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Abstract

The world we live in is extremely connected, and it will become even more so in a decade.
It is projected that by 2030, there will be 125 billion interconnected smart devices
and objects worldwide. These devices are capable of collecting huge amounts of data,
performing complex computational tasks, and providing vital services and information
to significantly improve our quality of life.

My research develops theories and methods for distributed machine learning and
computation, so that future applications can effectively utilize vast of distributed re-
sources such as data, computational power, and storage to become faster, smarter, and
more robust. Specifically, the main research objectives and innovative claims include:
1) Theoretical Foundations for Distributed Machine Learning

The first part of this thesis focuses on theoretical guarantees for distributed learning
and majorly answering the following question: if the agents can only access the gradients
of local functions, what are the fastest rates that any distributed algorithms can achieve,
and how to achieve those rates?

First, we show that there exist difficult problem instances, such that it takes a class of
deterministic distributed first-order methods at least O(1/1/£(G) x L/€) communication
rounds to achieve certain e-solution !. Then, we propose (near) optimal methods whose
rates match the developed lower rate bound (up to a ploylog factor). To the best of
our knowledge, this is the first time that lower rate bounds and optimal methods have
been developed for distributed non-convex optimization problems. Next, we propose
stochastic algorithms to further minimize the number of local data samples needed to
be accessed, using the novel variance reduction type of ideas. We show that the proposed
algorithm significantly improves upon the existing works and achives the best known
sample complexity.

2) Machine Learning Advances for Wireless Communication

In the second part of the thesis, we design a novel machine learning-based strategy

e (G) denotes the spectral gap of the graph Laplacian matrix of the underlaying network, and L is
some Lipschitz constant.
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and apply the theory and algorithms developed in Part 1, to improve the real-time per-
formance of modern 5G wireless systems. This task is strongly motivated by the urgent
need to design revolutionary network infrastructure and advanced wireless resource al-
location strategies, so that future generations of a wireless network can cope with the
exponentially growing demand for wireless data.

In specific, we develop a new approach that enables data-driven methods to contin-
uously learn and optimize in a dynamic environment. We propose to build the notion of
continual learning (CL) into the modeling process of learning wireless systems, so that
the learning model can incrementally adapt to the new environments, without forgetting
knowledge learned from the previous environments. Our design is based on a novel
bilevel optimization formulation which ensures certain “fairness” across different data
samples. We demonstrate the effectiveness of the CL approach by integrating it with
two popular DNN based models for power control and beamforming, respectively, and
testing using both synthetic and ray-tracing based data sets. Numerical results show
that the proposed CL approach is not only able to adapt to the new scenarios quickly
and seamlessly, but importantly, it also maintains high performance over the previously
encountered scenarios as well.

To advocate the reproducible research, the code and implementation detail of this

thesis is available online at https://github.com/Haoran-S/Thesis.
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Chapter 1

Introduction

1.1 Motivation

We live in a world where virtually everything is connected. It is predicted that there will
be over 125 billion smart devices connected via the internet worldwide by 2030 !. Many
active and emerging applications will heavily rely on our ability to effectively utilize
geographically distributed resources such as data, storage, and computational power.
For example, consider self-driving cars at an intersection, given the fact that each ve-
hicle generates approximately 40 Gbit/sec of vital data (for positioning, accelerating,
braking, steering, and so on) 2, even the fastest cellular network would be overwhelmed,
making real-time central processing impossible. These and other examples from small
and ordinary (e.g. coordinating multiple smart features in a home) to large and vitally
important (e.g. regional or national power distribution) show how important fast dis-
tributed optimization, information processing, and peer-to-peer coordination will be to
the well-being of, quite literally, billions of people in the future. They reveal that in
the near future we will need a large number of distributed devices at the edge of the
network that can act as mini cloud servers, capable of processing huge local data and
to perform complex computational tasks such as real-time learning and prediction.
Challenges. However, emerging applications arising in the future smart and con-

nected world encounter significant challenges when trying to effectively utilize such

"https://cdn.ihs. com/www/pdf/IoT_ebook.pdf
’https://www.tuxera.com/blog/autonomous-cars-300-tb-of-data-per-year/



Figure 1.1: Illustration of distributed learning with multiple agents; each agent has part of the data, and they
want to utilize the data across all the agents to learn a highly non-linear and non-convex model (such as neural
networks).

distributed resources. For example, to build sophisticated intelligence into the devices
and networks, distributed processing tasks become increasingly complex. For emerging
applications such as distributed dictionary learning, collaborative deep learning, and
drone coordination and networking, the interaction pattern among the nodes, and their
local cost functions can only be modeled by highly nonlinear and non-convex functions,
see illustration in Fig. 1.1. Unfortunately, traditional distributed algorithms based on
convex models and linear interactions are no longer applicable. Further, coordinating a
large population of distributed nodes requires building efficient and flexible algorithms
that guarantee performance, while adaptive to various practical situations such as het-
erogeneity of the nodes and network failure. How to design new classes of algorithms to
meet the stringent requirements on bandwidth, latency and power consumption? What

is the best solution accuracy that can be achieved under system resource limitation?

1.2 Research Goals and Contributions

Motivated by the huge potential of decentralized information and computational re-
sources, as well as the related algorithmic and theoretical challenges, my research mainly
focuses on developing theoretical foundations and effective algorithms to enable large-
scale distributed learning and optimization. Specifically, I am interested in understand-

ing how to best design algorithms and accurately predict solution qualities, so that
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distributed agents can jointly accomplish highly complex tasks as efficient as possible.
Towards this end, my research has been, and will continue to be, focused on developing
fundamental theoretical characterization of decentralized learning, designing efficient
algorithms with performance guarantees, as well as finding applications that best illus-
trate the superiority of large-scale learning and optimization. More specifically, most

significant research contributions of this thesis are summarized below.

1.2.1 Theoretical Foundations for Distributed Machine Learning

The first part of this thesis is to investigate various issues in decentralized learning from
a theoretical standpoint. Our theoretical analysis then leads to the development of a
unifying algorithmic framework, capable of achieving the optimal performance predicted
by theory, in a fully distributed manner. Specifically, we pose and address the following

open research question:

(Q1) How to identify and provably achieve the best possible performance,

measured by rounds and bits of communication, the effort of computation, and

quality of the solution, for distributed optimization and machine learning?

Unlike the majority of existing works that develop specific algorithms, our work offers
a fresh perspective by investigating the performance limits of any distributed algorithms,
and by providing some understanding about the minimum amount of resources required
to attain a given solution accuracy. These bounds are significant because they help
identify performance gaps in existing methods and provide key insights and standards
to guide practical algorithm design. Importantly, such a theoretical investigation leads
to an algorithmic framework that settles the open question (Q1).

The major contributions we have made in the first part of the thesis are summarized
below.

In Chapter 2, for a class of distributed non-convex optimization problems, we an-
alyze fundamental tradeoffs for key metrics such as computation, communication, and
optimality, so as to recognize the best achievable performance for any distributed first-
order algorithm. In particular, we show that there exist difficult problem instances,
such that it takes a class of distributed first-order methods at least O(1/+/€(G) x L/e¢)

communication rounds to achieve certain e-solution, where £(G) denotes the spectral
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gap of the graph Laplacian matrix of the underlaying network, and L is some Lipschitz
constant.

In Chapter 3, we further develop an algorithmic framework called xFILTER, by com-
bining classical signal processing and modern optimization techniques so that optimal
performance bounds developed in Chapter 2 can be achieved via fully distributed algo-
rithms. The key in the algorithm design is to properly embed the classical polynomial
filtering techniques into modern first-order algorithms.

In Chapter 4, consider the distributed finite sum and stochastic problems, we show
that classical methods suffer significant sampling complexity and we propose algorithms
that only require the minimum number of local data samples, which significantly improve
upon the best existing bounds. In specific, for a distributed system with m agents and
each agent has a large number of samples (denoted as n), we show that, to achieve certain
€ stationary solution of the distributed finite sum problem, the proposed algorithm
achieves an O(mn'/2¢=1) sample complexity and an O(e~!) communication complexity.
These bounds significantly improve upon the best existing bounds of O(mne~!) and
O(e71), respectively.

In summary, to the best of our knowledge, this is the first time that 1) the theoretical
analysis on the best achievable complexity bounds for a class of distributed learning
problems is established [1] and 2) the optimal algorithm that achieves the best possible
convergence speed [1] or sample complexity [2] have been developed. We believe our
result could offer a comprehensive understanding of the distributed learning problem
and serve as a guideline for modern large-scale distributed system design.

Results of this direction led to publications such as IFEE Transactions on Signal
Processing [1] and International Conference on Machine Learning (ICML) [2]. The
proposed lower bound and the optimal algorithmic framework [3] has been awarded a
Best Student Paper Award at the 52nd Asilomar Conference on Signals, Systems, and

Computers.

1.2.2 Machine Learning Advances for Wireless Communication

In the second part of the thesis, we design a novel machine learning-based strategy and

apply the theory and algorithms developed in Part I, for allocating wireless resources to
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improve the real-time performance of 5G wireless systems. This task is strongly moti-
vated by the urgent need to design revolutionary network infrastructure and advanced
wireless resource allocation strategies, so that future generations of a wireless network
can cope with the exponentially growing demand for wireless data. In particular, we
have developed efficient learning models and optimization algorithms that answer the

following generic question:

(Q2) Can we leverage Deep Neural Networks (DNN) and optimization methods

to help significantly improve wireless tasks in modern 5G systems?

The key idea of the proposed approach is to treat the input and output of an existing
physical layer optimization algorithm as an unknown nonlinear mapping, use a DNN to
approximate it, and use the efficient distributed training algorithms developed in Part
I to train such a neural network, as illustrated in [4, Fig. 1]. This design strategy has
been applied to solve many complicated wireless resource allocation problems, including
but not limited to power allocation [4], channel estimation [5], Time of Arrival (TOA)
Estimation [6] and multi-antenna beamforming problems [7].

In Chapter 5, to further deal with the performance loss in the challenging dynamic
environment of modern data-driven methods, we introduce the notion of continual learn-
ing (CL) to the above-mentioned data-driven framework for wireless system design and
develop a CL formulation together with a training algorithm tailored for core tasks in
wireless communications. Our framework incrementally adapts the DNN models by us-
ing the new incoming data as well as a limited but carefully selected subset of data from
the previous experiences and ensures certain “fairness” across different data samples.
Numerical results show that the proposed CL approach is not only able to adapt to the
new scenarios quickly and seamlessly, but importantly, it maintains high performance
over the previously encountered scenarios as well.

Our work in this direction [4] has been selected as the Best Readings in Machine
Learning in Communications by the IEEE Communications Society 3, and been iden-
tified as being one of the IEEE Signal Processing Society’s most downloaded articles
from January 2018 to November 2020 for IEEE Transactions on Signal Processing on
IEEE Xplore 4.

3https://www.comsoc.org/publications/best-readings/machine-learning-communications
‘https://ieeexplore.ieee.org/document /9363504
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Figure 1.2: Thesis Organization

In Chapter 6, we draw some conclusions for this dissertation and discuss some in-
teresting open problems for future exploration. The overall organization of this thesis

is summarized in Fig. 1.2.

1.3 Notations.

Unless otherwise noted, for a given symmetric matrix B, we use Amax(B), Amin(B) and
Amin(B) to denote the maximum, the minimum and the minimum nonzero eigenvalues;
We use Ip to denote an identity matrix with size P, use ® to denote the Kronecker
product, and use o to denote the Hadamard product. We use [M] to denote the set
{1,---, M}. For a vector = we use z[i] to denote its ith element. We use O to denote
O(log(M)) where M is the problem dimension. We use i ~ j to denote two connected

nodes i and j, i.e., for a graph G :={V, €}, i ~ jif i # j, and (i,7) € &.



Chapter 2

Theoretical Limit of Distributed

Non-convex Learning

We consider a class of popular distributed non-convex optimization problems, in which
agents connected by a network G collectively optimize a sum of smooth (possibly non-
convex) local objective functions. We address the following question: if the agents
can only access the gradients of local functions, what are the fastest rates that any
distributed algorithms can achieve (cf. Chapter 2), and how to achieve those rates (cf.
Chapter 3).

In this Chapter, we show that there exist difficult problem instances, such that it
takes a class of distributed first-order methods at least O(1/4/£(G) x L/¢) communi-
cation rounds to achieve certain e-solution [where £(G) denotes the spectral gap of the
graph Laplacian matrix, and L is some Lipschitz constant]. To the best of our knowl-
edge, this is the first time that lower rate bounds have been developed for distributed

non-convex optimization problems.



2.1 Introduction

2.1.1 Problem and motivation

In this work, we consider the following distributed optimization problem over a network

M
min f(9) = 5 > ) (2.1)
where f;(y) : RS — R is a smooth and possibly non-convex function accessible to agent
i. There is no central controller, and the M agents are connected by a network defined
by an undirected and unweighted graph G = {V, £}, with |V| = M vertices and |£]| = F
edges. Each agent ¢ can only communicate with its immediate neighbors, and it can
access one component function f; (by “access” we meant that it will be able to query
the function and obtain its values and gradients; this notion will be defined precisely
shortly).

A common way to reformulate problem (2.1) in the distributed setting is given
below. Introduce M local variables z1, - - - , 23 € RS and a concatenation of M variables
r = [z1;--- ;2] € RSMX1 and suppose the graph {V,€} is connected, then the

following formulation is equivalent to the global consensus problem

M
: 1 .
xéanSnM f(z) = i i:E 1 filx:), stox; =25,V (i,7) €. (2.2)

The main benefit of the above formulation is that the objective function is now separable,

and the linear constraint encodes the network connectivity pattern.

2.1.2 Lower and upper rate bounds analysis

Distributed non-convex optimization has gained considerable attention recently and
many popular algorithms has been developed, see [8-23]. However, despite all the

recent interests and contributions in this field, one major question remains open:

(Q) What is the best convergence rate achievable by any

distributed algorithms for the non-convex problem (2.1)?
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Question (Q) seeks to find a “best convergence rate”, which is a characterization of the
smallest number of iterations required to achieve certain high-quality solutions, among
all distributed algorithms. Clearly, understanding (Q) provides fundamental insights
to distributed optimization and information processing. For example, the answer to
(Q) offers meaningful optimal estimates on the total amount of communication and
computation effort required to achieve a given level of accuracy. Further, the identified
optimal strategies capable of attaining the best convergence rates will also help guide
the practical design of distributed information processing algorithms.

Question (Q) is easy to state, but formulating it rigorously is quite involved and a
number of delicate issues have to be clarified. Below we provide a high level discussion
on some of these issues.

(1) Fix Problem and Network Classes. A class of problems P and networks N
of interest should be fixed. Roughly speaking, in this work, we will fix P to be the
family of smooth unconstrained problem (2.1), and N to be the set of connected and
unweighted graphs with finite number of nodes.

(2) Characterize High-Quality Solutions. For a properly defined error constant
€ > 0, one needs to define a high-quality solution in distributed and non-convex setting.
Differently from the centralized case, the following questions have to be addressed:
Should the solution quality be evaluated based on the averaged iterates among all the
agents, or on the individual iterates? Shall we include some consensus measure in the
solution characterization? Different solution notion could potentially lead to different
lower and upper rate bounds.

(3) Fix Algorithm Classes. A class of algorithms A has to be fixed. In the classical
complexity analysis in (centralized) optimization, it is common to define the class of
algorithms by the information structures that they utilize [24]. In the distributed and
non-convex setting, it is necessary to specify both the function information that can be
used by individual nodes, as well as the communication protocols that are allowed.

(4) Develop Sharp Upper Bounds. It is necessary to develop algorithms within class
A, which possess provable and sharp global convergence rate for problem/network class
(P,N). These algorithms provide achievable upper bounds on the global convergence
rates.

(5) Identify Lower Bounds. It is important to characterize the worst rates achievable
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by any algorithm in class A for problem/network class (P,N). This task involves
identifying instances in (P, N') that are difficult for algorithm class A.
(6) Match Lower and Upper Bounds. The key task is to investigate whether the
developed algorithms are rate optimal, in the sense that rate upper bounds derived in
(4) match the worst-case lower bounds developed in (5). Roughly speaking, matching
two bounds requires that for the class of problem and networks (P, '), the following
quantities should be matched between the lower and upper bounds: i) the order of the
error constants €; i) the order of problem parameters such as M, or that of network
parameters such as the spectral gap, diameter, etc.

Convergence rate analysis (aka iteration complexity analysis) for convex problems
dates back to Nesterov, Nemirovsky and Yudin [25,26], in which lower bounds and op-
timal first-order algorithms have been developed; also see [27]. In recent years, many
accelerated first-order algorithms achieving those lower bounds for different kinds of
convex problems have been derived; see e.g., [28-30], including those developed for dis-
tributed convex optimization [31]. In those works, the problem is to optimize min, f(z)
with convex f, the optimality measure used is f(z) — f(z*), and the lower bound can
be expressed as [27, Theorem 2.2.2]

2% — 2*||L

ty _ * < 2.3
fla) = fa") < Frga (23)
where L is the Lipschitz constant for Vf; 2* (resp. 2°) is the global optimal solution
(resp. the initial solution); ¢ is the iteration index. Therefore to achieve e-optimal

solution in which f(x!) — f(2*) < €, one needs llz= =20 &

iterations. Recently the
above approach has been extended to distributed strongly convex optimization in [32].
In particular, the authors consider problem (2.1) in which each f; is strongly convex,
and they provide lower and upper rate bounds for a class of algorithms in which the
local agents can utilize both V f;(x) and its Fenchel conjugate V* f;(z). We note that
this result is not directly related to the class of “first-order” method, since beyond
the first-order gradient information, the Fenchel conjugate V* f;(x) is also needed, but
computing this quantity requires performing certain exact minimization, which itself

involves solving a strongly convex optimization problem. Other related works in this

direction also include [33] and [34]. In particular, the work [34] is a non-smooth extension



11
of [32], where the lower complexity bound under the Lipschitz continuity of the global
and local objective function are discussed and the optimal algorithm is proposed.

When the problem becomes non-convex, the size of the gradient function can be
used as a measure of solution quality. In particular, let h% = ming<i<r ||V f(2)]|?,
then it has been shown that the classical (centralized) gradient descent (GD) method
achieves the following rate [27, page 28]

coL(f(2°) — f(z*))
T+1

ht

IA

, where ¢y > 0 is some constant.

It has been shown in [35] that the above rate is (almost) tight for GD. Recently, [36]
has further shown that the above rate is optimal for any first-order methods that only
utilize the gradient information, when applied to problems with Lipschitz gradient.
However, no lower bound analysis has been developed for distributed non-convex prob-
lem (2.19); there are even not many algorithms that provide achievable upper rate
bounds (except for the recent works [10,13,37,38]), not to mention any analysis on the

tightness/sharpness of these upper bounds.

2.1.3 Contribution of this work

In this Chapter, we address various issues that arise in answering (Q). Our main
contributions are given below:

1) We identify a class of non-convex problems and networks (P, \), a class of distributed
first-order algorithms A, and rigorously define the e-optimality gap that measures the
progress of the algorithms;

2) We develop the first lower complexity bound for class A to solve class (P,N): To
achieve e-optimality, it is necessary for any a € A to perform O(1/+/£(G) x L/e) rounds
of communication among all the nodes, where £(G) represents certain spectral gap of
the graph Laplacian matrix, and L is the averaged Lipschitz constants of the gradients
of local functions. On the other hand, it is necessary for any such algorithm to perform

O(L/¢) rounds of computation among all the nodes.
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2.2 Preliminaries

2.2.1 The class P, N, A

We present the classes of problems, networks and algorithms to be studied, as well as
some useful results. We parameterize these classes using a few key parameters so that
we can specify their subclasses when needed.

Problem Class. A problem is in class Pﬁ/l if it satisfies the following conditions.
A1. The objective is an average of M functions; see (2.1).

A2. Each component function f;(z)’s has Lipschitz gradient:
”sz(l'z) - sz(zz)H S Lszz — ZIH7 A Xi, 2 € RS, W i, (2.4)

where L; > 0 is the smallest positive number such that the above inequality holds

true. Define L := ﬁ Zf\il L;, Lyax := max; L;, and Ly, similarly.

Define the matrix of Lipschitz constants as:

L :=diag([Ly,--- , Ly]) ® Ig € RMS*MS, (2.5)

A3. The function f(z) is lower bounded over z € RMS i.e.,

f= igff(x) > —00. (2.6)

These assumptions are rather mild. For example an f; satisfies [A2-A3] is not required
to be second-order differentiable. Below we provide a few non-convex functions that
satisfy Assumption [A2-A3], and each of those can be the component function f;’s.
Note that the first four functions are of particular interest in learning neural networks,

as they are commonly used as activation functions.

e sigmoid function is given by sigmoid(z) = ——. We have sigmoid(z) > 0,
1) The sigmoid function is given by sigmoid L. We have sigmoid(z) > 0
sigmoid”(z) € (—1,1), therefore [A2-A3] are true with L < 1.

(2) The arctan function satisfies arctan(z) € (=%, %), arctan”(z) = ﬁ € [-1,1].

So [A2-A3] hold with L < 1.
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(3) The tanh function satisfies tanh(z) > —1, tanh”(x) € [—1,1], so [A2-A3] hold with
L <1,
(4) The logit function is related to the tanh function as follows

xT

e
et +1

2logit(z) = =1+ tanh(z/2),

then Assumptions [A2-A3] are again satisfied.

(5) The log(1 + z2) function has applications in structured matrix factorization [39].
Clearly it is lower bounded. Its second-order derivative is also bounded.

(6) Other functions like sin(z), sinc(x), cos(z) are easy to verify. Consider f(z) :=
—x122 + (71 — 1)2 4 (=21 — 1) where (2)% := max{0, z}?. This function is interesting
because it is not second-order differentiable; nonetheless we can verify that [A2-A3] are
satisfied with L = v/2 + 1.

Network Class. Let A/ denote a class of networks represented by an undirected and un-
weighted graph G = {V, £}, with |V| = M vertices and || = E edges, and edge weights
all being 1. In this paper the term ‘network’ and ‘graph’ will be used interchangeably.
Also, we use N, g/[ to denote a class of network similarly as above, but with M nodes
and a diameter of D, defined below [where dist(-) indicates the distance between two

nodes|:

D := max dist(u,v). (2.7)

u,UEV

Following the convention in [40], we define a number of graph related quantities below.

First, define the degree of node i as d;, and define the averaged degree as:
di=—> d (2.8)
Define the incidence matrix (IM) A € REXM as follows: if e € € and it connects vertex

i and j with i > j, then Ao, = 1/3/dy if v = i, Aoy = —1/V/d, if v = j and A, = 0
otherwise; see the definition in [40, Theorem 8.3]. Using these definitions, the graph
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Laplacian matriz and the degree matriz are defined as follows (see [40, Section 1.2]):

L:=ATAecRMM  and P :=diagldy,--- ,dy] € RM*M,

In particular, the elements of the Laplacian are given as:

1 ifi=j
Ll =0 ——A— ifi~ji#j
[ ]74] dz‘dj J 7&.7
0 otherwise.

(2.9)

We note that the graph Laplacian defined here is sometimes known as the normalized

graph Laplacian in the literature, but throughout this paper we follow the convention

used in the classical work [40] and simply refer it as the graph Laplacian. For conve-

nience, we also define a scaled version of the IM:

F = APY? ¢ REXM

(2.10)

It is known that IM and scaled IM satisfy the following (where 1 € RM is an all one

vector):
F1 = APY?1 =0.
Define the second smallest eigenvalue of £, as A, (£):

T

' Lx
Ao (L) = inf M 2"
Amin(£) oM | 2id;=0,2£0 25‘11 z}d;

Then the spectral gap of the graph G can be defined below:

Algorithm Class. Define the neighbor set for node i € £ as

Nii={ili~j,j # i}

(2.11)

(2.12)

(2.13)

(2.14)
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We say that a distributed, first-order algorithm is in class A if it satisfies the following

conditions.

B1.

B2.

At iteration 0, each node can obtain some network related constants, such as M,

D, eigenvalues of the graph Laplacian L, etc.

At iteration ¢t + 1, each node i € [M] first conducts a communication step by
broadcasting the local ! to all its neighbors, through a function Q%(-) : R¥ — RS.
Then each node will generate the new iterate, by combining the received message

with its past gradients using a function W}(-):

o= Qial) el eW! ({{hhen, VAGD A1) (215)
N —

communication step

computation step

In this work, we will focus on the case where the QI(-)’s and W/(-)’s are linear

operators.

Clearly A belongs to the class of first-order methods because only local gradient

information is used. It is also a class of distributed algorithms because at each iteration

the nodes only communicate with their immediate neighbors.
Additionally, in practical distributed algorithms such as DSG, ADMM or EXTRA,

nodes are dictated to use a fized strategy to linearly combine all its neighbors’ informa-

tion.

To model such a requirement, below we consider a slightly restricted algorithm

class A’, where we require each node to use the same coefficients to combine its neigh-

bors (note that allowing the nodes to use a fixed but arbitrary linear combination is also

possible, but the resulting analysis will be more involved).

In particular, we say that a distributed, first-order algorithm is in A’ if it satisfies

B1 and the following:

B2

At iteration t + 1, each node i € [M] performs:

vf = Qiah), aftt eW! [ {D ] of, Vfilaf),afYien | - (2.16)
JEN:

We remark that, in both algorithm classes, one round of communication occurs at
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each iteration, where each node broadcasts its local variable xf once. Therefore, the
total iteration number is the same as the total communication rounds. However, the

total times that the entire gradient {V f;(x;)}, is evaluated could be smaller than the
t+1

total iteration number/communication rounds. This is because when we compute ;" ",

the operation W/(-) can set the coefficient in front of Vf;(z!) to be zero, effectively

skipping the local gradient computation.

2.2.2 Solution Quality Measure

Next we provide definitions for the quality of the solution. Note that since we consider
using first-order methods to solve non-convex problems, it is expected that in the end
some first-order stationary solution with small ||V f|| will be computed.

Our first definition is related to a global variable yt € RS. We say that y is a global

e-solution if the following holds:

y' € span {2t} | min [|Ve(y")|? < e. (2.17)
te[T)

This definition is conceptually simple and it is identical to the centralized criteria in
Section 2.1.2. However it has the following issues. First, no global variable 3 will be
formed in the entire network, so criteria (2.17) is difficult to evaluate. Second, there is
no characterization of how close the local variables z!’s are. To see the second point,
consider the following toy example.

Ezample 1: Consider a network with M = 2 and fi(y) = —y? and fa(y) = y*. Suppose
that the local variables take the following values: 27 = —10 and 23 = 10. Then if we

pick yT = (27 + 21)/2 = 0, we have

Vg(y") = %(Vfl (") + Vo (y")) = 0.

This suggests that at iteration 7', there exists one linear combination that makes measure
(2.17) precisely zero. However one can hardly say that the current solution (zf,z1) =
(—10,10) is a good solution for problem (2.2). O

To address the above issue, we provide a second definition which is directly related

to local variables {x; € R¥}M,. At a given iteration T, we say that {z} is a local
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e-solution if the following holds:
? 1
t )2
MM (P2LP1/2) > VLiLj|al - af)? <e. (218)
(

7m1n( 1/7])’“\0

Zl filx;)

Clearly this definition takes into consideration the consensus error as well as the size
of the local gradients. When applied to Example 1, this measure will be large. Note

that the constant is needed to balance the two different measures.

1
MAin (PY/2LPY/2)
Also note that the “min,c[y)” operation is needed to track the best solution obtained

before iteration T', because the quantity inside this operation may not be monotonically
decreasing.

In our work we will focus on providing answers to the following specific version of

question (Q):

For any given € > 0, what is the minimum iteration 7' (as a function of €) needed for

any algorithm in class A (or class A’) to solve instances in classes (P, N), so to

achieve h} < €?

2.2.3 Some Useful Facts and Definitions

Below we provide a few facts about the above classes.
On Lipschitz constants. Assume that each f; has Lipschitz continuous gradient with

constant L; in (2.4). Then we have :

M
_ _ 1 _
IV F(y1) = V)l < apLillyr = v2ll = Lllys = v2ll, Y y1, 42 € R, (2.19)
=1

where L is the average of the local Lipschitz gradients. We also have the following

M
1
IVf(z) = VIQ)|? = Ve S IV i) = Viz)l?, ¥ @i, 2 € RS
=1
which implies

IVf(z) = V()| < %HL@“ —2), Vaz,zeRY, (2.20)
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where the matrix L is defined in (2.5).
On Quantities for Graph G. This section presents a number of properties for a given

graph G. Define the following matrices:
Y = diag[oy,--- ,08] = 0, Y :=diag([B1,--- , Bu]) = 0. (2.21)

Define B € REXM = |F| where the absolute value is taken component-wise. Then we

have the following:

(FTF + B"B) = P = diag[dy, - -+ ,dy] € RM*M (2.22)

N~ N

(FTS?F + BTS?B) = diag { > 02]} L= A,
JE

jiireg

where P is the degree matriz defined in (2.9).
For two diagonal matrices Y2 and X2 of appropriate sizes, the generalized Laplacian
(GL) matrix is defined as:

Lo="T'FIs2pr—t, (2.23)
and its elements are given by:
2
Zuia%h =
3
- o3 o g .,
[Lali; = ~BxE; if (ij)e&,i#j
0 otherwise
Define a diagonal matrix K € RE*F as below:

K],y = { LiL; ife=gq, ande=(,5) . (2.24)

0 otherwise
Then when specializing T = PY/2L1/2 and ¥? = K, the GL matrix becomes:

L:=L\2p\RETKEP-12L71/2, (2.25)
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Note that if any diagonal element in the matrix L is zero, then L~ denotes the Moore
- Penrose matrix pseudoinverse. Similarly, when specializing T = L'/2 and ¥2? = K,

then the GL matrix becomes:
L:=L'?FTKFL~1/2 (2.26)

These matrices will be used later in our derivations.
Below we list some useful results about the Laplacian matrix [40-42]. First, all eigen-
values of L lie in the interval [0, 2]. Also because A ;,(£) = P-Y2ETEP-1/2)

Amin (

we have

Amin(‘c) < Amin(FTF)' (227)
Also we have that [40, Lemma 1.9]
A (L) > (2.28)
Zmin =D Zz dz : :

The eigenvalues of £ for a number of special graphs are given below:
1) Complete Graph: The eigenvalues are 0 and M /(M —1) (with multiplicity M —1),
s0 £(G) = 1;
2) Star Graph: The eigenvalues are 0 and 1 (with multiplicity M — 2), and 2, so
£(9) =1/2;
3) Path Graph: The ecigenvalues are 1 — cos(mm/(M — 1)) for m=0,1,--- , M — 1,
and £(G) > 1/M?2.
4) Cycle Graph: The eigenvalues are 1 — cos(2mrm/M) for m =0, 1,--- ,M — 1, and
£(9) = 1/M>.
5) Grid Graph: The grid graph is obtained by placing the nodes on a VM x M
grid, and connecting nodes to their nearest neighbors. We have £(G) > 1/M.
6) Random Geometric Graph: Place the nodes uniformly in [0, 1]? and connect any
two nodes separated by a distance less than a radius R € (0,1). Then if the connectivity
radius R satisfies [42]

R=Q ( logHe(M)/M) , for any e >0, (2.29)
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then with high probability

£€@)=0 (bg(MM)> : (2.30)

2.3 Lower Complexity Bounds

In this section we develop the lower complexity bounds for algorithms in class A to
solve problems 73% over network N. We will mainly focus on the case where f;’s have

uniform Lipschitz constants, that is, we assume that
L,=U, Viel[M]

and we denote the resulting problem class as Pg/[ . At the end of this section, general-
ization to the non-uniform case will be briefly discussed.

