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Abstract

We consider the problem of finding stationary
points in Bilevel optimization when the lower-
level problem is unconstrained and strongly con-
vex. The problem has been extensively studied
in recent years; the main technical challenge is
to keep track of lower-level solutions y*(x) in re-
sponse to the changes in the upper-level variables
x. Subsequently, all existing approaches tie their
analyses to a genie algorithm that knows lower-
level solutions and, therefore, need not query any
points far from them. We consider a dual ques-
tion to such approaches: suppose we have an ora-
cle, which we call y*-aware, that returns an O(e)-
estimate of the lower-level solution, in addition
to first-order gradient estimators locally unbiased
within the O(e)-ball around y* (). We study the
complexity of finding stationary points with such
an y*-aware oracle: we propose a simple first-
order method that converges to an e stationary
point using O(e=%), O(e™*) access to first-order
y*-aware oracles. Our upper bounds also apply to
standard unbiased first-order oracles, improving
the best-known complexity of first-order methods
by O(€) with minimal assumptions. We then pro-
vide the matching Q(e~°), Q(¢~%) lower bounds
without and with an additional smoothness as-
sumption on y*-aware oracles, respectively. Our
results imply that any approach that simulates an
algorithm with an y*-aware oracle must suffer the
same lower bounds.

'Wisconsin Institute for Discovery, Wisconsin, USA
*Department of Mathematics, University of Seoul, Republic
of Korea >Center for Al and Natural Sciences, Korea Institute
for Advanced Study, Republic of Korea. Correspondence to:
Jeongyeol Kwon <jeongyeol.kwon@wisc.edu>, Dohyun Kwon
<dh.dohyun.kwon @ gmail.com>.

Proceedings of the 41°% International Conference on Machine
Learning, Vienna, Austria. PMLR 235, 2024. Copyright 2024 by
the author(s).

1. Introduction

Bilevel optimization (Colson et al., 2007) is a fundamen-
tal optimization problem that abstracts the core of various
critical applications characterized by two-level hierarchi-
cal structures, including meta-learning (Rajeswaran et al.,
2019), hyper-parameter optimization (Franceschi et al.,
2018; Bao et al., 2021), model selection (Kunapuli et al.,
2008; Giovannelli et al., 2021), adversarial networks (Good-
fellow et al., 2020; Gidel et al., 2018), game theory (Stack-
elberg et al., 1952) and reinforcement learning (Konda &
Tsitsiklis, 1999; Sutton & Barto, 2018). In essence, Bilevel
optimization can be abstractly described as the subsequent
minimization problem:

min  F(z) = f(z,y"(x))

r€R=

s.t. y*(x) € arg min g(x,y), P)
y€ER%Y

where f, g : R% xR% — R are continuously-differentiable
functions. The hyperobjective F(x) depends on z both
directly and indirectly via y*(x), which is a solution for
the lower-level problem of minimizing another function
g, which is parametrized by x. Throughout the paper, we
assume that the lower-level problem is strongly-convex, i.e.,
g(Z,y) is strongly convex in y for all 7 € R%.

Our goal is to find an e-stationary point of (P): an x that
satisfies | VF(z)|| < e. Here the explicit expression of
V F(z) can be derived from the implicit function theorem
(Krantz & Parks, 2002):

VF(x) = Vaf(z,y"(z)) M
= V9@ (2)Vy,9(x,y" () 7'V, f (2,57 (2)).

Following the standard black-box optimization model (Ne-
mirovskij & Yudin, 1983), we consider the first-order al-
gorithm class that accesses functions through first-order
oracles that return estimators of first-order derivatives
@f(x, y; ), @g(m, y; €) for a given query point (z, y) such
that the following holds:

E[Vf(z, ;)] = V(z,y),

[
E[Vg(z,y;£)] = Vg(z,y), )
E(|V f(z,y;¢) — E[Vf(z,y;Q)]II*] < oF
E[|Vg(z,y;£) — E[Vg(z,y; OIIIP] < o, 3)
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E[|Vg(z,y':€) — Vala,y%: )] < lhally' — 2%, @)

where J?, 03 > 0 are the variance of gradient estimators,

lg1 € (0,00] is the stochastic smoothness parameter, and
¢, & are independently sampled random variables. The com-
plexity of an algorithm is measured by the worst-case ex-
pected number of calls for the first-order oracles until an
e-stationary point of (P) is found.

y*(z)-Aware Oracles. As we can see in the expres-
sion of hypergradients (1), two main challenges distin-
guish (stochastic) Bilevel optimization from the more stan-
dard single-level optimization: at every k'” iteration at a
query point z¥, we need to estimate (i) y*(«*), and then
estimate (if) VF(2*), which involves the estimation of
Hessian-inverse using y*. The vast volume of literature
has been dedicated to resolving these two issues, starting
from double-loop implementations which wait until y* to
be sufficiently close to y* (xk ) (Ghadimi & Wang, 2018), to
recent fully single-loop approaches that updates all variables
within O(1)-oracle access with incremental improvement
of y*(z*) estimators (Dagréou et al., 2022; Yang et al.,
2023). Notably, all existing approaches require reasonable
estimators of y*(x) for designing an algorithm for Bilevel
optimization.

From a practical perspective, while it is standard in Bilevel
literature to assume that the inner objective g is strongly
convex everywhere, many problems are globally noncon-
vex, and only locally strongly convex near y*(x). In such
cases, a common practice is to obtain a good initialization of
y*(z) via more computationally expensive methods before
running faster iterative algorithms to obtain more accurate
estimates of lower-level solutions (Jain et al., 2010; Kwon
& Caramanis, 2020; Han et al., 2022).

From these motivations, we formulate the following math-
ematical question: if we can directly obtain a sufficiently
good estimator ¢(x) of y* (x) without additional complexity
(e.g., an oracle additionally provides an e-accurate estimate
of y*() for a given x), and if we can only query gradients
at points (z,y) near (x,y*(z)), what is the fundamental
complexity of Bilevel problems? Formally, we consider the
following oracle model which we refer to y*-aware oracle:

Definition 1.1 (y*-Aware Oracle). An oracle O(-) is y*-
aware, if there exists r € (0, 00| such that for every query
point (x,y), the following conditions hold. (i) in addition to
stochastic gradients, the oracle also returns §(x) such that
[9(x) — y*(z)|| < r/2; (ii) Gradient estimators satisfy (2),
(3) and (4) only if ||y — y*(x)|| < r; otherwise, the returned
gradient estimators can be arbitrary.

Note that, if we take » = oo in the above definition, then
we recover the usual first-order stochastic gradient oracle
that can be queried at any (z, y) with the additional a priori

estimator ¢(x) being uninformative. Thus, our oracle model
subsumes the models conventionally assumed.

Conceptually, the complexity of any algorithm paired with
an y*-aware oracle can be considered as the lower limit of
the problem, unless we can extract significant information
from an arbitrary point (x,y) where y is far away from
y*. However, existing approaches view the information
obtained at y as meaningful only for the purpose of reaching
y*(z), otherwise containing non-informative biases of size
O(|ly* — yl|). For such approaches, one would expect faster
convergence if sufficiently accurate estimates of y*(x) are
provided for free. In this paper, we study lower bounds with
such y*(x)-aware oracles, providing a partial answer to the
fundamental limits of the problem.

Prior Art. Recent years have witnessed a rapid devel-
opment of a body of work studying non-asymptotic con-
vergence rates of iterative algorithms to e-stationary points
of (P) under various assumptions on the stochastic oracles
(see Section 1.3 for the detailed overview). A major por-
tion of existing literature assumes access to second-order
information of g via Jacobian/Hessian-vector product ora-
cles (which we call second-order oracles) as the stationarity
measure ||V F(z)|| naturally requires computation of these
quantities; see (1). The best-known complexity results with
second-order oracles give an O(e~*) upper bound (Ji et al.,
2021; Chen et al., 2021), and it can be improved to O(e~3)
with variance-reduction when the oracles have additional
stochastic smoothness assumptions (Khanduri et al., 2021;
Dagréou et al., 2022).

A few recent works have shown that e-stationarity can
also be achieved only with first-order oracles (Kwon et al.,
2023b; Chen et al., 2023a;b; Lu & Mei, 2023; Yang et al.,
2023). With stochastic noises, (Kwon et al., 2023b) pro-
poses an algorithm that finds e-stationary point within
O(e~7) access to first-order oracles, and O(e~°) when the
gradient estimators are (mean-squared) Lipschitz in expec-
tation. Very recently, (Yang et al., 2023) has shown that an
O(e~?) upper-bound is possible only with first-order ora-
cles if we further have an additional second-order stochas-
tic smoothness This result matches the best-known rate
achieved by second-order baselines under the same con-
dition. We close the remaining gap between first-order
methods and second-order methods when we have fewer
assumptions on stochastic oracles, i.e., with the standard
unbiased, variance-bounded, and possibly (mean-squared)
gradient-Lipschitz oracles.

1.1. Overview of Main Results

We first provide high-level ideas on the expected conver-
gence rates of first-order methods. To begin with, suppose
for every x, we can directly access y* () and estimators of
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Jacobian/Hessian of g without any cost. Then the problem
becomes equivalent to finding a stationary point of F'(x)
with (unbiased) estimators of V F'(z). After this reduction to
single-level optimization, from the rich literature of noncon-
vex stochastic optimization (Arjevani et al., 2023), the best
achievable complexities are given as O (¢~ %) and ©(e~3)
without and with stochastic smoothness, respectively.

When we only have first-order oracles, the complex-
ity can be similarly inferred from the previous bounds
and simulating second-order oracles using first-order or-
acles. Indeed, observe that first-order oracles can simulate
Jacobian/Hessian-vector product oracles (with a vector v)
through finite differentiation with a precision parameter

0 > 0. Namely, E @iyg(x, Y™ £)Tv} can be estimated as

Vaeg(@, y* + 0v; ) — Vag(a, y*; )
5

E +0(3|[v]).

