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Abstract

Adam has become one of the most popular optimizers for training modern deep neural net-
works, such as transformers. However, its applicability is largely restricted to single-level
optimization problems. In this paper, we aim to extend vanilla Adam to tackle bilevel
optimization problems, which have important applications in machine learning, such as
meta-learning. In particular, we study stochastic bilevel optimization problems where the
lower-level function is strongly convex and the upper-level objective is nonconvex with po-
tentially unbounded smoothness. This unbounded smooth objective function covers a broad
class of neural networks, including transformers, which may exhibit non-Lipschitz gradi-
ents. In this work, we introduce AdamBO, a single-loop Adam-type method that achieves
O(e~*) oracle complexity to find e-stationary points, where the oracle calls involve stochas-
tic gradient or Hessian/Jacobian-vector product evaluations. The key to our analysis is a
novel randomness decoupling lemma that provides refined control over the lower-level vari-
able. We conduct extensive experiments on various machine learning tasks involving bilevel
formulations with recurrent neural networks (RNNs) and transformers, demonstrating the
effectiveness of our proposed Adam-type algorithm.

1 Introduction

The Adam algorithm (Kingma & Bal, |2014]) is one of the most popular optimizers for training modern deep
neural networks due to their computational efficiency and minimal need for hyperparameter tuning. For
example, Adam has become the default choice for training transformers (Vaswani et al.l [2017; Devlin et al.|
2018) and vision transformers (ViT) (Dosovitskiy et al.l [2021)). Practitioners favor Adam and adaptive
gradient methods in general because they significantly outperform stochastic gradient descent (SGD) for
certain models, such as transformers (Zhang et al., |2019; |Crawshaw et all [2022; |[Kunstner et al.| |2023;
Ahn et al., 2023). Recently, there is a line of work analyzing the convergence of Adam under various
assumptions (Guo et al.,|2021b; |Défossez et al., |2020; Wang et al., [2022; |Zhang et al., |2022; |Li et al., 2023a).

Despite the empirical and theoretical advances of Adam, it is only applicable for single-level optimization
problems such as the empirical risk minimization. However, there is a huge class of machine learning problems
which are inherently bilevel optimization problems (Bracken & McGill, [1973; [Dempel, [2002), including meta-
learning (Franceschi et al., 2018} |Rajeswaran et al.l |2019), reinforcement learning (Konda & Tsitsiklis| [2000)),
hyperparameter optimization (Franceschi et al.| 2018; [Feurer & Hutter} |2019)) and continual learning (Borsos
et al.l [2020; [Hao et al., [2023). Therefore, an important question arises: How can we extend the applicability
of vanilla Adam to solve bilevel optimization problems, while ensuring both provable theoretical convergence
guarantees and strong empirical performance for machine learning applications?

In this paper, we provide a positive answer to this question, under the setting of bilevel optimization under
unbounded smoothness (Hao et al., [2024} |Gong et al.l |2024a). In particular, the bilevel optimization in this
setting has the following form:

min ®(z) := f(z,y*(x)), s.t. y"(z) =arg min g(z,y), (1)
zER yeR
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where f and g are upper- and lower-level functions respectively, and f satisfies a unbounded smoothness
condition (see Definition and ¢ is a strongly-convex function in y. One example satisfying this particular
setting is meta-learning (Finn et al., 2017} [Franceschi et al.,|2018)) with certain machine learning models such
as RNNs (Elman, [1990) or transformers (Vaswani et al., [2017)), where x represents all layers except for the
prediction head, y represents the prediction head, and the goal is to learn the shared model parameter
x to find a common representation such that it can quickly adapt to various tasks by simply adjusting
the task-specific prediction head y. The unbounded smoothness condition for the upper-level function f
is particularly relevant in this paper for two main reasons. First, recent studies have demonstrated that
the gradient’s Lipschitz constant (i.e., the smoothness constant) is unbounded in various modern neural
networks, including RNNs and transformers (Zhang et al., 2020b; |Crawshaw et al., 2022; [Hao et al.| 2024).
Second, Adam is empirically successful on training these neural networks (Vaswani et all [2017; [Kunstner
et al., [2023)) and its convergence under unbounded smoothness was recently proved within the single-level
optimization framework (Li et al., 2023a). Therefore it is natural and imperative to design new Adam-type
algorithms, building on the vanilla Adam approach, to solve bilevel optimization problems in the unbounded
smoothness setting.

We introduce an Adam-type algorithm for such bilevel optimization problems with provable convergence
guarantees. Our algorithm is called Adam for Bilevel Optimization (AdamBO). AdamBO begins by running
a few iterations of SGD to warm-start the lower-level variable, after which it simultaneously applies vanilla
Adam updates to the upper-level variable and SGD updates to the lower-level variable. The primary challenge
for the convergence analysis of AdamBO is tackling the complicated dependency between the upper-level
hypergradient bias and the lower-level estimation error when the upper-level performs the vanilla Adam
update. The convergence analysis of AdamBO for unbounded smooth upper-level functions builds upon the
insight of regarding bilevel optimization as a stochastic optimization problem under distributional drift (Gong
et all [2024al), but with a few important differences. First, our analysis incorporates a novel randomness
decoupling lemma for lower-level error control, which arises from using Adam updates for the upper-level
variable. Second, unlike (Hao et al., 2024; |Gong et al.| [2024a)), the lower-level error in our setting is not
necessarily small across iterations, requiring a more refined analysis to handle the hypergradient bias and
establish convergence guarantees. Our main contributions are summarized as follows.

e We design a variant of Adam, called AdamBO, for solving bilevel optimization problems under
the unbounded smoothness setting. We prove that AdamBO converges to e-stationary points with
O(e~*) oracle complexity.

e We develop a novel randomness decoupling lemma for lower-level error control and a refined analysis
for the hypergradient bias, which are of independent interest and could be applied to analyzing the
convergence of other adaptive optimizers in bilevel optimization.

e We conduct experiments on meta-learning and deep AUC maximization for text classification tasks
with RNNs and transformers to verify the effectiveness of the proposed Adam-type algorithms. We
show that AdamBO consistently outperforms other bilevel algorithms during the training process.
Notably, for the transformer model, they improve the training (testing) AUC by at least 14% (7%)
over other baselines. The running time results indicate that our algorithms converge much faster
than baselines.

2 Related Work

Convergence Analysis of Adam. Adam was proposed by (Kingma & Bal [2014)) and the convergence
guarantee was established under the framework of online convex optimization. [Reddi et al.| (2019)) identified
a divergence example of Adam under fixed hyperparameters and designed new variants to fix the divergence
issue of Adam. Recently, there is a line of work analyzing the convergence of Adam under various assumptions
and problem-dependent hyperparameter choices (Zhou et al., |2018; |Guo et al., |2021b; |Défossez et al., [2020;
Wang et al., 2022} [Zhang et al.l |2022; [Li et al., |2023a). The most related work to our paper is (Li et al.
2023a)), which studied the convergence of Adam under relaxed assumptions (i.e., generalized smoothness
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as defined by (Li et al.), 2023al)). However, all of these works only consider Adam within the single-level
optimization framework and are not applicable for bilevel optimization problems.

Bilevel Optimization. Bilevel optimization was extensively studied in the literature, most of which focus
on asymptotic convergence guarantees (Bracken & McGill, [1973; |Vicente et al.,[1994; Anandalingam & White,
[1990; White & Anandalingam, 1993).|Ghadimi & Wang| (2018) studied bilevel optimization algorithms with
non-asymptotic convergence guarantees when the lower-level function is strongly convex. The complexity
results were later improved by a series of work (Hong et al., 2023; |Ji et al., 2021} |Chen et al.| 2021} Dagréou
let al.} 2022} Kwon et al., [2023; |Chen et al., [2023a). When each realization of the functions has a Lipschitz
stochastic gradient, several works incorporate momentum-based variance reduction techniques (Cutkosky &
Orabonal 2019) to further improve the convergence rate (Khanduri et al), 2021} |Guo et all [2021a} [Yang et al.|
2021). Recently, (Hao et al., |2024; |Gong et al., 2024azb)) considered bilevel optimization with unbounded
smoothness for the upper-level function and designed stochastic algorithms with convergence guarantees.
However, none of these works use the Adam update under the bilevel optimization setting.

Relaxed Smoothness. Zhang et al| (2020b)) initiated the convergence analysis of the gradient clipping
algorithms under the relaxed smoothness condition, which was motivated by the loss landscape of RNNs and
LSTMs. The work of (Zhang et al.| [2020b) inspired a line of work focusing on designing various algorithms
under the relaxed smoothness condition (Zhang et al., |2020a; [Jin et al., [2021}; |Liu et al., 2022; Crawshaw|
let al, [2023alb} [Faw et al., 2023; Wang et al., 2023 [Li et al) [2023aib), some of them achieved improved
convergence rates (Liu et all, |2023; Reisizadeh et al., 2023; Li et al.,, 2023a)). Several variants of relaxed
smoothness were considered in (Crawshaw et al., 2022 |Chen et al., [2023b; Hao et al., 2024; |Gong et al.,
2024afb)). This work considered the same problem setting as in (Hao et al., 2024} |Gong et al., [2024aib),
focusing on designing Adam-type algorithms for bilevel optimization with unbounded smooth upper-level
functions.

3 Preliminaries, Notations and Problem Setup

Denote (-,-) and || - || as the inner product and Euclidean norm of a vector or spectral norm of a matrix.
For any vectors z and y, denote 2%, \/x, |x|,x ® y,z/y as the coordinate-wise square, square root, absolute
value, product and quotient, respectively. We write o < y to denote the coordinate-wise inequality between
x and y. We use O(+), O(-), Q(-) to denote asymptotic notations that hide polylogarithmic factors of 1/e.
Define f,g: R% x R% — R as the upper- and lower-level functions, where f(x,y) = Eep, [F(2,y;£)] and
9(x,y) = Ecup, [G(z,y; ()], with Dy and D, being the underlying data distributions, respectively. When the
lower-level function is strongly convex, the hypergradient has the following form (Ghadimi & Wang], |2018):

Vo (x) = Vaf (29" (2)) = Vi,9(z.y" () [Vy,9(z, 5" (@) 7' Vy f 2,57 (2).

The goal of this paper is to design Adam-type algorithms that can find e-stationary points of function ®
(i.e., finding an x such that ||V®(x)|| < €). For a given (z,y), we estimate the hypergradient V®(z) using
Neumann series approach (Ghadimi & Wang), 2018) with the following formulation:

Q-1 ¢ 2 j
. . 1 V2, Glx,y; (@)
Vo(x,y;€) = Vo F(x,y;€) — V2, G(x,y;¢V) i Y11 (I =

ST g=0 j=1

g,1

where & == {£,¢©, ¢ . ¢@-DY} and (@9 = {¢@V), ... ¢@D} for ¢ > 0.

Definition 3.1 ((Lg,0, Lz,1, Ly,0, Ly,1)-Smoothness (Hao et al) 2024, Assumption 1)). Let z = (x,y) and
2 = (2',y'), there exists Ly 0, Lz.1, Ly0, Ly, > 0 such that for all 2,2/, if ||z — 2| < 1/4/L2 ; + L7 , then
IVaf(2)=Vaf(Z')| < (Laot+Laal[Vaf(2)DIz=2"l and [[Vy £ (2) =V f ()] < (Ly,0+Ly 1[IV f(2)D]I2=2"]-
Remark: This definition characterizes the unbounded smoothness of the upper-level function f and has also
been used in previous works (Hao et al., [2024; |Gong et al., |2024azb). It can be regarded as a generalization

of the relaxed smooth assumption in (Zhang et al., [2020b) and the coordinate-wise relaxed smoothness
assumption in (Crawshaw et al. 2022). Moreover, it has been empirically verified for bilevel formulations

with RNNs (Hao et a1.|, 2024)).
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Assumption 3.2. Suppose functions f and g satisfy: (i) f is continuously differentiable and
(Lz,0, La,1, Ly,0, Ly,1)-smooth in (z,y); (ii) For every z, ||V, f(z,y*(2))|| < lt0; (iii) For every z, g(z,y)
is p-strongly convex in y for u > 0; (iv) ¢ is continuously differentiable and I, ;-smooth jointly in (x,y);
(v) g is twice continuously differentiable, and V2,9, V2 g are l, »-Lipschitz jointly in (z,y); (vi) Objective
function ® is bounded from below by ®*.

Remark: Assumption is standard in the bilevel optimization literature (Kwon et al.l 2023; |Ghadimi
& Wang, 2018; |[Hao et al., 2024). Under this assumption, the objective function @ is (Lg, L1)-smooth, see
Lemma, in Appendix [B] for definitions of Lo, L1 and more details.

Assumption 3.3. The stochastic estimators are unbiased and satisfy: (i) ||V.E(z,y;€) — Vo f(z,y
op; (i) [|VyF(z,y;:8) — Vyf(z, )| < oy (i) [VyG(z,9:0) — Vyg(z, )| < g5 (iv) IV2,G(2,y;
Vi@ Yl < 092 (v) V5, G(x,5:) = Viyg(z,y)|| < 0g2.

)l
9

<

Remark: Assumption assumes the noise in the stochastic gradient and Hessian/Jacobian is almost-
surely bounded or light-tailed. This is an standard assumption in the literature of optimization for single-
level relaxed smooth functions (Zhang et al., 2020bsa)), as well as for bilevel optimization under unbounded
smooth upper-level functions (Hao et al., |2024; |Gong et al., [2024ajb).

Assumption 3.4. (i) If ||z — 2/|| < 1/,/L%, 4+ L, then for every &, [|[VoF(z,y;€) = Vo F(z,y;6)|| <
(Lo + Lo [IVa f(2,9) DIy = ¢l and [Vy F(2:€) = VyF(5 6| < (Lyo + Lyal[Vy f(2) D]z = 2'[]; (ii) For
every (, G(z,y; () satisfy Assumption (iv) and (v).

Remark: Assumption (i) requires that certain properties of the second argument (i.e., the lower-level
variable y) in the upper-level function at the population level also hold almost surely for each random
realization. Assumption (ii) requires each random realization of the lower-level function satisfies the same
property as in the population level. Similar assumptions were made implicitly in the bilevel optimization
literature (Ghadimi & Wang} |2018)). Note that this assumption does not assume any properties in terms of
the upper-level variable x under each random realization.

4 AdamBO and Convergence Analysis

4.1 Algorithm Design and Technique Overview

Algorithm Design. Our proposed Adam-type algorithm AdamBO is presented in Algorithm [I} It consists
of the following components. First, the algorithm requires several warm-start steps for updating the lower-
level variable y for a given initialization of the upper-level variable ¢ (line 2), which is designed to obtain
a good estimate of the optimal lower-level variable at the very beginning and shares the same spirit of the
bilevel algorithms introduced in (Hao et al., 2024} |Gong et al., 2024a3b)). Second, the algorithm updates both
the upper- and lower-level variables simultaneously: the lower-level variable y is updated by SGD, and the
upper-level variable z is updated by the vanilla Adam algorithm (lines 3 ~ 9). Therefore, the upper-level
update benefits from the coordinate-wise adaptive learning rate. In contrast, the existing bilevel optimization
algorithms under the unbounded smoothness setting use normalized SGD with momentum to update the
upper-level variable (Hao et all [2024; |Gong et al., 2024a3b|), which use a universal learning rate for every
coordinate.

Main Challenges. The main challenges for the convergence analysis of AdamBO are listed as follows.
First, the analysis of vanilla Adam in the single-level generalized smooth optimization setting (Li et al.,
2023a)) is not directly applicable for bilevel problems. This is because the hypergradient estimator in bilevel
optimization may have a non-negligible bias due to inaccurate estimation of the lower-level variable, whereas
the single-level analysis in (Li et al., |2023a) does not need to account for this issue. Second, the existing
algorithms and analyses for bilevel optimization with unbounded smooth upper-level functions require the
lower-level error to be small (Hao et al.l 2024; |Gong et al., [2024a3b), which may not hold for AdamBO. In
particular, the existing analysis crucially relies on a fixed update length for the upper-level variable at every
iteration (due to normalization): the analysis in (Hao et al.l |2024; |Gong et al.| 2024a3b) views the update of
the upper-level variable as a fixed distributional drift for the lower-level function, which is crucial to show
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Algorithm 1 AbaMBO
1: Input: S, Bsq, 7,7, A, To, T 1, Yo R B R )
2: Initialize y; = SGD(x1,v0,7,10), M1 = Vo(z1,y1;&1) and 91 = (Vé(x1,y1;61))?
3: fort=1,...,T do

Yerr =y =WV Gonys G)

my = (1 — B)my_1 + BV @(xs, ys; &)

>

5
6: vy = (1— Bsq)ve—1+ ﬂsq(@gﬁ(xhyt;gt))z
A e (e
8: xt+1=xt—ﬁ®mt

9: end for

that the lower-level error is small and the hypergradient bias is negligible. However, such an argument is
not true for AdamBO: the Adam update for the lower-level variable does not have a fixed update size and
it depends on randomness from both upper-level and lower-level random variables in the stochastic setting,
which make the lower-level error control more challenging.

Technique Overview. To address these challenges, one of our main technical contributions is the intro-
duction of a novel randomness decoupling lemma for controlling the lower-level error when the upper-level
variable is updated by Adam, as illustrated in Section [£:3.2] This lemma provide a high probability guaran-
tee for the lower-level error control when the upper-level update rule satisfies certain conditions (which are
satisfied by the vanilla Adam update rule for the upper-level variable). The key novelty of this lemma lies in
the randomness-decoupling fact: the high-probability bound depends solely on the randomness {¢;}7_; from
the lower-level random variables, and it holds for any fixed sequence of upper-level variables {z;}7_; and any
fixed upper-level random variables {f_t}thl that respect the Adam updates. To describe the condition that
Adam satisfies and to prove this lemma, we introduce an auxiliary sequence (defined in ) that separates
the randomness in the upper- and lower-level random variables, which is new and has not been leveraged in
previous bilevel optimization literature.