Our proof combines ideas from the classical proof in Nesterov [24], as well as two
recent constructions [36] (for centralized non-convex problems) and [32] (for strongly
convex distributed problems). Our construction differs from the previous works in a
number of ways, in particular, the constructed functions are only first-order differen-
tiable, but not second-order differentiable. Further, we use the local-e solution (2.18) to
measure the quality of the solution, which makes the analysis more involved compared
with the existing global error measures in [24, 32, 36].

To begin with, we construct the following two non-convex functions

M M
h(z) = -7 th‘(%’)a fla):= 47 Zfz‘(xz')a (2.31)

) | M . L M
h(y) =57 D hiv). Fy) = 77D filw). (2.32)
=1 i=1

Here we have z; € RT, for all 4, y € RT, and z := (21, --237) € RTMX1, Later we make
our construction so that functions h and h are easy to analyze, while f and f will be

in the desired function class in 735‘,/1 . Without loss of generality, in the construction we
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Figure 2.1: The path graph used in our construction.
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Figure 2.2: The functional value, and derivatives of W.Figure 2.3: The functional value, and derivatives of ®.
will assume V f; will be Lipschitz with constant U € (0,1), for all ¢ € [M].

2.3.1 Path Graph (D =M —1)

First we consider the extreme case in which the nodes form a path graph with M nodes
and each node 7 has its own local function h;, shown in Figure 2.1.  For notational
simplicity assume that M is a multiple of 3, that is M = 3C for some integer C' > 0.
Also assume that T is an odd number without loss of generality.

Let us define the component functions h;’s in (2.31) as follows.

LT/2]

M
i)l i72 ' ) ) 177
O(x )+3;@(m’ 7) ze[ 3|
M 2M ]
LT/2] oM
O(z;,1)+3 Z O(z,2j+1), i€ [3 +1,M
j=1
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Figure 2.4: The functional value for ©(w,v) = ¥(w)®(v).

where we have defined the following functions

O(zi, j) = U(—z;[j — 1)) (—ai[j]) — V(zs[j — 1)) P(@i[5]), V j = 2 (2.34a)
Oz, 1) == —W(1)®(z:[1]). (2.34b)

The component functions ¥,® : R — R are given as below

0 w <0
U(w) := , and ®(w) :=4arctanw + 27.
1—e™™ w>0,

Suppose x1 = x9 = -+ = x)7 = ¥, then the average function becomes:
B M T
h(y) = 57 > hily) =0(y, 1) +>_ O(y,i)
j=1 i=2

)

T
= -V (y[1]) + ) [V (=yli — 1]) @ (=y[i]) — ¥ (y[i — 1]) @ (y[i])] -
=2

Further for a given error constant ¢ > 0 and a given averaged Lipschitz constant

U € (0,1), let us define
1507e z; U
() = hi ) 2.35
) = s (20 (2.35)
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Therefore we also have, if x1 = x9 = --- = x)y = y, then
M
- 1 1507e - yU >
— (y) = h . 2.36
Fy) = 4; ;:1 fi(y) i (757r NG (2.36)

First we present some properties of the component functions h;’s.

Lemma 2.3.1. The functions ¥ and ® satisfy the following.

1. For allw <0, ¥(w) =0, ¥V'(w)=0
2. The following bounds hold for the functions and their first and second-order deriva-

tives:
! 2 4 "
0<T(w)<1l, 0<V(w)<y/-, ——5<V'(w)<2, Yw>0
3v3 3v3
0< ®(w) <4r, 0<d(w)<4, —{ﬁ@"(w}ﬁ{, Vw € R
3. The following key property holds:
U(w)®'(v) >1, Yw>1, v <1, (2.37)

4. The function h is lower bounded as follows:
hi(0) — inf h;(z;) < 1077, h(0) — inf h(z) < 107T.

5. The first-order derivative of h (resp. hj) is Lipschitz continuous with constant

¢ ="T5m (resp. {; =T75m, ¥V i).
(2.38)

Proof. Property 1) is obviously true.
To prove Property 2), note that following holds for w > 0:

V(w)=1—e"", ¥(w)= 2¢™" w, U (w) = 2¢™%" — 47 w2, YV w > 0.
and decreasing on

Obviously, ¥(w) is an increasing function over w > 0, therefore the lower and upper
1
2]

bounds are ¥(0) = 0,¥(c0) = 1; ¥'(w) is increasing on |0,
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[%, oo], where \IJ”(%) = 0, therefore the lower and upper bounds are ¥/(0) = ¥'(c0) =

0, \I/’(%) = \/g; U”(w) is decreasing on (0, \/g] and increasing on [\/g, 00) [this can be
verified by checking the signs of ¥ (w) = 4e~"*w(2w? —3) in these intervals]. Therefore

the lower and upper bounds are \Il”(\/g) =24 U"0r) =2, ie.,
e2

2 4
0<¥(w) <1, 0S¥ (w)< o — = <V(w) <2, Yw>0.
e2
Further, for all w € R, the following holds:
, 4 ” Sw
®(w) = 4arctanw + 2w, P (w) = , PN (w) = —5—x5. (2.39)

w? +1 (w? +1)2

Similarly, as above, we can obtain the following bounds:

0< ®(w) <4dm, 0<®(w)<4, —3\2/§§<I>"(w)§ , YweR.

3v3
2
We refer the readers to Fig. 2.2 — Fig. 2.3 for illustrations of these functions.
To show Property 3), note that for all w > 1 and |v| < 1,

U(w)d (v) > T(1)P'(1) =2(1—e 1) > 1

where the first inequality is true because W(w) is strictly increasing and ®’(v) is strictly
decreasing for all w > 0 and v > 0, and that ®'(v) = ®'(|v|).

Next we show Property 4). Note that 0 < U(w) < 1 and 0 < ®(w) < 47. Therefore
we have h(0) = —¥(1)®(0) < 0 and using the construction in (2.33)

LT/2]
inf hi(z;) > =W (1)P(xi[1]) — 3 Z sup ¥ (w)®(v) (2.40)
i = w,v
> —dr — 67T > —1077T, (2.41)

where the first inequality follows ¥ (w)®(v) > 0 and second follows ¥(w)®(v) < 47, we
reach the conclusion.
Finally we show Property 5), using the fact that a function is Lipschitz if it is

piecewise smooth with bounded derivative. From construction (2.33), the first-order
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partial derivative of hy(y) can be expressed below.

Case I) If i is even, we have

3(=U (—y[i — 1)) @ (—yld)) — ¥ (yli = 1) @' (ylal)), q€[1, 5]

59;[3]: 0, g €[5 +1,2]
3(—W' (—yli]) @ (—yli +1]) — ' (y[i) @ (y[i + 1)), g€ [ +1,M]
(2.42)
Case II) If i is odd but not 1, we have
o 3(—W (—yli]) @ (—yli+1]) = ¥ (y[) @ (i + 1)), g€ (L %]
o= g €[ +1,%]
3(=W (—yli — 1)) @ (—yld)) — ¥ (yli = 1) @' (yld)), g€ [} +1,M]
(2.43)
Case III) If i = 1, we have
Ohg _ |~ (y[1]) +3 (- (~y[1]) @ (=y[2]) — ¥ (y[1]) @ (y[2))), q €[ 5]
oy[1] —U(1)® (y[1]), g™ +1,M
(2.44)

Obviously, gy—% is a piecewise smooth function for any i, ¢, and it either equals zero
or is separated at the non-differentiable point y[i] = 0 because of the function ¥.

Further, fix a point y € R” and a unit vector v € R where 3.7, v[i]*> = 1. Define
94(059,v) := hq(y + 0v)

to be the directional projection of h, on to the direction v at point y. We will show
that there exists ¢ > 0 such that |g,”(0;y,v)| < ¢ for all y # 0 (where the second-order
derivative is taken with respect to ).

First we can compute g,”(0;y,v) as follows:
TR pEanym AT Sl pESIL SENAR T
11,02=1 6e{0,1,—-1} i=1

where we take v[0] := 0 and v[T" + 1] := 0.

The second-order partial derivative of hq(y) (Vy # 0) is given as follows when ¢ is
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) 3(W (—yli — 1)) " (—yli]) — ¥ (yli — 1)) ®" (y[i])), q€[1,%]
0%hg M 2M
- = q € [* + 1a 7]
dy[i]0yi | | -
(O (—y[i]) @ (—yli +1]) = 9" (y[i]) @ (y[i + 1])), q €[5 +1,M]
(2.45)
_ Phy { 0, g € [1,2]
Oy[i)yli + 1] 3(W (—yli]) @ (—yli+ 1)) = ' (yli) @' (yli + 1)), qe 3 +1,M]
(2.46)
0%hg  _ 3(W (—yli — 1)) @ (—yli]) — V' (yli — 1)) @' (yli])), q €1, %]
Ayliloyli — 1] 0, ge M +1,M
(2.47)

By applying Lemma 2.3.1 - i) [i.e., ¥(w) = ¥'(w) = ¥’ (w) = 0 for V w < 0], we immedi-
ately obtain that at least one of the terms ¥ (—y[i — 1]) ®” (—y[i]) or =V (y[i — 1]) " (y[i])

is zero. It follows that

W (—yli = 1) " (=) — ¥ (yli — 1) @ (y[i]) < sup|¥(w)]sup |97 (v)].
Similarly,

T (—yll) @ (~yli + 1) = U7 (y[i]) @ (y[é + 1)) < sup [T (w)|sup | 2(v)]

U (—ylil) @ (=yli + 1]) — ¥’ (y[i]) @' (yli + 1) < Sup W' (w))| Sup |2 (v)]-

Therefore, take the maximum over equations (2.45) to (2.47) and plug in the above

inequalities, we obtain

‘ 9%hy
Oyli ]321[ o | ~

<3 max{sup | (w)] sup |®(v)], sup |¥(w)|sup |®"(v)|,sup |[¥'(w)|sup |®'(v)|}
w v w v

= 3 max {877 i 4\/>} < 257w, Vi1 being even, V io
e
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where the equality comes from Lemma 2.3.1 — ii).

We can also verify that the above bound for ¢ being odd but not 1 is exactly the

same.

When ¢ = 1 we have following:

0’hy _{ —U(1)@"(y[1]) + 3 (— 2" (~y[1]) @ (~y[2]) = " (y[1]) @ (y[2])), q € [1, %]

yllayl]l | —w(1)@"(y[1)), ge[M 4+1,M)
Ohg [ 3=V (—y) @ (—y[2) - ¥ (y1]) ¥ (y[2]), g€ 1, ]
dy[1]oy[2] 0, g€ +1,M]

Again by applying Lemma 2.3.1 — i) and ii),

' &h,
dy[1]oyliz]

< max{sup [¥(1)2" (w)| + 3sup [¥"(w)|sup |®(v)], 3sup [¥'(w)|sup |2'(v)[}
w w v w v

3V3 2
= max {\Qf(l —e 1) + 24, 12\/>} < 25w, VY ig.
e

Summarizing the above results, we obtain:

THCITRIETED'S Zay e )l + ]

6e{0,1,—-1} i=1

< 25w Z \ZU vli 4 4

5€{0,1,—1} =1
_257r<|2 |+2|Z H—l)

< 757TZ\U J?| = 757.

Overall, the first-order derivatives of h, are Lipschitz continuous for any ¢ with constant
£ =T5m.

To show the same result for the function h, we can apply (2.19). This completes the
proof. Q.E.D.

The following lemma is a simple extension of the previous result.
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Lemma 2.3.2. We have the following properties for the functions f and f defined in
(2.36) and (2.35).

1. We have V x € RTMx1

, 1 1650m2%e
£(0) ~ it f(@) + NP < T
where we have defined
do == [V f1(0), -+, V far(0)]. (2.48)
2. We have
|V F()|| = v2¢ Vh( yv >H vy e RTXL (2.49)
757/ 2¢

3. The first-order derivatives of f and that for each fj,7 € [M] are Lipschitz contin-

uwous, with the same constant U > 0.

Proof. To show that property 1) is true, note that from the definition of f;(x;) we have

sz(xz) = \/276 X Vhi <757‘r\/ﬂ> .

Therefore the following holds:
M
1 9 2e ' 9
sl = 37 L1901

M
- % SO 10 (1)®'(0)2 = 326(1 — exp(—1))2. (2.50)
=1

Therefore we have the following;:

? e —exp(—1))?
£(0) — i g () + 1001 _ 19D <h(0)—igfh(a:)+ 100 = exp=) )
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Then by applying Lemma 2.3.1 we have that for any T" > 1, the following holds

do||?> _ 150me 1507e
<

f£(0) — 1{Elff(x) + wU ST X (107T +0.03) < x 117T.

Property 2) is true due to the definition of f.
Property 3) is true because the following

IVF(2) = V)l = V2e

- U - yU
Vh| —— | —Vh| —= || <Ul|lz —
<757’[’\/2€> <757T\/26> H < Ullz— vl

where the last inequality comes from Lemma 2.3.1 — (5). This completes the proof.
Q.E.D.

Next let us analyze the size of Vh. We have the following result.

Lemma 2.3.3. If there exists k € [T such that |ylk]| < 1, then

_ 1 M
VA = HMZ%@) >
i=1

1 0

=

Proof. The first inequality holds for all k € [T, since 57 Zf\i 1 %Mhi(y) is one element
of 3, Vi),
We divide the proof for second inequality into two cases.
Case 1. Suppose |y[j — 1]| < 1 for all 2 < j < k. Therefore, we have |y[1]| < 1. Using
(2.44), we have the following inequalities:
ih(y) (2 —U(1)®'(y[1]) (2) —1,Vi (2.51)
oy[1] "~ ’ '
where (i) is true because ¥/ (w), ®(w) are all non-negative from Lemma 2.3.1 -(2); (ii)

is true due to Lemma 2.3.1 — (3). Therefore, we have the following

VB = 1 MVh > 1 . 9 h: 1
H (y)H— M; i(y)|| > M;aym ()| > 1.

Case 2) Suppose there exists 2 < j < k such that |y[j — 1]| > 1.
We choose j so that |y[j—1]| > 1 and |y[j]| < 1. Therefore, depending on the choices
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of (i,7) we have three cases

= 0, i€ [% + 1, %57
=3 (W (—y[j]) @ (—yli + 1)) + ' (y[j]) @ (yli + 1)), i€ 3+ 1, M]

If 1 € [1, %], because |y[j — 1]| > 1 and |y[j]| < 1, using Lemma 2.3.1 — (3), and the
fact that the negative part is zero for ¥, and ®’ is even function, the expression further

equals to

(2.37)
=3-U(lylj — D" (ylilh] < -3, (2.52)

Ifi € [% + 1, M] the expression is obviously non-positive because both ¥ and ®

are nonnegative. Overall, we have

This completes the proof. Q.E.D.

Lemma 2.3.4. Define & := +; Ef\il x;, and assume that U € (0,1). Then we have

M 2
1 U 2 1 7\ |12
HM Zlv‘fZ(xZ) i MAmin(Pl/zﬁpl/Q) ()Z sz B CU]H = 5 HVf(CU)H '
1= 1,5):i~]
Proof. First let us derive a useful property. Define d := [dy;dg;- - ;dps] where d; is
the degree for node ; further define
| M
T = szz, T;=x; —T, I:= [i‘l;iﬁQ;'-';:ﬁM].
i=1

It is easy to observe that :

#'1=0, and Z¢ Null(FTF).
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Then the following holds:

' FTFe = Y oi—alP = Y 1@ - &l = FTFE > My (FTF)||7]%
(4,5):i~j (4,5):i~j
(2.53)
Therefore the following holds:
ST IS S oy P CH— S iyl
T S N FTE) 2 Ty PPy e T
i=1 (4,7):i~7g (1,9):i~g
(2.54)
Based on the above property, we have the following series of inequalities
o M 2 | M 2
[vi@| 2HMZ<Vfi<5:>—Vfi<xi>> #2| 3 X VA
W 2 & 2 1 2
SO L Zx] Y fi(a) ”HM;W”)
W 2 &L, 1 2

9

(21) 2U 2, 1 M - 2
= MM\, (PY/2LPY/2) (z): ||:133 —zi]|” + M 2 fi(zi)
1,7)~] 1=

where in (i) and (iii) we have used the convexity of the function || - ||?; in (ii) we used
Lemma 2.3.2 — (3); in (iii) we have also used the assumption that U € (0, 1) and (2.54).

Overall we have

M 2
L U 2 S 1 12
HM Z;vfl(m T M. (PVPLP?) (z): i =2l 2 3 IVF@)I
= i,§)in~g
This completes the proof. Q.E.D.

Lemma 2.3.5. Consider using an algorithm in class A or in class A’ to solve the
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following problem:

M

) 1

_min hiz) =+ Zl hi(z;), (2.55)
1=

over a path graph. Assume the initial solution: x; =0, ¥ i € [M]. Let & = ﬁ Zi\il T;

denote the average of the local variables. Then the algorithm needs at least (% +1)T

iterations to have x;[T] # 0, ¥ i and z[T] # 0.

Proof. For a given k > 2, suppose that z;[k], z;[k + 1],...,x;[T] = 0, Vi, that is,
support{z;} C {1,2,3,...,k — 1} for all .. Then V' (x;[k]) = ¥’ (—x;[k]) = 0 for all 1,

and h; has the following partial derivative when k is even:

IS

S+

drilk] | o, i€l
(

Ohi(x;) =3 (U (—a;lk — 1)) @' (=5 [k])) + 3 (¥ (zik — 1)) @' (23[k])), i€ [1, 5]
1, M]

N w

)

and the following partial derivative when k is odd and k > 3:

Ohi(z;) { 0, i€ 1,2M]
Oxilk] | =3(W (—alk — 1)) @' (—ailk)) + 3 (¥ (il — 1)) @ (wilk])), i € [ +1, M]
(2.57)

Recall that for any algorithm in class A or A’, each agent is only able to compute
linear combination of historical gradient and neighboring iterates [cf. (2.15) and (2.16)].
Therefore, for a given node i, as long as the kth element of the gradient as well as that
of its neighbors have never been updated once, x;[k] remains to be zero. Combining

this observation with the above two expressions for 8;;(?%), we can conclude that when

support{x;} C {1,2,3,...,k—1} for all 4, then in the next iteration x;[k] will be possibly
non-zero on the node i € [1, 2] for even k and i € [2% + 1, M] for odd k, and all other
nodes still have z;[k] =0,V j # i.

Now suppose that the initial solution is z;[k] = 0 for all (¢,k). Then at the first

iteration only %hm"fﬁi]) is non-zero for all i, due to the fact that aggjfﬁ"]) = U(1)®'(0) =

4(1 — e~ 1Y) for all i from (2.44). If follows that even if every node is able to compute
its local gradient, and can communicate with their neighbors, it is only possible to have

x;[1] # 0,Vi. At the second iteration, we can use (2.56) to conclude that it is only
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possible to have ahr ﬁ;] # 0 for some r € [1, M /3], therefore when using an algorithm

in class A, we can conclude that x;[2] =0 for all 7 ¢ [1, M/3].

Then following our construction (2.33), we know the nodes in the set [1, %] and the
set [% + 1, M] have minimum distance M /3. It follows that using an algorithm in
A or A, it takes at least M/3 iterations for the non-zero xz,[2] and the corresponding
gradient vector to propagate to at least one node in set [2M /3 + 1, M]. Once we have
zj[2] # 0 for some j € [2M/3 4+ 1, M], then according to (2.57), it is possible to
have 8; ;»‘7(%]) = 0, and once this gradient becomes non-zero, the corresponding variable

x;[3],7 € [2M/3 + 1, M] can become nonzero.

t % iterates and T

Following the above procedure, it is clear that we need at leas

computations to make z;[T"] possibly non-zero. Q.E.D.

Theorem 2.3.1. Let U € (0,1) and € be positive. Let z°[i] = 0 for all i € [M]. Then
for any distributed first-order algorithm in class A or A’, there exists a problem in class

77(]}/[ and a network in class N, such that it requires at least the following number of

iterations e
o (1) —inf, f(@)+ 15 U s
ENA) 165072 ‘ (2.58)

to achieve the following error
1 & 2 U
* (et t_t2

hy = HM;VJC’(%) + MM, (P12LP1/?) (; '”371' xj” < €. (2.59)

1= 9,7)18~]

Proof. By Lemma 2.3.5 we have zZ[T] = 0 for all ¢ < %T. Then by applying
Lemma 2.3.2 — (2) and Lemma 2.3.3, we can conclude that the following holds

|V f(@[T)] = \FHW <757rf>H (2.60)

where the second inequality follows that there exists k € [T] such that |-

75 \f | =
0 < 1, then we can directly apply Lemma 2.3.3. Then by applying Lemma 2.3.4 gives

hvrsayrys > €

The third part of Lemma 2.3.2 ensures that f;’s are U-Lipschitz continuous gradient,
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and the first part shows

£(0) = inf f(@) + T2 < =T,

Therefore we obtain

T> 1. (2.61)

Summarizing the above argument, we have

2
1(0) —int, f(z) + Bl U
o M+3, M43 ( )Y
- 3 - 3 165072

By noting that for path graph &(G) > 1/M?, this completes the proof. Q.E.D.

2.3.2 (Generalization

The previous section analyzes the lower complexity bounds for problem 77[]}/[ over a path

network. The obtained results can be extended in a number of direction.

Uniform L;, Fixed D and M

In this subsection, we would like to generalize Theorem 2.3.1 to a slightly wider class of
networks (beyond the path graph used in our construction). Towards this end, consider
a path-star graph shown in Fig. 2.5. The graph contains a path graph with D — 1 nodes,
and the remaining nodes are divided into D —1 groups, each with either |M/(D—1)—1]
or |[M/(D —1) — 1] + 1 nodes, and each group is connected to the nodes in the path
graph by using a star topology. We have the following corollary to Theorem 2.3.1.

Corollary 2.3.1. Let U € (0,1) and € be positive, and fix any D and M such that
D < M — 1. For any algorithm in class A or A', there exists a problem in class 73(]}/1

and a network in class ./\/’1%4, so that to achieve accuracy hi < e, it requires at least the
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M nodes

% TodEs ﬂ nodes T[ nodes

A B C

% + 1 distance

Figure 2.5: The path-star graph used in our construction.

following number iterations

(£(0) —inf, f()+ 15F) U
165072 ‘

w|o

Alternatively, the above bound can be expressed as the following

B7a | (70 —inf. f@) + ) U
3VE(G) 165072 €

Proof. Fix any D and M such that D < M — 1, we can construct a path-star graph

as described in Fig.2.5, whose diameter is D.
To show the lower bounds for such a graph, we split all M nodes into three sets
A, B,C based on the main path, each with M nodes (assume M is a multiple of 3),

D+2

where A and C has minimum distance (assurne D —1 is a multiple of 3). Then we

construct the component functlons h;’s as follows.

( [T/2]
xla + 3 Z x@, 2] Z E A
hi(z;) = < O(x;, 1), 1€B (2.62)
[7/2]
Oz, 1) +3 > O(z;,2j+1), i€C
\ 7j=1

Since the graph has diameter D in the above construction, and the distance between
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any two elements in A and C is at least % (assume D — 1 is a multiple of 3), by a
similar step in Lemma 2.3.5 we can conclude that we need at least (% +1)T iterations
to achieve z;[T] # 0. By applying (2.61), we can obtain the desired result.

To show the second result, note that from (2.28) we have

ZdiD > 3 .1(0 (2.63)

For the path-star graph under consideration,

> di<2(D-1)-2+2(M—(D-1)) <2M,

so the following holds:

D?> D/2M > (D—l)/(2M).
7min(£) Amin([’)
The desired result is then immediate. Q.E.D.

Non-uniform L;, Fixed N

Finally, for the problem class with non-uniform Lipschitz constants, we can extend the
previous result to any network in class N/ (by properly assigning different values of L;’s
to different nodes). In this case the lower bound will be dependent on the spectrum

property of L as defined in (2.26) (expressed below for easy reference)
L:=L'"?FTKFL™'/2 (2.64)

Corollary 2.3.2. Let € be positive. For any given network in Ng, and for any al-
gorithm in A, there exists a problem in 73% such that to achieve accuracy hi < e, it

requires at least the following iterations

(o -t @+ ) 2 -
t> 1. 2.65
3 /5(2) 165072

To prove this result, we select the values of the coeflicient set {Li}?ip so that the
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“effective” network topology becomes a path. In particular, for any given network in
N, we can construct local functions as follows: First, along the longest path of size D,
we distributed the functions into three sets A, B,C, where A and C denotes the first
and last % nodes on the path respectively, and B denotes the rest nodes on the path.
Second, for the rest of the functions not on the path, denoted as set D, set their local
functions to zero (or equivalently, set the corresponding L;’s to zero). Then, the local

function belongs to each set can be expressed as:

( \7/2]

M 3M . )
50 1) + = ; O(zi,2j), ieA
—O(x;, 1), 1€ B
hz(:rl) = D ( ) (2.66)
s /2
1)+ — i, 25+ 1),
O(xi,1) + = ;@(x j+1), ieC
L0, i€eD

This way the network reduces to a path graph. Note that the Lipschitz constant for the
gradient of h(y) = +; Zf\i 1 hi(y) is still 1, and we can use the similar constructions and

proof steps leading to Theorem 2.3.1 to prove the claim.



Chapter 3

Optimal Algorithms for

Distributed Non-convex Learning

We consider a class of popular distributed non-convex optimization problems, in which
agents connected by a network G collectively optimize a sum of smooth (possibly non-
convex) local objective functions. We address the following question: if the agents
can only access the gradients of local functions, what are the fastest rates that any
distributed algorithms can achieve (cf. Chapter 2), and how to achieve those rates (cf.
Chapter 3).

In this Chapter, we propose (near) optimal methods whose rates match the de-
veloped lower rate bound (up to a ploylog factor) (cf. Chapter 2). The key in the
algorithm design is to properly embed the classical polynomial filtering techniques into
modern first-order algorithms. To the best of our knowledge, this is the first time that
lower rate bounds and optimal methods have been developed for distributed non-convex

optimization problems.

38
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3.1 Introduction

3.1.1 Problem and motivation

In this work, we consider the same distributed optimization problem as in Chapter 2,

B 1 M
min f(y) = 52> fily), (3.1)
i=1

yeRS

where f;(y) : RS — R is a smooth and possibly non-convex function accessible to agent

1. And its global consensus reformulation can be written as

M
: 1 .
o, f(z):= i Z-_E 1 filxs), stox; =25,V (i,7) € €. (3.2)

The main benefit of the above formulation is that the objective function is now separable,

and the linear constraint encodes the network connectivity pattern.

3.1.2 Distributed non-convex optimization

Distributed non-convex optimization has gained considerable attention recently. For
example, it finds applications in training neural networks [20], clustering [43], and dic-
tionary learning [14], just to name a few.

The problem (3.1) and (3.2) have been studied extensively in the literature when
fi’s are all convex; see for example [44-46]. Primal based methods such as distributed
subgradient (DSG) method [44], the EXTRA method [46], as well as primal-dual based
methods such as distributed augmented Lagrangian method [47], Alternating Direction
Method of Multipliers (ADMM) [48,49] have been proposed.

On the contrary, only recently there have been works addressing the more challenging
problems without assuming convexity of f;; see [8-23]. The convergence behavior of the
distributed consensus problem (3.1) has been studied in [8,9,14]. Reference [10] develops
a non-convex ADMM based methods for solving the distributed consensus problem (3.1).
However the network considered therein is a star network in which the local nodes are all
connected to a central controller. References [12,13] propose a primal-dual based method

for unconstrained problem over a connected network, and derives a global convergence
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Table 3.1: The main results of the paper when specializing to a few popular graphs.

Network Instances - - - Problem Classtas - - Lo .
Uniform Lipschitz U Non-uniform Lipschitz {L;} Rate Achieving Algorithm
Complete /Star O(U/e) O1/ex >, Li/M) D-GPDA (proposed)
Random Geometric | O(UvVM /(y/log Me)) | O(VM/(y/log(M)e) x 3=, L; /M) xFILTER (proposed)
Path/Circle O(UM/e) O(M/e x>, Li/M) xFILTER (proposed)
Grid O(UVM /e) OWM/ex ¥, Li/M) xFILTER (proposed)
Centralized O(U/e) O(1/e x>, Li/M) Gradient Descent

The entries show the best rate bounds achieved by the proposed algorithms (either D-GPDA or xFIL-
TER) for a number of specific graphs and problem class; L; is the Lipschitz constant for Vf; [see (2.4)];
for the uniform case U = L1, -+ , L. For the uniform Lipschitz the lower rate bounds derived for the
particular graph matches the upper rate bounds (we only show the latter in the table). The last row
shows the rate achieved by the centralized gradient descent algorithm. The notation O denotes big O
with some polynomial in logarithms, i.e, use O to denote O(log(M)) where M is the problem dimension.

rate for this setting. In [11,16,17], the authors utilize certain gradient tracking idea to
solve a constrained nonsmooth distributed problem over possibly time-varying networks.
The work [18] summarizes a number of recent progress in extending the DSG-based
methods for non-convex problems. References [15,19,20] develop methods for distributed
stochastic zeroth and/or first-order non-convex optimization. It is worth noting that
the distributed algorithms proposed in all these works converge to first-order stationary
solutions, which contain local maximum, local minimum and saddle points.

Recently, the authors of [22,50-52] have developed first-order distributed algorithms
that are capable of computing second-order stationary solutions (which under suitable
conditions become local optimal solutions). Other second-order distributed algorithms
such as [53,54] are design for convex problems, and they utilize high-order Hessian

information about local problems.

3.1.3 Contribution of this work

Our main contributions in this Chapter are given below:

1) We design two algorithms belonging to A, one based on primal-dual optimization
scheme, the other based on a novel approzimate filtering -then- predict and tracking
(xFILTER) strategy, both of which achieve e-optimality condition with provable global
rates [in the order of O(1/¢)];

2) We show that the xFILTER is an optimal method in A for problem class (P, N) as

well as a number of its refinements, in that they precisely achieve the lower complexity
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bounds that we derived (up to a ploylog factor).
In Table 3.1, we specialize some key results developed in the paper to a few popular

graphs, and compare them with the achievable rates of centralized GD.

3.2 The Proposed Algorithms

In this section, we introduce two different types of algorithms for solving problem (3.2).
The algorithm is near-optimal, and can achieve the lower bounds derived in Section 2.3
except for a multiplicative polylog factor in M. To simplify the notation, we utilize the
definitions introduced in Section 2.2, and rewrite problem (3.2) in the following compact

form

M
) 1
i fl@) =57 Z; filz), st. (F®Ig)xz=0. (3.3)
It can be verified that, by using the definition of F', the constraint in this problem is
equivalent to the ones given in (3.2). For notational simplicity, in the following we will
assume that S = 1 (scalar variables). All the results presented in subsequent sections

extend easily to case with S > 1.

3.2.1 The D-GPDA Algorithm

We first present a Distributed Gradient Primal-Dual Algorithm (D-GPDA), which re-
laxes the linear constraint (3.3), and gradually enforces it as the algorithm proceeds.

To describe the algorithm, let us introduce the augmented Lagrangian (AL) function as
1
AL(w,2) = f(@) + (A Fa) + o[ SFa? (3.9

where A € R is the dual variable; ¥ = diag([o1,- -+ ,0r]) € REXF is a diagonal positive
definite matrix. In the following, we will use the shorthanded notation AL" := AL(z", \")
where r is the iteration counter.

