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Abstract

Federated bilevel learning has received increasing
attention in various emerging machine learning
and communication applications. Recently, sev-
eral Hessian-vector-based algorithms have been
proposed to solve the federated bilevel optimiza-
tion problem. However, several important proper-
ties in federated learning such as the partial client
participation and the linear speedup for conver-
gence (i.e., the convergence rate and complexity
are improved linearly with respect to the num-
ber of sampled clients) in the presence of non-
i.i.d. datasets, still remain open. In this paper,
we fill these gaps by proposing a new federated
bilevel algorithm named FedMBO with a novel
client sampling scheme in the federated hypergra-
dient estimation. We show that FedMBO achieves
a convergence rate of (9( VoY + + K[m) on
non-i.i.d. datasets, where n is the number of par-
ticipating clients in each round, and K is the total
number of iteration. This is the first theoretical lin-
ear speedup result for non-i.i.d. federated bilevel
optimization. Extensive experiments validate our
theoretical results and demonstrate the effective-
ness of our proposed method.

1. Introduction

Federated learning is a privacy-preserving training paradigm
over distributed networks that are designed for edge comput-
ing (McMabhan et al., 2017). In federated learning, multiple
edge devices (or clients) work together to learn a global
model under the coordination of a central server. Instead of
transmitting user data directly to the central server, each
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client stores data and computes locally and only trans-
mits the privacy-preserving information. This paradigm
is increasingly attractive due to the growing computational
power of edge devices and the increasing demand for privacy
protection. Federated learning is facing more challenges
than traditional distributed optimization due to the high com-
munication cost, data and system heterogeneity, and privacy
concerns. Recent years have witnessed great progress in the
algorithmic design and system deployment to address such
challenges (Wang & Joshi, 2021; Karimireddy et al., 2019;
Stich & Karimireddy, 2020).

Recently, federated bilevel learning has received increasing
attention (Chen et al., 2018; Fallah et al., 2020; Zeng et al.,
2021) because many modern machine learning problems
naturally exhibit a bilevel optimization structure. For exam-
ple, Chen et al. 2018; Fallah et al. 2020 studied the federated
meta-learning problems, Khodak et al. 2021 proposed fed-
erated hyperparameter optimization approaches, and Zeng
et al. 2021 improved the fairness in federated learning using
a bilevel method. This motivates us to study the following
federated bilevel optimization problem.

Zfz z, " ( (1a)
s.t. y*(z) € argmin g(x,y)

Zgz z,y), (1b)
yEeRY

where fz(x> y) = Efi(z,y; 51)7 gi(CE? y) = Egi(z,y; Cl)
are stochastic upper- and lower-level loss functions of client
i, and m is the total number of clients. Existing federated
learning algorithms like FedAvg and its variants (McMa-
han et al., 2017) cannot be applied to solve the federated
bilevel problem Equation (1) due to the nested optimiza-
tion structure, the global Hessian inverse estimation in the
hypergradient (i.e., V®(x)) computation, and the data het-
erogeneity in both the upper- and lower-level problems.

in ®(x
min &(z) =

[z, y*(

Recently, several approaches (Tarzanagh et al., 2022; Gao,
2022; Li et al., 2022) have been proposed to efficiently solve
Equation (1). Gao 2022; Li et al. 2022 focused on the homo-
geneous setting and proposed momentum-based distributed
bilevel algorithms. In the more practical but challenging het-
erogeneous setting, Tarzanagh et al. 2022 proposed FedNest
based on an implicit differentiation based federated hyper-
gradient estimator. In the inner loop, FedNest calls 7" times
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Table 1. Comparison of FedMBO with existing federated bilevel algorithms. m is the total number of clients, n is the size of sampled
clients, and € is the required accuracy. The dependence on « in LocalBSGVR and AdaFBiO are missing in their papers.

Algorithm Sample Complexity  Partial Client Participation = Linear Speedup  Data Heterogeneity
LocalBSGVR (Gao, 2022) O 32m1) X v X
AdaFBiO (Huang, 2022) O(e73/2) X X v
FedNest (Tarzanagh et al., 2022) O(K%¢™?) X X v
FedMBO O(k%e?n™h v v v

of FedInn, which is a federated stochastic variance reduced
gradient (FedSVRG) algorithm, to solve the lower-level
problem. Then FedNest calls FedOut, which constructs a
federated hypergradient estimator, to optimize the upper-
level problem. However, FedNest fails to achieve a linear
speedup for convergence in training due to the high corre-
lation among the individual hypergradient estimators com-
puted by all clients. In addition, FedNest is restricted to
the full client participation. Then, an important question
remains:

e Can we develop an easy-to-implement federated method,
which achieves a linear speedup for convergence in
the general heterogeneous setting, and allows flexible
partial client participation?

Our contributions. In this paper, we provide an affirmative
answer to the above question by proposing a novel federated
algorithm called Federated Minibatch Bilevel Optimization
(FedMBO). Our contributions are summarized as follows.

e The proposed FedMBO follows a double-loop scheme
in bilevel optimization and consists of two important
components. For the inner loop, FedMBO adopts a sim-
ple Minibatch Stochastic Gradient Descent (SGD) algo-
rithm. Compared with FedAvg and FedSVRG, the mini-
batch SGD and its accelerated variant are more immune
to the heterogeneity of the problem (Woodworth et al.,
2020b), which is critical in achieving the linear speedup
for convergence under the bilevel optimization structure.
For the outer loop, FedMBO features a Parallel Hy-
pergradient Estimator (PHE) with a novel multi-round
client sampling scheme. Compared to IHGP (Tarzanagh
et al., 2022), our PHE procedure allows either full or par-
tial client participation, and more importantly, achieves
a variance bound linearly decreasing w.r.t. the number
of participating clients. We anticipate that PHE can be
of independent interest to other settings such as decen-
tralized or asynchronous bilevel optimization.

e We show that FedMBO achieves a convergence rate

of O(ﬁ + % + K@z ) and a sample complex-
ity (i.e., the number of samples to achieve an e-
stationary point) of O(¢~2n 1), which outperforms that
of FedNest (Tarzanagh et al., 2022) by an order of n due

to the linear speedup. As shown in Table 1, compared

to the momentum-based LocalBSGVR (Gao, 2022) and
AdaFBiO (Huang, 2022), our FedMBO is more flexible
with partial client participation, and more importantly,
achieves the linear speedup for convergence even in the
presence of data heterogeneity.

e We conduct extensive experiments to validate our theo-
retical results, and further demonstrate the effectiveness
of our proposed federated hypergradient estimator and
the FedMBO algorithm.

