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Abstract

In this paper, we propose a proximal gradient method and an accelerated proximal gradient
method for solving composite optimization problems, where the objective function is the sum
of a smooth and a convex, possibly nonsmooth, function. We consider settings where the
smooth component is either a finite-sum function or an expectation of a stochastic function,
making it computationally expensive or impractical to evaluate its gradient. To address this, we
utilize gradient estimates within the proximal gradient framework. Our methods dynamically
adjust the accuracy of these estimates, increasing it as the iterates approach a solution, thereby
enabling high-precision solutions with minimal computational cost. We analyze the methods
when the smooth component is nonconvex, convex, or strongly convex, using a biased gradient
estimate. In all cases, the methods achieve the optimal iteration complexity for first-order
methods. When the gradient estimate is unbiased, we further refine the analysis to show that
the methods simultaneously achieve optimal iteration complexity and optimal complexity in
terms of the number of stochastic gradient evaluations. Finally, we validate our theoretical
results through numerical experiments.

1 Introduction
In this paper, we consider composite optimization problems of the form

min ¢(z) = f(z) + h(z), (1.1)
zER?
where f : R? — R is a continuously differentiable function and h : R? — R U {+oc} is a closed,
convex, proper, and possibly nonsmooth function. We focus on settings where h(z) admits a simple
structure that enables efficient computation of the proximal operator,

1
prox, ,(y) = argmin h(z) + —|lz — y[|>, with a > 0, (1.2)
’ z€R4 20
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which allows for the use of proximal gradient methods [5,14] to efficiently solve (1.1). Examples
of such h(z) include the [;-norm penalty and the indicator function of a set to enforce simple con-
vex constraints such as box constraints, norm-ball constraints, or boundary conditions. This class
of problems has been extensively studied due to its wide range of applications, including image
processing [15,18], data science [13,22], and inverse problems [2,41]. When f(x) is a convex func-
tion, Nesterov’s acceleration [30] can be applied to proximal gradient methods to achieve improved
convergence rates, as shown in [3,29, 36, 37].
We analyze problems where the smooth component f(z) takes one of the following forms:

N
1
fz) = NZF(%&) (L3), or f(z) = E[F(z,8)], (1.4)
i=1
where (1.3) is a finite-sum function resulting in a finite-sum problem over the dataset S = {£1,&a,...,én}

with F: R x & — R, and (1.4) is an expectation function resulting in an expectation problem
over the random variable ¢ with the associated probability space (2,9,P), F : R x £ — R
and E[] denotes the expectation with respect to P. Since computing the exact gradient of f(x)
in these settings is computationally prohibitive, proximal gradient methods rely on gradient esti-
mates [4,17,19,23,24,32,34,43]. The main computational costs in such methods are: (1) the number
of proximal operator evaluations (i.e., iterations) and, (2) the number of stochastic gradient eval-
uations. Most existing methods use unbiased gradient estimates of fixed accuracy [17,19, 24, 34],
typically achieving optimal performance with respect to only one of the two costs. Adaptive gra-
dient estimation methods, by contrast, dynamically adjust the accuracy of the gradient estimate
based on the quality of the current iterate. By using low-accuracy estimates in the early stages and
gradually increasing the accuracy of the estimates, they can achieve high-accuracy solutions with
minimal computational effort. To this end, we propose proximal gradient methods with adaptive
gradient estimation to optimize both cost metrics. Furthermore, in many practical scenarios, the
bias in the gradient estimate is intrinsic and cannot be fully eliminated, such as federated learning
with non-IID data [25] and Bayesian optimization using surrogate models [38].

As a result, we propose and analyze a proximal gradient method and an accelerated proximal
gradient method for the finite-sum problem (1.3) and the expectation problem (1.4) that adaptively
control the accuracy of the estimate and allow for biased gradient estimates. These methods achieve
the optimal iteration complexity for first-order methods when the objective function is nonconvex,
convex and strongly convex while using biased gradient estimates. When the gradient estimate
is unbiased, the methods additionally attain the optimal complexity for the number of stochastic
gradient evaluations in all three settings. A summary of these complexity results is provided in
Table 1.

1.1 Literature Review

Proximal gradient methods for deterministic composite optimization problems are well studied;
see [5,14] and references therein. Accelerated variants for deterministic convex problems, such as
Nesterov’s acceleration [29,37], the fast iterative shrinkage-thresholding algorithm (FISTA) [3], and
its backtracking extension [36], are also well established in the literature. Several works [7,35,
37,39] have analyzed proximal and accelerated proximal gradient methods with inexact gradients,
where gradient accuracy is controlled through a predetermined deterministic sequence, in settings
similar to the finite-sum problem (1.3). In contrast, our work employs Nesterov’s acceleration and



adaptively adjusts the accuracy of the gradient estimates based on the current iterate for both the
finite-sum (1.3) and expectation (1.4) problems.

Many proximal and accelerated proximal gradient methods have been proposed that employ
unbiased stochastic gradient estimates for the finite-sum problem (1.3) and the expectation problem
(1.4). In [19,23,24], the authors proposed accelerated methods that achieve the optimal complexity
in terms of the number of stochastic gradient evaluations for the expectation problem (1.4) when the
objective function is convex or strongly convex. In [17], accelerated proximal gradient methods using
Nesterov’s acceleration were analyzed, establishing optimal complexity results for the number of
proximal operator evaluations and the number of stochastic gradient evaluations for the expectation
problem when the objective function is nonconvex. In [20,26,34], the authors employ accelerated
proximal gradient methods with variance reduction techniques and achieve the optimal complexity
in terms of stochastic gradient evaluations (in expectation) for the finite-sum problem (1.3). In [32],
the authors extend the FISTA based method [36] to the expectation problem (1.4) while allowing
for biased gradient estimates. The method replaced the backtracking line search in [36] with a step
search mechanism to adaptively determine the step size, and assumed control over the error in the
gradient estimate in probability, unlike the other works discussed above, which control the expected
error in the gradient estimate. Although this method establishes stronger convergence guarantees
than convergence in expectation under its assumptions, the analysis is limited to general convex
objectives and results in suboptimal complexity for the number of stochastic gradient evaluations.

In [4,43], the authors employed unbiased gradient estimates in proximal gradient methods and
used adaptive sampling strategies to control the accuracy of the gradient estimate for the expec-
tation problem (1.4). They established theoretical convergence guarantees for various objective
functions but did not provide complexity results for the number of stochastic gradient evaluations.
We adopt similar conditions to [43] to control the accuracy of the gradient estimate, while allowing
for biased estimates and extending the approach to accelerated proximal gradient methods, achiev-
ing optimal iteration complexity for first-order methods [9,31]. When unbiased gradient estimates
are available via sample average approximations, our conditions guide sample size selection in a
way similar to [4,43], and also yield the optimal complexity for the number of stochastic gradient
evaluations for the expectation problem (1.4) for first-order methods [1,16,17,24]. These results
are summarized in Table 1. Similar complexity guarantees for the finite-sum problem (1.3) can also
be established following the same procedure and are omitted for brevity.

Lastly, while our methods assume exact solutions to the proximal operator, several works have
explored algorithms with inexact proximal updates [7,37]. Additionally, approaches that go beyond
the structured nonsmoothness in problem (1.1) have been investigated in [42] for constrained set-
tings, and in [21,27,44] where smoothing techniques are employed to develop zeroth-order methods.

1.2 Contributions

We summarize our main contributions as follows:

1. We propose a proximal gradient method and an accelerated proximal gradient method for
both the finite-sum problem (1.3) and the expectation problem (1.4). These methods employ
gradient estimates whose accuracy is adaptively controlled using deterministic and stochastic
generalizations of the well-known “norm condition” [6].

2. We show that the proposed methods achieve the optimal complexity in terms of the number
of proximal operator evaluations for first-order methods, even when using biased gradient



Table 1: Summary of the best-established complexity results in this paper.

Proximal Gradient Accelerated Proximal Gradient
f(x) Proximal Gradients Proximal Gradients
Operators (Unbiased) Operators (Unbiased)

Nonconvex 0 (1) 0 <612) . :
o) o) o) o

Strongly Convex O (/—1 log 1) @ (E) @ <\/Elog 1) @) <\/E>
€ €

€ €

Note: The solution accuracy e depends on the nature of the objective function: for nonconvex
functions, it refers to the squared norm of the gradient; for convex and strongly convex functions,
it corresponds to the optimality gap in function value. Here, x denotes the condition number.

estimates, for nonconvex, convex, and strongly convex objective functions in both the finite-
sum and expectation problems; see Table 1.

3. We further show that, when the gradient estimates are unbiased, the methods simultaneously
achieve the optimal complexity for the number of stochastic gradient evaluations for the
expectation problem (1.4) for first-order methods, across nonconvex, convex and strongly
convex objective functions; see Table 1.

1.3 Paper Organization

The paper is organized as follows. In Section 2, we describe the proposed algorithm, the adaptive
conditions used to control the accuracy of the gradient estimate, and the preliminary assumptions.
In Section 3, we present the theoretical analysis, covering the nonconvex case in Subsection 3.1, the
convex case in Subsection 3.2, and the strongly convex case in Subsection 3.3. We illustrate the
empirical performance of the proposed algorithm in Section 4 and provide concluding remarks in
Section 5.

1.4 Notation

Let R denote the set of real numbers and R? denote the set of d dimensional real vectors. Unless
otherwise specified, |- | denotes the Euclidean norm of a vector, and |- | denotes either the absolute
value of a real number or the cardinality of a set, depending on context. The ceiling function is
denoted by [-]. Expectation and variance with respect to the distribution P are denoted as E[-]
and Var[-], respectively. We denote the optimal value for problem (1.1) as ¢*.



2 Proposed Algorithm

In this section, we present the preliminary assumptions and describe the proposed (accelerated)
proximal gradient method, along with the conditions used to adaptively control the accuracy of
the gradient estimates. For the case of unbiased gradient estimates, we also provide a sequence of
sample average approximations that satisfy these conditions.

We begin with the following assumption about the objective function.

Assumption 2.1. The function f : R* — R is continuously differentiable and has L-Lipschitz
continuous gradients (i.e., f is L-smooth). The function h : R? — RU{+o0} is closed, convex, and
proper.

A well-known result for functions with Lipschitz continuous gradients (see [31]) is
fla) < f(0) + Vf(a)" (b—a)+ L|b—al* Va,beR. (2.1)

Under Assumption 2.1, since h(z) is a convex function, computing the proximal operator (1.2) is
well-defined. Specifically, it corresponds to the unique solution of a strongly convex optimization
problem.

We now describe the proposed algorithm. At each iteration & > 0, the algorithm maintains
two iterates: the decision variable xj and an auxiliary variable y;. It computes gp, an estimate
of Vf(yx), which may be biased. The accuracy of this estimate is controlled through adaptive
conditions described later in this section. The next iterate xj4; is obtained by taking a step
from gy in the direction of g, followed by evaluating the proximal operator (1.2), i.e. gy =
proxak,h(yk — axgk), where oy > 0 is the step size. Under Assumption 2.1, this is equivalent to

Ty = argmin f(yx) + g7 (x —yr) + ﬁ“x —yel® + h(z), with ay, € (0,1]. (2.2)
zERC
The auxiliary variable is then updated in one of two ways. Under the proximal gradient method
(referred to as Option I), it is set as yg+1 = 241 and under the accelerated proximal gradient
method (Option II), it is updated using the rule yx11 = r1+1 + Brt1 (k1 — k), where {f} is a
user-defined sequence. The complete procedure is summarized in Algorithm 2.1 and the following
remark.

Algorithm 2.1 (Accelerated) Proximal Gradient Method with Adaptive Gradient Estimation
Inputs : Initial iterate g, initial auxiliary iterate yo = xq, step size sequence {«y }, and acceleration
parameter sequence {fy}.