Define a penalty matriz as

T = diag{[f1,---,Bum]} = 0. (3.5)
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Then the D-GPDA is described in the following table.

(S1). Assign each node i € N with a parameter 3; > 0; Assign each
edge (ij) € £ with a parameter o;; > 0;

(S2). At iteration r = —1, initialize A™' = 0 and ™! = 0;

(S3). At iteration r = 0, set A’ and z° using the following:

V™) + A+ 1% =0, \° = 52 Fa”; (3.6)
Equivalently 2° can be written as:
-1
7] = (2 > +,63) VA(O)/M, Vi€ [M];  (3.7)
gt

(S4). At each iteration r + 1, r > 0, update variables by:

2" = argmin (Vf(z") + FTA", x — a7) (3.8a)
1 1 . 1 i
+ ISP+ JIEB( — )P + 1| T — )

PRI LD 3 A (3.8b)

Algorithm 1: The D-GPDA Algorithm

We note that each iteration of the D-GPDA performs a gradient descent type step
on the AL function, followed by taking a step of dual gradient ascent (with a stepsize
matriz ©? = 0). The term || XB(z — 2")||? used in (3.8a) is a network prozimal term
that regularizes the x update using network structure, and its presence is critical to
ensure separability and distributed implementation (see Remark 3.2.3 below).

The D-GPDA is closely related to many classical primal-dual methods, such as
the Uzawa method [55] (which has been recently utilized to solve linearly constrained
convex problems [56]), and the proximal method of multipliers (prox-MM) [57,58]. The
latter method has been first developed by Rockafellar in [57], in which a proximal
term has been added to the AL in order to make it strongly convex in each iteration.
However, the theoretical results derived for Prox-MM in [57,58] are only valid for convex
problems. It is also important to note that when the matrices 3 and T are specialized as

multiples of identity matrices, that is, when ¥ = oIy and Y = kI for some o,k > 0,
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then the D-GPDA reduces to the Prox-GPDA algorithm briefly discussed in our earlier

work [13, Section 5], for solving a general linearly constrained problem.

3.2.2 The xFILTER Algorithm

Despite the fact that D-GPDA is conceptually simple, we will show shortly that it is
only optimal for special network classes with small diameter [or large gap function £(G)],
such as the complete/star networks (see Table 3.1 and our detailed analysis in Section
3.4). Intuitively, the issue is that having the network prozimal term imposes very heavy
regularization, enforcing the new iterates to be close to the old ones. This causes slow
information propagation over the network.

In this section, we present a near-optimal algorithm that can achieve the lower
bounds derived in Section 2.3 for a number of different graphs (up to some polylog
factor in the problem dimension). To motivate our algorithm design, observe that the
communication lower bound O(1/4/€(G) x L/¢) in Section 2.3 can be decomposed into
the product two parts, O(1/ \/@) and O(L/e), corresponding roughly to the com-
munication efficiency and the computational complexity, respectively. Such a product
form motivates us to separate the computation and communication tasks, and design a
double loop algorithm to achieve the desired lower bound.

Our proposed algorithm is based on a novel approzimate filtering -then- predict and
tracking (xFILTER) strategy, which properly combines the modern first-order optimiza-
tion methods and the classical polynomial filtering techniques. It is a “double-loop”
algorithm, where in the outer loop local gradients are computed to extract informa-
tion from local functions, while in the inner loop some filtering techniques are used to
facilitate efficient information propagation. Please see Algorithm 1 for the detailed
description, from the system perspective. It is important to note that the algorithm
contains an outer loop (S3)—(S4) and an inner loop (S2), indexed by r and ¢, re-
spectively. Further, the local gradient evaluation only appears in the outer loop step
(S3).

To understand the algorithm, we note that one important task of each agent is to
update its local variable so that it is close to the average ﬁ Zf\i 1 x;. Let us use d; to
denote a local variable that approzimates the above average. At the beginning of the

algorithm, d; is just a rough estimate of the average, so we have d; = ﬁ Zj T + e,
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where e; is the deviation from the true average, and it can be viewed as some kind of
“estimation noise”. To gradually remove such a noise, in step S1) we resort to the
so-called graph based joint bilateral filtering used for image denoising [59, 60], which

can be formulated as the following regularized least squares problem:
2"t = arg min le —d"||%s + leFTEQFx (3.9)
s 2€RM 2 R ’ '

where d" is the noisy signal, F' is a penalty high pass filter related to the graph structure
(in our case, F' is the adjacency matrix), and X2 is a regularization parameter. Its

+

solution, denoted as 271! as given below, will be close to the “unfiltered” signal d”, while

having reduced high frequency components, or high fluctuations across the components:
R’ =d", with R:=Y2F"Y2F 4 1I. (3.10)

It is important to note that if :B’”H indeed achieves consensus, then by (2.11) we have
FT22F2m+ = 0, implying 271! = d”, which says d" should “track” z7+1.
Unfortunately, the system (3.10) cannot be precisely solved in a distributed manner,
because inverting R destroys its pattern about the network structure embedded in the
product FTX2F. More specifically, F'TS?F is the weighted graph Laplacian matrix
whose (i, j)th entry is nonzero if and only if node 4, j are connected, but (Y= 2FTX2F 4
Ipr)~!is a dense matrix without such a property. Therefore in S2), we use a degree-Q
Chebyshev polynomial to approximate 2"*!. The output, denoted as z"t!, stays in
a Krylov space span{d",Rd",--- ,Rer}. Specifically, at each iteration, the only step

that requires communication is the operation Ru, which is given by

(Rug-1)li] = <T-2FTE2Fuq_1>['] + dg-ai] (3.11)
BQZ (tq-1lj] = d'1i]) + ugalil, Vi

so this step can be done distributedly, via one round of local message exchange.
After completing @@ > 0 such Chebyshev iterations (3.13) (C-iteration for short),

the obtained solution z"*! will be an approximate solution to the system 3.10, with a
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residual error vector €1 as given below
Rx™™ = d" + R with €= "t — g7 (3.12)

Up to this point, the filtering technique we have discussed aims at removing the
“non-consensus” parts from a vector d = [dy,--- ,dy]T. However, recall that the goal of
distributed optimization is not only to achieve consensus, but also to optimize the ob-
jective function ), fi(z;). Therefore, a prediction step (S3) is performed to incorporate
the most up-to-date local gradient V f;(x;). Then a tracking step (S4) is performed to
update d. Ideally, one would like the new d;“ to have the following three properties:
1) It is close to the previous df; 2) it takes into consideration the new local gradient
information offered by the “predicted” :Eg“; 3) it is a “low frequency” signal, meaning
d;“ and d§+1 are relatively close, for all ¢ # j. Taking a closer look at the “tracking”
step, we can see that all three components are included: It adds to the previous d" the
differences of the last two predictions, and it removes some non-consensus components
among the local variables. The detailed algorithm is given in the Algorithm 2.

To end this subsection, we emphasize that, the use of the polynomial Chebyshev
filtering requires @) vector communications steps every time that (S2) is performed.
However, such a filtering step is critical to make the proposed algorithm achieve per-
formance lower bounds predicted in Section 2.3. Intuitively, it helps to accelerate infor-
mation propagation across the network. Indeed, as will be shown shortly, the number
Q@ in (S2) is directly related to properties of the underlying graph. It is also some-
what surprising that the inner problem (3.9) is not required to be solved with increased

accuracy. On the contrary, only a fized number of filtering steps are needed.

3.2.3 Discussion

In this subsection, we establish some key connections between the two algorithms dis-
cussed so far, and provide some additional remarks.

First, we provide an important interpretation of the xFILTER strategy, which will
help us subsequently provide an unified analysis framework for both D-GPDA and
xFILTER. First, similarly as in the D-GPDA algorithm, let us introduce an auxiliary
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(S1) [Initialization]. Assign each node i € N with 3; > 0; Assign each
edge (ij) € € with o;; > 0; Initialize 27! = 0, d7! = -T2V f(z7!) and
T l=271 -T2V f(2x~!). Compute R by (3.10);

(S2) [Filtering]. At iteration r + 1, r > —1: For a fixed constant ¢ > 0, run
the following C-iterations (with parameters {cy, 7})

wp=x", uy = (I — TR)ug + 7d", (3.13)
Ug = og(l —TR)ug—1 + (1 — ag)ug—2 + 1aqd", ¢ =2,---,Q;

Set ™1 = ug;
(S3) [Prediction]. Compute " *! by:

.CET+1 _ x?‘+1 . 'rf2vf(‘,r7“+l); (314)
(S4) [Tracking]. Compute d"*! by:

At =d" 4+ (@ — ) =Y 2FTR2p (3.15)

Set r =r+ 1, go to (S2).

Algorithm 2: The xFILTER Algorithm

variable A" € RF which is updated as follows:
N = \" 22 gL (3.16)
Suppose A~! = 0, then according to (3.15) and (3.14) we have the following relationship

d =YV (@) + @ =TV (") — (a7 =TV () - T2 RN
=20 — Y2V (%) — T2FT N0,

By using the induction argument, we can show that for all » > 0, the following holds
d" =" — T2V f(2") — T 2FTA". (3.17)

Combining (3.10) and (3.17), we obtain the following useful alternative expressions of
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(3.10) and (3.12):

T*2<V F@)+FTOV + z?pm:+1))+(x:+l ) =0 (3.18)

T‘2(V F@)+FTO" + ZQFJCTH))Jr(xTH— ") = Re' 1. (3.18b)

Using (3.18a), it is clear that 27*! can be equivalently written as the optimal solution

of the following problem:
r+1 : r Tyr T 1 2 1 Y12
i =argmin (Vf(z")+ F* N,z —x >+§||EF.CU|| +§|]T(a§—x )“. (3.19)

The relations (3.16) and (3.19) together show that D-GPDA and xFILTER are closely
related. However, we note that when comparing (3.19) with (3.8a), one key difference
is that the network prozimal term 3||SB(z — 2")||? used in D-GPDA is no longer used
in xFILTER.

We have the following additional remarks on the proposed algorithms. Remark 3.2.1.
(Parameters) It is important to note that in both Alg. 1 and 2, in the update of the
primal and dual variables, some “matriz parameters” are used instead of scalar ones. In
particular, the matrix Y2 is used as the primal “prozimal parameter”, while ¥? is used
as the “dual stepsize”. Using these matrices ensures that we can appropriately design
parameters for each node/link, which is one key ingredient in ensuring the optimal rate.

Remark 3.2.2. (Initialization) The initialization steps in (S2) and (S3) of Alg. 1
can be done in a distributed manner. Each node ¢ only requires to know the neighbors’

25 0

0:.’s in order to update x?. Once z

: 0 o
i is updated, A\” can be updated by using:

M=ol —ad), V(i) € .

v J

Remark 3.2.3. (Distributed Implementation and Algorithm Classes) To see
how the D-GPDA can be executed distributedly, we write down the optimality condition
of (3.8a). For notational simplicity, define:

H := B'Y?B + 712 (3.20)
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Then we have
Vi) + FIA + FIs2pem + Ha™ —2") = 0. (3.21)
Rearranging, and using property (2.22), we have
V") + FIA" + (2A +Y2)2™ — Hz" = 0.

Subtracting the same equation from the rth iteration, and use the fact that F7(\" —
N = FTS2Fz" we have

xr-‘rl — 2 — (2A + TQ)*l (vf(xr) o vf(xr—l) + (FTZ2F . H)QST +H$T_1>. (322)

According to the above update rule, each node ¢ can distributedly implement (3.22) by

performing the following

r+1 _ r 1 (1
o = af QZHNZUN BQ( (V5ila?) ~ Vi) (329

2 Y ohel - fal + a4 Y o H>).

Jijevi Jigevi

It is also easy to see that the Chebyshev iteration in xFILTER can be imple-
mented distributedly, since the R matrix defined in (3.10) preserves the network struc-
ture. To see how we can compute the d” vector distributedly, we first note that
d~! = —T72Vf(0). Then suppose we know d"~!, by combining (3.15) and (3.14)

we have
A =d 4 (a" 2" =YV (") - V@) - T 2FTS? Fa

Therefore each d} can be updated as

di = dj '+ (2] —a]7") — o (Vfil]) = Vfi(zi ™) +Z (aF — ). (3.24)

Jijevi 1

MBZ
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Combining the above expression with the expression in (3.11) for computing Rd", it is
clear that all the computation only involves in local communication and local gradient
computation.

These observations also suggest that for a general choice of parameter matrix £2 > 0,
both D-GPDA and xFILTER are in class \A. Further, if ¥? is a multiple of identity
matrix (i.e., there exists 02 > 0 such that X2 = ¢%[f), then the computations in (3.23)
and (3.24) only involve the sum of neighboring iterates, therefore both algorithms belong

to class A’ as well.

3.3 The Convergence Rate Analysis

In this section we provide the analysis steps of the convergence rate of the D-GPDA
and xFILTER. All the proofs of the results can be found in the appendix. Note that
we use the primal-dual representation discussed in Section 3.2.3 for xFILTER, so that
it can be analyzed together with the D-GPDA.

Step 1. We first analyze the dynamics of the dual variable.

Lemma 3.3.1. Suppose that f(x) is in class Piw. Then for all r > 0, the iterates of
D-GPDA satisfy

T L — 2|2
M2

et = xR < 2 ). (3.25)
Further, for all v > 0, the iterates of xFILTER satisfy

r r ~( 3 — r r— r T r
I = X e < (T2 — P 3 e+ S TRE )

(3.26)
In the above we have defined the following
. ! %= ! - ! (3.27a)
" Amin(EFH_lFTE)’ " Amin(zp“r_21{TTE) B Amin(ﬁG) o
w = (2" — ") — (2" — 2" ). (3.27b)

Step 2. In this step we analyze the dynamics of the AL.
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Lemma 3.3.2. Suppose that f(x) is in class 77}\;[. Then for all r > 0, the iterates of
D-GPDA satisfy

1
AL AL < _§er+1 - 95T||2A+2TLL/M
2
b (ol L =+ 2 ) (3.28)
Further, for all r > 0, the iterates of tFILTER satisfy
1
ALT+1 —_ AL" < _inT+l o ‘TT”%QR_L + <T2R€T+1,$r+1 . $r> (329)
M

~{ 3 _ -
5 (T L = I+ 3 4 3 TRE ).

Before moving forward, we provide bounds for the important parameters x and .

From (3.27a) we can express x as

1
A (SEY-1(Y-1BTS2BY-1 4+ [) L Y-1FTY)
1
A (TIBTS2BY-1 4 1) 7! L)
(2.23) 1
= . 3.30
S (“Lo T ITTATT 5 T712g) (3:30)
Similar derivation applies for £. In summary we have
Amax(2YTAYL 1) 1

K < - 3.31
N Amin(ﬁG) Amin(ﬁG) ( )

Step 3. In this step, we analyze the error sequences {€"71} generated by the xFILTER.
First we have the following well-known result on the behavior of the Chebyshev iteration;
see, e.g., [61, Chapter 6] and [62, Theorem 1, Chapter 7).

Lemma 3.3.3. Consider using the Chebyshev iteration (3.13) to solve Rz = d". Define

2Tt = RN, with

R:=""3FTs2F +71?). (3.32)
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Define the following constants:

)\min(R) 2 Amin(Tz)
= S =y S ‘= Amin max . .
€)= S < L (0% = T ot <1 0(R) = duan () + du(R). (3.35)
Choose the following parameters:
2 4 1-¢(R)

T = [ 2, a1 = Lo

O(R)’ 41—’ T T ER)

Then for any n € (0,1), in order to achieve the following accuracy
" g
lug — &7 132 < mlluo — 2L |3, (3.34)

it requires the following number of iterations

Q >~ (n/4) I/E(R).

Recall that in Algorithm 2 the initial and final solutions for the Chebyshev iteration

are assigned to 2" and z"t!, respectively. Define ¢ := ug — 2" +!

, we have
Rx" = Rug = R(up — 271 + R’ .= RE + d" ¥V r > —1.
Plugging in the definition of d" in (3.17), we obtain

RE = Rx" + T3V f(z") + FTX" — Y%g"). (3.35)

Using the definition of €"™! in (3.18b), and the fact that R is invertible, we obtain the
following key relationship

T =™ " V> 1. (3.36)
Recall that €1 := 21 — 27+ and 2™ = ug, 2" = ug, then (3.34) implies

*

e %2 < nll€ 13- (3.37)
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By combining Lemma 3.3.3, (3.36) and (3.37), the following result provides some essen-
tial relationships between the error sequences {¢"*'} incurred by running finite number

of C-iterations, with the outer-loop iterations {x"1}.

Lemma 3.3.4. Choose the inner iteration of tFILTER as

1 62 oy
@=-3mn <16 + 128 M max{ Apmax(T2R), 1}> 1/&(R). (3:38)

where 0 := £(Y2R)E(Y?) x min{1, Amin(Y?)}. Then we have the following inequalities

IT?Re™H? < WHJUTH — 2" |¥ap (3.39a)
HGTHH%(?R < 16MH$T+1 - UUTH%M% (3.39b)
‘s 1 T ‘s
[TRe? < s a2 g, (3.39¢)
3
(Y2Re™lgm Tl 27 < 1—6||:13TJrl — 2”32 s (3.39d)
T T T 1 r T— 1 T ‘s
(Y?Re 2™ 2™ < éﬂx — 2" e g + EHx LRl (3.3%)
3.3.1 Proof of Lemma 3.3.4
Proof. Let us choose
n = 0%/(4 + 32M max{\max (T*R), 1}). (3.40)

Then from Lemma 3.3.3, it is clear that if ) satisfies (3.38), then
[ 15 < nll@ 3. (3.41)

Note that Y2R = FTX2F + Y2~ 0, then it follows that

) Amax(RY2T2R)
xpe 2 < e e,
(3.37) 272 272 2
B s (BTCR) oy P (RET R A0,
Amin(’r2) )\min(TQ)

< NAmax (RY2 T2 R) Amax (T2)

T2 ~r 2< 072 TZ ~r 2.
S o (RTETTR) g (12) 1L BT < m6 X RE]




93

Using the above relation, we can then obtain the following
IT2Re 1|2 < 200 " (| T2 R 4 | T2R(eH = &)?)
(3.36) -2 2 r+1)2 2 r+1 _ .r\|)2
< 2007 (TR 7 + [T R(z z")[%)-
Therefore, we obtain
IT2Re™ |2 < 20072 /(1 — 20072)| T2 R(2™+ — ")

Plugging the definition of 7 in (3.40), we have

IT*Re™H? < Amax (Y2R)20072 /(1 — 2007%) 2" — 27 |32

(3.40)
< 1/A6M)||l2" T = 2" ||3ep, Vo > —1.
To obtain the second inequality, notice that
e x2p < 07 0lIE 1 F2p < 0701 (132 (3.42)

where the last inequality is due to the fact that & < 1. Then repeating the above
derivation we can obtain the desired result. The third inequality in (3.39) can be derived
in a similar way, and the last two in (3.39) can be obtained by using Cauchy-Swartz

inequality. Q.E.D.

Clearly, using the Chebyshev iteration is one critical step that ensures fast reduction
of the error {¢"*'}. In particular, to achieve constant reduction of error, the total
number of required Chebyshev iteration is proportional to \/1/£(R), rather than 1/£(R)
in conventional iterative scheme such as the Richardson’s iteration [61]. Such a choice
enables the final bound to be dependent on /1/£(G), rather than 1/£(G).

Step 4. Let us construct the following potential functions (parameterized by constants
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c,¢>0)

2
Pc(xr+1’xr7)\r+l) — ALTTL + ﬁ’zuﬂrfllj(xﬂrl _ xT)H2

+ 5 (IZFa™ 2+ 2 = W) (3.43a)

~ 3K e

Pe(a™, 07 A7) 1= AU 4 ST — )2 (3.43b)
3K 1 2 c 12 1 2

# e = a gt § (IBF I 4 e = ey )

For notational simplicity we will denote them as P"*! and ]5’”“1, respectively. In the
following we show that when the algorithm parameters are chosen properly, the potential

functions will decrease along the iterations.

Lemma 3.3.5. Suppose that f(z) is in class Pﬁ/[, and that the parameters of D-GPDA

are chosen as below

¢ = max{6k, 1}, T? > Lz;L, (3.44a)
% (A+77) - % — %LT—QL — % = 0. (3.44b)

Then for all r > 0, we have
PP PP s Ll o s (3.45)

Lemma 3.3.6. Suppose that f(z) is in class PM, Q is chosen according to (3.38), and
the rest of the parameters of tFILTER are chosen as below

o 8 o LY72L
¢ =8k = Amin(EFT*ZFTE)7 T i’ W’ (3463)
(1/4 — 3% — &)Y2R — (1 + 28)L/M — %LT_QL = 0. (3.46Db)
Then for all r > 0, we have
~ = 1
Pr—prtt > ng’"“ — 2" [|Fe 4 Rl R (3.47)
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Step 5. Next we show the lower and upper boundedness of the potential function.

Lemma 3.3.7. Suppose that f(x) is in class 77?1/[ and the parameters are chosen ac-
cording to (3.44). Then the iterates generated by D-GPDA satisfy

P> f>—00, Vr>0, (3.48a)

2
PO < f(a%) + 37do L™ do, (3.48b)

where dy is defined in (2.48).
Similarly, for xFILTER the function Pr+1 has the same expression as in (3.48a),
and
~ )
P < f(a%) + MdOTL‘IdO. (3.49)

Step 6. We are ready to derive the final bounds for the convergence rate of the proposed

algorithms.

Theorem 3.3.1. Suppose that f(x) is in class 73?1/[ and the parameters are chosen

according to (3.44). Let T denote an iteration index in which D-GPDA satisfies

2
e(T) := min + |IZFz"|? < e (3.50)

re(T]

M

1/M YV fi(xf)
i=1

Then we have the following bound for the error:

C _ 2 _
e < (Cq X ?2, with Cq := 8<f($0) —i-f— Md(j;L 1d0>

M
Cy=4 Y of+> B +4 (3.51)
=1

(4,5)xi~g @

Similarly, for tFILTER when the parameters are chosen according to (3.46) and (3.38),
the same equation

€< Oy x T (3.52)

holds true (with T, denoting the total number of outer iterations), with the following
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constants

Cy = f(2°) — [+ —AdeTLfldo (3.53a)
M 1

~ 2

Cy = 128 (;le B2 43+ 3%) . (3.53b)

We note that one key difference between the two rates is that, the constant Cs for
D-GPDA depends explicitly on o¢’s, while its counterpart for xFILTER depends on 1/&
instead. Further, for xFILTER, the constant & in (3.31) only depends on A, (L),
while for D-GPDA & is further dependent on Apax (Y !AY™!). These properties will
be leveraged later when choosing algorithm parameters to ensure that optimal rates for

different problems and networks are obtained.

3.4 Rate Bounds and Tightness

In this section we provide explicit choices of various parameters, and discuss the tight-
ness of the resulting bounds for D-GPDA and xFILTER.

3.4.1 Parameter Selection and Rate Bounds for D-GPDA

Let us pick the following parameters for D-GPDA

2 /LiL,
o2 = PIVLLi ya_ gap go S0max{Ame(W), 1} (3.54)
J \/ didj mln{Amin(EG)7 l}M

It follows that the following relations hold

(3.31)
e 1+2)\max~(W) ‘
min{Amin(L)a 1}

A= /62W7 67,2 = BQL% v i? (355)

In the above definitions, we have defined W € RM as a diagonal matrix with

(Wi = ;
Vi 2= \/dg
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and that

1 e
Zq:qw N ifi=j

[Lalij = — idj if (ij) € E,i#j (3.56)

0 otherwise.

Note that when d; = d;, V i, j, we have L5 = L. We have the following result.

Theorem 3.4.1. Consider using D-GPDA to solve problems in class (P%,Ng), using
parameters in (3.54). Then the condition (3.44b) will be satisfied. Further, to achieve

e(T) < e, it requires at most the following number of iterations
8 0 2 2
T\ f@7) = f+ 57 ldollz-1 ) x Cz (3.57)

where Cy is given by [with W and L defined in (3.56)]

320 max{ Amax (W

), 1} L
Cy < 2 +4. 3.58
*7 min{A(Lo), 1) ’ ; . ( d; dJM * 4) T (3.58)

Proof. For D-GPDA, use the parameters in (3.54), we have

6 + 12\ pax (W) o 80max{Amax(W), 1}
~ min{A,,(L6), 1} -~ min{),(La), 1}M

Therefore to ensure condition (3.44b), it suffices to ensure the following

40 max{Amax(W), 1} (4 4 8Amax(W)) 1 6 + 12 Amax (W)
: . L——L- 2o
min{ A ;,(La), 1} M M80 max{Amax(W), 1} M min{\;,(La), 1} M

(3.59)

It is easy to check that this inequality will be satisfied using the above choice of param-

eters. Using these choices, we can obtain the desired expression for Cj. Q.E.D.
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3.4.2 Parameter Selection and Rate Bounds for xFILTER

First, recall that we have defined the matrix L and £ as follows [see the definition in
(2.25)]

ﬁ — 1‘/71/2pr1/2}7'11}'{}7]371/21‘/71/27
L=L'2FTKFL1/2,

Below we will provide two different choices of parameters.
Choice I. We will focus on a class of graphs such that there exists an absolute constant
k > 0 such that the following holds (i.e., the degrees of the nodes are not quite different

from their averages):
kP = dly. (3.60)

The above condition says that the degrees of the nodes are not quite different from their
averages. For example the following graphs satisfy (3.60): Complete graph (k = 1), star
graph (k = 2), grid graph (k = 2), cubic graph (k = 1), path graph (k = 2), and any
regular graph (k = 1).

For the class of graphs satisfy (3.60), let us pick the parameters for xFILTER as

follows
4 k k
2o A8XOOk oo 90K pijappie (3.61)
> Aidyin (L) 22 di
Using the above choice, we have
96 L;d;k
2 1 g
c = 3.62
and that the matrix T satisfies the following
96k 96
T2 = < PY2LPYV? - L. :
S d, = (3.63)
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Plugging these choices to the generalized Laplacian Lg in (2.23) we obtain

Lo="Y'FI'y2py—!
48

= RS Ve A ¢ ) e MV —— (3.64)
Amin(‘/:’) Amin(‘c)
Therefore by (3.31) we have
o Aa(D) 1
=m0y — 3.65
48—min(£) 48 ( )
Also in this case we have
4
R="2FTs?F4+ 1= 5 8 p-12p-ip-12pTrp

By noting that the matrix P~1/2L~1P~1/2FT K F and £ has the same set of eigenvalues,

we obtain
48 A max (L) 50 ey N
Amax(R) < (Amm(f) + 1) < il Amin(R) = 1, (3.66a)
A8\ max (L) £(L)
¢R)>1/ (w + 1) > (3.66b)

Choice II. For general graphs not necessarily satisfying (3.60), let us pick the param-
eters for xFILTER as follows

2o ABXH gy 90, (3.67)
M—min([’) M
Using the above choice, we have
96L;
2 7
= : 3.68
/BZ M ( )
We have that
4 ~
Lo="T'"FIy2?py—! = B _ppprgppoeo B 7 (3.69)

Amin ('C) Amin (E)
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Therefore by (3.31) we have

_ >‘m1n( ) 1
48)‘mm( ) 48

R

)

[
|

(3.70)

Also in this case we have

48

R="2FTY2F 4+ = L 'FTKF + 1.

Amin

By noting that the matrix L' FT K F and L has the same set of eigenvalues, we obtain

A8\ max (L) 50
Amax(R) < | ——+ 1| < —, Auin(R) =1, 3.71a
()<mm<>+>é<£> " 71
€(R)>1/ <w+1> > «Séﬁ) (3.71b)

Remark 3.4.1. (Choices of Parameters) The main difference between the above
two choices of parameters is whether Y2 is scaled with the degree matrix or not. The
resulting bounds are also dependent on the spectral gap for L and Z, one inversely scaled
with the degree matrix, and the other does not. Note that the spectral gap of L and
L may not be the same. For example for a star graph with L; = L;, ¢(L) = O(1/M)
but £(L£) = O(1). Therefore one has to be careful in choosing these parameters so that
¢(R) is made as large as possible.

Additionally, since we are mainly interested in choosing the optimal parameters so
that the resulting rate bounds will be optimal in their dependency on problem param-
eters, the absolute constants in the above parameter choices have not been optimized.

The following result is a direct consequence of the second part of Theorem 3.3.1.

Theorem 3.4.2. Consider using tFILTER to solve problems in class (Pg/[,./\/'g[), then
the following holds.

Case 1. Further restricting NA! to a subclass satisfying (3.60). If parameters in (3.61)
is used, then the condition (3.46b) will be satisfied. Further, to achieve e(T) < e, it

requires at most the following number of iterations (where T' denotes the total iterations
of the tFILTER algorithm,)
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~

IN
A=
N

F) = 1+ lal s ) % Co

maxy Amax 2 y
1n<16+128M ey (T2R) 1}) TR

| —

X
4
1 0 ) 2 ~
<< f@) =+ MHdOHL—l x Cy
1 2(M Liax/Lmin)* x (16 + 128M Linax, 1 =
Ly (50 [Lunin)* x (16 + 128M max{50 x 96k Limax 1}) 50/€(Z)
4 &(L) x min{1,962k2L2; /M?}
(3.72)
where C~’2 18 given by
M
~ 96k
Cy < 128 < > _diLi + 19) : (3.73)
i=1% =1

Case II. Suppose parameters in (3.67) are used. Then the condition (3.46b) will be
satisfied. Further, to achieve e(T) < €, it requires at most the following number of

iterations

T < 1(f($0) - f+ ]\54Hd0|!%—1> x C

1 2(Lmax/Lmin)* x (16 4+ 128M Linax/M, 1 =
Ly (50 (Euma/ Lunin)* (16 + 128M max{50 x 96 Lunax /M, 1}) 50/ (D)
4 §3(L) x min{1,962L7,; /M?}
(3.74)
where Cs is given by
- 96
Cy <128 (M X;L + 19) . (3.75)

We note that compared with the results in Theorem 3.3.1, the additional multi-
plicative term in (3.72) accounts for the Chebyshev iterations that are needed for every
iteration ¢. It is interesting to observe that comparing with the previous result, the con-

stant Cy in (3.73) is independent on any graph parameters. Such a desirable property
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turns out to be crucial for obtaining tight rate bounds.

3.4.3 Tightness of the Upper Rate Bounds

In this section, we present some tightness results of the upper rate bounds for our
proposed D-GPDA and xFILTER. In particular, we compare the expressions derived in
Theorem 3.4.1 — 3.4.2, and the lower bounds derived in Section 2.3, over different kinds
of graphs and for different problems. We will mainly focus on the case with uniform
Lipschitz constants, i.e., L; = U, V i. WE will briefly discuss the case of non-uniform
Lipschitz constants at the end of this section.

First, we consider the problem class ’P(]}/[ with the following properties:

M
1
L1:L2:---LM:MZL1-::U, L=Uly. (3.76)
i=1

It follows that in this case £ = L, and L = PY2LPY2. Let us first make some
useful observations. Remark 3.4.2. Let us specialize the parameter choices for D-GPDA
algorithm in (3.54) and derive the bounds for Cs in (3.58) for two special graphs.
Complete graph. For complete graphs we have d; = d; = M — 1,V 4, j, which implies
that Lo = L, so A\pn(Lg) = M/(M —1). Because L; = L; = U, ¥ 4,5, we have
W = Is. Therefore using the expression (3.58) we obtain the following:

min(

CSO™P < 400U + 4. (3.77)

Cycle graph. For cycle graph we have d; = d; = 2,V 4, j, which implies that L5 = L,
and A\, (Lg) > 1/M?2. Because L; = L; = U, V i, j, we have W = I);. Therefore using

the expression (3.58) we obtain the following:
CSYIe < 240U M? + 4. (3.78)

It is clear that for cycle graph whose diameter is in O(M ), the rate bounds is very large.
Remark 3.4.3. Let us specialize the parameter choices for xFILTER algorithm in
(3.61) and derive the bounds for Co x 1/4/¢(£L) in (3.73) for the following special graphs.