1.1. Related Work

Bilevel optimization approaches: Bilevel optimization
was first introduced in 1970’s (Bracken & McGill, 1973)
and has been being studied in the past decades. Since
then, tremendous efforts have been made to reformulate the
bilevel problem as a single-level optimization problem and
develop efficient algorithms to solve it(Aiyoshi & Shimizu,
1984; Edmunds & Bard, 1991; Hansen et al., 1992; Shi
et al., 2005). Recently, several prevailing machine learn-
ing applications can be naturally formulated as a bilevel
programming problem (Maclaurin et al., 2015; Pedregosa,
2016; Finn et al., 2017; Franceschi et al., 2017; 2018; Ji
et al., 2020), which brings a lot of attention to the bilevel
programming in the machine learning community. On the
theoretical side, there are many existing works deriving both
asymptotic (Franceschi et al., 2018; Shaban et al., 2019; Liu
et al., 2021) and non-asymptotic (Ghadimi & Wang, 2018;
Jiet al., 2021; Hong et al., 2020; Chen et al., 2021a; Guo
& Yang, 2021; Huang et al., 2022) convergence analysis
for the deterministic or stochastic bilevel optimization. For
example, Ghadimi & Wang 2018; Hong et al. 2020; Ji et al.
2021; Arbel & Mairal 2022 proved the convergence for
SGD type of bilevel methods via the approximate implicit
differentiation (AID) approach. Yang et al. 2021; Chen et al.
2021b; Khanduri et al. 2021; Guo & Yang 2021; Dagréou
et al. 2022 adopted the variance reduction and momentum
techniques into stochastic bilevel programming to achieve
better complexity results.

Federated learning: At the core of federated learning is
the prevailing FedAvg algorithm and its variants (McMahan
et al., 2017; Li et al., 2020; Karimireddy et al., 2019; Mitra
et al., 2021; Acar et al., 2021; Stich, 2018; Yu et al., 2019;
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Yang et al., 2020; Qu et al., 2020) to address the communi-
cation efficiency and the data privacy concerns. We review
literature with a focus on the analysis of the linear speedup
for convergence. In the homogeneous setting, two variants
of FedAvg were proposed to achieve linear speedup (Stich,
2018; Yu et al., 2019) under the assumptions of bounded
gradient and full client participation. Later, Wang & Joshi
2021; Stich & Karimireddy 2020 removed the bounded
gradient assumption and established a convergence rate of
O(e~2m™1!). In the heterogeneous setting, the SCAFFOLD
algorithm (Karimireddy et al., 2019) achieves the first lin-
ear speedup convergence rate using a variance reduction
framework and is independent of the level of heterogeneity.
After that, several variants of FedAvg (Yang et al., 2020;
Qu et al., 2020) have also been proved to achieve linear
speedup. Another interesting line of work focuses on the
comparison between FedAvg and minibatch SGD (Wood-
worth et al., 2020a;b). In the homogeneous case, FedAvg
provably outperforms minibatch SGD and its accelerated
versions (Woodworth et al., 2020a). However, when the
heterogeneity level is high, FedAvg is shown to be worse
than minibatch SGD.

Distributed bilevel optimization: For the decentralized
stochastic bilevel optimization (DSBO) problem, Lu et al.
2022; Terashita & Hara 2022 studied the setting where the
clients have their own local lower problems and thus the
communication for the lower-level part can be saved, and
Yang et al. 2022; Chen et al. 2022a;b considered a more
general global setup, in which all the clients target solv-
ing a global lower-level problem together. Ji & Ying 2023
proposed a distributed bilevel method for learning the best
utility surrogate functions for network utility maximization.
The most related works to this paper is the FedNest algo-
rithm (Tarzanagh et al., 2022), which achieves a sample
complexity of O(e~?2). This result was further improved by
the momentum-based federated bilevel algorithms in Gao
2022; Huang 2022. A concurrent work (Xiao & Ji, 2023)
proposed an iterative differentiation-based federated bilevel
method named FBO-AggITD, which achieves the same
sampling complexity as FedNest. Our proposed FedMBO
achieves the first linear speedup result in the heterogeneous
setting.

2. Definitions and Assumptions

Throughout this paper, we make the following standard
assumptions, as typically adopted in bilevel optimization.
Definition 1. A function h : R™ — R™2*"3 {5 Lipschitz
continuous with constant L if

[h(z1) = h(z2)|| < Llz1 — 22| V21,20 € R™,

where ||-|| denotes the Euclidean norm of a vector or matrix
depending on the value of ns.

Definition 2. A solution x is e-accurate stationary point if
E||V®(x)||* < ¢ where x is the output of an algorithm.

Let z = (z,y) € RPTY denotes all parameters.

Assumption 1. (Lipschitz properties). For all i € [m] :
[i(2), Vfi(2), Vgi(2), V2gi(2) are Lsp, L1, Ly, Lgo-
Lipshitz continuous, respectively.

Assumption 2. (Strong convexity) For all i € [m] : g;(x,y)
is jig-strongly convex in y for any fixed x € RY.

Assumption 3. (Unbiased estimators). For all i € [m] :
Vfi(z€), Vgi(2¢), V2gi(z;() are unbiased estimators
of Vfi(2), Vgi(2), V2gi(2), respectively.

Assumption 4. (Bounded variances). For all i € [m] :

there exist constants a]%, O'Z 1, and 03 o, such that
, ,

Ee |V fi(2€) - V(2] < o3,
Ec [Vgi(2:¢) — Vai(2)||” < 02,
E¢ [|[V20:(2: ) = V2gi(2)|” < 02,

Assumption 5. There exists a constant o4, such that
E||Vgi(z) — Vg(2)||* < (:7527, where the expectation E is
taken over the client index 1.

Remark 1. The assumptions outlined above are quite com-
mon and have been broadly adopted in the existing literature.
Assumption 1 imposes certain levels of Lipschitz smoothness,
which is a standard condition to derive the non-asymptotic
convergence in nonconvex optimization. In addition, the
Lipshitz continuity of V?g;(z) enables us to control the
error between the inverse of the Hessian matrix and its
Neumann series-based approximation, as also adopted by
other non-asymptotic studies (e.g, Ji et al. 2021; Chen et al.
2021b). Assumption 2 supposes the strong convexity of the
lower-level objective g, which triggers the implicit func-
tion theorem to guarantee the hypergradient V®(x) to exist
and enjoy an explicit form. Assumptions 3 and 4 require the
stochastic estimators to be unbiased with bounded variances,
and such conditions are widely adopted in the stochastic
optimization. Assumption 5, often employed in the analysis
for partial client participation in federated learning, con-
trols the disparity between the local gradient Vg;(z) and
the global gradient Vg(z).

