 + ya) > 0, then Q
is Lipschitz continuous with constant (A —1 —¢€).

Proof. Because (i) is a consequence of (ii) with e = 0, it suffices to prove only
the latter. To this end, noting that @ = R+ eld = (1 — A + ¢) Id+AJ and using
Proposition 3.9(i) with v =1 — A 4+ ¢ < 0, we have that

(47a) 1Qz — Qul* < (1 = A +¢)?[lz —y|?
FA2A = A+l +va)+ N ||Jz — Jy||2
(47b) =(A-1—¢)lz—y|?

—MA =12+ 2va) — A —2e(1 +va)) || Jz — Jy|?,
which proves (ii). |

COROLLARY 3.12 (relaxed resolvents of Lipschitz a-monotone operators). Let
A: X — X be a-monotone and Lipschitz continuous with constant £. Also lety € Ry 4
and A € Ry be such that

(48) 1+ya>0 and A1+ 2ya)—2(14~ya) > 0.

Define J := Jya, R = (1 = XN)Id+AJ, and Q := Id—eR with ¢ € Ry. Then the
following hold:
(i) R is Lipschitz continuous with constant

() \/()\ —L7- )\((/\1——1—1)2?72&—1——1—2’:3()2_ )\) '

(ii) @ s Lipschitz continuous with constant

(50) \/(1 +e(A—1))2 —ex [2(1 +7a) +e(A(1 + 2ya) — 2(1 + ya))}ah

where oy is defined as (22).
Proof. (i) We observe that R = vId +AJ with v := 1 — A, that

(51) A2v(1 +ya) + A) = —A()\(l +2ya) — 2(1 + "/04)) <0,

and that, whenever v/ < 1,

A A
2 ———=1- AN+ ——=>1-A+ =1 .
(52) y—i-l YR ( A) 1—~20 > A+ A >0
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Applying Proposition 3.9(ii) to R = v Id +AId implies that R is Lipschitz continuous
with constant

(53) \/ R L

which gives the claim. _
(ii) Using the first part of Proposition 3.9(ii) and writing @ = vId +AJ with
v:=1+e(A—1)and X := —¢e), it suffices to check that
(54)  A2U(1+7a) +A) = (—eA) (21 + e(A = 1))(1 + 7a) + (—eX)) < 0.
Indeed, we have that € > 0, A > 0, and
(55a) 2(14+e(A—1)(1+ya) —eXd=2(1+va)+e(2(A—1)(1 +ya) — A)
(55b) =2(14+~va)+e(A(1+2ya) —2(1 +ya)) >0
by (48). So (54) holds and the conclusion follows. 0
4. Adaptive Douglas—Rachford algorithm. In this section, A, B: X = X,
(7,6, A, 1) € R, and & €]0,1[. We define
(56a) Jyi=Jya = (Id+yA)7 1, Ry = J0, = (1= A)Id+A\Jy,
(56b) Jo = Jsp = (Id4+6B) 1, Ry = J¥y = (1 — p)Id+pudo
and consider the adaptive DR operator defined by
(56¢) T:=(1-k)Id+xR2R;.

For convenience of notation, we already drop the parameters A, u, x and A, B as-
sociated with the operators Jy, Ry, Jo, Ra, and T. When (A, u, ) = (2,2,1/2), the
operator T in (56¢) reduces to the classical DR operator [22, 30]. In fact, formulation
(56) was previously used in [17, 18] for feasibility problems, which allow for eliminat-
ing v and § while choosing the parameters A and p independently. However, such
an advantage no longer exists for the case of general operators. In other words, all
parameters v, 0, A, and g must satisfy a certain set of requirements simultaneously,
as we will see shortly.

The adaptive DR operator is indeed motivated by the problem of finding a zero
of the sum of two operators, that is,

(57) find z € X such that 0 € Az + Bux.
We also denote by
(58) zer(A+ B) = (A+B) ' (0)={z € X | 0 € Az + Bx}

the set of solutions of problem (57). Given a starting point x¢g € X, the adaptive DR
algorithm generates a sequence (z,,)nen, also called a DR sequence, by

(59) VneN, x4 €T,

Then, we expect the DR sequence (z,)nen to converge to some point T € Fix T such
that J1T contains a solution to the original problem (57). For this purpose, we will
require that

(60) A=D(p-1)=1 and §=(A—-1)y,
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which are also equivalent to A = u/(n — 1) and v = (u — 1)d, respectively. The next
lemma shows the necessity of (60).

LEMMA 4.1 (fixed points of adaptive DR operator). The following statements
hold:

(1) Id-T = k(Id —R2Ry).

(ii) Suppose that (A —1)(np—1) =1. Then

(61) VexedomT, (Id-T)zx={ku(a—J2((1—Nz+Xa))|ac iz}
Consequently, if Jy is single valued, then Id =T = ku(J; — JoRy).

(iii) Suppose that (60) holds. Then FixT # @ if and only if zer(A + B) # @.
Moreover, if Jy is single valued, then
(62) J1(FixT) = zer(A + B).

