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Abstract. Quasi-Newton methods refer to a class of algorithms at the
interface between first and second order methods. They aim to progress
as substantially as second order methods per iteration, while maintaining
the computational complexity of first order methods. The approximation
of second order information by first order derivatives can be expressed
as adopting a variable metric, which for (limited memory) quasi-Newton
methods is of type “identity £ low rank”. This paper continues the ef-
fort to make these powerful methods available for non-smooth systems
occurring, for example, in large scale Machine Learning applications by
exploiting this special structure. We develop a line search variant of a
recently introduced quasi-Newton primal-dual algorithm, which adds sig-
nificant flexibility, admits larger steps per iteration, and circumvents the
complicated precalculation of a certain operator norm. We prove conver-
gence, including convergence rates, for our proposed method and outper-
form related algorithms in a large scale image deblurring application.

Keywords: quasi-Newton - primal-dual algorithm - line search - saddle-
point problems - large scale optimization

1 Introduction

In modern optimization, the datasets and dimensionality of the problems and pa-
rameters is vastly increasing. In the early stages of large scale optimization, the
shift from second order to first order optimization could cope with the increas-
ing dimensionality of the problems. Second order methods achieve a significant
progress per iteration at the cost of a high computational load, since the compu-
tation of the second derivative (Hessian) and oftentimes its inverse are required,
which is intractable in the large scale regime. In contrast, first order methods
have a low computational effort per iteration but also less information about the
objective. The gradient cannot capture curvature information and hence may
fail to provide directions that allow for large steps. Nevertheless, for the large
scale regime this exchange pays off.

* We acknowledge funding by the ANR-DFG joint project TRINOM-DS under the
number DFG OC150/5-1.



However, the ever increasing dimensionality of the considered problems and
datasets asks for faster algorithms. Motivated by classical optimization and the
discussion above, algorithms at the interface of first and second order methods
are key to reach the next level. Tractability in the (nowadays extremely) large
scale regime requires methods that are as cheap as first order methods, while
progressing as substantially as second order algorithms: Quasi-Newton meth-
ods. While they are known for their outstanding performance in unconstrained
smooth optimization, their development for non-smooth (or constrained smooth)
problems is insufficiently understood. As we discuss in related work below, most
algorithmic development is either too simplistic, in the sense that only a diag-
onal metric is admitted, which can hardly capture second order information of
the objective, or too theoretical, in the sense that a good performance is proved
in theory while the implementation cost is on a par with that of second order
methods. Algorithmic subproblems (e.g. the evaluation of the proximal map-
ping) that are easy to solve with respect to the Euclidean metric may become
intractable with respect to another metric.

We pursue the line of research initiated in [2,3] that considers both aspects
as equally important. Key is the observation that quasi-Newton methods actu-
ally generate a metric of the specific type “identity 4+ low rank”, which allows
for an efficient proximal calculus (cf. Section 6) that unlocks the quasi-Newton
power—well-known from classical optimization—in the area of optimization for
Machine Learning. This idea was recently transferred to non-convex optimiza-
tion in [15,16] and to monotone inclusion problems in [28]. A special case of
the latter setting comprises the extremely broad class of convex—concave saddle
point problems, which has numerous applications in Machine Learning, Com-
puter Vision, Image Processing and Statistics [8,7,14,26,1].

In this paper, we restrict our interest to saddle-point problems only. This
focus allows us to design a quasi-Newton primal-dual algorithm that is tailored
to this setting and therefore highly efficient and adaptable thanks to an addi-
tional line search procedure. This has several advantages as compared to a fixed
step size: (i) the oftentimes expensive computation of the operator norm can
be avoided, (ii) the choice of metric need not obey any static spectral restric-
tions, and (iii) in many situations larger steps and thus a faster convergence is
observed.

Our main contribution is reduction of the gap between the outstanding per-
formance of quasi-Newton methods in classical optimization and quasi-Newton
methods for (non-smooth) convex—concave saddle point problems for modern
optimization in Machine Learning. In detail, our contribution is the following;:

1. We extend the line-search based primal-dual algorithm in [20] (extension
of [6] by line search) to incorporate a quasi-Newton metric with efficiently
implementable proximal mapping; thereby aiming equally at theoretical con-
vergence guarantees (including convergence rates) as well as highly efficient
implementation.



2. 'We unlock the use of multi-memory quasi-Newton metrics (L-BFGS and SR1
method) via a compact representation for primal-dual algorithms, including
their efficient implementation via a semi-smooth Newton solver.

3. The proposed algorithm outperforms the line-search based primal-dual al-
gorithm (with identity metric) on a challenging image deblurring problem.

1.1 Related Work

Due to page limitations, for an extended discussion of quasi-Newton approaches
in non-smooth optimization and the vast literature on primal-dual algorithms,
we refer to [28].

Non-smooth quasi-Newton. For a class of non-smooth problems that are
given as a composition of a smooth function h and a non-smooth function g,
[21,25] combine quasi-Newton methods with forward-backward splitting via the
forward-backward envelope. If ¢ is an indicator function, [23,24] proposed a
projected quasi-Newton method which requires either solving a complicated sub-
problem or is restricted to a diagonal metric. Later, their work was extended by
[18] to a more general setting. [17,2,3] developed algorithms with efficient evalu-
ation of the proximal operator with respect to a low-rank perturbed metric. It is
worth to mention that in [2,3] the subproblem is a low dimensional root finding
problem which can be solved efficiently. Inspired by [3], the work in [16] applied
the limited-memory quasi-Newton method on non-convex problems.

