SCUOLA

IMT ALTI STUDI

LUCCA

Scuola IMT Alti Studi Lucca

Convergence of the Chambolle-Pock algorithm in the absence of monotonicity

Questa ¢ la versione sottoposta a revisione paritaria (postprint) della seguente opera:

Original

Convergence of the Chambolle-Pock algorithm in the absence of monotonicity / Evens, Brecht; Latafat,
Puya; Patrinos, Panagiotis. - In: JOURNAL OF OPTIMIZATION THEORY AND APPLICATIONS. - ISSN 0022-
3239. -206:(2025).[10.1007/s10957-025-02680-x]

Availability:
This version is available at: 20.500.11771/34340

Publisher:

Published
DOI:10.1007/s10957-025-02680-x

Terms of use:

This publication is made accessible in accordance with the terms for deposit in the institutional repository,
as defined by the IMT School for Advanced Studies Lucca’s Open Access Policy.
(https://library.imtlucca.it/sites/default/files/regolamento-policy-open-access-imtlib_0.pdf).

Si prega di consultare le pagine informative dell'editore relative alle politiche di autoarchiviazione.

(Article begins on next page)

02 May 2026



arXiv:2312.06540v3 [math.OC] 10 Mar 2025

Convergence of the Chambolle—Pock Algorithm in the
Absence of Monotonicity

Brecht Evens! Puya Latafat? Panagiotis Patrinos'

Abstract

The Chambolle-Pock algorithm (CPA), also known as the primal-dual hybrid gradient method, has
gained popularity over the last decade due to its success in solving large-scale convex structured problems.
This work extends its convergence analysis for problems with varying degrees of (non)monotonicity, quan-
tified through a so-called oblique weak Minty condition on the associated primal-dual operator. Our results
reveal novel stepsize and relaxation parameter ranges which do not only depend on the norm of the linear
mapping, but also on its other singular values. In particular, in nonmonotone settings, in addition to the clas-
sical stepsize conditions, extra bounds on the stepsizes and relaxation parameters are required. On the other
hand, in the strongly monotone setting, the relaxation parameter is allowed to exceed the classical upper
bound of two. Moreover, we build upon the recently introduced class of semimonotone operators, provid-
ing sufficient convergence conditions for CPA when the individual operators are semimonotone. Since this
class of operators encompasses traditional operator classes including (hypo)- and co(hypo)-monotone oper-
ators, this analysis recovers and extends existing results for CPA. Tightness of the proposed stepsize ranges
is demonstrated through several examples.

Keywords. convex/nonconvex optimization - monotone/nonmonotone inclusion problems - Chambolle—Pock
algorithm - primal-dual hybrid gradient - semimonotone operators
AMS subject classifications. 47H04 - 49J52 - 49J53 - 65K15 - 90C26.

1 Introduction
This paper considers composite inclusion problems of the form
find xeR"” suchthat 0e Tpx:=Ax+ L"BLx, (P-I)

where A : R” 3 R”, B : R™ =3 R™ are two (possibly nonmonotone) operators and L € R™" is a nonzero ma-
trix. Problems of this form emerge naturally in a wide variety of applications in optimization and variational
analysis. For instance, in the framework of convex optimization, the first-order optimality condition for mini-
mizing g(x) + h(Lx) is of the form (P-I), with A = dg and B = dh representing the subdifferentials of proper
Isc convex functions g and 4.
One of the central algorithms for solving (P-I) is the Chambolle—Pock algorithm (CPA) [12] (also known
as the primal-dual hybrid gradient (PDHG) method [58, 18, 24]). Given strictly positive stepsizes y,7 > 0, a
sequence of strictly positive relaxation parameters (A;), . and an initial guess (x%,y%) € R"™"™, this algorithm
consists of the following iterates.
e Jya(x* = yLTyb)
7 € Jog1 (OF + TL2XF — xb))
A = x5 4 (FF - X0
Y=y 4G -y
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The convergence analysis of CPA in literature largely relies upon an underlying monotonicity assumption. In
this work, we identify classes of nonmonotone problems along with corresponding stepsize and relaxation
parameter conditions for which CPA remains convergent. To this end, we rely on casting CPA as an instance of
the preconditioned proximal point algorithm (PPPA). This connection was previously exploited in [18, 24, 14,
30, 11] in the monotone setting. Many other widely used numerical methods can also be interpreted as special
cases of PPPA, see e.g. [16, 45, 48, 17, 14]. In particular, consider the inclusion problem of finding a zero of a
set-valued operator T : R" =3 R", i.e.,

find z€R" suchthat 0e€e Tz (G-I

Then, given a symmetric positive semidefinite preconditioning matrix P € R™" and a sequence of strictly
positive relaxation parameters (A), - the (relaxed) preconditioned proximal point algorithm applied to (G-I)
consists of the fixed point iterations
Sk ~1pk
P+T)"'P
{z e(P+T) Pz (PPPA)

= 2 4 (FF - 5.

The Chambolle—Pock algorithm can be retrieved for certain choice of the preconditioner P and the operator 7.
Specifically, consider the so-called primal-dual inclusion

Ax +
B_ly

find z=(x,y) € R"™" suchthat 0 € Tpp(z) := [ iy

L'y ] (PD-I)

Then, letting 7 = (&, yk) and 7* = (3, j)k), CPA is equivalent to applying PPPA to (PD-I), with preconditioner

1 T
i, -L
P=\7 . 1.1
2 %Im] b

As a result of this equivalence, the convergence properties of CPA can be inferred from those of PPPA. In the
monotone setting, convergence of PPPA is well understood, not only for positive definite preconditioners [33,
45, 46, 47] but also for positive semidefinite ones [30, Thm. 3.4], [11, §2.1]. Analogously, the convergence of
CPA for monotone inclusions is relatively well-understood, provided that the stepsizes y and 7 satisfy a certain
stepsize condition. The standard assumption in the first works on CPA such as [12, 18, 24] was that the stepsizes
v and 7 satisfy y7||L||> < 1. This assumption was later relaxed to y7||L|[> < 1 in [14, 30, 38], broadening the
scope of the analysis to Douglas-Rachford splitting (DRS), for which 7 = 1/y and L = 1. Interestingly, when
interpreting CPA as a particular instance of PPPA, the stepsize condition discussed in these works is directly
linked to the positive definiteness of the preconditioning matrix P in PPPA. This connection becomes evident
by observing that, owing to the Schur complement lemma, P is positive definite under the traditional stepsize
condition y7||L||> < 1 and positive semidefinite under the relaxed stepsize condition y7||L||> < 1. Note that
the extended stepsize range y7||L||> < 4/3 was examined in [56, 5], although they rely upon a more involved
Lyapunov analysis. Recently, convergence of PPPA in the nonmonotone setting has been considered in [19]
under the assumption that 7" admits a set of oblique weak Minty solutions, defined as follows.

Definition 1.1 (V-oblique weak Minty solutions [19]). Let V € R™" be symmetric. An operator T : R" =3 R"
is said to have V-oblique weak Minty solutions at (a nonempty set) S* C zerT on a setUd C R" X R" if

v, z=2") 2 qy(v), forall 7" € 8*,(z,v) e gphT N U, (1.2)

where the quadratic form qy,(v) = (v, Vv). Whenever U = R" x R" we refrain from explicitly mentioning the
set U, and whenever V = pl for some p € R, we refer to them as p-weak Minty solutions.

One key aspect of this assumption is its generality, as V is allowed to be any (possibly indefinite) symmetric
matrix. For instance, if V is equal to the zero matrix, (1.2) reduces to the classic Minty variational inequality
(MVI) [35, 20], while if V = pl the so-called weak M VT is retrieved. In literature, weak MVI and the closely
related notion of cohypomonotonicity have been employed in the context of the extragradient and the forward-
backward-forward method [15, 43, 42, 9, 22], as well as the classic PPA method [40, 27, 13, 22].

Leveraging the results from [19] and the primal-dual connection between CPA and PPPA, the first part of
this work will focus on establishing convergence of CPA under the assumption that the primal-dual operator
Tpp admits a set of V-oblique weak Minty solutions. To account for the inherent structure present within



Tpp, we impose a specific block diagonal form for V' = blkdiag(Vp, Vp), which depends on the fundamental
subspaces of L (see (3.3) and the discussion thereafter). Furthermore, we demonstrate that by restricting our
obtained results to the case where L = I and 7 = 1/y, the convergence results for nonmonotone DRS from [ 19,
Sec. 3] are retrieved.

In contrast to the DRS setting, where the convergence results follow in a straightforward manner from
those of PPPA (see proof of [19, Thm. 3.3]), convergence results for CPA are more challenging to obtain,
not only due to additional stepsize parameter 7, but mainly due to the additional complexity in the algorithm
introduced by the matrix L. This difficulty is overcome by considering the singular value decomposition of L
and using the corresponding orthonormal basis to carefully decompose the preconditioner P and the oblique
weak Minty matrix V (see proof of Theorem 3.4).

In practice, it might be difficult to determine whether the associated primal-dual operator of a given inclu-
sion problem admits V-oblique weak Minty solutions. This issue will be addressed in the second part of this
work, where we introduce the class of (M, R)-semimonotone operators and provide several calculus rules for
this class, allowing to verify the existence of V-oblique weak Minty solutions based on the semimonotonicity
properties of the underlying operators A and B. The class of semimonotone operators is defined as follows.

Definition 1.2 (semimonotonicity). Let M, R € R™" be symmetric (possibly indefinite) matrices. An operator
A : R" 3 R" is said to be (M, R)-semimonotone at (x',y") € gph A if

(x=x,y=y)Zqux—x)+qgy—), forall (x,y) € gph A, (1.3)

where qx(-) = (-, -)x for any symmetric matrix X € R™". An operator A is said to be (M, R)-semimonotone if
it is (M, R)-semimonotone at all (x',y") € gph A. It is said to be maximally (M, R)-semimonotone if its graph is
not strictly contained in the graph of another (M, R)-semimonotone operator.

Throughout, whenever M = ul, and R = pl,, where u,p € R, the prefix (M, R) is replaced by (u,p) and
condition (1.3) reduces to

(x=x,y-y)>plx-XIP+plly-yI*,  forall(x,y) € gphA. (1.4)

The class of (u, p)-semimonotone operators was introduced in [19, Sec. 4] and enjoys a lot of addi-
tional freedom compared to more traditional operators classes. For instance, it encompasses the classes of
(hypo)monotone, co(hypomonotone), p-semimonotone [39, Def. 2], averaged and firmly nonexpansive opera-
tors (see [19, Rem. 4.2 & Fig. 5]).

In this work, this notion is generalized by characterizing the operator class with matrices (M, R) instead
of scalars (u, p). This generalization is crucial to capture and exploit the specific structure emerging in CPA.
To illustrate this, the next theorem provides a simplified version of our main result (see Corollary 5.6 for the
full statement). For instance, if w4 is positive, (usa LT L, pal,)-semimonotonicity of A in Theorem 1.3 could be
replaced by (u4||L||%, p4)-semimonotonicity, which is in general a much more restrictive assumption.

Theorem 1.3 (convergence of CPA under semimonotonicity (simplified)). Let operators A : R" =3 R”
and B : R™ =3 R™ be outer semicontinuous. Suppose that there exists (x*,y*) € zer Tpp such that A is
(ua LT L, ppl,)-semimonotone at (x*,—L"y*) € gph A, B is (ugl,,, ppLL™)-semimonotone at (Lx*,y*) € gph B
and the semimonotonicity moduli (14, 15, pa, pg) € R* satisfy one of the following conditions.

(i) (either) us = ugp = 0 and pp = pp = 0.
(ii) (or) pa + pp > 0 and pp = pp = 0.
(iii) (or) pa + pp > 0 and us = ug = 0.

(iv) (or) ug + g > 0, ps + pp > 0 and min{0, ﬂ‘:Af:B}min{O, p’;"f;;} < m.

Then, there exist positive stepsizes 'y, T and relaxation sequences (i), Such that if the resolvents Jya, J-p-1
have full domain', any sequence (Z")kE]N = (&, y")kE]N generated by CPA starting from z° € R" either reaches
a point 7* € zer Tpp in a finite number of iterations or every limit point of (Z)wen belongs to zer Tpp.

I'The full domain assumption is imposed to ensure that the iterates of CPA are well-defined.



This convergence result possesses two primary attributes that deserve attention. First of all, it only requires
semimonotonicity of the involved operators at a single point, as opposed to the traditional global assumptions
of (hypo)monotonicity and co(hypo)monotonicity. Secondly, by considering the more general class of semi-
monotone operators, we obtain fundamentally new convergence results (see case 1.3(iv)), not covered by any
existing theory for CPA. Most notably, this includes examples where papup < 0 and pspp < 0, for which neither
the primal nor the dual nor the primal-dual inclusion are monotone (see e.g. Example 5.8).

As first observed in [50], CPA can be viewed as a particular instance of proximal ADMM. Exploiting this
connection it is possible to obtain convergence results for CPA based on those for nonconvex proximal ADMM,
see [31, 8]. This approach leads to requirements for L such as a full row rank assumption and restrictions on
its condition number (see [8, Ass. 1, Rem. 2(c)]). Our convergence results for CPA also do not depend on
any explicit rank conditions on L, allowing to cover rank-deficient cases without introducing a switching
mechanism.

1.1 Contributions

The main contribution of the paper is to establish convergence of CPA under the assumption that the primal-
dual operator Tpp admits a set of V-oblique weak Minty solutions, which leads to novel stepsize and relaxation
parameter ranges in both strongly monotone and nonmonotone settings (see Theorem 3.4 and the preceding
discussion). Interestingly, in contrast to the classical stepsize condition y7||L|[> < 1 in the monotone setting,
the conditions obtained through our analysis not only depend on the norm of L but also on its other singular
values. The tightness of our main convergence theorem is demonstrated through Examples 3.6 and 3.7.

As our second main contribution, convergence results are provided for the class of semimonotone oper-
ators [19, Sec. 4], which can be viewed as a natural extension of the (hypo)- and co(hypo)monotone opera-
tors. We show that the stepsize requirements reduce to a look-up table depending on the level of (hypo)- and
co(hypo)monotonicity (see Corollary 5.6). These results are made possible by establishing a link between the
oblique weak Minty assumption for the primal-dual operator and semimonotonicity of the underlying opera-
tors A and B, relying on the extended calculus rules developed in Section 4 (see also Theorem 5.1).