Proof. (i) This is clear from the definition of T

(ii) Let « € domT. Noting that (A — 1)(x — 1) = 1 also implies A(u — 1) = u, we
have

(63a)

(Id—RyRy)z = {z — Ro((1 = N)z + Aa) | a € Jiz}
(63b) ={z—(1—p)((1=XNz+Xa) — pJ2((1 = Nz + Xa) | a € Jiz}
(63c) ={pa—J2 (1 =Nz + X)) | a € J1z}.

This together with (i) proves (61), from which the remaining conclusion follows.
(iii) We derive from the assumption and (ii) that

(64a) z €FixT < 0e€ (Id-T)x

(64b) < Ja€ Jiz, ac€ o((1-Nz+ Aa)

(64c) <= da€ Jiz, (1-X)(x—a)e€dBa

(64d) < Jae X, z—a€yAaand —(z —a) € yBa

(64e) <~ da€ 1z, 0€~yAa+~yBa

(64f) <= dJa € JyzNzer(A+ B),

which completes the proof. 0

As shown in Lemma 4.1, a solution of (57) can be found by means of fixed points
of the adaptive DR operator. Therefore, our analysis will mainly revolve around the
convergence to the fixed points under the condition (60).

4.1. Convergence via Fejér monotonicity. Recall that a sequence (z,)nen
is said to be Fejér monotone with respect to a nonempty subset of C' of X if

(65) Vee C, YneN, |apy1—c| < |z, —¢|.

The use of Fejér monotonicity is quite common in the convergence theory of monotone
operators. In the following abstract convergence result, our analysis relies on the Fejér
monotonicity of DR sequences generated by the adaptive DR operator T with respect
to Fix T and does not require the nonexpansiveness of RoR;.
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THEOREM 4.2 (abstract convergence). Let (wy,ws,ws) € R® such that

(66a) either {wg =w3 =0 and w1 > O}
09,109k

66b or {w 4+ w3 >0 and w +—>0}.
(66b) 2 + s et

Suppose that (A — 1)(p — 1) = 1, that J; and Jy are single valued, that FixT # @,
and that, for all x € domT, y € FixT,

[Tz —y|* < ||z — yl|* — wil|(Id =Tz
(67) —woll iz — J1y||? — w3 || JoRiz — JoRyy||*.

Let (xp)nen € domT be a DR sequence generated by T. Then (z,)nen converges
weakly to a point T € FixT. Furthermore, the following hold:
(i) If wa + w3 > 0, then the shadow sequences (J1Zp)nen and (JoR1Zy)nen con-
verge strongly to 1T and J1(FixT) = Jo Ry (FixT) = {J1T}.
(ii) If T is nonezpansive, then the rate of asymptotic reqularity of T is o(1//n),
ice., |(Id=T)z,|| = o(1//n) as n — +oo.
(iii) If, for all z,y € domT,

[Tz — Ty|* < ||z — yl|* — wi||(Id —T)z — (Id -T)y||?
(68) —wo|l iz — Jry||? — wsl|JoRiz — JoRyyl|?,

then (67) holds for all x € domT, y € FixT, and T is nonexpansive.
Proof. Define

0 ifw2:w3:0

ifLUQ +LLJ3>O,

1
and wj = w2tes
0 if Wy = W3 = 0.

Then

/

w
70 —2.>0 d wh>0.
(70) Wit g and  wh >

For all z,y € dom T, we derive from (7) and Lemma 4.1(ii) that

(71&) LUQ||J1$ — leH2 + LU3||J2R1$ — JgRlyHQ

(71Db) = wh||(J1 — JoR1)z — (J1 — JoR)y||* + wh|lwa (J12 — J1y)
+ w3 (JgRlx - Jley) H2
UJ

(71c) b ; |Id —T)z — (Id =T)y||* + wh|jw2 (J1z — J1y)

+ ws (JQRlit — JgRly) H2

Combining with the assumption on 7" implies that, for all x € dom T, y € Fix T,

172 = )2 < Jlo =yl = (w1 + > )mm ~T)a?

(72) — whl|wa (J1z — le) + w3 (J2Rix — JoRyy) ||
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Therefore, for all n € N and all y € Fix T,

2 2 wy 2
lznss =9l < llan =9l = (4 25 ) |1 =T
(73) — whllwa (Jr2n — J1y) + ws(JoRizn — JRuy)|?.

We deduce that (z,),en is Fejér monotone with respect to Fix T" and hence bounded.
By the telescoping technique, for all y € Fix T,

wh \ <X
(1) (wr+ 525 ) 2 10d =T
n=0

+oo
+ wy Z w2 (J1z — J1y) + w3 (JoRizn — JoRuy) |I?

n=0

< Jlzo — ylI* < +oc.
Since w; + H‘;’—f} > 0, it follows that
(75) (Id-T)z, — 0 asn — +oo.
Now let z* be a weak cluster point of (2,)nen. Then there exists a subsequence
(g, Jnen Of (Tn)nen such that z, — z*. By (75), Id—T)xi, — 0, and by [2,
Corollary 4.28], * € FixT. In turn, [2, Theorem 5.5] implies that (z,)nen converges

weakly to a point T € FixT'.
(i) If wg + w3 > 0, then wj = 1/(w2 + ws) > 0 and, by (74), for all y € Fix T,

(76) wo (Jlxn — le) + w3 (JQRll'n — JgRly) — 0.