Note that because uniform L;’s are assumed, we have £ = L.
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Complete graph. Complete graphs satisfy (3.60) with & = 1. It also satisfies

Amin(£) = M /(M — 1) > 1. Therefore using the expression (3.73) we obtain the follow-

ing:

C57™P x

— < 125000 + 2560. (3.79)
&(£)

Grid graph. Grid graphs satisfy (3.60) with & = 2. It also satisfies \;,(£) > 1/M.

Therefore using the expression (3.73) we obtain the following:

1

£(£)

CEd < (125000 + 2560) x v/M. (3.80)

Star graph. Star graphs satisfy (3.60) with & = 2. It also has £(£) = 1/2. Therefore

using the expression (3.73) we obtain the following:

1

C5Pr < (125000 + 2560) x /2. (3.81)

§(L

~—

Geometric graph. For geometric graphs which place the nodes uniformly in [0,1]?
and connect any two nodes separated by a distance less than a radius R € (0,1). Then

if the connectivity radius R satisfies [42]
R=Q ( log1+6(M)/M> , for any ¢ > 0, (3.82)

then with high probability

ﬂ@:@(“ﬁm>. (3.83)

Further, from the proof of [63, Lemma 10], for any € and ¢ > 0, if

R=0 <\/1og1+6(M) /(M@) (3.84)
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then with probability at least 1 — 2/M¢~!, the following holds

log' ™ M — V2clog M < d; < log't* M + v2clog M, V i. (3.85)

This means that (3.60) is satisfied (with k£ = 1) with high probability (also see discussion
at the end of [42, Section V]). Therefore using the expression (3.58) we obtain the
following:

~ . 1
cgeometric o~ < (125000 + 2560) x O ( (3.86)

=
&(L)

log (M)

Cycle/Path graph. Cycle/path graphs satisfy (3.60) with & = 2. We also have
Ain(£) > 1/M? (see the discussion in Sec. 2.2.3). Therefore using the expression
(3.73) we obtain the following:

1

5y x < (12500U + 2560) x M. (3.87)

£(0)

From the above comparison, it is clear that the rate bounds for xFILTER is about
O(M) times better than the D-GPDA for the path/cycle graph.

We also note that for the xFILTER algorithm, the fact that L; = U, V ¢ implies that
the matrix X2 given in (3.61) is a multiple of identity matrix. Therefore by Remark
3.2.3, we can conclude that in this case xFILTER belongs to both A and A’.

Now we are ready to present our tightness analysis on D-GPDA and xFILTER.

Theorem 3.4.3. We have the following tightness results.

(1) Let D =1 and consider the class (P}, NJ). Then D-GPDA is an optimal algo-
rithm, and its convergence rate in (3.57) is tight (up to a universal constant).

(2) Let D = M — 1 and consider the class (P}, NM). Then zFILTER is an optimal
algorithm, and its convergence rate in (3.72) is tight (up to a polylog factor).

(38) More generally, consider the problem class Py, and a subclass of ./\/'g satisfying

(3.60). Then the convergence rate in (3.72) is tight (up to a polylog factor).

Proof. We divide the proof into different cases.
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Case 1). The network class is a complete graph with M nodes. Using the parameters
n (3.54), Cy is given by (3.77), and we have that %2 = %IE. Note that the
following holds

1Fal? = llzi — ).

(6,5)i~]

If (3.50) holds, then Theorem 3.3.1 and Theorem 3.4.1 imply

T <8(0) - £ + o la?) < XY

For complete graph it is easy to check that £(G) > 1. Using the definition in (2.18), we

also have
U r
R _52[1%1”72 Vfi(x WHA»”U [&
< ;2[1%1 H*Z Vi) + —OHEAx7"||2 <e(T)<e

By comparing the lower bound derived in Lemma 2.3.2, we conclude that the above
rate bound is tight (up to some universal constants).
Case 2). The network class is a path graph with M = D + 1. From Section 2.2.3 we

have

£9) 2 - (3.88)
Further we note that condition (3.60) satisfies with £ = 2. We have
L=P ' 2PFTEP~12 = . (3.89)
Therefore we conclude that
~ 1
£(L) > ¢£(9) > —- (3.90)
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Applying the above estimate to (3.61), we can choose

4608U 96U
¥?2 = _—Ip, Y’=—""7_P 3.91
4 =2\ (L) 4M-2) 320

Using these choices, again we will have

3.66) ¢(/) (3.90)
R) ( 2 L) ( S 1

50 — 50M? (3:92)

Using these constants, and note D < M, we have

. U 2
= iy L gy X
min H—ZVf H + LHF%\P
= P2 ’ Aunin (L) M
(3.91)
S7g%wf§: Vil H+2wgmﬂtW<e@>

where in the first inequality we have used P > Ij;. Similarly as in the previous case,

suppose e(T,) < ¢, then according to Theorem 3.4.2 we have

128(96U + 19)

< (10~ inf 1(o) + ol 71 ) x 220

Recall that for xFILTER, T, represents the number of times the dual update (3.16) is
performed. Between two dual updates () primal iterations are performed, where the

precise number is given in (3.38). According to (3.92) we have
1/€(R) < 13M. (3.93)

Overall, the total number of iterations required is given by

7 < (160 - £+ 57 1d0l?) x 1280060 + 19

1 (502M10 x (16 + 128 M max{50 x 192U, 1})

o
3" min{1,962 x 4U2/M?}

) x 13M. (3.94)
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This implies that the lower bound obtained in Theorem 2.3.1 is tight up to some uni-
versal constant and a ploylog factor in M, and the bound-achieving algorithm in class
A is the xFILTER.
Case 3). The proof follows similar steps are in the previous case. When L; = L;, Vi #

j, and when (3.60) is satisfied, it is easy to verify that the following holds
Wy < e(T,), and £ = L. (3.95)

To bound the total number of iteration required to achieve hij, < €, note that when
(3.60) is satisfied, we can apply the bound (3.72) in Theorem 3.4.2 and obtain
)

T < 1<f($0) - [+ MU|doH2> x 128 (96kU + 19)

1 502 M4 x (16 + 128 M max{50 x 96kU, 1})
X ( €3(G) x min{1,962k2U2 /M?2} ) 50/£(G). (3.96)

Comparing with the lower bound obtained in Theorem 2.3.1, it is clear that apart from
the multiplicative In(-) term, the remaining bound is in the same order as the lower
bound given in (2.58). Q.E.D.

Remark 3.4.4. (Optimal Number of Gradient Evaluations) It is important
to note that the “outer” iteration of the xFILTER required to achieve e-local solution
scales with O(U/e), which is independent of the network size. Because local gradient
evaluation is only performed in the outer iterations, the above fact suggests that the
total number of gradient evaluation required is also in this order, which is optimal
because it is the same as what is needed for the centralized gradient descent.

Remark 3.4.5. (Performance Gap Between D-GPDA and xFILTER) If we
apply D-GPDA to the path or cycle graph, then according to Remark 3.4.3, the corre-
sponding Cy, as well as the final upper bound, will be in O(M?2U), which is O(M) worse
than the lower bound. Intuitively, this phenomenon happens because of the following:
in order to decompose the entire problem into the individual nodes, the z-update (3.8a)
has to create a proximal term that matches the quadratic penalty ||XAz|/?. But such
an additional term forces the variables to stay close to their previous iteration. In
contrast, XFILTER circumvents the above difficulty by leaving the quadratic penalty

intact, but instead using a few fast and decomposable iterations to approximately solve
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the resulting problem.
Remark 3.4.6. (An Alternative Bound) For problems and graphs in (P}, N3)
without additional conditions, it can be verified that the second choice of the parameters

(3.67) gives the following convergence rates [cf. (3.74)]

T=0 ((f(O) — ir%ff(x) + HdOHQMiUIM) X g X ! > , (3.97)

VE@TPLPT)

where the notation O denotes @ with a multiplicative ploylog factor. The above rate is
proportional to the square root of the eigengap for the matrix PY/2£P'/2 which is the
unnormalized Laplacian matrix for graph G.

Remark 3.4.7. (Non-uniform Lipschitz Constants) We comment that for the
general case L; # Lj, ¥V i,j, we can use similar steps to verify that the bound (3.74)
derived in Theorem 3.4.2 is optimal, in the sense that they achieve the lower bound
(2.65) predicted in Corollary 2.3.2.

3.5 Numerical Results

This section presents numerical examples to show the effectiveness of the proposed
algorithms. Two kinds of problems are considered, distributed binary classification
and distributed neural networks training. We use the former one to demonstrate the
behavior and scalability of our algorithm and use the latter one to show the practical

performance.

3.5.1 Simulation Setup

In our simulations, all algorithms are implemented in MATLAB R2017a for binary
classification problem and implemented in Python 3.6 for training neural networks,
running on a computer node with two 12-core Intel Haswell processors and 128 GB
of memory (unless otherwise specified). Both synthetic and real data are used for
performance comparison. For synthetic data, the feature vector is randomly generated
with standard normal distribution with zero mean and unit variance. The label vector is

randomly generated with uniformly distributed pseudorandom integers taking the values
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{—1,1}. For real data, we use the breast cancer dataset ! for binary classification and
MNIST? for training neural network. The breast cancer dataset contains a total of 569
samples each with 30 real positive features. The MNIST dataset contains a total of
60,000 handwritten digits, each with a 28 x 28 gray scale image and a label from ten

categories.

3.5.2 Distributed Binary Classification

We consider a non-convex distributed binary classification problem [64]. The global

consensus problem (3.2) can be expressed as follows:
M

min f(l') = % Zfl(xz), s.t.x; = wj,v (2,]) e€.

T€RSM —
And each component function f; is expressed by

az?
2,8

||Mou

Here v;; € RS denotes the feature vector with dimension S, yi; € {1,—1} denotes
the label for the jth date point in ith agent, and there are total B data points for each
agent. Unless otherwise noted, the graph £ used in our simulation is generated using the
random geometric graph and the graph parameter Ra is set to 0.5. The regularization
parameter is set to A = 0.001,a = 1.

To compare the convergence performance of the proposed algorithms, we randomly
generated M B data points with dimension K and distribute them into M nodes, i.e.
each node contains B data points with K features. Then we compare the proposed
xFILTER and D-GPDA with the distributed subgradient (DSG) method [44], the Push-
sum algorithm [65], and the NEXT algorithm [11]. The parameters for NEXT are
chosen as 7 = 1, [0] = 0.1 and p = 0.01 as suggested by [11], while the parameters for
xFILTER are chosen based on (3.61).

"https://archive.ics.uci.edu/ml/datasets/Breast+Cancer-+Wisconsin-(Diagnostic)
http://yann.lecun.com/exdb/mnist/
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Simulation results on synthetic data for different M, B, K averaged over 30 realiza-
tions are investigated and shown in Fig. 3.1 to Fig. 3.10, where the x-axis denotes the
total rounds of communications required, and the y-axis denotes the quality measure
(2.18) proposed in Section 2.2. Note that the curves xFILTER (outer) included in these
figures show the number of communication rounds required for xFILTER to perform the
“outer” iterations (which is equivalent to r in Algorithm 2, since in each outer iteration
only one round of communication is required in Step S3). The performance evaluated
on real data is also characterized in Fig. 3.11, in which we choose M = 10, B = 56, and
K = 30. These results show that the proposed algorithms perform well in all parameter
settings compared with existing methods.

We further note that these figures also show (rough) comparison about computation

efficiency of different algorithms. Specifically, for D-GPDA, DSG and Push Sum (resp.
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Figure 3.11: Results on real data: M = 10,B =
56, K = 30

NEXT), the total rounds of communication is the same as (resp. twice as) the total
number of gradient evaluations per node. In contrast, the total rounds of communication
in the outer loop of xFILTER is the same as the local gradient evaluations. Therefore,
the comparison between xFILTER (outer) and other algorithms in Fig. 3.3 to Fig. 3.10
shows the relative computational efficiency of these algorithms. Clearly, xFILTER has
a significant advantage over the rest of the algorithms.

Further, we compare the scalability performance of the proposed algorithms with
increased network dimension M, and the results are shown in Fig. 3.12, Table 3.2 and
Table 3.3. In particular, in Fig. 3.12 we compare the total communication rounds re-
quired for NEXT and the xFILTER for reaching h} < 10710 and hy < 10715, over path
graphs with increasing number of nodes. Overall, we see that the xFILTER, performs
reasonably fast.

We do want to point out that although for the unconstrained problems that we
have tested, our proposed algorithms compare relatively favorably with NEXT, NEXT
can in fact handle a larger class of problems because it is designed for nonsmooth and
constrained nonconvex problems. Further, for all the algorithms we have used, we did
not tune the parameters: For xFILTER and D-GPDA, we use the theoretical upper
bound suggested in Theorem 3.3.1, and for NEXT we use the parameters suggested in
the paper [11]. For all our tested problems and algorithms, it is possible to fine-tune

the stepsizes to make them faster, but since this paper is mostly on the theoretical
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Figure 3.12: Comparison of NEXT and xFILTER over path graphs with increasing number of nodes (M €
[10, 150] in (a) and M € [5, 50] in (b)). Each point in the figure represents the total number of communication
needed to reach hl, <e.

Table 3.2: Optimality gap after 200 rounds of communications (B = 200, K = 10)

number of nodes M D-GPDA xFILTER
10 3.96 x 10~* 2.50 x 10711
20 5.45 x 1074 1.92 x 1079
30 1.20 x 1074 4.71 x 101
40 2.95 x 1074 4.07 x 10710
50 3.88 x 1074 8.47 x 10~ 11

properties of rate optimal algorithms, we choose not to go down that path.

3.5.3 Distributed Neural Network Training

In our second experiment, we present some numerical results under a more realistic
setting. We consider training a neural network model for fitting the MNIST data set.
The dataset is first randomly partitioned into 10 subsets, and then gets distributed over
10 machines. A fully connected neural network with one hidden layer is used in the
experiment. The number of neurons for the hidden layer and the output layer are set as
128 and 10, respectively. The initial weights for the neural network are drawn from a
truncated normal distribution centered at zero with variance scaled with the number of
input units. The algorithms are written in Python, and the communication protocol is

implemented using the Message Passing Interface (MPI). The empirical performance of
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Table 3.3: Optimality gap after 1000 rounds of communications (B = 200, K = 10)

number of nodes M D-GPDA xFILTER
10 8.24 x 10~ 13 1.93 x 10733
20 9.41 x 10712 1.43 x 10732
30 2.09 x 10713 2.26 x 10732
40 1.52 x 10~ 4.19 x 10733
50 2.30 x 10710 6.48 x 10733

the xFILTER is evaluated and compared with the DSG algorithm [66]. Fig. 3.13 shows
that, compared with DSG, the proposed algorithm achieves better communication and
computation efficiency, and has improved classification accuracy.

Note that despite the fact that some global parameters (such as the Lipschitz con-
stants) are unknown, the rules provided in (3.61) or (3.67) still can help us roughly

estimate a set of good parameters. For example, we choose the following parameters

2 o r2 _ B8P

- Zz di&min(z)’ B m7 (3.98)

and tune the parameter $ and o by searching from the set {0.1,0.2,0.5,1,2,5,--- , 100, 200, 500}.
Based on the best practical performance over 10 runs, we choose 8 = 100 and o = 20
for xFILTER and a = 0.1 for DSG.

3.6 Proofs of Lemmas and Theorems

3.6.1 Proof of Lemma 3.3.1

Proof. First we show that for all » > —1 the following holds for D-GPDA
Vi) + FIX + FTS2Fe™™ + H(z™ —27) = 0. (3.99)
Note that for the initialization (3.6) we have

Vi) + QA+ 7122 = Ve + (FTS?F 4+ H)2® = 0.
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Figure 3.13: Comparison of DSG and xFILTER over path graphs on distributed training neural networks;
Plot (a) shows the dynamic of the categorical cross-entropy loss, and plot (b) shows the training classification
accuracy. The parameters are chosen based on their best practical performance through grid search. The curves
xFILTER (outer) and xFILTER (total) again represent the number of outer iteration, and the total number of
iterations required for xFILTER.

Setting x71 = 0, A\~ = 0 and using (3.6), we obtain
VFO0)+ FIAx T+ FT2?Fa® + Hz® — 27 =o. (3.100)

Further, the optimality condition of the x update (3.8a) suggests that (3.99) holds for
all 7 > 0, therefore (3.99) is proved.
Second, by using (3.99) and the y update (3.8b), we obtain

FIXT = V(") — H(z™ —2"), Vr> -1 (3.101)
Then subtracting the previous iteration leads to

FTOM 2"y = —(Vf(2") — V(™) — Hw™, ¥ r > 0.

Note that the matrix H = 0, X2 > 0, then we have

HY2ER)TS YN =\ = —H V2V f@") = V@) — H 2™ (3.102)
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Then using the fact that

YL ) = BF2™ € col(ZF),
we can square both sides and obtain the following

Awin(SFHTFTE)[27H A =202
<2 HVA(Vf(@") = Vi) + 2w ) He'
<2|T7HVf(@") = V)P + 20w )T Huw

(2.20) 9 B B
< Sl TTLE =2 P 2w, Vo 20, (3.103)

This concludes the proof of the first part.
To show the second part, note that according to (3.18b), z"+! generated by xFILTER
is given by (for all » > —1)

V") + FEO + 22F2™) 4 12(2" T — 27) = T2 Re™ L, (3.104)

Then use the same analysis steps as in the first part, we arrive at the desired result.
Q.E.D.

3.6.2 Proof of Lemma 3.3.2

Proof. Using the Lipschitz gradient assumption (2.20), we have

AL(z™ TN — AL(2z", A7) < (Vf(2") 4+ fIAT + FIS2Fam om T — 2m)
1
2M
= (Vf(z") + FIA" + ATS2pgrt gm 1 — g7

1
+ ol =Tl 4 GIREET =)

+ <H((l)r+1 o xr)7xr+1 . SIJT> + r+1 er%

m”x

+ S IZF @ =2~ [la™ = 2"y prsep

- A L
< _(r+l\T o 2 r+1 Y. )
< (x z") <2 5 +T)(m x") (3.105)
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Using the update rule of the dual variable, and combine the above inequality, we obtain

1
ALI’+1 — AL" < _§er+1 o er2A+2T2_L/M + <)\T+1 _ AT7AI'T+1>

1

= Sl = 2o T IETT T =X

2

Combined with Lemma 3.3.1 we complete the first part.

The second part follows similar steps. The modifications are that H is replaced by

Y2, and that there is an additional error term in the optimality condition; cf. (3.18b).

Q.E.D.

3.6.3 Proof of Lemma 3.3.5 and Lemma 3.3.6

Proof. Using the optimality condition (3.99), we have

(FTXNTL V(e + H(z™™ —2"), 2™ —2) =0, Vr> -1

This implies that for all »r > 0

<FT()\7”+1 _ /\r) + vf(xr) _ Vf(xr—l) + er+1’xr+1 _ xr) —0.
It follows that
1 r+112 1 r+1 T2 1 2 1 r r—1 1 r+1112
SISFar Y2 4 Jamt o < SISFa|? + Sl — o g — 5w (3.106)
1
+ m”xrﬂ — a7 + meT —a" 3, Vr>o0.
Then combining Lemma 3.3.2 and (3.106), for all » > 0 we have
Pt - pr< — (5 =26 o
1 L 4 2cL
_ Q(xr+1 xr)T<A+2T2 - - ﬁzLT_QL _ Jf4>(xr+1 — ).

Therefore, in order to make the potential function decrease, we need to follow (3.44).

To show a similar result for the xFILTER, consider the following optimality condition
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derived from (3.104)

(FTXTL LV f(a") + T2 (2" — 2") — T2Re™ L 2™ — ) =0, V 2.

Following similar steps as in (3.106), and use (3.39), we have

lnwr—&—l

1 1 1 1

SISFEr 2 4 2 at — a3 < SISF2 + Sl — 2 lye — Sl
(3.107)

+1/@M)]a — 7|} + /M)l — "

+ 1/4)| 2"t = 2" |Fe g + 1/4)J2" — 2" 3o, V> -1

Then combining Lemma 3.3.2, (3.106), and the estimate of the size of € in (3.39), we

have
~ ~ 1 ¢ _
pr+l _ pr < _§(xr+l _ wT)TV(xT"rl _ $r) _ (; o 31%) ”wr+1“%2.
with
L 6k Y2R(24F + 6 + 16¢)
= (TR —(1+28)— — — LY °L — :
Vv ( R—(1+ c)M Ve T

Therefore in order to make the potential function decrease, we need to follow (3.46).
Q.E.D.

3.6.4 Proof of Lemma 3.3.7

Proof. For D-GPDA, we can express the AL as (for all » > 0)

ALT+1 _ f(xr—i-l) _ ()\r—&-l’ 2—2()\7‘-‘1-1 _ )\7")> 4 %”EFxr—‘rlHQ

1
= SUETA PSP+ 27 T = AN+ [P

Since inf, f(x) = f is lower bounded, let us define

—~r+1 —~

AL = AL"" — f, f(x) = f(z) — f >0, prt— pr+l _
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Therefore, summing over r = —1--- T, we obtain

+1 1 _ 1N —
Z AL =3 (=72 = s 1?)

r=—1

1 1

7n+1 r—+12 —1/yr+1 \ (12

n Z( )+ SIS R 4 SIS0 - an)R).
r=—1

Using the initialization A™' = 0, then the above sum is lower bounded by zero. This

fact implies that the sum of Pr+1 s also lower bounded by zero (note, the remaining

terms in the potential function are all nonnegative)

T
Y Prfl>0, YT >0,

r=0

Note that if the parameters of the system are chosen according to (3.44), then P™+! is
nonincreasing, which implies that its shifted version Pr+l i also nonincreasing. Com-
bined with the nonnegativity of the sum of the shifted potential function, we can con-

clude that
Pt1>0, and P >inff(z), Vr>0. (3.108)
Next we compute P°. By using (2.22), we have

2K (e c
PP = AL+ 5|77 Laf? + £ <||~””°H§A+r2+L/M) (3.109)

ALY < f(2°) + 2|2 F2°|?
L0 G5 (2A + T2)_1%[Vf1(0); 1V (0)]

Y

_ 2
= 2A+ 1)

do (3.110)

where in the last equality we have used the definition of dy in (2.48). Use the above

relations, we have

PO < £(2%) + (29T Z2 (3.111)
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with the matrix Z defined as

2
Z—2—HLT72L+C(2A+T +L/M)

2 2
=2 5 +2F¥°F < 4c(2A 4+ T9)

where the last inequality follows from our choice of parameters in (3.44b), and the fact
¢ > 1. Note that

4c
M2
= 2T A £ 1) My < 2dl Ll (3.112)
Ve 0= 0 ‘

4CH=T0H3A+T2 < dF(2A + T2 7H2A + T3 (2A + Y27 Ldy

where the last inequality comes from the choice of the parameters (3.44b), which implies
that 2A + T2 = 2%. These constants combined with (3.109) shows the desired result.
For xFILTER, the proof for the lower boundedness is the same. To bound the size

of ﬁo, first note that we again have
AU f(a ) = LS PSP ST - ) 4 [SFa )
By letting » = —1, and use the fact that 27! = 0 and A~! = 0, we obtain

AL — f(a%) = SN2 + [Fa"?) = SIS0 (3.113)

Then we have

~ 3k 3.
PO = ALO WHT Lra)? + gmeOH@R

¢

+ 5 (1P + 1Mo v ryac iy ) (3.114)
ALY < f(2%) + 2|2F2)?, 27t =0, A7t =0, (3.115)
20 L) poiy-2g ) = 0, &1 O poiy-2g (o). (3.116)

Use the above relation, we have

PO < f(2°) + (2°) T Za" (3.117)
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with the matrix Z defined as

~ 3k 3 ¢L
Z=——LY°L SR+ YPR+ —— +2FY%F < 3Y2R
e + (8/1 + c) + oM + =

where the last inequality follows from our choice of parameters in (3.46b). Therefore

we have

(2°)T Za® < 3(2")T Y% Ra”

< 3(Vf(0) = Y2REO)YTRIT2(Vf(0) — Y2ReY)

—~
|/\._..
=

6(VFONTRIT2Vf(0) + 6(2)T Y2 Re
3
M

IN

BM(Vf(0)"LT'VF(0) + |2 F2p (3.118)

where in (i) we have used the Cauchy-Swartz inequality; the last inequality uses (3.39),
the choice of the parameters (3.46b) (which implies Y2R > 4L/M). The above series
of inequalities imply that

NN < (3 37 ) 1ol < 3MIVSO)TL04(0)
Therefore overall we have
(2T Z2" < 3(2")TY2Ra® < 5M(V£(0))T L'V £(0). (3.119)
Finally, by observing ﬁdono = |IV£(0)||?, the desired result is obtained. Q.E.D.

3.6.5 Proof of Theorem 3.3.1

Proof. To show the first part, we consider the optimality condition (3.101), and mul-
tiply both sides of it by the all one vector, and use the fact that 17 A7 = 0 to obtain

'V +1TH@™ —2") =0, Vr > —1.
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Squaring both sides and rearranging terms, we have

2

1
i S Vi) <@ —a")THITH (™! - a7)

< (@ =2 TH@E™ - 2"y x 1TH1

< "t — 27| ><<4 > o—”+2ﬁz>7vr2—1.

(i,3)i~g

i

Combining with (3.45), we obtain, for all » > 0

M 2
HAZZVWD < [l — a7 (420 +Z/32)
= ecf
<8(P"— Pt ( > ot +ZBQ> (3.120)
ec&

where in the last inequality we used 2(A + Y2) = H. We then bound the consensus

error. Lemma 3.3.1 implies

2
|SFz 2 <k (MQHT_lL(xT — 2" h|2 + QHwT“H%)

(3.44a) 4112 2 1yt 12
<2 (Al + I L@ =) ). (3.121)

Therefore

2 _
ISFa P < o (4 + gL - ) 4 2ABFE - )

(3.122)

Combining with (3.45), and using the fact that [cf. (3.44Db)]

8kLY 2L

2
AT o

2A = FY*F (3.123)
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we have

(3.45)
ISF2"||> < 16k [lw™ 5 + 5lla™! — 2" |3y < 20(P7 — PTHY). (3.124)

Also note that by the definition of e(T") we have

T M 2
T x e(T) < Z <||EF;UT||2 + H]\l/[ ZVfi(xg) ) (3.125)
r=1 i=1
Then combining the above with (3.45) and (3.124), and the fact that the potential
function is lower bounded by f, we obtain the desired result.
To show the result for xFILTER, multiply both sides of the optimality condition
(3.104) by the all one vector, and use the fact that F'1 = 0 to obtain

1TV f(a") + 17722 — 27) = 1T T2 Re™ (3.126)

Squaring both sides and rearranging terms we have

2

M
H S 2(1,7“—4-1 o $T)TT211TT2($T+1 . $T) + 2(€r+1)TT2R11TT2R€T+1

1 T
szfi(%)

(3.39)
< Q(xr-‘rl o xr)TT2<xr+1 _ xr) % 1TT21 + M/(4M)H$T+1 . xTHQTQR

M
< 2"t = 2”2 X 2(1 + Zﬁ?), Vo> -1
i=1

where in the last inequality we have used the fact that T2R = Y2 + FTYX2F > T2

To bound the consensus error, we first use (3.39) and obtain

1
g + gyl

1
T2R r+1 _ r\)2 < r+1
T2 R+ =€) o =

- 7"—1”
—4aM

2
T2R:
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Similarly as the first part, we use Lemma 3.3.1 and obtain
HEFI‘T+1”2
S o (T
4M

anr T M2

<2zt — 2" ||Fe g + 3R w T Re + 22" — 2" e, V>0 (3.127)
where the last inequality comes from (3.46b), that

LY2L
2T2R - 3% < e TQR) . (3.128)

By combining (3.127) and the following inequality
ISFa"|? < 2|SF (@ = a")|? + 2| ZF2"+%,
we have

ISFa"(* < 4lla™" = 2" |[Fop pryep + 6Rllw™ 3 + 4l — 277 [F2p

(3.47) - - ~ ~
< 64(PT—PTH 4 64(PTT - P, Vr>1
IZFa°|? < 64(P° — P) + 412°|[32 -

So overall we have that
T, | M
5 (HM S V)
r=0 =1

M T
< 64 (1 +> B8+ 1) S (P =P+ (P - PT)

=1

2
+ HEFSUTIIQ)

r=1

+64(P° — P1) + 4|2° | Fepy

M
< 128 <1+253+2> (P° — f) + 4)|2°|32 5. (3.129)
=1

where the last inequality utilizes the descent property of PO in Lemma 3.3.6. Note that
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from (3.113), (3.114) and use ¢ = 8k in (3.46a), we obtain

PO > f(2°) + R 2°| 3. (3.130)
Therefore From (3.49) and Lemma 3.3.7 we have that
oz, o P 16)
4 < ——

(329) A(f(2%) + gdg L™ do — f)  4C,

K K

Combining the above two relations leads to

Lo~ (1 2, Vi) .
?;) <y|1MH2+ |SFz" |2

M
1 ~
<128 (Z B2 +3+ 32%) C1/T;.

i=1

This completes the proof. Q.E.D.



Chapter 4

Improved Stochastic Algorithms
for Distributed Non-convex

Learning

Many modern large-scale machine learning problems benefit from decentralized and
stochastic optimization. Recent works have shown that utilizing both decentralized
computing and local stochastic gradient estimates can outperform state-of-the-art cen-
tralized algorithms, in applications involving highly non-convex problems, such as train-
ing deep neural networks. In this work, we propose a decentralized stochastic algorithm
to deal with certain smooth non-convex problems where there are m nodes in the sys-
tem, and each node has a large number of samples (denoted as n). Differently from
the majority of the existing decentralized learning algorithms for either stochastic or
finite-sum problems, our focus is given to both reducing the total communication rounds
among the nodes, while accessing the minimum number of local data samples. In par-
ticular, we propose an algorithm named D-GET (decentralized gradient estimation and
tracking), which jointly performs decentralized gradient estimation (which estimates the
local gradient using a subset of local samples) and gradient tracking (which tracks the
global full gradient using local estimates). We show that, to achieve certain e station-
ary solution of the deterministic finite sum problem, the proposed algorithm achieves

an O(mn'/?e~1) sample complexity and an O@(e~!) communication complexity. These

86
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bounds significantly improve upon the best existing bounds of O(mne=!) and O(e™ 1),
respectively. Similarly, for online problems, the proposed method achieves an O(me_3/ 2)

sample complexity and an O(e~!) communication complexity.