1.2 Organization

The paper is structured in the following manner. In Section 1.3, some notation and standard definitions are
provided. Section 2 recalls the main convergence results from [19] for PPPA in the nonmonotone setting. In
Section 3, the primal-dual equivalence between CPA and PPPA is established, which lead to convergence of
CPA under an oblique weak Minty assumption on the associated primal-dual operator. Section 4 discusses and
introduces various calculus rules for the class of (M, R)-semimonotone operators. Leveraging these calculus
rules, Section 5 presents a set of sufficient conditions for the convergence of CPA, based on the semimonotonic-
ity of the underlying operators, along with several examples. Finally, Section 6 concludes the paper. Several
proofs and auxiliary results are deferred to the Appendix.

1.3 Notation

The set of natural numbers including zero is_ denoted by IN := {0, 1,...}. The set of real and extended-real
numbers are denoted by R := (—o0,c0) and R := R U {oo}, while the positive and strictly positive reals are

R, = [0,00) and R,, = (0, 00). We use the notation (wk)kd to denote a sequence with indices in the set
I € N. When dealing with scalar sequences we use the subscript notation (yy),,- We denote the positive part
of areal number by [-]; := max{0, -} and the negative part by [-]- := —min{0, -}. With id we indicate the identity

function x — x defined on a suitable space. The identity matrix is denoted by I, € R™" and the zero matrix
by 0., € R™"; we write respectively I and 0 when no ambiguity occurs. Adopting the notation from [7], we
say a matrix P € R™" is empty if min(m,n) = 0 and use the conventions P0,xo = Opx0, OoxmP = Opxn and
0,:000xn = O,uxn. Moreover, we use the convention that % = oo and that 0-co = 0. Given a matrix P € R™", we
denote the range of P by R(P) and the kernel of P by N(P). The trace of a square matrix P € R™" is denoted
by tr P.

We denote by R” the standard n-dimensional Euclidean space with inner product (-, -) and induced norm
|- ]I The set of symmetric n-by-n matrices is denoted by §”. Given a symmetric matrix P € §", we write P > 0
and P > 0 to denote that P is positive semidefinite and positive definite, respectively. Furthermore, for any



P € §" we define the quadratic form qp(x) := (x, Px). Let diag(-) denote the diagonal matrix whose arguments
constitute its diagonal elements. For arbitrary matrices A and B, we define the direct sum A®B = blkdiag(A, B),
where blkdiag(-) denotes the block diagonal matrix whose arguments constitute its diagonal blocks. We denote
the Kronecker product between two matrices of arbitrary size by ®.

Two vectors u,v € R” are said to be orthogonal if (u,v) = 0, and orthonormal if they are orthogonal and
[lull = |[vll = 1. Two linear subspaces U € R"” and V € R” are said to be orthogonal if any # € U and any
v € V are orthogonal. We say that U € R™™ is an orthonormal basis for a linear subspace U C R” if U has
orthonormal columns and R(U) = U.

The effective domain of an extended-real-valued function f : R” — R is given by the set dom f :=
{x e R"| f(x) < oo}. We say that f is proper if dom f # 0 and that f is lower semicontinuous (Isc) if the
epigraph epi f := {(x,@) € R" X R | f(x) < @} is a closed subset of R"*!. We denote the limiting subdifferential
of f by df. We denote the normal cone of a set E C R” by Ng and the projection onto E is denoted by
Ig(x) == argmin_ ||z — x||. An operator or set-valued mapping A : R" =3 R? maps each point x € R” to
a subset A(x) of RY. We will use the notation A(x) and Ax interchangeably. We denote the domain of A by
domA = {x € R" | Ax # 0}, its graph by gphA = {(x,y) € R" X R? | y € Ax}, and the set of its zeros by
zerA := {x € R" | 0 € Ax}. The inverse of A is defined through its graph: gph A~! := {(y,x) | (x,y) € gphA}.
The resolvent of A is defined by J4 := (id + A)~'. We say that A is outer semicontinuous (osc) at x' € dom A if

limsup Ax == {y | Ix* = x’, I* = y with y* € Ax} C Ax.

X=X
Outer semicontinuity of A everywhere is equivalent to its graph being a closed subset of R” x R?.

Definition 1.4 ((co)monotonicity). An operator A : R" =3 R" is said to be u-monotone for some u € R if
(x=x.y=Y)zulx-XIP,  forall(xy),(x',y") € gphA,

and it is said to be p-comonotone for some p € R if
(x=dy=y)2plly =y’ forall(x,y),(x.y) € gphA.

A is said to be maximally (co-)monotone if its graph is not strictly contained in the graph of another (co-
)monotone operator. We say that A is monotone if it is 0-monotone.

2 Preliminaries on the preconditioned proximal point method

Departing from the classical monotone setting, convergence of relaxed PPPA was established in [19] for a class
of nonmonotone operators that admit a set of oblique weak Minty solutions (see Definition 1.1). This result
will serve as our primary tool for establishing convergence of CPA in the nonmonotone setting, which is why
we will reiterate it here. In particular, its analysis involves the following assumptions.

Assumption I. The operator T in (G-1) and the symmetric positive semidefinite preconditioner P in (PPPA)
satisfy the following properties.

A1 T : R" =3 R" is outer semicontinuous.
A2 The preconditioned resolvent (P + T)™' o P has full domain.

A3 There exists a nonempty set S* C zer T and a symmetric, possibly indefinite matrix V € S" such that T has
V-oblique weak Minty solutions at S*.

A4 P € §" is a symmetric positive semidefinite matrix such that
1+7>0 with = Ann(UTVPU),? 2.1

where U is any orthonormal basis for the range of P.

2As UTVPU is similar to a symmetric matric, its eigenvalues are real [19, Rem. 2.2].



As observed in [19, Rem. 2.2], Assumption I.a4 holds if and only if (UTPU)~' + UTVU > 0, which is for
instance trivially satisfied when V is positive semidefinite. In contrast to the convergence analysis techniques
relying on firm nonexpansiveness of the resolvent mapping, the analysis of [19] relies on a projective interpre-
tation of the preconditioned proximal point algorithm, which dates back to [52, 51, 29]. Most notably, it was
demonstrated in [19, Lem. 2.3] that the update rule for the (shadow) sequence generated by PPPA can be inter-
preted as a relaxed projection onto a certain halfspace, and that if any iterate belongs to this halfspace, which
contains the set of projected oblique weak Minty solutions IIxp) S*, this implies its optimality. Based on this
insight, the following convergence result for PPPA was established.

Theorem 2.1 ([19, Thm. 2.4] convergence of PPPA). Suppose that Assumption I holds, and consider a se-
quence (¥, Zk)kGJN generated by PPPA starting from 7° € R" with relaxation parameters A € (0,2(1 + 1)) such
that liminf;_,., Ax(2(1 + ) — &) > 0, where 7 is defined as in (2.1). Then, either a point Z° € zer T is reached
in a finite number of iterations or the following hold for the sequence (¥, Zk)kE]N.

(i) 7 1= P(z* = 75) € TZ* for all k and (¥)iey converges to zero.
(ii) Every limit point (if any) of (Z")ke]N belongs to zerT.
(iii) The sequences (Ilxp) PVen, (xcp ZVew are bounded and their limit points belong to Ilxpy zer T.

(iv) Ifin Assumption 1.A3 the set g p) S* is equal to Iy p) zer T, then the sequences (Ilxp zk)kE]N, (IHxp) Zk)keN
converge to some element of Tl p) zer T If additionally (P + T)™" o P is (single-valued) continuous, then
(Z")ke]N converges to some 7* € zerT. Finally, if Ay is additionally uniformly bounded in the interval
(0,2), then (z")kE]N also converges to 7* € zerT.

The statement of Theorem 2.1(iv) has been slightly extended compared to [19, Thm. 2.4], as the conver-
gence of (I (p) 2°), . to some element of Il p) zer T also implies the convergence of (Ix(p) 2), .y to the same
point, since (17")]{6N converges to zero. We also remark that by Theorem 2.1(iii) the boundedness of (Z")ke]N is
already guaranteed if the preconditioned resolvent is locally bounded in the sense of [49, Def. 5.14].

As discussed in [19], Assumption 1.a3 can be further relaxed by only requiring 7" to have V-oblique weak
Minty solutions at S* on U = (R((P + T)~'P) x R(P)) instead. Under this relaxed assumption, all results from
Theorem 2.1 remain valid, as the proof of Theorem 2.1 only involves invoking (1.2) at points in this restricted
set. This relaxation will prove to be relevant in Example 3.6.

3 Chambolle-Pock under oblique weak Minty

In the monotone setting, it is well-known that CPA can be interpreted as applying PPPA to the primal-dual
operator Tpp [18, 24, 14, 30, 11]. Relying upon the abstract duality framework from [1], [2, Sec. 6.9], this
equivalence can be extended to the nonmonotone setting. Within this framework, inclusion problems (P-I) and
(PD-I) are labelled as the primal and the primal-dual inclusion, respectively. Related to these two inclusions
is the dual inclusion, given by

find yeR" suchthat 0e Tpy:=(-L)A'(-LT)(y)+ B '(y), (D-I)
A fundamental equivalence property for these inclusions is summarized below.
Proposition 3.1 ([2, Prop. 6.9.2]). Let (x,y) € R" X R™. The following statements are equivalent.

(i) (x,y) € zer Tpp.
(ii) x € zer Tp and y € zer Tp.
(iii) (x,—LTy) € gph A and (Lx,y) € gph B.
Furthermore, it holds that zer Tp = {x | Ay : (x,y) € zer Tpp} and zer Tp = {y | Ax : (x,y) € zer Tpp}.

A solution of the primal inclusion (P-I) (and of the dual inclusion (D-I)) can thus be obtained by finding
a solution of the associated primal-dual inclusion. Now, consider applying PPPA to the primal-dual inclusion



(PD-I), with the preconditioner P given by (1.1). Then, each iteration corresponds to first finding ¥* and y*
satisfying the inclusions

%ﬁ - Ly e (5id + AF and Ly —Lx* e -2L3* + (tid + By

and then performing a relaxation step z5*! = z£ + A(ZF - zX). Multiplying the two relations by y and T,
respectively, and reordering the terms, the update rule for CPA is retrieved. This result is summarized in the
following lemma.

Lemma 3.2 (equivalence of CPA and PPPA). Let 2° = (x°,y°) € R"™" be the initial guess for CPA and
for PPPA applied to the primal-dual inclusion (PD-I), with the preconditioner P given by (1.1). Then, the
sequences (z")ke]N = (K, yb) N’ ) eN = (7, )’/k)k N 8enerated by CPA satisfy update rule PPPA.

Leveraging this connection, we will establish the convergence of CPA based on Theorem 2.1 for PPPA.
In contrast to the classical stepsize condition yTIILII2 < 1 in the monotone setting, our upcoming analysis will
demonstrate that the stepsize condition on 7y and 7 for CPA in general does not only depend on ||L||, i.e., the
largest singular value of L, but also its other singular values. Therefore, let r denote the rank of L, and without
loss of generality, let oy, ..., 0, denote its distinct strictly positive singular values in descending order with
respective multiplicities my, . .., my. Then, it holds that r = Zle m;. Define X = o711, ®- - -®0yl,,, € R™ and
consider the singular value decomposition

L:[Y Y'][2 0][}}((:} Y:[Yl Yd], X:[X1 Xd], 3.1

where the zero matrix is in R0y, ¢ R™™ and X; € R™™, i € [d], have orthonormal columns that
span the eigenspace corresponding to eigenvalue 0'? of LLT and LTL, respectively, and Y’ € R™™" and
X’ € R™@" have orthonormal columns which span the null space of LT and L, respectively. The projection
onto the range and the kernel of L and LT can be expressed as [21, Sec. 2.5.2]

HR(L) = YYT, HR(LT) = XXT, H'N(L) = In — XXT = X/XIT and HN(LT) = Im - YYT = Y’Y’T. (32)

These projections will play a central role in our upcoming analysis. We will work under the following assump-
tions on the individual operators A and B and the (nonzero) matrix L.

Assumption II. In problem (P-1), the following hold.

A1 Operators A and B are outer semicontinuous.

A2 For the selected positive stepsizes the corresponding resolvents have full domain, i.e., dom J,4, = R" and
dom J, 51 = R™

A3 The set zer Tpp is nonempty and there exist parameters Sp, ﬁi,, Bp, ,8]'D € R and a nonempty set S* C zer Tpp
such that the primal-dual operator Tpp has V-oblique weak Minty solutions at S*, where

V=VWweVp= (,Bp HQQ(LT) +ﬁ{) HN(L)) ® (,BD HR(L) +,B]’) HN(LT)) € §mm. 3.3)
Moreover, defining

1, ifﬁPﬁD > O’
§i=1- _(ILIP - o) = : 34
ol 0L == ', i 3y i, 0 G4

the following conditions on Bp, Bp, fp and By, hold.

03 l:fﬂP Z O’
br -
o Pe <0,

Oa l:fﬁD Z O’
and Bp = { B X (3.5)
° " \spome> ¥ Po <0

[Brl-[Bp]- < m, Bp = {

In Assumption II.a3, the matrix V is defined as in (3.3) with the understanding that in our convergence
analysis we shall set 8}, = co when L is full column rank and 8, = oo when L is full row rank, as in these cases
V is not affected by their choice. Note also that the conditions on 8}, and g}, specified in (3.5) can be slightly



relaxed (see Theorem A.1). This relaxation, however, results in more complicated stepsize rules for y and 7,
and for this reason is not pursued further.

The imposed block structure on V in (3.3) is not simply an arbitrary choice, but it aligns perfectly with
the inherent structure present within the primal-dual operator itself. To illustrate this, consider the following
lemma, which shows that the blocks Vp and Vp from (3.3) can be interpreted as the primal and the dual blocks
of V, respectively. This lemma extends [19, Lem. 3.2], which considers the case L = 1. Notably, the converse
of this lemma is not true, as demonstrated in the discussion below [19, Lem. 3.2] through a simple linear
example. The proof is deferred to Appendix C.

