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Abstract

This paper considers solving a class of nonconvex-strongly-convex distributed stochastic
bilevel optimization (DSBO) problems with personalized inner-level objectives. Most ex-
isting algorithms require computational loops for hypergradient estimation, leading to
computational inefficiency. Moreover, the impact of data heterogeneity on convergence
in bilevel problems is not explicitly characterized yet. To address these issues, we pro-
pose LoPA. a loopless personalized distributed algorithm that leverages a tracking mech-
anism for iterative approximation of inner-level solutions and Hessian-inverse matrices
without relying on extra computation loops. Our theoretical analysis explicitly charac-
terizes the heterogeneity across nodes (denoted by b), and establishes a sublinear rate

b o\ 2
of (’)((lfp)K—f— (1(_7)"%);% —l—\/%(op + \/—%UC)) without the boundedness of local hypergra-
dients, where o, and o represent the gradient sampling variances associated with the
inner- and outer-level variables, respectively. We also integrate LoPA with a gradient
tracking scheme to eliminate the impact of data heterogeneity, yielding an improved rate of
O(W—i—\/%(ap—i—\/%ac)). The computational complexity of LoPA is of O(e2) to an
e-stationary point, matching the communication complexity due to the loopless structure,
which outperforms existing counterparts for DSBO. Numerical experiments validate the
effectiveness of the proposed algorithm.

Keywords: distributed learning, bilevel optimization, non-convex optimization, hetero-
geneity analysis, gradient tracking

1. Introduction

Bilevel optimization is a hierarchical optimization framework that involves an outer- and
inner-level problem, where the solution of the outer-level problem depends on that of the
inner-level problem. This framework has gained significant attention recently in the field
of machine learning due to its wide applications in areas such as meta-learning (Finn
et al., 2017; Rajeswaran et al., 2019), neural architecture search (Zhang et al., 2022; Xue

(©2025 Youcheng Niu, Jinming Xu, Ying Sun, Yan Huang, and Li Chai.

License: CC-BY 4.0, see https://creativecommons.org/licenses/by/4.0/. Attribution requirements are provided
at http://jmlr.org/papers/v26/24-0187 .html.


https://creativecommons.org/licenses/by/4.0/
http://jmlr.org/papers/v26/24-0187.html

N1u, Xu, SuN, HUANG, AND CHAI

et al., 2021), hyperparameter selection (Okuno et al., 2018; Bertrand et al., 2020), and
reinforcement learning (Wang et al., 2016; Hong et al., 2023). With the increasing importance
of large-scale machine learning, bilevel optimization has emerged as a promising approach in
distributed settings, where multiple nodes with computation and communication capabilities
can collaborate to improve the learning efficiency (Xu et al., 2015; Chen et al., 2022b; Lu et al.,
2022a; Nedic, 2020; Jiao et al., 2022). Achieving this goal requires properly coordinating the
nodes. In this paper, we aim to address a class of distributed stochastic bilevel optimization
(DSBO) problems consisting of m nodes, each with a personalized inner-level objective as

follows: .

min @) = — 3 fi (@, 0:(0)), 4. 0;(2) = arg guin gi(v.07), )
=1 ()

where x € R” and 6; € RP are the global and local model parameters, respectively; f; :
R™ x RP — R denotes the outer-level objective of node ¢ which is possibly nonconvex while
gi : R® x RP — R is the inner-level objective that is strongly convex in 6 uniformly for
all z € R". We consider the stochastic setting where fi(z,0) = Eq~p,, [fi(x,0,)] and
9i(%,0) = E¢,np,. [Gi(x,0,&)], with Dy, and Dy, denoting the data distribution related to
the i-th outer- and inner-level objective, respectively.

Motivating Examples. Problem (1) finds a broad range of applications in practical
distributed machine learning and min-max/compositional optimization problems, ranging
from few-shot learning (Goldblum et al., 2020), adversarial learning (Madry et al., 2017),
and reinforcement learning (Wang et al., 2016) to fair transceiver design (Razaviyayn et al.,
2020). For instance, consider the following distributed meta-learning problem:

min 577105 (), 5.t 6 (2) = ang min {06, V7)) e - 6],

zeR™ M 4
i=1teT; teT;

where z is the global model parameter to be learned, f! denotes the loss function for the ¢-th
subtask corresponding to the task set 7; in node ¢, and v > 0 is an adjustable parameter.
The objective of nodes is to cooperatively learn a good initial global model x that makes use
of the knowledge obtained from past experiences among nodes to better adapt to unseen
tasks with a small number of task-specific gradient updates (Finn et al., 2017; Fallah et al.,
2020; Rajeswaran et al., 2019).

Different from the conventional single-level problem, bilevel optimization faces additional
challenges due to its hierarchical structure, often leading to non-convex objectives (Ji et al.,
2021; Ghadimi and Wang, 2018). In most cases, obtaining a closed-form expression, or
computing exactly the hypergradient V®;(x) is difficult, due to its dependency on the
inner-level solutions 67 (x) (Chen et al., 2021a). For those with strongly-convex inner-level
problems, the expression of the hypergradients can be obtained by implicit function theorem
and further approximated by Approximate Implicit Differentiation (AID) approaches, but it
typically involves two nested loops (Ji et al., 2022; Ghadimi and Wang, 2018): an N-loop to
find a near-optimal solution to the inner-level function, and a @-loop to approximate the
Hessian-inverse matrices. This is particularly challenging in large-scale machine learning
applications where running these two nested loops is prohibitively computationally expensive,
and also costly in terms of the training time (Ghadimi and Wang, 2018). Furthermore,
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in the stochastic setting, integrating the SGD method with AID for bilevel optimization
with low computation cost and sample complexity is challenging, due to the estimation bias
of the hypergradient. To address this issue, various approximation algorithms have been
proposed to estimate the hypergradients and reduce the bias (Ghadimi and Wang, 2018; Hong
et al., 2023; Arbel and Mairal, 2022; Chen et al., 2022a, 2021a; Khanduri et al., 2021; Yang
et al., 2021; Li et al., 2022; Dagréou et al., 2022a). To deal with a wide range of large-scale
machine learning tasks, there have been some distributed algorithms recently proposed for
DSBO leveraging the distributed gradient descent approach, such as (Yang et al., 2022; Lu
et al., 2022b; Gao et al., 2022; Lu et al., 2022a). However, these existing approaches often
require computation loops to estimate the inner-level solutions and Hessian-inverse matrices
for solving DSBO, inducing a high computation cost. Therefore, the following question
arises naturally: Can we design loopless decentralized learning algorithms for DSBO problems
that achieve better computational complexity and training efficiency? Moreover, unlike the
standard distributed optimizations, the bilevel structure and the heterogeneity of inner-level
solutions introduce new challenge in characterizing the node heterogeneity and obtaining
sharp convergence, with its influence on the convergence rate unclear. This leads to another
important theoretical question: How to characterize the heterogeneity for DSBO problems,
and how does it affect the algorithm’s convergence performance?

Summary of Contributions. To address the above challenges, we propose a new
loopless distributed personalized algorithm (termed LoPA) for solving problem (1) and
provide improved complexity as well as heterogeneity analysis. We summarize the key
contributions as follows:

e New loopless distributed algorithms. We propose a new loopless distributed
algorithm LoPA without requiring extra computation loops for personalized DSBO,
which can employ either local gradient or gradient tracking scheme, termed LoPA-LG
and LoPA-GT, respectively. Different from existing distributed algorithms for DSBO
problems (Chen et al., 2022b; Lu et al., 2022b; Gao et al., 2022; Lu et al., 2022a; Yang
et al., 2022), LoPA leverages an iterative approximation approach that requires only
a single SGD step per iteration to respectively track the Hessian-inverse matrix and
the inner-level solution. To control the impact of the bias on the overall convergence
rate caused by removing the computation loops, LoPA further employs a gradient
momentum step coupled with a relaxation step in the consensus update, ensuring that
the bias decays at a sufficient fast rate.

e Heterogeneity analysis. We quantify the degree of heterogeneity among nodes in
personalized DSBO by analyzing that of the inner- and outer-level functions (c.f.,
Lemma 5). Olf,é" analgfsis shows that LoPA-LG is able to achieve a convergence rate of

()3 5

O((l—i)K ?1_[(,)\?[()3 + \’;%(ap + ﬁoc)) (c.f., Corollary 7), where o, = O(H%O‘fﬂ +

H%Ugﬂg + ngagyg), oc = O(0f4 + KOg49) are the sampling gradient variances, b? =

O(IQQI)% + m6b§) is the heterogeneity among nodes, and k represents the condition

number (c.f., Assumptions 4, 5, Equation (15)). Our analysis relies on the weak

assumption of the bounded inner-level heterogeneity at the optimum, while avoiding
the boundedness of local hypergradients (c.f., Remark 1), and the resulting rate
shows the clear dependence of convergence on the network connectivity p, condition
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number x, sampling variances o, 0. and node heterogeneity b. The techniques used for
heterogeneity analysis allow us to explicitly characterize the impact of the heterogeneity
on convergence for DSBO compared to existing works (Chen et al., 2022b; Lu et al.,
2022b; Gao et al., 2022; Lu et al., 2022a; Yang et al., 2022) (c.f., Remarks 1 and 8),

which is of independent interest.

e Improved complexity. The analysis of LoPA-LG reveals that the node heterogeneity
affects the convergence rate by introducing a transient term of O(K 7§) in DSBO,
vanishing at a slower rate than the leading term, in which the inner-level heterogeneity
plays a crucial role. This motivates us further designing LoPA-GT based on gradient
tracking to eliminate the heterogeneity. In particular, we prove that LoPA-GT improves

the rate to O((l_’f)gK + %(Up + ﬁac)). Thanks to the loopless structure, both

LoPA-LG and LoPA-GT are shown to have a computational complexity of O(e~2) to
attain an e-stationary point, improving existing works on DSBO (Chen et al., 2022b; Lu
et al., 2022b; Gao et al., 2022; Lu et al., 2022a; Yang et al., 2022) by order of O(loge™1)
(See Table 1). Our analysis further reveals that our algorithms can achieve the best-
known O(k’m~te 2)-computational complexity w.r.t. out-level gradient evaluations in
existing works on DSBO without mean-square smoothness (c.f., Remark 12). Numerical
experiments on machine learning tasks demonstrate the effectiveness of the proposed
algorithm in dealing with node heterogeneity and reducing the computational cost.

2. Related Works

Bilevel optimization with SGD methods. There have been some efforts devoted to
achieving more accurate stochastic hypergradients and ensuring convergence in solving bilevel
optimization with SGD methods, such as using computation loops to reduce the error of
approximating Hessian-inverse matrices (Q-loop) and increase the accuracy of inner-level
solutions (NN-loop) (Ghadimi and Wang, 2018), increasing the batch size (Arbel and Mairal,
2022), adopting two-timescale step-sizes to eliminate steady-state stochastic variance (Hong
et al., 2023), incorporating additional correction terms (Chen et al., 2022a; Khanduri et al.,
2021; Li et al., 2022; Yang et al., 2021; Chen et al., 2024), and exploring the smoothness of
objectives (Chen et al., 2021a; Dagréou et al., 2022a). Among these stochastic approximation
algorithms, works (Ghadimi and Wang, 2018; Chen et al., 2022a, 2021a) achieve a computa-
tional complexity of O (6_2 log 6_1) due to use of extra computation loops for estimating
the hypergradients, where e represents the desired accuracy. Hong et al. (2023) develop a
two-timescale approximation algorithm, whereas, the nature of the two-timescale update
results in a sub-optimal computational complexity of O (6_5/ 2log 6_1) for the algorithm.
Based on warm-start strategies, a computational complexity of O (6*2) is provided in (Arbel
and Mairal, 2022; Li et al., 2022; Dagréou et al., 2022a; Chen et al., 2024). By employing
momentum accelerations in both outer- and inner-level optimization procedures such as
STORM (Cutkosky and Orabona, 2019) or SPIDER (Fang et al., 2018) and imposing more
strict assumptions, works (Khanduri et al., 2021; Yang et al., 2021) further improves the rate
to O (6_3/ 2log 6_1). While the aforementioned works provide some insights into stochastic
bilevel algorithmic design, they cannot be directly applied to distributed problem (1) as
considered in this work.
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Table 1: Comparison of existing distributed stochastic bilevel optimization algorithms with
SGD methods.

Algorithm Setting # of Loop Inner Step  Complexity = HA  Assumption  Scheme
(Chell\q/lit_lzls.,BQOOQZb) G  N-Q-Loop SGD @ (5_2 log e_l) No f-BG, ¢g-BH
(YSI?;S;F_;??];(?QQ) G Q-Loop SGD (@) (672 log 671) No f-BG, g-BG LG
hswry P Melew SO0 0(7)  Ye jEHgEHO
(Lu etsgﬁl\g022b) G Q-Loop SGD (@] (6*2 log 6*1) No _
(Gaovjlzl? 02022) G QULoop STORM O(e*?loge') No MSS GT
(Lu etSEII?B?Oﬂa) P Q-Loop SGD O(e ?loge™) No -
LoPA-GT

2 o
Ch— P No-Loop SGD O (e ) Yes

*The algorithms above the dashed line use local gradient (LG) schemes, while those below use gradient
tracking (GT) schemes; G and P represent DSBO with global and inner-level personalized objectives,
respectively; The complexity represents the Hessian evaluations required to attain an e-stationary point;
HA refers to heterogeneity analysis. The column of ‘assumption’ outlines the additional assumptions
beyond the standard Assumptions 1-3: f-BG refers to the gradient of f;(z, 0) being bounded for any = and
0, i.ec., |Vfi(z,0)||*> < C; g-BH refers to bounded data heterogeneity of f;(z,0),i € V for any z and 6, i.c.,
Yoy i IVgilz,0) = Vg;(, 0)||> < C; g-BHO refers to bounded data heterogeneity of g;,i € V at the
optimum 6; () for any x; MSS refers to mean-squared smoothness, i.e., E[||V fi(w1,<) — V fi(wa,<)||] <
l||lwi — w2l for any w1 = (x1,61) and w2 = (x2,02), which is a stronger condition than the function
smoothness presented in Assumptions 2 and 3.

Distributed bilevel optimization. Compared to their centralized or parameter-server
counterparts, distributed optimization offers several advantages on network scalability, sys-
tem robustness, and privacy protection through peer-to-peer communication (Nedic, 2020).
However, it also faces unique challenges, especially in dealing with data heterogeneity among
nodes. In recent decades, various variants of distributed optimization algorithms have been
developed, including distributed gradient descent (Chen et al., 2021b), gradient tracking (Xu
et al., 2015), and alternating direction multiplier methods (Shi et al., 2014), accompanied
by theoretical advancements. Specifically, for stochastic single-level nonconvex problems,
these algorithms can achieve a computational complexity of O (6_2) with SGD methods
(Koloskova et al., 2020; Chen et al., 2021b). However, these single-level methods are not
readily available to be adapted to tackle the interaction between the inner and outer levels of
functions in solving bilevel optimization problems due to the absence of explicit knowledge
of optimal solutions to the inner-level problem.

There have been some efforts aiming at solving distributed bilevel optimization problems,
which can be generally cast into two categories: global DSBO and personalized DSBO. For
global DSBO, pioneering works such as Gossip-based DSBO (termed Gossip-DSBO) (Yang
et al., 2022), MA-DSBO (Chen et al., 2022b), VRDBO (Gao et al., 2022), and SLAM (Lu
et al., 2022b) have been proposed which aim to solve an inner-level problem in the finite
sum structure in a distributed manner. On the other hand, few works, such as SPDB (Lu
et al., 2022a), have been developed for solving personalized DSBO problems where each node
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has its own local inner-level problem. Various algorithmic frameworks have been developed
in the above-mentioned works leveraging distributed optimization methods (Chen et al.,
2021b; Xu et al., 2015; Shi et al., 2014) to minimize the outer- and inner-level functions and
handle consensus constraints. To estimate the Hessian-inverse matrices, these frameworks
utilize techniques such as Jacobian-Hessian-inverse product (Chen et al., 2022b), Hessian-
inverse-vector product (Rajeswaran et al., 2019) or Neumann series approaches (Ghadimi
and Wang, 2018) to avoid explicit computation of the inverse matrices. As the estimation of
the Hessian-inverse matrices and inner-level solutions obtained using SGD methods is biased
(Chen et al., 2021a), these algorithms often incorporate extra computation loops to reduce the
bias of the hypergradient estimation due to the approximation of the Hessian-inverse matrices
and inner-level solutions, and the computational complexity of these algorithms is typically
of O(e72loge™!) (Yang et al., 2022; Chen et al., 2022b; Lu et al., 2022b,a). The complexity
can be improved to O (6_3/ 2log 6_1) by utilizing variance reduced gradient estimators (Gao
et al., 2022) and additional mean-squared smoothness assumptions. However, it should be
noted that these existing distributed algorithms for DSBO still incur high computational
costs due to the extra computation loops required. Moreover, it remains unclear how one
can properly characterize the heterogeneity among nodes as well as its detailed impact on
convergence performance in DSBO.