Together with

(77) (Jizn — J1y) — (J2Rizp — J2R1y) = % (Id=T)z,, — (Id=T)y)
= i(ld Tz, — 0,

we obtain

(78) Jix, = Jiy and JoRix, — JoRiy = J1y,

which also means that J; (FixT) = JoRy (FixT) = {J,T}.
(ii) By the nonexpansiveness of T,

(79) vneN, |(Id-T)zpull = [Ten = Trnpll < 2 — 2nall = [(Id =T)zn|.

Combining with (74), we obtain that

(80) g”(ld D> < Y A -T)a|? =0 asn — +oo,
k=|n/2]

where |n/2] is the largest integer not exceeding n/2. The conclusion then follows.
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(iii) Assume that (68) holds for all z,y € domT. Then (67) holds for all z €

domT, y € Fix T since (Id —T)y = 0 in this case. Next, it follows from (68) and (71)
that, for all x,y € dom T,

w/
T2 = Tyl < flr =y = (@1 + 525 [0 ~T)z - (4 =Ty

(81&) — w§||w2 (Jll‘ — le) + w3 (JgRll‘ - JgRly) ||2
(81b) < llz —yl?,
which completes the proof. ]

The following result provides a quantitative measurement for the adaptive DR
operator, which is important for our analysis.

PROPOSITION 4.3 (metric inequality for adaptive DR operator). Suppose that A
and B are respectively a- and B-monotone, that (60) holds and min{\, u} > 1, and
that J1 and Jo are single valued. Then for all z,y € dom T,

11—k
[Tz - Ty|* < ||z — yl|* — —[|1d~T)z — (1d ~T)y|?
— k(2 + 2y — p) || hx — Jyyl?
(82) —kp(p— (2= 298)) | J2Raz — Jo Ryl

Proof. Let z,y € dom RyRy = domT. We observe from (6) and Lemma 4.1(i)
that

(83a) [Tz —Ty|* = (1 —k)lla —y|I* + | Ry R1z — RyRyyl?
— k(1 — &)||(Id =RaRy)z — (Id —Ro Ry )y||?

1—k

(83b) =1 =#K)llz —yl* - 1(Id =T)z — (1d =T )y||?

K
+ I€||R2R11‘ — R2R1y||2.
Next, applying Corollary 3.11(i) first to Rs and then to R; yields

(84a) |RoRiz — RoRuy|? < (u—1)*(A = 1)l — y||?

(84b) — (= 12A((0 = D2+ 270) = ) |J1z = Ty
(84c) — (= 1)(2+268) — i) |2 P — Jo Ry
(84d) =:nollz — yl|* — m||Jiz — Jiyl|* — no|| J2Riz — JoRuy|*.

Now, it follows from (60) that

85a)  mo=((k-1(A-1) =1,

(50)  m=(u- 17010 (24 290) - 10) = (24 20 ),

(85¢) 72 :u(2(u* 1)+276*u) = pu(p—(2—298)).

Altogether, we get the conclusion. 0



2712 MINH N. DAO AND HUNG M. PHAN

So far in this section, we have often assumed single-valuedness of the resolvents
J1 and Ja, which leads to the same property for the adaptive DR operator T'. Indeed,
since either A or B may not necessarily be monotone, the single-valuedness is not
guaranteed. Nevertheless, the choice of parameters can help clearing up the issue,
as seen in the following lemma, which is based on Proposition 3.4. We will further
establish that, given suitable a- and S-monotone operators, it is always possible to
choose parameters (v,6, A\, 1) € R% | x ]1,+oo[2 so that all objectives are met: the
adaptive DR operator enjoys the single-valuedness and full domain properties; (60) is
satisfied; and every DR sequence converges to a fixed point via which problem (57) is
solved.

LEMMA 4.4 (single-valuedness and full domain of adaptive DR operator). Sup-
pose that A and B are mazimally a- and -monotone with o + > 0. Then there
exists (7,0, \, j1) € RZ, x |1, +o00[* such that

(86a) 1+ 2va >0,
(86b) pE[2—2v8,2+2va],
(86¢) A=1D(p—-1)=1, andd = (A —1)7.

Moreover, (86) implies that min{l +~a, 148} > 0 and that J1, Jo, and T are single
valued and have full domain.

Proof. To show the existence, we first take v > 0 such that 1/y > —2a. Then
1+2vya>0and 24+ 2ya =1+ (14 2ya) > 1. Using a + 8 > 0, we derive that

(87) 24 2va=2v(a+B)+ (2—298) > 2 —295.

Hence, we can always choose p > 1 satisfying (86b). Next, with such p, we define
Ai=p/(p—=1)=14+1/(p—1) > 1 and ¢ := (A —1)y. Then (86¢) is clearly satisfied.
Now, take any (7, d, A, 1) satisfying (86). We have

(88) 1+5ﬁ=(/\—1)(M—1)+(A—1)7ﬁ=%(/\—1)(M+u—(2—275)) > 0.

Thus, min{l + ya,1 + 68} > 0. The remaining conclusion follows from Proposi-
tion 3.4. O

We are now ready to state our convergence results for the adaptive DR algorithm.

THEOREM 4.5 (adaptive DR algorithm for - and S-monotone operators). Sup-
pose that A and B are respectively mazimally o- and S-monotone with zer(A+B) # &,
and that one of the following holds.