4.1 Introduction

Recent advances of decentralized optimization enable us to utilize distributed resources
to significantly improve the computation efficiency [67,68]. Compared to the typical
parameter-server type distributed system with a fusion center, decentralized optimiza-
tion has its unique advantages in preserving data privacy, enhancing network robustness,
and improving the computation efficiency [66,68-70]. Furthermore, in many emerging
applications such as collaborative filtering [71], federated learning [72] and dictionary
learning [73], the data is naturally collected in a decentralized setting, and it is not
possible to transfer the distributed data to a central location. Therefore, decentralized
computation has sparked considerable interest in both academia and industry.
Motivated by these facts, in this paper we consider the following decentralized opti-

mization problem,

m

min f(x) = ;Z Fi(x,), (4.1)

xcRmd

st. x;=xp, V(i,k)e€€&.

where fi(-) : R — R denotes the loss function which is smooth (possibly non-convex),
and m is the total number of such functions. We consider the scenario where each node
i € [m] := {1,--- ,m} can only access its local function f(-), and can communicate
with its neighbors via an undirected and unweighted graph G = {£,V}. And x stacks
all the variables: x := [x1;X2;- -+ ;X;n] € R™,

In this work, we consider two typical representations of the local cost functions:

1. Finite-Sum Setting: Each f(-) is defined as the average cost of n local samples,

that is:

ST SN HONY (12)
j=1

where n is the total number of local samples at node i, f;() denotes the cost for



88
jth data sample at ith node.

2. Online Setting: Each fi(-) is defined as:
F1() = Eep, [fe()), Vi (4.3)

where D; denotes the data distribution at node 3.

For the above decentralized non-convex problem (4.1), one essential task is to find an e

stationary solution x* := [x];--- ;x} ] € R™ such that the optimality gap h* satisfies

P 1 —
+EZ X;(—mzi:x;f(

%

m 2
% SO Vi) <e (4.4)
=1

This solution quality measure encodes both the size of local gradient error for classical
centralized non-convex problems and the consensus error for decentralized optimization.

Many modern decentralized methods can be applied to obtain the above mentioned
e stationary solution for problem (4.1). In the finite-sum setting (4.2), determinis-
tic decentralized methods [3,74-76], which process the local dataset in full batches,
typically achieve O(e~!) communication complexity (i.e., O(¢~1) rounds of message
exchanges are required to obtain e stationary solution), and O(mne~!) sample com-
plexity.! Meanwhile, stochastic methods [68,77-79], which randomly pick subsets of
local samples, achieve O(me~2) sample and O(e~2) communication complexity. These
complexity bounds indicate that, when the sample size is large (i.e., e ' = o(n)), the
stochastic methods are preferred for lower sample complexity, but the deterministic
methods still achieve lower communication complexity. On the other hand, in the on-
line setting (4.3), only stochastic methods can be applied, and those methods again

achieve O(me~2) sample and O(e~2) communication complexity [77].

4.1.1 Our Contribution

Compared with the majority of the existing decentralized learning algorithms for either
stochastic or deterministic problems, the focus of this work is given to both reducing the

total communication and sample complexity. Specifically, we propose a decentralized

!Note that for the finite sum problem (4.2), the “sample complexity” refers to the total number of
samples accessed by the algorithms to compute sample gradient Vf} (x:)’s. If the same sample j € [n;]
is accessed k times and each time the evaluated gradients are different, then the sample complexity
increases by k.
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Table 4.1: Comparison of algorithms on decentralized non-convex optimization

ALGORITHM CONSTANT STEPSIZE FINITE-SUM ONLINE COMMUNICATION
DGD [85] X O(mne=2) X O(e7?)
SONATA [76] v O(mne™1) X O(e™h)
PrOX-PDA [74] v O(mne1) X O(e™h)
XFILTER [3] v O(mne=1) X O(e™h)
PSGD [68] X O(me=?) O(me=2) O(e?)
2077 v ( 6_2) O(me=2) O(e7?)
GNSD [79] v O(me=2 O(me=2) O(e7?)
D-GET (THIS WORK) v O(my/me ') O(me3/?) O(e™h)
Lower Bound [3, 80] O(y/mne™1) - O(e™h)

gradient estimation and tracking (D-GET) approach, which uses a subset of samples to
estimate the local gradients (by utilizing modern variance reduction techniques [80,81]),
while using the differences of past local gradients to track the global gradients (by
leveraging the idea of decentralized gradient tracking [75,82]). Remarkably, the proposed
approach enjoys a sample complexity of C’)(mnl/ 2¢~1) and communication complexity
of O(e71) for finite sum problem (4.2), which outperforms all existing decentralized
methods. The sample complexity rate is /m worse than the known sample complexity
lower bound for centralized problem [80], and the communication complexity matches
the existing communication lower bound [3] for decentralized non-convex optimization
(in terms of the dependency in €). Furthermore, the proposed approach is also able
to achieve O(me %/?) sample complexity and O(e~!) communication complexity for
the online problem (4.3), reducing the best existing bounds (such as those obtained
in [77,79,83]) by factors of O(e~'/2) and O(e~!), respectively, through a more restrictive
mean-squared smoothness assumption [84]. The rate O(me3/2) is m worse than the
centralized stochastic lower bound O(e~3/2) for non-convex problems [84]. We illustrate
the main results of this work and compare the gradient and communication cost for
state-of-the-art decentralized non-convex optimization algorithms in Table 4.1.2 Note
that in Table 4.1, by constant step-size we mean that it is not dependent on the target

accuracy €, nor the iteration number.

2For batch algorithms DGD, NEXT, Prox-PDA and xFILTER, the bounds are obtained by multiply-
ing their convergence rates with m x n, since when applied to solve finite-sum problems, each iteration
requires O(1) full gradient evaluation.
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4.1.2 Related Works

Decentralized Optimization. Decentralized optimization has been extensively stud-
ied for convex problems and can be traced back to the 1980s [86]. We refer the read-
ers to the recent survey [87] and the references therein for a complete review. When
the problem becomes non-convex, many algorithms such as primal-dual based meth-
ods [74, 88], gradient tracking based methods [75,89], and non-convex extensions of
DGD methods [85] have been proposed, where the O(e~!) iteration and communication
complexity have been shown. Note that the above algorithms all require O(1) full gra-
dient evaluations per iteration, so when directly applied to solve problems where each
fi(-) takes the form in (4.2), they all require O(mne!) local data samples.

However, due to the requirement that each iteration of the algorithm needs a full
gradient evaluation, the above batch methods can be computationally very demanding.
One natural solution is to use the stochastic gradient to approximate the true gradi-
ent. Stochastic decentralized non-convex methods can be traced back to [8,90], and
recent advances including DSGD [91], PSGD [68], D? [77], GNSD [79] and stochastic
gradient push [78]. However, the large variance coming from the stochastic gradient
estimator and the use of diminishing step-size slow down the convergence, resulting at
least O(me~2) sample and O(e~?) communication cost.

Variance Reduction. Consider the following non-convex finite sum problem:

: 1
min, f(w) = mnj;fj(W)-
If we assume that f(-) has Lipschitz gradient, and directly apply the vanilla gradient
descent (GD) method on f(w), then it requires O(mne~1) gradient evaluations to reach
[VF(w)||?> < € [92]. When m x n is large, it is usually preferable to process a sub-
set of data each time. In this case, stochastic gradient descent (SGD) can be used to
achieve an O(e~2) convergence rate [93]. To bridge the gap between the GD and SGD,
many variance reduced gradient estimators have been proposed, including SAGA [94]
and SVRG [95]. The idea is to reduce the variance of the stochastic gradient estimators
and substantially improves the convergence rate. In particular, the above approaches
have been shown to achieve sample complexities of O((mn)?*3e~1) for finite sum prob-

lems [96-98] and O(e=°/3) for online problem [98]. Recent works further improve the
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above gradient estimators and achieve O((mn)/2¢~1) sample complexity for finite sum
problems [80,99-101] and O(e3/2) sample complexity for online problems [80, 100].
At the same time, the O((mn)l/ 26*1) sample complexity is shown to be optimal when
m xn < O(e2) [80].

Decentralized Variance Reduction. The variance reduced decentralized optimiza-
tion has been extensively studied for convex problems. The DSA proposed in [102]
combines the algorithm design ideas from EXTRA [103] and SAGA [94], and achieves
the first expected linear convergence for decentralized stochastic optimization. Recent
works also include the DSBA [104], diffusion-AVRG [105], ADFS [106], SAL-Edge [107],
GT-SAGA [108], Network-DANE [109], and [110], just to name a few. However, when
the problem becomes non-convex, to the best of our knowledge, no algorithms with

provable guarantees are available.

4.2 The Finite Sum Setting

In this section, we consider the non-convex decentralized optimization problem (4.1)

with finite number of samples as defined in (4.2), which is restated below:

min f(x) = % ZZf;(Xz), (P1)

xER™ i=1 j=1
st. x;=xp, V(i,k)€€&.
We make the following standard assumptions on the above problem:

Assumption 1. The objective function has Lipschitz continuous gradient with constant
L:
IV £ (xi) = V1 (x| < Ll — x|, Vi (4.5)

while the component function has average Lipschitz continuous gradient with constant
L:
Ej[IV fj(xi) = Vf(x))ll < Llx; — x|, Vi (4.6)

Assumption 2. The mixing matriz W is symmetric, and satisfying the following

Dinax (W) :=5 <1, W1=1, (4.7)
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where Amax(W) denotes the second largest eigenvalue of W € Rm*m 3

Remark 4.2.1. Note that many choices of mixing matrices satisfy the condition in
Assumption 2. Here we give three commonly used mixing matrices [111,112], where d;

denotes the degree of node i, and dpyax = max;{d;}:

e Metropolis-Hasting Weight

W’ if {27]} € ga
Wij =\ 1= X res wie, i i =7, (4.8)
0, otherwise.
e Maximum-Degree Weight
drr}ax’ lf {7'7]} € 87
wig = 1— 2% if i=j (4.9)
0, otherwise.
e Laplacian Weight
v it {i,j}eg,
wij =41 —~d;,, if i=j, (4.10)
0 otherwise.

If we use L to denote the graph Laplacian matrix, and Apax, Amin as the largest and
second smallest eigenvalue, then one of the common choices of ~y is m

Next, let us formally define our communication and sample complexity measures.

Definition 4.2.1. (Sample Complexity) The Incremental First-order Oracle (IFO)

is defined as an operation in which, one node i € [m| takes a data sample j € [n], a point

3For notation simplicity when dealing with mixing matrix multiplication, but without loss of gener-
ality, we will assume that the optimization variable x; in (4.1) is a scalar. The results can be extended
to vector case via the Kronecker product.
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w € R?, and returns the pair (f]’(w), Vf;(w)) The sample complexity is defined as the
total number of IFO calls required across the entire network to achieve an € stationary
solution defined in (4.4).

Definition 4.2.2. (Communication Complexity) In one round of communication,
each node i € [m] is allowed to broadcast and received one d-dimensional vector to and
from its neighbors, respectively. Then the communication complexity is defined as the
total rounds of communications required to achieve an € stationary solution defined in
(4.4).

4.2.1 Algorithm Design

In this section, we introduce the proposed algorithm named Decentralized Gradient Es-
timation and Tracking (D-GET), for solving problem (P1). To motivate our algorithm
design, we can observe from our discussion in Section 4.1.2 that, the existing deter-
ministic decentralized methods typically suffer from the high sample complexity, while
the decentralized stochastic algorithms suffer from the high communication cost. Such
a phenomenon inspires us to find a solution in between, which could simultaneously
reduce the sample and the communication costs.

One natural solution is to incorporate the modern variance reduction techniques
into the classical decentralized methods. Our idea is to use some variance reduced
gradient estimator to track the full gradient of the entire problem, then perform decen-
tralized gradient descent update. The gradient tracking step gives us fast convergence
with a constant step-size, while the variance reduction method significantly reduces the
variation of the estimated gradient.

Unfortunately, the decentralized methods and variance reduction techniques cannot
be directly combined. Compared with the existing decentralized and variance reduction
techniques in the literature, the key challenges in the algorithm design and analysis are
given below:

1) Due to the decentralized nature of the problem, none of the nodes can access
the full gradient of the original objective function. The (possibly uncontrollable) con-
sensus error always exists during the whole process of implementing the decentralized

algorithm. Therefore, it is not clear that the existing variance reduction methods could
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be applied at each individual node effectively, since all of those require accurate global
gradient evaluation from time to time.

2) It is then natural to integrate some procedure that is able to approximate the
global gradient. For example, one straightforward way to perform gradient tracking is
to introduce a new auxiliary variable y as the following [75,79], which is updated by

only using local estimated gradient and neighbors’ parameters:

- 1 (ST
vi= 2 Wai g D V) (411)
keN; 21 jesr
1 1T
E— Z ij(xi 1)7
|S2 | - ar—1
JES,

where S5 and ngl are the samples selected at the r and r — 1th iterations, respec-
tively. If the tracked y;’s were used in the (local) variance reduction procedure, there
would be at least two main issues of decreasing the variance resulted from the tracked
gradient as follows: i) at the early stage of implementing the decentralized algorithm,
the consensus/tracking error may dominate the variance of the tracked gradient, since
the message of the full gradient has not been sufficiently propagated through the net-
work. Consequently, performing variance reduction on y;’s will not be able to increase
the quality of the full gradient estimation; i7) even assuming that there was no consensus
error. Since only the stochastic gradients, i.e., Zjesg Vf;(xg), were used in the track-
ing, the y’s themselves had high variance, resulting that such (possibly low-quality) full
gradient estimates may not be compatible to variance reduction methods as developed
in the current literature (which often require full gradient evaluation from time to time).

The challenges discussed above suggest that it is non-trivial to design an algorithm
that can be implemented in a fully decentralized manner, while still achieving the su-
perior sample complexity and convergence rate achieved by state-of-the-art variance
reduction methods. In this work, we propose an algorithm which uses a novel decentral-
ized gradient estimation and tracking strategy, together with a number of other design
choices, to address the issues raised above.

To introduce the algorithm, let us first define two auxiliary local variables v; and
yi, where v; is designed to estimate the local full batch gradient %Z?:l V fi(xi) by
only using sample gradient V f;(xi)’ s, while y; is designed to track the global average
gradient - S, iV f;(xz) by utilizing v;’s. After the local and global gradient

mn
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estimates are obtained, the algorithm performs local update based on the direction of
yi; see the main steps below.

1) Local update using estimated gradient (x update)' Each local node i first com-
bines its previous iterates x ! with its local neighbors x; , k € N; (by using the kth
row of weight matrix W), then makes a prediction based on the gradient estimate y; ~ L

ie.,

Z W,kx,C —ay . (4.12)
keN;
2) Estimate local gradients (v update): Depending on the iteration r, each local

node i either directly calculates the full local gradient V f¢(x}) when mod(r,q) = 0

vi = Vfi(x}), (4.13)

or estimates its local gradient via an estimator v using |S2| random samples otherwise,

Yo IVAGD =V + v (4.14)

KA 2\]65

where ¢ > 0 is the interval in which local full gradient will be evaluated once.
3) Track global gradients (y update): Each local node i combines its previous local

r—1

estimate y, ~~ with its local neighbors yz_l, k € N;, then makes a new estimation based

on the fresh information v, i.e.,

=) Wiy tHvi - v (4.15)
keN;

In the following table, we summarize the proposed algorithm in a more compact
form. Note that we use x € R™, v € R™ y ¢ R™ Vf(x) € R™ and V f;(x) € R™¢
to denote the concatenation of the x; € R%, v; € R y; € R Vfi(x;) € R? and
Vf;(xi) € R? across all nodes.

Remark 4.2.2. This is a “double loop” algorithm, where each outer iteration (i.e.,
mod (r,q) = 0) is followed by ¢—1 inner iterations (i.e., mod (7, ¢) # 0). The inner loop
estimates the local gradient via stochastic sampling at every iteration r, while the outer
loop aims to reduce the estimation variance by recalculating the full batch gradient at

every q iterations. The local communication, update, and tracking steps are performed
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Input: x°, a, ¢, |5
VO = VI(x0), y0 = VF(x0)
forr=1,2,...,7 do
x" = er—l _ ayr—l
if mod(r,q) =0 then
Calculate the full gradient
v =V[(x")
else
Each node draws S2 samples from [n] with replacement

V= Y V) - V] 4 v

end if

yr — Wyr—l v = Vr—l
end for
Output: x where R € [0,7] is the uniformly distributed random
variable.

Algorithm 3: D-GET Algorithm for finite sum problem (P1)

at both inner and outer iterations.

Remark 4.2.3. In D-GET, the total communication rounds is in the same order as
the total number of iterations, since only two rounds of communications are performed
per iteration, via broadcasting the local variable x;_l and y;_l to their neighbors, and
combining local x};fl and yzfl’s, k € N;. On the other hand, the total number of
samples used per iteration is either m|Sa| (where inner iterations are executed) or mn
(where outer iterations are executed).

Remark 4.2.4. Note that our x and y updates are reminiscent of the classical gradient
tracking methods [75], and v update takes a similar form as the SARAH/SPIDER
estimator [80,81]. However, it is non-trivial to directly combine the gradient tracking
and the variance reduction together, as we mentioned at the beginning of Section 4.2.1.
The proposed D-GET uses a number of design choices to address these challenges. For
example, two vectors v and y are used to respectively estimate the local and global
gradients, in a way that the local gradient estimates do not depend on the (potentially
inaccurate) global tracked gradients; to reduce the variance in y, we occasionally use

the full local gradient to perform tracking, etc. Nevertheless, the key challenge in the
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analysis is to properly bound the accumulated errors from the two estimates v and y.

4.2.2 Convergence Analysis

To facilitate our analysis, we first define the average iterates X and y among all m nodes,

1 1 1
X" = —sz, vii=— va, y == Zy: (4.16a)

We use r to denote the overall iteration number. The total number of outer iterations

until iteration r as below:

Ny 1= Lr/qJ + 1, such that (nr — 1)q <r<mnq-1

Next, we outline the proof steps of the convergence rate analysis.
Step 1. We first show that the variance of our local and global gradient estimators
can be bounded via x and y iterates. The bounds to be given below is tighter than the
classical analysis of decentralized stochastic methods, which assume the variance are
bounded by some universal constant [68,77,91]. This is an important step to obtain
lower sample/communication complexity, since later we can show that the right-hand-

side (RHS) of our bound shrinks as the iteration progresses.

Lemma 4.2.1. (Bounded Variance) Under Assumption 1 - 2, the sequence generated
by the inner loop of Algorithm 3 satisfies the following inequalities (for all (n, — 1)q <
r<n,q—1):

I R
Ely" - — Y VAP (4.17)
i=1
8L2 . 10212 &
E Xt_ 1it 2+ E t 17t 2
a2 B -IPHT S Bl -1y
=(nr—1)q t=(nr—1)q
40’ L? 4 _ o 1 & . B
e 2 EIIPHEIY™T - S vt
2 t=(n,—1)q =1
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L? :
Elv" — V f(x" 2<7 EXtJrl_xtQ
| AC el =15 _Z; | |
+E[[vr D1 — v f(xmr D) |12, (4.18)

Step 2. We then study the descent on E[f(X")], which is the expected value of the cost

function evaluated on the average iterates.

Lemma 4.2.2. (Descent Lemma) Suppose Assumptions 1 - 2 hold, and for any r > 0
satisfying mod(r,q) = 0, the following holds for some e; > 0:

[Hy _mizzvfk \2] <e. (4.19)

i=1 k=1

Algorithm 8 ensures the following relation for all r > 0,

E[f(x™)] < E[f(x°)] (4.20)

r

a o’L  403L%q
_ D e e 1 ]E —t112
(5-% -5 TSl
t=0
ol? 80zL2 r
- E 1—t 2
+<m m|52)2 It — 15|

4a3L2q i _+12

A key observation from Lemma 4.2.2 is that, in the RHS of (4.20), besides the
negative term in E|y*||2, we also have several extra terms (such as E||x* — 1%*||? and
E|ly* —15*||?) that cannot be made negative. Therefore, we need to find some potential
function that is strictly descending per iteration.

Note that €; in (4.19) comes from the variance of v" in estimating the full local
gradient at each outer loop n,. For Algorithm 3, where we calculate a full batch gradient
per outer loop in step (4.37), e = 0. However, we still would like to include €; in the
above result because, later when we analyze the online version (where such a variance
will no longer be zero), we can re-use the above result.

Step 3. Next, we introduce the contraction property, which combined with E[f(X")]

will be used to construct the potential function.
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Lemma 4.2.3. (Iterates Contraction) Using the Assumption 2 on W and applying

Algorithm 8, we have the following contraction property of the iterates:

E[x ! — 1% 1|2 (4.21)
1
<1+ B)’E|x" — 1x"|]> + (1 + B)aQEHyT —1y"|%,
Elly™* — 13"? (4.22)

i 1
<1+ BEly" - 157> + (1 + E)EHVT+1 -3

where 3 is some constant such that (1+ 8)n? < 1.
If we further assume for all v > 0 satisfying mod(r,q) = 0, the following holds for

some €9 > 0:
E|lv" — Vf(xT)H2 < €9. (4.23)

Then we have the following bound:

' '
> E|v VP <4807 ) E[x’ - 1x"||?
t=0 t=0

T
+24L%% > Elly’ — 152
t=0

T
+24L%0% > E[|I1')? + 6(r + 1)ez, ¥V r > 0. (4.24)
t=0

Again, eo comes from the variance of the estimating the local gradient in each outer
loop, and we have e = 0 for Algorithm 3. Note that (4.21) can also be written as

following

EHXrJrl . 1}—{T+1||2 o EHXT . 1}—{7“”2
<((1+ B —1) Ellx — 157

1
)’Elly” - 13", (4.25)

+(1+B

One key observation here is that we have (1 + 8)n? — 1 < 0 by properly choosing f3.
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Therefore, the RHS of the above equation can be made negative by properly selecting
the step-size a.
Step 4. This step combines the descent estimates obtained in Step 2-3 to construct a
potential function, by using a conic combination of E[f(X")], E||x" — 1x"||? and E||y" —
15"

Lemma 4.2.4. (Potential Function) Constructing the following potential function
T ST 1 r ST |12 a T =72
H(x") =E[f(X")] + —E[x" - 1x"|" + —Elly" - 15"]]".

Under Assumption 1 - 2 and Algorithm 3, if we further pick ¢ = |Sso| and define €, and
€ as in (4.19) and (4.23), we have

H(x" ') — H(xY)

T T
1
<-C ) EyIP-C)y —E|x" - 1x'|?

t=0 t=0
T

1 _
— G —Ely - 15'|* + e,
t=0

where

Cy = (; — % — 40217 —24(1 + ;)a2L2) a, (4.26a)
Cy = (1 — (1+ B)n* — 48a(1 + ;)LQ - 9aL2> : (4.26b)
C3:=a— (14 Ban* — (1 + ;)042

—24(1 + ;)a?’LQ — 40312, (4.26¢)
ez :=a(r +1)(e1 + 6%(1 + ;)62). (4.26d)

Step 5. We can then properly choose the step-size «, and make C, Co, C3 to be positive.
Therefore, our solution quality measure E[|-L 3™ ¥ fi(x7)||? + LE||x" — 1xX"||? can be

expressed as the difference of the potential functions and the proof is complete.

Theorem 4.2.1. Consider problem (P1) and under Assumption 1 - 2, if we pick
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a = min{Ky, Ko, K3} and q = |S2| = /n, then we have following results by apply-
ing Algorithm 3,

T
*ZEH*ZW% WP+ B 1k
m
t:O

where f denotes the lower bound of f, and the constants are defined as following

~L+\J(B)2 4801+ L)Lz 482
48(1+ 1)L2 + 8L2 ’

1—(1+6)
Ky = ,
48(1—|- =)L? +9L2

— 1+l

Ky (1+3)

48(1 + 5)L? + 8L*
V52401 (14 8)n?)(24(1 + §) +4L7)
48(1 + 4)L? + 8L? ’
8a2L?+2 16L?+1 8a?L?
~( ¥ s )

_|_

Co:
0 Cl mCQ ng,
in which 1 denotes the second largest eigenvalue of the mizing matriz from (4.7),
denotes a constant satisfying 1 — (1 + B)n? > 0, for exzample, B = (1 —n?)/(2n?), and
Cy,C,Cs are defined in (4.26a)-(4.26¢).

By directly applying the above result, we have the upper bound on gradient and

communication cost by properly choosing T based on e.

Corollary 1. To achieve the following € stationary solution of problem (P1) by Algo-
rithm 3,

T

fZEHfZVf’ Wt > Bl - 1= < e

t=0

the total number of iterations T and communication rounds required are both in the

order of O(e™ 1), and the total number of samples evaluated across the network is in the
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order of O(mn + mn'/?e1).

Note that our metric is evaluated on individual variable x; and our algorithm also
output x; as each agent i’s final solution. If we choose to use the average X = % >ox;
as our final solution, one can show that the metric on average iterates x is also small

through simple derivations.

Corollary 2. To achieve the following € stationary solution of problem (P1) by Algo-
rithm 3,

loa 1 1<~ 1
T/t ]12 t =112
T;Mm;Vf )l 4‘71;%771153”X —1x'||* <,

the total number of iterations T and communication rounds required are both in the
order of O(e™ 1), and the total number of samples evaluated across the network is in the

order of O(mn + mn/?e1).

If we further take expectation over the iteration ¢, we can have the convergence guar-

R

antee on our algorithm output x* (or ¥ similarly), where R € [0, 7] is the uniformly

distributed random variable.
Corollary 3. To achieve the following € stationary solution of problem (P1) by Algo-
rithm 3,

1 & , 1
E|=) VFixD|?+ =E|x® - 1x7|? <
Hm; el +— [ X7 <e,

the total number of iterations T and communication rounds required are both in the
order of O(e~1), and the total number of samples evaluated across the network is in the
order of O(mn + mn'/2e=1). The expectation E here is taken over the iteration R and

the randomness from the random sampling step (4.14).

4.3 The Online Setting

In this section, we discuss the online setting (4.3) for solving problem (4.1), where the

problem can either be expressed as the following
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min f6x) = - 3" Eeun, [fi0x)] (P2)
=1

xcRmd

st. x;=x;, VY(i,j) €€,

where £ represents the data drawn from the data distribution D; at the ith node, or
in form (P1) such that the number of samples n is too large to calculate the full batch
even occasionally. In either one of these scenarios, full batch evaluations at the local
nodes are no longer performed for each outer iteration.

The above setting has been well-studied for the centralized problem (with large or
even infinite number of samples). For example, in SCSG [98], a batch size O(e~!) is used
when the sample size is large or the target accuracy O(e) is moderate, improving the
rate to O(e°/3) from O(e~2) compared to the vanilla SGD [93]. Recently, SPIDER. [80]
further improves the results to O(e~%/2), while the SpiderBoost [100] uses a constant

step-size and is amenable to solve non-smooth problem at this rate.

4.3.1 The Proposed Algorithm

To begin with, we first introduce two additional commonly used assumptions in the

online learning setting, together with our Assumption 1 and 2.

Assumption 3. At each iteration, samples are independently collected, and the stochas-

tic gradient is an unbiased estimate of the true gradient:

Ee[V fi(x:)] = Vf(x;), Vi. (4.27)

Assumption 4. The variance between the stochastic gradient and the true gradient is

bounded:

Ee[|[V fé(xi) = V1 (xi)|%] < 02, Vi (4.28)

To present our algorithms, note that compared to problem (P1), the main difference
of having the expectation in (P2) is that the full batch gradient evaluation is no longer
feasible. Therefore, we need to slightly revise our algorithm in Section 4.2 and redesign
the local gradient estimation step (i.e., the v update). Specifically, different from (4.13)
where we sample the full batch, here we randomly draw S; samples, the size of which is

inversely proportional to the desired accuracy e. We have the following updates on v:
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Depending on the iteration r, each local node ¢ either estimates its local gradient

using |S1| random samples when mod(r, q) =0,

v = ‘S | > VFix] (4.29)

£es

or uses |Sz| random samples otherwise,

V7 =150 52’ S IVAED = VA +vi (4.30)
£eSs
It is easy to check that the following relation on average iterates is obvious when

mod(r,q) =0 and y° = ¥,

g =" = - 1|ZZW£ (4.31)

i=1 €S

The rest of the updates on x and y are same as the finite sum setting; see Algorithm 4

below for details.

Input: x°, a,q, |S1],|S2]
Draw S; samples with replacement
vl = ﬁ 25651 Vfg(xo), y(] =’
forr=1,2,... do
x" = Wx""! —ay”
if mod(r,q) =0 then
Draw S7 samples with replacement
V= 1 Yees, Vielx)
else
Draw S5 samples with replacement

V= g Ve, [VIe(x) = V()] + vt

-1

end if

yr — Wyr—l Ty — Vr—l
end for
Output: x* where R € [0,7] is the uniformly distributed random
variable.

Algorithm 4: D-GET Algorithm (global view) (online)
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4.3.2 Convergence Analysis

The analysis follows the same steps as described in Section 4.2.2 and it is easy to verify
that our Lemma 4.2.1 to Lemma 4.2.4 still hold true for Algorithm 4. However, for
online setting where we no longer sample a full batch, the variance €; and €3 cannot be

eliminated. The lemma given below provides the bounds on ¢; and es.

Lemma 4.3.1. (Bounded Variance) Under Assumption 1 to 4, the sequence generated
by the outer loop of Algorithm 4 satisfies the following relations (for all r such that
mod(r, q)=0)

m02

BV~ VA6 < T
2

Ely - - Zw@ P <
[S1]”
By using the above lemma, we can then choose the sample size inversely proportional

to the targeted accuracy and obtain our final results.

Theorem 4.3.1. Suppose Assumption 1 - 4 hold, and pick the following parameters for
problem (P2):

a:min{Kl,Kg,Kg}, q = ‘52|: \/|51’,
|S1] = (4Cha (7 + 2)02 + 80?%) /.

Then we have the following result by applying Algorithm 4,

ZEH*ZVJ” )|+ TZ L gt — 15|

Corollary 4. By using Algorithm /4, to achieve the e stationary solution of problem
(4.1), i.e

T

*ZEH*ZVJ” Wt 2> Bl - 1K <

t=0

the total number of iterations T and communication rounds required are both in the
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order of O(e~1), and the total sample complezity is in the order of O(me 3/2).

4.4 Experimental Results

In this section, we demonstrate the performance of the proposed algorithms on two
classical smooth non-convex problems: a) decentralized logistic regression with non-
convex regularizer and b) non-convex robust linear regression, the detailed objective
functions are stated as the following;:

a) Decentralized logistic regression with non-convex regularizer

The problem is stated as follows

n
OéXl k

1|1
min :—g —Eéxv, —i—E 4.32
x€Rnd f(x) m | J y] 1+xlk (432

where V; € R%, Vi, j denote the features of node i and sample 7, yé- € {+1,—1}, Vi denote
the labels of node 7 and sample j, and the loss function is defined as the cross-entropy

loss

. 1 ) 1
e e

(] XiVj

The regularization parameter for non-convex term is set to a = 0.01 in our simulation.
b) Non-convex robust linear regression

The problem is stated as follows

i £(x) ::E,Zﬁ Uy —x; vj), (4.34)

where v§ € R? denotes the features of node i and sample j, y; € {4+1, —1} denotes the

labels of node 7 and sample j, and the loss function is defined as the following

f(u) = log (f + 1) . (4.35)

Next, we provide experimental results on the above mentioned decentralized logistic

regression and robust linear regression problems. In particular, we demonstrate the
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Figure 4.1: Logistic regression on the aa dataset over the path graph

performance of the algorithms in terms of the loss function as stated in (4.32) and
(4.34) and the optimality gap defined in (4.4). For all algorithms considered, we set
their learning rates to be 0.01. For each experiment, we initialize all the algorithms at
the same point generated randomly from the normal distribution. Also, we choose a
fixed mini-batch size 64 and set the epoch length g to be n/64 such that all algorithms
pass over the entire dataset once in each epoch.