PDHG. Primal-Dual Hybrid Gradient (PDHG) is widely used to solve sad-
dle point problems [6,8]. However, in order to guarantee the convergence of
PDHG, the computation of the norm of a operator K is required. To avoid
this disadvantage, [20] combined line search with PDHG to get a new algorithm
PDAL. For faster convergence, variable metric is being used [14]. It shows the
potential of combining quasi-Newton methods and PDAL via a variable metric,
however suffers again from the need to solve more complicated subproblems,
which is remedied in [28] for the more general class of monotone inclusion prob-
lems and hence builds the grounding for our proposed line search variant.

2 Problem Setup: A class of saddle point problems

Let X and Y be finite dimensional real vector spaces with inner product (-, -)

and induced norm || - || = /{-,-). We consider saddle point problems
. i hz) — .
minmax (Kz,y) + g(z) + h(z) = f*(), (1)

where g,h: X — R are proper, lower semi-continuous (Isc), convex functions
with h, additionally, having an L-Lipschitz continuous gradient, f*: Y — R is a
proper, lsc, convex function; the convex conjugate (Legendre—Fenchel conjugate)
of a function f, and K: X — Y is a bounded linear operator with operator norm
L := ||K| and adjoint K*. Moreover, throughout this paper we assume that



(1) has a saddle point. We remark that (1) is equivalent to the primal problem

min f(Kz) + g(z) + h(z), (2)
and to the dual problem
mas —(f*(v) + (4" 7 h)(-K"9)) 3)

where we use the fact that the conjugate of a sum of two function (g+h)* equals
the infimal convolution of the conjugate functions g* ¢ h*.

3 Our quasi-Newton Primal-Dual Algorithm with Line
Search

The primal-dual algorithm that we develop in this paper is an extension of
[20] to incorporate a variable metric of quasi-Newton type, which itself adds
an efficient line search procedure to the primal-dual hybrid gradient (PDHG)
algorithm [6] (aka Chambolle-Pock algorithm) and the extension in [19]. The
handling of (a possibly) non-smooth functions essentially relies on evaluating
the proximal mapping, which we define here for a function g and parameter 7
with respect to an arbitrary metric M € S,(X), o > 0. Here, S, is the set
of bounded self-adjoint linear operators from Hilbert space X to X such that
M — al is positive semi-definite for each M € S, . For simplicity, some notations
are introduced:
lz|3; = (Mz,z), z€X.

1
proxyg(f) := argmin g(z) + ng —z||3,, and set Prox,, := prox’

g b)
zeX

where T is the identity (Euclidean) metric.

Algorithm 1 presents the proposed algorithm. The algorithm alternates be-
tween updates of the dual variable (4) and the primal variable (5), where the line
search is only implemented in the primal update. Let us discuss the algorithm
for a fixed iteration k, i.e., we are given ¥, y*~1, o4,_1, 0,1 and a monotone de-
creasing sequence of ;. The discussion of the quasi-Newton type variable metric
in Step (i) is deferred to Section 5. Step (ii) is a standard dual update step. In
Step (iii), we perform the line search. We select a basic step size &, and, in the ith
loop of the line search, we perform a trial step (5) with the current o = oy, - ui°
and check if the breaking condition (6) is satisfied. If ‘yes’, the current iteration
k is completed. If ‘no’, the new trial step size is reduced to o} = &y - '+ (in
the subsequent (i + 1)th line search step). Here, M}, € S,(X) is symmetric pos-
itive definite and « € (0,1).If M}, is chosen as an identity, then we recover the
breaking (stopping) criterion used in [20]. However, in this paper, we adopt a
variable metric M} which is generated by quasi-Newton methods to exploit the
local geometry of the function h. As a result, it is more likely to obtain a larger
step size o} and fewer inner loops for the line search procedure as compared to



Algorithm 1 Quasi-Newton PDHG with Line Search

Require: [initial data] z* € X, [initial data] 4° € Y, [maximal iteration count] N > 0,
[scaling of line search parameter| i € (0, 1), [extrapolation parameter]| g, [initial dual
step size| oo, [tolerance weight] § € (0, 1), [primal-dual step ratio] +c0 > 8 > Br41 >
Br >0, Vk € N.

Update for k. =1,...,N:
(i) Compute Mj, according to a quasi-Newton framework (cf. Section 5).
(ii) Compute dual update step:

Y= ProX,, . s W 4 op K2¥). (4)

(iii) Select 7 € [BZ;I Ok—1, (1 + Qkil)ﬁ’gglg—kil]

and compute the quasi-Newton primal update step by:
Line search: Find the smallest power ¢ = 0,1,2,... such that

gk: _ yk + ek(yk _ yk71)7

(5)
" = proxﬁi’;(xk — My Ky — m My V("))
with
— i Ok
o =0k, Op= , and T = Brog
Ok—1
satisfy

oo K" — K| + 2m (h(xk+1) — h(z*) — <Vh(zc’“), 2 — xk> )
< ol — a3y, . (6)

End of for-loop

the Euclidean version (M} = I). The employed metric is of type “identity + low
rank” for which the proximal mapping can be computed efficiently as shown in
Section 6.

Remark 1. While the line search procedure is formulated for the primal prob-
lem, by duality, the primal problem can be interpreted as the dual of the dual
problem and, thus, the dual problem as the primal problem. As a consequence,
an equivalent algorithm with line search on the dual can be easily stated.

Discussion of computational cost for line search. In general, every loop
of the line search procedure requires recomputing several quantities, including
(5) and KzF*1, h(zFt1) and [|**! — 2%||3, in (6). While this seems to be
expensive at first glance, often (6) is satisfied after 1-3 trial steps and hence
large steps are taken with a low cost, as we underline in our experiments in
Section 7. Nevertheless, the cost can be further reduced significantly in certain
special cases, observed in [20] and generalized here to our setting, whenever

prox%@ is a linear or affine operator.