However, without further assumptions, estimators of
Jacobian-vector products obtained via the finite differentia-
tion have O(4)-bias and O(§~2)-amplified variance. Thus,
we can use  at most O(e) to keep the bias less than e (hence
the “oracle-reliability radius” should also satisfy r = Q(¢)),
and require £2(e~2) times more oracle access to cancel out
the variance amplification to approximately simulate the
second-order methods, resulting in total O(e~°) iterations.

When we have stochastic smoothness, i.e., gradient estima-
tors are (mean-squared) Lipschitz as in (4) (with l, g,1 < 00),
then variances of finite-differentiation estimators are still
bounded by O(1), and we can obtain the O(e~*) upper
bound as if we can access second-order oracles.

Upper Bound. Given the above discussion, we derive up-
per bounds of O(¢%), O(¢~*), without (I, ; = co) and
with (l~g’1 < o0 in (4)) stochastic smoothness, respectively,
with the y*-aware oracle as long as r = (¢). In particular,
with » = oo, our results improve the best-known upper
bounds given in (Kwon et al., 2023b) by the order of O(e)
with minimal assumptions on stochastic oracles. Further-
more, perhaps surprisingly, our result shows that first-order
methods are not necessarily worse than second-order meth-
ods under nearly the same assumption (as the stochastic
smoothness assumption allows us to simulate second-order
oracles with no additional cost in €).

Lower Bound. Next, we turn our focus to lower bounds
for finding an e-stationary point. For the lower bound, we
assume y* (x)-aware oracles with sufficiently good accuracy
r = O(e) and we do not pursue lower bounds for the r >> €
case in this work (see Conjecture 1). We prove that any
black-box algorithms with y* (z)-aware oracles must suffer
at least Q(e~%), Q(e~*) access to oracles without and with
stochastic smoothness, respectively. As an implication, if an
algorithm (or analysis), including ours, does not introduce

a slowdown by projecting y-coordinates of all query points
onto a O(e)-ball around y*(x), then its iteration complexity
cannot be less than the proposed lower bounds.

1.2. Our Approach

Here, we overview our approaches for deriving the claimed
upper and lower bounds.

1.2.1. UPPER BOUND: PENALTY METHOD

In proving the upper bounds, our starting point is to con-
sider an alternative reformulation of (P) through the penalty
method used in (Kwon et al., 2023b). Specifically, consider
a function £, with a penalty parameter A > 0:

La(z,y) = f(z,y) + Mg(e, y) — g(z, y"(2)))-

In (Kwon et al., 2023b), it was shown that the hyperobjective
can be approximated by the following surrogate

£5(x) = min L3 (. ) 5)

in the sense that | VF(z) — VL (z)]] < O(1/X), where
VL3 (z) is given by

VL (x) = Vo f(z,y5(2)) +
AVag(z, yx(2) = Vag(z,y" (2)),  (6)

with y3(z) := argmin, (A’lf(a:,y) + g(=x, y)) There-
fore, we can instead find an e-stationary point of [,j{(x),
e.g., by running a stochastic gradient descent (SGD) style
method on £3(z) with A = O(e™1).

For now, suppose y3 (), y*(z) are immediately accessible
once x is given. Then, we can construct the unbiased esti-
mator VL («) with first-order oracles:

VLi(z) = V(z,yi(2);¢) +
A(Vg(@,y3(2);€Y) — Vg(z,y" (2); ).

However, with the above construction, the variance of
VL3 (x) is amplified by A? so we need O(\2) = O(e™2)
batch of samples at every iteration to cancel out the ampli-
fied variance (similarly to finite-differentation for simulating
Jacobian-vector products). Together with the standard sam-
ple complexity of SGD (which is O(Var(VL})e™)), in
total O(e~0) oracle access should be sufficient.

When we have stochastic smoothness (4), and if the oracle
allows two query points for the same randomness (see Sec-
tion 2) we can keep the variance controlled by coupling 33
and y* with the same random variable £Y = £% = £ as

Var (@Lg(x,yf\(x),f) - ﬁxg('ray*(x);g))

< Gallyi(@) —y* (@))%
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(Kwon et al., 2023b) has shown that ||y} (z) — y*(z)]| is al-
ways bounded by O(1/)), and thus, the variance of VL% ()
is bounded by 0(02—1—13’1). Hence, the O(e~*) upper bound
can be achieved by running e.g., standard SGD with smooth
stochastic oracles.

The key challenge in obtaining upper bounds in both cases is
to control the bias. As we cannot directly access y3 () and
y*(x), we must compute estimators of them (say y and z)
by, e.g., running additional gradient steps on y, z in the inner
loop before updating . Then bias comes from the error
ly —yx(x)| and ||z — y*(z)|| after the inner-loop iterations,
and thus, our analysis requires tight control of overall bias
to keep the number of inner-loop iterations optimal.

1.2.2. LOWER BOUND: SLOWER PROGRESS

Our lower bound builds on the construction of probabilistic
zero-chains by Arjevani et al. (Arjevani et al., 2023) for
(single-level) stochastic nonconvex optimization. The key
idea of zero-chain is to create a function in a way that,
when making a query to an oracle, it discloses only up to
one new coordinate. With stochastic oracles, the required
number of iterations can be amplified by constructing an
oracle that exposes the next new coordinate only with a
small probability p < 1. The result from (Arjevani et al.,
2023) constructs such an oracle with p = O(€?), achieving
the (e~*) lower bound for single-level optimization.

In Bilevel optimization, obtaining the right lower-bound
dependency on ¢ requires care, otherwise, we easily end
up with vacuous lower bounds no better than the known
lower bounds for single-level optimization. In the noiseless
setting, recent work in (Chen et al., 2023a) has achieved
O(e~2) upper bound, which is optimal in ¢ (the known lower
bound of (¢~2) in deterministic single-level optimization
(Carmon et al., 2020) also applies here). This implies that
objective functions of the hard-instance cannot have a zero-
chain longer than O(e~2). In turn, with variance-bounded
stochastic oracles, the Q(e_ﬁ) lower bound must result from
the slowdown of progression in zero-chains by stochastic
noises due to the smaller probability of showing the next
coordinate.

Our key observation is that we can set the probability p
of progression much smaller if the progress in x comes
indirectly from g. Specifically, we design y*(x) such that
y*(x) = F(z) where F'(x) is the hard instance given in
(Arjevani et al., 2023) (see (17) for the explicit construction),
and let f, g such that

flzy) =y, glz,y) = (y— F(x)) 7

With the oracle model in Definition 1.1 with r = O(e), the
probability of progression can be set p = O(e*) over the
length Q(¢~2) zero-chain, and we obtain the desired (e =)
lower bound for first-order methods with variance-bounded

stochastic oracles. The Q(e~*) lower bound with additional
stochastic smoothness can be shown on the same construc-
tion with minor modifications on scaling parameters.

1.3. Related Work

Due to the vast volume of stochastic optimization, we only
review the most relevant lines of work.

Upper Bounds for Bilevel Optimization. Bilevel opti-
mization has a long history since its introduction in (Bracken
& McGill, 1973). Beyond classical studies on asymptotic
landscapes and convergence rates (White & Anandalingam,
1993; Vicente et al., 1994; Colson et al., 2007), initiated
by (Ghadimi & Wang, 2018), there has been a surge of
interest in developing iterative optimization methods in
large-scale problems for solving (P). Most convergence
analysis have been performed on the standard setting of
unconstrained and strongly-convex lower-level optimization
with various assumptions on the oracle access to gradients
and Hessians (Ghadimi & Wang, 2018; Hong et al., 2020; Ji
et al., 2021; Chen et al., 2021; Khanduri et al., 2021; Chen
et al., 2022; Sow et al., 2022; Dagréou et al., 2022; Ji et al.,
2021; Kwon et al., 2023b; Liu et al., 2021; Sow et al., 2022;
Ye et al., 2022; Yang et al., 2023). We mention that there are
also a few recent works that study an extension to noncon-
vex and/or constrained lower-level problems with certain
regularity assumptions on the landscape of g around the
lower-level solutions, similar to the local strong-convexity
of the lower-level problems (Kwon et al., 2023a; Chen et al.,
2023b; Lu & Mei, 2023; Shen & Chen, 2023; Xiao et al.,
2023).

Lower Bounds for Bilevel Optimization. There are rela-
tively few studies on lower bounds for the Bilevel optimiza-
tion. While the lower bounds for the single-level stochastic
optimization (Carmon et al., 2020; Arjevani et al., 2023)
also imply the lower bounds of Bilevel optimization, the
lower complexity could be much higher than single-level
optimization. To our best knowledge, only the work in (Ji
& Liang, 2023; Dagréou et al., 2023) has studied the funda-
mental limits of finding e-stationary points of (P). However,
(Ji & Liang, 2023) only considers the noiseless setting when
the hyperobjective F'(z) is convex (note that this is different
from assuming f or g is convex). The work in (Dagréou
et al., 2023) only considers the case when objective func-
tions are in the form of finite-sum and the second-order
oracles are available, and they only provide a lower-bound
of single-level finite-sum optimization (Zhou & Gu, 2019).

Stochastic Nonconvex Optimization. There exists a long
and rich history of stochastic (single-level) optimization
for smooth nonconvex functions. With unbiased first-order
gradient oracles, it is well-known that vanilla stochastic
gradient descent (SGD) converges to a e-stationary point
with at most O(e~%) oracle access (Ghadimi & Lan, 2013),
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which is shown to be optimal recently by Arjevani et al. (Ar-
jevani et al., 2023). With smooth stochastic oracles, the rate
has been improved to O(e~3) (Fang et al., 2018; Cutkosky
& Orabona, 2019), which is also shown to be optimal in
(Arjevani et al., 2023). These results are the counterparts
to convergence rates of second-order methods for (P) with
unbiased and smooth Jacobian/Hessian stochastic oracles
(Chen et al., 2021; Khanduri et al., 2021). The same rate
O(e~?) can also be achieved only with first-order oracles,
as shown in (Yang et al., 2023) with assuming higher-order
stochastic smoothness.

