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Abstract

We propose two variants of the Primal Dual Hybrid Gradient (PDHG) algorithm for saddle point
problems with block decomposable duals, hereafter called Multi-Timescale PDHG (MT-PDHG) and its
accelerated variant (AMT-PDHG). Through novel mixtures of Bregman divergence and multi-timescale
extrapolations, our MT-PDHG and AMT-PDHG converge under arbitrary updating rates for different
dual blocks while remaining fully deterministic and robust to extreme delays in dual updates.

We further apply our (A)MT-PDHG, augmented with the gradient sliding techniques introduced in
@, ], to distributed optimization. The flexibility in choosing different updating rates for different
blocks allows a more refined control over the communication rounds between different pairs of agents,
thereby improving the efficiencies in settings with heterogeneity in local objectives and communication
costs. Moreover, with careful choices of penalty levels, our algorithms show linear and thus optimal
dependency on function similarities, a measure of how similar the gradients of local objectives are. This
provides a positive answer to the open question whether such dependency is achievable for non-smooth
objectives [4].

1 Introduction

We study the following saddle point problem with block decomposable dual variables and objectives:
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where X C R?is a non-empty convex set and F : X — R is a convex function such that there exists p, M > 0,
LIX = X' < F(X) = F(X) = (F/(X'), X = X)) < M| X = X'|l, VX, X' €, (1)

where F' : X — R? is a subgradient oracle, i.e. for each X’ € X, F/(X') € OF(X') is a subgradient. For
instance, when || F’||, < M’, then M = 2M" holds[] For each s € [9], K, € R"*? is a matrix, R, : R™ — R
is a proper, convex, and lower-semicontinuous function, and R¥ : R" — R is its Fenchel conjugate, defined
as R{(ys) = sup,, epn. (Vs Ys) — Rs(y5)-

Saddle point problems of the form () with one block (S = 1) have been widely studied due to its
applications in various problems including linear programming B], distributed optimization @], and inverse
problems such as image denoising ﬂﬁ, ﬁ], to name a few. For S > 1, stochastic algorithms which update
random subsets of dual blocks have been proposed ﬂﬁ, @]

In this work, building upon the Primal Dual Hybrid Gradient (PDHG) algorithmsﬂﬁ, @], we propose
Multi-Timescale Primal Dual Hybrid Gradient (MT-PDHG) and its accelerated variant (AMT-PDHG) where

IThis is because F(X’) > F(X) + (F/(X), X’ — X), and so using Cauchy-Schwarz inequality
F(X) = F(X') = (F/(X"), X = X') < (F/(X) - F'(X), X — X") <2M| X — X"||.
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dual blocks are updated periodically at potentially different rates. Our algorithms achieve the following three
properties.

1. Flexible. (A)MT-PDHG converge under arbitrary updating rates for the dual blocks.
2. Deterministic. The updating schedules for the dual blocks are deterministic and periodic.

3. Robust. The convergence rates depend on the average, instead of the maximum, of the updating rates,
thereby are robust to extreme delays (i.e. large updating rates).

The motivation behind this work is distributed optimization, a branch of optimization where multiple
agents, each having access to only partial information about the (global) objective, work together to solve
the global problem. As an example, in distributed empirical risk minimization for machine learning, the
global objective function is the sum of local loss functions, each depending on the local dataset which is only
available to one agent |5, 11, 12, 4, 125]. Examples of other applications include power system control |32, [33],
multi-robot system control [12, 33, 121, 44], and signal processing [10, 129, [40]. More precisely, we study the
following distributed optimization problem

min Z fv(x) (Pd)

reX

where V' = [m)] represents m agents, X C R? is a nonempty, closed convex set, and z* € X is an optimal
solution to ([Pg).

From (7)) to lifted space reformulation of (Pg). We consider a lifted space reformulation of ([Pg))
— in Section A1l — where agent v maintains and updates x,, a local version of the decision variable
x. The objective then becomes ) i, fu(2v), with additional consensus constraints encouraging , ~ .
for all v,v" € V. The classical PDHG algorithm, when implemented in the distributed setting, requires
communication only when dual variables are updated.

From (Pj) and to algorithm design goals for (Pg]). We target at distributed optimization
under: (1) heterogeneity in local objectives and communication costs, and (2) communication bottlenecks
with periodic connectivity constraints.

As an example of heterogeneity, in distributed empirical risk minimization, local loss functions are differ-
ent due to randomness in the local datasets and variation of data distributions [2, 126, 143, 56, [48, [4]; the costs
of communication could depend on factors such as the distance between agents, methods of communication,
and amounts of data sent [8§, 10, 141, 150, 51]. The heterogeneity makes it desirable to design algorithms
allowing more flexible control over the numbers of communication rounds among different subsets of agents,
which translates to the numbers of updates applied to each dual blocks. Existing block coordinate descent
algorithms allow some level of control on this by using different selection probabilities for different blocks.
However, stochastic algorithms could be impractical or inefficient due to factors such as unpredictability,
random memory access [47], sampling overhead [18], and physical constraints on connectivity between agents
[34].

We consider a “rate based design”, where communication is scheduled at different rates between different
pairs of agents, deterministically. In practice, the rates could be either picked by users and/or subject
to physical, bandwidth, and/or energy constraints [55]. This brings in one challenge: how to ensure the
convergence of the algorithms under periodic communication at different rates. Another challenge, and also
our third desideratum, is to ensure that the performance of the algorithms should not be influenced by
stragglers (dual blocks which are updated infrequently), meaning that the algorithms should be robust to
extreme values in the updating rates.

Results. Our (A)MT-PDHG achieves the above three goals. To ensure convergence, we use careful
mixtures of Bregman divergence and novel multi-timescale extrapolation. For the distributed optimization
problem considered, to find an e-suboptimal solution, the complexities of our algorithms achieve optimal
dependency on e MT-PDHG needs O(FA/e) communication rounds and O(F/€?) subgradient steps for
Lipchitz objectives, and AMT-PDHG needs O(7A/,/e) communication rounds and O(7/(ep)) subgradient
steps if the objectives are also u-strongly convex. Here, 7 measures the “average rate of updates” for dual
blocks, and A measures similarities between (subgradients of) local functions. In fact, the linear dependency




of communication rounds on A is optimal |4], thereby providing a positive answer to the open question
whether such dependency is achievable for non-smooth objectives [4].

Numerical experiments for linear programming and support vector machine problem with regularized
hinge losses confirm the effectiveness of our algorithms and demonstrate the above dependence on 7 and A.

1.1 Related works

Primal-Dual Hybrid Gradient and its block variant. Our algorithms are built upon the Primal-Dual
Hybrid Gradient (PDHG) algorithms [14, 15]. For problems with block-decomposable duals, block-coordinate
descent type of variants have been proposed, such as the Stochastic Primal-Dual Coordinate (SPDC) [57]
and the Stochastic-PDHG (S-PDHG)[L, [13], to name a few. These algorithms update random subsets of the
dual blocks at each iteration, where all blocks have strictly positive probability of being selected. Although
the O(1/k) rate of convergence still holds, due to the randomness, the convergence is only shown for the
expected objective value suboptimality (for SPDC) or ezpected duality gap (for S-PDHG), and could have
unsatisfactory performance due to large variance. Moreover, updating random subsets could potentially be
inefficient — due to reasons such as random memory access [47] and potential overhead in computing sampling
distributions [1&] — or even impossible due to physical constraints — such as in distributed settings, blocks
available for updates are subject to network connectivity and communication constraints [34].

Although deterministic block coordinate descent for convex optimization has been shown to converge,
such as under the cyclic updating rule |47, 154], to the best of our knowledge, the multi-timescale updating
rule we propose is the first deterministic block updating rule for PDHG with separable duals, such that
different blocks could be updated different numbers of times, and the duality gap converges deterministically
at the optimal rate.

As the dual blocks are not updated at each global iteration, they introduce ”outdated” information to
the dynamics. Most existing asynchronous optimization algorithms achieve convergence rates which depend
on the mazimum delay [37, 130, 138], with the exception of [17, |], whose convergence rates depend on the
average and the quantiles of delays, respectively. However, |17, 6] are designed for convex optimization. As
a comparison, our (A)MT-PDHG are designed for saddle point problems and have convergence rates which
depend on the averages instead of mazimum of the updating rates, making them robust against extreme
delays in the dual updates.

Non-smooth distributed optimization. Since the seminal works |10, [49], numerous algorithms have
been proposed for non-smooth distributed optimization under various settings, and we refer readers to
surveys such as [5, 135, 124]. For the function class of Lipschitz, non-smooth, convex objectives, most of these
algorithms fall into the following two categories: subgradient based and dual based [28]. Subgradient based
algorithms such as the incremental gradient method [9], decentralized subgradient method [36], and the dual
averaging [19] usually require O(1/€?) rounds of communication, each followed by one gradient step. Within
the function class, this achieves the optimal subgradient oracle complexity, but is suboptimal with respect
to the communication rounds: as proven by [4, 41], the communication rounds needed is O(1/¢).

As a comparison, dual based algorithms, which dualize the consensus constraints, usually have better
communication complexity: O(1/€) rounds are needed for distributed ADMM [7, [52] and the decentralized
communication sliding (DCS) [28], as examples. However, each round of communication is followed by
optimization of Lagrangians or proximal updates, performed locally by each agent. To make the overall
algorithm first-order, [28] proposes the Communication Sliding (CS) procedure, which approximates the
proximal updates through O(1/¢) steps of (local) mirror descent, thereby achieving the O(1/€?) subgradient
oracle complexity. The CS procedure has roots in the gradient sliding technique [27], which can save gradient
computation for the smooth component when the objective involves a smooth and a non-smooth component.

For the class of strongly convex objectives, DCS can be accelerated, needing O(1/+/€) rounds of commu-
nication and O(1/€) gradient steps in total, both achieving the theoretical optimal [28]. In this work, due
to the different time scales, we generalize the CS procedure for problems involving a mixture of Bregman
divergences. In addition, we point out that for problems with smooth objectives, Local SGD — which applies
gradient steps locally but communicates only once in a while — has been studied under various settings |58,
44, [53).

Lower bounds on communication. In [4], it is shown that for distributed convex optimization,
O(1/€) rounds of communication are needed for 1-Lipschitz objectives, and O(1/,/p€) rounds are needed



when the objectives are also u-strongly convex. These lower bounds are achieved by splitting a “chain like”
objective into two, each given to one agent. [41] extends these results to a decentralized, network setting and
shows the dependence of the lower bounds on the network diameter and communication delay. [50] provides
lower bound and (nearly) optimal algorithm for a different setup, where distributed agents have stochastic
first order oracles to the same smooth nonconvex objective, but computation and communication speeds
are bounded and different for different edges and agents. Apart from the round complexity, [51] shows a
dimension-dependent lower bound on the bit-complexity of communication.

In addition, motivated by distributed training in machine learning, communication lower and upper
bounds have been established using function similarities [4, 143,12, 48,126, 122, 23]: for instance, in (distributed)
empirical risk minimization, the local loss functions have the same functional form but use different subsets
of data, thereby inheriting the similarity in data. In [4], function similarities are measured using norms of the
differences in (sub)gradients (and Hessians if exist), and a communication round lower bound linear in this
measure is shown for convex Lipschitz objectives and strongly convex objectives. Known algorithms that
take advantage of function similarities usually require additional assumptions such as strong convexity and
smoothness [2, 43,156, 48, 126, 22, 23]. As pointed out in [4], there is no known algorithm which achieve these
communication round lower bounds for non-smooth convex objectives. In this work, we formalize the notion
of function similarity for non-smooth convex objectives (Definition Fl), and show that the communication
round complexity for our (A)MT-PDHG indeed achieve these lower bounds, thereby answering [4]’s open
question positively.