L If g(x) = (c,x), then prox's (u) = u — .M, 'c and therefore, we obtain

2F T = proxM (2% — TkMk_lK*gjk — Tlec_th(:rk))

Tkg

=2 — 7 M K g + M VR(ab) + M .

K" = Ka* — i [K M K g% + 1 KM, 'Vh(a®) + 7, KM ]

2. If g(z) = §llz — b]|?, then proxs (u) = (I + M, ") u + 7. M, 'b] and

therefore, we obtain

oM = proxMs (a¥ — 7 M K yY — 1MV R(2F))

Tk9
= (T + 7MY — M K g — 7 M V() 4+ 7 M ]
K"t = K(I + 7M7) 7 b — mp (M K" + M V() — M D))

3. Let g(z) = dp(z), where H refers to the hyperplane H := {u : {(u,a) = b}.
Then prox (u) = u + b—(u,a)
k

e Tal? M, *a and therefore, we obtain
1
M

F = prox%’;(wk — M K*gF — M Vh(2"))
— 2 — MUK+ M VA(b)]
b et M MR a)

21
My

M 'a,

lall

Ka" = Ka* — n [K M K™ g% + KM, ' Vh(2")]
N b— <a:k - Tk[Ml;lK*gk + TkM,;1Vh(xk)],a>

||a|‘?\4£1

KM, 'a.

4 Convergence Analysis of Algorithm 1

Let us now analyze the convergence of Algorithm 1. As for most variable metric
primal—dual algorithms (cf. [12,11,10,28]), we require the following restriction for
the change of the metric from one iteration to the next. Under this condition,
we can generalize all convergence results from [20] by adapting their proofs.

Assumption 1. Let « € (0,400). (My)ken s a sequence in So(X) such that

{EICM € R,s.t.supyen||[Mi|| < Cm < 00, 7)

(3 ken € LL(N))(VE € N): (14 ) My = Mgy

Lemma 1. (i) There exists some o > 0 such that oy, > o for any k € N.
(i) The line search terminates.
(ii) If By, = B, Oy is bounded from above by some 6 for any k € N.

The proof is provided in Section B.1.



Theorem 1. Consider Problem (1) and let the sequence (x*,y*)ren be gener-
ated by Algorithm 1 with Bx = B where Assumption 1 holds. Then (%, y*)nen is
a bounded sequence and its cluster points are solutions of (1). Furthermore, if
[*|domf+ is continuous and oy is bounded from above, then the whole sequence
(2%, y*)pen converges to a solution of (1).

The proof is provided in Section B.2.

We obtain the same ergodic convergence rate as in [20], with respect to the
primal-dual gap G; 5 which is the difference (gap) between the optimal primal
objective value in (2) and the optimal dual objective value (3).

Theorem 2. Let the sequence (x*,y*)ren be generated by Algorithm 1 with B, =
B where Assumption 1 holds and (&, 4) be some saddle point of (1). Then it holds
for a constant D = ITxen(1 4 nx) < +oo that

0o (X", 7)< 2 (5t =l + 10" — 91 + 016 Ds5(6%)) = O(57).
— N k+1 _ 0 N —k (8>

where sy = chvzl op, XN = Z’ﬁ% and YN = W. The

last equality in (8) provides a simplified rate in terms of the big-O notation.

The proof is provided in Section B.3.
Under the additional assumption that g is strongly convex, improved conver-
gence rates can be derived when (8j)ren is varied appropriately.

Theorem 3. Assume g is y-strongly convex and (z*,y*)ren is generated by
Algorithm 1 with

Br-1

B = N b
T min{l + - Br-10k-1,Co}

VkeN, and By>0, (9)

where Cy € Ry is a constant, Assumption 1 holds and (Z,7) be some saddle
point of (1). Then, we have (0k)ken is bounded from above. Furthermore, we
obtain

|2 — 2| = O(1/N) and Gs (XN, YY) =0(1/N?),

where (XN, YN) are the ergodic sequences defined in Theorem 2.
The proof is provided in Section B.4.

Remark 2. For the result in Theorem 3, § = 1 is also admitted.

5 Computing and Representing the quasi-Newton Metric

In this section, we abuse notation in order to follow the conventions of quasi-
Newton methods®. The metric M, is expected to be an approximation of the

3 For example, the variable y* defined in (12) is not the dual variable in Algorithm 1.



Hessian V2h(z*) at x* for the k-th iteration. The most popular quasi-Newton
methods are the SR1 and BFGS methods (and their low-memory variants), which
update M}, by adding a rank-one modification (SR1 method)

(y* — Mys®)(y* — Mys®)"
(g% — Myst)T sk ’

Myqr = MPE = My + (10)

or a rank-two modification (BFGS method)

kg, BT k( ok T
. 1sBFGS _ y" (y") Mys®(s") " My,
My i= MERSS = My + T = Sy (11)

respectively, where
sk = aht — gk and yF = Vh(z*) — VA(zF). (12)

In order to apply quasi-Newton methods on large-scale problems, m-limited
memory quasi-Newton methods are adopted [16], with the most popular ver-
sion being L-BFGS [29]. It means that instead of generating M}, via all previous
st and 9 for i = 1,...,k and My, for each k, the metric M is re-computed
based on Mj, o and the most recent m vectors standy' fori=k—m+1,...,k,
if & > m. Usually, m is very small, such that only a small storage will be re-
quired. As pointed out by [5], the matrices of the m-limited memory version of
quasi-Newton methods have a compact representation of the form

