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1. INTRODUCTION

This paper provides a quantitative analysis of a seminal Tseng-type splitting algorithm intro-
duced by Combettes and Pesquet [4] for simultaneously solving a primal together with a dual
inclusion problem, both being formulated using very general composite operators involving a
mixture of sums, linear compositions and parallel sums of monotone set-valued and Lipschitzian
operators.

Concretely, we show that if the individual sums of the operators involved are uniformly
monotone, then one has a simple effective simultaneous full rate for the strong convergence
for the individual components of the sequence produced by the algorithm, which respectively
correspond to the primal and the dual inclusion problem, which is moreover highly uniform in
the way that it only depends (in addition to a given error of precision) on certain norm bounds
on the starting parameters, a rate of convergence for the sum of the error terms involved in the
method and moduli witnessing the uniform monotonicity (in the sense of [8]) for the operators
(cf. Theorem 4.7).

Without any uniform monotonicity assumption the algorithm converges weakly (as shown in
[4]) but even in the finite dimensional case, there is in general no computable rate of convergence
as one can show using results from computability theory due to Specker [15] (see also the
discussions in [10, 13]). In such a situation, the next best thing is to construct an effective so-
called rate of metastability of a sequences (x,,) in question, namely a function A(e, g) bounding
the n in the expression’

(—) Ve >0Vge N In e NVi,je€ n;n+gn)(|z — x4 <e)
in terms of £ and g. This metastability property (—), where the name was coined through the

work of Tao [16, 17] on finitary aspects of analysis, is a (noneffectively) equivalent phrasing of

Date: December 25, 2024.
'Here, and in the following, we write [r;m)] := [n, m] N N.
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the usual Cauchy property for the sequence (z,,). In that way, we then construct a simultaneous
rate of metastability for all the components of the algorithm in the finite dimensional case which
does not use any uniform monotonicity but which depends on a modulus witnessing the total
boundedness of bounded balls in the space(s) at hand, which can be in particular computed
from the dimension(s) (cf. Theorem 4.2).

Such a rate of metastability is also obtainable (for arbitrary Hilbert spaces) for the compo-
nents of the sequence produced by the algorithm individually if the sums of the corresponding
operators related to the individual component are uniformly monotone while no such require-
ment is placed on the other operators involved in the problem. (cf. Theorem 4.6).

The central paradigm pioneered in the work of Combettes and Pesquet [4] for approaching
such complex composite primal-dual inclusion problems is to transfer the problem to a higher-
dimensional composite space where all individual components are operated on simultaneously
and the primal-dual inclusion is rephrased as the zero problem of a sum of a suitably defined
monotone and a Lipschitzian operator. This perspective allows one to reduce the algorithm
developed in [4] to a special instance corresponding to these two defined operators of an inexact
version of the usual seminal splitting method of Tseng [19] augmented with error terms and
variable scalars as introduced in [3]. Hence, in this paper we actually first analyze that latter
algorithm in its full abstract generality, similarly providing rates of convergence under a uniform
monotonicity assumption for the sum of the two operators (cf. Theorem 3.19) and a rate of
metastability under a relative compactness assumption (cf. Theorem 3.13). For the extraction
of the rate of convergence of that algorithm under the uniform monotonicity assumption, we in
particular built upon the recent work [18] where such a rate was recently established in the sit-
uation without error terms and constant scalars. Here it turns out that the quantitative nature
of the extended version of Tseng’s algorithm can actually be understood through to general
macros for quasi-Fejér monotone algorithms for both constructing rates of convergence under
a metric regularity assumption as developed in [11] (see also [14]) and for constructing rates of
metastability in the locally compact case as developed in [10]. As this reductive paradigm of
approaching composite primal-dual monotone inclusions has, since the work of Combettes and
Pesquet, become very influential in the literature over the last years (spawning in particular
further seminal works like [2, 20] due to Bot; and Hendrich as well as Vi where this paradigm is
utilized to also provide Douglas-Rachford-type and forward-backward-type methods for solving
related primal-dual monotone inclusion problems), we believe that a quantitative perspective
on such reductive approaches as first given in this paper will be beneficial in providing similar
results also for these methods (in particular in combination with previous works on the quanti-
tative nature of the underlying Douglas-Rachford and forward-backward splitting methods as
given in [18]).

Lastly, we want to remark that the aforementioned macros for quantitative results on quasi-
Fejér monotone sequences, as well as the other results utilized and developed in this paper,
have been established using the logic-based methodology of proof mining (see [6] for a com-
prehensive book treatment until 2008 and [7] for a survey of further more recent applications
to, in particular, nonlinear analysis). However, as common in proof mining, all the results and
proofs given in this work are formulated in a way which avoids any reference to mathematical
logic.

The paper is now organized as follows: In Section 2, we briefly discuss the minimal necessary
background from convex analysis and monotone operator theory required for this paper. In
Section 3, we then provide the previously discussed quantitative results for the inexact variant
of Tseng’s algorithm from [3]. These are then used in Section 4 to obtain corresponding results
for the primal-dual splitting algorithm from [4].



QUANTITATIVE RESULTS FOR A TSENG-TYPE PRIMAL-DUAL METHOD 3

2. PRELIMINARIES

In this brief section, we shortly survey the necessary notions and notations for this paper.
We begin with the (very minimal) background in set-valued monotone operator theory over
Hilbert spaces.

Over a (real) Hilbert space ‘H with inner product (-,-) and norm ||-||, a set-valued operator
A :H — 2" is called monotone if

(x —y,u—wv) >0 for all (z,u),(y,v) € A

and maximally monotone if any monotone operator B O A satisfies A = B. The resolvent of
an operator A is the mapping J4 := (Id + A)~!, which, if A is monotone, is single-valued and
firmly nonexpansive (see e.g. [1]) and, by the well-known theorem of Minty, the resolvent is
additionally total if, and only if, A is further maximally monotone. The operator A is called
uniformly monotone at a point z if there exists an increasing function ¢ : [0,00) — [0, 00)
vanishing only at 0 such that

(x —y,u—v) > ¢(||lx — yl) for all (z,u), (y,v) € A.

Given two set-valued operators A, B : H — 2. their parallel sum is the operator ALIB :=
(A=Y + B~Y~!. Further, if L : # — G is a bounded linear operator for another (real) Hilbert
space G, we denote by L* : G — H its adjoint which is uniquely defined by (Lz,y) = (x, L*y).
Also, for a finite collection of Hilbert spaces G;, @ = 1,...,m, we denote by G; @ - - - B G, their
direct sum, that is their product space equipped with the inner product

m

(@) 1<izm: (Warsim) == (i, vi)

=1

as well as the induced norm. Note that for a tuple (x;)1<i<m € G1 & - - - & G, We have

21l = 3/l | <

for any j = 1,...,m. Lastly, given a point + € H and a radius r > 0, we write B, (z) for the
closed ball around z with radius r.

Further, for quantitative aspects of the convergence of series, let (a,) C [0, 00) be such that
Yoo gan < o0o. We call a: (0,00) = N a Cauchy modulus for >  a, < oo if

m
Z Hl‘iH2 = (@) 1<izml
=1

Ve >0 Z an < €
n=a(e)

3. TSENG’S SPLITTING ALGORITHM WITH ERROR TERMS AND VARIABLES PARAMETERS

We begin with the fundamental splitting method of Tseng [19], also often called the forward-
backward-forward method. Concretely, let H be a Hilbert space and let A : H — 2" and
B : H — H be two mappings such that A is maximally monotone and B is monotone and
%—Lipsehitzian for some f € (0,00). In these data, Tseng’s splitting algorithm proceeds via the
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following iterative scheme for a given starting point xq € H:

Yn = Tp — /yan7
Zn = JyAUn,
Tp = 2Zp — VB2,

Tn41 = Tn — Yn + Ty

As (essentially) shown in [19] (see also e.g. [1]), under the assumption that zer(A + B) # 0,
it follows that the iteration (z,) weakly converges to a solution x € zer(A + B) and if A or
B is assumed to be uniformly monotone, then (z,) and (z,) strongly converge to a solution in
x € zer(A+ B).