2. Preliminaries

Throughout the paper, we specify the assumptions on the
smoothness of objective functions. The first one is the global
smoothness properties:

Assumption 1. The functions f and g satisfy the following
smoothness conditions.

1. f,g are continuously-differentiable and lf1,l41-
smooth respectively, jointly in (x,7) over R *dy,

2. For every (z,y) € R%=>%, |V, f(,y)|| < Iy

3. ForeveryT € R, g(z,-) is fig-Strongly convex in y.

In addition to the smoothness of individual objective func-
tions, in Bilevel optimization, we also desire the hyperob-
jective to be smooth. This can be indirectly assumed by the
Lipschitzness of derivatives of g:

Assumption 2. V2 g,V? g are well-defined and 1 -
Lipschitz jointly in (z,y) for all (z,y) € Rd%=>dv,

Oracle Classes. We assume that we can access first-order
information of objective functions only through stochastic
oracles O that are y*(x)-aware for some radius r = Q(e)
(see Definition 1.1). Note that if we take r = oo, these ora-
cles become the usual first-order stochastic gradient oracles
that can be queried at any (z,y) and ¢(x) is uninformative.
Thus our assumption on the oracles includes the conven-
tional ones. We consider that stochastic oracles allow N-
simultaneous query: the oracle takes N-simultaneous query
points (x¢,y) = {(:c”,y")}nNzl with N > 2, and the ora-
cle returns {(Vf(z", 4" ¢), Vg(z", y™;€), 5™ (z™) )1,
where ™ (z™) is an estimator of y*(z™). We denote the
oracle class as O(N, 02,1, 1,7). We note that I, ; > I,
must always hold.

Additional Notation Throughout the paper, || - || denotes
the Euclidean norm for vectors and operator norm for matri-
ces, and Var(-) denotes the variance of a random vector. We
often denote a < b when the inequality holds up to some ab-
solute constant. B(z, ) is a Euclidean ball of radius » > 0
around a point x.

3. Upper Bounds

In this section, we prove the O(e~%) and O(e~*) upper
bounds without and with stochastic smoothness (4), respec-
tively. We mainly focus on finding a stationary point of
the surrogate hyperobjective £} (x) defined in (5). Thanks
to ||[F(z) — L(z)]| = O(A~!) given in Lemma 3.1 from
(Kwon et al., 2023b), we get e-starionarity of F'(z) with
a choice of A = O(e~!). We mention here that our upper
bounds do not depend on the ‘reliability radius’ of the oracle
fo /\0 , hence the readers may assume the

standard oracle model with r = co.

r as long as r >

3.1. O(¢~%) Upper Bound

We show that double-loop F2SA introduced in (Kwon et al.,
2023b) can be improved by O(e) from O(e~7) to O(e~)
with suitable choice of outer-loop batch-size M and inner-
loop iterations 7.

As in (Kwon et al., 2023b), the main challenge comes from
handling the bias raised every iteration by using approxima-
tions of y}(z) and y*(x). Specifically, let y**! and 2**+1
be the estimates of y} (z*) and y* (z*) at the k'™ iteration,
respectively. Using these estimates we may approximate
VL5 (z") by (see (6))

G = Vo f(z*,y*)
+A(Vag(a®, ™) = Vag(a®, 2M1)). (8
Comparing VL3 (z%) and Gy, it is natural to consider
Al = i@+ 124 -y @) ©)

as the order of bias of approximating VL5 (z*) by Gy. For
this bias to be less than €, we need O(e/\) = O(€?) accu-
racy of **1 and z**!, which in turn requesting 7' =< ¢4
inner-loop iterations (with SGD on strongly-convex func-
tions) before updating z* with an unbiased estimate of G.
A similar idea has been used in (Chen et al., 2023a) where
O(e~3) bound in the deterministic setting shown in (Kwon
et al., 2023b) has been improved to O(e~2) with a choice
of T < log(\).

In Algorithm 1, we use the following notations:
Bt = T (R g )+ Tk, g )
Wit = Vg, ),
W™ = Vo f@® g ) +
A(Vag(a, yF 1 €0m) — Vog(ah, 541 gbm)).

k+1 — kb _ oG}, where

In the outer loop, we have z

Gp =M 1M phm, (10)
Under (2) and (3), Var(Gy) = E[|Gr — Gil?)] =
O(A\2/M) as shown in Lemma A.2. Thus, the variance can
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Algorithm 1 Penalty Methods with Lower-Level Coupling

Input: total outer-loop iterations: n, batch size: M, step
sizes: «, {v:}+, penalty parameter: A, Oracle reliability
radius: r, Trust-region radius for (y — 2): 7, initializations:
20, Y0, 20
1: for k =0...n — 1 do
2:  # Initialize Lower-Level Iteration Variables
Get §(z*) such that ||§(z*) — y*(a*)|| < %.
YR 0 280 proj(g(ak), yF, 2F v ry)
# Lower-Level Iteration with Coupling v, z
fort=0,...,7T —1do
ghot bt — ,Ythl;,t’ L
yk,t-i-l7 Shttl Proj(@(xk), gk,t7 gkt )

end for
10: gkl pkHl BT kT

R A

11:  # Upper-Level Iteration with Coupling y, z
122 Mt gk — 25 hk
13: end for

Algorithm 2 Proj

1: Input: y*-estimator: ¢, lower-level variables: vy, z,
radius parameters: r, 7

y' g e {yh Ay =y —y

(Iflg1 = 00): 2/ Mpg,z) {z}

(Else): 2’ < gy ) {2 + Ay}

Return y/, 2’

be handled with M =< ¢~*, which suffices to get the O(e =)
upper bound. The proof can be found in Appendix A.2.

Note that Algorithm 1 is a first-order method that has per-
sample computational cost bounded by that for computing
the gradient estimators V. f, V, f, Vg, and V,g.

Theorem 3.1. Suppose Assumptions I and 2 hold and let

_ Ao Blyo) o -1 _ Lo -
A= max(e,ugr e = 4% where Ny =

74”;’;’59’1 (lf,1 + 72”;);9’2). Under (2) and (3), Algorithm 1

. 1 - —4 _ (2 A 1
Wlth@<<m,TA6 ,and’ﬂ—(;g-i-m)m
finds an e-stationary point of (P) within O(e=%) oracle
calls.

See (58) for an explicit expression of the bound with implied
constants in the O(¢~°) bound in the above theorem. It
is worth mentioning that compared to the O(e~7) results
in (Kwon et al., 2023b), we improve the upper bound to
O(e~%), and do not require additional assumption on the
Hessian-Lipschitzness of f.

3.2. O(¢~*) Upper Bound

If we aim to get O(e~*) upper bound with first-order smooth
oracles, T = e~ inner-loop iterations are too many to

achieve the goal. When we have stochastic smoothness (i.e.,
l~g,1 < 00), we show that choosing 7" =< e~ 2 is sufficient to
obtain the desired convergence rate. The proof can be found
in Appendix A.3.

Theorem 3.2. Suppose that Assumptions 1-2, (2), (3), and
(4) hold. Let the algorithm parameters satisfy the following:

Ao 61 l
)\zmax<0,f’0), ry =22,
€ lgT fhg A

Then, Algorithm I with A < e L v = 2 T=e¢2 Mx
€2, and n = €2 finds an e-stationary point of (P) within
O(e=%) oracle calls.

a1l (1)

To our best knowledge, the best known results under the
similar setting achieve the O(e~%) upper bound with the
stochastic smoothness of both objective functions f and
g jointly in (z,y) (Kwon et al., 2023b). We show that the
upper bound can be improved O(e~*) with the only required
additional assumption being the stochastic smoothness in .

Our new observation here is that the estimation for the bias
can be tightened by using

P =gk — ¥ and ¥ (z) = yi(x) — y* (2).
The following lemma is the key to tighten the bias in terms
of y and v:

Lemma 3.3. Suppose that Assumptions 1-2, (2), (3), (4),
andry = lf—‘)’\ hold. Then,
Hg
IVL3 (%) = Gill < 4y ly* ™ — w3 ()|
Lyoly

+ Mg [T — v (@) + -2,
ol ()] + L2

— lg.2lt.0
where I, := 11 + BT

The proof is given in Appendix A. In comparison to (9), the
term ||y**1 — y3(2*)|| on the upper bound does not depend
on \. As a consequence, T = O(e2) (with v = O(e?) is
enough to obtain O(¢) accuracy of y**! and 2*+1.

On the other hand, we observe that the variance of stochas-
tic noises in updating v* = y* — 2* can be bounded by
O(||ly* — 2¥||?), which can be bounded by O(1/A?) (in-
stead of O(0?) = O(1)) with a forced projection step. We
observe that the projection makes the distance between v*
and v* smaller. Let o°t := gkt — zkt,

Proposition 3.4. Suppose that Assumptions 1-2, (2), (3),

and (4) hold. Then, for all k.t with ry = lAfT

lo* T — ]| < Jlo™ = v (12)
Hence, it suffices to have O(e~2) inner-loop iterations to

make the bias in v* less than O(e/)), giving O(e~*) upper
bound with first-order smooth oracles.
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Proposition 3.5. Under Assumptions 1-2, (2), (3), (4), (11),
and vT > 1/, the iterates of Algorithm 1 satisfy:

n—1
= > E[IVL ()
k=0
n—1
-1 « A -2
<O+ - kZ:OVar(Gk) + 0N "2 +0(y). (13)

Lastly, we obtain the tighter estimation of Var(Gy) =
O(M~1) shown in Lemma A.2. Choosing 7' < €2, M =
€2, and n < ¢~ 2, we conclude the theorem.

4. Lower Bounds

In our lower bound construction, we mainly focus on the
iteration complexity dependence on ¢, and we consider a
subset of the function class in which smoothness parameters
are absolute constants:

F(1) :={(f, g) satisfy Assumptions 1, 2 |
Lo, 01, bgilgslge = O()} (14)

Throughout the section, we consider the smoothness param-
eters as O(1) quantities and assume that ¢ > 0 is sufficiently
small such that e~! dominates any polynomial factors of
smoothness parameters. Before we proceed, we describe
additional preliminaries for the lower bound.