(i) Adaptive DR algorithm: o+ 8 > 0 and (v,6,\,p) € R2, x |1, +oo[? satis-

fies (86).
(ii) Classical DR algorithm: A=u=2,y=0 € Ry, and

(89a) either a=p=0
ofB
a+p

Then every DR sequence (2, )nen generated by T converges weakly to a point T € Fix T
with J1T € zer(A+B) and the rate of asymptotic regularity of T is o(1//n). Moreover,
if a+ 8 > 0, then the shadow sequences (J1xy )nen and (JaR1x,)nen converge strongly
to J1T and zer(A + B) = {J1T}.

(89b) or a+p>0and 1+~

> K.
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Proof. We first observe that if (i) holds, then, by Lemma 4.4,
(90) min{l + ya, 1+ §5} > 0.
Let us show that (90) is also satisfied when (ii) holds. Indeed, if & = § = 0, then (90)

is obvious. Otherwise, it follows from o+ 3 > 0 and 1 + vaojrﬂ > Kk > 0 that
(91) Ltqaz (144-20 ) 4,2 o
e= T F B TaF B
and that
af B2
92 1+68=1+ =14+yv—— )+ > 0.
(92) B VB ( 7a+5) Y17

Thus, (90) holds for all cases.
From (90) and Proposition 3.4, we have that J; and J; are single valued and have
full domain, so does T. Now by Proposition 4.3, for all z,y € X,

1Tz = Ty|? < |lz = y||* = w[|(1d =T)x — (1d =T)y|?
(93) — w2||J130 — leH2 — OJ3||J2R1(E — J2R1y||2

with wy == (1 = K)/k > 0, wy == Kp(2 4+ 20 — ), wy := rp(p — (2 = 298)). Next,
since zer(A + B) # @, Lemma 4.1(iii) yields FixT # @. In view of Theorem 4.2, it
suffices to verify assumption (66). If (i) holds, then, by (86), we,ws > 0, so (66) is
satisfied; if (ii) holds, then wy = 4kvya, wz = 4kyB, and (66) holds due to (89). The
proof is complete. ]

Remark 4.6 (under- and over-reflecting the resolvents). Let us consider problem
(57) with A and B respectively maximally a- and (—«)-monotone for some o > 0.
Recall that the classical DR algorithm uses the ezact reflections of the resolvents (i.e.,
A = p = 2) if both operators are monotone. This is not applicable in this situation
since A is strongly monotone while B is weakly monotone. Therefore, in order to
guarantee the convergence, the adaptive DR algorithm requires the choice p = 2 4
2y > 2 (Theorem 4.5(i)), and thus A = p/(u—1) = 14+1/(1+2vya) < 2. That means
we must under-reflect (A < 2) the resolvent of A, the strongly monotone operator, and
over-reflect (p > 2) the resolvent of B, the weakly monotone one. This phenomenon
is somewhat counterintuitive, since in order to preserve nonexpansiveness, one would
naturally think of doing the opposite, i.e., over-reflecting the resolvent of the strongly
monotone operator and under-reflecting that of the weakly one.

While Theorem 4.5(i) is new, Theorem 4.5(ii) not only unifies and simplifies but
also extends [27, Theorems 4.4 and 4.6] to the context of operators in Hilbert spaces
(here we note that the condition [27, equation (3.4)] implies the second condition in
(89b)). Moreover, the proof for the rate of asymptotic regularity of 7' in Theorem 4.5,
which follows from Theorem 4.2(ii) and (iii), is simpler than the treatment presented
in [27, Theorems 5.1 and 5.2].

The following result is an immediate corollary of Theorem 4.5, in which we note
that the adaptive DR algorithm reduces to the classical one when choosing p = 2.

COROLLARY 4.7 (one monotone and one strongly monotone operator). Let « €
Ry and v € Ry4. Suppose that A and B are maximally monotone and that either

(i) A is a-monotone and p € [2,2 + 2va], or

(ii) B is a-monotone and p € [2 — 2y« 2].
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Suppose also that zer(A 4+ B) # & and that A = p/(u— 1) and 6 = (u — 1)y. Then
every DR sequence (xp,)nen generated by T' converges weakly to a point T € Fix T with
J1T € zer(A+ B) and the rate of asymptotic regqularity of T is o(1/y/n). Moreover, if
a > 0, then the shadow sequences (J1xp)nen and (JoR1Zy)nen converge strongly to
T and zer(A+ B) = {J1T}.

Proof. By Proposition 3.5(i), we readily have that either A or B is maximally

a-monotone while the other is maximally monotone. Now, apply Theorem 4.5(i) with
(o, B) replaced by («,0) or (0, ). ad

4.2. Linear convergence under Lipschitz assumption. In this section, we
provide linear convergence results for the adaptive DR algorithm for a- and 8-mono-
tone operators when, in addition, one operator is Lipschitz continuous. Comparing
with [26, 32], our work indeed gives a new perspective on this topic by using adaptive
parameters. Moreover, we improve the linear convergence rate obtained by [32] for the
classical DR algorithm for a Lipschitz monotone and a strongly monotone operator
(see Remark 4.11).

Recall that a sequence (x,)nen converges to T with Q-linear (or simply linear)
rate p € [0, 1[ if

(04) VneN, |2 — 2 < pllz, - 2.