To model errors in the evaluation of the operators B and .J4, and simultaneously allow for
regularization parameters in the resolvent of A, a slight modification of Tseng’s method was
proposed in the work of Briceno-Arias and Combettes [3]. Concretely, for operators A and B
as well as a starting point zq € H as above, the iteration proposed in [3] takes following form:

Yn = Ty, — (B, + ay),
Zn = Jy, AYn + by,
Tn = Zn — Yn(Bzp + ),

Tp+l = Tp — Yn + Tn,

(*)

where now (ay,), (bn), (¢,) € H are additional error sequences which are absolutely summable,
e Y o llanlls > o 1bnll Do llenll < o0, and (4,) € (0,00) is an additional sequence of
parameters.

For that method, the following convergence result was obtained:

Theorem 3.1 ([3]). Let H be a Hilbert space and let A : H — 2% and B : H — H be two
mappings such that A is mazimally monotone and B is monotone and %—Lipschitzian for some
B € (0,00). Suppose that zer(A + B) # (0. Let (x,),(z,) be defined as in (x) for sequences
(an), (bn), (cn) € H with

o) S )
D lanlls D 1oalls D llenll < oo,
n=0 n=0 n=0

and a parameter sequence (v,) C [, (1 — 1)B] for some k € N\ {0}. Then:

(1) The sequences (z,) and (z,) weakly converge to a point x € zer(A + B).
(2) If A or B is uniformly monotone at a point v € zer(A+ B), then (z,,) and (z,) strongly
converge to x.

In this section, we provide a quantitative study of this inexact version of Tseng’s splitting
algorithm. Concretely, we give both a rate of metastability of this method in finite dimensional
Hilbert spaces as well as a rate of convergence of the method even in infinite dimensional Hilbert
spaces, however in the context of a uniform monotonicity assumption. This latter result extends
the previous quantitative analysis of T'seng’s method under uniform monotonicity assumptions
carried out in [18] to this inexact and parametrized version (where it however should be noted
that the assumption of the totality of the operator B is relaxed in [18], as is common with
exact variants of Tseng’s method).
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To begin, as in [3], we define the auxiliary sequences

Yn ‘= Tp — %Bﬁm . -

- J ~ and en::yn_rn_yn—'—rna

Zn = nAYn, _ - .

- f 49 . Up = v, (2, — Z,) + Bz, — Bx,,.
Tp = 2n — ’YnBZny

Throughout this section, if not stated otherwise, we assume that

) ) [
D lanlls D Mball, Y lleall < B.
n=0 n=0 n=0

Further, we take b > (3 for some b € N\ {0} and, defining d,, := 3b||a,|| + 2||b,|| + bl|c.||, we
take o : (0,00) — N to be a Cauchy modulus for > 7 d, < co. Further, we let M, N € N be
such that? ||zo — Zo|, |50 — Zo|| < M and ||Bag|| < N.

The next part of this section now lists necessary basic results for the two quantitative con-
vergence results for Tseng’s method that we present afterwards.

3.1. Basic lemmas.

Lemma 3.2. It holds that Y~ |len|] < (4b+2)R and « is a Cauchy modulus fory " |le,|| <
.

Proof. As in [3] one shows that
lenll < 3Blanll + 2[1bnll + Bllenll < 3bllan|l + 2[[ball + bllcall = dn

using b > (. From this, the claims follow immediately using that R is a bound for Y >° ; ||a,||,
Yoo o llonll, Y002 llenll and using that « is a Cauchy modulus for Y >°  d, < oo. O

Lemma 3.3. Let x € zer(A+ B). Then for any n € N, it holds that
[2n1 = 2l < llen = gn + 70— ]| + llen]| < lzn — ]| + len]-
Hence, ||z, — x| and ||z, — Jpn + Tn — || are bounded and in particular
|z — 2|, (|0 — G +Tn — || < L:=d+ (4b+2)R
for all n € N where ||zo — z|| < d.
Proof. The first two inequalities are established as (2.13) in [3]. From that, we get
|20 = @Il 120 = Ga + Fu — 2l < llzo — 2] + ) lleal]

n=0

whereby the bounds then follows using Lemma 3.2. U
Lemma 3.4. Let x € zer(A+ B). Then for any n € N, it holds that

|21 = 2l* < llzn = 2l* = Fllwn = Zl* +en

where e, := 2pl|e,|| + |lenl|?, provided that p > sup{||z, — Gn + 7 — z|| | n € N}. Furthermore

D en <2u(4b+ 2)R+ (4b+ 2)°R?
n=0

and for ||xg — x| < d, u can be taken as p =L = d+ (4b+ 2)R.

2To have a bound on ||fy — Zo| is convenient but actually redundant as we have ||jo — Zo|| < ||§io — 2ol +
H.I‘Q — 20” < ’yQHB,T()H + M < bN + M.
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Proof. The first inequality is shown as (2.14) in [3]. The bound on p follows from Lemma 3.3
and the bound on ) &, follows using Lemma 3.2. U

Lemma 3.5. For any n € N, it holds that ||z, — Z,|| < d,. Furthermore, « is a rate of
convergence for ||z, — Z,|| — 0, i.e.
Ve > 0Vn > ale) (||z. — Zull <e).
Proof. By definition of z,, Z,, as well as y,,, 7, together with the nonexpansivity of the resolvents,
we get
120 = Znll = 15, 40n + b0 = Ty, a8nl

< [yn = Gnll + [10nl]

= |20 =y (Bn + an) = (20 — Y Bza)|| + [|0nl]

= Y [lan] 4 [bn]l

< bllanll + Iba]] < do.

As «a is a Cauchy modulus for Y > d, < oo, we have

o0

00
k=n (

k=a(e)

for any n > «(e) and any € > 0. O
Lemma 3.6. For any n € N, it holds that ||J,, a%0 — Jyya0l|| < (14 bk)M.

Proof. Using [1] and the nonexpansivity of the resolvent, we get

JynAlo — Jy,a (hﬂo + (1 — ﬁ) JWOAZ]O) H
Y0 Yo

~ Tn ~ Tn -
Yo Yo

15490 = Jr0aoll =

Yn | |~ -
< 1= —[lFo — Jrpadoll
Y0
< (14 bk)M.

Lemma 3.7. Let x € zer(A+ B) and ||xo — z|| < d. Then for any n € N, it holds that
|Z, — || < H :=2L+bN + (2+bk)M + 3d
where L :=d + (4b+ 2)R as before.
Proof. For any n € N, we have (using Lemma 3.6)
120 = | = (|5, 480 — ]|
= ||y, 400 — Jy, a0 + Iy, a0 — To + x0 — 2|
< | Jynadn = Jyaaboll + || 50480 = zoll + [ Jz0a%0 = Sy aoll + [0 — ]|
=[[Z0—ol|

< |G = Goll + (2 + bk)M +d
= ||zn — Y Bxy, — o + Y0 Bxol|| + (2 + bk)M + d.
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Now, using that B is %—Lipschitz continuous, we get for all n € N that
|zn — Y Bxn — xo + YoBxo|| < ||zn — zol| + V|| Bxn — Baol|| + ON
< (14 %) ea -l + 0
<2||xy, —x + x — x| + BN
< 2|z, — x| + BN +2d
< 2L+ bN + 2d,

where we have used Lemma 3.3 to infer ||z, — z|| < L. Combining this with the above yields
the result. U

The next lemma is then a quantitative version of the quasi-Fejér monotonicity of the sequence
established as (2.13) in [3] (recall Lemma 3.3).

Lemma 3.8. Let x € zer(A+ B) and ||xg — z|| < d and define L := d+ (4b+ 2)R as well as
H :=2L+bN + (24 bk)M +3d. Let (z*,y*) € A+ B be given such that ||x — z*|| < H as well
as
2
ly*[ < 1H
for e > 0. Then, for any n € N, we have
[eni1 = 2| < llon — 27| + [leal + &

Proof. Let n € N be given. As (z*,y*) € A+ B, we have (z*,7,4*) € 7,4 + 7, B with
Il < bl <
Y Il = 0Ny 10
In particular, we get v,y* = v,2* + v, Bx* for some z* € Azx* and so

YWY — WmBr* =y, (y" — Bx") € v, Ax".

