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Abstract

Gradient methods have become mainstream tech-
niques for Bi-Level Optimization (BLO) in learn-
ing fields. The validity of existing works heavily
rely on either a restrictive Lower- Level Strong
Convexity (LLSC) condition or on solving a series
of approximation subproblems with high accu-
racy or both. In this work, by averaging the upper
and lower level objectives, we propose a single
loop Bi-level Averaged Method of Multipliers (sl-
BAMM) for BLO that is simple yet efficient for
large-scale BLO and gets rid of the limited LLSC
restriction. We further provide non-asymptotic
convergence analysis of sI-BAMM towards KKT
stationary points, and the comparative advantage
of our analysis lies in the absence of strong gra-
dient boundedness assumption, which is always
required by others. Thus our theory safely cap-
tures a wider variety of applications in deep learn-
ing, especially where the upper-level objective is
quadratic w.r.t. the lower-level variable. Experi-
mental results demonstrate the superiority of our
method.

1. Introduction

Bi-Level Optimization (BLO) has recently attracted grow-
ing interests due to its wide applications in the field of deep
learning, especially for hyperparameter optimization (Pe-
dregosa, 2016; Franceschi et al., 2017; 2018; Okuno et al.,
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2018; Mackay et al., 2019), meta learning (Franceschi et al.,
2018; Ziigner & Glinnemann, 2018; Rajeswaran et al., 2019;
Ji et al., 2020), neural architecture search (Liu et al., 2018;
Liang et al., 2019; Chen et al., 2019; Elsken et al., 2020), ad-
versarial learning (Goodfellow et al., 2014; Pfau & Vinyals,
2016), and reinforcement learning (Yang et al., 2019; Hong
et al., 2023), etc. BLO tackles nested optimization struc-
tures appearing in applications. In the last decade, BLO has
emerged as a prevailing optimization technique for modern
machine learning tasks with an underlying hierarchy.

BLO is notoriously challenging due to its nested nature. A
variety of applications in deep learning have greatly pro-
moted the development of BLO, with a broad collection
of methods and algorithms. Among them, due to the ef-
fectiveness and simplicity, gradient-based algorithms have
become mainstream techniques for BLO in learning and
vision fields (Liu et al., 2021a), which can be generally
categorized into the iterative differentiation (ITD) based
approach (Maclaurin et al., 2015; Franceschi et al., 2017;
Shaban et al., 2019; Grazzi et al., 2020; Liu et al., 2020; Li
et al., 2020; Liu et al., 2021b; Ji et al., 2021; 2022; Liu et al.,
2022a; 2023a;b) and the approximate implicit differentia-
tion (AID) based approach (Pedregosa, 2016; Ghadimi &
Wang, 2018; Rajeswaran et al., 2019; Lorraine et al., 2020;
Hong et al., 2023; Huang et al., 2022; Ji et al., 2021; 2022;
Arbel & Mairal, 2022a). Despite the large literature, most
of existing methods for BLO are slow and unsatisfactory in
various ways. For example, most of these studies (includ-
ing both algorithmic design and theoretical investigation)
heavily rely on a restrictive Lower-Level Strong Convexity
(LLSC) condition, except a few attempts recently (which
will be discussed later on). However, it is observed that
these conventional gradient-based algorithms may lead to
incorrect solutions in the absence of LLSC; see, e.g., Ex-
ample 1 in (Liu et al., 2020) and the experimental results
in (Liu et al., 2020; Ye et al., 2022). Hence, a practical
issue lingers: how to design a fast BLO algorithm, which
enjoys both wider applicability and provable convergence
guarantee, especially without LLSC?

The studies beyond LLSC are rather limited. Several recent
works partially addressed the above issue by ITD-based ap-
proach using a bi-level sequential averaging method (Sabach
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& Shtern, 2017; Liu et al., 2020; Li et al., 2020) or using a
bi-level value function based penalty and barrier methods
(Liu et al., 2021b;c). Without using ITD-based approach,
recent studies (Ye et al., 2022; Sow et al., 2022) proposed
two kinds of first-order BLO algorithms that depend only
on first-order gradient information, based on the value func-
tion approach for BLO (Outrata, 1990; Ye & Zhu, 1995).
However, all of these approaches take a double-loop opti-
mization structure (involving numerical Lower-Level (LL)
optimization loops), which heavily relies on solving a series
of approximation subproblems with high accuracy. While
double-loop algorithms have many applications across deep
learning, they suffer from time and memory complexity, and
could be difficult to implement in practice as the number of
required inner loop iterations are difficult to adjust.

1.1. Main Contributions

The focus of this paper is to develop a provably faster single-
loop BLO algorithm beyond LLSC. Such extension of the
existing single-loop BLO methods with LLSC is not straight-
forward, requiring introducing the stationarity measure as
stopping criterion in an appropriate way. We start from
reformulating BLO to an equality-constrained optimization
using the first-order stationarity condition of LL problem.
Clearly, when LL problem is unconstrained and convex, this
reformulation keeps the equivalence. Our first insight is
that KKT condition of the resulting equality-constrained
optimization can be regarded as an appropriate stationarity
measure for BLO in the absence of LLSC. Observe that the
equality constraint in the resulting problem comes from a
convex or even strongly convex unconstrained LL problem.
Our second insight is to well exploit the bi-level structure of
the resulting equality-constrained problem, keeping the up-
date of LL variable by gradient descent of LL objective and
its variants. Notice that this feature is distinctively different
from MPEC approach (Kim et al., 2020) and the penalty
method for BLO in (Mehra & Hamm, 2021) where the bi-
level structure disappeared after reformulation. Our third
insight is to introduce the dual multiplier associated to the
resulting equality-constrained optimization as a new vari-
able in the update of BLO algorithm, which will enable us
to develop a provably faster single-loop BLO algorithm in
the absence of LLSC. The main contributions of this paper
can be summarized as follows:

* We first propose a single loop Bi-level Averaged
Method of Multipliers (s-BAMM) beyond LLSC. The
striking feature of si-BAMM is simple yet highly effi-
cient for solving large-scale BLO, and the comparative
advantage lies in theoretically guaranteed convergence.

* We use KKT stationarity as the trackable measure of
solution quality returned by s-BAMM. Further, a com-
prehensive convergence rate analysis for sl-BAMM

characterized in terms of KKT stationarity is conducted.
Compared to exiting works which are either lack of
convergence towards stationarity or convergence rate,
our result is evidently stronger and general enough to
cover BLO with multiple LL minimizers.

* Finally, we are the first to conduct theoretical analysis
for general BLO in the absence of the strong bound-
edness assumption of gradients of UL objective w.r.t.
LL variable, which was prevailing among existing lit-
erature. Hence, our result captures a wider range of
applications in deep learning, especially where UL
objective is quadratic w.r.t. LL variable.

1.2. Related Work

In this subsection we give a brief review of some recent
works that are directly related to ours and refer to Ap-
pendix A for a detailed comparison of these methods.

BLO Beyond Lower-Level Strong Convexity (LLSC).
The studies beyond LLSC are rather limited. To our knowl-
edge, there are three main types of study used to get rid
of LLSC. The first one is the sequential averaging method
(SAM) used in (Sabach & Shtern, 2017; Liu et al., 2020;
Li et al., 2020). In the setting of BLO, for fixed UL vari-
able, SAM iteratively generates a sequence LL points by
averaging the gradient descents of UL and LL objectives.
The second one is based on the value function approach
for BLO, such as (Liu et al., 2021b; Ye et al., 2022; Sow
et al., 2022) where they all need numerical LL optimization
loops to approximate the value function accurately. The last
one is replacing LL problem by its first-order stationarity
condition that was used in (Mehra & Hamm, 2021; Liu
et al., 2021d) and be called MPEC approach (Kim et al.,
2020) when LL problem is constrained. However, all of
these approaches take a double-loop optimization structure
(involving numerical LL optimization loops), which could
be difficult to implement in practice as the number of re-
quired inner loop iterations are difficult to adjust. In contrast,
our algorithm sl-BAMM has a single loop structure, which
admits a much simpler implementation. Moreover, the up-
dates in s-BAMM evolve simultaneously and then can be
performed in parallel instead of sequentially.

Stationarity Measure for BLO Algorithm. The most com-
mon stationarity measure for BLO is the gradient norm of
the total UL objective (i.e., the norm of hypergradient) (Pe-
dregosa, 2016; Ghadimi & Wang, 2018; Chen et al., 2021;
Jietal, 2021; 2022; Li et al., 2022; Dagréou et al., 2022;
Arbel & Mairal, 2022a). Clearly, the norm of hypergradient
heavily rely on LLSC. For general BLO, the stationarity
measure has been much less studied, from an algorithmic
point of view, especially in the context of machine learning.
Recently, stationarity measures involving value function
or its regularized variant have been proposed in (Ye et al.,
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2022) and (Sow et al., 2022) respectively.

Discussion on Gradient Boundedness Assumption. The
most of existing analyses in BLO literature reply on a strong
assumption on the boundedness of gradients of UL objective
w.r.t. LL variable (a.k.a. gradient boundedness assumption,
GBA), to guarantee the smoothness of the hypergradient and
then to get tight convergence rates (Ghadimi & Wang, 2018;
Hong et al., 2023; Ji et al., 2021; Chen et al., 2021; Li et al.,
2022; Ye et al., 2022). However, GBA is fairly restrictive for
applications. For example, it does not hold if UL objective
is quadratic w.r.t. LL variable, which is representative in the
machine learning context; see e.g., kernel ridge regression,
biased regularization and hyper-representation in (Grazzi
et al., 2020). Recently, when LL objective is strongly con-
vex, a weaker boundedness assumption was made in (Ji
et al., 2022; Dagréou et al., 2022). Further, for the case
where the total UL objective is strongly convex or convex,
by using an induction analysis that all iterates are bounded,
(Ji & Liang, 2022) provided the first-known analyses of the
complexity bound without GBA. However, the argument in
(Ji & Liang, 2022) heavily rely on the (strong) convexity as-
sumption on the total UL objective. In comparison, there is
no assumption on the total UL objective and also no LLSC
assumption in this work.

2. Proposed Algorithm

We consider BLO problem in the following form:

min F(x,y) s.t.
Xy

y € §(x) := arg min f(x,y), (1)
yER™

where x € R”, y € R™ are UL and LL variables respec-

tively. Here UL and LL objectives F|, f are smooth functions

with Lipschitz continuous first and second order derivatives.

In this section, we propose a single loop Bi-level Averaged
Method of Multipliers (sl-BAMM) for BLO without relying
on LL strong convexity (LLSC).

2.1. Stationarity Measure

Most of previous works assume that f(x, -) is strongly con-
vex for any x. Thus S(x) is always a singleton, denoted by
y*(x). Then the total UL objective ®(x) := F(x,y*(x))
is continuously differentiable. Following the standard anal-
ysis in nonconvex optimization, since ®(x) is nonconvex,
algorithms are expected to find a near stationary point of
®(x) as measured by the norm of its gradient (i.e., hyper-
gradient). However, without LLSC, this goal is not suitable
since S(x) may be a set-valued mapping and ®(x)’s vari-
ants (in optimistic and pessimistic) may be nonsmooth (even
be discontinuous), which makes traditional definitions of
stationary point inapplicable. Therefore, one fundamental
question arises:

Question: What is a good stationarity measure for BLO
algorithm without LLSC?

