Random extrapolation for primal-dual coordinate descent
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Abstract

We introduce a randomly extrapolated primal-
dual coordinate descent method that adapts to
sparsity of the data matrix and the favorable struc-
tures of the objective function. Our method up-
dates only a subset of primal and dual variables
with sparse data, and it uses large step sizes with
dense data, retaining the benefits of the specific
methods designed for each case. In addition to
adapting to sparsity, our method attains fast con-
vergence guarantees in favorable cases without
any modifications. In particular, we prove linear
convergence under metric subregularity, which
applies to strongly convex-strongly concave prob-
lems and piecewise linear quadratic functions. We
show almost sure convergence of the sequence
and optimal sublinear convergence rates for the
primal-dual gap and objective values, in the gen-
eral convex-concave case. Numerical evidence
demonstrates the state-of-the-art empirical perfor-
mance of our method in sparse and dense settings,
matching and improving the existing methods.

1. Introduction

In this paper, we consider the problem
min f(z) + g(z) + h(Az), (1)

where f,g: X > RU{4+oc0}and h: Y — RU {400} are
proper, lower semicontinuous, convex functions, A: X —
Y is a linear operator. X and ) are Euclidean spaces such
that ¥ = [[}_, X, and Y = H;’L:l Y;. Moreover, f is
assumed to have coordinatewise Lipschitz continuous gradi-
ents and g, h admit easily computable proximal operators.

Problem (1) is a general template that covers many problems
in different fields, such as regularized empirical risk mini-
mization (Shalev-Shwartz & Zhang, 2013; Zhang & Xiao,
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2017), optimization with large number of constraints (Pa-
trascu & Necoara, 2017; Fercoq et al., 2019), and total vari-
ation (TV) regularized problems (Chambolle et al., 2018;
Fercoq & Bianchi, 2019).

The classic choice for solving problem (1) is to use primal-
dual methods (Chambolle & Pock, 2011; Vi, 2013; Condat,
2013). These methods utilize the proximal operators for
g, h* and gradient of the differentiable component f. Ran-
domized versions that we refer to as primal dual coordinate
descent (PDCD), are proposed in several works (Zhang &
Xiao, 2017; Dang & Lan, 2014; Gao et al., 2019; Fercoq &
Bianchi, 2019; Chambolle et al., 2018; Latafat et al., 2019).

First advantage of coordinate-based methods is that they
access to blocks of A and update a subset of variables,
resulting in cheap per iteration costs. Moreover, they utilize
larger step sizes depending on the properties of the problem
in selected blocks.

Existing PDCD methods fail to retain both these advantages,
as sparsity of A varies. In particular, methods that have
cheap per-iteration costs with sparse A (Fercoq & Bianchi,
2019; Latafat et al., 2019), are restricted to use small step
sizes with dense A. On the other hand, methods that can
use large step sizes with dense A (Chambolle et al., 2018),
have high per-iteration costs with sparse A.

Contributions. In this paper, we identify random extrapola-
tion as the key to design a method that combines the benefits
of the methods in two camps and propose the primal-dual
method with random extrapolation and coordinate descent
(PURE-CD). PURE-CD exhibits the advantages of (Fercoq
& Bianchi, 2019; Latafat et al., 2019) in the sparse setting
and the advantages of (Chambolle et al., 2018) in the dense
setting simultaneously, achieving the best of both worlds.
As PURE-CD has the favorable properties in both ends of
the spectrum, it has the best performance in the regime in be-
tween: moderately sparse data. Table 1 compiles a summary
for the comparison of PURE-CD and previous methods.

In addition to adapting to the sparsity of A, we prove that
PURE-CD also adapts to unknown structures in the problem,
and obtains linear rate of convergence, without any modi-
fications in the step sizes. Our linear convergence results
apply to strongly convex-strongly concave problems, linear
programs, and problems with piecewise linear quadratic
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Step sizes per iteration | block-wise | probability Efficient
with dense data cost Lipschitz law implementation
(Chambolle et al., 2018) | nro||A2 < 1 m N/A arbitrary direct
(Fercoq & Bianchi, 2019) | n’ro||Ai]|? < 1 [J(4)[* Yes uniform | direct or duplication
(Latafat et al., 2019) n’rol|Ai]]? <1 |J (i No arbitrary duplication*
PURE-CD nriol|A]? <1 [J(i)[* Yes arbitrary direct

Table 1. Comparison of primal-dual coordinate descent methods. Note that we only compare here the most related methods to ours and
include a comprehensive review of other existing methods with comparison to PURE-CD in Section 5. In the last column, we refer to the
way one needs to implement the algorithm, for it to be efficient in both sparse and dense settings. *.J(4) is defined in (2). T'SPDHG only
has implementation for dense setting and not for sparse. ¥The concept of duplication for PDCD is described in (Fercoq & Bianchi, 2019).

functions, involving Lasso, support vector machines and lin-
early constrained problems with piecewise linear-quadratic
objectives. In the general convex case, we prove that the
iterates of PURE-CD converges almost surely to a solution
of problem (1). Moreover, we show that in this case, the
ergodic sequence obtains the optimal O(1/k) sublinear rate
of convergence.

2. Preliminaries
2.1. Notation

For a positive definite matrix V, we denote |z||3, =
(x,Vx). We define the distance of a point = from a set
X as dist(z,X) = minyex |Ju — x||?. Given an index
1 € {1,...,n}, the corresponding coordinate of the gradi-
ent vector is V; f(x) and the corresponding coordinate of
a vector ¥ € X is x'. Graph of mapping F is denoted by
gra I. Recall that X = [[;_, A, and Y = [[/L, ; and
Z =X x). Foru € X;, Uj(u) € X is such that each
element of U, (u) is 0, except the block ¢ which contains w.
We denote the indicator function of a set X’ as J ».

Proximal operator with a positive definite V' is defined as
. 1
proxy ,(z) = arg mulng(u) + §||u ="

We will need the following notation for the sparse setting,

J(/L) = {J € {L"'vm}: Aj,i #O}
1G)={ie{1,...,n}: A;,; # 0},

Given a matrix A and ¢ € {1,...,n}, J(i) denotes the row
indices that correspond to nonzero values in the column
indexed by i. Similarly, with j € {1,...,m}, I(j) gives
the column indices corresponding to nonzero values in the
row indexed by j.

2

Moreover, given positive probabilities (p;)1<i<n, we define

= > P 3)

i€l(j)
In the simple case of p; = 1/n, it is easy to see that nr;
corresponds to number of nonzeros in the row indexed by j.

At iteration k, the algorithm randomly picks an index
ir+1 € {1,...,n}. To govern the selection rule, we de-
fine the probability matrix P = diag(ps,...,pn), Where
p; = P(ig41 = 1), and p = min; p;. We define as Fy, the
filtration generated by the random indices {i1, ..., }.

Denoting z = (x,y), we define the functions

Dy(wr4152) = [(@r41) + 9(241) — f(2) — 9(2)
+(ATy, 241 — ),
Da(Yk+152) = h* (Uk+1) — h*(y) — (A, Yk 11 — y).

2.2. Optimality

Problem (1) has the following saddle point formulation

i Ax,y) — h*(y).

min max f(x) +g() + (Az,y) — h"(y)
Karush-Kuhn-Tucker (KKT) conditions state that the vector
Zx = (Z, Yx) is a primal-dual solution of the problem when

.
0 c [TH@) +dgla) + ATy,

Az, — OB () = F(z). @)

We call Z, the set of such solutions.

2.3. Metric subregularity

We utilize the metric subregularity assumption for prov-
ing linear convergence. This assumption has been used
in primal-dual optimization literature for both determinis-
tic (Liang et al., 2016) and randomized algorithms (Latafat
et al., 2019; Alacaoglu et al., 2019).

Definition 1. A set valued mapping F': X = Y is metri-
cally subregular at T for y, with (z,y) € gra I, if there
exists 1 > 0 with a neighborhood of regularity N () such
that

dist(z, F~1y) < ndist(y, Fz), Vo€ N(Z).
We will be interested in the metric subregularity of KKT

operator F' (see (4)) for 0. Intuitively speaking, as 0 €
F(z4),Vz* € Z,, metric subregularity of F' for 0 essentially
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gives us a way to characterize the behavior of the iterates
around the solution set.

Even though Definition 1 looks daunting, fortunately, one
does not need to check it for a given problem. Metric sub-
regularity is well-studied in the literature and it is known to
be satisfied in the following cases:

Example 1.

> If f + g and h* are strongly convex, Definition 1 holds
with N'(z) = RY (Latafat et al., 2019, Lemma IV.2).

> If f,g,h are piecewise linear quadratic (PLQ) func-
tions, Definition 1 holds with any bounded neighborhood
N (Z) (Latafat et al., 2019, Lemma IV4).

PLQ functions include ¢; norm, hinge loss, indicator of poly-
hedral sets. Thus, second bullet point apply to Lasso, sup-
port vector machines, elastic net, and linearly constrained
problems with PLQ loss functions (Latafat et al., 2019).

We now state our main assumptions which are standard in
the literature (Fercoq & Bianchi, 2019; Chambolle et al.,
2018; Latafat et al., 2019; Bauschke & Combettes, 2011):

Assumption 1.

> f, g and h are proper, lower semicontinuous, convex.

> g is separable, i.e., g(z) = Y., g;(z"), and f has coor-
dinatewise Lipschitz gradients such that Vo € X', Vu € &},

Bi

fle+Uiw) < f@) + (Vif (z),u) + Ful® )

> Set of solutions to problem (1), defined in (4) is nonempty.

> Slater’s condition holds, which states that 0 € ri(dom h —
Adom g) where ri denotes the relative interior.

3. Algorithm

In this section, we will sketch the main ideas behind our
algorithm. Primal-dual method', due to (Chambolle & Pock,
2011; Condat, 2013; Vi, 2013) reads as

Tgy1 = prox, , (Zr — 7 (Vf(ZR) + ATQk))

6
Uk+1 = ProX, pe (Yo + 0A(2Tk 41 — Tk)) - ©
The main intuition behind PDCD methods proposed
by (Zhang & Xiao, 2017; Fercoq & Bianchi, 2019; Cham-
bolle et al., 2018) is to incorporate coordinate based updates.
Among these methods, (Zhang & Xiao, 2017) specializes
in strongly convex-strongly concave problems, whereas the
other other ones focus on more general classes of problems.

A closely related approach concentrated on the following
interpretation of primal-dual method (6) which is named as

!"This method is also known as Vii-Condat algorithm.

TriPD in (Latafat et al., 2019, Algorithm 1)

Ykt+1 = Proxg (i{k + aAs"ck)
Thy1 = prox, , (Tr — 7 (V@) + AT Gesr)) (D)
k1 = Ukt1 + OA(Tpg1 — Tn)-

We notice that by moving the ¥, ; update in TriPD to take

place after g5, +1 update, one obtains (6).

As observed in (Latafat et al., 2019), this particular inter-
pretation of primal-dual method is useful for randomization.
TriPD-BC as proposed in (Latafat et al., 2019) iterates as

Yr+1 = ProX, - (yr + o Azy)
Tpy1 = prox, , (:ck -7 (Vf(xk) + ATng))
Uk+1 = Yr1 + OA(Tp41 — T)

Draw an index ix11 € {1,...,n} randomly.
Tht1 _ ikl g0 s L
T =T, T = T VI F kg

Yirr = Upyrs Vi € J(iks1), Yoy = U V9 & J(ikt1).

One immediate limitation of TriPD-BC is that to update
Yk+1, one needs to know Zyyi, whereas only i?ﬁ is
needed to update zj1. As also discussed in (Latafat et al.,
2019), this scheme is suitable when A has special structure
such as sparsity. When A is dense, one needs to update
all elements of yj1 and g1, in which case one needs to
compute both 411 and Zy+; which has the same cost as a

deterministic algorithm.

In the dense setting, for an efficient implementation, one can
use duplication of dual variables as described in (Fercoq &
Bianchi, 2019). However, in this case one is restricted to use
small step sizes as discussed in (Fercoq & Bianchi, 2019).
Compared to SPDHG in (Chambolle et al., 2018), the step
sizes can be n times worse, deteriorating the performance
of the method considerably in the dense setting.

On the other hand, the drawback of SPDHG is that it needs
to update all dual variables at every iteration, whereas the
methods in (Fercoq & Bianchi, 2019; Latafat et al., 2019)
update only a subset of dual variables depending on the
sparsity of A. When the dual dimension is high, per iteration
cost of (Chambolle et al., 2018) becomes prohibitive.

Our idea, inspired by (Chambolle et al., 2018), to make
TriPD-BC efficient for dense setting is to use x4 rather
than Ty 1 in the update of 1. Although simple to state,
this modification makes ¢41 random, rendering the anal-
ysis of (Latafat et al., 2019) and other analyses based on
monotone operator theory not applicable.