By the definition of the resolvent, we further have g, — 2z, = 9, — J,, 4Un € 1A%, and so in
particular

u, =7, (2, — 2,) + B%, — B,
= v Y2p — YuBxp — 2,) + B2,
=7, (o — Zn) + BZ, € (A+ B)Z,.
By the monotonicity of 7,A, we have (Z, — x,Z, — Un — WBz* + 1,y*) < 0, and by the
monotonicity of 7, B, we have (2, — z*, v, Bx* — 7, BZ,) < 0. Adding these inequalities, we get
<§n - $*7 2n - gn - 7nB2n> S ||én - JI*H ||7ny*||
< (12 =l + [l = 27[]) lmy”|
< 2H |y
<e?/2
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using Lemma 3.7. Now, we further have (reasoning similarly as in [3]) that?
29, (Z, — %, Bx, — BZ,) =2(Z,, — 2", Z, — Un — VnBZn)
+2(Z, — 2", Y BTy + Gn — Zn)

<2(Z, — 25, Y Bxy + G — Zn) + €
=2(Z, — 2%, Ty — Zp) + €2
=z = 2*|* = 120 — 2*I* — [l — Zal® + €2

This yields

l2n = G + T = 2°[° = |9 Brn + 20 = B2 — 2|7
= |12, — 2*|]* + 290 (2, — 2*, Bz, — BZ,) + 42| Bz, — BZ,|*

<lzn = @|* = |20 = Zall* + 72 | B — BZ||* + &

2 VA 2 2
<lfow =l = (1= 2 llow = 2"+
<l — | + &
< (Jzn — "] +¢)?
as v, < (1 — %) Bandso0<1— g—% Combined, we thus have
[Zni1 — 2| = (|20 — Yo + 10 — 27|
< #n = G + T — 27| + [lenl]
< lwn — 2™ + llenll + &
O

Lemma 3.9. Let (a,) C [0,00) be given such that > - ja, < K. Then for anye >0, N € N
and g : N — N

dng € [N;ﬁ((%])(N)} Vn € [ng;no + g(no)] (an < €)
where g(n) :==n+ g(n) + 1.
Proof. Suppose on the contrary that there are e > 0, N € N and g : N — N such that
Vng € [N;’g\((gb(]\f)] In € [no;no + g(ng)] (a, > ¢).
Define g(n) :=n+ g(n). Then, as
g € [N TED )]

for all 7 < (%1, we have

Ooanz ap > €>
2
-

i=0 p=g((N) i=0

o

which is a contradiction. O

3The last equality here follows from the Hilbert space identity ||z + y||> = ||z||* + 2(z, y) + |[y||* (cf. Lemma
2.12 in [1]) by taking z = 2, — 2™ and y = z, — Z,.
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Lemma 3.10. Let x € zer(A+ B) and d > ||zg — x|. Then, for any ¢ > 0, N € N and
g:N— N:

Ing € [N;on (e, 9)] Vn € [no;n0 + g(no)] ([l2n = Zull s [Junll <)

where

K(2k—1)2

on(e,g) = §G . D(N)
forg(n) :=n+g(n)+1 and L := d+(4b+2) R as well as K := k*(d*+2L(4b+2) R+ (4b+2)?R?).
Proof. For any n € N, we have
[unll < 7" 120 = Zall + |1 BZn — Bl

< (87 Nlan — Zall
< (k4 k(1 =k) [z, — Z|
= (2k = 1) ||z, — Z,||

since 1/k < (1 —1/k)B and so 87! < k(1 — k™ '). Using Lemma 3.4, we get

|Zns1 = 2l® < Jln = 2l* = 75 |2 = Zal* + €0

k?

for £, = 2L ||e,|| + |Jen|”. Also using Lemma 3.4, we have
D en <2L(Ab+2)R + (4b+ 2)°R%.
n=0

Therefore, we obtain

> len = 2ol < K o — 2]* + 82 e,
n=0 n=0
< K*(d® +2L(4b + 2)R + (4b + 2)*R?) = K.

Take e > 0 and N € N as well as g : N — N. By Lemma 3.9, there exists an ng € [N; pn (e, g)]
such that

Vn € [’no; ng + g(no)] (Hxn - §n||2 < 82/(2k - 1)2)

and so for any such an n, we have ||z, — Z,|| < ¢/(2k — 1) < ¢ and by the above |Ju,| <e. O

As a corollary, we immediately get the following lemma (by setting g(n) := 0 in the above
Lemma 3.10):

Lemma 3.11. Let x € zer(A+ B) and d > ||zo — z||. Then, for any e >0 and N € N:
In € [N;¢'(e, N)] (llzn — Zall lunll <€)
where

¢'(e,N) =N+ [M—‘

2

and L = d+ (4b+ 2)R as well as K = k*(d*> + 2L(4b + 2)R + (4b + 2)2R?).
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3.2. Rates of metastability under a relative compactness assumption. We now give
our first quantitative rendering of Theorem 3.1 in the form of a joint rate of metastability for
the sequences (z,), (2,) under the assumption that the set {2, | n € N} is totally bounded.
As this set is in particular bounded, this assumption is in particular satisfied if H is finite
dimensional.

As we are concerned with quantitative results, we will also rely on a quantitative rendering
of this total boundedness assumption which we express here using the notion of a modulus of
total boundedness introduced in [5] (called a II-modulus of total boundedness in [10]).

Definition 3.12 (essentially [5]). For A C H, a function 7 : (0,00) — N is called a modulus of
total boundedness for A if for all ¢ > 0 and any (z,) C A:

30 <i<j <) (o — ) <o)

Such a modulus can for example be easily given for any bounded set in a finite dimensional
Hilbert space H (cf. Example 2.8 in [10]): If H is finite dimensional with dimension d and
A C H is bounded with b > 0 such that ||a|| < b for any a € A, then

1(6) = [2(12/e] + )]’

is a modulus of total boundedness for A.

Our first main quantitative result then takes the form of the next theorem. Note for this, that
under the assumptions of Theorem 3.1, the operator A + B is actually maximally monotone
(as B is a total, single-valued and maximally monotone mapping, see e.g. Corollaries 20.28 and
25.5 in [1]) and so the corresponding resolvent J4, p is single-valued, total, nonexpansive and
satisfies Fix(Ja4p) = zer(A + B).

Theorem 3.13. Assume that zer(A + B) # () and let x € zer(A + B). Let d € N be such that
|xo — || < d. Assume that By (z) is totally bounded with a modulus of total boundedness .
Then for any e >0 and g : N — N:

dn < A(e,g) Vi,j € [min+ gn)| (J|lx; — x|, ||z — Jarszi|| <€)
where A(e, g) := Ao(P.y3,¢/3,9) for P. =(¢/8) + 1 and

AO(O7€79) = 07

Ao(n+1,e,9) = ¢ (x) (Qo(n, e, 9),£/8), a(e/8))
with K2k ¢ )

2k —1 € €
(e, N) = N + | 28— 20 = mind o, —
(e, N) + [ = -‘ and x(n,m,e) := min { 5 16m2bH}
as well as
Xg(n,€) = x(n,g(n),e) and x3' (n,e) := min{x,(i,¢) | i < n}

and with L := d + (4b + 2)R and K := k*(d* + 2L(4b + 2)R + (4b + 2)?R?) as well as H :=
9L + bN + (2 + bk)M + 3d.

Proof. We apply the general and abstract macros for deriving rates of metastability for the
convergence of quasi-Fejér monotone sequences in totally bounded metric spaces as developed
in [10] (see in particular Theorem 6.4 therein). While the notions therein actually work with
natural numbers as representatives for errors € via expressions of the form 1/(k + 1), we here
follow the general theme of the paper and present all bounds and moduli using generic reals
as errors, which of course naturally arise through suitable modifications of the bounds resulting
from [10] (the calculations of which we do not spell out any further as they are rather trivial,
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but perhaps tedious). Now, to instantiate said results, we define sets of approximate solutions
AF. C By(z), given € > 0, via

v € AF, .= 3w € By(z) Ju € (A+ B)(w) (v —w]|, |lul <¢)

for v € By(z). By Lemma 3.11 (and using Lemmas 3.7 and 3.3 as well), ¢’ is a (monotone)
so-called lim inf bound for (x,,) relative to AF. in the sense of [10], that is for all € > 0 and all
N e N:

dn € [N;¢' (e, N)] (z, € AF).
Lemma 3.8 implies that x is a modulus of uniform quasi-Fejér monotonicity for (z,) relative
to AF. in the sense of [10], that is for all ¢ > 0 and all n,m € N:

n+l—1
Vv € AFy(nme) V< m (Han — ol < llzw =l + Y el +€> :
To see this, note that for v € AF,(, ) there exists a w € By(z) and u € (A + B)(w) such

that
2

Jo—wl < 5 and fJull < —
v—w —and ||u _.
2 16m?bH
For [ < m, Lemma 3.8 then implies that
n+l—1 c
2ns = wll < llzn —wl+ > el + 3
which then yields
€
[Zn1 = vl < [[@nm —wl + 1
n+i—1 c c
<llzw —wl + D llesll + 5+ 5
n+l—1