My = My o+ AQ; " AL, (13)

where Mo € R™ ", n = dim(X), is a symmetric positive definite matrix,
A € R™™ and a symmetric and non-singular matrix Q; € R™*™ (m < n).
For limited memory BFGS (known as L-BFGS), we have the following block-
matrix representation

—S; My,0Sk — Ly 2mx2m
L D eR ,
(14)
where Sy and Y} are matrices collecting the m most recent vectors in (12) as
columns, Dy := D(S]Y}) and Ly := L(S, Y}) refer to the diagonal D(-) and
the strict lower triangular L(-) part of the matrix S,;rYk, respectively. By using
a spectral decomposition @~ = VAV T with orthogonal V' € R*** and diagonal
A e R¥** for some s € N, (13) is transformed into the compact representation

Ay = [My oSk Y] € R™ and Q) =

My, = My + U U] —UoU, (15)

for some Uy € R™*™ and Uy € R™ ™. In detail, since A is a diagonal matrix with
eigenvalues \;, i = 1,2,...,s of Q,;l on the diagonal, we decompose A = A; — As
where Aj, given by (A1);; = max(\;,0), ¢ = 1,2,...,s, corresponds to the
positive eigenvalues and Ag, given by (A2);; = max(—A;,0), i = 1,2,...,s,
corresponds to the negative eigenvalues. In this way, we obtain

Uy = (AV)A? and Uy = (4,V)AY2. (16)



Theoretically, it is guaranteed that My = My + UrU] — UsU, is positive
definite [13] if s*y* > 0 for any k € N. However, in order to account for numerical
rounding errors and the assumption that M) € S, is bounded from above by
some Cy, we adopt a scaling version:

My, = Mo + U U] —UsU;

Chy — N 17
My, = min{ =2 =% 130, + ol , (17)
(| Mp||2

where || Mj |2 denotes the Iy norm of matrix Mj and we set o = 0.01,; = 1,
v2 = 1,Cy = 50 in practice. There is an easy way to make sure that Assump-
tion 1 is satisfied by setting v; = HJ%HZ and vo = HJT’CHZ with arbitrary n;, € ¢1.

6 Proximal Calculus and Efficient Implementation

The transformation in Section 5 enables us to compute the proximal mapping
with respect to the metric in the form of (15) via the proximal calculus developed
in [3], which we state here for completeness.

Theorem 4. Let B = By + U U — UsU) € S;(R™) with o > 0, By € Sy (R")
and U; € R™*" with rank r; (i = 1,2). Set By = Bo+U,U{ . Then, the following
holds:

proxf(x) = proxf" (z + By 'Usal — By'Uiaj), (18)

where o, i = 1,2, are the unique zeros of the coupled system L(a) = L(aq, a) =
0, where a = (ay, ) € R™T"2 and L = (L1, Ls) is defined by

Li(ay,az) = U, (x + By 'Usaq — proxji90 (x + By 'Usan — By 'Uian)) + ay

Lo(ar,a) = Uy (z — proxf" (z + By WWaa — By U o)) + g .
(19)

Here, £: R™+72 — R™F72 45 Lipschitz continuous.

D(x) is

reduced to a simple (by assumption) proximal mapping plrong0 and a low dimen-
sional root finding problem in (19), which we tackle by the semi-smooth Newton
solver proposed in [3], formulated in Algorithm 2. It requires to solve Newton-
like equations where the classic Jacobian at the current iterate «y is replaced by
the Clarke Jacobian 9°L(ay) (see [9]), where we account for inexact solutions of
these subproblems in terms of an error e;. For completeness, we also state the
convergence result of [3] for Algorithm 2.

The computation of a possibly complicated proximal mapping prox

Theorem 5. If g is in addition a tame function, then the Lipschitz continuous
function L is semi-smooth [/] and all elements of 0° L(a*) are non-singular[3].
Therefore, if p < p, Yk € N, for some sufficiently small p and aq sufficiently
close to o, then the sequence generated by the Algorithm 2 is well-defined and
converges to o linearly. Additionally, if pr, — 0, the convergence is superlinear.



Algorithm 2 Semi-smooth Newton method to solve £(«) = 0 in (19)

Require: [initial data] ap € R, [maximum iterations] N
Update for k=0,--- , N:
(i) Select Gy € 9°L(ay), compute agy1 such that

L(ak) + Gr(arsr — ar) = ek,

and e € R” is an error term satisfying |lex|| < pi||Gk| and pr > 0.
(ii) if £(ax) = 0 then terminate.
End of for-loop

The tameness assumption is extremely mild, as it includes basically any func-
tion that occurs in practical applications, by excluding pathological special cases.
For example this class of functions comprises all semi-algebraic functions [4].

7 Numerical Experiment

We apply our proposed algorithm for solving a challenging non-smooth image
deblurring problem under a Poisson noise assumption [27]. Given the observation
b € R™*™ as n, x ny-sized image, the task is the following popular problem:

min Dk (b, Az) + v||Dxl|2,1, (20)

ng XNy
zER

which involves the Kullback—Leibler divergence as data fidelity measure h(z) =
Dxu(b, Az) = 3, ;(Az); j — bijlog((Az); ;) with respect to the blurred recon-
struction Az with known blur operator and a discrete total variation regulariza-
tion term f(z) = 7||Dx]|2,1 that is steered by a weight v > 0 where D implements
discrete spatial finite differences. We recast (20) into the saddle point problem:

min max  (Dz,y) + 6Rimmy (z) + Drp(b, Az) = O, <~ (y)  (21)