4.2 Main Results

We first introduce some notations and technical definitions. Denote o(:) as the o-algebra generated by
the random variables within the argument. Let Fini be the filtration for updating y; (see Algorithm :
Finit = o(mo, ..., m,_1). For any t > 2, define F¥, F{ and F; as F¥ = o(&1,...,&1), FY = 0(Ciyev oy 1)
and F; = o(Finis U FF U FY). We use Ei[-] to denote the conditional expectation E[- | F;]. We also use
c1,C2,c3 to denote small enough constants and C7,Cy to denote large enough constants, all of which are
independent of € and ¢, where e denotes the target gradient norm and & denotes the failure probability.
The definitions of problem-dependent constants o4, Cs.0,Cs 1, A1, Lo, L1, L, Cg are comprehensively listed
in Appendix

Theorem 4.1. Suppose Assumptions to hold. Let G be a constant satisfying G >

max{4/\,2a¢,40¢70, %{1,1/%,%}. Given any € > 0 and § € (0,1), choose 0 < fyq <1, B =

L

O(e2), v = 0(e2), n = O(e2), Q = ©(1), Ty = O(¢2). Run Algom'thmforT = max{ L CzAlG} =0(e %)

@a ne2

iterations. Then with probability at least 1 —9 over the randomness in Fri1, we have % Zthl [V®(xy)] < €.

Remark 1: The full statement of Theorem [£.1] with detailed parameter choices is deferred to Theorem
in Appendix [D7] Theorem [.] provides the convergence guarantee for Algorithm [t AdamBO converges
to e-stationary points with Ty + QT = O(e™*) oracle complexity. This complexity result matches that of
non-adaptive bilevel optimization algorithms in (Hao et al., |2024; (Gong et al., |2024a)) when the upper-level
function exhibits unbounded smoothness, as well as the complexity of Adam for single-level optimization
with generalized smooth functions (Li et al.| [2023a)). It is also worth noting that we choose a larger learning
rate n = é(eQ) for the upper-level updates, compared to n = (:)(63) used in the SLIP algorithm (Gong et al.,
2024a). See Table [2| for a comparison of bilevel optimization algorithms under the unbounded smoothness
setting.
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Remark 2: In Theorem we require the momentum parameter 8 to be small. Note that the default
choice of 41 in |[Kingma & Ba/ (2014]) is 0.9, which corresponds to 5 = 0.1 in our algorithm. This seemingly
different choice of 3 (i.e., 8 = O(e2) in Theorem H versus S = 0.1 in |[Kingma & Baj (2014)) is due to the
problem setting. In practice, Adam is typically used to minimize functions with finite-sum structure [Zhang
et al.| (2022), while our paper considers a more challenging stochastic optimization setting. In stochastic
optimization setting, constant § makes Adam diverge. For example, (Reddi et al., 2019, Theorem 3) has
shown that there is a stochastic convex optimization problem for which Adam does not converge for any
constant 3. We believe a small 3 = ©(€?) is a reasonable surrogate for 3 = 0.1 under stochastic optimization
setting: such a choice of ( is also used in the analysis of Adam under the single-level stochastic optimization
setting with a generalized smooth upper-level function [Li et al.| (2023a). Moreover, existing convergence
analyses of Adam that do not need such choice of 8 require other strong assumptions for the objective
function, which is incompatible to our setting. Please see discussion and Table [I] in Appendix [F] for details.
Also, Figure |§| shows that AdamBO’s performance remains largely robust to the choice of (3, fsq).

Remark 3: One limitation of our complexity dependence on A is O(A~2), which can be large since A
is typically small in practice. To address this concern, we conduct additional experiments in Figure [5| to
evaluate the empirical sensitivity of our algorithm to A. Although the default choice of X is 1078 (Kingma
& Bal [2014), increasing it up to 10~* only causes minor differences in AUC maximization, and increasing it
up to 1072 leads to minor changes in hyper-representation performance with BERT (Devlin et al., 2018)).

4.3 Proof Sketch

In this section, we provide a proof sketch for Theorem [I.I] The detailed proof can be found in Appendix
Let y; = y*(2¢). The key idea is to provide a high probability bound of lower-level estimation error ||y; —y; ||
when the upper-level variable z is updated by the vanilla Adam. Lemma provides such a guarantee: the
lower-level error ||y, —y;| is bounded by a function of the initial estimation error ||y; —y7||, the variance term
o2, and an auxiliary momentum estimator of the hypergradient ||d|| (see definition of @, in (6))). Based
on Lemma [£.4] we introduce Lemma [£.5] and [£:6] which incorporate the lower-level error into the upper-
level problems and adapt the stopping time technique of Adam (Li et al.| [2023a) to prove the convergence.
The proof of Lemma is a direct application of the randomness decoupling lemma (i.e., Lemma in
Section . All of the proofs in this section are based on Assumptions to The full statements

and proofs of Lemmas [£.2] to [£.6] are provided in Appendices and to

4.3.1 Equivalent Update Rule of AdamBO

Let o = 1*(1‘%5)* and o = % Inspired by (Li et al.;, |2023a)), we provide an equivalent yet simpler

update rule of lines 5-8 of Algorithm [1| (see Proposition for more details):

iy = (1 — a)iy_1 + Vol y &),
Oy =(1—afN)b_1 + aiq(@¢($ta Y &r))?

4.3.2 Randomness Decoupling Lemma

In this section, we introduce the random decoupling lemma (Lemma for the lower-level error control.
The rationale is as follows: for any given upper-level variable sequence and any given randomness from the
upper-level updates that satisfy certain conditions and are consistent with the AdamBO updates, we can
bound the lower-level error with high probability, where the randomness is taken solely from lower-level
random variables. Specifically, for any given sequence {Z:}, define ¢ and ét as the random variables from
the lower-level and upper-level, respectively, at the ¢-th iteration (see for definition). We consider the
following update rule for {g,}, which is exactly SGD and corresponds to line 5 of Algorithm

Y1 =Y — ’YvyG(jtv Jt; Q:t) (2)
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Let 77 = y*(#) and F} = 0((1,...,¢—1). Denote Gy = maxj<; |V®(Z1)|, Li == Lo + L1G;. We also
introduce the following auxiliary sequences {m;} and {@;} for our analysis:
= (1= o)iiu—1 + V(a4 545 &)

3 3 s (3)
U = (1 — ap)Ue—1 + e Vo(Tt, U1 &)

Lemma 4.2 (Randomness Decoupling). Given any sequence {&,} and randomness {&} such that
2% [ e N
[Ep1 — &e]|” < Z [e||® + Ly Zdt,ijj 1R (4)
j=1
where {dy ;}%_, is defined in (©). Let {g,} be the iterates generated by the update rule with v < 1/2lg 4

and choose v = 28 /u. For any given § € (0,1) and all t > 1, the following holds with probability at least
1 — 9 over the randomness in f:?ﬂ:

2
3 3 pyNtL ~ 8yog1 €T .
I3 = 527 < (1= 55) s = 9107 + =2 (Variance)

2 )
477212 _ 16712 10 1 =l py Nt o )
+ ( sy 19— il = | SO (1) LD (o) (5)
=1
272 t-1 ; 474 t—1 .
n lg,l wy t—1—1 - 12 64’[7 lg71 Wy t—1—1 o T )
RV ;(l— T) il R > (1= . (i)

Remark: Lemma shows that, when holds for any sequence {#;} and any {&} (as satisfied by the
vanilla Adam update for the upper-level variable), the lower-level error can be controlled with high probability
as in . In addition, the high probability is taken over the randomness solely from the lower-level filtration
fT 41- This lemma provides a technical tool to control the lower-level error without concerns about the
dependency issues from the upper-level randomness. In particular, the right-hand side of (5 consists of two
parts: the standard variance term, which does not involve the update of {Z;} over t; and the drift terms,
which account for the update of {Z;} over time.

4.3.3 Applications of the Randomness Decoupling Lemma and Remaining Proof

Given a large enough constant G, denote L = Lo+L,G and v = C;,G? /2L, where G is defined in Theorem
and C, is defined in . Now we formally define the stopping time 7 as

7 =min{t | P(ay) — D" > Y} A (T + 1).

Based on Lemma [D.1] we know that if ¢ < 7, we have both ®(z;) — ®* < ¢ and ||[V®(z,)|| < G. Similar to
Section {4.3.2) we introduce the following auxiliary sequence {d:} for our analysis:

= (1= o)1 + 0 V(e, 575 &) (6)
Lemma 4.3 (Warm-Start). Choose v < 1/2l,1. With probability at least 1 — 6/4 over the randomness in
2
Finit (denote this event as &) that: |ly1 — yi]|* < (1 - %)To llyo — yglI? + 8wig’lln@.

Lemma 4.4. Under the parameter chozces in Lemma apply Lemma E with {z:} = {x¢}, {9,} =
{y}, {ay} = {ts} and {L;} = {L}, then (5) holds with pmbabzlzty at least 1 — §/4 over the randomness in
Fioq (denote this event as &,).

Remark: Lemma [4.3] and Lemma [4.4] together provide a high probability bound for the lower-level error,
where the randomness is taken only from the lower-level filtrations Fin;¢ and ]-'T 41~ Lemma is a direct
application of Lemma [4.2] to the actual sequence {z;} and {y} in Algorithm [I
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Lemma 4.5. If t < 7, we have [|[V®(z,)|| < G, ||| < Cuo; under event E N E,, if t < T, we have
] < Cuo + Cuno, 9t = (Cuo + Cui0)?, where constants Cy0,Cy1,0 are defined in and ,
respectively.

Remark: Lemma generalizes the stopping time analysis from the single-level setting (Li et al., 2023a))
to the bilevel setting and is useful for upper-level analysis. It shows that the momentum estimators of the
hypergradient remains bounded when ¢ < 7 and & N &, holds. This implies that z,11 and z; remains close
for small enough 7, allowing us to apply Lemmas [B.10] - and [B.11]

Lemma 4.6. Under event & N E, and the parameter choices in Lemma we have ZZ;ll |77y — e]|? <
OWT) +0(1) 7= (leel® + V@ (zo)|1?).

Remark: Lemma provides a bound for the difference between the actual momentum 7m; versus the
virtual momentum %, under the good event & N &,, which is essential for establishing the convergence
guarantees for AdamBO.

5 Experiments

5.1 Hyper-representation learning

Hyper-representation learning, i.e., meta-learning (Finn et al., 2017)), aims to find a good meta learner
parameterized by x, such that it can quickly adapt to a new task ¢ by fine-tuning the corresponding adapter
y;. Consider a meta-learning task consisting of K tasks with the training set {D!" | i = 1,...,K} and
validation set {DY | i = 1,..., K}. Each task has a loss function £(z,y;;&;) over each sample &;. This
meta-learning problem can be reformulated as a bilevel optimization, where the lower-level objective function
tries to find an optimal task-specific adapter y}(x) on training data D!", and the upper-level minimizes the
objective function on validation data DY% by finding the optimal meta-learner = with a set of adapters
y=A{yi(z),y5(z),...,y5(x)}. We have the following formulation:

K

manZ| wl| Z L(z,y"(x);€), st., y (x )—argmln—ZEDt7 x, Yi; )+%||yi||2,

1
gepye i=1

where Lot (2,9 () = ﬁ depfr L(x,y;;¢). The adapter (parameterized by y;) is typically instantiated
as the last linear layer, and the meta learner (parameterized by z) is the remaining layers of model, which
guarantees that the lower-level function to be strongly-convex when p > 0.

We conduct meta-learning experiments on a larger language model, specifically an 8-layer BERT (Devlin
et al.l 2018]) model. The experiments are performed on a widely-used question classification dataset TREC
(Li & Rothl [2002)) (under Creative Commons Attribution 4.0 License), which contains 6 coarse-grained
categories. To evaluate our approach on meta-learning, we construct K = 500 meta tasks, where the training
data D!" and validation data D;’“l for the i-th task are randomly sampled from two disjoint categories, with 5
examples per category. A BERT model, with 8 self-attention layers and a fully-connected layer, is used in our
experiment. The self-attention layers serve as representation layers (with their parameters treated as upper-
level variables) and the fully-connected layer (with its parameters treated as lower-level variables) serves as
an adapter, where each self-attention layer consists of 8 self-attention heads with the hidden size being 768.
The fully-connected layer acts as a classifier, with the input dimension of 768 and the output dimension of
6 (corresponding to the 6 categories). Our bilevel optimization algorithm trains the representation layers
and the adapter on the meta tasks (D' and D) from scratch, and then evaluate it on the test set D*.
During the evaluation phase, we fix the parameters of representation layers and just fine-tune the adapters.
We train the models for 20 epochs and compare it with other bilevel optimization baseline algorithms.

We compare with typical meta-learning algorithms, MAML (Rajeswaran et al., |2019) and ANIL (Raghu
et al., 2019)), and recent bilevel optimization algorithms, StocBio (Ji et al., |2021)), TTSA (Hong et al., [2023)),
SABA (Dagréou et al.,[2022)), MA-SOBA (Chen et al.,|2023a)), BO-REP (Hao et al.,[2024)), SLIP (Gong et al.,
2024a). The comparison results of training and testing accuracy are shown in Figure [l AdamBO achieves
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Figure 1: Comparison with bilevel optimization baselines on BERT for hyper-representation.
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Figure 2: Comparison with bilevel optimization baselines on RNN for hyper-representation.

fast convergence to the best training and test results among all baselines. One can refer to Appendix [E]
for detailed hyper-parameter choices and experimental settings. All the experiments are run on an single
NVIDIA A6000 (48GB memory) GPU and a AMD EPYC 7513 32-Core CPU.

We also conduct the meta-learning experiments for the text classification on dataset Stanford Natural Lan-
guage Inference (SNLI) (Bowman et al., 2015), which consists of 570k pairs of sentences with 3 classes. We
construct K = 500 tasks, where each task D! and Df“l randomly sample two disjoint categories from the
original data, respectively. Empirically, we use mini-batches of meta-tasks for training, with a task batch size
of 25. A 3-layer recurrent network is used as representation layers and a fully-connected layer as an adapter.
The input dimension, hidden dimension and output dimension are set to be 300, 4096, and 3, respectively.
The comparison results of training and testing accuracy are shown in Figure[2] AdamBO outperforms other
baselines on training set, and exhibits faster convergence rate.

5.2 Deep AUC Maximization with RNNs/Transformers

The Area Under the ROC Curve (AUC) (Hanley & McNeil, [1983)) is a widely used metric for evaluating the
effectiveness of binary classification models, especially in the imbalanced data scenarios. It is defined as the
probability that the prediction score of a positive example is higher than that of a negative example (Hanley!
& McNeil, 1982)). Deep AUC maximization (Liu et al., 2020; Ying et al., |2016) can be formulated as a min-
max optimization problem (Liu et al., [2020): min,,cgre (q,p)crz MaXaer f(w,a,b,a) = E;[F(w,a,b, a; 2)],
where F(w,a,b,a;z) = (1 = p)(h{w; ) — a)*T—1) + p(h(w; ) — b)*Te—_1} + 2(1 + ) (ph(w; 2)Tje=_q] —
(1 = p)h(w;x)l.—1)) — p(1 — p)a?, w denotes the model parameter of a deep neural network, and z = (x, ¢)
represents a random training data sample (x represents the feature vector and ¢ € {+1, —1} represents the
class label), the function h(w,x) is a scoring function for the sample with feature x, and p = Pr(c = 1)
indicates the proportion of positive samples in the population. This min-max problem can be reformulated

as the form of a bilevel optimization problem with lower-level objective function g = — f:
i E.[F(w,a,b, o (w,a,b); )] s.t., a*(w,a,b) €a in —E,[F(w,a,b,a;z)].
B 2[F(w,a,b,0"(w,a,b); z)] o’ (w,a,b) € argmin —E;[F(w,a,b, a; 2)]
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Figure 3: Transformer for AUC maximization on Sentiment140 dataset with imbalance ratio of 0.9.
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Figure 4: RNN for AUC maximization on Sentiment140 dataset with imbalance ratio of 0.8. Figures (a),
(b) are the results over epochs, Figures (c), (d) are the results over running time.

In above, (w,a,b) is the upper-level variable, and « is the lower-level variable. The lower-level problem is
a strongly convex one-dimensional quadratic function with respect to «, while the upper-level objective is
non-convex and can exhibit unbounded smoothness when using a recurrent neural network or a transformer
as the predictive model (Crawshaw et al., 2022; Zhang et al., 2020Db)).

In our experiment, we focus on tackling an imbalanced text classification task by maximizing the AUC
metric. Specifically, we conduct experiments using deep AUC maximization on the imbalanced Sentiment140
dataset 2009), a binary text classification benchmark. Following the approach in (Yuan et al
, we introduce imbalance in the training set using a pre-specified imbalance ratio (p) while keeping the
test set distribution unchanged. For a given p, we randomly remove positive samples (labeled as 1) from
the training set until the desired proportion of positive examples is achieved. In our experiment, we set p to
0.8 (0.9), meaning that 80% (90%) of the training samples are positive examples. We run the experiment
using two different models, a two-layer transformer, and a two-layer recurrent neural network (RNN) with
the same input dimension of 300, hidden dimension of 4096, and an output dimension of 2.