Parallel works. Recently, there have been several studies (Zhang et al., 2023; Dong et al.,
2023; Kong et al., 2024) concurrently exploring loopless algorithms for distributed bilevel
optimization problems. However, these works all focus on global DSBO problems where the
out-level objective relies on a common inner-level solution. In particular, Zhang et al. (2023)
employ variance reduction techniques and GT schemes to achieve an iteration complexity
of O(¢73/2) under the assumption of mean-square smoothness, while Dong et al. (2023)
establish an iteration complexity of O(e~!) with the help of GT schemes for deterministic
cases. Kong et al. (2024) further provide a detailed complexity analysis for their proposed
method employing LG schemes. In contrast, we address personalized DSBO problems where
the outer-level objective relies on personalized inner-level solutions, leading to a more chal-
lenging scenario for heterogeneity analysis. We thus provide unique analysis for quantifying
the node heterogeneity and characterize its impact on the convergence for both LoPA-LG
and LoPA-GT under a unified analytical framework, yielding tighter rates that clearly show
the dependence of convergence on various factors, such as &, b, o, 0c and p, and improved
complexity results in terms of out-level gradient evaluations under weaker assumptions on
data heterogeneity (c.f Remarks 1, 12, Corollaries 7, 10).

3. Algorithm Design

In this section, we will present the proposed LoPA algorithm. Before delving into the details
of the algorithm, we first provide some necessary preliminaries including relevant network
models and assumptions.

3.1 Preliminaries

Network model. We model an undirected communication network as a weighted graph
G=W,EW), where V = {1,--- ,m} is the set of nodes, £ C V x V is the set of edges,
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and W = [wij]?;‘jzl is the weight matrix. The set of neighbors of node 7 is denoted by
N; ={j|(i,7) € £}. We make the following standard assumption on graph G.

Assumption 1 (Network connectivity) The communication network G is connected and
the weight matriz W satisfies i) wi; = wj; > 0 if and only if (i, j) € €; and w;j = 0 otherwise;
i) W is doubly stochastic. Consequently, we have p = ||[W — %HZ €1[0,1).

In what follows, we make several assumptions on the outer- and inner-level functions of
problem (1), which are common in the bilevel optimization literature (Ghadimi and Wang,
2018; Hong et al., 2023; Chen et al., 2022b; Yang et al., 2022; Chen et al., 2024; Lu et al.,
2022a; Chen et al., 2023).

Assumption 2 (Outer-level functions) Let Ly,, Lsg and Cyg be positive constants.
FEach outer-level function (x,0) — fi(x,0), i €V satisfies the following properties:

(i) fi is continuously differentiable;

(i1) For any 6 € RP, V. fi(-,0) is Lyy-Lipschitz-continuous in x; and for any v € R",
Vofi(z,-) is Ly g-Lipschitz-continuous in §;

(iii) For any x € R™, ||Vq fi(x, 0 (x))]| < Cyp.

Assumption 3 (Inner-level functions) Let py, Ly, Lgzo, Lggo and Cy o be positive
constants. Each inner-level function (x,0) — g;(z,0), i € V satisfies the following properties:
(1) For any x € R", g;(x,-) is pg-strongly convex in 8; g; is twice continuously differentiable;
(ii) For any x € R™, Vgg; (z,-) is Ly g-Lipschitz-continuous in 0; V2,: (+,-), V2e9i (+,) are
respectively Lg z9- and Ly gg-Lipschitz-continuous;

(iii) For any 6 € R? and x € R™, ||V2,g; (z,0) || < Cy.10-

Next, recalling that f;(z,0) = Eq~p,, [fi(z,0,5)] and g;(z,0) = E¢,np,, [9i(2,0,&)], we
proceed to make the following assumption regarding the data heterogeneity across nodes
for problem (1), which resembles that of distributed single-level optimization (Chen et al.,
2021b; Koloskova et al., 2020; Lian et al., 2017).

Assumption 4 (Bounded heterogeneity) Let V,f(z,0) = L > i1 Vafi(z,0) and
Vof(z,0)= L Z;”:l Vofi(z,0). There exist positive constants bfc and b?] such that:
(i) S Ve fil,0) = Vo @, O < B2, S, [Vofi(x, 6) — Vof(w,0)[> < b2, for any
and 0,
(ii) o iy Sy 1Vegi(x, 07 (x)) — Vog;(, 07 (x))|* <b2, for any @ and 0} (x), i € V;
(iii) % Din1 Zj:l IV299i(z, 0] (2)) = V395(z, 0] @) < bﬁ;

m m * * 2 % .

it e I Vaai(, 05 () — Vigg; (2, 05(2))|” < 03, for any  and 6} (x), i € V;

where Vi f and Vg f represent the partial gradient with respect to x and 0, respectively, while
Vieg and Vgeg denote Jacobian and Hessian, respectively.

Remark 1 (Weaker assumptions on data heterogeneity) The parameters bfc and bg
are introduced to quantify the data heterogeneity on the outer- and inner-level functions
across nodes, respectively. It is worth noting that Assumption 4 (i) is weaker than that of the
previous works based on LG schemes for DSBO problems, such as (Chen et al., 2022b; Yang
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et al., 2022) where the norm of ¥V fi(x,0) is assumed to be bounded by a constant. As for
the heterogeneity in the inner-level functions (Assumption 4(ii) and 4(iii)), we only require
that it is uniformly bounded at the optimum 6} (z), i € V, for all x. This requirement is less
restrictive than assuming the inner-level heterogeneity to be bounded at any 6 as in (Kong

et al., 2024).

3.2 The Proposed LoPA Algorithm

In this section, we present our algorithm, termed LoPA, for problem (1). Following the
standard procedures as in distributed optimization (Chen et al., 2021b; Nedic and Ozdaglar,
2009), we let each node 7 maintain a local estimate x; for the global decision variable z. At
each iteration k, each node i alternates between a descent step with an estimate of V®; (x;)
and average consensus ensuring the consistency of the x;’s.

Hypergradient construction. By the chain rule and implicit function theorem (Ghadimi
and Wang, 2018), we can compute the Hypergradient V®; (z;) as follows:

VO, (2i) = Vafi(wi, 0 (2:)) — V2egi(i, 07 () [Vogi (i, 07 (2:))] Vo filwi, 7 (2:)).

Note that computing the outer-level gradients in each iteration according to the above
expression is computationally demanding. To address this issue, we first introduce an
auxiliary variable 6; to approximate the inner-level solutions 6 (x;), whose update follows a
simple stochastic gradient descent step (c.f., (4) and (6)). As such, the Hessian-inverse-vector
products [V2,9i(zi, 07 (;))] Y fi(xi,0f(x)) (abbreviated Hv) and local hypergradient thus
can be approximately computed as follows (Dagréou et al., 2022b; Arbel and Mairal, 2022):

-1
vi = [Viogi(i,6:)] Vo fi(wi,0:), (2)
si = Vafi(i,0:) — Viggi(xi, 0;)vs. (3)

In the presence of stochasticity, steps (2) and (3) still cannot be computed directly as
the gradient and Hessian are unknown. To overcome this issue, for step (3), we replace V. f;
and V2, g; with their stochastic estimates, respectively (c.f., (8)). As for step (2), notice that
v; can be regarded as the solution of the following strongly convex problem:

1
v = argmin {ivTV%Qi(wz‘, 0:)v — Vo fi(xi, 0;)v}.

Instead of directly computing the solution using stochastic approximation methods,
we propose to approximate it by performing only one stochastic gradient iteration which
warm-starts with the value of v; initialized to its value from the previous iteration. By doing
S0, we aim to approximate the solution more efficiently while taking advantage of the progress
made in the previous iteration. Further details are provided in Remark 2 while the specific
updates are given by (5) and (7).

Putting all the ingredients together, LoPA designs the following updates for the local
inner-level variable 9?“, the local Hv estimate variable vf“ and the local hypergradient
sf“ at iteration k + 1:

ot = 0F — Bdr, (4)

vf“ = vf — )\hf. (5)
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where 8 > 0 and A > 0 are step-sizes. The directions df and hf are further updated as:

it = Vgt oL, (6)
T G 7 g ) 0

With GfH and vf“ at hand, the local hypergradient is approximated by

k1 Pkl okl k1 2 o kbl phtl, chtly kbl
s; = Vafila; 07T ) = Vaggi(a L 07T 6 ) (8)

Here, Vg (resp. Vidi, Vofi, Vafi, V2,§i) denotes a stochastic gradient estimate of Vyg;

(resp. V2y9i, Vofi, Vafi, V24gi) depending on the random variable ffjl (resp. 55;1, 55;:1,
k+1 _k+1
Si,l o Si2 )-

However, using the above stochastic estimators will lead to steady-state errors under
Assumptions 1-4 and single-timescale step-sizes (Chen et al., 2021a; Hong et al., 2023), unless
an increasing number of batch sizes is used (Arbel and Mairal, 2022) or extra smoothness
conditions are imposed on Hv variables (Dagréou et al., 2022a) (refer to Section 4.4 for more
details). To address this issue, we further introduce a gradient momentum step to reduce the
impact as follows:

A= b (1 - ) (2F - b, 9)

where 0 < 7 < 1. The gradient momentum step helps control the order of the sampling
variance by maintaining a moving average of the past approximated hypergradients (Chen
et al., 2022b; Ghadimi et al., 2020).

Distributed gradient descent/tracking. The update of local copy z; follows standard
distributed gradient method as:

xf“ =(1- T)J:f + T(Zjej\ﬁ wija:f — ayf), (10)

where o > 0 denotes the step size, and a relaxation step characterized by a parameter
7 € (0,1) is employed to smooth both the consensus and the local gradient processes. Then,
two alternative choices of the direction yf are considered:

Local gradient scheme) yF™! = 271, 11
( g vi i
(Gradient tracking scheme) yF! = Zje./\ﬁ wz‘jy;ij + 2Bk, (12)

Eq. (11) yields a distributed gradient descent type algorithm where yf estimates the local
hypergradient V f;; whereas (12) employs the gradient tracking technique so that yf estimates
the average hypergradient V.

The overall LoPA algorithm is summarized in Algorithm 1, where we refer to the versions
with local gradient and gradient tracking schemes as LoPA-LG and LoPA-GT, respectively.

Remark 2 (Iterative approximation approach for Hv) In estimating hypergradients,
LoPA takes a different approach from existing distributed algorithms that use Neumann
Series (NS) methods and Summed Hessian Inverse Approzimation (SHIA) methods to directly
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Algorithm 1 LoPA
0

1: Require: Initialize 9 Z, x;, s Z, Z, yl, i € V and set step-sizes {«a, 5, \, 7, T}.
2: for k=0,1,2..., K, each node ¢ € V in parallel do
3:  Sample batch Ck'H = {d“fl, f;l,fzk;l, ,kal, f;l}

4:  Communicate with nelghborlng node j € N;.

5 Update state variables 51 o5t 2M1 according to (4), (5), (10);

6:  Update local gradient estimates df ™', pA+1 k1 k1 qccording to (6), (7), (8), (9);
7. Update the descent direction of outer-level variables yf“ as follows:

8:  if gradient tracking scheme is not used then

9: LoPA-LG: Update ka according to (11);

10:  else

11: LoPA-GT: Update y**! according to (12).

12 end if

13: end for

approzimate the Hessian-inverse matrices to a high-precision at each iteration k. To be more
specific, the key idea of the NS (Ghadimi and Wang, 2018; Hong et al., 2023) and SHIA
methods (Dagréou et al., 2022b; Rajeswaran et al., 2019) is to approzimate the Hessian-
nwverse matrices and Hv in multiple iterations, respectively. The approzimation process of
these two methods can be summarized as follows:

Q
(NS): QA[ (I — AV3pg: (21,6:)) = [Vig: (x:,6:)] (13)
t=0
Q t
(SHIA) : )\Z(H (I = AVZygi(i, z)))ngl(xl, 0:)~ [Vagi (24,0)] " Vo fi(as, 0;).
t=0 j=

We can know from the above expressions that the high-precision approximation generally
requires a large Q, which leads to extra computation loops at each iteration k. For example,
the state-of-the-art works (Lu et al., 2022a,b; Gao et al., 2022) require Q obeying O(loge™1).
Unlike these methods, LoPA adopts an iterative approximation approach with one stochastic
gradient iteration for tracking the states of Hessian-inverse matrices and inner-level solutions.
Thus, LoPA enjoys a loopless structure in the algorithmic design and achieves a computational
complezity of O(1) with respect to the number of Hessian evaluations at each iteration k while
maintaining the same complezity for outer- and inner-level gradient and Jacobian evaluations
at each iteration k.

4. Convergence Results
In this section, we respectively analyze the performance of LoPA-LG and LoPA-GT for

nonconvex-strongly-convex cases.

4.1 Preliminaries

We make the following assumption on the stochastic gradients used for estimating the
gradients of the outer- and inner-level functions.

10
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Let
k m 0 90 0 0 0 k gk k k Kk
Fr= U{U¢:1 (27,07, 05, 20,555 a0, 05 7Zi’yi)} (14)
be the o-algebra generated by the random variables up to the k-th iteration.
Assumption 5 (Stochastic gradient estimates) We assume the random variables 551,

5;‘;’2, 53, gl-’fl, §52 are mutually independent for any iteration k; and also independent across
all the iterations. Furthermore, for any x € R", € RP and k > 0, the followings hold:

(i) Unbiased estimators:
E[Vogi(x, 06 1)1=Vogi(x,0), E[Vadi(x, 0:5)1=Viagi(x, 0), E[V2gi(w, 0:653))=V 20gi (2, 0),
E[Vofi(w,0;58)] = Vo fi(x,0), E[Vafi(z,05582)] = Vi filx,0).

(i) Bounded stochastic variances:
E[[|Vogi(x,0;£1) — Vogi(,0)
E[”Viegi(x’ 0; 553) - Vgegi@’v 0)
B V.o file,0:6l) = Vafila,O)I

The following two propositions provide the smoothness property of V&(z), 67 (z), and

*

v} (x), as well as the boundedness of v} (x), with the first proposition being adapted from

(Ghadimi and Wang, 2018) and the second being derived from the properties of certain
gradients. For completeness, we provide the complete proof in Section C.

2
|
2 A 2
1105 20 ElI Vo fi(, 0:¢f1) = Vo filx,0) ]<0 7,

| < 0f,

Proposition 3 (Smoothness property) Suppose Assumptions 2 and 3 hold. Let ?fi(x, 0)
2 V.f(z,0) — V:%ggi(w,e)vi(mﬁ) be a surrogate of the local hypergradient V fi(z, 67 (x))
and denote v; (z,0) £ [V,g; (IL‘,Q)]_lngi (z,0),v} (x) £ v; (x,07(x)). Then given any
xz, 2" € R™, it holds that: Vi € V,

167 () =05 (") || < Lo+l|x—2"||, vi(, 67 () —vfa’, 0] (2")) || < Lo (lx—2"[| 4116} (=) =67 (z)]]),

[vj () = v (") | < Losl|lz =[], [|Vfi(z, 0] (x)) = Vfi (@', 0; (DI L (| — (| + 1167 (2) =65 (=) ]]),
[VO(z) = Vo (a')|| < Lllz — 2|,

where the Lipschitz constants are provided as follows:

c Ly CpolL Lio Crol
Ly 220 = (k) Ly 2 =204 L0000 _ o) 1, 2 (2204 21020014 1) = O(s7)

Ig Iig 12 Iig T
CroLg o CroLg 20
Ly 2 Lyat CoapLut 2020 = O (), L2 (Lt CyaoLut —2220) (14 L) = O (+7),
g g

(15)

max{Lys z,Ls0,Lqg,0,Lg,z0,

L Lg.o0} denoting the condition number.

with x =

Proposition 4 (Boundness property) Suppose Assumptions 2 and 3 hold. Then, there
exists a constant M = %ge such that the following holds for any x: Vi € V,

[o; ()] < M, (16)

where v} (x) = v; (x,07(x)) as defined in Proposition 3.

11
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4.2 Convergence of LoPA-LG and LoPA-GT

Convergence of LoPA-LG. We first analyze LoPA-LG that uses local gradient scheme (11).
To derive the convergence results of LoPA-LG, one key step is to explore the heterogeneity
on overall hypergradients. The following lemma shows the boundness and composition of
the heterogeneity on overall hypergradients.