This leads to our algorithm, primal-dual method with ran-
dom extrapolation and coordinate descent (PURE-CD). Our
method uses large step sizes as in (Chambolle et al., 2018)
in the dense setting, while staying efficient in terms of per
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iteration costs in the sparse setting as in (Fercoq & Bianchi,
2019; Latafat et al., 2019); leading to the first general PDCD
algorithm that obtains favorable properties in both sparse
and dense settings.

Algorithm 1 Primal-dual method with random extrapola-
tion and coordinate descent (PURE-CD)
1: Input: Diagonal matrices 0, 7,0 > 0, chosen accord-
ing to (8), (9).
2: fork=0,1...do

3: Yrs1 = ProX, pe (yr + o Axy)

4 Tjy1 = prox, (a:k e (Vf(ack) + ATng))

5:  Draw iy € {1 n}t with P(igp, =14) = p;

6: x:‘:ll = i;"_;’ll

T x]?+1 = Z‘?C,VJ 7& ik-‘rl

8 Ypyr = Upa1 10305 (A(@hi1—21));, Vi € J(ikta),
Yeyr = Y5 V5 & J(ir41)

9: end for

4. Convergence Analysis

In this section, we analyze the convergence behavior of
Algorithm 1 under various assumptions. We first start with
a lemma analyzing one iteration of the algorithm.

Lemma 1. Let Assumption 1 hold. Recall the definitions of
D,, and Dg from Section 2.1 and let § = diag(61,...,0m)
and m = diag(my, ..., mm) be chosen as

s
0; = —,

=L where m =
p

Z pi, andp = minp;. (8)
i€1() ’

We define the functions, given z,

V(Z) 7”'2:”7' 1p-t +7||y||a Ir—1
TIOR 4 B2
7(2) = Btz + Sl
where C(1); = ?ff = plz T 0]9 Az, ;fi.

Then, for the iterates of Algorithm 1, Vz € Z, it holds that:

Ex, [Dp(r4152)] + pDa(Urs1; 2) + Ex [V (2611 — 2)]

< (1 =p)Dp(ap; 2) + V(zk — 2) = V(Zrs1 — 21)-

The main technical challenge in the proof of the lemma,
compared to the corresponding results in (Latafat et al.,
2019) and (Chambolle et al., 2018) is handling stochasticity
in both variables xy1,yr+1 (and also g4 for (Latafat
et al., 2019)). Using coordinatewise Lipschitz constants of
f with arbitrary sampling also requires an intricate analysis.

The result of Lemma 1 is promising for deriving conver-
gence results for Algorithm 1. When z = z, in Lemma 1,

as Dp(zr41;2«) > 0, Da(Gr+1;2«) > 0 and when
step sizes are chosen such that V is a squared norm,
Lemma 1 describes a stochastic monotonicity property sim-
ilar to (Fercoq & Bianchi, 2019). In particular, it shows that
Dy (2k41; 24) + V(2141 — 2,) which measures the distance
to solution in a Bregman distance sense, is monotonically
nonincreasing in expectation.

4.1. Almost sure convergence

Almost sure convergence is a fundamental property for ran-
domized methods describing the limiting behavior of the
iterates in different realization of the algorithm. The follow-
ing theorem states that the iterates of Algorithm 1 converge
almost surely to a point in the solution set.

Theorem 1. Let Assumption 1 hold and let 0, 7 be as
in Lemma 1. Choose step sizes T, o such that
2pi —p
Blpz +pipi X

. ©))
-1 7505 A?
The iterates zj, are produced by Algorithm 1. Then, almost
surely, there exist z, € Z, such that zj, — z,.

We analyze the step size rule (9) in Theorem 1 and compare
with existing efficient methods in dense and sparse settings.

Remark 1.
> Let A be dense, with all its elements being nonzero, p; =
1/n and f(-) = 0, then the step size rule reduces to

1
nol||Ail]*’

<

which is the step size rule of SPDHG (Chambolle et al.,
2018; Alacaoglu et al., 2019), which is shown to be fa-
vorable in the dense setting. In contrast, step size rules
of (Fercoq & Bianchi, 2019; Latafat et al., 2019) are n times
worse due to duplication, in this case.

> Let A be diagonal, and we use p; = %, which results in
T = % Then,

1
5Z+Z] 10 A3

which is the step size rule of Vu-Condat-CD (Fercoq &
Bianchi, 2019), upon using the definition of J (%) from (2).
Similarly, Algorithm 1 updates 1 dual coordinate and 1
primal coordinate, in this case. In contrast, SPDHG (Cham-
bolle et al., 2018) updates m dual coordinates, resulting in
m times higher per iteration cost.

We note that the step sizes of TriPD-BC (Latafat et al.,
2019) depend on global Lipschitz constant of f rather than
the coordinatewise ones. Using coordinatewise Lipschitz
constants in practice is very important for the success of
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coordinate descent, as they give larger step sizes (Nesterov,
2012; Richtarik & Takac, 2014; Fercoq & Richtarik, 2015).

The takeaway from Remark 1 is that Algorithm 1 recovers
the characteristics of the best performing methods in fully
dense and fully sparse settings. Moreover, as it is the only
method with the desirable dependencies in both cases, it has
the best properties in the moderate sparse cases. We validate
this observation with numerical experiments in Section 6.

4.2. Linear convergence

Linear convergence of primal-dual methods in practice is a
widely observed phenomenon (Chambolle & Pock, 2011;
Liang et al., 2016). We show that Algorithm 1 also shares
this property and obtains linear convergence under metric
subregularity, without any modification on the algorithm.

We define the Bregman-type projection onto the solution set

zj = arg mizn Dy (xp;u) + V(zi — u). (10)
UEZ 4

We now show that 2} is well-defined under our assump-
tions. First, the solution set is convex and closed. Second,
D,(xk;u) > 0for all uw € Z, and it is also lower semicon-
tinuous. Third, we remark that V'(z;, — u) is a squared norm
(see Lemma 1), thus coercive, therefore the sum is coercive
and lower semicontinuous over Z,. Hence, 2}, exists.

The definition of z}; in (10) is more involved compared to
the corresponding quantity in (Latafat et al., 2019). This is
in fact due to us using coordinatewise Lipschitz constants
in our step sizes, rather than the global Lipschitz constant
in (Latafat et al., 2019).

Assumption 2.
KKT operator F' is metrically subregular at all z, € Z, for
0, and z, € N (24), Vzu, k.

Theorem 2. Let Assumptions 1 and 2 hold. Let 0 and the
step sizes T, be chosen according to (8) and (9), respec-
tively. Moreover, zj; = (x},y}) is as defined in (10). Then,
for zy, generated by Algorithm 1, it follows that

p % p *
E [Sllan — a2 por + Sl = vi2-101]
< (1 - p)kAOa
min (p Gy 3 )
2 Cv2((2+2c)+(1+c) (nll H-M|[+5))* )’
Ao = Dy(xo;25) + V(20 — 23), B is the global Lipschitz
constant of f,

Cyp = 5 min {min; C(7);, min; o5 '},

Cy,2 = 4 max {maxi T%,maxj %} c=Cyvy/|4]l/2

— 2
CQ’V B \/Emin{mini T;lpifl,minj O‘;lﬂ‘;l ’ and
AT 0 AT
H‘[o ot M=1_4 ol

where p =

The first remark about Theorem 2 is that since metric sub-
regularity constant 7 is not required in the algorithm, the
step sizes to achieve linear convergence are the same step
sizes as (9). Therefore, PURE-CD adapts to structures on
the problem, without any need to modify the algorithm, and
attains linear rate of convergence. This supports the well-
known observation that primal-dual algorithms converge
linearly on most problems, with standard step sizes in (9).

In particular, a direct corollary of our theorem is that for
problems listed in Example 1, PURE-CD obtains linear rate
of convergence. For the first two cases in Example 1, our
result applies directly since the neighborhood of subregular-
ity M (z,) is the whole space. For the third case, we have
to assume additionally that Zj; is contained in a compact
set, since N (z,) is not the whole space, and is bounded. A
sufficient assumption for this is when the domains of g and
h* are compact. We note that compactness is only required
for this result in our paper. This is common to other re-
sults for PDCD methods with metric subregularity (Latafat
et al., 2019; Alacaoglu et al., 2019). The issue, as explained
in (Alacaoglu et al., 2019), stems from a fundamental limi-
tation of the existing analyses of PDCD methods.

Many results in the literature for linear convergence only ap-
plies to the first case in Example 1, when g, h* are strongly
convex (Zhang & Xiao, 2017; Chambolle et al., 2018).
Moreover, these results require setting step sizes depending
on strong convexity constants of g, h*, therefore not appli-
cable when strong convexity is absent. Our result applies to
more general problems and it uses step sizes independent
of these constants. Our algorithm can be directly applied to
any problem satisfying Assumption 1 and fast convergence
will occur provably, if the selected problem is in Example 1.

Compared with the linear convergence rate in (Latafat et al.,
2019) for TriPD-BC, our result have a similar contraction
factor, however, due to larger step sizes (see Remark 1), the
rate comes with a better constant.

4.3. Ergodic rates

In this section, we study Algorithm 1 in the general case,
under Assumption 1, and show the optimal O(1/k) conver-
gence rate on the ergodic sequence. The quantity of interest
is the primal-dual gap function (Chambolle & Pock, 2011)

G(z,y) = sup f(@) +9(z) + (AT, y) — h*(y)
— f(z) —g(x) = (Az, ) + R*(y). (D)
A related quantity is the restricted gap function (Chambolle
& Pock, 2011), which, for any set C C Z is defined as

Ge(z,9) = Sup f(@) +9(z) + (Az,y) — h*(y)

— f(2) — g(x) — (Az,5) + P (y).  (12)
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Due to randomization in PDCD, we are interested in the ex-
pected primal-dual gap, denoted as E [G¢(Z, §)]. As noted
by Dang & Lan (2014), it is technically challenging to
prove rates for this quantity as it is the expectation of supre-
mum. Recently, (Alacaoglu et al., 2019) used a technique to
show convergence of expected primal-dual gap for SPDHG
of (Chambolle et al., 2018). This rate is for ergodic sequence
averaging x; and the full dual variable §;. We can use this
technique for our analysis. However, there remains another
technical challenge as full dual variable is not computed in
PURE-CD. Thus, averaging ¥y, is not feasible in our case.

In addition to Assumption 1, in this section we will assume
separability of h, to be able to do an efficient averaging with
the dual iterate.

Due to the asymmetric nature of Algorithm 1, there are
fundamental difficulties for proving a rate with averaging
Yr+1- On this front, we propose a new type of analysis for
the dual variable. To start with, we define the following
iterate which has the same cost to compute as y1 each
iteration. Let y1 = y1 = ¥1,

Por = Thrrs V3 € I(inra),
T =0, Vi & Jlikm).

We note that g, is Fj-measurable and more useful properties
of ¥, for analysis are given in Lemma 5 in Appendix B.4.

13)

Due to the definition of gy, it is now feasible to compute
and average this iterate. We can show the convergence of
expected primal-dual gap by averaging ¢ and x;. We re-
mark that we use some coarse inequalities to give simple
constants for Theorem 3 and Theorem 4. Therefore, the
bounds are not optimized with respect to dimension depen-
dence. In Appendix B, we give these theorems with their
original, tighter bounds and we show how we transform the
tighter bounds into the constants we give in this section.

Theorem 3. Let Assumption 1 hold and 0, T, o are chosen
as in (8), (9). Moreover, let h be separable.

We define z¥ = - Zszl z and Y = % Zszl Tk
where 1y, is defined in (13), then it holds that for any
bounded setC =C, x Cy C Z

G

av ,av\]
E[GC(xKvyK)}— Ka

IS

where Cy = 2?21 Cy,i, C. y = min, C(7)imi,
Cy1 = sup,ec {2pllzo—2)2 -1 p oy +2pllYo—yll2 1 s }+
4/ Bop~ [ Al supyec, lyll-p

+2y/Bo(p +2p73C, L)l Al sup,ec, [2llom

Sy Coi = Do (5+9p7 +CoL (14 10p71 + 14p2))

+(1=p)(f(zo)+g(z0)— f(2.) —g(2:))+h* (o) —h* ()
+pll Az 20 + ATy p.

Remark 2. When implementing averaging of xy, and ¥y,
one should use a technique similar to (Dang & Lan, 2015).
The main idea is to only update the averaged vector at the
coordinates where an update occurred. For this, one needs
to remember for each coordinate, the last time it is updated,
wait until a coordinate is selected again and update the
averaged vector using this information.

The result in Theorem 3 would give a rate for primal-dual
gap when C = Z. However, in general such a rate is not
desirable as taking a supremum over Z might result in an
infinite bound. This rate would be meaningful when both pri-
mal and dual domains are bounded in which case one would
take the supremum in Cj ; over the bounded domains.