To evaluate the effectiveness of our proposed bilevel optimization algorithm, we compare with recent bilevel
optimization baselines, including StocBio (Ji et al.,[2021)), TTSA (Hong et al.,[2023), SABA (Dagréou et al.
2022)), MA-SOBA (Chen et al [2023a)), SUSTAIN (Khanduri et al., [2021), VRBO (Yang et al., [2021), BO-
REP 2024)), SLIP (Gong et al.,[2024al), and AccBO (Gong et al.,[2024b). The training and testing
results of the transformer model over 50 epochs are presented in Figure a) and (b), while the corresponding
running times are shown in Figure C) and (d). Our proposed Adam-type algorithms, AdamBO, shows the
faster convergence rate and significantly outperform other baselines. In particular, the performance on the
training AUC (testing AUC) is better by at least 14% (7%) over other baselines. The running time results
indicate that AdamBO converges much faster to a high AUC value compared to the other baselines. We also
perform the AUC maximization on a RNN model with imbalance rario of 0.8, and the results for both training
and testing over 25 epochs are presented in Figure a) and (b), while the corresponding running times are
shown in Figure c) and (d). Our proposed Adam-type algorithm, AdamBO, shows the faster convergence
rate and significantly outperform other baselines during training process. More detailed parameter tuning
and selection can be found in Appendix [E]
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Figure 5: Test accuracy of different models on AUC maximization and hyper-representaion using AdamBO
with 8 = 0.1, Bsq = 0.001 and different As. (a) a 2-layer RNN model on AUC maximization (data imbalanced
ratio = 0.8); (b) a 2-layer Transformer model on AUC maximization (data imbalanced ratio = 0.9); (c) an
8-layer BERT model on hyper-representation.
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Figure 6: Test accuracy of different models on AUC maximization and hyper-representaion using AdamBO
with different (3, fsq). (a) 2-layer Transformer model on AUC maximization (data imbalanced ratio = 0.9);
(b) 8-layer BERT model on hyper-representation.

5.3 Sensitivity Analysis of A, 8, and [y

In this section, we present a empirical sensitivity analysis of A and ablation studies on the parameters 8 and
Bsq, respectively. In particular, Figure [5|shows that the empirical performance of our algorithm is robust to
the choice of A. Although the default value of X is 10~® (Kingma & Bal, 2014), increasing it to 10~* results in
only minor differences in AUC maximization, and increasing it to 10~ causes only slight variations in hyper-
representation performance when using BERT (Devlin et al., 2018). Additionally, Figure |§| demonstrates
that AdamBO’s performance remains largely robust to the choice of (53, fsq) within a reasonable range.

6 Conclusion

In this paper, we propose an Adam-type algorithm termed AdamBO for solving bilevel optimization problems
under the unbounded smoothness setting. AdamBO is a single-loop algorithm with O(e~*) oracle complexity
to find e-stationary points. We conduct experiments on meta-learning and deep AUC maximization for text
classification using transformers. The experimental results demonstrate the superior performance of our
proposed method. One limitation of our analysis is that the complexity bound of AdamBO depends on
O(A7?), which can be large when \ is small. However, our empirical sensitivity analysis indicates that
AdamBQ’s performance remains largely unaffected by the choice of A within a reasonable range. In the
future, we plan to improve the dependency on A in the complexity bound.

11



Under review as submission to TMLR

Broader Impact Statement

This paper presents work whose goal is to advance the field of machine learning. There are many potential
societal consequences of our work, none of which we feel must be specifically highlighted here.

References

Kwangjun Ahn, Xiang Cheng, Minhak Song, Chulhee Yun, Ali Jadbabaie, and Suvrit Sra. Linear attention
is (maybe) all you need (to understand transformer optimization). arXiv preprint arXiv:2310.01082, 2023.

G Anandalingam and DJ White. A solution method for the linear static stackelberg problem using penalty
functions. IEEE Transactions on automatic control, 35(10):1170-1173, 1990.

Zalan Borsos, Mojmir Mutny, and Andreas Krause. Coresets via bilevel optimization for continual learning
and streaming. Advances in neural information processing systems, 33:14879-14890, 2020.

Samuel R Bowman, Gabor Angeli, Christopher Potts, and Christopher D Manning. A large annotated corpus
for learning natural language inference. arXiv preprint arXiv:1508.05326, 2015.

Jerome Bracken and James T McGill. Mathematical programs with optimization problems in the constraints.
Operations research, 21(1):37-44, 1973.

Tianyi Chen, Yuejiao Sun, and Wotao Yin. A single-timescale stochastic bilevel optimization method. arXiv
preprint arXiv:2102.04671, 2021.

Xuxing Chen, Tesi Xiao, and Krishnakumar Balasubramanian. Optimal algorithms for stochastic bilevel
optimization under relaxed smoothness conditions. arXiv preprint arXiw:2306.12067, 2023a.

Ziyi Chen, Yi Zhou, Yingbin Liang, and Zhaosong Lu. Generalized-smooth nonconvex optimization is as
efficient as smooth nonconvex optimization. arXiv preprint arXiv:2303.02854, 2023b.

Michael Crawshaw, Mingrui Liu, Francesco Orabona, Wei Zhang, and Zhenxun Zhuang. Robustness to
unbounded smoothness of generalized signsgd. Advances in neural information processing systems, 2022.

Michael Crawshaw, Yajie Bao, and Mingrui Liu. Episode: Episodic gradient clipping with periodic resampled
corrections for federated learning with heterogeneous data. In The Eleventh International Conference on
Learning Representations, 2023a.

Michael Crawshaw, Yajie Bao, and Mingrui Liu. Federated learning with client subsampling, data hetero-
geneity, and unbounded smoothness: A new algorithm and lower bounds. In Thirty-seventh Conference
on Neural Information Processing Systems, 2023b.

Ashok Cutkosky and Francesco Orabona. Momentum-based variance reduction in non-convex sgd. Advances
in neural information processing systems, 32, 2019.

Joshua Cutler, Dmitriy Drusvyatskiy, and Zaid Harchaoui. Stochastic optimization under distributional
drift. Journal of Machine Learning Research, 24(147):1-56, 2023.

Mathieu Dagréou, Pierre Ablin, Samuel Vaiter, and Thomas Moreau. A framework for bilevel optimiza-
tion that enables stochastic and global variance reduction algorithms. Advances in Neural Information
Processing Systems, 35:26698-26710, 2022.

Soham De, Anirbit Mukherjee, and Enayat Ullah. Convergence guarantees for rmsprop and adam
in non-convex optimization and an empirical comparison to nesterov acceleration. arXiv preprint
arXiv:1807.06766, 2018.

Alexandre Défossez, Léon Bottou, Francis Bach, and Nicolas Usunier. A simple convergence proof of adam
and adagrad. arXiv preprint arXiv:2003.02395, 2020.

Stephan Dempe. Foundations of bilevel programming. Springer Science & Business Media, 2002.

12



Under review as submission to TMLR

Jacob Devlin, Ming-Wei Chang, Kenton Lee, and Kristina Toutanova. Bert: Pre-training of deep bidirectional
transformers for language understanding. arXiv preprint arXiv:1810.04805, 2018.

Alexey Dosovitskiy, Lucas Beyer, Alexander Kolesnikov, Dirk Weissenborn, Xiaohua Zhai, Thomas Un-
terthiner, Mostafa Dehghani, Matthias Minderer, Georg Heigold, Sylvain Gelly, Jakob Uszkoreit, and Neil
Houlsby. An image is worth 16x16 words: Transformers for image recognition at scale. In International
Conference on Learning Representations, 2021.

Jeffrey L Elman. Finding structure in time. Cognitive science, 14(2):179-211, 1990.

Matthew Faw, Litu Rout, Constantine Caramanis, and Sanjay Shakkottai. Beyond uniform smoothness: A
stopped analysis of adaptive sgd. arXiv preprint arXiv:2302.06570, 2023.

Matthias Feurer and Frank Hutter. Hyperparameter optimization. Automated machine learning: Methods,
systems, challenges, pp. 3-33, 2019.

Chelsea Finn, Pieter Abbeel, and Sergey Levine. Model-agnostic meta-learning for fast adaptation of deep
networks. In International conference on machine learning, pp. 1126-1135. PMLR, 2017.

Luca Franceschi, Paolo Frasconi, Saverio Salzo, Riccardo Grazzi, and Massimiliano Pontil. Bilevel pro-
gramming for hyperparameter optimization and meta-learning. In International conference on machine
learning, pp. 1568-1577. PMLR, 2018.

Saeed Ghadimi and Mengdi Wang. Approximation methods for bilevel programming. arXiv preprint
arXiv:1802.02246, 2018.

Alec Go, Richa Bhayani, and Lei Huang. Twitter sentiment classification using distant supervision. CS224N
project report, Stanford, 1(12):2009, 2009.

Xiaochuan Gong, Jie Hao, and Mingrui Liu. A nearly optimal single loop algorithm for stochastic bilevel
optimization under unbounded smoothness. In Forty-first International Conference on Machine Learning,
2024a.

Xiaochuan Gong, Jie Hao, and Mingrui Liu. An accelerated algorithm for stochastic bilevel optimization
under unbounded smoothness. arXiv preprint arXiv:2409.19212, 2024b.

Zhishuai Guo, Quanqi Hu, Lijun Zhang, and Tianbao Yang. Randomized stochastic variance-reduced meth-
ods for multi-task stochastic bilevel optimization. arXiv preprint arXiv:2105.02266, 2021a.

Zhishuai Guo, Yi Xu, Wotao Yin, Rong Jin, and Tianbao Yang. A novel convergence analysis for algorithms
of the adam family. arXiv preprint arXiv:2112.03459, 2021b.

James A Hanley and Barbara J McNeil. The meaning and use of the area under a receiver operating
characteristic (roc) curve. Radiology, 143(1):29-36, 1982.

James A Hanley and Barbara J McNeil. A method of comparing the areas under receiver operating charac-
teristic curves derived from the same cases. Radiology, 148(3):839-843, 1983.

Jie Hao, Kaiyi Ji, and Mingrui Liu. Bilevel coreset selection in continual learning: A new formulation and
algorithm. Advances in Neural Information Processing Systems, 36, 2023.

Jie Hao, Xiaochuan Gong, and Mingrui Liu. Bilevel optimization under unbounded smoothness: A new
algorithm and convergence analysis. In The Twelfth International Conference on Learning Representations,
2024.

Mingyi Hong, Hoi-To Wai, Zhaoran Wang, and Zhuoran Yang. A two-timescale stochastic algorithm frame-
work for bilevel optimization: Complexity analysis and application to actor-critic. SIAM Journal on
Optimization, 33(1):147-180, 2023.

Kaiyi Ji, Junjie Yang, and Yingbin Liang. Bilevel optimization: Convergence analysis and enhanced design.
In International conference on machine learning, pp. 4882-4892. PMLR, 2021.

13



Under review as submission to TMLR

Jikai Jin, Bohang Zhang, Haiyang Wang, and Liwei Wang. Non-convex distributionally robust optimization:
Non-asymptotic analysis. Advances in Neural Information Processing Systems, 34:2771-2782, 2021.

Prashant Khanduri, Siliang Zeng, Mingyi Hong, Hoi-To Wai, Zhaoran Wang, and Zhuoran Yang. A near-
optimal algorithm for stochastic bilevel optimization via double-momentum. Advances in neural informa-
tion processing systems, 34:30271-30283, 2021.

Diederik P Kingma and Jimmy Ba. Adam: A method for stochastic optimization. International Conference
on Learning Representations (ICLR), 2014.

Vijay R Konda and John N Tsitsiklis. Actor-critic algorithms. In Advances in neural information processing
systems (NeurIPS), pp. 1008-1014, 2000.

Frederik Kunstner, Jacques Chen, Jonathan Wilder Lavington, and Mark Schmidt. Noise is not the main
factor behind the gap between sgd and adam on transformers, but sign descent might be. arXiv preprint
arXiv:2304.13960, 2023.

Jeongyeol Kwon, Dohyun Kwon, Stephen Wright, and Robert D Nowak. A fully first-order method for
stochastic bilevel optimization. In International Conference on Machine Learning, pp. 18083-18113.
PMLR, 2023.

Haochuan Li, Ali Jadbabaie, and Alexander Rakhlin. Convergence of adam under relaxed assumptions.
arXiv preprint arXiw:2304.13972, 2023a.

Haochuan Li, Jian Qian, Yi Tian, Alexander Rakhlin, and Ali Jadbabaie. Convex and non-convex optimiza-
tion under generalized smoothness. arXiv preprint arXiv:2306.01264, 2023b.

Xin Li and Dan Roth. Learning question classifiers. In COLING 2002: The 19th International Conference
on Computational Linguistics, 2002. URL https://www.aclweb.org/anthology/C02-1150.

Mingrui Liu, Zhuoning Yuan, Yiming Ying, and Tianbao Yang. Stochastic auc maximization with deep
neural networks. International Conference on Learning Representations, 2020.

Mingrui Liu, Zhenxun Zhuang, Yunwen Lei, and Chunyang Liao. A communication-efficient distributed
gradient clipping algorithm for training deep neural networks. Advances in Neural Information Processing
Systems, 35:26204—-26217, 2022.

Zijian Liu, Srikanth Jagabathula, and Zhengyuan Zhou. Near-optimal non-convex stochastic optimization
under generalized smoothness. arXiv preprint arXiv:2302.06032, 2023.

Aniruddh Raghu, Maithra Raghu, Samy Bengio, and Oriol Vinyals. Rapid learning or feature reuse? towards
understanding the effectiveness of maml. arXiv preprint arXiv:1909.09157, 2019.

Aravind Rajeswaran, Chelsea Finn, Sham M Kakade, and Sergey Levine. Meta-learning with implicit
gradients. Advances in neural information processing systems, 32, 2019.

Sashank J Reddi, Satyen Kale, and Sanjiv Kumar. On the convergence of adam and beyond. arXiv preprint
arXiv:1904.09237, 2019.

Amirhossein Reisizadeh, Haochuan Li, Subhro Das, and Ali Jadbabaie. Variance-reduced clipping for non-
convex optimization. arXiv preprint arXiv:2303.00883, 2023.

Ashish Vaswani, Noam Shazeer, Niki Parmar, Jakob Uszkoreit, Llion Jones, Aidan N Gomez, Lukasz Kaiser,
and Illia Polosukhin. Attention is all you need. Advances in neural information processing systems, 30,
2017.

Luis Vicente, Gilles Savard, and Joaquim Judice. Descent approaches for quadratic bilevel programming.
Journal of optimization theory and applications, 81(2):379-399, 1994.

Bohan Wang, Yushun Zhang, Huishuai Zhang, Qi Meng, Zhi-Ming Ma, Tie-Yan Liu, and Wei Chen. Provable
adaptivity in adam. arXiv preprint arXiv:2208.09900, 2022.

14


https://www.aclweb.org/anthology/C02-1150

Under review as submission to TMLR

Bohan Wang, Huishuai Zhang, Zhiming Ma, and Wei Chen. Convergence of adagrad for non-convex ob-
jectives: Simple proofs and relaxed assumptions. In The Thirty Sizth Annual Conference on Learning
Theory, pp. 161-190. PMLR, 2023.

Douglas J White and G Anandalingam. A penalty function approach for solving bi-level linear programs.
Journal of Global Optimization, 3:397-419, 1993.

Junjie Yang, Kaiyi Ji, and Yingbin Liang. Provably faster algorithms for bilevel optimization. Advances in
Neural Information Processing Systems, 34:13670-13682, 2021.

Yiming Ying, Longyin Wen, and Siwei Lyu. Stochastic online auc maximization. In Advances in Neural
Information Processing Systems, pp. 451-459, 2016.

Zhuoning Yuan, Yan Yan, Milan Sonka, and Tianbao Yang. Large-scale robust deep auc maximization: A
new surrogate loss and empirical studies on medical image classification. In Proceedings of the IEEE/CVF
International Conference on Computer Vision, pp. 3040-3049, 2021.

Bohang Zhang, Jikai Jin, Cong Fang, and Liwei Wang. Improved analysis of clipping algorithms for non-
convex optimization. Advances in Neural Information Processing Systems, 2020a.

Jingzhao Zhang, Sai Praneeth Karimireddy, Andreas Veit, Seungyeon Kim, Sashank J Reddi, Sanjiv Kumar,
and Suvrit Sra. Why are adaptive methods good for attention models? arXiv preprint arXiv:1912.03194,
2019.

Jingzhao Zhang, Tianxing He, Suvrit Sra, and Ali Jadbabaie. Why gradient clipping accelerates training: A
theoretical justification for adaptivity. International Conference on Learning Representations, 2020b.

Yushun Zhang, Congliang Chen, Naichen Shi, Ruoyu Sun, and Zhi-Quan Luo. Adam can converge without
any modification on update rules. Advances in neural information processing systems, 35:28386—28399,
2022.

Zhiming Zhou, Qingru Zhang, Guansong Lu, Hongwei Wang, Weinan Zhang, and Yong Yu. Adashift:
Decorrelation and convergence of adaptive learning rate methods. arXiv preprint arXiv:1810.00143, 2018.

15



Under review as submission to TMLR

A Equivalent Update Rule of AdamBO (Algorithm (1

In this section, we aim to provide a simplified version of the bias correction steps (lines 7-8) of Algorithm
Inspired by (Li et al.|2023al, Appendix C.1), we present an equivalent yet simpler update rule of Algorithm
in the following Proposition [A-I] The detailed equivalent framework is also outlined in Algorithm [3]

Proposition A.1. Let oy = P(ll%ﬁﬁ and ot = 17(1’87% Then the update rule in Bi-Adam (Algom'thm
sq
is equivalent to that in Algorithm[3
Yer1 = yr — YVyG (@1, 915 G,

e = (1 — ap)iy_1 + V(T ys; &),

b= (1= SN0y + a0 (Ve yr; &), (7)
n N
T =Ty — —— O My,
t+1 t ’{)t +)\ t

where initially we set My = @¢(x17y1;§71) and ¥1 = (@(b(xl,yl;fl))z. There is no need to define Mg and Dg
since 1 —a; =1 —aj? = 0.