1.2 Contributions

We propose multi-timescale PDHG for saddle point problems with block-decomposable duals, where different
dual blocks are updated at different rates.

e To ensure convergence with arbitrary updating rates, we propose novel multi-timescale extrapolation
steps for the dual updates () and mixtures of Bregman divergence for the primal updates (Bl). The
duality gaps of our algorithms converge at the optimal rates: O(1/k) and O(1/k?) for general and
strongly convex objectives, respectively, despite the potentially outdated information in the dual.

e To the best of our knowledge, for the saddle point problems considered, our multi-timescale PDHG al-
gorithms are the first deterministic updating mechanisms which still allow different (arbitrary) updating
rates for different dual blocks.

e We quantify how updating rates influence convergence: the duality gaps show linear dependencies on
weighted averages of the updating rates (Corollary B3]) and its square (Corollary B.5]) for general and
stronély convex objectives, respectively. Thus, our algorithms are robust to the maximum updating
rates

We apply our algorithms to convex non-smooth distributed optimization. More specifically, we propose
relaxing the consensus constraints via generic convex, block-decomposable penalty functions (Lemma [£3] and
Corollary [£1]), which generalize the characteristic-function penalty used in prior work. This yields saddle-
point formulations with block-decomposable dual variables, enabling our multi-timescale PDHG
method, which is particularly well suited to settings with heterogeneous communication costs among agents.

Moreover, we show that with proper choices of the penalties, the communication round complexities
of our algorithms have linear, and thus optimal, dependency on similarities between gradients of the local
objectives. This provides positive answers to the open question whether the theoretical communication
round lower bounds proposed in [4] can be attained.

1.3 Roadmap

In Section 2] we present additional details and assumptions about the saddle point problem (Pg)). Then,
in Section B} we propose our multi-timescale PDHG for (P]), and in Sections and [3.3] we present the
convergence properties of our algorithms with and without strong convexity, respectively.

2We call the inverses of frequencies the rates. Thus, the largest updating rate corresponds to the smallest frequency.



In Section M we apply our multi-timescale PDHG to distributed optimization problems: we first show
that (Pg) can be reformulated in the lifted space in the form of (P) (Section B and propose a set of
conditions on the consensus constraints (Section [2]) and penalties (Section 3]). The requirements on the
penalties motivate the definition of function similarities (Definition [{1)). Then, we describe how multi-
timescale PDHG can be applied and the communication involved (Section [4]), and provide the convergence
results in Sections and

Numerical experiments are provided in Section

2 Setup

For the problem (P)), we assume R? is equipped with a norm || - || not necessarily generated by the Euclidean
inner product, and we equip X with a distance generating functionf] wx : X = R with modulus 1.

We further denote Y := dom(R}) = {ys € R™, R!(ys) < oo} as the domain of R, and define R : R® — R
as R(Y) = Zle Rs(ys). It’s easy to see that R*(Y) = Zil R*(ys) and Y := dom(R*) = Hle dom(RY).
Similarly, for each s € [S], we assume that R™* is equipped with a norm || - || not necessarily generated by
the Euclidean inner product, and we equip dom(R}) with distance generating function w,, : dom(R}) - R
with modulus 1, and wy (V) := ZSSZI Wy, (Ys)-

For convenience, we define K : R? — R" as (K X); = KX for each s € [S]. Thus, ([P5) can be compactly
written as

min max F(X) + (KX, Y) - R*(Y). (Pe)

In addition, since Ry is convex and lower-semicontinuous, Ry = R** (Theorem 11.1 [39]), and importantly,

Rs(KsX) = sup (K.X,ys) — Ri(ys).
ys ER"s

Thus, [Py is also equivalent to the following primal-only formulation:
s
min F(X) + > Ry(K.X). (Pp)

Xex
€ s=1

In the rest of the work, when there is no confusion on the domain of the function, we abbreviate
wx, Wy, Wy, as w and the associated Bregman divergence as D. We also make the following assumption.

Assumption 2.1. For any §, € dom(R*), g € R™ the following problem can be solved exactly:

i R* S b) S D 57_ .
L s(ys) +(9,ys) + D(ys, Us)

For any g € R%, the following problem can be solved exactly:

mi (g, X) + w(X).

Performance measure. We use the duality gap to measure the performance of Z = (X,Y). More
precisely, we define G : Z x Z — R where Z = X x R" as

GX,)Y; X' Y):=(KX,Y)+ F(X)— R (Y') - {{KX"Y)+ F(X') — R*(Y)}, (2)

and we will provide upper bounds on G(Z) :=supy,z G(Z; Z') where Z is the output of our algorithms.

3For a convex closed set S, a function w : S — R is a distance generating function [20] with modulus v > 0 w.r.t. || - || if w

is continuously differentiable and
(& — 2z, Vw(z) — Vw(z)) > v|z — 2|2, Vz,z€S.

The Bregman divergence generated by w is defined as Dy, (z, 2) := w(z) — w(z) — (Vw(z),z — 2).



3 Multi-timescale primal-dual updates

To solve the saddle point problem ([P]), one of the most popular algorithms is the Primal-Dual Hybrid
Gradient (PDHG) algorithm[14, [28; [13], which updates the primal variable X and the dual variable YV
iteratively. At iteration k =0,1,.. .,

jz'k _ kal 4 ak(kal _ Xk*Q) (33.)

V¥ = argmin R*(Y) + (~KX*Y) + . D(Y, Y*~1) (3b)
Y eRn

X* = argmin F(X) + (K*Y*, X) + g, D(X, X*71), (3¢)
Xex

where 7, m, > 0 are parameters depending on the operator norm of K, and «y, € [0,1]. The convergence
rates of PDHG under various assumptions of the objective functions F and R have been well established
[14]. For instance, for general convex F' and R, the duality gap (of the ergodic mean) converges at the rate
of O(1/k); further, if F is strongly convex, the accelerated rate of O(1/k?) can be achieved.

Approximation to (3d) through gradient sliding and auxiliary primal sequence. For a generic
(convex, potentially non-linear) objective function F, it’s sometimes unreasonable to assume that one can
find the exact minimizer in the update (Bd). Indeed, in Assumption 2] we only assume that (g, X) 4+ w(X)
can be exactly minimized. Thus, [217, 128] propose and use gradient sliding techniques, which approximate
the minimizer through multiple iterations of mirror descent. In addition, to ensure the convergence of the
overall PDHG algorithm with inexact updates, an auxiliary sequence X k is constructed, and the right hand
side of (Bal) is replaced with X* =1 4 qp (X*~1 — X*-2),

Block-decomposable dual updates. In [P, both R*(Y) = Y5 | R*(y,) and D(Y,Y* 1) = 327 | D(ys,y5 1)
are block-decomposable. Thus, the dual update (BL) is also block-decomposable:

yf = argminR:(ys) + <_Ksjzk7ys> + TkD(ysays_l)v s=1,...,8 (4)
yER™s

This makes block-coordinate descent type of algorithms possible. As an example, S-PDHG [13] updates a
random subset of the dual blocks at each iteration. The flexibility in choosing the sampling distribution
allows one to control the frequency of updates of different blocks. However, due to the randomness, the
O(1/k) rate of convergence is shown only for the expected duality gap.

To maintain the deterministic convergence guarantee as well as the flexibility in choosing the number
of updates applied to each dual block, we propose a multi-timescale updating mechanism for (P)), where
different dual blocks are updated at potentially different rates. More precisely, denoting the global time
using kK = 0,1,..., then the dual block ys is updated only at iteration k = 0,r, 2r;,... for some positive
integer rs and remains fixed for all other iterations. Due to this multi-timescale mechanism, two challenges
arise.

1. Information delay in y*. In the primal update (3al), the term K*Y* = 25:1 K*y* depends on y*, yet

Yk = yst/ "X contains information only till iteration |k/rs| X rs < k, which could be “outdated”. To

mitigate the negative effect of “information delay”, we propose using miztures of Bregman divergences
in (3d) to control how fast the primal sequence varies ((@)).

2. Multi-timescale information aggregation of X*. The dual updates (BH) and (@) are defined for each

global time k, and X+ depends on X¥~2 and X*~! only. In the multi-timescale setting, one can expect
that X* should depend on primal sequences over longer intervals (the length of which could depend on
rs), and could be different for different dual blocks. We propose multi-timescale extrapolation which

aggregates X (F=27:):(k=1) for block s ((&)).

In the rest of this section, we state the exact updating procedure in Section 3.1l and provide convergence
results in Sections and B3] for general convex and strongly convex F' respectively.



3.1 Multi-timescale updating procedure

In our multi-timescale updating procedure, we use k = 0,1,..., N to denote the global time. Motivated by
gradient sliding procedures in [28], we also allow approximate minimizers to the primal updates, and keep
track of the pair (X k,)A( k), which is assumed to satisfy the condition (7). This can be achieved using a
generalized gradient sliding technique (Appendix [A]).

Initialization. We assume access to initializations X € X and y" € ) for all s € [S], and we
initialize X* = X* = Xt and y* = y™it for all k' < 0.

Dual updates. We associate each dual ys with a rate rs € N and a local time is = 0,1,..., Ny — 1, such
that N+1=1r,Ns. For k=0,1,..., N, ys remains dormant unless k = r4is for some is € {0,1,..., Ny — 1},
where ys is computed as follows (which replaces (Bal) and (3h)):

rsis—1

Tsis—1
X;S = g, < Z ok/(Xk - Xk _TS)> + Z 9k’+rst ’ (5&)

k'=rsis—7rs k'=rsis—rs

1

yis = argmin(— — K. X2, ) + RI(Ys) + 70, D(Ys, v 7). (5b)
ysER™s Ek/:rsis ek/
Further, we denote 7% = yst/ TSJ, i.e. value of the dual block y, at the global time k, and we abbreviate
' = (U3)sels)-
Primal updates. First, for each k, we define
—k S
OF(X) 1= F(X) + (K'Y, X) + ) s DX, XF77). (6)
s=1

All primal variables are updated at each global time as approzimate minimizer to (@), such that there exists
some 0y, : X — R which could depend on X*, X*~1 and other algorithm parameters, the following is satisfied:

S
OH(RF) < OF(X) = (5 + 2 mo) DX XF) + 8(X), VX € 2, (7)

where we assume (I)) holds for some p > 0, and D(X, X’) < $|| X — X'||? for some 0 < C < oo.

In case ®* can be minimized exactly, say F(X) = (gr, X) for some gr € R is a linear function, we can
take X% = XF = argminy . y ®*(X) to be the exact minimizer, and then we can take &;(X) = 0 (Lemma
[A). Nevertheless, in (7)), we also allow inexact minimizer. For generic convex objectives, this can be found
through a generalization of the gradient sliding technique in [28]: we extend this technique from S = 1 to
S > 1 (see Appendix [A] for more details). More concretely, following Corollary [A7] the following results
hold.

Corollary 3.1. Consider the followigg updates using GS, the generalized gradient sliding procedure in Al-
gorithm [3, where T, € N and n, = > 7| ks > 0, where ny, s > 0,

5% - A -
(kaXk) :GS(FvaDkav(nk,s)se[s]v(Xk S)SE[S]vK Y an 1)' (8)
Assume that [l) holds with some u >0, then with \y =t+ 1 and B; = % fort > 1, [ holds with

4M?

Sp(X) = =2 (D(X, X% 1) = D(X, X)) + Tt

- Ty (Tx + 3)
Further, if [@) holds with some 1> 0, and D(X,X’) < £[|X — X'||? for some C < oo, then with Ay =t

and By = (;;:)C” + 5L, @ holds with




Final outputs. Denoting Zk = ()?k,Yk), then the output is

N N
zN = (Z9k)_129k2k (9)
k=0 k=0
(Xk X%, k=0,...,17
— ot o o Y, =3, i1=0,...,5
—{48] (4] (4] El El El Y r =3, iy=0,....5
—.2 o 3 ye, 13 =16, i3=0,...,2

Figure 1: Updates for S = 3, r;1 = ro = 3 and r3 = 6. Each marker represents one update: (Xk,)?k) is
updated at each global time k = 0,1,...,17. If generalized gradient sliding is used, then this involves T}
iterations of mirror descent updates at iteration k. y; is updated at each local time i; = 0,...,5, i.e. global
time k£ =0, 3,6,...,15, and similarly for y and ys.