The simulation results in terms of both sample complexity and the communication
complexity averaged over 10 realizations on the a9a dataset (n = 32561,d = 123)

are shown in Figure 4.1 and Figure 4.2, and the performance on the w8a dataset
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Figure 4.2: Robust linear regression on the a9a datatset over the path graph

(n = 49749,d = 300) are reported in Figure 4.3 and Figure 4.4, where the x-axis de-

notes total number of required (a)(c) epochs and (b)(d) communication rounds. Then
we compare the proposed D-GET with the NEXT [76], PSGD [68] and GNSD [79] over
the path communication graph £. It can be observed that the proposed D-GET could

achieve much faster convergence in terms of sample complexity, while matches the com-

munication complexity as the deterministic algorithms, as claimed in Theorem 4.2.1 and

4.3.1.
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Figure 4.3: Logistic regression on the w8a dataset over the path graph

4.5 Proofs of Lemmas and Theorems

Before we formally conduct the analysis, we note three simple facts about Algorithm 3.
First, according to (4.12) and the definition (4.16a), the update rule of the average

iterates can be expressed as:
X =x""1—ayL (4.36)

Second, if the iteration r satisfies mod(r,q) = 0 (that is, when the outer iteration

is executed), from (4.13) and (4.15) it is easy to check that the following relations hold
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Figure 4.4: Robust linear regression on the w8a dataset over the path graph

(given v0 = y9):

‘—17‘

1 G 1T
Zm;Vf (x

y" =v", if mod(r,q) = 0.

m

)= S S VA,

n

(4.37)

i=1 k=1

(4.38)
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Third, if mod(r, q) # 0, we have the following relations:

- m‘ CApA Z > (VD) = Ve +v (4.39)
y =y v v ifmod(r, q) # 0. (4.40)

4.5.1 Proof of Lemma 4.2.1

Proof. Define E[-|F,] as the expectation with respect to the random choice of sample

0 r 0 r—1 r—1

7, conditioned on x°,--- , X", v’ -+ |V and yY, -,y

First, we have the following identity (which holds true when mod(r, q) # 0)

Ev" —v"™ 1|‘7:}

(4§9)

m| | S (V) - V]
2 i=1 j€Ss

= N VA - V] (441)

=1

To see why the second equality holds, note that when x”,y" 1, v !

are known and
fixed, the second expectation is taken over the random selection of S5. The second
equality follows because Sy is sampled from [n] uniformly with replacement, and it is
an unbiased estimate of the averaged gradient.

Second, it is straightforward to obtain the following equality,

m 2
=T 1 i(T
7 LS V) (142)
=1
1 « ’
(4é0) r—1+vr Sr—1 _*vaZ(X:)
=1
L 2 2
— rfl_EZVfZ( :—1) +||v" — v 1+ vaz r— 1 vaz
i=1
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where in the second equality, we add and subtract a term — ZZ L VY.
The cross term in (4.42) can be eliminated if we take the conditional expectation
conditioning on F,.. Since under F,, we have x",x" 1, v"~1,y"~1 §"~! are all known

and fixed. Further applying (4.41) we have

I o= I o=
E|v =¥+ =Y VT - Y V) fr] = 0. (4.43)
g mia
Further taking the full expectation on (4.42) we have
- | @Remas g
3 E —=SN"vy 4.44
; — ; (4.44)
m m 1 m n . . 1 m n .
H |5|§;ZVJ2 S 2 3 VAT + DS VARG — S5 S )
i JES2 =1 j€Sy i=1 k=1 i=1 k=1
Since each j € S is sampled from [n] uniformly, we have the following conditional
expectation:
o . S
va D - le;(xz ) 2o VIO + DS VA
1= 1= = 1= =

Then the second term of RHS of (4.44) can be further bounded through following
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(where E[] is the full expectation)

- 7 r—1 1 N i T 1 N i r—1
< 2 T 700~y 2 T T R SR 1) 3w
1 = 7 r— 1 N 7 T 1 N 7 r—
SE Z ZW} ——ij(xi D= —=> > VARED+—D > Vix""
‘Sz| i= i=1 MmN k= M =
m m m n m n 2
(l) 1 i/ r— 1 i/ r 1 i r—
\S B ZE vaa _*vaj(xi 1)—%2 ka(xi)'f'%z V fr(xi 1)
21 jes, = i=1 i=1 k=1 i=1 k=1
2
(“) 1 = 1 i r—1
\S| vaj _E;ij(xi )
(zu) o1
S Zum (<) = VI
(iv) 2 ” r—
< mEHx -x"7? (4.46)

In step (i) of the above relation, we use the fact that for two random variables u;, u;

which are independent conditioning on F, the following holds
Ef{ue, uj)] = ErE[(ug, u)) | F] = Er(Elug | F],Elu; | F]). (4.47)

Plugging u; as below and u, similarly,

A 1 & » :
Z (CCEFEPRGCREES D NTIEES B NL e
(4.48)

and note that (4.45) holds true, we can show that the cross terms in the step before (7)
can all be eliminated. In step (ii) of (4.46), we use the property that E||w; — E(w;)||* <
Bljuy |2 and Blluy|? = Elugl? with w; = L X7, Vi) — £ X0, VA in
(7i7) we use the Jensen’s inequality, and the last inequality (iv) follows Assumption 1.
Therefore, by combining (4.44) and (4.46), we have for all (n, —1)¢+1 <r < n,q¢—1,

2

2
<E T YV
m

" —fZVf’

RGN
Sr—1 = iy . T—1
y — ;1 V")
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Next, note that we have the following bound on E||x" — x"~!||2 for all r > 1:

EHXT <" 1H2 (4 12) EHW r—1 ayrfl _ Xr71H2

0)
< 2E[|Wx""! — x" 7% 4+ 2a2E|y" 1 |?
(id)
< 2E[(W —I)(x" ! — 1% )2 + 2°E|y" ! |?
(#44)
< 8E[x" N — 1% 2 + 4%E [y - 157 P + 40”Bf 1y P Ve > 1

(4.50)

where in () we apply the Cauchy-Schwarz inequality, (i¢) follows that W1 = 1 from
Assumption 2, and (i) applies the fact [|[W —1I|| < ||[W| + ||I|| < 2 (due to Assumption

2 and the Cauchy-Schwarz inequality).
Telescoping the above inequality (4.49) over the n,-th inner loop, that is from (n, —

1)g + 1 to r, we obtain the following series of inequalities

Elly" ——sz )2

T

L2 — —(ny— 1 S % Ny —
< > El xBTSVt
i=1

_m|S2| t=(n,—1)g+1
(4.50) 8,2 r 4o L2 .
z Ellxt-1 — 1xt-1]2 Ellvi-1 — 19412
S Y ERomPa S B -1t
t=(nr—1)g+1 t=(nr—1)g+1

4022 r 1 & .
L Z E||1y*)? _|_E||y(m—1)q _ *val(xi("”_l)q)ﬂg
t=(n,—1)g+1 m =1

(i) ]2 r ~ 402 L? _
< > Elx —1x’ + Z Elly" - 1y"|?

|| t=(n,—1)q m’52| (nr —l)q
4&2.[/2 4 _ —(n,— z n —
g 2 EIIPElyTT- ZVf U,
t=(nr—1)q

where in (i) we change the index in the summation, and add three non-negative terms

(one for each sum). This concludes the first part of this lemma.

Next we show that (4.18) holds true. First, by using the same argument as in (4.41),
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we can obtain the following

EV —viUF] YR Z (V&) = VEE Y] |F| = Vi) - V.

]65'2

By using the above fact, and that conditioning on ., x",x"~! and v"~!, we obtain the

following;:
E[(v ™ = Vfx"1), v —v 1 - V") + ViEY)F] =0 (4.51)
Then it is straightforward to obtain following:

E|v" - V(x|

=BV - VAT v v S VD) + V)
UV vl VY IP + BV — v = V) + VA
= Euvf—l—wx“w

+EH|S 2 VEED = o S P2 VAT = VD + Ve

JES2 JES2

(®)
< E[vT - VAP + 5 |E\|ij( ") = VAETHIP

@ . L?
N

Efx" — x|

where (i) and (ii) follow the similar arguments as in (4.46).

Telescoping the above inequality over r from (n, — 1)g + 1 to r, we obtain that

r r Ny — n L? - —
BV = VI SBT3 B <P
(nr—1)g+1

< Ellv(trDe — v f(xnrDay)2 ¢ Sl Z E|x"*! — xt||2.
t=(nr—1)q

This completes the proof of the second part of this lemma. Q.E.D.



4.5.2 Proof of Lemma 4.2.2

Proof. We first establish the relation of function values between the iterates.

to the gradient Lipschitz continuity (Assumption 1), we have

f(}—chrl) < f(}—{r) + <Vf(}_{T),}_(r+1 o )—(r> + gu)—{?drl o }—CTH2

) 2
9 p) - a(v i), 5 + L

D f(5) — (V) - 55 a5 |2+ S
(i) 2L

< f(ir)+%|lvf(>‘<”)—i’"llz—%llyTIIQ =I5 I
(iv)

< 16~ (5= 55F) 9 IP +al ) - *ZWZ

1 & ‘ -
+ aIIE Z V) -y,
=1
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According

)2

where we simply plug in the iterates (4.36) in (i), add and subtract a term y” in (i7),

and apply the Cauchy-Schwarz inequality in (7i7) and (iv).
Then the third term can be further quantified as below,

E|Vf(x —fZVJ” )17

@)1 i (GT t (T

SEZEHVf (%) = V()|
=1

(i) 1 &

<= LE|xF —x7|?

_m; =i — i ||

L2
e It
m

where in (i) we use the Jensen’s inequality and in (i7) we use the Lipschitz Assumption

1.

Taking expectation on both sides and combining with (4.17) in Lemma 4.2.1, we
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have
E[f(x"*)]
ey @ 2L ‘s ST
< B[7)] - (- 25 ) Bl + Lo - 1017
8al? < 4a3L2 a
]Ext—lfct2+ E t_17t2
el X E PR ST Ely |
t=(n,—1)q t=(nr—1)q
40317 < ) e 1 & .
—— Y. E[FP+aE|ytN = =NV ik, D9)?
52| ,_ m &
7(77,7«—1)(1 t=1
a o’L al? S8aL? :
<EIf(x))] = [ = = =Z ) EIF"12 + =—=E|Ix" — 1X"||2 Ellxt — 1xt(2
<EUf) - (§ - %57 ) Bl + S - 157 “is,_ 2o, 1]
=nr—1)q

%) - _ 4PL? & _
> Ely 15+ | > ElIY + ae,
t=(nr—1)q 2 =(n—1)g

where in the last inequality we use the definition of €; in (4.19).

Next, telescoping over one inner loop, that is r from (n, — 1)g to r, we have

7 T

2 2
Bl < B0 - (5-05F) S EISPESS S B - 1=

2 2
t=(nr—1)g t=(nr—1)q
8al? < ! B 40312 & i )
D SRD DI U e ol S DI T

t=(nr—1)q k= (nr—l) t=(nr—1)g k=(nr—1)q

40[3[/2 k2 "
s Z Z Ely“[*+a > «a
2 =(nr—1)qg k=(nr—1)q t=(nr—1)q
2L 4 3L2 r L2 r
(3‘%— o) > ERIE+ES Y Elk -1
| 2| t=(nr—1)g m t=(nr—1)q

T

8aL?q : 4a3L%q d
— Elx! — 1x*|]? + Ellyt — 15%?> + « €1,
Gl X BN Pl 3 Ry 1y 3«
t=(nr—1)q t=(nr—1)q

t=(nr—1)q

where (i) follows the fact that, for any sequence {a’}, and an index r < n,.q — 1, we
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have

Z Z ak < Z Z ak < q Z ak. (4.52)
t=(n,—1)q k=(n,-—1)q t=(n,—1)q k=(nr—1)q k=(nr—1)q
Then utilizing the fact that
(%) - E[f(x")] (4.53)
(X = E[f (=" D0] 4 - 4+ E[f(x)] - E[f(x))] + E[f(x9)] - E[f (X)),

= o
- =

we have

T

Q 042 a3 2
Bl < BN - (§ -y~ Mgt ) S+ ZEHX 1|

8aL2q : 4ot L2q <
E -1 t 2 E t_l—t 2 1
+ ] 2o Bl = 117+ SOt S By~ 19+ alr + e

which completes the proof. Q.E.D.

4.5.3 Proof of Lemma 4.2.3

Proof. First, using the Assumption 2 on W, we can obtain the contraction property

of the iterates disagreement, i.e.,
[Wx" — 1x"[| = [[W(x" — 1x")|| < n[lx" — 1x"|]. (4.54)

To see why the inequality holds true, note that 17 (x" — 1x") = 0, that is, x” — 1x" is

orthogonal 1, which is the eigenvector corresponding to the largest eigenvalue of W.

Combining with the fact that |Amax(W)| =1 < 1, we obtain the above inequality.
Then applying the definition of x iterates (4.12) and the Cauchy-Schwartz inequality,
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we have

4.12

= 15 A War —ay” 1%~ ay) P

1
<1+ 8)[Wx" — 1572 + (1 n 5) o2ly" - 15"

(4.54) 2 r ST |12 1 2 r <712
< @+ 80 x" = 1x"[]7 + 1+3 oflly" = 1y"%,

where [ is some constant parameter to be tuned later. Then, taking expectation on the
both sides of the above inequality we are able to obtain (4.21).

Similarly, we have
Iy — 152 ALY Wy £y v 1 e )2

T
< (14 )Wy — 157 + (1 ; ;) H (1 - ) (v -y

_ 1
< (14 B)2ly" — 1512 + (1 n ﬁ) v -V,

where in the last inequality we also use [T — 1117 < 1.

After taking expectation on the both sides of the above inequality and combining
the following inequalities, the proof for (4.22) is complete.

To further bound the term ||[v"*! — v"||?, consider that we have (n, — 1)g < r <
n,q — 1, that is r is taken within one inner loop. We will divide the analysis into two
cases.

Case 1) For all (n, —1)q < r < n,q—2, we have mod(r+1, q) # 0 and the following

is straightforward:

- ri2 (4.13) 1 r r
BV v Bl 3 (V6T - V6] I
2 JES2
@ 1
< = EY IVHETH) = VHED
|52 jESs

(i)
< PE[xH x|, (4.55)

where in (i) we use the Jensen’s inequality and in (i) we use Assumption 1.
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Case 2) If r = n,q — 1, we have mod(r + 1, ¢) = 0. Therefore,

E[vi ! = v P =BV = V) + V™) = V) + V() = V|2

(i)
< BE|VT = VP 4 BEIV(x) = V()| + 3EVF(x") - v

(i) . 2
< 3ey + 3L7E|x"T —x"||2 + 3 E ’S—|Il§l||xt+1 — x'|2 + 3eo,
2
t=(n,—1)q

(4.56)

where in (i) we use the Cauchy-Schwarz inequality; in (i7) we apply (4.18) from Lemma 4.2.1,
Assumption 1, and E|v" — Vf(x")||? < e for all mod(r,q) = 0.

r+1 VTHQ

Next, telescoping ||v over r from (n, — 1)q to r. Since r < n,q — 1, we

have at most one follows (4.56) and all the rest follow (4.55). Therefore, we obtain

T T

Z EHvt—l—l o thQ < Z LQEHXt—H o Xt”2 + 662 + QLQEHXT—H _ XrHZ
t=(nr—1)q t=(nr—1)q
T
3L2
Z ?E||Xt+l _ Xt||2
t:(nr—l)q| 2|

-
< ) GLPE[! - x| + 6eo.
t=(nr—1)q
Through a similar step as (4.53), the following is obvious
s r
D EVT =2 <6(r+ e + > 6LE[x" — x'|2.
t=0

t=0

By combining (4.50), i.e.,
E[lx™*! —x"||? < 8E[|x" — 1x"[|* + 40”E|ly" — 15" + 4a’E[|1y"||*, ¥ r > 0,

we complete the proof. Q.E.D.
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4.5.4 Proof of Lemma 4.2.4

Proof. We first introduce an intermediate function P(x") to facilitate the analysis,
P(x") == E[x" - 1%"|* + oE[ly" — 13"|*.

Obviously, we have H(x") = E[f(X")] + L P(x").
By applying (4.21) and (4.22) in Lemma 4.2.3 we have

P(x"t1) — P(x")
2 T 152 l 2 T 1oT12 2 T 15712
<1+ B Ex" —1X"||7 + (1 + B)a Elly" =1y + a1 + B)n°Elly" — 15|

1
+a(l+ DBV - vT* - Elx’ - 1%7* - aElly" - 15"

— (- (14 AP Elx 1K — (a a4+ B - (14 ;m?) Ely" - 157|1

Fa(l+ 1)Ev -2
g
Next, summing over the iteration from 0 to r we obtain
P(x™) — P(x%) < — (1—(1+B8)n ZEHX 1x!? (4.57)
~(a-at+ -0+ ) > ey 1y
1 T
+ 7) ZEHvt—I—l - Vt||2.

Z t=0

If we further pick ¢ = |S2|, then Lemma 4.2.2 becomes
a oL 3

Bl )] <BL - (§ - %5 - 4022 ) Bl (1.58)
t=0

9 L? 4P L? &
E t_1—t 2 E t_l_t 2 1
+ Z} " = 1% + = ; ly* = 15"|1* + a(r + Dex



122
Similarly, equation (4.24) of Lemma 4.2.3 becomes

T
D RV - VP (4.59)
t=0

' T T
<48L7 D E|lx' — 1% + 2427 ) "Ely’ — 13'|]° + 24L%0* Y "E[1y"[* + 6(r + 1)es
t=0 t=0 t=0

Therefore, combine (4.57), (4.58) and (4.59), we have
2 1 r
H(x") - Hx") < — ( Y 4ePL? - 24(1 + B)a3L2> ZEHny?
t=0
1 1
— <1 — (1+ B)n* —48a(1 + B)L2 — 9aL2) — > E|x' - 15!
t=0

1 1 1 <
—(a—a(l+8)n> = (1+ 5)a” = 24(1 + 2)0’L? — 40°L* ) — ) "Elly’ - 15'||°
B m

s

1 1
+alr+1)(e + GE(I + B)GQ).
This completes the proof. Q.E.D.

4.5.5 Proof of Theorem 4.2.1

Proof. To begin with, we notice that by applying the update rule from Algorithm 3,
then for all mod(r, q) = 0, the following holds true

- 2 (4.13)
Elv' = Vf)|* =

Bl - - 3 S vienl o, (4.61)

=1 k=1

0, (4.60)

which implies €; = €5 = 0 for Lemma 4.2.2, Lemma 4.2.3, and Lemma 4.2.4.
Next, if we further pick 8 such that 1 — (1 + 8)n®> > 0 and choose 0 < a <
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min{ K, K9, K3}, we can rewrite Lemma 4.2.4 as below

T T

T
_ 1 _ 1 B
HG ) = HO) < —Co Y BIE — C2 ) Bllx — 152 = ¢ S —Elly' - 15|,
t=0 t=0 t=0
(4.62)

where C1 > 0,Cy > 0,C5 > 0.
Therefore the upper bound of the optimality gap can be quantified as the following

S

TE_% \*ZW’ )P+ TZ ~Ellxt 1%

S

T

S B+ ZEHL—ZW WP+ 2> B - 1P,

t=0 t=0

<

Nl

where we use the Cauchy-Schwarz inequality.

Applying (4.17) from Lemma 4.2.1 with E|[y(r=Da — LS g fi(x, (=) |2 = q,
telescoping over r from 0 to 7" (follows similar reasoning as (4.52) and (4.53)), and using
the choice of |S3| = ¢ = \/n, we have

ZEny ——va )2

8L2 . _ 40212 < _ S
ZEHX K| + ——= > Elly' - 15| + 4oL Y _E[y"|*
t=0 t=0

Combining the above two inequalities we can obtain
2 4 _—_
» ZEH*ZWZ W+ Z gt - 1x'|
16L2 1 _ B2L2 & _ 8a’L? 2 _
< (o +7iz) 2 ZEHX 1 S SR a3 (7)ol

t=0

!
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Further combining with (4.62), we have

e 1 & 1N 1
- }E* VZ t 2 - *E t_l—t2
T; IIm; S +T;m [x" — 1Z’

H(x) — Hx"*) _ c E[f(x")] - f

<Cp - — 4.63
>~L0 T >~ Lo T ) ( )
where
O e 8a?L? + 2 N 16L% + 1 N 8a?L?
0= Cl mCQ ngz, ’

and the last inequality follows from

H(x°) := E[f(x")] + E[x° — 1x°||* + oE[ly° - 15°||* = E[f (x")],

H(x") := E[f(X")] + Ellx" — 1x"||* + aE[ly" — 15"[|* > E[f(X")] = f.
This completes the proof. Q.E.D.

4.5.6 Proof of Corollary 1
CEf(x)-f

€

Ef(x%)-f

€

Proof. If we pick T' = |Cy
from Theorem 4.2.1

J—i—lZC()'

, then we can obtain following

1o 1 & 1N 1
- E - 7 t 2 - *]E t_l—t 2
T;_o \m;ﬂ VIH(x3) | +Tt§_0m [x" — 1’|

Ef(x%) - f
<Gy~ <
Therefore, the total samples needed will be the sum of outer loop complexity ([%]
times full (n) gradient evaluations per node) plus inner loop complexity (7' times |Ss]

gradient evaluations per node), by letting ¢ = S| = y/n, we conclude that the total
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samples needed are

< (1m0

<m x ((\2+1>n+Tx/ﬁ)

Ef(x°) —
<m <n+26’0-f(x)f\/ﬁ+2\/ﬁ>
€
o (++))
€
This completes the proof. Q.E.D.

4.5.7 Proof of Corollary 2

Proof. In previous proof of Theorem 4.2.1 and Corollary 1 we already show the con-

vergence respect to both gradient size and consensus error

T
—ZEH—ZW WP+ 2> B - 1=,
m
t:O

To show our results also holds true when the gradient metric is evaluated at the “aver-
age” of the output x = % >t x4, we only need following relations (by using Jensen’s

inequality).

H*ZW’ ||2—|\*Zw R AR DA D

S%ZWZ’ —*va’ H2+2H—zw x> (4.65)
=1

o & | |

< % Z IV (%) = VFi(x)|? + 2”% val(xi)IIZ (4.66)

111 2L
lexz—xll2+2llfzvf x)|I? (4.67)
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where in (i) we use the Cauchy-Swahitz inequality, in (ii) we use the Jensen’s inequality
to move the average outside the Euclidean norm, and the last inequality uses the As-
sumption 1. The proof is complete by further combining (4.63) in Theorem 4.2.1 and

similar reasoning in Corollary 1. Q.E.D.

4.5.8 Proof of Lemma 4.3.1

Proof.

First recall the definition of E[-|F,] in Lemma 4.2.1, which is the expectation with
respect to the random choice of sample &, conditioning on x°,--- ,x", v0,.-- ,v"~! and
yO’ T ,yr—l‘

Let us define a random variable u¢ as below and u, similarly,

1 - 1 (ST 1 - 1 (ST
Ug = Ezvfﬂxi)_azvf (x7)- (4.68)
i=1 i=1

Note that u¢ and uy are independent random variables conditioning on F. Further, we

have the following from Assumption 3

: % > Vi) - % D O VFix]) fr] = 0. (4.69)
=1 i=1
Therefore we have
E[(ug, ue)] = ErE[(ue, ug) | F] = Ex(Elug | F,Efug | F]) = 0. (4.70)

Following the update rule from Algorithm 4, we have the following relations for all
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mod(r,q) =0
. 2
4.31 1 o - il
y" ——fEZVf’ o TP IP IR CIR=D DALACH
izt eesy i=1
2
@ 1 1 ¢ 1o pigr
£es i=1 =1
1 1 & 1 & ’
(ZZ) (3 T 7 T
e D VD) = — > V)
1 £est =1 =1
1 1 & 1 & ’
(iii) -
= _ RI|l= 1T (T

(iv) 1 - (T (T
< M;Euvfg(xi)—vf (x7)

2
I

0.2

<~

where in (i) we take out the constant |Si|; in (i7) we eliminate the cross terms via (4.70);

in (i7i) we use the fact that the following term
1 - 7 z
El|l— > Vfi(x —fZVf oIk (4.71)
i=1

are equal across different samples &; in (iv) we use the Jensen’s inequality, and the last

inequality follows the Assumption 4.
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Similarly, we have
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1Sl
This completes the proof. Q.E.D.

4.5.9 Proof of Theorem 4.3.1

Proof.

Note that it is easy to check that Lemma 4.2.1, Lemma 4.2.2, Lemma 4.2.3 and
Lemma 4.2.4 still hold true. And the quantity €; and €2 can be determined by Lemma 4.3.1,
ie., € = % and €3 = % Therefore, Lemma 4.2.4 can be rewritten as below if we

follow Algorithm 4,

7 T

T
_ 1 i} 1 i
H(x"™) — Hx%) < —C1 ) E[y'|> - C2 > EEHXt — 1P = C3 ) EEIIyt — 15" + e,
t=0 t=0 t=0
(4.72)

with e = a(r + 1)(1 +6(1 + %)) |52|

Therefore the upper bound of the optimality gap can be derived in a similar way as
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Theorem 4.2.1,
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Further combining (4.72) we have
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After picking |S1| = , we complete the proof. Q.E.D.

4.5.10 Proof of Corollary 4.3.1

Proof.
If we pick the following constants for Algorithm 4:

4Coa(7 + $)o? + 802
S1] = . L q=152 = VIsil,
Ef(x%) — Ef(x%) —
T:2LC’0.f(X€) Liyosa0,. f(’:) !
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then from Theorem 4.3.1 we can obtain

T 0
i( 1 . Ef(x")—f e
*ZEH*ZW DI+ ZEEHXt —1X'[]* < Co - 7 Ty <e
=0 ~
<3

Therefore we have that the per-node sample evaluations are given as

T 11
[=1-[S1] + T - 15| < ( [S1l+TV[Si] = O(= + 575)-
q € €

J‘TWl)

This completes the proof. Q.E.D.



Chapter 5

Applications in Wireless

Resources Management

There has been a growing interest in developing data-driven, and in particular deep neu-
ral network (DNN) based methods for modern communication tasks. For a few popular
tasks such as power control, beamforming, and MIMO detection, these methods achieve
state-of-the-art performance while requiring less computational efforts, less resources
for acquiring channel state information (CSI), etc. However, it is often challenging for
these approaches to learn in a dynamic environment.

This work develops a new approach that enables data-driven methods to contin-
uously learn and optimize resource allocation strategies in a dynamic environment.
Specifically, we consider an “episodically dynamic” setting where the environment statis-
tics change in “episodes”, and in each episode the environment is stationary. We pro-
pose to build the notion of continual learning (CL) into wireless system design, so that
the learning model can incrementally adapt to the new episodes, without forgetting
knowledge learned from the previous episodes. Our design is based on a novel bilevel
optimization formulation which ensures certain “fairness” across different data samples.
We demonstrate the effectiveness of the CL approach by integrating it with two pop-
ular DNN based models for power control and beamforming, respectively, and testing
using both synthetic and ray-tracing based data sets. These numerical results show

that the proposed CL approach is not only able to adapt to the new scenarios quickly
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and seamlessly, but importantly, it also maintains high performance over the previously

encountered scenarios as well.

5.1 Introduction

Deep learning (DL) has been successful in many applications such as computer vision
[113], natural language processing [114], and recommender system [115]; see [116] for
an overview. Recent works have also demonstrated that deep learning can be applied
in communication systems, either by replacing an individual function module in the
system (such as signal detection [6,117], channel decoding [118], channel estimation
[5,119]), or by jointly representing the entire system [120,121] for achieving state-of-
the-art performance. Specifically, deep learning is a data-driven method in which a large
amount of training data is used to train a deep neural network (DNN) for a specific task
(such as power control). Once trained, such a DNN model will replace conventional
algorithms to process data in real time. Existing works have shown that when the
real-time data follows similar distribution as the training data, then such an approach
can generate high-quality solutions for non-trivial wireless tasks [4-6,117-119,122-127],
while significantly reducing real-time computation, and/or requiring only a subset of
channel state information (CSI).

Dynamic environment. However, it is often challenging to use these DNN based
algorithms when the environment (such as CSI and user locations) keeps changing.
There are three main reasons.

1) It is well-known that naive DL based methods typically suffer from severe perfor-
mance deterioration when the environment changes, that is, when the real-time data
follows a different distribution than those used in the training stage [125].

2) One can adopt the transfer learning and/or online learning paradigm, by updating
the DNN model according to data generated from the new environment [125]. How-
ever, these approaches usually degrade or even overwrite the previously learned mod-
els [128,129]. Therefore they are sensitive to outlier because once adapted to a transient
(outlier) environment /task, its performance on the existing environment/task can de-
grade significantly [130]. Such kinds of behavior are particularly undesirable for wireless

resource allocation tasks, because the unstable model performance would cause large
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outage probability for communication users.
3) If the entire DNN is periodically retrained using all the data seen so far [130], then
the training can be time and memory consuming since the number of data needed keeps
growing.

Due to these challenges, it is unclear how state-of-the-art DNN based communication
algorithms could properly adapt to new environments quickly without experiencing sig-
nificant performance loss over previously encountered environments. Ideally, one would
like to design data-driven models that can adapt to the new environment efficiently
(i.e., by using as little resource as possible), seamlessly (i.e., without knowing when the
environment has been changed), quickly (i.e., adapt well using only a small amount of
data), and continually (i.e., without forgetting the previously learned models).

Continual Learning. In the machine learning community, continual learning (CL)
has recently been proposed to address the “catastrophic forgetting phenomenon”. That
is, the tendency of abruptly losing the previously learned models when the current
environment information is incorporated [129]. Specifically, consider the setting where
different “tasks” (e.g., different CSI distributions) are revealed sequentially. Then CL
aims to retain the knowledge learned from the early tasks through one of the following
mechanisms: 1) regularize the most important parameters [130,131]; 2) design dynamic
neural network architectures and associate neurons with tasks [132-134]; or 3) introduce
a small set of memory for later training rehearsal [135-137]. However, most of the above
mentioned methods require the knowledge of the task boundaries, that is, the time stamp
where an old task terminates and a new task begins. Unfortunately, such a setting does
not suit wireless communication problems well, since the wireless environment usually
changes continuously, without a precise changing point. Only limited recent CL works
have focused on boundary-free environments [138-140], but they all focus on proposing
general-purpose tools without considering any problem-specific structures. Therefore,
it is unclear whether they will be effective in wireless communication tasks.

Contributions. The main contribution of this paper is that we introduce the no-
tion of CL to data-driven wireless system design, and develop a tailored CL formulation
together with a training algorithm. Specifically, we consider an “episodically dynamic”
setting where the environment changes in episodes, and within each episode the distribu-

tion of the CSIs stays relatively stationary. Our goal is to design a learning model which
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Figure 5.1: Proposed CL framework for the episodically dynamic environment. The data is feeding in a
sequential manner (thus the system can only access D; at time t) with changing episodes and distributions,
and the model has a limited memory set M (which cannot store all data D; to D¢). To maintain the good
performance over all experienced data from D; to D¢, the proposed framework optimizes the data-driven model
at each time ¢, based on the mixture of the current data D; and the memory set M. The memory set M is then
updated to incorporate the new data D;.

can seamlessly and efficiently adapt to the changing environment, while maintaining the
previously learned knowledge, and without knowing the episode boundaries.