THEOREM 4.8 (linear convergence when A is Lipschitz). Suppose that either
(i) A is a-monotone and Lipschitz continuous with constant ¢, B is maximally
B-monotone, and o+ 8 > 0; or
(ii) A is Lipschitz continuous with constant £, B is mazimally S-monotone with
B >4, and o := —£.
Suppose also that zer(A+B) # @ and that (v,6, A\, ) € R | x]1, +oo[? satisfies (86).
Then T is Lipschitz continuous with constant

95) p = (=) (1+ (0~ 1) - ww(l—eﬂ—”)\/ 1= W <L

where
_n=Q2-298) ke
(96a) €= 2(1405) f1i= T
(96b) ¢ =1 A2(1 + va) + e1 (A(1 + 27a) — 2(1 + ya))],
(96¢) ay s as in (22).

Consequently, every DR sequence (Z,)nen generated by T converges strongly to the
unique fized point T of T with linear rate p.

Proof. In view of Remark 3.6, assumption (ii) implies assumption (i) because if
A is Lipschitz continuous with constant ¢, then A is also a-monotone with « := —/.
It thus suffices to assume (i). First, Proposition 3.5(ii) implies that A is maximally
a-monotone. Next, we learn from Lemma 4.4 that

(97) min{l + ya, 1+ 68} > 0

and that all operators Ji, Jo, and T are single valued and have full domain.
By the choice of p, it holds that 0 < 4 —1 <1+ 2vya, and so
1 2(1 4+ ~a)

1
98 A=1+—->1 =
(98) +,u—1_ +1+27a 1+ 2va’
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which yields

(99) A1+ 2va) —2(1 + ya) > 0.

From p > 2 — 2+, we have that € > 0 and £; > 0. It follows that ¢ > 0 and that
(100) p=0<= =0 <= =0 < p=2-295.

Define Q1 := Id —&1 Ry. Using Corollary 3.12 and noting that A = u(A—1), we derive
that R; is Lipschitz continuous with constant

AMAN=D)(24+2va) — A 2+ 2va —
(101) \/(/\—1)2_ ( 1+)2(7a+:yy2£)2 ) :(A_l)\/l_W’

and that @1 is Lipschitz continuous with constant

(102) pri=V[I+eiA=1)2—pay <14e(\—1),

where a; is defined as in (22). It follows from (100) that the inequality is strict
whenever p > 2 — 2v0.
Next, define Q2 := Ry + ¢1Id. Since v = (u — 1)d, we note that
p—(2-298) _ (p—1)(2+258) —p

(103) T T21+eB) 2(1+ 0P) <u-1L

which also gives
(104) (w—1)(24268) — u—2e(1+08) =0.

By Corollary 3.11(ii), Q2 is Lipschitz continuous with constant (4 —1—¢). Combining
with the Lipschitz continuity of Ry and noting that (u — 1)(A — 1) = 1, we have that
Q2 R, is Lipschitz continuous with constant

1(2 + 2ya — p)
1 =(n—1-— 1) 1B 2
( 053“) P2 (:U“ 6)(/\ )\/ 1+ 2/}/0[ +72£2

_ (2 + 2y — )
(105b) = (1€(A1))\/1 1+ 270122

(105c¢) <1l—-e(A—-1),

where the inequality is strict whenever p < 2 4+ 2va.
Now, we express

(106a) T=(1-k)Id—(1—k)e1R1 + kR2Ry + keRy
(106b) = (1 — K)(Id —ElRl) + KZ(RQ + EId)Rl
(106C) = (1 — KJ)Q1 + FLQQRl.

We note from a4+ 8 > 0 that 2 4+ 2ya > 2 — 2y, so at least one of two inequalities
in (102) and (105) is strict. Therefore, T is Lipschitz continuous with constant

(107) pi=1—r)pr+rp2<(1—r)(1+e(A=1))+r(1-—c(AX—-1)) =1,

which completes the proof. 0
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The following is a direct consequence of Theorem 4.8, which was also proved
in [26].

COROLLARY 4.9 (see [26, Theorem 6.5]). Suppose that A is a-monotone with
a € Ryt and Lipschitz continuous with constant ¢, that B is mazimally monotone,
and that zer(A + B) # @. Suppose also that \=pu =2 andyv=96 € Ryy. Then T is
Lipschitz continuous with constant

dya
108 =(1- 1l—-— <1
(108) pi=I “H“\/ 1+ 2ya + 722~
Proof. Since A = p = 2, v = ¢, and a > 0, one can check that (86) holds with
B8 = 0. Now apply Theorem 4.8 and note that ¢ = e; = 0 in this case. O

Next, we present another case of the classical DR algorithm when A is monotone
and B is strongly monotone. We note the exchange of monotonicity assumptions on
A and B in Corollaries 4.9 and 4.10, and that in the latter result, we consider only
the k = 1/2 case for simplicity.