Algorithm 1 (Accelerated) Multi-timescale PDHG

Input: {as,is }a {ek}a {nk,S}v {quis}7 {TS}a Xmitv yinit
Output: Primal dual pair Z N
Initialize (X* |, X* | Y*')  (Xinit Xinit yinit) for o]l k' < 0
for k=0,1,...,N do > implicitly is = |k/rs] for all s € [S]
for s € [S] such that £ =0 ( mod r5) do
Dual update: compute X's using (5a)), then update 3 using (5E)
end for
Primal update: compute K*Y" where 7t = g/l gor 5 € [S], update (X*, X*) satisfying (7)
end for
Compute ZV using (@).

3.2 Convergence of the multi-timescale updates

In this section, we assume F is a generic convex function satisfying () for some p > 0. We propose conditions
on the parameters of Algorithm [ which ensure the convergence of the resulting multi-timescale updating
procedure. The proof of convergence of Algorithm [l follows a similar type of argument as the proof of
convergence of PDHG [14] and the Decentralized Communication Sliding [28]: the primal updates () and
dual updates control the following two terms (([IQ), (II)):

N
{Zm*?’“, Xk - X)+ F(X%) - F(X)}

k=0
N.—1 o _
+ { D (KXl gl =) + (R (YY) — Ri(ys))} :
is=0

The above sum (approximately) matches the gap Zszo G(Z*; Z) up to an additive term ((I2))

S N Ng—1 rg—1 . )
Z Z<Xk - )Z—s\'k/rsl K (ys — y];» = Z <Z Xretett — X K3 (ys — ys))-
s=1 k=0 =0 =0

Notice that due to the different timescales for the duals, we bound the above terms at dual time scales:
instead of controlling (X* — XH¥/™) 1k (y, — yt¥/7)) for each k, we control the cumulative term (sum from
k =rgis to k=rs(i1 +1) — 1). With our choice of the )N(; and the mixture terms used in primal proximal
updates, the following results hold.



Theorem 3.1. Assume that [Il) holds with some M, > 0, then with the following choice of parameters:
2

s, =a =1, 0, =1; m s =nps where ps > 0 and ES 1Ps =175 = i’i; where Ks 1= supj, <1 K5 ys]l,

denote T = Zs:l Tsps, we have VZ € Z =X x R",

N
(N +1)-G(2%:Z) < pFD(X, X" — nD(X, XN) + > 6r(X)
k=0

7‘77/71 1
+st { (s, 0"") = 5 D(Wsr "~ 1)}-

Proof of Theorem[3.1l Primal update properties. Summing (7)) over k, and defining 7, s = 0 for all
k<Oand k> N + 1, we have

N
S (KT XE - X) + F(XF) - F(X)

k=0
N S N S N
<y (z 77) DOX XY~ 373 i DORE X5 43 (56(X) — DX, X4)
k=0—max{rs} \s=1 k=0 s=1 k=0
N S N
<FD(X, X ™) — DX, XN) = D7 T D(XR, X + 3 5(X), (10)
k=0 s=1 k=0

where the last step is because X* = X for all k < 0, and by our choice that M,s =Nps for k=0,1,..., N,

S

S
Z an+rss<nzrsps—m" D s <Y ps)=m, K =0,...,N -1

k=0—max{rs} s=1 s=1 s=1

Dual update properties. By the updating rule for the dual, we have by Proposition 2 in 28] for any
ys € R,

1 Yis o0 * (o * is— i is—
<_T‘_K5Xssayss - y5> + Rs (yss) - Rs (ys) S Ts,is (D(ysvyss 1) - D(ysvyss) - D(ys ayss 1)) .

Thus, with 75 ;, = 75 for all ¢5, summing over the above, we get

Ns—1

1 Vi i * (0 *
Z <_T_K5Xssvyss - y5> + Rs (yss) - Rs (y5>
1s=0 s
Ny—1
< 7o (D, y"™) = Dy (ys, yYo 1) = 7o+ > Dyl yle ™). (11)
i5=0
Gap properties. Recall that for each s € [5], yS Lk/r” , thus we have
N No—1 (rs=1
S {ER K - (K = Y {Z<X“is”,K:ys>—rs<X,K:yés>}
k=0 is=0 { i=0
Ng—1 ry—1 o . . .
= D D XU X K (g — k)
is=0 i=0
N Ny—1 N
k=0 is=0

©



Recall that for i;, =0,1,..., Ny, — 1,

Tsts—1 Tsls—Ts—1 reis—1
~q7 ’ /
X;s — a( E Xk _ § Xk ) + § : Xk
k'=rgsis—rs k'=rgis—2ry k'=rgis—rs

We first bound the first term in ([I2]). Notice that for i =0,1,..., N5 — 1, we have

re—1

(D Xt = X K (g~ ub)

re—1 re—1
— <Z (erierl X7 (is—1) +1 — Z er (is—1)+ er(1572)+z) K:(ys _ yés»
=0
re—1
= (7 (Rreteti - xrelis D) K2 (y, — i)
=0
re—1
— a3 (Rl X2, Koy, — )
1=0
re—1
a3 (R 2 Ry — ),
1=0

Thus, with a = 1, and recall that for i, = 0,7 =0, ... 7 —1, X7s(s=DFi _ Xx7s(s=2)+i = xinit _ yinit
0, we have

Ng—1 ry—1 ~
ST Xt - XK (ys — yl)
is=0 =0
re—1
= (0 (RN xR gy, — M)
i=0
Ng—1 rg—1
30 (DD (R i) gyl — i)
is=1 1=0
rs—1

< 7R NemDH X N Ry — N

Ng—1rs—1

+ 30 3T ROt X e R (e — g
is=1 1=0

Thus, for any p > 0, we have

Ng—1 ry—1 ~
DD X XK (ys — yE))
is=0 =0
N o ~2 Ng—1
k k— .s_ s
< 3 QIR R =l = (13)
k=0 is=1

10



Bounding the gap. Thus, with ([IQ), (), and ([3]), we have the following upper bound on the gap
N
Y GxR Y
k=0
N 5 N
:Z{F()?k)—R*(Y)—F( )+ R*(Y }+ZZ{ (KXY, (KSX,7k>}
=0 s=1 k=0

N S N
<ED(X, XM — pD(X, XN) = 3> " JD(XF, X 4 (X
k=0 s=1 k=0

S Ns—1
+Zws{ (Y, 42"") = D(ys,yl ") = Y Dyl yie™) }
s=1

is=0
N S ~2 Ng—1
+ 2 IR X
Ps
k=0 s=1 is=1

Z O3 Nyl =y + llys — w2112

where we take p = np, in ([[d)). Thus, with pf—i < 7 for all s € [S], we have
N . .
N GXR Y 2) <ED(X, X DX, XN) + Y 6u(X)
k=0

mni 1 —
+st { (s, ") = 5 D(Ys, " 1)}-

The result follows since ZV is the ergodic mean of (X k,Yk) and F, R are convex. O

When the primal update ([Bd) is approximated through the generalized communication sliding procedure,
from Corollary B.I], we have the following results.

Corollary 3.2. Under the conditions in Theorem[31l, and assume that (Xk,)A(k) are constructed using the
generalized communication sliding ) with \y =t + 1, . =1t/2, and T, =T > 1. Then the following holds
forallZ € 2

(N+1)-G(ZY;2)

<n{3rpex ) - pix x|

s
1 R2r 4M?*(N +1)
+ = S 3D s init D s, Ns—1 +
H{Z; . {8D(s 5™") = Dlyss v D} + —5 53—

Proof of Corollary[F.2. Recall that from Corollary 3.1, we have for k=0,1,..., N, with gy, =npand Tp, =T

2n k—1 k AM?
0p(X)= —— (D(X, X - DX, X") + ——.
b(X) T(T+3)( ( )= D ) (T +3)
Thus, summing over k, we have
Z 6i( 72 (D(X, X™) — D(X, XN)) + AMAN +1)
( T(T + 3) ’ ’ n(T +3)
The result follows from noticing that for any T > 1, ﬁ < % < g

11



Corollary 3.3. For Xe X, assume that the following are finite:

D(X,X"") < DX <00, sup  D(ys,yi"") < DY < oc.
ysedom(R:)
Under the conditions in Corollary [3.2, taking n = (Zss/:l Fs /DY) 55, ps = — VDL nd T >

5 _ Rey/DY,
AM?(N41) — S
— T2 | whereT := T we have
oty | S5 s

~ 2+/6F - (ES 1ns\/ﬁ)-\/D_X'

GzZN: XY’ 14
S ol )< N1 1)
Proof of Corollary[3.3. From Corollary [B.2] we first notice that with p, = %7 ”D\‘EJ/D—y
s’ 1 s s
5 w2
S EEDE (3 00)
s=1 s'=1
Thus, we have
4M?(N +1 4M?(N +1) K2rsDY
T3> MWD - Z”
T(X o=y sV DY)? T+3 s=1
Thus, with the additional assumptions, we get
s S ~
~ _, | 3nDX 4 K21y DY
sup G(ZN: X, Y)< (N+1)71 rspPs) + — ——=
Jup ( ) <( ) ) (; ) 77(; . =)
s
. | 3nDX 4 ~
=(N+1)! T4 —F Ks\/ DY)?
e {22 s o)
_ 2Vor()_, Re/DY) - VDX
N+1
O

Discussion on the complexities. Corollary[3.3] implies that to find an e-suboptimal solution, one can

take
P08 RVDY) VDX M2VDX
- )s T—O(EE 1F&S\/_),

making the total number of subgradient oracles to F'

N =0(

2772 =A2 X
NT = 0=y = o(ZE22
T(Xg—1 B/ Dy) ¢

This agrees with 28] for the case when r; = 1 for all s.

Discussion on the costs. To further illustrate the benefits of having different update frequencies for
different duals, we analyze the “cost” of Algorithm [Il Precisely, we assume that the cost of one update to ys
is c;. This can be used to model the computation costs of matrix-vector multiplications (KX in (Gal) and
updating the K 7" term in (6)). As another motivation, as will be seen in Section @ and Algorithm 2] when
applying our multi-timescale PDHG to distributed optimization problems, only one round of communication
is needed for each update of ys. Thus, the costs here can also represent the communication costs for every
dual update.

Below, we consider the case when the total cost is additive. With the above N, the dual variable y; is
updated O( -) times, which is different for duals with different 7. Thus, suppose one is allowed to choose

).

12



the update frequencies {rs},c[s], to minimize the total cost to find an e suboptimal solution, the following
should be (approximately) minimized

S
FZ;_S :O((ZPSTS :_:

s=1 "% s=1 s=1

n

With 7, o /cs/pdd, the above becomes O((Eil \/Csps)?). As a comparison, the strategy where all ry = 7,

are the same has the cost O(Ele ¢s). By Cauchy—Schwarz inequality, (Zle Vesps)? < Zle cs, and the
difference can be very large when {csps}se[s) are very different, thereby showing the benefit of optimizing
the updating rates {rs}.c[s) when {cs/(Es\/D_g)}se[S] are heterogeneous.

The additive cost is motivated by resources consumption when sending messages along each edge. In
general, the total cost can be an arbitrary set function of the set of duals updated. For instance, to model
time required to send messages (in parallel) where total time depends on the largest time, the cost could be
maxges ¢s. Thus, the flexibility in choosing the updating rates allows the algorithm users to adapt the rates
to the cost structures, leading to potentially lower costs.

3.3 Accelerated convergence under strong convexity

With strong convexity of F, i.e. p > 0, the convergence rate can be improved from 1/N to 1/N?, with a
different set of parameters. In the following, we present these results.
Theorem 3.2. Assume that () holds with some M,y > 0. Further assume that D(X,X’) < £||X — X'||?
for all X, X' € X for some 1 < C < o0o. Let {ps}sers) be a distribution over [S], T = 255:1 rsps and similarly
define 12 and r3.