< lew—vll+ 3 lleill+=
i=n

Theorem 6.4 of [10], over the space X := Bp(x), then yields the existence of an n < Ay(P., ¢, g)
such that ||z; —z;|| < e for all 4,5 € [n;n + g(n)]. To see that for the corresponding n <
Ale,g) = Ao(P.3,¢/3,9), we also have ||x; — Jaipai|| < € for all i € [n;n + g(n)] for that
n, note that as in the proof of Theorem 6.4 in [10], the point n can actually be chosen such
that ,, € AF\x (e 04y for some m, ie. there are w € By(x) and u € (A + B)(w) such that in
particular ||z, — w||, ||u|| < £/9. Thereby, we have

[ Ja+5Tn = Tol| < [[Jasp2n — Jaypw] + [[Jaspw — w]| + [[w — @]
< lu|l + 2 [Jw — z,|| < /3.
This in turn implies
[Jarpri — il < [[Javprn — ool + 2 [l2n — x| <e.
for all i € [n;n + g(n)]. 0

Remark 3.14. Tt should be noted that if we are only interested in deriving a rate of metastability
for the sequence (z,,), then the maximal monotonicity of A+ B is not required in the above proof
and it in fact applies, mutatis mutandis, to the exact version of Tseng’s method as commonly
formulated (and where B is only assumed to be defined on some suitable convex subset of H).
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A similar observation that the maximal monotonicity of A + B can be avoided for the exact
version of Tseng’s method, in the context of a uniform monotonicity assumption, has already
been made in [18] (see the discussion at the beginning of Section 2 therein).

A rate of metastability for (z,) can then be derived by “joining” a rate of metastability for
|xn, — zn]| = 0 (as e.g. given by a combination of Lemma 3.10 and Lemma 3.5).

Theorem 3.15. Assume that zer(A + B) # 0 and let x € zer(A+ B). Let d € N be such that
|xo — || < d. Assume that By(z) is totally bounded with a modulus of total boundedness .
Then for any e >0 and g : N — N:

In < A(e,g) Vi, j € [mn + g()] (lz: — w5 |z — 2l |2 — Jagpai] <€)

where

Ale,g) = max {A(e,g.), ¥(e,9) | n < ¥(e.9)}
with §,(m) := max{n, m} + g(max{n,m}) and
g(n) :== max{n, A(e, g,)} + max{g(max{n,m}) | m < A(e, gn)}

Here, Al(e, g) is as in Theorem 8.13 and (e, g) := Pa(e/2)(€/2, g) with ¢ as in Lemma 3.10.
Proof. The proof, together with the bound given above, is similar to that of Theorem 5.8
in [9].* Concretely, first note that Lemma 3.10 yields that there exists an n < (g, g) such
that n > a(e/2) and ||z; — || < €/2 for any ¢ € [n;n + g(n)]. As n > a(¢/2), Lemma 3.5
implies that ||z; — Z|| < €/2 for all ¢ > n so that we have combined that ||z; — z]|| < € for

all i € [n;n + g(n)]. We now get that 3(5,9) is a joint rate of metastability as follows: Let
no < ¥(e,9) be such that

Vi € [no;no + g(no)] (||z: — zi]| <€)
and let ny < A(e, §n,) be such that
Vi, j € [ni;ny + Gng(n1)] (12 — 2], |12 — Jaspail| <e).
Define n := max{ng,n1}. Then clearly n > ng,n;. Further, we have
no + g(no) > g(no)

= max{ng, A(g, §n,) } + max{g(max{ng, m} | m < A(g, gn,) }

> max{ng, n1} + g(max{ng,n1}) = n+ g(n)
as well as

11 + Gng(M1) = Gng (1) = max{ng,n1} + g(max{ng,n1}) = n+ g(n).

This shows that

[n;n + g(n)] € [no;no + g(no)] N [n1; 11 + G (1)]
and so ||x; — ||, |z — Jazpail|, ||z — || < e for all 4,5 € [n;n + g(n)] follows immediately.

O

Remark 3.16. The above Theorem 3.15 then in particular provides a fully finitary version in the
sense of Tao [17] of the convergence result from Theorem 3.1, (1), in finite dimensional spaces
since metastability is elementarily (albeit noneffectively) equivalent to the Cauchy property of
the sequence in question. In that way, Theorem 3.15 immediately yields that (z,) is Cauchy
and hence convergent as well as that (z,) converges to the same limit and that this limit is a
fixed point of J4.p (as that mapping is in particular nonexpansive and hence continuous), i.e.
it is a zero of A+ B.

4Note that [9] is the arXiv-version of the paper [10], containing further supplementary material.
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Remark 3.17. An alternative route for deriving a separate rate of metastability for the se-
quences (Z,) and (z,) is to employ a novel generalized variant of Fejér monotonicity together
with abstract results for deriving rates of metastability (similar to [10]) as developed in [12].
Concretely, note that for any ¢ > 0, g : N - N and n € N as well as (z*,y*) € A+ B such that
|z* — z|| < H and

2

£
16(g(n))*bH

for a suitable H defined relative to a solution x € zer(A + B) as in Lemma 3.7, we get

[l <

120+t — 2| < |20 — 27| + |20 — Zps|
n+l—1

* ~ g
<llan =2+ D llesll + o — Znll + 5
1=n
n+l—1
~ * - - £
<Nz =2l + Y lleill + llzn = Zall + l1Znss — Zngall + 5
i=n

for any [ < g(n) using Lemma 3.8. If then n is such that n > a(¢/6) and
Vi€ [n;n+g(n)] (||z; — Zi|] <e/6),

we get ||Zn4 — 2% < ||Zn — 2*|| + € for any such €, g,n as well as suitable (z*,y*) € A+ B as
above. Hence, if we define

o € AR =3y € (A+ B)(a") (ly°]l < o)
for * € By (x) similar to before as well as

S(n,e,g) :=Vi € nyn+gn)] (||lz; — Z|| <e) and n > a(e)
we actually have shown that

Ve >0Vge NV Vzr e X
(:c* € AF\(neq and S(n,e/6,9) = VI < g(n) (|20 — 2| < |2, — 27| + 5))

for x(n,¢,g) := 2/16(g(n))?bH, i.e. we have shown that (Z,) is uniformly locally S-relativized
metastable Fejér monotone w.r.t. the approximate solution sets AF. in the sense of Definition
4.6 of [12].° Further, note that by Lemma 3.10, there exists a function ¢y(e, g) such that

Ve > 0 Vg € NY 3ng < 0ue)(€, 9) Vn € [no;no + g(no)] (2, € AF. and S(n, ¢, 9)).

So the approach followed in [12] can be applied to construct a rate of metastability for (Z,) also
in this case. In particular, a rate of metastability for (z,) can then be derived as before.

3.3. Rates of convergence under a uniform monotonicity assumption. We now give
our second quantitative rendering of Theorem 3.1 in the form of a rate of convergence for the
sequence (x,) under the additional assumption that the operator A+ B is uniformly monotone
at a zero z € zer(A+ B), which in particular follows already if A or B are uniformly monotone.

To phrase this uniform monotonicity assumption in a suitable, quantitative, way, we here
rely on the notion of a modulus of uniform monotonicity at zero as developed in [8].

"Note that, similarly as in [10], the notions therein actually work with natural numbers as representatives
for errors € via expressions of the form 1/(k 4 1).
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Definition 3.18 (Definition 10 in [8]). Let x € zer(A + B) and let D C H be a bounded set
with € D such that ||z —y|| < K for all y € D. Then, a function © : (0,00) — (0,00) is a
modulus uniform monotonicity at the zero x for the operator A + B on the bounded subset D
if

Ve>0Vye DVue (A+B)(y) ([ -yl €le, K] = {y —z,u) = 6(¢)) .