Lemma 5 (Bounded heterogeneity on overall hypergradients) Suppose Assumptions
2, 8 and 4 hold. Let V®; (x) be the local hypergradient of node i evaluated at x. Then, we
have

DIV () - VO (2)]* < 17, (17)
=1

where b? = 1 (,ug> Cg,m@)b? + Co (Hga Lf,ra Lf,@u Lg,mﬁ) Lg,097 Cf,@u Cg,m@)bg with Cq (Hga Cg,z@)
and Co(pg, Lt gz, Ltg, Lg 20, Lg o0, Cro,Cga0) being the constants defined in Appendiz D.1.

Proof: See Appendix D.1. |

Note that the heterogeneity of the overall hypergradients consists of two main com-
ponents: the inner-level heterogeneity b? and the outer-level heterogeneity bg. To fur-
ther quantify the effect of heterogeneity in each level, we characterize its dependency
on the condition number x. It is not difficult to show that Ci(ug, Cyae) = O(k?) and
Co(pgs Ly, Lo, Lgao,Lgoo,Cro,Cqgas) = O(k%). According to the definition of b?, we can
observe that b? is of O(K,Qb?c + ﬂ6b§). This observation suggests that the heterogeneity
of inner-level objective functions plays a crucial role in determining the heterogeneity of
overall hypergradients. Lemma 5 provides a novel characterization on the heterogeneity in
personalized DSBO, distinguishing itself from previous works (Chen et al., 2022b, 2021b)
where the out-level objective depends on a common inner-level solution and thus the out-level
heterogeneity is independent of the inner-level heterogeneity. Now, we are thus ready to
present the convergence of LoPA-LG.

Theorem 6 Suppose Assumptions 1, 2, 8, 4 and 5 hold. Consider the sequence {mf,ﬁf,
vf,zl ,yz} generated by Algomthm 1 employing local gradient scheme as depicted in (11).
Let ¢ = (1/m) Y0 ok, Lyy . = 2L2 +4M2L w9 and Lygo = 2Lf9 + 4M? Lgeg with

M = Cige There exists a proper chozce of Step—szzes a, B, \,y,T such that, for any total
number of iterations K, we have

K
1 2, _ 4(V° -VE) 49
— E[|V®(z* <—~—— 744 2 V9.9 18
K+1kZ:[) (Vo) ra(K + 1) + aoLG+mab, (18)

wh@q"@ O'%G: (1d3—|—d4)(0'fx+2M2 g$9)o¢2 +2d1(0'f9+2M2 gga) +2d2 gz and
3202 L 412 L, ‘

= (1240‘;2 with ¢ = (Lfg . + M)(l + w%’e) and wy = h The coeﬁiczents

do, di, do, d3, d4, ds, dg within the unified Lyapunov function VE as depicted in (23)

SCg 20T

3202 L
are defined as follows: dy = 1, di = fx dy = (Lygr + %fﬂ)%, 3 = ﬂ’
dy = (214902)0‘2 ,ds = 2‘/20‘ , dg = 0, and the network spectral gap p is defined in Assumption 1.

12



DSBO: IMPROVED COMPLEXITY AND HETEROGENEITY ANALYSIS

Proof: See Section 4.3 for the proof sketch and supporting lemmas of Theorem 6 and
Appendix B.1 for the complete proof. |

Corollary 7 Consider the same setting as Theorem 6. If the step-sizes are properly chosen
1 1

such that o = min {u, (al(?((]+1)) 57 (@é’&_l))g} < % for a large value of K, where u, ag, ai

and ay are given in Appendiz B.2, and v = O(a), A = O(a), B = O(«a), then we have'

16 2
k8 K3 (L)i” 1

5 1
K+1ZE”W N=0(G m it VRS et gme) 09

3

where o, = O(Riaﬁg—k/{?agﬂg +/€gag,9) and oo = O(0f 5+ Koy 20) are the gradient sampling
variances associated with the inner-level and the out-level variables, respectively.

Proof: See Appendix B.2. |

Remark 8 (Heterogeneity analysis) Corollary 7 characterizes the detailed impact of the
heterogeneity at each level on the convergence rate in DSBO by unique heterogeneity analysis
under weaker Assumption 4 on data heterogeneity, which does not require the boundedness
of local hypergradients or the boundedness of inner-level heterogeneity at any point (c.f.,
Assumption 4). The above Corollary 7 also shows that LoPA-LG has a convergence rate
of (’)(\/%), where K denotes the total number of iterations. In particular, the analysis of
LoPA-LG reveals that the data heterogeneity affects the convergence rate by introducing a
transient term of O(K_%) in DSBO, vanishing at a slower rate than the leading term, in
which the inner-level heterogeneity bg plays a crucial role in personalized DSBO. To the best
of our knowledge, these results are first presented in our work.

Convergence of LoPA-GT. Now, we move on to present the main results for LoPA-GT

that employs gradient tracking scheme (12) in the following Theorem 9.

Theorem 9 Suppose Assumptions 1, 2, 8, and 5 hold. Consider the sequence {xf,&f”, f
Z,yz} genemted by Algorithm 1 employing gradient tracking scheme (12). Let zF =

(1/m) Yo7y @f, Lyge = 205, + AM2L2 . and Lygg = 2L} o + AM2L2 59 with M = Lo,

There exists a proper choice of the step-sizes a, 3, \,y, T such that, for any total number of

iterations K, we have

K 0 K
1 2, 2(VO-VE)
— NTE|veEh) | < 2 L2002, 20
rrT L EIVeEI) < ey et (20)
ds | d d d d 2
where oG = (52 + % + (2 . ))(fo+2M2 gxe)az’ +2 1(Uf9+2M2 999) +2 2 39%
320 L 412
with ¢ = (Ltg 2+ 9:3 199y (1 + w%’e) and wy = 2(5“'_€7L) The coefficients dy, di, ds, d3,
9 0 gTlyg,0
dy, ds, dg within the unified Lyapunov function V¥ as depicted in (23) are defined as follows:
8C2 o7 32C2 yLyqg0 64 2 4
do =1, dy = "Bty = (Lpg, + Zhg 00 70 gy — 52,y = Sl gy — e,
2
6 = 1(?{;‘))‘3 , and the network spectral gap p is defined in Assumption 1.

The symbol @ hides both the constants and parameters associated with the properties of functions.

13
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Proof: See Section 4.3 for the proof sketch and supporting lemmas of Theorem 9 and
Appendix B.3 for the complete proof. |

Corollary 10 Consider the same setting as Theorem 9. If the step-sizes are properly chosen

af (K+1)
given in Appendiz B.4, and v = O(a), A = O(«), B = O(«), then we have

. ’ 2
such that o = min {u’, (a70> < % for a large value of K, where v, aj, and a) are

K ] 5

LS EIVEEN ) = 0+ (0t o) (21)
—_— = op + ——0¢) ),
K+14 1-p’K VK © ym®
where o}, = O(R%Uf,g + /@%09,99 + H%O'g,g) and 0. = O(0f4 + KOg26).
Proof: See Appendix B.4. |

Remark 11 (Linear speed-up) Corollaries 7 and 10 demonstrate that, in the context
of DSBO problems with personalized inner-level objectives, the term oy, associated with the
inner-level variable 8 does not decay with m. In contrast, the term o. induced by the stochastic

gradients with respect to the out-level variable x decays at order O(qu?) This lack of linear

speed-up in oy, is due to the fact that the inner-level solutions 87 (x) are different for each
node i such that neither the local inner-level variables or the local Hv variables do not need to
reach a consensus in personalized DSBO, and thus the related variances can only be reduced
via temporal averaging, yielding an order of O(ﬁ) In contrast, the outer-level variable x is

shared across the nodes and can achieve a speed up with respect to the network size m. Our
result also tmplies that to achieve the right balance of the two terms, the batch size should be
increased by m times when estimating the local partial gradients ngi, Vo3i, Veggi- In this
case, both LoPA-LG and LoPA-GT can obtain a convergence rate of O(ﬁ), leading to an

iteration complexity of O(m~1e™2).

Remark 12 (Improved complexity) Corollary 10 shows that LoPA-GT has a conver-
gence rate of O(ﬁ) It is also noted from the above result that, the effect of the heterogeneity

is eliminated by gradient tracking scheme (12) in personalized DSBO even when the inner-
level variables lack communication. Thanks to the loopless structure, both LoPA-LG and
LoPA-GT can achieve a computational complexity of O(e=2) (w.r.t. the number of Hes-
sian evaluations) to attain an e-stationary point. This computational complezity improves
existing state-of-the-art works on DSBO problems by the order of O(log(e™1)). Note that
the computational complexity for inner- and outer-level gradient and Jacobian evaluations
is also of the order O(e~2) for LoPA-LG and LoPA-GT. Our analysis for both LoPA-LG
and LoPA-GT provides tighter rates that clearly show the dependence of convergence on the
condition number, heterogeneity at each level, sampling variances at each level, and network
connectiity, in which the detailed effects of sampling variances (c.f., (19) and (21)) enable
us to improve the rate by properly optimizing batch sizes. In particular, when the batch sizes
of the gradient evaluations ng, Vog, vgeg, and vgeg are respectively chosen as O(mk),
5

O(mrd), O(mr3), and O(k?) times relative to Vo f, an improved iteration rate of O(\/’%)

can be obtained, which matches the result in centralized counterparts (Chen et al., 2021a). In

14
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this case, a computational complexity of O(k>m~te=2) w.r.t. out-level gradient evaluations
(also O(k8€e~2) w.r.t. Hessian evaluations®) can be achieved for both LoPA-LG and LoPA-GT
due to the loopless structure, which are the best-known result among existing works on DSBO
without mean-square smoothness assumption.

Dependency on network connectivity. Note that it follows from the results (18), (20)
and the corresponding definitions of dy,--- ,dg in (51) and (89) that Theorems 6 and 9
have respective dependencies of O(ﬁ) and O(+——=1 = p) 1) on network connectivity without
proper choice of step-sizes. These results of dependency are aligned with that of existing
single-level distributed methods (Lian et al., 2017; Alghunaim and Yuan, 2022) using LG
schemes and GT schemes. By optimizing the step-size selection, we can obtain a tighter
dependence of O(L) and (’)(( Pk ) for LoPA-LG and LoPA-GT (c.f., Corollary 7 and
Corollary 10), respectively, where the dependence of (’)( ) for LG schemes is superior to
O(ﬁ) provided in the work (Yang et al., 2022). Notably, our result also reveals that

LoPA-GT has a worse dependence on the network spectral gap compared to LoPA-LG, due
to the introduction of GT schemes to eliminate heterogeneity.

Convergence of LoOPA-LG and LoPA-GT in deterministic case. Next, we present
the convergence results in Corollaries 13 and 14 for special cases where the inner- and
outer-level functions in problem (1) are deterministic. These results can be directly derived
by following a similar proof to that of Corollaries 7 and 10, with the sampling variances set
to zero.

Corollary 13 Consider the deterministic case for Problem (1) under the same setting as
Theorem 6 for LoPA-LG. Suppose Assumptions 1-4 hold. If the step-sizes are properly chosen
1

such that a = min < u, (%) ’ for a large value of K, where u, ag and as are the same

as that of Corollary 7, and v = O(a), A = O(«), f = O(a), then we have

A 2k
K+1ZE VeI =05k + (1—p)§K§>'

Corollary 14 Consider the deterministic case for Problem (1) under the same setting as
Theorem 9 for LoPA-GT. Suppose Assumptions 1-8 hold. If the step-sizes are chosen such that
a < u/, where u' is the same as that of Corollary 10, and v = O(a), A = O(a), = O(«),
then we have

(8

1 K )
1 2 ElIveEI] = (=)

From Corollaries 13 and 14, we observe that the convergence rates of LoPA-LG and
LoPA-GT for the deterministic case can be improved to O(— w273) and O(+), respectively.

2Here, the absence of linear speed-up of Hessian complexity is due to the fact that, different from global
DSBO problems, the Hessian-inverse-vector product variables do not need to reach a consensus in personalized
DSBO.
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4.3 Proof Sketch and Supporting Lemmas for Theorems 6 and 9

Before presenting the proof sketch, we first introduce some essential notations as follows:
-1 * *
Vg ($, 9) = [ngQi ($v 0)] vefl (1‘, 9) y Vg ($) £ (% (337 92 (l‘)) 5
B2 (m) 3" ak ok 2 colfaf )L, 07(8F) £ collg; (), (22)
v*(ZF) & col{v} (Z)}m, VB (ZF) = col{ V&;(Z%)}7,.

(1>

The notations z¥, y*, %, s* g*, z* 5 share the similar definitions. The key idea of the
proof for Theorems 6 and 9 is to characterize the dynamics of the following unified Lyapunov
function with properly selected coefficients dy, di, da, d3, dy, ds, dg

_ 1 . 1 2 _ g2

VE =do®(@") + di— 0" — o (@) +da— 10" — 0" (@")||” +ds | VO(") — 2|
N—— S——
Hv errors inner-level errors ave-variance errors

L od by _ k2 Lok k2, g Lok k| 2 (23)
T da— [[VO(z") = 2| + ds— [|2" = 1 @ 27| +ds— |ly" = 1m @ 7",
m m — m

variance errors consensus errors gradient errors

where the detailed definitions of these coefficients can be founded in (51) and (89), corre-
sponding to Theorems 6 and 9, respectively. To this end, we proceed to derive iterative
evolution for each term of V* in expectation according to the following four key steps:

Step 1 (Quantifying the descent of the overall objective function): We begin
by quantifying the descent of the overall objective function ®(Z*) evaluated at the average
point by using its smoothness and the tracking property of §* for zF. This descent is

controlled by the hypergradient approximation errors E[||V®(z) — ZkHQ] in Lemma 15.

Lemma 15 (Descent lemma) Consider the sequence {x¥, 0% vF,

gorithm 1. Suppose Assumptions 1, 2, 8 and 5 hold. Then, we have

28 yFY generated by Al-

E[0(z"1)] <E[0(#")] - TE[|IVeE")|"] - T (1 - raLl)E[|7*|]
+ SE[|ve) - .
Proof: See Appendix D.2. |

Step 2 (Characterizing the average variance errors and hypergradient errors):

We then deal with the average variance errors E[||V®(zZ¥) — §k||2] according to the bounded
variances of different stochastic gradients and the updates of zF. However, bounding the
hypergradient errors E[||V®(zF) — 5 ||2] is more challenging as it requires an investiga-
tion into how the iterative approximation strategies with one stochastic gradient itera-
tion influence the evolution of Hv errors and inner-level errors. Lemma 16 shows that
the Hv product errors E[||v* — v*(;z‘ck)HQ], inner-level errors E[||0%F — 9*(:%’“)“2] and the con-
sensus errors E[||z% — 1,, ® a’ckHz]
E[|V®(z*) — E[s*]||"], while the term E[||V®(z*) — E[5¥]
errors E[||V®(zF) — 2k||2] In what follows, we focus on quantifying these four error terms
and establishing their recursions in Lemmas 17, 18, 19.

jointly control the hypergradient approximation errors
||2] controls the average variance
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Lemma 16 (Hypergradient approximation errors and average variance errors)
Consider the sequence {xf, Hf,vl ) 2 ,yk} generated by Algorithm 1. Suppose Assumptions 1,

2, 3 and 5 hold. If the step-size v satisfies 0 < v < 1, then we have

E[|Ve(zHt!) — 2517 <(1 - 1E[|Ve(E") — 28] + r.aE[| V(") — E[*)|]

(25)
ol + o2,
and
EIV(#) — B3] < LS2E ok — 1, 0 7)) + LS00 (@)
2 (26)

4C’
+ —L2LE ot - o (@),

whererzé%v, ryé%, ndagﬁ( —|—M2 gx@)é with M? £ 2M?% + 2L ||oF — v (zH)||2
and Lfg o =215, +4M?L? ;.
Proof: See Appendix D.3. |

Lemma 17 (Hessian-inverse-vector product errors) Consider the sequence {xf,&f,
k

vy, 2 ,yz} generated by Algorithm 1. Suppose Assumptions 1, 2, 3 and 5 hold. If the

step-size \ satisfies
1
A< —, (27)
Hg

then we have

* [ = 2 * [ — 2 — 2
E[flo" ! — v (@ HI7] <1~ ugME[llv* — v*(@*)] + gooE[lla” — 1 @ °|]

28)
> (
+ qeaB[[|6% — 0*(z%)|*) + maur?0?B]||7*|*) + mo?a?,
2
where g, = %, o Q(O'fg + M?o oy 99)22, gs = 2;}”3\* with Lygg = 21&9 + 4M2L3799 and
— Hg
w = 4.
Proof: See Appendix D.4. |

Lemma 18 (Inner-level errors) Consider the sequence {z¥,0F vk, 2F y¥} generated by
Algorithm 1. Suppose Assumptions 1, 2, 8 and 5 hold. If the step-size B satisfies

B < min 2 , H T Ly , (29)
pg+ Lgo  2pgLg0

then we have

. 2 L, o112
E[I64! — 07 @7 <(1 — P8 p)E(|6* — 6 ()]
Hg + Lgo (30)
+ o[t — 1y @ 2] + mpyr20?E[ 5 |*] + moFa?,

Mng,e
2(1g+Lge)”

4L2 .8 2 272
A 9,6 2 A 2 B A o* ; —
= - 0y =20, 953, Ds = ooB with wg =
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Proof: See Appendix D.5. [ |

Lemma 19 (Consensus errors) Consider the sequence {x¥ 0F vF 2F k1 generated by

Algorithm 1. Suppose Assumptions 1, 2, 8 and 5 hold. Then, we have

k12 1-— _ 2702
Bl — 1 @ #7) < (1 = g DRt — L @ 2417 + T Bl — 1 9 517)
(31)
T
where 0 <7 <1, p=|[W—-J|>€[0,1) with WE=W @1, and J = %@In-
Proof: See Appendix D.6. [ |

Step 3 (Characterizing the gradient errors): The next step is to upperbound the
gradient error parts E[||y* — 1, ® ngQ] in consensus errors caused by the data heterogeneity
across nodes. Hence, we respectively demonstrate how the gradient errors change in LoPA-LG
with y*t1 = 21 and LoPA-GT with y*t!1 = Wy* + 21 — 2* in Lemma 20 and Lemma
21. In particular, it is shown that the gradient errors are impacted by the heterogeneity
for LoPA-LG with local gradient scheme (11), whereas these error terms will decay as the
iteration progresses for LoPA-GT with gradient-tracking scheme (12). Lemma 22 further

provides the evolution for the variance errors E[|V®(zF) — zkHQ] induced by the gradient
errors E[||y* — 1,, ® gij2].
Lemma 20 (Gradient errors for LoPA-LG) Consider the sequence {z¥, 0% vF 2F y*}

generated by Algorithm 1 employing the local gradient scheme (11). Suppose Assumptwns 1,
2, 8, 4 and 5 hold. Then, we have

Elly* - 1n ® 7°(1%)

<307 + 3mE[[| Ve (2")|2) + 3E[|[ v (z*) — |, =

where VO(zF) = col{V®;(z¥)}™,, and b? is the heterogeneity on overall hypergradients
denoted in Lemma 5.