1: fork=0,1, 2, ..do

2: Compute a gradient estimate g of V f(yx)

3: Proximal step: xg41 = Prox,, n (yr — akgr)

4: Option I: Set yr 11 = Tg41

5: Option II: Set yi+1 = Ti+1 + Brt+1(Tht1 — Tk)
6: end for

Remark 2.1. We make the following remarks regarding Algorithm 2.1.

e Gradient Estimate (Line 2): At each iteration, the algorithm computes a possibly biased
gradient estimate gy, for V f (yx). The accuracy of this estimate is adaptively controlled to ensure
sufficient progress and is described below.



e Proxrimal Step (Line 3): The proximal step computes the proximal operator defined in
(1.2). We assume that the function h(x) is simple enough such that the proximal operator can
be evaluated efficiently.

e Acceleration Option (Lines 4-5): The iterate update ygy1 follows either Option I, cor-
responding to the standard proximal gradient method, or Option II, which incorporates ac-
celeration based on [29, 37], where {By} is a predetermined user-defined sequence.

We now introduce some quantities to describe the conditions controlling the accuracy of the
gradient estimate. The reduced gradient at iteration k > 0 is defined as

Roy (k) = o (yk — 1) - (2.3)

The true step computed using V f(yx) and the corresponding true reduced gradient at iteration
k > 0 are defined as

Tri1 = proxXg, p(yr — axVF(yr)) and  RE*(yr) = 3= (Yr — xt1), (2.4)
respectively. If | RY“(y;)|| = 0, then y is a stationary point for ¢(z) [4]. The error in the reduced
gradient can be bounded in terms of the gradient estimation error using the contraction property
of the proximal operator as follows:

[ Ra(yr) = R ()|l = 3= I proxa, n(Yx — argr) — proxa, p,(yx — sV f(yx))||
< lgr =V f(yr)ll- (2.5)

We also define a nested sequence of o-algebras {Gy } where Gy = {z¢} and G = {x0,90,91,.--,9k—1}
Vk > 1. Hence, both z; and y; are specified under Gi. We denote the conditional expectation given
Gr as Ei[[] = E[-|Gx] and the total expectation, (i.e., the expectation given the initial conditions)
as E[ = E[|go).

We next introduce the conditions controlling the accuracy of the gradient estimate that guaran-
tee fast convergence, analogous to deterministic methods. We adapt the conditions proposed in [43]
for proximal gradient methods, originally based on the well-known norm condition [6,8,11,33] for
smooth optimization, to our (accelerated) proximal setting, and further introduce relaxations to
improve efficiency. The proposed conditions are presented below.

Condition 2.1. The gradient estimate gy in Algorithm 2.1, Vk > 0, is chosen such that:

1. For the finite-sum problem (1.3): With constants ni € [0,1) and o, > 0,
llgx — V ()l < % | Ray (yx) Il + o0
2. For the expectation problem (1.4): With constants 7y, € [0,1) and iy, 6y > 0,
Ex [llgx = VI )] < % 1B (R ()] + 7567
Condition 2.1, while utilizing sampled quantities on the right-hand side of the inequality, con-

trols the accuracy of the gradient estimate using the true reduced gradient (2.4) as the optimality
measure, as shown in Lemma B.1 using (2.5). To relax restrictions on the gradient estimation error,



we introduce the sequences J and & in addition to the optimality measures on the right-hand side
of Condition 2.1; these are appropriately chosen to ensure good performance of the proposed algo-
rithms. We show that Algorithm 2.1 achieves the optimal complexity for the number of proximal
operator evaluations when employing a biased gradient estimate that satisfies Condition 2.1. When
the gradient estimate is unbiased, we construct sample average approximations, where Condition 2.1
governs the sample size to ensure fast convergence. To determine the complexity of the number of
stochastic gradient evaluations in this case, we introduce an additional assumption regarding the
variance (or error) of the stochastic gradients. We then present a lemma that constructs a sequence
of unbiased gradient estimates satisfying Condition 2.1.

Assumption 2.2. For any run of Algorithm 2.1, 3o > 0 such that Yk > 0,
1. For the finite-sum problem (1.3): |[VF(yx, &) — Vf(yr)|®> < 0%, Vi=1,2,...,N.
2. For the expectation problem (1.4): Var [VF (yx, €)|Gr] < o2.

Assumption 2.2 is frequently employed to characterize the complexity of the number of stochastic
gradient evaluations, as done for finite-sum problems in [20, 26, 34] and for expectation problems
in [4,16,17,24]. Since Algorithm 2.1 performs a proximal step over the closed and proper function
h(z) each iteration, it is reasonable to expect a bounded deviation of the components gradients for
the finite-sum problem (1.3) and the variance to remain bounded for the expectation problem (1.4),
over the set of iterates. We now present a sequence of unbiased gradient estimates in the form of
sample average approximations that satisfy Condition 2.1 for the expectation problem (1.4).

Lemma 2.2. Suppose Assumptions 2.1 and 2.2 hold in Algorithm 2.1 for the expectation problem
(14). Let gx = ﬁ desk VF(yx, ), where Si is a set of i.i.d. samples from P, independent of
Gr, Vk > 0. Then, Condition 2.1 is satisfied Yk > 0 if

2
|Sk7| = 17]2 < 2 _ . (26)
ENER[Ray, (wi)]||* +2262

Proof. In iteration k > 0, from Assumption 2.2 and the definition of g, the gradient error can be
bounded as,

ar 5 02
B [l = VF()lI"] = =g < g

From (2.6), we have |S| > = o . Therefore, the gradient error is bounded as,

F B [Ray ]I +735;

2

Er [llgr — VF@ol®] < (&7 < % 1Bk [Ra, (5)]lI” + 2567,

satisfying Condition 2.1. O

Similar to Lemma 2.2, for the finite-sum problem (1.3) under Assumption 2.2, at iteration k > 0,
if g, = ﬁ desk VF(yk,§), where S C S, Condition 2.1 is satisfied if

|Sk| =

N
<1+77k || R, (gz)“+2bo5k> ’



as shown in Lemma B.2. While we only present the complexity of the number of stochastic gradient
evaluations for the expectation problem (1.4) using unbiased gradient estimates, results for the
finite-sum problem (1.3) can be established through a similar procedure.

3 Theoretical Analysis

In this section, we present the theoretical results for Algorithm 2.1. We begin with some preliminary
results, followed by the analysis for three classes of objective functions: nonconvex (Subsection 3.1),
general convex (Subsection 3.2), and strongly convex (Subsection 3.3). For each class, we consider
both the finite-sum problem (1.3) and the expectation problem (1.4), and derive the iteration com-
plexity, i.e., the number of proximal operator evaluations required to obtain an ¢ > 0 accurate
solution when using biased gradient estimates. We then refine these results for the expectation
problem when the gradient estimate is unbiased and provide the complexity in terms of the number
of stochastic gradient evaluations. All results naturally extend to smooth unconstrained optimiza-
tion as a special case of composite optimization with h(z) = 0.
We begin with a technical descent lemma for problem (1.1) under Assumption 2.1.

Lemma 3.1. Suppose Assumption 2.1 holds. Then, Yz € R? and Vk > 0, the iterates generated by
Algorithm 2.1 satisfy,

Gxri1) < flyr) + VI (ue)T (@ = y) + (96 = VI (e) (@ = yr) + 5oz = yel|* + k()
+ (V) = 907 e =) = (2 = §) lonss — ™
Proof. From (2.1,
G(xri1) < flyr) + VI ue) " (@rp1 = yr) + 5 llenpr — uell® + h(ria)
= f(ye) + i (@1 — k) + g lener — yell® + h(zas)
+ (V£ ) = 907 e =) = (2 = ) lows — wil?
< flyr) + g1 (@ = yr) + zaz o = yll* + h()

(V1) = 907 (e = ) = (2 = 5) lowes — ol

where the last inequality follows Vo € R? from (2.2). Adding and subtracting V f(yx)T (z — yx) on
the right-hand side completes the proof. O

Next, we present a collection of inequalities for the gradient error under Condition 2.1, which
will be frequently used in the subsequent analysis.

Lemma 3.2. Suppose Assumption 2.1 holds and the gradient estimate gy, satisfies Condition 2.1.
Then, Yk > 0 in Algorithm 2.1:



1. For the finite-sum problem (1.3):

lgr = V£ ()l? < % | Rao, () I + 26362, (3.1)
(V) — g0)" (@rr1 — ye) < 22| R, (i) [1* + ko0l Ray (), (3.2)
(VFn) — 00 (pr — ) < B R (2 4 228, (3.3)
IRE (i) 2 < 2 (1+ %) || R, () |? + 26367 (3.4)
2. For the expectation problem (1.4):
Exlllgr = VF(we)ll] < %’“ Er, [ R, (vx)|[2] + 00k, (3.5)
Ecl(Vf () — 91) " (@ha1 — y)] < BBy [||Ray () 7] + criodrv/Er [ Ra, (we) 2], (3.6)
Ex[(V£ (1) — 1) (@rsr — )] < 200 g, R ()]17] + 225 (3.7)
R l|” <2 (1 4+ %) I (R ()] + 22357 (3.8)

Proof. For the finite-sum problem (1.3), from Condition 2.1,

2 n?
lgr = V)l < (% | Ray (i) | + t00k) " < || Ray (o) |I” + 26307,

where the last inequality follows from the identity (a + b)? < 2a? + 2b?, completing the proof of
(3.1). For (3.2), by the Cauchy-Schwartz inequality,

(V) = g6)" (@rer — w) < IV L) = gellllzrer — vell = x|V (0r) = gelll| Ray (i) |
< B || Ra, (ye) I + artodi || Ray, (i),

where the second inequality follows from Condition 2.1, completing the proof. Applying the identity
2 2
ab < % to the right-hand side of the above inequality yields (3.3). Finally for (3.4),

IRE (i)l < N[ R (i) |+ | R () = Ry i) | < | Ry (i) | + 1V F () = g,

where the second inequality follows from (2.5). Substituting Condition 2.1 in the above inequality,
then squaring both sides and applying the identity (a + b)? < 2a? + 2b, completes the proof of
(3.4).

For the expectation problem (1.4), from Condition 2.1,

(Exllgs — VL@l < Bk [llgx — V£ 1%] < 2 |Ek [Ra, (wa)]]” + 302

2
< By (| Ray )lI*] + 807 < <\/E (1R ()1 +zosk> ,

yielding (3.5). For (3.6), from the Cauchy-Schwartz inequality,
Ex (V£ (k) = 91) (@rr1 — ve)] < VE& IV f (k) — 9612V Ex (2541 — yr]1?]
= arVEx [IVf (k) = gulP]VEr [| R (1) [1%]

< . (% VE T Ra, 0]+ 200k ) VEC R ()17




where the equality follows from (2.3) and the second inequality follows from Condition 2.1, com-
pleting the proof. Applying the identity ab < # to (3.6) yields (3.7). Finally for (3.8), using
the identity (a + b)? < 2a? + 202,

IR (i) | < 2 1Bk [Ray (w)]I” + 2 || Bk [RE(y2) — R ()] ||
< 2 Bk [Reag ()1 + 2B, [[| RS (k) — Reae )]
< 2B [Ray (y)]II” + 2Ex [IIV £ (1) — 9k %] ,

where the second inequality follows from Jenson’s inequality, the third inequality follows from (2.5),
and further using Condition 2.1 completes the proof. O

3.1 Nonconvex Objective Function

In this section, we present the theoretical analysis for Algorithm 2.1 when the smooth function
f(x), and thus the composite function ¢(zx), is nonconvex. The analysis is limited to Option I in
Algorithm 2.1, as Option II does not yield any improvements for nonconvex objective functions up
to constant factors, as noted in [17]. We first establish the convergence of Algorithm 2.1 when using
a biased gradient estimate, followed by the complexity of number of proximal operator evaluations.
We then establish the complexity of the number of stochastic gradient evaluation for the expectation
problem when using an unbiased gradient estimate.

Theorem 3.3. Suppose Assumption 2.1 holds and the gradient estimate gy satisfies Condition 2.1.
Then, for Algorithm 2.1 with Option I:

1. For the finite-sum problem (1.3), if the parameters in Condition 2.1 are chosen such that
{m} =n€]0,1), v € {0,\/12’7) and Y p2 402 < 0o, and the step size is chosen such that

{ag} =a < 1{—L”, then {xy} converges to a stationary point with ming—q . g1 |[RY“(2x)|* =

O (L), VK > 1.
2. For the expectation problem (1.4), if the parameters in Condition 2.1 are chosen such that

{m.} =n¢€10,1), ip € {O,w/lgﬁ) and > po S,f < 00, and the step size is chosen such that

{ap}=a< 12;57, then {xy} converges to a stationary point in expectation with ming—o . x_1E {HR

O(%), VK > 1.