rER"® Xmny yeRQan Xny

and set g(z) := dpnoxn, (z) and K = D in (1). Figure 1 compares several methods
+

including PDHG with fixed stepsize (PDHG), PDHG with line search (PDAL),
PDHG with fixed stepsize and variable metric (VarPDHG), PDHG with variable
metric and line search (VarPDAL). The variable metric is generated by the limited
memory BFGS method in Section 5. Figure 1 shows the primal gap where the
optimal primal value was computed for 10000 iterations by running PDHG. For
the update of the variable metric (17), we set 3 = 1.0 and 2 = 0.99. However,
the Assumption 1 is not satisfied since it is not guaranteed by the construction of
the metric that there is a sequence () € Ei_(N) such that M1 < (14 n,) M.
Fortunately, we still observe convergence of PDHG with this variable metric.
Figure 1 shows that a variable metric (VarPDHG) improves the convergence vs
only using line search. However, our algorithm VarPDAL that combines both
features is even faster, with the best performance when m = 9.
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Fig. 1: Performance evaluation for the experiment in (21). Algorithms are de-
scribed in the text. Our algorithms, which combine a quasi-Newton variable
metric with line search, outperform all other algorithms (that either use a vari-
able metric VarPDHG or line search PDAL; or none of the two PDHG).

As a second experiment to test out accelerated version, we consider A = I and
a constraint set C := {x|z;; € [¢,255]} since the grey value of each pixel should
be less than 255 and be positive; We set e = 0.1. In this case Dg, (b, z) restricted
on C is a strongly convex function. We apply the accelerated version of Algorithm
1 in Theorem 3, and we use the notation VarAPDAL. Similary, APDAL denotes the
accelerated version of PDAL. The dashed line in 2 corresponds to O(1/N?). We
can observe that VarPDAL, APDAL can converge faster than O(1/N?) as predicted
by the convergence theorem.

In order to record the exact algorithmic details for our experiments, all
code for experiments from this paper is available at https://github.com/
wsdxiaohao/VarPDAL.git.
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Fig. 2: Performance evaluation for the experiment for a strongly convex case.
This figure reflects that our algorithms can retrieve O(1/N?) convergence rate
as PDAL, which is theoretically guaranteed by Theorem 3.

8 Conclusion

In this paper, we introduced a line search variant of a recently introduced quasi-
Newton primal-dual algorithm. In contrast to related work, the employed quasi-
Newton metric is of type “identity 4 low rank”, which captures significantly more
second order information than a commonly used diagonal metric. We equally
care for both, theoretical convergence guarantees including convergence rates as
well as efficient practical implementation. The additional line search procedure
usually leads to larger steps at a computational cost that pays off, which is
confirmed by our numerical experiments.
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A Preliminaries

There are several preliminaries we will use in the following section. The first
one is a convergence result from [22, Lemma 2.2.2] of a special sequence which
appears in B.2.

Lemma 2. Let a, > 0 and let

ap+1 < (T+wvp)ap +C, vi >0, (>0,

ZVk<OO, ch<oo. (22)

keN keN
Then, ar, — A >0 for some A < +o0.

The following identity is called (cosine rule), which proves to be very useful.
2(a—byc—a)=|b—c|?* = la—=b|> - |la —c||* Va,b,ce X. (23)

Another inequality appears many times in B.2 is the characteristic property of
the proximal operator with respect to a symmetric positive definite matrix M:

& =prox)/(z) <= (@-7,y—2)) >9(T)—gly) YyeX. (24)

If M = I is an identity matrix, then (24) is the characteristic property of the
standard proximal operator. Assume (Z,%) is a saddle point which solves (1).
Then we obtain
Pig(r) = g(x) + h(z) — g(2) — h(@)+<K*ﬂ,w—i> >0 VreX,
Dig(y) = f*(y) = (@) - (K&,y—9) 20 VyeY,

where P; ;(x) and D; 4(y) are convex. Then G; 4(x,v) := P; 4(x)+Ds 4(y) is the
primal-dual gap. Without ambiguity, in the proofs, we may omit the subscript
in P and D.

(25)

B Collection of Proofs

B.1 Proof of Lemma 1
It is a similar argument with the one in [20].

(1)&(ii) oy is decreased by p € (0,1) and the inequality (6) is satisfied as long
as o < g = w where L = max{L, Lx}. We introduce a
notation g := o VA i (45a)/ﬁ+1 . Since B < B, we have g;, > o. We argument

by 1nduct10n We assume oo > /wo and o1 > poy,_, - For the case o, = oy,

thenak>(Bg Yog_1 >u(

, 0}, = p*~15), does not satlsfy (6). It follows o, > g;,. Thus, o}, = poy, >

MO 2 BT

(i) By o < op—14/1 + O0x—1, we get 0 < /1 + 0_1. Thus, 6, is bounded from

above. O

—1)a,_1 > pay, > pa. For the case o), = (‘G



B.2 Proof of Theorem 1

The following proof is adapted from [20]. Assume (Z,y) is a saddle point of
problem 1 and 8 = 3. By using (24), we obtain the following two inequalities:

W —yF —op K2t g — ) > o (£ (M) - £1(9)) (26)
(" — 2 i MUK 4+ M VR (), & - mk+l>Mk, > i (g(«* ) — g())
(21)
By using 11, = fog
1
<(mk+1 = 2¥) + ox M KT  + 0x M Vh(at), & — x’“+1>
B M (28)

> oy (g(a" ) — g(2))
Similarly, we apply (24) on y* and obtain

W=y oKty — ") 2o (W) - ffy) YyeY.  (29)

