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Abstract. We focus on the problem of minimizing the sum of smooth component functions
(where the sum is strongly convex) and a nonsmooth convex function, which arises in regularized
empirical risk minimization in machine learning and distributed constrained optimization in wireless
sensor networks and smart grids. We consider solving this problem using the proximal incremental
aggregated gradient (PIAG) method, which at each iteration moves along an aggregated gradient
(formed by incrementally updating gradients of component functions according to a deterministic
order) and takes a proximal step with respect to the nonsmooth function. While the convergence
properties of this method with randomized orders (in updating gradients of component functions)
have been investigated, this paper, to the best of our knowledge, is the first study that establishes
the convergence rate properties of the PIAG method for any deterministic order. In particular, we
show that the PIAG algorithm is globally convergent with a linear rate provided that the step size
is sufficiently small. We explicitly identify the rate of convergence and the corresponding step size
to achieve this convergence rate. Our results improve upon the best known condition number and
gradient delay bound dependence of the convergence rate of the incremental aggregated gradient
methods used for minimizing a sum of smooth functions.
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1. Introduction. We focus on composite additive cost optimization problems,
where the objective function is given by the sum of m component functions f;(z) and
a possibly nonsmooth regularization function r(z):

(1.1) min F(x) £ f(z) +r(z),
rER™

and f(z) =L 3" f;i(x). We assume each component function f; : R" — (—00,00)
is continuously differentiable and the sum of the component functions f is strongly
convex, while the regularization function r : R — (—o00, 00| is proper, closed, and
convex but not necessarily differentiable. This formulation arises in many problems
in machine learning [19,37,42], distributed optimization [13,24,25,32], and signal pro-
cessing [8,11,14]. Notable examples include constrained and regularized least squares
problems that arise in various machine learning applications [9, 30, 41], distributed
optimization problems that arise in wireless sensor network [28,35] as well as smart
grid applications [15,16] and constrained optimization of separable problems [2,31].
An important feature of this formulation is that the number of component functions
m is large, hence solving this problem using a standard gradient method that involves
evaluating the full gradient of f(z), i.e., Vf(z) = L 3" Vf;(z), is costly. This mo-
tivates using incremental methods that exploit the additive structure of the problem
and update the decision vector using one component function at a time.
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When r is continuously differentiable, one widely studied approach is the incre-
mental gradient (IG) method [2,27,36]. The IG method processes the component
functions one at a time by taking steps along the gradient of each individual func-
tion in a sequential manner, following a cyclic order [39,40] or a randomized or-
der [18,33,40]. A particular randomized order, which at each iteration independently
picks a component function uniformly at random from all component functions, leads
to the popular stochastic gradient descent (SGD) method. While SGD is the method
of choice in practice for many machine learning applications due to its superior empir-
ical performance and convergence rate estimates that do not depend on the number of
component functions m, its convergence rate is sublinear, i.e., an e-optimal solution
can be computed within O(1/¢) iterations, where a vector x € R™ is an e-optimal
solution if F(z) — F(z*) < € and z* is the minimizer of F. In a seminal paper,
Blatt et al. [6] proposed the incremental aggregated gradient (IAG) method, which
maintains the savings associated with incrementally accessing the component func-
tions, but keeps the most recent component gradients in memory to approximate the
full gradient V f(z) and updates the iterate using this aggregated gradient. Blatt
et al. showed that under some assumptions, for a sufficiently small constant step
size, the IAG method is globally convergent, and when the component functions are
quadratics it achieves a linear rate. Two recent papers, [34] and [17], investigated the
convergence rate of this method for general component functions that are convex and
smooth (i.e., with Lipschitz gradients), where the sum of the component functions
is strongly convex. In [34], the authors focused on a randomized version, called the
stochastic average gradient (SAG) method (which samples the component functions
independently, similarly to SGD), and showed that it achieves a linear rate using a
proof that relies on the stochastic nature of the algorithm. In a more recent work [17],
the authors focused on deterministic IAG (i.e., component functions processed using
an arbitrary deterministic order) and provided a simple analysis that uses a delayed
dynamical system approach to study the evolution of the iterates generated by this
algorithm.

While these recent advances suggest IAG as a promising approach with fast con-
vergence rate guarantees for solving additive cost problems, in many applications
listed above, the objective function takes a composite form and includes a nonsmooth
regularization function r(z) (to avoid overfitting or to induce a sparse representation).
Another important case of interest is smooth constrained optimization problems which
can be represented in the composite form (1.1), where the function r(z) is the indicator
function of a nonempty closed convex set.

In this paper, we study the prozimal incremental aggregated gradient (PIAG)
method for solving composite additive cost optimization problems. Our method com-
putes an aggregated gradient for the function f(z) (with component gradients evalu-
ated in a deterministic manner at outdated iterates over a finite window K, similar
to IAG) and uses a proximal operator with respect to the regularization function r(z)
at the intermediate iterate obtained by moving along the aggregated gradient. Under
the assumptions that f(z) is strongly convex and each f;(x) is smooth with Lips-
chitz gradients, we show the first linear convergence rate result for the deterministic
PTAG and provide explicit convergence rate estimates that highlight the dependence
on the condition number of the problem (which we denote by @) and the gradient de-
lay bound K over which outdated component gradients are evaluated. In particular,
we show that in order to achieve an e-optimal solution, the PIAG algorithm requires
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O(QK log(1/e)) iterations.! This result improves upon the condition number and gra-
dient delay bound dependence of the deterministic IAG for smooth problems; see [17],
where the authors proved that to achieve an e-optimal solution, the IAG algorithm
requires O(Q?K?log(1/e€)) iterations. We also note that three recent independent
papers [12,21,26] have analyzed the convergence rate of the prox-gradient algorithm
(which is a special case of our algorithm with K = 0, i.e., where we have access
to a full gradient at each iteration instead of an aggregated gradient) under strong
convexity-type assumptions and provided linear rate estimates. As we highlight in
Remark 3.6, our analysis can be extended to nonstrongly convex settings using similar
assumptions as in [12,21,26] (such as quadratic functional growth or an error bound
condition). Our rate estimates for the PIAG algorithm with K > 0 matches the
condition number dependence of the prox-gradient algorithm provided in [12,21,26].
Furthermore, for the case in which K = 0 (i.e., for the prox-gradient algorithm), the
rate estimates obtained using our analysis technique has the same condition number
dependence as the ones presented in [12,21, 26].