This latter result extends the previous quantitative analysis of Tseng’s method under uniform
monotonicity assumptions carried out in [18] to this inexact and parametrized version (where it
again should be noted however that the assumption of the totality of the operator B is relaxed
in [18]).

Theorem 3.19. Assume that zer(A+ B) # () and let © € zer(A+ B). Let d € N be such that
|zo — x| < d. Assume we have some modulus © of uniform monotonicity at the zero x for the
operator A+ B on By(x), i.e.

Ve > 0Vy € Bu(x) Yu € (A+ B)(y) (| —yll € [e, H] = (y — z,u) > O(¢)).
Then (z,) converges to x with a rate of convergence p, i.e.
Ve > 0Vn > p(e) (||lx, — z|| <€),
where p(e) == ¢'(u(e/2), a(e/2)) for

¢'(e,N) =N + [K(#;”T and (<) := min {g @(2/2) } .

Here: L := d+ (4b+ 2)R and K := k*(d* + 2L(4b + 2)R + (4b + 2)®R?) as well as H :=
2L + bN + (2 + bk)M + 3d.

Proof. We apply the general and abstract macros for deriving rates of convergence for quasi-
Fejér monotone sequences under a metric regularity assumption as developed in [11, 14] (with
[11] phrased “only” for Fejér monotone sequences, while [14] provides the rather trivial mod-
ifications required to treat quasi-Fejér monotone sequences). Concretely, to instantiate said
results, we define
F: By(x) — [0,400],v — we%llf(x) max{|lv — wl| ’ue(Al-Ezfa)(w) |ul| }-

Note then first that zerF’ = zer(A + B) as clearly for v € zer(A + B), we have F(v) = 0 and
conversely, if F'(v) = 0, we there are sequences (w,) C By(z) and (u,) with u,, € (A+ B)(w,)
such that w, — v and |ju,|| = 0. As A is maximally monotone, the graph of A is closed and
as B is continuous and single-valued on a closed domain, its graph is also closed and so A + B
has a closed graph. We hence have 0 € (A + B)(v). Further, by Lemma 3.11 (together with
Lemmas 3.7 and 3.3), ¢’ satisfies

In € [N;¢'(e, N)] (F(zn) <)
for all e > 0 and all N € N. Also, Lemma 3.3 yields that (z,,) is quasi-Fejér monotone w.r.t.
zerF'. Lastly, u is a modulus of regularity for ' w.r.t. zerF' and By (z) in the sense of [11] (and
even a modulus of uniqueness, see Definition 1.1 in [11] and the references given there), that is
for all ¢ > 0 and v € By(z):
F(v) < p(e) implies |Jv —z|| < e.

To see that, let F'(v) < u(e). Thus, there exists a w € By(z) and a u € (A4 B)(w) such that
|lv —w| < e/2 and |Ju|| < ©(¢/2)/H. In particular, we have

(w—2,u) <|lw =zl [lu] <H |lul| <O(/2)
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and so by the properties of © we have ||w — z|| < e/2. In particular, we have [[v — z|| <e. The
rates then follow from (the proof of) Theorem 3.2 in [14], over the space X = By (z). O

Bootstrapped on this rate of convergence for (z,,), we can now also give a rate of convergence
for the auxiliary sequence (z,).

Theorem 3.20. Assume that zer(A + B) # () and let x € zer(A+ B). Let d € N be such that
|zo — z|| < d. Assume we have some modulus © of uniform monotonicity at the zero x for the

operator A+ B on By(x), i.e.
Ve > 0Vy € Bu(x) Yu € (A+ B)(y) (lz —yll € [e, H] = {y — z,u) > O(¢)).
Then (z,) converges to x and further
Ve >0Vn > p'(e) (|lzn — || <e),
where
pl(e) == max{p(e/3v2k), 5(*/18K), a(e/3)})

with () = max{a(e/4L),a(v/z/v2)} and p as well as the other constants as in Theorem
3.19.

Proof. Let € > 0 be given. Note that 3 is a rate for €, converging to 0 and so, for any n > p/(e),
by Lemma 3.4, we have
120 — 2al)® < B (Jl2n — 2))® + &) < k*(?/18k% + % /18k?)
and so ||Z, — x| < €/3 for any n € N. By Lemma 3.5 and Theorem 3.19, we get
lzn = 2| <[z = Zall + 120 — zall + 20 — |
<e/3+¢/3+¢/3=¢
for any such n. O

Remark 3.21. Similar as in Remark 3.17, also the rates of convergence for (z,) presented in the
above Theorem 3.20 could actually have been, alternatively, obtained by applying the novel
generalized variant of Fejér monotonicity together with abstract results for deriving rates of
convergence (similar to [11]) as developed in [12]. Concretely, as follows by the discussions in
Remark 3.17, the sequence (Z,) satisfies
n+l—1
1Znee =2l < 1z =2l + Y lell + lan = Zall + 201 = Zosall
for any n,/ € N and any = € zer(A + B). If then n is such that Y .- |le;|| < ¢/3 and
| Tnit — Znti]| < €/3 for any [ € N, then ||Z,4; — z|| < ||z, — z|| + ¢ for any | € N. Hence, if we
define
S(n,e) :=n > max{p(c/V2k), B(?/2k*), ()}
for p as in Theorem 3.19, we actually have shown (recall also the argument in the proof of
Theorem 3.20) that

Ve >0V € zer(A+ B) Vn e N
(S(n,e/3) =Vl € N([|Z0 — | < |20 — zl[ +¢)),

i.e. we have shown that (Z,) is uniformly locally S-relativized Fejér monotone w.r.t. zer(A+ B)
in the sense of Definition 3.1 of [12].° As further discussed in Remark 3.17, (Z,) contains

6Agauin, note that the notion therein actually works with natural numbers as representatives for errors via
expressions of the form 1/(k + 1).
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approximate zeros of the operator A+ B and together with a modulus of uniform monotonicity
at the zero z for the operator A + B, which can be used to construct a modulus of regularity
in the sense of [11] as before, the corresponding results on rates from [12] can be applied to get
a rate of convergence for (Z,). A rate of convergence for (z,) then follows using Lemma 3.5.

4. APPLICATIONS TO PRIMAL-DUAL SPLITTING METHODS FOR MONOTONE INCLUSIONS

In this section, we now apply our abstract and general results established before to the
primal-dual algorithm devised by Combettes and Pesquet [4] to solve monotone inclusions for
operators which are composed of set-valued and Lipschitzian operators generated by a mix of
various operations such as (parallel) sums and linear compositions. In particular, the method
achieves a “wide” split of the problem where all the Lipschitzian components are processed
in a forward style and all the set-valued operators are processed in a backward style via their
resolvents.

Concretely, the problem approached in the work of Combettes and Pesquet is the following:
Given a Hilbert space H, let A : H — 2% be a maximally monotone operator and let C' : H — H
be a monotone and pu-Lipschitzian operator for some p € (0, 00). Further, let G; fori =1,...,m,
m > 1, be m-many further Hilbert spaces and, for each such i, let r; € G;, B; : G; — 2% be
maximally monotone and let D; : G; — 2% be monotone such that D; Uis y;-Lipschitzian for
some v; € (0,00). Lastly, let L; : H — G; be a nonzero bounded linear operator for each i.
Then, we want to solve the primal inclusion problem

(P) find T € H s.t. z € AT + Z L:((B;OD;)(L;t —r;)) + CT
i=1

together with the dual inclusion problem

z—=>" L, € Av + Cx

D findv, € Gy,..., 0, € G st. Ixr e H
(D) find 01 € G, T € G 8.t o {Vze{1,...,m}(6iG(BiDDi)(Li:z:—ri)).

