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ABSTRACT

Bilevel optimization is an important formulation for many machine learning prob-
lems, such as meta-learning and hyperparameter optimization. Current bilevel
optimization algorithms assume that the gradient of the upper-level function is
Lipschitz (i.e., the upper-level function has a bounded smoothness parameter).
However, recent studies reveal that certain neural networks such as recurrent neu-
ral networks (RNNs) and long-short-term memory networks (LSTMs) exhibit po-
tential unbounded smoothness, rendering conventional bilevel optimization algo-
rithms unsuitable for these neural networks. In this paper, we design a new bilevel
optimization algorithm, namely BO-REP, to address this challenge. This algo-
rithm updates the upper-level variable using normalized momentum and incor-
porates two novel techniques for updating the lower-level variable: initialization
refinement and periodic updates. Specifically, once the upper-level variable is ini-
tialized, a subroutine is invoked to obtain a refined estimate of the corresponding
optimal lower-level variable, and the lower-level variable is updated only after
every specific period instead of each iteration. When the upper-level problem
is nonconvex and unbounded smooth, and the lower-level problem is strongly

convex, we prove that our algorithm requires O(1/¢?) Eliterations to find an e-
stationary point in the stochastic setting, where each iteration involves calling a
stochastic gradient or Hessian-vector product oracle. Notably, this result matches
the state-of-the-art complexity results under the bounded smoothness setting and
without mean-squared smoothness of the stochastic gradient, up to logarithmic
factors. Our proof relies on novel technical lemmas for the periodically updated
lower-level variable, which are of independent interest. Our experiments on hyper-
representation learning, hyperparameter optimization, and data hyper-cleaning for
text classification tasks demonstrate the effectiveness of our proposed algorithm.
The code is available at https://github.com/MingruilLiu—-ML—-Lab/
Bilevel-Optimization-under-Unbounded-Smoothness.

1 INTRODUCTION

Bilevel optimization refers to an optimization problem where one problem is nested within an-
other (Bracken & McGill, [1973; |Dempe} 2002)). It receives tremendous attention in various machine
learning applications such as meta-learning (Franceschi et al.,|2018; Rajeswaran et al.,|2019)), hyper-
parameter optimization (Franceschi et al., [2018}; |[Feurer & Hutter, 2019), continual learning (Borsos
et al} |2020), reinforcement learning (Konda & Tsitsiklis|, [1999; Hong et al.l [2023), and neural net-
work architecture search (Liu et al.,|2018)). The bilevel problem is formulated as the following:

min ®(x) := f(x,y*(x)), st, y*(x)€ argming(x,y), )
xrcRdx yER%

where f and g are referred to as upper and lower-level functions, respectively, and are continuously
differentiable. The upper-level variable x directly affects the value of the upper-level function f and
indirectly affects the lower-level function g via y* (). In this paper, we assume the lower-level func-
tion g(x, y) is strongly-convex in y such that y*(z) is uniquely defined for any = € R% and f(z,y)
is potentially nonconvex. One important application under this setting is hyper-representation learn-
ing with deep neural networks (Franceschi et al.,|2018), where x denotes the shared representation

*Corresponding Author: Mingrui Liu (mingruil@gmu.edu).
"Here O(-) compresses logarithmic factors of 1/¢ and 1/6, where § € (0, 1) denotes the failure probability.
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Table 1: Comparison of oracle complexity of stochastic bilevel algorithms for finding an e-stationary
point as defined in Definition [I] The oracle stands for stochastic gradient and stochastic Hessian

vector product. CZ’k denotes a-times differentiability with Lipschitz k-th order derivatives. The

“SC” means “strongly-convex”. We did not include results with 9] (e73) complexity and with extra
mean-squared smooth stochastic gradient assumption (Yang et al., 2021} |Khanduri et al.| [2021).

Method Oracle Complexity Upper-level f Lower-level ¢ Batch Size

BSA (Ghadimi & Wang|[2018) O(e=®) cit SC and C3? o)

StocBio (Ji et al.|[2021) O(e) cpt SCandC7?  O(e7?)

AmIGO (Arbel & Mairal|[2021) O(e™) et SCandC2*  O(c7?)
TTSA (Hong et al.|2023) O(e™®) et SCand C2* o)
ALSET (Chen et al.|[2021) O(e™) et SC and €3 o)
F2SA (Kwon et al.|2023a) o) crt SCand C2* o(1)
SOBA (Dagréou et al.|2022) O(e4) c? SCand C3* o(1)
MA-SOBA (Chen et al.|2023b) O(e) et SCand C2* o)
BO-REP (this work) O(e?) (La.0, L1, Ly 0, Ly.1)-smooth  SC and €22 o)

layers that are utilized across different tasks, and y denotes the classifier encoded in the last layer. In
this paper, we consider the stochastic setting. We only have access to the noisy estimates of f and g:
f(x,y) = E¢cup, [F(x,y; )] and g(x, y) = Ecup, [G(x, y; £)], where Dy and D, are underlying
data distributions for f and g respectively.

The convergence analysis of existing bilevel algorithms needs to assume the gradient is Lipschitz
(i.e., the function has bounded smoothness parameter) of the upper-level function f (Ghadimi &
Wang, 2018; |Grazzi et al., 2020; Ji et al 2021} [Hong et al., [2023; [Kwon et al., |2023a). How-
ever, such an assumption excludes an important class of neural networks such as recurrent neu-
ral networks (RNNs) (Elman, [1990), long-short-term memory networks (LSTMs) (Hochreiter &
Schmidhuber, |1997) and Transformers (Vaswani et al., [2017) which are shown to have unbounded
smoothness (Pascanu et al., 2012} 2013} [Zhang et al., 2020b} (Crawshaw et al., 2022). For exam-
ple, |Zhang et al.| (2020b) proposed a relaxed smoothness assumption that bounds the Hessian by a
linear function of the gradient norm. There is a line of work designing algorithms for single-level re-
laxed smooth functions and showing convergence rates to first-order stationary points (Zhang et al.,
2020bza; Jin et al.L[202 1} |Crawshaw et al.,|2022;|Li et al., |2023b; [Faw et al., | 2023;Wang et al.,[2023)).
However, they are only restricted to single-level problems. It remains unclear how to solve bilevel
optimization problems when the upper-level function exhibits potential unbounded smoothness (i.e.,
(pr, Lw,la Ly,o, Lyyl)—smoothness EI)

Designing efficient bilevel optimization algorithms in the presence of unbounded smooth upper-level
problems poses two primary challenges. First, given the upper-level variable, the gradient estimate
of the bilevel problem (i.e., the hypergradient estimate) is highly sensitive to the quality of the
estimated lower-level optimal solution: an inaccurate lower-level variable will significantly amplify
the estimation error of the hypergradient. Second, the bias in the hypergradient estimator depends
on both the approximation error of the lower-level solution and the hypergradient itself, which are
statistically dependent and difficult to handle. These challenges do not appear in the literature on
bilevel optimization with bounded smooth upper-level problems.

In this work, we introduce a new algorithm, namely Bilevel Optimization with lower-level initial-
ization REfinement and Periodic updates (BO-REP), to address these challenges. Compared with
the existing bilevel optimization algorithm for nonconvex smooth upper-level problems (Ghadimi &
Wang, 2018} (Grazzi et al.| |2020; J1 et al., 2021; Hong et al., 2023; |[Kwon et al.| |2023a)), our algo-
rithm has the following distinct features. Specifically, (1) inspired by the single-level optimization
algorithms for unbounded smooth functions (Jin et al., | 2021; |(Crawshaw et al., 2022), our algorithm
updates the upper-level variable using normalized momentum to control the effects of stochastic
gradient noise and possibly unbounded gradients. (2) The update rule of the lower-level variable
relies on two new techniques: initialization refinement and periodic updates. In particular, when the
upper-level variable is initialized, our algorithm invokes a subroutine to run a first-order algorithm
for the lower-level variable given the fixed initialized upper-level variable. In addition, the lower-

’The formal definition of (L0, Lz,1, Ly,0, Ly,1) is illustrated in Assumption
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level variable is updated only after every specific period instead of every iteration. This particular
treatment for the lower-level variable is due to the difficulty brought by the unbounded smoothness
of the upper-level function. Our major contributions are summarized as follows.

* We design a new algorithm named BO-REP, the first algorithm for solving bilevel opti-
mization problems with unbounded smooth upper-level functions. The algorithm design
introduces two novel techniques for updating the lower-level variable: initialization refine-
ment and periodic updates. To the best of our knowledge, these techniques are new and not
leveraged by the existing literature on bilevel optimization.

* When the upper-level problem is nonconvex and unbounded smooth and the lower-level
problem is strongly convex, we prove that BO-REP finds e-stationary points in O(1/e?)
iterations, where each iteration invokes a stochastic gradient or Hessian vector product
oracle. Notably, this result matches the state-of-the-art complexity results under bounded
smoothness setting up to logarithmic factors. The detailed comparison of our algorithm
and existing bilevel optimization algorithms (e.g., setting, complexity results) are listed in
Table[I] Due to the large body of work on bilevel optimization and limit space, we refer the
interested reader to Appendix |[Al which gives a comprehensive survey of related previous
methods that are not covered in this Table.

* We conduct experiments on hyper-representation learning, hyperparameter optimization,
and data hyper-cleaning for text classification tasks. We show that the BO-REP algorithm
consistently outperforms other bilevel optimization algorithms.

2 PRELIMINARIES AND PROBLEM SETUP

In this paper, we use (-, -) and || - || to denote the inner product and Euclidean norm. We denote f:

R?% x R% — R as the upper-level function, and g: R% x R% — R as the lower-level function.
Denote V& () as the hypergradient, and it is shown in|Ghadimi & Wang|(2018)) that

V(z) = Vo f(2,y" () - VaVyg(z,y (@) [Vig(z,y"(2)] " Vyf(z,y (@)
—vm ( y (@) - vmvm Y (@)z" (),

where z*( ) [V2g(w y*(z ))] Vyf(z,y*(x)) is the solution to the linear system z*(x) =

argmin,, 5 (V2g(x,y*(x))z,z) — (Vy f(x,y*(x)), z). We aim to solve the bilevel optimization
problem be by stochastlc methods, where the algorithm can access stochastic gradients and Hessian
vector products. We will use the following assumptions.

(@)

Assumption 1 (L0, Le,1, Ly,0, Ly’l)-smoothness). Define u = (x,y) and v’ = (', y"), there

exists Lg 0, Ly 1, Ly 0, Ly 1 such that |V f(u) — Ve f(u)|| < (Leo+ Laa||Vaf(w)])||lu— /||
and ||V y f(u) =Vy f(w)[| < (Lyo+Lyal[Vy f( )||)||U u|ifllu—u'| < 1/y/2(L2 1 + L ).

Remark: Assumption [T]is a generalization of the relaxed smoothness assumption (Zhang et al
2020bza) for a single-level problem (described in Section and Section in Appendix). A
generalized version of the relaxed smoothness assumption is the coordinate-wise relaxed smooth-
ness assumption (Crawshaw et al.,2022), which is more fine-grained and applies to each coordinate
separately. However, these assumptions are designed exclusively for single-level problems. Our
(La,0s La,1, Ly 0, Ly 1)-smoothness assumption for the upper-level function f can be regarded as
the relaxed smoothness assumption in the bilevel optimization setting, where we need to have differ-
ent constants to characterize the upper-level variable x and the lower-level variable y respectively. It
can recover the standard relaxed smoothness assumption (e.g., Remark 2.3 in|Zhang et al.[(2020a)))
when Ly o = Ly o = Lo/2and Ly 1 = Ly 1 = L1 /2. The details of this derivation are included in
Lemma [6]in Appendix [B] Assumption|[I]is empirically verified in Appendix [G|

Assumption 2. The function f(x,vy) and g(x,y) satisfy the following: (i) There exists M > 0
Vyf(x,y*(x))|| < M; (ii) The derivative |V zV yg(u)|| is bounded, i.e., for
any u = (z,y), yg(u)] < CgM, (iii) The lowerfunction g(x,y) is p-strongly convex with
respect to y; (iv) g(u ) is L-smooth, i.e., for any u = (z,y),u = (x',y), |[Vg(u) — Vgu')| <
«Vyg(u) and V7, g(u) are 7- and p-Lipschitz, i.e., for any u, w/,
VaVyg(u) — VaVyg(u') yg(u) = V)l < pllu —w’|.

Remark: Assumption [2]is standard in the bilevel optimization literature (Ghadimi & Wang, 2018}
Grazzi et al.} 2020; J1 et al., [2021} |Hong et al., 2023; Kwon et al.,|2023a)) and we have followed the
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same assumption here. Under the Assumption and we can show that the function ® () satisfies
standard relaxed smoothness condition: |[V®(x) — V&(x')|| < (Ko + K1||VO(2)|]) || — «/||
with some K and K if « and «’ are not far away from each other (i.e., Lemma@]in Appendix [C)).

Assumption 3. We access gradients and Hessian vector products of the objective functions by un-
biased stochastic estimators. The stochastic estimators have the following properties:

Ecop, [VaF (2,y;0)] = Vaf(@,y), Ecp, [IVaF (@, 4:0) — Va (2, y)|*] < of4,
ECNDf [VyF((l!,y; C)] = Vyf(il), y)7 ECNDf “|va(m7 Y C) - Vyf(a:, y)HQ} < UJQ’,27
Ecop, [VyG(@,y;:6)] = Vyg(@,y), Ecwp, [exp (I[Vy G2, y;€) — Vyg(@,9)|” /og1)] < exp(1),
Eevp, [V3G(,4:8)] = Vog(@,y), Eewn, [|ViG(@,y:6) — Vig@y)|’] <ol
Eevp, [VaVyG(@,y:6)] = VaVyg(@,y), Eeun, [|[V2aVyG(@,y;€) = VaVyg(a, y)|*] < op,.
Remark: Assumption[3|requires the stochastic estimators to be unbiased and have bounded variance
and are standard in the literature (Ghadimi & Lan, [2013b}|Ghadimi & Wang| 2018)). In addition, we
need the stochastic gradient noise of function g to be light-tail. It is a technical assumption for high

probability analysis for y, which is typical for algorithm analysis in the single-level convex and
nonconvex optimization problems (Lan, 2012} |Hazan & Kalel 2014} Ghadimi & Lanl [2013b).

Definition 1. & € R% is an e-stationary point of the bilevel problem (1)) if | V® ()| < e.

Remark: In nonconvex optimization literature (Ghadimi & Lan, 2013bj; |(Ghadimi & Wang, 2018;
Zhang et al., 2020b), the typical goal is to find an e-stationary point since it is NP-hard in general
for finding a global minimum in nonconvex optimization (Hillar & Lim), 2013)).

