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ABSTRACT

Bi-Level Optimization (BLO) has found diverse applications in machine learning
due to its ability to model nested structures. Addressing large-scale BLO problems
for complex learning tasks presents two significant challenges: ensuring compu-
tational efficiency and providing theoretical guarantees. Recent advancements in
scalable BLO algorithms has predominantly relied on lower-level convexity sim-
plification. In this context, our work takes on the challenge of large-scale BLO
problems involving nonconvexity in both the upper and lower levels. We address
both computational and theoretical challenges simultaneously. Specifically, by
utilizing the Moreau envelope-based reformulation, we introduce an innovative
single-loop gradient-based algorithm with non-asymptotic convergence analysis
for general nonconvex BLO problems. Notably, this algorithm relies solely on
first-order gradient information, making it exceedingly practical and efficient, par-
ticularly for large-scale BLO learning tasks. We validate the effectiveness of our
approach on a series of different synthetic problems, two typicial hyper-parameter
learning tasks and the real-world neural architecture search application. These
experiments collectively substantiate the superior performance of our method.

1 INTRODUCTION

Bi-Level Optimization (BLO) addresses the challenges posed by nested optimization structures that
arise in a wide range of machine learning applications, such as hyper-parameter optimization Pe-
dregosal (2016); Franceschi et al.| (2018); Mackay et al.|(2019), meta learning |Ziigner & Glinnemann
(2018)); Rajeswaran et al.|(2019); J1 et al.[(2020), neural architecture search Liu et al.| (2018)); |Chen
et al.|(2019); [Elsken et al.| (2020), etc. Refer to recent survey papers Liu et al.|(2021a)); Zhang et al.
(2023)) for more applications of BLO in machine learning, computer vision and signal processing.

The inherent nested nature gives rise to several difficulties and hurdles in effectively solving BLO
problems. Over the past decade, a large number of BLO methods have emerged, with a primary
emphasis on addressing BLO problems featuring strongly convex lower-level (LL) objective. The
LL strong convexity assumption ensures the uniqueness of LL minimizer (a.k.a., LL Singleton),
which simplifies both the optimization process and theoretical analysis, see, e.g., [Franceschi et al.
(2018)); [Grazzi et al.| (2020); Ghadimi & Wang| (2018)); [Hong et al.| (2023)); |Chen et al.| (2021); [J1
et al.[ (2021 [2022). To mitigate the restrictive LL Singleton condition, another line of research
is dedicated to BLO with convex LL problems, which bring about several challenges such as the
presence of multiple LL optimal solutions (a.k.a., Non-Singleton). This may hinder the adoption of
implicit-based approaches that rely on the implicit function theorem. To address this concern, recent
advances include: aggregation methods |Liu et al.|(2020); |Li et al.| (2020); [Liu et al.| (2022} [2023b);
difference-of-convex algorithm|Gao et al.| (2022); Ye et al.|(2023)); primal-dual algorithms Sow et al.
(2022a); first-order penalty methods Lu & Mei(2023)).

While the nonconvex-convex BLO has been extensively studied in the literature, efficient methods
for nonconvex-nonconvex BLO remain under-explored. Beyond LL convexity, |[Liu et al.| (2021c)
proposed an iterative differentiation-based BLO method; |Arbel & Mairall (2022b)) extended the ap-
proximate implicit differentiation approach; |Liu et al.| (2021b) utilized the value function reformu-
lation of BLO to develop algorithms in machine learning. All of these works, however, tend to
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Table 1: Comparison of our method MEHA with closely related works for addressing nonconvex-
nonconvex BLO ( IAPTT-GM [Liu et al.|(2021c), BOME! |Ye et al.| (2022), V-PBGD |Shen & Chen
(2023)), GALET [Xiao et al,| (2023) ). Different methods employ distinct stationary measures, SO
we do not delve into complexity comparison here. Below, PL Condition represents the Polyak-
Lojasiewicz (PL) condition; L-Smooth means the Lipschitz continuous gradient condition; Bounded
and Gradient-Bounded specify that |F(z,y)| < C and ||V, F(z,y)| < C for all (z,y), respec-
tively; F' and f are UL and LL objectives, respectively.

Method Upper-Level Lower-Level Hessian Single Non-
Objective Objective Free Loop Asymptotic
IAPTT-GM Smooth L-Smooth X X X
& Compactness
L-Smooth PL Condition
GALET & Gradient-Bounded & L-Smooth x x v
L-Smooth ..
BOME! & Bounded Pl Condition v X v
& Gradient-Bounded
L-Smooth PL Condition
V-PBGD & Gradient-Bounded & L-Smooth v x v
MEHA L-Smooth L-Smooth v v v
(smooth case)
L-Smooth Part
MEHA L-Smooth + Weakly Convex v v v

(general case) Nonsmooth Part

be complicated and impractical for large-scale BLO problems, and lack a non-asymptotic analysis.
When LL objective satisfies the Polyak-Lojasiewicz (PL) or local PL conditions, |Ye et al.[(2022) in-
troduced a fully first-order value function-based BLO algorithm with non-asymptotic convergence
analysis. Recently, while still considering the PL condition, Huang|(2023) introduced a momentum-
based BLO algorithm; Xiao et al.[(2023)) proposed a generalized alternating method; |[Shen & Chen
(2023) proposed a penalty-based fully first-order BLO algorithm. However, the existing methods
still present two significant challenges: ensuring computational efficiency and offering theoretical
guarantees in the absence of the PL condition. A summary of the comparison of the proposed
method with closely related works is provided in Table[I]

1.1 MAIN CONTRIBUTIONS

To the best of our knowledge, this work is the first study to utilize Moreau envelope-based refor-
mulation of BLO, originally presented in |Gao et al.| (2023), to design a single-loop and Hessian-
free gradient-based algorithm with non-asymptotic convergence analysis for general BLO problems
with potentially nonconvex and nonsmooth LL objective functions. This setting encompasses a
wide range of machine learning applications, see, e.g., the recent surveys |Liu et al.|(2021a); Zhang
et al.| (2023). Conducting non-asymptotic analysis for our algorithm, which addresses nonconvex
LL problem, poses substantial challenges. Existing single-loop gradient-based methods generally
require the LL objective to either be strongly convex or satisfy the PL condition, as a mechanism to
control the approximation errors incurred when utilizing a single gradient descent step to approx-
imate the real LL optimal solution. Our approach mitigates this limitation by employing Moreau
envelope-based reformulation, where the proximal LL problem may exhibit strong convexity even
if the original LL problem is nonconvex. Consequently, this enables effective error control and
facilitates the algorithm’s non-asymptotic convergence analysis for nonconvex LL problem. We
summarize our contributions as follows.

* We propose the Moreau Envelope reformulation based Hessian-free Algorithm (MEHA),
for general BLO problems with nonconvex and probably nonsmooth LL objective func-
tions. MEHA avoids second-order derivative approximations related to the Hessian matrix
and can be implemented efficiently in a single-loop manner, enhancing its practicality and
efficiency for large-scale nonconvex-nonconvex BLO in deep learning.
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* We provide a rigorous analysis of the non-asymptotic convergence of MEHA under milder
conditions, avoiding the need for either the convexity assumption or the PL condition on
LL problem. In the context of the smooth BLO scenario, our assumption simplifies to UL
and LL objective functions being L-smooth.

* We validate the effectiveness and efficiency of MEHA on various synthetic problems, two
typicial hyper-parameter learning tasks and the real-world neural architecture search appli-
cation. These experiments collectively substantiate the superior performance of MEHA.

1.2 RELATED WORK

We give a brief review of some recent works that are directly related to ours. An expanded re-
view of recent studies is provided in Section Beyond LL convexity, the recent work Huang
(2023) proposes a momentum-based implicit gradient BLO algorithm and establishes a convergence
analysis framework under the PL condition and some nondegenerate condition of LL Hessian. The
study Xiao et al.| (2023)) introduces a novel stationary metric for nonconvex-PL BLOs and develops
a generalized alternating method under the PL Condition. Due to the use of implicit gradient or
the KKT reformulation, these methods require computationally intensive operations related to the
Hessian matrix. On the other hand, Ye et al.| (2022) presents a Hessian-free (also known as fully first-
order) BLO algorithm utilizing the value function reformulation, which comes with non-asymptotic
convergence guarantees under the PL or local PL conditions. However, it involves a double-loop
structure. Recently, Shen & Chen| (2023) develops a penalty-based fully first-order algorithm for
both unconstrained and constrained BLOs. They establish its finite-time convergence under the PL
conditions, although it employs a double-loop structure.

2 A SINGLE-LOOP AND HESSIAN-FREE SOLUTION STRATEGY

In this work, we study a bi-level optimization (BLO) problem:

in F . S
cpin F(z,y) st yéeS), )

where S(z) denotes the set of optimal solutions for the lower-level (LL) problem given by
min ¢(z,y) := f(2,y) +9(z,y), )

where X and Y are closed convex sets in R” and R™, respectively. The function f(z,y) : R™ X
R™ — R is smooth, and generally nonconvex, while g(x,y) : R™ x R™ — R is potentially
nonsmooth with respect to (w.r.t.) the LL variable y. For specific conditions governing F', f and g,
we refer the reader to Assumptions[3.1} [3.2]

2.1 MOREAU ENVELOPE BASED REFORMULATION
In this study, we do not necessitate convexity assumptions on the LL problem. Drawing inspira-

tion from the Moreau envelope based reformulation introduced in |Gao et al.| (2023)) for convex LL
scenarios, we define the Moreau envelope v, (x, y) associated with the LL problem as follows:

1
{w(wﬂ) + ol —y||2}, 3)

where v > 0. By leveraging this Moreau envelope, we investigate a reformulated version of the
original BLO problem,

U’Y(xa y) = 012{.,

i F .t. — <0.
womn JF@y) st p(ny) vyl y) < 4)
It should be noted that ¢(z,y) > v,(x,y) holds for all (z,y) € X x Y. For the special case
where ¢(z,y) is convex iny € Y for any 2 € X, the equivalence between the reformulated and the
original BLO problems is established in (Gao et al.,2023| Theorem 2.1). In the absence of convexity
assumptions on ¢, but when ¢(z, -) is p,,,-weakly convexon Y and v € (0,1/p,,), we establish

'A function h : R”? — R U {oo} is p-weakly convex if h(z) + £||z||* is convex. In the context where
z = (w,y), we always say h is (p1, p2)-weakly convex if h(z,y) + Z-||z|* + £2|y[|* is convex.
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in Theorem[A.T|that the reformulation (@) is equivalent to a relaxed version of BLO problem (TJ),

i Fley) sty €S@) = {y|0eVyfly) + 9@y + MW}t )
where 0, ¢g(z,y) denotes the partial Fréchet (regular) subdifferential of g w.r.t. the LL variable at
(x,y), and Ny (y) signifies the normal cone to Y at y. The stationary condition characterizing S(z)
is the optimality conditions of the lower-level problem within the setting of this work, specifically,

Assumption[3.2] This can be validated through the application of subdifferential sum rules, see, e.g.,
(Mordukhovich} 2018|, Proposition 1.30, Theorem 2.19).