We refer to the comprehensive discussion in [4] for how this very general problem formulation
unifies and extends various well-known problems involving composite operators in the literature.
To solve the above problem, the following method was then devised in [4]: given

z € ran (A + i”: L (B;OD;)(Li(-) —ry) + C)

i=1
and starting points zo € H and (vig,...,Vm0) € G1 & - - - & Gy, iteratively define

;

Yin = Tn — Yo (Cxp + 27211 Livip + a1,)

Prin = Jypa (Y1 + n2) + bin,

Y2im = Vin + Vn (Lixn - Di_lvi,n + a?,i,n) ;
D2,in ‘= JynBi*l(yZi,n — YuTi) + bajim,

Q2,in ‘= D2in T Tn (Lipl,n — D;1p2,i,n + CQ,i,n) )
Vin+1 *= Vin — Y2,in + 42in,

Qi i =D1n — Yo (CP1p + Do Lipoin + Cin),

\In—l-l =Tp —Yin + d1in,

(+) Fori=1,....m:

where (ay,,), (b1,) and (c1,,) are absolutely summable sequences in H, (az,in), (b2,in) and (ca;n)
are absolutely summable sequences in G; for each i = 1,...,m, and (,,) C (0,00) is a sequence
of parameters.
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As highlighted in [4], the advantage of the above method is that it presents a fully split
algorithm for the solving the above problem in the sense that it only employs the operators
A,C and (L;)1<i<m, (Bi)i<i<m, (D;)1<i<m separately and in a parallel fashion, making use of
the single-valued operators C' and (L;)1<i<m, (D; ')1<i<m through explicit steps.

The main result established about the algorithm given by (+) is the following:

Theorem 4.1 (Theorem 3.1 in [4]). Given a Hilbert space H, let A : H — 2% be a mazimally
monotone operator and let C : H — H be a monotone and p-Lipschitzian operator for some
p € (0,00). Further, let G; fori =1,...,m, m > 1, be m-many further Hilbert spaces and,
for each such i, let r; € G;, B; : Gi — 2% be mazimally monotone and let D; : G; — 29 be
monotone such that Di_1 is v;-Lipschitzian for some v; € (0,00). Lastly, let L; : H — G; be a
nonzero bounded linear operator for each 1.

Given

i=1

z € ran (A + f:L;‘(BZDDi)(Li(-) —7r) + C’) :

consider the sequences defined by (+) with absolutely summable sequences (ai,),(b1,) and
(c1n) inH and (az;n), (bain) and (czin) in G; for eachi=1,...,m and a parameter sequence
() C e, (1 —¢€)/p] for some e € (0,1/(5 + 1)) where

B = max{p, v,...,Un}t+

> ILi
i=1

Then there are solutions T to (P) and (vy,...,Ty) to (D) such that

1) the sequences (x,) and (p1.,,) weakly converge to T,
( , y g
2) the sequences (v;,) and (pa;,) weakly converge to v;,
q , P2, Y Y
(3) if A or C is uniformly monotone at T, then (x,) and (p1,) strongly converge to T,
(4) if, for some i = 1,...,m, B;'* or D;' is uniformly monotone at v;, then (v;,) and
(p2,in) Strongly converge to v;.

The crucial observation made in [4] is that the above algorithm given by (+4) reduces to an
instance of (x), i.e. the extension of Tseng’s splitting method with error terms and variable
parameters, by moving to a suitable composite higher space together with a suitable choice of
instantiating operators.

Concretely, over the composite space K =H DG, @ --- ® G,,,, we define M : K — 2~ by

M(x,v1,...,0m) = (—z+ Az) x (r + By ') X -+ X (rp + B loy,)
and @ : K — K by
Q(z,v1,...,vm) = (Cx+ Livy + -+ L vy, —Lix + DMy, . oo, =Lz + Doy,
In particular, it holds that
(M 4+ Q)(x,v1,...,0,) =(Cx + Livy + - + L} v, — 2 + Ax)

x (r, — Lyxz + Dy vy + By ')
X ...
X (Pm — Lyn® + D 0y + B o)

As shown in [4] (see (3.11) therein), the operator M is maximally monotone and () is monotone
and (-Lipschitzian for 8 as in Theorem 4.1.
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Crucially now, setting

Xp = (xru Vin, - - - 7Um,n>> .
Vi = (y Y y ) ay = (al,na 21,y -- 7a2,m,n)7
! b Tk s TR and bn = (blmv b?,lmv sy b27m7n)7

Prn = (pl,nap?,l,na cee apZ,m,n), .
Cp 1= (CI,TM Co1my e 702,m,n>a

An = (Qrns @105 - -+ 5 Q2.mim)
the assumptions on the sequences (a1,,), (b1,) and (c1,,) as well as (az;n), (b2i,) and (ca;n)
imply that (a,), (b,) and (c,) are absolutely summable and that the iteration (4) reduces to

Yn i=Xn — Yo (@Xn +ay)
Prn = Jy,mYn + b,

Un = Pn = Y (QPn + Cn)
Xp+1 1= Xp — ¥Yn T dn,

which is an instance of (x) for the operators M and ). Further, as shown as (3.20) in [4], we
get that

zer(M + Q) = {(z,71,...,0,) | T solves (P) and vy, ..., 0, solve (D) with = = T}
CH{(z,v1,...,0y) | T solves (P) and vy, ...,7,, solve (D)}.

We can now utilize this compositionality to derive a rate of metastability in the context of
items (1) and (2) from Theorem 4.1, under a suitable relative compactness assumption, as well
as rates of convergence and metastability in the context of items (3) and (4) from Theorem 4.1,
under the uniform monotonicity assumption.

4.1. Rates of metastability under a relative compactness assumption. We begin with
the former, i.e. a rate of metastability in the context of items (1) and (2) in Theorem 4.1.

Theorem 4.2. Let X = (T,T1,...,0,) € zer(M + Q). Take d > ||xo —X||. Let b € N\ {0} be
such that b > 1/5 for B as in Theorem 4.1 and let M, N € N be such that

%0 — Poll ; [[¥o — Pol| £ M and [|Qxo] < N

with Pp, Y defined similarly as Z,, G, in Section 3. Further, assume (v,) C [1/k,(1—1/k)1/5].
Also, let Ry be such that

[eS) %) ) 9] [e's) [e%S)
D larall Y 10wl > llevall s D Nazealls Y Mb2unll s Y lleanll < Ro
n=0 n=0 n=0 n=0 n=0 n=0

for all 1 € [1;m] and let ag be a joint Cauchy modulus for all these series. Lastly, let By (X) be
totally bounded with a modulus of total boundedness 7.
Then for any e >0 and g : N — N:

In < Ale,9) Vi, € [nsn+g(n)] Vi€ [L;m] ([lzi — a5l [lo —vs]l <€)
where A(e, g) := No(P.3,€/3,9) for P. = y(¢/8) + 1 and
A0(0787.g) = 07
No(n+1,2,9) = ¢ (x5 (Do(n, e, 9).2/8),0(2/8))

with
K(2k —1)?

c2

9 9

w and x(n,m, ) = min {_ _2}

(e, N):=N
A N) JJ 2 16m2bH
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as well as

Xg(n,€) == x(n,g(n),e) and X_f]v[(n,s) =min{x,(i,¢) | i <n}
and with L := d + (4b+ 2)R and K := k*(d* + 2L(4b + 2)R + (4b + 2)*R?) as well as H :=
2L 4+ ON + (24 bk)M + 3d. Further, R := (m + 1)Ry and a(e) := ap(e/6b(m + 1)).

Proof. We apply Theorem 3.13 by appropriately instantiating the moduli. As most of the
instantiations are immediate, we here just note the following: By the properties of Ry we have

oo 00 m
D lanll =\ [lavall* + Y lazml?
n==k n=~k =1

o0 m

S (namu iy naz,l,mn)
n=k =1
o0 m o0

= Z llai.| + Z Z llaz,imll
n=k

=1 n=k

and similarly for ||b,]|, ||c.||.- By that, we get

> llanll Y Mball Y llenll < (m+1)Re = R
n=0 n=0 n=0
and further we have

D llanll, Yo dballs D lleall < e/60
n=co(e) n=cu(e) )

n=o(e

for all € > 0 which entails (as b > 1) that « is a Cauchy modulus for d,, := 3b||a,|| + 2|/b,| +
bllc,||- Applying Theorem 3.13 then yields the existence of an n < A(g, g) such that ||x; — x;|| <
g, for all 7,5 € [n;n + g(n)] and this yields

zi — ]|, v — vl < e

foralll=1,...,mand i,j € [n;n+ g(n)] (recall that the product norm bounds the individual
norms, as discussed in Section 2). U

As in Section 3, we can also derive a joint rate of metastability which incorporates the
sequences (p1,) and (p2yn), | = 1,...,m. As the result rather immediately follows from
Theorem 3.15, we just state it and omit any further details on its proof.