Proof. With y, = x) under Option I, consider the result from Lemma 3.1. Substituting = zj,
and using (2.3) yields,

Owrs1) < 6(@n) + (VF(@r) = g0) (@rsn — o) = of (3 = &) IRa@)l®. (39)

For the finite-sum problem (1.3), under the defined parameters, substituting (3.3) from Lemma 3.2
into (3.9) yields,

e T+L3 ad?
b(rrsn) < o(zr) + DRy ()2 + 2E — 02 (L — L) |[Ra ()2
= plar) — a3 - F — § = G |Ralen) | + %E.

10

true
(675

(xk)HQ} -



Rearranging the above inequality and substituting c¢(n,a) = 5 — % — 4

TK)— (T 52
| Ra(on)|? < 25800 4 S0
Under the defined parameters, ¢(n,a) > 1 — % o é = 1?% — é > 1% — 1% = 0. Thus,

substituting the above bound into (3.4) from Lemma 3.2 yields,

rue 2 k) —¢(zk
IR ()| <2 (1+3)° [lelzslonn) 4 0] 4 2357,

The telescoping sum of the above inequality for K =0,..., K — 1 yields,
true 2 $(x0)—P(zK)
ZHR ” <2(1+ ) o(z)cozn)K +ZQCC”7)
Rearranging the above inequality and using ¢(zx) > ¢*, we get,
rue 2 1 2 d(x 24
CIREE @) < & {2 (1+3)" |2’ | + [ 2 + 243] Z 5k}

where all terms within the curly brackets on the right-hand side are bounded due to the condition

o 82 < 0o, completing the proof for the finite-sum problem (1.3).
For the expectation problem (1.4), under the defined parameters, taking a conditional expecta-

tion of (3.9) given Gy and substituting (3.7) from Lemma 3.2 yields,

Ex [¢(zrr1)] < (k) + (nﬂD)Ek [l Ra(en)lI?] + %5 — a® (& — &) B [| Ra (o))
— o)+ 2 —a [~ o~ 1 - BB [IRaan) ).

K—1
+2:2 Z 52,
k=0

Rearranging the above inequality and substituting é(c,7) = 3 — <& — 2 — 22 we get,
E &7
By (| Raon)|?] < Seedifeltlnnll | A,

Under the defined parameters, é(a, ) > 0. Since |[Ex[Ra, (zx)]]|* < Ex {HR% (xk)||2} by Jenson’s
inequality, substituting the above bound into (3.8) from Lemma 3.2 yields,

e < 2 (1 ) [t + ol + 2t

ac(a,n

Taking the total expectation of the above inequality and summing telescopically over k =
0,...,K —1 yields,

K—-1 K—1
SE[[|Rre@)|*] <2 (1+T) [W > e
k=0 =0
Rearranging the above inequality and using ¢(zx) > ¢*, we get,
, i , K-1
min E || RY(@0)]°] < & {2 (1+5) [Lenl=tt] + [ + 28] DO 5,3} .
, k=0

where all terms within the curly brackets on the right-hand side are bounded due to the condition
> e 07 < oo, completing the proof for the expectation problem (1.4). O

K—

Z 607

k=0

11



Theorem 3.3 establishes a sublinear convergence rate for Algorithm 2.1 with Option I for
nonconvex objective functions, when using a possibly biased gradient estimate satisfying Condi-

‘Rg’:‘e(mk)HQ < ¢ for the finite-sum problem
(1.3) and E {HR”“E k)HQ] < ¢ for the expectation problem (1.4), can be achieved in O (1) itera-
tions (proximal operator evaluations), matching the complexity bounds for deterministic first-order
methods [9,10]. We now present the complexity for the number of stochastic gradient evaluations

for Algorithm 2.1 for the expectation problem (1.4) with a nonconvex objective function when the
gradient estimate is unbiased.

tion 2.1. Thus, an € > 0 accurate solution, i.e.,

Theorem 3.4. Suppose Assumptions 2.1 and 2.2 hold, and Condition 2.1 is satisfied for the ex-
pectation problem (1.4) via the unbiased gradient estimate in Lemma 2.2. Then, for Algorithm 2.1
with Option I, if the parameters in Condition 2.1 are chosen such that {i} = 7 € (0,1),

o € [O,\/12ﬁ>, op = W Vk > 0 with v > 0, and the step size is chosen such that

{ag} = a < 12;57, a solution satisfying min{ [HR”“e k)‘ﬂ N

(mk)Hz} < € with e > 0
is achieved in O (e_(2+”)) stochastic gradient evaluations. If {63} = 0, this improves to O (e72).
Proof. Let K. > 1 be the first iteration that achieves the desired solution accuracy. Hence,
R (@)|)* > € Yk < K, — 1 and from (3.8), |[Ex [Ray (z0)]]® > (1+ ’%f)_l [f —Lgaﬂ VE <
K. —1. Thus, the total number of stochastic gradient evaluations can be bounded using Lemma 2.2
as,

K.—1 K.—
2 20’ (4+7} 20’ 72) o2 (4+72)
E E g < E < E K..
|Sk paars "741% ||IE;€[R ]H 4 252-‘ - o 7 €+8L(2)52 +1 -252 +

For Algorithm 2.1 with Option I, K. is at most O (%) from Theorem 3.3, yielding,

Z|S‘<20 4+n)K€+a2(jZ+gﬁ)K2+u+K O(z+,)

Following the same procedure, if {03} = 0, Zf;gl [Sk| < %KE + K. =0(%).
O

Theorem 3.4 matches the optimal complexity for the number of stochastic gradients for the
expectation problem (1.4) over nonconvex objective functions [16]. We conclude this section with a
corollary to Theorem 3.4, using a definition of an e-accurate solution similar to that in [17], under
the parameter setting {7} = 0.

Corollary 3.5. Suppose the conditions in Theorem 3.4 hold. If the parameters in Condition 2.1
are chosen as {ny} =0, iy € (O7 %) and &), = W Vk > 0 with v > 0, and the step size is

chosen such that {og} = a < a solution satisfying E [HR”“ xk)HQ} < € with € > 0 is achieved

2L )
in O (e (2+”)) stochastic gradient evaluations.

Proof. The proof follows from the same procedure as Theorem 3.4. O

The parameter settings in Corollary 3.5 reduce Condition 2.1 to maintaining a predetermined
sequence of gradient estimation errors, similar to [37].
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3.2 General Convex Objective Function

In this section, we provide the theoretical analysis of Algorithm 2.1 when the smooth function f(z),
and thus the composite function ¢(x), is convex. We begin by stating the basic assumptions and
definitions, along with some mathematical identities that will be used throughout the analysis.

Assumption 3.1. The function f : R* — R is L-smooth and convex, and the function h : R —
R U {+o0} is closed, convex, and proper.

Under Assumption 3.1, let z* € R? denote an optimal solution where the optimal value ¢* is
attained. Since f(x) is differentiable and convex, from [31],

f) > f(a) +Vf(@)T(b—a) Va,beR% (3.10)

For Algorithm 2.1 with Option II, under Assumption 3.1, we define the sequence {f;} and two
additional sequences {0} and {vy} for the analysis as,

Br = % Vk>1, 6= %H Vk >0, and v =xp_1 + é(l‘k — .kal) Vk>1, (311)
with vy = xg. Under these definitions, y; can be expressed as,
Yk = Tk + 155 (Tr — TR1) = (1 k+2>$k+ s (zho1 + Bt (o — 211))
= (1 — 9k+1)xk + 9k+lvk Vk > 0. (312)

From (3.11) and (3.12), an alternative update form for {v;} can be derived as,

Ukt = @k + gy (@1 — 2k) = vk — g (1= Okg1) 2 + g1tk — Ths1)

= v — (yp — xp+1) VE>0. (3.13)

9k+1

Finally, we also introduce a useful identity for {0x} as,

(1=0x) _ (k=D)(k+1) _ k-1 k% _ _1
gl = Bolii) S Bl < ln = Bl Ve L (3.14)

We now establish a general descent lemma under Assumption 3.1.

Lemma 3.6. Suppose Assumption 3.1 holds. Then, Vz € R% and Vk > 0, the iterates generated by
Algorithm 2.1 satisfy,

dxri1) < 6(2) + (g5 — V()" (2 = vr) + (VF(ur) — 98)" (@41 — ur)
+ [% - a%} zks1 = Uell® + 2= (e — 2e41)" (e — 2).
Proof. From (2.1),

G(hs1) < Flyr) + VI k)" @rgr — ve) + Sllzre — vl + h(@es1)

F2) =V )" (2= ye) + V)" @rir — vr) + Slleesr — vell® + A(zria)

f2) = V) (=) + V)" @1 — ) + Zllzre — vell®
+ h(z) - (%a& - gk)T (z — Tp41)
=6(2) = Vf(we)" (2 — y) + V)" (@es1 — vk) + Slorgr — vel)?

T
—(yka& 9k> (2 = Yk + Yk — Tht1),

VARVAN
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where the second inequality follows from (3.10) Vz € R? and the third inequality follows from
the convexity of h(z) and the definition (2.2) for zx41 which yields 0 € gx + Oh(zg41) + W
Rearranging the terms in the last equality completes the proof.

Using Lemma 3.6, we establish recursive bounds on the optimality gap in function value for
Algorithm 2.1 with Option I and Option II, under Assumption 3.1.

Lemma 3.7. Suppose Assumption 3.1 holds.
1. For Algorithm 2.1 with Option I, Vk > 0, the iterates satisfy,

P(es1) — ¢ < (gk — VI (ze)" (2" — zi) + (Vf(@r) — gr)" (Tha1 — 21

+ o [llee — 21 = [lengr — 2|2 = (1 — e L) [lzg — 2 |?] -
2. For Algorithm 2.1 with Option II, Vk > 0, the iterates satisfy,

G(hy1) — ¢ < (L= Opp1)(B(x) — %) + Orp1 (g — V()" (2" — vp)
+ (V) — 91)" (Trs1 — yi)

92
+ it [lloe — 2|1 = llokgr — 2™ = (1 = L) lor — vesa||] -

Proof. For Algorithm 2.1 with Option I, consider the result from Lemma 3.6 with y; = x) and
z=ux",

P(rs1) — ¢ < (gk — Vf(ze) (2" — zi) + (Vf(@r) — gr)" (Th41 — 21

+ 5 = & o =l + £ @0 = we) (@ — 2.
Applying Lemma A.1 with a; = 2, — Tk41, a2 = 2 — 2* and ¢ = % completes the proof for

Option I.
For Algorithm 2.1 with Option II, consider the result from Lemma 3.6 with z = 65 2™ + (1 —
Ok+1)xk. Since 041 € [0,1] Yk > 0, from Assumption 3.1,

A(Ths1) — 0F < (1= Op1)(B(xr) — %) + (95 — VF(yr)) " (Okr12* + (1 — Opq1)78 — i)
+ (TS = 90 (eer =) + [5 = L] llowsn - el
+ =k — ) Yk — Opre™ — (1= Opya)ap)
= (1= Opg1)(d(zr) — ") + Oy1(ge — VI (we)" (@ — o) + (Vi (k) — 96)" (@r41 — yr)

92
+ 00 [% = ] Mo — oell® + 2 (0 = o) (or - 2,

where the equality follows from (3.12) and (3.13). Applying Lemma A.1 with a1 = vg — vg41,

as =v, —x* and ¢ = % completes the proof for Option II. O

We now present the convergence of Algorithm 2.1 under Assumption 3.1 when using a biased
gradient estimate, followed by the complexity of number of proximal operator evaluations.

Theorem 3.8. Suppose Assumption 3.1 holds and the gradient estimate gy satisfies Condition 2.1.

14



1. For Algorithm 2.1 with Option I:

(a) For the finite-sum problem (1.3), if the parameters in Condition 2.1 are chosen such
that {m} N 0, {m} < m < &, S0 omt < oo, i} € [0,5—n), YSplgdk < oo and
Y e 07 < oo, and the step size is chosen such that {ax} = a < %zﬂg) Vk > 0, then
{¢(x)} converges to the optimal value with ming—o, . x—1 ¢(zx) —¢* = O (%) VK > 1.