3 ALGORITHM AND THEORETICAL ANALYSIS

3.1 MAIN CHALLENGES AND ALGORITHM DESIGN

Main Challenges. We first illustrate why previous bilevel optimization algorithms and analyses
cannot solve our problem. The main idea of the convergence analyses of the existing bilevel opti-
mization algorithms (Ghadimi & Wang| 2018}; (Grazzi et al.,|2020; Ji et al., [2021}; [Hong et al.| 2023
Dagréou et al.,|2022; |Kwon et al.,2023a; (Chen et al.,|2023b)) is approximating hypergradient (2) and
employ the approximate hypergradient descent to update the upper-level variable. The hypergradient
approximation is required because the optimal lower-level solution y* () cannot be easily obtained.
The typical approximation scheme requires to approximate y*(«) and also the matrix-inverse vec-
tor product z* () by solving a linear system approximately. When the upper-level function has a
bounded smoothness parameter, these approximation errors cannot blow up, and they can be easily
controlled. However, when the upper-level function is (L0, La,1, Ly,0, Ly, 1)-smooth as illustrated
in Assumption|[I] an inaccurate lower-level variable will significantly amplify the estimation error of
upper-level gradient: the estimation error explicitly depends on the magnitude of the gradient of the
upper-level problem and it can be arbitrarily large (e.g., gradient explosion problem in RNN (Pas-
canu et al., |2013)). In addition, in a stochastic optimization setting, the bias in the hypergradient
estimator depends on both the approximation error of the lower-level variable and the hypergradient
in terms of the upper-level variable, which are statistically dependent and difficult to analyze. There-
fore, existing bilevel optimization algorithms cannot be utilized to address our problems where the
upper-level problem exhibits unbounded smoothness.

Algorithm Design. To address these challenges, our key idea is to update the upper-level variable
by the momentum normalization technique and a careful update procedure for the lower-level vari-
able. The normalized momentum update for the upper-level variable has two critical goals. First, it
reduces the effects of stochastic gradient noise and also reduces the effects of unbounded smooth-
ness and gradient norms, which can regarded as a generalization of techniques of (Cutkosky &
Mehta, 2020; Jin et al., 2021; (Crawshaw et al., 2022) under the bilevel optimization setting. The
main difference in our case is that we need to explicitly deal with the bias in the hypergradient es-
timator. Second, the normalized momentum update can ensure that the upper-level iterates move
slowly, indicating that the corresponding optimal lower-level solutions move slowly as well due to
the Lipschitzness of the mapping y*(x). This important fact enables us to design initialization re-
finement to obtain an accurate estimate of the optimal lower-level variable for the initialization, and
the slowly changing optimal lower-level solutions allow us to perform periodic updates for updating
the lower-level variable. As a result, we can obtain accurate estimates for y*(x) at every iteration.
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Algorithm 1: BO-REP

Il’lpllt: w07y(/)7z07m0 = 07 6777’V775 (&%)}

Yo = Epoch-SGD(xg, y(, &) # initialization refinement
fork=0,1,..., K —1do
Yr+1 = UpdateLower(xg, Yk, 7; §k)|ﬂ # periodic updates

zip1 = zx — V(VEG(@k, Yn; k) 2k — Vy F(r, yr; G)
Myq1 = Pmy + (1 = B) [V F(Tr, Yi: k) — VaVyG(Tr, Yi; Ek) 2k)

_ k+1
LTrt1 = Tk — My

end

“We only sample & = Ut -0 {&} when k = 51, where 1 < 5 < l J and I denotes the update frequency

for yx in Algorithm we do not update y;, and hence do not sample & when k £ 51 (ie., & = 0 for k # 51
and 7 > 1).

Algorithm 2: UpdateLower Algorithm 3: Epoch-SGD
Input: x, Yy, 7, & Input: zo,y5", ag
if k& > 0 and k is a multiple of I then 1 Imitialize: By, Ty, kT;s =0
YL = Yk 2 fors=0,1,...,kF —1do
fort;? N —1do 3 fort=0,....,7, — 1 do
Y v A1 _
I1 ( L — VG, Y} ct ) ’ s 55
_HBI( y? R)f Y — 7 t+(1 Y1 &) 5, (yo‘t — asVyG(xo, Yy € t))
Yyp = t+1yk + t+1yk 5 end
L Ye+1 = gy 6 yts)+1 o Zt 1 Y0
else 7 Update Bs, Ts, o via , ,
L Yr+1 = Yk s end
return yy4 1 9 return yg 0

The detailed framework is described in Algorithm [I] Specifically, we first run a variant of epoch
SGD for the smooth and strongly convex lower-level problem (Ghadimi & Lanl 2013a; [Hazan &
Kale,[2014) (line 1) to get an initialization refinement. Once the upper-level variable x is initialized,
we need to get an y, close enough to y*(x(). Then, the algorithm updates the upper-level variable
x, lower-level variable y, and the approximate linear system solution z within a loop (line 2~7).
In particular, we keep a momentum buffer to store the moving average of the history hypergradient
estimators (line 5), and use normalized momentum updates for x (line 6), stochastic gradient descent
update for z (line 4) and periodic stochastic gradient descent with projection updates for y (line 3).
Note that B(g, R) := {y € R% : |[y — g|| < R} denotes a ball centered at g with radius R, IT is
denoted as the projection operator.

3.2 MAIN RESULTS

We will first define a few concepts. Let Fj, denote the filtration of the random variables for updating
zk, my, and x, before iteration k, i.e., F == 0 {&o,...,&k—1,C0,- - - ,Ck 1} for any & > 1, where

o{-} denotes the o-algebra generated by the random variables. Let ]-"0 denote the filtration of the
random variables for updating lower-level variable y starting at the s-th epoch before iteration ¢ in
Algorithm ie., ]?g’t = a{g’o, . ,égvt—l} for1 <t <T,and 0 < s < kT — 1, which contains
all randomness in Algorithm (3] Let F % denote the filtration of the random variables for updating
lower-level variable y; (k > 1) before iteration ¢ in Algorithm ie, Fi = o{&),... &1} for
1 <t< Nand k = jI, where 1 < j < L%J and [ denotes the update frequency for y; in
Algorithm [2| Let F denote the filtration of all random variables for updating lower-level variable
yi (k > 0), i.e., Fx =0 { (Uiﬁlfg’n) U (Uk 11]7N) } For the overview of notations used in

the paper, please check our Table[2]in Appendix.
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Theorem 1. Suppose Assumptions and [3] hold. Run Algorithm [I] for K iterations and let

mln(l7 3202 )
zy

and given § € (0,1), if we choose as as (30), v as {#4), N as @) and I =

{zr}r>0 be the sequence produced by Algorithm (Il For ¢ < min %,

2 2 C
Ug,lKO _ _ : €2 . t2 Jzy /L 1 _ 1 _
2> 1 =/ = min o7 42,2 min {1, 3202 1802, 602,04 )0 VT W= B).
> u
_ 3 1 1 A eA _ 1 3
7 = min | g min (K1 s TV @o)? C;"MAz,O) (1-p), o2 » 8KoICy,,
<1+ g*y>(Li,1+Li,l)

where A = ®(xg) — infgeras O(x) and Ay = ||zo — 2 (mo) then with probability at least
1-46 over the randomness in Fg, Algortthmguarantees % Z E||V<D(mk)|| < 30¢ as long
as K = 22 where the expectation is taken over the randomness in .7-' - In addition, the number of

oracle calls for updating lower-level variable y (in Algorlthmland Algorlthmlls at most O (E)

Remark: Theorem indicates that Algorithm requires a total O(e*) oracle complexity for find-
ing an e-stationary point in expectation, which matches the state-of-the-art complexity results in non-
convex bilevel optimization with bounded smooth upper-level problem (Dagréou et al.| 2022; |Chen
et al., [2023b)) and without mean-squared smoothness assumption on the stochastic oracle Please
note that our complexity is optimal up to logarithmic factors due to the (e~*) complexity lower
bounds in the nonconvex stochastic single-level optimization for finding e-stationary points (Arje-
vani et al.| 2023). More detailed statement of the optimality is described in Appendix [[]

3.3 SKETCH OF THE PROOF

found in Appendix [E| Define y; = y*(xx), 25 = 2*(x)) and VO(xy) = VoF (@, yr; (i) —
VaVyG(xr, Yi; Ek)zk. We use Ey, Ex, and E to denote the conditional expectation E [ | Fx], the
expectation on Fj, and the total expectation over all randomness in Fx, respectively. The main dif-
ficulty comes from the bias term ||Ej,[V® ()] — V® ()| of the hypergradient estimator, whose
upper bound depends on Ly 1|y — yj||[V® (k)| by Assumption |1} This quantity is difficult to
handle because (i) |V®(x)|| can be large; (ii) both ||y, — y;|| and ||V ®(xy)|| are measurable with
respect to Fj,_; and it is difficult to decouple them when taking total expectation.

In this section, we éresent the sketch of the proof of Theorem [T} The detailed proof can be

To address these issues, we introduce Lemmal[T} 2]and 3] to control the lower-level error, and hence
control the bias in the hypergradient estimator with high probability over the randomness in Fx as
illustrated in Lemma [4] Then we analyze the expected hypergradient error between the moving-
average estimator (i.e., momentum) and the hypergradient, as illustrated in Lemma [5] where the
expectation is taken over the randomness in Fx. Lastly we plug in these lemmas to the descent
lemma for (L0, L1, Ly,0, Ly,1)-smooth functions and obtain the main theorem.

Lemma 1 (Initialization Refinement). Given § € (0,1) and ¢ > 0, set the parameter ki =
[logQ(IQSKSVO/Nez)], where V) is defined in . If we run Algorithm for k't epochs with
output yo, with projection ball Bs, the number of iterations Ts and the fixed step-size o at
each epoch defined as @), (@) and (@) Then with probability at least 1 — §/2 over ran-
domness in o {Ui‘olfg’n} (this event is denoted as &), we have |lyo — y*(xo)|| < €/8Ky in

o (02 K3 /u€?) iterations.
Remark. More detailed statement of Lemma([I]can be found in Appendix Lemmal|I]provides a

complexity result for getting a good estimate of y* (o) with high probablity. The next lemma (i.e.,
Lemma [2)) is built upon this lemma.

*Note that there are a few works which achieve O(e™®) oracle complexity when the stochastic function
is mean-squared smooth (Yang et al, 2021} |Guo et al.|, 2021} [Khanduri et al.| [2021)), but our paper does not
assume such an assumption.
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Lemma 2 (Periodic Updates). Given 6 € (0,1) and € > 0, choose R = 7. Under &, for any

fixed sequences {Ty } 5| such that To = x and ||Ty11 — Tk || = 1, where n < W if we run
Algorlthmlwnh input {x,}5_| and generate outputs {yy. }_,, and step-size v = O(uez/KO lop: 1)
for N = (’)( g’lKg/,u €2) iterations in each update period (the exact formula of -y and N are
and ), then with probability at least 1 — 6 /2 over randomness in o {UkK:_ll]? ,iv } (this event is
denoted as E1), we have ||y* (Zr) — Yrl| < ¢/4Ko forany k > 1in (5(K0§71K02/I,u262) iterations.

Remark. More detailed statement of Lemma [2] can be found in Appendix Lemma [2] unveils
the following important fact: as long as the learning rate 7 is small, the upper-level solution moves
slowly, then the corresponding lower-level optimal solution also moves slowly. Therefore, as long
as we have a good lower-level variable estimate at the very beginning (e.g., under the event &), we
do not need to update it every iteration: periodic updates schedule is sufficient to obtain an accurate
lower-level solution with high probability at every iteration. In addition, this fact does not depend
on any randomness from the upper-level problem, it holds over any fixed sequence {Z; }1_, aslong
as || 1 — Zil| = 1.

Lemma 3 (Error Control for the Lower-level Problem). Under event £ = &y N £, we have
ly*(xx) — k|| < €/4Ko for any k > 0 and Pr(€) > 1 — § and the probability is taken over
randomness in Fr.

Remark. Lemma 3]is a direct corollary of Lemma[I] and 2] It provides a hlgh probability guarantee
for the output sequence {gy, }~_, in terms of any given input sequence {Z;}/ ; as long as || Zj4+1 —
Zr|| = n. Note that the event £ € Fi and is independent of the rest randomness in the Algorlthm
(i.e., Fx). This important aspect of this lemma enables us to plug in the actual sequence {x
in Algorithm [T] without affecting the high probability result. In particular, we will show that under
the event £ (which holds with high probability in terms of F K ), Algorithm [1| will converge to e-
stationary point in expectation, where the expectation is taken over randomness in Fx as illustrated
in Theorem[I]

Lemma 4 (Bias of the Hypergradient Estimator). Suppose Assumptions[l}[2land[3|hold. Then under
event £, we have

:1:1E

BV @) - Vo) | < o — =il

Cooa M M
|\vq>( )||+(Lz,o+Lm,1""—~* T—) ‘_ic

n ) 4K, 9oy

Remark. Lemma ] controls the bias in the hypergradient estimator under the event £. Note that the
good event £ make sure that the bias is almost negligible since it depends on small quantities € and
| zx — 2};|| (Lemmal[13]in Appendix [D.5|shows that E| z;, — zj || is small on average).

Lemma S (Expected Error of the Moving-Average Hypergradient Estlmator) Suppose Assump-
tions || I I 2| and 3| hold. Define &), = mkH — V®(xy,) to be the moving-average estimation error.

Then under event £, we have E [ Z (10 |} < Erry+ Errg, where Erry and Erry are defined as
k=0
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Remark. LemmaE] shows that, under the event &, the error can be decomposed as two parts. The
Erry and Erry represent the error from bias and variance respectively. As long as 1 — /3 is small
(as chosen in Theorem|[T)), then the accumulated expected error of the moving-average hypergradient
estimator grows only with a sublinear rate in K, where K is the number of iterations. This fact helps
us establish the convergence rate of Algorithm [T} Lemma [5|can be seen as a generalization of the
normalized momentum update lemma from single-level optimization (e.g., Theorem C.7 inJin et al.
(2021)) to bilevel optimization.
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4 EXPERIMENTS

4.1 HYPER-REPRESENTATION LEARNING FOR TEXT CLASSIFICATION

We conduct experiments on the hyper-representation learning task (i.e., meta-learning) for text clas-
sification. The goal is to learn a hyper-representation that can be used for various tasks by simply
adjusting task-specific parameters. There are two main components during the learning process: a
base learner and a meta learner. The meta learner learns from several tasks in sequence to improve
the base learner’s performance across tasks (Bertinetto et al., [2018]).