Proof: See Appendix D.7. |
Lemma 21 (Gradient errors for LoPA-GT) Consider the sequence {z¥, 0% vF 2F ¥}
generated by Algorithm 1 employing the gradient tracking scheme (12). Suppose Assumptwns
1, 2, 8 and 5 hold. Then, we have

_ 2
E[ly*™ — 1,, ® g*|7]

1+p _ 4 ~
< PEllY 1y © 7] + T B V) Bl (33
4 ~ 2
+ o EIVEE) - M)+ e
where azé( + M? gxe)lz.
Proof: See Appendix D.8. |
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Lemma 22 (Variance errors) Consider the sequence {z¥, Qf,vi’i, 2K yFY generated by Al-

gorithm 1. Suppose Assumptions 1, 2, 3 and 5 hold. Recall that V®(z*) = col{V®;(z*)}™,.
Then, we have

- 2 ~ 2 ~ 2
E[|Ve(@ ) — 27T <(1 = nE[|V(Z") — 2*|'] + B[V (z") — E[s"]||'] (34)
+ mr, a’E[[[§]] + moZa?,
and
= 2 k2 a2
E[|V®(Z") — E[s"|I"] <Lsg Ellle* — 1n @ Z*7] + Ly Ell|6° — 6*(z")||'] (35)
+ 4C] GoE[l0* - " ()]
where o2 = (O']%’z + MQU;IG)ZT;
Proof: The proof of Lemma 22 is similar to Lemma 16 and we omit it here. |

Step 4 (Integrating Steps 1, 2, 3 to obtain the overall dynamics with the unified
Lyapunov function): Finally, by integrating the obtained results and employing small-
gain-like techniques, we establish the dynamics of V¥ in Sections B.1 and Section B.3 for
LoPA-LG and LoPA-GT, respectively, using a set of carefully chosen coefficients dy, dy, do,
ds, dy, ds, dg.

4.4 Further Discussions on Convergence Analysis

Unique heterogeneity analysis and weaker assumption on heterogeneity. We adopt
unique heterogeneity analysis approaches to investigate the impact of heterogeneity. Unlike
single-level optimization and global DSBO, personalized DSBO involves distinct inner-level
solutions across nodes, making the overall heterogeneity depend intricately on both outer-
level and inner-level heterogeneity. This results in a fundamentally different and more
challenging scenario for heterogeneity analysis. Moreover, we adopt a weaker Assumption 4
on heterogeneity than that of existing works on DSBO, where our assumption requires only
the boundedness of inner-level heterogeneity at the optimum 6} (z) (instead of being at any
point), while avoiding the boundedness of local hypergradients (c.f., Remark 1). This weaker
assumption on heterogeneity, together with the different inner-level solutions, presents a
unique challenge in explicitly characterizing the heterogeneity in personalized DSBO, as it
requires new techniques to analyze the heterogeneity of the inner-level solutions. To tackle
these challenges, based on the structure of the hypergradient (c.f., Assumption 4 (ii) and (iii)),
we introduce the heterogeneity of the Hessian and Jacobian matrices to characterize the inner-
level heterogeneity in DSBO. Furthermore, by establishing the intricate relationships between
inner-level and outer-level heterogeneity, we explicitly characterize the overall heterogeneity
(c.f., Lemma 5) that clearly shows the impact of inner- and outer-level heterogeneity and
provides new insights into heterogeneity in personalized DSBO (cf. Remark 8).

Different hypergradient estimation and unified analytical framework. Our analysis
for hypergradient approximation errors differs from the existing literature (Chen et al., 2022b;
Lu et al., 2022b; Gao et al., 2022; Lu et al., 2022a; Yang et al., 2022) due to the additional errors
from loopless approximation and network dynamic (c.f., Lemma 16). It poses an additional
challenge for technique analysis in controlling the variances and analyzing heterogeneity. In
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contrast, previous works (Ghadimi and Wang, 2018; Yang et al., 2021; Lu et al., 2022a) utilize
NS and HSIA methods (13) along with extra loops with increasing number of iterations @ to
obtain highly accurate hypergradient approximations @@(_k) (corresponding to the term z*

n (24)), ie., E[|V®(zF) — VO (zF)||?] < M(l - Lg )¥. Besides, we adopt a different

techmque to asymptotically control the bound of ||vF|| without requiring the boundedness of
the stochastic gradients or the boundedness of ||v¥|| (Gao et al., 2022; Yang et al., 2022) (c.f.,
Lemmas 16, 17). On the other hand, we also establish a unified analytical framework for both
LoPA-LG and LopA-GT with tighter convergence rates. In particular, we design a unified
Lyapunov function and employ small-gain-like techniques to establish a overall error evolution
dynamic for both LoPA-LG and LoPA-GT. Besides, leveraging unique heterogeneity analysis
technique, we are able to bound the gradient tracking errors via variance-related errors (c.f.,
Lemma 22) for LoPA-LG and LoPA-GT in a unified manner (c.f. Lemma 5, 20-22), while
characterizing the effect of the heterogeneity. This above analysis, indeed, provides an unified
analytical framework that enables us to establish intricate relationships among the errors as
well as their detailed effects on the convergence performance (c.f., Theorems 6, 9), leading
to tighter convergence rates (c.f., Corollaries 7, 10) and improved complexity (c.f., Remark
12). The above analysis and obtained results distinguish our work significantly from existing
works on DSBO.

The necessity of gradient momentum steps. The gradient momentum step (9) is
introduced to control stochastic variances in hypergradient estimation by leveraging the
moving average of historical hypergradient information and selecting proper step-size . This
step allows us to bound only the term E[||V®(z*) — E[5*]||?] instead of E[||V®(zF) — 5¥||?] in
Lemma 16, thereby ensuring the convergence of LoPA. In particular, let us consider the case
where we exclude the recursion (9), i.e., vy =1 and 2% = s¥. In this scenario, the average
variance error term TaE[|V®(zF) — 2’“||2] reduces to the term TaR[|V®(zF) — §k||2], which
can only be bounded by a sampling variance of order O(«). As a result, this case either
leads to non-decaying variance errors or requires the proper choice of two-timescale step-sizes
to control the decay of the term E[|7*|?] in (28) and (30), where the later will lead to a
sub-optimal rate of O(K~%/%) (Hong et al., 2023). Instead, with the recursion (9), when the
step-size  is properly taken as v = O(a), the term E[||V®(z*) — 2¥||?] can be asymptotically
controlled by the term E[||V®(z*) — E[3*]||?] and the sampling variance of an order of O(a?)
(c.f., the last term in Lemma 16). Similar techniques have been employed in (Chen et al.,
2022b; Ghadimi et al., 2020; Chen et al., 2024). There are other kinds of gradient momentum
methods based on double gradient evaluations (Cutkosky and Orabona, 2019; Fang et al.,
2018) or unbiased averaging stochastic gradients (Defazio et al., 2014) that can help achieve
a faster rate under some extra conditions (Gao et al., 2022; Dagréou et al., 2022a).

5. Numerical Experiments

In this section, we present two numerical experiments to test the performance of the
proposed LoPA algorithm and verify the theoretical findings. Specifically, the first experiment
considers classification problems for a 10-class classification task, while the second focuses
on hyperparameter optimization in lo-regularized binary logistic regression problems for a
two-class classification task.
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5.1 Distributed Classification

In this subsection, we evaluate the effectiveness of our algorithms on a class of distributed
classification problems involving heterogeneous datasets. We employ MNIST datasets to
train m personalized classifiers for a 10-class classification task. Specifically, we construct
a classifier in node 7 that consists of a hidden layer with parameters x shared across all
nodes followed by sigmoid activation functions and a linear layer with parameters 8; adapted
to node-specific samples. The cross-entropy loss is used as the outer-level objective f;.
Regarding the inner-level objective function g;, we include a quadratic regularization term
to the parameters 6; based on the cross-entropy loss to avoid overfitting to local samples.
Specifically, f; and g; take the following form

M — ;fl(xv ez (3})) = E ; Z(Sij,bij)epi bij In (yj(l', 01 ('T) ) Slj))7

T€ER™ M 4

s.t. 07 (x) = a?“gg{%% gi(z,0;) = Z

(36)
bis In (3 (2,033 515)) + 5 103
(Sij,bij)EDi 2

where (s;5,b;;) € D; denotes the j-th sample assigned to the node ¢ with s;; being the j-th
feature and b;; being j-th label in one-shot form; p denotes the penalty coefficient; y;(x, 6; si;)
represents the output of the neural network parameterized by the layer weight x and 6.

2.00 —— LoPALG

—— LoPA LG 02 —— LoPA LG
—— LoPAGT —— LoPA GT
—— SPDB 01 —— SPDB

—— MA-DSBO —— MA-DSBO

0 00
0 200 400 600 800 1000 1200 1400 0 200 400 600 800 1000 1200 1400 0 200 400 600 800 1000 1200 1400
Number of Hessian matrices computed Number of Hessian matrices computed Number of Hessian matrices computed

(a) Loss. (b) Training accuracy. (c) Testing accuracy.

Figure 1: Performance comparison of SPDB, MA-DSBO and our LoPA-LG and LoPA-GT

algorithms over 4 nodes for a 10-class classification task using MNIST dataset.

The experiments on the 10-class classification task are conducted under two distinct
scenarios: i) m = 4 with each node having 14000 samples; and ii) m = 8 with each node
6500 samples, where communication networks are generated by random Erd&s—Rényi graphs,
and p = 0.52. Each node ¢ is assigned with a random subset of overall 10 classes such that
each node has different label distributions and high data heterogeneity. For the classifier in
each node, the input is a 784-dimensional vector. The first layer of the classifier contains
28 neurons, while the second layer contains 10 neurons. The step-sizes are set as a = 0.01,
5 =0.01, A =0.008, v = 0.4, 7 = 0.4 both for LoPA-LG and LoPA-GT. We compare our
algorithms with the state-of-the-art SPDB (Lu et al., 2022a) and MA-DSBO (Chen et al.,
2022b) algorithms, where the mini-batch sizes are set to 50 for all algorithms. These two
algorithms respectively utilize the NS and SHIA methods for estimating Hessian inverse
matrices. To adapt the MA-DSBO algorithm for personalized settings, we modify the
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Figure 2: Performance comparison of SPDB, MA-DSBO and our LoPA-LG and LoPA-GT
algorithms over 8 nodes for a 10-class classification task using MNIST dataset.

updates of inner-level variables and Hessian-inverse-vector variables in MA-DSBO so that
they exclusively perform local gradient updates.

The experiment results for loss, training accuracy, and testing accuracy are presented in
Figures 1 and 2. It can be observed from Figure 1 that the proposed LoPA-LG and LoPA-GT
algorithms have lower computational complexity than SPDB and MA-DSBO in terms of
the number of Hessian matrices to achieve the same desired accuracy. When the number
of nodes increases to 8, we can observe similar results as shown in Figure 1. This further
demonstrates the scalability of the proposed algorithms. Moreover, the difference between
LoPA-LG and LoPA-GT highlights the advantages of gradient tracking.

Impact of heterogeneity. = We conduct an addtional
experiment to evaluate the performance of our proposed
algorithms under different settings of heterogeneous label
distributions. Specifically, we consider a network of 8 nodes . a
with each holding 7500 samples, and generate the following ¢ V.
three different label distributions among nodes: i) indepen- foot 4 Al
dent and identically distributed (IID) datasets; ii) non-IID
datasets with strong heterogeneity; iii) non-IID dataset with T LPALG, weak enld
weak heterogeneity. The considered three label distributions %25 200 00 800 1000 1200 1400
are depicted in Figure 4. H———

We plot the testing accuracy of LoPA-LG and LoPA-GT
with the same parameter settings as the previous experi-
ments in Figure 3. The experiment results, as shown in
Figure 3, demonstrate that LoPA-GT can maintain a rela- 3 10-class classification task us-
tively higher accuracy compared to LoPA-LG as the level ing MNIST dataset.
of data heterogeneity increases. This suggests that LoPA-GT is more robust against data
heterogeneity, verifying the theoretical results and the effectiveness of LoPA-GT in scenarios
with heterogeneous datasets.

0.8

—+— LoPA_LG, iid
—+— LoPA_GT, iid
----- LoPA_LG, strong noniid
————— LoPA_GT, strong noniid
-+- LoPA_LG, weak noniid

0217 /»

Figure 3: Testing accuracy of
LoPA-LG and LoPA-GT under
different data heterogeneity for

5.2 Hyperparameter Optimization

In this subsection, we delve into hyperparameter optimization in lo-regularized binary logistic
regression problems for a two-class classification scenario. The hyperparameter optimization

22



DSBO: IMPROVED COMPLEXITY AND HETEROGENEITY ANALYSIS

| e D | . IEEETTEE N 1l
| 'IIIENE B #IIEmaEE B S
| I BN L NN ¢ . [
é _ [IEENNEE s | e I
-y [IEENNEE s L e S
“ || [MIEEENNEE [ D I
| | NN . I I I
m [ D [
Label distribution Label distribution Label distribution
(a) IID dataset. (b) Weak non-IID dataset. (¢) Strong non-IID dataset.

Figure 4: Synthetic label distributions with different levels of data heterogeneity across nodes.
The label classes are represented with different colors.
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Figure 5: Performance comparison of SPDB, MA-DSBO and our LoPA-LG and LoPA-GT
algorithms w.r.t. the computational time for hyperparameter optimization on binary logistic
regression problems under different datasets: i) MNIST (first column); ii) covtype (second
column); iii) cifar10 (third column).

problem can be framed as a class of bilevel optimization. At the inner level, the goal
is to minimize the logistic regression loss on the training data, taking into account the
lo-regularization term for a given hyperparameter. Simultaneously, at the outer level, the
objective is to maximize the performance of the la-regularized logistic regression model on a
validation set by optimizing the hyperparameter. In this experiment, we consider the case
that each node i has local validation and training sets, i.e., D}* and D!, The goal of
nodes is to cooperatively determine an optimal regularization strength A that can enhance
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Figure 6: Performance comparison of SPDB, MA-DSBO and our LoPA-LG and LoPA-GT
algorithms w.r.t. the number of Hessian matrices computed for hyperparameter optimization
on binary logistic regression problems under different datasets: i) MNIST (first column); ii)
covtype (second column); iii) cifarl0 (third column).

overall performance, while optimizing their personalized model parameter, i.e.,

- * (bu i 9 \)
i?ﬁ{%mzf’” ZZW eppu OB e T

s.t. 07 (\) = arg eng]RI@lp gi(\, 0;) = Z(s,-j by e Dirain log(1 + e~ (bis® % ) + 67 diag{e*}6;.