(b) For the expectation problem (1.3), if the parameters in Condition 2.1 are chosen such that
{ﬁk} \t 07 {ﬁk} < 77 < %7 ZI?;O ﬁl% < 09, Z%) € [07% - 77); 220:02519 < 00 and EZO:O 51% <
00, and the step size is chosen such that {ax} = a < % Vk > 0, then {¢(zk)}
converges to the optimal value in expectation with ming—o . x—1 E[p(xr) — ¢*] = O (%)
VK > 1.

2. For Algorithm 2.1 with Option II:

(a) For the finite-sum problem (1.3), if the parameters in Condition 2.1 are chosen such
that m, = At, and &, = dux Yk > 0, where {n;} < n < Lo{t} (0, Sop 2 < oo,
Sopeo ktr < 00, Sope o (k+2)uy, < 0o, Yoo o (k+2)%ui < o0, i3 € [0,5 — 1) and 7,6 >0
are sufficiently small, and the step size is chosen such that {ay} = a < %ﬁ”g) Yk >0,

then {¢(xr)} converges to the optimal value with ¢(xy) — ¢* = O (W) Yk > 0.

(b) For the expectation _problem (1.4), if the parameters in Condition 2.1 are chosen such
that i, = Aty and 0, = Sty Yk > 0, where {} < 77 < é, {tk} N0, DT 0t2 < 00,

Soreo ktr < 00, Sope o (k+2)%y, < oo, Y ope o (k+2)%a} < oo, i3 € [0,% —7) and 71,6 >0

= 2
are sufficiently small, and the step size is chosen such that {ag} = a < 1220 tiy)

2L
VEk > 0, then {¢(xr)} converges to the optimal value in expectation with E [¢(xy) — ¢*] =

1

O (gta) ¥k 2 0.

Proof. For Algorithm 2.1 with Option I, applying Cauchy-Schwarz inequality to the result in
Lemma 3.7, we get,

d(xrg1) — ¢ < llge — V(@) lzn — 2| + (Vi (2r) — g1) " (@41 — 28) (3.15)

+gap [loe =271 = lzner — 27)1* = (1 = L) [l — 2 |] -

For the finite-sum problem (1.3) for Algorithm 2.1 with Option I, substituting Condition 2.1
and (3.2) from Lemma 3.2 into (3.15),

d(rry1) — 9" < (2% lxx — zea1]| + Lo5k) leg —2*|| + (2% lzr — 2rat || + o0k||zn — $k+1||>

+ [Hfﬂ - ||2 ||$k+1—w*HQ—(l—akL)Hifk—fEkHH }

QDL)C
smnxk 27+ gh Nk — i | + codillzn — | + 247k 4 loesrenlt

+ E [lze = 2|1 = gy —2*[? = (1 — ax L — i) Ika — zp41?]

= 4% g — &P + cobllan — 2| + 2
12 *HQ* (3 —arL —me — §) ok — 2o [1?]

+ m [lzx = 2|1 = [lepgr — 2
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where the second inequality follows from the identity ab < a2;b2 and young’s inequality as tody||zr —

xk+1|| < O"‘ak + W with aj > 0. Under the defined parameters, the constant & — a, L —

n—12 >0, and hence the last term in the upper bound can be omitted. Applying young’s inequality
| < llzk —2* H2

again, |lxp — x o &,

we get,

2
P(epr1) — ¢* < (4’1; + ;oj;) g — 27| Lot [z — 2|2 — ||aggr — 27]?]

Sptd
S (% + L05k> ||$ *”2 (to kJF k) + % [HI‘ *”2 o ||xk+1 o .’B*||2] , (316)
where the second inequality follows from o = {a} < +. In the above bound, since ¢(zx41)—¢* > 0,
one can create a recursive relation,

2
lopsr = a2 < (% + w00 +1) llz — "% + $ (200 + 7).

2
From Lemma A.3, with Ty = ||z — 2*|?, = %" + 1o0; and s = ¢ (L()(Sk +5,%), under the

defined parameters, the sequence {||z) — 2*||*} is bounded. Taking a telescopic sum of (3.16) for
k=0,...,K —1 yields,

K— K-1
5 5
D(Tpqr) — O < Z (% Loék) ek — || + Z (t00k+63) k+ %on — 2|2
k=0

,_.

k=0

Rearranging the terms in the above inequality,

o0
. 2 6 6
e Hann) =87 S % {Z (i +152) o — 0P+ z Codickd) 4 1y, ||2}

k=0

N

where all terms within the curly brackets on the right-hand side are bounded, completing the proof
for the finite-sum problem (1.3) for Algorithm 2.1 with Option I.

For the expectation problem (1.4) for Algorithm 2.1 with Option I, consider the conditional
expectation of (3.15) given Gi. Substituting (3.5) and (3.6) from Lemma 3.2 yields,

Ec (o) - 6] < (g vExlow — w7+ f0d) llow - o

+ (= [lon — wrsa ] + fobuy/Br [lox — a1

+ mEk [lox — 2% = lzres — 27 — (1 — axL) ||z — 2p4 %]

i3 5
= 4ak ”xk || + Loop ||z — x¥|| + 22k

+ *H2

sa— B [llox — 2*I° = lonsr — 21> = (5 — anl — i — 35) ok — ppa[?]

where the second inequality follows from young’s inequality. Under the defined parameters, the
constant % —ayL—1f — % > 0, and hence the last term in the upper bound can be omitted. Taking
the total expectation of the reduced bound and applying young’s inequality yields,

* 5 Lodk+07
Elp(zgy1) — ¢"] < (4721 + LQOa:) E [|lzx — 2*]1*] + w 2% E [lax — 2*|? = |oxss — 27])]

z O +0
< (Z 4+ BB E o — o7?) + @D 4 AR (o — 2|2 flzin — 7],
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where the second inequality follows from o = {a;} < % Similar to the finite-sum problem, one
can create a recursive relation and use Lemma A.3 to show that {E [||zz — 2*[|?]} is a bounded
sequence. Taking a telescopic sum of the bound for £k =0,..., K — 1 yields,

K—1
P
Z E[p(wi1) = ¢7] < Z (3 + 5% ) B o —2"17) + 3 %2 + B [l — 2]
k=0
Rearranglng the terms in the above inequality,

[e’e} 5 s [e’e) . _ <
min  E[p(zi1) — ¢ < 4 {Z (% + 5% ) B [Jop — 2*)7] + Y 2% 4 LE [Jlag — 2|17 } :

k=0,...,.K—1
k=0 k=0

where all terms within the curly brackets on the right-hand side are bounded, completing the proof
for the expectation problem (1.4) for Algorithm 2.1 with Option I.

For Algorithm 2.1 with Option II, applying Cauchy-Schwartz inequality to the result in
Lemma 3.7 yields,

(1) — ¢ < (1= Opp1)(d(xr) — ¢%) + Okrallgr — VI (ye)lllow — 27| (3.17)

02
+ (Vo) = g6) " (@1 —yn) — 522 (1= ax L) [Jog, — vppa ||?

+ 2’;*; ok — 2" [1* = llvesr — 7] -

For the finite-sum problem (1.3) for Algorithm 2.1 with Option II, substituting Condition 2.1,
(3.2) from Lemma 3.2, and (3.13) into (3.15) yields,

P(rt1) = 0" < (1= Or1)(@(wk) — ¢7) + Okt (9%:’“ o = vkgall + L05k) l[ox — =]

03 07
(P o = v |2 4 B rtodillon — vnall) = T (1= ) llon — v |

02
+ gt [[low = 2*|* = logsa — 2*||]

92 2 52
< (1= B2 (@) = ) + Buraiodilon — | + 52 oy — 72 4 25

40£k
02 02
— 2 (5 = anLl =k — 1) low = vpa|® + 552 [low — 2| = [Jogn — 2*|1%]

where the second inequality follows from young’s inequality. Under the defined parameters, the

constant % — arL — i — 13 > 0, and hence the fifth term in the upper bound can be ignored.
Applying young’s inequality to the reduced bound yields,

* * o3 2 * ar (03 +
Oni1) = 0" < (1= Opsa)(Glag) = 67) + 52 (100 + | llog — 2|2 + 2Cifrote)

‘92
+ gt [lok — ™1 = llogsa — 2717].-

Dividing the above inequality by 67, and applying (3.14), we get,

dleri1)=¢" o 1 e 2 | or(d3+w0dr)
k%% < e—z((b(xk) — ¢*) + 52 Jor [Loak + gk} lop — z*|| + 16215%74;)}@
+ 52 ok = 2% 117 = Jorsr —2*)1%]

r 824100
< %w(m — 6) + o [0 + T o — 7|2+

+ 5 [llve =21 = llvrsr — 2*|7]
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where the second inequality follows from a = {ay} < +. By Lemma A 4, with Ry, = g2 (¢(zx) — %),
k

2 2
T, = i”vk —2*||?, ar, = 10k + %’“, and s, = Zk@%ii%’ the sequence {Ry} is bounded under the
specified parameters provided that 7 and § are chosen to be sufficiently small. Thus, 3C > 0

such that, ¢(zy) — ¢* < COZ = %, completing the proof for the finite-sum problem (1.3) for

Algorithm 2.1 with Option II.
For the expectation problem (1.4) for Algorithm 2.1 with Option II, consider the conditional
expectation of (3.17) given Gy. Substituting (3.5) and (3.6) from Lemma 3.2, and (3.13) yields,

B [0(ak1) = ') < (1= Oh1)(0(an) — 6°) + Ous (%522 /By ok — o1 2] + b ) lon — 2|
‘9%+17~71¢

+ BEEEy, [[lok — v |?] + Or 11700k Ex, [lox — ver1]?]

02 02
— 32 (1= arL) By, [log — vpga |*] + 2Bk [llve — 2*[1* = [vksr — 2]

2a, 20
.o 07 177 52
< (1= Orp1)(@(xn) — &) + O priodillvg — || + 2EE o — 2°||* + Pk
03 - . 03
— 2 (3 — L — il — 13) By [[low — vnpa 2] + 252 By [[log — 2*[|* = [loksr — 2],

where the second inequality follows from young’s inequality. Under the defined parameters, the
constant % — ayL — 7y — 12 > 0, and hence the fifth term in the upper bound can be ignored.
Applying young’s inequality to the reduced bound yields,

Ex [6(zxi1) = 6] < (1= Oyn)(9an) — 6°) + F2 [iody + B oy, — a2 4+ 2Cipiode)

Ok 1
+ 2ak

Ei [lok — 2" |* = [lvg+r — 27|] -

Taking the total expectation of the above bound, dividing by 67 41 and using (3.14), we get,

T —¢* * ~ T i * (824706,
]EV";#} < g E[o(ar) — "]+ oy [méﬁ%}E[nvk—x 2] + 2xlitiods)

k41 k41
+ 5B [llog — 2*)* = logga — =*1%]

~ ~2 $2,~ 3
< FEB(or) = ¢7]+ 3 [fode+ B | E [llox — o*|7] + G5

+ =B [llve — 2% |12 = lvws — 217,

where the final inequality results from o = {ay } < % By Lemma A .4, with Ry = %E [o(xk) — ¢*],

82 +i08
202 L

~ =2
Ty = 2B [lox — 2*|1?], ax = to0k + &, and s, = , the sequence { Ry} is bounded under the

specified parameters provided that 7 and § are chosen to be sufficiently small. Thus, 3C > 0 such
that, E [¢(zg) — ¢*] < CO2 = ﬁ, completing the proof for the expectation problem (1.4) for
Algorithm 2.1 with Option II. O

Theorem 3.8 establishes a sublinear rate of convergence for Algorithm 2.1 with Option I and
Option II for a general convex objective function when using a biased gradient estimate satisfying
Condition 2.1. Thus, an € > 0 accurate solution, i.e., ¢(zx) —¢* < € for the finite-sum problem (1.3)
and E [¢p(xy) — ¢*] < € for the expectation problem (1.4), which are stronger definitions than those
defined in Subsection 3.1, can be achieved in O ( %) iterations (proximal operator evaluations) with
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Option I and in O (ﬁ) iterations (proximal operator evaluations) with Option II, matching the

results for deterministic first-order methods [31].
When gradient estimate is unbiased, the required conditions on the parameters can be simplified
for the expectation problem (1.4) as shown in the following corollary.