Our analysis uses function values to track the evolution of the iterates generated
by the PIAG algorithm. This is in contrast with the recent analysis of the IAG algo-
rithm provided in [17], which used distances of the iterates to the optimal solution as a
Lyapunov function and relied on the smoothness of the problem to bound the gradient
errors with distances. This approach does not extend to the nonsmooth composite
case, which motivates a new analysis using function values and the properties of the
proximal operator. Since we work directly with function values, this approach also
allows us to obtain iteration complexity results to achieve an e-optimal solution.

In terms of the algorithmic structure, our paper is related to [9], where the au-
thors introduced the SAGA method, which extends the SAG method to the composite
case and provides a linear convergence rate result with an analysis that relies on the
stochastic nature of the algorithm and does not extend to the deterministic case. In
particular, the SAGA method samples the component functions randomly and inde-
pendently at each iteration without replacement (in contrast with the PIAG method,
where the component functions are processed deterministically). However, such ran-
dom sampling may not be possible for applications such as decentralized information
processing in wireless sensor networks (where agents are subject to communication
constraints imposed by the network topology and all agents are not necessarily con-
nected to every other agent via a low-cost link [28]), motivating the study of the
deterministic PTAG method. In addition to being a natural order for such appli-
cations, deterministic orders are also important to consider since their analysis for
incremental methods could be the key for understanding the convergence behavior
of general component function sampling schemes [18]. In [9], the authors prove that
to achieve a point in the e-neighborhood of the optimal solution, SAGA requires
O(max(Q, K)log(1/e€)) iterations, where a vector x € R” is in the e-neighborhood
of an optimal solution z* if ||z — z*|| < e. However, note that this result does not
translate into a guarantee in the function suboptimality of the resulting point because
of lack of smoothness. Furthermore, the choice of Lyapunov function in [9] requires
each f;(x) to be convex (to satisfy the nonnegativity condition), whereas we do not
need this assumption in our analysis.

A recent and independent work [1] also studied the convergence rate of the PIAG
algorithm. Similar to [9,17], the authors used the distance to the optimal solution

IThe actual dependence on K is O(QK log(1/¢)), and hence, for the K = 0 case, iteration

complexity reduces to O(Q log(1/€)).

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.



Downloaded 06/13/18 to 18.9.61.112. Redistribution subject to SIAM license or copyright; see http://www.siam.org/journal s/ojsa.php

GLOBAL CONVERGENCE RATE OF PIAG METHODS 1285

as a Lyapunov function and proved linear convergence results. In particular, the
authors proved that to achieve a point in the e-neighborhood of the optimal solution,
PIAG requires O(QK?log(1/¢)) iterations. Similar to [9], this convergence rate on
distances does not translate into a linear convergence rate in function suboptimality as
the problem (1.1) is not smooth. Furthermore, the dependence of the convergence rate
on the gradient delay bound is quadratic in [1], whereas we prove a linear dependence
in this paper.

Our work is also related to [39], where the authors proposed a related linearly
convergent incrementally updated gradient method for solving the composite additive
cost problem in (1.1) under a local Lipschitzian error condition (a condition satisfied
by locally strongly convex functions around an optimal solution). The PIAG algo-
rithm is different from the algorithm proposed in [39]. Specifically, for constrained
optimization problems (i.e., when the regularization function is the indicator function
of a nonempty closed convex set), the iterates generated by the algorithm in [39] stay
in the interior of the set since the algorithm in [39] searches for a feasible update
direction. On the other hand, the PIAG algorithm uses the proximal map on the
intermediate iterate obtained by moving in the opposite direction of the aggregated
gradient, which operates as a projected gradient method and allows the iterates to be
on the boundary of the set. Aside from algorithmic differences, [39] does not provide
explicit rate estimates (even though the exact rate can be calculated after an elabo-
rate analysis, the dependence on the condition number and the window length of the
outdated gradients is significantly worse than the one presented in this paper). Fur-
thermore, the results in [39] provide a K-step linear convergence, whereas the linear
convergence results in our paper hold uniformly for each step.

Other than the papers mentioned above, our paper is also related to [5], which
studies an alternative incremental aggregated proximal method and shows linear con-
vergence when each f;(x) and r(z) are continuously differentiable. This method forms
a linear approximation to f(z) and processes the component functions f;(x) with a
proximal iteration, whereas our method processes f;(x) based on a gradient step.
Furthermore, our linear convergence results do not require the differentiability of the
objective function r(z) in contrast to the analysis in [5].

Several recent papers in the machine learning literature (e.g., [9, 10, 20, 22, 23]
and references therein) are also weakly related to our paper. In all these papers, the
authors proposed randomized order algorithms similar to the SAG algorithm [34] and
analyzed their convergence rates in expectation. In particular, in [10], the authors
proposed an algorithm, called Finito, which is closely related to the SAG algorithm
but achieves a faster convergence rate than the SAG algorithm. These ideas were then
extended to composite optimization problems with nonsmooth objective functions (as
in (1.1)) in [9,23]. In particular, in [23], a majorization-minimization algorithm, called
MISO, was proposed to solve smooth optimization problems and its global linear
convergence was shown in expectation. In [22], the ideas in [23] were then extended
for nonsmooth optimization problems using proximal operators. Similarly, in [20], a
variance reduction technique was applied to the SGD algorithm for smooth problems
and its global linear convergence in expectation was proven.

The rest of the paper is organized as follows. In section 2, we introduce the PIAG
algorithm. In section 3, we first provide the assumptions on the objective functions
and then prove the global linear convergence of the proposed algorithm under these
assumptions. We conclude the paper in section 5 with a summary of our results.
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2. The PIAG algorithm. Similar to the IAG method, at each iteration k, we
form an aggregated gradient, which we define as

1 m
L - E )
gk = m v Vfl(m'ri,k)7

where V fi(x,, ) represents the gradient of the ith component function sampled at
time 7; ;. We assume that each component function is sampled at least once in the
past K > 0 iterations, i.e., we have

k—K<rp<k Vie{l,...m}

This condition is typically satisfied in practical implementations of the deterministic
incremental methods. For instance, if the functions are processed in a cyclic order, we
have K = m — 1 [18,39]. On the other hand, K = 0 corresponds to the case in which
we have the full gradient of the function f(z) at each iteration (i.e., gy = Vf(zx)) and
small K may represent a setting in which the gradients of the component functions
are sent to a processor with some delay upper bounded by K.