(37)

where e* = col{eM}Y_, with p = n, 67()) is the optimal model in node i given the hyperpa-
rameter A, and (s;;, b;;) represents the j-th sample in node ¢ with s;; € R? being the feature
and b;; € R being the corresponding label.

Firstly, we conduct the experiment across various datasets including MNIST (784 features,
12000 samples for digits ‘0" and ‘1’), covtype (54 features, 90000 samples for the ‘Lodgepole’
and ‘Ponderosa’ pine classes), and cifarl0 (3072 features, 6000 samples for the ‘dog’ and
‘horse’ classes). The experiment is implemented in a connected network with m = 10, where
the validation and training sets for each node are randomly assigned with a uniform number
of samples. To further validate the efficacy of our proposed algorithms, we comprehensively
compare them with state-of-the-art SPDB (Lu et al., 2022a) and MA-DSBO (Chen et al.,
2022b) algorithms in terms of computational time and the number of Hessian estimates.
The mini-batch sizes are set to 40 for MNIST, 200 for covtype, and 15 for cifarl0 across
all algorithms. The step-sizes in both the proposed algorithms and the baseline algorithms
are manually adjusted for optimal performance. The results are shown in Figures 5 and
6. It can be seen from Figure 5 that the proposed algorithms achieve a certain training
and loss accuracy with fewer number of Hessian matrices compared to the SPDB (Lu et al.,
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2022a) and MA-DSBO (Chen et al., 2022b) algorithms. Besides, the proposed algorithms
demonstrate a reduced time requirement, as depicted in Figure 6. These results further
verify the superiority of the proposed algorithms in terms of computational complexity and
running efficiency.
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Figure 7: Performance of LoPA-LG and LoPA-GT across different topologies w.r.t. the
number of Hessian matrices computed for hyperparameter optimization on binary logistic
regression problems using MNIST dataset. Left: testing accuracy of LG schemes w.r.t. the
network spectral gap p; Right: testing accuracy of GT schemes w.r.t. the network spectral
gap p. The figure shows GT is more sensitive to the variation of network connectivity.

Additionally, we evaluate the performance of our LoPA-LG and LoPA-GT algorithms
across three types of networks with the network spectral gap p = 0.92 (ring network), p = 0.79
(star network), and p = 0.42 (random network) for m = 10, as shown in Figure 7(a)-7(c).
The doubly stochastic matrix is generated using the Metropolis rule. This experiment
also considers hyperparameter optimization on the lo-regularized binary logistic regression
problem in (37) utilizing 6000 samples from the digits ‘0" and ‘1’ of the MNIST dataset,
with validation and training sets randomly assigned to each node in uniform quantities. The
mini-batch sizes are set to 25 for both LoPA-LA and LoPA-GT. The results in Figure 7
indicate that as the network spectral gap p increases (i.e., a decrease in network connectivity),
both the LoPA-LG and LoPA-GT algorithms exhibit a degradation in performance. Notably,
when p shifts from 0.79 to 0.92, the LoPA-GT algorithm experiences a more significant
performance drop compared to LoPA-LG, demonstrating the GT scheme is more sensitive to
the variation of network connectivity. This observation corroborates our theoretical findings
in Corollaries 7 and 10, which suggest that the GT scheme exhibits greater dependence on
network connectivity.

Furthermore, we compare the proposed algorithms with the single-level distributed DGD
algorithm (Lian et al., 2017) under a heterogeneous label distribution scenario with m = 10.
Specifically, we conduct the experiment using three types of datasets: MNIST (with 4000
samples for the digits ‘1’ and ‘3’), covtype (with 30000 samples for the ‘cottonwood’ and
‘aspen’ classes), and cifar10 (with 2000 samples for the ‘plane’ and ‘car’ classes). In this case,
the proportion of positive and negative labels in half of the nodes is set to be approximately
0.8 + @ with a random a € [—0.15,0.15], and in the remaining nodes, it is around 0.35 + a
with a random a € [—0.15,0.15]. The DGD algorithm is implemented to train a common
regression model by solving the ls-regularized binary logistic regression problem with a fixed
lo-regularization term %H0H2, where the regularization coefficient y is manually adjusted to
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0.47,0.25,0.15 for the MINIST, covetype and cifar10 datasets, respectively. Our algorithms
aim to train personalized regression models through the hyperparameter optimization on
lo-regularized binary logistic regression problems as outlined in (37). The mini-batch sizes
are set to 20 for MNIST, 150 for covtype, and 10 for cifarl0 across all algorithms. The
results regarding the average testing accuracy among nodes are provided in Figure 8. It
can be observed that the proposed LoPA-LG and LoPA-GT algorithms achieve superior
performance under the heterogeneous scenario without manually adjusting the regularization
coefficient.
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Figure 8: Performance comparison of DGD and our LoPA-LG and LoPA-GT algorithms for
distributed binary logistic regression problems. i) MNIST (first column); ii) covtype (second
column); iii) cifar10 (third column).

6. Conclusion

In this paper, we have proposed a new loopless algorithm LoPA for solving nonconvex-
strongly-convex DSBO problems with personalized inner-level objectives. The proposed LoPA
algorithm is shown to converge sublinearly, while significantly reducing the computational
complexity of gradient evaluation. We have also explicitly characterized the detailed impact
of each-level data heterogeneity on the convergence under local gradient schemes, and
have shown how the heterogeneity is eliminated by employing gradient tracking schemes.
Moreover, we have introduced a unified analytical framework that enables us to obtain a
tighter convergence rate and the best known computational complexity for out-level gradient
evaluations in DSBO problems, while explicitly revealing the crucial role of the inner-level
heterogeneity. Numerical experiments were conducted to verify the effectiveness of LoPA
and demonstrate the impact of the heterogeneity.
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Appendix A. Technical Preliminaries

No’Eation. For notional convenience, we define some compact notations as follows
VoG (2", 0% €F) 2 col{ Vg (« fﬁf,ﬁ D) 9G( ak, 0% &5) = dlag{veegz( i wffz) i1
viOG(xkvek;g?)) dlag{vxegz( k gk f ) =1 VGF( F ak’ 1) :COI{Vsz( » Hk o )}z 1

I RRE R Ly 055 21
vxF(xk79k;§§) :COI{szz( f791k7 zk2) i=1"

The proposed LoPA algorithm in a compact form. For the sake of subsequent
analysis, let W = W ® I,,, and we can then rewrite the LoPA algorithm in a more compact
form as follows:

oF 1 = oF — BdF, (38a)
P = oF — ARF, (38b)
A = (1 — )2k + T Wk — agb), (38¢)
dk+1 \V/ G( k+1 9k+1’ fk’-i-l) (38d)
REHL = W2 Gk L R L ehthyphtl gy Bkt gL, okt (38e)
1= Vxﬁ’(mk+17 9k+1;§§+1) — Vieé(a@kﬂ, 0k+1;§§+1)vk+1, (38f)
=k (1) = o), (38¢)
with LoPA-LG updating 7*+!

yk+1 _ Zk+1, (39)

while LoPA-GT updating y**+1
yk’+1 — Wyk + Zk+1 o Zk. (40)

Basic inequalities. In the subsequent analysis, we will utilize a set of fundamental
inequalities and equalities to simplify the analysis as follows:
e Young’s inequality with parameter n > 0: ||a + || < (1 + %)HaH2 + (14 n)|b||?, Va, b.
e Jensen’s inequality with lo-norm for any vectors z1, -+, T |5 Yo7 2|2 < L 577 ]2
e Variance decomposition for a stochastic vector z: E[||z — E[z]||?] = E[||z||*] — ||E[=]||2.

Appendix B. Proof of Theorems and Corollaries
B.1 Proof of Theorem 6

To analyze the convergence of LoPA-LG, we need to properly select the coefficients dy, dy,
da, ds, dy, ds, dg of the Lyapunov function (23) and establish the dynamic of the function
based on the results in Section 4.3. To this end, we first set the coefficients dy, d1 and ds as
follows:

802 T 802 T 6% T
do=1,dy = —2" — dy = (—2 4 4 Ligor)— . ds = —, 41
0 , a1 oA 2 = ( ) Gz + fg,xT)w967 375 (41)
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:u'ng,H
2(pg+La,0)
defined in Lemmas 16, 17 and 18, respectively. Then, considering above coeflicients and

combining Lemmas 15-18, we can reach the following inequality

where the parameters Ly, , = QL?% + 4M?L? — ALsg0l

gt o =~ and wy =

are

AOEID ()] +dy B[k~ (@) )
by B[O = (@) )+ d BV -2
<AOE[B(H)] + diEflo* — v @] + do- (6% — ()] + dsE[|VR(H) — 2]
D aB]| Ve @) - (Lra(1 - 7aL) — dig,r?0? — dapira® — dyr, 0 El|7|
— 92 Lk — o @))7] — dawo [0 — 6°(2)
¥ (Lpyadsr + s + dopo) 0Bl — 1 © 2]

+ idgagoz2 + d103a2 + dQO'gOéQ.
" (42)
We next deal with the gradient error term E[||y* — 1,, ® §k||2] induced by the consensus
errors Ef||2* — 1,, ® ka | under local gradient scheme (11). Specifically, we let

24 «
= 2o
(1—=p)°7

2o
T(1—p)

3

I

dg = (Lfg,xdiirz + dlqg3 + d2pm)
ds =2 (Lfg’mdgTz + diqs + dsz)

Then, employing Lemmas 20 and 22 gives us

1 2 1 _ 2
dy—E (Vo) — 244 ]+d5EE[Hw"““ — 1 @ 27

1-p1
LEflla* 1, 0 7]

1 ~ 1
<di—E |[VO(*) - || + ds—E[la* — 1, © 7¥||") - do7

fTO[ b2 d5 6702

1 - 1
<d4*E[HV‘I’(fTJk) - ZkH |+ dsaE[HfEk — L @3] - s+ 5 - [Hw — 1 @ 5]

2 1 ~ 2 2
+ds HIV@( Bl ]+d4Tza*IE[HV<I>(a?’“) — " | ) +dary B [||5"| ]+ dao?a’®

6702 2
+ds 7 [HV‘P( )]
2 9 K 2 9 240 b2ad
+ d4ry7 & E[Hy || ] + d4O'ZOé + (Lfg,mdSTz + dlqgv + d2px)727
(L=p)'y m
1 1 k ek 2
+4C 9d47”zoc E[Hv —v ( || ]+Lfg$d4rza E[||6% — 6*(z")]|"]

+Lfgxd47“za E[H:U —1m®xk\| ],
(43)
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where the last step uses the boundedness of the term E[||V®(z*) — 5’“\\2} in Lemma 22.
We proceed in ehmlnatlng the term E[||z* — 1,, ® wk|| | in (42). It is noted that for the
term E[||z* — 1,, ® :L'kH ] in (43) we have —d5TTp = —2(Lygd3r; + diqy + dops) o. Then,
incorporating the inequality (43) into the inequality (42) and letting dg = 0, we obtain

E[vk—l—l]
k d(] 67_C¥ _k\n2
SE[VT] = raE[|[Ve(z ) - (*m—d5 p) [IVe(@®)|]
- ((%Toz (1 —ral) — digsm?a® — dypsr2a? — d37‘y7'2()é2 - d4ry72a2))E[||gk||2]

A 1 ko112 1 s fonn2
(2 aC2 ydarao) —Elo* v (7)) - (dxwoB — Lygadarsa) —aE[|6"~0" (@)

1— 1
- (dg,u - Lfg7$d4rza)EE[||xk -1, ® :zk||2]

4
1 24 b2a?
+ (—dgag + dlaz + dQUg + d4<7§)042 + (Lyg2dsrs + dige + dops) 70{27&
m (L=p)'y m
do 67a? 2
=E[V*] - - TeE[[Ve(z 1% - (*m—d&sl p) (Ve ("))
d
((50704(1 —tal) — d1gsT2a? — dops2a® — dsryT 2a? — d47’y7' o ) [Hy I ]
g\ 72 A2 72 1
— (dq L _4ng,x9d4TZa_2( d3 5 2 Ty +ds 2) ga;eOéZ))m [lo* — v* (@)
1
- (dQWGﬂ - Lfg,xd47ﬁza)aaE[H0k - 9*(5; )H ]
(1 - p) 1 k
(d5 1 fgadarza) B IE% ©7*|’]
2 72 2 A? s B2
(( d3+d4)(0'f$+2M gm@) +2d1 (Uf9+2M g90)7+2d2099 2)
240 b*ad
+ (Lygzdsr, + digqe + dopy) ——5———,
! (1—p)*y m

(44)
Where the last equality uses the fact that 02 = o2 in Lemmas 16 and 22 and the definitions

o2 O'g in Lemmas 16, 17, 18. If the step-size « satisfies the following conditions

of O'z, o

do

5T (1 —7al) — digsT?a® — dypsr2a?® — d3’l“y7'2042 - d4ry7'20z2 >0, (45)

do 670>
N0 _d >0, 46
PR (46)

)\ 1 ,72 )\2 72
P2 402 dyraa - 2—dy—5 +diT5 +da5)0g 90" 20, (47)
dowgB — Lyg pdar.a0 > 0, (48)
1—

a5 e >0, (49)

4
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then we further have

2 240 b3
H ] + (Lf 79Ud37az + dl% + d2px) B T
’ (1=p)°y m

1 7 A2 Cx
+((ds + da) (07 o+ 2M 0 1) 5 + 21 (05 + 2M 70 gg) —5 + 220, 5)0”,

E[VF] <E[VF] - %TaIE[HV(I)(:T:k) (50)

where the coefficients dy, d1, da, ds, d4, ds, dg of the Lyapunov function (23) are as follows:

802 T 802 T o T
do=1,dy = —220— dy = (— 250 g 4 Lpgor)——,dz = —, 51
0 , a1 A ) Qz + fg,xT)WHB 3 2y (51)
« 2c
dy =(Lyg d d d — = —dds=2(Ly,.d d d —,dg = 0.
4 ( fg,2037z+a1qz+ 2pr) (1 _p)2,-)/a , 5 ( fg,2037z+a1qz+ 2pm) T(l—p) 6

Next, we proceed to find the sufficient conditions for the step-sizes to satisfy the conditions
(45) to (49). To address the conditions (45)-(49), we start by simplifying the term L, ,d3r. +
d1qy + dop, in d4 and ds as

3202 yLgo (3202 yLsgo 412,
Lygadsrs + g +dope =(Lyge + — = - T+ | — 4 Lyga w‘%’ )T
g
3202 ,Ligo ALZ, (52)
=(Lfga+ —25—)1+ —57) 7.
" H wp
2

Then, ds, d4 and ds can be simplified as follows:

32037339Lfg,9 To 24g07044 2¢a
5 ) ydy = ————,ds = .
2 wo 3 (1-p)%y (1-p)

dy = (Lfg,w +

To ensure that condition (45) holds, a sufficient selection condition for the step-sizes «,
B, A, 7y, T is given as

1
<up & — 53
st 27L° (53)
Pl T, (54)
Hg
6Lg- 32C2% pLfgo
ot (Pt i, .
g
32Lp'/?
~v > max{4L1a, (17('0)7@2}, (56)
—p

35



N1u, Xu, SuN, HUANG, AND CHAI

with 0 < 7 < 1. Furthermore, we can derive the following sufficient selection condition for
the step-sizes «, v and A to satisfy the conditions (46)-(49)

1/3
3202 zeLfg 0 /

1 Lygs) (1—p)*?
A . 1-p (1 p)2/3 ( t g
a < up = min 2012 aol/3 SYE ) (57)
2 2 ®
(1= p)i/? 02/3 (1 — p)?/?
3(Lfg,x)1/4 ’ 4<p1/302/3 ’
02
R L\ (58)
0y 20 1609@9

where Lyg ., Lfge and ¢ are given by (16), (17) and (52), respectively. It is noted that

“01112;0‘ < & by the condition (58), which implies that the term % 7a? in (56) can be
bounded by

2L1/2 1/2 92
37<p7a 3—7’La < 4LTa.
i-p 51
By combining Lemmas 15-18 and the above inequality, we have the following condition for
the step-sizes A, § and 7 on the basis of (54)-(58)

1 48 Ly« C,
min{—, ,ug > 1}79’19704, (59)
Hg g z0 Hg
] 2 tg + Lgo } 6 Lo+ 32C2 g,20 Lyge 1/2
min , = > 02> + L TQ, 60
e (e f2e) (60)
202 ,
min{1l, "=} > v >4L7a, (61)
o?

g,z6

where the selection for A, 8 and v can be guaranteed to be non-empty when the step-size «
satisfies the following condition:

2
min{1, g 2 } min { 2 totles } we mln{l 9 ””9}

pg+Lg o’ 2pgLg0 } (62)
967 L, ngg ’ 3207 ngfg 0 8LT

aéu;gémin{

127 ( +Lf )1/2[/9*

Q

As a result, to ensure that the conditions (45)-(49) hold, with 0 < 7 < 1, we can properly
select the step-size « as follows:

a < u = min {u,ug, uz}, (63)

where wuj, ug, and ug are defined by (53), (58), and (62), respectively, and are clearly
independent of A\, 5, and . Subsequently, we can determine the step sizes A, 8 and
according to (59)-(61). Then, by combining the definitions of dy in (51) and ¢ in (52) and
considering condition (59)-(63), the inequality (50) can be derived as

E[vk—i—l]

T

k
VL D mva @) ] + aode + Lot (64)

N
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where ¥ and 0%, are given by

24ap
e (65)
(1—=p)™y
1 d3 d4 ’}/2 d1 )\2 d2 62
U%G’ (TI’LT )( f:c+2M2 gJJQ) +27_ ( 9+2M2 g99)7+27_ 26 a2’ (66)
c? L
where do = 1, dy = (Lpgq + —2257020) 10,y — 30, = (Qflf;a?i ds = (1255, ds = 0 with
3202 ,Lsgo 4L2Z . . . .
o= (Lygs+ 9’#2 “=)(1 + —%*). Now, summing up and telescoping the above inequality
g [
from k =0 to K yields
1§: E[|Ve ()|’ < M+4 2 +@ 232 (67)
K+1& ra(K +1) | O0LGT
where we use the fact that dyg = 1. This completes the proof. |

B.2 Proof of Corollary 7

In the subsequent analysis, based on Theorem 6 we will select the step-sizes «, v, 5, A
in term of the number of iterations K. When the conditions (59)-(61) and (63) hold and
the step-sizes 7, A, 8 are taken as 7 = ¢y, A = ¢y, 8 = cga with the positive parameters
¢y, Cy, cg being independent of the terms K, 1 — p and satisfying

48L+C. Lg- 32C2 oLsgo
o\ > —— 9% g’wT, cg = 6L ( 920219 + Ly x)l/zT,C > 4L, (68)

8C2 T 3202 L
then from (65) we have that dy = 1,d; = Micmf ,do = (#’w + Ly, x)wgcﬁ ds = i

are independent of the step-size . When the parameters cy, ¢y, cs satisfy (68) and their

values are properly selected, the conditions (59)-(61) always hold. For examples, a sufficient

96 L+ Cy

condition for the upper bounds of the parameters c,,cy,cg could be T > Cy,

12L9* (320g :):OLfg 0

wo .u‘g
under the condition (63) and substitute it into the conditions (59)-(61). Then it follows from
the definition of ¢ in (52) that 9 in (65) can be rewritten as follows:

+ Lfgyx)l/ZT > cg, and 8L7T > ¢, if we consider a sufficient case o < ug3

g2 o1 (69)

(1-p)°c, (1—p)?

Furthermore, with the above-mentioned selection condition for the step-sizes A, 3, v, we
also have that the terms o, 0y, 05 and o, are independent of the step-size a. Therefore,
by combining the results that di, do, ds are independent of the step-size a as well as
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dy = O(a?d3), the variance related term o in (66) can be further derived as

L de d 2 d A2 d
ULG:\/(3+4)( +2M2 gxe)ry +271< o+ 20 0999)7+272 gefﬂ

m T T
ds A2 dy v dy , B?
<\/m7( 0%, +2M30 gxe) +2—= <f9+2M2 g90)7+27 39 (70)

d1 d2 3 A~
<V2(y/ — (010 +2Moggp)en +1[~0g6cs) + ﬁ \ (050 +2Maga0)ey = 6L,
éo’c

A
=0p

where the first inequality holds as dy4 is high-order term w.r.t « such that ds < %dg under a
large number of iterations K, and the second inequality is derived by the triangle inequality.
Meanwhile, from (70), it follows that

ap = O(010 + 400 +g0), (1)

0c =005+ 0420)-
By the condition (63), we have that o < u = O(1 — p). Then, combining the definition of ¢
in (52) and the condition that ¢, cy,cg are independent of the term 1 — p, it follows from
(65) that the coefficients dy and d5 can be bounded as follows:

24pTat 241

dy = < w2 dy =001 - p), (72)
(1=p)% ~ (1-p)e
2 2 )
ds =2 0 < 2yt ds=0(1), (73)

(1=p)" = (1=p)
which implies that
VO _ VK VO
— <=

—20(@) + T vt (@) + H9° o (@) + 3\\%(%0)—‘0}!2

+ 2L |va - on2 L oo
Tm
éf/o = 0(1 - p)7
(74)
where the last equality holds due to the fact that the coefficients dy, di, d2, and d3 are also

independent of the term 1 — p.
For the sake of simplicity, let us consider the following notations

a 40

ap 2 4V0 ay & 40LG, as 2 b2 (75)

Then, combining (69), (70) and (74), the inequality (67) becomes

1 2 1 9
E[|V®(z <ag—— .
KHZO V@))€ a0y + s+ aa (76)
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1
When the step-size a is taken as o = min {u al(?@rl))? (az(K-i-l) } and the step-sizes
7, A, B are taken as v = ¢y, A = ey, B = cga with ¢, ¢y, cg being independent of the terms
K and 1 — p, we can proceed with the following dlscussmn1
i) When (%)5 is smallest, we set o = (%)5. According to the fact that

a 1 Qa 1
(al(KO+1))2 < (ag(](()+1))3, we have

ajag (1 ajap |1 ag
E[|V®(z _
K+1Z L (K~|—1)2+(K—|—1)2+a2(a1(K—|—1)) (77)
aiag |1 1oap 2
<2 3 .
(25904 + 0 (903

ii) When (%)% is smallest, we set a = (aio))i According to the fact that

1 1
(aQ((I?-f-l))S < (a1(?{0+1))27 we have

1 1 ago 2 aiag |1
E[|V®(z <2a3 —)2. 78
K+1kzo IV ()] a3 (e 1)+ (e 7)? (78)
iii) When w is smallest, we set & = u. According to u < (al(;‘(‘)ﬂ))%, u < (QQ(‘;(OH))%, we have
1 aiag 1 1 a 2
g E[|V®(z 3 .

k=0
According to the above discussion regarding (77), (78), and (79), we can conclude that

ap ajap 1
E[|Vo(z 2
K+1Z LIV Stk PR

+
[\
Q
N o=
—

(80)

. Aol
AV 8oa(V0)? 8(195)%(1/0)
w(K+1) (K 41)2 (K +1)3
In what follows, we will examine how the parameters in (80) depend on the terms x and 1 — p.

To this end, we first note that with the Lipschitz constants defined in (15) and the auxiliary
coefficients Ly -, Lytgg, we defined in Lemma 16, 17, 18 respectively. Then it follows from

(52) that ¢ = O(k%) and ¥ = (9((1 )2) i
¢y =0(1),c5 =0(1),cx =0(1), 7=0(rk*) and u = O (k™ (1 — p)) in terms of x and
1 — p. When we initialize the outer-level variables as xo = a: ,Vi,j € V, it follows that

|20 — 1, ®2°)? = 0 holds Furthermore, from (74) we know that V0 = O(k5) and V0 is
independent of the term 1 . Therefore, recalling the definition of 61, = O(op + ﬁac) in

(70), we have

win

in (69). To obtain the best xk-dependence, we select

1 2
3

K3 ﬁ?(\/—%) 1 s 1
K+1ZE”W 1= R * i TR et ) ©

where we use the fact that o, = O(H%O'fyg + K%Ugﬂg + /{%O‘gﬂ) and 0. = O(0¢ 4 + Kog z0) by
(70). This completes the proof. [
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B.3 Proof of Theorem 9

The proof of Theorem 9 follows the similar steps to that of Theorem 6. Particularly, in
addition to dy, di, do, d3, d4, ds, we need to properly select the coefficient dg in order to
establish the dynamic of the Lyapunov function (23) for LoPA-GT based on the results of
Section 4.3. To be specific, by letting

8037:097'01 8C‘g2’x97'06q n I 7—) % d T
- N 2=\ s — U3 = 5
) pgh I 2y

and combining Lemmas 15-18, the inequality (42) can also be derived for LoPA-GT. In
the inequality (42), we recall that the related parameters are defined in Lemmas 15-18.

do = 1,d; =

In what follows, we focus on dealing with the consensus errors E[||2* — 1,, ® ikHZ] Note
that the term E[||z* — 1,, ® ¥ H2] is controlled by the evolution of the gradient errors
E[||y* — 1, ® 7*||?] under gradient tracking scheme (12), while the errors E[||y* — 1,, ® 7*||?]
are further influenced by the variance errors E[[|V®(z*) — s¥|2]. Motivated by this fact, we
first let

64y
dy = (Lygadsrs + dige + dopy) —
(L-p)
ds = 2 (Lyyadsrs + dige + dope) ——2—
5 = 37z 19z 2Pz )
& (1)
1602
de = (Lygxdsrs + digqe + dops) ———.
(L—p)

Then, by integrating Lemmas 16, 21, 22, the inequality (42) becomes:

GAE([VE(@+Y) — P 4 dsE[|25 — 1 @ 2P + deE[ly* — Ly © g+

s 2 1-— 1.2 )
<AeE [IVE@*) = 2#1°] + ds(1 = 7= L)B[2* — 1 © %)) + doEllly* — 1 ® 511"

+(dyraa + dg——~2)E[| VB(z*) - ¥

1—p

2 2d,
+mdyr, T2 E[|| 7" | ]+md40§a2+m1 S 5202 (82)

Now, noting that
1—

dsT p_ 2 (Lfg,xdgTz + d1q; + daps) @

and combining the inequalities (42) and (82), we can establish the following dynamic

2
I

E[VH1] SB[V — doraB[|[Va(a*) ]

d
— (EOTa (1—-7al)— digsm2a? — dopsm2a?® — dgry72a2 — d4ry72a2)E[||§k||2]
LhgA 1 o —kn2
- (5 A0 dara + do o) Bl o))

(83)
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4 1 o ka2
~ (o — Lpga(darsar + do =) Bl — 0" (&)

1-— 4 1
— (ds7 — Lyga(darzo+ 67— p’Yz)) E(llz* — 1 ® 2|’
4 51 ko k2
_ _ S EIsF —
(day — ds 7 =" ) E[lls" = =]

1 2d
+ —d302a2 + dlogaz + d203a2 + d4ago¢2 + T 6 5202
m

B[V — LdraE[0() ]

d
(?07'04 (1 —7al) — digst*a? — dapst?a® — dry?a® — d4ryT2a2)E[||gk||2]
% 2 4 a1
= (di=5 = 4G g (darza + do— i ) —E[l|lv" — " (@] i

~? A2 v 2dg ? 1 . k2
( d3 02 +d1 +d4 5+ 1 _p?)Ug,eeazaE[Hvk—v ("))

- (d2wﬁﬁ - Lfg,a:(d4rz05 +ds 1
1—

) Bl 0]

4 1 g2
~ (s~ Lygaldursa+ ds ") ElJ* — 1 © 2]

1
(=

2

9

dg 0

_p)( fa;+2M2 gx9)72a2
2 2 2 )‘2 2 2 /82

+ 2d1 (O—fﬂ + 2M 0—9790) ?Oé + 2d20'g79906

where the last equality uses the fact that 02 = 02 = (Uf - + Mo ; 20) 22 2> as shown in Lemmas

16, 21, 22, and the definitions of 02, 02,02 in Lemmas 16, 17, 18. Furthermore, when the
followmg conditions hold

d
?07'04 (1—-7al)— d1q37'2a2 - d2psT2a2 — dgTy72a2 — d47‘y7'20z2 >0, (84)
Mg 4 1 92 A2 72 2ds ~?
dy g - 4C§,x9(d47“z04+d61 — p72) 2(— d3 L 2t gt gt o 2)03,99042 >0, (85)
4
Aot = Lygao(darzo +do—1") 20, (86)

o2 = Lygaldir-a+ do=—1%) 0, (87)
we derive that
E[VF] <E[V*] - 5 TAE[[Ve (@]
- (%d3+d4+12(_16 )(0F, + 2M%0 xe)% 2 (88)
+ 2dy (07 g+2M?07 4g) 5 *+2dy0? z o?,
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where we recall that the coefficients dy, d1, da, ds, da, ds, dg of the Lyapunov function (23)
are given by

802 TO 802 TO a T
d :17d :A’d — % I+L 7—77(1 = —
0 1 PR ( PN fox )weﬁ 3=,
dy = (Lygpdsr. + dige + daps) 640" ds = 2(Lyg4dsrs + digy + dopy) 20 (89)
4 = a3z 14x 2Px) 74,45 — a3z 14x 2Px) — 5 >
fg (1—p)4 fg (1= p)
1602
d6 = (Lfg,xd3rz + dea: + d2pa:) 3"
(1—=p)

Next, we proceed to find the sufficient conditions for the step-sizes to make the conditions
(84)-(87) hold. To this end, we first recall that like (52) the term Lyg zd3r, + digs + dop, in
d4 can be simplified as follows:

3202 L 412
g,20fg,0 q,0
— 1+

Ly zdsr, +dige +d = (L 4 90y 1
fg,x3T 2 19x 2Pz ( fg,x Mg Wg )) (90)
2o
Then, ds, d4, ds and dg can be simplified as follows:
32C?2 oLrgo. Tau 64Ty 4o 16102
d2:(Lfg,z+ 9712 ! ) 7d4: 4 745 5 = L4 ’d6:L3~
% wpfB (1—p) (1—-p) (1-p)

Now, we can derive that the condition (84) holds if

VN 1 (1- :0)2
@ Sup = min { 27L° 32p1/2(7L)1/2 }7 o1
A >48L1;Cg’wm, (92)
9
e R (93
v =24LTa, (94)

where ¢ is given by (90) and 0 < 7 < 1. Besides, based on the condition (94), a sufficient
condition to make the inequalities (85)-(87) hold is

4/3 1/3 ~2/3
v <uly = min{4cg,xe (1—p)3(zL)"% (1-p) P(rr)Y Cg,/a:e
X W2 — = ) ’

2 1/3 2/3

5 0'9799 6(,0 / 3801/30-97/99

2
(1— p)*3(Lr)"/3 32C2 4L1g0 L) (1-— p)4/3(LT)1/3} (95)
1/3 2 9, ’ 1/3 ’
4991/3Lfg,x Hyg ALy,
T
200g’99
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By combining Lemmas 15-18 and the conditions (92)-(95), we have the following condition
for the step-sizes A, 3,y

1 48L,«C
min § —, Mig >\ > el (96)
tg 2007 gg Hg
] 2 tg + Lgg } 6 Lo+ 322 9,20 Lgge 1/2
min , = s> 02 + L TQ, 97
e P SR I (o7
min{1,u5} > v >4L1a, (98)

where the selection for A, 8 and v can be guaranteed to be nonempty, if the step-size «
satisfy the following condition

2
: 2 HgtLge
mln{l, % 2 } min {ﬁﬁ%ﬁ, Sy | Wo (99)
’ 3202 L ’
967 Ly Cg,x@ 127( g,ig f9.0 +Lfg,x)1/2L0*
g

min{1, u)} ;oA {
——== o < Uy = min
S 8Ly T3

As a result, to ensure that the conditions (84)-(87) hold, with 0 < 7 < 1, we can properly
select the step-size « as follows:

a < v = min u’l,M T (100)
87L

where ), ub, and uf are defined by (91), (95), and (93), respectively, and are clearly

independent of A\, 8, and . Subsequently, we can determine the step-sizes A, 8 and =y

according to (96)-(98). Therefore, under the condition (96)-(100), it holds that

E[VF]  E[VF d 2

VL BV D mpva@) ) + %, (101)

where 02GT is denoted as
2 1ds dy 2dg 9 v dy 2 A dy o B
oGt (m - +7+m)(0‘fx+2M gz@) +2 ( f9+2M g99) +27Jg’9?,
(102)
. _ 8C2 ,Ta 3202 oLfg0 ra _ ra _ 6dprya?
Where d() = ]_, d1 = Zg dQ = (Lfg,x QT)m, d = ﬂ’ d4 = W,

3202 xeLfg 0

- 4172
ds = %7 dg = 1(61;::;3 with ¢ = (Lyga + )1+ wgg'e). In what follows, by

telescoping the inequality (101) from k =0 to K and combining the fact dg = 1, it follows
that

K 0 K

1 9 2(V —V)
75 E o (zF < — > +2 2, . 103
K+14& lIVeEIl] ra(K + 1) +eaogy (103)

This completes the proof. |
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B.4 Proof of Corollary 10

Similar to the proof of Corollary 7, when the conditions (96)-(98) and (100) hold and the
step-sizes v, A, B are taken as v = cya, A = cya, 8 = cga with positive parameters ¢y, ¢y, cg
being independent of the terms K and 1 — p and satisfying

48L,C. 6Ly 32C2 4L
oy > el cg = d ( 9207790 + Lfg,x)l/%', ¢y = 4LT, (104)
,Ug UJ@ :ug
. 8C? 7 3202 L
it follows from (102) that d = 1,dy = — 22, dy = (g 2f8 Lfg) g+ s = 5 are

g
independent of the step-size o and 1 — p. When the parameters c., ¢y, cg satisfy (104) and

their values are properly selected, the conditions (96)-(98) always hold. For example, a
96L,x Cy 2o

sufficient condition for the upper bounds of the parameters c,, cy, cg could be .