3. Algorithms

To solve the bilevel problem in Equation (1), the biggest
challenge lies in computing the federated hypergradient
Vo(z) = (1/m)Y%, Vfi(z,y*(x)), whose explicit
form can be obtained as follows via implicit differentiation.

Lemma 1. Under Assumptions 1 and 2, we have
x [Va,9(a,y"@)] " Vyf(a,y" (@), @)



Achieving Linear Speedup in Non-IID Federated Bilevel Learning

where Vyyg(:v y) is defined as the Hessian matrix of g with
respect to y and nyg(ac y) is defined as

o? 2®
2 o) m!](%y) mg(xay)
Veyg(z,y) =

9’ o
mg(xay) mg(may)

To employ the above lemma, several challenges arise. First,
the evaluation of the federated hypergradient in Equation (2)
requires the approximation of the minimizer y*(x) of the
lower-level problem, which may introduce a big bias due
to the client drift. We propose to use the simple minibatch
SGD as the lower-level optimizer, as elaborated in Sec-
tion 3.1, to mitigate the impact of the lower-level client
drift on the final convergence rate. Second, the stochas-
tic approximation of the infeasible Hessian inverse matrix
[ngg(x, y* (2))] - Vyf(z,y*(z)) in Lemma 1 often in-
volves the computation of a series of global Hessian-vector
products in a nonlinear manner, which complicates the im-
plementation and may introduce a large estimation variance.
Third, the federated hypergradient estimation may suffer
from a large bias due to both the upper- and lower-level
client drifts. In this paper, we propose a new algorithm
FedMBO, which contains two main components, i.e., a
minibatch SGD based lower-level optimizer and a novel
federated hypergradient estimator, to address the above chal-
lenges, respectively.

Algorithm 1 Heterogeneous Distributed Minibatch Bilevel
Optimization with Partial Clients Participation

1: Input: full client index set [m], partial clients n partici-
pation, batch size S of local SGD at inner loop, initial

point (2°,¢y%), N € N*
2: fork=0,1,... K —1do
3 yk0 — gk
4. fort=0,1,... T —1do
5: Sample cllent index subset C*t = {c s CRY
with |CFt| = n
6: for ¢ € [n] in parallel do
7: Sample batch Skt = {flkot,fll, €5
8: Compute G}* = L ZJ o Vg, . o (z ,yk’t;gfj)

9: end for

10: Gkt = % Dy Gf’t
11: yk,t-i-l _ yk,t _ ﬁk,tGk’t
12:  end for

13: yk—‘rl — yk,T
14:  {H;} = PHE(2* y**1 N, n)

15 h= % Z?:l H;
16:  zFtl =2k — aih
17: end for

3.1. Minibatch SGD for Lower-level Updates

To efficiently solve the lower-level problem, one popular
approach is FedAvg. Starting from a common initialization,
the clients in FedAvg run multiple local SGD updates on its
own objective, which are then aggregated to update the inner
variable y. However, it has been shown in Tarzanagh et al.
2022 that FedAvg introduces an undesirable hypergradient
estimation bias due to the large client drift. This is typically
caused by the multiple local updates under the data hetero-
geneity, where the local iterates of each client can drift away
from the global minimum and converge to the minimum of
their own local objectives. Thus, they proposed FedLin, as
a variant of the variance reduction method FedSVRG (Mi-
tra et al., 2021), to mitigate the impact of the client drift.
However, FedLin has a more complex implementation due
to the nest SVRG loop, and more importantly, as shown in
Tarzanagh et al. 2022, its convergence error induced by the
client drift is not linearly decreasing w.r.t. the number of
sampled clients, which is one crucial factor in missing the
linear speedup in the convergence rate.

Inspired by a recent work (Woodworth et al., 2020b), we
use the minibatch SGD as the lower-level solver, where the
clients compute their local minibatch stochastic gradients,
which are further aggregated for a one-step update on y In
specific, we first sample a subset C** = {¢p, ..., kot of
chents and each of them draws a local data batch SZ.
{fZ 08 1 yenn ,fﬁg._l} with |Sf’t| = S and computes the
local stochastic gradient Vgcf,f, (zF, ykot; gf;) Then, the
server aggregates the gradients as

n S—1

—ZZVg“ 7y

=1 7=0

el

and further run one-step SGD to update y*'* as
yk,t+1 — yk,t o ﬁk,tGk7t~

Compared with FedAvg and FedLin, the minibatch SGD
admits a simpler implementation, and more importantly, is
more resilient to the data heterogeneity by a more aggressive
single update at all clients. As will be seen later, minibatch
SGD provides a more accurate estimation of the lower-level
solution, which is necessary in achieving the linear speedup.

Remark 2. In the minibatch SGD implementation, we set
the batch size to be larger than FedAvg, and hence more
aggressive per-iteration progress is made. Thus, the com-
putational cost of minibatch SGD is comparable to FedAvg.
More importantly, minibatch SGD admits a much smaller
client drift, which is critical in achieving the linear speedup.

Remark 3. In the experiments (see Section 5), we demon-
strate the great advantages of minibatch SGD over FedAvg
in mitigating the client drift during the bilevel training, and
in improving the overall communication efficiency.
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3.2. Federated Hypergradient Procedure
In the non-federated setting, one often defines the surrogate
Vi(z,y) = Vaf(z,y)
—V2,9@ YIV9(@, )]V fle,y) (3

to efficiently approximate the hypergradient V f(x, y*(z))
in Equation (2). Compared with Equation (2), the surrogate
simply replaces y*(x) by its approximation y. A typical
approach for efficiently approximating the surrogate is to
use the Neumann series-based stochastic estimator.