Specifically, the reformulated problem becomes equivalent to the original BLO problem when
the set S(z) coincides with S(x). This equivalence holds, for instances, when ¢(z, -) is convex or
o(z,y) = f(x,y) and it satisfies the PL condition, that is, there exists 1 > 0 such that for any
z € X, the inequality |V, f(z,y)[|> > 2u(f (2, y) — infoerm f(z,0)) holds for all y € R™.

Before presenting our proposed method, we briefly review some relevant preliminary results related
to v (x,y), with a special focus on its gradient properties. Assuming that o(z,y) i8 (py,, Pes )-
weakly convex on X X Y, we demonstrate that for v € (0, 2p ), the function v (z,y) + 224 [|z||? +
222 ||y||? is convex over X x R™ when p,, > p,, and p,, > 1 /. This result implies that vy (2, )
is Weakly convex, as detailed in Lemma[A.1] Lastly, we define

. 1
Sy (x,y) == argmingcy {<p(a:,9) + %HH — y||2} . (6)

Forvy € (0, 5 e 5-—), the solution set S, (x,y) = {03 (z,y)} is a singleton. Further, when the gradients
Ve f(z,y) and Vyg(x,y) exist, the gradient of v.,(z, y) can be expressed as follows,

Vo, (z,y) = (sz(ﬂ% 03 (2,y)) + Vag(x,05(x,y)), (v — 05(2,y)) /v), (7)

which is established in LemmalA.2]

2.2  SINGLE-LOOP MOREAU ENVELOPE BASED HESSIAN-FREE ALGORITHM (MEHA)

We introduce a single-loop algorlthm for the general BLO problem @ via solving the reformulated
problem ( . At each iteration, using the current iterate (2, y*, 6), we update the variable 6 by
conducting a single proximal gradient iteration on the pr0x1ma1 LL problem , as follows,

0! = Prox,, g,r (9 — (vyf(x’“, ") + %(9’“ - y’“))) : (8)

where 7y, is the stepsize, and g(x,y) := g(z,y) + dy (y) represents the nonsmooth part of the LL
problem. Here, we define Proxy (y) as the proximal mapping of a function & : R™ — R U {0},

Prox(y) := arg muin {h(6) + [0 — y|*/2}
Subsequently, we update the variables (x, y) using the following scheme,

2* 1 = Projy (xk — akdi) ,

k+1

9)
YT = Proxggeen. ) (4 = Budy)

where Proj y denotes the Euclidean projection operator, and the directions d*, d’yc are defined as:

1
df = szF(w’“, yF) + Vi f (2%, y%) + Vaeg(a®, yF) — Vo f(ah, 051h) — Vog(a®, 05 1),

d’; — *V F( k+1 ) + vyf( k+1 k) _ l(yk _ 9k+1).
Ck Y
(10)
Leveraging the formula (7), (V. f(z*,0%1) + V,g(2*, 0%+1), (y* — 9¥+1) /) can be regarded as
an approximation for the gradient of v, (z, y), with ¥+ serving as a proxy for 6% (z*,y*). Hence,
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the update scheme of variables (z,y) in @) can be construed as an inexact alternating proximal
gradient method, operating on the following nonsmooth problem,

1
. 1. ) |
(z,yl)gl)lfle Cr. (z,y) + f(2,y) + g(x,y) — vy (2, y)

Here ¢, > 0 is a penalty parameter. The complete algorithm is outlined in Algorithm [T} whose
specific form for smooth BLOs, i.e., g(z,y) = 0, is provided in Algorithm 2]in Appendix.

Algorithm 1 Single-loop Moreau Envelope based Hessian-free Algorithm (MEHA)

Initialize: 2, 3°, 6, stepsizes oy, Bx, Nk, proximal parameter -, penalty parameter cy;
1: fork=0,1,..., K —1do
2: update 6¥+! = Prox,, 5.x .y (0% — ne (Vyf(at:’“7 0F) + %(9’C - yk)));
3: calculate d*, d’; as in equation
4: update
zF Tt = Projy (zk - ozkd_];) ,
Y = Proxg, g, (4° — Brdy) -
5: end for

3 THEORETICAL INVESTIGATIONS

3.1 GENERAL ASSUMPTIONS

Throughout this work, we assume the following standing assumptions on F’, f and ¢ hold.

Assumption 3.1 (Upper-Level Objective). The UL objective F' is bounded below on X X Y,
denoted by I := inf(, yyex xy F(x,y) > —o0. Furthermore, I is LF—smootlﬂ on X xY.

Assumption 3.2 (Lower-Level Objective). Assume that the following conditions hold:

(i) The smooth component f(x,y) is Lg-smoothon X x Y.

(ii) The nonsmooth component g(x,y) is (pg,, Pg,)-weakly convex on X x Y, ie., g(z,y) +
Lor||z]|? 4 222 ||y||? is convex on X x Y. Additionally, the gradient NV ,g(x,vy) exists and
is Lg-Lipschitz continuous on X x Y. Moreover, let §(x,y) := g(z,y) + oy (y), there exist
positive constants Lg, 5 such that for any x,2' € X, 0 € Y and s € (0, 5],

HProxsg(w,.)(Q) - Proxsg(x/’_)(Q)H < L|lz —2']. (11)

These assumptions considerably alleviate the LL problem’s smoothness requirements prevalent in
the BLO literature. Even within the context of smooth BLO, our assumptions only require that the
UL and LL objective functions are both L-smooth, without imposing any conditions on the bound-
edness of V, F(z,y), as illustrated in Table|l] Consequently, our problem setting encompasses a
broad range of practical scenarios, see, e.g., the learning models in|Grazzi et al.[ (2020).

It is noteworthy that when the nonsmooth component of the LL objective is decoupled from the
UL variable, that is, g(x,y) = §(y), the condition in Assumption [3.2(ii) is satisfied triv-
ially. Consequently, Assumption [3.2(ii) holds for conventional convex regularizer functions, such
as g(x,y) = Ayll1, and g(x,y) = A||ly||2, where A > 0. The demand for weak convexity is rela-
tively lenient; a broad spectrum of functions meet this requirement. This encompasses conventional
nonconvex regularizers like the Smoothly Clipped Absolute Deviation (SCAD) and the Minimax
Concave Penalty (MCP) (refer to (Bohm & Wright, 2021], Section 2.1)).

Additionally, in Section of the Appendix, we show that g(x,y) = x||y||; fulfills Assumption
[3.2(ii) when X = R} and Y = R™.

2A function b is said to be L-smooth on X x Y if h is continuously differentiable and its gradient VA is
L-Lipschitz continuous on X X Y.
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Finally, leveraging the descent lemma (Beck, 2017, Lemma 5.7), it can be obtained that any function
featuring a Lipschitz-continuous gradient is inherently weakly convex. Thus, under Assumption

B2, f(x,y) is (pg,, py,)-weakly convex over X x Y, with ps, = pg, = L. As a result, under
Assumption [3.2] the LL objective function ¢(x,y) is (py, , py, )-Weakly convex on X x Y, where

Por = Pf1 T Pgy a0d Py = pp, + pg,.
3.2 CONVERGENCE RESULTS

To establish the convergence results, we first illustrate the decreasing property of the merit function:
N 2
Vi := o, (@, 55) + [(Ly + Lg)* + 1/92] [|0% - 03", "),
where 6 (, ) is the unique solution to problem (@) and

bou(2,9) = i(F(x,y) CE) + (@) + (@) — 0r(7). (12)

Lemma 3.1. Under Assumptionsand suppose v € (0 , Ck+1 > c and ny, €

1
" 20551204, )
[0, (1) = pg)/(Ly + 1/%)%1 N [n,1/pg,) withn > O, then there exists co,cg,co > 0 such that
when oy, € (0,co] and By, € (0, cg), the sequence of (z*,y*, 0%) generated by Algorithmsatisﬁes

1 " 2
Vi1 — Vi < — mllx’““ = [ LR | L G || (13)

15, ly

It is worth noting that V}, is nonnegative for all k. Utilizing Lemma[3.1} we derive

1
Sl = aF |2l 2 e [|0F - 05(2F, 00T <00 (4)
=0 40% 46k v
This characteristic plays a crucial role in the convergence analysis. The proof of Lemma [3.1] is
presented in Appendix accompanied by supplementary lemmas in Appendix

Given the decreasing property of the merit function V},, we can establish the non-asymptotic conver-
gence rate for the sequence {(x*,y*,0%)} generated by Algorithm |1} Due to the Moreau envelope
function constraint, conventional constraint qualifications do not hold at any feasible point of the
constrained problem @), see, e.g., (Ye & Zhu, |1995| Proposition 3.2) and (Gao et al., [2023| Section
2.3). This renders the classical Karush—-Kuhn-Tucker (KKT) condition unsuitable as an appropri-
ate necessary optimality condition for problem {@). To circumvent this limitation, inspired by the
approximate KKT condition proposed in |Helou et al.| (2020), which is independent of constraint
qualifications, we consider using the residual function as follows,

Ry(z,y) := dist (O7 VFE(z,y) + i (V(z,y) + 0g(z,y) — Vv, (2,9)) +Nxxy(x,y)). (15)

This residual function can also be regarded as a stationarity measure for the following penalized
version of the constrained problem (), with ¢, serving as the penalty parameter:

<x,yrféi§Xy Ve, (7, y) = F(z,y) + c (f(a% y) +g(z,y) — vy(z, y))- (16)

It is evident that Ry (x,y) = 0 if and only if 0 € 9v., (x,y) + Nxxy (z,y), i.e., the point (z,y) is
a stationary point to the unconstrained problem (I6)).