T > C),

12L9* (320g a:OLfg 0
w ug

dy = O(y%ads),ds = O(yads), which ensures that dy < Rdg,d@ < Edg under a large

number of iterations K. Thus, the term ogr in (102) can be further derived as

+ Lyg.)?1 > ¢p, and 8LTa > ¢,. In addition, from (89) we note that

4 d3 ’)/ d A2 d2 B
UGTg\/mT( . T 2M3%0 9x9)7+2 ( o T 2M? geo)*+27 zeaz
<\/§(\/@(er+2MU OH)CA“‘\/@U 66/3)4-7\/*3(0’]%5%-21\/10 20)Cy = 0aT
T ) g, T 9, \/% T ) 9, Y ’

=0p
(105)
where the last inequality follows from the triangle inequality. By (71), we have that o, =
O(opg+ 0400 +0g0) and 0. = O(0f5 4+ 0426). By (91), (95), (93), and (100), we have that
u' = O((1 — p)?). Then, by this fact and the condition that v < 1 in (98), the coefficients
dy, ds, dg in (102) can be bounded as follows

:64907'7042 < 647 (u')? s ;5
(1-p)" = (1-p)

dpa dou’ 5 4
ds = < = ds = 0(1 — p), 106

1 2 1 N2 .
dy =270 IO 8 G — 01— p).
1-p7"  (1-p)

Then, for the term M in (103), it follows that

vo—yK yo
J— gi
T T

<o do®(@) + ~dy [0 — o (@) [P+ L 600 H+1dsHV<I> -2
T T m T

+1c24iHV<i>(550)—z0 +—d5iHa: — 1o + iHy — 1@y
T m T m m

270 =001 - p). o
107
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In what follows, letting

2 9V0 o) 2 25%,, (108)
and combining the inequality (105), the inequality (103) can be further derived as:
1 K 2 1
——— ) E[|Ve(@H|"] < af—— + dja. 109
1 IV <y e (109

, 1
If we take the step-size @ = min {u’, (%) 2} and the step-sizes v = cya, A = cya, f =

cga with ¢y, ¢y, cg being independent of the terms K and 1 — p, then we have

!/ !/

1

E[||o(z%)]7] < 2 3
K+1Z L I<svman P g1 o

210 4667V VO

W(K +1) K+1

Now, we proceed to analyze how the parameters in (80) depend on the terms x and 1 — p.
Firstly, combining the fact that ¢ = O(x%) by (90), we set 7 = O(k™4),u' = O(k73(1 — p)?)
and ¢y = O(1),cg = O(1),¢c, = O(1) in terms of Kk and 1 — p. Furthermore, when we
initialize the outer-level variables as z{ = :c Vi j eV, ie., ||:U0 —1n ®2%|% = 0, we can
derive that V0 = O(x%), and V? is 1ndependent of the term = by (107). Thus, with the

result 67 = O(op + ﬁ o) in (105), it follows from (110) that

K3

K3 1
K+1ZIE Vo (z O<(1—p)2K + \/E(aerﬁaC)), (111)

Where snnllar with Corollary 7, the terms o, and o. can be derived as o, = O(I{QO'fg +

/120'_(] 00 + /1209 9) and oc = O(0f 4 + Kog29) by (105). This completes the proof. [ |

Appendix C. Proof of Supporting Propositions
C.1 Proof of Proposition 3

Lipschitz continuity of 0] (x). Recalling the definition of 8 (x), the expression of 0 (x) is
given by (Ghadimi and Wang, 2018)

V0; (2) = ~V290: (2, 0; (x)) [V3ggi (z,0; (2))] .

Following the strong convexity of g; and bounded Jacibian of Viegi in Assumption 5, we

have o
I96: @) = || 930 (. 6 (2)) [Vogi (.07 )] || < =22, (112)
g9

which implies that for any z, 2/,
o) — @) < S22 o — ).
g (113)
N——

£ Lgx
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Lipschitz continuity of v} (z). Recalling the definition of v; (z,6), we have that v; (z,0)
admits the following expression

Ui(J:a ‘9) = [Vgagi (:Ea 0)] 71V:vfi($’ 9)

Letting « and 2’ be any two points in R” and considering the case § = 0 (z) and ¢’ = 6;(2'),
it follows that

lvi(, 0) = vi(a', 6|

(a) _ _
<[V 3p9i(x, 0)) " Vo filw,0) — [V3ggi(w,0)] ' Vafi(a',0)]|
+ H [vgégi (xv 9)]_1V9fi($/, 0/) - [Vgegz‘ (x/7 91)]_1v9fi (‘7:/7 HI)H

(b) 1 / /
<—|IVofi(z,0) — Vo fi(z',0)]|
Hg
C 2./9/—1 2 0 (2.0) — V2 (2.0 2 9—1 (114)
+ Cyoll[Vaegi(2',0)] ~(Vaggi(z,0) — Viggi(z',0'))[Viegi(x, 0)]

(©) 1 Crolos
<;Lf,e(llw—:r’ll+||9—9’\|)+Jﬁizg,(n
g

z—a'|+0 -0

g
Lo CroLgos
= (ZL0 4 ZLOZa 00 (1 — o | + |16 - 6'))),
Ng /ng
2L,

where step (a) follows from the triangle inequality; step (b) uses the upper bound of the
Hessian-inverse matrix with the parameter ig related to the strong convexity constant as
well as the boundness of Vyf;(x,0(x)) under the case § = 0} (x) and 0’ = 6 (2') with
Assumption 2; step (c) follows from Vgggi in Assumption 5. Then, recalling the definition of
v} (z), we know that v} (z) = v; (z, 0} (x)). Thus, given any two z, &/, by taking 0 = 0} (x)
and ¢ = 07 (2) in (114), it follows that

[0 (z) = vf (2) || = [Jvi(=, 0} (2)) — vi(2’, 67 (=) |
<Ly (||l = 2| + |6 (z) — 6 («")||) (115)
gLv (1 + LG*)

/
}(L’—.Z'

)

where the last inequality is due to the Lipschitz continuity of 67 (z) (c.f., (113)).

Lipschitz continuity of V®(z). Letting z and 2’ be any two points in R™ as well as
0 = 07 (x) and 0’ = 7 (') and following the definition of Vf; (z,6) and the triangle inequality,
we have
IV fi(z,0) = Vfi(a!,0)|| <[V filz,0) = Vafi(z',0')]]
+11V209i (2, 0) (vi (. 0) — vi(a’, )] (116)
+[[(Vaggi(2, ) — Viggi(a',0')vi(a’,6")]].

Utilizing Lipschitz continuity of V, f; in Assimption 2, the boundness of Viggi in Assimption
3 and Lipschitz continuity of v;(z, 8) (c.f., (115)), the first two terms on right hand of (116)
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can be bounded by

é(Lf@ + ngngv) (Hl’ — .T/H + HH — QIH) .
Note that for the case 8 = 0 (z) and ¢’ = 6;(z'), we have ||v; (2/,8")| < %g" by employing the
boundness of the Hessian-inverse matrix V2,g; and the gradient Vo f;(x, 07 (z)) in Assumptions
2 and 3. Then, combining the Lipschitz continuity of Viagi in Assumption 3, one can obtain

CroLg.s
[(V20g: (@.0) = Viggs (@',0) ve (2, 0) || < =22 (= /]| + 6 = 0]

Then the inequality ||V fi (z,0) — V fi (2',6)|| < Ly (|lz — 2’| + |0 — ¢'||) can be derived by
integrating above inequalities, with L; defined in (15). It is noted from the expression of
V®;(z) that V®;(z) = Vf; (z,0; (x)). Then, given any two x, 2/, by taking 6 = 07 (x) and
¢’ =0} (2') in (116), we can employ the result (116) to derive the following inequality

CroLlg * *
[V®i(z) — V&;i(2')|| <(Ljw + CyuoLo + %) (llz = 2| + |67 (@) — 67 (=")]])
g

CroL
<(Lpo + CoaoLo + 122920 (1 4 L) (118)

Hg

/
e =],

=

where the last step uses the Lipschitz continuity of v} (z) (c.f., (115)). Combining the fact
that ®(z) = L 37, ®;(z), we can derive that V®(z) is also L-Lipschitz continuous. This

completes the proof. [ |

C.2 Proof of Proposition 4

By the strong convexity of g; in # in Assumption 3 and the boundedness of V fy(z, 87 (z)) in
Assumption 2, it follows that

i 65 @) | = 11300 (2,65 ()] Vo fi (2,07 (2)) | < ij-

This completes the proof. |

Appendix D. Proof of Supporting Lemmas
D.1 Proof of Lemma 5

By the definition of ®;(x), we can compute its gradient as
V; (x) =V fi(z, 07 () + VO (2)Vy fi(z, 0] (x)).
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Then the term 37| [|[V®; (z) — V® (z)||* can be bounded as
SV (@) - v <2ZHV9 )WVofix —fzve* ) Vo fj(x, 05 ()|
i=1

+22Hvxfz ——vaf]xe* )|

(119)
For the first term on the right hand of (119), it follows that
Z 1967 (2) Vo i, 67 () — > V05 () Vo fy o, 65 )
7j=1
<2Z 196; ) Vo e, 07 ) = - > 907 2) T 5y, 65 )|
7j=1
+ 22 Hf 2 (V03 (2)Vo f;(x, 0] (x)) — VO () Vo fy(x, 0 ()] || (120)

(b)
L2max {90} @)} +2ZH—Z (V0 (@) Vo f; (2,05 (2)) — V6; () Vo fy (. 65 )] |

where in step (a), we add and subtract the term = >, V7 (2)Vyfj(z,0;(z)) and apply
Young’s inequality; step (b) leverages the bounded data heterogeneity stated in Assumption

4. In what follows, we derive an upper bound for the last term on the right-hand side of
(120) as follows:

Z H*Z D)V, 05(2)) — VO (@) Vo (2,05 (2))] |

7=1
@, 1
ZZ V05 ()| Vo fy(z, 0 () — Vo f;(x,60; ()|
i=1 j=1
1 m m
+2-3 > [ Vofi(x 05 D[ V05 () — V5 ()] (121)
i=1 j=1
() 1 . . ( «
ZZL%HVQ (2)]1%]|65 () - 6 ()| +2*ZZCNHV9 — V0 ()|
=1 j=1 i=1 j=1
1 m m 1 m m
<2maX{Lf9||V9 }%ZZHH;(:U)—Qf(x)HQ+2RZZCJ%79“V9;(:C)—V@;‘(:L‘)HZ,
i=1 j=1 i=1 j=1

where step (a) adds and subtracts the term V6 (2)V f;(, 07 (z)), applies Young’s inequality,
and then proceeds by using Jensen’s inequality and the Cauchy—Schwarz inequality. step (b)
employs Lipschitz continuity of Vg f; and the boundness of Vg f;(x,0;(x)) in Assumption 2.

48



DSBO: IMPROVED COMPLEXITY AND HETEROGENEITY ANALYSIS

For the last term of (121), Noting that V8}(z) = —V2,g; (z,0} (z)) [Veegi (=, 05 (x))] ", we
arrive at

IV6; () — Vo7 ()|
<2([ V249, (2,05 (2)) [Vongi(x, 0} ()]~ [Viggi (2,07 (2)) = Vigg; (2, 05(2)) ] [V3gasw, 0; (2)]
+2([V249; (2,07 (2)) = Vg0 (,0; (2)][Vieg: (2,0 ()] |

0219 * * 1 * *
<2 2’4 IV509: (.67 () — Vio9; (x,9j(x))ll2+2ﬁllviagi (x,6; (2)) — V3gg; (2,05 ()
9 g9
<( g’ﬂ 0 4 4 S () = 65@) | + 4= Vg, 03 ) — Vg .65 (@)
g g g
Mznvxggx 05(2)) — Vg, (x, 05(2))]2, (122)

which implies that the last term of (121) can be bounded by

1 m m
2070 — > > |[V6; () — V6; ()| (123)

i=1 j=1

c?,c? L? C Cc?,C? C?
f,.0~ 9,20~ 9,00 f9 9@9 * * 2 f,0g,26 ;2 f,0 42
g i=1 j=1 9 9

As for the second term on the right hand of (119), we bound it by

Z Hvzfz z, 9* Z xfg )”2 (124)
i=1 j=1

<2Z||V$f1 Z (,0; (x))|1”

=1

+2ZH§LZ (V230650 - Va0 67

()
o +2fZZ||vfo:c9* )=V fi(z, 07 (x)]]° < +2L2x ZZH@* 05 ()%,

i=1j5=1 zlzg

where step (a) adds and subtracts the term 1 > ie1 Vo fi(x,0f(x)) and applies Young’s
inequality; step (b) employs the bounded data heterogeneity in Assumption 4; step (c) comes
from Lipschitz continuity of V, f; in Assumption 2. In addition, utilizing the strong convexity
of g; in 6 in Assumption 3, we further derive that

1 m m
EZZH@;( i ZZ QHng ) = Vogi(w, 07 ()| (125)
i=1j=1 = 1] 1
2 1
:*EZ 2HV99z — Vogj(@. 05(2)) || < 502,
i=1 j= 1 Hyg
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where step (a) uses the fact that Vg, (x, 0 (z)) =0,i € V.
Then, by substituting the results (120), (121), (122), (123), (124), (125) into (119) and
rearranging the terms, we have

DIV (2) - Ve ()|
i=1

<4b% + 4H1?X{||V9i (z)|I7}bF + 16—"7"—b, + 16 —-b;

Hg Hg
CQ CQ L2 C2 L2 1
* 2 0~ g,20"g,00 0~ g,20
+ 4( L3, + max{L36l|V9; ()]} + 47 S 14 fﬂ;“‘ )?bg (126)
g g g
CQ 02 02 02 L2 LQ CZ 02 02 L2 02 LQ
Hg Hg Hg Hg Hg Hg Hg
£C1(pg,Cg,z0) £Cy (pg,Lf,5,Lf0,Lg,20,Lg,00,Cf,0,Cg,20)
where the last step is due to the bound of V& (z) as follows
C2 o
2 -1 )
IV )1 = 1209267 () Tangs (67 )P < =252, (127)
g
This completes the proof. [

D.2 Proof of Lemma 15

k+1

For ease of presentation, we recall that the update of y in the case with gradient tracking

scheme in Algorithm 1 is given by
S = Wk g Rk

Let the matrix J £ % ® I, denote the average operator among nodes. Since the weighted
matrix W is doubly stochastic, multiplying the matrix J in both sides of above equality
yields

ias I L o S (128)

By applying induction, we can establish that §* = z* when the initial condition is y° = 2°.

This implies that each node is capable of tracking the full gradient z*. On the other hand,
considering the case with the local gradient scheme in Algorithm 1, we can directly observe
that y* = 2* based on (39). Thus, in both the local gradient and gradient tracking schemes,
it can be deduced that ¥ = z¥. Furthermore, by multiplying the matrix J on both sides of
(38a), we can determine the average state of the update (38a) across all nodes as follows:

ot = 78 — ragh. (129)
Since the overall objective function ® is smooth by Proposition 3, it holds that
B (&) S 20?L . .2
E[®(z")|F*] <@(zF) — TaE[(VO(Z"), §*)|F"] + 5 E[[|5* ("1 F*]
®) TQ _ ) 130
<o(@b) + TE[Ve@) - 2|7 (130)

T _ T 2
- 7HV(1>(96"3)||2 -5 1= Tal)E[|7"]71F),
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where step (a) uses the recursion (129); step (b) holds due to the equation 2a™b = ||a||? +
16| — ||a — b||?; and Young’s inequality as well as the fact that ¥ = 2*. Then taking the
total expectation yields the desired result. This completes the proof. |

D.3 Proof of Lemma 16
Recall that the update of z¥*1 in (38g) is given by: zF = s¥ + (1 — 7)(2* — s¥). Then,

considering the update (38g), we can obtain a recursive expression for the term V&(zF+1) —
ZF*+1 by introducing the terms E[5%|F*] and V®(z*) as follows:
Ve(Et) — 2 =@t — (3 + (1 -y (2" - 5Y)
=(1 =) (Ve(z*) - 2°) + 1(VO(z") - E[s"F")) (131)

+ Y (E[s*|F¥] — 5%) + Vo (zF ) — v (zF).