Since the regularization function r is not necessarily differentiable, we propose
to solve (1.1) with the proximal incremental aggregated gradient (PIAG) method,
which uses the proximal operator with respect to the regularization function at the
intermediate iterate obtained using the aggregated gradient. In particular, the PIAG
algorithm, at each iteration k > 0, updates x; as

(2.1) Tp41 = Prox; (zx — ngr),

where 7 is a constant step size and the proximal mapping is defined as follows:
n 1 2
(2.2) prox;!(y) = argmin ¢ o ||z —y[|” +nr(z) .
zER™ 2

Here, we define ¢(z) £ 3 ||z — y|I>+nr(x) and let d¢(z) denote the set of subgradients
of the function ¢ at x. Then, it follows from the optimality conditions [4] of the
problem in (2.2) that 0 € 0¢(xk+1). This yields zx+1 — (2 — ngr) + nhgy1 = 0 for
some hy41 € Or(xg+1). Hence, we can compactly represent our update rule as

(2.3) Tpt1 = T + 1di,
where dj, £ —gk — hi41 is the direction of the update at time k.

3. Convergence analysis.

3.1. Assumptions. Throughout the paper, we make the following standard as-
sumptions.

Assumption 3.1 (Lipschitz gradients). Each f; has Lipschitz continuous gradi-
ents on R™ with some constant L; > 0, i.e.,

IVfi(z) = Vi)l < Li |l = yl|

for any z,y € R™.2

2If a function f has Lipschitz continuous gradients with some constant L, then f is called L-

smooth. We use these terms interchangeably.
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Defining L £ L 3™ ;) we observe that Assumption 3.1 and the triangle in-
equality yield

IVf(z) = Vi)l < Lz —yll

for any z,y € R", i.e., the function f is L-smooth.

Assumption 3.2 (subdifferentiability). The regularization function r : R™ —
(—o00,00] is proper, closed, convex, and subdifferentiable everywhere in its effective
domain, i.e., r(x) # 0 for all z € {y € R™ : r(y) < oo}

Assumption 3.3 (strong convexity). The sum function f is p-strongly convex on
R™ for some p > 0, i.e., the function z — f(z) — § ||| is convex.

A consequence of Assumptions 3.2 and 3.3 is that F' is strongly convex, and hence
there exists a unique optimal solution of problem (1.1) [29, Lemma 6], which we denote
by x*.

We emphasize that these assumptions hold for a variety of cost functions including
regularized squared error loss, hinge loss, and logistic loss [7] and similar assumptions
are widely used to analyze the convergence properties of incremental gradient methods
in the literature [3,5,9,17,34]. Note that in contrast with many of these analyses, we
do not assume that the component functions f; are convex.

3.2. Rate of convergence. In this section, we show that the PIAG algorithm
attains a global linear convergence rate with a constant step size provided that the
step size is sufficiently small. We define

(3.1) Fy & F(xy) — F(z%),

which is the suboptimality in the objective value at iteration k. In our analysis, we will
use Fj as a Lyapunov function to prove global linear convergence. Before providing
the main theorems of the paper, we first introduce three lemmas that contain key
relations in proving these theorems.

The first lemma investigates how the suboptimality in the objective value evolves
over the iterations. In particular, it shows that the change in suboptimality Fy41 — F%
can be bounded as a sum of two terms: The first term is negative and has a linear
dependence in the step size 7, whereas the second term is positive and has a quadratic
dependence in 7. This suggests that if the step size n is small enough, the linear term
in 1 will be dominant guaranteeing a descent in suboptimality.

LEMMA 3.4. Suppose that Assumptions 3.1 and 3.2 hold. Then, the PIAG algo-
rithm in (2.1) yields the following guarantee:

k—1

1 L
(3.2) Frn SFk—§n||dk||2+772§ Z [EAlk
J=(k—K)+

for any step size 0 < n < m

Proof. We first consider the difference of the errors in consecutive time instances
and write

F(wkt1) — F(zr) = f(wp1) — f(r) +r(@p1) — 7(zr)

L
<(Vf(ar), 2rp1 — 2p) + 3 g1 — 2l + r(2g1) — (),
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where the inequality follows from the Taylor series expansion of f around z; and since
the Hessian of f at any point is upper bounded by L by Assumption 3.1. Using the
update rule zyy1 = ) + ndy in this inequality, we obtain

Flani) = Fax) < n{Vf(n)sdi) + 75 el + ransa) - rlan)
= (7 £ (k) — gk i) + 7 1l 2+ g ) + () = ()
< IV $ o) = gil 1l + 7 el el = i, de)
+7r(zpt1) — r(xg)
= 0119 o) = gl lasl|+ 1 (1 = 1) Dl + (e, = )
+ 7(@pt1) — (k)
(33 <lI97) = gl el + 1 (g 1) sl

where the second inequality follows by the triangle inequality and the last inequality
follows from the convexity of r.

The gradient error term in (3.3), i.e., ||V f(xx) — gx||, can be upper bounded as
follows:

V7 @) — gell < = S (Vi) = Ve,
=1

1 m
RS YA EAE
i=1
k—1

;ZL > nlld]

J=Tik

IN

IN

k—1
(3.4) <nL > |ldll,
J=(k—K)+

where the first and third inequalities follow by the triangle inequality, the second
inequality follows since each f; is L;-smooth and the last inequality follows since
Ti.k > k — K. Using (3.4) we can upper bound (3.3) as follows:

k—1
L
Flon) = Fla) < (w5 = 1) Il 422 S0 Il
J=(k—K)+
L(K +1) L =
2 2
e LR S
J=(k—K)4
n L k—1
2 2
(3.5) <—glldll+*5 D2 4P,
J=(k=K)4

where the second inequality follows from the arithmetic-geometric mean inequality,
e, ||d;]||ldi]] < é(HdJH2 + ||di|[*) and the last inequality follows since 0 < 7 <
1

EsIk This concludes the proof of Lemma 3.4. ]
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We next introduce the following lemma, which can be viewed as an extension of
[38, Theorem 4] into our framework with aggregated gradients. We provide a simplified
proof compared to [38] with a tighter upper bound. This lemma can be interpreted
as follows. When the regularization function is zero (i.e., r(z) = 0 for all x € R™)
and we have access to full gradients (i.e., K = 0), this lemma simply follows from the
strong convexity of the sum function f since ||z — z*|| < i [IVf(zr) — Vf(z*)|] and
Vf(xz*) = 0 due to the optimality condition of the problem. The following lemma
indicates that even though we do not have such control over the subgradients of the
regularization function (as the regularization function is neither strongly convex nor
smooth), the properties of the proximal step yield a similar relation at the expense
of a constant of 2 (instead of 1 compared to the r(z) = 0 case) and certain history
dependent terms (which arise due to the incremental nature of the PIAG algorithm)
that has a linear dependence in step size . This lemma will be a key step in the
proof of Lemma 3.7, where we illustrate how the descent term in Lemma 3.4 relates
to our Lyapunov function.