The meta-learning contains m tasks {7;,7 = 1,...,m} sampled from certain distribution Pr. The
loss function of each task is £(w, 8;, £), where w is the hyper-representation (meta learner) which
extracts the data features across all the tasks and £ is the data. 6; is the task-specific parameter
of a base learner for i-th task. The objective is to find the best w to represent the shared feature
representation, such that each base learner can quickly adapt its parameter 8, to unseen tasks.

This task can be formulated as a bilevel problem (Jiet al.,2021;Hong et al.,|2023)). In the lower level,
the goal of the base learner is to find the minimizer @; of its regularized loss on the support set S;
upon the hyper-representation w. In the upper level, the meta learner evaluates all the 8], ¢ = 1,..,m
on the corresponding query set Q;, and optimizes the hyperpresentation w. Let @ = (01, ..., 60,,) be
all the task-speciﬁc parameters, the objective function is the following:

mln— L(w, 0] (w);€) st. 0" (w) = argmln L(w,0;;¢) + MHGiHZ, ©)
|Qz

£€Q; (es

where S; and Q; come from the task 7;. In our experiment, 6; is the parameter of the last linear layer
of a neural network for classification, and w represents the parameter of a 2-layer recurrent neural
network except for the last layer. Therefore, the lower-level function is p-strongly convex for any
given w, and the upper-level function is nonconvex in w and has potential unbounded smoothness.

Hyper-representation experiment is conducted over Amazon Review Dataset, consisting of two
types of reviews across 25 different products. We compare our algorithm with classical meta-
learning algorithms and bilevel optimization algorithms, including MAML (Rajeswaran et al.,
2019), ANIL (Raghu et al.,2019), StocBio (Ji et al.,[2021), TTSA (Hong et al.,{2023), F*SA (Kwon
et al., 2023a), SOBA (Dagréou et al., 2022, and MA-SOBA (Chen et al., 2023b). We report both
training and test losses. The results are presented in Figure [[(a) and Figure 2(a) (in Appendix),
which show the learning process over 20 epochs on the training data and evaluating process on test-
ing data. Our method (i.e., the green curve) significantly outperforms baselines. More experimental
details are described in Appendix [FI]

4.2 HYPERPARAMETER OPTIMIZATION FOR TEXT CLASSIFICATION

We conduct hyperparameter optimization (Franceschi et al., 2018 |Ji et al.| [2021) experiments for
text classification to demonstrate the effectiveness of our algorithm. Hyperparameter optimization
aims to find a suitable regularization parameter A to minimize the loss evaluated over the best model
parameter w* from the lower-level function. The hyperparameter optimization problem can be
formulated as:

.1 KN, A\ )\ 2
i gy 3 A" R:8) st () = rgin DD ( + 2w ) R
val CEDy

where L£(w;¢) is the loss function, w is the model parameter, and A denotes the regularization
parameter. D,, and D, denote validation and training sets respectively. The text classification
experiment is performed over the Amazon Review dataset. In our experiment, we compare our al-
gorithm with stochastic bilevel algorithms, including StocBio (Ji et al., 2021), TTSA (Hong et al.,
2023), F2SA (Kwon et al.| 2023a), SOBA (Dagréou et al., 2022), MA-SOBA (Chen et al.,|2023b).
As shown in Figure [I(b) and Figure J(b) (in Appendix), BO-REP achieves the fastest convergence
rate and the best performance compared with other bilevel algorithms. More details about hyperpa-
rameter settings are described in Appendix [F2]

4.3 DATA HYPER-CLEANING FOR TEXT CLASSIFICATION

Consider a noisy training set Dy, = {(«x;, 9;)}7; with label g; being randomly corrupted with
probability p < 1 (i.e., corruption rate). The goal of the data hyper-cleaning (Franceschi et al.,
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Figure 1: Comparison of various bilevel optimization algorithms on three applications: (a) results
of Hyper-representation on Amazon Review Dataset. (b) results of hyperparameter optimization on
Amazon Review Dataset. (c) results of data hyper-cleaning on Sentiment140 Dataset with noise rate

p=0.3.

2018} |Shaban et al., |2019) task is to assign suitable weights \; to each training sample such that
the model trained on such weighted training set can achieve a good performance on the uncorrupted
validation set Dy, . The hyper-cleaning problem can be formulated as follows:

1 1
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where o(+) is the sigmoid function, and £(w;() is the lower level loss function induced by the
model parameter w and corrupted sample ¢, and ¢ > 0 is a regularization parameter.

The hyper-cleaning experiments are conducted over the Sentiment140 dataset (Go et al.,|2009) for
text classification, where data samples consist of two types of emotions for Twitter messages. For
each data sample in the training set, we replace its label with a random class number with probability
p, meanwhile keeping the validation set intact. We compare our proposed BO-REP algorithm with
other baselines StocBio (Ji et al.l 2021), TTSA (Hong et al.l 2023)), F2SA (Kwon et al., 2023al),
SOBA (Dagréou et al. [2022), and MA-SOBA (Chen et al.| 2023b). Figure [I{c) and Figure [2{c)
(in Appendix) show the training and evaluation results with corruption rate p = 0.3, and Figure 3]
(in the Appendix) show the results with p = 0.1. BO-REP demonstrates a faster convergence rate
and higher performance than other baselines on both noise settings, which is consistent with our
theoretical results. We provide more experimental details and discussion in Appendix [F3]

5 CONCLUSION

In this paper, we design a new algorithm named BO-REP, to solve bilevel optimization problems
where the upper-level problem has potential unbounded smoothness. The algorithm requires access
to stochastic gradient or stochastic Hessian-vector product oracles in each iteration, and we have
proved that BO-REP algorithm requires O(1/¢*) oracle complexity to find an e-stationary points. It
matches the state-of-the-art complexity results under the bounded smoothness setting and without
mean-squared smoothness of the stochastic gradient, up to logarithmic factors. We have conducted
experiments for various machine learning problems with bilevel formulations for text classification
tasks, and our proposed algorithm shows superior performance over strong baselines. In the fu-
ture, we plan to design more practical variants of this algorithm (e.g., single-loop and Hessian-free
algorithms).
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Symbol | Description

Lg,0, Lz, | Relaxed smoothness constants for f with respect to x

Ly o,Ly 1 | Relaxed smoothness constants for f with respect to y

Ko, K3 Relaxed smoothness constants for function ¢

M Bound for ||V, f(z, y*(x))]]
Cy., Bound for [|V5Vyg(u)||
L Lipschitz constant for Vg(u)
I Strong-convexity constant for g with respect to y
T Lipschitz constant for V5V, g(u)
o Lipschitz constant for V2 g(u)
n,v Step-sizes for updating «, z in BO-REP (i.e., Algorithm

Step-size for updating y in UpdateLower (i.e., AlgorithmIEI)

i
15} Momentum parameter for m in BO-REP (i.e., Algorithm

Vo Upper bound for g(x, yg,o) — g(xo,yg) in Epoch-SGD (i.e., Algorithm
Bs

T

Projection ball for s-th epoch in Epoch-SGD (i.e., AlgorithmEI)

Number of iterations for s-th epoch in Epoch—-SGD (i.e., Algorithm

Qg Step-size for s-th epoch in Epoch~-SGD (i.e., AlgorithmEI)

Kt Number of epochs for Epoch-SGD (i.e., Algorithm

K Number of iterations for updating « in BO-REP (i.e., Algorithm

N Number of iterations for updating y in UpdateLower (i.e., AlgorithmBI)
1 Update period for y in UpdateLower (i.e., Algorithm 2

R Radius of projection for UpdateLower (i.e., Algorithm 2[)

Table 2: Description of Notations

A RELATED WORK

Bilevel Optimization Bilevel optimization is used to model nested structure in the decision-making
process (Bracken & McGill, [1973). Due to its broad applications in machine learning, there is
a wave of studies on designing stochastic bilevel optimization algorithms for nonconvex smooth
upper-level functions and strongly convex lower level functions. Ghadimi & Wang| (2018)) initiated
the study of Bilevel Stochastic Approximation (BSA) method based on implicit gradient descent,
and proved an O(e~°) complexity to e-stationary point. The complexity result was later improved
by a series of studies under the framework of automatic implicit differentiation (AID) (Hong et al.|
20235 |Chen et al., [2022; J1 et al.l 2021; [Khanduri et al., 2021} |Chen et al., 2021; Dagréou et al.
20225 \Guo et al., 2021; [Yang et al.l 2021; |Chen et al., 2023b)), which requires estimating Hessian
inverse directly or approximating it by Hessian vector products. Another class of algorithms fall into
the category of iterative differentiation (ITD) (Maclaurin et al. 2015}, [Franceschi et al.| 2017} [Finn
et al.,|2017} Franceschi et al.,|2018;[Shaban et al.|[2019; |Pedregosal [2016} L1 et al.,|2022; Yang et al.}
2021;|Ji et al., 2021} |Grazzi et al.,[2023)), which construct a computational graph of updating lower-
level variables through gradient descent and compute the hypergradient via backpropagation. There
are a few works which use fully first-order methods to solve bilevel optimization problems (Liu
et al., 2022a; [Kwon et al., [2023a). There is a line of work designing algorithms in the case where
the lower-level problem is not strongly convex and have multiple minima (Sabach & Shternl 2017}
Sow et al., [2022; [L1u et al., 20205 2021a3bt 2022a; Shen & Chen, [2023; |Kwon et al., |2023b; |Chen
et al.| [2023a). However, all of these works need to assume the upper-level function is convex or
has Lipschitz gradient and hence are not applicable to our bilevel optimization problem with an
unbounded smooth upper-level function.
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Unbounded Smoothness [Zhang et al.|(2020b)) proposed the relaxed smooth condition and analyzed
gradient clipping/normalization under this condition. This analysis was further improved by the
works of (Zhang et al.,2020a; Jin et al.|[2021)).|Crawshaw et al.[(2022) considered a coordinate-wise
relaxed smooth condition and proved the convergence for the generalized signSGD method. |Faw
et al. (2023); Wang et al.| (2023) studied Adagrad-type algorithms for relaxed smooth functions. |L1
et al.|(2023a)); Wang et al.|(2022) analyzed the convergence of Adam under relaxed smooth assump-
tions. |Li et al.|(2023b) analyzed gradient-based methods under a generalized smoothness condi-
tion. |Chen et al.| (2023c) proposed a new notion of a-symmetric generalized smoothness and ana-
lyzed normalized gradient descent algorithms. Reisizadeh et al.|(2023) considered variance-reduced
gradient clipping when the function satisfies an averaged relaxed smooth condition. There is also a
line of work focusing on federated optimization for unbounded smooth functions (Liu et al.|[2022b;
Crawshaw et al 2023afb). However all of these works only focus on single-level problems and
cannot be applied to the bilevel optimization problem as considered in our paper.

B PROPERTIES OF ASSUMPTION [I]

B.1 DEFINITIONS OF RELAXED SMOOTHNESS

The standard relaxed smoothness assumption in Zhang et al.|(2020b) is defined in Deﬁnition@

Definition 2 (Zhang et al.| (2020b)). A twice differentiable function f is (Lo, L1)-smoothness if
IV2f(u)ll < Lo + L[V f ()]l

Definition [3|is an alternative definition for the (Lg, L1)-smoothness. It is a strictly weaker than
Definition [2|because it does not require the function f to be twice differentiable.

Definition 3 (Remark 2.3 in Zhang et al.| (2020a))). A differentiable function f is is (Lo, L1)-
smoothness if |V [ () — V ()] < (Lo + LIV f(u) ) [ — ] for any Jlu '] < 1/,

B.2 RELATIONSHIP BETWEEN ASSUMPTION[I]AND STANDARD RELAXED SMOOTHNESS

The following lemma shows that our proposed (L0, La,1, Ly,0, Lyﬁl) can recover the standard
relaxed smoothness (e.g., Definition [3)) when the upper-level variable x and the lower-level variable
y have the same smoothness constants.

Lemma 6. When Ly o = Ly o = Lo/2and Lyp1 = Ly = L1/2, Assumptionimplies that for
any w,u’ such that |u — u’|| < 1/Lq, we have

IVaf(u) = Vuf ()] < (Lo + La[|Vuf (w)[) u — '] (©)

In other words, (Lg,0, L1, Ly 0, Ly1)-smoothness assumption can recover the standard relaxed
smoothness assumption.

Proof of Lemmal6] When Lo = Ly o = Lo/2and Ly 1 = Ly 1 = Lq/2, by Assumptionwe
have for any u, u’,
) 1 1
o) € =
2 (Lw,l + Ly,l)

Moreover, we have

IVuf(u) = Vuf()] = \/HV:cf(U) = Vo f(u)|? +[[Vy f(u) = Vy f(u)]]?

<\ H o+ LIS f@l w2 + 5o + LIV )7

< (L3 + L2V f (w)]2)fu — ]
< (Lo + L[| Vauf(u)|)[lw — o[,
which means that the function f is (Lo, L1 )-smooth in terms of w = (&, y) when Ly g = Ly o =

Lo/2 and Lw,l = Ly71 = L1/2
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C TECHNICAL LEMMAS

In this section we provide some technical lemmas which are useful for our following proof. This
section mainly provides useful properties of the considered bilevel problem under our assumptions.

Lemma 7. The hypergradient V®(x) takes the forms of

Vo(z) = Vo (@.y" (@) + LB, f(z.y" (@)

ox
= Vaf(2,y" (@) — VaVygle,y" (@) [Vig(e v (@)] 'Vy @y @) 7
= Vo f(z,y"(x)) — VaVyg(z,y" (x)) 2" (2).
where z*(x) is the solution of the linear system:
(@) = [Vig(e.y (@) Vyf(@.y" (@) ®)
Proof of Lemma(7} Using the chain rule over the hypergradient V®(x) = %’M, we have
0
Va(e) = Vel @y @) + 2L D, ey (@), ©)

ox
By optimality condition of y* (), we have V g(x, y*(x)) = 0. Then taking implicit differentiation
with respect to x yields

dy* ()
ox

VaVyg(z, y* (z)) + Vag(z,y*(x)) = 0. (10)

By Assumption function g(x, y) is u-strongly convex with respect to y, thus [VQ g(z, y* (x))] -
is non-singular. Plugging into (9) yields

Vo (x) = Vof (@, (@)) = VoVyg(.y" (@) [Vyg(@,y"(@)]  Vyf @y (@). (D
Also note that z* () takes the form
(@) = [Vig(e.y" (@) Vyf(e.y"(@)),
hence hypergradient V& () can also be represented as

Vo(z) = Vi f(z,y"(x)) - vayg(iL‘, y*(z))z" ().