Alternatively, in the following theorem, we show that for two
important special cases, we can extend this result to show
guarantees without bounded domains. Namely, we show
the same rate for the case when h(-) = d;1(), b € R™ to
cover linearly constrained problems. Moreover, we show
the result for the case when h is Lipschitz continuous.

Theorem 4. Let Assumption I hold. We use the same pa-
rameters 0, T, o and the definitions for x%¢ and y$ as The-
orem 3. We consider two cases separately:

> If h(:) = 01y (), we obtain

av av C
E[f(2%) + 9(2%) — f(@s) — g(z)] < —2.
pK
av C
B[l Axfe ~ol] < -
> If h is Ly-Lipschitz continuous, we obtain
E[f(z%) + 9(z¥) + h(AzE)
Cy

f(@i) = g(zs) — h(Az,)] < K’
where Cy = 3c¢1 ||z, — zol|,—1p—1 + 2v/1Cs + 4er ||y, —
y0||0*17r*1,

Co = Cs + |ysllo-12-1Cs + 2c1971V(z0 — 24),
Cr=Cs+ el — mo||? -1 poy + 41 L3,

Cs = ng + Cg,5 + Cg76, with ¢y = 2p + 2, Cg72 as
defined in the statement of Theorem 3 in Appendix B.4 and
Cy.5,Cy.6 are defined in the proof in (19), (80).

5. Related works

In the deterministic setting, many primal-dual methods are
proposed (Chambolle & Pock, 2011; Vi, 2013; Condat,
2013; Tan et al., 2020; Latafat et al., 2019). The standard
results in these papers include linear convergence when
g, h* are strongly convex, with step sizes selected by using
strong convexity constants. In addition, these papers also
show sublinear O(1/k) rate with general convexity, which



Random extrapolation for primal-dual coordinate descent

is known to be optimal (Nesterov, 2005). Moreover, linear
rates under metric subregularity is shown for deterministic
methods in (Liang et al., 2016; Latafat et al., 2019).

Randomized coordinate descent is proposed in (Nesterov,
2012) and improved by a large body of subsequent pa-
pers (Richtarik & Takac, 2014; Fercoq & Richtarik, 2015).
Primal randomized coordinate descent requires full separa-
bility on the nonsmooth parts of the objective function. Non-
smooth and nonseparable functions are handled by primal-
dual coordinate descent methods (Fercoq & Bianchi, 2019).

One of the first primal-dual coordinate descent (PDCD)
methods is SPDC, which is proposed in (Zhang & Xiao,
2017), that solves a special case of problem (1) with f = 0.
SPDC has linear convergence when g, h* are strongly con-
vex and the step sizes are selected according to strong con-
vexity constants. In the general convex case, SPDC has
perturbation-based analysis, which needs to set an ¢, re-
quires knowing ||z, ||?, and shows e-based iteration com-
plexity results, and not anytime convergence rates. Almost
sure convergence of the iterates of SPDC is not proven in
the general convex case. Moreover, the step sizes of SPDC
are scalar and they depend on the maximum block norm of
A. Tt is shown in (Zhang & Xiao, 2017) that in the specific
cases when g(z) = ||z||? or g(z) = ||z||; + ||z||?, one can
use a special implementation for efficiency with sparse data.

Tan et al. (2020) proposed a new method similar to SPDC
with the same type of guarantees as (Zhang & Xiao, 2017).
Due to similar analysis techniques, this method inherits the
abovementioned drawbacks of SPDC. For this method, Tan
et al. (2020) showed a new implementation technique for
sparse data, that can be used with any separable g(x).

For solving the specific case of empirical risk minimization
problems, stochastic dual coordinate ascent (SDCA) is pro-
posed in (Shalev-Shwartz & Zhang, 2013; 2014). SDCA
uses strong convexity constant to set step sizes and attain lin-
ear convergence. A limitation of SDCA is to require strong
convexity in the primal, to ensure smoothness of the dual
objective, which is essential in the design of the method.

Another early PDCD method is by (Dang & Lan, 2014)
where the authors focused on showing sublinear conver-
gence rates. The authors showed guarantees for a relaxed
version of expected primal-dual gap function in (11).

Building on (Dang & Lan, 2014), block-coordinate variants
of alternating direction method of multipliers (ADMM) are
proposed in (Gao et al., 2019; Xu & Zhang, 2018). These
papers focus on linearly constrained problems and show er-
godic sublinear convergence rates. Moreover, (Xu & Zhang,
2018) showed that under strong convexity assumption and
special decomposition of the blocks, the method achieves
linear convergence. This linear convergence result, simi-
lar to (Zhang & Xiao, 2017) requires knowing the strong

convexity constants to set the algorithmic parameters. More-
over, these results generally set step sizes depending on
global Lipschitz constants and norm of whole matrix A.

PDCD variants are also proposed in (Combettes & Pesquet,
2015; 2019; Pesquet & Repetti, 2015) and analyzed under
the general setting of monotone operators. These methods
use global constants of the problem such as global Lipschitz
constant of smooth part and || A||, rather than blockwise
constants, resulting in worse practical performance, as illus-
trated in the experiments of (Chambolle et al., 2018).

Another early PDCD variant to solve problem (1) in its full
generality, where f, g, h are all nonseparable, is by Fercoq &
Bianchi (2019). This method uses coordinatewise Lipschitz
constants of the smooth part and it is designed to exploit
sparsity of A. This method has almost sure convergence
guarantees as well as linear convergence when g, h* are
strongly convex. As opposed to most results in this nature,
it is not required to know strong convexity constants to set
the step sizes. In the general convex case, the method has
O(1/v/k) rate for a randomly selected iterate. As argued in
Section 4.1, main limitation of (Fercoq & Bianchi, 2019) is
that small step sizes are required when matrix A is dense.
Moreover, the results in this paper are restricted to uniform
probability law for selecting coordinates.

One of the most related works to ours, and a building block
of PURE-CD is TriPD-BC from (Latafat et al., 2019). The
authors showed almost sure convergence of the iterates and
linear convergence under metric subregularity, by using
global Lipschitz constants of f for the step sizes. This paper
did not have any sublinear convergence rates in the general
convex case. Similar to (Fercoq & Bianchi, 2019), TriPD-
BC is designed for sparse setting and a naive implementation
in the dense setting requires the same per iteration cost as the
deterministic algorithm. An efficient implementation is by
duplication of dual variables, which as explained in (Fercoq
& Bianchi, 2019) results in small step sizes (see Section 4.1).

Another building block of PURE-CD is SPDHG by (Cham-
bolle et al., 2018), to solve (1) when f = 0. Linear con-
vergence result of SPDHG by (Chambolle et al., 2018) is
similar to (Zhang & Xiao, 2017) and requires setting step
sizes with strong convexity constants. In the general convex
case and partially strongly convex case, (Chambolle et al.,
2018) proved optimal sublinear rates. Recently, (Alacaoglu
et al., 2019) analyzed SPDHG and proved additional theo-
retical results. In particular, this work showed almost sure
convergence of the iterates of SPDHG and linear conver-
gence under metric subregularity. Even though it is fast
in the dense setting, the main limitation of SPDHG, as
discussed in Section 4.1 is that it needs to update all the
dual coordinates, resulting in high per iterations costs in the
sparse setting.
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2

10° 1o 10° e -

1003 1001 1N\ 1002 N Tt
> > Trea g, > Ny T
2 £ e 2
© © 04 ©
E 1o%° g £
a a | 1006
8 100° S 1007 3
> =] =3 08
@ —— PURE-CD o —8— PURE-CD @ 10"%1 —@= PURE-CD

10012 VC-CD 10010 VC-CD b1 VC-CD

<A SPDHG A SPDHG 10 <A SPDHG
0.0 2.5 5.0 7.5 10.0 12.5 0 10 20 30 0 10 20 30 40
time (s) time (s) time (s)

Figure 2. Ridge regression: Left: sector, n = 6,412, m = 55,197, density = 0.3%, A = 0.1; Middle: a9a, n = 32,561, m = 123,
density = 11.3%, A = 0.1; Right: mnist, n = 60, 000, m = 780, density = 19.2%, A = 1.

Other PDCD methods are proposed in (Luke & Malitsky,
2018; Alacaoglu et al., 2017) where the authors focused on
linearly constrained problems and proved sublinear rates.

6. Numerical experiments
6.1. Effect of sparsity

As explained in Section 4.1, and Remark 1, PURE-CD
brings together the benefits of different methods that are
designed for dense and sparse cases. We will now compare
the empirical performance of PURE-CD with Vu-Condat-
CD from (Fercoq & Bianchi, 2019) which has desirable
properties with sparse data and SPDHG from (Chambolle
et al., 2018) which has desirable properties with dense data.

We select uniform sampling, p; = 1/n, so (9) simplifies to

1
S 050 A%
We provide a step size policy inspired by the step size rules

chosen in (Chambolle et al., 2018) and (Fercoq & Bianchi,
2019). We use the following step sizes, for v < 1

7 < (14)

1 S Y max;s HAZ’H
' [1A: ]2

g, = ——
7 Oy maxy || Ay’
We note that in contrast to (Chambolle et al., 2018), step
sizes are both diagonal. In our case, it is important to utilize
diagonal step sizes for both primal and dual variables since
we perform coordinate-wise updates for both primal and

dual variables and the step sizes need to be set appropriately
to obtain good practical performance. For SPDHG and
Vu-Condat-CD, we use step sizes suggested in the papers.

In the edge cases (one nonzero element per row or fully
dense), it is easy to see that our step size policy reduces to
the suggested step sizes of (Chambolle et al., 2018) and (Fer-
coq & Bianchi, 2019).

For experiments, we used the generic coordinate descent
solver, implemented in Cython, by Fercoq (2019), which
includes an implementation of Vu-Condat-CD with duplica-
tion and we implemented SPDHG and PURE-CD. We solve
Lasso and ridge regression, where we let g(z) = A||z]1,
h(Ax) = LAz — bl f = 0, and g(x) = 3|2,
h(Az) = ||Az — b||%, f = 0, respectively, in our tem-
plate (1). Then, we apply all the methods to the dual prob-
lems of these, to access data by rows.

We use datasets from LIBSVM with different sparsity lev-
els (Chang & Lin, 2011). The properties of each data matrix
are given in the caption of the corresponding figures. For pre-
processing, we removed all-zero rows and all-zero columns
of A and we performed row normalization. The results are
compiled in Figures 1 and 2.

We observe the behavior predicted by theory. With sparse
data such as rcvl, where density level is 0.16%, SPDHG
makes very little progress in the given time window. The
reason is that the per iteration cost of SPDHG in this case
is updating 47, 236 dual variables, whereas for PURE-CD
and Vu-Condat-CD, the cost is updating 75 dual variables.
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We note that PURE-CD is faster than Vu-Condat-CD due to
better step sizes. On the other hand, with moderate sparsity,
SPDHG and Vu-Condat-CD is comparable, whereas PURE-
CD exhibits the best performance. For denser data, SPDHG
and PURE-CD exhibit similar behavior where Vu-Condat-
CD is slower than both due to smaller step sizes.

6.2. Comparison with specialized methods

In this section, we compare the practical performance of
PURE-CD with state-of-the-art algorithms that are designed
for strongly convex-strongly concave problems. Due to
space constraints, we defer some of the plots and more
details about experiments to the appendix. We focus on the
problem min, £ 37" | hi(4;x) + 5|z, where h;(z) =
(x—b;)2. Bach h; is smooth with Lipschitz constants L; = 2
and the second component is strongly convex, which results
in strong convexity in both primal and dual problems.

In this case, the algorithms SDCA (Shalev-Shwartz &
Zhang, 2013), ProxSVRG (Xiao & Zhang, 2014), Accel-
erated SVRG (Zhou et al., 2018), SPDC (Zhang & Xiao,
2017) are all designed to use the strong convexity to ob-
tain linear convergence. These algorithms use the strong
convexity constant A for setting the algorithmic parame-
ters. Moreover, as all the abovementioned algorithms have
special implementations to exploit sparsity, we make the
comparison with respect to number of passes of the data,
rather than time. The results are compiled for two datasets

in Figure 3 and more datasets are included in Appendix A.
We use theoretical step sizes for all the algorithms, given in
the respective papers.

o PURE-CD-\: This variant uses the non-agnostic step sizes,
using A, which still satisfy the theoretical requirement (14).
n yVnAmaxy || Ayl
g; = R T, =
7 0;v/nAmax || Ay || n||A;||2

o PURE-CD: This variant is with the standard agnostic step
sizes.

n 7 maxy || Ay |
T TIAIR
nflAq]

We observe that PURE-CD has a consistent linear con-
vergence behavior as predicted by theory. In most of the
datasets (see Appendix A), it has the fastest convergence
behavior. However, in some datasets, as A\ gets smaller, we
observed that the linear rate of PURE-CD slowed down,
which motivated us to try PURE-CD-), which incorporates
the knowledge of A as the other methods. It seems to show
favorable behavior when PURE-CD slows down.