Proof of Proposition[A.1 We follow the same proof as in (Li et al.,[2023a), Proposition E.1), but replace the
stochastic gradient V f(x4, &) in (Li et al., 2023a) with the stochastic hypergradient estimator Vo (xy, yi; &)
in our setting. We still provide the proof here for completeness.

Let Z; = 1 — (1 — 8)'. Then we know that oy = 8/Z; and m; = Zym,. By line 6 of Algorithm (1] (the
momentum update rule for m;), we have

Zying = (1 — B)Zy—1m—1 + 5@¢($t, Yt; ét)
Note that Z; satisfies the following property
(1=P8)Z1=1-B-01-pB)" =2 —B.

Then we have

Zy =B | B & :
N IR .
my 7 My_1 + 7 (e, Y &)
= (1 — ag)riu—1 + aV(e, Yo &)
Next, we verify the initial condition. By Algori§hm i since we set mg = 0, then we have m; =
BVé(x1,y1;&1). Therefore, we have 1y = my/Z; = Vo (x1,y1;&1) since Z; = . Then the proof is completed
by applying the same analysis on v; and 0. O

B Technical Lemmas

In this section, we present several useful algebraic facts (Appendix, probabilistic lemmas (Appendix(B.2]),
and auxiliary lemmas for bilevel optimization under the unbounded smoothness setting (Appendix [B.3]).

B.1 Useful Algebraic Facts

In this section, we will frequently use a; and af%, so we restate their definitions here for the reader’s
convenience:
B ﬂsq

1—(1-p) 1— (1= Beg)t ®)

ay = and oyl =

The following two lemmas, i.e., Lemmas and are useful for bounding the norm of the difference
between Neumann series approximation matrices in Appendix [B-3]
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Algorithm 2 SGD

1: InplIt: xvyOa,y’TO # SGD(x)yO77aT0)
2: Initialize yiM* = y,

3: fort=0,1,...,7p — 1 do

4:  Sample 7, from distribution D,

5yt =yt =V G,y m)

6: end for

Algorithm 3 AbDAMBO (Equivalent update rule of Algorithm

1 Input: S, Bsq, 1,7, A, 1o, T, 21, Yo X B X )

2: Initialize Y1 = SGD(ml,yO,%TO), ml = V¢(x1, Y1, fl) and @1 = (V¢(a:1, Y1, fl))Q
3: fort=1,...,T do

£ o= gy & = sy

Draw new samples and perform the following updates

Yrr1 = ye = VVyG(@e,ys5 G) -

e = (1 — )iy + V(e ye; &)

00 = (1= af) 01+ (Vo(w, i3 &)

9: SCH_l:It*ﬁ@mt

10: end for

Lemma B.1. For any matriz sequences {A;}*_, and {B;}F_, (where k > 1), it holds that

k k

[14- 112

i=1 i=1

k
=D Bl IBicalll[ A = Billl[Aigall - - | Akll,
1

1=

where we use the convention Apy1 = By =1.

Proof of Lemma[B.1] It is easy to check that

k k
HAi_HBi:Al"'Ak_Bl"'Bk
i=1 i=1
= (A1 — B1)Az- - A+ Bi(A2 — B2)Az -+ - Ap + -+ By Br_1(Ay — Bg)

k
= ZBl o Bi1(Ai — Bi)Aigr - Ay,
i=1

where we set Ax11 = Bp = [ in the last equality. The result follows by noting that the operator norm is
submultiplicative. O

Lemma B.2. For any Q > 1 and a € (0,1), we have

Q-1
q=0

Proof of Lemma[B.2. We obtain the result by simple calculation:

(1—a)? - (1—a)?

_1—a@! 1
S (1= T (1=

Qi:lq R Qa1 +(Q — 1)a” < 1= Qa® ' +(Q —1)a®!
q=0
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The next four lemmas, Lemmas to are useful for controlling the lower-level estimation error and for
proving the randomness decoupling lemma (i.e., Lemma in Appendix

Lemma B.3. For anyt > 1, define {dt,j}z‘:o as the following:

HE:l(l_ai)7 .]:0
dij =14 o [limj(l—a), 1<j<t—1 9)
Oét7 ]:t

Then {dt,j}§':0 has the following properties:
e Forj=0,d;; =0.
o For1<j<t,dy;=a(l1—p).
* Z;:o dij = 22:1 dij=1.
Proof of Lemma[B-3 Recall the definition of a; in Algorithm [3] we have

5 - (1-p)!
= (- py = (- py

It is obvious to see ay = 1, then for j = 0 we have

oy and l—ar= (1-0).

t

do=JJ1—ai) =1 =) (1—ar) =0.

i=1
For 1 < j <t—1 we have
t

B 1— 1_62'71
11 1-75)

di; = H (l—ai)zm (1—ﬂ):at(1_ﬂ)t*j.

i=j+1 i=j+1 1-(@1-p)
For j =t we have
B _
dt,t =y = m = at(l - B)t ¢

For the last result of the lemma, we have

t t t
dodi= diy = a(l-p) = l_%_ﬁ)tm =1,
j=0 j=1 j=1

where we use dio = 0 in the first equality. O

Lemma B.4. For any z € (0, 1], we have
1
l1—-—<hzx<z-1.
x

Consequently, for any 8 € [0,1) we have

—%Sln(l—ﬁ)é—ﬁ and ﬂs—lnu—ﬁ)s%.

Proof of Lemma[B-] This is a well-known logarithm inequality, so we omit the proof here. O

Lemma B.5. For anyt > 1, we have
tO[t(l - B)t_l < 1.
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Proof of Lemma[B.5 By definition of oy, we have

o pta =Byt
toy(1 = B)' = T
Let f: R — R be
_ p-p)t
TO=T"a s
Then we have
pa-p)"!

f't) = (1= (1=p)" +tIn(1 - B)).

(1-=(1=p5)"
Let g: R — R be
g(t)=1—(1—p)" +tn(l-p).
Then we have
gt)=(1-(1-p8")n1-p) <o0.
Note that Lemma [B.4] gives g(1) = 8 + In(1 — 3) < 0, then for any ¢ > 1 we have g(t) < g(1) <0, and

6(1 _ 6>t—1

)= mg(f) <0.

Therefore, for any t > 1 we conclude that

tay(1—B) 1 = f(t) < f(1) = 1.

Lemma B.6. For anyt>1 and 0 < 8 < 1/2, we have

t
. 1
> 1-8)"a; <324 16In—.
i=1 A
Proof of Lemma[B-6. We split the summation as the following:

t t

oavti Q=B _ o v Q-5
1-5" (1-8"
= 51 5’ z Z
(5, 2% 2 )
Note that when ¢ < 1/3, we have
; 1 L1 1 2
(1-7) §1—§Bz = 1-(1-75) Ziﬁz = T—a=F) = B0
and by Lemma and 8 < 1/2 we know that
(1—B)"" =exp(—iln(l — B)) < exp (&) < exp <1_15> < e’
Then for the first part of the summation we have
NI el 3 e
1§;/ﬂ1—(1—5)’_ 5 st B B

(10)
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Also note that when ¢ > 1/, we have

o1 ) 1 1 e
1-0)<- = 1-1-/'>1-- = < .
(1-8) < - (-pi21-- s
Then for the second part of the summation we have
(1-p)" e i € i_e(l=-p""
> P S > 1-p7"< 1=p)" < = (11)
1/B<i<t 1-(1-5) e—1 1/B<i<t e—1 1<i<t (e=1)B

Combining and we obtain that

. . ) 1—B)¢ 1—p)""
Sa-ptessi-g | 3 gl ¥ g

i=1 1<i<1/8 1/B<i<t
<sa-p (5 (1+m5) + G55
= 2¢2(1— B)! (l-i-ln;) —
< 2¢2 <1+ln;> + =
<32+ 16111%.

O

Finally, we provide a useful lemma regarding the time-dependent re-scaled momentum parameters in and
Algorithm [3] for upper-level analysis.

Lemma B.7 ((Li et al., [2023a, Lemma C.3)). Let oy = 1_(1‘%5)” then for oll T > 2, we have

B.2 Probabilistic Lemmas

In this section, we provide a well-known probabilistic lemma without proof.

Lemma B.8 (Optional Stopping Theorem). Let {Z;}1>1 be a martingale with respect to a filtration {F; }1>o.
Let T be a bounded stopping time with respect to the same filtration. Then we have E[Z;] = E[Zy].

B.3 Auxiliary Lemmas for Bilevel Optimization

In this section, we provide several useful lemmas for bilevel optimization under the unbounded smooth-
ness setting, including the properties of the objective function ® (Appendix [B.3.1)), the Neumann series
approximation error (Appendix [B.3.2)), and the hypergradient estimation error (Appendix [B.3.3).

B.3.1 Properties of the Objective Function

Lemma B.9 ((Hao et all [2024) Lemma 8)). Under Assumption[3.4 we have

(1) y*(x) is (Ig1/p)-Lipschitz continuous.

(1) Ve f (@, y™ (@) < V(@) +lgals.o/p
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Lemma B.10 ((Lo, L1 )-smoothness (Hao et all, 2024, Lemma 9)). Under Assumption (3.4, for any x,2’ €
R we have

Ve (z) = V()| < (Lo + La[[V(2)[) |z — 2

1
if |lz—2||<r:= , (12)
VB i2)(L2 4+ L2 )
where the (Lo, L1)-smoothness constants Ly and Ly are defined as
12 Iyl ly Iyl I
Lo=4/1+ % (L””’OJFL“"* 9SO | 90 (Ly o+ Lyalgo) + L0222 9’2;#”9’2) ’
ju 0 0 I (13)

12
Ly= 4|1+ 2 L, ;.
7

Lemma B.11 (Descent Inequality (Hao et al,2024] Lemma 10)). Under Assumptz'on for any x,x’ € R%
we have

Lo + Lle(I)(ZZ?/)H ||33 _ 33,”2
2
1

O+ /2)(L2, +12))

O(z) < O(2') + (VO(2),z — ) +

if Jz—aff <r=

B.3.2 Neumann Series Approximation

Throughout the paper, for given (z,y) € R% x R% we estimate the hypergradient V®(x) using Neumann
series approach and the following formulation:

. A (@)
Vo(x,y;€) = Vo F(x,y;€) — V2,G(x,y;¢V) zL > 11 ( ; (j 11/ = )> VyF(z,y;),
q=0 j=1 o

where the randomness ¢ is defined as

g = {5’ C(O)’ 5(0)’ A 75(6271)}7 With E(q) = {C(q’l)7 M C(q’q)}'

For simplicity, denote P as the Neumann series approximation matrix for the Hessian inverse, then P and
Eg[P] can be written as:

Q-1 N a
L1 H(j_vgya@c,y,d >>> and B[P Z<I_V§y< )>. (1)

lg,l g71

Hence the simplified version of the hypergradient estimator and its expectation are

Vo(z,y;§) = Vo F(x,y;8) — V2,G(x,y;¢) PV, F(,y; ),

Also, we define V f(z,y) as
Vi, y) = Vaf(x,y) — Vi, g9(x,9)[Vy,9(z,9)] 'V f(2,9),

which is useful for the following analysis.

The following lemma bounds the norm of the Neumann series approximation matrix P and characterizes the
approximation error for the Hessian inverse in expectation.
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Lemma B.12. Under Assumptions to we have

1 2 -1 1 H N
IEgPI <Pl <~ and  |Eg[P] = [Vyyg(zy)] < (1-7-) -
K © g,1

Proof of Lemma[B-13 We follow the similar proof as in (Ghadimi & Wang}, [2018, Lemma 3.2). By Assump-
tion and definition of P in , for any @ > 1 we have

Q-1 g (2.9) Q-1 a
G(z,y; (') 1 m 1
[Ee[Pl| < ||P|| = E [T(1 < — (1 - ) < -
¢ 9,1 q=0 j=1 19*1 l 2

As for the second result, we have

e V2, Gz, q
[EelP) - (Wt )] < - |5 (z l<y>>

IA
=
M2 =5

B.3.3 Hypergradient Estimation Error
Lemma B.13. Under Assumptions[3.9to[5.4) if ||y — y*(z)|| < r, we have
IV (z,y;€) — B[V (, y; §)]|

31 21
< M+ Slg1 + 0g2 o+ g,1 T 0g2
1 1

(Ly,O + Ly’llf,O)Hy -y (z)]].

lyo+

)

2lg1 +0g2
i

Proof of Lemma[B.13. We will use a short hand y* = y*(x). By triangle inequality, we have

IVo(,y; ) — B[V (z, y; )]l
= (Vo F(2,y;8) — V2,G(2,y; () PV, F(x,5;€)) — (Vo f (x,y) — V2,9(x,y)Ee[PIV, f(2,))]|
< |IVoF(z,y:€) = Vo f (2, 9) |+ 1(V3,G(,5:¢V) = V2, 9(x,y)) PV, F(a,y;€) |
(A1) (As)
+ V3, 9(2,9) (P — Be[P)Vy F(x, 4; )| + IV7,9(z, ) Ee[PYVy F (2,43 €) — Vo f,9)) |
(As) (Aq)

Bounding (A;). By Assumption we have
(A1) = Vo F(2,y;€) = Vo f (2, 9)| < 0y

Bounding (4;). By Assumptions [3.2] and [3.3] and Lemma we have
(A2) = |[(V2,G (2, 4;¢") = V2,9(2,9)) PV, F (2, y; 6|
1V2,Ga,y:¢V) = V2 ,g(z || PV, F (. y: 6|
UZQ (IVyF(@,y:8) = Vy f (@, )| + IVy Sz, y) = Vo f @,y + [V f(2,57)])

IN

| /\

IN

0,2 .
%(Uf 4+ (Lyo + Lyalyo)lly =yl +1r0)

0g,2 0g,2 .
- %(Uf +lro) + f(Ly,O + Lyalyo)lly =y |-
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Bounding (A3). By Assumptions and and Lemma we have
(43) = [V2,9(2,y)(P — Eg[P])V, F(x,y; )|

< |IV2,9(z, (P — Eg PNV, F(x,y; 6]l
2 .

< Z’l (of + (Lyo + Lyalyo)lly =yl +1r.0)
2lg.1

20,1 .
L (o +1f0)+ Z (Ly,0 + Lyalyo)lly —y* |

where the second inequality uses the same step (the third inequality above) as in bounding (As).

Bounding (A4). By Assumptions and and Lemma [B.12] we have
lg1
(As) = [IV2,9(x, ) E[PI(Vy F(2,y;€) — Vy f2,9))]| < gjﬂf-
Then we obtain the final bound

IVo(2,y:€) = Ee[Vo(z, y; ]| < (A1) + (A2) + (43) + (Ad)

< B+ 3lga + 09’2070 + 251 +0g,2 251 + 042
- ' jz

Lyo+ . (Ly,o+ Lyalyo)lly —y* |-

Lemma B.14. Under Assumptions (3.9 to[5.4 if |y — y*(z)| < r, we have
IVe(a,y:8) = V(@) < Coo0+ (Cou + L[ VE(@) DIy = y* (@)
where Ly is defined in and constants Cy o and Cy 1 are defined as

3l 21 lgal
Cho=" + g; T Tg.2 o 4 2ol T 992, o Blo,
241+ 0 l
Co1 = M(L%O + Lyalyo) + 9 (Ly,0 + Ly,1lf0) + Lo

U
Proof of Lemma[B.1j We have the following decomposition:
IVé(z,y:€) — VO(@)|| < IVh(x,y;€) — Ee[Vo(x,y; )]
+ [Ee[Vo(x, y; )] = V(@) + [V f(2,y) — VO(2)],
For the first term, by Lemma we have
IV (z,y;€) — B[V (, y; §)]|
< n+ 3lg’1 + 0g,2 of+ 259’1 +0g,2

m
For the second term, by Assumption [3.2] and Lemma [B:12 we have

[Ee[Vo(z,y:€)] — Vf(x,y)|
= (Vo f(z,y) — Vi,9(z,y)Ee PV, f(x,y))
— (Vaf(2,y) = Vi,9(2,9)[Vi,9(x,9)] 7'V, f(z,9))]|
= IV2,9(z,y) (B[ P] — [V, 9(x,9)] " DV f(z, )]l

21 1 + o ,2 "
ljo+ =2 m L= (Lyo + Lyalso)lly =yl

Iy 1\ @ *
= <1 - 11> (IVy f (2. y) = Vyf @y + Vg f ()]l
9,
l 1 /‘L Q .
<L 1— ) ((Lyo+Lyilso)lly—v*ll +10)
I Iy
Q Q
lgalyo 1 Iy Py *
= = J 1 - — REALI I [ L Lol _ .
H lg,1 o Iy (Lyo + Lyalgo)lly — vl

23
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For the third term, by Assumption [3.2] and Lemma we have

197(2,9) — V()|
<|Vaf(z,y) = Vaf(z,y)|
+ IV2,9(x, 9) V2, 9(x,9)) 'V f (2, 9) = Va,g(z, v [Viyg(z, )] Vy f (2,57
< (Lo + Lo | Va f 2y DIy — vl
+ V2,99V, 9@, )] Vy f(2,y) = Vi, 92, y")[Vi,9(x,9)] "'V, fz,y)]|
+IV2,9(x, y") Ve, 9(z, v)] 7' Vy fz,y) — Va,9(z,y") V5, 9(x,y")] 7 Vy £z, y)
+ V2,92, y) [ Viya(e,y)) Vy f(z,y) = Vi,0(z,y*)[Via(,y)] 'V, fz,y) (19)

lg 1l *
< (Lao+ Lo (210 4 yvel) ) by -l

Lyo el o Lrolg, Lo . .
aally =yl ey =y + 2 (Lo Lya IV @y ) Dy = o

,Uflg,2 + lg,llg,Q
2

1,11 l «
_ <on+Lx, A0 B (04 Lyalye) + Lo +Lx,1||v<1><x>||) —

< (Lo + Lal[Ve (@) Dlly — v* |,

where the last inequality uses the definition of Ly and L as in . Summing up + + gives
the final bound

IVo(x,y:€) — V()| < IVh(2,y;€) — Ee[Vo(x,y; )]
+[Ee[Vo(x,y: )] — V(@) + IV f(z,y) — Vo)

<3l %925, 4 20y + %9210+ lg1ly0 < [ >Q
< , .