Algorithm Class. We consider algorithms that access an
unknown pair of functions (f, ¢g) via a first-order stochastic
oracle O. Following the black-box optimization model (Ne-
mirovskij & Yudin, 1983), we consider an algorithm A € A
paired with O € O(N,0?,1,1,rc) where [, 1 > 100 and
re := 100e. At any iteration step ¢t € N, A takes the first
(t — 1) oracle responses and generates the next (randomized)
query points:

(wt7yt) = A(£A7 (woﬂ y0)7 O(mo’ yO; CO7£O)7 A
(1 yh), 0@ Ly T eT),

where €4 is a random seed generated at the beginning of
the optimization procedure. For simplicity, we assume that
oy = 04 = o in this section.

Zero-Respecting Algorithms. An important subclass of
randomized algorithm class A is the zero-respecting algo-
rithm class A,, which preserves the support of gradients
with respect to = at the queried points:

Definition 4.1. Suppose Vaf =0.An algorithm A is zero-
respecting if for all t > 0 and n € [N] generated by A,

supp(q:t’”) C U
t'<t,n’€[N]

’

supp (@xg(fct oyt )) :

Zero-respecting algorithm class plays a critical role in
dimension-free lower-bound arguments, as we can construct
a family of hard instances for all randomized black-box
algorithms from one hard example (see Section 4.3).

Probabilistic Zero-Chains. At the core of the lower-
bound construction is the construction of a hard example for
all zero-respecting algorithms. To study the iteration com-
plexity of a general randomized algorithm class, (Arjevani
et al., 2023) introduced the notion of progress defined as the
following:

proggy(z) := max{i > 0||z;| > a}, (xg =1). (15)

Here, o € [0, 1) controls the effective threshold of values
that would be considered as zero. We also adopt the notion
of probabilistic zero-chains from (Arjevani et al., 2023):

Definition 4.2. A function g(x,y), paired with gradient es-
timators @g(z, y; €) with an independent random variable
&, is a probability-p zero-chain in x if there exists o > 0
such that for all (x,y):

P(progy(Vag(z,y;€)) > progy(z) +1) =0,
P(progy(Veg(z,y;€)) = proga(z) +1) < p. (16)

4.1. Hard Instance

We start with the base construction from (Carmon et al.,
2020) for single-level nonconvex optimization:

F(z) = €Y%, fila),
filz) = V(ziz1)Pe(x;) — Ve(—x4-1)Pe(—2;), (17)
where d, = [e 2], 19 = ¢, and ¥(x), ®(z) are a scalar
function defined as the following:

0, ift <1/2
v = exp (1 — 27 herwise ’
p @i—1yz ) » otherwise

t
B(t) := \/E/ e 24, (18)

U, (t), Ps(t) are short-hands of ¥(¢/s), ®(t/s). The above
construction satisfies the required smoothness and initial
value-gap F(0) — inf, F'(z) = O(1). We set the hyper-
objective to be defined as (17), but the progression of an
algorithm is slowed down when the VF'(z) is only indi-
rectly accessed via V,g(x, y; €) for ||ly — y* ()| < re.

To set up the Bilevel objectives, we let f(z,y) = y and
g(z,y) = (y — F(x))? asin (7). It is straight-forward to
see that y*(z) = F(z) and f(z,y*(x)) = F(x). Next, we
design the expectation of gradient estimators that the oracle
returns. To simplify discussion, let v f are deterministic,
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ie., @f(m, y;¢) = V f(x,y) with probability 1. We define
the stochastic gradients to be

v, <r3-¢(y‘£(x))2> (19

where ¢(t) is a smooth clipping function:

E[V.g(z,y;€)] =

t, if [t < 1/2,
o(t) = | ff/z (r)dr, elseift>1/2. (20)
t+ 1 1 L2 YW(r)dr, else

With the above construction, gradient estimators are unbi-
ased for |y —y*(x)| < re. Let Vg5 (z, y) be the short-hand
of (19).

Next, we design the coordinate-wise gradient estimators of
g w.r.t z as the following. Let £ ~ Ber(p), and

where h;(z) is a smooth version of the indicator function
} (see details in Appendix, Lemma B.4). Fi-

Vwigb(x,y) (1 + h

Lisprog. ae)
nally, we design stochastic gradients w.r.t y and ¢:

%g(%y;ﬁ):?( — e Zfz (1 + R )(5/29—1)))

A( ) _ 62 EPIOQe/z(x) (.’IZ‘)

The next step is to show the lower complexity bounds of
“activating” the last coordinate of x for zero-respecting al-
gorithms. We note that additional noises in @y g and g are
only required when extending to randomized algorithms,
and @y g, y satisfy the following:

Lemma 4.3. There exists some absolute constant ¢ > 0
such that for x € R% y € R:

et

. )y < €
var (Vyg(x,y,ﬁ)) S
E[|V5,9(z,y: )% < 2

Furthermore, it holds that B[V ,g(x,y;€)] = Vyg(z,y)

and |j(z) — F(z)| = 0(62) L reforall x € Ré and
y e R

2
So

4.2. Lower Bounds for Zero-Respecting Algorithms

We start by showing that the construction (f, g) with the
oracle Vg(x,y; &) forms a probabilistic zero-chain. The
intuition behind the probabilistic zero-chain argument is
to amplify the required number of iterations to progress
toward the next coordinate from 1 to O(1/p), which gives
the overall lower bound of 2 (d,/p). Thus, as we set p
smaller, the more iterations all zero-respecting algorithms

would need to reach the last coordinate of . The minimum
possible value of p is decided by (3) on bounded variances:

2
Var (Vzg(x7y7£)> g ||v939b(;:7y)”00 S 021

and the smoothness condition (4):

||oo < 12

E[[V2,9(z,y: )17 S IVF()|* + ||VF; )

The crucial feature of our construction is the upper bound
on ||V4gu(2,y)| 0. which is much smaller than the single-
level optimization case:

Lemma 4.4. There exists some absolute constant ¢ > 0
such that for all x € R% y € R,

IVagb(2,9)||oe < cree = O(€?),
[VF(z)]oo < ce=O0C(e).

Therefore, (16) holds with p = max (64/027 62/131) and
a=e/d
Note that the scenario only with bounded-variance can

be explained by setting [, = oo. Thus, with d, =
O(e72), we obtain the lower bound of Q(e~%), Q(¢~*) for

» all zero-respecting algorithms without and with the stochas-

tic smoothness assumption, respectively.

4.3. Lower Bounds for Randomized Algorithms

To convert the lower bound for all zero-respecting algo-
rithms to randomized algorithm classes, our construction
can adopt the “randomized coordinate-embedding” argu-
ment from (Carmon et al., 2020). We define a class of hard
instances for randomized algorithms:

y+ *Hxllz

(y— F(UT (z))?, 1)

where U is a random orthonormal matrix sampled from
ortho(d,d,) = {U € R¥>*%|\UTU = I} with d > d,
(with a slight abuse in notation, the true dimension of z is d
instead of d), and

) = a/V1+ |z]|?/R?, (22)

where R = 250¢+/d,.. Then we consider the family of hard
instances as the following:

fU('ray)

gu(z,y) =

Frara = {(fv,g9v)|U € Ortho(d, d,),
fu,gu definedin 2D}, (23)

Intuition for the above construction is that for every ran-
domized algorithm A € A, if we select the low-dimensional
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embedding U uniformly randomly from a unit sphere, the
sequence of query points generated by A behaves as if it is
generated by a zero-respecting algorithm in the embedding
space. The corresponding stochastic gradient estimator is
now given by

Vagu(x,y;€) = J(2) "UV,g(U  p(x),y;£),
Vygu (@,y:€) = Vyg(U plx), ),
gu(x) = (U p(x)). (24)

where J(z) € R4*?is a Jacobian of p(z). As the remaining
steps follow the same arguments in (Arjevani et al., 2023),
we conclude our lower bound for the randomized algorithms
with the oracle model in Definition 1.1:

Theorem 4.5. Let K be the minimax oracle complexity for
the function class F (1) and oracle class O(N, 0?12 |, r)

where 1, 1 > 100 and r. = 100e:

K :=inf sup
A F()
O(Nvo'zjg,l’re)

Then the minimax oracle complexity must be at least:
2 ]2
. (<) 1
K 2 min | —, 2= ).
b’ €

Lastly, we leave the following conjecture for the lower
bound for future investigation.

Conjecture 1 (Lower bound with globally unbiased oracles).
The current Q(e~%) lower bound only holds with r. = ©(e).
For fully general results, the main challenge is to construct
a hard-instance where g(x,y) is strongly-convex in y for all
(z,y) € R%=* ywhile at the same time |V .g(z,y)| s is
globally bounded by the same order of ||V zg(x, y* ()|l 0o
forall y € R%. We conjecture that lower bounds remain the
same with standard stochastic oracles (i.e., with r = 00).