Theorem 3.1. Under Assumptionsand suppose v € (0, M), ¢ = c(k + 1)P with
p€(0,1/2), ¢ > 0and ny € [n,(1/y — pg,)/(Ls +1/7)% N [n,1/pg,) with n > 0, then there
exists cq,cp > 0 such that when oy, € (@, cq) and By, € (B, cp) with o, 3 > 0, the sequence of
(xF,y* 0%) generated by Algorithm|l|satisfies
1
i 19 = 036,09 = 0 (7).
and

1
: k+1 ) k+1\ _
Og]lclélK Rk(‘r Y ) =0 <K(1_2p)/2) .

Furthermore, if the sequence 1., (z*,y*) is upper-bounded, the sequence of (z*,y*) satisfies

oz, y") — vy (@, y") =0 (Iip)
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Table 2: Comparison of total iterative time with representative BLO methods in LL non-convex case
with different dimensions.

Category Dimension =1 Dimension =10

Methods BVFIM BOME IAPTT MEHA BVFIM BOME IAPTT MEHA

Time (S) 101.9 3.163 32.327 0.388 33.987 7.634 233.7 5.086

Category Dimension =50 Dimension =100

Methods BVFIM BOME IAPTT MEHA BVFIM BOME IAPTT MEHA

Time (S) 383.0 20.25 210.6 9.447 33.987 803.5 707.9 14.31

4 EXPERIMENTAL RESULTS

We validate the effectiveness and efficiency of MEHA on various synthetic problems, two typicial
hyper-parameter learning tasks and the real-world neural architecture search application. We com-
pare MEHA against Explicit Gradient Based Methods (EGBMs, including RHG
(2017), BDA and TAPTT [Liu et al.| (2021c))), Implicit Gradient Based Methods
(IGBMs, CG |Pedregosal (2016) and NS [Rajeswaran et al.| (2019)) and currently methods (BV-

FIM [Liu et al. (2021b), BOME |Ye et al| (2022), F’SA [Kwon et al.| (2023), BAMM
(2023b))). These experiments collectively substantiate the superior performance of MEHA.

4.1 SYNTHETIC NUMERICAL VERIFICATION
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Figure 1: Illustrating the convergence curves of advanced BLO schemes and MEHA by the criterion
of ||l — z*||/||=*|| and ||y — y*||/|ly*|| in LL merely convex case.
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Figure 2: Visualizing the convergence behavior of BOME, BVFIM, IAPTT, and MEHA in LL non-
convex case with one dimension. We use metrics such as the descent direction ||dz||, UL objective
F, and the reconstruction error with x for comparison.

LL Merely Convex Case. We demonstrate the high efficiency of MEHA in LL merely convex case
using the following toy example:

) 1 2, 1 2 . 1 2 T
eyt |z — yol" + 3 ly1 —ell” sty =(y1,52) € Argming cgzn - lyal” =2 g1 (A7)
In concrete, the unique solution of the above objective is (e,e,e) € R3>*. We plot the conver-
gence behavior in Figure[T} Specifically, MEHA reduces the number of iterative steps by 66% and
inference time by 87.4% compared to the latest BAMM scheme.
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Table 3: Comparison of LL non-smooth case utilizing lasso regression under diverse dimensions.

Dimension=2 Dimension=100 Dimension=1000
Grid |Random | TPE | MEHA |Random | TPE | MEHA |Random| TPE | MEHA
Time (S) | 14.87 | 17.11 3.32 191 86.27 [232.61| 2.67 | 700.74 |2244.44| 26.22
Promotion | x37.0| x896 | x1.74 - x32.3 | x87.1 - x26.7 x85.6 -

LL Non-Convex Case. To demonstrate the wide applicability and superiority of MEHA, we also
showcase its effectiveness in LL non-convex case, using the following example:

min ||z — a|* + ||y — ae — ¢||* s.t. y; € argminsin (z +y; — ¢;) Vi, (18)

z€R,yeER™ y; ER
where ¢ € R™ and a € R. Following the literature [Liu et al| (2021b), we can ob-
tain the optimal solution as z* = Wf‘ﬁnc and yf = C + ¢ — x* Vi. Here C =
argming, {||Cx — 2a|| : Cx, = =% + 2km, k € Z}. The optimal UL objective is F* = "(%?)2

When n = 1, given a = 2 and ¢ = 2, the concrete solution is z* = 37/4 and y* = 37/4 + 2.
Given the initialization point (o, o) = (—6,0), we compare the performance with a few capable
BLO schemes (e.g., BVFIM, BOME, and IAPTT) with different dimensions. In terms of numer-
ical comparison, we provide the iterative times along with advanced competitors in Table In
Figure 2] we present convergence curves in the non-convex scenario, using different metrics. Ad-
ditionally, in Figure [3] we examine their performance across various dimensions. Firstly, MEHA
and BOME exhibit the fastest convergence speed, leveraging Hessian-free computation. Secondly,
MEHA outperforms BOME in approximating the optimal UL objective, as demonstrated in the sec-
ond subFigure Furthermore, we highlight the computational efficiency of MEHA on a large scale in

Figure[6]in Appendix
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Figure 3: Illustrating the convergence curves of advanced BLO and MEHA by the criterion of
|l = z*||/||=*|| in LL non-convex case with different dimensions.

LL Non-Smooth Case. We employ conventional lasso regression on synthetic data to verify the
superiority of MEHA, formulated as follows:
n n
1 2
i ;S in - ||y — iy 19
e B e 20 S0 vEmEmngly—al’+ ) mdulh, (9

11 L L _L..._ l) € R™. The number of positive and negative values

where a := (Hvﬁv""ﬁ’ n o n
is Z. The optimal solution can be calculated as z; € [2,1], y; = Owheni =1,---Z and z; = 0,

Y = —% when ¢ = & + 1,---n. The solving time of different methods with various dimensions
is reported in Table Ef Compared to grid search, random search, and Bayesian optimization-based
TPE [Bergstra et al.|(2013), MEHA consistently requires the least amount of time to find the optimal
solutions across various dimensions, particularly in large-scale scenarios (e.g., 1000 dimension).

You can examine the convergence curves of MEHA in Figure[7]in Appendix[A.2]

n

4.2 REAL-WORLD APPLICATIONS

Few-Shot Learning. The objective of N-way M-shot classification is to enhance the adaptabil-
ity of the hyper model, enabling it to quickly adapt to new tasks. In our experimental anal-
ysis, we conducted experiments on the Omniglot dataset |[Finn et al| (2017), specifically in 10-
way 1-shot and 20-way l-shot scenarios. Table [ presents a comparison of the run-time re-
quired to achieve the same accuracy levels (90% for both 10-way and 20-way scenarios). No-
tably, MEHA achieves similar accuracy levels while significantly reducing computational time.
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Table 4: Comparison of the results for few-shot learning (90% for 10-way and 20-way) and data
hyper-cleaning tasks (FashionMINIST and MNIST datasets).

10-Way 20-Way FashionMNIST MNIST
Acc. (%) | Time (S) | Acc. (%) | Time (S) | Acc. (%) | Time (S) | Steps | Acc. (%) | Time (S) | Steps
RHG 89.77 557.71 90.17 550.51 81.07 50.245 | 460 | 87.04 30.743 | 270
BDA 89.61 869.98 89.78 | 1187.63 | 81.06 55.656 | 140 | 87.06 75.321 | 380
CG 89.56 363.76 89.39 602.24 81.00 9.705 150 | 87.06 26.947 | 410
BAMM /| 90.57 180.48 90.13 255.99 81.02 6.193 | 630 | 87.02 3.797 | 380
MEHA | 90.45 150.39 90.87 246.72 | 81.07 3.297 | 630 | 87.03 3.063 | 530

Method

3

—son Data Hyper-Cleaning. In the right part of Ta-
—t"  bled we present the accuracy and time required
“Meis  for various methods to achieve similar levels of
accuracy (81% for FashionMNIST and 87% for
MNIST) in data hyper-cleaning tasks. Notably,
MEHA substantially reduces the time needed

e P e 77 to reach the desired solution. Additionally, in

. . L Figure [ we visualize the validation loss and
Figure 4: Comparison of the validation loss F'and . accuracy for different methods. It is ev-

accuracy for hyper-cleaning on FashionMNIST  jjen that MEHA exhibits the fastest conver-

dataset. gence rate and maintains its superior speed even
as it rapidly achieves an accuracy rate of 81%.

ES

Accuracy

Neural Architecture Search. The primary objective is to discover high-performance neural net-
work structures through an automated process. We specifically focus on gradient-based differen-
tiable NAS methods (e.g., DARTS [Liu et al.|(2018))), which represent a typical LL non-convex case.
To illustrate the consistency of the discovered architecture’s performance, we provide accuracy re-
sults at various stages in Table [5] It becomes evident that MEHA consistently exhibits superior
performance at different stages compared to specialized designs for architecture search. It is worth
noting that these advanced NAS methods utilize specialized techniques (e.g., progressive search and
channel splitting) to accelerate the searching procedure. By leveraging these effective techniques,
we can further reduce the search cost, such as time. Furthermore, we provide a comparison with
existing BLO methods, demonstrating our superiority in addressing real-world large-scale LL non-
convex applications.