COROLLARY 4.10 (linear convergence of the classical DR algorithm). Suppose
that A is monotone and Lipschitz continuous with constant ¢, that B is mazimally
B-monotone with 8 € Ry, and that zer(A+ B) # @. Suppose also that X\ = = 2,
k=1/2, and y=06 € Ryy. Then T is Lipschitz continuous with constant
(109)

1 . 1 1

Furthermore, if the monotonicity assumption of A is replaced by

(110) Vo,y € domA, (z—y, Az — Ay) =0,

then the Lipschitz constant of T is improved to

1 4v6(1

Proof. Since A = p=2,v=06 >0, and 8 > 0, it is clear that (86) is satisfied
with @ = 0. Applying Theorem 4.8, we obtain that T is Lipschitz continuous with
constant

(112) pi= % (\/(1+€)2—4€C¥J+1—€>,

where ¢ := 1156' Then
1 L+298\2 48 1
(113a) p‘z(\/(uw) 1+75°"]+1+7ﬁ>
1
(113b) = 31+15) (\/(1 +2v8)* — 4B+ vB)avs + 1) .
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Now, it follows from (22) that

1

. ifyr>1

1+ ~2¢2 -
(114a) ay=4 "7

— ify<1

14++4 o=

1 1
114b —mind-—

( ) mln{1+vg71+v2£2}a

which yields (109).
Finally, if A satisfies (110), then, again by (22),

_ 1
1+ 20%

and we get (111). |

Remark 4.11 (improved Lipschitz constant for the classical DR operator). For
the classical DR operator (A = = 2 and x = 1/2), the Lipschitz constant obtained
in Corollary 4.10 is sharper than the one obtained in [32, Theorem 4.4(i)]. Indeed, by
setting v = § = 1, the Lipschitz constant of [32, Theorem 4.4(i)] is

(116a) T2(11+5)<\/262+25+H2<1 (1j€)2 - 1j€2>ﬂ(1+5)+1>

(116b) :ﬁ <\/(1+2ﬁ)2_26(1+ﬁ)((1+1€)2 +1+1€2>+1>,

while Corollary 4.10 gives the Lipschitz constant

(117) p—2(11+/8)<\/(1+25)225(1+5)min{12+€,1f£2}+1>.
One can check that

. 2 2 1 1
(118) mln{1+g,1+€2}><1+£)2+1+£2.

(115) oy

Therefore, p is strictly less than 7.

Regarding the second part of Corollary 4.10, we note that Remark 3.8 provides
a class of operators satisfying (110) and that the Lipschitz constant (111) was shown
to be sharp in [32].

Remark 4.12 (choosing the parameter v for best Lipschitz constant). When the
Lipschitz constant ¢ of A and the monotonicity constant S of B are known, in order
to find the best Lipschitz constant for the classical DR operator, one can sketch p
in (109) as a function of v and approximate numerically the value v that yields the
minimum of p. It is, however, not clear how to obtain an explicit formula for the best
such value. Indeed, a similar situation was also mentioned in [32, Remark 5.4].

As a counterpart of Theorem 4.8, we next consider the adaptive DR algorithm
for the case in which B is Lipschitz continuous. For this case, however, we need an
additional assumption that B is a linear operator, which implies that Js and Ry are
also linear. To make the argument more symmetric, we will prove an equivalent form
of (86).
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LEMMA 4.13. Suppose that (6, A, ) € RT | x]1, +o0o[?. Then (86) is equivalent

to

(119a) 14208 > 0,

(119b) A€ [2—26a,2+268],

(119¢) (w=—1)A=1)=1, andy=(pn—1)d.

Proof. Tt suffices to prove one implication that (86) implies (119) because the
converse is very similar. First, it is clear that (119c) is equivalent to (86c¢). For the
reminder of the proof, we will use A > 1, (A —1)(up—1) = 1, and 6 = (A — 1)y.
By (86b),

(120a) A—(2-2a)=A-1-A—-1)(p—1)+2(A—1)ya
=A-DE2+2va—p) =0,

(120b) 24208 - A=(A—1)(up—1)+2() —1)754—1—)\
=A=-1D(p-2-298) >

Thus, 14 208 = (2+ 208 — A) + (A — 1) > 0, which completes (119). O

THEOREM 4.14 (linear convergence when B is Lipschitz). Suppose that either
(i) A is maximally a-monotone, B is linear, S-monotone, and Lipschitz contin-
uous with constant £, and a4+ B > 0; or
(ii) A is mazimally a-monotone, B is linear and Lipschitz continuous with con-
stant ¢ < a, and B := —/L.
Suppose also that zer(A+B) # @ and that (v,6, A\, ) € R | x]1, +oo[? satisfies (86).
Then T s Lipschitz continuous with constant

(121)
A 0B — A
pi= (1—/§)\/(1+52(u—1))2 —pay+r(l—elp— 1))\/1— m <1,
where
A= (2-26a) ke
(122a) €= 21 tqa) foi= 1T
(1221) o = epl2(1 + 38) + 21 (u(1 + 268) — 201 + 38))),
(122¢) ay is as in (22) with («, ) replaced by (B, 9).

Consequently, every DR sequence (xp)nen generated by T converges strongly to the
unique fixed point T of T with linear rate p.