1- =
H lg71

9,1

ng’l + 04,2 lgAl I Q .
+ T(Ly,o + Lyalpo) + " 1=7—) (Lyo+ Lyalyo) + Lo+ Li[|[Ve (@) | [ly — ¥

+3l,1+o0 20,1+ 0 lo1l
< M g; 972UfJr gJM g’zlf,o+ g,1°£,0

2l +o l *
i (M(L + Lyalga) + 2 (Lo + Lyalyo) + Lo +L1||w><x>|) —

=Co0+ (Co1 + Li[[VO(2)[)lly -y,

where the second and the third inequalities use Q > 1, and the last inequality is due to the definitions of
C,;g,() and C¢71 in . O

B.3.4 Other Useful Lemmas
Lemma B.15. Under Assumptions|[3.4to[3.4) if |ly — y*(z)|| < r, we have[T]

Vo (2, y;€) = Vé(z,y" (2);€)| < (Lo + La[[Ve(@))lly - y* (@)];
if |lon — @2 < pr/(p+1g1), we have

B¢, [Vo(ar, yi3€)] — Eg, [Vo(wa, y3: &Il < (Lo + Ll Ve (z1)[) |21 — 22|,

where yi = y*(x;) for i =1,2, and constants Ly and L1 are defined in .

1Please note that 1 and x2 here are unrelated to Algorithm [I|and are deterministic.
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Proof of Lemma[B.15. We will use a short hand y* = y*(z). Recall the definition of V¢(z,y;€) and

Vo(z,y*; €) in (15), we have
Vo (w,y;€) = Vo F(2,y:8) — V2,G(x,y; () PV, Fx,y:€),
Vo(z,y* &) = VoF (2,4 €) — V2,G(2,y": (O) PV, F(x,y"; ).
where similar to , we define the Neumann series approximation matrix P* as

Q-1 2 *. ~(q,7)
.1 V5, G,y (D)
Pr = H(I— vy :

lg,l

Then by triangle inequality we have
IVé(a,y; &) = Vo(a,y™; &)
< | VaF (2, y;6) — Vo (2,375 8|l
+[IV2,G e,y (O PV F(x,y:€) = V2,Gla,y": (D) PPV, Fla, ™€) |
< |IVoF(2,5;€) = Vo F (2,57 9|+ | V3, G, y; () P(Vy F 2, y;€) — Vy Fw,y™5€))|
(A1) (As)
+[IV2, G, y; (O (P = P*)V, Fa,y"; )|
(As)
+ V2, G2, y: () = V2,G(2,y7: () PPV, F(a,y": 6| -

(Aq)

Bounding (A;). By Assumption and Lemma we have
(A1) = Vo F(z,4;6) = Vo F (2,48l < (Layo + LealIVaf (2, y) Dy — vl

lg1l *
< (Brot Lo (522 4 17001 ) )y o'

Laoalgalso .
=(%ﬁ+;f+4%mvmm|w—yw

Bounding (A3). By Assumption and Lemma we have
(42) = [|V2,G(2,y; ¢ P(V, Fl2,5:€) = Vy F(a,y":€)]
= [[V2,G (2,5 SNV F (2, 5:6) = Vy F e,y )|

lga . . lga «
< Z (Lyo + Ly IVy f(z,y)Dlly — ]| < %(Ly,o + Lyalso)lly =yl

Bounding (As). We first apply Lemma to obtain

f[ <I_ Viﬁ(@y%“’”)) - 11[ (I_ vjyc(x,y*;gm,j)))
Jj=1 i1

Iy L Iy
g—1 g—1
),y (1o ) ey
< -2 R T S U e
Jz—:1< 1971) sl =yl =a(t== ) =yl
Hence we can write
Q-1 1 ,
* 1 1% l ,2 * ) l 2 . l 2 .
1P - P < %MZ> bz e < a2, e < fa2gy e,
L E— g,1 g,1 1 1
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where the second inequality uses Lemma with a = p/lg 1, and the last inequality is due to p < Ig 1.
Then by Assumption [3.4] we have

(43) = |V2,G(x,y;: (V) (P = P*)V, F(z,y":6)|

« « lgalg2lyo .
<|IV2,G (@, y: (NP = POV, F(z, 558l < %Hy— Y-

Bounding (A4). By Assumption and Lemma we have

(As) = |(V2,G(2,y:¢ V) = V2, G(x,y" (V) PV, F(z,y%: )|

* * * ! > l 5 *
<|IV2,G(x,y;: () = V3, G,y CONIP IV F (2,575 6| < %folly -y

Final Bound. Summing up (A1) + (A2) + (A3) + (A4) yields the final bound

IV, y:€) = Volz,y™ € < (A1) + (A2) + (As) + (4a)
loalso 1 lgalys + pl .
< (Lot Loa 2000 4 00 1 sty0) 417022002 002 4 190 ) )
< (Lo + L V@) Dy~ o],

where the last inequality uses the definitions of Ly and L; as in .

For the second result, we follow a similar procedure as above and obtain:
Eg, V(1,575 1)) — g, [Vo(wa,43: &) < (A1) + (A2) + (A3) + (Ad)
2 lgal l lgalgo+ pl
<1+ L (LI,O + Ly 20 L O 4 Lyl ) + 1y g2t T2 Lm,lm(xl)) |21 — 2|
I j I ju
= (Lo + L|[V®(z1)|)[|z1 — 22,
where the last inequality uses the definitions of Ly and L; as in . O

Lemma B.16. Under Assumptions[3.9 to we have

I f N BV - lgalso (1 @
IEel¥6(r. 37 (2): €)] - V(a)| < £LLO (1 )

l,

Proof of Lemma[B-16. We will use a short hand y* = y*(z). By definition of V¢(z,y;£) in and the
hypergradient formulation, we have

Eg[@¢($,y*,§)] = Vaf(z,y") — Vﬁyg(x, y*)EE[P]Vyf(xay*)v
VO(z) = Vo f(z,y%) — Va,9(z,y")[Vi,9(@,y*)) ' Vy f(z,y7).

Then we obtain the conclusion by applying Assumption [3.2] and Lemma [B.12}
B[V (z,y:€)] = Ve(2)|| = |V2,9(z, y") (Be[P] = [V5,9(z,y")] )V, f (z,57)]

. e § loaly, n\“
< 19,909 MIEGP] = V3,007 IV, ol < B0 (1= )
g,
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C Proof of the Random Decoupling Lemma (Lemma (4.2))

C.1 Recursive Control on Moment Generating Function

The following technical lemma on recursive control is crucial for establishing high probability guarantee for
controlling the lower-level estimation error at anytime. We follow a similar argument as in (Cutler et al.|
2023l Proposition 29) with a slight generalization.

Proposition C.1 (Recursive control on MGF). Consider scalar stochastic processes (Vi), (Dy), (X¢) and
(Y}) on a probability space with filtration (H;), which are linked by the inequality

Vitr S ptVi+ D/ Vi + X + Vi + Kt (21)
for some deterministic constants p; € (—oo, 1] and k; € R. Suppose the following properties hold.

e Vi and Y; are non-negative and Hy-measurable.

e Dy is mean-zero sub-Gaussian conditioned on H; with deterministic parameter oy:

Elexp(0Dy) | He] < exp(0%02/2) for all 6 € R.

e X; is non-negative and sub-exponential conditioned on H; with deterministic parameter vy:

Elexp(0X:) | He] < exp(Ovy) forall 0<6<1/v,.

Then the estimate
Elexp(0Vi11)] < exp(0(vy + #¢))Elexp(0((1 + pi)Vi/2 + Y7))]

holds for any 0 satisfying 0 < 6 < min { 1-pe 1 }

207 7 2u;
Proof of Proposition[C-1. For any index ¢ > 0 and any scalar 6 > 0, the law of total expectation implies
Elexp(6Vi41)] < E [exp (6‘ (ptVt + Dt\/ﬁ +X:+Y + nt)ﬂ
= exp(0r)E [exp(@(ptVt +Y;))E {exp(@Dt Vi) exp(6X,) | ’HtH :

Holder’s inequality in turn yields

E [exp(@Dt\/Vt) exp(6X,) |7—Lt} < \/E [exp(?@Dt\/‘Z) | Ht} “E [exp(20X,) | Hy]

IA

\/exp(QGQUth) exp(20vy)
exp (0202 V) exp(Ovy)

provided 0 < 6 < Q%t Therefore, if 0 satisfies

1— 1
O§9§min{22pt },

[ ’ 2I/t

then the following estimate holds for all ¢ > 0:

Elexp(8Vi11)] < exp(0r:)E [exp(8(p: Vi + V7)) exp(68°07 Vi) exp(614)]
= exp(0(v + 50) E [exp(8((ps + 002)Vi + V3))]
< exp(0(vs + ) )E [exp(0((1 + pe) Vi /2 + V1)1,

where the last inequality uses the given range of . Thus the proof is completed. O
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C.2 Proof of Lemma

In this section, we aim to provide a high-probability guarantee for the approximation error of the lower-level
variable, namely ||y: — y;||. Our main technical contribution is the any-sequence argument, which separates
the randomness in the updates of the upper-level variable x; and the lower-level variable y;. Specifically,
for any given sequence {Z;}, we consider the following update rule for {g,} (which is the same as line 5 of

Algorithm :
Yop1 =Yy — YV G(Zt, Gy; Ce)- (22)

Before proceeding, we will first define (or restate) a few key concepts and useful notations.

Filtration. For any t > 2, define fty as the filtration of the randomness used in updating g, before the
t-th iteration:

j:ty :0'(51,...,5,5,1), (23)

where o(-) denotes the o-algebra generated by the random variables within the argument.

Auxiliary Sequence. We also introduce the following auxiliary sequence {@;} for our analysis:

t
= (1 — )1 + V(T 55 &) = Zdt,j@d)(jtag:;ét)v (24)
=

where the sequence {d; ; };-:1 is defined in @D of Lemma Similar to , and in Appendix

the hypergradient estimators @(b(iﬂt, T ét) and @Qﬁ(it, 755 &) can be written as

Vo(Ze, T4 &) = Vi F (24,74 &) — V2 yG (Tt Uy Q:t(o))ptva(inﬂt; &),

V(@ 13 &) = Vo (20,373 &) — V2, G(E 5 GOVBV P (30,575 &),
where the randomness ft is defined as

€ =16, cO (@D where (@ =@ (@) (25)
and the Neumann series approximation matrices P, and Ist* are defined as

Q-1 ¢ 2 =~ ~ . ~a.d) Q-1 4,J
- Ve G(Zt, 7, - T
Pt:fl I | ([_ vy (Tt T3 G )> and Py = ll 2 : ( _ (xt Ut Ct ))

l l
g,1 q=0j g,1

Constants. We define the following constants, which will be useful for analysis. Given any sequence {Z.},

denote ét and Et as
G = 1121%2% ||V‘I)(JC]€)H Ly = Lo+ Lth, (26)

where constants Ly and L; are defined in .

Lemma C.2 (Distance recursion, (Cutler et all, 2023, Lemma 25)). Suppose that Assumptions[3.4 and[3.5
hold. For any given sequence {Z.}, let {§,} be the iterates generated by the update rule with constant
learning rate v < 1/2ly 1. Then for any t > 1, we have the following recursion:

- s I ok - 2
1902 =Gl < (U= pn)lg = G501 + 2060 00l3, = 7l + 2071l + =D (27)
where Uy = m if §, is distinct from §; and zero otherwise, & = V,9(%+,7,) — VyG(Ft, 7,5 C:) denotes
the noise, and Dy = ||§; — §{,1|| is the minimizer drift at time t.
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Lemma C.3 (Restatement of Lemma4.2). Suppose that Assumptions and hold. Given any sequence
{#:} and any randomness {&} (see for definition) such that

~ ~ 27’]2 - ~2 i ~ ~%
[Ee1 — &> < 5V3 || + Ly Zdt,jlly]‘ -7 017 (28)
j=1

where U, {dy ;}5_, and Ly are defined in (24), (O) and (26), respectively. Let {§j,} be the iterates generated

by the update rule with constant learning rate v < 1/2lg1, and choose v = 23/u. Then for any given
6 € (0,1) and all t > 1, the following estimate holds with probability at least 1 — § over the randomness in

]:%-&-1:
-1 4n22, =21 L\ t-1=i g
e () ey ) g
(A < 5 +A2u37; 5 2 ) gy = all
8y, el 160°, P\ a2
+ (/j/ IHT + WZ (1 — ?> Li 0'971 (29)
=1

412, S I B U py\tE e
: 1——) g ||? + —9t (1——) L a2
3 2_:( 3) s X (1-5)  alial

Proof of Lemma[C.3 By Lemma and Lemma we have

G041 — Tiall> < (L= )G, — y?ll2+27<€t7vt>llyt*y2‘||+272||€tH2+EDf

2
< (L= )G — i I1° + 2vEL )T, — G5l + 2921 E)* + — &||?
_ e - . (30)
< (L= pDFe = TP + 29 B llg, — F7 1 + 292 I&1?
4772l21 B 5 t . .
+ )\Q#P!Ziy ae]|* + L Zdt,j”yj - yj||2 ;

=1

where the last inequality uses . Note that under Assumption there exists an absolute constant ¢ > 1
such that for all t > 1, ||&|? is sub-exponential conditioned on F} w1th parameter co; |, and & is mean-zero
sub-Gaussian conditioned on fty with parameter co,1 (Cutler et all [2023, Theorem 30). For simplicity we

set ¢ = 1 here. Thus (£;,u;) is mean-zero sub-Gaussian conditioned on F;/ with parameter oy ;. Hence, in

light of , we apply Proposition with

He = 2?7 Vi= ||§/t*27>tk||2a Dy :277<ét71~)t>7 Xi :272”515”2’

212 B
V=550l denyj 7,
j=
2l2
pr=1—py, K= e 3 |Ut|| Oy =27041, Vi = 27" Ug,l?
yielding the following recursion
N an?12 A2 | o & N
E [exp(0Vin)] S B exp 00| (1= ) Vi 2000, 4 5y gl + 55 800> dus Vs (31)
j=1
for all @ satisfying
. I 1 1
0<6< < 32
S U < min { 8’)/0'_371 ) 4720_371 } — 8’70‘3,1’ ( )
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where in ([31) we denote V; := [|§, — ;||%, and the last inequality of (32)) uses v < 1/2l,, < 1/2u. By
Lemma we use induction to show that for any ¢ > 1 and A satisfying (32)), it holds that

exp {0

E [exp(ﬁf/t)] <E

_ 4yo? a2 2L t—1-i
(-5 v+ s> (1)

A2y — 2
4212 t-1 t—1—i 167212 =1 t—1—i
1 ~2 Ui ~2
/\2 g V1 Z ( ) Li + A2 Y 03 1 (1 - 7) L;
i=1 =1

647]4l4 1 =1 py\ =i Lo
+ 9 (1 — 7) o; L. H’ELlHQ
4,8~4 i )
At sy prt 2

where the first and the last lines use the sum of geometric series, and the second line is due to Lemma

it NIl 2 _
S(O-8) == -y,
i=1

wy
N pY\EI e ey 2o 2 PN w2
STl (Y e < 2 (- )T
. 2 ‘ Ly 4 2
i=1 Jj=1 i=1
Moreover, by setting ¢ as follows, we have
8yo2 4vo? 1
Y= M _— M <¢Y and == LZ
iz p v 8yog,

Hence for any ¢t > 1 we obtain
212 t—1 )
5 N ATl Py NI
exp {9 v, - (1 - 7) Vi e Zl (1 - 7) oA

t—1—i _q 1677 2 t=l—i -9
)\QM”/ 12( ) Li = i 9712(1_*> Li

i=1

E

641713 1 py\t1mt e
— : S L || < <6< .
N (1 5 ) o L || @i <exp(f¥) foral 0<6<1/0

Taking # = 1/9 and applying Markov’s inequality and union bound completes the proof. O

Lemma C.4. Suppose holds, where i, {dt,j}§-=1 and Ly are defined in , @ and , respectively.
Choosing v = 28/, then for any t > 1 we have

E [exp(0V)] <E lexp {9

wy S (g BT AP gy
2 2 > ~ 112
(1-5)" 7o, (%) e (-F)

)\2,117_ 2

477 ’ t—1—i 152 1677212 t—1—i _o
/\2§ v, Z( ) R A 9,12(1——) L

3optd, L

g,1 Pyt e Wy =2
Py (1= ) et (1) il
=1 j

Jj=1

Proof of Lemma[C-J} We use induction to show that holds for any ¢t > 1 and A satisfying .