Setting y = y**! and y = y*~! respectively, we obtain

(W =yt = o Kb g — ) > o i () - 1Y) Yy ey, (30)
W =y — o Kby R > o (PN - ) vy e Y. (31)

We deduce from (30) x 0 and 0, = -Z=— that:

Ok—1

Orly” — ") — oK ™ — %) > o (F(°) = (™). (32)

By (31) x 6%, we also get:
Oy =y ") — o K2®, 0, (v = 7)) > on (O f* (") — 0k f* (V")) . (33)
Summing (32) and (33) together, by using 7% = y* + 05 (y* — y*~1), we obtain

(7 =y = onBa® g = g) > on(L+ 00 f* (") = Ouf (") = (™).
(34)
To sum up inequalties (26), (28) and (34) , we obtain

<yk+1 —yF — oKt — yk+1>

+ <;(xk+1 — )+ o, M KR 4 o, M VR(2R), & — xk+1>
+ (7" —yF — o KaF YT — )

> ok (f* (") = £4(9)) + on(g(@™) = g(@)) + o ((L+06) F* (4*) = 0 (")
- @),

My,

(35)



Reorganizing the above inequality and using 74, = foj, we have

<yk+1 _ yk’? _ yk+1> + % <$k+1 — gk g xk+1>Mk + <gk _ yk’yk+1 _ ?k>
+

_O_kak+17g o yk+1>

> o (g(a" 1) — g(2)) + ok (14 0k) f* (") — Ouf* (1) — £7(9))
(36)

As in [20], we still have:
<—O'kK£L'k,yk+1 _ yk> + <_O,kak+17yA _ yk+1> + <J]€K*gk,.’i' _ $k+1>

= oy (Ka* — Ka"t gk — ") 4 03 (K2, 7% — §) — o (K*g, 2" — )
(37)

Adding oh(z¥*1) — o h(2) on both sides of (36), we obtain:

> ap(g(2" ) — g(@) + (1+ 00) (") = 0 f* (" 1) — F7(@) + h(z"h) — h(2)).

Combining (37) and (38), we have

<yk+1 _ yk7@ _ yk+1> + % <xk+1 _ xk,i‘ _ xk+1>Mk + <§k . yk7yk+1 o §k>

o (Ko — Kbt gh — gF ) 4 oy (K2, 5° — §) — oy (K*g, 2" — 1)

+ (0, Vh(z"), & — ") + oph(2F 1Y) — oh(2)

> o3 (g(x"h) — g(2) + (14 0) [* (") = Ouf* (") = £7(9) + h(="F1) = h(2)).
(39)

By the definition of D(y) (25) and g* = y* + 0, (v* — y*~1), we have

(L4 0u) (") = O f (") = £ (9) — (K&, 9" — )

= (L400)(F ") — @) — (K2,9" —9) — 0 (F* ") = £(9)
e (40)

—(Kz,y"' = 3))

= (1+6,)D(y*) — 0 D(y* ).



Using (40) and the definition of P(x), we deduce from (39) that

<yk+1 _ yk’? _ yk+1> + % <$k+1 — gk g xk:+1>Mk + <gk _ yk’yk+1 _ gk>

+ ok <ka — Kokt gh — yk+1> + <0th(xk),:% — xk+1>
+ oph(z*) — oph(2)
> o3, (P(«"*) + (1 + 0x) D(y*) — 6, D(y* ).

(41)
From the line search condition (6), we have
o (h(z*th) — h(z") — (Vh(zF), 25T — 2F))
0 1 (42)
< gplloth = Ry, - JoRIKaH - Ko,
Additionally, by the convexity of h(x), we also have
h(z*) — h(g) + (Vh(z"),2 — 2*) <0. (43)
Combining (42) and o x (43), we get
or(h(z") — h(#) — (Vh(2F), 2" — 7))
5 1 (44)
< ol Ry, — SRR - K.
Thus, it follows from (41) and (44) that
N 1 . _ _
(Et — gk g — yE ) 4 3 (zF 1 — ok 5 — xk+1>Mk (7" =yt g = )
0 1
+ o (Ko — Kabtl gk — g+ 4 %”Ikﬂ — k|2, — 5Uz”KIkH ~ Kab|?
> op(P(a") + (14 00)D(y") = 0Dy 1))
(45)
Using Cauchy-Schwarz inequality, we obtain
" 1 N _ _
(P — gk g — R + 3 (zh 1 — o 5 — xk+1>Mk + (g — b,y = b

1 —k k 6 k k
15" = "1 + 2™t — 2R3,

1
+§O']%||K{Ek—K$k+1”2+§ %

1
o §U]2€||K:Ek+1 _ ka||2

= Uk(P(xk+1) +(1+ Qk)D(yk) — ng(ykfl)) '
(46)



Applying (23), we deduce from (46) that

1 k ~112 1 k+1 k|2 1 ~ k+112
(I =17 = S+ = I = 2 - )
. 1 1.
+ (25 2% — &[|3,, — 2*||5'kar1 — "3 — ﬁ”x — "3
1, 1 _
( [ et T ] R A
]‘ k k+12 k+1 k12
4 = P e |
> o (P + (14 6,)D(y*) — 0. D(y* 1)) .

Reorganizing the above inequalities, we obtain

1-6
2p

k+1 _

1 N
310 = 91P + 55lla* — a1, - "o I3s,

_ 1
+ ok0k D(y* ") — §||yk —y*|I?