Table 5: Comparing Top-1 accuracy in searching, inference, and final test stages for DARTS [Liu
et al. (2018)), P-DARTS |Chen et al.|(2019), PC-DARTS [Xu et al.| (2019), and BLO schemes.

Searching Inference

Methods Train Valid Train Valid Test Params (M)
DARTS 98.320 88.940 99.481 95.639 95.569 1.277
P-DARTS 96.168 90.488 99.802 95.701 95.710 1.359
PC-DARTS 84.821 83.516 98.163 95.630 95.540 1.570
RHG 98.448 89.556 99.688 95.340 95.340 1.359
CG 99.126 89.298 98.909 95.499 95.370 1.268
IAPTT 98.904 99.512 99.776 95.840 95.809 1.963
MEHA 98.936 99.716 99.601 96.101 95.860 1.406

5 CONCLUSIONS

By rethinking the Moreau envelope-based reformulation for general nonconvex BLOs, we propose
a provably single-loop and Hessian-free gradient-based algorithm, named MEHA. We validate the
effectiveness and efficiency of MEHA for large-scale nonconvex-nonconvex BLO in deep learning.
By leveraging the simplicity of our approach and integrating techniques such as variance reduction
and momentum, we would be interested in studying stochastic algorithms in the future.
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A APPENDIX

The appendix is organized as follows:

* Expanded related work is provided in Section[A.T]

» Additional experimental results are provided in Section

* Experimental details are provided in Section[A.3]

* The equivalent result of the reformulated problemd]is provided in Section[A.4]

* We prove the weakly convexity and derive the gradient formula of Moreau Envelope in
Section[AL3]

* Some useful auxiliary lemmas are provided in Section|[A.6]
* The proof of Lemma[3.T]is given in Section[A.7
¢ The proof of Proposition [3.1]is provided in Section [A 8§

A.1 EXPANDED RELATED WORK

In this section, we provide an extensive review of recent studies closely related to ours.

Nonconvex-Convex BLO. The LL strong convexity significantly contributes to the development of
efficient BLO algorithms, see, e.g.,|(Ghadimi & Wang|(2018); Hong et al.|(2023));/Chen et al.|(2021}));
Ji et al.| (2021); [Chen et al.| (2022a)); Ji et al.| (2021; 2022)); Kwon et al.|(2023). It guarantees the
uniqueness of the LL minimizer (Lower-Level Singleton), which facilitates the demonstration of
asymptotic convergence for the iterative differentiation-based approach [Franceschi et al.| (2018)). If
further the LL objective is twice differentiable, the gradient of the UL objective (hyper-gradient) can
be expressed using the implicit function theorem. Then the uniformly LL strong convexity implies
both the smoothness and the Lipschitz continuity properties of the LL solution mapping. These es-
sential properties facilitates the demonstration of non-asymptotic convergence for both the iterative
differentiation and the approximate implicit differentiation approaches with rapid convergence rates,
see e.g.,|Ghadimi & Wang| (2018)); [Hong et al.[|(2023); |Chen et al.| (2021); |Yang et al.| (2021); J1 &
Liang| (2022)); Ji et al.| (2021)); [Khanduri et al.| (2021)); |Sow et al.| (2022b); Ji et al.| (2022); |Sow et al.
(2022b); |Arbel & Mairal| (2022a)); |L1 et al.| (2022); Dagréou et al.[(2022); [Yang et al.| (2023). Due
to the implicit gradient, the methods mentioned above necessitate costly manipulation involving the
Hessian matrix, making them all second-order methods. Recently, [Kwon et al| (2023) developed
stochastic and deterministic fully first-order BLO algorithms based on the value function approach
Ye & Zhu|(1995), and established their non-asymptotic convergence guarantees, while an improved
convergence analysis is provided in the recent work |Chen et al.| (2023).

In the absence of strong convexity, additional challenges may arise, including the presence of mul-
tiple LL solutions (Non-Singleton), which can hinder the application of implicit-based approaches
involved in the study of nonconvex- strongly-convex BLOs. To tackle Non-Singleton, sequential
averaging methods (also referred to as aggregation methods) were proposed in|Liu et al.| (2020); L1
et al.| (2020); [Liu et al.| (2022; 2023b). Recent advances include value function based difference-
of-convex algorithm [Ye et al.| (2023); \Gao et al.| (2022)); primal-dual algorithms [Sow et al.| (2022a);
first-order penalty methods using a novel minimax optimization reformulation |Lu & Mei| (2023)).

Nonconvex-Nonconvex BLO. While the nonconvex-convex BLO has been extensively studied in
the literature, the efficient methods for nonconvex-nonconvex BLO remain under-explored. Beyond
the LL convexity, the authors in|Liu et al.| (202 1c) develop a method with initialization auxiliary and
pessimistic trajectory truncation; the study |Arbel & Mairal| (2022b) extends implicit differentiation
to a class of nonconvex LL functions with possibly degenerate critical points and then develops un-
rolled optimization algorithms. However, these works requires second-order gradient information
and do not provide finite-time convergence guarantees. Still with the second-order gradient informa-
tion but providing non-asymptotic analysis, the recent works |Huang| (2023) and Xiao et al.| (2023)
propose a momentum-based BLO algorithm and a generalized alternating method for BLO with a
nonconvex LL objective that satisfies the Polyak-t.ojasiewicz (PL) condition, respectively. In con-
trast to these methods discussed above, the value function reformulation of BLO was firstly utilized
in|Liu et al.|(2021b)) to develop BLO algorithms in machine learning, using an interior-point method
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combined with a smoothed approximation. But it lacks a complete non-asymptotic analysis. Sub-
sequently, |Ye et al.|(2022)) introduced a fully first-order value function based BLO algorithm. They
also established the non-asymptotic convergence results when the LL objective satisfies the PL or
local PL conditions. Recently, Shen & Chen| (2023)) proposed a penalty-based fully first-order BLO
algorithm and established its finite-time convergence under the PL conditions. Notably, this work
relaxed the relatively restrictive assumption on the boundedness of both the UL and LL objectives
that was present in Ye et al.| (2022).

Nonsmooth BLO. Despite plenty of research focusing on smooth BLOs, there are relatively fewer
studies addressing nonsmooth BLOs, see, e.g., Mairal et al.[(2011); Okuno et al.| (2018)); [Bertrand
et al.| (2020; 2022). However, these works typically deal with special nonsmooth LL problems, e.g.,
task-driven dictionary learning with elastic-net (involving the ¢;-norm) in |[Mairal et al.| (2011)); the
Lasso-type models (including the ¢;-norm as well) for hyper-parameter optimization in [Bertrand
et al.| (2020); ¢,-hyperparameter learning with 0 < p < 1 in |Okuno et al.| (2018); non-smooth
convex learning with separable non-smooth terms in [Bertrand et al.| (2022). Recently, there is a
number of works studying BLOs with general nonsmooth LL problems. By decoupling hyperpa-
rameters from the regularization, based on the value function approach, |Gao et al.| (2022) develop
a sequentially convergent Value Function-based Difference-of-Convex Algorithm with inexactness
for a specific class of bi-level hyper-parameter selection problems. |Gao et al.| (2023) introduces
a Moreau envelope-based reformulation of BLOs and develops an inexact proximal Difference-
of-weakly-Convex algorithm with sequential convergence, to substantially weaken the underlying
assumption in|Ye et al.|(2023) from lower level full convexity to weak convexity. There is also a line
of works devoted to tackle the nonsmooth UL setting, including: Bregman distance-based method
in|Huang et al.| (2022); proximal gradient-type algorithm in|Chen et al.|(2022b)).

A.2 ADDITIONAL EXPERIMENTAL RESULTS

LL Strong Convex Case. We first illustrate the convergence results leveraging the toy numerical
problem in BDA |Liu et al.|(2020) with a lower-level convex objective, which can be written as:

1 1 1
min o ||z — 20[* + 5y7 (@) "Ay"(2) st y"(x) = arg min f(r,y) = 5y Ay —a'y, (20)
where z € R™ and y € R™. We define A has the positive-definite symmetric property and A €
SmX" 2o # 0 and 29 € R™. Concretely, we set A = I and zg = e. Thus, the optimal solution
is * = y* = e/2, where e represents the vector containing all elements equal to one. Obviously,
this case satisfies the most convergence assumptions including Explicit Gradient Based Methods
(EGBMs, including RHG |Franceschi et al.[ (2017), BDA and IAPTT [Liu et al.[(2021c)), Implicit
Gradient Based Methods (IGBMs, CG |Pedregosal (2016) and NS |[Rajeswaran et al.| (2019)) and
current proposed methods (BRC [Liu et al.| (2023a), BOME |Ye et al.| (2022), F*SA Kwon et al.
(2023)), BAMM |Liu et al.[(2023b)). In details, the numerical comparisons are reported in Table @
We also compare these methods in Figure[5} From the behaviors in Figure 5] our method achieves
the fastest convergences compared with EGBMs, IGBMs, and single-loop methods in Table [6] it
can be clearly observed that MEHA has two significant promotions. Compared with the effective
BAMM, MEHA achieves 85.8% improvement of inference time. Furthermore, the proposed scheme
has the lowest computational cost, which only exploits 10.35% memory of BAMM.
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Figure 5: Illustrating the convergence curves of advanced BLO methods and MEHA by the criterion
of ||l — z*||/||=*|| and ||y — v*||/|ly*|| in LL strong convex case.
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Table 6: Basic properties of time and memory in LL strong convex case.

Category EGBMs IGBMs Others

Methods | RHG BDA | IAPTT CG NS BRC | BOME | F’SA | BAMM | MEHA
Time (S) | 14.01 50.13 | 31.98 15.66 | 21.10 | 1948 | 11.18 | 16.21 | 2.650 | 0.375
Memory | 160768 | 212480 | 160768 | 111104 | 110592 | 12800 | 14848 | 12288 | 14848 1536

Table 7: Computational efficiency comparison of BLO schemes in LL strong-convex case.