Lemma 3.3 (oblique weak Minty for primal and dual operator). Let Vp € S" and Vp € S™. Suppose that there
exists a nonempty set S* C zer Tpp such that the primal-dual operator Tpp has (Vp ® Vp)-oblique weak Minty
solutions at S* and let

Sp =" | (x*,y)eS*) CzerTp and S) = {y* | Ix* : (x*,y*) € S*} C zer Tp.

Then, the primal operator Tp has Vp-oblique weak Minty solutions at Sy and the dual operator Ty has Vp-
oblique weak Minty solutions at S},.

As shown in the proof of Lemma 3.3, the quadratic terms qy, (ya + L yp) and qy, (xg — Lx4) emerging in
oblique weak Minty inequality correspond to the primal and the dual problems, respectively. By selecting Vp
and Vp as in (3.3), these terms can be written as

Qy, 04 + LTyp) = Belllrry ya + LTysl* + BplMn) yall,

qy, (xg — Lxa) = Bpllxw) xp — Lxall* + BTy xgl1%

reducing to the norm of the scaled sum of a vector belonging to the range of L™ and another to its nullspace
(resp., range of L and nullspace of LT). This decomposition proves essential in the proof of Theorem 3.4, as it
enables to split condition (2.1) into two terms, one depending only on Sp and Bp and the other only depending
on B, and B, (see (3.13)).

One of the main aspects of the upcoming convergence proof for CPA is showing that Assumption I holds
for the operator Tpp and preconditioner P from (1.1). To this end, the stepsizes y and 7 and the relaxation
parameters A; need to be selected as follows.

Stepsize rule I. The stepsizes y and T satisfy the bounds provided in Figure 1, where § is defined as in (3.4)
and

—2Bp _ 0+ 6> = 4BpBpllLI? [=Bp(y +Bp)]+

Vmin = s Ymax = and Tyin(y) = . (3.6)
T s e —apepoll? ~2BolILI? M (6 - BeBolILIP) + B
ﬁD >0 ﬂD <0
( N 1\
5 0 Y€ (Ov +°°) Y€ (0» 'Ymax)
p >
TE (O, W] TE (Tmin(y), W]
. * .
5 0 ¥ € (Ymin» +0) ¥ € (Ymin» Ymax)
<
! 7€ (Tmin: 77| 7€ (tmin ), 57|
| J J
Figure 1: Range of the stepsizes y and T for CPA.
Relaxation parameter rule I. Define
. 1 La )2 2
Oye() = | (380 — 5:Bp)” + BB, 3.7)



Let 7 := min{n, n’}, where 1’ is defined as in Figure 2 and

3-Bp + 2-Bp — Oye(0a),  if BePp < 0 . !
7 i : Fyr < mms
3,80 + 58D = Oy (ILID. i Bpfp 2 0 L
- 3Bp + 1Bp, ifyt = and d = 1,
T\ (580 + 5P — Oy, ifPep <O
2B + 3P — Oye(02), if min{Bp. o} > OF ifyr = ks and d > 1.
%ﬁp + %ﬂD, otherwise

(3.8)

The sequence (Ay),.y satisfies Ai € (0,2(1 + 7)) and liminf;_, A(2(1 +17) — 4) > 0.

rank L = n rank L < n

rank L = m q[ +00 ][ %ﬂé ]
rank L < m q [ %ﬁb ] [ min {%ﬁ;)’ %ﬁ]’)} ]

Figure 2: Definition of ' in Relaxation parameter rule I.

When L = T and 7 = 1/y, Stepsize rule I matches the stepsize range for Douglas—Rachford splitting from
[19, Thm. 3.3]. In Relaxation parameter rule I there is an interplay between the stepsizes y and 7 and the range
of admissible relaxation parameters A;. In the monotone setting where Bp = 8}, = Bp = B, = 0, this interplay
vanishes as the relaxation rule reduces to the classical condition 1; € (0,2). In strongly monotone settings,
this interplay allows us to select relaxation parameters beyond the classical upper bound of two. For instance,
when Bp > 0 and B, > 0, then for small enough stepsizes y the upper bound on A; will be larger than two
(see [19, Ex. 6.2] for an example in the DRS setting where L = I and 7 = 1/y). Conversely, when Sp > 0 and
By > 0, this upper bound will be larger than two for small enough 7. Finally, when all § parameters are strictly
positive this holds for all valid stepsizes y and 7 (see e.g. Example 3.7).

Having discussed our underlying assumptions and stepsize/relaxation parameter rules, we will now present
our main convergence theorem for CPA. The proof relies on carefully decomposing both the preconditioner P
and the oblique weak Minty matrix V into two separate, orthogonal matrices. Exploiting the inherent structure
present in these orthogonal matrices, the conditions from Assumption I are reduced to a set of eigenvalue
problems of two-by-two matrices (see equation (3.14)).

Theorem 3.4. Suppose that Assumption I holds, that y and T are selected according to Stepsize rule I and that
the relaxation sequence (A;), ., is selected according to Relaxation parameter rule I. Consider the sequences
(z")ke]N = (¥, yk)kdN and (Zk)kdN = (%, )‘)k)ke]N generated by CPA starting from z° € R™". Then, either a point
ZF € zer Tpp is reached in a finite number of iterations or the following hold for the sequences (z")ke]N and
(Zk)ke]N‘

(i) 7 1= P(z* = 7°) € TopZ* for all k and (F)ien converges to zero.
(ii) Every limit point (if any) of (Z°)ien belongs to zer Tpp.
(iii) The sequences (Ilxp) Veen, (Hxp) Ve~ are bounded and their limit points are in Ix(p) zer Tpp.

(iv) Ifin Assumption I1.A3 the set Tlxpy S* is equal to Ilg(p) zer T, then the sequences (Ilxp) zk)keN, (Mrp) 7) e
converge to some element of Ilxp) zer Tpp. If additionally J,4 and J.p- are (single-valued) continuous,
then (Z")ke]N converges to some z* € zer Tpp. Finally, if Ay is additionally uniformly bounded in the inter-
val (0, 2), then (z’“)ke]N also converges to z7* € zer Tpp.

Proof. Assumption 1.A3 is immediate. Outer semicontinuity of Tpp follows from that of A and B [49, Theorem
5.7(a)], showing that Assumption I.a1 holds. Since J,4 and J.5-1 have full domain the preconditioned resolvent
(P + Tpp)~' P has full domain owing to [49, Lemma 12.14], establishing Assumption I.a2. It only remains to
show that Assumption I.a4 holds. Before that, we first show that 77 as defined in (2.1) is characterized by the
expression given in Relaxation parameter rule I.



LetZ = X;®Y; € R"W*Cm) and 77 := X' @ Y’ € R*m+n=21) \where Y;, X;, Y’ and X’ are given by
(3.1). Let
Z:=2 oo Zy] e RO,

which by construction has orthonormal columns. The preconditioner P in (1.1) can be decomposed as

lln _LT 5 lIn _XZYT 3. lXXT _XZYT
i | H(xT)e(rr). 69

-L 11, -yzxT 1, —ysxT lyyT
T T T

- =7z P 7T
— T
where =ZPZ

1
b= [ Y 0’}, P=(P1®L,)0 - ®P;0l,)) and P = el .

—0i
Using this decomposition, an orthonormal basis for R(P) can be constructed. The matrices P; > 0 for i =
2,...,dsince yro? < 1, and Py > 0 since by Stepsize rule I y7||L||> < 1. Consequently, an orthonormal basis
for R(P;) is given by U =L fori=2,...,d. Fori= 1, an orthonormal basis is given by U, =Lif )/‘1'||L||2 <1
and if y7||L||> = 1 by

1
p

Oy = Viloso| _ g7 |- (3.10)

Owing to the block-diagonal structure of P, an orthonormal basis for R(P) is therefore given by U=U®
Ly,) @ I(2,—2m,). For any A € R¥! and any full row rank B € R™?, it holds that R(AB) = R(A) [7, Prop.
2.6.3]. Since Z and Z’ are full column rank and P’ is full rank, this implies that fR(ZISZT) = iR(Zl?) and
R(Z'P'Z'") = R(Z). Finally, since ZU has orthonormal columns (as (ZU)TZU = 1), an orthonormal basis for
R(P) = R(ZPZT)® R(Z'P'Z'™) is given by

U=z0 z|=|z@ el 2 - 2, 7| (3.11)

Analogously, the V-oblique weak Minty matrix as defined in (3.3) can be decomposed as

(32)

= (BeXXT) @ (BoYYT) + (BpX'X'T) @ (B YY), (3.12)

Y AVA =Z2'V'Z'T

where
Vi = diag@B.fp). V=(V1®L,)®---@(Vy®1L,)) and V' =g, ,&BL.

Since Z and Z’ both have orthonormal columns, i.e., Z"Z = I, and Z'7Z’ = 1,42, and since R(Z) and R(Z")
are orthogonal, it follows from (3.9)-(3.12) that

AT 7T
UTVPU = [UZ,Z ](zf/zT +Z’V'ZYZPZT + Z'P’Z'T)[ZU z'] =U"VPUaZ V' PZ.
Therefore, condition (2.1) becomes . —
147 = 1+ dpin(UTVPU) = 1 + min(Apin(0TVPO), dmin(Z V' P'Z))) > 0. (3.13)

AA A

Due to the block diagonal structure of UTVPO, it follows that

: NN . N IR
= min {Aaia (07 VP, OD), = min {Auin 0T 12100, fAain VPO | (3.14)
1
_mind (ol PP PO g\ (g, g N
= min {/lmln(Ul |:_éD0—l %ﬁD :|U1)s {zyﬁP + ZTBD Hy‘r(o—t)}izz}s

where 6,(-) is defined as in (3.7). Note that 8,.(0") can also be expressed as

Oe(0r) = \/(ﬁﬁp ~ ) + BeBoo? = \/(ﬁﬂp o) - B (1~ yro?). (3.15)
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If y7||L||* < 1, then since U, = 1, it follows that 7 is as in (3.8) since it reduces to

5B + 3-Bp — Oyc(0a),  if Bop <O,

[ 1 d
= min{>-Bp + 5=Bp — 0, (0. = .
n {380 + 5B = Oye( )},:1 {%ﬁp + 2Bp — Oy(ILID), if BeBp > O,
where equivalence (3.15) was used in the second equality to show for which singular value the minimum is

attained. Otherwise, )/‘1'||L||2 = 1 and we have that U, = \/T/(y+r)[ _ \1W] which also matches (3.8) since

1 —Bpo
7= min {amm(y—;,[l m[ e '}[_m),{%ﬂp + - ey,w,-)};}
—Boor 7B !

. |1 1 1 1 d
= min {;ﬁp + b, {@3}’ + 56D — 977(07)}[:2}
%ﬁp+%ﬂD, ifd = 1,
5Bp + 58D = bye(0a),  if BePp < 0
LB+ B0 — bye(or2). if min{Bp.Bo) = 0%, ifd > 1.
% Bp + % Bb, otherwise

where we used that 4fy7o; = 1 in the first equality and equivalence (3.15) to show the second equality.
By definition of Z’, V" and P, it holds that

7' = Amin((ABeXTX) @ (ALY TY)) = in((Bp1ar) @ (LB 1Lnr)), (3.16)

which matches the definition of 7" provided in Figure 2. Having shown that the values of n and 1" match the
ones provided in Relaxation parameter rule I, it remains to show that Stepsize rule I ensures that 1 + 77 =
1 + min{n, '} > 0 as required by Assumption I.a4. We proceed with two intermediate claims.

Claim 1: The pair (y,7) € R2, satisfies yt € (0,V/iu] and 1 + > 0 if and only if y and T comply with Step-
size rule .
Consider the six different cases for n7 from (3.8). For the first and fourth case this follows from Lemma B.2(ii),

for the second case from Lemmas B.2(i) and B.2(iii) since [Bp]-[Bp]- < m by (3.5) and for the fifth case
from Lemma B.2(i). Finally, for the third and the sixth case use Fact B.1, by plugging in 7 = m into
1+ %ﬂp + %ﬁD > 0 and observing that § = 1.

Claim 2: Ify and T comply with Stepsize rule I then 1 + 1’ > 0.

Recall that as noted in the discussion after Assumption II, the value of B}, (resp. Bp) is irrelevant when L is
full column rank (resp. full row rank), and was considered equal to oo in this case. In view of (3.16), y and T
satisfy 1 + " > 0 if and only if

y>-B, and 7> -B). (3.17)

We distinguish between two cases.

& min{Bp, Bp} = 0: Then, owing to (3.5) it holds that 8, > 0 and B}, > 0, so that (3.17) is implied trivially by
Stepsize rule 1.

& min{Bp, Bp} < 0: We begin by deriving two auxiliary inequalities that are essential for showing that (3.17)
holds. By definition of § from (3.4) and using SpBp = [BeBpl+ — [BeBp]- it holds that for any parameter x > 1
that

6 = kBeBolILIP = 1+ [Bepl-(07; + (k = DILIP) = [BeBol+ILIF 2 1= 4, (3.18)

where the inequality follows from the fact that either both 8p and Bp are negative, in which case inequality
(3.5) is used, or only one is negative, in which case the quantity is greater than or equal to 1. Moreover,

0 < 6% — 4BpBolILI* = (6 — 2BeBolILI?)" + 4BeBolILI*(S — 1 — BeBolILIP)
= (6 = 2BpBolILIP)* — 4BpBollLIP([BeBo ]+ ILI? — [BeBp]-02)
< (6 - 2BpBolILIP), (3.19)

where the last inequality follows from the trivial observation that for any a € R, a[a], > 0 and a[a]- < 0.
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¢y > —Bp: Using (3.19), we obtain that § + /62 — 4BpBpl|LII> < 2(6 — BpPplILI[*). Consequently, by the
definition of vy, from (3.6), it follows that

, G —Bre
Pp<0= _ﬁP < S BopnlLE < Ymin- (3.20)

Since Stepsize rule I ensures thaty > 0 = £}, if fp > 0 and y > yun if Bp < 0, it thus follows from (3.20)
that indeed y > —f3},.