1, . 1.
> op(P@h) + (14 06) DY) + 5119 = "7 + 55112 — 2",

2p

It follows from o, < /1 + 01, _10%,_1 that 01,0, < Uo’z < ok < (140k—1)0k—1-

k—1 — Ok—1
Thus,
1 k ~ 112 1 1- k+1
S =17 + 5t — 8, — T e - et
_ 1
+ o1 (L4 0e-1) D) = 5117 = oI
1. )
> o(1+0:)D(y") + §Hy —y" P+ =g — 2R,

Since (1 + ng) My, = M1, we can obtain the following key inequality:

1 PR ) 1-
Slly™ = all* + 5 lle™ = 2, - ||93

25 28
_ 1
+ or—1(1 4 6,—1)D(y* ) — §Ily’c —yF|?

k+1 _ka2

1, .
Zka(1+9k)D(yk)+§|\y*yk+1||2 m”x kH”Mk+1 .

Set A = 5[ly* —§I* +or—1(1+0k—1) D(Y* ") + 5
from (50) that

Apr1 < (1 +n,)Ax .

(49)

(50)

L ||z* — 2|2, . Then, we deduce
283 My,

(51)

By Lemma 2, Ay, is bounded from above by some constant C. Thus, ||y* — 9|
and ||z* — %||s, are both bounded. By the assumption that M}, is uniformly



bounded, ||z¥ — #|| is also bounded. As a result, we deduce from (50) that

1-46 1
Z (W\\xkﬂ - ~Tk||§ur,c + §|\Z7k - kaz) < Z (1 +me)Ax — Aks1)
* ) (52)

<CD i+ Ap < +00.
k

It implies that ||zFT! —2%| 3, — 0 and ||g* —y*|| — 0. So does ||zFT! —2*| — 0,
since (Mp)ren C Sa(X). Since o, > o for some ¢ which is shown in Lemma 1
and B > 0 is fixed,
k+1 E sk+l k+1
Yy _Y —Y —0 ask — 400,
Ok Ok+1
[l —2F|13,,

Tk

Y

(53)
—0 ask — +00.

Since (2*,y*)ren is bounded, we can extract a subsequence (z*i,y%);cn con-
verging to some cluster point (*,y*). As in [20], similarly, by using the lower
semi-continuity of functions g and f* and the continuity of function h, we can
pass the following two inequalities to the limit:

yhitl — yhi ki1 ki1 ki1
<ak_Kff”ay—yﬁ>>(f*(yi+)—f*(y)) Vyevy,

i

IkiJrl 7xki
< + M,;lK*g’“ + MEIVh(:Eki),x — xki+1>
Tk o o

i My, (54>

i

Tk,

i

M, (gFitl — ki
= < k(@ x ),x—xki+1> +<K*§ki —|—Vh(xki),x—x’“+1>

> (g(z* ) —g(z)) VreX.

Thus, (z*,y*) is the saddle point of (1). If, additionally, f*(y)ldom,. is con-

tinuous, then f*(y*) — f*(y*) and D(y*) — 0 as i — +oco. From (50), we

have WA}“ is monotone. Setting & = z* and § = y* in (50), by the
j=1 J

boundejdness of o1, and 0y, it follows that

A A Ap,

TR S Y. S . R T P

k—o0 Hi:l(l + 771’) k—o0 Hi:l(l + m) i—00 Hj;1(1 + 77j) i—00

(55)
Since 12, (1+1n;) < 400, we have limy_, ;o Ax — 0 which means z* — z* and
yF — y* as k — +o0. O

B.3 Proof of Theorem 2
We adapt the corresponding proof in [20]. Let €, := o (P(z* ™)+ (146)) D (y*)—
0xD(y*~1)). Then we obtain the following inequality from (47),

k+1 k+1

. 1
_xH%\4k_§||Z/k—ka2 > €k -
(56)

1 k ~112 1 ~112 1 k 112 1



By the assumption 1, we get

1 | R 1 f=* =23
5Hykfy||2*§lly"’“fy||2+

ez, LM T AWM Lk e s
(57)
Since (1 + n) > 1, it follows
N k1 _ A
Log e Ll — g2 k 1 =" =2y,
Syt — 2 -3, - s — (58
sl =il = 3 2B e 13, - g 2 (59)

Let both sides of the above inequality be divided by ITF7'(1 + ;) and it is

common to assume that an empty product yields identity i.e. IIY_;(1+mn;) =1
Thus,

N N - k+1
L 1 O 7t 1 R S ot PP
20 (M 4my)  2M (L +mi) 2B 115 (1+ ;)
>k
I (1 +m)

—xHMk+1
28 mE (14 )

(59)
Summing up (59) for k =1,--- , N, we obtain
1 N N
Sl =l 4 ol a2 Y0 =Y (o)
2 28 1 k:1H111+7h le
Here, we used the C'= 37, (1 + ) < 400.
The following steps are similar with the ones in [20].
N N
Z e =on(1+0n)D +Z [(1+ Op—1)ok—1 — Okow] D(y* )
k=1 k=2
N (61)
— 910’1D -l— ZUkP k+1)
k=1
Since D is convex,
N
on(1+0N)D +Z (1 + 60k—1)ok—1 — Oror] D(y* 1)
k=2
o114 00)y' + 30, ong
> 0 D =
> (0161 + sn)D( P I ) (62)
N —k
o101y’ + > kY
= (061 + sny)D
(Jk ! N) ( 0101 + sn )

> syD(Y™Y),



where sy = Z,ivzl ok Similarly,

N k41
D k=1 OkT *

N

> P ) > sy P( ) =snyP(XV). (63)
SN
k=1
As a result,
_ _ C 1 R 1 N

GXN, YY) = P(XM)+D(YN) < g(ﬁllwl—w\\%ﬁ+§|Iy1—yH2+0191D(y°)) :
(64)
O

B.4 Proof of Theorem 3

The proof is also adapted from [20]. From the update formula of S, it follows
that (B is decreasing. First, we are going to prove that 6 is bounded from
above. It is not difficult but tedious. We know that if there exists a C' € R} s.t