LEMMA 3.5. Suppose that Assumptions 3.1-3.3 hold and let Q = L/ denote the
condition number of the problem. Then, the distance of the iterates from the optimal
solution is upper bounded as

k—1
. 2
Hl'k—$||§;”dk”+277Q > lldsl]
J=(k—K)+

forany k>0 and0<n§%.
Proof. Define
dj, & argmin{g IV f(zr) + d|*> +r(zp + nd)} ,

deRr?
as the direction of update with the full gradient. The nonexpansiveness property of
the proximal map implies

Iprox(z) — prox! (y)][* < (proxi(z) — prox!(y), = — y).
Putting = = x, — nV f(xx) and y = z* — nV f(z*) in the above inequality, we obtain
e + ndy, — 2*|* < (@ +ndy — 2%, 2 =V f(2x) — 2" + 9V f(27))
= (ak, +ndj, — a*, vy +ndj, — x7)
+ (e +ndy — 2", —ndy £V f(27) =0V f (@),

which implies

0 < (zk +nd), —z*, —=dj, + Vf(z*) = Vf(zr)).
This inequality can be rewritten as follows:
(= 2%, V() = V(@) < ok — a7, —dy) = |ldi|* +n(dy,, V(") = V f(ax)
<k —a*, —di) +n{dy, VF(@") = V()
< il (low = 2" + 0 [V f(&") = Vf(z)l])
< il (Jew — 2™l + 0L ||lze — 27]))
(3.6) < 2||dg[] [z — =7,
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where the second inequality follows since — ||d},| |> <0, the third inequality follows by
the Cauchy—Schwarz inequality, the fourth inequality follows from the L-smoothness
of f, and the last inequality follows since 7 < % Since p-strong convexity of f implies

(3.7) pller = 2*|1* < (@ = a®, Vf(ar) = V(")
combining (3.6) and (3.7) we obtain
(3.8) pller — ™[] < 2]|dy] -

In order to relate dj to the original direction of update di, we use the triangle in-
equality and write

(il < Nl + |ldy, — d|l

1
= lldill + — [k + ndy, — xx — ndx||
n

1
= ||dk|| + p |[prox;(zx — nV f(z1)) — prox; (zx — ng)||

< di|l + llgr — V f ()]
k-1
(3.9) < ||dk|| +nL Z ;1]
J=(k—K)4+

where the last line follows by (3.4). Putting (3.9) back into (3.8) concludes the proof
of Lemma 3.5. O

Remark 3.6. Lemma 3.5 can also be extended for nonstrongly convex problems.
In particular, in the proof of Lemma 3.5, we use the strong convexity assumption
to arrive at inequality (3.8). This inequality is known as the error bound condition
for the prox-gradient mapping (cf. [12, Definition 3.1]). In the remainder of the
proof, we generalize this error bound condition for the PIAG algorithm (cf. (3.9)).
Hence, we can replace the strong convexity assumption by the error bound condition
assumption and Lemma 3.5 still holds (in the error bound condition case, * need not
be unique, and therefore the distances should be defined with respect to the set of
optimal solutions as in [12]). In the remainder of the paper, we do not explicitly use
the strong convexity assumption but instead make use of Lemma 3.5. Hence, the rate
results we present hold under the error bound condition assumption (instead of the
strong convexity assumption) as well. We also emphasize that in [12, Corollary 3.6],
the authors show that the quadratic functional growth and error bound condition are
equivalent when f is C'-smooth and convex while r is closed and convex (which are the
same assumptions we make, excluding strong convexity). The quadratic functional
growth and error bound condition are, to our knowledge, the weakest assumptions
under which linear convergence of the prox-gradient algorithm is proven [12,21,26].

In the following lemma, we relate the direction of update to the suboptimality
in the objective value at a given iteration k. In particular, we show that the descent
term presented in Lemma 3.4 (i.e., — ||dx]|?) can be upper bounded by the negative
of the suboptimality in the objective value of the next iteration (i.e., —F}4+1) and
additional history-dependent terms that arise due to the incremental nature of the
PIAG algorithm.
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LEMMA 3.7. Suppose that Assumptions 3.1-3.3 hold. Then, for any 0 < n <

m, the PIAG algorithm in (2.1) yields the following guarantee:
i k—1
— |ldk|[* < — e+l >l
J=(k—K)4

Proof. In order to prove this lemma, we use Lemma 3.5, which can be rewritten
as follows:

k—1
K *
= lldxll < =5 llex — 2™l + 0L Y ldll-
J=(k—K)4
Then, we can upper bound — ||di||* as
i k-1
2 *
—ldill” < =5 lldull [lox — 2"[[ +nL > lldell1lds]]
J=(k—K)4
i kel
2
(310) R I T = D [T [
j=(k—K)+

where the last line follows by the Cauchy—Schwarz inequality and the arithmetic-
geometric mean inequality. We can upper bound the inner product term in (3.10)
as

—(di, 2" — xk) = (g + hiy1, 2" — k)

= (Vf(wg), 2" — 2p) + (hpyr, 2" — ) + (gp — Vf(2r), 2" — 21)
< f(@") = flzr) + (Pet1, 2" — Tpg1) + 1P, di)
+ gk — Vf(zp), 2" — xp)

f@®) = flen) + (@) = r(@rga) + n(hetr, di)
(3.11) + gk = Vi (@)l 2" — @l

where the first inequality follows from the convexity of f and the second inequality
follows from the convexity of r and the triangle inequality. The inner product term
in (3.11) can be upper bounded as