Vi, y) = Vaf(,y:) =V

T

2,9,y ¢V )

V3,00 5: ")) Vil (@, 5:6) @)

where N’ is chosen from {0,...;, N — 1} uniformly at
random and {¢,¢Y,...,¢N t1} are i.i.d. samples. Partic-
ularly, Ghadimi & Wang 2018; Hong et al. 2020 show that
the inverse Hessian estimation bias exponentially decreases
with the number of samples N, i.e.,

’

W) —E[E T (- -

| Viyg(z,y; ¢" ))] H

sﬂig(l—’;f—j) 5)

where the expectation is taken with respect to both N’ and
(. However, in the federated setting, the computation of
the hypergradient is challenging due to client drift by the
data heterogeneity, and the computation of a series of global
Hessian matrices in a nonlinear manner, as shown in Equa-
tion (4). To address such challenges, Tarzanagh et al. 2022
proposed the following federated hypergradient estimator:

hi ==V fi(z,y;€) — Va,gi(z,y;¢N Ty

where the global estimator p - of the Hessian-inverse-vector
product [V2 g(x,y)] "'V, f(x,y) takes the form of

N ¥ 1™ 2
= lya };[1 (I B m Z Vi i(T, y; Cm))

Z Vyfv Z,Y; 510)

zES

which is constructed by computing and aggregating local
Hessian-vector products in N communication rounds.

However, there are two main limitations of the above feder-
ated hypergradient estimator. First, the estimator requires
full client participation because each client ¢ needs to com-
pute an h;. Second, the h}s are highly correlated due to the

Algorithm 2 Parallel Hypergradient Estimator with n
Clients Participation (PHE)
1: Sample clients C° = {}, ...
2: for i € [n] in parallel do
3:  Sample data points 07, ¢*
d‘: yfc ( k7yk+1;¢i)
pl()*] 1 yfc ( kvyk+1;91)
Generate N; € {0, 1,..,N —1} UAR
end for
fori=1,..., max{N;,i € [n]} do
Sample C! = {c},...,cL}
10:  for i € [n] in parallel do

yen}

R A

11: Sample a data point ¢!

12: if [ < N; then

13: pia= (I - gg%viygcg (@*, "5 ¢ ) piia
14: else

15: Dil = Pig-1

16: end if

17:  end for

18: end for

max{N;}+1 max{N,;}+1
{erm Ny

19: Sample C™ax{Ni}+1 —
20: for i € [n] in parallel do

21:  Sample a data point w’

22: Hi= di_viygpxxxax{N,i}+l(xk>yk+1
23: end for '

24: Return H = {H, }icn)

w )pi,max{Ni}

shared global estimation pp/. As a result, the variance of
L5~ | h; cannot be shown to decay w.r.t. m, which turns
out to be the bottleneck for achieving the linear speedup.

To this end, we propose a new federated hypergradi-
ent estimator with a novel client sampling and commu-
nication scheme. As shown by Algorithm 2 and illus-
trated by Figure 1, each communication round [ (high-
lighted by the yellow shallow in Figure 1) samples n
clients (n < m) indexed by {c},...,c},}, and then the
sampled clients compute the Hessian-vector product (I —
e;,l szgcz (x® y*+1: ¢8Y))p; 11, which are used for the
Hessian-vector construction in the next communication
round. In the vertical direction of Figure 1 (i.e., from line
8 to line 18 in Algorithm 2), the clients in each column are
involved to construct an individual component H,; of the
federated hypergradient estimator. The proposed estimators
{H;} take the form of

Hi($k, yk+1)
=V feo (¥, 415 07) -

v2 k k+1., 14
ayd max{N;}+1 (1: Y yw )
i

N;

N 1 ,
7. I—-—V? ko, k+1. ~il

) l:lg 1 g( Uy vyngf (", 9" ¢ )):|

X Vy Lo (@ y* 1 67). ©)



Achieving Linear Speedup in Non-IID Federated Bilevel Learning

st round sampling a client index set c?
columni =
2nd round sampling (#1 '
rowl c?
1
(I + 1)th communication round
L
for each i,parallelly compute G Ny
1
py= (1 - l!]—lvffygcg) Pii-1
i
(max{N;} + 2)th round sampling G ke

Hypergradient estimator H; = focio - V,Z(y‘qc,nax{,\,i“2
i

(05
@ 4
c
N;
Ny,
v
Nn
CTl
dx{N;}+2 C:lnax(NiHZ
N;
N 1,
ot B (e 220 | 92
91 7_1 9.1

Figure 1. Illustration diagram of client sampling for the federated hypergradient estimation in Algorithm 2.

3.3. Entire Procedure

The previous two sections describe the lower-level updating
procedure on y and the federated hypergradient estimator of
the proposed FedMBO method. In this section, we briefly
summarize the whole algorithm, which is formally described
in Algorithm 1. At the beginning of FedMBO, we specify
the number of participating clients n < m, the batch size S
for the minibatch SGD implemented at the inner loop, and
the constant IV controlling the Hessian inverse approxima-
tion accuracy. Ateachround k = 0,1, ..., K — 1, FedMBO
first runs minibatch SGD to update y, then constructs the
federated hypergraident estimator using Algorithm 2, and
finally updates the outer variable x based on the hypergradi-
ent estimator. We do not run multiple local updates in the
updates of = because the federated hypergradient estimator
h requires the global information, which is unavailable for
local updates of each client.

4. Main Results

As discussed in the previous section, Algorithm 2 gener-
ates the federated hypergradient estimators {#;} for esti-
mating V f(z,y*(z)). With slight abuse of notation, we
define H;(z",y**1) to be the output of Algorithm 2 at
the k-th round of Algorithm 1. For different ¢, j, we have
E [H;(a*,y*)] = E [H;(«*,y* )] and
E [Hi(fﬂk,yk-‘rl”]:k} —F [Hj(.%‘k, yk+1)‘]_-k] ;

where 7 := o {y0, 29, ..., y*, ¥, y*T1} denotes the filtra-
tion that captures all the randomness up to the k-th outer
loop. We denote H(z,y) = E [H;(z*,y*"1)|F*]. Re-
ferring to Section 3.2, the resulted H(z,y) is “close” to

the surrogate function V f defined in Equation (3), except
for its matrix inverse approximation. Indeed, the follow-
ing Proposition 1 shows that the bias between H(z,y) and
V f decreases exponentially with respect to V.

Proposition 1. Under Assumptions 1 to 4, we have
[H(a®,y" ) = Vf* y" )| < b,

where b = kgly 1 ((kg — 1) /Kg)N and N is the input pa-
rameter to Algorithm 1.

The following two propositions explore the bounded vari-
ances of H;. Particularly, the O(1/n) factor of the bounded
variance of the average of {#,};c[n] is presented in Propo-
sition 3. Such a property highly relies on the independence
among all the hypergradient estimators and plays an es-
sential role in establishing the linear speedup. This is a
key property that can be achieved by our proposed mini-
batch SGD and PHE algorithms and is missing in FedNest
(Tarzanagh et al., 2022) in the non-i.i.d setting.