¢ T > —f3}: Observe that regardless of the sign of Bp it holds that y(6 — BeBollLI?) + Bp > 0;if Bp > 0, then
this holds owing to (3.18) since y > 0, if Bp < 0, then this inequality remains true since in that case y > ypin
by Stepsize rule I and using (3.20). We proceed by first showing that

. _ _[=Bo+Be)ls [-Bpl+

Toin(¥) = SG=GpollLP)Br = 5puBol O 3.21)
If Bp > 0, then (3.21) holds trivially. Let p < 0. If Bp > 0O, then y + Bp > O since y > 0. If Bp < O, then it
also holds that y + Bp > 0 since in that case y > ymin = W[THMIZ > —f3p by Stepsize rule I and using (3.20).
Therefore, it holds that —8p(y + Sp) > 0. Having previously established that the denominators in (3.21) are
strictly positive this inequality therefore is equivalent to

~Bo(y +Bp)(G = BeBolILIP) = =Bo(y(5 = BeBolILIP) + Be)-

Substituting 6 from (3.4) and using Spfp = [Bpfp]+—[LpPp]-, rearrange it to obtain [ﬂpﬂn]gafﬁ [BeBp)2IILII? =
0, which holds trivially. Finally, having established that (3.21) holds and noting that T > Ty, (y) owing to
Stepsize rule 1, it follows immediately that 7 > —[, by definition of f, from (3.5).

Combining Claims 1 and 2, it follows that Stepsize rule I is equivalent to the preconditioner P being positive
semidefinite and 1 + 7 = 1 + min{, 7’} > 0, establishing that Assumption 1.a4 holds. Finally, (P + Tpp)~' o P
is (single-valued) continuous if J,, and J,z1 are (single-valued) continuous, since z* € (P + Tpp)~ ' PZ* if
and only if ¥ € J,4(x* — yLTy*) and 3 € J 51 (5% + L2 — x¥)). All claims for CPA follow directly from
Theorem 2.1, using the equivalence from Lemma 3.2. O

Note that when A is uniformly bounded in the interval (0,2(1 + 7)), a rate of O(!/n) can be obtained for
Mming=0.1, N bl by telescoping (see [19, thm. 2.4(iv)]).

Observe that Theorem 3.4 discusses not only the convergence of (z¥) eN» Dut also of its projection onto the
range of the preconditioner (Ilx(p) zk)kE]N. Notably, convergence of (Ilxp) z")ke]N is established under weaker
assumptions than for @ en- When P is positive definite, meaning y7 < /|1, this is irrelevant because in this
case the range of P is full. However, in the positive semidefinite case, when yr = 1/, these sequences are
no longer identitical. This observation is not surprising, as it is a natural extension of the convergence results
for DRS, i.e., when L = I and y = !/=. In particular, in the DRS setting it was shown that the convergence of
(Ixpy Zk)ke]N to IIx(p) zer Tpp is equivalent to the convergence of the sequence (s")ke]N = (xk - )/y")ke]N toa
point s* € {x* —yy* |(x*, ¥*) € zer Tpp}, and a solution of the primal inclusion is obtained through J,4(s*)
[32, 53, 19]. In the following proposition, this interpretation is generalized to arbitrary L matrices.

Proposition 3.5 (convergent sequences). Using the SVD of L from (3.1), define

=X X 0 - X, 0 X O

yv+T

I
U:[ /%Zl[_ ul ] Z e 74 z']= . (3.22)
A e ~JEN 0 0 v 0 Y

Consider a sequence (zk)kdN = ()ck,yk)kdN generated by CPA starting from 2° € R"™™, where yt = W and
define

sk = UT[XZ] and T = {UT[x:}
y y

(x*,y*) € zer TPD}. (3.23)

Then, the following statements hold.

(i) The limit points of (ILxp) Ven are in Ix(p) zer Tpp if and only if the limit points of(sk)kaN areinT.
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(ii) The sequence (Ilxp) Fren converges to Ix(p) zer Tpp if and only if (sk)kE]N converges to T .

Proof. Notice that U is an orthonormal basis for R(P), obtained by plugging in (3.10) into (3.11). As a result,
the claims follow directly from (3.23), using the fact that ITxpy = UUT and that U has orthonormal columns.
O

Notably, Proposition 3.5 along with Theorem 3.4 establishes the convergence of an (m+n—m|)-dimensional
sequence (s%), of CPA when yt = 1/jup. Since s¢ = 1/4/12(x* — yy*) when L = T and 7 = 1/y, it follows
immediately that Theorem 3.4 matches the convergence results for DRS obtained in [19, Thm. 3.3]. A simple
example where (sk)ke]N converges while (z*) e diverges is provided in Example 3.7.

In the remainder of this section, two theoretical examples are presented to demonstrate some of the main
attributes of the convergence results in Theorem 3.4. Supplementary Python code verifying these results can
be found on GitHub® and the proofs are deferred to Appendix C.

In the first example, the tightness of the bounds on y, 7 and A; from Theorem 3.4 is demonstrated through
a simple system of linear equations. In this setting, the iterations of CPA can be expressed as a linear dynam-
ical system, so that tight bounds can be obtained by ensuring stability. In this example, an artificial parameter
¢ is introduced when splitting the problem into the form A + LT BL. While this parameter may appear inconse-
quential at first sight, it controls the value of g}, within the problem (see Example 3.6(ii)).

Example 3.6 (saddle point problem). Consider the problem of finding a zero of the following structured linear

inclusion A . B L
—_——
—— ——[b 0 0][¢ O
2
OGTsz[b_f bcéz]x: [_0 g}“[g 2 8]0 b ollo ¢|x, (3.24)
a a 00 cllo o

where a,b,{ € R\ {0} and ¢ > 0. Suppose that a® # b*¢* when b < 0. Any solution to the inclusion problem
0 € Tpx is a minimax solution of f(x, x) = ax;x; + %(x% - x%) when b > 0 and a maximin solution when
b < 0. Consider the sequence (), = (x*,)%),y generated by applying CPA to (3.24) with T = m and
fixed relaxation parameter A. Then, the following assertions hold.

(i) The sequence (Ix(p) 2*), . converges if and only if A € (0, /_l) and (g"), converges if and only if
A€ (O, min{2, /_l}), where

A= min {2(1 4 s + B), 21+ yel)|. (3.25)
This upper bound is strictly positive if and only if
(0, +00), if b >0,
Y€ {(ﬁmqﬁbgz—bzfﬂ’ a2+b2t’_“;hlzz—hzl’4|,)’ b <0. (3.26)

(ii) The operator Tpp has a V = % Oy @ (% Mgy +c HN(LT))-oblique weak Minty solution at
zero on U = R> x R(P).

(iii) Recalling that Assumption I.A3 only needs to hold on U (see the discussion below Theorem 2.1), all
assumptions of Theorem 3.4(iv) hold. Moreover, this result is tight in the sense that Stepsize rule I
corresponds to (3.26) and the bounds from Relaxation parameter rule I match those from (3.25).

(iv) The range of parameters a, b, ¢ and ¢ for which CPA converges includes cases where neither the primal,

nor the dual, nor the primal-dual problem are monotone. For instance, when a = 10, b = —1, ¢ = 0 and

47
¢ = 2, by Example 3.6(i), (£ then converges if and only if y € (ﬁ, and A€ (0,2—- 2= -2 O

“)
keN 101y ~ 101
The second example focusses on a particular instance of Theorem 3.4 where Bp and Bp are both strictly
positive, the number of distinct singular values of L is strictly larger than 1 and y7||L||> = 1. Then, the ad-
missible range for A depends on the second largest singular value of L (see Relaxation parameter rule I). The
following example demonstrates that this dependence is not merely an artifact of our analysis, but is also ob-
served in practice. Moreover, Figure 3 illustrates that using relaxation parameters greater than two may cause

the non-projected sequence (zx), to diverge, in line with Theorem 3.4(iv).

3https ://9github.com/brechtevens/Minty-CP-examples.
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Figure 3: Convergence of the sequence (), = (X[ xX*=Y[y*, XJx*, Y] y*),n from Example 3.7 forn = 3, €, = /2,
€3 = Ys and A = 2.1. (a) Norm of the sequence (z")ke]N = (xk,y")ke]N. This sequence does not converge, since A has
been selected larger than two (see Theorem 3.4(iv)). (b) Norm of the sequence (XlTxk - YlTyk)kelN, which converges
to zero. (c) Visualization of the primal sequences (x")ke]N and (X3, xk)kE]N‘ It can be seen that although (x")ke]N does
not converge (its first coordinate diverges), its projection onto the 2-dimensional space spanned by the columns of
X». does converge to zero (marked by a green dot). (d) Visualization of the dual sequences (yk)ke]N and (Y;yk)kE]N.
Analogous to the primal setting, (yk)ke]N diverges while (Y, y")ke]N converges to zero.

Example 3.7 (influence of singular values). Let n € {2,3...} and L = diag(l,¢>...¢,), where |6 < 1,
Vke{2,...,n}. Let

= di -2 ) — i 1 1
A = diag(1, 1+ 41 G, 1+ 41 ) and B dlag(l,HM,...,lJr\/l__l%).

Consider the sequences (), . = (2%, y%), . and (s°), .y generated by applying CPA to 0 € Ax + LT BLx with
y =1 = 1 and constant A, where s* is defined as in (3.23). Then, the following assertions hold.

(i) The associated primal-dual operator Tpp has a (%In ) %In)- 28 |
oblique weak Minty solution at (0, 0) = zer Tpp.

(ii) By Theorem 3.4(iv) and Proposition 3.5, both the se-

quences (ITx(p) Vien and (s")kEJN converge to zero if A is 2.4 —
selected according to Relaxation parameter rule I, i.e., if — /lSpe_ﬁral
A€ (0, 1), where i
2 T
=21+ B + 3:Bp — Oy(max{ltal, ..., [€a1D)) 0 0.5 1
= 3 — max{|tal, ..., [Cal). &

Figure 4: The upper bounds A and
(iii) Let n = 3, ¢, € (0,1) and ¢35 = 1/5. Then, the set of re- Ageerat for Example 3.7, where lgeam

laxation parameters for which the sequences (Ilx(p) z) weN is obtained by examining the spec-
and (sk)kdN converge is almost entirely covered by Theo-  1ral radius of the algorithmic operator
rem 3.4(iv) (see Figure 4). Mxep (I + A((P + Tpp)™'P - I)) (see (C.8)).

4 Semimonotone operators

In this section, we provide calculus rules for the class of (M, R)-semimonotone operators defined in Defini-
tion 1.2, generalizing the class of (u, p)-semimonotone operators introduced in [19, Sec. 4]. Sufficient condi-
tions for the convergence of CPA applied to (P-I) for (M, R)-semimonotone operators A and B will be provided
in Section 5. The proofs of the calculus rules in this section are deferred to Appendix C.

For some choices of M and R, it follows from the Fenchel-Young inequality that all operators satisfy the
definition of (M, R)-semimonotonicity, as stated below.
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Proposition 4.1. Let M,R e S". If M <0, R < 0and M < %R‘l, then all operators A : R" =3 R” satisfy the
definition of (M, R)-semimonotonicity.

The following proposition demonstrates that the maximality of a semimonotone operator is preserved when
the semimonotonicity moduli M and R are tightened.

Proposition 4.2 (preservation of maximality). Let operator T : R" =3 R" be (M, R)-semimonotone. If T is
maximally (M’, R")-semimonotone for some M’ < M and R’ < R, then T is maximally (M, R)-semimonotone.

In what follows, various basic properties of (M, R)-semimonotone operators will be provided. For instance,
by definition, their inverses belong to the same class of operators, with the roles of M and R reversed. Addi-
tionally, the following proposition analyzes scaling and shifting of semimonotone operators, as well as the
cartesian product of two semimonotone operators.

Proposition 4.3 (inverting, shifting, scaling and cartesian product). Let operator A : R" =3 R" be (maximally)
(M4, Ry)-semimonotone [at (x,,y),) € gphA] and operator B : R" =3 R™ be (maximally) (Mg, Rg)-semi-
monotone [at (X}, y,) € gph B]. Let & € R, Then, the following hold.

(i) The inverse operator A~" is (maximally) (R4, M4)-semimonotone [at 0, x)) € gphA’1 JA

(ii) For all u,w € R", operator T(x) = w + aA(x + u) is (maximally) (@My, @~ Ry)-semimonotone [at
(X, —u,w+ay))].

(iii) Operator T = A X B is (maximally) (M4 ® Mg, Ry ® Rp)-semimonotone [at (x',y') € gphT where
x' = (x), xp) and y' = (v, yp)l-

In Definition 1.2, there is some freedom in selecting the matrices M and R, which might lead to a tradeoff
between both. One particular class of operators for which this is true is the class of linear operators. This is
summarized in the following proposition, which generalizes [6, Prop. 5.1] for y-monotone and p-comonotone
operators and [19, Prop. 4.5] for (u, p)-semimonotone operators.

Proposition 4.4 (linear operator). Let D € R™" and let M,R € S". Then, D is (M, R)-semimonotone if and
onlyif {(D+D") -~ M - D'RD > 0.

Given a certain matrix D and a desired semimonotonicity modulus M, it might be difficult to determine
whether there exists an R satisfying DTRD < %(D + D7) — M, as this corresponds to solving a linear matrix
inequality (LMI). The study of LMIs in general form has been extensively explored within the control and
systems theory communities, leading to well-known results such as the Kalman—Yakubovich-Popov lemma,
Finsler’s lemma and the (nonstrict) projection lemma [10, 25, 4, 34]. In this work, we rely on a particular result
for LMISs of the form DTXD < Y, which is due to [54, 55] and relies upon the classical results from [41, 28, 3]
for the linear matrix equality D"XD =Y.

Proposition 4.5 (symmetric solution of D'XD < Y). Let D € R™" and Y € §". Then, the following hold.
(i) The set of solutions C = {X € ™ | D"XD < Y} is nonempty if and only if

HN(D) YHN(D) > 0 Cli’ld rank(HN(D) YHN(D)) = rank(HN(D) Y) (41)

(ii) If (4.1) holds, then X* € C, where

-y D'|'[o
x* =0 I][ b o ] H = (D)T(Y = ¥ My (o) ¥ Ty o) ¥) D' (4.2)

Moreover, D"XD < D"X*D <Y forall X € C.

(iii) If the matrix equation DT XD =Y is consistent, i.e. if R(Y) C R(DT), then X* = (D")TYD" is the solution
of DTXD = Y with minimal trace tr X°.

Applying this result to Proposition 4.4, the following corollary for linear operators is obtained.