(s, di) = = ||di]|* = (g, ndi)
= —n|dp|]> + (Vf(x1), —nde) + (gx — VF(x), —ndk)
—n[|dil|* + (Vf(@r), z — zrp1) + 0 ldw| |lge — V()|

L
—n |l + f (i) = fl@s) 0’5 [ldil* + 7 lldell llge = V. (o)l

IN

(3.12)

IN

where the first inequality follows by the triangle inequality and the second inequality
follows from the L-smoothness of f. Putting (3.12) back in (3.11), we obtain
(3.13)

* L *
e ~an) < =Bt (5 = 1) 1%+l = V0l (" = o]+ ).
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The final term in (3.13) can be upper bounded as follows:

llgr =V f(@p)ll (2" = zl| +nlldx|])

k—1
<nr | S0 Nl ) (et = oell il
J=(k—K)+
k—1 9 k—1
SN S R CRE AR Y2 A B
j=(k—K)+ J=(k—K)+

where the first line follows by (3.4) and the last line follows by Lemma 3.5. Using the
arithmetic-geometric mean inequality in the above inequality, we obtain

. KL 2
o = V@l (o =l + il < 15" (n+2) sl
I k—1
(3.14) +nb2+Q+%K@J > gl
j=(k=K)+

Putting (3.14) back in (3.13) yields

. L KL 2
—(dg,x" —xp) < —Fpq1+1 <77 -1+ = <n+ u)) ||| [”

2 2
I k—1
R T I S
J=(k—K)4
K+1)L
=—Fyr1+7 (77(2) -1 +KQ) lldi|?
I k—1
+n%2+Q+ﬂmﬂN} > lldll
J=(k—K)+
1
< —Fri1+7 (KQ - 2) ||d| |
I k—1
(3.15) (g +Qrarar) Xl
J=(k—K)+

where the last line follows since n < m Finally, using (3.15) in our original
inequality in (3.10), we obtain

w KL pu KL
,||dk||2§*§Fk+1 +T)( 1 IEAE

2 4 2

k—1
ul L L
+n(n-++ﬂK12+2> > ldilP

4 2 A
J=(k—K)+
u u k—1
2 2
< 5 Fer + KL gl +nL (] +nKL+1) (kZK) el
J=R—K)4
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k—1
< —L B +nKL|del +nL (K + DL+1) >0 |l
J=(k—K)4
k—1
(3.16) < —Che+ el +20L Y 41,
J=(k—K)+

where the second inequality follows since p > 0, the third inequality follows since

£ < L, and the last inequality follows since n < . Rearranging the terms in

LK+
(3.16), we obtain

k—1
1
(3.17) — lldll* < — B+l > Ml
J=(k—K)+
which completes the proof of Lemma 3.7. ]

Before presenting the main result of the paper, we first introduce the follow-
ing lemma, which was presented in [1, Lemma 1] in a slightly different form. This
lemma presents a sufficient condition on the magnitudes of the shocks to the system
(represented by Y} in the lemma) such that these shocks do not disrupt the linear
convergence of the original system aZy 1 < Zj.

LEMMA 3.8. Let {Z} and {Y;} be a sequence of nonnegative real numbers satis-
fying

k
(3.18) OZyi1 < Zp— BYi 4+~ Z Y;
j=k—A

for any k >0, for some constants o> 1, B3>0, v>0 and A € Z*. If
(3.19) (@t —1) < B(a—1)

holds, then Z), < a~*Zy for all k > 0.

We next present the main theorem of the paper, which characterizes the linear
convergence rate of the PIAG algorithm. In particular, we show that when the step
size is sufficiently small, the PIAG algorithm is linearly convergent with a factor that
depends on the step size and the strong convexity constant.

THEOREM 3.9. Suppose that Assumptions 3.1-3.3 1hold. Then, the PIAG algo-
rithm in (2.1) with step size 0 < n < %[(1 + ﬁ)m — 1] is linearly convergent
satisfying

(3.20) Fp < (1 + n%)_k Fo

for any k > 0.
Proof. By Lemma 3.7, we have

1 i =
= nlldell* < = Fe 077 Y il
4 16 4
J=(k—K)+
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Using this inequality in (3.2) of Lemma 3.4, we get

k—1

1 1 2 23[/ 2

3.21 (1 —)F < Fy—=nld =0 a1

(3.21) +T]16 k1 < Py 477” Kl +mn 1 |||
j=(k—K)+

Applying Lemma 3.8 to (3.21) with Z = F}, and Y; = ||dx||*, we prove (3.20). For
this, we need 0 < n < m in order for Lemmas 3.4 and 3.7 to hold, and

sm e ((eals) ) <o (0t) -

with 7 > 0 for Lemma 3.8 to hold. Simplifying and rearranging terms in (3.22), we
obtain

K+1
“) 1< L
= 180

1 A
( 16

Therefore, for any step size satisfying

16
(3.23) 0<n<

1 K%Fl
(o))

Lemma 3.8 holds. We can also observe that the right-hand side of (3.23) can be upper
bounded using the Bernoulli inequality, i.e., (1 + z)" < 14 rz for any x > —1 and
r € [0,1], as follows:

16 1
<= (14— 1
"= ( BQK +1) )
1
3.24 = —.
(3:24) 3L(K + 1)
Thus, the constraint (3.23) satisfies the constraint 0 < n < m in Lemmas 3.4
and 3.7 as well. Then, applying Lemma 3.8 to (3.21) yields (3.20). |

We next introduce the following corollary, which highlights the main result of the
paper. This corollary indicates that for an appropriately chosen step size (which does
not depend on the strong convexity constant p), the PIAG algorithm is guaranteed
to return an e-optimal solution after O(QK log(1/€)) iterations.