Convergence Time (Dimension=10000) Convergence Time (Dimension=30000)

RHG | CG NS |BAMM | MEHA RHG | CG NS |BAMM | MEHA
Time (S) | 70.59 | 36.97 | 40.53 | 5.890 | 2.352 | Time (S) | 110.26 | 64.21 | 65.73 | 5.949 | 3.538
Promotion | x30.0 | x15.7 | x17.2| x2.5 - Promotion | x31.2 | x18.2| x18.6| x1.68 -

Computational Efficiency Under Large Scale. We provide the convergence time compared with
advanced BLO method in LL non-convex case, as shown in Figure [f] We can obviously observe
that, our method realize the fast convergence among different dimensions, especially for large-scale
computation. We evaluate the computational efficiency to by increasing the dimension of z and y

[EEBOME EEEBVFIM EEMIAPTT @@Ows| [EEEBOME EEEBVFIM EEEIAPTT [EEEMEHA

1644.64

800 - 8800 1600 - 1567.10

1022.90

10.60
179.30

0
n=20 n=>50 1n=100 1n=200 1n=300 n=>500

Figure 6: Computational efficiency comparison of advanced BLO schemes in LL non-convex case.

as 10% and 3 x 10 in LL strong convex case. Table [7|illustrates the superiority of our method to
handle BLO problems with large dimension.

LL Non-Smooth Case. We provide the convergence curves of our method MEHA on different
dimensions in Figure[7] We can conclude that our method can find the optimal hyper-parameter z*
effectively and the optimal solution {z*, y* } under diverse high dimensions.

A.3 EXPERIMENTAL DETAILS

We conducted the experiments on a PC with Intel 17-8700 CPU (3.2 GHz), 32GB RAM and NVIDIA
RTX 1070 GPU. We utilized the PyTorch framework on the 64-bit Windows system.

Synthetic Numerical Examples. The hyper-parameter settings for diverse numerical experiments
are summarized in Table [8] Specifically, as for the compared methods in LL non-smooth case, we
follow the effective practice|Gao et al.|(2022). We utilize the SGD optimizer to update UL variable
x. We uniformly utilize the ||z — x*[|/[|z*]| < 1072 criterion in LL merely convex case and loss
|F¥ — FE=1||/||F¥|| < 2 x 10~* in LL non-convex case. The learning steps a, 3 and 7 are fixed.
p is setted as 0.49 for the update of c.

Few-shot Learning. As for this task, the upper-level variables = represent the shared weights for
feature extraction. y denotes the task-specific parameters. Leveraging the cross-entropy loss as the
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Figure 7: Ilustrating the convergence curves by the criterion of ||« — z*||/||=*|| and ||y — v*||/|ly* ||
in LL non-smooth case with different dimensions.

Table 8: Values for hyper-parameters of synthetic numerical experiments.

Category Qo Bo Mo ~y c
LL strong-convex 1.5 0.8 0.8 10 33.3
LL merely-convex 0.012 0.1 0.009 5 0.167
LL non-convex Se—4 Se—4 0.001 200 0.02
LL non-smooth 0.1 le—5 0.1 10 2

objective L, we provide the bi-level formulation as:

minZC(m,yj;Dj) st.  y=argminL(z,y’; DI_..). 21
j 1

val train
Yy

Following with the practice Liu et al.|(2023c), we utilize four layers of convolution blocks (ConvNet-
4) to construct the backbone (i.e., ), which is widely utilized for few-shot learning tasks. The
task-specific classifier y is composited by fully-connection layers with softmax operation. Adam
and SGD optimizers are utilized to update = and y for all algorithms fairly. The concrete hyper-
parameters of Alg.1 and other shared hyper-parameters are summarized in Table [0} We utilize the
inverse power learning rate annealing strategy to dynamically adjust the learning rate (« and 3). n
and ~y are fixed.

Table 9: Values for hyper-parameters of few-shot learning.

Parameter Meta batch size Hidden size [e™) Bo Mo ¥
Value 16 32 0.008 0.1 0.001 100 0.5

Ie}

Data Hyper-Cleaning. The mathematical formulation can be written as:

min Z L(y(z);u;,vi) st y=argmin Z [o(2)]iL(y; i, vi), (22)

Yy
u;,v; EDya1 U;,V; €Derain

where the upper-level variable z is a vector with the same dimension of the number of corrupted
examples. y denotes the target classification model. o(x) is a sigmoid function. {u, v} are the
data pairs. In detail, we only utilize one-layer of fully-connection to define y. Two datasets Fash-
ionMNIST and MNIST are utilized to conduct the experiments. We randomly split these datasets
to composite the training, validation and testing subsets with 5000, 5000, 10000 examples, respec-
tively. Half of data in the training dataset is tampered. The concrete hyper-parameters of Alg.1 are

16
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summarized in Table [I0] Adam optimizer is utilized to update the UL variable x fairly. We utilize
the inverse power learning rate annealing strategy to dynamically adjust the learning rate (a and (3).
n and +y are fixed.

Table 10: Values for hyper-parameters of data hyper-cleaning.

Parameter o Bo 1o v c

Value 0.01 0.1 0.0004 10 40

Neural Architecture Search. The bi-level formulation of neural architecture search is

min £va1 (y* (.’17), Z; Dval) S.t. y* (ZC) = arg min ‘Ctrain(ya x; Dtrain)» (23)
x y

where the architecture parameters are denoted as the upper-level variable x and the lower-level
variable y represents the network weights. L,1 and Lir.i, are the losses on validation and train-
ing datasets. The definition of search space, cells, and experimental hyper-parameters settings are
following with the literature Liu et al.| (2018)). We leveraged the Cifar-10 dataset to perform the
experiments of image classification. As for the super-network, we conducted the search procedure
with three layers of cells for 50 epochs. The network for training is increased with 8 layers and
trained from scratch with 600 epochs. The concrete hyper-parameters of Alg.1 are summarized in
Table [T1] We utilized the cosine decreasing learning rate annealing strategy to dynamically adjust
the learning rate («, 5 and 7).

Table 11: Values for hyper-parameters of neural architecture search.

Parameter Qap Bo 1o ¥ c
Value 8e-5 0.025 0.025 200 2

A.4 EQUIVALENCE OF MOREAU ENVELOPE BASED REFORMULATION

The following theorem establishes the equivalence between the Moreau Envelope based reformula-
tion problem (@) and the relaxed bilevel optimization problem (5). The proof is inspired by the one
of Theorem 2.1 in|Gao et al.| (2023)). For the convenience of the reader, we restate problems and
(@) as follows:

i F .t. _ <
(x,yﬁ%lng (x,y) st o(z,y) —vy(z,y) <0, @
where v, (z,y) := infgey {@(%9) + %HQ — ZZ/HQ} o(z,y) = flz,y) + g(z,y), and

xer)r{{iyneyF(a:,y) st. 0eVyf(z,y)+0yg(z,y) + Ny (y). @)

Theorem A.1. Suppose that (., -) is p,,-weakly convex on'Y for all z, i.e., p(z,-) + Z22|| - ||* is
convex on'Y for all z. Then for vy € (0,1/p,, ), the Moreau Envelope based reformulation problem
() is equivalent to the relaxed BLO problem (D).

Proof. First, given any feasible point (z,y) of problem @), it necessarily belongs to X x Y and
satisfies

o) < vy (z.y) {mx,e) 4o lo- y||2} < p(,y).

= inf
ocy
From which, it follows that ¢(,y) = v, (z, y) and thus y € argming, {(p(x, 0) + %H@ - y||2}
This leads to
0€Vyf(z,y)+0yg(z,y) + Ny (v),

implying that (z, y) is feasible for problem (5).

Conversely, consider that (z, ) is an feasible point of problem (5). This implies that (z,y) € X XY,
0€ Vy,f(z,y)+ 0yg(z,y) + Ny (y). Given that p(z,-) : R™ — Ris p,,-weakly convex on Y,
then when y € (0, 1/p, ), the function p(z, -) + % |- —yl|? is convex on Y, making it lower regular.

17
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Clearly, dy (+) is lower regular since Y is a closed convex set. By leveraging the subdifferential sum
rules for two lower regular L.s.c. functions (Mordukhovich, 2018} Theorem 2.19), we arrive at

9 <90(x, )+ %H —ylP + 5y(-)> = Vyf (@) +0yg(x, ) + (- —y)/v + Ny ().

With the right-hand set-valued mapping at y containing 0, we can deduce that

1
0 €y <¢<z,e> + ooyl + 6y<9>)

0=y

Thus, invoking the first-order optimally condition for convex functions, we infer

. 1
v & angmingey { (o) + 516 -l |
This implies ¢(z, y) = v, (z, y), confirming (z, y) as an feasible point to problem (). O

A.5 PROPERTIES OF MOREAU ENVELOPE

By invoking (Rockafellar, {1974, Theorem 1), we have that when the LL problem is fully convex,
the Moreau Envelope v (z, ) is also convex. We further generalize this finding in the subsequent
lemma, showing that v., (z, y) retains weak convexity when the LL problem exhibits weak convexity.

The foundation for this proof draws inspiration from Theorem 2.2 as presented in|Gao et al.| (2023)).
Lemma A.1. Suppose that p(x,y) is (py, , Py, )-weakly convex on X x Y. Then for~y € (0, ﬁ)

2
Pvr = Po, and py, > % the function

P Pu
o )+ L2+ 2y

is convex on X x R™,

Proof. We first extend the definition of the Moreau envelope v.,(z, y) from 2 € X to x € R™ by

vy(z,y) ;== in

1 2 n m
,inf {@(x,0)+279—y —|—5X><Y($,9)} Vo e R",y € R™.