O
Lemma 8. Suppose Assumption[I|and[2 hold. Then, we have
(a) y*(x)is CZ” -Lipschitz continous.
(b) z*(x) is Ly~-Lipschitz continous, ie.,
12"(®) — 2"(@)]| < Lz || — 2|
if|le —| < = L , where L~ is defined as
\/2(1+ 5t )(L2 FL50)
L 1+(Cg”)2(pM+l(L +L M)) (12)
— +—Ly,o 1 .
= [ pop Y Y
(¢) Vaof(x,y*(x)) and VO (x) satisfy the following:
* C, TZ/M
IVaf(z, y* (@) < [VE(x)] + QT (13)

16
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Proof of Lemma (8] By (10) in Lemmal7] we have

(‘3ya*:iac) = —VaVyg(@,y" (@) [Vyg(z,y" (2))]

Now we proceed to prove the lemma.

-1

(a). Note that by Assumption 2} for any « we have
H dy*(x)

ox

= 9Tty [Fhate ] < o

Therefore, y*(x) is %-Lipschitz continuous.
(b). Letu = (x,y*(x)) and v’ = («’, y*(x’)), by condition we have

lu — 'l = V]l — /|2 + [ly* (=) — y* ()]

(i) Cyo\ 2 1
<4[1+ (g) z -2/ < ;
K 2(L3 .+ L5 0)

where (i) follows from[(a)]in Lemma [§]that y ( ) is Lipschitz. Hence the condition for applying
Assumption|[1]is satisfied. By definition (8) of z*(x), for any x, =’ we have

=" (@) - 2 @)

|[V39(@.y"@)] " Vyfla.y' @) - [Viga'y @) Vuf(@y" @)
|[Vig@.y* @)] ' Vys @y (@) - [Viga'y' (@) Vys(@y @)
+|[[Vig(a' v @) Vo f @,y @) - [Vig(@, y( NVl @)

<M |[Vig(@,y"(@)] " - [vzg@',y*(m'))]*ﬂ = IVy @y (@) - Vyf(a'y" @)

IN

H 29ty @) | || [Vig(@' u* @) 7| [ Vig(,y" @) - Vigla',y* @)

+H(Lyo+Ly1HVyf(w (@) ) Vil — a2 + [ly* (x) — y* ()]

@) pM 1
< ?\/IICC —a'[* + [ly*(z) — y* (=) + M (Lyo + Ly M) |z — 2'|2 + [ly*(2) — y*(2)]?

pM 1 - :
_ ( 2 (Lo +Ly,1M>) Vo= o Fr v @ v @

112

(#i7) pM 1 quy 2

< (2 4 (Lo + LyadD)) \/nww/nu(u) =~ 212
Co \> (pM 1

= 1+<gmy) <+ L,—i-L,M) x—a
s 2 1 Lyot Lyad) | [

where (i) follows from Assumption [I]and the fact that
1H = Hy Y| = ([ Hy (Hy = Ha)Hy | < | Hy [ Hy || Hy — Hall,

(i) follows from Assumption|2|and (i4i) uses the fact that y* () is —#+-Lipschitz continuous. For
notation convenience, we define

Coo \> (pM 1
L~ 1+< Zﬁ/) <p2+u(Ly’O+Ly71M))

to be the Lipschitz constant. Therefore, z* () is L+-Lipschitz continuous.
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(c). By Lemma([7} we have

WG (@)
= | VeVugt@.y* @) [Vig(@.y" (@) Vi @y @)
) Cy,, M

e

1921y (@) - Va(a)] |

INS

where (i) follows from Assumption Therefore, we have

IVaf(@e, y)ll < [[VE(@e)| + gT

Under the Assumptionand we can show in the following lemma that the function ® () satisfies
standard relaxed smoothness condition: ||[V®(x) — VO®(z')|| < (Ko + K1||Ve®(x')|]) ||z — 2/
with some K and K if & and z’ are not far away from each other. This is very important because
it allows us to apply the descent lemma in the standard relaxed smoothness setting for analyzing the
dynamics of our algorithm.

Lemma 9. Suppose Assumption|l|and|2|hold. Then for any x, x’ such that

1
e —a'| < : , (14)
c
\/2 (1 + Z;y) (L2,+12))
we have
VO (x) - Vo (2')|| < (Ko + K1[|[Ve(2)]]) [z — 2/, (15)
where Ko, K1 are defined as
Cyo\ 2 Cy.. M C Coop+T
Ro=y/it (g) (vao + L —— 4 = (Lyo + Ly 1 M) + Mgpz”) ’
w K w K
C 2
Klz 1+ (fﬁ) La:,l-
(16)

Proof of Lemma[9, Letu = (z,y*(x)) and ' = (z', y*(x')), by condition we have

lu =’ = V& — /| + [ly* (x) — y* (=)
(@)

.

C 2 1
1t () - ,
" 2002, + L3 ,)

18
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where (i) follows from[(a)]in Lemma [§| that y* () is Lipschitz. Hence the condition for applying
ASSumpthIlIIllS satisfied. Then we have

V() - Vo)
— [Verer @)+ 2OV, e @) - Vare @) - 20 @ @)

m)vyfm,y*(x))—aya(i") Vs )|

< Vef(@,y"(®) — Vo f (@', y™ (@)l +

oy (

< |Vaf(@y (@) - Vel v @)+ H
v (@)
(oot s
< V(@) = Vad @ @D+ 22 9, ey (@) - VoS @ (@)
+ M |[VoVyg(@.y (@) [Vigl@ v @)] ' - VaVyg(@'y* @) [Vig(@' y' @) |
IV @,y” (@) Vol (@™ @) + 22 [V oy (@) - V@3 (@)]

+M HVmVyg(az y* (@) [V3g(x, v (@) — VaVyg(a',y* (@) [Vig(z, y*(x)] H

+ M||VaVyg(@y' (@) [Vigle.y' (@) = VoVygl(@'y' (@) [Vig(' y" @)

) (Vyf (7 (@) - Ty f (o y*(m'»H

—
.
=

IN

< (Lao + Lo | Ve f(@ y* (@)]) Ve — 2|2 + [ly* (z) — y* (@)

Omy /
+%(Lyo+Ly1||Vyf(w y @)DV Iz — 2|2 + [[y*(x) — y* ()2

—M¢||w —Z P+ g (@) — v @)

+ My, | [V3g@. v @)] 7| | (72 17 IV39(@, @) - Vg y* @)
< (Lao + Laa [ Vaf (@ y* (@))]) ¢||w—w/||2+||y (@) — " @)

Vie -2 + [y (@) - y* ()]

C C + 7
+ (/g;y(Ly,O + Ly 1 M) + MegZ2M>

i) (C, Couyp+ T Cyo, M Cos\’
(Dt + a0 g (S e )y 1+ (D) o)

ngp tTp

Cor\’ Co.,M  C,
L (222) (oot Loa 224 S ry 4 L) 4 + LaalV2@)]) | - o'l

where () follows from (10}, (ii) follows from Assumption|[I] [2]and the fact that
1H = Hy Y| = [Hy ' (Hy — Ho)Hy || < | Hy || Hy | Hy — Hall,

and (4i7) follows from |(a)lin Lemma [§] that y* () is Lipschitz. Recall the definition of Ky, K7 in
(16), therefore, the objective function ®(x) is (Ko, K1 )-smooth, i.e.,

V(@) - Vo ()| < (Ko + Ki|VO(@)]) | — 2/
O

We now present a descent inequality for (K, K)-smooth functions which will be used in our
subsequent analysis.

Lemma 10 (Descent Inequality). Let ® be (K, K1)-smooth. Then for any x,x' € R? such that
1

\/2(1+ G )(L21+L )

19
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we have
Ko+ K1||V®(x')

5 ”Hw_mlHQ

O(x) < d(z') +(VO(x'),z — ') +

Proof of Lemma By Lemmal[9] for &, ' such that
1

cz ’
\/2 (1+ =) (2, + 12)

o — '] <

we have
[Ve(z) - V()| < (Ko + K1[|VO(2)]) |z — 2.

By definition above we have

b(xz) — d(z') — (VO(z'),z —2) < /0 (Vo(Ox + (1 —0)x') — Vo(z'),x — ') do
< /0 V&0 + (1 — 6)a') — V()| || — 2'[[d0

1
< [ Ko+ KaVO@)]) (@ - 2] l2 - 2'|d6
0

< Ko + K1||V‘I)(SC/)
- 2

Thus we conclude our proof by rearranging. O

H ||90 _ w/”Q.

Next, we introduce a simple algebraic lemma.
Lemma 11. (Lemma B.1 in|Zhang et al.|(2020a))) Let w > 0, and uw,v € R then

(u, v)

o]l

< —wllul = (1 - w)llvll+ (1 +w)fv —ul]. (17)

D PROOF OF LEMMAS IN SECTION[3.3]

D.1 FILTRATIONS AND NOTATIONS

For convenience, we will restate a few concepts here. Let F; denote the filtration of the random
variables for updating zj, my and xj before iteration k, i.e.,

Fr =04, - &k-1,C0,---sCh1}

for k£ > 1, where o{-} denotes the o-algebra generated by the random variables. Let ]?5 " denote
the filtration of the random variables for updating lower-level variable y, starting at the s-th epoch

before iteration ¢, i.e.,
s, t . ~s,0 cs,t—1
Fo .fa{o oo &o }

forl <t<Tsand0 < s < kT —1. Let F ,2 denote the filtration of the random variables for updating
lower-level variable y; (k > 1) before iteration ¢, i.e.,

F=o{d,...&7}

for1 <t < Nandk = jI, where 1 < j < |£| and I denotes the update period for yy,. Let Fx
denote the filtration of all random variables for updating lower-level variable y; (k > 0), i.e.,

kf—1

K-1
Femol [ U BT U(U f{f)
s=0 k=1

20



Published as a conference paper at ICLR 2024

D.2 PROOF oF LEMMA[I]

In this section we first present one technical lemma which provides high probability bound for SGD.
We follow the same technique and procedure as Theorem 1 in|Lan|(2012)), just simplify the modified
mirror descent SA algorithm to SGD. For completeness of proof and consistency of notations in our
paper, we paraphrase Theorem 1 in|Lan|(2012) as the following lemma.

>

2
Lemma 12. Consider the s-th epoch in AlgorithmH let D? be an upper bound for % Hyg’o - Y5

and assume thatothe fixed step-size ag satisfies 0 < ag < i Apply Ty iterations of the update
starting from y;",

1 - 2
yo' = argmin <o - (4 - VyGlany i 6) | (18)

vGB( 3,0 \fD)

where the stochastic gradient estimators V ,G(xo, yg’t; gg’t) satisfy Assumption |3} Then for any
A > 0andTs > 0, we have

Pr[g(@o.y ™) = g(@o, y5) > Po(T) + NPL(LL)| < exp(=A?/3) +-exp(=A).  (19)
where )
Po(Ts) = 7 [DQ + 203710457}] ,
578 (20)
Pi(T,) = [2\/§Do—g Las/Ts + 202 laiTs} .
aT, ’ 9
Proof of Lemmal[I2] First, we have
sg(a:Ovyo t+1)
2
< ay |g(zo,yg") + <Vyg zo,y5"), yo yé’t> + = Hy”+1 v ‘ }
s s S S 2 1- Las s
< as CIJO,yo +< yg wo,yo Yo' o yo’t>] 5 ’ AR o’t T 9 O’tJrl
r o 1 21— Lag
< a, g(wo,yé’) <V Glzo, y3 " &),y — gt >} +§’y8t+1 yS’t‘ -
—ay <V G,y 65") = Vyg(mo, yo') ™ — >
S S S s s 1 s S 2
< a, [g(wovyo’t) + <VyG($0ay0’t§€o’t)ayo L Yo >} + 5 ’ Yo' o yo’t
s s, 1- Las S, s 2
(woayo afo ) yg(wO?yO H ‘ i ot ‘ Yy yo’t+1 - yo’t ‘
(2 s,t s Jgt4+1 s,t 1 s,t+1 s,t 2
S O g(w()vyo )+ VyG(fEOmyo 750 ) — Yo + = 2 Yo' — Y
s,t. Fs,t 2
(m07y0 7€O ) yg(m07y0 )
- 5(1— Lay)
(Z) s,t s,t. Fs,t s, t+1 s,t 1 s,t+1 s,t 2
< as [9(%0, Yo" ) + (VyG(To, Y5560 ) Yo’ ~— Yo +35 B Yo ~ Yo
s,t s,t 2
yG(@o, y3": &) — Vyg(xo, yy ")
2n
where () follows from the inequality bu — % < for any a > 0, where we set
s 41 s,t _ _
U= — Yo 9 b—as VyG(:I’ano 750 ) yg($07y0 ) 9 a—l_Lasa
and (i7) follows from ay < 5.