Base Case. For the base case t = 1, it is easy to check that

E[exp(ﬁf/l)] < E[exp(@f/l)}.
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Induction Step. Now we assume that the induction hypothesis holds for 1 < k < t, then for k =t+1
we have

Elexp(V ¢+1)] < Elexp(6](A1) + (A2) + (A3) + (Aa) + (As) + (4o)))],
where (A1), (As), (As), (As), (A5) and (Ag) are defined as

(A1) = (1 - ﬂ) (1 - ﬂ)til Vi,

2 2
t—1 .
(As) = 29202 | +2 1—ﬂ21—MH
2) =27 041 'Y ) D) )
1=1
SR RSN o A S Y OR o
(A5) = sl + 555 (1—2);(1—2) ),
4772l —

477l 13 ].6?72[21 wy -1 wy t—1—1 -9
=it et S 0 ) S (- ) B -2y
7
j=1 i=1
4772l§1 -2 212 ) i piy 9
(o) = S L Do o3 %:Zl( )l
321418 | 1y =1 py N\t -2 =i,
e (1-5) X (-5 “szZ(l‘ﬂ I
i=1 j=1
We continue to bound each term individually.
Bounding (A;).
wy Y P\t -
= (=) (-15) = (1)
(A1) 2 2 v )
Bounding (As).
BT Pyt B v py it
(o) =22t (1= F) X (1-F) =2 (1-F) X (-F)
i=1 i=1
Bounding (As).
AN RSN oA O A PR U AR P\ o
(A5) = S e lll* + 552 (1—2);(1—2) i) = AQMQ,VZEZI(l— 1) .
Bounding (A4). By Lemmaand the choice of v = 28/u, we have
253 L s 2l3 1 - 1y
oL Zd”(l——> Vi=ai L Zatl—ﬂ) i(1— Y=V,
i=
an?1?
= n gl tZOLt 17 t 1V
Jj=1
2l2 o~
= 3%, 3 Lty (1— B) L V.
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Then we obtain

A2 oo U PR L7 iy t-1-i a2
- S -3 e e (- 0-) o
?ig, 1725, PG Y py i—172
= Sotoa(1= BT LV 55 2 v, (1—7) > (1—7) ioy(1— Y —LL

An?12 : -
=3 glvl Z (1 - %) zai(l — B)iTLLl.

=1

Bounding (A;). By Lemma and the choice of v = 23/u, we have

2l2 -1 8n?l2
91L Zd” 2v%0 (kﬂ) < 2190202 | de
Jj=1 =1 2 A M ry
_ 169705, o2 2
)‘2/~L4 g,1-t"
Then we obtain
4n212 . ity i-1 160212 =l t—1—i _
(45) = 5211 de 2y 0312(1——) + ;zuz%;l (- (-8
j=1 i=1
167721%1 s 22 16022, , A Lyt =
< A2l ogaly A2l 99,1 (177) L;

=1

Bounding (A4). By Lemma and the choice of v = 23/u, we have

477212& y t 4772l21 Jj—1 N1 4772521 8772l21 ~2 t )
s L g 3 (1= 1F) Il < g e 1S dusl)?

3 2,,4~2
= p piy APpty?
212 8 2l2
101 bg
< 328 Nepits tLtZlf C 1
320414

t .
— 971 t=J ~ 112
- )\4/1773 Z (1 - 7) 511"
Then we obtain

4n?1?

t j—1 . .
L7 py\ 1T
(40) = Sy Bt 2 TS () e
=1
32011, PYY S (BT ao y o
I () () S (-2

1= Jj=
320418 ¢ =i, 32t S PN . wy s
< S g(l—f) il + S 22 (1= ) 2D (=22
3204

t .
= 25T g (1—ﬂ)t il (1——) gl
T3 — v Z I J”
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Final Bound for the Induction Step. Putting these terms together and rearranging yields
t 212 t .
oy 2 pyNiT ATl PN o

A2y
S VEI( ) a1 - gL m”%%&t (-5

32115 4 P\ s [y -
+ﬁm%ﬂ0—ﬁ wlf Y (1= ) il .

Jj=1

E [exp(0Vi41)] <E

which aligns with for k =t + 1. Thus, the induction step is complete, and holds for any ¢t > 1. O

D Convergence Analysis of AdamBO (Algorithm [1))

In this section, we provide detailed convergence analysis of Algorithm (1| (or equivalently, Algorithm |3)).
Before presenting the lemmas and the main theorem, we will first define (or restate) a few key concepts and
useful notations.

D.1 Technical Definitions and Useful Notations

Filtration. Define Fiy;; as the filtration for updating y; (i.e., the filtration of warm-start phase):
Fiit — o (mg, ..., 71y —1)-

For any ¢ > 2, define Ff¥ and F} as the filtrations of the randomness used in updating x; and y;, respectively,
before the t-th iteration:

ftz:()'(gl,...,gt_l), .7:?:0'((1,...,(15_1),
where o(-) denotes the o-algebra generated by the random variables within the argument. Additionally, let
Fi denote the filtration of all randomness before the t-th iteration:

Fi = 0(Finit UF; UF).
Expectation. We use E;[-] to denote the conditional expectation E[- | F%].

Auxiliary Sequence. Note that /i (line 7 of Algorithm [3]) can be written as

¢
= (1 — a1 + Vo(z, yi; &) = Zdt,jﬁfﬁ(ﬂ%yt;f_ﬂ (34)

j=1

Similar to Appendix we introduce the following auxiliary sequence {4} for our analysis:

t
b= (1= o)1 + V(e yi;€&) = > di Vol s &), (35)

Jj=1

>

Other Definitions. We define the deviation of the rescaled auxiliary momentum from the conditional
expectation of the hypergradient estimator as

e =Gy — Eo[Vo(xe, 53 &) (36)
Also, let h; be the learning rate vector and H; be the learning rate matrix:

hy :zﬁ and  H, == diag(hy). (37)

Then the update rule for upper-level variable x; (line 10 of Algorithm [1)) can be written as

Tep1 = Ty — My O My = 2 — Hytiy. (38)
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Stopping Time. Given a large enough constant G as defined in Theorem denote L and 1 as

CrG?
L=Ly+LG and o= ;L , (39)
where constants Lg, L1 and Cp, are defined in and . Now we formally define the stopping time 7 as
7=min{t | ®(xy) — D" > Y} A (T +1). (40)

In other words, 7 is the first time when the sub-optimality gap is strictly larger than v, truncated at T+ 1
to make sure it is bounded. Based on Lemma [D.1] we know that if ¢ < 7, we have both ®(z;) — ®* < ¢ and
Ve ()] < G-

Constants. We define the following constants, which will be useful for analysis.

Gi = max [V ()], Li=Lo+ LGy, L=Lo+ LG, A =d(x)—d*, (41)
Lm 1
Cp = : Cu,o = O¢70 + G, Cu71 = C¢,1 + L1G, (42)

N2
_ kt3lg1+og2 n 251 +0g2
1 7

25,1 +0g.2

lyo+

)

O¢ (Ly,O + Ly$1lf’0)’l’. (43)

8eat G2 max{1,1} 8CyeA,Lo,G? o2G
@ ) 2 1 @ ]
>
Cjp > max { 2z T ereanzel 1+ e max{1, v/, t},

2 2
32e0tG? 48C5eA Lo G3 o2@G
S q; 7 , 2o2eO9h 202) 14+ -2 5 max{1, /s, ¢}
c70A%e c1c90\%€ Cc1 A€
Besides, constants Lg, L1 are defined in , Cg,0,Cy,1 are defined in , and 7 is defined in , respec-
tively.

(44)

D.2 Auxiliary Lemmas

We first introduce the following useful lemma, which is crucial for the subsequent stopping time analysis and
for establishing the contradiction argument.

Lemma D.1. Under Assumption|3.2, we have
2 *
IV@(x)|* < FL(LO + L||[Ve(2)|)(2(x) — %),

where constants Lo, L1 and Cp, are defined in and . Further, for any given constant G > 0, if we
denote 1 as in and ®(z) — ®* < 4, then we have |V®(z)|| < G.

Proof of Lemma[D.1] Let 2’ be
/ CL||Ve(z)||

= — ,
Lo+ L1||VO(2)]|

then we have
CLVeW| |

= :’,’7

Lot Lalve@l = Lo Ja+ 2, /w) (L2, + 12 )

where the inequality can be verified by considering both cases of |[V®(z)|| < Lo/L; and |V®(x)| > Lo/L;.
By Lemma we have

2" — ]|

L() + L1 ||V<I)(£C)

[
e’ — al

P* — &(z) < (') — B(z) < (VO(2),2" —z) +

 ae-ay e
= T3+ Lva@p Y Ol
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Rearranging the above inequality yields

2(Lo + L1 [ V(2)|) 2(Lo + L1 [ V(2)|)
Cr(2-Cp) CrL

where the last inequality uses the definition of Cp, in and Cp, < 1.

IVe ()] <

(®(x) —@7) <

(B(z) — D). (45)

Now define the function ¢ : Rf — R as

() 1= 5O

U) =,

L4 2(Lo + L1u)

It is easy to verify ¢ is increasing and ¢(u) € [0,00). Thus, ¢ is invertible and o1

for any constant G > 0, denote L and 1) as in ,

is also increasing. Then

CLG?
L=Lo+ LG, ¢=—7-=¢(G)

The property of function ¢! and imply that if ®(z) — ®* < ¢, we have

IVe(@)ll < ¢~ ' (D(x) = ) < 07 (¢) = G.
O

Note that when t < 7, some of the quantities in Algorithm [l] and Appendix are bounded almost surely.
In particular, we have the following lemma.

Lemma D.2. Ift < 7, we have

V()| <G, L <L, |l <Cuor hi=-, |\Ht||j§.

>3

where hy is defined in , constants Ly, L and Cu, are defined in and , respectively.

Proof of Lemma[D-2 By Lemma and definition of 7, we have |[V®(z;)| < G if t < 7. Also, recall
the definition of Gy, L; and L as , we have Gy = maxg<; |[V®(zy)|| < G if t < 7, and hence gives
Ly = Lo+ LGy < Lo+ LG = L. Before bounding |G|, we first show ||@¢(wt7y§;§t)H < Cy,0. Lemma (B.14
directly implies that if ¢ < 7, then '

VG (e, 453 €0l < Co0 + (Cor + Lall V() llyi — w7 || + V(@) < Co0 + G = Cuo,

where the last equality is due to the definition of C) ¢ in . Now ||@i¢]| can be bounded by a standard
induction argument as follows. First, for the base case k = 1, note that ||Ve(z1,y;;&1)|| < Cuo. Suppose
[ltk—1]] < Cy,o for some k < 7, then by update rule of iy in we have

] < (1 — ) a1 + arllVd(@r, yr; &)l < Cuo-

Therefore, the induction is complete. The last two results directly follow from the definitions of h; and Hy

in . O
D.3 Proof of Lemma 4.3

In the next lemma, we provide high probability bound for the warm-start phase.

Lemma D.3 (Warm-Start, Restatement of Lemma . Suppose that Assumptions and hold. Let
{yi"} be the iterates generated by Algorithm@ with constant learning rate v < 1/2l, 1. Then for any given
0 € (0,1), the following estimate holds with probability at least 1 — d/4 over the randomness in Finiy (we
denote this event as &):

. py T .
lon =il < (1= 51) " llwo — wil® +

5 In —. (46)

8703,1 de
1 1
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Proof of Lemma[D.3 For any given § € (0,1) and any fixed ¢ > 0, we invoke (Cutler et all, 2023, Theorem
30) to obtain that
t 802 4e
init *2<(17ﬂ) k|2 97117 4
g™ —woll” < 5 ) lvo—woll” + PR (47)
holds with probability at least 1 — § over the randomness in Finjt. Set ¢ = Ty and then we have

2
py 87041, de
lyr = will* = lvR* = woll® < (1 - 7) lyo = 9511” + —#=In —,
I
init

where the first equality is due to y; = yp* and y7 = yg (since x1 = z¢) by line 2 of Algorithm O

D.4 Proof of Lemma [4.4]

The following Lemma (i.e., the full statement of Lemma is a direct application of the randomness
decoupling lemma (i.e., Lemma to the actual sequences {z;}, {y:} in Algorithm

Lemma D.4 (Restatement of Lemma [4.4)). Suppose that Assumptions to hold. Let {y;} be the

iterates generated by Algorithm[1. Under the parameter choices in Theorem[D.13, let n further satisfy
n o By 72

Gr' 6L LyrGrmax{1,/,In(1/8),In(Cs)} Lyv/Gr

then for any given 6 € (0,1) and allt > 1, the following estimate holds with probability at least 1 — §/4 over
the randomness in F}, | (we denote this event as &, ):

§ t—1 477212 i L\t 2 §
i=1

(48)

nSCQmin{

8 4eT 161]21271 =t Nt 2
( In ey (-5 L) (49)
-
212 - i 64niis -1 t—1—i
9 ~ 2 g,1 Hy 20002
3 E_Z( T) e s (1-F) el

where constant L; and sequence {4;} are defined in and , respectively.

Proof of Lemma[DZ First, with the parameter choices in Theorem and the additional choice for 7 as
in ([48)), we can follow the same procedure as Lemma [D.13| (see “Verification for ¢ < min{r,1/4L;}”) to show
that [jy; — yi|| < r for all t € [T]. Thus, the condition for applying Lemma is satisfied. Recall the
definitions of m; and 4, in and , we have

2
t

e — ael|* < | de (Vo (s, 955 85) — Voo, u5:65))

7j=1

t
< de IV 5 65) — Volag,yls €)1 (50)
j=1
t 9 t
<N di (Lo + Lal| V() D2y — il < Ly > degllys — w112,
j=1 j=1

where the second inequality uses Jensen’s inequality, the third inequality is due to Lemma and the last
inequality uses the definition of L; in (41). By the update rule in Algorithm [3| we have

IN

2
[E (||“t||2Jr 772 — | )

2
~ /RTINS
VB2 < L 2 < S

yi —uilI?

)

2n? . L2
5Vl [ e]|* + Ly Zdt,ﬂ

Jj=1
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where the first inequality uses ; the second inequality is due to Lemma the third inequality uses
Young’s inequality; and the last inequality is due to . This implies that the sequence {z;} and the
randomness {&;} generated by Algorithm [1| satisfy the condition in Lemma Therefore, the result

follows by applying Lemma m 3 with {#;} = {x;} and {£} = {ft} O

Remark. In the end, we will show 7 = T + 1 in the proof of Theorem (i.e., the Full statement of
Theorem 7 thus we can apply Lemma to obtain Gy < G and Ly < L. This suggests that under
event £y NE,, the additional requirement (48) is actually included in the parameter choices of Theorem
Therefore, there is no need to worry about this temporary iterate-dependent requirement for the choice of 7.

D.5 Proof of Lemma

Before proving Lemma first note that when ¢ < 7 and & N &, holds, some of the time-dependent

quantities (such as L; and |di¢]|) in Lemma can be well bounded by Lemma In particular, we have
the following two high probability bounds for the lower-level approximation error ||y — yi||: the first one,
, is useful for the convergence analysis; and the second one, , is crucial for proving Lemmas

and [D.8
Lemma D.5. Under event & N &, and the parameter choices in Lemma if t <7, we have

2712 2 2712 2
. wy\ =1 8l ’1L . 8y, 4eT 32071 ’1L
lye — i lI* < ((1—2) +W llyr — yil1? + ;1HT+795 Ty

A2 sy
(51)
A2 ) 2 1y i GAntd L2 ] pry 1 )
L Y (R B L e Y () N L
APy = 2 Ayt = 2
and
§ i 8y, 4eT 321212, L7
Hyt — U ||2 < A2 4 2 ) ||y1 - ”2 + <M In T + 7)\2:57 0'371
(52)
8n?lZ,C2,  1024n*l5 | L2C 1
+ + Mg u,0 (2+1n B) —. 92’

A2 pin2 P
where constants L and sequence {i;} are defined in and (B3], respectively.

Proof of Lemma([D.5 By Lemma we know that L; < L and ||i|| < Cyo if t < 7. Then under event
EoNEy, is obtained by replacing L; with L, and is obtained by substituting both L; and It ]| with
L and C, o, respectively. O

With Lemma [D.5] in place, we now formally present the statement of Lemma [£.5] below.

Lemma D.6 (Restatement of Lemma . Under event Eg N E, and the parameter choices in Lemma
ift <7, we have

A R n
myell < Cu + Cu 5 U = O" +C“ 2’ =
Il < Cup + Curer 002 (Cup + Cund)’s Gy

>3

if t <7, we have A - . -
V(e ye; &) — Ee[ Vo e, ye: &)l < O,

||Et[$¢<xt»y:;£t)] - Etfl[@(b(xtfla y:71§§t71)]‘| < Lz — -alf;
where constants Cy0,Cy1,04, L and o are defined in , and , respectively.

Proof of Lemma[D.6 By Lemma under event & N &y, if t < 7, we have

IVé(@e, ye: )l < Co0 + (Cop + Ll VO(x) ) lye — yill + V() |
< Cg0+ G+ (Cp1+ L1G)o=Cyo+ Cupo,
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where the second inequality is due to Lemma and in Lemma and the last equality uses the
definitions in (42)). We can bound ||7i|| by a standard induction argument as follows. First, for the base
case k = 1, note that

Il = V(1,515 €I < Cuo + Cuno.