%y maxy A

The takeaway message is that PURE-CD, which is designed
for a general problem, adapts to strong convexity well with
agnostic step sizes in most cases. However, in some cases,
it does not perform as good as the algorithms which are de-
signed to exploit strong convexity. In those cases however,
one can choose separating step sizes of PURE-CD accord-
ingly, and use PURE-CD-A to get better performance.
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A. More experimental results

In this section, we compare the practical performance of PURE-CD with state-of-the-art algorithms that are designed to
exploit problem structures. In particular, we focus on the problem

1 A
min — > hi(Agw) + ], (15)
i=1

where h;(x) = (z — b;)%. Each h; is smooth with Lipschitz constants L; = 2 and the second component is strongly convex.
This is equivalent to strong convexity in both primal and dual problems.

In this case, the algorithms SDCA, SVRG, Accelerated SVRG/Katyusha, SPDC are all designed to use the strong convexity
to obtain linear convergence. These algorithms use the strong convexity constant A for setting the algorithmic parameters
(with the exception of SVRG which theoretically needs it to set number of inner loop iterations). Moreover, as all the
abovementioned algorithms have special implementations to exploit sparsity, for fairness, as all algorithms have different
structures, we did not try to implement them in the most efficient manner, therefore we make the comparison with respect to
number of passes of the data, rather than time.

We use PURE-CD with the agnostic step size and also with a non-agnostic step size that uses A. Both step size rules are
supported by theory. Moreover, similar to Section 6, we apply PURE-CD to the dual problem of (15) to access the data
row-wise as other methods.

The details of parameters for each algorithm:
o SVRG: We use the theoretical step size given in (Xiao & Zhang, 2014, Theorem 3.1)

o Accelerated SVRG/Katyusha: We use the theoretically suggested step size parameter and acceleration parameter (Zhou
et al., 2018, Theorem 1, Table 2)

o SDCA: We use directly the specialization of SDCA for ridge regression, as decribed in (Shalev-Shwartz & Zhang, 2013,
Section 6.2)

e SPDC: We use the step sizes from (Zhang & Xiao, 2017, Theorem 1)

e PURE-CD-\: This variant uses the non-agnostic step sizes, using A\. We note that the step sizes satisfy the theoretical
requirement (14).

P n S YV n max;s ||A,L/||
! 0;v/nAmax; || Ay ||’ ' nl|A:]|2

o PURE-CD: This variant is with the standard agnostic step sizes, as in Section 6. We note that the step sizes are scaled by n
since the problem is scaled by 1/n, compared to Section 6.

n _ ymaxy [|Ay|]

7T rmaxy AT T A2

. . . -1 —2
We use datasets from LIBSVM, and try three different regularization parameters =, 12—, and 12—. We performed

preprocessing by removing the all-zero rows and columns from the data matrix, then we normalized row norms of A. We
chose the parameters as described above and did not perform any tuning for any algorithm.

We observe that PURE-CD has a consistent linear convergence behavior as predicted by theory. In most of the datasets,
it has the fastest convergence behavior. However, in some datasets, as A gets smaller, we observed that the linear rate
of PURE-CD slowed down, which motivated us to try PURE-CD-), which incorporates the knowledge of X as the other
methods. It seems to show favorable behavior when PURE-CD slows down.

The takeaway message is that PURE-CD adapts very well with agnostic step sizes in most cases. However, in some cases, it
does not perform as good as the algorithms which are designed to exploit structure. In those cases however, one can choose
separating step sizes of PURE-CD accordingly, and use PURE-CD-\ to get better performance.
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A.1. Further details about experiments of Section 6

The experiments are done on a computer with Intel Core i7 CPUs at 2.9 GHz.
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B. Proofs

B.1. Proofs for one iteration result

We start with some technical lemmas. Our first result characterizes the conditional expectation of vy 1.

Lemma 2. Let yy1 as defined in Algorithm 1, and recall that m = diag(m1, ..., my), such that 7 = Ziel(j) pi,Vj €
{1,...,m} and P = diag(p1, . .., pn). Then it holds that for any Fy-measurable Y and ¥y = {~1,...,Ym}, withy; > 0,

Er [lyn+1 = YI3] = 171 = Y57 = e = Y52 + lye = Y15 + 241 — Y700 AP (Tri1 — )

+Zzpm0 07 A% ()1 — 70)°.

i=1 j=1

Proof. First, we note that for F;-measurable Y, it follows that

m ) 4 9
e Ll = Y12 = Bx | D% (v - V)
j=1

=Ex | Y %@ +0i0i(Alzen —2); Y)Y (g - YY)
[FE€T (ikt1) JEJ (tkt1)
i , , , N\ 2 ; N 2

=30 [ S0 5 (T + i@ — ) = Y)Y v (v - YY)

i=1 jeJ(i) JEJ ()
= Z Z pl’Yg yk+1 - Yj + QZ Z pivjo;0; AJ 1(93k+1 2)@%4—1 - Yj)

i=1jeJ(i 1=1 jeJ(i)

—i i\)2 - j j
Z Z pivs (040;454(T) 11 —x3.))" + Z Z piv (g — Y7)? (16)
i=1jeJ (i) i=1 jg.J (i)

where for the third equality, we used the fact that x; is different from x; only on the coordinate i5; and EL’“H = x}c’“ﬁ,

which gives .
(Al —ar)); = (A = o8 )ene))i = Ajien @5 — o).

We focus on the last term on the right hand side of (16)

Z Z pz'Y] *Y] ZZ Z'YJ 7Yj Z Z pz'Y] 7Yj>

i=1 g (i) i=1je(
m
Y-S Y9 = - VIR = S m (Y
j=14i€l(j) Jj=1
=y~ Y2 — llyw — Y12, (17)

where we use the fact that 37| "¢ ;) Vi = 2001 2oier(j) Vo for any 7/, due to the definition of J (i), I(;) and
Ty = Eie](j)pi‘
We estimate the first term of (16), similar to (17)

m
Z > piW, - YY) = Z > iy — Y = gk — Y2 (18)
Jj=liel(j)

=1 jeJ (i)

We lastly estimate the second and third terms of (16). We use the fact that A;; = 0, if j ¢ J(¢) to obtain
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- i N j - i i1)2
23 > o0 A (T — 2 )Wy —Y) D D b (05054, Fhp — 21))
i=1 jeJ(i) i=1jeJ(i)

n m

n m
=2 Z ZpﬂjajejAj,i(i‘ZH — )Gy, —Y7) + Z Zpﬂj (04054;4(T) 41 — 332))2

i=1j=1 i=1 j=1
B ~ n m y ; 9
= 2(ry1 — Y, y00AP(Er i1 — 21)) + > > i (050;456(Fhry — 21)) . (19)
i=1 j=1
We use (17), (18), and (19) in (16) to obtain the final result. O]

We continue with the following lemma which handles necessary manipulations for the terms involving the primal variable,
to handle arbitrary probabilities.

Lemma 3. We recall that P = diag(pi, ..., pn), p = min, p;, and define
=z, + Pilg(a: —xy) = Pilga: +(1- Pilg)a:k,
and .
gp(z) = pigi(z").
i=1
Then, for a function g(x) =Y i, gi(z"), the following conclusions hold:

gr(z') < pg(x) — pg(zr) + gp(zr),

12" =z all70 = 2" = 2kl 7n = plle = 2hgall7-pos + llon — 2kl 70 = pllorss — 2ull7-p

—pllz — @21 pes.

Proof. We have that 2/* = p; 'pa® + (1 — p; 'p)}. It follows by convexity of g; that

Moreover, since for any 0 < ¢ < 1 and any u, v, it is true that ||cu+ (1 —c)v||? = ¢||lu|? + (1 —¢)||v]|> — e(1 = ¢)||u — v]|?,
we obtain
2" = zria [P = plle = zppa 2o por + 2ksr — 2elFon = pllaker — 2l Fop
—plle = zul2aps + Pl — @l
Lastly, plugging in 2’ = z, + P~ p(x — a) to ||2’ — z|* gives

—lla" = @pll7-1 = —p*llz — 2|21 pa. O

We are now ready to prove Lemma 1 which describes the one iteration behavior of the algorithm. We restate the lemma and
provide its proof.

Lemma 1. Let Assumption I hold. Recall the definitions of D, and D from Section 2.1 and let 6 = diag(01,...,0,,) and
m = diag(m1, . .., 7m) be chosen as
0; = ﬁ, where j; = Z pi and p = min p;.
E ie1()) ’

We define the functions, given z,

o~ lx—1

p p
V(@) = Sl ps + Syl
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~ p p
V(2) = Ellolm + Slyl-s,

where C(T); :%—%—plz;nl ]_1 92A2 Bip’”.
Then, for the iterates of Algorithm 1, Vz € Z, it holds that:

Ex [Dp(wk115 2)] + pDa(@rs1: 2) + Bi [V (zkg1 — 2)] < (1= p)Dp(an; 2) + V(2 — 2) = V(Zrp1 — 2).
Proof. By the definition of proximal operator and convexity, Vz’' € X, Vy € Y,

pigi(2') > pigi(Tiy) — Pi(Vif(zk) + (AT Grs1)i 2 — Thyy)

—

11 2 7 L |2
+ 5 (k= Tl + " = 2520, — o — k2,

ph*(y) > ph* (Ury1) + (AZk, y — Y1) + 5 (||yk - gk+1”<2;*1 1y = Gesrllz-r = lly — yell2-1) -

We sum the first inequality for i = 1 to n, then add it to the second inequality and use the definition gp(z) = >, pigi(z*)
to derive

gp(@') + ph* (y) > gp(Trs1) + ph* (Wrt1) — (VS (r), P(2 = Zig1)) — (AT Ggr, P(2) — Ziy1))
1
+ p(Azp, Y — Urt1) + 3 (||33k — Zpq1l2ap + 12 — g |2ap — 27 — 331«“3—11»)

(I = Gl -2+ lly = GerallZ- = lly = ywll5-) - (20)

MH‘B [

First, we note that for Fj-measurable X and any v = diag(~1, ..., V»), such that y; > 0, the following hold

Erlg(zet1)] = 9p(Zrt1) — gp(xr) + 9(zk), 21
Ek[l’k_;,_ﬂ = Pf]ﬁ.l — Pz + T,
Ei [lenr — XIB] = 1Zhir — X2 p — llze — X[2p + [l2n — X2 (22)

We use (22) with vy = 77! and X = 2’ to obtain
1 2 T / 2
5 (lon = Bl p + 12’ = @sa|20p = 12’ = axll2-1p)
= 2 (I = el p B [l — eal2] — '~ wl2). @3)
Weuse v =7 o~ and Y = y in Lemma 2, then

Gk+1 — yl2-1 = Ex [Hyk+1 - yHi*%r*l] e —yllZ-s = llye = yll5-1n1 = 200k —y, 7 OAP(Zhyr — 1))

=N pim o3 A2 (Thyy — k)P (24)

i=1 j=1
We let 2 = p; 'pz’ + (1 — p; 'p)zi, and use Lemma 3 to get
gp(a') < pg(x) — pg(xr) + gp(zk). (25)
Combined with (21), the last inequality gives
9p(Tr+1) — gp(2') = By [g(zrt1)] — g(ak) + pg(ar) — pg(). (26)

We further use 2/ = P~ 'pz + (1 — P~ p)zy, = ax + P~ 'p(z — ;) in (20) to obtain

—(Vf(ar), P(x' = Zpy1) = —p(Vf(zp), x — 1) — (Vf(2r), P(xr — Trt1)), (27)
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and

~(AT g1, P(2' = Zpy1)) = —plAT Gesr, @ — x1) — (AT Gsgr, P(wp — Tigr)).

(28)
Moreover, by using Lemma 3 in (23), we get

1 1
§]Ek [Hff/ - 5%+1H3—1] - 5”»””/ - fk”i*l =

SRS

1
Ei [z = zpp1l2-1pa] + >Ex (ks — axll2-1]
p
= 5Ex (g1 = zkl2-1 poa] = = k|21 p-1- (29)
We also note that Ey, [||zp1 — 25|21 poi | = [|Zosr — al2-s

In (20), we collect egs. (23), (24) and (26)—(29) to obtain

0 > Exlg(wr11)] — g(zk) +pg(xr) — pg(x) + ph™ (Gr+1) — ph*(y) + (A2, y — Grr1) — p(V f(2r), 2 — 21)
—(Vf(zk), P(xr — Trs1)) — PIA Gryr, @ — 21 — (A" G, P(@r — Trpr))

p p _ P, _
+ 5Bk [zt — e 2l = [ [ Sz = N

b, _ p p _ _ _

+ §||yk+1 - yk||371 + gEk [||yk+1 - y”?f*lw*l] - §||yk - y||§flﬂ71 = (U1 — Yy, pm 1914]3(37k+1 )
1 n m ) )

3 Z Zﬂpiﬂj_lajegz‘A?,i(fZH — )

i=1 j=1

(30)
We use coordinatewise smoothness of f to obtain

—(Vf(@k), P(xx — Tit1)) = —(Vf(@r), Ex[ze — zira]) = Er | f(@r41) — f2e) — %ka-&-l — k[

> Eelf ()] — floe) — glEesn — ale.