COROLLARY 3.10. Suppose that Assumptions 3.1-3.3 hold. Then, the PIAG al-

gorithm in (2.1) with step size 0 <n < ﬁ is linearly convergent satisfying

(3.25) Fe< (1+ nl%)_k P

for any k > 0. In particular, the PIAG algorithm with step size n = ﬁ
is guaranteed to return an e-optimal solution after at most 50Q(K + 1)log(Fy/e)

iterations.
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Proof. By straightforward algebra, we observe that

e VT oSS (@) (L)

(*+53) —Z()(m>
St ( 1 _1>(1)2
ST BQK+1) 2K +1) \K +1 18Q

=1 1 1 ! 1 1
- +48@(K+1)< _96Q< _K+1>)

1 1
21+48@(1(+1) (1_96)

1
>14+ —.
Y PoE v

Therefore, we have

16
I

(Hlylﬂ o >16[H1_1} N U
48Q T u 49Q(K + 1) C49L(K +1)°

Hence, by Theorem 3.9, we conclude that (3.20) holds for any 0 < n <
Putting the step size n = W in (3.20), we obtain

16
I9L(K+1)"

1 -k 1 k
Fr < (1+49Q(K+1)> Fo < (1_50Q(K+1)> Fo,

where the last inequality follows since () > 1 and K > 0. Taking logarithms of both
sides yields

log(F}) < log(Fy) + klog (1 - W)
k
<log(Fp) — 500K +1)°

where the last line follows since log(1 + z) < z for any « > —1. Therefore, for any k
satisfying

(3.26) log(Fp) — < log(e),

k
50Q(K + 1)
2k is an e-optimal solution. Rearranging terms in (3.26), we conclude that for any
k> 50Q(K + 1) log(Fy/e), x) is an e-optimal solution. O

In the following corollary, we provide a guarantee on the iterates generated by
the PIAG algorithm, which directly follows by Theorem 3.9 and the strong convexity
of F, ie., F(zy) — F(z*) > & ||ay — 2*])°.

COROLLARY 3.11. Suppose that Assumptions 3.1-3.3 hold. Therlz, the iterates
generated by the PIAG algorithm with step size 0 < n < 1—f[(l + @)Kiﬂ — 1] satisfy
the following guarantee:

—k 2F0

ol
3.27 T — 2§ 1+n—
(3.27) e — 2|I* < ( )

16
for any k > 0.
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c10® =2, m=1000, L=100, 4=0.01 Y10® =100, m=1000, L=100, u=0.01 “1o® =2, m=100000, L=100, 4=0.01

10 o 2 10 o 2

o 2 4 6 8 @ 6 8 @ 6 8
Number of Herations (k) 10 Number of Herations (k) 10t Number of Hterations (k) )

=2, m=1000, L=100, y=1 =2, m=1000, L=1, 1=0.01 X107 =100, m=1000, L=10000, 1=0.0001

o 2 10 o 2 8 10 o 2

4 6 8 4 6 4 6 8
Number of Herations (k) 1ot Number of Herations (<) 10t Number of Herations () x10*

Fic. 4.1. Red dots show the empirical performance of the PIAG algorithm for various m, L,
w, and n under the worst-case initialization. Blue lines have slope —log(1 + 2nu).

FiG. 4.2. Number of iterations required for the PIAG algorithm to decrease the function sub-
optimality by e~ ' versus Q (left figure), m (middle figure), and Qm (right figure).

4. Numerical examples. In this section, we investigate the tightness of our
bounds via numerical examples and compare the performance of the PIAG algorithm
with the state-of-the-art methods in the literature. First, we construct an example
and vary the parameters (n, m, L, and p) of this example to illustrate that our upper
bounds are tight up to constants. Then, we present how the iteration complexity
of PIAG changes with the condition number of the problem @ and the number of
component functions m. In our experiments, we let r =0, f; = f foralli € {1,...,m}
and define f(x) = %ITAI7 where A = diag(as,...,ay,), where a1 = p, ay = L, and
{a;}i>2 are chosen independently and uniformly at random from the interval [u, L].
We initialize the PIAG algorithm with x¢ = [1,0,...,0]7 in order to show the worst-
case rates. We apply the PTAG algorithm to this problem with the maximum allowable
step size in Theorem 3.9.

In Figure 4.1, we plot the empirical performance of PTAG applied to the described
problem for various values of n, m, L, and p. The red dots in figures show the empirical
performance of PIAG, whereas blue lines have slope —log(1 + 2nu) (see color figures
in the online version). From Figure 4.1, we observe that even though the condition
number of the problem ) and the number of component functions m change, the
convergence rate of the PIAG algorithm stays around —log(1 + 2nu). This verifies
that the contraction factor in Theorem 3.9 is tight up to constants.
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Fic. 4.3. Convergence rate plots for the training loss on benchmark datasets.

We next illustrate (in Figure 4.2) how the number of iterations required to de-
crease the function suboptimality by a factor of e~! changes as @ and m increase.
In the left figure, we set n = 2, m = 100, u = 1 and vary L € [10,105], whereas in
the middle figure, we set n = 2, L = 100, x4 = 1 and vary m € [10,10°]. As can be
seen from the figures, the number of iterations to achieve the same suboptimality in
function values increases linearly with ) and m. Finally, in the right figure, we set
n =2, u=1and vary m = L € [10,10%]. The x-axis in this figure is set to log(m)
(or equivalently log(Q) since L = m and p = 1). Corollary 3.10 implies that the
iteration complexity of PIAG for this problem is O(Qmlog(1/e~ 1)) = O(m?) and as
we observe in the right figure, the logarithm of the number of iterations (to decrease
function suboptimality by e~!) grows as 2log(m), which verifies Corollary 3.10.

Finally, we apply the PTAG algorithm to several datasets. We compare the PIAG
algorithm with the incrementally updated gradient (IUG) algorithm of [39] and the
SAGA [9], Finito [10], and SVRG [20] algorithms. For all algorithms, we use step
sizes that yields the fastest convergence rate. At each iteration, all algorithms make
a single call to the gradient oracle. For the PIAG and IUG algorithms, the order of
the data is reshuffled between each epoch, and hence we have K = 2m — 1. In SAGA,
SVRG and Finito, the data is chosen uniformly at random as stated in their algorithm
descriptions.