Towards this end, we propose a CL framework for wireless systems, which incremen-
tally adapts the DNN models by using data from the new episode as well as a limited
but carefully selected subset of data from the previous episodes; see Fig. 5.1. Compared
with the existing heuristic boundary-free CL algorithms [138-140], our approach is based
upon a clearly defined optimization formulation that is tailored for the wireless resource
allocation problem. In particular, our CL method is based on a bilevel optimization
which selects a small set of important data samples into the working memory according
to certain data-sample fairness criterion. We further relax the lower level of constrained
non-convex bilevel problem using a smooth approximation, and propose and analyze
practical (stochastic) algorithms for model training. Moreover, we demonstrate the ef-
fectiveness of our proposed framework by applying it to two popular DNN based models
(one for power control and the other for beamforming). We test our CL approach using
both synthetic and ray-tracing based data. To advocate reproducible research, the code

of our implementation is available online at https://github.com/Haoran-S/TSP_CL.
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5.2 Literature Review

5.2.1 Deep learning for Wireless Communication

Recently, DL has been used to generate high-quality solutions for non-trivial wireless
communication tasks [4-6,117-119,122-127]. These approaches can be roughly divided

into following two categories:

End-to-end Learning

For the classic resource allocation problems such as power control, the work [4] shows
that DNNs can be exploited to learn the optimization algorithms such as WMMSE [141],
in an end-to-end fashion. Subsequent works such as [122] and [123] show that unsu-
pervised learning can be used to further improve the model performance. Different
network structures, such as convolutional neural networks [122] and graph neural net-
works [124,142], and different modeling techniques, such as reinforcement learning [143],
are also studied in the literature. Nevertheless, all the above mentioned methods belong
to the category of end-to-end learning, where a black-box model (typically deep neural
network) is applied to learn either the structure of some existing algorithms, or the

optimal solution of a communication task.

Deep Unfolding

Alternatively, deep unfolding based methods [144] unfold existing optimization algo-
rithms iteration by iteration and approximate the per-iteration behavior by one layer of
the neural network. In the machine learning community, well-known works in this di-
rection include the unfolding of the iterative soft-thresholding algorithm (ISTA) [145],
unfolding of the non-negative matrix factorization methods [146], and the unfolding
of the alternating direction method of multipliers (ADMM) [147]. Recently, the idea
of unfolding has been used in communication task such as MIMO detection [148-150],
channel coding [151], resource allocation [152], channel estimation [153], and beamform-

ing problems [154]; see a recent survey paper [144].
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5.2.2 Continual Learning

CL is originally proposed to improve reinforcement learning tasks [155] to help allevi-
ate the catastrophic forgetting phenomenon, that is, the tendency of abruptly losing
the knowledge about the previously learned task(s) when the current task information
is incorporated [129]. It has later been broadly used to improve other machine learn-
ing models, and specifically the DNN models [128,130]. Generally speaking, the CL

paradigm can be classified into the following categories.

Regularization Based Methods

Based on the Bayesian theory and inspired by synaptic consolidation in Neuroscience,
the regularization based methods penalize the most important parameters to retain
the performance on old tasks [130]. Some most popular regularization approaches
include Elastic Weight Consolidation (EWC) [130] and Learning without Forgetting
(LwF) [131]. However, regularization or penalty based methods naturally introduce
tradeoff between the performance of old and new tasks. If a large penalty is applied to
prevent the model parameters from moving out of the optimal region of old tasks, the
model may be hard to adapt to new tasks; if a small penalty is applied, it may not be
sufficient to force the parameters to stay in the optimal region to retain the performance

on old tasks.

Architectures Based Methods

By associating neurons with tasks (either explicitly or not), many different types of dy-
namic neural network architectures are proposed to address the catastrophic forgetting
phenomenon [132]. However, due to the nature of the parameter isolation, architecture
based methods usually require the knowledge of the task boundaries, and thus they
are not suitable for wireless settings, where the environment change is often difficult to

track.

Memory Based Methods

Tracing back to the 1990s, the memory (aka. rehearsal) based methods play an impor-

tant role in areas such as reinforcement learning [156]. As its name suggests, memory
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based methods store a small set of samples in memory for later training rehearsal, ei-
ther through selecting and storing the most represented samples [135] or use generative
models to generate representative samples [136]. However, all above methods require
the knowledge of the task boundaries, which are not suitable for wireless settings. Only
recently, the authors of [140] proposed boundary-free methods by selecting the samples
through random reservoir sampling, which fills the memory set with data that is sam-
pled from the streaming episodes uniformly at random. More complex mechanisms are
also introduced recently to further increase the sampling diversity, where the diversity
is measured by either the samples’ stochastic gradient directions [139] or the samples’

Euclidean distances [138].

5.2.3 Related methods

In this section, we discuss a few methods which also deal with streaming data, and

compare them with the CL approach.

Online Learning

Online learning deals with the learning problems where the training data comes se-
quentially, and data distribution over time may or may not be consistent [157]. The
ultimate goal of online learning is to minimize the cumulative loss over time, utilizing
the previously learned knowledge. In particular, when data sampling is independently
and identically distributed, online gradient descent is essentially the stochastic gradient
descent method, and all classic complexity results can be applied. On the other hand,
when data sampling is non-stationary and drifts over time, online learning methods are
more likely to adapt to the most recent data, at the cost of degrading the performance

on past data [158].

Transfer Learning (TL)

Different from online learning, TL is designed to apply the knowledge gained from
one task to another task, based on the assumption that related tasks will benefit each
other [159]. By transferring the learned knowledge from old tasks to new tasks, TL

can quickly adapt to new tasks with fewer samples and less labeling effort. A typical
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application is the model fine-tuning on a (potentially small) user-specific problem (e.g.,
MNIST classification) based on some offline pre-trained model using a comprehensive
dataset (e.g. ImageNet dataset). By applying the gained knowledge from the original
dataset, the model can adapt to the new dataset quickly with a few samples. Similar
ideas have been applied in wireless settings recently [125,160,161] to deal with scenarios
that network parameters changes. However, since the model is purely fine-tuned on
the new dataset, after the knowledge transfer, the knowledge from the original model
may be altered or overwritten, resulting in significant performance deterioration on the

original problem [130].

5.3 The Episodic Wireless Environment

The focus of this paper is to design learning algorithms in a dynamic wireless environ-
ment, so that the data-driven models we build can seamlessly, efficiently, and continually
adapt to new environments. This section provides details about our considered dynamic
environment, and discuss potential challenges.

Specifically, we consider an “episodically dynamic” setting where the environment
changes relatively slowly in “episodes”, and during each episode the learners observe
multiple batches of samples generated from the same stationary distribution; see Fig.
5.1. We use D; to denote a small batch of data collected at time ¢, and assume that
each episode k contains a set of T}, batches, and use & = {D;}icr, to denote the data
collected in episode k. To have a better understanding about the setting, let us consider

the following example. Again, we do not have knowledge about the episode boundaries.

5.3.1 A Motivating Example

Suppose a collection of base stations (BSs) run certain DNN based resource allocation
algorithm to provide coverage for a given area (e.g., a shopping mall). The users’
activities can contain two types of patterns: 1) regular but gradually changing patterns
— such as daily commute for the employees and customers, and such a kind of pattern
could slowly change from week to week (e.g., the store that people like to visit in the
summer is different in winter); 2) irregular but important patterns — such as large events

(e.g., promotion during the anniversary season), during which the distribution of user
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population (and thus the CSI distribution) will be significantly different compared with
their usual distributions, and more careful resource allocation has to be performed. The
episode, in this case, can be defined as “a usual period of time”, or “an unusual period
of time that includes a particular event”.

For illustration purposes, suppose that each BS solves a weighted sum-rate (WSR)
maximization problem for single-input single-output (SISO) interference channel, with
a maximum of K transmitter and receiver pairs. Let hgy € C denote the direct channel
between transmitter k and receiver k, and hy; € C denote the interference channel from
transmitter j to receiver k. The power control problem aims to maximize the weighted
system throughput via allocating each transmitter’s transmit power p;. For a given

snapshot of the network, the problem can be formulated as the following:

K
|her|*pr
max R(p;h):= aglog | 1+
P1oePK ; > ik | *pj + o
st. 0<pp < Poae, VE=1,2,..., K, (5.1)

where Ppax denotes the power budget of each transmitter; {ay > 0} are the weights.
Problem (5.1) is known to be NP-hard [162] but can be effectively approximated by many
optimization algorithms [141]. The data-driven methods proposed in recent works such
as [4,122-125] train DNNs using some pre-generated dataset. Here D; can include a
mini-batch of channels {hy;}, and each episode can include a period of time where the
channel distribution is stationary.

For illustration purposes, let us consider the following scenario. At the beginning of
a period, a DNN model for solving problem (5.1) (pretrained using historical data, Dy)
is preloaded on the BSs to capture the regular patterns in the shopping mall area. The
question is, what should the BSs do when the unexpected patterns appear? Say every
morning a morning model is loaded to allocate resources up until noon. During this
time the BSs can collect batches of data D;,t = 1,2,--- . Then shall the BS update its
morning model immediately to capture the dynamics of the user/demand distribution?
If so, shall we use the entire data set, including the historical data and the real-time
data, to re-train the neural network (which can be time-consuming), or shall we use TL

to adapt to the new environment on the fly (which may result in overwriting the basic
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morning model)?
To address the above questions, we propose to adopt the notion of CL, so that our
model can incorporate the new data D; on the fly, while keeping the knowledge acquired
from Dy.t—1. In the next section, we will detail our proposed CL formulation to achieve

such a goal.

5.4 CL for Learning Wireless Resource

5.4.1 Memory-based CL

Our proposed method is based upon the notion of the memory-based CL proposed
in [135,138,139], which allows the learner to collect a small subset of historical data
for future re-training. The idea is, once D; is received, we fill in memory M; (with
fixed size) with the most representative samples from all experienced episodes Dy.;—1,
and then train the neural network at each time ¢ with the data M; U D;. Several major
features of this approach are listed below:

e The learner does not need to know where a new episode starts (that is, the boundary-
free setting) — it can keep updating M; and keep training as data comes in.

e If one can control the size of the memory well, then the training complexity will be
made much smaller than performing a complete training over the entire data set Dy.,
and will be comparable with TL approach which uses D,.

o If the size of a given data batch D; is very small, the learner is unlikely to owverfit
because the memory size is kept as fixed during the entire training process. This makes
the algorithm more robust than the TL technique.

As mentioned before, existing memory-based CL methods include the random reser-
voir sampling algorithm [140], and sample diversity based methods [138,139,163]. How-
ever, these works have a number of drawbacks. First, for the reservoir sampling, if
certain episode only contains a very small number of samples, then samples from this
episode will be poorly represented in M; because the probability of having samples
from an episode in the memory is only dependent on the size of the episode. Second,
for the diversity based methods, the approach is again heuristic, since it is not clear

how the “diversity” measured by large gradient or Euclidean distances can be directly
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linked to the quality of representation of the dataset. Third, and perhaps most impor-
tantly, the ways that the memory sets are selected are independent of the actual learning
tasks at hand. The last property makes these algorithms broadly applicable to differ-
ent kinds of learning tasks, but also prevents them from exploring application-specific
structures. It is not clear whether, and how well these approaches will work for the

wireless communication applications of interest in this paper.

5.4.2 The Proposed Approach

In this work, we propose a new memory-based CL formulation that is tailored to the
wireless resource allocation problem. Our approach differs from the existing memory-
based CL approaches discussed in the previous subsection, because we intend to directly
use features of the learning problem at hand to build our memory selection mechanism.

To explain the proposed approach, let us begin with presenting two common ways
of formulating the training problem for learning optimal wireless resource allocation.
First, one can adopt an unsupervised learning approach, which directly optimizes some
native measures of wireless system performance, such as the throughput, Quality of
Service, or the user fairness [164, 165], and this approach does not need any labeled

data. Specifically, a popular DNN training problem is given by

min > £(©;h0), (5.2)

i€Do.7

where h( is the ith CSI sample; ® is the DNN weight to be optimized; ¢(-) is the
negative of the per-sample sum-rate function, that is: £(®;h()) = —R(7(@; h(®)); h(®)),
where R is defined in (5.1) and 7(®;h®) is the output of DNN which predicts the
power allocation. The advantage of this class of unsupervised learning approach is that
the system performance measure is directly built into the learning model, while the
downside is that this approach can get stuck at low-quality local solutions due to the
non-convex nature of DNN [166].

Secondly, it is also possible to use a supervised learning approach. Towards this
end, we can generate some labeled data by executing a state-of-the-art optimization
algorithm over all the training data samples [4]. Specifically, for each CSI vector h(®),
we can use algorithms such as the WMMSE [141] to solve problem (5.1) and obtain a
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high-quality solution p(. Putting the h(® and p(® together yields the ith labeled data
sample. Specifically, a popular supervised DNN training problem is given by

min ¢(©;h p® :
o 3 (@m0 50) (53)
where £(-) can be the Mean Squared Error (MSE) loss, that is: £(@;x(®) p(®)) = |p® —
F(@,X(i))H2. Such a supervised learning approach typically finds high-quality models
[4,166], but often incurs significant computation cost since generating high-quality labels
can be very time-consuming. Additionally, the quality of the learning model is usually
limited by that of label-generating optimization algorithms.

Our idea is to leverage the advantages of both training approaches to construct a
memory-based CL formulation. Specifically, we propose to select the most representative
data samples h()’s into the working memory, by using a sample fairness criteria. That
is, those data samples that have relatively low system performance are more likely to
be selected into the memory. Meanwhile, the DNN is trained by performing either
supervised or unsupervised learning over the selected data samples. We expect that as
long as the learning model can perform well on these challenging and under-performing
data samples, then it should work well for the rest of the samples in a given episode.

To proceed, let us first assume that the entire dataset Dy.r is available. Let us use
¢(-) to denote a function measuring the per-sample training loss, u(-) a loss function
measuring system performance for one data sample, © the weights to be trained, x(*)
the ith data sample and p(® the ith label. Let W(@;X(i)) denote the output of the

neural network. Let us consider the following bilevel optimization problem

i (@) . RONNG)
min Z A (©) - (0;xY p') (5.4a)
i€Do. 7
= (@) . x(® (@)
st. A(O®) arngécE; AW (0% p'Y), (5.4b)
1 0:T

where B denotes the simplex constraint

Bi=qXx | Y M0=1 x>0, VieDys

i€Do.1
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In the above formulation, the upper level problem (5.4a) optimizes the weighted
training performance across all data samples, and the lower level problem (5.4b) assigns
larger weights to those data samples that have higher loss u(-) (or equivalently, lower
system level performance). The lower level problem has a linear objective, so the optimal
A« is always on the vertex of the simplex, and the non-zero elements in A, all have the
same weight. Such a solution naturally selects a subset of data for the upper level
training problem to optimize.

Remark 5.4.1. (Choices of Loss Functions) One feature of the above formulation
is that we decompose the training problem and the data selection problem, so that we
can have the flexibility of choosing different loss functions according to the applications
at hand. Below we discuss a few alternatives.

First, the upper layer problem trains the DNN parameters ®, so we can adopt any
existing training formulation we discussed above. For example, if supervised learning is

used, then one common training loss is the MSE loss:
tuse(©;x, p) = [p@ — (@, )|, (5.5)

Second, the lower level loss function u(-) can be chosen as some adaptive weighted
negative sum-rate for the ith data sample, which is directly related to system perfor-

mance
w(®,x9 p@) = — 0;(©;x9, p¥) . R(x(©,x"); xD). (5.6)

If we choose ai(G);x(i),p(i)) =1, V 7, then the channel realization that achieves the
worst throughput by the current DNN model will always be selected, and the subsequent
training problem will try to improve such “worst case” performance. Alternatively, when
the achievable rates at samples across different episodes vary significantly (e.g., some
episodes can have strong interference), then it is likely that the previous scheme will
select data only from a few episodes. Alternatively, we can choose ai(@;x(i), p(i)) =
1/R(x™), where R(x(") is the rate achievable by running some existing optimization
algorithm on the sample x(¥. This way, the data samples that achieve the worst sum-rate
“relative” to the state-of-the-art optimization algorithm is more likely to be selected.

Empirically the ratio R(w(®,x®);x®)/R(x®) should be quite uniform across data
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samples [4], so if there is one sample whose ratio is significantly lower than the rest,
then we consider it as “underperforming” and select it into the memory.

Remark 5.4.2. (Special Case) As a special case of problem (5.4), one can choose
¢(-) to be the same as u(-). Then the bilevel problem reduces to the following minimax
problem, which optimizes the worst case performance (measured by the loss £(-))) across

all samples:

i (@) . cx(® (@)
minmax Z AW (e x\, plY). (5.7)
i€Do.T

When £(-) is taken as the negative per-sample sum-rate defined in (5.2), problem (5.7) is
related to the classical minimax resource allocation [164,167,168], with the key difference
that it does not achieve fairness across users, but rather to achieve fairness across data
samples.

Compared to the original bilevel formulation (5.4), the minimax formulation (5.7)
is more restrictive but its properties have been relatively better understood. Many
recent works have been developed for solving this problem, such as the two-time-scale
Gradient Descent Ascent (GDA) algorithm [169]; see [170] for a recent survey about
related algorithms.

At this point, neither the bilevel problem (5.4) nor the minimax formulation (5.7)
can be used to design CL strategy yet, because solving these problems requires the full
data Dy.r. To make these formulations useful for the considered CL setting, we make
the following approximation. Suppose that at ¢-th time instance, we have the memory
M, and the new data set D; available. Then, we propose to solve the following problem

to select data points at time ¢:

i (@) . - x(®) 5
min ) NY(©) - £(0;xY pl) (5.8)
iEMtUDt
_ (@ . - x(®) 5
s.t. )\t(@)—argg\ne%)f' Z A u(0;x\ ptY),
1€EMUDy

where B; denotes the simplex constraint

Bt = {A

S oA =1, A0 >0, ViEMtUDt}.

1EMUD:
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More specifically, at a given time ¢, we will collect M data points j € M; U D, whose
corresponding AU)’s are the largest. These data points will form the next memory M, 1,
and problem (5.8) will be solved again. The entire procedure will be shown shortly in
Algorithm 5.

5.4.3 Reformulation

In the previous section, we have proposed the CL framework and its optimization for-
mulations. In this section, we will propose practical (stochastic) algorithms to solve
those problems, and provide some basic analysis.

In general, at each time ¢, the non-convex bilevel problem (5.8) is very challenging
to solve. Recent works on bilevel problems typically focus on solving problems with
unconstrained and strongly convex inner problems [171]. However, there is no generic
theoretical guarantee available when the outer problem is non-convex, and the inner
problem is constrained. In this section, instead of directly solving the bilevel problem
(5.8), we relax the original non-convex constrained lower level problem using a softmax

function [116], which is a smooth approximation of the argmax function:

: (@) . RO ENG!
min > X)) e;x", pt) (5.9)
ZGMtUDt
) u(@;xw),p(i))
st. AD(@) = ¢

ZJEM uD ct(©:x0) pl@) €(0,1), Vi
t t

After using the above approximation, A is now implicitly constrained and can be
computed in a closed-form. It is clear that the obtained A,(®) still allocates larger
weights to larger loss values u(-). Further, we no longer need to solve two problems
simultaneously, since we can easily obtain a single level problem by plugging the lower
level problem into the upper problem.

Formally, at a given time ¢, problem (5.9) can be written as the following composi-

tional optimization form:

min F(®) = f'(5'(©); ), (5.10)
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where we have defined:

> ieM,UD eu(0x"p1) £(©;x", p™)

fi(z;©) := 11
f(z©) (M UDy| -z ’ (5.11a)
1 (1) ()
~t — u(®;x'",p'")
3'(®):= . E e . (5.11b)
|M; U Dy e,

5.4.4 Optimization Algorithms and Convergence

In this subsection, we will design algorithms for solving problem (5.10) (for a given time

instance t). We first make the following standard assumptions.

Assumption 5 (Boundedness). The function value, the gradient and the Hessian of
both upper level loss function £(-) and lower level loss function u(-) are bounded for all

©, and for all p € [0,1 X Pyax], and all realizations of h:

16(©;%,p)|| < Cryy [[u(©;%,P)|| < Cug,
IVel(®;x,p)| < Cr, [|Veu(®;x,p)|| < Cuy,
IV6L(O;x,p)|| < Ch,,  [[Vou(®;x,p)|| < Cu,.

Remark 5.4.3. Assumption 5 is reasonable in our specific problems. We can show
that it can be satisfied if we choose ¢(-) and u(-) as suggested in (5.5) and (5.6), and
use a neural network m(-) that have bounded gradient and Hessian [172]. The details
verifying Assumption 5 will be left to the supplemental material 5.6.2.

Since the compositional problem (5.10) is essentially a single level problem, we can

update © using the conventional gradient descent (GD) algorithm:

! = @" — avy' (0" V. f(7'(e"); 8" (5.12)
— aVaf'(g'(@); @),

where « is the stepsize, and the two gradients are defined as

rt . — ft .
Viftta )= 2L g by = 2ELD),

for all a, b of appropriate sizes.
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We have the following convergence result.

Theorem 5.4.1. Suppose Assumption 5 hold, then the GD update (5.12) achieves the

following convergence rate

: tik2 . Co- L (F1(@%) — Ft™)
<
OQ?K”VF @9)° < il

)

where cq is some universal positive constant, L is the Lipschitz constant of function
VFY®), and F** is the optimal value of F'(-) as defined in (5.10).

Proof. From Assumption 5 we can conclude that the function F' has Lipschitz
continuous gradient with constant L, where the proof and precise definition of L is
relegated to Lemma 5.6.1 in the supplemental material 5.6.4. Then the desired result
immediately follows from the classical gradient descent analysis on non-convex problems;
see [173, Section 1.2.3].

However, the above update needs to evaluate g*(®), Vg (®) and Vfi(z, ®), and
the evaluation of each term requires the entire dataset M;UD;. This practically means
that we need to perform full GD to train a (potentially large) neural network, which is
computationally expensive, and typically results in poor performance.

A more efficient solution is to perform a stochastic gradient descent (SGD) type
update, which first samples a mini-batch of data, then computes stochastic gradients
to update. To be specific, the algorithm samples a subset of data £ and ¢ uniformaly
randomly at each iteration from the dataset M; U D;. Then the sampled versions of
fi(z;©) and g'(®) are given by:

Zief eu(Oxpt). U(©; x(@, P(i))
€] - 2 ’

1 wW(©@:x) p®)
g(@’ (Z)) = m . Ze (ev P )’ (513b)
i€

f(z,0;¢) := (5.13a)

where the notations |¢| and |£| denote the number of samples in the mini-batch ¢ and
&, respectively. It is common to assume that the sampling mechanism can obtain £ and

¢ randomly and independently, that is, the following unbiasedness property holds.
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Assumption 6 (Unbiased Sampling). The sampling oracle satisfies the following rela-

tions, where z is a deterministic variable

E: [9(©;¢)] = 7'(©),
E:[Vg(®;¢)] = V5'(©),
E¢ [V1f(2;©;€)] = Vif'(2 ©)
E¢ [Vaf(2;©:€)] = V2 f'(2;©).

Note that we have used the simplified notation E.[-] to indicate that the expectation is

taken over the sampling process from the data set My U Dy.

Based on the above assumption, problem (5.10) can be equivalently written as:

min F(®) = Eq[f(B:[9(O; ¢)]; ©; €)]. (5.14)

Then we can write down the following stochastic update, where the update direction

d” is an unbiased estimator of VE!(@©%):
el = @F — adt, (5.15)
where we have defined:
d* = Vg(©" ")V f (Er [9(©: 04| ©F:¢") + Vaf (B [g(0F:6%)] ;0% ¢F).

Unfortunately, computing d* is still costly due to the need to evaluate E; [g(@k; qbk)]
(i.e., evaluating g*(©*)), which still involves the full data. One can no longer directly
replace E; [g(@k; qbk)] by its stochastic samples g(©*; ¢) because such an estimator is
biased, that is:

E[Vg(OF; ") V1 f(9(OF; ¢F); ©F; ¢M)] £V (©F) V1 (7 (©F); ©F).

To proceed, we introduce an auxiliary sequence {y**1} to track E;[g(®F;¢*)]. The



149

Input: Memory My = @), memory size M, max iterations R, step-sizes a, 8
while receive D; do
Set Qt = Mt @] Dt
for k=1: K do
OFF!  OF — , Vg(OF; ¢F) V1 f(y*H; @ ¢F)
—apVa f(y" T @F; ¢)
Y = (1= Be) (y* + 9(©%;6%) — g(@" 15 6Y))
+Bkg(OF; ¢%)

end

if |G| < M then
| Mip1 =6

else

= Top,, ({\" i)
M1 = {6V ier

end

end

Algorithm 5: The Proposed stochastic CL. Algorithm

resulting SGD-type algorithm is given below:

O = @F — q, Vg(OF; ¢ )V f(y" T ©F; &%) — a Vaf ("1 % ¢F),  (5.16a)
Y= (1= ) (v" + 9@ 6F) — g(©57156h)) + Brg(@F:6Y), (5.16D)

where {ay} and {f;} are sequences of stepsizes. The rationale is that, if the auxiliary
variable y**! can track the true value g*(@*) reasonably well, then (5.16a) will be able
to approximate an unbiased estimator of the true gradient.

Finally, the overall stochastic algorithm for approximately solving problem (5.4) is
given in Algorithm 5. For each time period ¢, we first solve the relaxed problem (5.9)
in line 4-8, by performing the stochastic updates described in (5.16a) — (5.16b) for K
times (where K is a predetermined number). Next, we construct the memory set M, in
line 9-13. We sort the elements of {)\gi)} (defined in (5.9)) and pick M largest elements’
index set Z (In line 12 of the table); Then we assign the data points associated with the
index set Z to the new memory set M;y; (In line 13 of the table).

Remark 5.4.4. Note that the use of the auxiliary variable y, first appeared in solving
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stochastic compositional optimization problems in the form of

min Ee[f(Ey[9(©, ¢)], )], (5.17)

see recent works [174,175], and the references therein. In particular, the authors of [175]
provided the exact update form of (5.16b), and showed that the resulting algorithm
enjoys the same sample efficiency as directly applying the SGD to solve problem (5.17).

However, problem (5.17) is not exactly the same as our problem (5.14) because our
problem includes an extra variable ©® in the definition of f(-), so the update (5.16a)
includes an additional term —ayVaf(y*t!; @F; ¢F). Therefore, more refined analysis
steps have to be taken compared to [175].

Below, we analyze the convergence of the ® and y updates given in line 4-8 of
Algorithm 1. The following lemma is an immediate consequence of Assumption 5 and

6. Its proof is similar to Lemma 5.6.2 in the supplementary material Sec. 5.6.4.

Lemma 5.4.1. Suppose Assumption &5 — 6 hold, then we have
(1) The stochastic function g(©;¢) has bounded variance, that is, there exits a positive

constant V, such that:
E [9(©;¢) — g (©®)|*] <V, V O,

where ¢ denotes the random data sampled from My UDy, gt and g are defined in (5.11)
and (5.13), respectively.

(2) The stochastic gradient of g is bounded in expectation, that is, there exists a positive

constant Cy such that
E: [[Vg(©;9)[] < Cy, ¥ O. (5.18)

(3) Fizing any sample ¢, the stochastic gradient of g is Lg-smooth, that is, for any
0,0 € R?, we have:

IV9(©;¢) —Vg(©';9)|| < Ly||© — ©'|.

Next, we show that the tracking error of the auxiliary variable y is shrinking.
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Lemma 5.4.2 (Tracking Error Contraction [175, Lemma 1]). Consider F* as the collec-

tion of random variables, i.e., F* := {QSO, G L I ,fk’_l}. Suppose Assumption
5 and 6 hold, and y*+1 is generated by running iteration (5.16b) conditioned on F*.
k+1

The mean square error of y satisfies

B [llg(©F) - y**|12 | 7]

<(1—Bp)?(1g" (O 1) — y*|? +4(1 - 5)?CF||©F — ©F 1?1257V,

where Cy and Vy are defined in Lemma 5.4.1.

Proof. The above analysis is the same as the one presented for solving stochastic
compositional optimization problems in the form of (5.17) (see [175, Lemma 1]). We
include the steps in the supplemental material 5.6.3 for completeness.

We are now ready to show our main results about the convergence of the sequence
{(®F,y*)}E | in Algorithm 1.

Theorem 5.4.2 (Convergence Analysis). Consider Algorithm 5, and fiz a time instance
t. Let K be the total number of iterations used at time t to update the tuple {(®F, y*)}

Suppose Assumptions 5 and 6 hold, and that the sequence of the auxiliary variable
{y*} is bounded away from zero, i.e., |y*|| > Cy, ¥ k, for some positive constant C,.
Let us choose the stepsizes as ax, = Br/Lo, ¥ k, for some appropriately chosen Ly > 0
(defined in (5.21) in the Appendiz). Then the iterates {®F} generated by the algorithm

satisfies:

1 &=

K

[y

2FH(@°) 4 2C
E | VFH (@)Y <« =————2 "2,
2 JIVEH(OF)[] < Nie

where C is some universal constant, dependent on Assumption 5, 6 and C,.

Proof. The full proof is relegated to Appendix 5.6.1, and C is defined in (5.22).

Remark 5.4.5. The key idea of the proposed method is to use an auxiliary variable
y to track the expected value E;[g(0©; ¢)] (or equivalently g¢(@)). Lemma 5.4.2 shows
that the tracking error ||y — g*(®)]| is shrinking given that a and 3 are small. Theorem
5.4.2 implies that, for a given time instance ¢, the sequence {(©%,y*)}X  converges in
the order of O(K 7%), which is the same order achieved by generic SGD methods for

non-compositional non-convex problems.
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Note that compared with Theorem 5.4.1, we have made an additional assumption
that the size of the iterates {y"*} is bounded away from zero. Although such an as-
sumption cannot be verified a priori, in our numerical result it appears to always hold.
Intuitively, this assumption makes sense since y tracks g(-), and g'(-) is bounded away
from zero by its definition (5.11). Therefore, as long as the tracking error is small (cf.
Lemma 5.4.2), we can assume y* to be bounded away from zero.

Nonetheless, we would like to emphasize that, the main contribution of this work
is the development of the CL formulation and approximation problem (5.9), as well
as a set of practical algorithms for solving them. The convergence analysis helps us
justify our design principle, but ultimately the efficiency of the proposed formulation
and algorithms has to be tested in practice. This is what we plan to do in the next

section.

5.5 Experimental Results

In this section, we illustrate the performance of the proposed CL framework. We choose
two applications where the end-to-end learning based DNN is used: 1) power control
for weighted sum-rate (WSR) maximization problem [4] with single-input single-output
(SISO) interference channel defined in (5.1); 2) coordinated beamforming problem for

the millimeter wave system [176], with up to 256 antennas per BS.

5.5.1 Simulation Setup

The experiments are conducted on Ubuntu 18.04 with Python 3.6, PyTorch 1.6.0, and
MATLAB R2019b on one computer with two 8-core Intel Haswell processors and 128
GB of memory. The codes are made available online through https://github.com/
Haoran-S/TSP_CL.

5.5.2 Randomly Generated Channel

We first demonstrate the performance of our proposed framework using randomly gen-
erated channels, for a scenario with K = 10 transmitter-receiver pairs. We choose three
standard types of random channels used in previous resource allocation literature [4,123]

stated as following:
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Rayleigh fading: Each channel coefficient h;; is generated according to a standard

normal distribution, i.e.,

N(0,1)
V2

. Vi, j e K. (5.19)

Rician fading: FEach channel coefficient h;; is generated according to a Gaussian dis-

tribution with 0dB K-factor, i.e.,

1+ N(0,1)
2

14+ N(0,1)

5 Vi ek

Re(hij) ~ s |m(h2]) ~

Geometry channel: All transmitters and receivers are uniformly randomly distributed

in a RxR area. The channel gains |h;;|? follow the pathloss function
hiil? = 1 N2 Vgl
|hij —ngj|fu| » V],

where f;; is the small-scale fading coefficient follows CA(0, 1), d;; is the distance between
the ¢th transmitter and jth receiver.