With o, =1, 0 = k+2r2 )T, i = s (k+12/T), Deys = Mkpss To,in (g ot ) = 76 = 5_ . #
We haveVZ € Z = X x R",

72 /7)2 .
G(zN; 7)< N(N2+ 1){5( 2é) )D(X,Xm”)—l—kz_o%&c( +er (ys, yi") }

Proof of Theorem[72, Primal update properties. Taking a weighted sum of () over k, and defining
Nk,s = 0 for all k < 0 and kK > N + 1, we have

3 o {<K*?’“, Xk X)+ F(X*) - F(X)}
k=0

N S
<D0 (Z s (DOX XF772) = D(XRF, XE779) ) — (5 +m) DX, XF) + MX))
k= s=1

5(E/F)) Mnt vk k— TS
< SoE— DX Zeksznks (X*k, X +Zek5k

where the last step is because the coefficients of the term D(X, X*) (denoting 0y =n, = 0 for all k > N +1)
for k=0,1,..., N is the following

Zek-i-rsnk-i-rs,s - (% + 771@)97@

S
< % {Z(k +rs+2r2/T)(k + s +12/T)ps — (k+ 12 /7 + 27) (k + 272/7)}

s=1

=L { <k2 + (27 + 3—r_2)k + (4r2 + 2(72/7)2)) - <k2 + (27 + 3—T_2)/€ + (4% + 2(72/7)2)) } =0
2rC T T ’

4Here and below, < means (approximately) proportional to, i.e. there exists rg € R such that rs = r9+/cs/ps for all s € [S].

13



Since X* = X for all k < 0, the coefficient for the term D(X, X" is

S rs—1

SN mesbi < 5 OZps ro(rs + 2)(7“5 +2_2) _ (73/74‘5(7“2/7)2)'

s=1 k=0 2C

Dual update properties. Similar to (Il), we get

Ns—1 rsis+rs—1

Z {<—Ks)?257yis - ys> + ( Z e;c)(R:(yis) - R:(ys))}

i5=0 K =rais
Ns—1 Tsis+rs—1
< > 7 D 0 {Dlys v ™) — Dlysy¥) = Dy, ye ™)}
is=0 k'=rgis
Ng—1
= Dt - D) 3 p )
is=0

Gap properties. Notice that for each s € [S], we have

S0 { (£ ) - 06,17

k=0
Ng—1 ry—1 o . .
= D> (> O X7 = X0 K (ys — yl))
i5=0 =0
N N.—1
+) 0(XE - X KT + > (KT s — k).
k=0 i5=0
We first bound the first term in (I2)). With «a;,, =1
Ng—1 rs—1 o . )
DD i X7 — X0 K (s = 00)
i5=0 =0
rs—1 R
= (D Onp (XNt = XNZ2b ) Ky =y )
=0
Ns—1 ry—1
£ D (D i,y (Km0 X2 R (e — i)
is=1 i=0
re—1

< Z Or 1y al| Koo DFE X (V=20 ey — Vo Ty
Ns—1rs—1

D DN b R e R T e

1s=1 =0

14



Bounding the gap. Putting the above together, and for convenience, denoting ys = y,, we have

< 5(T_;g) ) X inzt Zokznks Xk Xk ’I"s +Zok5k )
S - Ng;—1 ) .
+ZTS{ (s 42"") = Dy, g 1) = Y D(y?,yisl)}
— 1s=1
Ns rs—1 ) )
n Z {Z Ok, s ‘Xk Xk rsH2 + Z Z ors(zS—l)-‘rz-)Hyés o y;‘slnz}

ia=1 ps i—0 Nre(is—1)+i

~2

5(T2/F) ) znzt znzt
< 50 D(X, X Z@kzik +Z7's (Ys,y

using

~ _ ~ T —1
o k2 4r,7C K2 e SZ Oraie=t)tiy
= —. = — _5 .

Ps 1% Ps N, i—0 nrs(lsfl)Jrl

The result then follows from Zszo 0 >

and convexity of F' and R.
O

Corollary 3.4. Under the conditions in Theorem[33, and assume that (X*, X*) are constructed using the
generalized communication sliding &) with Ty, /N = T/N > max(—2—, 87) where Dy = &DO, A =1

VD’ Di SM2C?2
and BF = (;;:é t21 fort=1,...,Ty. Then the following holds for all Z € Z,
2 w(r3 7+ 5(r2/7)?) -
G ZN Z D X inzt
r2/T)? 47C R2rs
s C/ L py+ 2 D(ys,yi"”)}
B3 Ps

Proof of Corollary [34] Recall that from Corollary B.], the following holds:

_ 2M* /77k
6k(X) T Tk-i-l Z

Thus, the result follows from Theorem and the following bound, which we show next:

Zf)k . 00) < M

C
The bound on the rest of the terms is since
iTkﬁ—i 200/ O AT
e = B C(tHY) (- D (k+r2m)/2F T e 1+ (k+r2)7))2F"

and notice that N
k+2r2)F
)L T 9N +1) < an,
i k+r?/T+ 27
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and since N + 1 > ryax := maxye(g) s, we have
= parl Z SIN+1)=(N+1)F = r2/F<N+1<2N.

Thus, for T),/N = T/N > max( %) where Dy = MDO, we have

75 D v Ee
ZN: 2020, i A _2M%C [ kv 2t +ZN: A(k + 272 /F)
= kT (Th + 1) Bt < Tip(Th + 1) “(1+ (k+12/7)/27)(Ty + 1)
2M2C 10N2 32NT 7 —
< <L 2 /7).
< A+ & }_ODo<r/r>

I
O
As a direct consequence, we have the following theorem.
Corollary 3.5. For Xe X, assume that the following are finite:
D(X, X" < DX < 0, sup  D(ys, y™") < DY < .
ys€dom(R¥)
Under the conditions in Corollary taking ps = SES%\/D_EEI and Dy = DX,
X0y Rey/DY
> 2 r3 )T+ T7(r2 )T
YS,Z%G(ZN;X’Y/)SN(NH){ e 20( M p 21“\/7 }
Notice that (I) implies that ||z — /|| < =+ for all 7,2’ € X. Thus, one can take DX = O(C—I‘gﬂ) The

o
resulting upper bound, when 3 = O((7)%) and r2 = O((T)?), becomes

4 Application to distributed optimization

For the problem (Pg]), we assume that f, : X — R is a convex and possibly non-smooth objective function
such that for some My, uy > 0, we have for all v € V,

Hile —o/|? < fo(a) = ) = (@), =) < Myllz =o', Vo' € X, (7)

where f) : X — R? is a subgradient oracle, i.e. f)(z) € 0f,(z) for all x € X, and f} is only available to
agent v. For instance, when ||f; |/« < My, M = 2M/ holds.

To apply the proposed saddle point algorithms to the distributed optimization problem ([P, we adopt
the popular approach of a lifted space reformulation[2& [45], where the decision variables become (z)yev,
and x, is agent v’s local version of the decision variable x. The agents collaborate to reach consensus on
an approximate minimizer of ([(Pg). Below, we provide the detailed lifted space reformulation (Section [.T]),
its connection to communication protocols (Section [£.2]), and heterogeneity between the local objectives f,
(Section L3]). Then, in Section L4l we describe how our proposed multi-timescale PDHG can be applied,
and provide the convergence guarantee performance.
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4.1 Lifted space formulation

To set the stage, we denote X' =[], ., X C R, where d = md is the dimension of the lifted space. it’s easy
to see that since X is convex, so is the resulting X. In the lifted space, to ensure that agents (approximately)
reach consensus, that is x,, &~ .+ for all v,v’ € V, we need to impose the consensus constraint, which results

in the following penalizedproblem:

s
max F(X)+)  (KX,ys) = Ri(ys)), F(X):=Y_ fuola). (Plift)

min
X= XY=(yi...., R»
(wu)vEVe (yl ys)e s=1 VeV

Notice that the formulation li is exactly the same as the formulation in ([P,)), thereby making (multi-
timescale) PDHG applicable. Moreover, by (7)), (1) holds with M = /mM/ and u = ps. Below, we provide

the details of K and R, in 1'

4.1.1 Consensus constraints

In li K, € R"*4 is a matrix such that Nyeg ker(Ky) is the subspace in R where all {x, },cy are the

same. For convenience, we denote K X = ZUEV K, yx, for Kg ¢ R¢ — R™, and abbreviate K : R* — R"
where (KX), = K, X. We make the following assumption.

Assumption 4.1. KX =0 if and only if x, = z for all v,v' € V.

As an example, denoting IT : RY — R? as the projection such that for any X € R? TI(X), = % Y wey Tol
then we can take K = I — II. Moreover, for any K satisfying Assumption Bl K*(KK*)'K = I — II holds.

We point out that the kernel condition in Assumption [£.]] is the only requirement we impose on K.
However, to make sure the resulting primal-dual algorithm can be implemented in a distributed fashion,
additional sparsity requirements are needed depending on how agents communicate with each other. We
provide details, examples, and the rationale behind the block-decomposable formulation in Section

4.1.2 Penalties

In , we assume that R, : R™ — R is proper, convex, and lower-semicontinous, and R;(0) = 0.
Under these conditions, ([P]) (and thus ) admits a primal-only formulation (Pp)). In this formulation,
Rs(K,X) becomes a penalty term, penalizing the deviation of K,X from 0. We further define R : R — R
as R(ylv s 73/5) = Zsszl Rs(ys)'

As an example, if for all s € [S], R, is the characteristic function of the set {0}, i.e. Rs(0) = 0 and
Rs(ys) = oo for ys # 0, then is equivalent to ([(Pg), and RX(ys) = 0 for all y; € R":. As another
example, Ry can be any scaled norm, for instance Rs(ys) = Al|ys||p for some p > 1 and A > 0, then R}(ys) =0
for ||lys|ly < A and R:(ys) = oo otherwise, where || - ||, is the dual norm of || - ||, (i.e. p~' +¢~! =1). That
is R} is the characteristic function of the dual-norm-ball of size A.

Notice that with penalties different from the characteristic functions of {0}, the problem becomes
a “relaxation” of ([Pg), thereby are not equivalent. As one can imagine, the two formulations get closer as

the consensus constraints are penalized more. In fact, there are two tensions in choosing good penalties.
Take S =1 and R(Y) = \||Y|| as an example.

e On one hand, with larger penalty on the consensus constraint violation (i.e. larger \), 1' will
become a better proxy for ([Pg); this encourages larger .

e On the other hand, the diameter of dom(R*) is O()\), and as suggested by Corollaries B3] and B4 the
complexities of our algorithms are O(\); this encourages smaller .

In Section 3] we propose a set of conditions on the penalties to achieve a balance between these two
tensions, such that “good solutions” to and (P,) (as measured using the duality gap (2))) are also
“good solutions” to ([Pg) (as measured by objective value suboptimality and constraint violation in (I8])),
and the resulting algorithms have favorable dependence on the problem parameters.

17



4.1.3 Performance measure

To measure the performance of X € X, following 28], we consider the (¢, §)-solution, satisfying the following

conditions
F(X)<F(X")+e |(I-IX| <o (18)

That is, X is e-suboptimal in terms of the objective value, while violating the consensus constraints by at
most 5[ Nevertheless, our algorithms have performance guarantees on the duality gap of the saddle point
fromulation. To transfer such duality gap guarantee back to (e,d)-solution guarantee, in Section B3] we
propose additional requirements for the regularization R.

4.2 Agents, communication, and additional requirements on K

By distributed optimization, we mean that the objective functions {f,},cv are distributed among m primal
agents: for each v € V, Agent(x,) has access to f/, the first order oracle for f,, and is responsible for
updating the variable z,. In addition, we assume that there are S dual agents: for each s € [S], Agent(ys)
is responsible for updating the variable ys,.

We assume that for any pair (s, v) € [S]xV such that K, # 0, Agent(x,) and Agent(ys) can communicate
(in both directions). For instance, all agents might be nodes in a connected graph with vertices [S] U
V (representing S dual agents and m primal agents), and communication can be realized through edges
(directly) or through paths (i.e. with the help of intermediate agents). In particular, since the graph is
connected, any pair can communicate, but the resources consumed and/or time taken by communication
between different pairs could be (significantly) different.