It follows that v., (2, y) = +oo for z & X. For any p,,, pu, > 0, the function v, (z, y) + 2 ||z||* +
222 y||* can be rewritten as

P P
0 a,9) + 22 a2 + 22y
= inf {0 (0 0.0) = o(.0) + P2 4 P2yl + 10—yl + Gxy (2.0) b
germ | PN ’ 2 2 2y ’

By direct computations, we obtain the following equation,
¢v,pv (xa Y, 9)
Poi 2 Pes g2 L Py, 2, LH+u 10 1
= 0) + — —1|6 ) 0 — -0 T — —(0,y).
) + E5 ol + Z22 1017 + G (.0) + (5 = 222 ) 1012 + 5222 P - 26,0
Given that p,, > py,, the convexity of ¢ (z,0) + 2ot ||z ||? + 222(10)1? + 0x xy (2, 0) can be imme-
diately inferred, given that ¢(z, y) is (py, , Py, )-Weakly convex on X x Y.

Further, when v € (0, ﬁ) and p,, > %, it can be shown that both conditions, % — p% > (0 and

M% > 1, hold. This implies that the function
L py, 2, 1+vpum 2 1
= 0 - Pva —

L Py, o L1 o TP,
(- 02 + = ( ~116]2 + —F2Pv2 1412 — (9
(5 -2 1o+ 2 (Fo07 + Z222 i - 0.0 )

18
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is convex with respect to (y, #). Therefore, under the conditions y € (0, #), Pur = P, and py, >
P2
%, the extended-valued function ¢., ,,, (,y, 6) is convex with respect to (x, y, 6) over R x R™ xR™.

This, in turn , establishes the convexity of
Pv Po .
0y () + 2l 22yl = inf 650, (2,,0)
over X x R™ by leveraging (Rockafellar, 1974 Theorem 1). O

Next we develop a calculus for the Moreau Envelope v, (x,y), providing formulas for its gradient.
These results immediately give insights into the proposed algorithm. The proof closely follows that
of Theorem 2.2 in|Gao et al.|(2023).

Lemma A.2. Under Assumption of Lemma suppose that the gradient V g(x,y) exists and is
continuous on X x Y. The for~ € (0, ﬁ) Sy (z,y) = {03(x,y)} is a singleton. Furthermore,
2
Yoy (@,y) = (Vaf (@,05(2,9) + Vag(@,05(2,9), (v = 05(5,9) /7). @4

and the weakly convexity of ¢(z,y), the function ¢(z,0) +

1 1
vy Pog

Proof. Considering v € (0, ﬁ)
2
Q%HG — y||? + dy (6) is shown to be (

Sy (z,y) = {03(x,y)} is a singleton.

)-strongly convex with respect to . Consequently,
Further, for v € (0, ﬁ), we have p,, > p,, and p,, > % Leveraging Lemma and its

subsequent proof, the function v, (z,y) + 22 ||z||* + 222 ||y||? is established as convex, and for any
(z,y) € X x Y, the following holds

Pv Pu . Pu Pu 1
vy (@, y) + Sl + S yl” = jof {w(:cﬂ) + 5 2l + Rl 4 518~ y||2} :
where o(z,0) + 221 [|z]|2 4+ 22 ||y||* + %HG — y||? is convex with respect to (z,y, ). By applying

(Ye et al., 2023, Theorem 3) and exploiting the continuously differentiable property of g(z,y) with
respect to x, the desired formulas are derived. O

A.6 AUXILIARY LEMMAS

In this section, we present auxiliary lemmas crucial for the non-asymptotic convergence analysis.
Lemma A.3. Ler v € (0, #) (z,5) € X x R™. Then for any py, > py, , Pv, = % and (x,y)
=5}
on X x R™, the following inequality holds:
_ - —— P - P _
—vy(2,y) < =0y (2,9) = (Voo (2,9), (2,9) = (2,9)) + T |l — z||* + S lly - gl @9

Proof. According to Lemma vy (z,y) + 21 ||z]|2 + 222 ||y||? is convex on X x R™. As aresult,
for any (z,y) on X x R™,
P P
v 9) + 2?4 222 g2

P
2

Consequently, the conclusion follows directly. O

_ _ Pos | — _ _ _ _
> vy(,9) + S + ST + (Voy (2,9) + (P @ o), (,9) = (7,9)).

Lemma A4. Forany 0 < s < 1/p,,, and 0,0 € R™, the following inequality is satisfied:

IProxje. (6) — Proxge(8) < 1/(1 = spy,)II0 — /|1 (26)
Proof. Let us denote Prox,g(,,.)(f) and Prox,g(, .)(#") by 6* and ¢’ *, respectively. From the
definitions, we have

1
0 € 0yg(x,0%) + ;(9+ —0),
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and
1
0€dyg(z,0") + ;(W —0).

Given the p,,-weakly convexity of §(x, ), it implies

1 1
(=507 =0+ S0 =007 =07 ) > gl — 0P

s

From the above, the desired conclusion follows directly. O

Lemma A.5. Let v € (0, m). Then, there exists Ly > 0 such that for any (z,y), (¢',y’) €
2 2

X x R™, the following inequality holds:

165 (z, y) — 05(", ¥l < Loll(z,y) — (", 4. 27

Proof. Given that ¢ (x, y) is optimal for the convex optimization problem mingey ¢(z,6)+ % l6—
, we have

0€V,f(x,05(z,y) + dyg(z, 05 (x,y) + (05(z,y) — y) /7 + Ny (05(x,y)),
0€V,f(a 05", y) + 0yg(a’, 05 (2", y") + (05 (2", y") — y') /v + Ny (05(2, ).

Due to the p,,-weakly convexity of g(x,y) := g(z, y) + dy (y) with respect to y, we obtain

Gz(x,y) = Proxs[](a:,») (Gi(l’,y) - (vyf(a:?e:;(xvy)) + (Qi(l’,y) - y)/’}/)) ’

022", ) = Proxsgey (6, 4') — s (Vo S, 0, 0) + @) —)/) s
when 0 < s < 1/p,,. Consequently, we deduce that
105 (2, y) — 6 (33' y')ll
=||Proxsg(a,) (05 (x,y) — 5 (Vy f(z,05(z,y)) + (05(x,9) —y)/7))
— Proxgg(ar, ( (x, y)—s(Vy (»"U 0% (' ') + (03(",y') = y') /7)) ||
<||Proxge,y (0% (2, y) — s (Vo f (2,05 (2, y)) + (05 (2, y) —y)/7))
— Prox,g(s, )( x ,y’) 5(V, f o 03 (2',y") + (052", y') =) /7)) ||
+ [[Proxgg(a,) (05(2", ") — s (Vo f (@', 052", 4) + (05(2, 4') = ') /7)) 29
*PYOX gy (O3 ) — s (Vy f(2 9*( N+ O y) =) /) ||

) Y
< |[Proxgga, (05 (@, y) = s (Vyf(x,05(2,)) + (9*(fc,y) /7))
= Proxg, (05(2",y) = s (Vyf(x,05(2",y") + (05(«",y") = ) /7)) |
+|[Proxg(, (9*(3; y) = s (Vyf(,05(" ) + (052" y") —y)/7))
—Prox 0 (050" y) = s (Vo f (2, 9*( y)) + (05", ") =) /) |
+ Lyl — ||7
where the second inequality is a consequence of Assumption [3.2(ii), which states that

|Proxss(z,)(0) — Proxsge,r,.)(0)|| < Lg|lz — 2’| for any 6 € Y and s € (0, 5]. Invoking Lemma
for 0 < s < 1/pg,, we derive

|Proxsg(s,.)(0) — Proxsges,) (0] < 1/(1—spg,)||0 —0'|| V0,0 € R™. (30)

Given that f(z,0) + % 16 —yl|* is (% — py,)-strongly convex with respect to 6 on Y, we have

(Vyf(x, 05 (z,y)) + (05 (x,y) — y) /v = Vo f (2,05, ") — (03", ') — ) /v, 05(x,y) — 05(a’

1 * *
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which implies that when 0 < s < (1/v — pys,)/(Ls + 1/7)2,
(@ y) — s (Vo f (2,05 (x,9) + (05(z,y) —y)/v) — 05(2",y")
s (Vo f (2,05 ,y) + (03, 9) = v)/7) ||
< [1=2s(1/y = pp,) +s* (L +1/7) ] 16% (z, y) — 65 («", ")
<[ =s/y = pp)]165(z,y) — 05", 4%
Combining this with @) we infer that
| Proxsa, ) (9*(:6 y) = s (Vyf(@,05(z, ) + (05(x,9) —v)/7))
— Proxg; (9*(33 y') — ( f(z, 9*(37 y'))+ (0 ( Y) _y>/7)) H
( *

<171 spo [P erg) — 5 (T 820090 + B2(0) — ) an
70;(I/7y)+5(v f(gj 0*('rlvy)) ( 'y(zlay/)iy)/r}/) ||
< \/1 =51y = pp)/ (1 = spg)[|05(z,y) — 05(z", y)|.
Next, utilizing Lemma for 0 < s < 1/py,, it follows that
||Proxs§(x,~) (0,*;(1'/, y/) —S (Vyf(ar, 9:(1'/7y/)) + (gi(xlay/) - y)/’Y))
- PTOng(x,~) (0:(‘%/7 yl) - S (Vyf(xlv 9:(.%’, y/)) + (9:;(:5/) y/) - 3/)/7)) ||
S1/(1=spg,)|| 02" ') — 5 (Vy f,05( ) + (05 (2",y") — ) /)
- 9;(x17y/) +s (Vyf(x',@(x’,y’)) + (9:(1‘/7:‘}/) - y/)/v) H (32)
<s/(1=spg,) (IVyf (2, 05(2" ") = Vy f (@', 052",y + ly = ¥'1l/7)
< 5/(1- 5py) (Lfn:n ~ 4+ 2y -v1).