(3D
Next, by using the definition of V and C/(7), we note

_ b, _ _ P, _
V(21 — 2k) = §||yk+1 —urllZr + |Zegr — zel?p — §||$k+1 — a2

1 i B » . 1,
) ZZJWTJ‘ 103'9]2'14?,1'@2“ - 332)2 - §||$k+1 - ka%P'
i=1 j=1

(32)
Using definition of V', D,,, Dy (see Section 2.1) in (30) along with —p(V f (2 ),z — x1) > —pf(z) + pf(xx) and the last
inequality yields

0> Eg [Dp(why1;2)] — (1 = p)Dp(2r; 2) + pDa(Gr+1; 2) + V(Zk+1 —25) + Ep [V(zk41 — 2)] = V(25 — 2)
+p(Azy, Y — Urt1) *B(ATﬂkHJ — ) — (A Grr1, P(xk — Tag1)) — (Grt1 — y,QﬂflaAP(ka — k)

—(ATy, wps1 — @) + (A2, Y1 — ) + (ATy a2 — ) — p(ATy, 2 —x).  (33)
We work on the bilinear terms to get

(ATy,a, —2) — (ATy, apq1 — 2) — (A g1, P(@ — Tig1)) — (Y — g1, pm "OAP(2) — Tiy1))
= (ATy, z — vpy1) — (AT Grr1, Bifon — 2ria]) — (U — Grgr, pr 0AEL 24 — 2pt1])

= Ey [(AT(Z/ — Prt1), T — Tpr1) — (Y — i1, 0 "0A(zR — 2p41)] =0, (34)
where the last equality is due to the requirement in (8) as

B7r_19:I — 0, =

s |3

, Vie{l,...,m}.
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We continue to estimate the remaining bilinear terms as

p [(Azk,y — Tes1) — (A g1, @ — an) + (A2, Gy — y) — (AT y, 2 — 2)] =
p [(AT(Z/ = Pkt1): @ — ) + (Y — Gog1, Az —2))] = 0. (35)

We use the last estimation, eqs. (34) and (35) in (33) to finish the proof. ]

B.2. Proof for almost sure convergence

We include the statement and the proof of Theorem 1.

Theorem 1. Let Assumption 1 hold and let 0, 7 be as in Lemma 1. Choose step sizes T, o such that

T < 2Pi 2
" Bipi +ppi 27:1 WJUJA?J’ ‘

Then, almost surely, there exist z, € Z, such that zj, — 2.
Proof. Equipped with Lemma 1, we will follow the standard arguments as in Fercoq & Bianchi (2019). We refer to (Fercoq
& Bianchi, 2019, Theorem 1) for the finer details of the arguments.

We first invoke the main result of Lemma 1 with z = z, = (24, yx) Where z, € Z,:

Ek [Sp(zr+1)] + Sa(Trs1) + Bk [V (zks1 — 20)] < (1= p)Sp(@) + V(2 — 2) — V(Zrgr — 2), (36)

where we have used the definitions

Sp(r+1) = Dp(@rt152) = 0, Sa(Yr+1) = Da(Yr+1524) 2 0.
Nonnegativity of these quantities follow from the definition of z, as in (4) and convexity.

Moreover, we recall the definitions of V, V from Lemma 1. Then, we see that V(z) is nonnegative by the choice of step
sizes 7,0 and 0; = %. It is also immediate that V'(z) is nonnegative.

Then, we can write (36) as

Er [Sp(xrs1) + V(zhe1 — 20)] < Sp(aw) + V(zk — 20) — p (Sp(ar) + Sa(Gr+1)) - 37)

We use Robbins-Siegmund lemma on this inequality and nonnegativity of S, (xx), Sa(9k), V (%), V() to conclude that
V (zr —2.) converges almost surely, > -, Sp(2r)+Sq(Jr+1) < 00, therefore Sy, () and Sq(yx) converges to 0 almost surely.
Then, we strengthen these conclusion by arguing as (Fercoq & Bianchi, 2019, Theorem 1), (Iutzeler et al., 2013), (Combettes
& Pesquet, 2015, Proposition 2.3), to get the result: there exist 2, with P(Q;) = 1, such that Vw € Q; and Vz, € Z,,
V(2 (w) — z4) converges.

We now take full expectation of (36), use the nonnegativity of Sy, (x), Sq(), and sum the inequality to obtain,

SUE [V(zk — 2] < Spw0) + Vs — 22) 1= Ag < 00, (38)
k=0
By Fubini-Tonelli theorem, E {Z;’ia V(Z;Hl — zk)} < 00. Since V(ZkH — zj) is nonnegative we have that V(EkH —2k)

converges almost surely to 0. Then, by the definition of f/(z) and the choice of step sizes, it follows that zj_; — 2 converges
to 0 almost surely. We say that there exist Q5 with P(Q22) = 1 such that Vw € Qq, Zg+1(w) — 2 (w) — 0.

We define T': Z — Z such that

§ = prox, . (y+ o Az),
prox, , (ac —7(Vf(z)+ Ang)) .

I
I
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It is easy to see that Zx11 = T'(z).

We use the definition of proximal operator in the definition of 7" and compare with the definition of a saddle point in (4) to
conclude that the fixed points of 7" correspond to the set of saddle points Z,.

We now fix w € Q1 N Qs and then it follows that z;(w) is a bounded sequence, from what we have proved beforehand. As
zr(w) is bounded, it converges on at least one subsequence. We denote by Z the cluster point of this subsequence. By the
fact that Zj 41 (w) = T'(2x(w)) and Z11 (w) — zk(w) — 0, we conclude that T'(zy (w)) — zk(w) — 0. As T is continuous,
by the nonexpansiveness of proximal operator, we get Z is a fixed point of 7" and that £ € Z,.

Since we know that for any w € €y N2 and for any z, € Z,, V(z;(w) — z.) converges, and we have proved V(zj(w) — 2)
converges to 0 at least on one subsequence with Z € Z,, we conclude that the sequence z; converges to a point 2 € Z,,
almost surely. O

B.3. Proof for linear convergence

In this section, we include the statement and the proof of Theorem 2. First, we need a lemma to characterize the specific
choice of projection onto the solution set, given in (10).

Lemma 4. Let us denote
zjp = arg min Dy (zg;u) + V(2 — u).
ue,

20 = arg min V(z — u).
UEZ,

We have that V/?(z; — 2%¢) < cV1/2(z, — 2*°), where ¢ = Cavy/'5 LA gna Cy,v is such that for any z, ||z| <
027\/‘/(2)1/2.

Proof. Let us first remark that since u = (uy,u,) € Z, is a saddle point of the Lagrangian L(z,y) = f(z) + g(x) +
(Az,y) — h*(y), we have that D, (x, u) = L(zg,uy) — L(ug, uy) is independent of u, and affine in w,,. In particular,
for any primal solution x,, there exists a constant, C'(zx, z.) = f(xr) + g(xx) — f(xx) — g(x4) such that Dy, (xy, u) =
C(zk, z+) + (A(zr — 4),uy), for all w € Z,. We have also used here the fact that for two different primal solutions
Zu,1, Ly,2, it follows that L(z, 1, uy) = L(x4 2, u,), where u, is a dual solution.

By prox inequality, we have for any z € Z,

Clan, ) + (Alzk — 24),yk) + V(2 — 25) < Clag, zi) + (Alzk — 20),y) + Vi(zw — 2) = V(2 — 21),
V(z,:’e —2)<V(z—2) — V(z;’e — 2k),

where x, is any primal solution. For the first inequality, we plug in z = z,:’e and for the second inequality, we plug in
z = z;. Summing both equalities and rearranging yields

2V (2 = 2) < (Alzn — 2.), 45" — ui)
Since the inequality holds for any x, € X,, we can plug in 2}’ and use Cauchy-Schwarz inequality to get

2V (21 = 2) < Cy AV (2 — 27) PV (2 — 2012,

Lastly Co v = \/ % Ty =

Bmm{mmi Ti p1 mln O'

Theorem 2. Let Assumptions 1 and 2 hold. Let 0 and the step sizes T, 0 be chosen according to (8) and (9), respectively.
Moreover, 2z}, = (7, y5) is as defined in (10). Then, for zj, generated by Algorithm 1, it follows that

P . p
E[Sllze = o112 pos + Sl = w2101 ] < (1= p)" 0,

where Ao = Dy(x0;25) + V(20 — 25), p = mln( “ay

P 2((2+26)+(1+C)(n“H TF) 2), (B is the Lipschitz constant of f,

Db in . min. o- =1 1 = 2
C2,V = 5 min {mlnz C(7);, min, o; }, Cy2 = 5 max {maxZ 7y Max; - } Cov \/Bmin{mim Ty Ty o T 1T
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c=Cov/|Al/2 and

o[y A we[2 4]

Proof. We note the definitions, as in (Latafat et al., 2019),
A: (x,y) = (Og(z) + Oh*(y))
M: (z,y) — (ATy, —Ax)
C: (z,y) = (Vf(2),0)
H: (z,y) = (1 'z + ATy, 07 ly).
Under this notations, KKT operator defined in (4) can be written as

F=A+M+C. (39)

Moreover, z; 1 = (H + A)~'(H — M — C)z, which in fact (without the term V f (z)) is the well-known Arrow-Hurwicz
operator (Arrow et al., 1958).

Moreover, we will use the following inequalities regarding V" and V (see Lemma 1 for the definitions)

= p . . .
V()2 Cyp (P + I1?) i= §min {amin €y minr b (lel? + ) 0)
2 2 1 1 1 2 2
V() < Cvaa (lal* + y]12) i=  mavx { max — mavx — £ (|l + 1)) @
? J

We recall the definition of 2}
zj = arg miZn D, (zp;u) + V(zi — u).
UEZ,

We now argue that zj; is well-defined under our assumptions. Under Assumption 1, we know that the solution set is convex
and closed; D, (x; u) > 0 for all w € Z, and it is also lower semicontinuous. Next, we remark that V' (z;, — u) is a squared
norm, thus coercive, therefore the sum is coercive and lower semicontinuous over Z,. Hence, z;; exists.

We use the result of Lemma 1 with z = 25 and Dg(Jx+1; 25) > 0
Ey [Dp(xim; )+ V(zkar = 20)] < (1= p)Dy(wr; 2) + V(zk — 2) = V(211 — 21).

We use the definition of 27, ; to deduce

Ex {Dp(xkﬂ; Zia1) T V(a1 = 2541)] < (L= p)Dp(ars 20) +V 2k — 2) = V(Zrsr — 21)- (42)
In addition to Bregman projections zj and z};, |, we introduce the definitions for Euclidean projections (see Lemma 4)
*,e . _
%" = arg min V(zi — u),

zZof, = arg min V(Zp41 — u)
k+1 7 guez* kol '

Now, we use triangle inequalities and Lemma 4 to get
Vizg — 20)Y? < V(g — 202 4 V(2 = 20)Y2 < (14 o)V (2, — 25) /2
< (L +0)(V(ze — Ze4) 2+ V(Zpr — 50) 2+ VI = 50 )'?)
We use nonexpansiveness with metric V' on the last term, to obtain

Vi(zw — 20)Y? < 2+ 200V (2 — Zrg1) 2 + (L4 )V (Z0 — Zog1) 2
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_%,e

We use the definition of z°’; to get V(Zx41 — 2,77;) < V(Zx41 — Pz, (Zk41)), where Pz, is defined to be standard
Euclidean projection, and then we use the relation between V" and Euclidean norm from (41)

V(2 — 202 < (24 20)/Cvallzk = Zksa | + (14 ¢)/Cval| Pz, (Zk11) — Zria |
= (2 + 26)\/ C’\/@”Z;C - zk-i-l” + (1 + C)\/ OV,Q diSt(5k+1, Z*). 43)
We now use metric subregularity of F for 0 (see Assumption 2), and the assumption that Zx 11 € N (z,), Vzy,
dist(Zg41, Z4) < ndist(0, F(Zg41))-

We now use that (H — M — C)(zx, — Zg+1) € F(Z,+1), which can be obtained by using (39) and z; 1 = (H + A) "' (H —
M — C)z. Therefore

dist(Zur1, Z4) < nll(H — M = C) (2, — Zrs1)|| < (|1 H = M| + )z — Zesa,
where f3 is the global Lipschitz constant of f.

We plug this inequality into (43) to obtain
V(zk = 2) < Cva((2+2¢) + L+ )l H — M| + B))*|1Zk+1 — 2.