At this point, we abstract away from how such communication is realized, and leave the discussion of
the costs of communication to Section 4l Below, we provide two such realizations: decentralized and
hierarchical, and provide examples in Figure

Decentralized setting. In this setup, we assume that the dual variables are kept and updated by
primal agents, respecting a graph based communication constraints. Precisely, let G = (V, E) denote an
undirected, connected graph, and for each s € [S], we assign all tasks of Agent(y,) to Agent(x,,_) for some
vs € V, such that {vs,v'} € F for each K, ,» # 0.

As an example, let W € RV*V be a doubly stochastic matrix such that W, s # 0 only if {v,v'} € E or
v = ', and ker(I — W) = Span(1) (and so K := (I — W) ® I satisfies Assumption E.I)). We can choose
S =m, ng = d, and decompose K as K, := (I — W), ® I3,

KsX:Z(I_W)S,UxU:xS_ Z WS’U:I:IM :17”',m_
veV {v,s}EE

Thus, Agent(ys)’s tasks can be assigned to Agent(xs).

Hierarchical setting. In this setup, we assume that there is an underlying tree with nodes [S]UV, where
all non-leaf nodes ([S]) correspond to dual agents and all leaf nodes (V) correspond to primal agents. Each
non-leaf node can communicate with its child nodes directly. Precisely, for s € [S], we use Chi(s) C [S]UV
to denote the child nodes of Agent(ys), and Des(s) C V to denote all primal agents in the subtree rooted at

Agent(ys).
For convenience, for each s € [S], we denote the “mean” of all descendants of Agent(ys) as T, =

|Des(s)| ! 2 jeDes(s) Lj- Then, consider K : R? — RIC®)I defined as

[Des(i)] _

sy "0 € Chits). (19)

(KeX)i =T —Ts =T — Z

J€Chi(s)

Then, it is easy to see that K satisfies Assumption 1] and since Z; can be computed in a bottom up
manner, {K,} ¢[s) can be realized through this tree. In addition, the set of {K,},c[s) admits the following
orthogonality properties which will be useful in choosing R. We defer the proof to Appendix [Bl

5In [2d], |[KX|| < 6 is used instead of ||(I — II)X||, and K is assumed to be the Laplacian matrix for the underlying graph
of communication. However, we use a generic K satisfying condition @Il In particular, for any K that is a valid choice, AK is
also valid for any X\ # 0. Thus, it makes sense to “normalize” K, and we use I —IT = K*(KK*)TK.
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Lemma 4.1. Let {K}.cg) be as defined in (I9). Then for s # s' € [S], K,K}, = 0. In addition, denoting
II, := KX (K,K)K,, we have for any X, X € R?

(X, ILX) = (ILX,ILX) = Y [Des(i)| - (K. X)i, (K.X):).
1€Chi(s)

Ya Ys

Ya

hn
Y1 e Ys e Y1 Y2 Y3

osoicRoso ook oloho

Figure 2: Left: abstract setting with m primal agents and S dual agents. Middle: realization in the
decentralized setting, where S = m = 4, Agent(zs;) = Agent(ys), and the underlying graph is (V,E =
{{1,3},{1,4},{2,3}}). Right: realization in the hierarchical setting.

4.3 Requirements for R and function similarity

Recall that when R is the characteristic function of {0}, the penalized formulation is equivalent to
(Pg). In this section, we discuss the requirements for R such that the duality gap provides upper bounds on
the suboptimality of the objective value and the violation of the consensus constraints.

First, we have the following upper bounds on the suboptimality of the objective value.

Lemma 4.2. For any X € X such that KX = 0,

F(X)<F(X)+ sup GX,YV;X,Y).
Y’edom(R*)
In particular, if SUpy’cyom(r-) GX,Y; X*Y') <e¢, then F(X) < F(X*) + ¢, where X* = (z*)yev and x*
is an optimal solution to @)

Proof of Lemma[{.2 Recall that we have

sup (KX,Y) + F(X) — R*(Y) = F(X) + R(KX).
YeRn

In addition, since R(0) = 0, we have R*(Y') = supy/¢pn (Y',Y) — R(Y’) > (0,Y) — R(0) = 0, and so
(KX, Y)+F(X)-R(Y)<F(X), VXe&, KX=0.
The second claim follows directly from the first since KX* = 0. O

To connect the duality gap with the constraint violation ||(I — IT) X || in ([I8]), or with the objective value

suboptimality of % > Ty, it turns out additional requirements are needed for R.

veV
: + — i 1K Xl
For convenience, we denote o, (K,) = minxepra, m, x£0 X where the numerator uses the dual

norm to the norm in R™ and the denominator uses the norm in R%. As an example, when all norms are [y

norms, o (K,) is the smallest non-zero singular value of K.

4.3.1 Requirements on R under orthogonaltiy

Below, we show that if Ky measures the constraint violation in orthogonal subspaces, then as long as R,
grows fast enough, the duality gap provides an upper bound on the constraint violation ||(I —II)X || and the
suboptimality of I1.X.
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Lemma 4.3. Further assume that for any s # s’ € [S], KsK% =0, and for each s € [S], denoting

I, = K{(KK)'K, as>  sup  [ILVF(X)].,
X'eX, KX'=0

where VE : X — R% is an arbitrary subgradient oracle, i.e. (VF(X)), € 0f,(z,). If supyegom(r-) G(X, Y3 X*,Y') <

€,
1. X is an (e, €/§)-solution if for each s € [S],

§+as
Rs(ys) > ng s) = - |Ys||*- 20
(ys) (ys) = == KS)IIy I (20)

min(
2. the projected solution ILX is an (e(1 + 1/£),0)-solution if for each s € [S],

. 1 s
%>mzmmzﬂwm:i§%%mm (21)

min

In Lemma[4.3] (and Corollary E.TIbelow), the superscript ccv means { Rg® }s¢g] ({ﬁ%gw}se[s]) are designed
to provide guarantees on the consensus constraint violation, and the superscript prj means {RE™} (g

({ﬁg” }sels)) are designed to provide guarantees the projected solution ITX.
Proof of Lemmal[{.3. First, notice that by the orthogonality of {K}sc[g), for any Y € R

S
(KK*Y)s = KoY Kiye) = KKys, Vs € [S].

s'=1
That is, K K* is diagonal, and so
(KK)Y), = (K.K2)'ys, Vs € [S].
Thus, we can make the following decomposition
s s
K*(KK*) KX =Y KI(K.K)TKX =Y TLX.
s=1 s=1

For convenience, we denote X =1X , and by Lemma [.3]

sup GX,)V;X'Y')<e = F(X)+RKX)<F(X")+e<F(X)+e (22)
Y'’edom(R*)

In addition, using the convexity of F,

S
F(X)—F(X) < —(VF(X),(I -I)X) = - > (VF(X),IL.X)
S _ SZlS
<D ILVEX)| - X <) ag - [TX]. (23)
s=1 s=1

For the first claim, since ||K,X |, > |[I;X||o;; (Ks), with the first condition @0) on R, we have
Ry(KX) > (€ +ay) - |TLX]. (24)
Combining the 22)), (23), and @24)), we get
s s s
£ IMLX|<e = [|(I-I)X[| = | Y IX[ <) LX< e/t

s=1 s=1 s=1
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For the second claim, following a similar argument as above but with the second condition ([ZI) on R, we

get
S

S a. - LX< /e, (25)

s=1

Thus, using ([22), [23)), and (23], we have

F(X)<F(X)+e/§ < F(X")+e/+e.
O

We would like to point out that in 3), (VF(X),II,X) is upper bounded using |[|[VF(X)| - [T X]. A
tighter upper bound could be obtained if one has more information about the set G5 := {II, VF(X'), X’ €
X, KX' = 0}. Indecd, (VF(X),II,X) < SUPg. g, (Gs, I, X), and so the inner product can be bounded
using the support function of the set G;.

4.3.2 Function similarity for general convex functions

The terms {as}¢[s) in Lemma 43 can be viewed as a “decomposition” of the function variation into different
subspaces spanned by (the row spaces of) {K}c[s). To be more concrete, consider the hierarchical setting
presented in Section 2] which satisfies exactly the conditions in Lemma [4.3] due to Lemma 41l Defining

s (i) = “g:((z))“ for i € Chi(s) as a probability measure, and assuming that all norms are ls norms, then by

2 jebes(i) 1
|Des(i)]|
where for a random vector V, we denote Var(V) := E[||V —E[V']||2]. Thus, ||IIsV F||. measures the function
variation among the descendants of different child nodes of Agent(ys), i.e. among {ZjeDes(i) fjl}z'ecm(s)' As
a result, the agents closer to the root of the tree, with more descendants, take care of function variation at

larger scales, but at lower resolution, since for all ¢ € Chi(s), the variation inside {fj’ (x)}jeDes(i) has been

Lemma

ITLVE[|Z = [Des(s)| - Variw,, (), Fi = , i € Chi(s), (26)

taken care of by the dual agents in each sub-tree rooted at 7.
For general but still orthogonal { K }¢[g], as measures the function variation along the span of K. With
this interpretation in mind, we make the following definition regarding function similarity.

Definition 4.1. Assume that for all s # s’ € [S], KK} = 0. We say that the set of functions {fu}vev is
{(as, Ks)}sejs)-similar if there exists a subgradient oracle VF : X — R, i.e. (VF(X)), € 0fy(xy)), such
that for each s € 9],

M, = KK, K)'K,, as> sup ITLVF (X))
X'eX, KX'=0

If S=1 and IIy = I — 11, we abbreviate {(ay, K1)}-similar as ay-similar.

For instance, if S = 1 and all norms are Iy norms, then Assumption 1l requires that II; = I — II, and
one can take ap as )

@@ > s S Nfe) = 3 ful@)lP,
zeX yev v eV
Thus, if || f,(z)]| < My for all v € V,z € X, we can also take a; = 2,/mM;.

Comparisons with existing notions of function similarity. [22] proposes the bounded gradient
dissimilarity for differentiable convex objectives, which coincides with our Definition 1] when S = 1 and
when the objectives are differentiable. For twice differentiable objectives, function similarity is also defined
in terms of differences in Hessians, i.e. |V2f, — V2f,| |48, 124, 4, 22]. For general convex functions which
could be non-differentiable, [4] informally defines it (§-relatedness in their terminology) as the condition that
“subgradients of local functions are at most d-different from each other”. Our Definition [£.1] formalizes this
idea, and extend it to the case where S > 1.
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4.3.3 Requirements on R; without orthogonality

The above Lemma imposes orthogonality assumptions on {K}.c[s). In the more general case where
such assumptions do not hold, one can always view (Pg]) as a problem with only 1 block, with K and R as
the corresponding operator and regularization. Applying Lemma 3] we get the following corollary.

Corollary 4.1. Denoting 41 > supy.cy, gxi—o |(I = I)VF(X')||. where VF : X — R® is an arbitrary
subgradient oracle, i.e. (VF(X))y € 0fo(0). If SUPyscdom(r+) G(X, Y X7, Y") <€,

1. X is an (e,€/€)-solution if for each s € [S],

ACC'U §+a
Ri(ys) > R (ys) = ———

iy el 1)

2. assume that a1 > 0, then the projected solution 11X is an (e(1 + 1/£),0)-solution if for each s € [5],

Dpri (1+8&a
Ry(ys) > R (yy) i= 2% g, 28
(ys) > B (ys) K 19 | (28)
Comparisons with [28] when S = 1. Assume that R¥™ in (8] is used for some constant £ > 0 and
a1 = 2y/mMy, where My (defined below) is an upper bound on the norm of the subgradient oracle f], € df,
(i.e. only one subgradient in the subdifferential for each z € X, v € V). Then, the diameter of dom(R*) is

O(U@]gg)). In 28], it is shown that for ([P;) with R being the characteristic function of {0}, there exists

min

an optimal dual solution ||Y™*| < U‘f__n?;f), where M. ¢ is an upper bound on the norms of all subgradients
g € 0fy: .
My:=  sup lglle = M= sup [ f(@)l]-
z€X, vEV, g€Ify(T) r€X, vEV

Thus, even without function similarity, our ﬁ’f” provides better control over the dual variables, leading to
faster convergence.