From estimates (29), (31) and (32)), we deduce that, for any s > 0 satisfying s < (1/y—py,)/(Ls+
1/7)%,s<5 and 5 < 1 / Pgs» the followmg condition holds

105 (, y) — 03(2", )| < \/1 = s (1/7 = pp)/ (1= spg,) 165 (2, y) — 05(2", )|

1
T s/(1— spg2) (Lfnx _d+ 7||y—y'||) T Lylle - o).

(33)

Given that v < it can be inferred that 1/y — py, > 2p,,. This implies 1 — 2spg, >

1
Prat2pgy”°
1 — s(1/y — py,), leading to 1 — s(1/y — ps,) < (1 — spy,)?. Consequently, we deduce
V1—s(1/y—ps,)/(1—spg,) < 1. From these derivations, the desired conclusion is evident. [J

Lemma A.6. Suppose v € (0, M) andny, € (0,(1/v = pg,)/(Ly +1/9)%N(0,1/pg, ), the
sequence of (x*,y*, 0F) generated by Algorithmsatisﬁes

16"+ — 65 (2", ") < onl|0F — 05 (2", 50, (34

where o, := /1 — i, (1/y — pr,) /(1 — pg,) < L.
Proof. Recalling (28) from Lemma[A.5|that when 7y, < 1/pg,,

ex(xk’ yk) = Proxnkq(m ) (9 ( Y ) (vyf(xkv Gz(x,y)) + (oz(xk,yk) - yk)/’Y)) .

Considering the update rule for §*+! as defined in (8)) and using arguments analogous to those in the
derivation of from Lemma when n, < (1/y — ps,)/(Ls + 1/7)?, it follows

16541 — 0 (2", )| < oxll0* — 6 (%, 5],

where o) = \/1 — 0k (/v — pg,)/(1 — ngpg,). Notably, o, < 1 is a consequence of v <
1

— O
Piat2pgy
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As previously highlighted, the update of variables (x, y) in (9) can be interpreted as inexact alter-
nating proximal gradient from (%, y*) on ming ,)ex xy Pe, (T, y), in which ¢, is defined in
as

bon(2,) = = (Fay) = B) + fla.9) + gla.9) - vy,

The subsequent lemma illustrates that the function ¢, (x,y) exhibits a monotonic decreasing be-
havior with errors at each iteration.
Lemma A.7. Under Assumptions and suppose v € (0

sequence of (x*,y*, 0F) generated by Algorithm satisfies

1
s 357 t3ney) @nd B < 1/pg,, the

1 Pg2 Lg, k+1 k2
- - - = — 35
( 5 )y vl (35)

2

9

a
# (s nf o ) o - 50t 0|
where Ly, = Lp/ci + Ly + Ly + max{p,,,1/7}.
Proof. Under the conditions of Assumptions [3.1]and [3.2(i), the functions F" and f exhibit L p- and

L¢-smooth on X x Y, respectively. Further, according to Assumption ii), the function g(-, y*)
is Lg-smooth on X. Leveraging these assumptions and invoking Lemma|A.3| we deduce

L .

with Ly, := Lp/ck + Ly + Lg + max{p,,, 1/v}. Considering the update rule for the variable
as defined in (9) and leveraging the property of the projection operator Projy, it follows that

(x% — apd® — 2FFL 2k — gy <o,

leading to
(df, a T —ak) < —inx’”l —z*|2.
Qg
Combining this inequality with @), if can be deduced that
be (a:k+1 yk) <o, (xk yk) — (1 _ [@k) kaﬂ . xk||2
S a2 37)

+ <vz¢0k (xkvyk) - d§7xk+1 - $k> .

Given the expression for Vv, (z,y) as derived in Lemma and the definition of d* provided in
(TO), we obtain

Ve, (2, 4") — a5

* * . 2
= |‘sz($k7 ew(xkvyk)) + vwg(xk?efy(l‘kayk)) - wa<xka 9k+1) - V:Eg(xkv 9k+1)” (38)
< (Ly +Lg)” 05" = 03 a* o)
This yields
(Vb (2%, yF) — d, 2+ — o)
< (L4 Ly 0441 — 0%, M) + 5l — 2
-2 g AN 200, ’
which combining with (37) leads to
1 Ly,
6t ) 0l ) - (e — T ) b - ¥
% L L 2 6k+1_9* ko ky|2
+ 5 (Ly + Lo)* | MCNTolI
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Considering the update rule for variable y given by @), and the py,-weakly convex property of
g(x*1.) over Y, it follows that for 8, < 1/p,,

I »p
(dy, y" T = ") + g(a" T A + (Bk - f) I[y* T =2 < g(a*Fhyb). @0)

Under Assumptions and i), where F and f are Lp- and [g-smooth on X x Y, respectively,
and invoking Lemma|A.3| we deduce

quk( Ic—l—l7 k+1) —g(mk+1,yk+l)

L, .
< e, (2T yF) = 9@ yP) + (Vy (fe, — 9) (25 05), 05— oF) + %Ily"+1 —y¥|%.

(41)
Combining this inequality with (40), we obtain
o, (zFHL yE )
Ck
1 P L
< e (2771, yF) — (m - ¢’“> ™+ — |2 (42)

< (d’ck - g) ( k+1 ) - d];,yk+1 - yk> .

Given the expression for Vv, (z,y) as derived in Lemma and the definition of d’; from , we
deduce

|V, (60 — 9) (@H, %) — db[|* = || (" = 02, y")) /v — (6 — 05 /||
1 . ) 43)
:? ||0k+1 o Hw(karl’yk)H ,
and thus

Br By 2 1
(Vy ($e, — g) @17 —db " — o) < <5z e =z @ )|+ m\\yk“ -2

Consequently, we have from (@2)) that

¢Ck ( k+1’ k+1)

1 p L Bk « 2
<on @) = (g = T - B ) I P O - ot )|

28, 2
1 p L B . 2 (44)
< e, (2", %) — <25k - % - ?) [y — "1 + 2 (|67 — 05 (*, ")

+

)

BrL3 2
Bl okt 01|

where the last inequality follows from Lemma[A-3] The conclusion follows by combining this with

. O
A.7 PROOF OF LEMMA [3.1]

Leveraging the auxiliary lemmas from the preceding section, we demonstrate the decreasing prop-
erty of the merit function V.

Lemma A.8. Under Assumptions and suppose v € (0, m
2 2

[0, (1/v=ps,)/(Ly+1/7)2]N[0,1/pg,) withn > O, then there exists co, cg, cg > 0 such that when
0 <oy <cqand0 < By < cg, the sequence of (z*,y", 0%) generated by Algorithmsatisﬁes

), Ckr1 > cp and ni €

1
Vigr — Vi < — — ||z —2F |2 — —

* 2
i 4ﬁkHy’““ =y IIP = co ||0F — 62 (", ")

; (45)

2
where cg = 1 (ﬂpi> ((Ly+ Ly)* +1/4%).

1-npg,
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Proof. Let us first recall (33) from Lemma[A’7} which states that
1 L, Bl
chk(l’kJrl,ykJrl) S¢ck(xk7yk) _ ( _ Lo = 0) (B E+1 _ kH2

_ (1 _ Pz _ L¢k> ||yk+1 _ yk||2 (46)

2

)

g ﬁk *

# (s 2+ 2 ) o0 - ok b
when B < 1/p,,. Since cxy1 > ¢k, we can infer that (F(zFT1 y*1) — F)/cpiq
(F(zk*1 y*+1) — F)/ci. Combining this with (46) leads to

Vi1 = Vie = Gepy, (2T 05T — ¢, (25, 97)
+ (L + Lg)? +1/72) |05 — g5 (a*+ =) |7
. 2
— ((Ly + Lg)? +1/7%) [|6% — 65", ")
< e (271 YY) — e, (27,47
Lf + Lg) + ]-/’Y ) H9k+1 _ 9;($k+1,yk+1)“2

. 2
— ((Ly +Lg)* +1/7°) ||0* — 05(*, ")
< — <1 Lo Bl ) 25 — k)12 47)
N 72

1 Pg2 L¢k> ||yk+1 _y’f”Q

2
(Ly + Ly)? + 1/72) |51 — 02 (2" )|
— ((Lf + Ly +1/72) [|0* — 632",
(S np e B ) o - et )

We can demonstrate that

uekﬂ—e:(x’f“,y“lnf—Hek R | el

< te+ 5 [0 — ot )| —He’f—esm’ﬁy’wug

+(1+ ;>||e:<x'“+%yk+l> —6:(a*, )2

s<1+ek+%>aznek—9:< )2 = 16" — o5, )|

+(1+ L2H k+17yk+1)_(xk7yk)}2

b

for any € > 0, where the second inequality is a consequence of Lemmas [A73] and [A26] Since
v < W we have 1 —2npg, > 1 —ni(1/v—py,), and thus o7 = (1 —ny (1/v — pg,)) /(1 —

2
NkPgs)? < 1— (%) . By setting ¢, = 1 (%) in the above inequality, we deduce that
2
when ay, < 1 (%) , it follows that
P
k+1 * (R R E_ pxook k|2 L YK || gk+1 w ko k(12
L A e A | (e A ]
L nkpg, ko N NTE
< — = (Lo ) gk _ g
<=5 (1%% 0% = 05 (", )| (48)
— Nkp 2
<1+4 92) )L% ||(xk+17yk+1) _ (l,k,yk)H .
nkpgz
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2
Similarly, we can show that, when 3j, < & (%) , it holds that
Mg