Corollary 3.9. Suppose the conditions in Theorem 3.8 hold for the expectation problem (1.4) and
the gradient estimate is unbiased, i.e. Exlgr] = V[ (yk).

1. For Algorithm 2.1 with Option I, if the parameters in Condition 2.1 are chosen such that
{i} =7 €[0,1), 3 € [0,1 —7), and > 1o y02 < oo, and the step size is chosen such

that {ap} = a < 177.;53, then {¢(xg)} converges to the optimal value in expectation with
ming—o,... k-1 E[p(zx) — ¢*] = O () VK > 1.

2. For Algorithm 2.1 with Option II, if the parameters in Condition 2.1 are chosen such that
T2
{ik} =71 €1[0,1), & € [0,1 —7), and 727, 026—’“ < o0, and the step size is chosen such
k41
. 2
that {ag} = a < =175 then {¢(x1)} converges to the optimal value in expectation with

Elp(zxc) — 6] = O () VK > 1.

Proof. For Algorithm 2.1 with Option I, consider the conditional expectation of the result in
Lemma 3.7 given G under the defined parameters. From the assumption of an unbiased gradient
estimate and substituting (3.7) from Lemma 3.2, the bound reduces to,

I i
Er [¢(2k41) — ¢7] < (n;”)Ek (e — 2 ||?] + %ﬁ
+ i [Ek [”x’“ - I*HQ] —Ex [||il?k+1 - ﬂﬂ*Hz} —(1—aL)E [||95k — Ik—i—lHQH
a~2
= 2 [Bx [l — 2112] = Bx [llanes — a*|2)] + %5

= 30 (1=l =i = ig] B [l —@pa 7]

where the constant 1 — aL — 7 — i3 > 0 under the defined parameters. Taking a telescopic sum for
k=0,...,K —1 of the total expectation of the reduced bound yields,

K-1 o 3
E[$(ans1) = 6] < g5 [E [loo = 2" 7] =B llec = "] + 3 %5*.
k=0 P

=

Rearranging the terms of the above inequality, we get

K-1
min_E[6(zxs1) — 6] < & {JE [leo —a*2) +§ 3 S,%} ,
k=0

k=0,...,K—1

where all terms within the curly brackets on the right-hand side are bounded due to the condition
Yoo 5,3 < 00, completing the proof for Option I.

For Algorithm 2.1 with Option II, consider the conditional expectation of the result in Lemma 3.7
given Gy under the defined parameters. From the assumption of an unbiased gradient estimate and
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substituting (3.7) from Lemma 3.2, the bound reduces to,

Ex [6(za1) — 6] < (1= 001 (0(xx) — 6°) + By [[lmgyr — 2] + 23

92
+ EE [[log — 22 = [Joegr — 2*| — (1 — aL) [Jox — v [)?]

* 0% * * ad?
= (1= k1) ($(xr) — ¢7) + By [[log — 27 |* = fJoegs —27||7] + 5=

Yt 11— al — iy — i3] By, [log — vesa |?]

where the equality follows from (3.13) and the constant 1 — oL — 7 — i3 > 0 under the defined
parameters. Dividing the total expectation of the reduced bound by 0% 41 and applying (3.14)
yields,

* * * * 52
A E9(ri1) — '] < FED(1) — ']+ 5 [lon — 27 = oner — "2] + g

k+1

Taking a telescoping sum of the above for £k =0,..., K — 1 yields,

FE[B(x) — 8] < g [6(z0) — '+ 5 [loo — 2" | — lloxe — 27 |7] + Z

20 k+1

Multiplying the above inequality by 6% yields,
K—-1 5
E[¢(vk) — ¢"] < grigy {1 [B(x0) = ¢*] + 55E [[lvo — |1 = llox —a*|*] + > 29} :
k=0

where all terms within the curly brackets on the right-hand side are bounded due to the defined dy,
completing the proof for Option II. O

Compared to Theorem 3.8, the parameter settings in Corollary 3.9 for Algorithm 2.1 and Con-
dition 2.1 are less restrictive, as the use of an unbiased gradient estimate simplifies the analysis by
reducing the number of error terms involved.

We now present the complexity for number of stochastic gradient evaluations for Algorithm 2.1
when an unbiased gradient estimate is used for the expectation problem (1.4) under Assumption 3.1.

Theorem 3.10. Suppose Assumptions 2.2 and 3.1 hold, and Condition 2.1 is satisfied for the
expectation problem (1.4) via the unbiased gradient estimate in Lemma 2.2. Then, to achieve a

solution satisfying min {E HR”“S Hz} < € with € > 0, the number of stochastic

gradient evaluations required is as follows.

1. For Algorithm 2.1 wzth Option I, if the pammeters in Condition 2.1 are chosen such that
(i} =7 € (0,1), % €[0,1—17), and 6} = k+1)1+v Vk > 0, where v > 0, and the step size

is chosen such that {ozk} =a< “’TL“, then the number of stochastic gradient evaluations

required is O (6_(2+”)). If {6x} = 0, this improves to O (e72).

2. For Algorithm 2.1 wzth Option II, if the pammeters in Condition 2.1 are chosen such that
(i} =7 € (0,1), 2 €[0,1—17), and §2 = W Vk > 0, where v > 0, and the step size
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is chosen such that {a} = a < , then the number of stochastic gradient evaluations

3
required is O ( 2+V)) If {6k} =0, this improves to O (e2>,

Proof. Let K. > 1 be the first iteration that achieves the desired solution accuracy. Hence,
o\ —1
[Rwe(ye) || > € ¥k < K.—1 and from (3.8), |[Ex [Ra, (yi)]||* > (1 + %) [é - Lo(s?} VE < K.—1.

Thus, the total number of stochastic gradient evaluations can be bounded using Lemma 2.2 as,

K.—1 K.—1 , Ko— —

2 4 2 4
2 190= 2 By SZIJQJ’(;HKZ T ) L K.
k=0 k=0 | 4 ||Br|[Ray (yr +i56% k=0

For Algorithm 2.1 with Option I, K. is at most O (%) from Corollary 3.9, yielding

K.—1

o a? J] v
Z|S‘<2 n%:n)K_'_ (j;én)K2+ 1K, = 0(2+V)_
k=0

Following the same procedure, if {03} = 0, Efe_l [Sk| < MKE + K. =0(%).
For Algorithm 2.1 with Option II, K. is at most O ( ) from Corollary 3.9, yielding

2 ~2
3 Il € B 4 I = 0 (k).

Following the same procedure, if {3} = 0, ZkK;al [Sk| < %Zj”)m + K. =0 (3%
O

Theorem 3.10 matches the optimal complexity for the number of stochastic gradient evaluations
for the expectation problem (1.4) with a general convex objective function [24]. We conclude this
section with a corollary to Theorem 3.10, similar to Corollary 3.5, using a definition of an e-accurate
solution similar to that in [24], under the parameter setting {7} = 0.

Corollary 3.11. Suppose the conditions in Theorem 3.10 hold. Then, to achieve a solution satis-
fying E [¢(xr) — ¢*] < € with € > 0:

1. For Algorithm 2.1 with Option I, if the parameters in Condition 2.1 are chosen as {f,} = 0,
iz €(0,1), and 5k = W Vk > 0, where v > 0, and the step size is chosen such that

{ap} =a < 1_LL” , then the number of stochastic gradient evaluations required is O (6_(2+”)).

2. For Algorithm 2.1 with Option I1, if the parameters in Condition 2.1 are chosen as {f;} = 0,
i2 € (0,1), and §k = W Vk > 0, where v > 0, and the step size is chosen such that

{ar} =

Proof. The proof follows from the same procedure as Theorem 3.10. O

0 then the number of stochastic gradient evaluations required is O (e*(%")),

The conditions in Corollary 3.11 reduce Condition 2.1 to using a predetermined error sequence
for the gradient estimates, similar to [37].
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3.3 Strongly Convex Objective Function

In this section, we present the theoretical analysis of Algorithm 2.1 when the smooth function
f(z), and thus the composite function ¢(z), is strongly convex. We begin by stating the basic
assumptions and definitions, along with some mathematical identities that will be used throughout
the analysis.

Assumption 3.2. The function f:R? — R is L-smooth and u-strongly convez, i.e.,

flva+ (1 =mb) <vf(a) + (1 =7)f(b) = 571 = y)lla —b|* Va,beR?, ¥y e [0,1],
and the function h : R4 — R U {400} is closed, convex, and proper.

Under Assumption 3.2, let * € R? be the unique optimal solution. Since f(x) is differentiable
and strongly convex, from [31],

f) > fla) + V(@) (b—a)+ £|b—al|* Va,be R (3.18)

For Algorithm 2.1 with Option II, under Assumption 3.2, we define the sequence {f;} and two
additional sequences {0y} and {vy} for the analysis as,

By = i;zl’z and 0 = /poy, Vk>0,and v =281+ 5- (ack —xp_1) Vk>1, (3.19)
with vy = xg. Under these definitions, y; can be expressed as,
Yk = Tk + 1595 (@n —wh1) = g (@h + kT 1 + Tk — T 1)

= Zetbive g > () (3:20)

When a constant step size is employed in Algorithm 2.1, i.e., {ax} = « and {0} = 0 = ,/na, then
using (3.19) and (3.20), the update form for {v;} can be expressed as,

Vg1 = Tk + 5 (Tha1 — Tk) = Uk <1+ 1%29 —0- 1+9) + @y, (ﬁig - ﬁ) + 2111 ()
—Uk+9(m—vk> —é(%—xkﬂ)
= vk + 0(yr — vk) — 5 (yr — Te41) VEk > 0. (3.21)
We now establish a descent lemma that further refines Lemma 3.1 under Assumption 3.2.

Lemma 3.12. Suppose Assumption 3.2 holds. Then, Yz € R% and Yk > 0, the iterates generated
by Algorithm 2.1 satisfy,

Blern) < 6@) + |72 — §] o =il + (9 = V£ (0) (@ =)
+ (V) = gr)" (@ren — ) — (ﬁ - %) 241 — yill®.
Proof. From (3.18), the first two terms in the result from Lemma 3.1 can be bounded as,
Sarsr) < f(@) = §llo = yrll® + (96 = VI )" (@ = ye) + gap e — ywll® + h(z)
+ (V) — gr)" (Trsr — yr) — (ﬁ - %) [ @rt1 — yrll?,

completing the proof. O
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While the result in Lemma 3.12 is sufficient for analyzing Algorithm 2.1 with Option I, a
different Lyapunov function is required to analyze Algorithm 2.1 with Option II for a strongly
convex objective function. We first establish a recursion for the distance between {vy} and the
optimal solution x* for Algorithm 2.1 with Option II.

Lemma 3.13. Suppose Assumption 3.2 holds. Then, Vk > 0, the iterates generated by Algo-
rithm 2.1 with Option IT and {a} = o < 1 satisfy,

Blorrs — 17 = (1= O)ox — 17 — £0(1 — 6) ox — yill? + 42 1y — ="
+ aallye = zral” + 5 (e — 2ren) T [0 + (1= Oz — yi],
where 0 = /fic.
Proof. From (3.21),
Oppr — 2t = o — 2+ 0(ye — o) — (e — 2e1) = (1= 0)(vk — ) + 0y, — &) — §(yx — Trp1)-
Taking the euclidean norm of the above and squaring both sides yields,

ok — 2" = (1= 0)2[for —a* |2 + 621y — " 112 + A llye — a2
+20(1 = 0)(ok — )T (g — 2%) — 2(gx — wp1) [(1 = 0) (g — &) + Oy — ™).