4.4 Applying (accelerated) multi-timescale PDHG to distributed optimization

In this section, we present the distributed implementation of Algorithm [ to the primal-dual formulation of
the problem . We first point it out that if the distance generating function wx in the lifted space is
separable, i.e. wx(X) = > .y we,(2y), then the Bregman divergence is also separable, i.e. D(X,X’) =
> wev D@y, 27,). Now revising the updates ([Bc) and (Bal) as well as our proposed multi-timescale updates
(Ga), (@), and the approximation using the generalized communication sliding (&), we see that they are all
decomposable w.r.t. the primal agents, and can be implemented locally by each Agent(z,) without any
communication. More precisely, defining

s s
Qbﬁ (Iv) = fv(Iv) + <Z K:,Uﬂf, :E'u> + an,sD(Iva :1757“), (29)
s=1 s=1
then we require that
05(@h) < dh(,) — (BL 4 m)D(ey,ab) + 8 (), Ve, €, (30)

which can be achieved through the generalized communication sliding procedure applied to each z, locally by
Agent(z,). Thus, the only communication needed for the primal dual updates is to make sure the following
two conditions are met:

e the dual Agent(ys) knows KS)N( is at iteration k = 74is, which can be realized if at the beginning of
iteration k = rgis, each primal agent v computes !y and send it to the dual agent ys, then the dual
agent computes Y o Ky T4
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e the primal Agent(z,) knows Zf 1 K3 ,7" at iteration k; this can be achieved if after each dual update,

the dual agent ys sends y’s —y% ! to all primal agents, then the primal agents can update 25:1 K ny
using K, (ye —yie™").

We provide such implementation in Algorithm[2l and explicitly mark the steps which require communica-
tion in green. Here, we provide few remarks. Notice that in Algorithm [l Agent(y,) calculates ), K, 7%,

and sends y’* —yis 7!, a vector in R":, Agent(z,) calculates K (7% y’sc ') and sends T, a vector in R?. In

fact, there are many task assignment strategies: for instance, K, vxs » can also be computed by Agent(x,),
and the message from Agent(z,) to Agent(ys) will be K ,z%, . This is preferable if Agent(z,) can compute
matrix-vector products faster/at lower cost than Agent(ys); Due to this variability, in the cost analysis
below, we take a “modular” perspective and assume that the cost of updating y, (including all matrix-vector
multiplication and communication) is c¢s.

Algorithm 2 (Accelerated) Multi-timescale PDHG for distributed optimization

Input: {as7is }a {ek}a {nk75}7 {TS-,is}v {TS}a Xinitv yind
Output: Primal dual pair Z N
Initialize (X* |, X* | Y*')  (Xinit Xinit yinit) for o]l k' < 0
for k=0,1,...,N do > implicitly is = |k/rs] for all s € [5]
for s € [S] such that k =0 ( mod r;) do
for v €V such that K, # 0 do
Agent(z,,) computes X’ using (5a) and sends it to Agent(ys)
end for
Dual update: Agent(ys) computes > wev K, »Z% , then updates ys using (5h)

Agent(ys) sends yis —yl==1 (y0 if iy = 0) to Agent(xv) for all v € V such that K, # 0
end for

for v € V do
Primal update: Agent(z,) computes K*Y" where 7= gkl for s € [S], updates (z¥,7%) satis-
fying ([B30)
end for
end for
All Agent(z,) and Agent(ys) computes their components of ZV using (@).

4.5 Convergence for general convex objectives

With additional assumptions specific to distributed optimization, and with proper choices of Ry’s, the duality
gap for 1' can be related to the suboptimality in terms of objective values F' and/or violation of the
consensus constraint for the original problem ([Pg)). Next, we establish such connection.

Corollary 4.2. Assume that all norms are the ly norm, and take y2 = 0, wy, (ys) = 3|ys||?, wa(z) = 3|z,
and wx (X) = ey wa(z0). Assume that conditions of Corollary [3:3 hold, D(X*, X™) < DX, and the
following holds for A specified below
= AV DX
N> 2V3rAVD '
€

K- ]

1. If {fo}vev is ay-similar, take ps = S5 K]
s'=1 s

(a) ﬁ Zszo X" is an (¢, €/€)-solution if Ry = }Afg‘” as defined in [27) (then v2DY = E-H(l}{)) and
A= (ZS+1 51D (€+a1);

mll)(K)
(b) H(NLJrl Zk:o X*) is an (e(1 + 1/€),0)-solution if Ry = RF™ as defined in @8) (then v/2DY =
<1++£(>;1)) and A = (RO zIH(I; -ar

min 9 min
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2. If {fotvev is {(as, Ks)}sc[s)-similar,
(a) ﬁ Eiv:o X* is an (e, €/€)-solution if Ry = R as defined in @20) (then 2D = %}7
pe = () /(T 7550), and A= Y0, (64 a,) - AL
(b) Ty o0l X¥) ds an (e(1+1/€), 0)-solution if Ry = RE™ satisfies (2I) (then v2DY = 8= )
pr = () /(D5 Ly i)y and A= (1+ (X 0 - A,

g_ .
min

min

Thus, the communication round N depends on 7, the weighted average of the rates at which the duals
are updated, as well as A, which measures the function similarities.

Bounds using the Lipschitz constants. Consider the case where || f/|| < M/, and to guarantee that
ﬁ Ziv:o X*is an (e, e/€)-solution, in CorollaryE2, with { f, }yey d1-similar, we can take £ = Gy = 2y/mM;y
which gives the following N1, and with {f,},ev {(as, Ks)}se[s-similar, we can take § = as = 2/mM; for
all s € [S], which gives the following No:

_ _ s
TMpVmDX Yo ||K5||) Ny — O(TMfVmDX v [ K|
‘ oK) ‘ )

min s=1 ~min

N1 = O( ))-

Both Ny and N3 depend linearly in 7. However, when {K}c(g are orthogonal, as discussed in Section
43 o, (K) < of. (Ks) for all s, and so in terms of the rounds of communication N, it appears that
orthogonality allows a more refined (i.e. s-dependent) control over the decomposition of the function variation
and thus the dual domain size, thereby achieving better convergence. In addition, similar to the argument in

Section B2l when the cost of updating ys is ¢s and total cost is additive, one should choose 75 & y/cs/|| K|l

under @;-similarity, and ry o \/cs/(||K5H/a+ (Ks)) under {(as, K)}se)s)-similarity. Similar results hold

min
for H(NLJrl Zszo X*) to be an (e, 0)-solution.
Bounds using the function similarity. In reality, sometimes the functions {f, },cv exhibit similarity.
For instance, in the extreme case f, = f, for all v,v’ € V, and thus communication is not needed at all!
In that case, the bound on supg ., g 5_o [(I = I)VF(X)|| (and other terms using II;) using the Lipschitz

constant My is too loose: in fact, one can choose @1 = as = ¢ for all s for arbitrarily small ¢y > 0, then

when R, are set according to (28) or (ZI)) with constant £, one only needs N = O(< 255:1 rs), which can

be arbitrarily small.
More generally, choosing £ = 1 and setting R according to (28] or (2II), we obtain the following bound
on the rounds of communication following under @;-similarity (N3) and {(as, Ks)}sc[s)-similarity (Ng):

— _ S
Ny = o(YDE ZL I G o VDY s alKll
€ Tnin (K) 7 € —1 Oin (Ks)

Importantly, the number of rounds needed now depends on the function similarity instead of crude
quantities such as Lipschitz constants.

In fact, when S = 1, such dependency is optimal. Indeed, [4] designs a pair of “chain like” functions
{F1, Fy}, such that for any v > 0, {vF1,vF>} is v/1.5y-similar. In addition, when m/2 agents are given
~F; and the rest are give vFy, finding an e suboptimal z (in terms of the objective value) in the Iy unit
ball requires Q(e/im) rounds of communication (see Theorem 2 and the discussions after it in [4]). For our

algorithm, with @; = O(y/my), D* = 1/2, and K = I —1I (and so | K|| = o, (K)), we have N3 = O(ZL).

min €/m
Thus, y; is updated only N3/rq = O(E/Lm) times, which is also the number of actual communication rOL/mds
needed. This achieves the theoretical lower bound, and so is optimal.
The hierarchical setting and function similarity at different scales. In addition, we provide
results when function variations could be different along the span of K for different s € [S]. As an example,
consider the hierarchical setting discussed in Section .2 with the additional assumption that for each non-

leaf layer of the tree, all dual variables in that layer have the same number of child nodes. Then it can be
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shown that || K| = o, (
Ny can be simplified as

K;) = /|Chi(s)|/|Des(s)| (by B2)) in the proof of Lemma 1), so the above bound

_ s

T (e as) - VDX
€

As discussed in Section £.3.2] as measures the function variation along the span of K, i.e. variation in

{fv}vepes(s) not taken care of by Agent(y. ) in the subtree rooted at Agent(y,). In addition, (28] shows that

= [Des(s)] - sup, e Variye, (F;(x)). and 0 py o [Des(s)| - \/Sup, e Varie,, (77:()).
Thus, from the cost-minimization perspective in the discussion in Section [3.2] denoting the cost of
cs/|Des(s)]

SUPgcx Varinp, (i (=)

Ni:O( )s  ps < asy/|Des(s)|.

. This corroborates the intuition that if

updating ys as cs, one should choose rs \/

along some K the function does not vary by too much (Var;,, (f’;) is small), then Agent(y,) does not need
to update ys very frequently (can use larger r).

4.6 Convergence for strongly convex objectives

Good initialization for (P, ). In Corollary B4, assuming that X is compact, then one can always

use DX > sup x e Doyx (X, X™™), suggesting that X ™ should be chosen as the “center” of X, and DX
measures the (squared) radius of X. The resulting N, then, depends on DX. However, such dependence
on the size of X could be suboptimal, especially when local objectives are similar. Indeed, in the extreme
case where all local functions are the same, then primal agents can optimize their local objectives without
communication at all.

To take advantage of potential similarities in the local functions, we propose initializing the primal
variables at (approximate) local optimal solutions, which has the following guarantee on D(X*, X ),

Lemma 4.4. Assume that all norms are the lo norm, and for some ey > 0, X = (Zy)vev € X satisfies the
following condition R
F(X) < min F(X) + €.
Xex

Assume that () holds for some >0 and { f,}vev is {(as, Ks)}se[s)-similar, then

S S
(Zs La“ )1/2 + Zs:l (lg +@

2 w

X = X <

Proof of Lemma[{-4] By the suboptimality condition for X and @), we get
gu)? ~X*|? < F(X) - F(X*) = (VF(X*),X - X*) < ~(VF(X*),X — X*) + €.
Notice that by the first-order optimality condition of X*, we get
(VF(X*),II(X — X*)) > 0.
Combining the above two results, we get

SIX = X7 < ~(VF(X"), (I - I(X = X)) + <

:—ZHVF IL(X — X*)) + e
SZIIH VE(X*)|. - [T(X = X + g
S
ZIIH VEX)2)M2 - O (X = X952 + €
s=1

< <Za§>1/2 X = X + e,
s=1
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where the last < is because of the assumption that {f,}.cv are {(as, K)}se(g-similar, and all norms are I
norm. The above inequality is quadratic in || X — X*||, and the result follows. O

The above Lemma (4] shows that if {Z,},cv are all approximately optimal to local objectives, then

-~ S
D(X*, X) ~ % To find such initialization, one can apply the GS procedure.