Corollary 4.6 (linear operator). Let D € R™" and M € S". Then, the following hold.
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(i) There exists R € S" such that D is (M, R)-semimonotone if and only if

HN(D) MHN(D) <0 and rank(HN(D) MHN(D)) = rank(HN(D)(%D - M)) (43)

(ii) If (4.3) holds, then D is (M, R*)-semimonotone, where

T T1f
we=fo g2 ALY

In particular, when D is either symmetric or skew-symmetric, it holds that
R* =2(D+D")' = D" MD' + (D")" M Ny My M M) Tiepy MD' 4.4)

Note that R* can be seen as an optimal choice for R, as it solves the LMI from Proposition 4.4 as tightly as
possible. A second consequence of Proposition 4.5 is the following result on operators of the form DTDT.

Corollary 4.7 (semimonotonicity of DTDT). Let D € R™™, M,Y € S™ and let operator T : R" =3 R™
be (M, Y)-semimonotone [at (D" x',y’) € gphT]. If (4.1) holds for D and T, then DTDT is (DMDT",X*)-
semimonotone [at (x', Dy’)], where X* is given by (4.2).

Leveraging the previous result for the semimonotonicity of DT DT, the semimonotonicity of the sum and
parallel sum of two semimonotone operators is investigated next. Recall that the parallel sum of two operators
A,B : R" =3 R"is defined as A0 B := (A~! + B~')~'. We shall also use the parallel sum between symmetric
matrices X, Y € S§" as defined below.

Definition 4.8 (parallel sum between symmetric matrices). Let X,Y € S". We say that X and Y are parallel
summable if R(X) C R(X +Y) or equivalently R(Y) C R(X + Y). For parallel summable matrices X and Y,
their parallel sum is defined as [36, Cor. 9.2.5]

XY =XX+D'Y =YX+ X=X-XX+'X=Y-YX+Y)Y. 4.5)

For scalars a, 8 € R, we say that a and 3 are parallel summable if either « = B = 0 or a + 8 # 0 and their

parallel sum is defined as
N 0, ifa=p=0,
a0 =al@+p)'B=1

pav l otherwise.

In addition. consider the following set, which will be referred to as the effective domain of the parallel sum
between two symmetric matrices.

Definition 4.9 (effective domain of parallel sum). The set
domg ={(X,Y) e S"xS" | X+Y >0, X and Y are parallel summable} 4.6)

is the effective domain of the parallel sum between two symmetric (possibly indefinite) matrices. Let X = al,,
and Y = Bl,, where a, 8 € R. Then, (X, Y) € domg reduces to

(a,B) e domg = {(a,8) |+ B8 >00ra=p8=0}

In the upcoming proposition, it is shown that the sum and parallel sum of two semimonotone operators are
also semimonotone operators, if the involved semimonotonicity matrices belong to the effective domain of the
parallel sum. This result generalizes [19, Prop. 4.7] for the sum of two (i, p)-semimonotone operators.

Proposition 4.10 (sum and parallel sum). Let operator A : R" = R" be (M4, Ry)-semimonotone [at (xX,,y),) €
gph A] and operator B : R" =3 R" be (Mg, Rp)-semimonotone [at (x},y%) € gph B].

(i) If (R4, Rp) € domg [and x), = x}y =1 X'], then A+ B is (M + Mg, Ry ORp)-semimonotone [at (X', y), +yg)].

(ii) If (M4, Mp) € domg [and y, =y}, =1 y'], then AOB is (M,0OMp, Ry +Rp)-semimonotone [at (X, +X},y")].
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When one of the two involved operators is linear, more precise statements for the resulting semimono-
tonicity matrices can be derived. For instance, consider the following lemma for the sum of a semimonotone
operator and a skew-symmetric matrix. This result will be used later in Theorem 5.1 for analyzing the primal-
dual operator Tpp.

Lemma 4.11 (sum with skew-symmetric matrix). Let D € R™" be a skew-symmetric matrix and operator
T :R" 3 R" be (D" MD, R+R’)-semimonotone [at (x',y') € gph T ], where R(R") € N(D) and (M, R) € domg,.
Then, T + D is (0, R’ + M O R)-semimonotone [at (x',y" + Dx")].

The calculus rules presented in this section can be used both to generate and to identify semimonotone op-
erators. We remark that it is also possible to confirm semimonotonicity of operators either directly by definition
or numerically through their scaled relative graph, as detailed in [44].

5 Chambolle-Pock for semimonotone operators

In Section 3, convergence of CPA was established under an oblique weak Minty assumption on the underly-
ing primal-dual operator. This section provides a set of sufficient conditions for the convergence of CPA for
composite inclusion problems involving semimonotone operators.

5.1 Existence of oblique weak Minty solutions

The main tool for establishing simplified conditions for CPA for semimonotone operators is the following
calculus rule, which connects the semimonotonicity of the individual operators A and B to the existence of
V-oblique weak Minty solutions of the primal-dual operator Tpp.

Theorem 5.1 (primal-dual operator). In the primal-dual inclusion (PD-1), suppose that there exists a nonempty
set S* C zer Tpp and matrices Ry, R, Rp € S" and Ma, Mg, My, € S™ such that for every z* = (x*,y*) € S*
the following hold.

(i) R(Ry) € R(LT), R(R,) € N(L), R(Mj) € R(L) and R(M}) € N(LT).
(ii) (M, M) € domg, and (R, Rp) € domy,.
(iii) Operator A is (LT MaL, Ry + R',)-semimonotone at (x*,—~L"y*) € gph A.
(iv) Operator B is (Mg + M/, LRgL")-semimonotone at (Lx*,y*) € gph B.
Then, Tpp has (R4 O Rp + R),) ® (M, O Mg + My))-oblique weak Minty solutions at S*.

Proof. Let (x*,y*) € S* and decompose the primal-dual operator as Tpp = T + D, where T := A x B~ and
D(x,y) := (LTy,—Lx). By Proposition 4.3(i), the inverse operator B~ is (LRgL", M + M)-semimonotone at
(y*, Lx*) € gph B~!. Therefore, it follows from Proposition 4.3(iii) for the Cartesian product of two semimono-
tone operators that 7' is (D" (M4 ® R)D, (R4 + R,) ® (M + M}))-semimonotone at ((x*, y*), (=LTy*, Lx*)) €
gph T. Having established the semimonotonicity of 7, it follows from Lemma 4.11 and skew-symmetry of D
that Tpp = T + D is (0,(R4 O R + R) ® (My O Mg + M}))-semimonotone at ((x*,y*),0). The claim then
follows by Definition 1.1. O

Suppose that the underlying assumptions from Theorem 5.1 hold, in which case R(R4 O Rp) € R(R4) C
R(L™) and R(M, O Mp) € R(Mp) C R(L). Then, by virtue of (3.2) and the particular form of V = (R4 O Rp +
R))® (M, 0O Mg + My)) from Theorem 5.1, the primal-dual operator Tpp has V-oblique weak Minty solutions
at S*, with V given by (3.3) and

B = Amin(X (Ra O Rp)X), Bp = Anin(Y (Ma O Mp)Y), Bp = Amin(X'"RLX"), Bp = Amin(Y' T MpY"), (5.1)

where X, X', Y, Y’ are defined as in (3.1). Hence, Assumption I1.a3 holds if the parameters from (5.1) satisfy
condition (3.5).

As an implication of Theorem 5.1, one can easily verify the underlying assumptions of Theorem 3.4. For
instance, the following proposition applies to constrained, nonconvex quadratic optimization problems, with
its proof provided in Appendix C.
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Proposition 5.2 (constrained QP). Consider the quadratic program

minigize 1x"Ox+q"x subjectto LxeC, (5.2)
R

where Q € §", g € R®. L € R™ and C = {xe R" |; <x;<uw, i=1,...,m}, where Lu € R™. The
associated first-order optimality condition is given by 0 € Ax + LT BLx, where A : x = Qx + g and B = N¢.
Suppose that L is either full column rank, or that Ilggry Qlngy = 0 and gy QMg = 0. Then, the
following hold.

(i) Operator A is (LT My L, R),)-semimonotone, where My = L%TQLJf and R), = Iln, of My = 0.

(ii) Let (x*,y*) € zer Tpp and Mp(y*) = diag( u|1y31 s uly,_?; ) Then, operator B is (MB(y*), ())—semimonotone
at (Lx*,y*) € gph B.

Moreover, if there exists a primal-dual pair (x*,y*) € zer Tpp satisfying (Ma, Mg(y*)) € domg, the following
hold.

(iii) Let X’ and Y be as in (3.1). The pair (x*,y*) is a V-oblique weak Minty solution of Tpp with V given by
(33), whereﬂp = 0, ﬁD = ﬂmin(YT(MA O MB(y*))Y),

.o if rank L = n, J g =1 if rank L = m,
Pr /lmin(X’TQfX’) >0, otherwise. and  fp = 0, otherwise,

(iv) Let the stepsizes vy, T and fixed relaxation parameter A satisfy

¥ € (0, o) 7 € (Bl 5), A€ (0,201 + min{-L(Bp ], 264D). (53)

Then, Assumption I, Stepsize rule I, and Relaxation parameter rule I hold, the resolvents J,4 and J g
are (single-valued) continuous and the convergence properties of CPA follow from Theorem 3.4.

Notably, Proposition 5.2 covers examples of nonconvex quadratic programs for which the matrix L is rank-
deficient. For instance, consider the following two examples with an indefinite Q matrix, where L is full row
rank in the first example, while it is neither full row nor full column rank in the second. The proofs are deferred
to Appendix C.

Example 5.3. Consider the QP from (5.2), where Q = diag(1,-1,2), ¢ = [-11-1]", L = [(1) e 8] and
C = {x eR?’[2<x<4,i=1, 2}. Let operators A and B be defined as in Proposition 5.2. Then, the global
minimizer of (5.2) is given by x* = [1 4 12]" and the following hold.

(i) Operator A is (diag(1, -1, 0), diag(0, 0, 1/2))-semimonotone.
(ii) Operator B is (diag(0, 3/2), 0)-semimonotone at (Lx*, —LTTAx*) = ([ﬁ], [(3)]) € gph B.

(iii) The primal-dual pair (x*, —LTTAx*) € zer Tpp is a V-oblique weak Minty solution of Tpp with V given
by (3.3), where fp = 0,8p = —3,5, = /2 and 5}, = co.

(iv) The sequence (z")ke]N = (x%,y5) wen generated by CPA with fixed relaxation parameter A converges for
-1\ 1]~ (3 0779 25\ — 6
7€ (0, 577 ) = (0,0.26), 7€ (o, | = 3,221, A€ (0,2+ 28p) = (0,29,
where we used that [|Z|* = 385 ~ 128, 0

Example 5.4. Consider the QP from (5.2), where Q = diag(=3,-2,1), ¢ = [010], L = [i fflg and

C = {x eR?|l2<x<1, i= 1,2,3}. Let operators A and B be defined as in Proposition 5.2. Then, the
global minimizer is given by x* = [100]" and the following hold.

(i) Operator A is (us LT L, diag(0, 0, 1))-semimonotone where py = —1.
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(ii) Operator B is (up, 0)-semimonotone at (Lx*, —LTTAx*) =([111]7,[111]") € gph B where up = 2.

(iii) The primal-dual pair (x*, —L""Ax*) € zer Tpp is a V-oblique weak Minty solution of Tpp with V given
by (3.3), where fp = 0,8p = 2,8, = 1 and 5, = 0.

(iv) The sequence (zk)k N (x*, %) wen generated by CPA with fixed relaxation parameter A converges for

v € (0, le)”u‘z) = (0, é), T € (—(uaOug), M] =(2, % , 1€(0,2+ %(MA Oug)) = (0,2— é)' O

5.2 Sufficient conditions for convergence of CPA

Theorem 5.1(i) imposes range conditions on the semimonotonicity matrices of A and B. In this subsection, it
is shown that this can be achieved by imposing a certain structure on these matrices. In particular, consider the
following set of assumptions.

Assumption III. In problem (P-1), suppose that zer Tpp is nonempty and that there exists a nonempty set
S* C zerTpp such that for every z¥ = (x*,y*) € S* it holds that A is (usL" L, psl,)-semimonotone at
(x*,—L7y*) € gph A, Bis (ugl,,, pgLL")-semimonotone at (Lx*,y*) € gph B and the semimonotonicity moduli
(a, B> pa, ) € R* satisfy either one of the following conditions.

(i) (either) us = ugp = 0 and py = pp = 0.
(ii) (or) pa + pp > 0 and pp = pp = 0.
(iii) (or) pa + pp > 0 and us = up = 0.
(iv) (or) ua + g > 0, pa + pp > 0 and [pa O upl-[pa Oppl- < m-

Assumption IIT provides a set of sufficient conditions on the operators A and B so that the primal-dual
operator admits oblique weak Minty solutions. This key result is stated in the following corollary.

Corollary 5.5. Suppose that Assumption 111 holds. Then, the primal-dual operator Tpp has V-oblique weak
Minty solutions at S*, where V is given by (3.3) and

(5.4)

B _ , _Joo, ifrankL = n, , _ Joo, ifrankL =m,
Br =paBps,  Po=pa0ps, ﬁP_{pA, if rank L < n,’ 'BD_{/JB, if rank L < m.

Proof. Note that (ua, up) € domg and (o4, 0p) € domg by Assumption Il and that pal, = pa Txer) +8p M
and ugl,, = up Iz, +ﬂi) ). Therefore, the claim follows directly from Theorem 5.1, with My = uy gz,
RA = PaA HR(LT), R:4 IBI:, HN(L)s MB = Up HR(L)s M/B = 18;) H:N'(LT) and RB = PB HR(LT). O

Leveraging this key result, the convergence of CPA for semimonotone operators is analyzed in Corol-
lary 5.6, for which the stepsize rule corresponds to a simple look-up table. The proof is deferred to Appendix C.

Stepsize rule II. The stepsizes y and T satisfy the bounds provided in Figure 5, where Ymin, Ymax and Tmin(y)
are defined as in (3.6) with Bp = s O up and Bp = p4 O pp.