Multiplying the above equality by & = % and using (1 —6)?2=1—6 —0(1 — ), we get,

92
Sloksr — 21 = 51 = O)llow — ™ 1* = 01 = O)Jo — 2™ [|* + E5-llyw — 27 |” + 55 g — 2a4a ]

01— 0) (v, — ") (i — ) — Ly — waen)” [(1 = O) ok — ") + Oy — 7).
(3.22)

The second, third and fifth terms on the right-hand side of (3.22) can be simplified together as,
2
— 50(1 = 0) o, — 2*[* + 5[y — || + p6(1 = 0) (v, — 2™) T (yy, — 2¥)
= 5601~ O)llox — [ + 61~ 6) o — ) — %) — 4D gy — | + L g 2
= —50(1 = 0)[[ox — well* + L llys — 2",

where the second equality follows from 62 = § — (1 — 6). The last term on the right-hand side of
(3.22) can be simplified as,

Lyr — zpg1) " [0(1 = 0) (v — %) + 0% (g, — 2¥)]
= L(ge —wn) [0 - 0) (D= — 0t 4 02y — 0]
=Ly — 1) [ye — (1 — )z — 027],

where the first equality follows from (3.20). Substituting these simplified expressions into (3.22)
completes the proof. O

Using Lemma, 3.13, we now establish the Lyapunov function and the recursive relation to analyze
Algorithm 2.1 with Option IT under Assumption 3.2.
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Lemma 3.14. Suppose Assumption 3.2 holds. Then, Yk > 0, the iterates generated by Algo-
rithm 2.1 with Option IT and {a,} = o < 1 satisfy,

O(xrt1) — ¢° + &k — 2|
< (1 —0) [¢(zr) — ¢ + Sllow — z*[1*] — 501 = O)[Jox — ywll® — [o5 — 5] llzesr — wrll
+ (g5 — VI (ye) (0" + (1 — 0)xp — yi) + (g5 — VF ()" (Yk — Tht),

where 0 = /ua.
Proof. From (2.1),

P(@rt1) < Fr) + VFe) @esr — vr) + Slwrtr — yell® + h(zrgn)

T
@)+ I ) @rs1 = ) + Sllo = pel? + h@) - (U522 — g0) (@ — onpa)
@) =V e) (= yr) = §llz — vel® + V)" (@1 — ve) + Sllars — il

) —
+ h(z) — (M gk)T($—$k+1)

[e93]

T
= 6(2) = blle — g lP + Sllaner — el — (L5282 (@ - ppa)
— (Vfyr) — gr)" (& — 2p41)

where the second inequality follows, Vo € RY, from the convexity of h(x) and the definition (2.2)
for zj11 which yields 0 € gy + Oh(zg41) + 5=, and the third inequality follows from (3.18).
Substituting z = 6z* 4 (1 — 0)xy, where 6 € [0,1], from Assumption 3.2,

P(arr1) = 0" < (1= 0) [$(ar) — ¢*] = 5 [0 = O)]lww — 2| + [l — yr”] (3.23)

b g — w2~ (252 @ ) — (VI ) — 007 (& — i),
The second term on the right-hand side of (3.23) can be simplified as,
0(1 = )l — 2|1 + Iz — |

=01 = O)[lor — 2™[|* + |02 + (1 — Oz, — il

= 0(1 = 0)llzx, — 2*[* + (1 = 0)?[|lz — 2™[* + [lye — 2| + 2(1 - 0) (2, — )" (2" — yx)

= (1= 0|z — "I + llye — 2"|* +2(1 = 0) (. — 2*)" (=" — )

> (1= O)lae =2 + llye — 27> = (1= O)l|lzx, — 21> = (1 = O)llyn — 2™

= Ollye — 2|,
where the inequality follows from the identity 2a7b > —|la||?> — ||b]|?, Va,b € RY. Substituting this
bound into (3.23) and adding the result from Lemma 3.13, we get,

G(@rr1) = 6" + §llvesr — 2"
< (1=0) [dlxr) = & + Glloe — ") = 500 = O)llow — yul® + Fllwr+1 — yell?

T
- (%) (02" + (1 = O)zg — Tht1 — Yx + Yk)

— (Vf(yr) = gi)" (03" + (1 = 0)x — Ths1 — Yo + Yi)
+ o llye — Tt 1?4+ 2 (e — 1) " [0 + (1= 0)ar — wi]
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where simplifying the expression completes the proof. O

We now present the convergence of Algorithm 2.1 under Assumption 3.2 when using a biased
gradient estimate, and then discuss the corresponding complexity of number of proximal operator
evaluations.

Theorem 3.15. Suppose Assumption 3.2 holds and the gradient estimate g, satisfies Condition 2.1.
1. For Algorithm 2.1 with Option I:

(a) For the finite-sum problem (1.3), if the parameters in Condition 2.1 are chosen such that
{m} =n € [O, %), 1o < 00, and 0, = 0% Yk > 0, where § € [0,1), and the step size is

2
chosen such that {ag} = a < 17242’7 , then {xr} converges to x* at a linear rate as,

¢(zx) — ¢* < max {1 — %,62}“_1 max{¢(x0) e %} )

"

(b) For the expectation problem (1.4), if the parameters in Condition 2.1 are chosen such
that {mx} =17 € [O, %), o < 00, and &, = 0% Vk > 0, where 6 € [0,1), and the step
size is chosen such that {ag} = a < 1_22;72 , then {x1} converges to x* in expectation at
a linear rate as,

E[o(re) — '] < max {1 - %,SZ}W max { o(xo) — ¢°, %}

T
2. For Algorithm 2.1 with Option II:

(a) For the finite-sum problem (1.3), if the parameters in Condition 2.1 are chosen such

that {n} =n < ,/4(?26) where é = (1 — \/E), 10 < 00, and 6 = 6% Yk > 0, where

0 €10,1), and the step size is chosen as {a} = a =
at a linear rate as,

ﬁ, then {xx} converges to x*

& k+1 W2
o(zy) — 9" < max{l — gﬁz} max{qﬁ(:ﬂo) —¢" + 5w — x*|\2, ci}%} )

(b) For the expectation problem (1.4), if the parameters in Condition 2.1 are chosen such
that {mx} =7 < ,/Q(Lii_é) where ¢ = (1 — \/E), 1y < o0, and ok = 0% Yk > 0, where

0 €10,1), and the step size is chosen as {ap} = a = ﬁ, then {xx} converges to x*
in expectation at a linear rate as,

k+1

@ T % * 2
E[¢(ex) — 6] < max {1 Y7, 521 max {g(20) — 6" + §llao — 2|17, 5= |
Proof. For Algorithm 2.1 with Option I, consider the result in Lemma 3.12 with y;, = z;. Applying
young’s inequality with constants c1, ¢z > 0 as (g —V f(yr))" (z—yr) < 55| gx—V f (2x) |+ 52|z —

ZOLk
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zl® and (Vf(yx) = 91)" (@1 — y) < 22V F(2r) = grll* + 52 |21 — || yields,

Borr) < 6(2) + |4 — 4] llo —2ull® + £xllgx — V@o)|2 + 52
+ SEIV @)~ gnlP+ 52

= 6(2) + 2k [1 = pog +er] o = aell + % [ 2+ L] low = VS (@)l

(1—arL — c2) [|ors1 — |-

— ol - (34 - é) ks — il

20‘1@

Substituting = vga* + (1 —vg )z, where v, € [0, 1], setting ¢1 = ¢o = %7 and using Assumption 3.2
in the above inequality, we get,

P(xpt1) — 0" < (1= vi)(d(xr) — ¢7) + [— k(1 —v) + (3 2pan) | ||z — ||
+20llgk — Vf(z)|* = 14 (1 — 2a,.L) ||$k+1 — z%.

Substituting v = 2"% reduces the bound to

P(xr41) =" < (1 — 2522 (¢(x) — 0*) + 20kl gk — V f () I — 72 (1 — 204 L) ||z 1 — ]| >. (3.24)

For the finite-sum problem (1.3) for Algorithm 2.1 with Option I, under the defined parameters,
substituting (3.1) from Lemma 3.2 into (3.24) yields,

Ozni1) = 0" < (1 - 25%) (6(ar) = 6°) + 20 (57 lwnrs — anll® + 280%)
— n (1= 2aL) [Joprr — ]
=(1- 2“70‘) (d(zr) — %) + 4augo® — £ (1= 2aL — 40) [|zpr1 — x|,

where the constant 1 — 2aL — 472 > 0 under the defined parameters. Hence, the bound reduces to,

P(zri1) — 0" < (1— 22) (¢(ar) — ¢%) + s,

where applying Lemma A.2 with w = &* completes the proof for the finite-sum problem (1.3) for
Algorithm 2.1 with Option I.

For the expectation problem (1.4) for Algorithm 2.1 with Option I, consider the conditional
expectation of (3.24) given Gi. From Condition 2.1, under the defined parameters, we get,

Ei [p(zs1) — ¢ < (1 — 2£2) (¢(ar) — ¢%) + 20 (%Ek [lzrer — zall*] + 5(2)5%)
— % (1 — 205L) Ek [||l’k+1 — IEkHQ]
< (1— 282 (¢(xk) — ¢*) + 2026%F — = (1= 2oL — 27°) By [||w41 — zl?]

where the constant 1 — 2a.L — 272 > 0 under the defined parameters. Hence, the total expectation
of the above bound yields,

E[p(zri1) — 9] < (1= 2%) Ep(zx) — ¢7] + 20155,

where applying Lemma A.2 with w = &* completes the proof for the expectation problem (1.4) for
Algorithm 2.1 with Option I.
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For Algorithm 2.1 with Option II, consider the result in Lemma 3.14. Substituting v; from

(3.20) yields,
P(xri1) — 0" + Gllowa — 27| (3:25)
< (1= 0) [p(ax) = 0" + o —"|]
2
)| 52 |+ (01— ¥ ) 1~ )

— o [ = aL] [zr1 — yel?

—50(1—-0
+ (gx = Vf(yp) " (02" + yu (1 + 0) — Ovy, — Oy, — yy,).
The last three terms on the right-hand side of (3.25) can be simplified using young’s inequality with

constants ¢y, cy > 0 as,
(1= 0) lye — zell* + (96 = VF i) (ke — Trs1) + 006 — V)" (e — 2 + 27 — v2)

2
— 45 (L= 0) lly — xrll” + 22 llge — V() 1* + 55y — 2|

+ 5 gk = VE@I® + 2L g, — o + 2 — g
lyk — zell* + & [ —} lgr — V£ (ye)|)?

IN R=

< - @(1_9)_023

2
|

)

+ L llyr — zpa |* + sz lop, —

where the second inequality follows from the identity lla+b]% < 2(||al|® +|6]|?) Va b € RY. Setting
90=0)n 6)“ = “(1 oL g] > 0, since

0 0 c
M yields the constant (1 — ) — 29 =451 -0)—

Cy =
) Therefore, the correspondmg term can be dropped, and (3.24) reduces to

0 € (0,
P(wr1) = 6"+ ok — 272
< (1= 0) [p(a) — "] + |22 + 22 oy — 27|
+5 [+ ] o - Vr@l?

— 55 [ —aL —c1] zasr — yl? o
— il (3.26)

< (1= ) [Blan) — 6" + llox — 77] — 2= [1 — aL — ] zen
+ % |:c1 c2:| ||g’f - Vf(i‘!k)”
. . —0 002 —0 6(1—06 L
where the second inequality follows from % + % = % + % =5(1-0) (1 + g) <
£ (1 - 1Y) since € (0,1) and ¢(zy) — ¢* > 0.
For the finite-sum problem (1.3) for Algorithm 2.1 with Option II, substituting (3.1) into (3.26)

under the defined parameters yields,

P(zrs1) — " + Sk — 2* |
5= [1—aL — ] [|wrs1 — yl?

< (1-9) [@xx) = &" + Gllow — 2 |"] — 5
+2L052k:|

Tk+1—Yk
«@

#5525
< (1= ) [Blan) — 6" + Sllow —o77] + ¢ [£ + 2] [236%]

2
- L {1 —al —c - % (é + é)} [
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With ¢; = a¢ and previously defined ¢ = M > (1 — %) = «¢ under the defined

parameters (since a < % and /ap < 1), the constant multiplying the last term can be upper
bounded as,

© (4 (Lto) _ 2L+8) &  _
lfozL—clf%(aJrcz)>17a(L+c)f—>172(L+c) 2 4(L+é)_0'

Thus, the last term in the upper bound can be omitted, yielding,
* * * L * 2 52k
G(xp1) — " + Gllows —a*|? < (1= 5) [o(ar) — ¢ + Lllop — a™[|*] + =2—

where applying Lemma A.2 with w = % completes the proof for the finite-sum problem (1.3) for
Algorithm 2.1 with Option II.