Suppose |[ig—1]] < Cy o + Cy,10 for some k < 7, then we have
il < (1 = )i ]| + @[V (ar, yu; &)l < Cuo + Cue:

Then we can show 9; < (Cy0 + Cu.10)? in a similar way (by induction argument) by noting that

(Vo(we,y;6))* < |W¢($t,yt;f_t)||2 < (Cupo + Cu10)*

Given the bound on 9, it is straight forward to bound the learning rate h;. As for the second last bound,

by Lemma and of Lemma under event & N &y, if t < 7, we have

IV (e, ye; &) — Ee[V (e, yi: &)
n+ 3lg71 + 04,2 n 2lg,1 + 04,2 2lg71 + 04,2

< lgo+ ———"=(Lyo+ Lylso)llye — v
p PR m (Ly valro)ll ¢l

< pt3lgr +0g2 + 251 +0g2
- M

20,1+ 0
fo+ %(Ly,o + Lyalpo)e

l
S T,

where the last equality uses p < r by Lemma and the definition of o4 in . The last bound can be
obtained by applying Lemmas and

IEV (e, 75 6)) — Evr [Voli—1, 4713 G0l < (Lo + L[ V(o) )l — 2o |
< (Lo + LiG) |y — e

= Lzt — 1],

where the last inequality uses the definition of L in . O

D.6 Proof of Lemma

The following lemma provides a bound for the difference between the actual momentum m; versus the
auxiliary momentum ; under the good event & N &,, which is crucial for establishing the convergence
guarantees for Algorithm

Lemma D.7 (Restatement of Lemma . Under event & N &, and the parameter choices in Lemma

we have
T—1 272 2 272 2
8n*lz L &y deT  32n°l; L 5
e — el < T22 ( (14 S5 ) flyy = g2+ | S =+ 252 )
; t t 2242 1 L 5 N2 15y 9,1

8n212 2048n*1% | L? 1\ | = . _
2 g,1 g;1 2 *, 2
+L <>\2M4V2 + P (2 +In 5) ;:1 lleell” 4 2| [V (e, yi5 &) — VO () |

Sn212,  2048n*1% L2 1)) =
217 9> 9. 2+4+In= Vo 2,
+ (/\2N472 + N pB~A ( +n ﬂ) ; l ()|l

Proof of Lemma[D.7, Under event & NE,, if t < 7, by Lemma and in Lemma we have

t t
R . )
e —@el® < Ly Y degllys = yi 1> < L2 dugllys — 511>
j=1 j=1
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Now we apply of Lemma and take summation to obtain

T—1 t
> Z willyy — i1l

t=1 j=1

T—1 ¢ . 272 2 272 2
uy\Ii—1  8n7l ,1L N Sfy 4eT 3297l 71L
ML (((1 R e L R [ A I N Y

A2ty A2y
T—-1 1 272 J—1 ; ; 474 72 J—1
4dn<lz wy\J—1-i 64n*l; L wy
d; 9 (1 _ ) Ai 2 9, (1 ) : ' 2 A
+ E E t,j (/\2’u3,y ;:1: 9 lla:l]" + P ;:1: 9 0‘ [|:]] (A2)
We continue to bound each term individually.

Bounding (4;). By Lemmas and and choice of v = 23/, we have

T—1 t - 2712 2 272 2

B py\Ii—1 8n lg’lL - 8*)/ 4eT 32n lg,lL 9

=5 (50 S i (St PR )
T—1 t

A .
=Y (1-51) lln — il
t=1 j=1

T—1

t 2712 12
1L . 8y . 4eT 320717 L
2D iy (Wnyl 1|2+<M1n5+95’ o (53)
t=1 j=1

A2 By
2 L2 ) 8y, deT  320°1% L°
—Ztat 1_ t 1||y1_y1||2+z < )\2 4 2 ||y1 H2+ ( In 6 + g57 0'371

A2 usry
81212, L o 87 deT | 320°[ L7
ST((lJFW lyr = wrll™+ | -0 =5+ =55 | 79 )

where the last inequality uses 7 < T'+ 1 by definition of 7.
Bounding (A45). By Lemmas and and choice of v = 23/u, we have

T—1 ¢ -1 . . 474 2 j—1 . .
477 R Yy Jj—1—1 N 6477 l 71[4 ny j—1—1 .
(42) ZZZ t.j ()\2 g 2(1_7) ||Ui||2+TZW42(1_7> a|aq?
=1 1=1

t=1 j=1

2137 = 2, 64nt18 | L2 1t ,
< Sz 2o 2 bl + = 32+161n | (54)
t=1 j=1 t=1 j=1

A2, 1024pM1d L2 TR
< (/\2ﬂ472 + N84 (2 +1n 5) ; [
Final Bound. Combining and yields

T—1 t 2712 2 272 2
. 8n7lg 1L . 8y . 4eT  32n%12,L
) :dt,jllyjyjIIQST<<1+A2:472 >|y1y1||2+< ==+ —5 5 — | 05

2
t=1 j=1 A2y

WP, 1024n40 12 ,
+ ()\2#472 + M8 <2+ln > Z e |-

In addition, recall the definition of @, and ¢ in and (36), by Young’s inequality we have

lael® < 2lleal® + 4BV d(r, v 5 €] — V()| + 4] V() |1
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Therefore, we conclude that

T—1 T—1 t
Dol = < 220N dllys — vl
t=1 t=1 j=1

8n212 | L? 8 4eT 320212 L2
2 g,1 * |12 g g1 2
<TL <<1+/\2u4’y2 lyr — yill” + ;lnT—FW Tg.1

81212 2048n*1% | L? 1\ = . .-
+L2< 9L 4 91 <2+ln6> D el + 2BV (@, y7 1 &) — V()|

)\2M4'72 )\4M8,y4 —
80212, 2048nt1% L2 1)) &
+2L2 ( o+ O <2+ln ) DIV,
A2ty Aty B) )=

D.7 Proof of Theorem [4.1]

The following lemma ensures that ;11 and x; remain close for sufficiently small 7, allowing us to apply

Lemma [B.11]in Lemma [D.9
Lemma D.8. Under event & N &, and the parameter choices in Lemma if t < 7, then we have

|lze41 — z¢]| < nD where D := 2G /.
Proof of Lemma[D.8 Under event & N &y, if t < 7, then we have

(Cu,O + Cu,lg) < 277G _
A A

o /TN n
ze1 — 2el| < (| Helll|77e]| < X”mt” < nD,

where the first inequality uses 7 the second inequality is due to Lemma the third inequality uses
Lemma the fourth inequality is due to Lemma and the last equality uses the definition of D. O

Next, we provide a descent lemma for AdamBO.

Lemma D.9. Under event & N E, and the parameter choices in Lemma if t <7, we have

20,
(ae) = B(ar) < =LV + Sl —

4 4 B (55)
+ 7||€t||2 + 5 EVo(ze, v €] — V(x|
Proof of Lemma[D-9 By Lemmas [D.6] and [D-13] and choice of G, if t < 7, we have
nl n nl
o2 <H, < 56
2G = Cuo+Curo+X2 = "7 A (56)
Since we choose n < r/D, then by Lemma [D.§ we have ||z441 — @¢|| < 7 if t < 7. Define & and ¢ as
=1y —VO(z;) and & =i — E[V(ae, yf: &) (57)
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For any t < 7, we apply Lemma to obtain that

Lo+ L1 ||V ()
2

B(rs1) — B(ar) < (VD(ae), w041 — 20) + Lesr — )
L 2
< (V@(xe), Ter1 — 20) + S| 2es — 24|

L
= 7V(I)($t)THtmt + §ﬁ12—Ht2mt

. L, .
< [V (), — V()" i + 2 [,
2 3. nL .
< —gHV‘I)(JTt)H%Q + 1H€t||?1t + N (IV®(zo) |7, + l1éell7,)
1 .
< 5 IV (), + e,
<

15 Ive@oIP + Jlal”

4n
A
where the second inequality is due to Lemmaand definition of L in ; the third inequality uses and
(B6); the fourth inequality is due to Young’s inequality a " Ab < % |lal|% +%[b]|4 and [ja+b]|? < 2[|al% +2]/b]1%
for any PSD matrix A; the fifth inequality uses the choice of n < A/6L; the second last inequality is due to
; and the last inequality uses and Young’s inequality. O

om. . 4 . . -
< =&l Ve@)I? + S — a0l + Fller]* + SB[V o (r, 75 )] - V()]

The following lemma is essential for bounding the sum of the error terms lle:||? before time 7. Since we
introduce E,[V¢(z;,y;7;&)] as part of the definition of €, (see (57))), we can directly invoke (Li et al., 2023a,
Lemma C.10) to obtain the high probability bound.

Lemma D.10 ((Li et al. [2023a, Lemma C.10)). Denote w; as

wi—1 = (1= ar)(e—1 + B 1 [Vo(zi1, 9113 6-1)] — B[V (ze, ui; &)])-

Under the parameter choices in Theorem for any given ¢ € (0,1), the following holds with probability
at least 1 — &/4 over the randomness in Fry1 (we denote this event as & ):

D (w1, Vol yis &) — EVo(ne, y75 )]) < 505/(1+ B2T) In(4/9).

t=2

The next lemma bounds the sum of the error terms ||¢;||? before time 7.
Lemma D.11. Under event & NE, NE, and the parameter choices in Lemma [D.4), we have

T—1
el — coag VB < 8031/ + BT) + 2003 /(177 + 1) (4/0)
t=1

(58)

T—1

A R . R . =
o Yl — l® + B[V, yf5 )] — V(o).
128G £~
Proof of Lemma[D.11, We first denote w; as
wip = (1— Oét)(etfl + Etfl[@(b(ﬂftflay:q;gtfl)] - Et[@ﬂgﬁuy;%f})”
By definition of ¢; and the update rule , we have

€ = (1 - Oét)(étq + ]Etfl[ﬁ(b(xtfhyz;l;gtfl)] - Et[@qs(xtvy:;gt)])
+ (Vo yis &) — EVo(ze, yi: &)]) (59)
= wW¢—1+ Oét(@éb(mta yi's f_t) - Et[ﬁ(b(l’ta (T f_t)D
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By choice of  we have

CorA < 2¢or <
G — D —
where in the last inequality we choose small enough c3. By Lemma we have ||z; — x| < rift < 7.
Then for 2 < ¢ < 7, we apply Lemma [D.6] to obtain

< T
n= D’

\|Et—1w¢($t—17yf—ﬁét—l)] - lEt[W(xt,yz‘;é)]II
nL, . nL .
< Lz = @l < “=llme-all < S=(IV@(ze-1)l| + l1€-1ll) (60)

L ) A . o
< 777 (HVCI’(xt—l)H + -1 — g || + lee—1l] + 1B 1 [VO(@e—1,y5_15&-1)] — vq)(xt—l)”) )
where the third inequality uses (57). Hence we have

Jwi—1]|? = |(1 — ) (es—1 + Eom1 [Vo(ai—1, yr_ 15 &-1)] — Ee[Vo(as, yi; €
< (11— )’(1+ ag)llee—1|?

- (1+ )nEt (VO yt 1 6] — Ed[S by 60D 12

< (1 —ay)lleca|? + a—tnEt,l[%(xt,l, yi_1:&-1)] — Ee[Vo(ze, y7: &)

an*L? 61
< (= adlelP + 555 (V@I + es]?) (61)
APL? ¢ ) . .
o (e = e |2 4+ Ea V(@1 5713 6-1)] = VO(@e1) )
e
(6% 2 2
< __t
< (1= L) el + o IV )
A ) A ) L
+ 256ﬂG (Hmt—l - ut—l” + ||Et—1[v¢(xt—17yt—l;gt—l)] - V(I)(xt_l)\|2> R

where the first inequality uses Young’s inequality |la + b]|> < (14 ¢)||a||* + (1 + 1/¢)||b]|* for any ¢ > 0; the
second inequality is due to
(1 — ) (1 + ay) 1—at)(1—at)<1—at,
1

<
(1—oy)? ( ;) —(1—a)*(1+ay) < l(l—at)<a—

SD

the third inequality uses and Young’s inequality; and the last inequality is due to the choice of G and
1 with small enough co:

o~

ca\323 \3/2p 4n?L? \B BB«
n < < < —=< <-< .
LVG ~ 32LVG A23 T 256G T 256 — 2 T 2
Plugging back into gives
||€tH2 = ||wt71||2 + 2at<wt717 @¢(xt7y2‘;€t) - Et[@(b(act, yf§ 6})]>
+ a2 ||Vo(zs,yi; &) — Etw¢($t yri &)l|1?
@ 2 2
< (1= ) el + o V)| + 2%
+ 200 V-1, Vo (e, 473 &) — B[V (ag, yi; &)))
A8

+ gra (Itmy = aa | + (B [Vo(as,yi 3 60)] - V(o))

42



Under review as submission to TMLR

Rearranging the above inequality, for any 2 <t < 7, we have

A8

oY
Oerr < S erca < a2 — el + S0 [V )
+07og + 200 (vio1, Vo (e, 475 &) — Be[ V(e y7: &)])
Mo ) o
+ 2565(}’ (”mt—l - Ut—1||2 +[Ee-1[Vo(wi-1,yi_1;&—1)] — V‘I)(xt—l)HQ) .

Then taking summation over ¢ from 2 to 7 we obtain that

T

B 2 :
> Dl - sV )|

t=2
el = lle? + 03> a7 + 2 on(wi1, Vo(wr, y73&) — B[V (s, 57 6)])
t=2 t=2
£ 28 S s — P 4 (B[00, 515 Ers)] — V()|
256G £
< 4o (1+ B°T) + 1003/ (1 + B2T) In(4/9)
A o . o
LIS >yl e (V6113 6-0)] = Vol

where the last inequality uses Lemmas and and the fact that [le;]|* < 3. Then we complete the
proof by multiplying both sides by 2/5. O

With Lemmas [D.9)and [D.T1] we are ready to prove Theorem 1] Below is the full statement of Theorem [£.1]
with detailed parameter choices, where we use cy,c2,c3 to denote small enough constants and Cy,C5 to
denote large enough ones. The definitions of problem-dependent constants o4,Cy 0, Ce.1, A1, Lo, L1, L,C3

are provided in Appendix
Theorem D.12 (Restatement of Theorem . Suppose that Assumptions to hold. Let G be a

constant satisfying
C ChA1Ly CiAL
G > max 4)\,20¢,4C¢0, ¢’1, =1 0, 1=l , (62)
’ L1 OL C(L

Given any € > 0 and ¢ € (0,1), denote ¢ :=1n(4/5), and choose

. Cl)\e _ 2ﬂ
Oéﬁsqg 17 ﬂ<mln{ 2Gmax{1 \/* 111(06)}} Y= ?a (63)
EPEP) os\B 2323
= camin {G’ 6L LG max{1,/z, n(1/5). In(Cy)}’ L@} (64

1 " C3A“€
Q22max{ln6/ln(1—1g7l) In <Gl§1l?0>/l (1—)}, (65)

B {1 02A1G}
To =In 9.1 In(1 ), T =maxq —, , 66
’ (u Iyo—yo||2>/ g e (66)

where constant Cg is defined as

8eadG? max{1,t} 8CyeA;LoysG3 o2G
[ 2 [ ¢
Cg > max{ Fonici et NZel e max{1,/t,t},

32000G2\ [ 48CheA Loy GP e i
D2l 2Ot YeT ¢
< c2oA\2et > ’ < c1C20\2et L+ Cc1\€2 max{1l, Vi, 1}
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Run Algom'thmfor T iterations. Then with probability at least 1 — & over the randomness in Fri1, we have

(IV®(z:)|| < G forallt € [T], and % 23:1 [V ()| < €2

Proof of Theorem[D.14 By Lemmas and we have Pr(&NE,NE,) >1—35/4>1—6. The

following analysis is conditioned on the event & N &, N &,.

Rearranging of Lemma and telescoping over ¢ from 1 to 7 — 1, we have

Z4HV<I> 02— S8 e < 1?7G[<<I><x1> Ca) — (B(ar) — 3]

4 326 Z e — ]2 + 2E[V(ar, u: £)] — V()|

t=1

Also, of Lemma can be written as

Z G e~ Ve < T2 (s03(1/8 + A7) + 2003175+ T) (4]0))

7—1

+ 3 Ml = ael® + B[V, yi5 &) — V()|

t=1
Summing and and rearranging gives
T—1
16G 64G' |
— (@) = @) +33 Vel + Z leall®
t=1

< 1:;—5 ()\Al + 6407, (Z + nﬁT) + 16077035\/(1/52 +7) 1n(4/6))

32G 64G
+ (1 + A) Z 7 — e |* + <1 + ) Z BV (e, y75 6] — V(o) ||

t=1

= 17%G (ml + 640 (Z + ’75T> +160n03\/(1/52 +T) 1n(4/6))

33G 65G <
ant —ag|? + ZHEt Vo (e, yi3 &) = Ve ()%,

where the last inequality uses G > \. By Lemma [D.7] we further have

16G 64G' |
T(‘P(%) +3Z||V<I> o)|® + ZH el
t=1

< 1:—5 ()\Al + 6407 (Z + nﬁT) + 16077055\/(1/52 +7) ln(4/(5)>

33L2GT 8n?12 | L? 8y . 4eT  32n%12 L2
_ - 1 _ g o 2 2 == 2 S 2
+ 2\ << + /\2 4 2 H W yl” + L n 5 + )\2M5’Y Og.1

332G (87721;1 2048774l41L2( O 1))7—1

= 2 4 9||Ey [V £ &) — V()2
A A2 42 P nﬁ ;HQH + 2([Ee [V (e, 55 §¢)] — VO ()|
66L2G [ 8?12,  2048n*l;, L? 1)) <=
: 2+4In— ®(zy)?
T </\2,u472 + N pB~A ( + 5) tz:; Ve ()

6 G <
> Z 1B [§ 6 (53 &)] — V()|
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By Lemma we know that

L2 81?2 20487414 | L2 1
O6L7G [ S0ty | T01™ (o4m=)]) <2,
\ A2/ NBAd 3

Then with G > A, can be simplified as

166G

°C (b(ar) - 0°) + S V()P

< 15—5 <)\A1 + 6403, (Z + 7]/6’T> + 1607703,\/(1/62 +7) 1n(4/6))

33L2GT 80212 | L2 a2, [8y . deT | 32075 L7
*x((”w e v s v K

L OTGTE o (0 N _
A2 Iy b

By definition of 7 in , we have

16G 8CLG3
| 16GY _ 8CLGP _

O ) — o) = I

n n nL

By Lemma[D.14] we have I; < I, which leads to a contradiction. Thus, we must have 7 = 7'+ 1 conditioned
on & N &, NE,. Therefore, combining and Lemma finally yields that under event & N &, N &y,

T

1

0 IVaE) < €.
t=1

Moreover, since 7 = T + 1, then by Lemmawe can replace Ly and Gr with L and G respectively, in the
additional requirement for n. Therefore, is now included in the parameter choices of Theorem
which indicates that the current parameter choices are sufficient. O

D.8 Parameter Choices for AdamBO (Theorem

The following two lemmas, Lemmas [D.13] and [D.14] hide complicate calculations and will be useful in the
contradiction argument and upper-level convergence analysis.