Moreover, since V(EkH — z,) is a squared norm, under the step size condition, it follows that V(Zk_H —21) 2 Cy i || Zhg1 —
21||?, as in (40), therefore,

V(zk — 2j) V(Zkt1 — 2)-

< Cva(2+20) + (L+ (|l H — M| + B))*
CQ,V

We use this inequality in (42) to obtain

Ex | Dp(wht1; 2511) + V(2ha1 — 2i1)] < (1= p)Dp(xk; 21)

Cov ok
' (1_ CV,2((2+2C)+(1+c)(n||H—M|+3))2>V( k= 2k),

where the constants 02’(,, Cv are as defined in (40), (41).

Cz,\“/ _
v,2((2+42¢)+(1+c)(n|| H—M||+3))?

We take full expectation and define p = min (g, ol ) Then, we have that

E [Dy (@413 2ig1) + V(zeer — 2z040)] < (1= p)E[Dp(an; 25) + V(an — 25)] -
We have that 0 < p < 1, as metric subregularity constant 7 > 0. Hence, linear convergence of D,(x, z};) and V (2, — 2})
follows. We obtain the final result after using the definition of V, and the fact that Dy, (z41; 2 +1) > 0. O
B.4. Ergodic convergence rates
We introduce the following lemma, which establishes the properties of the sequence ¢, defined in (13).
Lemma 5. We recall the definition of g from (13): let 1 = y1 = 1 and
Vs = Uhsr» Vi € J(ing1)
37‘]14_1 = gia v] g J(ik+1)7
where computing i1 requires the same number of operations as computing Y1 every iteration, and y, is Fy-measurable.

Moreover, if it holds for a function | that 1(y) = 377", 1;(y;) and

I (y) = Z'lej(yj)v



Random extrapolation for primal-dual coordinate descent

we have the following for the sequence i, and Fj,-measurable Y :

Be [#r — ] = (7o — ) V4

Ei [10k+1 = YI3] = k1 — Y2
Ex [[(Jx+1)] = lx(Grg1) — la(Tr) +

Ey, [H?jkﬂ - yk+1H3] = ||Zg+1

— wkllBy + 1k — wsll3 —

= e = Y2+ 10 — Y3
1(Jx)

9k — ykll2

K K K
S E ke — 2] 2D E [[1Gka1 — vkl2] +2D E [Hffkﬂ - ‘rkH%(w)}

k=1

K

E (|19 — YHEW] < 2E [|lyx — Y||»2m] + 2ZE [”fkﬂ - kaQBm} ,

where

k=1

B(7)i ZPiZQ?%‘U?Aim and 7y = Z Pi-

Jj=1

Proof. We first use the definition of gy, to get the first result. For any j,

Ex[hy1) = Bk [ljeJ(ml)l?iH + ﬂjeJ<ik+1)3?i] => » []ljeJ(i) (Fhia) + ﬂng(i)yi}

=Y Pt Y pi= Y Pl +szyk > pid,

i€1(j) iZ1(5)

=+ (giﬂ - 1‘7k> :

For the second result, we estimate similar to Lemma 2

w0k = YIE] =Ex | D %@, -Y)+ D> %
i

JEJT (ikt1)

=3 > 2Ty —

j=l4iel(j)

= k1 = Y157 + Nl — Yl\i =l = Y13+

We derive the third result using similar estimations

Er 1)) =B | > L) +
JEJI (ik+1)

Pi Z L(Fhy) +

1 JeJ (@)

I
M=

-
Il

I
i Mg

|
~ .

T gk+1)

i=1

i€l(j)

j=11i=1

— L (1) + 1(Fr)-

JEJ (ikt1)

> L)

JEJ (i)

7r]l] yk:+1 +Zzpl

i€I(j)

i€l(j)

_ Yj)2

Zﬂ'] yk

14iel(j)

biv;j (gi —Y7)?
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For the fourth result, we use the definitions of both 741 and yx11 (see Algorithm 1 and (16)),

. . . 2 . N 2
Er [10ks1 —weral2] =B | Y v (ﬂiﬂ — Whyr + 0305 Agin i (w57 — x;f“))) + o (z?i - yi)
JEJ (k1) JEI (k1)
n . . 2 . N 2
=Y o | D (0304 (@ e — )+ D (ﬂi = yi)
i=1 JjeJ(i) JEJ (i)
n n m )
=3 "pi Y o AL ON (T )Y mi > v -y Z > i - vl)?
i=1  jeJ(i) i=1  j=1 i=1 jeJ(i)
= |Zhs1 — 2l By + 10k — vel2 = 19k — vel2n (44)

where for the second equality, we used the fact that xj, is different from x; only on the coordinate i1, which gives

(Al — )y = (AR =0 en )y = Ajaws @ — 2,

and for the last equality, we noted A;; = 0,Vj & J(¢) and defined
Y)i = pi Z ’Yjszgng?,r

For the fifth result, we first take full expectation and then sum the inequality (44)

=

K
S E gk —well2e] <D E [ij-&-l - Ik”%m} + llyr — 3l (45)
k=1

Then, we write from the second result that

Bk (10641 — 6 l13] = 10641 — 0630 < 20Tkt — veln + 205k — yrll3r-

We take full expectation and sum to get

K K K
S E gk — 0kl2] 2D E [k — vkl 2e] + 2D E (176 — vell2]
k=1 k=1 k=1
K K
< 2Z]E 1Fk41 — yll2-] + QZE [kaﬂ - xk||23(’y):| ;
k=1 k=1

where we have used (45) and the fact that ¢, = ;.

For the last result, we note that

E [Il7x — Y112,] < 2E [llyr — YI2:] + 2E [Il9k — vel%,] ,

and we use (45) with g1 = y1, for the second term. O

We continue with the restatement and the proof of Theorem 3. This length of the proof is due to the complications discussed
earlier. First, as discussed in (Alacaoglu et al., 2019), the order of expectation and supremum requires a special proof which
delays taking expectations of the estimates (which prohibits simplifications and results in long expressions). Lemma 6 thus
can be seen as a version of Lemma 1 with expectation not taken.

However, this is not enough due to the special structure of our new method suited for sparse settings. In particular, we have
to manipulate the terms with dual variable carefully, as we cannot average ¥, (see Lemma 1). Therefore, the treatment with
i, which is characterized in Lemma 5 and Lemma 7, is an intricate part of our proof.
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Lemma 6. Let Assumption I hold. Given the definitions of D, and D4 given from Lemma 1, it follows that

~ 1
02 Dy(@r+132) + pDa(Grr152) = (1= p)Dp(n; 2) + V(zh1 — 2x) + Sl Zh41 — zklFp + 51+ S2
+ V(zgy1 — 2) = V(zk — 2),

where

S1=9p(Tr+1) — gp(zK) —

(9(zr41) — g(z1))
— f(@rs1) + flzr) —

pf(zx) +pf(z) — p(Vf(ak), v — k)

_ p
+ Skl — Sl

— (Vf(ar), P(zk — Tp41))
p
o= (Sl 2o s = Slonl2ap-r)

p,_ p _ _ _
+ §||Z/k+1||§—1 - §||Z/k\|§—1 + p(Grg1, 7 OAP(Zpqr —

p
([ ey .
Sy = (y, A(xg, — Tht1) —
_B<yaﬂ-_10-_l

n m
P B » .
+ Ezpz ZWj 1O—j032'A?,i(x;c+l —a;)?
=1 j=1

AP(z), — Zpy1)) + pl@, 2 — T — P71 — 2p41)) o1
(k= Yrt1) — 0 Yk — Gg1) + 7 AP (Zpqr — k).

Proof. We now follow the proof of Lemma 1 without taking conditional expectations, similar to ergodic convergence rate
proof of Alacaoglu et al. (2019).
First, we have, from (20)

gp(z") + ph*(y) > gp(Trg1) + PR (Trs1) —

(AT Gry1, P(3" — Tpy1)) + p(ATg, y — Jrs1)
T

—(Vf(zr), P(x' = Tpy1)) + 5

T

(k= Bhsa 122 + 2’ = Tsa 22 = ' = 2122

Ts

ly = yell5-+) -

MH’B

({7 e A (T [

(46)
Ty
We start with 7 and add and subtract (A Ty, 21 — )

7<A$, Yk+1 _y> - <ATy7 Tg — .73> +B<ATy7 Lr— I> +g($k+1) +
gp(rr) — g(or) — ply — Ues1, ™ "OAP(x) — Tpp1))

= g9(xry1) — g(ak) + gp(zr) + 9p(Try1) — 9(Trs1) + g9(2k) — gp(2k) + PR (Jrt1)
— (AT g1, P& = Zrs1)) + (AT, Y — Pra1) + DY — Gos1, 7 OAP (2 — Tpqr))
+ (AT y, 1 — ) —

P(Az, Ger1 — y) + (AT y, 2 — )
—(ATy, zpq1 — @) + plAZ, g1 + )
—p{y — U1, ™ OAP (T — Tpt)).

— Q(AT% T — )
- <ATy,xk —x) —i-E(ATy,xk —x)

(47)
We first use 2" = p{l;gxi +(1- p;lg)x}; as in Lemma 3 to get
~(A g1, P2 — Zp11)) = —p(A Grg1, 2 — i) — (AT Grsr, Pz — Tig))-
Next, we use that
p [~ {ATy @ = @) + (A, Grgr = y) + (Azg,y = Grr) = (AT G, 0 — 2x)] =
p [<AT(y = Jkt1), T — ) + (Y — U1, Alzg — l’)>] 0,
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to obtain
Ty = g(xry1) — g(xr) + gp(2k) + 9p(ZTht1) — g(2ry1) + 9(zx) — gp(Tr) + PR* (Ury1)
— (A Py, Py, — Tppa)) +ply — Uk, OAP(x) — Tpsn))
<ATy,xk+1 — ) = p(Az, Gry1 — y) + (ATy, 2, — x)
—(ATy,wppr — ) — (ATy, 2 — 2) + p(ATy, 2 — )
—p{y = Grr1, m OAP (g — Tpp))- (48)

We use 0; = 77 to deduce

+

(ATy, 2 — Thg1) — (AT Grgr, P(@r — Trg1)) — (Y — Gs1, 7 "OAP(x), — Tpp1)) = —(y, AP(2p — Tpy1)). (49)

We use the last identity and recall the definitions of D, and D to write T as

Ty = Dp(wt152) = f(@rg1) + f(2) + pDaUh+1;2) + ph"(y) — (1 = p)Dp(x; 2) = p(9(2x) — 9(2)) + gp(2k)
+ 9p(Tri1) = 9(whi1) + 9(zk) — gp(@r) + (Y, A(wr — Tr41) — AP(Tk — Thy1))
+p(y = Grsr, 7 OAP(zr — Trgn)) + (1= p)(f (@) = f(2)-
Second, for Ty, we use 2/ = P~ 'px + (1 — P~'p)xy, = ), + P~ 'p(x — x) to obtain

—(Vf(ar), P2’ = Zr41) = —p(Vf(zr), 2 — 2x) — (Vf(2), P(xh — Tpet1))-
We now combine these two estimates
Ty + T = Dp(@p+15 2) + pDa(Yr+15 2) — (1 — p)Dp(ak; 2) + gp(ak) + pg(x) — pg(xr) + ph™(y)
— J@r41) + flax) — pf(ze) + pf(x) — p(V f(zr), 2 — x) — (Vf(2r), P(@k — Tpi1))
+ 9P (Trt+1) — g(zrs1) + 9(zk) — gp(zr) + (Y, Alzr — 2p41) — AP(z) — Tps1))
+p(y = Grpr, m OAP(z), — Tpyr)). (50)

We now work on 73 in (46), in order to make terms depending on x telescope. First, we note that by Lemma 3, with the
slight change of using Z 1 instead of x4 and 7! P instead of 7! in the metric, we get

1 1 p p
Sl = TrialP-1p — Sl = 2pl2-ap = llz - Tpr1l3-1 — Sllz = 8
1, _ p,_
+ ST — 2l Fop = STk — k30
2 2
Thus, on T, we add and subtract & ||z — 2441121 po1 — 5]l — 2k)2 1 ps
_ P, P P
Ty = |[Th4r — 2xl2-1p — 2Tk — w20 + Sllz = Tpr1l|F-1por — Sllz = 0
p _ p p p
+ Sl =l = Sl — a2 = (Slle = a2 pe0 = Slla = aeloipon)
_ P, P P P,
= [|Z11 — 22 -ip — 3%k = ogl2-0 + Sllz = Tl Foipor — Sl = . §||9€k+1||3—1
b 2 - p 2
= Sllerllz- + oz, 2p = Zppa)r — *||$k+1||r 1p=1 = Sllakllr-por + ple, (@ = pgr))r-1p

P p p p . ~
+ §|\$k+1||3—1 - §||$k||3—1 - (EHMH\E—lP—l - EHifkﬂi—lp—l) + pl@, o — Tpg1 — P71 (2 — Tpg1))
(51

We estimate T} in (46) similarly. First note that §; = % and on 7}, we add and subtract % <||y — Yg+1 Hi,lrl — |y —
_ _ _ _ . 12
Ykll2 o + 20y = Grgr, T HOAP (2 — Brgr)) + Yoiy Pi >y Ty 03037 A 4 (B — ) >

P _ p p
Ty = gllyk — P |2 + glly — Yks1lla i — glly Sl ] -
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m
p _ p _ _ _ p _ i ;
+ ;Hy — Gl - §||y —yell2 4 Pk — y, mOAP By — 1)) + 3 Zpi Zﬂj Y30, A% (Thpy — 20)°
p p
~ (B - wnalospes Bl ykzw)

= p(Ukt1 — Y, OAP (g1 — p)) — = Zpl ZT{' 039 A2 (T — a)?