0k < C+/1+ 01 then 0 is bounded. From this, it is sufficient to prove that

b E;l is uniformly bounded from above by some Cy. According to

Br—1

min{l + =-fx_105-1,Co}’

Br =

VkeN, and f[y>0, (65)

we have that % = min{1 + &Bk,lak,l, Cy} < Cy.
Second part, we are going to show the convergence rate. Since g is strongly

convex, we obtain:

gkl _ ok
< + M K+ M VR(2R), & - xk+1>
Tk Mj, (66)
N vy N
> (g(a™h) = g(@)) + S ™ = 2|
From Assumption 1, it follows that for any k € N,
i . 2 N
T+t = alP 2 o2t i, (67

Following the same way in which we got equation (48), by equation (66) and
the assumption that (1 + ng) My = M1, we obtain

LTI PSS SR S R Lok a2 1—0, k41 k(2
S0 =3I = 51 =312 + ot = aly, — e ot
1" _@”?WH L e k|2 VOk K
el 5 2 M | Pyl > e+ Bk 42
S gl Iz e TR

(68)



In order to obtain the following inequality, it is sufficient to assume ¢ < 1.
Thus,

1 R 1. . . 1 .
Slly™ = all* = Sly™ " = gl* + Tmllm’“ — 2|3,
1 ka+1 7:%“?\/1;64& 1 k kN2 YOk &k
oo T Metr . Tk R > 17k +1_A2_
(69)
Since § < 1, by dividing the above inequality with ok, we have
1
Lk A2 kL a2 ot ik a2
o = 01 = Gl =P + 5l — i
k41 _ 42
1 ||z — 2|3 1 .
S LB e L e e S Ty e
27 (1 +n ) 207 oL 2
(70)

where, we used 7, = Boy. By using (67), from the above inequality, we obtain
that

E+1 _ a2
Lok a2 Rl a2 b ka2 12" =23y,
Lok k)2 < €k g k+1 42
_ _ >F oy T _ .
2o,klly (V[ T [k &0, sy
(71)
It follows from the above inequality that
Lok a2 E+1 _ ~p2 Lok a2 Lo k2
2Uklly gl 2Uk\ly 90" + QTka (|3, 2Uklly yell
> €k 1+ (1 + ﬂk)TkW’/CM ”karl N :i’||2
ok 2Tk(1 +77k) Mi4a 2
Lok a2 Lokt a2 Lok a2 Lo k2
o = 1P = Gl = 1P + 5l aly, — 5o~ o]
> Ek " Ti+1 (1 + 77/Cur) [ 9E||?\4k+1
= ok T 27k41(1 + 1)
(72)

For convenience, we set 4 = /Cys. From the update step of Sy, it follows that

Ter1 (L+37) o e min{Cy, (L +97%)} _ ok

= 73
Tk - Tk Ok ( )
Set Bk = i“l‘k — jH?VIk + ﬁ”yk - ZJH2 and Bk = % From (72)3
we have:
S/ L P (74)
O'k(l-i-??k) + or 20,



By dividing the above inequality by ITF7'(1 4 ;) > 1, we obtain

~ €k ~ 1 I
Byy1+————<Br— - lg" — 4"l (75)
e oIS () 203 1T (14 17,)

By multiplying o on both sides, we have

~ €k 5 1 ke k2
Or1Bryr + = < oBy — ———— 7" —y"[I". (76)
Hik:11(1 + i) 2Hik:11(1 + i)
By Assumption 1, C' = IT;en(1 + ;) < 400, we have
o €k P | k2
B — < 0By — — — . 7
Ok+1Dk+1 + o = OkbE 20”1/ v (77)
Summing up (77) from k =1,--- , N, we obtain
N 1N
- k 5 —k k|2
B + — < 01B; — — - ) 78
ON+1DN+1 1; c =S 0157 QC;Hy v (78)

Since oy, is bounded by some o for any k € N, By, is bounded from above. Since
C = Hien(14 ;) < 400, By, is also bounded from above. So, y* is also bounded
with limy,_, o ||7* — y*||?> = 0. Thus, using the similar argument and notations in
the proof B.2, we retrieve the same key inequality as the one in [20]:

R C
GXN,vN) < §(0131 + 6101 P(2?)),

Cryoa (79)
_ £||?MN+1 < o (0141 + 917’1P(x0)) =CBNy1,
+1

”xNJrl

Using the same argument from [20], we know from B.1 that o} is bounded by

paoy, = “(W) where L = max{L, Lx}. We claim that there exists

a constant Cg such that, B = Cs(1/k?).
i Ifad/(Br) <1, by o > poy, > po, we have
Br < B
min{Cy, 1 +FBxor} ~ min{Cy,1 + pocday}"

In this case, By decreases linearly. Thus, Bx11 < Cs/(k+1)? for k sufficiently
large.

Br+1 = (80)

ii If ad/(Bk) = 1, then oy > poy, > %= ‘;—‘Z Therefore, for k large enough, we

have
Br+1 = B < B = Br
mln{Cg, 1 + ’Yﬂkok} min{ca7 1 + 'U‘T\/?Y\/ﬁik} 1 + N\g?’)’\/ﬁik

(81)
In this case, by induction [; < % for some constant Cg > 0.

From o > po,, > po, we have sy = Y20 op > Son_ o > Son_, O(k) ~ N2
since B < Cg/k? for k sufficiently large. Then, we conclude the results. O
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