To answer the above question, we start from formulating
BLO to an equality-constrained optimization:

min F(x,y) st. Vyf(x,y)=0. 2)

xy
Clearly, Problems (1) and (2) are equivalent when LL ob-
jective f(x,y) is convex w.r.t. y for any fixed x. This
motivates us to use KKT condition of Problem (2) as a
measure of stationarity of the solution returned by BLO
algorithms. Let £(x,y, V) := F(x,y) — vV, f(x,y) be
the Lagrangian function of Problem (2), where v is the dual
multiplier. We say that (x*,y*) is a KKT point if there
exists a dual multiplier v* such that VL(x*,y*,v*) = 0.
That is, the following KKT condition holds:

VP (x*,y") — Vi (x*, y")v*
VyF(x"y") = Vi, f(xy")ve | =0. (3)
—Vyf( v

To appropriately characterize the convergence rate of the so-
lution returned by a BLO algorithm, we define KKT residual
for (x,y, v) as following

KKT(x,y,v) := [[VL(x,y,v)|*.

Then, KKT(x,y,v) = 0 if and only if (x,y) is a KKT
point and v is a multiplier. The next proposition provides a
strong connection between KKT condition and the hyper-
gradient using in the existing BLO methods.

Proposition 2.1. Assume that for all x, f(x,-) is strongly
convex. Then V®(x) = 0 if and only if KKT(x,y,v) =0
Sfor somey,v € R™. Infact, y = y*(x) and
v = [V floy" ()] Vo F (v ().

Since the nonsingularity of V?,y f is not necessary for KKT
condition, KKT residual is more applicable to general BLOs.
Further, unlike the computation of hypergradient, which
would require knowledge of the unique LL solution to be
usable as a stopping criterion, KKT residual is readily avail-
able to the algorithm as a stopping criterion. In a novel
framework of (Dagréou et al., 2022), assuming LLSC, the
newly involved variable v is seen as the solution of a lin-
ear system: [Vz,yf(x,y*(x))] v =V, F(x,y*(x)). We
offer a new perspective on v that help us to develop a novel
single-loop BLO algorithm beyond LLSC.

2.2. Bi-level Averaged Method of Multipliers

As shown in Algorithm 1, by introducing dual multiplier
from the viewpoint of KKT condition and adopting the
sequencing averaging method in (Sabach & Shtern, 2017;
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Liu et al., 2020; Li et al., 2020), we propose a single loop Bi-
level Averaged Method of Multipliers (sl-BAMM) in which
UL variable and the dual multiplier evolve simultaneously
with LL variable, following the directions given by

df{ :Vyl/mk (Xkayk)v (4)

dy =Vy F (%, ¥%) = VyyUu, (X, y6)ve,  (5)

df =V F(xk,¥k) — VayWu, (X6, Y5)Ve,  (6)
where the aggregation function

Yu(x,y) = pFxy) + (1 -p)flxy), @)

averaging UL and LL objectives, is inspired by BDA (Liu
et al., 2020). Here y is the averaging (aggregation) parame-
ter that will iteratively goes to zero.

Algorithm 1 single loop Bi-level Averaged Method of Mul-
tipliers (sl-BAMM)
Input: initial points xg, yo, Vo, stepsizes oy, Bk, Nk, aggre-
gation parameter fiy;

1: fork=0,1,..., K —1do

2:  update yri11 =Yr — ﬂkd§, according to Eq. (4);

3:  update vi4; = v + nkdf, according to Eq. (5);

4:  update xXp41 = X — akdf( according to Eq. (6).

5: end for

Remark 2.2. The first and most important motivation of
sl-BAMM is to leverage KKT conditions to update all vari-
ables, but keeping the update of LL variable by gradient
descent of LL objective and its variants. This will enable sl-
BAMM to be a provably single loop hence faster algorithm,
differently from MPEC approach (Kim et al., 2020) and the
penalty method for BLO in (Mehra & Hamm, 2021).
Remark 2.3. Secondly, it is worth noting that all the di-
rections in Eq. (4)-(6) are linear in F' and f, differently
from the existing BLO algorithms without using an extra
variable. This kind of linear structure will motivate more
stochastic and global variance reduction algorithms as done
in (Dagréou et al., 2022) with LL strong convexity.

Note that the dual multiplier in BLO algorithm will result
in practical procedures for correcting DARTS (Liu et al.,
2018) and other recent algorithms attempt to simplify multi-
step iteration with the single gradient, and removing an
unavoidable non-vanishing convergence error in ITD-based
approach (Ji et al., 2022).

3. Theoretical Investigations

In this section, we provide convergence rates of sl-BAMM
with or without LL strong convexity. Note that, unlike
existing analyses, we do not require a strong assumption
on the boundedness of Vy F(x,y). Hence, our theoretical
analysis can be applied to a wider variety of applications in
deep learning. The proofs are deferred in Appendix.

3.1. General Assumptions

We start by stating some standard assumptions on UL and
LL objectives.

Assumption 3.1. The objectives F and f satisfy

(a) UL objective F' is twice differentiable. The first
order derivatives Vi F(-,y), VxF(x,-), VyF(-,y),
Vy F(x, -) are Lipschitz continuous with respective Lip-
schitz constants Lp,,, Lp,,, Lr,,, LF,,.

(b) LL objective f is twice differentiable. The deriva-
tives Vy, f and Viy f V?,y f are Lipschitz continuous
in (x,y) with respective Lipschitz constants Ly, , Ly, ,
and foyl s foy2 N Lfyyl s Lfyy2 .

The smoothness assumption above is common in BLO lit-
erature, see, e.g., (Ghadimi & Wang, 2018; Ji et al., 2021;
Khanduri et al., 2021; Ji & Liang, 2022; Chen et al., 2022;
Dagréou et al., 2022; Ji et al., 2022). In this paper, we study
two classes of BLO: (1) LL objective f(x, ) is merely con-
vex and UL objective F'(x, ) is strongly convex; (2) LL
objective f(x,-) is strongly convex. This can be unified by
the following assumption.

Assumption 3.2. For any x, the aggregation function
Yu(x,-) = pF(x,-)+ (1 —p) f(x,-) is strongly convex for
pu=0orpu>0.

3.2. General Results for LL. Merely Convex Case

To handle BLO with multiple LL minimizers, we take the
following standard assumption as in (Liu et al., 2020).

Assumption 3.3. (a) For any fixed x, LL objective f(x, -)
is convex, and UL objective F'(x, -) is o p-strongly con-
vex and has a uniform lower bound denoted by Fj.

(b) The derivatives Vin , V?,yF are Lipschitz contin-
uous in (x,y) with respective Lipschitz constants
Liyy,s LEyss LEyyys Liyy,-

Under the above assumption, the aggregation function
Yu(x, ) is oy, -strongly convex with oy, = por. Hence
,.(x, ) has a unique minimizer, denoted by y7,(x). We
define the approximate overall UL objective by ®,,, (xj) :=
F(x,y}, (X)), and also denote the correct dual multiplier
by v;(x) = [ngwu(x, y;(x))] ! VyF (x, y;(x)) Let
(X, ¥k, Vi) be a sequence, we define

(%%, Y, Vi) =V, (xp)1* + [ Xkg1 — x|

+llyr = ¥ R)lI? + llvie = v, (i)l
Now we provide a series of convergence rate analysis for sl-
BAMM towards KKT stationary points, using three different
simple and handy strategies for choosing the step sizes.
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Specially, the first one does NOT require any assumption
on the boundedness of Vy F'(x,y).

Theorem 3.4. Suppose Assumptions 3.1 and 3.3 hold.
Choose ju, = fi(k-+1)"P with0 < p < 1/10, and stepsizes
B € [B(k+1)"7/2,1/ (Lpy, + Ly,,)] and

e = (k+ 177282, ap=(k+1)732ul, (8)

with 0 < 7 < 1/30. Let (Xj,¥k,Vk) be the sequence
generated by sl-BAMM. If (X1, yk) is bounded, then

- 1
oérllcglK {H(Xk;}’knvk)} =0 <K1—9p—37-) :

If vy, is also bounded, then

. 1 1
Ogll@léll( {KKT(Xkayk;Vk)} =0 (Kl—Qp—3T + K2p> :
Furthermore, any limit point of (Xy,yx) is a KKT point
of Problem (2), and the convergence rate of X is given by

5 T
%441 — x4 ]| = Ok~ % 5).
Next we establish tighter convergence rates when a weaker
gradient boundedness assumption holds.

Theorem 3.5. Suppose Assumptions 3.1 and 3.3 hold. Un-
der the same setting of Theorem 3.4 except 0 < p < 1/6,
0 < 7 < 1/18 and replacing stepsizes (8) by

me = (k+ 1) By,

Let (X, Yk, Vi) be the sequence generated by sl-BAMM. If
VyF(xk,y},, (Xk)) is bounded, then

ar = (k+1)""Bep3. 9)

. 1
o, {I(xk, y&, Vi) } = O <K1—5p—3r) '

If vy, is also bounded, then

. 1 1
o JHD, {KKT(xk, yx, Vi) } = O (K15p37 + K2p> :
Furthermore, any limit point of (Xy,yx) is a KKT point
of Problem (2), and the convergence rate of x is given by
5p_ 1

[%k+1 — xi|| = O(k™= %)

Note that Vy F'(xx, y};, (Xk)) is bounded if xj, is bounded,
and for any B > 0 there are positive constants C' and
po such that [|[Vy F(x,y}(x))|| < C for all [|x|]| < B
and 0 < g < po. It is satisfied for a broad collection
of applications, including BLOs with multiple LL. min-
imizers in our experiment. Specially, assuming LLSC,
Vy F(xk,y},, (xx)) is bounded if there exists Cr > 0 such
that |V, F(x,y*(x))|| < Cr for all x, a weaker bounded-
ness assumption in (Ji et al., 2022; Dagréou et al., 2022).

Finally, if ||v}, (xx)]| is bounded, the above results can be
improved further.

Theorem 3.6. Suppose Assumptions 3.1 and 3.3 hold. Un-
der the same setting of Theorem 3.4 except 0 < p < 1/4,
0 < 7 < 1/12 and replacing stepsizes (8) by

me=(k+1)7728k, ar=k~+1)"328u3. (10)

Let (Xk, Yk, Vi) be the sequence generated by sl-BAMM. If
v}, (xk)|| is bounded, then we have

_ 1
min_{II(xp, yx, vi)} = O <K1_3p_37> :

0<k<K

If vy, is also bounded, then

. 1 1
o ain, {KKT(xp, y, vir)} = O (Klgpy + sz) :

Furthermore, any limit point of (Xy,y) is a KKT point

of Problem (2), and the convergence rate of x is given by
3 T

k1 =il = Ok~ 7 7).