Ha +pp >0
AL
Ha=pp =0 Happ 20 papp <0
( Y4 q N\
pa=pp=0 7 € 0.~ g
_ 1
y € (0, +o0) 7€ (- Bup), S
(. J
7€(0, 7351 f )
0 ol Y€ (0» ')’max)
PAPB 2
2 7€ (Tmin). 5170
Q < |\ J L J
i‘ s N )\
g 0 ¥ € (=(0a O pB), +0) ¥ € (Ymin» +0) ¥ € (Ymin» Ymax)
PAPB <
Te (0, ] 7 € (tmin(). 3177 7 € (tmin(). 3]
- J J

Figure 5: Range of the stepsizes 'y and T for CPA involving semimonotone operators.
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Relaxation parameter rule II. Let i’ be defined as in Figure 6 and define

A= 2—17(,0/4 Opp) + 5WaOup) and Oy (0) = \/A%,T + (14 O up)(pa O pp)o2.

The sequence (Ay),.y satisfies A € (0,2(1 + 7)) and liminfy_, 4(2(1 +177) — ) > 0, where

Ay = 0,(IILID, if apppapp = 0 Fyr< L
min{A%T — by (0a), 7]’}, otherwise Y Iz
20, 4, if max{uapp, papp} <0\ !

i= {min{ZAw, n’}, otherwise ifyr = IIZI? and d =1,
2A, -, if max{uapp, papp} <0
Ay,‘r - 077(0-2)7 lf min{ﬂAHB»PAPB} >0 lf’)/T = ﬁ and d > 1.
min{A%T = by (0a), 7]’}, otherwise

rank L = n rank L < n

rank L = m q[ +00 ][ %PA ]
rank L < m <][ %yg ][ min{%pA,%yB} ]

Figure 6: Definition of i in Relaxation parameter rule I1.

Corollary 5.6 (convergence of CPA under semimonotonicity). Suppose that Assumption I1.a1, Assumption I1.A2
and Assumption I1I hold, that y and T are selected according to Stepsize rule Il and that the relaxation sequence
(Ao B8 selected according to Relaxation parameter rule 11. Then, all the claims of Theorem 3.4 hold.

Corollary 5.6 serves as a universal framework for analyzing the convergence of CPA, both in monotone and
nonmonotone settings. Notably, it encompasses and extends many of the existing results in literature. Several
examples are provided below.

Remark 5.7 (connection to existing theory). Case (i) of Assumption III can be interpreted as a relaxation
of the classical monotonicity assumption for CPA [12], as it does not impose monotonicity between any two
pairs in the graph of A and B. In case (ii) of Assumption III, a monotone problem is split in a nonmonotone
fashion. In the optimization setting, this setting was studied in [37]. To see this, let g be a proper Isc p,-convex
function with u, > 0 and & be a proper Isc uj-convex function. Then, A = dg is (#e/iLirLT L, 0)-semimonotone
and B = 0h is (i, 0)-semimonotone. Then, Corollary 5.6 requires that #s/jLi2 + , > 0, which matches [37,
Thm. 2.8]. Note that case (iii) of Assumption III can be interpreted as the dual counterpart of case (ii), as the
assumptions of the latter hold for A and B in the primal inclusion problem if and only if the assumptions of
the former hold for B~' and A~! in the dual one (see (D-I)). Up to the knowledge of the authors, no particular
instances of case (iv) of Assumption III have been covered in literature, even in the minimization setting. [J

In what follows, Corollary 5.6 will be applied to several examples previously discussed in this paper. First,
note that the convergence result from Example 5.4(iv) can be more conveniently derived as a consequence of
Corollary 5.6, since Assumption III is satisfied for this problem with u4 = —1, ug = 2, pa = 1 and pg = 0.
Next, we revisit the two theoretical examples of Section 3, this time under the lens of semimonotonicity. First
of all, consider the linear inclusion problem from Example 3.6, where the parameters a, b, ¢, [ are selected as
in Example 3.6(iv).

Example 5.8 (saddle point problem (revisited)). Consider inclusion problem (3.24) witha = 10, b = —}P c=0
and ¢ = 2. Using Proposition 4.4, it follows that A is (LTL, —%In)—semimonotone and B is (—%Im, éLTL)—

semimonotone. By Corollary 5.6, the sequence (zk)k N generated by applying CPA to (3.24) with 7 = m and
fixed relaxation parameter A converges for

¥ € Yimins Ymar) ~ (0.055,0.528) and A€ (0,2 - = ). O
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The obtained range of stepsize parameters is only a subset of the tight range obtained in Example 3.6(iv).
However, this should not come as a surprise, since part of the information about operators A and B is lost by
analyzing them under the lens of semimonotonicity. This is also observed in the second example.

Example 5.9 (influence of singular values (revisited)). Consider the composite inclusion problem 0 € Ax +
L7 BLx from Example 3.7. It follows from Proposition 4.4 that A is (%LTL, %In)-semimonotone and B is

(%In, %LLT)-semimonotone. By Corollary 5.6 and Proposition 3.5, the sequences (Ilx(p) z“)ken and (s%),
generated by applying CPA with ¥ = 7 = 1 and fixed relaxation parameter A, converge to zero if A is selected

according to Relaxation parameter rule II, which reduces to
A€ (0,2(1 + £ + 3:Bp = Oye(maxiltal, ..., 16alD)) = (0,52 = V2max{|£al, ..., 1Ga]}). O

In Example 3.7(i), it was shown that Tpp has (%I,, <] %I,,)-oblique weak Minty solutions at zer Tpp. On
the other hand, here it is shown that A is (%LTL, %In)-semimonotone and B is (%In, %LLT)-semimonotone.
Applying Corollary 5.5, this implies that Tpp only has a (%I,, &) %I,,)—oblique weak Minty solution at (0,,0,) =
zer Tpp. By analyzing A and B under the lens of semimonotonicity, some additional looseness is inevitably
introduced. More specifically, the information that A and B are linear and symmetric, that A = B~! and that
A =1/2LTL + 1/2AT A are lost in this process.

Finally, for a more practical application of our theory, we refer the interested reader to [44, Prop. V.2],
where Corollary 5.6 is applied to a nonmonotone common-emitter amplifier circuit.

6 Conclusion

In this work, convergence of the Chambolle—Pock algorithm (CPA) was established for a class of nonmonotone
problems, characterized by an oblique weak Minty assumption on the associated primal-dual operator. To fa-
cilitate the verification of this underlying assumption, a generalization of the class of semimonotone operators
(see [19]) was introduced, and sufficient conditions for the convergence of CPA were provided for inclusion
problems involving operators belonging to this class. When restricting to minimization problems, our results
reveal that for certain problem classes no explicit rank or condition number restriction on the linear mapping
is required.

It would be interesting to explore if stronger results can be obtained when the operators are known to be
subdifferentials. Other future research directions include extensions to the setting where the preconditioning is
indefinite, allowing to cover the extended Chambolle—Pock stepsize range )/‘r||L||2 < 4/3 from [56, 5], as well
as analyzing other splitting methods in nonmonotone settings.

A Supplementary results

Theorem A.1. Suppose that Assumption II holds, with condition (3.5) relaxed to
’ ’ y 0+ V6> =4BpPolILI? y 0+ V6> —4BpPBlILI?
[Bel-Ip]- < ziim.  IBRL-IBp)- < . [Bpl- > TP ana (). > SRR (A

2[Bp]-IILI? 2[Be]-IILI?
Suppose that y and T are selected within the intersection of the bounds provided in Stepsize rule I and the set
2 ’ /
{(7’, T) €R | Y € (_[ﬂP]—s m),‘r € (_[BD]—’ m]} (AZ)

Moreover, suppose that the relaxation sequence (Ay), ., is selected according to Relaxation parameter rule I.
Then, all the claims from Theorem 3.4 hold.

Proof. The proof is identical to the proof of Theorem 3.4, except that in the item discussing 1 + n > 0 the
occurence of (3.5) is replaced by (A.1) and that the item discussing 1 + 77 > 0 is replaced by the following.

& The set of pairs (y,7) € R2, satisfying yt € (0,iur] and 1 + 77 > O is given by the the intersection of the
bounds provided in Stepsize rule I and the set (A.2), which is nonempty.

With the understanding that 8, = co when L is full column rank and 8, = oo when L is full row rank, as
discussed below Assumption II, the set of pairs (y,7) € R2, satisfying yr € (0, /jz?] and 1 +7° > 0 is given
by (A.2). Hence, it only remains to verify that the intersection of the bounds provided in Stepsize rule I and
the set (A.2) is nonempty, which is ensured by the conditions on £, and §f, provided in (A.1). O
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B Auxiliary results

Fact B.1 (solution of quadratic inequality). Let 8p,Bp € R, ||L|| > 0,04 € (0, ||L|[], let § be defined as in (3.4)
and let Ymin and ymax be defined as in Stepsize rule I. Then, the following hold.

(i) There exists ay > 0 satisfying Bpl|L||*y* + 6y + Bp > 0 if and only if [Bp]_[Bp]- < m.

(ii) If [Br]-1Bpl- < m, theny > 0 satisfies Bpl||L||>y> +6y+Bp > 0 if and only ify lies within the (nonempty)
stepsize interval provided in Figure 1.

Lemma B.2. Let Bp,Bp € R, ||IL|| > 0, 0y € (0,]|L||] and for any o € [0y, ||L||] define the set
(o) := {(y, 1) eR%, | y7 € (0, Yir] and 1 + 5.Bp + 3-Bp — 6,:(0) > o},
where 0,.(-) is defined as in (3.7). Then, the following hold.

(i) If min{Bp, Bp} = O, then, for any o € [o4, ||L||], stepsizes (y,T) belonging to the nonempty set I'(0) are as
in Figure 1.

(ii) If min{Bp, Bp} < 0 and max{Bp, Bp} = O, then, stepsizes (y, ) belonging to the nonempty set I' (o) are as
in Figure 1.

(iii) If max{Bp,Bp} < O, then the set I'(||L||) is nonempty if and only if [Bp]-[Bpl- <
stepsizes (y, T) belonging to the nonempty set I'(||L||) are as in Figure 1.

m, in which case

Proof. Throughout the proof, we will US€ Ymin, ¥Ymax and Tmin(y) as defined as in (3.6). Let o € [0, ||LI|].
Solving the square root inequality 1 + 2%,81: + %BD > 60,(0), it follows that

I= (o) =
—— N ———
I(o) = {(y, 7)€ Ry, [y7€(0,ir], 1+ 38p + 5-fp > 0and 1+ 18p + 1Bp + -BeB(l - yr0?) > 0}.

Define c1(cy) = y(1 = Befpo?) + e and c2(y) := Bo(y + ), so that yrIa(0) = ¢1 (o, V)T + c2(y).

& B.2(i): If min{Bp,Bp} > 0, then T'; > 0 and I',(0) > 0 since 1 — yro? > 0. Therefore, it follows by algebraic
manipulation that I'(0") is nonempty and equal to

(@) = {(,7) € R* | y € (0, +0) and 7 € (0, Yi?]}.
o B.2(ii): If min{Bp,Bp} < 0 and max{Bp,Bp} > 0, then either %,BP + %ﬁD > 0, in which case by definition

Iy >0,or }l,ﬁp +1Bp < 0, in which case I'y > T2(07y) since 1 — yro% > 0. Therefore, regardless of the sign of
%,BP + %/SD it holds that I'(o;) reduces to {(y, 7)€ R2, | yr € (0, L] and Ty (o) > 0}.

¢ Bp = 0, Bp < 0: Then, by construction c¢i(oy,y) > 0 and ca(y) < O for all y € R,. Consequently,
(o) >0 &= ci1(0g, V)T + c2(y) > 0 &= T > ~2O)/ci(04y) = Tmin(y) and the set I'(o) is nonempty if for
some y > 0 it holds that

Tmin(¥) < LE &= xYILIP + c1(aa.y) = BollLIPY? + (1 + Beo(ILI* — o))y +Bp > 0, (B.I)
which is guaranteed by Fact B.1(i). Therefore, it follows from Fact B.1(ii) that
F(@) = {(,7) € R?| ¥ € (0, ymax) and 7 € (rmin(y), Y]}

¢ Bp < 0, Bp = 0: Observe that for all y < -Br/(1-geBr0?) < —Bp it holds that ¢; (04, ¥) < 0 and ca2(y) < 0.
Therefore, if ['2(074) > O then necessarily y > —A¢/(1-geppo2), implying c1(o4,y) > 0, so that I'(o4) reduces to
{(y, 7)eR2, | v1 € (0, 1/1ur],y > ~Be/(1-pepoo?) and T > Tm,-n(y)}. Ensuring that Ty (y) < /yILI?, i.€., solving
(B.1) as before, yields y € (Ymin, +o0). Finally, by observing that ymin > —B8p > —B¢/(1-peppo?), it follows that

F(@) = {(,7) € R | € (ymin, +00) and 7 € (Tain(y), Yy ]}
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o B.2(iii): If max{Bp,Bp} < 0, then I'; > O for (y,7) € IR%r+ if and only if y > /2 and T > ~¥Bp/2y+pp). AsS a
result, the set ['(J|L||) is empty when BpBp > /L2, as in this case the inequality —¥8o/@2y+8p) < !/yiL> does not
have a positive solution for y > /2. Consider the following cases, assuming that SpfBp < !/ILI?.

Oy € (Pref2, Pefa-pepoliLi)): Then, ¢ (||L]|,y) < 0 and thus I'>(||L][) > 0 if and only if 7 < Tpyin(y). Since it is
easy to verify that in this case ~¥Ap/@2y+8p) > Tmin(y), N0 such y belong to the set I'(J|L][).
&y = Pela-gepoliLi?): Then, c1(||L||,¥) = 0 and c2(y) < 0, so that I'»(]|L||) < O for all T € R.

Oy > “Br/a-gepolll®: Then, ci(||L]|],¥) > 0 and thus I'>(||L|]) > O if and only if T > Ty (y), which is by
construction larger than ~¥Ao/2y+gs). The set I'(07y) is nonempty if for some y > 0 it holds that T, (y) <
I/yin2, which holds by Fact B.1(i) if and only if [Bp]-[Bp]- < !/4iLi?. Finally, noting that y,;, > -8/, it
follows from Fact B.1(ii) that

FAILID = {(r7) € R?| ¥ € (ymin: Yimax) and 7 € (Tmin(). ot}

Since these sets corresponds to the stepsize ranges provided by Figure 1, the proof is completed. O

Lemma B.3. Let D := [1, L], (Y1, Y,) € domg and define Y = Y| & Y,. Then, (4.1) holds and X* as defined in
(4.2)isequalto Y, O Y,.