21

s,t
— Y

s,t+1
0

s,t
~—Y

:



Published as a conference paper at ICLR 2024

Also, we have

as [g(xo, y3h) + <V Glxo, y5"5 E570), ”“—yé’ﬂ 2Hy”“—y8’t

Q) s S S S
< asg(zo, yg") + [as <VyG(wo,yo’t;£o’ ), yg yo’t> 2)

s,t+1 s,t
~— Y

s,t+1 * 2

s t+1 s,t
0 ~ Yo

0

J
]

Lyos "
g 5 lwe’ —vil* -5

+ |as <VyG(woyy8’t;58’t),y8—yS’t+1> 2‘ 2

as [g(@o, yg") + (Vyg(mo, ud") ws — ud ™) + s <VyG(iBo,y8’t;§8’t) — Vyg(xo, ") ug —yS’t>
1 * 2 1 g+ * 2
QH?J -3 Z’JS — Y
) * c * 1 %2 1 * 2
< asg(@o, y5) + as <VyG(wo,y8’t;§S’t)—Vyg(wo,yé’t),yo —yS’t>+5 lve" — w5 2‘.@3 g
(22)
where () follows from
2 1 2
* 1 s, s, * 1 *
v GwanO ; 0 a > Hygt-i_ _ySt’ +§Hy8t_ ‘y9t+ — %Yo
* +1 s,t+1 * * s,t 2 s, * 2 s,t+1 * 2
Glxo, y3 " &)y — > ‘ — Yo+ Y — Yo ‘ +§Hyo “ Y%l — 3 Y — Y
» 21, ., 2
VG0, 5! ,50 LYo — ”H> ‘ o )| g llve -l - <y8t“—y8,y’6—y8’t>
2 41 2
lyo" —wall” =5 [l —we

s, t+1 * 2
— Yo

*

s,t+1 * * s,t
> ‘ <y0 —Y0,Y — Yo >
* 1 1 * 1 * ok s
VyGlzo,y5 % €0, y5 — ”“> < SRR TR T yo> <y§t+ —yo,yo—y8t>
> <y8 gy fyS’t>

— 5 yst — asVyGlmo, yy ' 6" — yS’t+1> >0,

s,t. ¢s
:L.ano ) 0 a

& st 41
mOvy(s) ’50 )a yé

7a9

-

and (i4) follows from (strong) convexity of g(x,y) with respect to y.

o
o
N
o,
o
o

Combing (1)) and (22) yields
2
ouglwo u ") — anglamo.u) < 3 s — il — 5 o | m), @

where we define

£s,t

T (yg) = wG (@0, Y31 60") — Vyg(mo, y5 " H +a, <V G0,y &6 )—Vyg(w<)7y8’t)7y6‘—yS’t>~

Summing up 23) from ¢ = 0 to T, — 1, we have

T,—1 —
. * 1 £ * * . *
Z Qs [ (o, Yo' t+1) g(moyyo)} < 3 HyS’O “ Y| T3 Hy —Yo| + Z m(Yo)
t=0 t=0
1 5 Tl -1
Silyg’O*yS + (3/0)<D2+Z7Tt3/0
t=0

By (strong) convexity of g(x, y) with respect to y, we have

($07y8+1 0) <$07 Zy ) = T Zg 5307:90 )
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which implies that

Ts—1 Ty—1
> a |g@o y ™) — glwo,ui)| < D2+ Y milyi).
t=0 =0

t

Denote 1; = <VyG(w0, Yo e — Vyg(xo, yot), ys — yo > and observing that

)

~ 2
m(yy) = v+ 202 | VyGlwo, w55 ) — Vyg(wo, 5|

we then conclude that

T,—1 T,—1
(Z O‘s) [ (@o,y5™) — 9(mo,yé)} <D*+) [wt+2a§
t=0

t=0
(24)
Note that by Assumption [3| we have E [wt | Fo ’t} = 0, thus {’(/)t}tzo is a martingale-difference
0 st
Yo — Yo
[ s &S s 2 * s 2
p? ~o o3 VyG(w07y0’t§§o’t) - Vyg(wmyo’t)H Hyo - yo’tH
Elexp| ————= | | Fo’ E |exp 5
(2\/§Dasog,1) a%ag’l (2\/§D)
- ~ 2
|VuG@o,ui's&) — Vagleowi)| | -,
<E |exp 3 | Fo
g
g,1
(1)
< exp(1)

where (i) follows from Assumption By Lemma 2 in|Lan et al.|(2012), for any A > 0 we have

Ts—1 Ts—1 Ts—1
Pr [Z vy > A (2\@D0g,1as\/i) Z vy > A 2\/§Dag,1 Z a? 25)
t=0 t=0 t=0

< exp(—\?/3),
where the probability is taken over randomness in .7?5 T Also, we have

T:—1 O[i HvyG(m07y0 7€O ) ’yg(m()?yO H

2 2
Tsaz P o1

exp

~ 2
|vuG@o.ui " 6" — Vya(@o.ui)|
Tﬁzam) .

5 t=0 9,1

Then take expectations (with respect to ]?5 “I+) on both sides and we get

T,—1 o 2
5 02 |[VyGleo v &) — Vuslwous))| |
E [exp | = < a?exp(1) < exp(1),
TsaZo? T, af g

where (i) follows from Assumption 3]

Using Markov’s inequality, for any A > 0 we have

<exp(-A).  (26)

Ts—1 2
PI' [Z (m()?yo 5 0 ) Vyg(:’sOvyS’t)H (1 + A) 10& T
t=0

23

(o0, 45":60") = Vyg(zo, y5" H ]
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Combining (24), (23) and (26)), and rearranging the terms, we obtain

T,—1
Pr [( Z as> [9(zo,y5""°) — g(z0,y5)] > D* + A (2\/§Dag,1asst) +2(1+ N)os 1a3T,
t=0

Ty—1 Ty—1

<Pr D4 > g+ Yy 20
L t=0 t=0

> D%+ (2\/§Dag,1a5\/:rs) +2(1+ A)ag,laﬁTs]

~ 2
VyG(@o,ui"165") — Vug(wo,ui")|

[Ts—1 Ts—1
. . i 2
SPr|d > A (2\/§Dag,1as\/:rs) +Pr | > al | VyG(mo, yg 5 60") — Vyg(@o, yg )| > (14 Aoy 03T,
L t=0 t=0

< exp(—A?/3) + exp(—A).

Note that ZtT;El as = agTy, and recall the definition of Py(Ts) and Py (Ts), by rearranging
we finally conclude that for any A > 0, we have

Pr [g(wm vy %) = gz, y5) > Po(Ts) + APy (Ts)} < exp(—A%/3) + exp(—A).
0

In Lemma(I2] we got the high probability convergence results for SGD for one epoch. We now adopt
a shrinking ball technique with multiple epochs to improve the high probability bound compared
with the one epoch result (Hazan & Kale, 2014} \Ghadimi & Lan| [2013a). The main difference in
our setting is that we directly utilize SGD in each epoch and consider smooth and strongly convex
functions (i.e., our lower-level problem). In contrast, |Hazan & Kale|(2014) considered a nonsmooth
strongly convex function while Ghadimi & Lan|(2013a)) considered an accelerated algorithm AC-SA
for each epoch. This result is stated in Lemmal|I}

For notation convenience, we define V, as the upper bound for g(x, yg’o) — g(xo,yg), i.e.,

90, 99°) — g(@o,y5) < Vo. @7
We also define the projection ball B and set the number of iterations 7 and the fixed step-size a
at s-th epoch in Alogorithm 3]as following:

1 2 W
s = R : = H - S"OH < 2
B. {y € V=% = s (28)
161 32max{o, ;,4X%0] |}
TS = ’Vmax {M’ ILLV027(S+2) ) (29)

1 1 2-s
Qs =min{d —, —— Vo . (30)
2L 041\ 20Ty

Lemmarestated. (Initialization Refinement) Given § € (0,1) and € > 0, set parameter kT =
[logo(Vo/€')], where V) is defined in . If we run Algorithm [3|for kT epochs, with projection
ball B, the number of iterations 75 and the fixed step-size as at each epoch defined as @) @])
and (30), where we set A to be

i i
A:max( 31ln (2];),111 (2(];)>,

. . . o1
then with probability at least 1 — ¢ /2 over randomness in & {Ufzol}'g T }, we have

1)
Pr[g(xo, Yo) — (0, y* (x0)) > €] < 2 31

Moreover, the total number of iterations performed by Algorithm[3]to find such a solution is bounded
by O(T (€,0)), where

2 / 2 2
T(,0) = %max (17log2 (VO)) + OL’} + {ln (W)} %_ (32)

€ LE
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€

2
m) , then with probability at least 1 — §/2 over random-

In particular, if we set ¢ = § (
. t_1 = . . .
ness in O{Ufzol}"g’Ts} (this event is denoted as &), we have |lyg — y*(xo)|| < €¢/8Ky in

@ (0371[{3 /12€?) iterations.

Proof of Lemmal[l] For any s > 0, let Vs = V;27° and denote the event A, :=
{g(mo,yg’o) —g(xo, y5) < VS}. We first show that

Pr[g(@o,u5 ™) = gl@0.u5) = Verr | A] < 5. (33)

By strong convexity of g(x, y) with respect to y, we have
1
2
2
With this upper bound for % Hyg’o - Y5 H under the event A, we can substitute V,/p for D? in
[20) of Lemma[12] Then we redefine Py(7) and P; (T}) as

2 < 9(33071/8’0) _g(m(by())k) E
[ 7

*

s,0
Yo — Yo

) 1 Vs 2 2
PO(TS) = asTs |:M + 209,1QST9:| s
1 1% )
Pi(T,) = o7 [2\/5 iagylasx/Ts + 207 02T, | .

By Lemma([I2]and definition (34) we have

Pr [g(@0, 3 ™) — g(@o, y5) > Po(Ts) + NPL(TL) | As| < exp(=X2/3) + exp(—A).  (35)

Define
2LV, 1 W 2LV, n Vs Vi
Rl(TS) = 7?§ ﬁ:—: 1
202,V 1 (i) 202,V —(5+2) 2
Ro(T}) = 2051 Vs 1 (0 205, Vs pVio2 _ VeraVs _ V5+17

wo T — W 320371 16 16

where both (i) and (4¢) follow from (29).

Then we conclude that

_ 2
Po(T5) = T, . + 204,105
@ Y, 2uTy Vo228
< 2L
T, max{ ,0g.1 Vo2 } + 2041 2T,

< 2LV5 2Vs + 2VS
max§ ——,0 e g e
> MTS »Vg,1 MTS g,1 MTS

(? max {Rl(TS), \/m} + VRa(Ts)

Vst1 Vs+1<Vs+1
! 4 — 2

where (i) follows from (30) and (i) follows from (36).
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Also, we have

P (T. )fZ\[agH/ +2or 10
(1)
<2\fag”/ +209’”2T <2\f0911/ \fag,ﬂ
[ Vs (@) [Vs [uVp2-(+2)
=3Vv2 < 3V2 —
\/>Ug,1 [LTS >~ fag,l [ 128)\203’1
sts+2
< 3v2 —_—
= ‘[09’1\/ 128X%02
_ 3Vs 41 < Vs—‘,—l-
A T 2

where (i) follows from (30) and (i) follows from (29). Therefore, we have
Po(Ts) + AP1(Ts) < Vs,

which implies that

Pr [g(@o, u5 ™) = g(@o, ) > Verr | As] < Pr [gl@o, y ™) = gl@o, i) > Po(T2) + APL(T,) | A
(4)
< exp(—A?/3) + exp(—\)
@) 5
< —
= 2k
where (i) follows from (33)) and in (i) we set

2kt 2k T
A—max( 31n< 5 ),ln<6)) 38)

so that exp(—A?/3) + exp(—A) < §/2kf.

Next, we proceed to show that for any given 6 € (0,1) and ¢’ > 0, we have

37

t 0
Pr [g(@o,y5 ) — 9o i) > ¢ < 5. (39)

Letevent A, be the complement of event .A;. Obviously we have Pr [Aq] = 1, and thus Pr [Ao] =0.
It can also be easily seen that

Pr [g(a:o, yo ) — g(@o, yg) > Vs+1}
= Pr [ (:I:O,y8+1 O) g(%o,ya) > Vs-i-l | Ab:| Pr[-As] + Pr |: ($0a y8+1 0) g(m()’ yé) > VS-‘rl l A6:| Pr ["Zté]

<Pr [g(wo,yé“’o) —g(x0,Y5) > Vst | As} +Pr[A]

(Z) ) *
> QkT +Pr|: (3307'!/5’0) _g(a:O?yO) > V5:| )

where (i) follows from (37).

Summing up both sides of the above inequality from s = 0 to kT — 1, we obtain

T * t * 1
Pr [g($0>y§ ) — g(zo,y3) > f/] =Pr [g(wo,yg ) — g(zo,y3) > 6/} — Pr [Ay]

kf—1
=Y {Pr[ (@0, y5™) — g(@o, y5) > Vs+1] —Pr [g(wo,yé’o) — g0, y5) > V}}
s=0
5 5
<ot T3
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Therefore, we conclude
* ! (i) kT,0 * / d
Prlg(x0, Yo) — 9(x0,y5) > €] = Pr|g(xo,yy ) — g(x0,yg) > €| < 3

where (i) follows by recalling line 1 in Algorlthmland line 11 in Algorlthml ie., Yo = yg h.0 is
the output of Algorithm [3]

Moreover, the total number of iterations can be bounded by

k-1 k-1
16L  32max {0q1,4)\ 0q71}
yney (ME, Bl gl

s=0 K
9 2 kT 1
< (16L+1)+32max{091,4)\ Z2k+2
H M 40)
— kT (16L 1) + 32 max {09,1’4)‘ Ug,l}QkM—z
Vo
16L 256(4A2 + 1)02
() ) () 0
€ L L€
Using the above conclusion, the fact that k£t = [log,(Vy/€')], the observation that A =
g g2

O(In(k/5)), we conclude that the total number of iterations for Algorithm (3| is bounded by
O(T(€,6)), where

L 0.2 21 / 2 0_2
T(¢,6) = — max (1,1og2 (VO» + 25 + {m (Og?WO/G )ﬂ L @)
1 € [LE ) e’
Specifically, for any given € > 0, if we need ||yo — y*(@o)|| < gz holds with probability at least

2
1 — §/2, then by strong convexity of g(x, y) with respect to y, we have to set ¢’ = & (8;(0) and
thus by we need to run Algorithm [3|for at most

128 K2 16L 256 x 128 K2(4A\2 + 1)02
(1og2 <§V°> + 1) ( + 1> + 02(2 %1 (42)
e I p2e
iterations in total, where
2kt 2kt
A = max ( 3ln< 5 >7ln <5>>

2 [logz (HiZ%Kgﬂ 2 [logz (7128’,2;5%[{3 ﬂ )

= max 31ln 5 ,In 5 .

Therefore, the total number of iterations performed by Algorithm I is at most O (02 1 K5 /p*e?)
iterations in total. O

D.3 PROOF OF LEMMAQ[Z
The following lemma follows the same technique as in Lemma [I2] which can be regarded as high
probability guarantee for one epoch SGD.

Lemmalrestated (Periodic Updates) Given ¢ € (0,1) and € > 0, choose R = 1. Under &,
for any xy, such that £y = xg and ||Zr+1 — k|| = 7, where < , if we run Algorlthml

8Ko IC
with input {Z; }X_, and generate outputs {gy }/_,, and the fixed step-size fy satisfies

pe?

512K302 \WA+T(A+VA+1)’

7= (44)
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and the number of iterations N for update in each period satisfies

64202 K2 (A + VAT 1)
= (122

2K 2K
/\:max< 3111((”) In ((5[))’ (46)

then with probability at least 1 — §/2 over randomness in o { 2{2—11 F N } (this event is denoted as

&1), we have ||y*(Zr) — yrl| < €¢/4K, forany k > 1in O (KU§71K§ A+ VA + 1)2 /I/LZEZ)
iterations.