5. Concluding Remarks

In this work, we have studied the complexity of first-order
methods for Bilevel optimization with y*-aware oracles.
When the oracle gives r. = ©O(e) estimates of y*(z)
along with O(r.)-locally reliable gradients, we establish
O(e7%),0(e~*) upper bounds without and with stochastic
smoothness, along with the matching Q(e~%), Q2(e~*) lower
bounds. Our upper bound analysis also holds with standard
oracles (i.e., with r = c0), improving the best-known results
given in (Kwon et al., 2023b). The remaining complexity
questions include Conjecture 1, and tight bounds in terms
of other smoothness parameters. We conjecture that obtain-
ing such results would require theoretical breakthroughs
beyond existing techniques, thereby leaving them as unre-
solved challenges.

inf {K € N|E[|VF(z"")|] < €}.
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Supplementary Materials for ‘“On the Complexity of First-Order
Methods in Stochastic Bilevel Optimization''

A. First-order analysis for the upper bound

In this section, we establish the upper bounds on the convergence rate claimed in Theorems 3.1 and 3.2. We use the following
notations for filtration: for k =0,1,--- ,n—1landt=0,1,--- , T —1

o F}: the o-algebra generated by z*, /%, 2%, y**, 2% foralls = 0,1,--- ,k—landt =0,1,--- ,T — 1.
o Fs: the o-algebra generated by F, and y*!, 2% forallt = 0,1,--- ,s — 1.
° ]:]/C = ]:k,T‘

A.1. Preliminaries

Following (Kwon et al., 2023b), we reformulate (P) as the following constrained single-level problem:

min - F(z):= f(z,y"(2)) st glz,y) —g"(2) <0, (P

where g* () := g(x, y*(x)). The Lagrangian £ for (P”) with multiplier A > 0 is given as

Li(z,y) = f(z,y) + Mg(z,y) — g"(2)). (25)
For each x € R% | recall that
y*(z) == argming(z,y), yi(z):=argminLly(z,y), Li(z):=Lx(z,yi(2)). (26)
yERY yERY

Algorithm 1 seeks to optimize £} (x), instead of the hyperobjective F'(z) given in (P’). By the first-order optimality
condition for y3(x), we have

0=V, Lx(z,y5(z)) = Vy f(z,y5(2)) + AVyg(x, y3(z)). (27
According to Lemma 3.1 in (Kwon et al., 2023b), for any x € R% and \ > 2051/ g
VL (z) = Vo f(z,y3(2)) + A (Vag(z,y3 () — Vag(z,y" (2))) - (28)

Hence, in order to estimate V.L} (x), one needs to estimate y3 (x) and y* (). This are achieved by the inner loop so that
yk‘,T ~ y;k\(xk) and Zk’T ~ y*(l'k)

Here, we establish two preliminary lemmas that will be used in the subsequent sections. Lemma A.1 below bounds the bias
of the expected gradient estimator G, in (8) for the gradient Vﬁj{(az’“) of the surrogate hyperobjective. Note that the second
part of this lemma is the restatement of Lemma 3.3.

Denote
v*(z) == yx(z) — y*(z) and ok =gk — 2k

Also, we often use a short-hand y3, ; = yi(zF),yr = y*(2*), and v} = v*(2*). Recall that 2511 = 2F — oG, where G,
is given in (10). We denote

G := Vaf (", y") + M(Vag(@®,y") = Vag(a®, 2541). (29)
Lemma A.1. Suppose that Assumptions 1-2, (2), and (3) hold.
(i) Then, we have
IVLA(2") = Grll < (L + Mg1) Iy = w3 @)+ 17 =y ()] - (30)

12
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lf()

nox we have
g

(ii) Forry =

* * * l 5 l
IVLR(*) = Gull < 1yl =y @)+ Moo v (@) + L2
g

lg; l >
where ly, =171 + %
Proof. The first part directly follows from the smoothness properties of f(z, ) and g(z, -).
Let us show the second part. Using (28), we directly estimate the difference between VL3 (2*) and G}

IVLI (") = Grll < IVafla,y50) = Vaf (@ g )
+ M Vag(@® y3 k) = Vag(a®,4i) = Vag(a®, g+ + Vag(a®, 2.

Using the regularity of f and g from Assumptions 1 and 2, we have

IVLE (") = Grll < 144l

Y — ikl AV, (@, us vk — Vg (@, " PO+ Alg 2 (o 12 + [0 H1)
where v}, = y5 ;. — yj and v" 1 = yF+1 — 21 Next, note that

V9@ Y3 vk — Va9, y* o = (V2 9(a, 93 1) — Vayg(a, " ))op + V3, g(z, 4" ) (0 — o),
which yields

k+1)vk+1 || < l

IV2y9(@. 3 K)o — Vi,g(z,y a2l9an =¥ Rl + lgallog ="

Finally, note that ||[v;]], [[o]| < 7y = LfTi for all k& due to the projection step, and thus

VL5 (2") = Gill < (g + lg2Ar) [y = 5l + Mg allog — 05| + g 2Ar3.

2

! lyo Lol Lyol
As the 1 rm 2 — [0 ) < 100292000 £ 20l nclude.
s the last term [4 o ATy = [ 2\ X Py S 1in > we conclude

Next, the following lemma gives a bound on the variance of the stochastic gradient estimator Gk in (10).

Lemma A.2. Suppose that Assumptions 1-2, (2), and (3) hold. Then, the variance of ék is bounded for all k:

R N 1
var(Gy) = E[|Gk — Gill*] < 77 (207 +8X°07) .

If we further assume (4) and ry = Lf—’(’)\,
9

112

A A 2 1 2 8[3,11?0
var(Gy) = E[|[Gx — Gi[|*] < 7 | 207 + 2.
g

Proof. Under (2), and (3), we can bounded the vairance as the following:

ME[||Gr — Gill®] < 2E[|Vo f (2%, y¥ T ¢F) = Vaf (2%, 55|17
Re
+ AN E[[|Vag(a®, y* T ¢F) — Vag(a®, y* )17
=
+ AN E[|Vag(a®, 251 ) — Vag(a®, 2|2

2
<o}

13
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Under (4) and 7 = f—A we can use different inequality:

ME[||Gy — Gi|*] < 2E[|Va f(@*, y" 5 ¢F) — Vo f (2,517

<o%

+ANE[|Vag(a®, " ) = Vag(a, 2 ()P
<lgallyh+ =242 <lp a3

+AN E[||Vag(a,y* ) = Vag(a®, 2|7

Sigallyktl—zktl2<iy 4r3

Nothing that l~g’1 > lg,1, we have the lemma. O

A.2. O(¢=%) upper bound
In this subsection, we establish the O(¢~¢) upper bound on the complexity of Algorithm 1 as stated in Theorem 3.1.

We begin with the standard argument that starts with estimating the one-step change in the (surrogate) objective £} (zFt1) —
L3 (xk).
Proposition A.3. Under the step size rule oy, € (0, ﬁ) for a constant L give in Lemma C.2, we have

E[L3 (")) = £5(%) < =S NVLL @) = SHIGHIP + arvar (Gr) + anl[ VL3 (@) = Gi %
Proof. The L-smoothness of £% () given in Lemma C.2 and z* ! = 2F — o, Gy, yield that
LR — £3(5) < (VL(R), 2 —ah) 4 ek kP,
= —ap(VLi(z"), G) + %%TL||Gk||2

2
oL —

Qg ¥ kA Qg ¥ A
= = SE Vst + 1GAlI2 + SEIV L5 () — Gl
Rearranging the right-hand side and using our step size rule o, € (0, i),

* * @ * * A
»Cx(xkﬂ)—ﬁx(wk)S—fHVﬁA(ﬂ?k)HQ ||Gk||2+ ||V£( ) = Gl €2))

By Young’s inequality, the last term on the right-hand side is bounded by

agl| VL3 (2") = Gill* + arl| G — Gl (32)

Taking the expectation on both sides, we conclude our claim. O
Next, denote

T = Y™ = g3 (@)1 + 1250 =y (). (33)

We derive a recursive inequality for the above quantity to obtain the following bound on the weighted sum of the squared
norm of the expected gradients.

Proposition A.4. Under the same setting as in Theorem 3.1, we have

—

n—1 3
3 SE(IVL @) < BG ]~ inf EIL ()] + o2 Zaw 90+ ) 3o 160 A NEY)
k=

= zERde ug(1+T)

ol

2_2
where A = Wot2lo1)0y O™

P«glg,l

14
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Proof. From Proposition A.3, we get

n—1
o * * . *
S SEIVLEHI? < EIL560) - int E[£3(@) (39)
k=0
1n_1( —1R[|[ gk +1 k121 — 20, BN VL (2R )12
— 2 oy Efllz" = 27%] = 20 E[||G), — VLY (27) || ])-
k=0

()
Below, we will show that the sum (*) above is uniformly lower bounded, which is enough to conclude.
Note that G, is the estimated gradient V£ (z*) with the only source of error being approximation errors in y*7 ~ y% (z%)

and 2% =~ y*(2*). The second quantity, Gy, is the actual estimated gradient we use in Algorithm 1, with independent
random noise &5 ., & %, £¢% being the additional source of error.

Using (30) in Lemma A.1, and Lemma A.2,
E[||Gr — VLA (=) | Fill?) < 203 +4C7 (B [[lyz (=") — "7 I° | Fa] +E [ly* (@*) = 22T | Fi]) (36)

2 2 _2
where 02 := LMA% and C =l 1 + Al,1. Recall that y*+1 = y*7 is obtained by minimizing A~1 £ (z, -) using PSGD

with an unbiased gradient estimator with variance A"*¢7 + o = O(1) (see Algorithm 1). The objective A\™' L (z, -) is
(1g/2)-strongly convex (by Lemma C.3) and C//A = O(1)-smooth where C' := I; 1 + Alg 1. Then, we choose the inner-loop
step-size

2 A 1
==+ Z) — 37
" (ug C)1+\/§+t G7
We then apply Lemma C.1 with pu = 14/2, L = C/\ =151+ 0(e), B = u%—i—% =0(1),0% =X"20}40] =0, +0(),

v = 1+ +/3 (this value of v was chosen so that (y 4 1)(1 — %) < 1) and the constraint set 53 to be the radius 2r/3-ball
around ¢(x), which contains y* () by the hypothesis. (When r = oo, B becomes the whole space.) This gives us

max {C, [y - y3(«)]?}

E kT k0 ky(2 < 38
ly™" = x @O [ F] < T 7 (38)
~ 202 1 —1
where C' := (”gHg’lZ)Hg%(’lf’ 2 O(e).
Similarly, since g(z, -) is p4-strongly convex and I, 1-smooth,
o max {C, |50 — y* ()12}
E[flz57 = y* @)II* | Fil < : (39)

14T

for the same constant C' as above. Then bounding the maximum of nonnegative quantities by their sum and combining (36),
(38), and (39),

E |Gy — VL3 (M)

8C3 /A [ ~
]:k} < —— 20 + Tk |, (40)
pg(1+T)
Next, we derive a recursion for E[7;]. By Young’s inequality, (38), and that y3 is (4l,,1/p4)-Lipschitz continuous (see
Lemma C.5), we obtain