Proof. LetE = %[_11 ] Observe that D = %[}] and Iyp) = %[_II _II ], so that

Mo ¥ = (EeL)[11 -1, M) ¥ Ty = (EET) & (Y1 + Ya),
rank(Iy(p) ¥) = rank [¥; Y3], rank(Ilxp) Y Tlnp)) = rank(Y; + Y»).

Consequently, (4.1) holds owing to [36, Thm. 9.2.4], since Y; + ¥> > 0 and Y; and Y, are parallel summable.
The claim for X* follows from Proposition 4.5(ii), since

X* = 2V + ¥ - L - BERL)(EED @ (1) + 1) (E® L)Y, - ¥2)
= (V1 +Y2) = (Y1 = V2)(Y1 + 12) (Y = V)
= (V1 +Y2) = (Y1 + Y2 = 2Y2) (Y1 + V) (Vi + Y2 = 212)
= HY + ) Y+ )+ 3N+ )T+ D) - HY + ) h =Y 00,

where the second equality holds since for arbitrary matrices Z;, Z; it holds that (Z; ® )" = ZlT ® Z;' and the
final equality holds by definition of the parallel sum and parallel summability. O

Lemma B.4. Suppose that Assumption III holds and that the sets gph(Ilg) A™Y and gph(Ilx() B) are not
singletons. Then, it holds that [ua]+[pal+ < Y402 and [uglilppls < Yaol.

Proof. Suppose that ps,pa > 0 and pg,pp > 0, for otherwise the two claims hold trivially. Consider yp €
dom(A~" o (=LT)) ndom(B~!) = dom Tp, # 0 and let y = —L"yp. By semimonotonicity of A at (x*, —LTy*) it
holds for all (x*,y*) € S*, x € A™'(y) = A~! o (=LT)(yp) that

(x=x*y+ LTy*) 2 q o (x = x5) + pally + LTy*IP 2 paog Mgy (x = x5 + pally + LTy*IP. (B.2)
Noting that by definition (y, Iz x) € gph(Ilgrm) A1) and since gph(Ilg(m) A7) isnot equal to the singleton
{(=LTy*, gy x*)}, both of the above involved norms are nonzero.

On the other hand, since y = —LTyp € R(L"), it holds by the Fenchel-Young inequality with modulus
Zonfl > ( that

1
4 0'5

Iy +LTy*I>.  (B.3)

(x = x*,y+ LTy*) = (Mgan(x — x*),y + LTy*) < paoiigen(x — x| +

Combining (B.2) and (B.3), it follows that py < m.

Analogously, consider xp € dom(A) N dom(B o i) = domTp # 0 and let x = Lxp. Then, it holds for all
(x*,y*) € §*, y € B(x) = B(Lxp) by the semimonotonicity assumption of B at (Lx*, y*) that

(x = Lx*,y = y*) 2 ppllx — Lx*|P + a1, (v = ¥*) = pgllx — Lx*|* + ppoglMxay (v — yOIP, (B.4)

23



where the involved norms are nonzero since (x, Il y) € gph(Ilzz) B) and gph(Ilgzy B) is not equal to the
singleton {Lx*, IIx(z, y*}. On the other hand, since x = Lxp € R(L), it holds by the Fenchel-Young inequality
with modulus 2ug > 0 that

(x = Lx*,y = y*) = (x = La*, Ty (v = 3 < pagllx = Le*IP + g Ty 0 = yOIP (B.5)
Finally, combining (B.4) and (B.5), it follows that pgof, < 4%3, establishing the claim. L]

Proposition B.5 (normal cone of a box). The normal cone operator N¢ : R" =3 R" of the n-dimensional box
C={xeR"|;<x;<u, i=1,...,n}is (diag(M M),0)-semimonotone at (%,7) € gph N¢.

wi=h> """ uy=ly

Proof. By Proposition 4.3(iii) it suffices to show that N¢, is (M 0)-semim0not0ne at (%;, ;) € gph N¢,. Using

ui—l;°

the fact that |%; — x;| < u; — {; and monotonicity of N¢, we have for all x; € C; that 'ﬁ‘ % — P < [illR - Xl =
ui—t;

(P, X — xi). O

C Onmitted proofs

Proof of Lemma 3.3 (oblique weak Minty for primal and dual operator). Note that gph Tpp is equal to the set
{((xa,yB), (ya + LTyp, xp — Lxa)) | (xa,y4) € gph A, (xp,yg) € gph B}. Consequently, it holds by assumption
for all (x*,y*) € S*, (x4,y4) € gph A and (xp, yp) € gph B that

(ya+LTyp,xa = x*) + (x5 = Lxa, ys = y*) > qy, 04 + LTy) + Qy, (x5 — Lxy), (C.1)

# In (C.1), consider x4 € dom(A)Ndom(Bo L) = domTp # 0 and let xz = Lx,. Then, it holds for all x* € S7,
va € A(xy) and yg € B(Lx,) that

(ya+ LTyg x4 — x*) 2 qy,(va + LTyp). (C2)

Since (x4,y4 + LTyp) € gph Tp by construction and Sy C zer Tp by Proposition 3.1, it follows by definition
that 7p has Vp-oblique weak Minty solutions at Sp.

& Analogously, consider yz € dom(A™! o (-LT)) N dom(B~!) = domTp # 0 and let y, = —L yg in (C.1).
Then, it holds for all y* € S*, x4 € A~ o (~LT)(yp) and x5 € B~ (y3) that

<)CB - LxA,yB - y*) > QVD(XB - LXA). (CS)

Since (yp, xp — Lx4) € gph Tp by construction and S C zer Tp by Proposition 3.1, it follows by definition
that T has Vp-oblique weak Minty solutions at S, completing the proof O

Proof of Example 3.6 (saddle point problem).

 3.6(i): By defining H := I+ A((P + Tpp)~' P — I) and substituting 7 = 1/, the update rule for z* corresponds
to the linear dynamical system z**! = Hz¥. Global asymptotic stability of this system is achieved if and only if
the spectral radius of the matrix H is strictly less than one, which holds iff A € (0, min{2, A}). Analogously, the
convergence result for (Ilxp) zk)keN can be obtained by analyzing the spectral radius of 1) H.

& 3.6(ii): The primal-dual operator and its inverse are given by

A LT

T -1 _ T -17T

BL(A+L"BL)Y"" B-BL(A+LTBL)Y"'L™B C4)

owing to the Schur complement lemma. Therefore, Tpp has a V-oblique weak Minty solution at zero on
U =R’ x R(P) if and only if

ZT(TPDT”;D - T;DVTPD)Z >0, forallz € R": z € TppR(P). (C.5)
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Using that L = YZXT, where Y = I3, X = ['[(')IZ] and X = sgn(0)I,, it follows by plugging in (3.10) into (3.11)
that

1

L 0
ity b ba®
— — a
U - 77—[1 0 and V - a2+b2€4 12 @ a2+b2[4 IZ @ CIl’ (C6)
1+y2 % :

0 1

where U is an orthonormal basis for R(P). As a result, (C.5) is satisfied if and only if
(TI:I; U)T(TPI+TJD - T;DVTPD)TE];U > 0.

Noting that the left-hand side becomes zero when plugging in (C.4) and (C.6), the claim follows.

& 3.6(iii): Since condition (3.5) holds for Bp = %,BD = % and B, = c, it follows from Example 3.6(ii)
that Assumption II.a3 is satisfied. Moreover, it can be verified that for these parameters ¢ is equal to one, that
Stepsize rule I reduces to (3.26) and that Relaxation parameter rule I matches (3.25). Operators A and B are
continuous and hence outer semicontinuous, verifying Assumption II.a1. It only remains to show that J,4 and
J:g-1 have full domain and are single-valued continuous. For J,4 this holds since I + yA is invertible for any
v € R. For J.z1 with 7 = 1/y22, invertability of I + 7B~! is ensured provided that —yb(*> # 1 and —yct? # 1.

Since these conditions are guaranteed by Stepsize rule I and the assumption ¢ > 0, the claim is established.

& 3.6(iv): For this particular instance tr Tp = —2 and tr Tp = tr Tpp = —8. Since the trace of a matrix equals the
sum of its eigenvalues, the proof is completed. O

Proof of Example 3.7 (influence of singular values).

& 3.7(i): By [6, Prop. 5.1(ii)] and using that A, B and L are symmetric, Tpp is %-comonotone if and only if

1 T T 1 -1
Top+Ty | T _|A-5(ATA+L'L) —3(AL - LB™")
e LT T = > 0. :
R R N A AR/ €D
Using that B! = A, that L is symmetric and that A and L commute, i.e., AL = LA, this condition reduces

to A — %(ATA + LTL) > 0, which holds by definition of A and L. Noting that zer Tpp = (0,,0,), the claim is
established.

# 3.7(ii): Follows from Theorem 3.4 and Proposition 3.5, using that ||L|| = 1 and y7 = ﬁ

# 3.7(iii): Analogous to the setting of Example 3.6(i), the update rule for Tlxp) z* can be expressed as the
linear dynamical system Ilxp) 2Kl = Hxpy) H g p Z*, where H =1+ /1((P + Tpp)~'P - I) and P is defined
as in (1.1). This system is globally asymptotically stable if and only if the spectral radius of I1xp) H is strictly
less than one, i.e., if and only if 1 € (0, /_lspectral), where

Aspectral € argmax A subject to [|[ILgpy) H(A)|l2 < 1. (C.8)
1

The values for Aspeciral Teported in Figure 4 are obtained by solving this problem using SymPy. O

Proof of Proposition 4.1. By the Fenchel-Young inequality, it holds for any R < O that
(x=x',y=y)>= 191 (x = x') = qr(y = ¥), for all (x,y), (x,y') € gph A.

Therefore, (1.3) is satisfied for all M < %R’l. O

Proof of Proposition 4.2 (preservation of maximality). If T is maximally (M’, R")-semimonotone, then by def-
inition there exists no (M’, R")-semimonotone operator 7 such that gph T C gph T. Since the class of (M’, R’)-
semimonotone operator encompasses the class of (M, R)-semimonotone operators whenever M’ < M and
R’ < R, this implies that there also exists no (M, R)-semimonotone operator T such that gph 7 c gph T, estab-
lishing the claim by definition of maximality. O
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Proof of Proposition 4.3 (inverting, shifting, scaling and cartesian product).
& 4.3(ii): First, consider the assertion where A is semimonotone only at (x),,’,). Define s’ = x/, — u and
' =y +ay/, such that (s’,#') € gph T. Then, it holds for all (s, f) € gph T that
(s—s,t—1)= a((s +u)— (s +u),a ' t-y)—a (¢ - y)>
(semimonotonicity of A at (x;,y,)) = @ qu, (s + u) — (8" + ) + @ qpla” ' (t —y) —a~ ' (' —y))
= Qou(s = 8) + Q15 = 1),

where we used that (s + u, @' (' — y)) = (¥}, y,) and (s + u,a”'(t — y)) € gph A. Hence, it follows that T is
(eMy, @' Ry)-semimonotone at (s, 1').

If A is (M4, R4)-semimonotone at all (x,y),) € gph A, we then know that T is (@Ma, @~ 'R,)-semimonotone
at all points in the set {(x, —u,y + ay’) | (x,,)),) € gph A}. Since this set is equal to gph T, it follows that T is
(@M, @' R,)-semimonotone (everywhere).

& 4.3(iii): Let A and B be semimonotone at respectively (x),,y,) and (xj,y}). Since gph T is equal to the set
{((xa,xB), (V> YB)) | ya € Axa, yp € Bxp}, it holds for all (x,y) € gph T that

(x =",y =y ) = (xa = Xjya = Yy) + (x5 = Xp. Y5 — V)
(semimonotonicity of A and B) > (s, (X4 — X3) + g, (Va — Y1) + Ay, (X8 — X) + qr, (VB — Vp)
= Quyem, (X = X)) + dr,er, 0 = Vs
and thus T is (M4 ® Mp, R4 & Rp)-semimonotone at (x’,y’) € gph T

If A and B are semimonotone at all points in their graph, then T is (M4 & Mg, Ry ® Rp)-semimonotone at all
points in gph T, which completes the proof. O

Proof of Proposition 4.4 (linear operator). Owing to the linearity of D, (M, R)-semimonotonicity corresponds
to having (x, Dx) > q,,(x) + qz(Dx) for all x € R", which is equivalent to the claimed LMI. O
Proof of Proposition 4.5 (symmetric solution of D" XD < Y).

& 4.5(i): First, note that the problem of finding an X € §" such that DT XD < Y is equivalent to the problem of
finding a pair (X, Z) € §" X §™ such that

D'XD=Y-Z (C.9)

and Z > 0. Second, observe that by [41, Thm. 2], [23, Prop. 1] the involved linear matrix equality is solvable
for X € §" if and only if R(Y — Z) € R(D"), i.e., [Inp) Z = ) Y. By [28, Thm. 2.2], a matrix Z > 0
satisfying this condition exists if and only if (4.1) holds, and the general solution is given by

Z = Y Iy Y Ty Tiypy ¥ + DT(DYTGDT (DY), (C.10)
where G € S” is an arbitrary symmetric positive semidefinite matrix.
& 4.5(ii): Substituting (C.10) into (C.9) yields
D"XD =Y — Y )Ty ¥ i) Ty ¥ = DT(DY)TGD™ (DY),
of which the general solution is given by [23, Prop. 1]

X = I(D*)T(Y — Y Ty (e Y Tinepy) Ty ¥ — G)D*I +H — Tg(py H M), (C.11D)
=X*~(D")TGD"

where H € §" is an arbitrary matrix. Substituting (C.11) into DTXD < Y shows that
Y - DTXD =Y - DTX*D + HCR(DT) GHj{(DT) > Y- DTX*D > 0

Finally, the alternative expression for X* given in (4.2) follows directly from [57, Lem. 3].
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& 4.5(iii): [7, Fact 6.4.38] O

Proof of Corollary 4.7 (semimonotonicity of DTDT). If (4.1) holds, then it follows from Proposition 4.5 that
DTX*D < Y. Therefore, it only remains to be to shown that this implies (DMDT, X*)-semimonotonicity of
DTDT [at (x', Dy’)].