Proposition 2. Suppose Assumptions 1 to 4 hold for all
i € [n]. Then, we have

E [|[#: (", g+ — H(ah )] < 52,
E [|[Hi(z*, 4"+ )|P|F*] < DF,
where the constants 5? and bfc are given by
- 3
7o+ [0} + Bo)oda 28 + 38

g
:(’)(mg),

- Lyl IR
D3 i=(ty o + L&l Th0l)? 4 52 0(k2),
Hg Hg
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Figure 2. Left column: Comparison among different levels of heterogeneity. Middle column: Comparison between different numbers of
total clients. Right column: Comparison among different sampling rates. The first row plots the test accuracy against the epoch. The
second plots the test accuracy against the number of communication rounds.

Proposition 3. Under Assumptions 1 to 4, we have
2
n

1 _
E ||| S, ) - A )| | <
=1

where G5 == o7 + 1733 (07 +70) (05 2+ 200 1) + 072 1).

We next characterize the convergence and complexity per-
formance of the proposed algorithm.

Theorem 1. Suppose Assumptions 1 to 5 hold and set

. A A n .
ap :mln{al,O@, — Q3
V K

Bk = (5MfLy nLwa;dl ) %
’ Ihg 2npg T
for some positive constants &, © = 1,2, 3 independent

of K, where the definition of the constant parameters
My, Ly,m, Ly, DJ% can be found in the appendix. Then,

forany K > 1, the iterates { (z*, y*) }k>0 generated by Al-
gorithm 1 satisfy a

1 = 2
= Y E||VFaHI] =
k=0
o(df" + Gt 1
vnk min(dl,&g)K

where b = kglpq (kg — 1) /KQ)N and N is the controlling
input parameter to Algorithm 2,

+b2).

Theorem 1 shows that for any given inner loop 7', with a
proper choice of the step sizes o, i, and hyperparameters,
the proposed FedMBO algorithm converges with a sub-
linear rate. Moreover, the major term in the error bound

@] (ﬁ) has a linear speedup w.r.t. the number n of the

participating clients.

Remark 4. Our theoretical analysis is mainly conducted on
the case of partial client participation, i.e. n < m. For the
full clients participation scenario, the analysis is easier and
similar results (constants slightly different) can be obtained
by following the proof steps in Appendix C.

Corollary 1. Under the same conditions as in Theorem I,
if we set N = Q(k4log K) and ST = Q(k}), then

Ryt Ry mg SV
7+7+W

1 2
K};}E[HVJ‘(;U’“)H |-o =t

In addition, we need K = O(k5e~?/n) to achieve an e-
accurate stationary point.

To achieve e-optimal solution, the samples we require in &
and 6 are O(kje?) and O(k5e?) respectively. Compared
with FedNest (Tarzanagh et al., 2022) in the non-i.i.d. set-
ting, our complexity has the same dependence on « and e,
but a better dependence on n due to the linear speedup. As
far as we know, this is the first linear speedup result for
non-i.i.d. federated bilevel optimization.
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Figure 3. Comparison between our PHE with IHGP (Tarzanagh et al., 2022) under different lower-level optimizers.

5. Experiments

In this section, we conduct experiments on hyper-
representation, which is an important problem in multi-task
machine learning, to validate our theoretical results. We
focus on the hyper-representation problem in the federated
setting, which can be formulated as

m(;nﬁp( %Z Z£¢7 "1€)
i=1 EEDI
s.t. w* = argmin — Z Z L(¢,w; (),
w (ED’

where D} and D are the training and the validation datasets
respectively. Specifically, the upper-level problem learns
the shared hyper feature representations using the validation
data, and the lower-level objective learns the prediction head
for each client on the training data. In all experiments, we
use a multi-layer perceptron (MLP) with 2 linear layers and
1 ReLU activation layer as our model architecture and focus
on the heterogeneous case with non-i.i.d. datasets. All ex-
periments are implemented in Python 3.7 on a Linux server
with an Nvidia GeForce RTX 2080ti GPU. Note that our
current experiments and the results in other related works
are all simulations on a single machine. The linear speedup
improvement can be shown by implementing the model
and the algorithms on a distributed setting with multiple
machines.

5.1. Case Study

In this section, we conduct experiments on several case
study to demonstrate the efficiency of our proposed algo-
rithm. We first study the impact of heterogeneity in each
client’s dataset. We fix the client sampling ratio to 10%, and
the number of clients to be 100 and sample the dataset in a
digit-based manner. In particular, the whole MNIST dataset
is split into 10 subsets, where each subset contains all im-
ages with the same digit. The data in each client is sampled
from a certain number of subsets. In a 2-digit case, for each
client, we first randomly pick 2 digits, and then sample data

from the images with these two digits. Note that the 10-digit
case is equivalent to the homogeneous case. In this way, the
number of digits measures the degree of heterogeneity. The
result is summarized in the left column of Figure 2. The
proposed algorithm performs the worst in the 1-digit case
with the highest data heterogeneity, and the performance
is improved as we increase the number of digits due to the
reduced data heterogeneity. This demonstrates the negative
impact of data heterogeneity on convergence performance.

Second, we study the impact of different client sampling
ratios. We fix the 2-digit sampling strategy for each client
and the total number of clients to be 100. From the middle
column of Figure 2, it is seen that the case of 50% client
sampling ratio performs the best. Therefore, increasing the
sampling ratio helps the performance of our algorithm.

Finally, we test the impact of different numbers of total
clients. We fix a 2-digit sampling strategy for each client
and the client sampling ratio to be 10%. We select n €
{50,100, 500} for the test. As shown in the right column
of Figure 2, the performance of our proposed algorithm
becomes better as we increase the number of clients.

5.2. Comparison with FedNest

We compare our approaches with FedNest (Tarzanagh et al.,
2022) in the non-i.i.d. setting. We notice that Tarzanagh et al.
2022 also proposed a Lite FedNest (LFedNest) to reduce
the communication rounds. However, LFedNest diverges in
some of our non-i.i.d experiments and performs worse than
the FedNest. So we focus on the comparison of FedNest and
our proposed algorithm only. Two major components of the
FedNest algorithm are IHGP for estimating the hypergradi-
ent and FedSVRG (or FedLin) for solving the lower-level
problem. We compare the performance among different
pairs of PHE, IHGP, and MinibatchSGD, FedSVRG, Fe-
dAvg. In this case, we set the number of total clients to
100 and the sampling ratio to be 10%. For the dataset of
each client, we first sort the MNIST dataset according to
their labels and then equally split it into 100 subsets and
assign one subset to each client. In this way, we guarantee
a high-level heterogeneity among all the clients. We set
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T = 5 for all cases and fine-tune the step sizes so that each
setting achieves its best performance.