Efly™0 — g3 @17 | 7] (41)

< 2E[y*" — i (@) | Fal + 2B [l (eF+) — i ()P | Fil “2)
S(C/N) max {C, [y~ y3(eF) 2} 502

< gle k+1 _ k2 F1. 43

15



On The Complexity of First-Order Methods in Stochastic Bilevel Optimization

Similarly, we also have

E[| 710 — y* (@)1 | Fil

< Hga max {C, ||z —y*(a*)|*}
B Hg(l "‘T)

2@,1 k+1 k2
+ — 5 E[ll=" — 2|7 | Fi]-
g

Suppose T is large enough so that 114(1 4+ 7') > 16C/X. Then using (38) and (39),

3l
[jk+1|]:k]<@+c+

9

[” k+1

|17 | Fil,

where A is the constant defined in (40). Taking the full expectation and by induction, we get

E[Jk] <27

=0

It follows that, combining (40) and (47), we get

- V1. LA
FE[J) +2C) + ng, Z (2

k—1—1 ) .
) Efe*" — 7|?]

n—1 n—1
Hg A
S ZakE Gy, — VL (z ;) (20+E[jk])
— 68l —
< (E[T] 91 Za ”karl
k:: g

Thus, we deduce for oy, sufficiently small,

n—1 2
(92 ~El5] +20) Y 1A

k=0

k=0
2160203/ A

—(E[J0] + 20) Z o2 Z Q.
=0 pg(1+1T) k=0
Combining the above with (35), we conclude (34).
Now, we prove the upper bound O(e~%).
Proof of Theorem 3.1: Since A = O(e™}), 1 (2F)|| = O(e) implies | VF(z%)|| =

enough to show that Algorithm 1 finds an e-stationary point of the surrogate objective £ within O(e~%

2 2
_ oi+2N°0

For M < M\ = ¢ * wehave 02 = ZE5" %
x h3

2
enough to have (recall that C' = ©()\), A = O(1), and 02 = O(€?))

n—1
+ 57 o Efla* — 2|2 (1 -

n—1

gzak
4.8-68C312 /A

Hg

2 n—1 2 n—1 «
01 o k:o ar | CoN* 3 o F <2
n—1 — )
Zk 0 @k Ek 0 %k > k=0 Ok

where

Cl = ﬁ;(:ﬂ

zERx Ky

Recalling A = ¢!, note that (53) follows from

01 Coe™2 ofc + 2¢ 242

l3
0)7 inf L*( ) ng’l<j0+

+ +
Py oak T M

16

Ic||2.

(44)

(45)

(40)

47

(43)

(49)

(50)

&1V}

(52)

O(€). Hence it is
) iterations.

= O(02€?), Then, by Proposition A.4, to obtain e-stationary point, it is

(53)

(54)

(55)
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Hence it is enough to set each of the three terms in the left-hand side above is at most €2/3. This is the case when

2
ar = € (0, 57) where L = fo’l (lf,1 + li’% + lfol/i#) as is in Lem. C.2 and
C
—L <3, 3Che < T, 3(0F +2¢%02) < Mé?, (56)
no
$0 we can set
= 3(C1/a)e 2, T = 3Ce %, M= 3672(0? + 267203). (57)

Thus the total sample complexity is at most

9C1(Co + 202 9C;02
(T + M) < 1(C2 Jg)ef6+ 19

-4 _ (.—6
- o€ =0(e™"). (58)

In particular, is we set & > cL for some constant ¢ > 0, then the leading term is of order LC;(Cy + 203)6*6.

A.3. O(¢~*) upper bound

In this section, we provide the proofs of Theorem 3.2 and Proposition 3.5. Throughout this section, we assume that
Assumptions 1-2, (2), (3), and (4) hold and let v, = ~y for all £.

As illustrated in Section 3.2, our new key observation in Lemma A.1 is the estimation of || VL (z*) — Gy || in terms of
lyF+ — yi(2%)| and [|o**+t — v*(2*)]|. In the subsequent section, we estimate each term. Let

Ty = [lg* — 5 ()] and Wi := [0 — " ("), (59)

On the other hand, we have the additional projection step for z in the inner loop of Algorithm 1:
P Mgy {248,

where A, = y*t+1 — gFt+1 and therefore y*! — 2Pt = yPt+1 — (zK¢ 1 A ). In Appendix A.3.2, we verify that with the
appropriate choice of 7 the projection step makes |[v¥+1 — v*(z*)|| smaller, which yields the desired result.

A.3.1. DESCENT LEMMA FOR y

Proposition A.5. For given 8 > 2, assume that

I 1 g Y\ T 1
A > 2= — d|1l1—"—=— —. 60
. 0E (0’41971) and ( 2 ) <23 (60)

Then, we have

4 1
Blly**! — 531?17 € T+ Tvax(YLa) 55 (61)
where
Var(VyLy) i= sup Var(V, f(z,y; ) + AVyg(z,y; £)). (62)
z,Yy
Furthermore,
n ] n 412 n—1
S ET] < 2T + M—VVar(v L35 +—24 ZE I1GII?]- (63)
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Proof. Recall from Lemma C.3 that £ (x, -) is (Aiq/2)-strongly convex. In addition, for given x, £ (x, ) is (Lp1 + A, 1)-
smooth in y. Then, Applying Lemma C.1 with the objective function y — A"1Ly(z,y), u = p,y/2, 0% = Var(V Ly),
L = 41,1 and the constraint set 3 to be the radius 2r/3-ball around (), which contains y ( ) by the hypothesis, we get

" ey \" " 4y 2
Efly* = @) 17 < (1= 22) o — vi(an)l® + N, VA (Vulo). (64)

Thanks to our assumptions in (60), we conclude (61).

Next, let us estimate 71 in terms of 7. Young’s inequality, the (41, 1/14)-Lipschitz continuity of y} in Lemma C.5, and
(61) yield

E[Zi1 | Fa] < 2E[[lg* " — yx (@®)I1° | Fi] + 2E[[ly3 (z"F1) — 93X (") [1? | Fi) (65)
4 3212 a2 R
sz + Var(v L))+ Zi’;E[HGk”ﬂFk]. (66)
)

Taking the full expectation and by induction, we get

—k = Cppi [ 325007 o 4y 2
E[Zx] < B "I, + ZB TE[HGill ]+ AQﬂgVar(VyLA) 7 (67)
=0 g
. 1 4y ) 3212 o2 E21 R
< By + ———— 5 Var(VyLy) + —Z— ) pTFHE[| G2 (68)
As 3 > 2, we have 1— 1/f5 < 2 and we conclude (63). O

A.3.2. ESTIMATES FOR v},

Next, we prove Proposition 3.4. Recall that 25t = 25t — 4,V g(zF, 29t ¢} ;) (before projection to the ball around y**),
and 9%t 1= Pt — Z8t. Also recall that A, = y*t+1 — gk+1 and therefore v%t = y*1+1 — (28t + A,). Note that for an
appropriate choice of ¢ satisfying ||u|| <t < ||v]|, the projection of v to a ball of radius ¢ makes the distance to u smaller.

Lemma A.6. For any u,v € R% with ||[v|| > t and ||u|| < t for some r > 0, the following holds:

tv
T < v =l
[[v]l
Proof of Proposition 3.4: First of all, if for o%! = gkt — 2Rt ||o%¢|| < ry, then the equality holds in (12). Otherwise,
suppose that
[[o*
Recall from Lemma C.4 that for all zz € R,
. . . lyo
" (@)l = lya(z) —y* @)l < 2= = ra. (69)
Hg
Applying Lemma A.6 with r = r), we conclude (12). O
Next, we obtain the contraction of v}, b1 v
Lemma A.7. For all k, we have
k k 1540 k k 1 2l;1‘ 0
0" @4) =" @) = o — 0 S g It — ot + 2
g g

— lfolg,2
where I, :== 141 + R

18
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Proof. We first show that

v (z) = yi(z) — *(x)_—l(VQ (z,y" (1)) "'V f2,y*(2)) + O lo2l}o (70)
= Yx y Y yy 9\ T, Y yJ Y 'ug/\z :

To see this, note that

Vyg(z,y*(2)) =0, Vyg(z,yx(x) + A7V, f (2, y5(2)) =0,
and thus,

1

fXVyf(x,yi(:v)) = Vyg(z,y3(2)) — Vyg(z,y"(x))

= V92,5 (@) (WA (2) =y (@) + Ozl (@) — y3(2)]1%)

1,202
= V2,94 (@)} (2) — 7 () + O < f) :

pgA®

Multiplying both sides by V2 g(x,y*(x)) gives (70). Thus, vj_, — v} can be expressed as

Vg1 — Uk
= 0" (") — ot (ah)
= 3 (V2,008 @) T f b 7 (@) = 92,90y (), (@ g () 4+ 0 (lu@
= V00 @) T (T Ry ) - Y f Ly )
3 (V000 @)™ = Vg (@) ) W, £k, (@) + 0 (lulf>

1/1 ly ol . . lg2l3
— (g,l_'_g,2f,0> 'O(ka—xkﬂﬂ—k”y (xk)_y (:UIH_I)H)—I—O ( 9 f’0>.

A\ kg I p3N2

Finally, using that [|y* (z%) — y*(xF+1)|| < %#ka — zF*1|, we have
9

Iy lg2lfo bkl 19,21?0
iy — il S L2 (z g le2lro ) ok ey 920
k+1 k /\lug g Ly Mg)\z

Ly
Having squares on both sides gives the lemma. O

Lemma A.8. Suppose that

e (0, a ) (71)
413 4
Forallkandt =1,2,--- T — 1, we have
12 10
E[[|o*" — vil*[Fre] < (1= pgy/2)[[0"" = oj|> + O(3?) g)igufg’ ~ (72)
9

Proof. In this proof, we only consider the projection step
Zk’t+1 — H]B(yk,t+1’r)\) {Zk’t + AU} .