Corollary 4.3. Assume that all norms are ly norms and wy(z) = 3||z||%, that [IT) holds with some yu > 0.
For each v € V, assume that Agent(z,) is given some 29 € X such that sup,cy D(z,29) < D* < 00

(L, ity = GS(fs,X,D,T,n,0 20, 2Y),

y Mo )=V =v
2
where the GS procedure uses Ay, B¢ according to Corollary[Ad] (for u > 0), then with eg = a*/u, T > Sceidim
oy = 42
- ~2
D(X* inlt) < 4i
2

where a = ay if {fo}tvev is a1-similar for some a1 > 0, and a = (Ele af)l/Q if {folvev is {(as, Ks)}sels)-
similar such that (ZSSZI a2)l/2 > 0.

Complexities for ([Pg). Combining Theorem 3.5, Corollary 3] Lemma [£3] and Corollary [l we get
the following results.

Corollary 4.4. Assume that all norms are the lo norm, and take y2 = 0, wy,_ (ys) = 5|ys||?, wa(z) = 3|z,
and wx (X) =3 cy Wz (xy). Assume that conditions of Corollaries and[.3 hold and X ™% is initialized
according to Corollary [{-3, and the following holds for Ao, A1 specified below

2FA
N> ZG A= 5 F) + 707/ (7)2)2 - A + Ao,

I

1. If {fo}vev is ay-similar, then take A1 = ay and ps = S”Ki”

> Kl

(a) ekX is an (e, €/€)-solution if Ry = RS as defined in ) (then v2DY = U§+2()) and
S e e o

- R v

(b) H( ZN 9 k) is an (e(1+1/€),0)-solution if Ry = RE"™ as defined in @R) (then 2D = (1+£)a1)

(1+£)(Zf 1K) -ax
and Ag EK) .

9 min

2. If {fv}vev is {(as, Ks)}sers)-similar where as > 0 for all s, then take Ay = (ES a )1/2

s=1"s

(a) ZN ekex is an (e,€/&)-solution if Rs = R’ as defined in ([20) (then v2DY = ﬂ) Ps =

+ (Ks)
as E s arl . .
(%)/( s'=1 # lw)7 a’nd AO 2521(5 as) %)

T min
min min

(b) H(ZNie’;X) is an (e(1 + 1/€),0)-solution if Ry = RP™ satisfies [21) (then v/2D? = m),

as S agr s
ps = () (oo s ye)s and Ao = (14 §)(2L as - A 55).

T min g

Subgradient oracle complexities. With the initialization in Corollary 3] and C' = 1, the number of

M
subgradient steps needed to find X is T > L constant in e.

In addition, in Corollary 3.4l we can take DO = ,and so D1 = %ﬁ Thus, the requirement on T
N 7
becomes T/N > max(\/— %IT) ie. T/N = Q(max( Aﬂf//_a, (%/:)2 -T)), and so the total subgradient steps
needed (for each agent) is
M¢/a Mys/a 72 A2 M¢/a My/a
]\]2'0(11131)((_L/al7 _L/al 2?)):O(T - max _L/al, ﬂ)2F))
r2/7 2T Hye r2/F 2T
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In the special case where S = 1 and |K| = O(o}, (K)), we have @ = Q(A). Further assuming that
— 2
A = O(y/mMy) (which holds when || f/|| < M/ for all v), the above can be simplified as T\/iiwf
Communication rounds complexities. From Corollary £4] the communication rounds needed is

N = O(\/?MATE)’ where A depends on function similarities and higher moments of {7s},¢c(g). In terms of N

and T”’s dependency on €, s, O(1/,/fiy€) communication rounds and O(1/(uye)) gradient steps are needed.

Now, consider the special case where 72 = O((7)?) and r® = O((7)?), i.e. 75 has small variation, then

\/r_3/(7)3 +7(r2/(7)2)2 = O(1), and so A = O(a + Ap), then £ = 1 with RP'"J and RF"™J give the following
N7 and N, respectively

—~ S _ S
Ks KS
Nl -0 rai . Zsrl || H , N2 =0 r X Zas . —’|_| || ,
\Y ey O min (K) \% EHf s=1 O min (KS)

both have linear dependence on 7 and function similarities. (For N3, we use (25521 a?)t/? < Zil as and
1Kl = 03050 (K).) _

Comparison with communication lower bounds. When S = 1 (and so 2 = (7)?), K = [ — II

(and so || K| = o}, (K)), with w,(z) = 1[|z||> and wy, (ys) = &||ys||?, assuming that || f,|| < My, a? < mr?

T /my

VERf

the total number of communication rounds is N/rs = O(

for some v < My, we have N = O( ). Since communication is only needed when Agent(y;) updates,

Vimy
NG
(Theorem 2 and discussion after in [4]) on the communication round complexity for p-strongly convex,

v/m~y-similar functions, and so is optimald.

), which achieves the theoretical lower bound

5 Numerical experiments

Below, we present numerical experiments applying MT-PDHG to linear programming problems (Section
610, and (A)MT-PDHG to distributed Support Vector Machine problems (Section[5.2)). All experiments are
implemented using Python and run on MacBook Air with the M3 chip and 8 cores.

5.1 Experiment: linear programming

In this set of experiments, we apply our MT-PDHG and the vanilla PDHG to simulated linear programming
problems of the form

min ¢7' X, st. AX =b, X >0,

X€R
where A € R™*™ and the rows are divided evenly into S = 6 blocks, with the associated dual blocks updated
in parallel:

s
: T T T
min max c X — A X — , st.X>0.
min o omax ;(ys X —yTh) >

Problem simulation. We simulate ¢; ~ N(0,1) for i € [n], A; ; ~ Uniform([0, 1)) for i € [m],j € [n], all
independently. To ensure the problem is feasible, we simulate X| ~ Uniform([0,1)) for ¢ € [n] independent
of ¢, A, and take b = AX'.

Choice of rates r;. We consider 4 combinations of the updating rates for the dual blocks: 1. ry =1
forall ;2. 11 =r9o =r3 =1and r4y = r5 = rg = 10; 3. rs, = 10 for all s; 4. r, = 50 for all s. These are
denoted in different colors in Figures [3 and [l

Algorithm setups. We use wx(X) = 3| X||* and wy, (ys) = %|lys/|*>. We benchmark our MT-PDHG

against the vanilla PDHG, where at each global iteration &, X is updated as the minimizer to <c—AT?k, X)+
X — X512, with n = ||A||, and at k = i,r, the dual block y, is updated as the minimizer to (K, X% —

6[4] constructs a pair of “chain like” functions {yFy,yF2} which are ©(y)-similar and u-strongly convex. In addition, when

m/2 agents are given vF and the rest are given vF> (and so this set of m functions is ©(y/m-y)-similar), the number of rounds

of communication needed is Q(y /W)
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b,ys) + Zllys — yie 12, where X = 2X*1 — X*¥=2 and 7, = 25| A,||?/n. Thus, there is no mixture of
Bregman divergence and multi-timescale extrapolation. For our MT-PDHG, we use p; = 1/S and the same
1, Ts as above. We initialize X =0 and Y = 0.

Results. We present the KKT residual (|| AX — b+ ||[ATY — ] ||+ [¢" X —bTY]1)'/? for MT-PDHG
and vanilla PDHG, under different combinations of r,.

In Figure B we present the residual as a function of global iteration. As can be seen, our MT-PDHG
is stable under various combinations of updating rates. Interestingly, the vanilla PDHG, even without
mixture of Bregman divergence and multi-timescale extrapolation, still converges when the rates are small
(rate combinations 1, 2, and 3). However, as the yellow lines suggest, when the rates (rs = 50) are large,
our explicit control through the Bregman divergence and the extrapolation helps stabilize the performance.
Moreover, comparing the green and blue curves, which have the same max, r; = 10 but different average r,
which is 5.5 for green but 10 for blue, we see that smaller 7 indeed corresponds to faster convergence rate
(as a function of iteration), demonstrating that our MT-PDHG are robust to extreme values in rs.

In Figure @ we rescale the z-axis of Figure 3 by the total runtime of each configuration. Comparing
MT-PDHG with vanilla PDHG, we observe an additional overhead arising from the computation of the
Bregman mixture and multi-timescale extrapolation, which involves evaluating ) " ps X k=rs and Y X k=i,
However, as m and n grow, this overhead becomes negligible since the runtime is increasingly dominated by
matrix—vector multiplications. We also observe that, approximately, the wall-clock time required to reach
a target accuracy scales with max,rs (instead of 7 for the iteration). We note, however, that this behavior
may depend on implementation details and the underlying computing hardware.
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5.2 Experiment: distributed Support Vector Machine

We consider the Support Vector Machine (SVM) problem with hinge loss and additional regularization.
More precisely, each primal Agent(z,) is given mg pairs {(bl,,y.)}ic[m.] such that b, € R? is a feature vector

s

satisfying [|b}|| = 1, and y! € {#1} is the label. The goal of SVM is to find a weight vector x € R? such
that the linear classifier b — sign(({b, z)) agrees with most pairs (b}, y!) in the dataset. To achieve this, one
common approach is to solve the following (regularized) hinge loss minimization problem (in a distributed
fashion)[28, [19]:

min 3 fol@), fole) = — S -yt + B, v eV, (31)

zEX veV Ms =1
In this experiment, we use the w8a dataset in LIBSVM |[16], which consists of 49749 samples, and the feature
dimension is d = 300. We first normalize the features ||b}|| = 1 for all data, and take X = {z € R?|||z|| < 5}.
When p = 0, (3) is the classical hinge loss minimization problem, and when p > 0, the local objectives are
p-strongly convex.
Setup. We take w,(z) = 3||z[|* and wy, (ys) = 3ys[*, and

1 &
folw) = =—> b, - 1[1 > (b)) + pa.
S =1

Since [|bL|| < 1 and ||z|| <5 (since x € X), we have || f/|| < 1+ 5u and so we can take M = 2(1 + 5p).

k Tk’
Below, we look at the suboptimality of F(ILX*) where X* := Z%f#k;x.
k!=0"k'

5.2.1 Suboptimality and k,7

In this experiment, we investigate the suboptimality of F(ITX k) as a function of the iteration number k and
the mean updating rates for the dual 7.

Communication setup. We consider the hierarchical setup, with 3 layers of dual agents and 1 layer
of primal agents, where each non-leaf node has 5 child nodes. Thus, there are m = 125 primal agents and
S = 31 dual agents, and |Chi(s)| = 5 for each non-leaf node. We assume that the dual agents at layer i are
updated with rate r; for ¢ = 1,2,3, and test with various (r1,72,73). We divide the data set evenly among
the primal agents.

Algorithm setup. Notice that the pz part in f], is common to all v so we can take a5 = 24/|Des(s)|
for all s. We use RP™ as defined in (1) with & = 1, and set /" = 0 and y"* = 0. We test MT-PDHG
for N +1 = 3000 and p = 0. All parameters are set according to Theorem B.Il We test AMT-PDHG for
N +1 =500 and u = 0.01. We set T = N + 1 for simplicity, and set all other parameters according to
Theorem

Results. In Figures B we present F(IIX*) — F* as a function of k for MT-PDHG and AMT-PDHG
respectively, where F'* is the minimum value among all iterations of all algorithm configurations plus 0.001
(as the y-axis is in the log scale).

Different lines correspond to different (rq,r2,73,7), with the line colors indicating 7, and the line with
starred markers can serve as the benchmark: when all r; = 1, our (A)MT-PDHG has the same updating
rules as the classical PDHG.

From the figures, we see that under all settings of (r1,rq,73,7), our (A)MT-PDHG converge or show
trend of convergence, and the convergence is faster for smaller 7. In addition, comparing the two figures in
Figure [, we see that strong convexity (with AMT-PDHG) indeed accelerates the convergence.