Lemma D.13. Under the parameter choices in Theorem [D.12, we have the following facts:

4eT . 17607
In——=< In(Cg), lon —uill* < Tg’ln(cﬂ)v (71)
. 1
QSIHIH T2 7 (> Cu0+culg+A§2Ga (72)
4L1 ) ’
L2 8n?12 20481414 | L? 1
O6L°G (5.1 + 7 91 2+In= )| <2 (73)
\ 22p4n2 M8y 3

Proof of Lemma[D-13 We first list all the relevant parameter choices below for convenience:

Cp1 |C1A1Ly CiALLy
> >
G -~ max {4)\, 20’¢,4C¢_’0, L1 y \/7, CL } ’

B <min<{ 1 cire = %
- T oG max{l, /i, In(Cp)} [’ T
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rA O'¢)\B )\3/26}
G’ LGmax{1,v/z,In(1/3),In(Cs)}’ LG

1 I c3Ap“e
QZZmaX{lnﬁ/ln(l—l%l) In < 311§0>/1 (1-)},

& 1 CoA G
To=1n 9.1 In(1 Tmax{, },
’ (u IIyo—yo|2>/ B2 ne

where Cj is defined in (44)). Now we verify the above listed facts one by one.

T]SCgmin{

Verification for (71): In(4eT/d) < In(Cg). We focus on the dominant terms for each parameter choice
when e is sufficiently small. For the remaining cases, the result can be easily obtained by following the same
procedure. Specifically, we consider the case where 3,7 and T are chosen as

5 - Cl)\EQ o CQO’¢>\5 T — max i CQAlG
~ 03Gmax{1,/1,In(Cp)}’ =16 max{1,/¢,In(1/8),In(Cs)}’ B B2 ne '
(Case 1) If T = 1/3%, then we have
In el _ In de
s 6B
4eoyG? max{1,, In?(Cs)} 4oy G (max{1,c} + In?(Cjp))
=In 5 <In 5
c2oN%et c2oN2et

deat G%(max{1,t} + 4C1/2)
¢
<In ( 25z < In(Cp),

where the second inequality uses Inx < 2z'/* for z > 0, and the last inequality is due to

deoiG?max{1,1}  Cj 16e0y,G? 12 _ Cs

2oN\2et -2 o c3oN2et TP T 2

since

Cs > max
p= c2oN2et c2oN2et

8eoyG? max{1,} (3260’;15(;2 > ?

(Case 2) If T = €281%  then we have

In deT I (4CgeA1LU¢G3 max{1l,/,In(1/8),In(Cps)} max{1, /, ln(CB)})
1) 01625>\264
74
(A0 ) 1)) ()
61625>\2€4 '

Also note that

| 1 4 (JiGmaX{l,\ﬂ, ln(Cg)}> < <JiG(maX{1,\ﬂ} —Hn(CB)))
R Cl>\€2 = Cl)\62
¢ G(max{1,/t} +ln(C’5))
- Cl)\€2
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Then we obtain

(max{1, v/} +In(1/8) +In(Cp)) (max{1, v} + In(Cs))

< (max{l, Vil + U¢G<max{i;;/;} (%)) 1n(cﬂ)> (max{1, 2} + In(Cs))

2

76G ) (max{1,.} + 2max{1, vz} In(Cs) + In*(Cp))

+ C1 )\62

2

G 75
1+ % >(max{l,b}—|—2max{1,\ﬂ}0;/2+40;/2) (75)

C1 )\62

O'¢G 1/2
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2

G
04 > max{l,\ﬂ, L} (14‘60;/2)

c1 €2

—_
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where the second inequality uses Inz < /2 and Inz < 2z'/* for z > 0. Thus, plugging back into

and we have

1 4eT (4026A1L0’¢G3(ma}({1, Vit +1In(1/8))(max{1,/} + ln(CB)))

il |
" ) " c1Ca0 N2t
402€A1L0'¢G3 (TéG 1/2
<1 —— (1 1 1
= < c1co0\2et + Cc1 €2 max{l, v/, 1} < + GCﬁ )

< ln(Cg),

where the last inequality is due to

4CheA; LogG? 03G Cs
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Verification for (71): |ly1 — yi||* < 17802, In(Cs)/u?. By choice of Ty and v, we have

8CreA1 Loy GP ( 3G ) max{1, /7, .}

2
py\ o . 8y0g,1 , de
Iy — yil? < (1 - *) lyo — o lI* + Mg In

2 1)
2 16 2
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I % 4
17802
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where the last inequality uses 7' > 1/3? > 1 and In(4€7'/8) < In(Cp).
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Verification for (72): ¢ < min{r,1/4L;}. By Lemma and choices of 7,y and 8, we have

8?2, L? . 87 4eT 320712, L%
1+ "5 Ntz lyr — w1l + In 5 + TNy Og.1
2l2

10247741;{1L20370 5 imm L
/\2u 72 A Syt B
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2212, L? 17802 16 160212, L*
< <1+ 2 2152 > i;”l In(Cp) + ( Mﬂln(CB) 4l ) 2
+
—+

)\2,u4ﬁ 9,1
2l2 02 647741371[/2 1
2 2[32 + )\4M4B4 2 +lnB

., 2808 1) 1Teihog, (1661)\62 1601«:%)\13,162)

2
2(;2 i U¢G 9g.1
2c202 02 192cio414
2¢ 2d’gl<min 7‘,L ,
2L2G2 WAL2GH 4L,

where in the last inequality we choose small enough ¢; and ¢

202G T G

Verification of (72): Cy o+ Cy10+ A < 2G. By definitions of Cy 0, Cy 1 in and choice of G, we have

Cuo+Cuio+A=Cyo+ G+ (Cp1+ L1G)o+ A
G G G

<—+4+G —=G.
4+ +2+4

Verification for (73). By choices of 7, and 3, we have

2 8?12 2048n*1d | L?
e (4 L,
Y A2 pdq2 84

AtuBy B
o 66L°G 20?12 | N 128n*13 , L? srml)) < 66L2G (250312,  384cyoily <y
=y N2p2 32 Npdpe 3 =Ty [2L2G2 [AL2GH =%
where in the last inequality we choose small enough ¢ O
Lemma D.14. Denote I and I as
16G Ui 2
I = Y AA; + 6407 3 + 0BT | + 160n03+/(1/B2 + T) In(4/9)
33L2GT 8nl2 , L? o 87 4eT 320712, L%
+A<<”W‘v2 L U R Sl A (76)
67GTI2 1% 2Q
+ 9,1°f,0 1— L ,
)\/.tz lg71
8CLG3

IQ =

nL
For any given € > 0, under the parameter choice in Theorem we have IT < Iy and I /T < ¢

Proof of Lemma[D.13 We first verify I; < I and then verify I, /T <€
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Proof of I; < I,. We start to show I;/I> < 1. We have

I 2L
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where the first inequality is due to ; the second inequality uses large enough Cy and (Li et al., |2023a;,
Lemma C.5), the fact that In(4eT'/d) < In(Cp) and In(4eT'/§) < In(Cp), and the choice of v, Q, T that

A 2
T < 1y GG vzf, Q>4 1nﬁ/1n<1—“);

32 2 Iy
the third inequality uses (Li et al., 2023a, Lemma C.5), the choice of 1, 8 that

n_ Ca0p A ﬁ < C1A .
B = LGmax{l,/,In(Cp)}’ €* = oG max{l,/,In(Cp)}’

3

and in the last inequality we choose small enough ¢; and cs.
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Proof of I;/T < €2. Last, we show I; /T < €2. We have
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where the first inequality uses va +b < y/a + Vb for a,b > 0, the fact that In(4eT/§) < In(Cs) and
1 — yill* <1707 1 In(Cp)/p?, and the choice of T, Q,~ that

2.2
7> 2816 Q211n<c3)‘”6>/1n<1_l”>, 72%;
g,1

ne2 2 G213,

the second inequality uses the choice of T, 7, 8 that

1 CQO’¢)\,B C1 )\62
T>— < < .
- B =16 ps 03Gmax{1,/t,In(Cs)}’
and in the last inequality we choose small enough ¢y, ¢o, c3 and large enough Cs. O

E More Experimental Details

E.1 Hyperparameter Settings for Hyper-representation

Hyper-representation on BERT. The upper-level learning rate n and the lower-level learning rate y
are tuned in a range of [1.0 x 107%,0.1] for all the baselines. The optimal learning rate pairs (n,~) are,
(0.01,0.001) for MAML, (0.01,0.02) for ANIL, (0.01,0.002) for StocBio, (0.01,0.001) for TTSA, (0.01,0.01)
for SABA, (0.01,0.01) for MA-SOBA, and (0.1,0.05) for both BO-REP and SLIP, (1.0 x 1074,5.0 x 1073)
for AdamBO.

Hyper-representation on RNN. The upper-level learning rate n and the lower-level learning rate v are
tuned in a range of [1.0 x 107%,0.1] for all the baselines. The optimal learning rate pairs are listed as follows,
(0.01,0.01) for MAML, (0.01,0.05) for ANIL, (0.01,0.01) for StocBio, (0.02,0.05) for TTSA, (0.01,0.05) for
SABA, (0.05,0.05) for MA-SOBA, and (0.1, 0.05) for both BO-REP and SLIP, (1.0 x 10~4,1.0 x 1073) for
AdamBO.

Other hyper-parameter settings are summarized as follows. The steps for neumann series estimation in
StocBiO, AdamBO is set to 3, while it is uniformly sampled from {1,2,3} in TTSA. The momentum
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parameter § = 0.1 is fixed in SLIP, MA-SOBA, BO-REP, AdamBO, and s = 0.001 in AdamBO. The
warm start steps for the lower level variable in BO-REP, SLIP, AdamBO are set to 3. The number of inner
loops for StocBio is set to 3. BO-REP uses the periodic update for the low-level variable, and sets the
iterations N = 3 and the update interval I = 2. The hyperparameter X\ in the Adam update is fixed as
1.0 x 1078 in AdamBO.

E.2 Hyperparameter Settings for Deep AUC Maximization

We tune the best hyperparameters for each algorithm, including upper-/lower-level step size, the number of
inner loops, momentum parameters, etc. The upper-level learning rate n and the lower-level learning rate ~
are tuned in a wide range of [1.0 x 1076,0.1] for all the baselines on experiments of AUC maximization.

AUC maximization on Transformer. The best learning rates (n,7) are summarized as follows:
Stocbio: (0.005,0.0001), TTSA: (0.0005,0.001), SABA: (0.001,0.005), MA-SOBA: (0.0005,0.005), SUS-
TAIN: (0.005,0.001), VRBO: (0.005,0.0005), BO-REP: (0.0001,0.0001), SLIP: (0.0001,0.001), AccBO:
(0.0005,0.0001), AdamBO: (5.0 x 107%,0.005). Note that SUSTAIN decays its upper-/lower-level step size
with epoch (t) by n =1/t +2)"/3, 0w = v/(t +2)'/3. Other algorithms use a constant learning rate.

AUC maximization on RNN. The best learning rates (7,7) are summarized as follows: StocBio:
(0.01,0.001), TTSA: (0.005,0.01), SABA: (0.01,0.005), MA-SOBA: (0.01,0.005), SUSTAIN: (0.03,0.01),
VRBO: (0.05,0.01), BO-REP: (0.001,0.001), SLIP: (0.001, 0.001), AccBO: (0.005,0.005), AdamBO: (1.0 x
1075,0.001).

Other hyper-parameter settings are summarized as follows. The steps for neumann series estimation in
StocBiO, VRBO, and AdamBO is set to 3, while it is uniformly sampled from {1, 2,3} in TTSA, SUSTAIN,
and AccBO. AccBO uses the Nesterov accelerated gradient descent for the lower-level update, the momentum
parameter o = 0.5 for AccBO, the averaging parameter v = 0.5 for AccBO. The batch size is set to 32 for all
algorithms except VRBO, which uses a larger batch size of 64 (tuned in the range of {32, 64, 128,256,512})
at the checkpoint (snapshot) step and 32 otherwise. The momentum parameter 8 = 0.1 is fixed in SLIP,
AccBO, MA-SOBA, BO-REP, and AdamBO, and fsq = 0.001 in AdamBO. The warm start steps for the
lower level variable in BO-REP, SLIP, AccBO, and AdamBO are set to 3. The number of inner loops for
StocBio is set to 3. BO-REP uses the periodic updates for low-level variable, and sets the iterations N = 3
and the update interval I = 2. The hyperparameter A\ in the Adam update is fixed as 1.0 x 1078 for
AdamBO.

F Comparison Tables

Assumption F.1. Consider the following smoothness assumptions:

(A) The objective function is L-smooth.
(B) The objective function is (Lo, L1)-smooth (Zhang et al., 2020al Definition 1.1, Remark 2.3).

(C) The objective function is (p, Lo, L,)-smooth with 0 < p < 2 (Li et al [2023a} Definition 3.2).

The above assumptions satisfy: |[Assumption F.1(A)| = [Assumption F.1(B)| = |Assumption F.1(C)| In
other words, [Assumption F.1(A)|is the strongest, and [Assumption F.1(C)|is the weakest.

Assumption F.2. The (stochastic) gradient norm of the objective function is (almost surely) bounded.

Assumption F.3. Suppose the following stochastic estimators are unbiased and satisfy:
B¢, [IVaF (2,5:€) = Vaf (@, y)I°] < 071, Eenn, [IVyF(2,4:6) = Vy f(z,9)]*] < 074,
Pr{||V,G(z,y;€) — Vyg(z,y)|| > A} < 2exp(=2A*/o7 ) YA >0,

Ecop, [IV2,G(@,y:¢) = Vi,9(@,y)?] <05 g B, IV, G(x,y:¢) — Vo, 9(z,y) 7] < o).
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Remark. Existing convergence analyses of (single-level) Adam that do not need such choice of § require
other strong assumptions for the objective function, which is incompatible to our setting. They either rely on
the bounded gradient assumption (De et al., |2018; |[Défossez et al., [2020), or they only prove convergence to
some neighborhood of stationary points with a constant radius unless assuming the strong growth condition
under the finite sum setting (Zhang et al., [2022; [Wang et al., |2022). Please see Table |1 in Appendix [F| for
more details.

Table 1: Comparison of Adam-related papers under different settings and assumptions. ¥ represents drop-
ping the bias correction term for the first-order momentum while keeping it for the second-order momentum.
d denotes the dimension. Only the key assumptions are listed here.

Adam Paper Problem Stochastic Setting Assumptions Choice of 8 Bias Correction Complexity

De et al.|(2018) Single-Level Deterministic [F.l(A)]+ 1-0(e) X O(e79)

Défossez et al.|(2020) Single-Level  Stochastic (Expectation) er [Bsq: 1] /s O(de™*)

Guo et al.|(2021b) Single-Level ~ Stochastic (Expectation) [F.1(A)]+ EE] O(€?) X O(e %)
Zhang et al.|(2022) Single-Level  Stochastic (Finite Sum) [F.1(A) (1 —y/1—=Psq,1] ¢ (Randomly Reshuffled) Not Converge Pl

Wang et al.|(2022) Single-Level  Stochastic (Finite Sum) m (1—+/1—PBsq:1] X (Randomly Reshuffied) ~ Not Converge
Li et al.|(2023a) Single-Level ~ Stochastic (Expectation) [F.1(C)] O(e?) v O(e™)
(This W(;?E?I%l}]?e(zrem Bilevel Stochastic (Expectation) r@h O(e?) v O(e)

Table 2: Comparison of bilevel optimization algorithms under the unbounded smoothness setting.

Method Problem Stochastic Setting Loop Style Assumptions Adam-Type Learning Rate n  Complexity
BO-REP (Hao et al.|[2024)  Bilevel  Stochastic (Expectation) Double Assumptions Eand E X O(e%) 5(5’4)
SLIP (Gong et al.||2024a) Bilevel  Stochastic (Expectation) Single Assumptions g and E X (:)(63) 6(6’4)

AdamBO ) . N . LR 5 B
(This) worlk, Theorem Bilevel  Stochastic (Expectation) Single Assumptions |3.2|to 3.4 v O(e?) O(e ™)

2(Guo et all [2021b] Assumption 2) can be implied by Assumption [F.2] although it is weaker.
3 Adam can converge with an additional strong growth condition (Zhang et al [2022} [Wang et all [2022).
4Under Assumption the objective function ® is (Lo, L1)-smooth, see Lemma for details.
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