Taking the square norm on both sides under the conditional expectation of F*, it follows
from (131) that

E[|Ve (@) — 25| 7

1= (VBE) = 2) + (V") ~ E[F|FY) + Vo) - Vot || 7]
+ VE[IE[F* - 317

a

—~
=

A= IVE) - 2 + 20| Vo) ~ B+ 2 VR - VR (3

_ k2
+ 7 E[|E[*|F*] - 8*|71F)

—

C

<AL= NVe(z*) - 2*|° +2v(| V(Z*) ~E[s"| F*]||?

=

212 _ )
+T 20|\ §* P+ B[ E[5*| F*] = 5" 7| F¥],

where step (a) holds due to the fact that ¥ is independent of 2¥ and E[5¥|F¥] is an unbiased
estimate of 5%, with the additional assurance that the samples in each node are independent
of each other; step (b) is derived by the convexity of l3-norm and Young’s inequality with the
condition 0 < v < 1; step (c) follows from Lipschitz continuity of V& derived in Proposition
3 and the recursion (38b). Next, we will bound the last term in (132). Note that from the
recursion (38f) that

E[5*|F¥) — 5% =JV, F(2*,0%) — JV2,G (2", 0%)vk

R 133
— IV F(a®, 051, F) + TV2,G(aF, 0F; b )o® (133)

Taking the square norm on both sides of (133) under the total expectation, it follows that

_ _ ~ 2
E[|E[s*| 7] — 5% DR[| V. F(2*, 05) — JV.E(*, 0% )|”]
+E[lTV2,G (@, 0)0F — TV2,G(at, 0% k] (134)
(b) 1 (1
< W(mJ}Q’,x + ”kaZ gx@) < m(gfm M2 gm9)
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where step (a) uses the independence between the samples ¢5 and ¢§ and unbiased estimates
of stochastic gradients in Assumption 5; step (b) follows from the bounded variances in
Assumption 5; step (c) is derived by the following fact

|| k||2<2 [o* (2 )II2+2 lo* —v*(z )II2<2J\42+2 lo* —v*(@*)|* £ M2, (135)

with the last step following the result that ||vf(z¥)|| < M in Proposition 4. Then, taking
total expectation and combining the upper bound (134), we reach the result (25) as follows:

E[[Vo(@+!) - 21" <(1 - B[ Ve(*) — 24+ 2% oE[|VO(z*) ~E[s*|F*]||?]

~—
érz
217 1 ~2
+TT 2PE[|| 517+ (Uf, + Mo gm@) 2042-
N N
éry —Og

(136)
In what follows, we will derive the remaining result (26). To this end, by the definition of
V& (z*), we first have

VO(zZF) = IV F(1,, @ %, 07 (3%)) — JV2,G(1,, @ TF, 6% (7)) (v*(ZY)).
Additionally, it follows from the recursion (38d) that
E[5%|F¥) = IV, F(a*, 6%) — JV2,G(z*, 6% )"
Thus, the term V®(z*) — 5% can be expressed as

Vo(z*) — B[5%|F*] =JV.F(1,, @ 7%, 0*(z%)) — IV F(z*,0%) + JV2,G(zF, %) (v* (z%) — vF)
+J(V2,G(2F,0%) — V2,G(1,, @ 7%, 6% (z%)))v* (Z%). (137)

Then taking the square norm on both sides of (137) under the total expectation and employing
the inequality ||a + b||? < 2||a||? + 2||b||? as well as Jensen inequality, we get

E(|Va(zF) - E[s" 7|’
CE[|VoF (1, ® 3%, 0% (%)) — Vo F(z*,0%)|]

B[ V3Gt 007 (24) + V3G, 6504 ) (138)
+4LE[II—V39G<1m®f‘“ 0% (&%))o" (&%) + V2,G (", )0 ()]
_ N 2 1 ka2
<(2L%, +4M2Lgxe) E[l|a* ~ 1 © 2°|* + 6% — ()| ]+4C§,I%E[Ilvk—v @)1,
éLfg,ﬂc

To obtain the last step, we use Lipschitz continuity of V, f; and V2 “p9i in Assumptions 2 and
3 as well as the boundedness of ||v(z¥)|| in Proposition 4. This completes the proof. [
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D.4 Proof of Lemma 17

We note that the term E[[Jv*T! — v*(zF+1)||2|F*] can be expanded as

E[|Jo"*! — o* (@[ F*] = E[|l* - i(ﬂ?“k)HQlfk] +E[lv*(2*) — o (@171 7]
2AY
+ E[Z(ka — v*(j:k), U*(.fk) — v*(£k+1)>|]~"k] .

A Av
_A2

(139)

We then aim to bound the term Aj. To this end, for reader’s convenience, we repeat the
argument on the recursion of v**! in (38b) by combining (38e) as follows:

P (1= AV, G, 05 )t + AF(aH, 8%,
Substituting the above expression into the term AY, we get
AV =E[|[(I - AV3,G(2*, 0% €5) o + AV E (2%, 0% ) — v (2%) || 7]
=|[(I = AVZ,G (2, 0F))ok + AV F (¥, 0%) — v (2%) (140)
+A2Emv39é(xk,ek;gg)u’f—vggc(xk,ek)vk+v9F(x’f 0%)— Vo (a*, 0%; oF)| 12| F¥]
< = AV3G(a*, 09)0F + AV F (2%, 05) — o (2%)|° + m(03 5 + M202 ) X2,

where the last step follows from the bounded variances in Assumption 5 and the inequality
(135). Noting that v*(z*) admits the following expression

o (@) = [V3G(Ln © 2, 0°(24)] " Vo F (L, @ 2F,07(24)), (141)
then we have that
(I — AV2,G(z*, 0F))W* + AV F (zF, %) — v* (z%)
=\(VoF (z*,0%) — VoF (1, ® 7, 0% (7)) + (I — AV3,G(2*,0%)) (vF —v*(3%))  (142)
+ MV2,G (1, @ T%, 0% (3F)) — V3,G(F, 0))v* (z9).
With the above expression, the first term on the right hand of (140) can be bounded by
(I — )\VQQG(wk 0)) ok + AV F (2*, 0%) — ’U*(J_,‘k)HQ

2

—

L0+ 12 (1 AV Gt )0 — o ()

1+ jwnvmx O%) = VoF (1, @ 3%, 0%(2))

g
P20 2N (V3,61 © 7,00 (7)) — V3G, 0%))o" (@)
3 PgA ’ ' (143)
(b) ,u o/ k2
<+ 2221 — g2 - (@)
3
+ (1 + ) LA [|a* — 1 @ 28 + [16F — 07 (2")[|")
pgA” "
L By PN s — 1 e 2P 4 105 — ()|
+ (L )1+ B L2 o MR 0k — 1 0 2% + | @7,
g
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where step (a) uses Young’s inequality twice and step (b) follows from the strong convexity of
gi, Lipschitz continuity of Vg f; and V2,g;, and the boundedness of ||v} (z*)||. By considering
the condition 1 — Apg > 0 and rearranging the terms, we can further derive from (143) that

(I — AV2,G(z", 05))oF + A\VoF (2", 0F) — v*(z0)|| (144)

g k2 2 32 wr 2
<( —%)(1—/@%)\@’“—0 (@) o (2L} 6 +4M>L] gp) [[|2" =1 @ 2| +[|6F — 6*(2")[ ).
g

2Lgg,0

Besides, substituting (144) into (140), we reach an upper bound for the term A} in (139) as
follows \
2
AT <) (1) o o @) P (14 202) 3%
2\ k —k 2 k  pe/=ky 2 (145)
+ " —Lggolllx" —1m @ 2%+ (|67 —0"(2")]|"].

Now, we analyze the term E[||v*(z¥) — v*(Z"*1)||?] in (139). Employing Lipschitz continuity
of v} (z) in Proposition 3, the recursion (38a) and the upper bound of the variances in (25),
we have that

/= _ _ 2
E[lv* (2%) — o ()| F*] < mELE[|la* — 25 P17 < me2e L2 |57 (146)

It remains to analyze the term A4 in (139), which can be rewritten as the following expression
by leveraging Cauchy-Schwartz inequality

I A v 3 * (5 *(7 2
AT+ [0 (@) — ot @A (147)

Ay <
23 )

Furthermore, together with the results (139), (145), (146), (147), we reach an evolution
for E[|[vF*! — v*(2F+1)||2|F*] as follows:

Eflo* ! — o* (@)
a)
SO+ B0 B0 ) ok o @)

g 2\ _ ka2
+(1+ g )u Ligolla® — 1, @ 2| + 0¥ — 07()|]
22,7202 N
=gt +

oA

—~

figA y
+ (14 =)m m(1 4 M?*)\’o? (148)

(b) . AL ¢y 0\ 2 . 2
<= peN)[[oF =" @) + =L af k- 1, @ 28| + (|08 - 07(a8)|7]
g
L0
2L2. A2
+ 3 m7??||gF||* + m2(0F 4 + M? Ugea) o?,
v
éQS :‘712;
where in step (a) we denote @ £ %2, and in step (b) we use the fact that pgA < 1. This
completes the proof. |
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D.5 Proof of Lemma 18

The main idea to prove the evolution of the inner-level errors E[||0%T! — 0*(z*+1)(|2| F¥] is
similar to the one used for the Hessian-inverse-vector product errors. We start by decomposing
the inner-level errors as follows

E[|0*+1 — *(z*+1) |*| 74 = B[ o+ - 0:( 517174 +EL
240
+2R[(OF T — 0% (3F), 0% (zF) — 0% (1)) | FM].

L A0
_A2

“(7F) — 0* (#) H |41

(149)

As for the term A, we have that

O =07 (z") =0 — BVG(1y @ 3*,0%) — 0%(2*) +B(VeG (10", 0%) = VoG (2", 0% €T)).
(150)
Taking square norm on both sides under the conditional expectation F*, we have

—E[|0* — BV4G(2F, 0F; ) — 0* (%) | *| ]
—[|0F —BVeG(Lm @ T, 0%) — 0% (@")|| + BPE[VoG (1 @ TF, 0F) — VoGi(a*, 0F; €F)| FF)
+2B(0% — BV4G(Ly, @ 3%, 0F) — 0% (%), E[VyG (L, ® 3, 0F) — VoG (2*, 0%; €F)|F1)

—~

a

1
<(1+ Bwy) |6 — VG (1,, ® ZF, 9’“)—9*(:&’“)]\2+(6+;)6L§,9Hx’“—1m ® % + mp%o;

N

b 2
< (L4 Bup) [0 = BVeG (L @ 3%, 0%) = 0° (@) " + —BLg[la" = 1 ® |+ mpo2,,

(151)
where step (a) uses the variance decomposition and Cauchy-Schwartz inequality with param-

_ :u‘ng,Q
eter wyg = gt L)’

3 and the condition that 8 < w%) in (29). Next, we proceed in providing an upper bound for
the first term on the right hand of (151) as follows:

—
=

and the step (b) comes from Lipschitz continuity of Vyg; in Assumption

16% — BV4G(1m ® T*,0F) — 0% (%))
@H@"“ - 9*(9?'“)H2 + B2IVeG (Lim @ 3%, 0%) — VoG (1, @ 3, 9*(5’“))\\2
—2B(VG (1, @ ZF,0%) — VoG (1, @ TF, 0% (7)), 6% — 0% (%))
2

( gL 2 2
12819790y gk _g* +(8 ————)B|IVeG(1,, 2", 0%) =V G(1,n 7%, 0% (Z*
<t-28 +Lgy)H @)1+ (8 MngLgﬂ)ﬁll oG ( )—VoG( @M

(c) M L 9 /— 2
<(1—28—2225) 16" — 6*(2")II",

152
1o+ Lyo (152)

where step (a) uses the fact that VyG(1,, ® z¥,0*(z¥)) = 0; step (b) come from the strong
convexity and smoothness of g; in Assumption 3; step (c) holds due to the step-size condition
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B =cga < Then, plugging (152) into (151) yields

Hg +L 0
AD <1+ Bug)(1 — 28 HoT00_y g0 e*<fk>||2+<ﬁ+i>ﬁm||x’f—1m®f’f|ﬁ+mﬁ%%
tg + Lgo wp' I
3, tgLgo k_ g k 2
<<1—5ﬁ—+L )6F —6"@)|” + = BL ollet = 1, @ 2 + mp2o (153)
9

In addition, note that the inner-product term in (149) follows that
E[fj6" (&%) — 0°(@*)*1 7] < mLd.r20?5 . (154)

Next, for the term Af in (149), by Cauchy-Schwartz inequality, we have

1 .o .o 2
Ab < wBAY + mE[IIH (%) — 6" (@) ||| 7. (155)

By leveraging the results (153), (154), (155), the inner-level errors E[[|0%T! — *(z++1)[|2| F¥]
can be bounded as follows:

E[[loF+! — o (2F+1)|*| FH) (156)
3 :U’QL k xr=k\ |2
<(1 1—-pf—F—2—
(1 + wpB)( 26 2ot Lo )|[6% — 6% (z")||
+(1+weﬁ) L2glla* = 1 @ 277 + (1 + weB) B20” + (1 +7)Lew 22| g|°
tgLg o . 212,
<(1- “"igﬁ)\le’f—f) (@) +m =2 20?5k (157)
tg + Lgo X 96,
éqs
412 .3 2
—957 G|z — 1, ® fk\|2+m20§95—2 a?,
weQ e’
~—— S——
éqz éo-g

where the last inequality is due to the fact w3 < 1 and cg = g This completes the proof. B

D.6 Proof of Lemma 19

k+1 as follows

First, let us recall the recursion of x
2" = (1 — )2k + T Wk — ayb),
by which, we have

1l @3 = (1= 7)(@" ~ 1 @ ) + 7(W = T)(@" ~ 1 @ 7%) — a(y® — 1 @ 7))
(158)
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where J = Ll ® I,,. Then employing Young’s inequality with parameter 1 > 0 yields

E[kaJrl . 1m ® jk+1|’2’fk]

<=+ To)lleb = 1 0 P + 71+ —D)Wak — ayf — (L © 3F — agh)|?

<= 1 O P+ W - ) (0 —1m®x>—a<yk—1m®@k>u2

<=t = 1y &3P + 71+ )W = TPla* = 1 © P + 701+ Dl = 1 @ 71
1 270

U= Ot — L@ P+ Tt~ L@ g, (159)

where the last step takes n = 12;pp and uses the fact that [|[W — J||* = p. Taking the total
expectation, we get the desired result. This completes the proof. [

D.7 Proof of Lemma 20

For the term |y* — 1,, ® ¥*||?, we can further split it into

ly* — 1, @ g¥||? <Hy'“H2

Zuyz ) + VO, (2") — Vo(h) + V(b))
=1

<33yt - ) +32||v<1> Vo ()| +3m|| Vo (zH) |
=1

BN Iyt — vai(@)|” + 362 + 3m || Ve (z*)|

=3||VB(z*) — 2*||* + 362 + 3m|| VB (2|2,

(160)
where the second inequality follows from Lemma 5 and the last step holds due to the fact that
y¥ = 2 under local gradient scheme (39) and V®(zZ*) = col{V®;(Z*)},. Then, taking the
total expectation, we get the desired result. This completes the proof. |

D.8 Proof of Lemma 21

k+1

According to the recursion (40), we have that the update of y"™* can be derived as

S Wk 4 Rk
which further gives that

Y1, @ g Wy R R 1 e (g 2 2R

=W - =1, @7°) + (I — T) (2" = 2F). (161)
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Then taking the square norm on both sides of the above expression under the conditional

expectation F* and using Young’s inequality with the parameter 7 = 12;;, we have

_ 2
Elly" ! — 1, @ 57| 7]
.2 1 2
<SA+)IW = TPly" — 1m @ 7°|I” + (1 + E)HI — JIPE[|| 2 = 2%|7 | F¥) (162)

L4+p, 4 k2, 2 k k2| 7k
S Y = lm @y +pr[||Z MR (Vg

where the last inequality uses the fact that |[W — J||2 = p and ||[I — J||* < 1. For the last
term in (162), it follows from (38g) that
Pk (VR — ) 4 (B - VBN +(F — E[sHFY),  (163)

which further implies that

2 = 2
E[|2" — 28717 <29?|Ve(z*) - 2*)|

- . (164)
+29°|VO(z") — B[s"|FH|1° + m(o}, + Moy 19)7.
Substituting the above inequality into (162) leads to
2
E[lly**" = 1, @ g 7| 7]
1+p _ 4 =
L -~ @I + V() — B[P
A 5 ) (165)
B (7k k2 y 2l
+ E’YZHV‘I’@ ) — 2" + =, (0F 2+ MQU;,M)E a?,
ég;
which completes the proof. [
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