19
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Other projections can be handled by a small modification of Lemma C.1. By direct computation, we have
E[[[o"" — vk[|*| P
= Efllog = 0™ + lonr — 0™ = 20vp — 0B 050 — 0B [ F )
< v = PP 4+ 42 BIAT V£ (@5, 085 ) + Vg yB 6 — Vg, 255 60 )P Fid]
— 2(vj; — v*, A‘lvyf(w’i ™) + Vyg(ah, g™t — Vyg(a®, )
k2 +

Zk’t||2.

< (1= pgy)llvg —v AQ (Uf +13.0) + 70 11y

where in the last line, we used co-covercivity of strongly-convex functions (z —y, Vg(z) — Vg(y)) > ugllz — y||*. Finally,

note that
lly™* = 212 < 2([[0"* = o1 + [lvgl|?) < 20v™" = vil® + 2.
Using (71), we conclude (72).

Lastly, we have the desired estimates for |[v¥*1 — v*(2*)|| and W.
Proposition A.9. For given 8 > 2, assume that (71) and

T o1
(1-27) <o

2 2/
Then,
E k+1 * ky\ 12 F < 1EW O ngll?:o
[t = (@) Fi] < GBI+ O() S
g
Furthermore,
>\2 - 2 12; — A2 ig,llffo l22lf0 1
Z]Ewk< Lo o ZIIGkII M ey I
k=0 Hg T Z g g
Proof. Proposition 3.4 and Lemma A.8 yield
12,03,
E[[o" "+ — o (@) 2 Fre] < (1= pgy/2)[[0"" = v* (@) + O(v*) - izﬁé :
g
for all ¢ and k. By iterating this for¢t = 0,1,--- ,7 — 1, we have
lral7o
E[[o"* — v (@*) |21 Fe] = E[[o™" —o*(@")|?|Fi] < (1 = pgv/2)" 0" = vi[” + O() izué-
g

Using the assumption (73), the above yields the first inequality (74).

On the other hand, using Young’s inequality,
Wit = [0 — o (@F |2 < 20" —o* (@) + 2||v* (2 1) = v* ()%,

Applying (74) and Lemma A.7, we obtain that

222 . 2yl
EWies1|Fi] < 2E[[Jo" T — o™ (2")|]?|F5] + g’élﬁllelﬁ + ‘2’6/\4 ;
g
1 [5l0? loalio v | lgalto 1
< Wi+ -2 ||Gk||2 +C ' 9210
3 il N2ud N2 R

for some constant C' > 0. The assumption (73) was used in the last inequality.

Using the parallel argument as in Proposition A.5, we conclude (75).

20
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A.3.3. PROOFS OF THEOREM 3.2 AND PROPOSITION 3.5

The following statement is the detailed version of Proposition 3.5.
Proposition A.10. Suppose that Assumptions 1-2, (2), (3), and (4). In addition, let the algorithm parameters satisfy (71),
(73),

l
m:f—’ox a<1, r€lbry,o0 (80)

Hg
and

6412, 12,12

—Z—&—Cla < 0 where Cy = I, - (81)
F‘g Hg
hold true. Then,
n—1
— ZE VL (™))% = £5(2%) + 1%5 E[L3 ()] < aleo + ozlf]’ll/\/o)\2 + ZVar(Gk) +nOA"2) +nO(y).
k=0
(82)

Proof. Let By := E[L}(a*1)|F] — L£3(2) + (VL3 (2z%)]|. Recall from Proposition A.3 that
(€SN ~ l ,ol 1 * * .
B <SGl +avar(@u) + 20 (L0} L4 20T @I+ 20 0 @I

The upper bounds of the last two terms, [|y*** — y5(2*)||? and |[o**! — v*(2*)||2, are given in Proposition A.5, and
Proposition A.9, respectively. Using them, we obtain that

2
[0S 2 A lf’ol 1

8al ’y
L
Hg (V )\) A2

2

l,llf’o , B2olio 1
+al? E[N? Wk]ﬁ+2 al? 5 00) +2al5 0 5

g g

1
+ al2E[T;)] 3 +

Choosing /3 = 2, taking the full expectation and telescoping over k = 0,...,n — 1,

n—1 n— n—
> B < allTy + ol Wok? + < + Crav > S TIGKI? + @ var(Gy) (83)
k=0 k=0 k=0
i (20 (lo) L, B Var(Viy 2, alfo, g, 2 ! salfo 1 (84)
« g 22, )2 Qg1 03 v MS e "
for C'; given in (81).
On the other hand,
o n—1
521@ VL5 (2%))? — £5(2) + inf EL{(2 ZBk (85)
k=0
Thanks to (81), and the fact that Var(VLy) = O(\2), we conclude. O
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Proof of Theorem 3.2: Since A = O(e™!), by Lemma C.5, ||V} (z)| = O(e) implies | VF(z)| = O(e). Hence
it is enough to show that Algorithm 1 finds an e-stationary point of the surrogate objective £} within O(e~*) iterations,
respectively.

After the projection steps before entering the inner loop, we have ||y*:® — 2%:0|| < r, for all k > 0. From Proposition A.10,

we have
53 nfmnw:* @<l nfv«ar@k) +0() +0(7) .
2n =~ A o= | |

where C' = L3 (2°) — inf, cra. E[L5(2)] + al2To + al WA
~ 72 2
For M =< O(e~?%), Lemma A.2 yields that Var(Gy) = +; (20? + Slgﬂlzlfo) = O(€?). Choosing v < O(€?) and

9
n =< O0(e?2),
al n—1
o Y E(IVLI NP = O(e).
k=0
For T =< O(e~2), the step size rule is satisfied (60). Thus, we conclude that the total complexity is O(n- (M +T)) = O(e~%).

B. Proofs for Lower Bounds

In this section, we establish Theorem 4.5.

B.1. Auxiliary Lemmas for Lower Bounds

Lemma B.1 ((Carmon et al., 2020), Lemma 1). Suppose U (t), ®(t) is defined as in (18):

v =1 e ew=vi it
— = e e 27 dr.
eXp(l—ﬁ), t>1/2, — 0

They satisfy the following properties:

1. Both VU and ® are infinitely differentiable.
2. Forallt € R,

0<P(t)<e, 0SW(t) < \/bd/e, [I7(t)| < 32.5
0 < ®(t)V2me, 0 < ®'(t) < Ve, [@"(1)] < 1.

3. Forallt > 1and |u| <1, U(t)®'(u) > 1.

Lemma B.2 ((Carmon et al., 2020), Lemma 1, 2). If there exists 0 < i < d, such that |x;| > €, and |z;11| < €, then
|V,F(z)| > e. Furthermore, for all v € R%, |[VF(z)| s~ < 23e.

Lemma B.3. Suppose ¢(t) is as defined in (20):

t+ %ff/; U(r)dr, t< —1/2,
o(t) =4 t, —1/2<t<1/2,
t—1 [, (r)dr, t>1/2.

It satisfies the following properties:
1. ¢(t) is infinitely differentiable.
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2. Forallt € R,
lp(t)] <2, 0<¢'(t) <1, ()| < \/Baje3, ¢ ()] < 32.5/e.

Proof. Other properties come immediately from Lemma B.1, we only prove |¢(¢)| < 2. To see this, for t > 1/2,

¢(t)—1+/t 1 - Yy(n)a <1+/t1d <9
_2 1/2 e )T = 1 (27—_1)2 T=%

where in the first inequality, we used 1 — & < exp(—z). The same holds for ¢ < —1/2. O

Lemma B4. Let f;(x), h;(x) be defined as the following:

fi(z) == Ve(@io1)Pe(w) — Ve(—2i—1)Pe(—24),

1/2
(o) =1 (1= (S 1/0) ). )
where T'(t) is given by
f1t/4 7)d 0, t<1/4ort>1/2,
(t) := iy ,  where A(t) = 1 ) .
f 7— exp <—W) 5 otherwise

Then, h;(x) satisfies ]l{i>progé/4(z)} < hi(z) < ]l{i>prog€/2(x)}, O(1)-Lipschitzness and the following:

FP@)hi() =0, Vi#prog.s(w) + 1,k € Ny.

Proof. The construction of h;(z) is brought from (Arjevani et al., 2023) where the boundedness and O(1)-Lipschitzness are
guaranteed from the proof of Lemma 4 in (Arjevani et al., 2023). The last property follows from the fact that any k*" order
derivative of W(¢t) for ¢ < 1/2is 0, and thus,

U (@) =0, Vi>progen(n) + 1,
and

hi(z) < ]l{i>prog€/2(x)} =0 Vi < progs(z) + 1.

Lemma B.5 ((Arjevani et al., 2023), Lemma 15). For all x € R¢, p(x) is 1-Lipschitz and (3] R)-smooth, that is,

3
7@ <1, 1@ = J@)] < Fllat —2?],  Va'a® e RY

The following lemma is the key to converting the zero-chain argument to general randomized algorithms (Arjevani et al.,
2023):

Lemma B.6 ((Arjevani et al., 2023), General Version of Lemma 5). Let A € A be a randomized algorithm that accesses
functions f,g : R%*% — R through a stochastic oracle, and generates batched queries with norm-bounded x, i.e.,
|zt < Rforallt € N,n € [N], with some R > 0. Let U be a random matrix uniformly distributed on Ort ho(d, d,,)

d> i Nd ) and p,6 > 0, and let u; be the 3t column of U. Additionally, let Oy be an oracle that takes

with 228 Jog (

a batched query (z,y) :== {(z",y™)}_,, and returns Gy (z,y; &) where € is a random variable and Gy is the oracle
response to (x,y) and & parameterlzed by U. Suppose the following holds for Gy with probability 1:

Gu(z,y;€) = Gy (x,y;€), VU € ortho(d,d,) : u =u; forall j = 1,2,...,maxprog1/4(UTx”) + 1.
n
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and with probability at least 1 — p:
Gu(x,y;§) = Gu(z,y;§), VU € ortho(d,d,): v} =u; forall j =1,2, ...,maxprog1/4(UTa:”).