We performed L2-regularized logistic regression on the covtype and ijennl data-
sets® (for binary classification), with regularization parameters 10~ and 1073, re-
spectively. Then, we considered the LASSO problem on the million song year and

3http://www.csie.ntu.edu.tw/~cjlin/libsvmtools/datasets/binary.html
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slice-localization datasets®, with L1-regularization parameters 102 and 1073, respec-
tively. Figure 4.3 shows the results of our experiments. We can observe that when
the regularization parameter X is small, the performances of the PIAG and IUG algo-
rithms are similar, whereas there is a distinct difference between them as A increases.
This follows due to the difference in the scaling of the step lengths with respect to A
in the proximal mapping of these two algorithms. For the regression problems with
relatively large strong convexity constant and/or large number of data points (i.e.,
when the big data condition holds [10], which is the regime under which the conver-
gence rate results for FInito hold), we observe that the convergence rate of Finito is
faster with respect to the other algorithms. Overall, we can conclude that the per-
formance of the PIAG algorithm is competitive with respect to the state-of-the-art
algorithms and the rates of convergence of these algorithms are usually comparable
to one another.

5. Concluding remarks. In this paper, we studied the PTAG method for ad-
ditive composite optimization problems of the form (1.1). We showed the first linear
convergence rate result for the PIAG method and provided explicit convergence rate
estimates that highlight the dependence on the condition number of the problem and
the size of the window K over which outdated component gradients are evaluated
(under the assumptions that f(z) is strongly convex and each f;(z) is smooth with
Lipschitz gradient). Our results hold for any deterministic order (in processing the
component functions) in contrast to the existing work on stochastic variants of our
algorithm, which presents convergence results in expectation.

Appendix A. Proof of Lemma 3.8. Multiplying both sides of (3.18) by o*
and summing from k£ = 0 to p, we get

P P k
ZakHZkH < Z o Zy — o BY) + aFy Z Y;
k=0 k=0 j=k—A
—Zaka—BZa Yk+72 Z akY
k=0 k=0j=k—A
D D k+A
gz Zk—BZa Yk—i—vz Zoﬂ Y
k=0 k=0 k=0 \ j=k
P p P 1
:Zoéka*ﬂZa Yk+’yz< T >Yk
k=0 k=0 k=0 a-
K K A+l _
:Zaka—Zak (B—’yaall> Y
k=0 k=0

Ckak,

NE

(A1)

£
I
<

where the last line follows by (3.19). Telescoping the terms in both sides, we get
O[p+1Zp+1 S Zo.

4https://archive.ics.uci.edu/ml/datasets.html

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.


https://archive.ics.uci.edu/ml/datasets.html

Downloaded 06/13/18 to 18.9.61.112. Redistribution subject to SIAM license or copyright; see http://www.siam.org/journal s/ojsa.php

(1]

22]

23]
[24]

[25]

GLOBAL CONVERGENCE RATE OF PIAG METHODS 1299

REFERENCES

A. AYTEKIN, H. R. FEYZMAHDAVIAN, AND M. JOHANSSON, Analysis and Implementation of an
Asynchronous Optimization Algorithm for the Parameter Server, preprint, http://arxiv.
org/abs/1610.05507, 2016.

D. P. BERTSEKAS, Incremental gradient, subgradient, and proximal methods for convexr opti-
mization: A survey, in Optimization for Machine Learning, S. Sra, S. Nowozin, and S.
Wright, eds., MIT Press, Cambridge, MA, 2011, pp. 1-38.

D. P. BERTSEKAS, Incremental prozimal methods for large scale convex optimization, Math.
Program., 129 (2011), pp. 163-195.

D. P. BERTSEKAS, Convex Optimization Algorithms, Athena Scientific, Nashua, NH, 2015.

D. P. BERTSEKAS, Incremental Aggregated Proximal and Augmented Lagrangian Algorithms,
preprint, arXiv:1509.09257 [cs.SY], 2015.

D. BrarT, A. HERO, AND H. GAUCHMAN, A convergent incremental gradient method with a
constant step size, SIAM J. Optim., 18 (2007), pp. 29-51.

S. BUBECK, Theory of Convex Optimization for Machine Learning, preprint, https://arxiv.
org/abs/1405.4980, 2014.

S. S. CHEN, D. L. DONOHO, AND M. A. SAUNDERS, Atomic decomposition by basis pursuit,
SIAM J. Sci. Comput., 20 (1998), pp. 33-61.

A. DEFazIO, F. BACH, AND S. LACOSTE-JULIEN, SAGA: A fast incremental gradient method
with support for non-strongly convex composite objectives, in Adv. Neural Inf. Process.
Syst. 27, MIT Press, Cambridge, MA, 2014, pp. 1646-1654.

A. J. DEFAzIO, T. S. CAETANO, AND J. DOMKE, Finito: A faster, permutable incremental
gradient method for big data problems, in Adv. Neural Inf. Process. Syst. 26, MIT Press,
Cambridge, MA, 2013, pp. 315-323.

D. L. DoNoHO, Compressed sensing, IEEE Trans. Inform. Theory, 52 (2006), pp. 1289-1306.

D. DRUSVYATSKIY AND A. S. LEWIS, Error Bounds, Quadratic Growth, and Linear Convergence
of Prozimal Methods, preprint, http://arxiv.org/abs/1602.06661, 2016.

J. C. DucHi, A. AGARWAL, AND M. J. WAINWRIGHT, Dual averaging for distributed optimiza-
tion: Convergence analysis and network scaling, IEEE Trans. Automat. Control, 57 (2012),
pp. 592-606.

M. A. T. Ficuelrepo, R. D. Nowak, AND S. J. WRIGHT, Gradient projection for sparse
reconstruction: Application to compressed sensing and other inverse problems, IEEE J.
Sel. Topics Signal Process., 1 (2007), pp. 586-597.

G. B. GiannNakis, V. KekATos, N. Garsis, S. J. KiM, H. ZHUu, aAND B. F. WOLLENBERG,
Monitoring and optimization for power grids: A signal processing perspective, IEEE Signal
Process. Mag., 30 (2013), pp. 107-128.

F. Guo, C. WEN, J. Mao, AND Y. D. SoNG, Distributed economic dispatch for smart grids
with random wind power, IEEE Trans. Smart Grid, 7 (2016), pp. 1572-1583.

M. GURBUZBALABAN, A. OZDAGLAR, AND P. PARRILO, On the Convergence Rate of Incremental
Aggregated Gradient Algorithms, preprint, arXiv:1506.02081, 2015.

M. GURBUZBALABAN, A. OZDAGLAR, AND P. PARRILO, Why Random Reshuffling Beats Stochas-
tic Gradient Descent, preprint, arXiv:1510.08560, 2015.