3.3. Special Discussion for LL Strongly Convex Case

For the special case where LL objective f(x, -) is strongly
convex, Assumption 3.2 holds where ;@ = 0. Hence As-
sumption 3.3 can be removed.

Assumption 3.7. For fixed x, f(x, -) is o s-strongly convex.

Under Assumption 3.7, LL solution y*(x) is well defined
and differentiable. Hence, one can use the gradient of
®(x) = F(x,y*(x)) to characterize the optimality of the
generated sequence by the algorithms. Actually, as shown
in Proposition 2.1, it is equivalent to KKT residual.

Relinquishing any assumption on the boundedness of
VyF(x,y), our next result provides a new convergence
rate guarantee for LL strongly convex case.

Theorem 3.8. Suppose Assumption 3.7 holds. Consider
sl-BAMM with i, = 0. We choose 7 > 0 and stepsizes

_ 1
Blk+1)72 < B < —,
Lp,, + Ly,, (11)

e =ik +1) 772y, ap = alk +1)77 By,

where (3,7, & are positive constants satisfying certain con-
ditions. Let (Xi, Yk, Vi) be the sequence generated by sl-
BAMM. If (xi,y) is bounded, then x;, satisfies

0<k<K K\-%

min, (V0G0 =0 (5 ) a2

Remark 3.9. 1If GBA holds, that is, there is a constant C' such
that ||Vy F(x,y)|| < C for all x, y, then 7 in Theorem 3.8
can be taken to be 0 and then ming<x<x {||V®(x)||?} =
O (1/K), which has been proved recently in (Li et al., 2022)
(in the stochastic setting) and in (Ji et al., 2022) (in the
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deterministic setting). Since 7 can go to 0, Theorem 3.8
shows that sl-BAMM with or without GBA have almost
the same convergence rate. It is worth noting that GBA
does not hold if UL objective is quadratic in LL variable,
which is representative in the machine learning context;
referring to kernel ridge regression, biased regularization
and hyper-representation in (Grazzi et al., 2020).

To analyze the convergence of sI-BAMM without LLSC
and also relinquishing any assumption on the boundedness
of Vy F(x,y), according to different step size strategies,
we will utilize different intrinsic Lyapunov functions with
flexible coefficients given by

Vi :=ap [F(xp, ¥}, (xx)) — Fo)

+ bkllyr =y, ) 1® + crllvi = vii, ()1

Here {ag, by, c; }52, is a sequence of positive constants
depending on the step size strategy. In particular, when
f(x,-) is strongly convex, we take p = 0 for all k and
then F(x, y*(x)) is the total UL objective. Generally, the
first term ®,,(x) = F(x,y},(x)) quantifies the (approx-
imate) overall UL objective functions, the second term
[y — ¥, (xx)||?* characterizes LL solution errors, and the
third term ||v — v (x)||* delineates the multiplier errors.

We will first analyze the descent of the approximate overall
UL objective in the next lemma.

Lemma 3.10. Suppose Assumptions 3.1, and either As-
sumption 3.3 or Assumption 3.7 holds. Let pp1+1 < pg < %
for all k. Then the sequence of Xy,¥, Vi generated by
slI-BAMM satisfies

(I)Mlc-u (Xk+1) - (I)Hk-, (Xk)

ay,
< - IV, ()

11  Carllvy, (xx)] + Coz
2 (ak - . k1 —

2 o2
Yy,
g (Lo V3, 00| + L) lye — ¥, (k)12

+ akLiy] lvi — v;k (x)]?

+ 2||VyF(Xk+1vyzk+1(xk+1))||2 (Mk - ,Uk+1)
14k ’

OF

where Cg1, Coo are some explicit positive constants given
in Lemma D.3.

Remark 3.11. Compared to the previous results using both
LLSC and GBA, the coefficients of ||xz+1 — xx||* and
[yr — ¥, (x&)||* depend on ||v}, (xi)|| since Lipschitz
continuity of the hypergradient and its surrogate could not
be guaranteed without any assumption on the boundedness
of Vy F(x,y) and its variant. To address this issue, we char-
acterize a weaker smoothness of ®,(-) in Lemma D.3. Note
also that there is an extra term in the inequality of Lemma

3.10 involving the descent of the averaging parameter. Here
we adopt the convention that 0/0 = 0.

For the convenience of the reader, we give a unified proof
sketch of Theorems in Section 3 in Appendix B.

4. Experimental Results

In this section, we conduct experiments to study basic prop-
erties of sI-BAMM such as correctness, scalability and prac-
ticality. We also compare the performances of sl-BAMM
with competitive methods on different tasks. Specially, we
first conduct experiments on toy problems to verify the
convergence results established in Section 3. Then we
test the performance of sI-BAMM on two real-world BLO
applications, including data hyper-cleaning and few-shot
classification, compared with representative BLO methods.
The code is available under https://github.com/
vis-opt-group/sl-BAMM/.

4.1. Numerical Verification

LL Merely Convex Case. In the following, we first verify
the convergence results under LL merely convex cases based
on the toy example problem used in BDA (Liu et al., 2020):

! 1
min = |x — yo|* + S|ly: — el?
x€R™ 2 2 (13)

. 1
st. y=(y1,y2) €arg  min_ —[ly1]* —x "y,
y

(v1,y2)ER?" 2
where e denotes the vector of which the elements are all
equal to 1. By simple calculation, we can calculate the
optimal solution as (e, e, e). Note that we use dx to denote
the update direction at x calculated by different tested BLO
methods, including sl-BAMM, RHG, Conjugate Gradient
(CG) (Pedregosa, 2016), Neumann series (NS) (Rajeswaran
et al., 2019) and BDA. In the following, though the updates
of x, y and v of sI-BAMM are implemented sequentially, to
show the potential efficiency of the parallelism, we use the
maximum time cost for updating x, y and v respectively as
the runtime of sl-BAMM at each iteration.

Since other methods don’t involve the new introduced vari-
able, for fairness and uniformity, we first compare all of
the methods based on several widely accepted indicators in
Fig. 1. As it is shown, since only BDA and sl-BAMM are
capable to handle BLOs without LLSC assumption, they
could converge to the truly global optimal solution, while
other methods fail to converge to the correct solution. More-
over, sl-BAMM shows significant advantage over BDA in
terms of the convergence speed due to a single-loop up-
date manner. Besides, it can be observed that if py, is set
as 0 in sI-BAMM (denoted as s-BAMM (S)), it no longer
achieves the convergence property, which also validates that
the aggregation step in sl-BAMM is indispensable.
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Figure 1. Illustrating the convergence curves of RHG, CG, NS, BDA and sl-BAMM based on different indicators, including dx (dx
denotes the direction of descent of x), F', x, and y. We also zoom in on the right side of each subfigure for better view of the curve at the
very beginning. Note that sl-BAMM (S) represents the version of sI-BAMM with p;, = 0.

p=1/5 p=1/5 p=1/5 p=1/5 p=1/3 p=1/3
0.8 —p=1/9 | _038 —p=1/9 0.8 —p=1/6 || _ 08 —p =1/6 0.8 —p=1/4 || _ 08 —p=1/4
> —p =1/10 % —p =1/10] & —p =1/7 || % —p=17| = —p=1/5 | % —p =1/5
50.6 —p =1/11]] =0.6 —p =1/11} %06 —p =1/10 =0.6 —p =1/10 % 0.6 —p =1/10 =0.6 —p =1/10
H —p =1/15]| 5, —p =1/15| ¥ —p =1/15| %, —p =1/15|| % —p =1/15]| 5, —p =1/15
H 04 | 0.4 =04 | 0.4 =04 0.4
2 < =
= ) 2 \ 2 = s
0.2 § o2 & 02 ¥ 02 L 0.2 L 02
- \ - \ o L
0 20 40 60 0 20 40 60 0 20 40 60 0 20 40 60 0 20 40 60 0 20 40 60
Time (S) Time (S) Time (S) Time (S) Time (S) Time (S)

(a) Strategy S1

(b) Strategy S2

(c) Strategy S3

Figure 2. The convergence curves of sl-BAMM with three different strategies to update i, ag, Bx and 7. In each subfigure, we illustrate
the convergence behavior of x and KKT(x, y, v) by choosing different p to update .

Here, we use S1, S2 and S3 to denote three different pa-
rameter chosen strategies for sl-BAMM proposed in Theo-
rem 3.4, 3.5 and 3.6, respectively. In Fig. 2, we test these
three strategies with fixed 7 and different values of p. It can
be seen that when the value of p violates the bound required
in the convergence result in Section 3.2 much, s-BAMM
fails to converge in terms of both UL variable and KKT
residual. Besides, in this toy example, which satisfies all the
assumptions required by these three strategies, strategy S3
always has the fastest convergence speed.

LL Strongly Convex Case. Next, we verify the perfor-
mance of sI-BAMM to handle high-dimensional BLOs com-
pared with existing methods based on the following toy
example with LLSC assumption:

1 1, .
min =[x — zo[|* + -y*(x) T Ay*(x)
x€R™ 2 2 (14)
1
st. y*(x) =arg min f(x,y) = -y Ay —x'y,
yERn? 2

where x € R”, y € R", A € S"*" is a positive-definite
symmetric matrix and zg # 0 is a given point in R™. It can
be easily verified that this example satisfies the assumptions
required by RHG, CG and NS. Here, we first set A = 1,
Zo = e, then the unique solution of this problem is x*
y* = e/2. Under LLSC assumption, function ®(x) =
F(x,y*(x)) is differentiable and we use V& to denote its
gradient at x.

In Fig.3, we compare the convergence behavior of our pro-
posed sl-BAMM with existing methods with different hy-
perparameter settings, including the LL iteration number
T for RHG, error € for CG and sequence length M for NS.
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Figure 3. Convergence curves of s-BAMM, RHG with different
LL iteration number 7', CG with different error € and NS with
different sequence length M.

And we illustrate the error of hypergradient |[dx — V®||
and UL variable ||x — x*||/||x*|| as the calculation time
increases. As shown in Fig.3, accelerating RHG, CG and
NS by directly simplifying the LL iterations will deteriorate
the quality of the iterates generated. Whereas, though sl-
BAMM only has one step update for LL problem at each
iteration, the update of the introduced multiplier variable v
in s-BAMM serves as a correction helping the generated
iterates converge to the solution.
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Figure 4. Computational efficiency comparison of existing BLOs (RHG, CG and NS) and sI-BAMM. (a) The time required for different
convergence metrics as the dimension increases. (b) The problem dimension when the runtime reached the upper limit (10%s).

Table 1. Comparison of the results for hyper-cleaning and few-shot learning. We compared the time and F1 score for hyper-cleaning when
achieving almost the same accuracy (81%) and the time for few-shot learning (95% for 5-way and 90% for 20-way).