When A is paired with Oy, with probability at least 1 — 6,

d, —log(1/6)
UTatn dy Vi< —————=.
T{Iéfaﬁ/(]pro%/‘l( x ) < dg, < 2%

Proof. The original proof in (Arjevani et al., 2023) uses the progress of returned gradient estimators directly as the overall
progress of an algorithm:

t > T, t'm t'n, et
— \V4 U O TR ) .
YV t,SItI}gé{[N] (progo( wg( 4 Yy § )

Our definition is a generalization of the above measure to include other signals @y g and ¢ in the oracle response. Specifically,
we define

' = arg m[(iin]  Gu(a!  yt &) = Gy (a¥ ,y"';€"), W' <t VU € ortho(d,d,) : u; = uy forall j € [i].
i€ld,

With the above definition, under the event B’ := {max,, progy 4 (U " z"™) < ~'~'} and filtration G'~':

gtfl — U(€A7 (:130, yO)7 GU(ZCO,'yO; 50)7 . (mtfl’ytfl)7 GU(.’IJtil, ytfl;é-ttfl))7

we can check that

P(y' =71 ¢ {0,1}, B"1G" ") = 0,
P(y' ="' =1,B"16"") <p.

The rest follows the same steps in (Arjevani et al., 2023), hence we refer the readers to Appendix B.1 in the reference. [

B.2. Proof of Lemma 4.3

We first note that E[V, g(x, y;§)] = Vyg(z, y), and

Vyg@,y) = -2 (y - X fil@)) = =2 (y - S ST @)
Furthermore, from Lemma B.4, we can observe that
@yg(z, Y; 5) - vyg(gjv y) =2¢%. fprogé/g(w)-&-l (I)hprong(m)-‘rl (I) (f/p - 1)'

Since both f;(z) and h;(z) are bounded by O(1) for all i and =, we have Var(V,g(z,y;€)) < €*/p. The remaining
properties follow straightforwardly from the construction.

B.3. Proof of Lemma 4.4

We start with writing down the explicit formula for Vg, (x, y):

y—F@)) o (y—F(@

Te Te

Vmgb(xvy) = _T€¢ ( ) VF(J;))
Thus,
[Vags(@,y)lloc S el VE(@)[loo S ree,

where we use Lemma B.2 for the last inequality.
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Now we show that probabilitic zero-chain property. Recall that we define

and note that from Lemma B .4,

Vo, F(x)hi(z) = O(€) - Vo, (fi1(2) + fi(x))hi(x) = 0, Vi # progy(z) + 1.

2

Therefore, the probabilistic zero-chain property is satisfied, and Var (@z g(z,y; € )) < % which must be less

than O(0?). We also check the stochastic smoothness:

I9:0(0.5'56) = Va5 O (max 192,060+ mx 92, ) 1)) I = 7]
S (max | F(2)] + max | F(@) | (¢/p)) Iy = o7l
S +e/p)yt — v

Thus, we have E[H@Ig(x, yh€) — @mg(iﬂ, v% 07 S %“yl —y?
conclude that p = Q (max(?"5262/027 62/13,1))-

2, and this must be less than 1371 lly* — »?||?. Thus, we

B.4. Proof of Theorem 4.5

We first reiterate the initial value-gap and smoothness properties of the modified hard instance: for any U € Ortho(d,dy),
let Fiy be the hyperobjective constructed with (fi7, gi7) defined in (21), paired with oracle responses defined in (24). Then,

1. Fy(0) — F5 < O(1).

2. fu,gu satisfies Assumption 1, 2 with O(1) smoothness parameters.

W

|IVFy(2)|| > O(e) if prog./s(U ') < d.
4. Forall (z,y) € Rd=>dy,

E[H@xQU(xa Y; 6) - E[ﬁng(xﬂ Y; 5)} ||2} < O(’f’66)2/p.

5. For all (z,y) € R¥=*du,
> 1 > 2 2 e 1 22
E[|Vegu(z,y7;€) — Vegu (2,57 6)]1°] < O 1+5 S F T [

The first property immediately follows from the fact that F'(0) = Fiy(0) and Fy; > F*, and the fact that F* = O(e*d,) =
O(1). Property 2 is trivial given our construction and Lemma B.1. The third property follows from the proof of Lemma 6 in
(Arjevani et al., 2023). For rest two properties, note that

E[ﬁmgU(fE, Y3 5)] = J(x)TU@ng(UTp(x)v Y3 ’g)v
and since ||.J(x)|| = O(1) by Lemma B.5, we can similarly show the bounded-variance and smoothness as in Lemma 4.4.
Finally, we can invoke Lemma B.6, and we get the theorem.

C. Auxiliary Lemmas

In Lemma C.1 below, we obtain convergence rate of the projected gradient descent (PSGD) algorithm with either fixed or
diminishing step sizes. These statements are adapted from the analogous statements for unconstrained SGD for strongly
convex objectives (Thm. 5.7 in (Garrigos & Gower, 2023) for fixed step sizes and Thm. 4.7 in (Bottou, 2010) for diminishing
step sizes).
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Lemma C.1 (Convergence rate of PSGD for strongly convex objectives). Let f : RP — R be a L-smooth and p-
strongly convex function for some 1, L > 0. Suppose f* := inf, f(x) > —oo and denote x* := argmin, f(z).
Furthermore, let B be a convex set containing x*. Suppose G(x,&) is an unbiased stochastic gradient estimator for f,
that is, E[G(x,&)] = Vf(x) for all © € B. Further assume that the variance of the gradient estimation error is bounded:
E[|G(x, &) — Vf(2)|]?] < o® forall x € B. Let p := ji—LL Consider the following PSGD iterates:

Toy1 g {x — G, 6) } (88)
Then the following hold:

(i) (fixed step size) Suppose a; = o« < 2L/(u+ L). Fix T > %(L/“). Then forall0 <t <T,

t 2 t|[,.0 2, a0’
Efllz® —2"["] < (1 = pa)"fla” = 2™[|" + —. (89)
I
Taking o = Sll‘j%T, we have E[[|2T — z*||?] < 2|20 — 2*[|2 + S};—gTTa?.
(ii) (diminishing step size) Suppose o, = %, where 8 > 1/p, v > 0 are constants. Then for all t > 0,
Efla —o"?) < ©0)
T+t

where

. B?0%L (v +1)8%? 2BuL 0 )12
”"ma"{zwp—l)* 7 ’”*”(“mm)”x ‘C”'}‘ oD

Proof. Let ¥ := zt — aG(z";&;). Then

12" — & = 1|7 — &*|* + [la* — 2"||* + 22" — 2", 2" — 27)

= ofIG(" €)|* + [l — 2*[|* = 204 (2" — 2™, G(a";&)).

Let 7y = 0(&1, - .., &—1) denote the o-algebra generated by the random variables &1, . . ., ;1. Then x; is measurable w.r.t.
Fi, so taking conditional expectation with respect to J; and using the co-coercivity of strongly convex functions, we have

Bl — 07| | Bl = 0do® + ol VIGOI + ot~ ~20, !~ " VSG) )
> L |2t —a* |24 ip |V £ (22
20 p L t 2 2 2
<|(1———— —x* 93
< (1228 fat - 4 e @)

given that oy < 2/(p + L). Then by the projection lemma and taking the full expectation, we have
Efllz"* — 2 |°] < E[lz" - 2*[”] < (1 — aup) E[[la* — 27|*] + afo?,

2uL

where we have denoted p := L

To derive (i), suppose oy = o < 2L/(p + L). Then applying (92) recursively, we have

t
Effla* —2*|°] < (1 = pa)'[|2° — a*|* +20% ) (1 - ap)’a®
j=0

2
oo
< (1= po)'|la® — 2™ + o

Next, we show (ii) by induction. We will show that, for all £ > 1, that

v

]E _*2< ,
o = 0"} < =2

(94)
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where

2 .2

- B2o*L 112 }
V:i=max{ —, (v + DE[[|xz1 — .
{ sy O DBl = |
This is enough to conclude since 7 < v, which follows by (92):

_ 28uL g?
E xl—x*2<<1—> 20 — 2% + =02
[l 1] S+ D) | [ 5

95)

(96)

Indeed, (94) holds for ¢t = 1 by the choice of 7. Denoting 7 := + + t, by the induction hypothesis and by the choices of step

size oy and D,

Eflees: — o) < (1 -4 )

t—1 -1 Lo?32
S( _ >D— B >D+ i
{2 {2 242

<0

7

This shows the assertion.

2
Lemma C2. £3(2) is L-smooth with L i= %2 (17, 4 ‘22 4 tslagloz )
g

,1
Hg g

Proof. See Lemma B.8 in (Chen et al., 2023a).

Lemma C.3. For A > 2l;1/ug Lx(x,-) is (Aug/2)-strongly convex for each x € R,

Proof. Since f(x,-) is ly1-smooth and g(z, -) is p4-strongly convex,

Apg —1
Lx(ey') = La(e.y) = (VyLale,y), o =) + L2y — g2,
Hence if Apg > 215 1, then Ly (x, -) is (Apg/2)-strongly convex.
Lemma C.4. For \ > 2l;1/u,, it holds that for each x € R%,

* * 2lfo —1
@) —y (@) <———=001"").
lyx(z) = y™ ()| Mig (A7)

Proof. Note that if a function w +— h(w) is p-strongly convex and is minimized at w*, then for any w,
0> h(w*) — h(w) > (Vh(w), w* — w) + gnw* — %
Using Cauchy-Schwarz inequality, the above inequality implies
. 2
[w* —w]| < ;IIVh(w)H-

Apply the above inequality for h(y) = g(, y) and the first-order optimality condition for ¥ (z) in (27) to get

Iy (2) = 3 @)l < —[IVyg(a, yx (@) = = IVy f(z, 57 (@))l] <
Hg Hg
as desired.
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Lemma C.5. For A > 211/, it holds that

[£3(@) = F(2)] < DoA™" = OO, (103)
where Dy := (lf,l + i) bra

Mg Mg

Proof. See Lemma B.3 in (Chen et al., 2023a). O
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