; (45)

where we set \ to be

Proof of Lemma[2] We denote y;; = y* (&}, for simplicity. By Lemma under event &y, we have
90 — U5l < s - Suppose 1 < k < I, then we have

1ok — yill = llgo —ﬂ 1< llyo — woll + llyo — vkl

€ — (1) € it Cy
< Yi — Uil < | —
= SKO + ; Hyz yl—‘rl” = SK() + ; L H(E T +1|| (47)
_ ¢ n IC,,, (1) €
SKQ 12 - 4[(07

where (i) follows from@m Lemmaand (i) follows from 7 < gp-ht—.

gzy

Now we proceed to update gy, (with g = gi) at k-th iteration, where k = I. Following the same

2
technique and proof as Lemma and note that % ( 17 ) is an upper bound for % g7 —y3]]?, then

for K = I and any A > 0 we have
Pr(g(®, Grr1) — 9(@k, Ur) > Po(N) + AP1(N)] < exp(=A?/3) + exp(-X),

2
where yp11 = % Ziv: 1 Yk (see line 8 in Algorithm. Also, by substituting % (ﬁ) for D? in
definition of Lemma(12] we redefine Py(N) and Py (N) as

1 {1/ ¢\
N)=—|= 202 2N
PulN) = [2 (31;) +2e200 ]

2
P1(N) ::7 2v/2 (4K> og 17V N + 202 17°N

(48)

Set A such that exp(—A?/3) + exp(—\) < 2L, then

o () 0 (25):

Thus under event &y, with probability at least — 5 K over randomness in FV T, we have

9(Zk, Y1) — 9(ZTk, Yy) < Po(N) + AP1(N)

2 2
1 1 € 1 1 €
= WTV [2 (4K0> +20§,172N +)\WTV' 22 3 (4K0> 041 YV N +20q1’7 N

2 (49)

S327K§N+ 0917+>\( K0f+ ag717>

2
€ Aeog 1

< e 202 (A 1)y +
= 327K§N+ i )7+2K0\/N
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If we choose
2
_ 64%7  Kg (A + VA1)

€
_ N (50)
7 80'_(]71K0\/)\ + 1\/N ,U,2€2
Then N = 6(03’11(3/”262) and we have
(@02 Tes1) — 9(@0.51) < eogaivVA+1 €0g 1A
g ks Yk41 g kYY) = QKO\/N 2K0\/N
< €0g,1 ()\ + VA + 1)
- 2KoVN
(Y
~ 2\ 8Ky
By strong convexity of g(x, y) with respect to y, we obtain
2
o~ ~x% |12 i >, 2k H €
3 1Uk+1 — Uill” < 9(Zk, Yrt1) — 9(Zk, Y1) < 5 (8[(0) ) (5D

which implies ||yx41 — Y5l < ﬁ for k = I. Thus for any &k such that [ + 1 < k < 2], we have

Uk = il = 1941 — il < 191 — w1l + 197 — gkl

. ke @ . o
< — Ui — il < = ||z — &
—8K0+ZZ:;‘yZ y’L-ﬁ-lH—SKO—"_; i || +1||
€ IC,,, (52)
St
(i) €
< .
~ 4K,
where (i) follows from@in Lemmaand (i) follows from 7 < gr-he—.
In general, for k = jI where 1 < j < | £ |, we update g, by Algorithm Under event &, with
probability at least 1 — % we have [[yr11 — Y| < g in at most
2
N 64%07 | K§ (A +VA+1)

122
iterations, i.e., O (03711(8 A+ VA+ 1)2 //ﬂeg) iterations. Also, by repeatedly applying tﬁi +
(50) + or for all k > 1 and using union bound, under event & we have ||y — ;|| < 57~
with probability at least 1 — 6/2 for any k& > 1. Moreover, we need to run Algorithmfor at most
2
K|y BN _ 642°Ko2 K¢ (A + VA +1)
1Y =T Ip2e

2K 2K
Amax( 31n (6),111 ((51)) . 54)

Therefore, the total number of iterations performed by Algorithm [J] is at most

O (Ko2 K8 (A+VAFT) /112¢2). =

(53)

iterations in total, where

D.4 PROOF OF LEMMA 3]

Lemma [3] restated. (Error Control for the Lower-level Problem) Under event £ = & N &, we
have ||y* (@) — Yr|| < €/4K, for any k > 0 and Pr(£) > 1 — ¢ and the probability is taken over
randomness in Fx.
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Proof of Lemma[3] By Lemmall]and[2] under event £ = £ NEy, we have ||ly*(Tx) — yx|| < €/8K)
for k = 0 and ||y*(Zx) — Yi|| < €/4K, for any k& > 1. Therefore, under event £ we have
ly*(zk) — yill < €/4K, for any k > 0. Moreover, we have

Pr(&) =Pr(ENé& ) =1—Pr(EgU&EL) > 1 — [Pr(&) +Pr(&1)] > 11—
where the probability is taken over randomness in F - Thus we conclude our proof. O

D.5 AUXILIARY LEMMAS

In the next lemma, the goal is to bound accumulated expected error of ||z, — zj||, which is similar
to Lemma B.6 in|Chen et al.|(2023b).

Lemma 13. Suppose Assumptions E|and hold. If we choose v < min <ﬁ, #) then under
9,2
event £, we have

K—1 2
X A, 5K (p*M? €
SO [z - 2P| < 2224 2 (B (Lyo + LyaM)? ) (e
Vi Iz % 4Ky
k=0 (55)
2 (2M? 9 412, n?
o Lt < PERCE R ] |
where we define A, o = ||zg — 2§ ®, and the expectation is taken over all randomness in Fr.
Proof of Lemmal[I3] First, we have
* 2 @) v * (|12 3 * *||2
sz+1 — zk+1H < (1 + ?) 21 —2zpll" + {1+ — sz+1 -z
o (56)

(i) v 3
< (1 + 7#) |zk+1 — z;;||2 + (1 + ) L2192,
3 v

where (i) follows from Young’s inequality and (ii) follows from [(b)]in Lemma [] that 2* () is
L--Lipschitz. Then we decompose zj1 — z;, as follows,

zes1 — zp = 2k — v (Vi G( @k, yri &) 2k — Vy F(2r, Ui ) — 25
=z, — v (Vyg(@r, ye)ze — Vo f(@ryr)) — 21 — v (VyG(@e, yis &) — Vig(@e, yr)) 2k
+v (VyF( @k, Yr; C) — Vo f(Tk, Yk)) -
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Take conditional expectation on Fj, and we have
Ex (12041 — #I]

112

21 = (Vyg(@e, ye)zi — Vo f (@i, yr) — 2zl + v 05 0llzul* + 1707,
« 2

< || — Vvyg mk,yk)) ( Zk — Zk) -V (Vzg(wmyk)zk - Vyf(wk,yk)) H

+ 27055 (12 — 2207 + 1=20°) + 0%

< (14 Y (1 - vVigtmn w) (1 — 2N + 2208 (2 = =207 + =I7) + 2203,

2 * * * *
+ (1 + ﬁ) v (V2g(@r, yi)2zi — V2g(@e, yi) 2z + Vo f (@, y3) — Vo f (@, yi) ||

IN

(1 2) (= o + 27025 llzw — =il + 2202 2P + 7030

+ 20 (1 * %) (I3 9(@i ye) — Vag(@e, yi) 21502 + 1V £ @i, yi) — Vo f (@i we) 1)
< ((1 + %) (1—vp)? + 21/203,,2) 2k — 2] + 20202 || 25 + v2o%

+ (2,/2 + %”) (P22l + (Ly.o + Ly 1 M)?) |lye — yil?

((1 n %) (1—vp)® + 2%02 2) lze — zi|* + (271\/2[203,2 +U,2f,1) V2

# (2 2) (255 4 o+ Lyt ) s — wil?

(ii4) 4y 2M? 4v 2 M *
< (177M) |z — k” +( 2 03’2+0?’1) V24 (21/ + ) (p +(Ly,0+Ly,1M)2> lye — ill,

M w2
(57
where (i) follows from Assumption [3|and the fact that stochastic estimators are unbiased, (i) fol-
lows from Young’s inequality and the definition of linear system solution z;, i.e., Vy g(xk, Y5z =

IN

Vyf(xk, y;). Inequality (¢3¢) holds since we choose v < min (ﬁ, @ and thus we have
3 1 (@) 3 1 1
(1 + ?) (1 —vp)? +20%0 g g =1- §V,u+ 51/3”3 + 2y20§72 <1- 21/u—|— EVM_F gVK
43 4
—1- up<1-
32”“ R

where (i) follows from v?;? < 1/16 and vog 5, < 1/16. Plug the inequality into (56), then
take conditional expectation on F}, for both s1des of (56) and we obtain

5y [nzw ~etalf]
3
f dvp ] v\ (p*M? .
(1+ ?) [(1 - 3> Iz — 2|I” + <2V2 + M) <M2 + (Ly,0 + Ly 1 M)? ) [lyr — yil?
2M 3
1 —) 2 1+ 2 ) 2.2
+< e <u2 92+0f1)y +< " u) !

N 208 4v 1002 p? M? .
(1 —vp) ||z — z5]* + ( 3 T m +—3 ) (Hz + (Lyo+ Ly 1 M)? ) lyr — w7l

vpy (2M? 2 3 2,2
+(1+?) (‘u 92+Uf1 Ve + 1+E Lz*’n
Q) w2 Bv [(p?M? . 2M? 4
< (1 —=vp)llze — 2" + m < 2 + (Ly,0 + Ly,lM)2> gk — yrll® +2 703,2 + 01221 Vi + ELi*ﬂz

IN

IN

IN

. 5v [ p?>M?> e \2 WE 4
(U= vp) llz = =i + " (puz + (Lyo + Ly,lM)Q) <4K0> +2 (ug‘fg,z + U?,l) vt L
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where (i) follows by v < £ and (i) follows from Lemma Take expectation with respect to F,
and we have

E |z - 2l°] = Ex, [Bx [l - 2207

k 2 -« heiz1 |V (PP M? 2 e
<(1- -2z 1-— B L Ly M
R M R L6y

M2
+2( 2 g2+a—f1)u +L2*n}

Take summation on both sides and we finally conclude

K—-1
> E [Iz - 2il7]
k=

S

K-

2 1 | 5v [ p?M? e\’
< - mtlao— 5l + 0 30— |2 (2 4 o+ Lant?) (45
k=0

2M? 4
2 (/ﬂcr;2 + J%l) Ve + —Lz*n }

,_.
?T‘
,_.

B
Il
=)
.
I
=)

+

1 s 1 = |5v [ pPM?2 ) e\’
< —lzo — 2lI” + — <+(L 0+ Ly1 M) —

v o ,;) o\ p? Y v 4Ky

M2

+ 2( 2 92+Uf1)1/ +—L2*n }
&) AL 5 (pPM? ) e \° 2 [/2Mm? , ) 4L2. 17>
< ” + K ] 7+(Ly,0+Ly,1M) 1K, +; 7%,2+‘7f,1 v+ N; 2l

where (i) follows from the definition of ||z — zZ||*. O

For simplicity, we denote hypergradient estimator as the following:

VO(xr) = Vo F (T, Yr; &) — Vo VyG(@n, Yii &) 2k (58)
In the following lemma, we bound the variance of the hypergradient estimator.
Lemma 14. Suppose Assumptions|[I| 2] and 3| hold. Then under event £, we have

E Vo (@) - BxVe@ulI?] < ofy + = 5ofa +200E [l = 2I°] (59

where the expectation is taken over all randomness in F.

Proof of Lemma We first decompose @@(xk) —E; [@@(xk)] as follows,
Vo(zy) — Ex[VO(xp)]
= (Vo F(xr, Yr; ) — VaVyG (T, Yr; &) 2k) — (Vo f(Tr, Yr) — Ve Vyg(xr, yr)2r)
= (Vo F (2, Yr; Ck) — Vaf(@r, yr)) — (VaVyG(Tr, Yk §k) — VaVyg(Tr, yr)) 2

Take conditional expectation on Fj, and we have

B [IV2() ~ BT ()]

Y Es [IVaF @1yt G0 = Ve (@) I7] + Ex [V V3 Glan, ysi &) — Vo Vyg(@r, o)l 122
< U?,l + ‘7272”%”2

< 0.1 + 207 llk — 27 + 20712
2M*
< 0fa+ =0 T 200l — #P,
(60)
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where (¢) follows from Assumptlonlthat stochastic estimators are unbiased and £y, (i are mutually
mdependent Take expectation with respect to F on both sides of (60), and then we have

B[V (i) — By[VO(wn)][12] = Ex, [Ex [ V0(2s) - Ex[VO(@)]|?]]
A R ER(TRE TS IEEANE

O

D.6 PROOF OF LEMMA [4]

Lemma [ restated. (Bias of the Hypergradient Estimator) Suppose Assumptions [I] 2] and 3] hold.
Then under event £, we have
|BL[VO ()] - V(i +Cy,, 2 — 2.

(62)

< 55

Co.,M 7MY\ €
||V(I)($k)” + ( 20+ Lo —222— + ) 1K

Proof of Lemmald) We first decompose E,[V®(z,)] — V®(x;) as follows,
Ep[VO(z))] — V()
=Ei [V (Tk, Yr; ) — Va VyG(@r, yi; &) z6] — VO (k)

= (Vaf(®r, yr) — Vaf(®r, yr)) — VaVyg(xr, yr)(zr — 2;) — (VaVyg(xr, yr) — VaVyg(Tr, y1)) 2
Then we obtain

H]Ek[%(azk)] _ V@(mk)H
= (Ve f(xr, yr) — Vaf (T, yr)) — VaVyg(@r, yr)(zr — 21) — (VaVyg(@r, yr) — VaVyg(xr, yi)) 21|l

(@)
< (Lao + Lo a[Vaf (@, yi) D) lye — yicll + Co., 1260 — 220 + 7llye — wicll 122

() C TUM * * ™™ *
< (oot Loa (22 4 19001 ) ) ot = 9l + Con s — 220+ 2 s i

M N )
+ 0 I = il + Co s~ 5
Co,, M 7MY\ €

+
n 4K

where ( ) follows from Assumption [1} (i7) follows from [(c)] in Lemma [§] and (iii) follows from
Lemma[3

C,
< Loy — w298 | + (L b1y Yo

(#47) L:z; 1€

< Lt vg (s >||+(Lm,o+Lm,1 Ty 2 — 2l

D.7 PROOF OF LEMMA

Lemma [5 restated. (Expected Error of the Moving-Average Hypergradient Estimator) Suppose
Assumptions [T} 2] and 3] hold. Define &), := my1 — V() to be the moving-average estimation
error. Then under event £, we have

K—1
Z 0kll| < Erry+ Errg, (63)
k=0
where the expectation is taken over randomness in F, and Erry, Errs are defined as
Lz CoooM M Pl
Erry = =21€ Z V@ (k)| + K (Lw,o +L$,1Q'TJ + %) 4;( + ngy\/E$ > E [llzk — 2%,
0 k=0
K—-1
ETTQ—KM“O’J;I q2+\f0g2\/1* BVE ZE[”zk*'zzHQ]
k=0
Kinf - Knﬁ
1 0
t1-5 Z V@ (k)| + 3 T1-5 Hmo = V(o) -

S
Il

0
(64)
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Proof of Lemmal3] First we denote
8 =M1 — V®(xy), O = VO(xy) — VO(zy), S(a,b):=Vd(a)— VE(b).
We can upper bound S(a, b) using the definition of (K, K1)-smoothness,
S(a,b) < (Ko + K1 Ve(a)]]) [la —b]. (65)
By definition of my, and S(a, b), we can get a recursive formula on dy,

Or+1=Mypy2 — VO(Tp41)
= Bmp1 + (1= B)VE(Tr41) — VO(xp41)
= B (M1 — VO(x1)) + B(VE(xr) — VO(2p41)) + (1= 5) (ﬁ(I)(warl) - vq)(karl))
= BO), + BS(@k, Try1) + (1 — B)dks1.