In Figure 3, we plot the loss and test accuracy against epoch
and communication round respectively. The left figure plots
the loss against the communication round. From the left
figure, we conclude that among all the settings, the proposed
PHE + MinibatchSGD converges the fastest. The middle
figure plots the loss against data epochs and shows that
the MinibatchSGD for the lower-level problem achieves
similar performance to FedSVRG and both are better than
the FedAvg Algorithm. The right figure shows that PHE +
MinibatchSGD achieves the best test accuracy among all
algorithms.

6. Conclusion

This paper studies the federated bilevel optimization prob-
lem in the presence of data heterogeneity, and proposes a
novel federated bilevel algorithm named FedMBO. We show
that FedMBO is flexible with partial client participation and
achieves a linear speedup for convergence. Numerical ex-
periments are conducted to demonstrate the advantages of
our proposed algorithms. We anticipate that our theoreti-
cal results and the proposed hypergradient estimator can be
applied to other distributed scenarios such as decentralized
bilevel optimization.
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Supplementary Materials

A. Supporting Lemmas
The following two lemmas are commonly used in the previous literature on (federated) bilevel optimization. We refer to the

corresponding works for detailed proofs.
Lemma 2. ([Ghadimi & Wang 2018, Lemma 2.2]) Under Assumptions 1 and 2, we have

IV®(21) — VO(22)|| < Ly|w1 — 32l
ly™(x1) — y™ (w2)|| < Ly|lzy — 22l

where

lg1(lyg1 + M l lgql
Ly =ty 4 ol Vo) lro tatlazy o)

Hg Hg Hg

g1
L, =22 = 0O(r,).
A (Kg)

For alli € [m], we have

IV fi(w1,y) = Vi(z,y™ (@)l < Mylly —y™ (@),
vai(:m»y) - ﬁfz‘(ﬂﬁzay)” < Mfol — @2l

where the constant My is given by

lgalya | lyo lg1lgo )
M ::l’+g’7’+ J l’2+u — Ok
f fi1 g ’ug(g Ly ) (g)

and ¥V f; is defined as o
Vi, y) = Vaefilz,y) — Vi,g(,y)[Vi,g(z,y)] 'V, fi(z,y).

Proof of Lemma 2. The proof is similar to Lemma 2.2 in Ghadimi & Wang 2018. O
Lemma 3. ([Chen et al. 2021a, Lemma 2]) Under Assumptions 1 to 3, we have
[IVy*(z1) — Vy*(22)]| < Lyallz1 — 22l

where the constant Ly is given by

l lyoL l
L, = 92T te2by | 9L (1o + lgaLy) = O(K3),
ﬂg lug
Proof of Lemma 3. The proof is similar to Lemma 2 in Chen et al. 2021a. O

B. Proof of Proposition in Section 4
Proof of Proposition 1. The independency of c?, cﬁnax{Ni}H, =1
based on the algorithmic design in Algorithm 2. Therefore, we have

A",y ) = B [Halat, )| 7]

, ..., N, IN; and their data points sample is guaranteed

N;

N
=Vof (@ g ) = V2 gty TE [l (1= 7 Vi F c”)\fk]v Fa, g+,

=1

From the definition of V f, we have
Hﬁ(xk7 yk+1) - vf('rk7 yk+1)) H
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N;

N 1 .
vayg yk+1)H‘ E[lqu (I— eqlvzygcg(xk,ylwrl;Cz,l))‘}‘k} — [V2yg(x y} H HV f(x k+1)||
Dt1=1 9,
rolyn fig\ N
< L0l B9y
My ( eg)

where we have applied the Assumption 1 and Equation (5) to the last inequality.

Then, the proof is complete. O

Proof of Proposition 2. Following Hong et al. 2020, Lemma 1, we can derive
E [[|[Hi(z*, ") = H (", o*)|P] <6y, (N
where 572 i= % + 5 [ (0 4+ £2,0) (02, + 202 ) + 032, .
From the definition in Equation (3), we have
V(@ y)|| = ||Vaf(@,y) = V2,9(z,9)[Vo,9(z,y)] " Vy fz,y)]|
<IVaf (@, y)| + | Va9 o) || V2,9 )] IV f(z,y)

<ty + a, @®)
Hg

where the last inequality comes from Assumptions 1 and 2.

Now we derive the bound of H;(x*, y**+1) as follows,
E [H'HZ(.%k, yk+1)”2|f_-k] — Hﬁ(xk, yk+1)||2 +E [||Hz($k7 ykJrl) o ﬂ(xk, yk+1)||2|fk}
< ([ ) = Vi) + [Vi@w))” + 53

1 .
s&wm«%—nmﬁﬁwm+@m%mf+ﬁ
g

Lol Lr1l
< (ff,o + f,0tg,1 + fi1 g,l>2 +527
Hg Hg !

where the first inequality is based on the result of Equation (7) and the second inequality is based on Proposition 1
and Equation (8).

Then, the proof is complete. O
Proof of Proposition 3. Note that if we choose to sample the clients with replacement in Algorithm 2, then apparently {#,; }

are pairwise independent random variables (refer to Figure 1). From Proposition 2, we have the variances of {#;},_,
are bounded by a constant 6?-. Therefore, we have

EHf ’Hi(xk,yk“) —ﬂ(xk,ykﬂ))’

=1

2ZEHH k k+1 ﬁ(mk7yk+1)H2

‘ 2

=Y E[R(H ) < HE ), M ) - H ) )|
1<z;£j<n
ﬁ,

n

where the last inequality follows because H; — H and H; — H are independent conditioning on F k.