Method Hyper-cleaning 5-way 20-way
Acc. (%) F1 score Time (S) Acc. (%) Time (S) Acc. (%) Time (S)
RHG 81.01 86.12 95.18 95.01 536.17 90.27 185.28
BDA 81.12 86.37 140.99 95.27 297.35 90.08 425.72
CG 81.08 89.30 35.96 95.01 536.17 90.07 222.72
NS 81.00 87.37 54.78 95.06 318.58 90.78 176.78
s-BAMM  81.04 89.75 3.81 95.11 178.85 90.13 154.06

Next, we test the toy example problem on high-dimensional
case to illustrate the computational efficiency by increas-
ing the dimension of A. Here, we set the time limit as
10* s. Fig. 4 (a) shows the convergence time of differ-
ent indicator ||dx| < 1073, ||[F — F*||/||F*|] < 1073
and ||x — x*||/||x*|| < 10~*. It can be observed that sl-
BAMM saves much more time compared to RHG, CG and
NS, which need multiple optimization iteration step on LL
problem. Fig. 4 (b) illustrates the upper limit of problem di-
mension that existing methods can solve when reaching the
time limit. Since the implementation of sl-BAMM does not
contain repeated nested matrix-vector products, it is capable
to handle BLO problems with higher dimension.

4.2. Real-world Applications

In this section, we verify the performance of s-BAMM
based on two widely used real-world BLO applications,
including data hyper-cleaning and few-shot learning.
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Figure 5. Comparison of the validation loss F' and accuracy for
hyper-cleaning on FashionMNIST dataset.

Data Hyper-cleaning. Assuming that some of the labels
in the dataset are contaminated, data hyper-cleaning aims
to reduce the impact of incorrect samples by adding hyper-
parameters to label the corrupted data. In the experiment,
we follow the general parameter settings in BDA (Liu
et al., 2020) and conduct the experiments on FashionM-
NIST datasets. To demonstrate the significant improvement
of sI-BAMM in terms of computational efficiency, in Tab. 1,
we report the F1 scores and the time required for different
methods to achieve the similar accuracy. It can be seen that
sl-BAMM significantly reduces the time needed to achieve
desired solution. Fig. 5 presents the validation loss and
test accuracy for different methods. It can be seen that our
method has the fastest convergence rate and keeps being
the fastest at higher accuracies even after quickly achieving
81% accuracy rate.

Few-shot classification. The N-way M-shot classification
aims to improve the fast-adaptability of hyper model such
that the new task can be solved with comparable perfor-
mance with quick updates based on few examples from
each class. In the experiment, we conduct the 5-way 1-shot
and 20-way 1-shot experiments on Omniglot dataset (Finn
et al., 2017). In the right part of Tab. 1 , we report the
runtime of existing methods to achieve the same accuracy
(95% for 5-way and 90% for-20 way). It can be observed
that sI-BAMM achieves similar accuracy while significantly
reducing the calculation time, which demonstrates the ap-
plicability of s-BAMM for high dimension complicated
real-world deep-learning applications.
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5. Conclusion

In this paper, a simple yet general single-loop gradient
method, named sl-BAMM, is proposed for BLO, without
replying on Lower-Level Strong Convexity condition. Our
results also provide the theoretical guarantee for various
BLOs in the machine learning context where a strong gradi-
ent boundedness assumption does not hold. We anticipate
that the convergence analysis that we develop will be useful
for analyzing other BLOs, e.g., stochastic BLOs, and the
proposed algorithm will be useful for other applications such
as neural architecture search and reinforcement learning.
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A. Expanded Related Work

We provide here a detailed review of recent studies that are closely related to ours.

BLO Beyond Lower-Level Strong Convexity (LLSC). The studies beyond LLSC are rather limited. A line of work
(including this work) relaxed LLS by considering BLO problem with a merely convex LL objective. For example, by
formulating bi-level models from the optimistic viewpoint and aggregating UL and LL objectives (called sequential averaging
method in (Sabach & Shtern, 2017)), the authors in (Liu et al., 2020; 2022b) introduced Bilevel Descent Aggregation
(BDA) framework with only the asymptotic convergence guarantee; see also a concurrent work in (Li et al., 2020). Another
study (Mehra & Hamm, 2021) presented a penalty method for BLO, by replacing LL problem by its first-order stationarity
condition, which avoids computing Hessian inverse. Recently, based on the value function approach, by using the gradient
descent and ascent method via smooth approximation, Sow et al. (Sow et al., 2022) proposed a primal-dual bilevel
optimization (PDBO) algorithm and its proximal version (Proximal-PDBO) without involving second-order Hessian and
Jacobian computations. Further, they provided the convergence rate analysis for PDBO and Proximal-PDBO, under certain
convexity-type conditions and compactness of the domain.

Another line of work considers BLO problem with a nonconvex LL objective. For example, the authors in (Liu et al.,
2021b;c) proposed a bi-level value function based penalty and barrier method. Another study (Liu et al., 2021d) proposed an
initialization auxiliary gradient-based algorithm to solve BLO problems with nonconvex LL objectives. Recently, Arbel and
Mairal (Arbel & Mairal, 2022b) introduced a bilevel game that resolves the ambiguity in BLO with nonconvex objectives
using the notion of selection maps. Further, they extended implicit differentiation to degenerate critical points, provided
LL objective satisfies a generalization of the Morse-Bott property. However, only asymptotic result is shown in (Liu et al.,
2021b;c;d; Arbel & Mairal, 2022b). Recently, based on the value function approach and a dynamic barrier gradient descent
algorithm in (Gong et al., 2021), the authors in (Ye et al., 2022) proposed a simple first-order BLO algorithm that depends
only on first-order gradient information and provided non-asymptotic convergence analysis for non-convex objectives under
the global or local Polyak-Fojasiewicz conditions.

However, all of these approaches take a double-loop optimization structure (involving numerical LL optimization loops),
which could be difficult to implement in practice as the number of required inner loop iterations are difficult to adjust.
Differently from the above studies, our sI-BAMM algorithm has a single loop structure, which admits a much simpler
implementation. Moreover, the updates in sI-BAMM evolve simultaneously and then can be performed in parallel instead of
sequentially.

Stationarity Measure for BLO Algorithm. The most common stationarity measure for BLO is the gradient norm of the
total UL objective (i.e., the norm of hypergradient) (Pedregosa, 2016; Ghadimi & Wang, 2018; Chen et al., 2021; Ji et al.,
2021; 2022; Li et al., 2022; Dagréou et al., 2022; Arbel & Mairal, 2022a). These studies notoriously rely on LLSC. This
was extended in (Huang et al., 2022) to a general BLO problem with a nonsmooth UL objective via Bregman distance, but
still assuming LLSC. Further, when the total UL objective is either strongly convex or convex, the suboptimality gap (as
measured by the total UL objective values) is used in (Ghadimi & Wang, 2018; Hong et al., 2023; Ji & Liang, 2022) and
the optimality gap w.r.t. UL variable is used in (Hong et al., 2023) . Recently, under the weak convexity of the total UL
objective, the gradient norm of the standard Moreau envelope is used in (Hong et al., 2023; Chen et al., 2022).

Without LL strongly convex assumption, the stationarity measure for BLO has been much less studied, from an algorithmic
point of view. Several recent work (Sow et al., 2022; Ye et al., 2022) reformulate a BLO problem into a constrained
problem by using value function approach, and develop non-asymptotic convergence to various notions of approximate
KKT points, under stationarity measure involving value function (Ye et al., 2022) or regularized value function (Sow et al.,
2022). Very recently, inspired by the recent developments of nonsmooth nonconvex optimization, the authors in (Chen et al.,
2023) formalized the local optimality of BLO via the notion of Goldstein stationarity condition (Zhang et al., 2020) of the
hyper-objective (i.e., the value function of a parameterized simple BLO problem), under some growth conditions. When
LL problem is unconstrained and be convex, BLO problem is equivalent to an equality-constrained optimization problem
by replacing LL problem by its first-order stationarity condition. This motivates us to use KKT condition of the resulting
equality-constrained problem as a measure of stationarity of the solution returned by BLO algorithms. Note that this kind of
reformulation is called MPEC formulation in the optimization theory for general BLO problems with LL inequality and
equality constraints (Kim et al., 2020).
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B. A Unified Proof Sketch of Theorems in Section 3

Theorems 3.4-3.8 in Section 3 provide various practical step size strategies for sSl-BAMM, which enjoy favorably both
extremely simpler implementation and theoretical convergence guarantee. In this section, we highlight the key steps of the
proofs towards Theorems 3.4-3.8 without the gradient boundedness assumption (GBA) and beyond lower-level strong
convexity (LLSC), and highlight the differences between our new convergence analysis and the existing ones.

To analyze the convergence of s-BAMM with or without LLSC, according to different step size strategies, we will identify
different intrinsic Lyapunov (potential) functions, whose general form is given by

Vi i= ag [F(xk, 55, (%K) — Fo] + bellyr — v, (<) 1?4 crllvi — v, (x|, (15)

where y;(x) is the unique minimizer of the aggregation function ¢,,(x,-) = pF(x,-) + (1 — p)f(x,-), and v}, (x) =
[ngﬂ)u (x, ny(x))] - Vy F (x, y;i(x)) is the correct dual multiplier. Here {ax,bx, ¢}, is a sequence of positive
constants chosen later depending on the step size strategy. In particular, when f(x, -) is strongly convex, we take p, = 0 for
all k and then F'(x, y*(x)) is the total UL objective. Generally, the first term ®,(x) = F(x, y},(x)) in the expression of Vj,
quantifies the (approximate) overall UL objective functions, the second term |y — y};, (xk) ||2 characterizes LL solution

errors, and the third term [|v; — v}, (x)||? delineates the multiplier errors.

The proofs of Theorem 3.4-3.8 contain three major steps, which include: (1) upper-bounding the descent of the total
UL objective; (2) controlling both LL solution and multiplier errors in the descent of the total UL objective; and (3)
combining all results in the previous steps and choosing suitable coefficients {ax, by, cx 5> ; of Lyapunov function to prove
the convergence guarantee. More detailed steps can be found as follows.

Step 1: upper-bounding the descent of the total UL objective.

We first analyze the descent of the approximate total UL objective as below, which does not require either LLSC or any
assumption on the boundedness of Vy F(x,y).

‘I’ukﬂ(xkﬂ) o (Xk)
1 C'<1>1HV* (xk)|| + Co2
Vo, (x)|*—=| — L X1 — Xi||2 + anL: |lvie — v (xi)|?
|| e (0|17 = 2( = [Xk+1 — Xk || kL, Ve — v, (x6) | {16

N 2
2+ 2||VyF(xk+1vyw+1(xk+1))|| (Mk - ,Uk+1) ,

+ g (way2 HVZk (Xk)H + LFx2)2 ”yk - y;k (Xk) 1

OF

where both LL solution and multiplier errors appear on the right hand side. Here C'p; and Cpo are some explicit positive
constants given in Lemma D.3. Importantly, compared to the previous results using both LLSC and GBA, the coefficients of
k11 —xx||* and |lyx —y7, (x)[|* depend on || (x4 )]| since Lipschitz continuity of the hypergradient and its surrogate
could not be guaranteed without any assumption on the boundedness of Vy, F'(x, y) and its variant. To address this issue, we
characterize a weaker smoothness of ®,,(-) in Lemma D.3. Note also that there is an extra term in Inequality (16) involving
the descent of the averaging parameter.

Step 2: controlling both LL solution and multiplier errors.