For the expectation problem (1.4) for Algorithm 2.1 with Option II, consider the conditional
expectation of (3.26) given Gi. From Condition 2.1 under the defined parameters, we get,

) = 6"+ §llogsn — 2]

< (1 9) [8(zk) — ¢* + Lok — 2*|°] = 5 [1 — oL — 1] B [[|#ns1 — wil?]
+ 4 [+ 2] [ZeBe [l — o) + 36

< (1=9) [0aw) — "+l — ") + 5 [ & + &] [55%]
~ 2a {1 —al —c - % (i + 62)} Ei [[lze+1 — yill ]

With ¢; = a¢ and previously defined ¢, = M > 2 (1—/E) = a¢ under the defined
parameters, the constant for the last term can be upper bounded as,

i (1 i (L+&) _ 2(L4¢&) &
1_0‘L_Cl_%<a+62) >1—a(L+8) = g > 1— 5% — 255 555 = 0.

Thus, the last term in the upper bound can be omitted, yielding,

E [¢(zxs1) = 6 + §llokss —27[2] < (1= §)E[@an) — 6" + &llog — 27||%] + 22—,

where applying Lemma A.2 with w = % completes the proof for the expectation problem (1.4) for

Algorithm 2.1 with Option II. U

Theorem 3.15 establishes linear rate of convergence for Algorithm 2.1 with Option I and Op-
tion II for strongly convex objective functions when using a biased gradient estimate satisfying
Condition 2.1. Thus, an € > 0 accurate solution, with the same definition as in Subsection 3.2,
can be achieved in O (I{ log %) iterations (proximal operator evaluations) with Option I and in
@ (\/E log %) iterations (proximal operator evaluations) with Option II, where x = L is the con-
dition number, matching the results for deterministic first-order methods [31]. We note that the
presented analysis is significantly simpler than that of [37], where the authors analyze accelerated
proximal gradient methods with predetermined deterministic errors in the gradient estimate and
the solution to the proximal operator. In [37], the analysis establishes that the sequences {x} and
{v} remain within a finite distance of z* to accommodate the errors resulting from using a biased
gradient estimate. In contrast, the adaptive nature of the error in our gradient estimates allows us
to incorporate this error directly into the Lyapunov function, thereby simplifying the analysis.

The parameter settings required in Theorem 3.15 can be simplified when the gradient estimate
for the expectation problem (1.4) is unbiased, as shown in the following corollary.
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Corollary 3.16. Suppose the conditions in Theorem 3.15 hold for the expectation problem (1.4)
and the gradient estimate is unbiased, i.e. Ex[gr] = V f(yr).

1. For Algorithm 2.1 with Option I, if the parameters in Condition 2.1 are chosen such that
{fi} =7 € [0,1) and 6 = 6% Vk > 0, where 6 € [0,1), and the step size is chosen such that

7~2 . . .
{ar} = a < 25, then {z)} converges to x* in expectation at a linear rate as,

E[¢(xr) — ¢*] < max {1 - %752}1&1 max{gb(zo) - 9", 2—5)} .

2. For Algorithm 2.1 with Option II, if the parameters in Condition 2.1 are chosen such that
{f}y =7 €10,1), 2 € [0,7), o = 6F Vk > 0, where § € [0,1), and the step size is chosen

)
such that {ax} = a < H’Tﬂ“, then {xr} converges to x* in expectation at a linear rate as,
* \/E <2 k1 * * (|2
E[p(ar) — d(z")] < max{l —Y5=,0 } max{qﬁ(x@ —¢" 4 5llzo — |7, %} .

Proof. For Algorithm 2.1 with Option I, consider the result in Lemma 3.12 with y; = xp. Under
the defined parameters and x = paz* + (1 — pa)xy where pa < 1, using Assumption 3.2, we get,

(@) — ¢ < (1 — pa)($ar) — ¢7) — L7 gy — 0|2 4 120 (1 — pa) ||y — 272
+ palgr — Vf(@r)" (@ — ar) + (VF(@r) = gr)7 (@re1 — 1) — 55 (1= aL) |zpsr — 2]
= (1 — pa)(¢(ax) — ¢°) + polgr — V()T (a* — )
+ (Vf(ze) = gi) " (@he1 — 2) — 55 (L= aL) [[zp1 — x|

Taking conditional expectation of the above inequality given Gy, the second term on the right-hand
side is zero due to the assumption of an unbiased gradient estimate, yielding,

Ek [(xrt1) — 0] < (1 — pa)(p(ax) — ¢*) + B [(V (k) — g6)" (@rs1 — 1))
— 5= (1= aL)Ey [||lzis1 — 2]

< (1= po)(@(ax) = &) + BB [lonss — aul] + aifd™
— 5= (1= aL) By, [[|#rs1 — ze?]
= (1 — pa)(d(xy) — ¢%) + aigd™ — 5 (1 —alL - %2) E [llzer — 2l?]
where the second inequality follows from Cauchy-Schwartz inequality and Condition 2.1 as,
Ex[(V£(zr) — gr)" (2h11 — 71)]

=Er[(Vf(@r) — g6)" (@1 — 2k — Togr + Zig1)] = Ex[(VF (@r) — 96) T (@1 — Trg1)]
< ErIVf(@r) — grlllzris — Erqall] = oBr[|V f (k) — grlll|RE ™ (21) — Ra () [1]]

~2 ~
< aBi[[|Vf(xx) — gell”] < 5 Ex [||$k+1 — i |*| + aigo®.
Under the defined parameters, 1 — al — ? > 0. Hence, the total expectation of the bound yields,

E[¢(zr41) — 6] < (1 — pa)E [p(zr) — ¢*] + aigo>*,
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where applying Lemma A.2 with w = £* completes the proof for Option I.

For Algorithm 2.1 with Option II, consider the result in Lemma 3.14 while simplifying the
upper bound by ignoring the negative term —46(1 — 6)||vy, — yx||*. Taking conditional expectation
given Gg, from the assumption of an unbiased gradient estimate, the bound reduces to,

Ei [¢(zr11) — ¢(z%) + §llonta — 2*|°]
<(1-0) [p(zr) — o(z*) + vk — 2*[%] — 5= (1 — L) B [[|zks1 — ysl?]
+Ex [(96 — V(i) (yr — 7r41)]
< (1=0) [plar) — d(z*) + §llow — 2*|1*] = 55 (1 — aL) Ey, [[lzrr1 — yel’]
+ 2R [||Ra (w)]I?] +
= (1= 0) [9(ax) = @a™) + §llow — 2"|*] + 45~ = §(1 — aL — 7 — )Ex [ Ra(ye)II’]

where the second inequality follows from (3.7) from Lemma 3.2. Under the defined parameters,
1 —aL —ij, — i2 > 0. Hence, the total expectation of the bound yields,

E [¢(z541) — 6(@") + bllokss — 2*2] < (1= O)F [g(xx) — 6(@”) + Gllow — 2" 7] + 25,

where applying Lemma A.2 with w = g completes the proof for Option II. O

The parameter settings in Corollary 3.16 are less restrictive compared to those in Theorem 3.15,
due to the unbiased nature of the gradient approximation, particularly with respect to the step size
in Option II.

We now present the complexity for the number of stochastic gradient evaluations for Algo-
rithm 2.1 when an unbiased gradient estimate is used for the expectation problem (1.4) under
Assumption 3.2. Unlike in Subsection 3.1 and Subsection 3.2, the parameter setting {ny} = 0 is
incorporated directly into the next theorem, as the optimal complexity for stochastic gradient eval-
uations is achieved under this parameter setting, along with a definition of an e-accurate solution
similar to that in [16].

Theorem 3.17. Suppose Assumptions 2.2 and 3.2 hold, and Condition 2.1 is satisfied for the
expectation problem (1.4) via the unbiased gradient estimate in Lemma 2.2. Then, to achieve a
}R”‘w k)H2} < € with € > 0, the number of stochastic
gradient evaluations required is as follows.

solution satisfying min {E [p(zr) —

1. For Algorithm 2.1 with Option I, if the parameters in Condition 2.1 are chosen such that
{ik} =n€[0,1) and §k = 5’“ Vk >0, where 6> =1 — 5%, 1o > 0, and the step size is chosen

such that {ag} = a < 2L , then the number of stochastic gradient evaluations required is
@) (6 log (E)), where k = ﬁ' If {fx} = 0, then the number of stochastic gradient evaluations

reduces to O (£) to achieve a solution satisfying E [¢(z)) — ¢*] < € with € > 0.

2. For Algorithm 2.1 with Option IT, if the parameters in Condition 2.1 are chosen such that
{} =1 €10,1), 23 € (0,7), 5k = 6% Yk >0, where 6> =1 — ‘/TY, and the step size is chosen
such that {ap} = a < 1= 72 LO, then the number of stochastic gradient evaluations required is

@ (ﬁ log (l)) , where Kk = L. If {fx} = 0, then the number of stochastic gradient evaluations

reduces to O (‘F) to achieve a solution satisfying E [¢p(xr) — ¢*] < € with € > 0.
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Proof. Let K. > 1 be the first iteration that achieves the desired solution accuracy. Hence,

true 2 2 ﬁ2 -1 € <2
[Rtrue (y)||> > € ¥k < K.—1 and from (3.8), |[Ex [Ray (u)]]* > (1 + T) [5 — 252 } Yk < Ko—1.

Thus, the total number of stochastic gradient evaluations can be bounded using Lemma 2.2 as,

K.—1 K.—1 ) K1 20,0 =2
=S [ ] < e Y e e
k=0 k=0 i ||Ek[ ak(yk)]H +i252 k=0 e8I “0%

For Algorithm 2.1 with Option I, K, is at most O <log1 (l)) from Corollary 3.16, yielding,
52

K.—1 1

2 ~2 2 -2y == —1
Z 1] < 20 %4;:77 )Ke 4+ g (;1;(2:77 ) 62(K1€+1i +K. =0 (% log (%)) .
k=0 02

Following the same procedure, if {7} = 0, a solution satisfying E [¢(zk) — ¢*] < € with € > 0 is

achieved in K. = O ( log 1 (%) iterations from Corollary 3.16, and the total number of stochastic
52

1
. . . K.—1 2 SRk, -1 ~
gradient evaluations is >, " [Sk| < %% +K. =0 (g)

&

For Algorithm 2.1 with Option II, K. is at most O (log1 (1)) from Corollary 3.16, yielding,
52

Ke—1 1
€ - ~ _—
> [k] < G K, 4 T P+ K =0 (*“f log (%)) :
z .

k=0 62

Following the same procedure, if {7z} = 0, a solution satisfying E [¢(zx) — ¢*] < € with € > 0 is

achieved in K, = O <log 1 ( %) iterations from Corollary 3.16, and the total number of stochastic

1
-1
gradient evaluations is Zk 0 LSkl < o % +K.=0 ( )
0 —
5

O

Theorem 3.17 matches the optimal complexity for the number of stochastic gradient evaluations
for the expectation problem (1.4) with a strongly convex objective function [16]. Unlike the cases
of nonconvex and general convex objective functions, a predefined sequence of decreasing gradient
errors results in the optimal complexity for strongly convex objective functions.

4 Numerical Experiments

In this section, we illustrate the performance of Algorithm 2.1 on a synthetic strongly convex
quadratic problem of the form

zERLO

N
. 1 1 7 T
min ¢(£C) = N Zl 51‘ Qvfﬂ + bz x +IH|$”2§1]’ (41)

31



where Q; € R19X19 is positive definite (Q; = 0) and b; € R are samples from a finite dataset with
N = 10°, generated via the process outlined in [28] with condition number x ~ 10*. The problem
is constrained to the convex feasible region described by ||z||?> < 1, using the indicator function of

a set as
. 0 if |zl2 <1,
2 fr—
llz)2<1] oo otherwise.

Thus, the objective function is strongly convex!.