Then, the proof is complete. O
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C. Convergence Proofs

Proof of Lemma 1. This result has been well-known in the literature on bilevel optimization. See, e.g., Ghadimi & Wang
2018 for its proof. O

Lemma 4. Suppose Assumptions 1 to 4 hold, Algorithm 1 guarantees:
s kN2 ag — 2
E[£(@*1)] — E[f(@")] < axMFE |[[y**! = y*@)|*] + (aFL; — SB[ "y )]]
Od%Lfa'}%

- ZE 195 @9)] + axt? +

Proof of Lemma 4. Based on the smoothness property of the objective function ® established in Lemma 2, we have

E[f(=**)] - E[f(=")]
<E [<xk+1 _ xk7vf(xk)>] n %]E [Hwk+1 _ xk‘ﬂ

- l<rlz Z apMi(z, g, vf(xk)>
i=1

2
(10)

Ly RN k o, k+1
+ 7]E Hn;ak”l—li(m Lyt
To bound the first term of Equation (10), we have
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where the last inequality is due to Lemma 2 and Proposition 1. The second term of Equation (10) can be bounded as
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where we use Proposition 3 in the last equality. Combining the above inequalities yields

. 2 2
E[f(z"*1)] - B[f(2")] < ax MFE [[|y**1 = " (a*)] ] (a3Ls = SO [[H*, v )]°]
Qg %Lfgf
-5 E [va ) } -
Then, the proof is complete. O
Lemma 5. Suppose Assumptions 1 to 5 hold and 0 < B < 57—, the iterates of Algorithm 1 guarantees:

E[|\yk+l-y*<xk>y|2}<(hlu_gk,mg) [uy—y SRR S

Proof of Lemma 5. We first show
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i=1 s=0
1 132 1571
=Y E<SZvygca;,t (e y @) . g 3 Vag (xk,y*<mk>;§§§)>
1<i#j<n 5=0 s=0 ’
L2050 t0y)
- nsS
1 =
) E<Szvygc§,z( 'y (2F) ) Zvyg“( k(o )gf§)>, (12)
1<i#j<n 5=0

where the second equality comes from the pairwise independence between &, and the last inequality is due to Assumptions 4
and 5. We next show the second term in Equation (12) equal to zero:

3 E<;§vygcf*‘( Lyt ) Zvy»"’“<mk’y*(wk)35ﬁ)>
s=0

1<i#j<n
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> E(Vygee (25 y" (@) Vgt (a", 5 (")) )

1<i#j<n

Z Z E |:<vygcf"t (xk’y*(xk)) ’vygc;.“’t (xkvy*(xk))> |Cf =Dpc ft = CI} 'P(Cf’t =D, c?’t =q)

1<i#j<n 1<p#q<m

S E[(Vygp (2597 (25)) Vyge (25,07 @M))] DD B =pc)t =g

1<p#g<m 1<i#j<n
= Y P =1, =2) Y E[(Vyg (28,57 (=), Vygy (2,57 (24)))]
1<i#j<n 1<p#q<m
2
< D> P =1 =2)E ZVgp 2",y ()| =0,
1<i#j<n

where the third equality is based on the fact that P(Cf’t =p, c?’t = q) is constant cross different combination (p, ¢) and the
last equality is due the optimality condition of the lower level problem. Next we show that for any ¢ € {0,...,7 — 1},

432 +02
B [+ v @] < (1= g [ - )] + 2T
Note that
E Hyk,t+1 _ y*(xk)Hz
n 2
ol ke Bt kit ek
=E|ly"' - = ; Gt =y (")
e 1 ’
* 2 *
=E [ly** = y* (") - 284.E <n ;Gf’%yk’t ~y (mk>> + BB~ g G
I ’
=E||y"" - y*(@")[* — 2804 (Vyg(ab, ), o -y @h) + 8 E| = Y G
i=1
1< ’
<= Brang) [y —y* @) = 260E [9ah y™) — g,y @M)] + BLE|| DG a3)
i=1
where Gk ot 3 Z Vyg kot (aF, ykt, 55 :) as defined in Algorithm 1. We use the fact that Gf’t is an unbiased gradient

estimator in the third equahty and employ the ;4-strong convexity of g(z,y) with respect to y in the last inequality. To
bound the last term in Equation (13), we have

2
1 < k.t
E|— A
n;Gz
1 n S—1 2
=K EZ |:vygckt( ’ykt gkt) Vygkf( ,y( )§ZS)+ngt( 7y(k) gf,st):|
i=1 s=0
1 n S—1 2
SO | D7D [Vagern (@t 0 €)= Vg e (8 (08|
i=1 s=0
1 n S—1 2
+2E) [Vygcgwt(w (@) «Sf;t)}
i=1 s=0
2 n S—1 ht . ot 2 4(g§1+0-§)
SEZZEHVZJQH( Ly f v) = Vygci;,t(x YT (@) 60) T
i=1 s=0
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n S—1
4l X *
YD B gunlat P ) — g (08 @) — (Vg @y @) D05~y (0h))
i=1 s=0
4(0g71+0g)
+ nS

Alos, + o
=dlg1E [g («*, ™) — g (2,57 (2"))] + w

where the second inequality uses the previous result of Equation (1 1) and the third inequality uses Lemma 1 in (Woodworth
et al., 2020b). Plugging this into Equation (13) and enforcing 5 ; < 2l yleld

EHyk,t+1 _y*(xk)H2

" 2 * 453 (02,1 +0y)
<(1 = Brepg) |45 — y* (@) + 280,028, elg1 — DE [g(a®,y™) — g(z*, y* (aF))] + —25 e
) o AP, (02,4 02)
<(L = Brang) [y =y (@) + 22 (14)
nsS
Applying recursion on Equation (14), we obtain
) T-1 + J
* * 1
E [Hyk,T —y (xk)H ] < (H (]_ — Bk,tuy)) E {Hykﬁ H } 9 Z Bk "
t=0
which completes the proof. O

Remark 5. In the case of full client participation and the clients are sampled without replacement, from the similar analysis
above, we have

T-1
E [y -y @M < (H (- ﬂk,tm) E [ - v )] + 22
t=0

t=0
Especially Assumption 5 is released for this scenario.
Lemma 6. Suppose Assumptions 1 to 4 hold, Algorithm 1 guarantees:
E [Hyk-&-l _y*(ka)HQ} <ar(ap) {HH s HQ}
+ a2(ak7n)]E |:Hyk+1 * H :| + a& ag, N Jfa
where
Ly« Lyza?
72,2 y&k yz g
a1 (ax) == Lyog + ;T T
nL, D202
as(og,n) =1+ 4MsLyoy + yffk,
272 2
_ oLy | Lyeo
az(ag,n) = n + o
foranyn > 0.
Proof of Lemma 6. Note that
* 2 * 2 2
E [Hyk-H _y (xk+1)H } —F |:||yk+1 —y (xk)H } +E[ y (mk“ _ lc)” } (15a)
+2E [(yk'H —y* (), y* (z*) - y*(wk"’l))} . (15b)