Noticing the above key points, we then estimate carefully LL solution error as below,

1¥rt1 = ¥ Kes )P = llye = ¥ 56) 17 < =5 Bkow,, llyk — v, (<) 1* + Sl — X ||
2 6k0'
7l
an
N 24||Vy F(Xp11, ¥y, (nr1) |12 <Mk - ,Ltk+1>2
U%Bkmpuk [ ’

13
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and the multiplier error is bound by

Vi1 = Vi Kk )1 = v = v, (ki) [P

* 2
6 (Lva [V, (k)] + Lyv2)

1
<= Smoy,, Vi = Vi, (x0)]I* + x5 — Xpg1]?

— 2 nk(fa“k
377]6 * 2 * 18
o (Ll Vi, 00+ L) v = 7, (00 P 1o
Kk

+ 2

2
6 (CorllVi,, (ki) + Cuz) 19y F (b3, (Ris))|? (,Lk _ uk.ﬂ)?
Hi

MOy,

Here C1 and CS5 are some explicit positive constants given in Lemma D.4.
Step 3: choosing suitable coefficients such that the descent of Lyapunov function is well controlled.

Combining the estimates in Steps 1 and 2, we can find suitable decreasing coefficients {ax, bx, ¢ } 3=, and the averaging
parameter (i, such that the descent of Lyapunov function is well controlled by a summable series as follows:

~
~ ~

gy 10k o Bk . Nk .
Viyr — Vi < — T||V¢)I%(X7€)H2 = 5 1%k = xg||? — > vk =y, (i) ||” — Ve = v (xe) )2

. 2
N 2| Vy F(xks1, ¥, (o)) || a4 (Mk — Hk+1>
OF M

(19)

2
24Hva(Xk+17y;k+1(xk+1))" br+1 </~Lk —#k+1>2
+

03 Broy,, m

+

2
6 (CorllViy s, (Rb)l + Cvz) IV F ks, ¥, (R01)) P (Mk _ Mk+1>2

NkTy,, 11

where the coefficients {ay, Elﬁ Mk } explicitly given in (24) will be positive after choosing proper decreasing coefficients
{ak, br, cx 132, and the averaging parameter yy. Then telescoping leads to Vi = O(1) as K — oo and then

2K+1 ~ "

Afq-10 Qe 5k ﬁk
> T IV Gl G lker = xel® + Fllye = ¥ Gea)1” + G lve = vy, ()] = O(1).
k=K

The desired convergence guarantee follows by analyzing the decay or grow rates of a1, Ok, Ek, M. We refer to next
section for detailed proofs.

Note that Lyapunov function argument for BLO algorithms has been used in establishing the convergence rates of ALSET
(Chen et al., 2021), STABLE (Chen et al., 2022), FSLA (Li et al., 2022), SOBA and SABA (Dagréou et al., 2022), and so
on. In contrast to the above mentioned works, without GBA and LLSC, Lyapunov function with flexible coefficients must
be considered.

C. Detailed Proofs

This section is devoted to proofs of Theorems 3.4-3.8 in Section 3.

C.1. Fundamental descent lemmas

We first analyze the descent of the approximate overall UL objective @, (xx) = F'(Xx,y},, (Xx)) in the next lemma, which
is the main result in Step 1 of proof sketch.

Lemma C.1. Suppose Assumptions 3.1, and either Assumption 3.3 or Assumption 3.7 holds. Let 11 < pi < %for all k.

14
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Then the sequence of Xy, Y, Vi generated by sl-BAMM satisfies

s (Xht1) — Py (X

N — ~—

a 1 Coi||v], (xx)|| + Ca2
<~ T, (0 - ( - el

3 ) Ixkt1 = xkl1? + L3, Ve — v, (i)

f Od’uk, (20)

s 2||VyF(Xk+1>y;k+1(Xk+1))’|2 <Mk — Mk+1)

+ 0t (L [V (000) | + L) s = v (x0) o o

where both Cg1 and Cgo are constants given by

72 2
Co1 =Ly, Lyyys + Ly, (Liyys + Lupys) 0y + Ly 05,
Coo ::LfbylLFyQ + Lwyl (LFy1 + Lsz) Oy, + LFxlo—?/Ju'

In particular, if LL objective f(X,-) is o s-strongly convex, i.e., Assumption 3.7 holds, we take i, = 0 for all k and then the
last term in Estimate (20) is redundant.

Since the descent of the approximate overall UL objective depends on both LL solution and multiplier errors, we next
analyze these errors, yielding the main result in Step 2 of proof sketch.

Lemma C.2. Suppose Assumptions in Lemma C.1 hold. If we choose

1
Br < %7 M < T
O”I/Juk, + wuk wuk

Then the sequence of Xj,, Y, Vi generated by sl-BAMM satisfies

* 2 * 2 1 * 2 6L’2by1 2
1¥1 = Vs e )7 = llyse =, ()7 < = 5Bk, I8 = ¥7, (o) 17 + Brot [k — Xpet1
W 1)
24(|Vy F(x e )12 - 2
N y k1, ¥y, (Khet (Mk Mk+1>
03BKoy,, Ik ’
and
Vi1 = Vi, ks )1? = Ve = v, ()12
2
1 . o, 6 (Lvillvy, (i)l + Lva) 2
< = 50y Vi = Vi, (xi)[7 + o, %k — X1
k
3Nk X 2 . 22
+ o Vi 0l + L) e = 37, (00 22
s

2
+ 6 (CVIHVZk-H (XkJrl)H + C"2) ||va(Xk+1’ka+1 (XkJrl))HQ <,uk - Nk+1>2

MO, I

where both Cy1 and Cyo are constants given by
Cyv1:=2(Lp,,, +Ly,,.) /0, Cyvo:=2(2Lp, +Ly,,) /oF-

In particular, if LL objective f(x,-) is o ¢-strongly convex, we take (1, = 0 for all k and then the last terms in Estimates
(21)-(22) are both redundant.

Combining the estimates in Steps 1 and 2, for any decreasing positive coefficients {ay, bx, cx }72 ;, we get the following
descent of Lyapunov function, which is the key step to improving the existing result.

15
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Lemma C.3. Suppose Assumptions in Lemma C.2 hold. Let {ay, by, ¢ } 72 | be a sequence of decreasing positive constants,
then the following descent of Lyapunov function holds:

~
~ ~

Oy, Br . Nk .
IV, (xx)[|* — - k1 = x> — > vk =y, (xx)[|* — o Ve = v ()P

Vg1 — Ve < —

AT F Yo ous (= )

Q410
2

oF HE
2
24 |[Vy P (%41, 97, (k640) | e <uk uk+1>2 (23)
+
03 BKoy,, m

2

. 6 (C’V1H"Zk+1(xk+1)|| + Cv2) IVy F(Xpt1, ¥ () Perin (M _ uk+1>2
NkTY,,, we ’

where the coefficients {Qy, B, N } are given as below.

p) 3 5
ay, T Pray, Moy,

2
& Ok Okl (CorlIvi, (xi)ll 4+ Cao2) 12Lfby1bk+1 12 (Lya |V, 1)l + Ly2) ™ chia
k= - -

b

2 . 2 . 2 Ck+17k (24
Br :=bik+1Bk0y,, — 2akt10k (Lipeya v, ()| + Lp,,)” —6 (Lipyys V7, i)l + L) o

I

ﬁk 5:Ck+177k0'w”k - 2ak+1akLiyl.
Here Lyy := Ly, Ly, + Ly, 0p, and Lys = Lg,, Ly, + L, 0y, In particular, if LL objective f(x, -) is o s-strongly
convex, we take i, = 0 for all k and then the terms involving p, — pii+1 in Estimate (23) are all redundant.
C.2. A general setting of step sizes

To simplify and unify the proofs of Theorems 3.4-3.8, we introduce our framework in which all of the step size strategies in
Theorems 3.4-3.8 have a unified form as below,

- b a
—7/2 _. _ k+1 2 _ k+1 5
B € [ﬂ(k +1) / 1/ (LFy2 + Lfﬂ)} =g, mnp= cn@ﬂkaww, Qp = Cqo P~ M0y, > (25)

where a1, br+1, cr+1 are the coefficients of Lyapunov function (15), and the positive constants ¢, ¢, may depend on k.
Here and in what follows, we drop their dependency in k for clarity. Actually, for any fixed step size strategy (S, 1k, o)

with 3, € I, after defining
Ck+1 Nk ) Ck+1 Qg -5
Ccp = —o,7, Ca= — o, , (26)
K (bk+1) <ﬁk> Yk <ak+1> (%) ik

the step size strategy (B, 7k, k) has the form (25).

Thanks to the setting (25), the key coefficients {ay, Bk, 7k } in Estimate (23) have the following simplified form:

12pry1bk+1ak Qg

2 (C¢1||V2k(xk)||+0<b2)>> a2:17 (27)

3
Catk1Pr0y, — Caly,

G = (1 — Ca (12 (Lot IV, (5l + Ly2)” +

e . 2 20410k 2 . 2
B = <1 —Cy (6 (Lwyy;z”"#k (xx)|l + LFyz) + m (szxﬂHVM (xx) |l + LFX2> brt+1Bk0oy,, . (28)
~ Ar+10%

=|1-212 ————F . 29
" < Yy1 Ck+1MKk0 7, ) TR (29)

For any fixed step size strategy (8k, Nk, @), to control the descent of Lyapunov function very well, it is helpful to find
suitable coefficients aj1, bx+1, Ck+1 such that
Ak+1

~ ~ 1 N 1
ag > s Be 2 50k41Bk0y,, 5 Tk 2 SC+1M0y,, (30)
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BF (O ¥ respectively ) are summable. If this

o

and all of the sequences involving ji;, — fix+1 in Estimate (23) (denoted by A’c
is well done, from Estimate (23), one first get

Vit — Vi < AE 4 BE 4 CF. (31)
By the definition (15), we get V}, > 0 for all £ and then
Vi <Vi, + ) _ (A + BE+CF) = Vi =0(1) as K — oo. (32)

k=1

Further, by using Estimate (23) again, one can get

2K+1 ~ -~ ~
ap+10 al Bk Mk .
Z (2 IV®,, (x)]1> + 7\\Xk+1 —xp]|* + 7||Yk — v, xR)|I? + ?HVk — V.
k=K

(xk>|2> =0(1). (33)

Then Estimate (30) yields

2K+1 a
k+1
> (20100 V0 (002 + 5 1 — i
k=K Ck (34)

Vi, (0)[2) = 0(1).

Now, by lower-bounding the coefficients in Estimate (34), according to different step size strategies and the coefficients of
Lyapunov function, we can get the estimates on

+ b1 Broy, ve =y, xl? + crrimoy, Ve —

oin [V, (i) I+ 11 = xull* + 1y = vy, G 1P + [lvie = v, ()12,

by choosing different upper bounds on p and 7. Finally, by the optimality of y}, (x) and the definition of Vi (xx), there

exists a positive constant C' independent of & such that
KKT(xp, ¥, Vi) < C (V@ (@)1 + lyx =y, )17 + Ivie = v, (i) |7 + pi3) (35)

which yields the convergence rates measured by KKT residual.