5.2.2 Suboptimality and costs of communication

To further demonstrate the potential benefit of using different updating rates, we rescale the lines in the
left plots of Figure [ based on Amortized Costs (AC): since each of the 571 dual agents at layer i is
updated every r; global iteration and each iteration costs c;, the average cost per global iteration becomes
AC := ¢1/r1 + 5ca/ra + 25¢3/r5. In Figures [0 and [7] we rescale the z-axis in Figure Bl using AC for each
combinations of rs, and the resulting plots reflect the objective values as a function of the costs. In addition,
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Figure 5: Dependence of F(ILX*) on the iteration number k and the mean updating rate 7 for MT-PDHG
(u=0) (left) and AMT-PDHG (u = 0.01) with communication sliding. Legends represent (r1,73,73,7) and
line colors represent 7.

we use different markers to represent the ratio ry : 79 : r3: circle for 1: 1 : 1, triangle for 3 : 2 : 1, and star
for1:2:3.

From Figure[6l we see that the convergence rate for fixed (c1, ¢2,¢3) depends on the ratios of (r1,r2,73),
as the lines with the same ratio (marker type) coincide. In addition, when the costs vary significantly, there
is significant benefit of choosing the rates adaptive to the costs. For instance, in the middle two figures, with
large ¢1 or co, MT-PDHG is more cost-efficient when r1,rs are large (as then dual agents in top two layers
of the tree are updated less frequently). Indeed, lines with star markers show a faster rate of convergence.

For AMT-PDHG, as suggested by our convergence results in Corollary [44] the convergence rates have a
more complicated dependency on 7. From Figure[7 the relative level of (r1,72,73) does not determine the
convergence rates any more. However, the results still agree with the general intuition that with larger c;
or cg, it’s more cost-efficient to choose relatively large r; or ra.
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Figure 6: MT-PDHG (1 = 0), dependence of F(ILX*) on the costs. Legend represents (r1,rs,73,7, AC)
where the amortized cost AC := ¢1/r1 + 5ea/ra + 25¢3/r3. The marker indicates the ratio 1 : ro @ r3: circle
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Figure 7: AMT-PDHG (1 = 0.01), dependence of F(IIX*) on the costs. Legend represents (71,79, 73,7, AC)
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5.2.3 Suboptimality and &, A

In this experiment, we use 1% of the w8a dataset. We assume that there is only one dual agent (thus
A = ©O(a1)) who updates at rate r; = 1, and there are m = 10 primal agents. We focus on (normalized)
F(IIX*) as a function of k and function similarities a;.

Dataset induced function similarities. In this experiment, similarities between { f/},cv are inherited
from similarities in the local datasets. More precisely, there is a global dataset {(blglobal, ylglobal)}le[mglobal] con-

sisting of mgopar pairs of data. In addition, each agent has myocq; pairs of private data {(b%ocal’v, yllocal,v)}lE[

Miocall”
Thus, Agent(xv) has access to {(bﬁ]lobal7y_lqlobal)}le[mglobal] U {(béocal,iﬂyllocal,'u)}le[mzocal]’ a total of ms =
Mglobal + Miocal pairs of data.

More concretely, the global dataset consists of H(lnzijm fraction of the data, and the rest of the data is
divided evenly among m primal agents as local data. Thus mjocq; = yms. We test v =0.1,0.2,...,0.8. Due
to the global dataset, we have || f, — f, || < *el for any v,v’ € V, and so we take a; = 2vy/m.

Algorithm setup. We consider two setups.

1. Type-0 setup. We use Ry = RP"™J as defined in I)) with £ = 1, and y** = 0. We set the parameter
T = N + 1 and all other parameters are set according to Theorems B and For the initialization,
for MT-PDHG, we use 2" = 0 and for AMT-PDHG, we use 2° = 0 and construct 2" according to
Corollary

2. Type-1 setup. In addition to the above y-aware setup, we also test our algorithms for R, = 10000 RE"™,
a1 = 2y/m, and z"" = 0, which we denote as type-1 setup. Compared to type-0, type-1 has larger
dual domain size and ignores the function similarities. Thus, it can serve as an approximation to the
DCS algorithms in [2§].

For both types of setups, we test MT-PDHG for N + 1 =500 and ¢ = 0 and AMT-PDHG for N + 1 = 200
and p = 0.01. Since the datasets are different for different -, below, for each v, we normalize F'(IIX k) such
that F(0) = m = 500 is normalized to 1, and the minimum (over k and two types) of F(ILX") is normalized
to 0.

Results. In Figure 8 we present the normalized F(IIX") as a function of k for MT-PDHG and AMT-
PDHG respectively. Different lines correspond to different types of setup and different v, with the line colors
indicating . As can be seen, our MT-PDHG and AMT-PDHG converge in all the tested settings, and strong
convexity (with AMT-PDHG) accelerates the convergence.

Moreover, for MT-PDHG, from the left figure in Figure [ solid curves — representing y-aware setup — are
converging faster than the dotted curves, In addition, as v decreases — global dataset takes a larger fraction —
the algorithm converges faster. These demonstrate that our proposed function similarity dependent penalties
indeed take advantage of the function similarities to speed up the convergence.

For the AMT-PDHG, from the right figure in Figure 8 one can see that similarity helps speed up the
convergence for both types of setups. We leave it to future works to investigate if the conditions on the
penalty levels are necessary for function-similarity dependent convergence rates when the local objectives
are strongly convex.
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Figure 8: Dependence of normalized F'(TIX k) on the iteration number k and function similarities ~y. Left:
MT-PDHG (g = 0). Right: AMT-PDHG (u = 0.01). Legends represent (type of setup,v) and line colors
represent .
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6 Conclusion and future direction

In this work, we propose the (accelerated) multi-timescale PDHG algorithms for saddle point problems
with block-decomposable duals. Our (A)MT-PDHG allows arbitrary updating rates for dual blocks while
remaining fully deterministic and robust to extreme delays in dual updates. We further apply (A)MT-PDHG
to distributed optimization and demonstrate how the flexibility in choosing the updating rates could help
improve the overall algorithm efficiencies in heterogeneous environments.

To make the algorithms more practical, one direction of future work is to develop more space-efficient
algorithms: currently each primal agents need to store O(rmax) vectors in R%, which are used as mixtures of
proximal centers and when calculating messages to dual agents. It is an interesting question whether one can
achieve similar convergence guarantees with smaller memory requirement. Another promising direction is
to extend the multi-timescale update mechanism to a broader class of algorithms, including those for saddle
point and more general optimization problems.
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Generalized gradient sliding procedure

In Algorithm B, we provide the generalized gradient sliding procedure. Then we provide the proofs of its
properties.
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Algorithm 3 Generalized gradient sliding procedure

Input: The sequences {3;} and {\:}, ¢’ : U — R% a subgradient oracle for ¢.
Output: (u”,a7) = GS(¢,U,D,T,(n:)icz,v, (Ti)icr, v""), an approximate solution to

.(b 1 7/
min ®(u) := (v, u) + ¢(u +;n u, 7;

(UO,QO) — (xinit znzt) n Z’LGI i
fort=1,...,7T do

ut = argmin(o + ¢/ ('), u) + 3" Do 21) + 0B Doty ')
u€v ieT

end for

T T
=MD aul
t=1 t=1

Lemma A.1 (generalized lemma 5 in [28]). Let the convex function q : U — R, and T an arbitrary finite
index set. Assume that the points x; € U and the numbers n; > 0 fori € Z. Let w : U — R be a distance
generating function and

u* € argmin g(u —l—Zm u, xl
uelU ieT

Then for any uw € U, we have
u?) + Y niD(u’, ) < qlu)+ Y mD(u, ) = > niD(u,u”)

ieT ieT €T
Proof of Lemma[Adl First, by the optimality condition for u*, there exists ¢'(u*) € dq(u*) such that

(¢ (u*) + ZmVD(u*,:ci),u —u*) >0, Vuel.

i€T
By definition, we have for each i € Z that
D(u,x;) — D(u*,x;) — D(u,u*) = (Vw(z;) — Vw(u*),u —u*y = —(VD(u*, z;),u — u*)
Thus, we have for any u € U,
ieT
Zq(u )+< ( U’_u +ZT]Z u y L +Dw(uaU*)_<VD(U’*7:EZ)7U’_U*>)

i€l
(U*) + Z niD(U*v xl) + Z niD(uv U*)
i€l i€l

Lemma A.2. Assume that U C R% is a convex set, and ¢ : U — R is a convexr function such that
I
Slz—yll* < 6(z) = b(y) = (' (v),x —y) < Mz =y, Va,y €U,

where ¢ : U — RY is a subgradient oracle, i.e. for eachy € U, ¢'(y) € 0¢(y) is a subgradient. In addition,
Dy (z,2') < & 5|z —2'||? for some C € [0,00]. If {B;} and {/\t} in Algorithm [3 satisfies that

Ar1(MBir1 — p/C) < M(1+ Br)n, VE> 1,

36



then fort > 1 and u € U

M2\,

T
O M) - (@@") = ®(u) < (B — 1/C)\D(u,u) = (1 + Br)ArD(u, u” +Z T
t=1

t=1

Proof of LemmalA.2. Applying Lemma [A.T] and using >, .7 7; = 1, we have

0+ ¢ W), ul —u) + Y mD @) = niD(u, ;)
i€l i€l
< nBeD(u,u' ™) = 0B D(u',u' ™) — (1 + Bi)nD(u, u')

The rest follows a similar argument as in the proof of Proposition 2 [2§].

As a corollary to Lemma [A.2] we have the following performance guarantee.

Corollary A.1. Assume that U C R% is a convex set, and ¢ : U — R is a convex function such that
"
Sz =yll* < 6(2) = 6(y) = (' (W), —y)) < Mz —yll, Va,yel,

where ¢' : U — R is a subgradient oracle, i.e. for each y € U, ¢'(y) € 0¢(y) is a subgradient. With
A=t+1and p; = % fort > 1, we have for any u e U

(0, =)+ 0(7") = 9(0) < s D™ +;m u,)
(T+1)(T+2) AM?
T Trwy P ;m ) iy

Further, if u > 0, and Dy (z,2") < %H:z: —a'||? for some C' < oo, then denoting n =3, 7 n:, setting Ay =t
and By = (Gau /T t L we have for any u € U,

2nC
(0, 8" —u) + (@) = p(u) <Y mD(u,x;) = Y mD@", x;)
i€L €T
() DluT) + Al iﬁ
O 77 7 T—|—1 pot ﬁt,

2M? /n Ae 4CM?
and 7 T(T+1) Zt 18, = #(T+1)

B Proof for Section

Proof of Lemma[f.1. Ford = 1, the matrix representation of K € RIh(=)1xm jg i — (1—-1( igzzggb echi(s)) Ds

where P, € RICN()Ixm and P, (i, 5) = |Des(i)|~! if j € Des(i) and Ps(4,5) = 0 otherwise. Notice that

|Des(j)|
|Des(s)]

|Des(j)]

KK =(-1 1 T
s ( ( |Des( )|)j€ChI(S))

)jechi(s) ) Ps I (I = 1(

If s is not in the subtree rooted at s’ and s’ is not in the subtree rooted at s, then Des(s)NDes(s’) = ), and so
P,PT = 0. If s is in the subtree rooted at s', then s is in the subtree rooted at some 5 € Chi(s’). In particular,

s =

(PPT)(i,5) = 0 for all j # 5 and (P,PT)(i,5) = [Des()|", and thus (I — 1(I3=Bh), i) ) P PY = 0.

Similarly for the case when s’ is in the subtree rooted at s. The case when d > 1 follows by applying the
above argument coordinate-wise.
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For the second claim, consider the case d = 1, denoting

D = diag((|Des(5)|)jechi(s)), v = (IDes(j)]) ecnics)/ I(IDes(d)]) jechics) |2,

where the norm in the denominator in the definition of v is the l; norm. Then when d = 1, we have (applying
Theorem 6 in [31])

1
K,K*=D7'— 117, (K.K})" = D —vw"D — Duw™ + (o7 Dv)woT. (32)
s |Des(s)] s

Thus, noticing that v7 K, = 0, we have
I, = KX(K,K))'K, = K'DK,.
Thus, for any )Z', X eRrm

(X,IL,X) = (ILX, LX) = (K.X)"D(K,X) = Y |Des(i)| - (K. X);, (K. X)s).
1€Chi(s)

The above argument can be applied coordinate-wise, and so extend to d > 1. O
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