First, consider the case where T is semimonotone only at a single point (D"x’,y’). Let (D"x,y) € gph T
and denote u = Dy and u’ = Dy’. Then, (x,u), (x’,u’) € gph DTDT and it holds that

=X u—uw)y=(D (x-x),y—-y)
(semi. of T at (D" x’, ")) > qM(DT(x - XN +qy,0 =)
> dpupr (X = X)) + @ (DO = Y) = Appypr(x = X7) + qys (@ — '),
where DTX*D < Y was used in the second inequality, showing that DT DT is (DMDT, X*)-semimonotone

at (x’, Dy’). Finally, if T is (M, Y)-semimonotone at all (D"x’,y’) € gphT, then DTD" is (DMDT, X*)-
semimonotone at all points in {(x’, Dy’) | (DT x’,y’) € gph T}, which equals gph DTDT. O

Proof of Proposition 4.10 (sum and parallel sum). Let D = [1, 1, ]. Then, A+ Bis equal to DT DT, where T :=
AXB. By Proposition 4.3(iii), operator T is (M, R) = (M4 ®Mp, Ry ®Rp)-semimonotone [at ((x', X'), (¥, y3)) €
gph T']. Consequently, it follows from Corollary 4.7 and Lemma B.3 that DTD™ = A+ Bis (M4 + Mg, RA0ORp)-
semimonotone [at (x’, y), +y%)]. Finally, the claim for the parallel sum follows directly from those for the sum
and Proposition 4.3(i), since A0 B := (A™! + B~1)7. O

Proof of Lemma 4.11 (sum with skew-symmetric matrix). First, consider the assertion where 7 is semimono-
tone at (x’,y"). Let (x,y) € gph T. Then, (x,y + Dx),(x’,y’" + Dx") € gph (T + D) and

(x=x",y=y +D(x—x)) > qprayp(x = X) + Qo (Y = Y) + {x = X', D(x — X')).

By Corollary 4.6(ii) and skew-symmetry of D, it follows that D is (~D" M D, I1xpy M Tlx(p))-semimonotone.
Consequently,

(x=x",y =y +D(x = X)) 2 iV = ¥) + Ay, M1y, (DX — DX')
Q=Y + D(x = x)) + qr(y = Y") + qy(D(x = X))
Qe =Y + D(x = X)) + quer((D(x = x'),y =) (C.12)

where the fact that R(R") € N(D) was used in the first equality. Let E := [1, 1, ]. Since (M, R) € domg, it holds
by Proposition 4.5 and Lemma B.3 that ET (M 0 R)E < M & R. Consequently, it follows from (C.12) that

(x=x,y =y +D(x = x)) 2 QoY =Y + D(x = X)),

proving the claimed semimonotonicity of 7+ D at (x’,y’ + Dx"). Finally, when T is semimonotone everywhere,
the claim follows analogously by considering all (x’,y’) € gph T, completing the proof. [

Proof of Proposition 5.2 (constrained QP).

& 5.2(i): Let M = LT M4L = llgzmy Q xry and observe that
Hnig M = Ui Hxar) Qllrery = Hnig(In — Hn)) @ lrery =0, (C.13)

where the final equality holds since Ilgr) QIln) = 0. Therefore, (4.3) is satisfied for D = Q and Q is
(LT My L, R*)-semimonotone by Corollary 4.6(ii), where R* = Q" — Q'MQ" = Q" — Q' g QMg OF
due to (C.13) and symmetry of Q. Moreover, since g Qllng) = 0, it holds by [7, Fact 6.4.34] that
0" = (Mxur) OMxeny)" + (i) QMny)', so that R* = TIng) Q' Mxgy = R). The claimed result for
A : x — Qx + g then follows from Proposition 4.3(ii).

& 5.2(ii): By Proposition 3.1, it holds that (x*, y*) € zer Tpp if and only if (x*, —LTy*) € gph A and (Lx*,y*) €
gph B. The claimed result then follows directly from Proposition B.5.
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# 5.2(iii): By Theorem 5.1, Tpp has ((TIlnz) Q' M) ® (M4 O Mp))-oblique weak Minty solutions at S* =
{(x*,y*)}. Therefore, recalling that [Ty, = X’X’", it follows that the parameters Sp, Bp,8p and B}, given in
5.2(iii) match those from (5.1). As remarked below Theorem 5.1, Assumption II.a3 holds since these parame-
ters satisfy condition (3.5), completing the proof.

& 5.2(iv): Note that both A and B are outer semicontinuous since A is a linear mapping and B is a normal
cone [49, Prop. 6.6], verifying Assumption IL.a1. Since the parameters Sp, 8p, B, and S}, from Example 5.3(iii)
satisfy condition (3.5), it follows that also Assumption II.a3 holds. Moreover, it is straightforward to verify
that for these parameter values Stepsize rule I and Relaxation parameter rule I correspond to (5.3) (excluding
the case T = 1/yIL)? for simplicity). Therefore, it only remains to show that the resolvents J,4 and J.-15 have
full domain and are (single-valued) continuous for any y and 7 complying with (5.3). Note that for any 7 > 0O it
holds that J,z1 = id—7J.-150(r"'id). Since J,-15 = I is (single-valued) continuous and has full domain, this
implies that so does J.g-1. On the other hand, since A(x) = Qx + ¢ it holds that J,4(-) = J,o(- — vq). Therefore,
Jy4 has full domain and is (single-valued) continuous if and only if so is J,, i.e., if and only if the matrix
id + yQ is invertible. We distinguish between two cases.

® 1nin(Q) > 0: Then, id + yQ is invertible for any y > 0 and the claim is immediate.

o 1nin(Q) < 0: Let X, X', Y, Y’ be defined as in (3.1), so that L = YZXT. We begin by showing the following
intermediate claims.

Claim 1: The smallest eigenvalue of Q is equal to the smallest eigenvalue of X OX.
Since by assumption Hx.my O I,y = 0 where Tlgry = XX and Iy = XX’ 7, we have

alxTox o X7
Q = [X X ] [ OQ X/TQX/:| [X/T:|
S ——
::Q

Consequently, it follows by the similarity transformation with similarity matrix [X X ’] [26, Cor. 1.3.4]
that Q is similar to O, and therefore Amin(Q) = Min{Amin(X™T OX), Amin(X’ T OX’)}, where we used the
block diagonal structure of Q. Moreover, since we assumed that ITyyz) O Iln() > O it follows that also
X'TOX = X' ng Qg X” = 0 and since we assumed that Ain(Q) < 0 necessarily Apin(Q) =
/lmin(XT QX)

Claim 2: The parameter Bp is upper bounded by W/lmin(Q)

Since (M4, Mg(y*)) € domg, we have that My + Mp(y*) > 0 and consequently it follows from (4.5) that
M, 0 Mp(y*) < My, where My = LTTQLT. Since L™ = XX~!'YT and YTY = I, this implies that

Bo = Amin(YT(Ma 1 Mp(*))Y)
TEIXTOXT s TXTOXt
< Amin(EIXTOXE ) = min S22 A= S gy D22
- m"’( Q ) R0 sTs /Ao 82
where we defined 7 := £~ in the final step. Since Ay;(XT QX) < 0 due to Claim 1 and since £* < ||L|I,

it follows that TXTOX
L min f 1 (XTOX) = LA
ﬂD < W fEIDI(l’l\l?O] T ~ LR /lmm(X QX) ~ LR /lmm(Q)-

Finally, it follows from Claim 2 that I+ yQ > (1 + Y Anin(Q)I > (1 + yBp||LI[*)I, showing that I + yQ is
invertible since y < l/[gp1_lILJ? as in (5.3). O

Proof of Example 5.3. The projections are given by Ilgr) = diag(1, 1,0) and Iy = diag(0, 0, 1), leading
to Mgy Oy = 0 and Iy O Iy = diag(0,0,2) > 0. Therefore, we can invoke Proposition 5.2 to es-

L T
tablish the assertions. In doing so, the following intermediate computations arise: Lt = [,l% (1] 8 L = %(1 +

V63), My = LT QL = L[ 1§ 4], LTML = diag(1,-1,0), R}, = gy Q' Mgy = diag(0,0,1/2), Mp =
diag(0,3/2), X’ =[001]", X’ TQ7 "X’ = )2, MyuMp = diag(0, -3) and that Bp = (Y7 (diag(0, -3))Y) = -3
since Y is an orthonormal basis with full rank. O
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Proof of Example 5.4. The proof is analogous to the one of Example 5.3. It holds that ITx .y = diag(1, 1,0)
and HN(L) = diag(O, O, 1) Therefore, HIR(LT) QHN(L) = 0 and HN(L) QHN(L) = diag(O, 0, 1) > 0. Hence, we
can invoke Proposition 5.2 to establish the assertions. In doing so, the following intermediate computations

arise: Lk [03 3] ||L|| = \/_ My = LjTQLk - I3,R = HN(L)Q HN(L) = dlag(O 0 1) Mp = 213,

.
X' =[o01] ,Yz[l/ﬁ l/ﬁ],X'TQ X" =1 and M4 0 My = -215. O]
1/v3 =1/v2

Proof of Corollary 5.6 (convergence of CPA under semimonotonicity). To show that the claims from Theo-
rem 3.4 hold, it suffices to verify that Assumption II.a3, Stepsize rule I, and Relaxation parameter rule I hold.
By Corollary 5.5, the primal-dual operator Tpp has V-oblique weak Minty solutions at S*, where V is defined
as in (3.3) with parameters Sp, B}, fp and Sf, given by

, co, if rankL = n, , co, if rankL =m,
Br=paOpp, Lp=HaOpug, ﬁp={ .BD={ (C.14)

pa, if rankL <n,’ up, if rank L < m.

To show that Assumption I1.a3 holds, we need to verify that these parameters satisfy (3.5), i.e., that [Bp]_[Bp]- <
1/4y)? and that

0, if Bp > 0, 0, if B > 0,

o> | Tagmee £Ar <080 <0, (Cs) g, > | o o <0.8p <0, (c 1)
- Bo
1-BpBpo’’ lfﬁP < O’ﬁD =0, W’ lfﬁD < O,,Bp > 0.

The first inequality holds owing to (C.14) and Assumption III(iv). Before verifying (C.15) and (C.16), we first
show three intermediate results.

Claim 1: Condition (C.15) holds for all B, > 0 and (C.16) holds for all B, = 0.

We already established that [Bp]_[Bp]- < !/4iL* and therefore 1 — BeBollLI> > 3/4Lp when Bp < 0 and
Bp < 0. Moreover, it holds by construction that 1 — ,BPBDO'Z > 1 when Bpfp < 0. Consequently, the fractions
appearing in the cases of (C.15) and (C.16) are strictly negative as their numerators are strictly positive and
their denominators strictly negative, proving the claim.

Claim 2: It holds that Bp = pa O pp < pa and Bp = pa O up < Up.

This claim follows by definition of the parallel sum, since either p4 = pp = 0 or ps + pp > 0 and either
pa = pup = 0or uys + pp > 0 owing to Assumption III.

Claim 3: The graphs gph(Ilg ) oA™") and gph(Ilxy oB) are not singletons.

By Assumption I1.A2 the resolvents J,4 and J,z-1 have full domain. Consequently, yid+A~! and rid+ B have full
range [0, Prop. 2.11(ii)], which implies that R(I1g.y o(yid + A7) = R(LT) and R(Igy o(rid + B)) = R(L).
Since R(I1x sy o(yid + A~1)) is a singleton whenever gph(Ilg(m) oA~!) is a singleton and R(Ix o(tid + B))
is a singleton whenever gph(Ilx () oB) is a singleton, the claim is established.

Using these claims, we will now show that condition (C.15) holds. For any 5}, > 0 this follows directly from
Claim 1. Consider the case where g, < 0, which by (C.14) implies that rank L < n, 8, = pa and py < 0.
Then, it follows from Assumption III that (i) pp > —pa > 0, which implies by definition of Bp from (C.14) that
Bp = pa Opp <0, and that (ii) either uy = pup = 0 or uy + up > 0.

& 1y = up = 0: By definition of Sp from (C.14) it then follows that Sp = 4 Opp = 0 and that condition (C.15)
reduces to p4 > Bp, which holds by Claim 2.

& us + up > 0: Then, it holds that Bp # 0, and since Sp < 0 condition (C.15) reduces to

Br
1 - Bp([Bolo? — [Bol-IILI?)

pA 2

Plugging in the definitions from (C.14), this can be equivalently stated as

pa0pp PapB(Ha + Up)
1= (oa 0 po)([a O sl — la D sl NLIE) s + s — papn(aapsle — aaps) ILIP)

PA =
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where we multiplied the numerator and denominator by (us + tp)(pa + pg) > 0 in the equality. Multiplying
both sides of the inequality by the strictly positive denominator (see the proof of Claim 1) and reordering,
we obtain pi(,uA + ptp — [HapB) RO + [/JAuB]_pBIILIIZ) > 0, which is vacuously satisfied when [uaup]s = 0.
Otherwise, it holds that 4 > 0 and ug > 0, so that it becomes up + pa(l — ,ugpga'fj) > 0, which is satisfied
owing to Lemma B.4 and Claim 3.

The argument for condition (C.16) is analogous, establishing that Assumption II.a3 holds.

It is easy to verify that the stepsize intervals provided in Figure 5 match those from Stepsize rule I when
Bp and Bp are given by (C.14). Therefore, it only remains to verify that that Relaxation parameter rule II is
equivalent to Relaxation parameter rule I. First, observe that the definition of 1’ from Figure 6 is obtained by
plugging in S}, and B, from (C.14) into Figure 2. Moreover, as a consequence of Claim 2, min{%ﬁp, %ﬁD} <

min{ %pA, %uB} < 7’ and the following assertions hold.

(i) If max{Bp, Bp} < 0, then 1 Bp + 1fp < 17'.

(ii) if BpBp > 0, then %ﬂp + 3-Bp — 0y:(c") < 17’ for any o € (0, ||LI[], since

by (0) = \/(%ﬂP + %ﬁD)z - #ﬂP,BD(l —y10?) > |2ly,8p + %ﬁD|.

The claimed equivalence follows immediately from these two assertions, completing the proof. [
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