C.3. Proofs of Theorems 3.4-3.8

For the convenience of the reader, we first give an overview of the step sizes strategies in the main theorems and of the
well-chosen coefficients of Lyapunov function in Table 2.

Table 2. Summary of the step size strategies and the well-chosen Lyapunov coefficients.

Step sizes Coefficients of Lyapunov function
Strategy
Bk Mk ag Ak+1 br+1 Ch+1
Unified form Cy c:ji Bro? T o c:j:ll Mk 2% k1 biy1 Cht1
S1(Thm3.4) By € Is (k+1)""2Beu? (k+1)7328u  (k+ 1)—7012/)% (k+1)""?¢ w (k+1)"7 w
S2(Thm 3.5) By € I (k+1)""2Bpus (k+1)737/28.13 (k+1)°7 (k+1)"72  (k+1)T w
S3(Thm3.6) By €Iz (k+ 17728, (k+1)73/28u} (k+1) (k+1)"72 (k+1)7 w
Thm3.10 By €ls 7(k+1)"728y  a(k+1)""5y 1 1 1
—~ 2
. : : ~ -~ Akp410k _ Akp4+10K _ Ar+1 4
Using the simplified form (27) of &, Bk, Mk, note that i Cnbk+1ﬁkgi,“k = Cq (%H) T and
2 2
br+10 . <bk+1> o Ok <ak+1) o Q10 e <ak+1> o
caa/k;Jrl/BkO—,i“k Cha1 Yuy caai“k Cht1 Yuy,? Cnbrt1Bk0y,, “\ Chat Yuy?
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Table 3. Estimates for the proof of Estimate (30).

Strategy e VG CeeTTe
SI(Thm3.4) (k+1)""uf (K+1)""ui  p? 1 (k+1)""28u,  (k+1)77
S2 (Thm 3.5) (k+1)""p? (k+1)""u? pit 1 (k+1)""2Bu,  (k+1)"7
S3(Thm3.6) (k+1)"7 (k+1)77 1 1 (k+1)""28u, (k+1)"7/2

Thm3.10  (k+1)"7/2 (k+1)"7/? 1 (k+1)"7/2 (k+1)"72 (k4+1)77/2

we can prove that Estimate (30) holds in the setting of Theorems 3.4-3.8, with the help of the estimates in Table 3.

Next we show that all of the sequences involving p;, — px1 in Estimate (23) (denoted by Aﬁ, B’,j, C’; respectively ) are

summable. Recall that

Ak .ZQHVyF(XHlvkaH(XkH))HzakH <Mk — Mk+1>

H op 13

2
B ::24 HVyF(XHl,y2k+1(xk+1))H brt <Mk 7 uk+1)2
1 U‘%ﬁkdw“k I ;
2
2
o8 (CallVis Gois )l + Cuz) IV F b1, ¥5, (ki) Pk (,% e > 2
. MO, 1,

Using the step sizes strategies and the well-chosen coefficients of Lyapunov function in Table 2, we can get the explicit
estimates of Aﬁ, B ﬁ, C ;]f and the ones for the coefficients in Estimate (34), which is summarized in Table 4. Finally, by

Table 4. Important estimates used in the proofs of Theorems 3.4-3.8.

b Broy,,, Ck+1Mk Oy, a
swiegr AL BL Ch oem G M SR s
S1(Thm3.4) k~1=7 k=2+p [=2+5p [—9p=37 [ldp+37 LOp+27 kT Lop+T/2
S2 (Thm 3.5) k—'—7 k=2+p [=2+3p [—5p—37 [10p+3r EAp+2T LT 5P+ /2
S3(Thm3.6) k=177 k=277 [=277 [=3p=37 [dpt2r kT kT L3p+7/2
Thm 3.10 0 0 0 I kT kT/? kT
using the following inequality
2K+1 2K 42 21—8 _ 1
> (k1) 2 / ot = ——— (K +1)", (36)
k=K K+1 L—s
we can get the estimates on
min [V, (x1) |+ [xe+1 — %kl + lye — v, G)lI” + l[vie = vii, eI

K<k<2K+1

and then the convergence rate results in Theorems 3.4-3.8 hold.

D. Proofs of fundamental descent lemmas

This section is devoted to the proofs of fundamental descent lemmas in Section C.1. Note that, unlike existing analyses, we
do not require a strong assumption on the boundedness of Vy F'(x,y). Hence, our theoretical analysis can be applied to a
wider variety of applications in deep learning. To handle general BLOs, e.g., BLOs with multiple LL. minimizers, we have
taken the following standard assumption as in (Liu et al., 2020).
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Assumption D.1 (Assumption 3.2). For any x, the aggregation function ¢,,(x, -) = pF(x, ) + (1 — p) f(x, -) is strongly
convex for g = 0 or > 0.

Under this assumption, the aggregation function v, (x,y) = pF'(x,y) + (1 — u) f(x,y) is oy, -strongly convex in y with
oy, = por + (1 — p)oy. Hence 1, (x, y) has a unique minimal point for every x, denoted by y;(x). Furthermore, under
the smoothness assumption of f and I, 1, (x,y) is also Ly, -smooth in y for any fixed x.

D.1. Auxiliary Lemmas

Lemma D.2. Suppose Assumptions 3.1, and either Assumption 3.3 or Assumption 3.7 holds, the following statements hold.

(i) The function y},(x) is Lipschitz continuous in x, i.e., for all x,x/,

lys (0 -y )| < 22— ], 37
Oy

n

where both Ly, and oy, are constants given by
Oy, = HOF + (1 - H)Ufa L’l/Jyl = IJ’LFyl + (1 - :u)Lfyl'

(ii) The function v},(x) satisfies

IVy F(x, y,,(x)ll
Va6l = |[[Vaywn ey )] ooy < = (38)
and for all x, %/,
, Lo ||[v:i(x)| + Ly ,
Ivi00 vy < L2 “ffa)” . (39)

where both Ly := Ly, Ly, + Ly, 0y, and Lyo := Lg,, Ly, + L, 0y, are constants.
Proof. (i) By the optimality of y}, to LL problem, we have Vy,,(x,y},(x)) = 0. Thus

(Vywu(X, y;(x)) - Vy’l/)M(X, YZ(X/))) + (Vy%(X» YZ(X/)) - Vywu(xlv y:(xl))) = 0.

Multiplying the above equation by y},(x) — y;(x’), by the o, -strong convexity of 1, (x, -) and Ly, , -smoothness of
Yu(-,y), we have

75, 73 (%) = ¥ (P <[ Vythu (v, (x)) = Vythu(x 3 ()| - [y, () = v ()l
<Ly, [[x = X|| - [ly;, () = y.(x)]-
Then the conclusion follows immediately from the above inequality.
(ii) First, by the 0, -strong convexity of ¢,,(x, -) and Cauchy-Schwarz inequality, we have
75, V() 1* < (vi(x), Viy tou (%, 57, (x))v, (%)) = (v,,(x), Vy F(x,y,,(x)) < IV &) - [IVy F(x, v, ()],

which implies Inequality (38).
Second, the definition of v* (x) says that [V2 v, (x,y}(x))] vi(x) = Vy F(x,y}(x)). Thus

[Vyu sy, (D] [V (') = v, (x)]
= [Vy F(x',y,,(x) = Vy F(x,y,(x))] + [Viytu(x, ¥, (%)) = Vit (x', y,,(x)] v}, (%)
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By (i), the oy, -strong convexity of 1, (x’, ) and Lipschitz continuity of V1, and Vy F', we have

Vi (%) = Vi () < (L, I = X' + Ly, [y}, () =y, ()])
VRGO (Lyyya 1 = X[ + Ly ly5 (%) = ¥ (X))

[x ="l 7 -
ST(HVM(X)H (Lwyy2L¢yl + Uwp,Lwyyl) + LFyZLwyl + UwuLFyl)’

n

Ty,

which implies the desired result.

O

Next, we prove a lemma that characterizes the smoothness of ®,(x) in x, without any boundedness assumption of
VyF(x,y).

Lemma D.3. Suppose Assumptions 3.1, and either Assumption 3.3 or Assumption 3.7 holds, we have

(Car[lvy(x)]| + Ca2)

2
O',wu

[V, (x) = Vo, (x| < [ — x|, (40)

where both Cg1 and Cgo are constants given by

72 2
Cq)l '7L¢y1L1/’yy2 + Lwyl (L'/’yyl + Ld’xy?) qu + L'/’xylo—w
Cao ::L?bylLFw + Luy, (Lry, + Lr,) 0w, + prloiu.

u?

Proof. Recall that V&, (x) = Vx F(x,y},(x)) — [Viywu(x, yZ(x))} v}, (x). Thus
V(I)M(X) - V(I)M(X’) =VxF(x, YZ(X ) — VXF(X/,yZ(X/))
+ [Vig (X, 5 ()] Vi () = [Vigthu(x, ¥, (x))] v}i(x).
First, by Lipschitz continuity of V4 F', we have
IV F(x,y}(x)) = Vi (x', y, (<)) SLp, 1% = X[ + Leg|ly,(x) — v ()]
Second, note that
(Vi Uu (X 3y ()] v (x) = [Vigu(x,y,.(x))] v} (%)
=[Viyu (& ¥ (] [V (x) = vii(3)] + [Vigu (X, 75 (X)) = Vigthu(x, ¥, (x))] v} (%)
Thus, by Lipschitz continuity of Vf,yz/)u and Lemma D.2, we have
[ [V (X, ¥ (X)) Vi (x') = [Vig (%, y,,(x))] v, (x)

<Ly, [vi(x) = Vi) + V3G (L [ = x| + L [7:(%) = 3 (x)]])

Lyy, (Lv1 |V, (9)[ + Lv) . \ .
<—* 5 [ = x| + 1V GOl (Ly s [ = |+ Lo [ly7: (%) = ¥ ) -
i

Hence, by using Lemma D.2, we have

V@, (x) = Ve, (X))

. Lyy, (Lv1 ]3|l + Lvo) . ; .
< (LFxl + L, IV, ()| + — ) ¢ = X' + (Lrs + Ly [V () [y, () = 37, ()|

Yu

. Ly, (Lvi|[vi(x)|| + Ly2)
< (LFxl + wayl ||Vu(x)|| + ! 05

Y

* L@Z’ 1
I =Xl + (D + Ly Vi) === =,

n
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which implies the desired result since

LwylLVI + L¢Xy2 Lwyl O—d’u + wayl Ui“ = L?/’yleyy2 + Lwyl (Lwyyl + wayZ) Jl/’u + waylo—i

and
L¢ylLv2 =+ LFXQLnyO'%L + LFxlo'i“ = L2y1LFy2 + Lwyl (prl + LFX2) Oy, + LFx1U12[1u'

O

Next lemma characterizes the smoothness of y, (x) and v};(x) in . It will plays an important role in the non-asymptotic
analysis for sS-BAMM when BLO has multiple LL minimizers.