11 j=1

p _ b p
= g”yk - yk+1||§—1 + 5”1/ - yk-‘rlHi_l‘n_l - ;Hy - yk”?f—lﬂ—l

D, _ p _ _ _
+ §||yk+1||§—1 - §|lyk||§71 + p(Grg1, 7 HOAP (T — w1)) E i E mi o 07 A% (T — x)?
j=

+ (s Uk — Uks1)o—1 — Py, @ HOAP(Zpy1 — x1))

p
-5 (Ilyk+1||31ﬂ1 - ||yk§1w1> = P(Y Uk = Yrt1) o171
— p(Ukt1 — Y, ™ OAP (g1 — ) — = Zpl Zw Jﬂ A (a’c};Jr1 —at)?. (52)
i=1 j=1

To simplify, let us introduce some more definitions to have simpler expression when we combine 71, 15, T35, T from egs. (50)—
(52). On a high level, Sy will collect zero mean terms independent of (z,y) and Sy will collect zero mean terms dependent
n (z,y).

S1 = gp(Tr+1) — gp(zr) — (9(¥k+1) — 9(2x))
= f(@rs1) + f(zx) — pf(z) + pf () — p(V f(21), 2 — 28) — (Vf(2)), P(T) — Thy1))

p,_ p p
+ a2 = Bzl = (BllowsalPops = SlnlPoipms)

i \2

p,_ p _ _ _
+ §||yk+1||[2;—1 - g”kai—l + p(Gkr1, 7 AP (T4 — ) ZPzZW 003 A3 (Th1 — 1)

p
1 (R V- 53

Sy = (y, Az — 2py1) — AP(z), — Zpp1)) + pl@, 2 — T — P (g — 2p41)) o1
—ply,m o (k= yke1) — 0 Yk — Yrg1) + 7 OAP(Tppr — 1))

We can now collect T4, T5, T3, T}, and use the definitions of S7, S5, in (46)
gp(x") + ph*(y) > Dp(r1152) + pDa(Frs1; 2) — (1 = p)Dp(xx; 2) + gp(wx) + pg(x) — pg(ar) + ph*(y)

p p p p
+ 5l = @ lFapo = Sl = @l + Sy = e l5-ns = Slly = wllo-1s

Tk — zl2oap - *||$k+1 wpl2-1 — *ZPzZW 003 A3 1 (Thp1 — 1)
i=1 j=1

1, _ 1, p _
- §H33k+1 — zil3p + §Hmk+1 — zil3p + gHyk — JksllZ1 + 51+ S (54
We make few observations on this inequality. First, by Lemma 3, as in (25)

gp (k) +pg(x) — pg(xr) — gp(z') > 0.

Second, we have, as in (32)

~ p,_ _ p,_
V(Zkar = z) = Sllk4r — Ykl 31 4 |1Zkr1 — el -1p — S %1 = |2
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1 n m 3 iy ] 1 ~
= 5 2D i oA (F — @) — 5 Eke — B

i=1 j=1

b, _ 2 P, 2
= 5\\yk+1 — Ykl + §||5Uk+1 - xk”C(‘r)’

where
2p; 1 -1 2 12 Bipi
C(r); = BTi—:Z—pljgjlﬁ 007 A5 ; -
‘We use these estimates in (54) and the definition of V' to conclude. O

Lemma 7. Let Assumption I hold and let I be separable. Given the definitions of D,, and Dg from Lemma 1, we define
HEREE Z 7 (B3 @) =B 07) = (A0 g — o).
Moreover let S1, Sy be as Lemma 6, and 1j;, as Lemma 5, it follows that

o 5 1, _
02 pDp(@hr1;2) + pDa(Gr+152) + V(Zk1 = 21) + 5llZn41 — Tkl%p + S1+ Sz + V(21 — 2) — V(zk — 2)

-1_7,, 11,0

+ (1= p)Dy(xn41;2) — (1 = p)Dp(wr; 2) + Dy~ (Gy1;2) —pDF " (k3 2)

+ ph* (Frt1) — ph* (k) — p (=1 (Grg1) — B (Gn)) + p{AZ, Gk — Gt — 7 (Y — Trt1))-
Proof. This lemma is an intricate part of the proof of Theorem 3. If we finish the estimations as in Alacaoglu et al. (2019),
then we will end up needing to average y;,. However, this is not feasible in our algorithm, since we do not update full dual

vector, thus we do not compute %, unless the data is fully dense. We will use Lemma 5 to go from g, to 9. Let us repeat
the definition of ¢, from Lemma 5: Let ¢; = y; = 91, and

Powr = Tlgrs V9 € Jlinga)
Y1 =5 Vi & I(int).
We now work on D(7k+1; 2) and note that . is defined as in Lemma 5.

Da(Ur+1;2) = Da(Ur+1;2) — (A%, Gry1) + b (Ura1) + (A2, Gry1) — B (Grs1)
= Da(¥k+152) — (A, Y1) + B (k1) + (Am, yk+1> h*(Yk+1)
+ Ry (1) = Ay (1) + R () — W1 ()
+ (Az, (I =7 ) (kg1 — ) — (Az, (I — 7~ )(3/k+1 - yk)
= Da(Jr+152) + h* (k1) — B (k) — (h=2 (k1) — hyr (9x))
+hpor 1 (k1) = P () + (A, Gk — Y — 7 (yk — Yk+1))
+ (Az, (I = 7 ) (Yos1 — Ur))
= Da(Jr+12) + h* (Grt1) — B (k) — (h=2 (k1) — hyr (k)
+ (A, G = Grpr — 7 (U — Grn)) + D5 W 2) = DF (iiks 2)

We insert this estimate into the result of Lemma 6 to finish the proof. O

The following lemma is similar to (Alacaoglu et al., 2019, Lemma 4.8).

Lemma 8. Given a Euclidean space S, a fixed diagonal matrix v = 0, let the random sequences uy, v, € S be Fi-
measurable with
Ug 1 = V1 — Eg [Vkg1] -
Let T1 be arbitrary and set for k > 1,
Tyl = T + Up41.
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Then, Ty, is Fy-measurable and we have

K
D (@ uki)y ||I1 — a3 + Z Thy Uk41) Z k1113,
k=1

k=1

with E Zkl,(zl (ZTk, uk+1>7] = 0and forany S C S

K
1, . 1
lsupz T, Upy1) 1 < Slelg §Hm1 — x||,2y + 3 ZE [||vk+1||,2y]
r k=1

€S
Proof. First, by the definition of Zj 41, forallz € §
1. 1, . 1
SlZkn = 2ll} = S 12k = 2l + (@ — 25wk ga)y + 5wl

Summing this inequality gives

K K
1, B 1
(uisn)y < 518 =2l + D (s unin)s + 3 Sl

]~

k=1

We take supremum and expectation of both sides to get

K K
1
supz Ty Ukr1) ] < sup f||x1 - x|| + ZE Tk, Ur41)~) + Z §E [HukHHi] .
zES k=1 k=1
By the law of total expectation, JFj-measurability of Zj and E, [ug41] = 0, we have
K K
ZE Th, Uky1)~ ZIE (Ths Ukt1)y ZE (Tr, B [ug41]),] = 0.
k=1 =1

Finally, we use the definition of u;, and the inequality E [[| X — E[X]]||?] < E [||X||?] which holds for any random variable
X. O

As mentioned in the main text, we will give the theorems in the appendix with tighter, but more complicated constants.
After Theorem 4, we show how we obtained the simplified bounds in our main text.

Theorem 3. Let Assumption 1 hold and 0, T, o are chosen as in (8), (9). Moreover, let h be separable.

We define x4 = % Zle xk and Y = % Zle Uk, where i, is defined in (13), then it holds that for any bounded set
C=C,xC,CZ

E[Ge(a%,yx)] <

‘E\Q

where Cy = Cg1 + Cgo+ Cy3+ Cya, Oy = min; C(1)iTi,
Cy1 = supce {2pllw0 — o121 ps + 2pllyo — 11} + (1= p)4, [Ap~T | 4]l sup eyl
+ 2p\/Aop—1 2P — Pl Aoy C L I Alllw~" - Il supsec, lellom,
9.2 = 2P — p\l(1+IIP/pHJrIITl/Z’Pl/zAT “1/2g1/2)12 ) B0 4 AgCTL + (A4 4|2 P2 AT R 2612 12) A
Cgs=(1-p) (f(xo) + g(xo) — f(z) — g(zs) + ||ATy*HTP\/m)
Coa=ph_,_ (o) +p >y (m; ' = DI (yl) + 5| A2 1+AO+M,
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Proof. We start with the result of Lemma 7. First, we will manipulate the terms arising in S + (Ax, Jx — Jr+1 — a1 (U —
Uk+1) (see definition of S in Lemma 6).

— (S2 + p{Az, G — Grsr — 7 (U — Tr41))) = —(Y, A(xr — 2eg1) — AP(2) — Try1))
—p(@,xp — Trp1 — PN @k — 2g1))r— + 00 0 (e — Yksr) — 0 Wk — Gke1) + 7 OAP(Zrgy — a))
— p{Az, Gk — Gror1 — 7 (G — Yeg1))  (55)
For the four terms on the right hand side, we will apply Lemma 8. We note first, Ey [77_1 (U — gjk+1)] = Uk — Yg+1 from

Lemma 5, Ey [P_l(a:k — Tpa1) = Tk — i‘k+1] , by coordinate wise updates. Finally, as in the proof of Lemma 5, we can
derive, as A;; = 0,Vi & I(j),

Exlyl,1] = Y pi []lje-f(n (1 + 040545, (Thr — 73)) + ﬂjg.](i)yﬂ
i=1

n
=yl + Y pi(F — )+ Y pioi0i ATy — 2k) =yl + 7Ty — yl) + 00 (AP(Frsr — 1));
i€l(j) i=1

Exlyrt1] = Y6 + 7(Ger1 — yx) + 00AP(Try1 — 1) <= Ei [yr — Yrr1] = 7(Yx — Jry1) — 00AP(Tpy1 — x1).

In particular, for (55), we set in Lemma 8

Uyl = —Q_lmrA(xk — Tpy1) +Q_107TAP(xk — Tpt1), v = a_lw_lg S=Y, I1=uy1.
Upy1 = (Tp — Tpg1) — P(@r — Tpg1), y=7"'P7 S=X, @ =u,
ki1 = (e — Yr1) — 7 (Uk — Gr1) + 00AP(Zpqq —ax), Y=o ‘7', S=Y, & =u,
U1 = TPAT (771 (G — Y1) — Gk — Tit1)) s y=7"'P7l, S=X, & =u,
Then, we can apply Lemma 8 for these cases to bound (55) as
{sup (55)] < sup {pllz —z1|2-1ips +plly — vill2-1na } + Z 2k — Zes1 2 pos + 1Yk — Yrtr 2101 ]
k=1
K K
o A(xg — Tpa1)||5-1,-1 SE |7 T Uk — Ykr1)|7-1p—1] -
E [lomA(es — zisn)21p] + 3 B [IrPAT7 IE (56)
k=1L k=1

We now recall the definition of S; from (53), and use the identities (21), (22), Lemma 2, along with the law of total
expectation to estimate

B[S0+ 3lss = oulBe| =& |~ Foun) + S - (V@) Plaw = au0a) + 3lon — anllo]
1(2) ~ Fax) — (V)2 — )]

> B |~ flon) + 1) ~ BL (9 F0n) 0 = )] + 5 — B

+
]
=

- 1 1
> B | =3Bk [llze — @i ll3] + 518041 — x’“”%”’]

1 B 1, _
=K —§||$k — Zrqa e + 5”5”’6“ - m’“”%P]
Y (57)

where the first inequality is by convexity, second inequality is by coordinatewise smoothness of f.