17
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To bound the second term of Equation (15a), we have

B [l (@) -y @] <23 [ -

<L2E [|anH(x

To bound Equation (15b), we have

E[(y* = y* (2%), 5" (2%) — y* ("))

— _E[<yk+1 —y (.Z‘k),vy*(l‘k)(xk+1 _ .’L‘k»]
—E [y =yt @),y (@) -y (F) = iy (aP) (@M - 2h))]

After plugging the updating step of z* into Equation (16a), we have

=]

k’yk+1)||2} i

) [<yk+1 _ y*(xk),Vy*( k)( k+1 Z‘k)>]
= —E [(y** —Z/*( "), axVy* (") H (2", y )]

<E [l -y || low vy (=")H o il
S LE[[[y" -y @] IIO%H @ ay’““ I
(a) . )
< 9E {Hyk+1 H } [HH k+1)H }
L
< 2My Ly [+ — 7 (2)| ] v [HH I,

27252
aLyoy

n

(16a)
(16b)

where Young’s inequality is applied in the inequality (a), and the last inequality comes from setting v = M;Lyoy.

Equation (16b) can be further bounded as follows,

E (s - y*(xkxy*( ’“+1> 7 (*) - Vy*<wk>< )]

< E [Hyk+1 _ y k+1 (l‘k) _ Vy*(a: k+1 H]

Lys .
sjfﬁmf“=w<xwuﬁ“—ww1

77L T « 2 L 2
< TyE [Hylwrl — @) |2k = 2| } o [H el }
< nLyxfﬁ’o‘iE {Hykﬂ (M) ] ymakE { k+1)H2} N Lyzai‘}?

nn

where Proposition 2 is applied in the last inequality.

Combining and rearranging the above inequalities complete the proof.

)

O

Proof of Theorem 1. Motivated by Chen et al. 2021a; Tarzanagh et al. 2022, we define the following Lyapunov function

W= )+t - )
Yy

The difference between the two Lyapunov functions is bounded as

W W = ) )+

k+1
7, Iy

From Lemma 4 and Lemma 6, we obtain
~9

o
E [WH] —E [W*] <ah® + =L 4 o MZE([ly* " -
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+(aiL; = OB [[HG )] - FE[|IVFEH|]

+ al(ii}MfE et
.

+ QQ(%L’:)MJC]E {Hyk“ — y*(x’“)\ﬂ + a?’(ak’ZMfo

- TLE( - vt
—aut? o+ (AL 4 OGN )55 S 50|
#(ofy - G + g et ) )]
+ (apM? + C‘Q(a‘z:)Mf)E [l =y @)*] - MfE (" =y (
Note that Fquation (17a) < 0 if )
ap < Gy =

2L +AM; L, + 2
We enforce a, < &7 in the following context.

Based on Lemma 5, Equation (17b) can be further bounded as

az (o, n) My TH 4(05 1 + 07)
L, nsS

Equation (17b) §4(akMJ% +

+ ]\L/[y ((MfLyOék +az(ag,n)) (1 — Brupg)’ — ) [lo* = v*(

If B < ;% Equation (19) is nonpositive if

nLWDZa%
71‘) (1

(1 + 5MfLyOzk + 5

- ﬂkmug)T -1 S 0

nL »D2a?
& 5MyLyoy + yff’“ < TByiitg

i (2 i)

Hg 2pg T
For simplicity, we remove the subscript ¢ from (3, ; and enforce
Br = 5*

where

- S5My L, nLnyJQc@1
8= +
g 2tg

)

which will imply another requirement on c, since ) should be less than 57— as a condition of Lemma 5, i.e.,
9

< fo e T
A S g 1= 2lg716-
After rearranging, we obtain
2
E W]~ E[W4] <agh? + (“kan ML Lo ) 7~ SE (|9 16H)|]
Y

19

)|I] -

lllp

(17a)

(17b)

(18)

(19)

(20)
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as(ag,n)M;\ TBi(o] 1 + 02)
4| apM; S 97
+ (ak ;i L, ns

Then telescoping gives

K1 K-
2 2 oL az(ag,n)M;\ .
]E“Vf } K—l(Aw)+2b2+K—12< e e
k=0 k=0 %k k=0 ¥k k—0 Yy
K—1 2/ 2 2
3 2 a2(ak7n)Mf Tﬁk(o—g,l + Ug)
S (aka L ns

k=0 ¥k k—o

1

where A, := WO — E [WX]. We enforce oy, < /73 for some positive constant é:3, which implies

(22a)

K— K—
2 1( Lf ag(OLk, )Mf)5'2 -0 ( 2 Zl a%)
K— = K— '
Zk:ol = " Ly Zk—ol % =0 "
—0 (\/O:T{> (22b)
K—1 K-1
S (a4 2l M T ) (A oy ai)
2,15;01 ak 1= L, nS Zf;ol ay = STn  STn ~ STn
N 52 ~3
=0 ( =t ekt S\J/“HKO?/?) (22¢)
Therefore, we obtain
1& Gz + a3 1
E |[|V£( =0 (2=t + b2) :
— [ ‘ f@ } ( VnK min(é&q, o) K
Then, the proof is complete. O

Proof of Corollary 1. Enforcing n = % in Equation (18), Equation (21) and Equation (20), yields &; = O(k_?),

Gy = O(Tk,®) and f = O(k*).
Expanding Equation (22), we have

2 1 1
——— (L) = O(——F+— +
kK;Ol ak( ) (mln(al,aQ)K dg\/nK)
K-1
2 a%Lf as(ou, n)My . o
K—1 Z( L )Uf
k=0 %k 0 Y

— M T 2 02 +02
%' > (oM} + az(a, n) L) Bielog. +95)
Zk:o Qg k=0 Ly nsS
K13 232 3 2732 M2
=0 4 7762 o2 + Mfﬂ + anLy52 od n MO/I
YR = ST F 7\ nST nST k o
K-1 9 12 15
4 K K K
-0 g 2 9 34 Mo a4
<Ek 0 Ok k=0 nST * nST % T ST
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K’g 12 15f
=0 STk 2T STR 3 st STK?’/?a

After enforcing ST = Q(x*), a3 = O (m;E’/Q), and N = Q(kg4 log K'), which implies b = we have

1 K-1 Hg/z /<;3 nZ/Q\/ﬁ
ME[HW ] = O<F+K+ ek

1
K1/4>»

Then, the proof is complete.
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