Lemma D.4. Suppose Assumptions 3.1, and either Assumption 3.3 or Assumption 3.7 holds, let 0 < p < 1/2 and 1/ < 2,

(i)
I¥5,00) =y ()| < ——— == - (1)

(ii)
V5 0) = va (O < (CorllVE (Ol + Cuz) IV Py () - =21 )

//2

where both Cy1 and Cyo are constants given by

Cvi:=2(Lp,,, +Ly,,,) /ok, Cy2:=2(2Lp,, + Ly,,) /0%

Proof. (i) Recall thaty}, = y7,(x) satisfies uVy F(x,y};) + (1 — 1) Vy f(x,y};) = 0. Thus

(=W )VyF(x,y3) + 1 [VyF(x,y;,) = VyF(x,y,/)]
+ (W = W) Vy f(xy5) + A=) [Vy f(x,55) = Vy f(x,55)]

0,
which implies that
1 VyF(x,y;) = VyF(x,yi)] + 1 = u)[Vyf(x5}) = Vyf(x,55)]

p o V)
LV Fx,y) = (0 — )
eVl yi) = (0 = )=

= = p)VyF(x,y},) + (1" — p
Since F'(x, -) is o p-strongly convex, we have
<VyF(X?YZ) - VYF(X7 yrﬂ)a y:, - y:,’> > UFHY; - yZ’HZ'
Similarly, since f(x, ) is convex, we get

(Vyf(x,53) = Vyf(,¥5), ¥5 = ¥u) > 0.

Combining the above inequalities, we have

* * /,L/—,LL * * *
0 < M/UF||yH _yp,’”2 < ( 1 _'u> <va(X7Yp.)7Yﬂ _yu’>'

Since 0 < p < 1/2, we get 1/(1 — p) < 2 and then

worlyh =y ll? <20Vy eyl - o — |-y, =yl

which implies the desired result.
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(i) The definition of v = v* (x) says that [V2 ¢, (x,y5)|vi = VyF(x,y}). Thus we have

[V3y b 6, ¥V, = Vi) + [Vyybu(x, 7)) = Vigthw (x,3,)] Vi, = Vy F(x,y;) — Vy F(x,y,).
Multiplying the above equation by v}, — v}, by the o, -strong convexity of ¢, (x,-), we get
75, V3 = Vi I? <NV (%, 57 = Ve (33l IVl - vy = vl
FIVy F(xyn) = Vy FOG vl v = vl
Note that by the definition of ¢, we have
Viyl/)u(x y;) - Viy%ﬂ (X7 y;’) :(M - M/)V§,yF(X, y;) + M/ [vin(Xa y;) - Vi‘yF<Xa YZ’)]
+ (1 = WV fyp) + (1= 1) [Viy f(x,57) = Vg F(x,y,0)] -

Since p/ < 2u < 1, we get

V:L - VZ/H S[(IJ‘FyZ + Lfy2)|l“t - /’l//‘ + (LFyy2 + Lfyy2)||y:, - y:’H] HV:,H + LFy2||y; - y:’H
< [(Lryys + Liyya) Vil + L) 15 = vyl + Ly + L)Vl - = 4

T

By (i), since oy, = p'op when oy = 0, we have

2| Vy Fey (I | — p|

2 2
o I

Ivi = viell < [(Zr

yy2

+ Lfyyo) IVl + Ly

i

(LFyz +Lfy2) * ‘/u’il’[’
=Vl ——
o o

Since p/ < 2u, Lemma D.2 implies that

VY EG vl _ 20IVy Gy ()|
UOF - oF '

w vy, X)) < p

Hence we get the desired result.

O

Note that some of the coefficients of terms in Inequality (23) depends on ||v};, (xx)|| and [|[Vy F(xk+1, ¥}, ,, (Xk+1))[|- We
next upper-bound such two types of terms.

Lemma D.5. Assume that Vy F and V, f are Lipschitz continuous in (X,y). If (X, yx) is bounded, that is, | x|+ ||yx| <
D. Then

IV F i, 7, (xi)) | = O/ a,,), vy, (i)l = O (1/03, ) - 3)

In detail,
||va(Xk17 y;k (Xk))” S (CdlD + Cd2) /0-1/1

kg

V7., i)l < (CarD + Caz) /a3, (44)

where
Cd1 ::LFyz (Lfyl + Lfy2) + (Ud’uk + /”LkLFn) (LFyl + LFyZ)’
Caz ==Ly, |V F0,0) + (0, + sy, ) (V5 F(0,0)],

are constants independent of D.

Proof. First, since ||x|| + ||yx|| < D, by Lipschitz continuity of V, F' and V,, f, we have

IVy F(xk, yi) | <[VyF(0,0)]] + [VyF(xk: y&) = Vy F(0,0)]
<IVyF(@0,0)[ + Lr,., %kl + Lry. lyxll
SHVYF(Ovo)” + (LFyl +LFy2) D.
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Similarly, we also have ||Vy f(xx, yi)|| < [[Vy f(0,0)|| + (Ly,, + Ly,,) D.
Next, since Vy 1y, (xk, ¥}, (X)) = 0, by the o, -strong convexity of ¢, (x,-), we get
T, [0 = V70 G0 | <UVy s (i, y) = Viy Wy, (1, ¥y, G = [ Vy P 5ok ) -
This implies that ||y;, — Yk i) || < IVytu, Xk, y&)|l/oy,, and then
[Vy F(xi, vy, (ki) || <Yy F G yi)ll + 1Vy F (ks 3, (50)) = Vy F (5, i) |

<||Vy F(xp, yx) | + Lry, ||y — v, (x2)]|

Lr, [IVyYu, Xk, yi)l
<[ Vy F(xp, yi) || + —22—

Owuk
prLF, L,
< <1+y2> Hva(Xk7Yk)||+ . Hvyf(xk7Yk)||7
Othuy, Oy
HE HEk
since Vytp,, = 1xVyF + (1 — 1) Vy f. Thus, by Lemma D.2, we have
. 1 urLp Lp, (Ca1D + Cy2)
v, (i) < ( 2y2> IVy F(xk, yi) | + 2 I Vy f (X yi)ll € —5—.
Ty, Y, Thun Tihrun

D.2. Proof of Lemma C.1

By the above lemmas, we can analyze the descent of the approximate overall UL objective.

Lemma D.6 (Lemma C.1). Suppose Assumptions 3.1, and either Assumption 3.3 or Assumption 3.7 holds. Let pij11 <
pr < % for all k. Then the sequence of X, Yk, Vi generated by sl-BAMM satisfies

(Pllk+1 (Xk+1) - (I),uk (Xk)

o 9 1 1 C<I>1HV;k (Xk)” + Ca2 2 2 * 2
<-2|ve, - |=- - L -
< 5 || / k(Xk)H 9 (ak Oﬁ,uk ||Xk+1 Xk” +ag hy1 HVk Vﬂk (Xk)” (45)

2
2||\Vy F(Xk41,¥5,, (X —
+ o (Lo Vi (30 || + L) lyi — v (e 12 + B FsbssoTie, k)| <Mk Mkﬂ)’

ofF 1223

where both Cy1 and Cgo are constants given by
72 2
Cq)l '7L¢y1L¢yy2 + Lwyl (L’/’yyl + L¢xy2) qu, + L’/’xylo—fli
2 2
Ca =Ly Lry, + Ly, (Lrys + Li) 0w, + Lraoy,:

u?

In particular, if LL objective f(x,-) is o -strongly convex, i.e., Assumption 3.7 holds, we take pj, = 0 for all k and then the
last term in Estimate (20) is redundant.

Proof. First, note that
F(Xk41, ¥, (X641)) — F(xp, ¥, (k) =F (Xk41, ¥, 0, (Xk41)) — F(Xpt1, ¥, (Xet1))
+ F(Xk+1, ¥, (Xk41)) = F(xk, ¥y, (Xk)).-
By the convexity of F'(x, -) and Cauchy-Schwarz inequality, we have
F(hy15 Y (%641)) = Fhy1, ¥ (%h41)) S(Vy Pk 15 Y5y (%641)), Yy (Kht1) = ¥ (k1))
< Vy F(xkt15 Yooy ) || 195y (Riet1) = ¥y, (Rietn) |

<2HVyF(Xk+1»YZk+1(Xk+1))H2 (uk — uk+1>
— Mk 9

OF
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where the last inequality follows from (41) with u' = ug and g = piga1.

Next, denote La,, := Co1 Hv:‘% (x1)|| + Ca2. Since Lg,, is independent of x’ in Lemma D.3, similar to the proof of the
classical descent lemma (cf. Lemma 5.7 in (Beck, 2017)), one can get

F (X1, Y, (Xk41)) = F Xk, ¥, (k) = pup (Xit1) — Py (X1)

L
§<V¢Mk (Xk),Xk+1 — Xk> _|_ 202“* ||Xk+1 — Xk||2

Y
L
< = o (VO (xk), Vo F (X1 Y1) — Vg Wy (X, Vi) Vi) + 2;;“ %541 — xx||?
o (63 2
<- ?||V‘I)uk(xk)||2 — 5 |V F (%15 ¥k) = Vay s (X, &) V||
(77 2 ch
t5 ([VOu, (xk) = Vi (X1, Y1) + Vg U (%6, yi) Vi ||~ + 202“'“ [%k41 — 5],
Du

where the second inequality used the definition of xj,, 1 and the third one follows from 2{a, b) = ||a||?> + ||b||*> — ||a — b||*.
Note that the update of xj; implies that

2 1
| VF (%%, ¥5) = Vay U (%is yi) V|| = ?kaﬂ — xx|%,
k

and by the definition of ®,,, (x) we get

VO, (xk) = Vo F (x5, ¥, (%8)) = Vg Yy (%5, ¥, (%0)) V5, (%),
which implies that
V@, (xk) = VaF (X6, Y&) + Vg Uy Xk Vi) V||
<NV F (x5 353, (58)) = VacF (% i)l + || [Viy G 05 Y1) = Vg Y (%05 ¥ o, (0))] Vi, (58) |
+ | Vay e K yi) Ve — Vi, (%)
(L, + Ly [|[Vin, 0)[]) 1y = ¥ )+ Ly Ve = v, (1) -

The desired result follows from the inequality (}_;_, a;)’ <r S az. O

D.3. Proof of Lemma C.2

Lemma D.6 implies that the descent of the approximate overall UL objective depends on the errors of LL and multiplier
variables. We next analyze the errors of LL and multiplier variables.