Furthermore, for the result of Lemma 7, by Lemma 5 and the law of total expectation

E [0 (@k+1) = B (Gr) = (-1 (1) — D1 (Gr))] = 0. (58)
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We rearrange and sum the result of Lemma 7, take supremum and expectation, plug in eqgs. (56)—(58), and use Visa squared
norm

K
y 3p
E[sup > p(Dylax) + Dd(yk))] < sup o (lz = zol2-1 p-1 + [ly = yoll3-1,-1)

zeC =1
B [sup(1 ) (Dy(asi =)~ Dy )| +B |supp i) —p0F s
zEe e
K p K 1
+kz::1§E I:ka _xk+1||7‘71P71 + “yk—yk+1“o,1w 1 EE ||U7TA kr_xk{-l)”o.flﬂ 1}
X p
+;§E [l PAT 7~ Wk — i) 121 pa ] - (59)
We first note by (38)
Z {‘7 Zht1 — Zk)} < Ao. ©0)
k=1
- pC, o .
V(Z1 = 21) 2 = 2,V 1Zt1 — ‘rkHE*l + §||yk+1 - yk”iﬂ, 1)

with C_y = min; C(7);7;, where we used the definition of V from Lemma 1.

‘We have

E |sup D,(xo; 2) —Dp(acK;z)} =FE
zeC

Sup f(@o) + g(xo) — f(wk) — glwx) + (ATy, x0 — 1‘K>]

<E

sup f(zo) + 9(z0) = flwx) = gl@x) + [1Allllyll-pllzo - wKIIle] - (62)

Then, we use the optimality conditions, convexity, and (36)
E[f(zx) +9(zx)] 2 E [f(z.) + g(z.) = (ATys, a0k — 24)]
> E [f(2.) + 9(z.) = [|A gl pllek — ullr1p-1]
2A
> f(z.) +g(z.) = ATyl -p po (63)

to obtain for this estimation

E {sup Dy (203 2) = Dp(2x; 2)] < flxo) + g(zo) = f(ax) = g(xs) + AT yull-py/280p~!

zeC

+4/280p Al sup [lyll-p. (64)
yeCy

We estimate similarly to obtain

“1_7,. N " o " o _ o o
E [SlellngfI (3j0; 2) — pDj I(yK;Z)] =pE [hi_ (o) — hir_; (k) — (Az, (77 = D) (o — UK))] -
< PE [hEi_; (o) — hioa_;(xc) + 1Al =" = I||[|2]lon |0 — Yixllo-1a-1] - (65)

By convexity and Lemma 5

B o2 05) =B |3 007 = 00500 > 3 (e — 1) (15 () + (Awa); 7 — )
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% - * j 1 1 9

2B |3 (7 = D) — 514z = Sk =yl

j=1

[ m 1 K
>E | (m = Dhj(yl) - ille*H?m—l —llyx = vl pr = D 1Zt1 — 2kl D20y

=1 k=1

G o1 Aoy 2P —pllAo
> 1Dty = 2 A |2, = =2 1 =TT 66
= ;(7‘[’] ) ](y*) 2” m*HO’TK‘ B 2307,‘7 ’ ( )
where we used
1
2015201y < ;IIQP plll)2-1, (67)

which follows by using the step size rule from (9) and definition of B(y) from Lemma 5.

Thus, the final bound for (65), after using Lemma 5

m
-1

E SngBDZf ~(o; 2) —pDj I(ﬂK;Z)] <phioi_ (o) +p Y (m = D) + *I\Aw*llm !
zE

HQP_B”AO

+ Ag +
P’C.y

+ 20/ B0 +[12P — pll Aop 2. LA ~ 1] sup [lllor. (68

We continue to estimate, by Lemma 2, the definition of B(-y) from Lemma 5, and the definition of T

Ek [lye+1 — wnllo-1p1] = 1Tk — wll2-1 + 2(Gks1 — Y OAP(Zpsr — a))

n m
> pimy 07 AT (T — k)

i=1j=1
n m
<1 = wllz—2 + T2 — yrll3- + Zzpz i ‘H?A?,i(f;cﬂ —a})’
1=1 j=1
n m
D vy o3 AT (T — )
i=1 j=1
< 20|Grrr = yrllo—r + (L 1P/pI) 1541 = 21l B(r10-1), (69)

(70)

K
k=1

We will continue with estimating the last two terms of (59):

V]S
&=

p _
klloner — ol Zapa] =53 lEne — aelFs <

T,V

1 1 &
?BE,C [lomA(zy — 241)]|2-15-1] = B % Zajwj(A(wk — 241));

o i k4l —ik4+11\2
=Ey § :UJ ﬂ—] j ’Lk+1 L — LTri )
— 2
= E , E :szﬂTJ ]1 $k+1)

= ] 1:=1

= gllml — k101 (71)



Random extrapolation for primal-dual coordinate descent

Finally,

K K
S E[IrPATE s = ) [2spes | < IT2PY2ATT 2022 ST (e = Gl o]
k=1 k=1

K
< ||FV2PY2AT 26122 ZIE [2||gjk+1 — ko1 4+ 2)| Tt — ka%(rlrl)} , (72)
k=1
where we use Lemma 5 for the last inequality.

By, egs. (69)—(72), we finalized the bound for the last three terms in (59)

K K
P 1
S k= 2rrallZpor + e — vrra 2o ] £ %E lomA(zr — xpg) -1, ]
k=1 k=1 =
X p
+ D SE[ITPATT @ = Gr) 2] < Gz (73)
k=1
where
2A A
Cy2 = 2P —p| (1 +1P/pll + HT”QPUQATW’”QUW||2) 4+ c St (4 +4|r2PY2AT 2622 Ay
I~ v T,V

Cy.2 basically collects the bounds in eqs. (69)—(72) and uses the estimates from egs. (60) and (61) on this bound.

Then, on (59), we use egs. (60), (61), (64) and (67)—(72), definition of primal-dual gap function in (11), and Jensen’s
inequality to conclude. O

Theorem 4. Let Assumption I hold. We use the same parameters 0, T, o and the definitions for x§¢ and y¥ as Theorem 3.
We consider two cases separately:
> Ifh(-) = oy (-), we obtain

Co
Va

E[f(z%) + g(@%) — f(x.) — g(z,)] <
Cy
l)?.

I3

E[[|Azf —b[l] <
> If h is Ly-Lipschitz continuous, we obtain

E[7R) + o) + h(AR) = Fa) = glas) — h(Az.)] < -2

where Cy = 202\/||y* —yoll221 o0+ Cscy ' + 20165 w0 — @221 pos + 2620y — Yollo—1m-1,

Co=0Cs+ ||y*||o*17r*10f + CleO - $*||72,,1P,1 + cally. — yOH,erﬂflr

Cl = Cs + 01”33* - onf—*lp—l + 462[’}27,’

e =3 +pl2P ~p) = ~ 1,

co = 378 + (1= p)|[(2P — p)Y2||, Cs = Cy2 + Cy 5 + Cy 6, with Cy » as defined in Theorem 3 and Cy 5, Cy ¢ are defined
in the proof in (79), (80).

Proof. We will use the first result of Lemma 8 on the result of Lemma 7, similar to (59). The difference is that we
take supremum and expectation after using Lemma 8 and we process the terms (1 — p) (Dp(zx; 2) — Dp(xr4132)) +

AR e oI/ . . .
p (D i (ks z) — D (Ukt1; z)) with small differences. In particular,

K-1

> (1= p) (Dy(ax; 2) — Dp(way1;2) = (1= p) (Dp(0; 2) — Dp(wx; 2))
k=0
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= (1= p) (f(z0) + g(wo) = flzx) = g(wx) + (A y,20 — 2x)) -

For the final term, we estimate using the step size rule (9)

<ATy,{E0—{EK ZZAN?J _fEK <Z ZA I'O—I'K O'J’/Tj Zy] 20 7r

=1 j=1 j=1

n m
Z\/p (2p; — p)(xh — x)27 Ip; Zyﬂ 20 T
Jj=1

i i 1 -1, P p
Z ( \/2pi — p(ah — o)’ o + ||y31ﬂ1>

N
S
T
i

|| 2P — p)”ll I2P — p)*/2||
5 llwo —ax - pr + 3 [/
(2P—p)1/2||
< lwo —axclZi o 1P = )21 (ly = w0l + lwoll7-120) - (74)
We estimate similarly to obtain
K-1 » »
d>op (D§ (ki 2) — D] _I(ﬂk+1;2)> =p (hi1_ (o) = hyr_p(ir) — (Az, (71 = 1) (o — U ))) »
k=0
and
_ L 1 - S
—(Az, (7~ = Do — ) < 5P =) 27" = 1| (272 p1 + 10 — xcll5-171)
_ Lo o
<|@P—p)" ==t — 1] (m = ol Foips + ol 2o ps + S 0 - yKlli-l,r-l) D)

We sum the result of Lemma 7, use egs. (74) and (75), use the first result of Lemma 8 (see (55)), move the terms depending
on (z,y) to LHS, take the supremum over Z and expectation. With these steps, instead of (59), we get

K
E{SUE > p(Dy(@x) + Da(i)) — eal|wo — 2|21 p-1 — eallyo — yzlﬁl] < p(Rrea_ (o) = s ()
zE k=1
“p
+ (1 =p) (f(2o) + g(wo) — flak) — )+ ;E e = a7 s+ lon = Yrra 3101
k=1

E [[IrPA 7~ (G — Grp)[-1pa]

o |13

K
‘O”]TA T — (Ek+1)|| 71ﬂ.71] + Z
k=1

HMN

1
2p

+4@P—m”w(2mwﬂmm1P1+wﬂiH1)
_ .. .
1P =9 2 = 1) (Yool s + 30— lBores ) 76)

3 _ 3
where ¢; = 3 +p[|(2P — p)'/?[[[lx ™" — Il c2 = F + (1 = p)||(2P —p)"/?|.

We divide both sides by p and use Jensen’s inequality to obtain the smoothed gap function (Tran-Dinh et al., 2018)
)
— [y = yoll3-1,-1-

) ) ? C1 2
.’L'm, m,.’L’ s =sup D [L‘aU;Z +Dd aU;Z - —/||T — Zo||;-1p-1 —
( Ky YK 0 yO) zEp P( K ) (yK ) F(” OH 1p-1 pp(

g2cl 2;2
PK pK

Then, we have, as in the proof of Theorem 3 that (see eqgs. (59) and (73))

(=%, y% 5 20,90) | < Cga+p (Mo (o) — hi-s_;(Ux))

PKE |G,

2L2
'pK
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+ (1 =p) (f(zo) + g(x0) — f(2K) — 9(xK))

1
+ 0= P 0 (Yoo — el + ol

+pll2P —p)! 2|7t 1| (IlonT 1p1 T g IIﬁo —ﬂx§1w1> a7
By using (63) and (66) we obtain the bound

(1 =p) (f(x0) + g(z0) — f(zx) — g(zk)) +p (his_ (o) — his_; (k) < Cys, (78)

where
Cy5=(1-p) (f(fvo) +g(z0) — f(me) — g(as) + |A yull-p 2?))

Ay Aol2P —p

m
Z 1

h* - A —1 - —_— . 79
+p | ha-ror(%0) P () + 514251 + » R0, (79)

Next, we bound the last two terms in (77) using E [V (2 — z,)] < Ag from (37) and we denote the bound as Cj g

4Ag
Cpo=(1—p)l(2P— p>1/2||( ; +2||y*||2-1ﬂ-1)

B 4A
T pll2P — )2 1—f||( 200 2] ) (30)

so that RHS of (77) is upper bounded by Cj 2 + Cy 5 + Cy 6.
‘We consider two cases:

o If h is Ly, Lipschitz continuous in norm || - ||, then ||y — yo/|?
2019, Theorem 11) to get

_, < 4L%. Then, we argue as in (Fercoq & Bianchi,

o~ 171'

Ef(z¥) + 9(2%) + MAzY) — f(zs) — g(z,) — h(Az,)] <E {gm 2e (2% YK 3 205 Y0)

pPK ' pK

462

L2
QK

C1 2
+ BfKHx* — Zol[7-1p-1

o If h(-) = 0p(-), we use (Tran-Dinh et al., 2018, Lemma 1) to obtain

\‘d

av av av av c
Elf(z%) +9(x%) — f(z+) — g(@)] <E {ngl 22 (% yEs anZUO):| + ﬁllwo — 2|2 p

2
0“0*1#

2 av
+ 7K”y* - 1 +E [||y*||0_17r—1||A$K - b”mr]

202
E[||Az — b|lor] < —lly* —Yollo-17-1

2(}2 C1
\/ny* s+ 2 (B0 o0, 00) | + Sillon =12 ).

pK

We plug in the bound of E {g 2e) 2cp (¥, y¥; xo, yo)} to obtain the final results. O

Simplification of the constants. As mentioned before Theorem 3, we now give the inequalities we use to obtain the bounds
we have in the main text for Theorem 3 and Theorem 4 compared to the ones we have in the appendix. It is easy to see
by using coarse inequalities, we first p;p~* < p~!, second, 2p; — p < 2, third, i —1< p~!as m; > p. Finally, by
the definition of 7; in (9), we can derive ||7/2PY/2AT7=1/251/2|2 < 2p~1. By using these constants in the bounds
of Theorem 3 and Theorem 4 in the appendix, we arrive at the bounds given for these theorems in the main text.