T. HAzAaN, A. MAN, AND A. SHASHUA, A parallel decomposition solver for sum: Distributed
dual ascend using fenchel duality, in IEEE Conference on Computer Vision and Pattern
Recognition, 2008, IEEE Press, Piscataway, NJ, 2008, pp. 1-8.

R. JOHNSON AND T. ZHANG, Accelerating stochastic gradient descent using predictive variance
reduction, in Proceedings of the Conference Neural Information Processing Systems 2013,
Adv. Neural Inf. Process. Syst. 26, MIT Press, Cambridge, MA, 2014, pp. 315-323.

H. KARIMI AND M. SCHMIDT, Linear convergence of prozimal-gradient methods under the
Polyak—LEojasiewicz condition, in Machine Learning and Knowledge Discovery in Data-
bases, P. Frasconi, N. Landwehr, G. Manco, and J. Vreeken, eds., Lecture Notes in Comput.
Sci. 9851, Springer, Berlin, 2016, pp. 795-811.

H. LiN, J. MAIRAL, AND Z. HARCHAOUI, A unwversal catalyst for first-order optimization, in
Proceedings of the Conference Neural Information Processing Systems 2015, Adv. Neural
Inf. Process. Syst. 28, MIT Press, Cambridge, MA, 2016, pp. 3384-3392.

J. MAIRAL, Incremental majorization-minimization optimization with application to large-scale
machine learning, SIAM J. Optim., 25 (2015), pp. 829-855.

G. MATEOS, J. A. BAZERQUE, AND G. B. GIANNAKIS, Distributed sparse linear regression, IEEE
Trans. Signal Process., 58 (2010), pp. 5262-5276.

I. NECOARA AND D. Curripici, Parallel random coordinate descent method for composite mini-
mization: Convergence analysis and error bounds, STAM J. Optim., 26 (2016), pp. 197-226.

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.


http://arxiv.org/abs/1610.05507
http://arxiv.org/abs/1610.05507
https://arxiv.org/abs/1405.4980
https://arxiv.org/abs/1405.4980
http://arxiv.org/abs/1602.06661

Downloaded 06/13/18 to 18.9.61.112. Redistribution subject to SIAM license or copyright; see http://www.siam.org/journal s/ojsa.php

1300 N. D. VANLI, M. GURBUZBALABAN, AND A. OZDAGLAR

[26]

27]

(41]

42]

I. NECOARA, Y. NESTEROV, AND F. GLINEUR, Linear Convergence of First Order Methods for
Non-Strongly Convex Optimization, preprint, http://arxiv.org/abs/1504.06298, 2016.

A. NEDIC AND D. P. BERTSEKAS, Incremental subgradient methods for nondifferentiable op-
timization, SIAM J. Optim., 12 (2001), pp. 109-138; also available online from https:
//doi.org/10.1137/51052623499362111.

A. NEpic, D. P. BERTSEKAS, AND V. S. BORKAR, Distributed asynchronous incremental sub-
gradient methods, in Inherently Parallel Algorithms in Feasibility and Optimization and
their Applications, Stud. Comput. Math. 8, Elsevier, New York, 2001, pp. 381-407.

Y. NESTEROV, Primal-dual subgradient methods for convex problems, Math. Program., 120
(2009), pp. 221-259.

F. Niu, B. REcHT, C. RE, AND S. WRIGHT, Hogwild: A lock-free approach to parallelizing
stochastic gradient descent, in Proceedings of the Conference Neural Information Process-
ing Systems 2010, Adv. Neural Inf. Process. Syst. 24, MIT Press, Cambridge, MA, 2011,
pp. 693-701.

A. PADAKANDLA AND R. SUNDARESAN, Separable convex optimization problems with linear
ascending constraints, SIAM J. Optim., 20 (2010), pp. 1185-1204.

N. PARIKH AND S. BoyD, Prozimal algorithms, Found. Trends Optim., 1 (2014), pp. 127-239.

H. ROBBINS AND S. MONRO, A stochastic approzimation method, Ann. Math. Stat., 22 (1951),
pp. 400-407; also available online from http://www.jstor.org/stable/2236626.

N. L. Roux, M. ScumIDT, AND F. R. BACH, A stochastic gradient method with an exponential
convergence rate for finite training sets, in Proceedings of the Conference Neural Informa-
tion Processing Systems 2011, Adv. Neural Inf. Process. Syst. 25, MIT Press, Cambridge,
MA, 2012, pp. 2663-2671.

W. SH1, Q. LiNG, G. WU, AND W. YIN, A prozimal gradient algorithm for decentralized com-
posite optimization, IEEE Trans. Signal Process., 63 (2015), pp. 6013—-6023.

M. V. Soropov, Incremental gradient algorithms with stepsizes bounded away from zero, Com-
put. Optim. Appl, 11 (1998), pp. 23-35.

R. TIBSHIRANI, Regression shrinkage and selection via the lasso, J. R. Stat. Soc. Ser. B Stat.
Methodol., 58 (1994), pp. 267-288.

P. TSENG AND S. YUN, A coordinate gradient descent method for nonsmooth separable mini-
mization, Math. Program., 117 (2009), pp. 387-423.

P. TSENG AND S. YUN, Incrementally updated gradient methods for constrained and regularized
optimization, J. Optim. Theory Appl., 160 (2014), pp. 832-853.

J. TsiTsikLIS, D. BERTSEKAS, AND M. ATHANS, Distributed asynchronous deterministic and
stochastic gradient optimization algorithms, IEEE Trans. Automat. Control, 31 (1986),
pp. 803-812.

L. X1A0, Dual averaging methods for regularized stochastic learning and online optimization,
J. Mach. Learn. Res., 11 (2010), pp. 2543-2596.

H.-F. Yu, F.-L. HuANG, AND C.-J. LIN, Dual coordinate descent methods for logistic regression
and mazimum entropy models, Mach. Learn., 85 (2011), pp. 41-75.

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.


http://arxiv.org/abs/1504.06298
https://doi.org/10.1137/S1052623499362111
https://doi.org/10.1137/S1052623499362111
http://www.jstor.org/stable/2236626

	Introduction
	The PIAG algorithm
	Convergence analysis
	Assumptions
	Rate of convergence

	Numerical examples
	Concluding remarks
	Appendix A. Proof of Lemma 3.8
	References