Lemma D.7. Suppose Assumptions 3.1, and either Assumption 3.3 or Assumption 3.7 holds. If we choose
2

By < —————, Mm < . (46)
U?/mk + L’/)uk L"/)uk
Then the sequence of Xj,, Vi, Vi generated by sl-BAMM satisfies
* 2 2
Iy =y e * < (1= Brow,, ) vk =53, Gl @)

and

2
||Vk+1 — Vzk(xk)HQ < (1 — nkU¢Mk> ||Vk - VZk(Xk)HQ + O—:k

(L V5, )|l + L) e — v, (xa)]

Fr

Proof. First, by the update of y_1, we have

yirr = v5, )l = [ye = BVt ke yi) — v, ) ||
=y — Y,’Z,C(Xk)H2 — 2B (yr — ¥ (%k), VU, (%0, Y1) + B2V, (31 30|12
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By the oy, -strong convexity and Ly, -smoothness of 1, (x, ), since Vyt,,, (xk, ¥}, (xx)) = 0, Theorem 2.1.12 in
(Nesterov, 2018) implies that
(Ve = ¥y (%k)s Ve, Xk, ¥8)) = Yk — Y (Kk)s Ve, Xk, Yi) — Vb, Xk, ¥, (Xk)))

Ty Ly,

H2 1
Toy,, Ly,

e [Vt (e, y0) I

yr = y5, (xx) ro Lo

Hence, when 0 < 3;, < m we have
v T L0

% 2 QO'w Lw * 2
||Yk+1 7y#k(xk)|| S <1 #6 ) ||yk 7yﬂk(xk)” )

. . . . . Ly
which implies the desired result since % < 7”5 <1.
Ty, +Ly, ®

Second, by the update of 1, using [V 1, (xk, y5, (xx))] V5, (%) = VyF(x,y5, (xk)),
Vi1 = V,,, (Xk) =VE — V), e ([Viyy Y (X6, Yi)IVE — Vy F(Xk, Y1)
=Vi — V,*% (Xk) =1 [ Vg Xk, Yi)] [vie = Vi, (x5)]
— 0k [Viy e (%%, Y8) = Vit (%6, ¥ (x1))] Vi (x2)
— ik [Vy F(xk,¥5, (xk)) = Vy F(Xk, k)] -
Hence, by Cauchy-Schwarz inequality, for all € > 0, we have
va = v (e[|

< (1) || [1 = mV 3y Gk y2)] [vr = v, Gei)] |

2
(1 1) | (73 050300 = Y3, 00 v, G50) + ¥ F 3, ) = Ty Pl

2

When n;, < 1/ Lq/,uk , by the o, -strong convexity of ¥, (x, -), since the spectral norm is monotone, we have

0 = P e G )] [ve = Vi, ] | < (1= o, ) e =i, Geo)]
Next, by Lipschitz continuity of V3 1), (x,-) and Vy F(x, -), we get
| [Vay ¥ Kk Vi) = VayWu, (e, ¥, (56))] Vi, (%K) + Vy F (X5, ¥, (%0)) = Vy F (X5, yie) |
< <L¢yy2”v;k (Xk)H + LFy2> Hyk - y;k (Xk)H :
Taking € = 0y, , we have

2
[ves =i o) < (14 mo, ) (1 =m0, ) e =i Geo)|

: * 2 * 2
+ (1 + o ) M7 (Lo Vi, i)l + LEy,)” |y — v, )|

which implies the desired result since n,% < g/ L%k </ T, - O

Lemma D.8. Suppose Assumptions in Lemma D.4 hold. Then the sequence of Xy, ¥, Vi, generated by sl-BAMM satisfies

2L 8| Vy F(x * NI _ 2
* % P y k+1,Y Xk+1 Ui — Hhk+1
”y#k (xk) — Yigia (Xk+1)||2 <— = llxx — xk+1||2 + 2uk+1 ( ) ,
g O je
Duuy
2

. 2 2(Lyallvy, i)l + Ly2)

e R e | e

Guup

2 _ 2
* * P — HE+1
+ 2 (Cv1||vuk+1 (Xk"rl)H + CVQ) ||VyF(Xk+1ayuk+1 (Xk+1))“2 < /J/i )
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Proof. By the triangle inequality, and Lemma D.2(i) and D.4(i) with ' = pg and g = piga1,

157 (k) = ¥ eI <y, (x6) = ¥, )1+ 1Y, (Kkt1) = ¥y et 1)
2| Vy F(Xk41, Yy (k1)) (uk - uk+1>
[k ’

L
<20y — x| +

K oF

and by Lemma D.2(iii) and D.4(ii) with ' = py and g = pgq,

V7o k) = v () [ < Vi (k) = Vi, (R ) 1V (Re1) = Vi, (Riepn)

(Lvillvy, G0)l| + Lo2) ) ) [k = [t41
S Ik = x|+ (Corllvi, o, i)l 4 Coz ) IVy F(xt1, ¥, (60 M) .
Yup 3
2
Then the desired result follows from the inequality (Z?zl ai) <2 Z?zl a?. O

By the above lemmas, We can next analyze the error of LL and multiplier variables.

Lemma D.9. Suppose Assumptions in Lemma C.1 hold. If we choose

By < 2 < 1
k>SS 0 > 77—
oy, + Ly,, Ly,

Then the sequence of Xy, Y, Vi generated by sI-BAMM satisfies

2
ot 2 o* 2<71 ot 2 6LT/)yl _ 2
1¥kt1 = Vs G )7 = Ny = ¥, u)II° < = 5Bk, 1yr — ¥, (xi) o Xk — Xpt1]]
Ve (48)
24[|Vy F (Xh415 Yy (%541 12 (uk _Mk+1>2
T BTy, e ’

and
Vi1 = Vi, e )12 = Ve = v, (i) 12

2
1 6 (LuilIvs, ()| + Lvo)
< _ = o 2 225 _ 2
< = 50y Vi = Vi, (xi) |7+ s, %k — X1
30k « 2 * 49
o (Ll Vi, 000+ L) v = 37, (00 P @

+

2
6 (CorllVi,, (ki) + Cuz) 19y F (e, ¥, (i) <uk _ “M)Q
MOy, 11 ’
where both Cy1 and Cyo are constants given by

Cvi:=2(Lp,,, +Ly,,,) Jop, Cvo:=2(2Lp,, + Ly,,) /0%

In particular, if LL objective f(x,-) is o p-strongly convex, we take p, = 0 for all k and then the last terms in Estimates
(48)-(49) are both redundant.

Proof. By Cauchy-Schwarz inequality, it is easy to check that for any € > 0 we have
k1 = ¥y, )P =My ers = vy, () + 35, (x6) = ¥, (Keg2) 12

* 1 * *
<+ ey =i, ol + (14 ) 17, 000~ ¥, i) P
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Taking ¢ = %&fd%k , by Lemmas D.7 and D.8, we have

1 2L 2
* 2 * 2 Yy1 2
[¥k+1 = ¥yry (K1)[|” < (1 - 25/471%) vk — ¥y, (xe)l|° + W 1+ Brog. %% — Xg41]]
2
* 2 2
N 8| Vy F(Xk+1, Yoy oy (k1)) (1 L2 ) (Nk _/~Lk+1> ’

0% Broy,, ke

which implies the desired result since Sxoy,, < 1when 8y <2/(0y, + Ly, ).
Similarly, for any § > 0, by Cauchy-Schwarz inequality,
2

2
[Visr = Vi o) | = [Vvirn = v, (00 + v, () = Vi, (i)

1
<(+0) v Vi Gl (13|

*

2
Vi (xx) — V;k+1(xk+1)H .

0

Taking 6 = §70y, , Lemmas D.7 and D.8 imply that

2
T

1 2 1
< (1 gmon, ) = vi o P+ 22 (1 G, ) (Bonna V5 0001+ £2)° v = w3, )

Fi

2
2 (Lvi[lvy, (&)l + Lva 2
+ ( 1223 . ) 1 + ka _ X}c+1||2
T’k(j Ml

g,
'lb,uk

* 2 * 2 M — k41 ?
2 (Corllvi, ., i)l + Cvz) VY F (i1, ¥, s {1+ ( :
LA Hk

The desired result follows since 7goy, <1 whenn, <1 / Ly,, . O

D.4. Proof of Lemma C.3

Lemma D.10. Suppose Assumptions in Lemma C.2 hold. Let {ay, by, ¢ } 321 be a sequence of decreasing positive constants,
then the following descent of Lyapunov function holds:

~
~ ~

k10 Qi B X Mk X
Viyr = Vi < — THV‘PM(XHHQ = 5 1% = x> — < vk =i, (xx) |1 — 5 lvie = v (x) )2

+ QHVyF(XkJrl’kaH <Xk+1))H2ak+1 (,Uk - ,Uk+1>

OF Mk
2
N 24 Hva(Xk’-‘rlay;k+1(xk+1))H b1 (MC - #k+1>2 (50)
TH BTy, ik
2
6 (OVlHV;kH(Xk'*‘l)H + O"Q) HVYF(X"""l’y;k+1(xk+1))”2ck+l (,Uk - Nk+1)2
+ )
RO, Hi
where the coefficients {ai, Bre, Nk} are given as below.
. 2
o W (Co[vy, Gon)l + Coz) 1205, besn 12 (Lo [V, (o) + Lve)” cr
k= - - - ,
ag ai% ﬁkaiuk nk”?pw
N . 2 . 2 Ch+17k (51)
Br :=bk+1,8k0¢“k — 2ap 410k (LwXYQHVHk (xi)|| + Lsz) —6 (L¢yy2||vuk (xp)|| + prz) —

HE

~ 2
Nk .—Ck+177k0'¢“k — 2ak+1akL¢yl.
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Here Lyy := Ly, Ly, + Ly, 09, and Lys = Lg,, Ly, + L, 0y,. In particular, if LL objective f(x, -) is o s-strongly
convex, we take p, = 0 for all k and then the terms involving p, — pii+1 in Estimate (50) are all redundant.
Proof. Denote chuk = C<I>1HVZk (Xk)” + Cq>2, VyFk+1 = va(Xk+1,ka+1 (Xk+1)),
* 2 * 2
Bux = 6(Lalvi, 0l + L)’ Buy = 3(Lulvi (0l +Lr,)’ and By, =
2
6 (C’vl 1V (X))l + C’vg) IVy F(Xk+1, ¥, (Xk+1))||?. Then, by Lemmas D.6-D.9, we have

Vit1 — Vi =ag41 [F(Xk+1,y;k+l(xk+1)) — F(xk, ¥, (Xk))} + (ak+1 — ag) F(xk, ¥, (Xk))

bt 301 = i, Gl = 9k = ¥, G00I2] + (s = by = v, G012

it Ve = Vi, (e) |2 = Ive = Vi, (l2] + (errn = e)livi = vi, (k)1

Qo100 ag+1 (1 Le
< - THV@M (xi) || — 5 (O% - ail%) Xk1 — xx||* + ak+10szfpy1 Vi — v}, (i)
M

2
y ? * 20p41||Vy Fl1 Pk — ksl
+ Gk+10% (Llﬁxyz“vuk(xk)” +LFx2) v _y#k(Xk)HQ'F H 4 H ( +

o [k
2 2
brt1 o Bbuiily o | 2401 IVy Fra I (e — prgn
- Broy, ¥k = ¥, &) I” + ———— 1%k — X1 [ +
2 Py, Mk ﬂka';z“k U%ﬂk(f‘/’uk 7
Ck+1 Crt+1Bvynk
= =y MO, Vi = v, (x)I” + ——Z Ay — v, x0)I?
H
2
Ck+1B Cp+1B Mk — Hkt1
4 VX —=|xk — X1 [|* + YL < 5 + ,
nko—"/’uk nkadmk Hy
which implies the desired result. O
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