Proof. For the same reason as in the proof of Theorem 4.8, we only prove the
result under assumption (i). Notice that B is maximally c-monotone due to Propo-
sition 3.5(ii). Now, by Lemma 4.4,

(123) min{l 4+ vya,1+ 68} > 0,

and all operators Jy, Jo, and T are single valued and have full domain.
Since B is linear, so are J; = Jsg = (Id+6B)~! and Ry = (1 — p) Id +uJs. We
can thus write
(124a) T=(1-k)Id—(1—-kK)e2R2 + KRRy + keRy
(124b) = (1 - K)Q2 + KR2Q1,

where @1 := Ry +¢1Id and Q2 :=Id —es R>.
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Now, by Lemma 4.13, (86) is equivalent to (119). Proceeding similarly to the
proof of Theorem 4.8, we derive that ()5 is Lipschitz continuous with constant

(125) VI +ea(p—1))2 —pay <14+ea(p—1),

that R2@Q1 is Lipschitz continuous with constant

(126) (1—€(u—1))\/1 AREN-N) ),

1+ 268+ 622 —

and that at least one of these two inequalities is strict. The conclusion thus follows.O

Remark 4.15. Tt is worth pointing out that the sum of a- and S-monotone oper-
ators with a4+ 8 > 0 can be transformed into the sum of two monotone operators by
shifting the identity between them as

(127) A+B:(A+’B;2ald)+(3+¥ld)::l+§.

Then one can apply the classical DR algorithm for two new monotone operators A
and B. However, this is the algorithm that operates on different operators. Here,
our main goal is to show the behavior of the DR algorithm on original data and the
smooth transition from the classical case to the adaptive case of the DR algorithm.
This approach might be especially helpful when the resolvents are given as black bozes,
in which case one just needs to adjust the algorithm using corresponding parameters.
When involving two shifted operators like A and B, it is natural to seek a shifting
strategy to obtain the optimal linear convergence rate in Theorems 4.8 or 4.14. The
answer is not clear to us as we hope to address the issue in some future work.

5. Applications to structured minimization problems. Given a function
fi+ X — ]—o00,+00], we recall that f is proper if

(128) domf:={zeX| f(z) <40} #2
and lower semicontinuous if

(129) Ve € dom f, f(z)< h?i,i;lf f(2).

The function f is said to be a-convex (see, e.g., [37, Definition 4.1]) for some « € R
if Yo,y € dom f, Vk € ]0,1],

(130) (1= r)w+ry) + Fh0 =Rz =yl < (1= R)f(2) + £f(y)-

We say that f is convez if « = 0, strongly convex if & > 0, and weakly convez if a < 0.
It is worthwhile noting that (130) is equivalent to

(131) f(1=r)r+ry) =S l(1=r)atry|? < (1=r) (f(@) =5 o)) +x( )= 5 Iv]?)
due to (6). Thus,

|? is convex.

(132) fis a-convex <= f— %H .
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In this section, we focus on an important application of the adaptive DR algorithm
to the (a, 8)-convex minimization problem, which can be stated as

(133) min{f(z) + g(z)},

where f and g are respectively a- and -convex functions. To formulate the adaptive
DR algorithm for (133), we also recall that the prozimity operator of a proper function
f: X — ]—00,+o0] with parameter v € Ry is the mapping Prox,¢: X = X defined
by

zeX

1
(134) Vr € X, Prox,s(z):= argmin (f(z) + %Hz - x||2> .

Now let (v,0,A,n) € R%, and x € ]0,1[. The adaptive DR algorithm for (133) is
given by

(135) VneN, z,41 € Tay,,
where

(136&) T .= (]. — Ii) Id+kRo Ry,
(136b) Ry := (1 —A)Id +AProx,y,
(136¢) Ry := (1 — p) Id 4+p Proxs, -

Next, we will collect necessary concepts from convex analysis and establish that the
adaptive DR operators in (136) is indeed a special case of (56) when applied to sub-
differential operators. In particular, we will show in Lemma 5.2 that for a-convex
functions, proximity operators are exactly resolvents of Fréchet subdifferentials. We
note that this connection is well known for convex functions (see, e.g., [2, Proposi-
tion 16.44]), where the Fréchet subdifferential reduces to the classical conver subdif-
ferential.
Recall that the Fréchet subdifferential of f at x is defined by

fimint L) = @) — (w2 —2) 0}.

aa Iz — |

(137) of(z) := {u €X

It is known that if f is differentiable at z, then df(z) = {Vf(z)}. When f is a
proper convex function, the Fréchet subdifferential coincides with the classical convex
subdifferential (see, e.g., [31, Theorem 1.93]), i.e.,

-~

(138) Of(x) =0f(x) ={ue X |Vze X, f(z)— f(z) > (u,z —x)}.

FAcT 5.1 (subdifferential sum rule). Let f: X — ]|—o0,+o0] be proper and
p: X — |—00,+00] be differentiable at x € dom f. Then

(139) A(f +¢)(@) = 0f(x) + Vep(w).
Proof. This follows from [31, Proposition 1.107(i)]. O

LEMMA 5.2 (proximity operators of a-convex functions). Let f: X — ]—o0, +00]
be proper, lower semicontinuous, and a-convex. Also lety € Ry be such that 14y >
0. Then the following hold:
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(i) Of is mazimally c-monotone.
(ii) Proxys = J g, is single valued and has full domain.

Proof. According to (132), the function b := f — || - ||? is convex.
(i) By Fact 5.1,

(140) af = a(h+ I-11) = h+ald.