Theorem 4.3. Let X = (T,01,...,0y) € zer(M + Q). Take d > ||xo —X||. Let b € N\ {0} be
such that b > 1/8 for B as in Theorem 4.1 and let M, N € N be such that

%0 — Poll , [[F¥o — Pol| < M and [|@Qx¢]| < N

with Pn, ¥n defined similarly as Z,, y, in Section 3. Further, assume (v,) C [1/k,(1—=1/k)1/p].
Also, let Ry be such that

00 00 00 00 [e's) 00
D larall Y S 10anll s > llevall s D Nazealls Y Mbonll s Y lleanll < Ro
n=0 n=0 n=0 n=0 n=0 n=0

for all 1 € [1;m] and let ag be a joint Cauchy modulus for all these series. Lastly, let By (X) be
totally bounded with a modulus of total boundedness 7.
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Then for any e >0 and g : N — N:
In < Ae,g) Vi, j € [nin+ g(n)] VI € [1;m]
(i — 251l lves = vigll s o = @il s P2 — viall <€)

where

~

Ale, g) = max {A(e, gn), ¥(e,9) | n < ¢P(e,9)}
with g,(m) := max{n,m} + g(max{n, m}) and

g(n) := max{n, A(e, g,)} + max{g(max{n,m}) | m < A(e, gn)}.

Here, A(e,g) and o are as in Theorem 4.2 and (e, g) := Ya(e/2)(€/2,9) with ¢ as in Lemma
3.10.

4.2. Rates of convergence and metastability under a uniform monotonicity assump-
tion. In this last section, we are now concerned with providing quantitative information for the
convergence of the iteration (+) in the context of uniform monotonicity assumptions. While
this iteration is reduced to the extended form of Tseng’s splitting method () as discussed
and utilized before, the quantitative implications regarding rates of convergence resulting from
this are reasonably subtle. Concretely, while we were able to obtain rates of convergence for
the iteration (x) in Theorem 3.19, this rested on the quasi-Fejér monotonicity of the itera-
tion as a whole regarding the solution and while that form of monotonicity still holds for the
composite package x,, each component sequence however does not, to our knowledge, satisfy
that monotonicity. As a consequence, we are “only” able to obtain rates of metastability for
the component sequences in the context of partial uniform monotonicity assumptions for the
operators A+ B and B; ' + D;'. However, if all these sums A+ B and B; ' + D; ! of the com-
ponent operators are uniformly monotone at the same time, then this transfers to the uniform
monotonicity of the defined operator M + @) and so rates of convergence for the sequences (x;,)
and (p,) towards the solution tuple can be derived nonetheless. For that, we begin with the
following results which illustrate the relationship between M + (@ and the constituting operators
A+ Band B/'+ Dt

Lemma 4.4. Let ((z,v), (o,w)) € M +Q and ((z',2), (¢/,w')) € M + Q with

a=Cr+a+ Liv,+---+ L5v, — z and w; = 7; — Liw + D v; + b,
for a € Az and b; € B; 'v; and similarly for o/ and w} for a’ € Az’ and b, € B;*v}. Then it
holds that

(-2 v—1),(a—ad w—w)) > {(xr—2 a+ Cx— (a+ Cz'))

and

<(1] - ZE’,Q—U_’), (Oé - 0/7@_&/» 2 <Ui - Ugabi + Di_lvi - (b; + D;IU;»
foranyi=1,... m.

Proof. By definition of M + () and the inner product on the product space K, we have

r—2 v—1) (a—ad,w—u
(( 0 —2), ( w—w
> (x—2',a+ Czx— (a + Cx)) —i—Z(x — ', Liv; — Lv))
i=1
+ Z(vz — v, Lix' — Lix) + Z(Uz — v, by + Dy oy — (0 + D).

i=1 i=1
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As L7 is the adjoint of L;, we get that
Z ((x — 2!, Liv; — L)) 4+ (v; — v}, Lix’ — Lyz)) = 0

i=1
so that
<(':U - xlay - U_,)y (OZ - O/yw - ﬂ/»
m

>(x—a a+Cx—(d+Cx')) + Z(Uz — v}, b + D Mo — (b, + D; ')).

i=1

Now, both A + C and all B;' 4+ D; ' are monotone operators so that we obtain (v — 2’,a +
Cx — (a' + C2')) > 0 as well as (v; — v}, b; + D; 'v; — (b + D;'0))) > 0 for any i = 1,...,m
from which the claimed inequalities immediately follow. U

The following lemma, which allows us to transfer moduli of uniform monotonicity from the
composing operators to the operator M + () is then immediate.

Lemma 4.5. LetX = (T,01,...,0y) € zer(M +Q). Assume that A+C' is uniformly monotone
at T on the set Ky with modulus ©y, i.e.
Ve >0Vo e (A4 C)(T) Yy € Ky Vu e (A+ C)(y)

Iz =yl €le, H = (y =T, u —v) = O(e))
and, for each i = 1,...,m, let Bi_1 + DZ-_1 be uniformly monotone at v; on the set K; with
modulus ©;, i.e.

Ve>0Vve (B +D;1)@) Yy e K; Yue (B + D; H(y)
(Ivi = yll € e, H] = {y = Vi, u — v) = 64(¢)) .

Then M + @ is uniformly monotone at the zero X on the set K := Ko X Ky X --- X K, with a
modulus

O(e) := min{Oy(c/vm +1),0,(¢/vVm +1),...,0,,(s/vVm+ 1)},
1.€.
Ve>0Vy e KVue (M+Q)y)(Xx-yl el H] = (y-%u) >06()).
We now begin with the result where we get a rate of metastability for each composite
iteration individually under the respective uniform monotonicity assumption for the opera-

tors corresponding to that component. For that, we presuppose the decomposition By (X) =
By x By x---x B,

Theorem 4.6. Let X = (T,T1,...,0y) € zer(M + Q). Take d > ||xo —X||. Let b € N\ {0} be
such thatb > 1/ for B as in Theorem 4.1 and let M, N € N be such that ||xo — Pol| , ||¥o — Pol| <

M and [|Qxo|| < N with p,, ¥, defined similarly as Z,,4, in Section 3. Further, assume
(vn) C[1/k, (1 —1/k)1/5]. Also, let Ry be such that

o oo oo oo (o] (e.0)
> larall D 0wl > llewnll s> lazinll s Y Ib2inll Y lezinll < Ro
n=0 n=0 n=0 n=0 n=0 n=0

for alll € [1;m] and let oy be a joint Cauchy modulus for all these series.
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(1) If A+ C is uniformly monotone at T with modulus ©, i.e.
Ve >0Vve (A+C)(T) Yy € By Vue (A+C)(y)
(Il =yl €le, H = (y —=7,u —v) = O(¢))
then (x,,) and (p1,) converge to T and further for any € >0 and any g : N — N:
Ing < ple, g) Vn € [no;no + g(no)] (llzn —Z|, Ip1n — Tl <€)
(2) For any | € [1;m], if B;' + D' is uniformly monotone at v, with modulus ©, i.e.
Ve >0Vve (B '+ DY) 7)Yy € B Yue (B + DY) (y)
(o =yl € le, H = {y = v, u —v) = 6(e)).
then (vin) and (p2yn) converge to T, and further for any € > 0 and any g : N — N:
Ino < p(e, 9) Vn € [no;no + g(no)] (v, — il s P20 — il <€)
In any of these cases, we have

K(2k—1)2

p(e, 9) :=§([ “ D(Oz(€/3))

for g(n) := n+ g(n) +1 and £ := min{O(e/6)/H,c/6}. Here: L := d+ (4b + 2)R and
K = k*(d®+2L(4b+ 2)R + (4b+ 2)?R?) as well as H := 2L + bN + (2 + bk)M + 3d. Further,
R:=(m+1)Ry and a(e) := ap(e/6b(m + 1)).