081 = 03RO 0% = 0 (", )|+ Be |07 — 05k, ) ||

v ¥
2
< — 1 < NkPgs ) Hg}e_e*(xk yk)H2
= 2 \1—1kpy, A (49)
2
1 —nkp 2
b (1 (A2 ) ) k) - )
NkPg-
Combining (@7), (@8) and {#9), we have
Vi1 — Vi
1 L¢ ﬁkLz 1 — NkpP, 2
< | e TR0 (144 92 L2 ((Ls+ L)%+ 1/42)| |2kt — 2%
< [20% 9 ~2 MkPgs [ (( f g) /7) H ||
2
T (1 - ”kf’gz) L3 ((Ly + Ly)? + 1/9) | I+ — )2
2B, 2 2 NPy 0 g
2
1 Mk Pg: ) 2 2 k wo ko k|2
o (P ) (Ly 4 L)% 4 1/42) ||0F — 6r (ko)
5 (720 ) (14 L0+ 127) [0 — 05064 .
2 2
When cpi1 > cpomie >0 >0, a < 3 (1227‘22) and 3, < 1 (%) and , it holds that, for
2 3
any b, e < 3 (7202 )7, g < 4 (2l )
Lg, 5161% (1 _77kP92>2 2 2 2
-+ o 1a( =P ) ) L2 (L + L)% + 1/
9 72 MePgs 0(( f g) / ) s
<Lo L§ (W)gz)2+ 1+4<1_np”)2 Ly (Ly + Ly)* +1/7%) = C
- 2 492 \ 1 — 1Py, Mgz 0 f g :Ca,
and
2
Por 4 Loy (g 4y (L0 Li ((Lf+ Lg)* +1/97)
2 T2 . g
NkPgs (52)

Pg L¢ 1 — NPg- ? 2 2 2
<=2y TRy 1+4< > Lj (L + Lg)* +1/7%) =: Cj,
2 2 MPgs

Consequently, since ﬁ < ﬁ, if cq, cg > 0 satisfies

. 1 NPg S| . 1 NPgs 1
< - = < — —
ca_mln{2<1_npg2) ’4Ca}’ Cﬂ_mln{4<1_m)g2 40, (7 (53)

then, when 0 < o, < ¢ and 0 < B < cg, it holds that

1 Ly,  Brle (1 — NPy )2 2 2 2 1
Tl PR g g (2T RPN p2p D)2 1)) >
200, 2 ~2 NP ] (( f g) /’Y ) Loy
and
2
! P> _ Lo (1 — "lkPgs ) 2 2 2 1
= Pe Zow (g g (2T Pe ) ) p2 L2 1)) >
26 2 2 Mg, (e + L") 2 4,
Consequently, the conclusion follows from (50). O
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A.8 PROOF OF THEOREM [3.1]

By leveraging the monotonically decreasing property of the merit function Vj, we can establish the
non-asymptotic convergence for the sequence (z¥,y*, 0¥) generated by the proposed MEHA.

Theorem A.2. Under Assumptionsand suppose v € (0, ﬁ), ¢, = c(k + 1)P with
2 g2

p €0,1/2), ¢ > 0and ni € [n,(1/y — pg,)/(Ly + 1/%)?] N [1,1/pg,) with 1 > 0, then there

exists cq,cp > 0 such that when oy, € (@, cq) and By, € (B, cp) with o, 3 > 0, the sequence of

(xF,y* 0%) generated by Algorithm satisﬁes

. 1
i [0 0305, = 0 (57 ).
and

1
. k+1 | k+1\ __ - -
ogllclélKRk(x Yy ) =0 <K(12p)/2) '

Furthermore, if there exists M > 0 such that 1., (x*,y*) < M for any k, the sequence of (z*,y")
satisfies

) ey =0 ().

Proof. First, Lemma ensures the existence of c,,cg > 0 for which @) is valid under the
conditions oy, < cq, B < cg. Upon telescoping (13) over the range k = 0,1,..., K — 1, we derive

K-1

1 k+1 k|2 1 k+1 k|12
— " =T+ =y —y
> (3o I+ 5] H

(54)

1 NPg> : 2 2\ gk _ p* (ko k]2
+2(1_%) (L + Lo+ 1/72) 0 = 05,4 )

<V —Vk < W,

where the last inequality is valid because Vi is nonnegative. Thus, we have

oo . 9
S - b5 ) < o
k=0
and then
. 1
i 9= 560 = 0 (7).
According to the update rule of variables (x, y) as defined in @), we have that

0e deﬁ +Nx($k+1) + ;i (l‘k-H — Stl‘k) ,
k
(55)
c
0€ ckd’; + cxOyg(z" T P+ Ny (yP ) + B—k (yF Tt — k).
k

From the definitions of d* and d’; provided in , and given V,g(zF*1,yF+1) x

Oyg(a® T y*+1) C dg(z*+1, yk*1), a result stemming from the weakly convexity of g and its
contmuously differentiable property with respect to z as outlined in Assumption [3.2(ii) and corrob-
orated by (Gao et al., [2023} Proposition 2.1)), we deduce

(e¥,eb) eVF @My ) + ¢ (V (P, g ) + 9g (2T, yFFh) — Vo, (2T )
+NX><Y($I€+1 yk+1)

with ¢
el; = Vi, (xk+17yk+1) _ dei - OTI,Z (szrl . mk) 7
(56)
Ck
eﬁ =V, (w% —q) (xk+17yk+1) - deﬁ . @ (yk+1 o yk) .
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Next, we estimate ||e” ||. We have
HeI;H < Hvzw% (xk+17yk+1) — Ve, (xk7yk)H + ||vm¢6k ($k7y ) — dek” + H bt mkH .

Considering the first term on the right hand side of the preceding inequality, and 1nV0k1ng Assump-
tions [3.1] and [3.2) alongside Lemma [A.2] [A.3] [A.5] we establish the existence of L,, > 0 such
that

IV ather (2", ") = Ve, (08, 4P) | < enLg, (2", ™) — (2%, 45|
Using (38) and Lemma[A-6] we deduce
”Viwck(xkvyk) - de:];” = Ck va¢0k (xk7yk) - dl;” SCIC(LJC + Lg) Hek - 9’9;(‘,13167yk)H .

(57)
Hence, we have

Ck *
les]l < ex Lo, [[(2F, ") = (2%, M) + o ([t — ¥ || + e (Ly + Ly) [|0% — 65 (2", ")
For [|ef]], it follows that

ekl <11Vy (e, — 9) (&5, 5551 = Wy (e, — g) (&5, 45) | + =

+ Hvy (wck - g) (l'k+1, yk) — deZH.

Analogously, invoking Assumptions [3.1] and [3.2] together with Lemmas[A.2] [A3] and [A23] we have
the existence of Ly, > 0 such that

IVy (e, — ) (2", ") = Yy (e, —9) T y")| < oL, 9"+ — o)1
Using (#3), Lemma[A.3]and Lemma[A.6 we obtain
”v (%k - g) ( a yk) - delgj“ =Ck Hvy (¢Ck - g) (mk+17yk) - d;j”
Ck %
S? (1|6% = 0z (=", 4*)|| + Lozt — 2™ .

H k+1 kH

B Y

Therefore, we have

He’JIISCkLwQIIy’““—y’“IIJr%Hyk“ ’“H+ (1107 = 05(=", y")|| + Lollz"** — 2*])) .

With the estimations of ||e%

L
Bi@ ™y S ecLyl@ ) = @8yl + (’“ + ’;9) " =

Ck *
+ |y = F | (g + Ly + )[|6% — 02 (=%, y*)]| -
Bk
Employing the aforementioned inequality and given that o, > « and 3 > (3 for some positive
constants «, 3, we demonstrate the existence of C'r > 0 such that

1
7R ( lc+1 /c+1)2
Ck
< Gl = 2P + I = o P (58)
1/ npe \° . 2
+ 5 <1—772Pg) ((Lf + Lg)* +1/7%) Hak - ey(xkﬂlk)n )
"IPg2
Combining this with (54) implies that
Z R k+1 k?+1)2 < o0, (59)
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Because 2p < 1, it holds that
L ;i(l)% L e A
Zaq e \k+l) Ty T (-2
and we can conclude from (39) that
og}f& Ry(a*1, 5 1) = 0 <K(1_12p)/2) '
Finally, since v, (ack, yk) < M and F(ack, yk) > F for any k, we have
er (@ ") = vy (@b ")) < M —E, vk,

and we can obtain from ¢, = ¢(k + 1)P that

1
P ) = o) =0 (5 )
O
A.9 VERIFYING ASSUMPTION [3.2]FOR g(z,y) = z||y|lx
In this section, we prove that g(z,y) = zy||1 satisfies Assumption[3.2)when X = R} and Y =
R™.
Initially, as depicted in (Gao et al.,[2023| Section 4.1), for z € R, and y € R™,
VP o2 VPye N~ L 2
ve vz = ; 60
ol + 5w+ PN = 3 5 Bl (60)

which is convex with respect to (z,y) € Ry x R™. Consequently, g(z,y) is \/p-weakly convex.
Further, for any given s € (0, 5], we have

Proxyg (e, (0) = Proxe ., (0) = Te(8) = (T (0:));2y = ([16i] — sz]y -sgn(6:));2, . (61)
This results in
| Proxsg(z,) (8) — Proxgger o (0)|| < sllz — 2'|| < 5|z — 2’| (62)
In summary, Assumption [3.2]is satisfied by g(z,y) = z||ly||; when X =R, and Y = R™.

A.10 MOREAU ENVELOPE BASED EFFICIENT FIRST-ORDER BILEVEL ALGORITHM
(SMOOTH CASE)

Algorithm 2 Moreau Envelope Based Efficient First-Order Bilevel Algorithm (Smooth Case)

Initialize: 2, 3, 0°, learning rates oy, B, 1)k, proximal parameter -y, penalty parameter cy;
1: fork=0,1,..., K —1do
2: update

) 1
6+1 = Proj, (9’“ e (Vyf(xkﬁ’“) k- y’w)) 7

21 = Projy (xk —a (lvxm‘% W) + Vo f(ab yF) — Vo f(at, 9’““))) ,
ck

, 1
y* ! = Projy <y’“ — Br (

1
; va(xk+1,yk) + Vyf(xkﬂ,yk‘) o ;(yk‘ o 9k+1)>) )
k

3: end for

For smooth BLO problems, specifically when g(z,y) = 0 in (1)), Algorithm [1]is specialized to
Algorithm 2]
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