(66)
Apply (66) recursively and we obtain
k—1 _ k—1 .
5k =60+ 8BTS (i i) + (1-8) Y B i
i=0 i=0
k—1 ' k—1 .
= B* (my — V®(w0)) + B Z BFIS (@i, i) + (1 - B) Z B84
i=0 i=0
R k—1 ' k—1 -
= 8" (Bmo + (1 = B)V@(@0) = V@(@0) ) + B B S(@i@inn) + (1= )Y B o
i=0 i=0

k—1

k—1
= B (mg — V(@) + (1 - 8)5580 + 8 B8 (@i, wigr) + (1 8) Y B 18,0

=0 =0

k-1
= " (my — VO (x0)) + 3 Zﬂkil*iS(mi,miH) +(1-8) Zﬁkﬂ‘gp

1=0 =0

Using triangle inequality and plugging (63) into the above inequality, we have

k k—1
1851l < (1= 8) | D 85718 || + B Y 8577 (Ko + K1 [ V(@i)]) + 5 mo — V(o)
=0 =0

Take summation and we obtain

K—-1 —1
> ol < (- 5) Zﬁ’“ 3|+ T f"g S 1980l + 12 lmo - V(e
k=0 k=0
= - KoKnB K
< (1-8) Zﬁk l(VCIJ(a:Z) Z-[V@(wi)D + lo_gﬁ - LR Z VD ()|
k=0 |li=0
(a)
K—-1 k ) R 5
ZfﬂH (E: [Vo(@)] - Vo) 1 llmo = V(o).
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Taking expectation (with respect to Fx) on both sides of part (a), we have
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where (
Lemma

ﬁfollows from Jensen’s inequality;

lows from the fact that Y .-, \/a; < \/ny/>.., a; forall a; > 0.

Taking expectation (with respect to F) on both sides of part (b), we have
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where (i) follows from Lemmald]
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(68)

(73) follows from Lemma [15} (4ii) follows from
(iv) follows from the fact that vVa+b < /a + Vb foralla > 0,b > 0; (v) fol-
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For part (c), we have
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(70)
where (4 ) follows from Jensen’s inequality and (ii) follows from the fact that >.! | \/a; <

Vny/ Yy a; forall a; > 0.
Therefore, combining (67), (68), (69) and (70) yields
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Lemma 15. We have the following fact
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where the expectation is taken over the randomness in F.
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Proof of Lemma We will show by using conditional expectation, the law of total expecta-
tion and recursion.
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where (i) follows from the law of total expectation; (4¢) follows from the fact that part (b) is Fp-
measurable and uncorrelated with part (a); (¢i¢) follows from the law of total expectation; (iv)
follows from the same procedures as (i) and (7i7); (v) follows from recursion and then proof is
completed. O

E PROOF OF THEOREM

Before proving Theorem |1} we require the following lemma to characterize the function value de-
crease from iteration k to iteration k£ + 1, which is similar to Lemma C.6 inJin et al.| (2021]).

Lemma 16. For Algorithm define 8y, == my11 — VO(xy) to be the the moving-average estima-
tion error. Then we have

1 1
Bown) ~ 0(on) < - (- K0P ) V0] + GKor + 26 (7
Further, by a telescope sum we have
1 K-1 A1 K-1
1--K o < —+4+ -KyK 2 6 74
(1= g#m) X 1906l < T+ 3okn 2 3 5l 4

where A = ®(xg) — * and &* = inf ,cpa D(x).

Proof of Lemma[I6] For Algorithm|[l|we have ||@y11 — | = 7, and by Lemma[10] we obtain
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where (i) follows from Lemmal[l1]with w = 1.

With Lemma [5|and Lemma [I6} now we proceed to prove Theorem

Theorem [T|restated. Suppose Assumptions [I] 2]and [3|hold. Run Algorithm I|for K iterations and

2 2M2 2
orat g
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2 2
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where A = (D(azo)—mfweRd, O(x)and A, o = ||zo z0||2 then with probability at least 1 — 6over

the randomness in F, Algorlthmguarantees e Z E||V<I>(a:k)|| < 30¢ as long as K =

716’

where the expectation is taken over the randomness in .7-' . In addition, the number of oracle calls

for updating lower-level variable y (in Algorithm [2|and Algorithm | is at most O (%)

Proof of Theorem|I] Taking total expectations (with respect to F) on both sides of in

Lemma([16] we obtain
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Now we plug (63) and (64) of Lemma[5]into the above inequality, rearrange and we have
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ne

= |

where A = ®(z0) — ®* and A o = ||z0 — z;||*, then for left-hand side of (76) we have
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where (i) follows from L, ;1 < K; by definition (16) of K.
For the first part (I) of right-hand side of @) we have
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where (i) follows from 1 — 3 < Z3+ and mg = 0; (i7) follows from K = and n < 78”v%(_£)))”,
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and (v) follows from 7 < WAA;O(I — f3). Therefore, combining , , and 1i yields

zy

K-1

1 45 5
— E||V® <4 24+ — < 30e.
K};} IV ()| < (16€+(3I+16>e> < 30¢

Next, we give more details about update period I, step-size v, step-size as for 0 < s < k-1
based on the chosen parameters above, and then we compute the total number of oracle calls for
Algorithm [2]and Algorithm 3]

2 2
Step-size v and number of oracle calls for Algorithm If we choose update period I = JZ';:;O
in Algorithm 2] then by (@4), we need to set step-size -y to be
= pe (80)
K 512K30‘§,1\/ A1+ 1 ()\1 + VA1 + 1) ’
and by , and Lemma together with K = %, we need at most
K64%02 K2 (M + VA +1)7 1282A (A +vh + 1) h

Ip2e? ne
iterations in total performed by Algorithm 2]to update yy, for & > 1, where in and

A g (25) 1 (2K gin S22 ), (S
= max n{—|,In(— || =max n n
1= ma or )\ o1 . ooy Kg |7 \ onog 1 K§

Therefore, the order of step-size -y in Algorithmis v = O(ue*/K§oZ ).

(82)

Step-size «; and number of oracle calls for Algorithm 3} The step-size o for Algorithm [3] is
given in (30). By (@2), @3) and Lemmal[I] we need at most

128 K3V 16L 256 x 128 K2 (4A3 + 1)o2
<1og2 <§°> + 1> < + 1> + 02(2 R/ (83)
e I p2e
iterations in total performed by Algorithm 3|to update yo, where
2kt 2kT
A2 = max ( 31n (5>,ln (5))
. 2 84
5 [logQ (128;02@)1 9 {logz (128}:)6021(0 )“ (84)
= max 31ln 5 ,In 5 .

Total number of oracle calls in Algorithm [2and Algorithm 3] Combining (81), (82), and
(84), the number of oracle calls needed in Algorithm [2]and [3|are at most

1282A (A + VA +1)° 198 K2 16.L 9256 x 128K2(4X2 + 1)02
CRATE log, (12250Y0)) 4 4) (160, 4 4 0(X + )7
ne L€ 11262

Algorithm Algorithm

which is at most O (A/ne) number of oracle calls in total (recall how we choose 1 and the order of
7). Also, recall that we need at most X' = 4A /ne number of iterations for Algorithm Therefore,

the total complexity is at most O(A /ne). O

F IMPLEMENTATION DETAILS OF EXPERIMENTS

F.1 EXPERIMENTAL DETAILS OF HYPER-REPRESENTATION

The meta-learning experiments are performed on Amazon Reviews Dataset (Blitzer et al., [2006)
for text classification. The data contains positive and negative reviews, coming from 25 different
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Figure 2: Training and testing accuracy results for different algorithms. (a) Results of hyper-
representation on Amazon Review Dataset. (b) Results of hyperparameter optimization on Amazon
Review Dataset. (c) Results of data hyper-cleaning on Sentiment140 dataset with corruption rate
p=0.3.

[TENEL)

types (domains) of products, where three domains (i.e. “office_products”, automotive” and ~com-
puter_video_games”) are selected as a testing set, which contains fewer samples. For each task 7;,
we randomly draw samples from random 3 domains, where 20 samples form support set S; and 20
samples form query set Q;. Every 20 tasks form a task batch, and a meta update (3) for upper-level
w is performed over a task batch (the size of task batch m = 20). The lower-level update for vari-
able 6;(i = 1,..,m) of base learner ¢ is updated by SGD. The total number of iterations (i.e., the
number of outer loops) in one epoch for updating w is set as &' = 400. The total number of epochs
(i.e., the number of passes over the data) for this experiment is set as 20.

For all the baseline methods, the meta model is a 2-layer RNN with input dimension=300, hidden-
layer dimension=4096, and output dimension=512. The base model is a linear layer with input di-
mension=512 and output dimension=2. All the parameters are initialized to the range of (—1.0,1.0)
uniformly.

Parameter selection for the experiments in Figure [T(a) and Figure 2(a): We use grid search
to tune the lower-level and upper-level step sizes from {0.001,0.005,0.01,0.05,0.1,0.5} for all
methods. The best combinations of lower-level and upper-level learning rates are (0.05,0.1) for
MAML and ANIL, (0.05,0.05) for StocBio, (0.1,0.01) for TTSA, (0.05,0.05) for SOBA and
SABA, (0.05,0.1) for MA-SOBA, and (0.001,0.01) for BO-REP. For double-loop methods (i.e.,
MAML, ANIL, StocBio), we tune the number of iterations in the inner-loop from {5, 10,20} and
the best value is 10. For SOBA, SABA, MA-SOBA, and BO-REP, the step sizes for solving linear
system variable z are all chosen as 0.01, which is the best tuned value from {0.001, 0.01,0.1}. For
F2SA, since it is an fully first-order method and have different three variables, we tune the learning
rate for these three decision variables from the range {0.001, 0.005, 0.01, 0.05,0.1,0.5} and the best
tuned combination of value is (0.05,0.05,0.01). The momentum parameter 8 for MA-SOBA and
BO-REP is fixed as 0.9. We increase the lagrangian multipler of F2SA (denoted as A in F?SA) by
0.01 for every meta update.

In particular, BO-REP updates lower-level variable 0; periodically with interval I = 2, which means
there is one update for y every two outer loops. The number of iterations (/V) for each periodic
update in Algorithm 2] is set as 3, the ball radius R for projection is 0.5 (ablation study for R
can be found in Section [J.2). In addition, for simplicity, BO-REP just adopts SGD in the stage of
initialization refinement, which can be regarded as an special case of epoch SGD with only one
stage.
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Figure 3: (a) Accuracy of data hyper-cleaning on Sentiment140 with corruption rate p = 0.1. (b)
Loss of data hyper-cleaning on Sentiment140 with corruption rate p = 0.1.

F.2 EXPERIMENTAL DETAILS OF HYPERPARAMETER OPTIMIZATION

We conduct hyperparameter optimization on the Amazon Review dataset. We randomly sample
20000 training samples and 2000 testing samples from the training and testing set, respectively.
A regularization parameter A in (@) is the upper-level variable, which is initialized as 0.0. w is the
lower-level variable, the model parameter of a 2-layer RNN with input dimension=300, hidden-layer
dimension=4096, and output dimension=2. The lower-level variable w is initialized uniformly from
the (—1.0, 1.0) range.

Parameter selection for the experiments in Figure [T(b) and Figure (b): We compare our pro-
posed algorithm BO-REP, with other baseline algorithms. We conduct a grid search for lower-level
and upper-level learning rates in the range of {0.0001, 0.0005, 0.001, 0.005,0.01, 0.05, 0.1} and find
the best parameter setting for all the baseline algorithms. Specifically, we choose the best lower-level
learning rates as 0.001 for StocBio, 0.01 for TTSA, 0.05 for SOBA and SABA, 0.05 for MA-SOBA,
and 0.001 for BO-REP. The upper-level step size 0.0001 is applied to all the algorithms. For SOBA,
SABA, MA-SOBA, and BO-REP, the best learning rates for solving the linear system are 0.05, 0.05,
and 0.01 respectively, which are searched in the range of {0.001,0.005,0.01, 0.05,0.1}. For F2SA,
the best combination for step sizes of its three variables is (0.01,0.01,0.0001), which is tuned in
the range of {0.0001, 0.0005, 0.001,0.005,0.01, 0.05,0.1}. In addition, the double-loop algorithm
StocBio fixes inner loops as 5 for lower-level updates.

For BO-REP, the updating interval I for the lower-level variable 6; is set as 2, and the number of
iterations (V) for each periodical update is 3, the ball radius R for projection is 0.5. All algo-
rithms fix batch size as 64. Other hyperparameter settings, including momentum parameter (for
MA-SOBA and BO-REP), step size for solving linear system (for SOBA, MA-SOBA, BO-REP),
and the lagrangian multiplier setting (for F2SA) keep the same as Section

F.3 EXPERIMENTAL DETAILS OF DATA HYPER-CLEANING

We conduct the experiments of the data hyper-cleaning task on Sentiment140 (Go et al., [2009) for
binary text classification. Since data labels consist of two classes of emotions, positive and negative,
we flip each label in the training set to its opposite class with probability p (set as 0.1 and 0.3,
respectively).

42



Published as a conference paper at ICLR 2024

35
20000 200 .
30 N 200
L ]
0 J 25,
o 15000 ‘_“ 150 @ “ .
< ° <] o 150 2
b= s £209 g
8 \J s =] =}
S 10000 1 e 5 2 o o 2
£ » 100 = o 15 e . 5
a 4 13 . ot 100 £
ll‘:.‘ © 10 . L4
5000 { & 1 0%y
:!f}/ ."'.’n’. 50 5] e ._!.f:.".._ ceve 50
% eog, WS
0| @ g L od
; ; : : : 0 01 L
0 25 50 75 100 0 > 2 6 A 0
gradient norm gradient norm
(a) (b)

Figure 4: (a) Local gradient Lipschitz constant of the upper-level variable vs. its gradient norm along
the training iterations for an RNN in the experiment of hyper-representation. (b) Local gradient
Lipschitz constant of the lower-level variable vs. its gradient norm along the training iterations for
an RNN in the experiment of hyper-representation.