The gradient estimate g used in Algorithm 2.1 is a sample average approximation with sample
set S, € S Vk > 0. We present results for five different sample selection strategies (Sk). The
“Deterministic” label corresponds to using the true problem gradient, i.e., the full dataset. The
“Stochastic” label corresponds to using 256 samples every iteration, i.e., |Sg| = 256 Yk > 0. The
“Geometric” label corresponds to starting from 32 samples and increasing the number of samples by
5% each iteration, i.e., |Sk+1| = [1.05]|Sk|| Yk > 0, equivalent to setting {7} = 0 in Condition 2.1.
The “Adaptive” label corresponds to using Condition 2.1 to control the accuracy of the gradient
estimate, with {7} = 7 = 0.1, 1o = 0, and the sample size selected using sampled estimates as
described in [43]. The “Stochastic”, “Geometric” and “Adaptive” strategies approximate problem
(4.1) as an expectation problem over a uniform distribution, as done in [20,34,43], and use an
unbiased gradient estimate by sampling each iteration with replacement independent of the current
iterate. The “Adaptive-biased” label corresponds to using Condition 2.1 to control the accuracy of
the gradient estimate by determining the sample size with the same parameters, while introducing
bias by maintaining Sy C Ski11 Vk > 0. We evaluate both Option I (Proximal Gradient) and
Option IT (Accelerated Proximal Gradient) for each sample selection strategy, with results labeled

using “-I” and “-II”, respectively. For Option II, we set By = § = \\/F%: ~ 0.98. The step

size {ax} = o was tuned for each result over the set {107%[i = 0,1,...,6}. The performance was
measured by the optimality gap in function value, evaluated against both the number of proximal
operator evaluations and the number of stochastic gradient evaluations.

When Condition 2.1 is used to control the accuracy of the gradient estimate, the method achieves
one of the most efficient performances in terms of gradient evaluations, while also outperforming
constant sample size strategies in terms of proximal operator evaluations. Finally, although in-
troducing bias in the gradient estimate degrades performance, the algorithm still converges and
performs well under Option II.

The results are summarized in Fig. 1. First, for all sample selection strategies, Option II yields
better performance with respect to number of proximal operator evaluations during the initial phase.
Second, a stochastic gradient estimate is initially more efficient than the deterministic approach
with respect to the number of gradient evaluations, but less efficient in terms of number of proximal
operator evaluations. When Condition 2.1 is used to control the accuracy of the gradient estimate,
the method achieves the most efficient performance in terms of gradient evaluations, while also
outperforming constant sample size strategies in terms of proximal operator evaluations. Finally,
although introducing bias in the gradient estimate deteriorates performance, the algorithm still
converges and performs well under Option II.

L Additional numerical experiments for I1-regularized binary classification logistic regression problems are provided
in Appendix C.
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Figure 1: Optimality Gap (¢(xx) — ¢*) with respect to the number of proximal operator evalua-
tions and the number of stochastic gradient evaluations of Algorithm 2.1, evaluated under Option
I (Proximal Gradient) and Option II (Accelerated Proximal Gradient), using “Deterministic”,
“Stochastic”, “Geometric”, “Adaptive” and “Adaptive-biased” sampling strategies on the strongly
convex quadratic problem (4.1).

5 Final Remarks

In this paper, we have proposed a proximal gradient method and an accelerated proximal gradient
method for composite optimization problems, where the smooth component is either a finite-sum
function or an expectation of a stochastic function. The methods employed possibly biased estimates
for the gradient of the smooth component, with the accuracy of these estimates adaptively adjusted
via extensions of generalized “norm” conditions tailored to the composite optimization setting to
achieve computational efficiency. For nonconvex, convex, and strongly convex objective functions,
the methods achieved the optimal iteration complexity even with biased gradient estimates. When
the gradient estimate is unbiased, we refined the analysis which allowed for less restrictive parameter
settings. In this case, the methods simultaneously achieved the optimal complexity for both the
number of proximal operator evaluations and the number of stochastic gradient evaluations for
nonconvex, convex, and strongly convex objective functions. Finally, we conducted preliminary
numerical experiments that validated our theoretical results.
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A Technical Results

In this section, we present some technical results that have been used in the paper.

Lemma A.1l. Given ai,as € R? and ¢ € R,
aj ag + (¢ = Dllar|* = 3([laz]|* = lax — aa|* + (2¢ — 1)|as ||?).
Proof. The proof follows as,
aj ag + (¢ = Dlar|> = §(2ai ag — [lar |* + 2¢ = V)[Jar [|*) = 3 ([laz|® — [lar — a2]|* + (2¢ = 1)[Jas [|*).
O

Lemma A.2. Given a non-negative sequence {Ty} such that Tjy1 < p1Ti+aph where py, ps € [0,1)
and 0 < a < 0o, the sequence {T} — 0 at a linear rate as,

T < max{p; +w, pz}kﬂ max {TOv %} J

where w > 0 such that p1 +w < 1.
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Proof. The proof follows by induction. For Ty, the result trivially holds. Then, if the result holds
for T,

Tt < pi Tk + aph < prmax{p1 + w, po}* max {Tp, 2} + ap}
< max{p; +w, p2}* max {Ty, 2} (p1 + w)
< max{p; + w, pg}k"'1 max {TO7 %} ,
thus completing the proof. O

Lemma A.3. Given non-negative sequences {Ty}, {ar} and {si} such that Ti41 < (14+ar)Tk + Sk,
To < 00, D peo@r < 00, Y pe Sk < 00, then the sequence {T}} is bounded.

Proof. Unrolling the recursion,

k k k oo oo oo
Trs1 STOH(1+ai)+ZSi H (1+a;) §T0H(1+a¢)+ZS¢H(1+aj)7
=0 =0 j=itl =0 =0 j=0

where the second inequality holds due to all the additive terms being non-negative and the product
terms being at least one. From [40, Theorem 1], since Y 7~ jar < co with {ax} > 0, the infinite
product [];2,(1 + a;) < oo. Thus, Trr1 < [Treg(1 4+ a;) [To + D gy si] < 0. O

Lemma A.4. Given non-negative sequences {Ri}, {Tk}, {ar} and {si} such that Rg+1 + Ti1 <
Ri+ (14 ag)Tk + sk, To < 00, Ry < 00, Y pe g8k < 00, and ay = ppi, Yk > 0 where Y p-  pr < 00,
> oo kpr < 0o and p can be controlled to be sufficiently small, then the sequence {Ry} is bounded.

Proof. Let 7 sk < 5, > pepar < @ From [40, Theorem 1], as Y, ar < oo with {az} > 0,
Ja > 0 such that [[:°,(1 + a;) < a. We now unroll the recursion for T}, as,

k k k
Tir1 < (14 ap)Th + sk + R — R < To [J(1 4+ ai) + ) (si+ Ri — Ripa) J[ (1 +ay)
=0 =0 Jj=i+1
k k k 0o k
<T[[+a)+) (si+R) [] +a) <[[O+a) |To+ D (si+Ri)
i=0 i=0 j=it1 i=0 i=0
k
<a|To+ ) (si+Ri)|. (A.1)
=0

We unroll the recursion for Ry using a telescopic sum as,

k
Ryy1— Ro <Ty — Thq1 + Z (a;T; + s4) -
i=0
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Further unrolling the above inequality and using (A.1) yields,

k

Rpy1 < Ro+To + Z (aiT; + s;)
=0
k k i—1 k i—1 k
=Ro+To+alyy ai+ay (ad sj|+ad |ad Ri|+> s
i=0 i=0 j=0 i=0 j=0 i=0
k k k k i—1 k
<R0+To+dTOZai+d<Zsi> (Zai>+dz aiy R |+ s
=0 =0 =0 =0 7=0 =0
k i—1 k i—1
<Ro+Ty+aaly+aas+a» [a;Y Ry | +5=R+a) |aY R;|,
i=0 j=0 i=0 =0

where R = Ry + Ty + aalp + aas + 5. Let Zzo o kpr = p and we define a constant C' = k?zﬁp >0
for sufficiently small p such that 1 —app € (0,1). We show via induction that {Rx} < C. First,
Ry < R<Casl— app € (0,1). Then, if the induction holds for k& > 0,

k i—1 k
R <o (w3 R | < Ao (@ic) < R appe = Res oyl — .
i=0 j=0 i=0
completing the proof. O

B Additional Proofs

In this section, we present proofs that have been omitted from the paper for brevity.
Lemma B.1. Suppose Assumption 2.1 holds and Condition 2.1 is satisfied in Algorithm 2.1. Then,
1. For the finite-sum problem (1.3):

(1= 2%) llge = VIl < %5 ||RG(yr)|| + w00k, Yk > 0.
2. For the expectation problem (1.4):

(1) B llow = V70 P) < Fi IR o] + 857 =0

Proof. For the finite-sum problem (1.3), using Condition 2.1, we get,
g = V5 ()| < % [|Ra () = RE (i) + R ()| + eodi
%c HROlk yk) _Rtrue yk || 4 77k ||Rtrue yk)” +L06k
2 gk — VI (ue)l + % ||R”“e i) || + o0k,

A

<

where the final inequality follows form (2.5). Rearranging the final inequality yields the desired
result for the finite-sum problem (1.3).
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For the expectation problem (1.4), from Condition 2.1 and using Jensen’s inequality, we get,

Ex [lox — V£ () 2] < "fEk ([ ) = BE2 () + Bize () |*] + 7857
B (|| Ray () — RE2)|°] + B [|| R () |[P] + 2307
[

T [lox — VFw) 2] + BB | RG] + 3%,

IN
=

51

>

IA

where the second inequality follows from the identity (a + b)? < 2a? + 2b* and the final inequality
follows from (2.5). Rearranging the final inequality yields the desired result for the expectation
problem (1.4). O

Lemma B.2. Suppose Assumptions 2.1 and 2.2 hold in Algorithm 2.1 for the finite-sum problem
(1.3). Let gx = gﬁzfesk VF(yk, ), where Sy € S Vk > 0. Then, Condition 2.1 is satisfied
Yk >0 if

|Sk| =

7lk||Rak(yk)H+2Lo5k
1+ 20

Proof. In iteration k > 0, from the definition of g, the gradient error can be bounded as,

lge = V)l = 7 || D (VE(wr:€) = Vf(wr)

£eSk

|
W

=& > (V&) — V()

£eS/ Sy,
<@ Y IV &) = Vil
£€S/Sk
1 _ N—[Sk]
SET DL =T
£eS/Sy,

where the second equality following from the definition of the finite-sum problem (1.3) and the
last inequality follows from Assumption 2.2. From the defined sample size, we have |S;| >
N . Therefore, the gradient error can be bounded as,
<1+77kHRak(yk)H+2’/06k>
20

20

lgr — V)l < %0 -0 < <1 + nk”Ra’“(yk)lHLOék) o—0= nk||Rak(y§)||+2L06k,

satisfying Condition 2.1. O
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C Additional Numerical Experiments

In this section, we illustrate the performance of Algorithm 2.1 on [;-regularized binary classification
logistic regression problems of the form

N
min 6(z) = N;bg(lﬂ% )+ el (C.1)

where a; € R? is the feature vector (including one for the bias term) and b; € {0,1} is the label
for each datapoint ¢ € {1,2,..., N}. Experiments were performed on the a9a dataset (d = 123,
N = 32,561) and the ijenn dataset (d = 23, N = 49,990) [12]. The sequence {8} for Option II
is chosen as described in Subsection 3.2, since the logistic regression binary cross-entropy loss is
convex not strongly convex. All other implementation details are the same as in Section 4. The
results are summarized in Fig. 2.
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(a) a9a dataset (d = 123, N = 32,561, [12])
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(b) ijenn dataset (d = 23, N = 49,990, [12])

Figure 2: Optimality Gap (¢(x) — ¢*) with respect to the number of proximal operator evalu-
ations and the number of stochastic gradient evaluations of Algorithm 2.1, evaluated under Op-
tion I (Proximal Gradient) and Option II (Accelerated Proximal Gradient), using “Determin-
istic”, “Stochastic”, “Geometric”, “Adaptive” and “Adaptive-biased” sampling strategies for [;-
regularized binary classification logistic regression (C.1) on; (a) a9a dataset (d = 123, N = 32,561,
[12]) and (b) ijenn dataset (d = 23, N = 49,990).
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