Since h is proper lower semicontinuous convex, we learn from [2, Theorem 21.2] that
Oh is maximally monotone, which implies that B) f is maximally a-monotone due to
Lemma 3.2(ii).

(ii) By (i) and Proposition 3.4, J 5, is single valued and has full domain. Let

x € X and set ¢ := f+ 5| -~z Then

(141a)  o(2) = f(2) + %Hz —z|?

(141b) = (&) = 501) + 22 e - || - sl
Since h = f — %] - ||* is convex, so is ¢. Using (134) and Fact 5.1, we have

(142a) p € Prox,f(z) <= 0€ dp(p) = df(p) + %(p — )

(142b) — z € (Id+y0f)(p)

(142¢) = pEJ z()

and the conclusion follows. |

LEMMA 5.3. Let f: X — |—00,+00] and g: X — ]—o0,+00| be respectively a-
and B-convex. Then f + g is (o + B)-convex. Moreover, if additionally o« + 8 > 0,
then zer(0f + 0g) C argmin(f + g).

Proof. We write

(143) Fro=(F=201) + (o= 20 17) + 22202

which together with (132) implies the (o + §)-convexity of f + g. Next, let « €
zer(Of + 0g). f a4+ B > 0, then f + g is convex, and we have that

(144) 0 € df(x) + dg(x) C (f + g)(x) = O(f + g)(x),
so = € argmin(f + g). The proof is complete. a0

THEOREM 5.4 (adaptive DR algorithm for (o, 8)-convex minimization).  Let
fi X = ]—00,+0] and g: X — |—o00,+00] be proper and lower semicontinuous.
Suppose also that f and g are respectively a- and B-conver with Zer(é\f + 59) #* @,
and that one of the following holds.

(i) Adaptive DR algorithm: o+ 8 > 0 and (7,6, A\, ) € RE, x]1 1, +o00[? satisfies

(86).

(ii) Classical DR algorithm: A\=pu =2, y=0 € Ry, and
(145a) either a=p=0
(145Db) or a+p3>0and 1+~ ab > K.

a+p
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Then every DR sequence (CCn)neN generated by T converges weakly to a pointT € FixT
with Prox, ¢(T) € zer(af—i—ag) C argmin(f—+g) and the rate of asymptotic reqularity of
T is o(1/y/n). Moreover, if a+ 3 > 0, then (Prox,s(xy))nen and (Proxss(Ri2y))nen
converge strongly to Prox, ¢(T) and argmin(f + g) = {Prox,,(7)}.

Proof. In view of Lemmas 5.2 and 5.3, we apply Theorem 4.5 to A = 5f and
B = 0g. O

Remark 5.5 (strongly and weakly convex minimization). In [27, Theorems 4.4
and 4.6], the authors proved the convergence of the classical DR algorithm for problem
(133) when f and g are respectively a- and S-convex functions in a Euclidean space
with either « > —f8 > 0 or > —a > 0. Roughly speaking, these results require that
the strong convexity strictly outweighs the weak counterpart.

In contrast, our approach (Theorem 5.4) for this problem assumes o+ > 0, which
means the weak convexity only needs to be neutralized. Under this assumption, we
adapt the parameters so that the convergence is guaranteed. Let us recall that when
both functions in (133) are convex, we may just assume there is neither a strong nor
a weak component, i.e., « = = 0, and obtain the convergence for the classical DR
algorithm.

Recently, for the o + 8 = 0 case, the classical DR algorithm has been considered
n [28], where the convergence requires that one function is strongly convex with
Lipschitz continuous gradient. We note that in this case, the convergence of the
adaptive DR algorithm is established in Theorem 5.4(i) without any differentiability
assumption on the functions.

Finally, we present a linear convergence result under Lipschitz assumption on the
gradient of f. For other linear convergence results of related splitting methods in the
context of structured minimization problems, we refer interested readers to [20, 21]
and the references therein.

THEOREM 5.6 (linear convergence when V f is Lipschitz continuous). Let f: X —
R be a differentiable function whose gradient V f is Lipschitz continuous with constant
¢, and let g: X — |—o0, +00] be a proper lower semicontinuous function. Suppose that
either

(i) f is a-convex, g is B-conver, and oo+ 5 > 0; or

(ii) g is B-convex with 8 > £, and o := —£.
Suppose also that zer(V f + 59) # @ and that (v,6, A\, p) € RE, x ]1,—}—00[2 satisfies
(86). Then the adaptive DR operator T is Lipschitz continuous with constant less
than 1. Consequently, every DR sequence (zy)nen generated by T converges strongly
to the unique fixed point T of T with linear rate.

Proof. Apply Theorem 4.8 with A = 5f =Vf and B = dg. O

6. Conclusion. We have studied the adaptive DR algorithm for finding a zero
of the sum of a- and S-monotone operators. The adaptive parameters provide great
flexibility for adjusting the DR algorithm so that the convergence is guaranteed. We
have derived the rate of asymptotic regularity o(1/+/n) for the adaptive DR operator.
When the strong convexity strictly outweighs the weak one, we have further obtained
the strong convergence of shadow sequences to the solution of the original problem.
Global linear convergence is also achieved with a sharp rate in several important cases.
Our new approach, on the one hand, generalizes previous works in the same direction
and, on the other hand, unifies the convergence analysis of the DR algorithm under
monotone-type assumptions.
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