A two-layer RNN with the same architecture as that in section[F.2]is adopted as the classifier, whose
parameters w are lower-level variables. The upper-level variable A is the weight vector correspond-
ing to each training sample. In practice, we initialize each sample weight \; = 1.0.

Parameter selection for the experiments in Figure[T[c) and Figure2c): We use a grid search for
all algorithms to choose the lower-level and upper-level step size in the {0.01,0.05,0.1}. The best
combinations of lower-level and upper-level step size are (0.05,0.05) for StocBio, (0.05,0.01) for
TTSA, (0.1,0.05) for SOBA and SABA, (0.1, 0.05) for MA-SOBA, and (0.05,0.05) for BO-REP.
F2SA chooses (0.05,0.05,0.01) for updating its three decision variables. In addition, the learning
rates for solving linear system z in SOBA, SABA, MA-SOBA, and BO-REP are all fixed as 0.05
chosen from the range of {0.01,0.05,0.1}. The number of inner loops for StocBio is set as 5, which
is chosen from {3, 5, 10}. For BO-REP, The updating interval I and the iterations N for lower-level
variable w are fixed as 2 and 3, respectively, the ball radius R for projection is 0.5. Batch size
is fixed to 512 for all the algorithms. Other experimental hyperparameters, including momentum
parameters (for MA-SOBA, BO-REP) and the lagrangian multiplier setting (F2SA) remain the same
as Section[E1l

G VERIFICATION OF RELAXED SMOOTHNESS (ASSUMPTION [I)) FOR
RECURRENT NEURAL NETWORKS

In this section, we empirically verified that the Recurrent Neural Network model satisfies Assump-
tion[I] In Figure[d we plot the estimated smoothness at different iterations during training neural
networks. In particular, we conduct the hyper-representation experiments to verify Assumption [I}
We adopt the same recurrent neural network as that in Section [f.1] The lower-level variable is the
parameter of the last linear layer, and the upper-level variable is the parameter of the previous layers
(2 hidden layers). In each training iteration, we calculate the gradient norm w.r.t. the upper-level
variable ||V f(u)|| and the lower-level variable ||V, f(u)||, and use the same method as described
in Appendix H.3 in [Zhang et al.| (2020b) to estimate the smoothness constants of  and y. From
Figure 4] we can find that the smoothness parameter scales linearly in terms of gradient norm for
both layers. This verifies the Assumption [T]empirically. Note that these results are consistent with
the results in the literature, e.g., Figure 1 in [Zhang et al.|(2020b)) and Figure 1 in|Crawshaw et al.
(2022).
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Figure 5: The model structure for Hyper-representation. The upper-level variable is the parameter
of the recurrent neural layer, and the lower-level variable is the parameter of the classification layer.

H VERIFICATION OF ASSUMPTION [2](7)

In this section, we theoretically prove that Assumption 2f4), i.e. ||V, f(x,y*(x))|| < M, holds in
the practical case of hyper-representation. In this case, we define the cross entropy loss as

C
- Z Qg 1Og(5i)7
=1

where C' denotes the number of class, a = (a1, as,...,ac) is the one-hot encoded label and s =
(s1,82,...,Sc) is the probability distribution generated by the softmax layer. We also define Y (we
can view notation y as y = vec(Y") in the main text) and b as the weight and bias, 2z’ and z as the
input and output of the last layer (classification layer). So we have z = Y T 2/ +b. Figureillustrates
the model structure and the meanning of symbols.

First we calculate 351 By chain rule, we have

o5, @ S (S N e
5 Slaizj]og(gl)_szazj log( ?_1ezl>_8162’j <Z1 log (;e ))

0z; 0 - 1 0 <
=s; — —log e”! =8| lymiy ~=—— | =— e”!

Next we calculate 85 By chain rule, we have

oL i 05,

i=1

= —Zfsz ]1{1 iy — Za, ]1{1 i}y — Zazsj —Zazﬂ{l_]}
:stai—aj = S; — ay,
i=1

c . .
where we use ) .~ ; a; = 1 in the last line. Hence we have

oL
E =S —a.
Again, by chain rule we have
oL 0L 0z T
v " ozay T2
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Figure 6: Comparison of various bilevel optimization algorithms w.r.t running time (s): (a) results
of Hyper-representation on Amazon Review Dataset. (b) results of hyperparameter optimization on
Amazon Review Dataset. (c) results of data hyper-cleaning on Sentiment140 Dataset with noise rate

p=0.3.
Therefore, we conclude that
oL
|55 < 1 = all'l < st + 't < 201

where we use ||s]| < 1 and ||a|| = 1 for any s and a.

I PERFORMANCE COMPARISON IN TERMS OF RUNNING TIME

For a fair comparison of performance, we compare our proposed algorithm with other single-loop
and double-loop algorithms in terms of running time, the result is shown in Figure[6] To accurately
evaluate each algorithm, we use the machine learning framework PyTorch 1.13 to run each algorithm
individually on an NVIDIA RTX A6000 graphics card, and record its training and test loss. As we
can observe from the figure, our algorithm (BO-REP) is much faster than all other baselines in the
experiment of Hyper-representation (Figure[6|(a)) and Data Hyper-Cleaning (Figure [6](c)). For the
hyperparameter optimization experiment (Figure[6] (b)), our algorithm is slightly slower at the very
beginning, but quickly outperforms all other baselines. This means that our algorithm indeed has
better runtime performance than the existing baselines in bilevel optimization.

J ABLATION STUDY FOR HYPERPARAMETERS

J.1 ABLATION STUDY FOR LOWER-LEVEL UPDATE PERIOD [ AND ITERATIONS N

We conduct careful ablation studies to explore the impact of hyperparameter I (the update period
of the lower-level variable) and N (the number of iterations for updating the lower-level variable
during each period). The experimental results in Figure[7(a) show that the performance of BO-REP
algorithm decreases slightly when increasing the update period I from 2 to 8 while fixing inner
iterations N. That demonstrates empirically our algorithm is not sensitive to the update period
hyperparameter /. When the value of I is too large (I > 16), we observe a significant performance
degradation. In our experiments in the main text, we choose I = 2 for all experiments and get good
performance universally. The ablation result for inner iterations N is shown in Figure [/ (b), where
the update period [ is fixed. The figure shows that the performance of BO-REP algorithm would
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Figure 7: Ablation study of the update period I and the number of iterations for updating lower-level
variable during each period N (a) The performance of hyper-representation with different update

period I. (b) The performance of hyper-representation with different numbers of update iterations
N.

Table 3: Test accuracy vs. Projection radius R

Radius R=0.001 R=0.005 R=0.01 R=0.05 R=0.10 R=050 R=1.00 R=5.00

Test Accuracy  65.06%  67.64%  70.76% 81.22% 86.84% 88.84% 88.84% 88.84%

increase as the number of inner iterations increases. The algorithm can achieve the best performance
when N > 5. In our experiments, it is good enough to choose N = 3 to achieve good performance
universally for all tasks.

Due to these ablation studies, it means that the algorithm does not need lots of tuning efforts despite
these hyperparameters (e.g., I and /V): some default values of [ and N (e.g., I = 2, N = 3) work
very well for a wide range of tasks in practice.

J.2  ABLATION STUDY FOR THE RADIUS R OF PROJECTION BALL

We experimentally explore how the ball radius R affects the algorithm’s performance. We set the ball
radius as {0.001, 0.005,0.01,0.05, 0.10, 0.50, 1.00, 5.00} respectively, and then conduct the bilevel
optimization on Hyper-representation tasks. We keep all the other hyperparameters the same as in
Section The result is shown in Table [3l When the ball radius R is too small (i.e., R < 0.10),
the performance significantly drops, possibly due to the overly restricted search space for the lower-
level variable. When the ball radius R > 0.50, the performance becomes good and stable. In our
experiments in the main text, we choose R = 0.5.

K EXPERIMENTAL RESULTS WITH LARGE I AND LARGE N

In this section, we further explore the setting of hyperparameters /N and I. In particular, we evaluate
the algorithm performance on the larger value of NV and I (i.e., N = 16, ] = 12) compared with the
value we used in the experiments described in main text (i.e., N = 3,1 = 2), which may better fit
our theory. The results are presented in Fig[8] where Fig[8fa), (b), (c) show that the compared test
accuracy on three different tasks, respectively. We can observe that the algorithm performance with
the large value of N and I (green dash line) is almost the same as (or even better than) the original
setting (green solid line). The larger number of NV can compensate for performance degradation
induced by a long update period /. In particular, the new results in Fig[§] (b) (c) (green dash lines)
are obtained with a slightly smaller lower-level learning rate (8 X 10~*in (b) and 5 x 1072 in (¢))
than the original setting (green solid lines with 1 x 1072 in (b) and 5 x 1072 in (c)). However, the
setting of N = 3, = 2 is good enough in our experiments to achieve good performance for all the
tasks.
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Figure 8: Comparison results with the larger value of update iterations /N and update period I on
Hyper-Representation. (b) Comparison results with the larger value of update iterations N and
update period I on Hyperparameter Optimization. (c¢) Comparison results with the larger value of
update iterations /N and update period I on Data Hyper-Cleaning.

L OPTIMALITY OF OUR COMPLEXITY RESULTS

In this section, we demonstrate why our proposed algorithm is optimal up to logarithmic factors if
no additional assumptions are imposed. We first introduce the definition of mean-squared smooth-
ness (Arjevani et al.| [2023)) and individual smoothness (Cutkosky & Orabonal 2019) for single level
optimization problems, and then we discuss how these assumptions are being used in bilevel opti-
mization literature to achieve O(1/€%) oracle complexity, and at last we demonstrate our proposed

algorithm with 6(1 /e*) is indeed optimal up to logarithmic factors under current assumptions in
this paper.

For single level problems, given differentiable objective function F' : R — R, we say the function
F satisfies mean-squared smoothness property (formula (4) in |Arjevani et al.[ (2023)) if for any
z,y € RYand any £ ~ P,

E¢[|VF(z;€) — VF(y; )] < Lz — y|?, (85)

where we use §, VF (z; ) and L (the corresponding notations in|Arjevani et al.| (2023) are z, g(z, 2)
and L, please check formula (4) in |Arjevani et al.| (2023) for details) to denote the random data
sample, the stochastic gradient estimator and the mean-squared smoothness constant.

A slightly stronger condition than mean-squared smoothness is the individual smoothness property
(please check the statement “We assume that f(x,&;) is differentiable, and L-smooth as a function
of x with probability 1.” in Section 3 in|Cutkosky & Orabona| (2019) for details). We say function
F has individual smoothness property if for any =,y € R® and any £ ~ P,

IVE(z:§) = VF(y; )l < Lz — yl|. (86)

For bilevel problems, in order to obtain O(1/€3) oracle complexity bound, Yang et al.|(2021), |Guo
et al| (2021) and |Khanduri et al.| (2021) actually require individual smoothness assumption (As-
sumption (86)) jointly in (x,y) € R% x R for both upper-level (i.e., outer function f(z,y)) and
lower-level problems (i.e., inner function g(x, y)). To be more specific, for upper-level problem they
require for any u = (z,),u’ = (2/,y') € R% x R% and any ¢,

IVaf(u;§) = Vaf (w )| < Ly, [Ju — ],
IVyf(u;€) = Vyf(w ) < Ly, lu— /|,

and for lower-level problem they require for any u = (x,),u’ = (z’,y') € R% x R% and any (,

These three inequalities above can be viewed as definition of individual smoothness property under
bilevel optimization setting. For more details, please check Assumption 2 in Section 3.1 in |Yang
et al.| (2021)), Assumption 2 in Section 2 and Assumption 4 in Section 4 in (Guo et al|(2021), As-
sumption 2 in Section 2 in|Khanduri et al.| (2021). Please note that our paper does not assume any
of these assumptions.

u—u'l.
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Notably, all the bilevel optimization literature (Yang et al.l 2021} |Guo et al. 2021} Khanduri
et al., 2021) with O(1/€®) complexity use individual smoothness assumption, which is stronger
than the mean-squared smoothness. Also, their algorithm design depends on the STORM tech-
nique (Cutkosky & Orabona) [2019). In addition, it is shown in [Arjevani et al.| (2023) that without
this assumption, (1/e*) complexity is necessary for stochastic first-order optimization algorithms
for single problems. This indicates that our complexity is optimal up to logarithmic factors for the
bilevel problems we considered in this paper.

Let us give more details to explain this. First we consider potentially non-convex single level opti-
mization problems as considered in (Arjevani et al.,[2023). Given differentiable objective function
F : R? — R, our goal is to find an e-stationary point using stochastic first-order algorithms. As-
sume the algorithms access the function F' through a stochastic first-order oracle consisting of a
noisy gradient estimator VF : R? x Z — R and distribution P¢ on = satisfying

Eenp, [VF(2;6)] = F(z) and Eeop,[|VF(2;€) — VF(2)|°] < 0? (87)

Also we make the standard assumption that the objective F' has bounded initial subobtimality and
L-smoothness property,

F(zo) — inf F(z) <A and [VF(z) = VF(y)ll < Lljz -yl (88)
z€R?

where z is the initialization point for the algorithm.

For potentially non-convex single level optimization problems, Theorem 3 in|Arjevanti et al.| (2023))
states that

* Under Assumptions and , any stochastic first-order methods requires (1/€*)
queries to find an e-stationary point in the worst case (please check Contribution 1 in Sec-
tion 1.1, and formula (23) in Theorem 3 in|Arjevani et al.| (2023) for details);

* Under Assumptions and (88)), plus mean-squared smoothness assumption, any stochas-
tic first-order methods require Q(1/€3) queries to find an e-stationary point in the worst case
(please check Contribution 2 in Section 1.1, and formula (24) in Theorem 3 in |Arjevani
et al.|(2023) for details).

Note that our problem class is more expressive than the function class considered in |Arjevani et al.
(2023)) and hence our problem is harder. For example, if we consider an easy function where the
upper-level function does not depend on the lower-level problem and does not have mean-squared
smoothness, the (1/e*) lower bound can be applied in our setting. Therefore the oracle complexity

O(1/€*) achieved in this paper is already optimal up to logarithmic factors.
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