Proof. We only discuss (1) as (2) follows similarly. Fix ¢ > 0 and g : N — N. We have

dng € [a(e/3); p(e, 9)] Vn € [no;n0 + g(no)] (IIxn — Pull, [ || <€)
using Lemma 3.10, where u,, is defined analogous to Section 3. Applying the Cauchy-Schwartz
inequality yields
(Pr — X, 1) < [Pn = X[[Jun || < Hu,[[ < ©(e/6)
for any such n. As have 0 € (M + Q)(X) and u,, € (M + Q)(Pn), we get
($n = T,an + Cs, — (a' + CT)) < (P, — X, u,) < O¢/6)

for any such n by Lemma 4.4, where s,, is the first component of p,, and a,,a’ are such that
a,+Cs, € (A+C)(s,) and a'+C7T € (A+C)(T) as in Lemma 4.4. As © is a modulus of uniform
monotonicity for A+ C, we get ||s,, — Z|| < £/6 for any such n as ||s, —Z|| < ||p, — X|| < H.
This in particular yields

[zn =TI < lzn = sull +[lsn =TI < [[xn = Pull +e/6 <E+e/6 <e/3<e

as well as
P15 =TI < IP1n = $nll + [Isn — 2l + |20 — 7|
< lpn = Pall + 1P = %l + [0 — 7|
<e/3+¢e/3+¢/3=¢
for any such n, as in particular n > ny > a(¢/3) and so ||p, — Pnl|| < /3. O

As mentioned before, if all these assumptions are satisfied simultaneously, we get the following
result on a rate of convergence:



QUANTITATIVE RESULTS FOR A TSENG-TYPE PRIMAL-DUAL METHOD 23

Theorem 4.7. Let X = (T,T1,...,0U;,) € zer(M + Q). Take d > ||xo —X||. Let b € N\ {0} be
such thatb > 1/ for B as in Theorem 4.1 and let M, N € N be such that ||xo — Pol| , ||¥o — Pol| <
M and ||Qxo|| < N with pn,y. defined similarly as Z,, 9, in Section 3. Further, assume
() € [1/k, (1 —1/k)1/B]. Also, let Ry be such that

o9 o0 ) o0 [eS) o)
D larall Y S 10anll s > llevall s Nazemll, Y Mb2nlls Y lleainll < Ry
n=0 n=0 n=0 n=0 n=0 n=0

for all I € [1;m] and let ag be a joint Cauchy modulus for all these series. Lastly, let A+ C
be uniformly monotone at T with modulus Oy and, for each | = 1,...,m, let Bl_1 + Dl_1 be
uniformly monotone at v; with modulus Oy, all as in the previous Theorem 4.6.

Then (x,,) converges to T and (vy,) to U; with a rate of convergence p, i.e.

Ve > 0Vn > p(e) VI € [L;m] (||lzn — |, [, — il <€),
where p(e) := ¢'(u(e/2), a(e/2)) for

¢'(e,N) =N+ [—K(Ql;_ 2

O(eg/2
—‘ and p(e) ;= min {%, %} .
with

O(e) ;== min{Oy(c/vVm +1),01(c/vVm +1),...,0,,(c/vVm+ 1)}
Here: L := d+ (4b+ 2)R for R := (m + 1)Ry and a(e) = ay(e/6b(m + 1)) as well as
K :=k*(d® +2L(4b+ 2)R + (4b + 2)?R?) and H := 2L + ON + (2 + bk)M + 3d.
Further, (p1,) converges to T and (pa,,) to T, with a rate of convergence p', i.e.
Ve > 0¥ > p/(e) WL € [m] (Ip1 — 7, [posn — il <€),

where

P (e) = max{p(e/3V2k), B(e*/18k), (e /3)})
with p and the other constants as before and B(g) := max{a(e/4L), a(/e/V2)}.
Proof. We apply Theorems 3.19 and 3.20 by appropriately instantiating the moduli given
therein. For that, we mainly proceed similarly to the proof of Theorem 4.2 and hence here
only focus on the assumption of a modulus of uniform monotonicity. For that, note that the

assumptions on the moduli ©g, Oy, ...,0,, imply, by Lemma 4.5, that M + @ is uniformly
monotone at the zero X on By (X) with

Ve >0 Vy € By(X) Yu € (M +Q)(y) (X -yl € [e, H] = (y —X,u) > 6(¢)).
In particular, Theorem 3.19 then yields ||x,, — X|| < ¢ for all n > p(¢) and € > 0 and this yields
lzn = Z||, lun —ill < e

for all such n and for all [ = 1,...,m. Further, Theorem 3.20 yields ||p, — X|| < ¢ for all
n > p'(e) which implies that
P10 =TI P20m — Wil <€

for all such n and for all [ =1,...,m. O

ACKNOWLEDGMENTS

We want to thank Radu loan Bot, for suggesting the work [4] as an interesting case study for
proof mining in the context of splitting methods.



24

[1]

ULRICH KOHLENBACH AND NICHOLAS PISCHKE

REFERENCES

H.H. Bauschke and P.L. Combettes. Conver Analysis and Monotone Operator Theory in Hilbert Spaces.
CMS Books in Mathematics. Springer, Cham, 2nd edition, 2017.

R.I. Bot and C. Hendrich. A Douglas-Rachford Type Primal-Dual Method for Solving Inclusions with
Mixtures of Composite and Parallel-Sum Type Monotone Operators. SIAM Journal on Optimization,
23(4):2541-2565, 2013.

L.M. Bricefio-Arias and P.L.. Combettes. A Monotone+Skew Splitting Model for Composite Monotone
Inclusions in Duality. SIAM Journal on Optimization, 21(4):1230-1250, 2011.

P.L. Combettes and J.-C. Pesquet. Primal-Dual Splitting Algorithm for Solving Inclusions with Mixtures
of Composite, Lipschitzian, and Parallel-Sum Type Monotone Operators. Set- Valued and Variational Anal-
ysis, 20:307-330, 2012.

P. Gerhardy. Proof mining in topological dynamics. Notre Dame Journal of Formal Logic, 49:431-446,
2008.

U. Kohlenbach. Applied Proof Theory: Proof Interpretations and their Use in Mathematics. Springer Mono-
graphs in Mathematics. Springer-Verlag Berlin Heidelberg, 2008.

U. Kohlenbach. Proof-theoretic Methods in Nonlinear Analysis. In B. Sirakov, P. Ney de Souza, and
M. Viana, editors, Proceedings ICM 2018, volume 2, pages 61-82. World Scientific, 2019.

U. Kohlenbach and A. Koutsoukou-Argyraki. Rates of convergence and metastability for abstract Cauchy
problems generated by accretive operators. Journal of Mathematical Analysis and Applications, 423:1089—
1112, 2015.

U. Kohlenbach, L. Leustean, and A. Nicolae. Quantitative results on Fejér monotone sequences. arXiv
e-print, 2014. math.LO, 1412.5563v2.

U. Kohlenbach, L. Leustean, and A. Nicolae. Quantitative results on Fejér monotone sequences. Commu-
nications in Contemporary Mathematics, 20, 2018. 1750015, 42pp.

U. Kohlenbach, G. Lopéz-Acedo, and A. Nicolae. Moduli of regularity and rates of convergence for Fejér
monotone sequences. Israel Journal of Mathematics, 232:261-297, 2019.

U. Kohlenbach and P. Pinto. Fejér monotone sequences revisited, 2024. To appear in: Journal of
Convex Analysis. Submitted manuscript available at https://www2.mathematik.tu-darmstadt.de/
~kohlenbach/.

E. Neumann. Computational Problems in Metric Fixed Point Theory and their Weihrauch Degrees. Logical
Methods in Computer Science, 11(4), 2015. 20, 44pp.

N. Pischke. Quantitative Results on Algorithms for Zeros of Differences of Monotone Operators in Hilbert
Space. Journal of Convex Analysis, 30(1):295-315, 2023.

E. Specker. Nicht konstruktiv beweisbare Sétze der Analysis. Journal of Symbolic Logic, 14:145-158, 1949.
T. Tao. Norm Convergence of Multiple Ergodic Averages for Commuting Transformations. Ergodic Theory
and Dynamical Systems, 28:657-688, 2008.

T. Tao. Structure and Randomness: Pages from Year One of a Mathematical Blog, chapter Soft analysis,
hard analysis, and the finite convergence principle. American Mathematical Society, Providence, RI, 2008.
J. Treusch and U. Kohlenbach. Rates of convergence for splitting algorithms, 2024. To appear in: Israel
Journal of Mathematics. Submitted manuscript available at https://www2.mathematik.tu-darmstadt.
de/~kohlenbach/.

P. Tseng. A modified forward-backward splitting method for maximal monotone mappings. SIAM Journal
on Control and Optimization, 38(2):431-446, 2000.

B.C. Va. A splitting algorithm for dual monotone inclusions involving cocoercive operators. Advances in
Computational Mathematics, 38:667—681, 2013.