Then we use these coefficients to generate four different episodes: the Rayleigh fading
channel, the Ricean fading channel, and the geometry channel (with nodes distributed
in a 10m x 10m and a 50m x 50m area, respectively). We use such drastically changing
environments to simulate (perhaps overly harsh) “toy” scenarios. Later we will utilize
real data to generate more practical scenarios. For each episode, we generate 20,000
channel realizations for training and 1,000 for testing. We also stacked the test data
from all episodes to form a mixture test set, i.e., containing 4,000 channel realizations.
During the training stage, a total of 80,000 channel realizations are available. A batch
of 5,000 realizations is revealed each time, and the memory space contains only 2,000
samples from the past. That is, |Di.16| = 80,000, |D;| = 5,000, | M| = 2,000, V t.

For the data-driven model, we use the end-to-end learning based fully connected
neural network model as implemented in [4]. For each data batch of 5,000 realizations
at time t, we train the model ©; using the following six different approaches for 20

epochs (with the previous model @;_; as initialization):
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1. Transfer learning (“TL”) [125] — update the model using the current data batch
(a total of 5,000 samples);

2. Reservoir sampling based CL (“Reservoir”) [138] — update the model using both
the current data batch and the memory set (a total of 7,000 samples), where data
samples in the memory set are uniformly randomly sampled from the streaming

episodes;

3. Proposed fairness based CL (“Bilevel”) in Algorithm 5 — update the model using
both the current data batch and the memory set (a total of 7,000 samples), where
data samples in the memory set are selected according to the proposed data-
sample fairness criterion (5.8) using Algorithm 5. Unless otherwise specified, as
suggested in Section 5.4.2, the training loss £(+) is chosen as the MSE loss (5.5), the
system performance loss u(-) is chosen as the adaptive weighted negative sum-rate
loss (5.6), and the weights is chosen as the sum-rate achievable by the WMMSE
method [141].

4. Proposed minimax based CL (“Minimax”) — this is the special case of Algorithm
1, as described in remark 5.4.2; In particular, we update the model using both
the current data batch and the memory set (a total of 7,000 samples), where
data samples in the memory set are selected according to the proposed minimax
criterion (5.7), the training loss ¢(-) and the system performance loss u(-) are
chosen as the MSE loss (5.5); The model is trained using the gradient descent
ascent (GDA) [169].

5. Joint training (“Joint (equal)”) — update the model using all accumulated data
up to current time (up to 80,000 samples); All data points are treated equally,

that is, A®@ in (5.4) are equal for all ¢, and there is no lower level problem.

6. Joint training (“Joint (weighted)”) — update the model using all accumulated data
up to current time (up to 80,000 samples); The proposed fairness based formu-
lation (5.9) is applied but replace the training set M; U D; with all accumulated
data.

The simulation results of six different approaches are compared and shown in Fig.
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Figure 5.2: Testing sum-rate performance on randomly generated channels for (a) each individual episode and
(b) average of all episodes. Each sub-figure of (a) represents the testing performance on the data generated from

a particular episode (indicated in the y-axis). The grey line indicates the time instances where a new episode
starts, which is unknown during training time.

5.2. Specifically, each subplot of Fig. 5.2 (a) shows the performance of the time-
varying models trained by different approaches as training data is streaming in, while
evaluated at test samples drawing from the episode specified by each subplot. The
grey lines indicate the transition points for two consecutive training episodes. The z-
axis represents the number of training data that has been seen by the model, while
the y-axis represents the sum-rate achieved on the test data. Fig. 5.2 (b) shows the
average of all four subplots from Fig. 5.2 (a). Note that the joint training method uses
up to 80,000 in memory spaces and thus violates our memory limitation (i.e., 7,000
in total), and the transfer learning method adapts the model to new data each time
and does not use any additional memory spaces. One can observe that the proposed
CL based methods perform well over all tasks, nearly matching the performance of the
joint training method, whereas the TL suffers from some significant performance loss as

the “outlier” episode comes in (i.e., geometry channel in our case).

5.5.3 Real Measured Channel

To validate our approach under more realistic scenarios, we further consider the outdoor
‘O1’ ray-tracing scenario generated from the DeepMIMO dataset [177]. The used dataset
consists of two streets and one intersection, with the top-view showed in Fig. 5.3. The

user grid is located along the horizontal street, with a length of 550m and a height of
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Figure 5.3: Top view of the DeepMIMO ray-tracing scenario, showing the two streets (grey rectangular), the
buildings (blue rectangular), and the 10 base stations (red circle).
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Figure 5.4: Average sum-rate comparison on real measured channels

36m. This street is divided into a 181 x 2751 grid, and the users could be located on
any grid point. We index the first column from the right as C1, and the last column
from the left as C'2751.

An episode is generated by using a particular user distribution. More specifically,
the users for episode 1 are all drawn from columns C551 - C1100, and similarly, users
from episode 2-3 are from C1101 - C1650, and C1651 - C2200, respectively. For each
episode, we generate 20,000 channel realizations for training and 1,000 for testing. For
each channel realization, we generate the channel based on 10 BSs (i.e., red circles in Fig.
5.3), and randomly pick K = 10 user locations from the selected user population. The
BS is equipped with single antenna and has the maximum transmit power p; = 30dBm.

The noise power is set to —80 dBm.
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Figure 5.5: Fairness Comparison. (a) PDF and (b) CDF distribution of the per-sample sum-rate ratio evaluated
at the last time stamp (z = 60,000) on the test set of all three episodes.

Average sum-rate comparison

We first show the system performance measured by the achieved sum-rate for different
approaches in Fig. 5.4. For each subplot of Fig. 5.4 (a), it displays a similar result
as each subfigure in Fig. 5.2 (a). It can be observed that, after experiencing all the
samples (x = 60,000), our proposed fairness based method obtains reasonable sum-rate
for all three episodes, while the performance of both TL and reservoir sampling degrades
when encountering test data from the old episodes. This can be attributed to the fact
that the proposed method can focus on under-performing episodes (i.e. episode 1 and
2) while relaxing on outperforming episodes (i.e. episode 3). If we further average the
sum-rate performance on all three episodes from Fig. 5.4 (a), we obtained Fig. 5.4 (b),
in which it is clear that our proposed method is able to perform much better than TL
and reservoir sampling.

Another interesting observation (from subplot 3 of Fig. 5.4 (a)) is that the proposed
method is able to outperform the joint training (which uses the accumulated data) in
terms of the average sum-rate, as can be seen in Fig. 5.4 (b) for 40,000 < z < 60, 000.
One possible explanation is that the joint training will treat all samples equally, and
thus only 1/3 of training data will contribute to improve the performance of episode 3,
resulting a slow adaption to new episodes. Instead, our proposed fairness based method

focuses more on data points that generate the highest cost, so it achieves higher average

performance.
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Fairness comparison

Next, we show that the proposed CL method outperforms other CL-based methods,
not only in terms of the average sum-rate, but also in the sample fairness over all
tasks. In Fig. 5.5, we show the test data sum-rate ratio distributions for the final
models generated by different approaches (i.e., when all the models have seen all 60, 000
data points). Specifically, the sum-rate ratio R(7(©,x®);x®)/R(x") is computed
according to Remark 5.4.2. That is, for a given test sample x(9), we divide the achievable
sum-rate generated from the learning model, by what is achievable by the WMMSE
algorithm [141]. It can be observed that our proposed approach contains fewer samples
in the low sum-rate region, while TL and reservoir sampling perform worse on those
data points. This result suggests that that the proposed approach indeed incorporates

the problem structure and advocates fairness across the data samples.

Gradual scenario change

In the previous experiments, the sets of users from different episodes do not overlap with
each other. That is, we were simulating scenarios where the environment is experiencing
some rapid changes. In this subsection, we further simulate scenarios where the environ-
ment changes slowly. Towards this end, we generate episodes such that the neighboring
ones share some common areas. Specifically, we have five episodes, and users for episode
1 to 5 are drawn from columns C551-C1100, C826-C1375, C1101-C1650, C1376-C1925,
and C1651-C2200, respectively. Simulation results are shown in Fig. 5.6. It can be

observed that our proposed methods are still effective under this setting.

5.5.4 Beamforming Experiments

Next, we further validate our CL based approach, by applying it to a coordinated
beamforming problem for the millimeter wave system, where a number of BSs are si-
multaneously serving one mobile user over the 60 GHz band [176]. Different from the
previous sections where only single antenna is adopted, we consider the multi-antenna
setup with four BSs (3,4,5,6 in Fig. 5.3), and each BS uses uniform planar array (UPA)
consisting of a total of 256 antenna elements (32 columns and 8 rows), and use 30dBm

transmit power.
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We adopt the problem formulation developed in [4,176], where the idea is to use
the uplink pilot signal received at the terminal BSs with only omni or quasi-omni beam
patterns to learn and predict the best RF beamforming vectors. The learning based
method we adopt is the fully connected network as suggested in [4,176]. By leveraging
the intuition that the received signal renders an RF defining signature for the user
location and its interaction with the surrounding environment, the authors of [176]
showed that the DL solution performs almost as well as the genie-aided solution that
perfectly knows the optimal beamforming vectors.

In our simulation, we define three episodes, where the user distributions are drawn
from columns C551 - C650, C826 - C925, C1101 - C1200, respectively. For each episode,
we generate 15,000 samples for training and 1,000 for testing. The simulation results
over different approaches are compared and reported in Fig. 5.7, where the x-axis
represents the number of data samples that has been observed, and the y-axis denotes
the effective achievable rate. For our proposed approach (Bilevel), both the training
loss /() and the system performance loss u(-) are chosen as the MSE loss (5.5). It can
be observed that the proposed algorithm (Bilevel) almost matches the joint training
and the optimal genie-aided performances, with only limited memory usage, and it
outperforms the TL approach.

Lastly, we compare the computational cost of all methods during the entire training
stage. We record the required training time for all approaches when they experiencing
all three episodes, then plot their achieved training loss (i.e., the MSE loss in this case,
evaluated on the mixture dataset of all three episodes) versus the consumed cpu time
in Fig. 5.8. It can be observed that the joint training and proposed CL approach can
achieve zero training loss for all episodes (after 1,100 and 400 seconds, respectively),
while the TL approach can never achieve zero training loss for all episodes although it
takes less time. The proposed fairness based CL methods strike a good balance between

the time complexity and the prediction accuracy.
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5.6 Proofs of Lemmas and Theorems
5.6.1 Proof of Theorem 5.4.2

Proof. First, we need to establish the gradient smoothness condition of the compo-
sitional function F!(®) as defined in (5.14). That is, for some L > 0, the following
holds:

IVF(©) - VF(e)| < L|e - e,

where the gradient is computed as
VF'(©)=V7(®)Vif(3'(©),0) + V2f'(7'(©),0).

The proof is relegated to Lemma 5.6.2 in the supplemental material 5.6.4 for complete-

ness.

Then, using the smoothness of VF!(@F), we have

Fi(@"h) < FY(eF)+ (VF'(eF), e —eF) + §||ek+1 CAls
T2V P OF) - ay(VF!(©"), Vg(0F;6) Vi £y, 03 ¢)
_ Oék<VFt(@k), ng(ykﬂ, @7£k>> + §H®k+1 _ @kHQ
= FY(©F) — x| V(@) + 5|4 — @k
+ay(VF'(©"), V5" (071 f(5(6"), ©))
— o (VF(O"), V(0" ") V1 f(y*, ©:6))
+ i (VF'(4), Vo' (5 (), 0) - Vaf (y*+,©,6).

Conditioned on F*, taking expectation over the sampling process of ¢* and &* from



the data set My U D; on both sides, we have

(a) L
E Ft(G’“H)\fﬂ <FYOY) — ok [ VFI(ON)* + SO — ©F|*| 7]

+

V(4| B, [IVa(@" ) 217

N

X By [V (9(04); 04 6°) — Vi f(y*H, @ 60 2|7

+ ay, VFt(G)’“)H

X B [[[V2f(9(00); ©F,€5) — Vaf (yh 1 ©F, )| 7]
(®)
<F'(OF) — oy VF (@) || + LC2C3 o, + LCF, i,

T (@rClyy, + arLyp,) [VE(©F)]
1
% Er | llg(@") - y* 27|
(c)
<F'(®F) — oy VF' (O || + LC2C3 o, + LCF, o,
ajCiL%  +aiL
20k,
+ BB [[l9(©") -y 2| F]

2
f21 ”VFt(@k)”Q

2712 2
akCgLfll + akaQl

< FY(@%) — ay (1 - T ) IVEF' (&%)

+ By [[lg(0F) = y*HRIFY| + LC2CH 0} + LCHad,
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where in (a) we use the Cauchy-Schwartz inequality; in (b) we use the update rule (5.15),
the boundedness of [|Vg||,||V1f| and ||Vaf|| and the Lipschitz continuous gradient of

f from Lemma 5.6.2 in the supplemental material 5.6.4; and in (c) we use the Young’s

inequality.

Define the Lyapunov function

VE=FY(O") + |g(@" ") —y¥|I*.
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It follows that

E, [V FY) (5.20)

arC2L%  + oy L2
< Pk — o (1 Gy f121B k™ for HVFt(ek)HQ
k

+ LCZCF 07 + LCF, 03
+ (1+ B [9(0F) =y 12I74| — [lg(@F") - y¥?

(a) arC?L2  + ai L2
< Vlc — ag (1 _ k~ g fry k fa1 HVFt(@k)HQ

20
+ LC2C3 o} + L3} + 2(1 + By) BRV2
+ (1481 = B)* = 1) lg(@ ) — y*||?
+8(1+ i) (1= B1)°Cy (C5CF, + C},) i

®) ( akch?cn + akL?”zl

<VF— o,

204,

+ LOJC} af + LCF,af + 2(1 + Br) BV,
2 (22 2\ .2
+8C§ (Cgcfl +Cf2) Q>

) IVE (@)

where (a) follows from Lemma 5.4.2, and (b) uses that (1 + Bx)(1 — Br)? = (1 —

ﬁi)(l — Br) < 1. The corresponding constant V, is defined in Lemma 5.4.1 and

L,Cy,Cf,Cty, Ly, Ly,, are defined in Lemma 5.6.2 in the supplemental material 5.6.4.
Select (with S € (0,1))

Bk Bk
. (5.21)
CgLfll +L 21 Lo
CQLQ + L2
so that 1 — 2479 %kk aaaf T 1, and define

L 2 ~2 2 2712 2 \2¢,2
C'_chcf1+LCf2+4(CgL 11+L 21) ‘/g

+80; (CyCF +CF,). (5.22)
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Further taking expectation over F* on both sides of (5.20), then it follows that

E[VE1] < By VF] — %Et[HVFt(@k)HQ] +Cal. (5.23)

Telescoping over k£ and rearranging terms, we have

Do B[ V(O] _ 20+ 205 0f

K > K
> k= Ok > k=0 Ok

Choosing the stepsize as aj = —= leads to

VK

Yico BIVFH@HIP] _ 2V° +2C
K - VK

By initializing of y° = g(@~1), we have
V0 = F(@°%) + [g(@7") —y°|* = F'(©°).
The proof is complete.

5.6.2 Verify Assumptions

In this section, we show that for power allocation problem (5.1), Assumption 5 can be

satisfied.

Claim 5.6.1. Consider the power allocation problem (5.1) with K transmitter and
recewver pairs, pick £(-) and u(-) as suggested in (5.5) and (5.6). Let H indicate a set of
bounded channel coefficients with dimension K x K. Suppose that the neural network
7(@;h) € [0, Pmax] has bounded Jacobian J* € REX4 and Hessian H™ € RE*dxd
for all ® € R, h € H and p € [0, Pmax] With Pmax € Rf, where JT; = Omi(Osh)

66]- Y
2 .
Hgij = %@%? Then Assumption 5 holds true, that is, there exist some positive
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constants Cy,, Cy,, Cp,, Cyy, Cuy, Cuy, such that the following holds:

Hﬁ(@;x, p)” < CZO? Hu(@;x, p)H < Cum VheHH,VO
Hveg(@ﬂ(; p)” < Cfn HV(BU(@aX7p)H < Cu17 Vhe H,V O]
|V&L(O:x,p)|| < Cpy,  ||[Vou(®;x,p)|| < Cuy, VheH,V O.

Proof. First, based on our specific problem (5.1), we know that the allocated
power p € [0, Prax), and output of the neural network m(@;x) € [0, P,y are bounded.

Then we have:

U(©;x,p) = [Ip - 7(©,x)|* € R,
T
Veol(®;x,p) =2 (Jﬂ@;x)) (7(©,x) — p) € R,

V%e(@;x,p) —9 Z [H;(:’CT)%X) (m:(©, %) — Pk)} + 2(J7F(®§X))TJ7T(@§X) c R9xd.
k
Since by assumption, we know Jacobian J™ and Hessian H™ are bounded, then, /(®; x, p),
Vel(O;x,p) and V%E(@;x, p) are all bounded.
Similarly, we can also show that u(©;x,p), Veu(®;x,p), and V4u(O;x,p) are

bounded. Towards this end, we first compute the elements in V,R(7(0®,x);x) and
V2R(7(©,x);x):

R | Xk >k
R(7(©,x);x) = Zlog 1+ > ,

— ik [Xni 27 + o
VaR(7(©,%);x) = [V R(m(0, X); X)) _ . »

|k |
Va, R(m(©,%);x) =
g S [xui2mi + o
Y —[x5 %75 1x k)2
K b
J#k (Zz’;éj il i + U?‘) (Zz’:l i |?m; + U?)
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ver(Tr(@,X);X> = [Vz R(7(©,x);x

Tkt >]k:1:K,t:1:K ’

— [k ? x|
K 2 22
(Zi:1 |Xpi |2 + Uk>
K
I | e (Zi;«éj [xjilPmi + 3055 %P + 2%2')
2 2
: K
7kt (Zi#j il i + 032') (Zizl |2 mi + 0'32-)
’Xtt’2|th‘2 <Zi# ‘Xti‘2ﬂ'i + Ut2>
(Ei# |x¢i ]2 + at?) (Zfil |x¢i |27 + U?)

Vi R(w(© 2 2
— | Xkk|" |1 Xk
(zi:1 |Xpi| i + g%)

|55 27 %k | ¢ 2 (Zi;éj [P + SO0y [l P+ 2012)
+

2 2
%k (Z#j !in|27fz'+0j2-> (Zz‘lil !in|27fi+%2‘)

V2 R(”(@;X);X)H;ﬁk =

Tkt

)

Because all elements of h;;, 7;, and o, are bounded, it is clear that both V. R(7 (0, x); x)
and V2R(7(0©,x);x) are bounded.
Next, we derive the bounds for u(®;x,p), Veu(®;x,p), and VQG)U(@;X, p),

K 2
u(®;x,p) = R(7(O,x) Zak log (1 + 5 ik | ) ,
=1

ik [Xg [Py + o

Veu(®;x,p) = (J"O®)T . Y R(r(®,x);x),
Vau(@:x,p) =Y [(H;iﬁf?”‘>>T Vi R(7(©,%); )|
k

+ (TN VIR (7(©,x);x) - JTO),

given all of J™, H™, V. R(7(©,x);x) and V2R(7(0©,x);x) are bounded, the proof is
complete. Finally, we note that the assumption of boundedness of Jacobian J™ and
Hessian H™ are reasonable; see for example [172, Theorem 3.2], where the Lipschitz
continuous and Lipschitz continuous gradient constants of neural networks are explicitly

characterized.
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5.6.3 Proof of Lemma 5.4.2

Claim 5.6.2 (Tracking Error Contraction [175, Lemma 1]). Consider F* as the collec-
tion of random variables, i.e., F* := {gbo, Lt S S ,fk_l}. Suppose Assumption

6 and 5 hold, and y**1 is generated by running iteration (5.16b) conditioned F*. The

k+1

mean square error of y satisfies

By [lg'(©%) — y*+1? | 7]
<(1-B1)%7" (0% 1) — y*|I* +4(1 - B)*CJ|©F — ©F1|1* + 257V,
where Cy and Vy are defined in Lemma 5.4.1.

Proof. From the update (5.16b), we have that

v g eh)

= (1= 8" = 7(O" )+ (1-Bu)(F(8" ") — g"(©")) + Bi(g(®F; ¢") — 5" (8%))
+ (1= Br)(9(©%; ¢%) — (@15 6"))

= (1=B)" =3 (O" )+ (1= BTy + BT + (1 — Bi) T3, (5.24)

where we define the three terms as
Ty :=g"(® ") —g(®F) Ty:=g(0"¢") —g"(@") Tj:=g(@" ¢") —g(@" ! ¢").

Conditioned on F*, taking expectation over the sampling process of ¢* from the data

set My U Dy, we have

E, [(1 — BT+ BT+ (1 — B)T3|F*| =0 and E, [Tﬂfﬂ = 0. (5.25)
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Therefore, taking a conditional expectation on the norm square of both sides of (5.24),

we have

E[lly"*! — 3 (©%) 217"
CZVR (1 - B — g (O I)IPIFH + By [0 = BOT: + BT + (1 — BTl 7]
+ 28, [{(1 = B(y* — 5'(0571), (1= BITL + BTy + (1 = BTy ) [ ]

P20 = Byt~ 3O I +EL I - BT + BT + (1 - BT ]

®)
<(1= B)?lly* — 1O+ 28, [ (1= BTy + BTol|F*] +2(1 - ), [T %I 7]
=(1 - B)?ly* — g (O )2 +2(1 — B Bl T1]1? | ¥+ 263E | Tl | )

+ 451 = Bi) (TL BT | F¥]) +2(1 = B)°Ee |1 13217

—
A=
=
=

< (1= B2ly" = 9@ P +2(1 - B)’Ee |13 (©F) — 7' (©41) 27|
+2(1 = BB [lg(©F56") — g(©F L ¢h)|P|FF| + 252V

(iii)
< (1= Br)lly" — g" (@ DI +4(1 - ) CPlIO" — O 2 + 253V,

where in (i) we use the Cauchy—Schwartz inequality, in (ii) we use the bounded variance
property from Lemma 5.4.1 and the unbiasedness (5.25), and in (iii) we use the property
that the g'(®) and g(®;¢) are Lipschitz continuous from (5.18). The proof is then

complete.

5.6.4 Additional Lemmas

Lemma 5.6.1. Suppose Assumption 5 holds, then function F'(-) has Lipshictz contin-

uous gradient with some universal constant L, where

L= C_’flig + CQQEfH + égl_’fw + éQEle + Ef”’
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and

I_’fll = 2010640“0, Efm = Efm = CulClOe?’C“O + 011630“0,
f/fQQ = (031040 + CU2CgO + QCul Cgl + 032) 620"0, Eg = Cglecuo + CHQBCU(J’
éf1 = 010630“0, C’fQ = CulClerCuo + 011620"0, C'g = Culecuo.

Proof. To begin with, we show that f! and g' are bounded. Given Assumption 5
and f!, ' are defined as (5.11), we have

1 (i) (i
(0) = by MR ¢ [, ]
ieD
Siep @2 y(@;x0, pl0)
DI - g'(®)

ft(gt(el); @) — c [—010620“0 , CZO€2CuO] ’
where D := M;UD;, and Cy,, C,, are defined in xxx. Note that we abused the notation
a bit by omitting the subscript pf ¢ when defining D.

Next, we show that the gradients of f* and g* are bounded. We obtain their gradients
as following

_ 1 w(©®:x@ p® D (i
vgt(@):ﬁ.z(e (©x(.p )-Vu((-);x(),p())),

€D
V(2 @) = — > icD PUCES >|;<| )')2:25(@; x(@ p) ’
} Yicn (eu<e;x<i>,p<i>> Vu(@; xD, p®) . ¢(@; x, pa)))
Vaf'(2:0) = I
Yien <eu<e;x<i>,p<i>) G pu)))
D] - 2 '

Combining the boundedness property from Assumption 5, we conclude that for any ©
and @',

|V (©)]] < Cuyero :=Cy,
[V1f'(5'(©); )| < Ciye* o := Cy,, (5.27)
|V2f'(g'(©");0)| < Cluy Cry€*Cmo + Oy, 2o = (.
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Next, we show that functions V f! and Vg’ are L f- and Lg-smooth by bounding the

Hessian of ||f!|| and ||gt||, where we have

2 Fiep e @2 y(@;x0, pl)

‘D‘ .73 )
S iep 4O P gy (@; x), p)) . ¢(@; x(), pli))

D[22

 iep e @2 vi(@;x0) p)

‘D‘ .72 )
iep (6“(@;"@"’“)) Vu(©; x0, p®) . 1(@; x), p(z’))>

D[22
Sien (€@ v0(©;x0), p))
’D‘ .72 )

V%JR(Z;@) =

Vi fi(z;0) = —

V3. (2;,0) = —

2ieD (6“(9%"“)71’(“) || Vu(@; x@, pd)||*- E(G);x(i),p(i)))

2 Rl @)
Vil (z;0) = D2
ZieD (eu(G;X(i)’p(i)) : V2u(®; x(i)7p(i)) {(©; X(i), p(i))>
_|._
|D| - z
2 Yiep (1@x P vu(@:x), p) - V(©;xD, p)))
|D| - z
Siep (€@ v20(@;x,p)))
Dz ’
V2§t(®) = L . Z eu(@;x(i),p(i)) . Hvu(@. x(®) p(i))H2 n eu(e);x(z‘)7p(i)) . VQU(@'x(i) p(i))
D] x, x®,p) ).

1€D



171

Further considering that the Assumption 5, we can conclude that for any ® and ©’

V3, 7(3'(0'); ©)|| < 2C),*C 0 := Ly,

V1 (3"(©"); ©)| < CuyClye*“0 + Cy 3o = Ly,,,

[V3.F1(3"(©"); ©)|| < Cuy Clye*“0 + Cy 3o = Ly,

[V32£1("(©");©)|| < (C2 Ciy + CuyCry + 2Cu, Cry + Cy,) €20 = Ly,
V25" (©)| < C2 €S0 + Cypemo = L

IVif (2, ) = Vif' (@, )| < Ly, 1z = 2],
V1 f!(2,©) — V1f(2,0)| < Ly,||© - 0],
|Vafi(z,-) — Vafl (2, )| < Ly, |z — 2], (5.28)
IV2f!(2,©) = Vaf'(2,0)| < Ly,[|© — O],
IVg(©) - V(@) < L,|© - &'].

Then, we are ready to establish the smoothness condition of the gradient of the compo-
sitional function F*(@®) = f!(g}(®), ®), we have

VF'(©) =Vg'(0)Vif'(3'(©),8) + V2f'(7'(©),0),
and

IVFY(©) - VF(@')|| <|[Vg'(@)Vif'(5'(©),8) - V5 (©)Vif'(5'(®) 0)]
+[IV7'(©)V1f(7'(©),0) - Vi'(@)V1if(7(©), )]
+IV2f(5'(©), ©) — Va2 f'(7'(6), @)

<Cp, Lyl ® — O + CyLy, 3'(©) — 5" (@) + Cy Ly, ||© — €]
+ Ly 19'(©) = g"(©)[| + Ly, [|© — €]
<L|® - e,

where in the second inequality we use the boundedness of || Vg ||, |V f¢|| and the Lipschitz
continuous gradient of g* and f!, see (5.27) and (5.28), and in the third inequality we
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use the Lipschitz continuity of g¢ and £ (implied by the boundedness of ||[Vgt||, |V f|),
and L is defined as

L:= éflf’g + Og2if11 + égf’fm + C_191_’]”21 + I_’f22'

The proof is complete.
Then, follows the same reasoning, we will have following results when stochastic

sampling is used,

Lemma 5.6.2. Suppose Assumption 5 and 6 hold, f(-) and g(-) are defined as (5.13),
and the first input of f(z;0;§) is bounded away from zero as ||z|| > C,, then the
following holds:

(1) The stochastic gradients of f and g are bounded in expectation, that is, there
exist positive constants Cgy, Cy,, Cy,, such that the following relations hold

E [[[Vg(®;9)[] < C
Et [[[V1f(z; ©;6)[]] < Cy,
Et [[[Vaf(z; ©;6)|] < C

where the constants are defined as:
Cy, = Cpye“r0 /C2 C, 1= Oy, CpyeCr0 /C, + Cp e /O, Cyi= CyyeCro

(2) Functions Vf and Vg are Ly- and Lg-smooth, that is, for any ©,0" € R?, and
z, 7’ satisfying ||z|| < C, and ||Z'|| < C., we have:

IV1£(2,0;€) = Vif(z,0;8)l < Ly, |z — 2,
”Vlf(Z,(");{) - Vlf(z 6/75 H < Lf12H@ - @/H?
1V2f(z,©;¢) (z,

( (

||v2f Z7®a€) - v2f z 6/,5 H < Lf22||® - ®/H7

)
)

~Vaf(2,©;8)| < Ly, ||z — 2, (5.29)
)

IVg(©; ) — Vg(©'; )

I < Lyl|® — &,
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where

Ly, = 2Cloecu0 /Cgv Ly, =Ly, = (Culcloecuo + Cllecuo)/cga
Lyg,, == (Cglcgo + Cuy Coy +2C,, Cy, + C@) eCmo /C, Ly := 03160"0 + CU2€C"0.

Proof. The derivation of this result is similar to those presented in Lemma 5.6.1,
except the change of i € D with ¢ € £ or i € ¢ in derivations, and the usage of z =y
instead of z = g'().



Chapter 6
Summary and Future Directions

In the last chapter, we provide a summary of the main results discussed in this thesis,

and also point out a few promising directions for future research.

6.1 Thesis Summary

This thesis presented a set of contributions at the intersection of optimization theory,
machine learning advances, and applications in modern wireless systems. The focus
was on building fundamental connections between methodologies from optimization,
machine learning, and networking communities, and developing interdisciplinary ap-
proaches for the modern large-scale non-convex problem.

In the first part of the thesis, which contains Chapters 2—4, the aim is to develop the-
oretical guarantees for distributed non-convex optimization that arising in the modern
big data era.

Chapters 2 and 3 represent the first work that investigates the performance of op-
timal first-order non-convex algorithms for distributed information processing and op-
timization problems. We first set our scope by defining the problem, network, and
algorithm classes (P, N, .A) that are under consideration. We then provide a lower
complexity bound that characterizes the worst-case performance for any first-order dis-
tributed algorithm in class A, and finally propose and analyze two algorithms that are

capable of (nearly) achieving the lower bound in various settings. The various bounds
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Figure 6.1: Graphical comparison of various bounds analyzed in this work,
illustrated over a path graph with M nodes.

discussed in the work is illustrated in Fig. 6.1 through a M-node path graph as an ex-
ample. To the best of our knowledge, the proposed algorithms in Chapter 3 are the first
and the only available distributed non-convex algorithms in class A that can optimally
reduce both the size of the gradient and the consensus error for (P, N), and achieving
the (near) optimal rate performance for problem/network classes (P, N).

In Chapter 4, we proposed a joint gradient estimation and tracking approach (D-
GET) for fully decentralized non-convex optimization problems. By utilizing modern
variance reduction and gradient tracking techniques, the proposed method improves
the sample and/or communication complexities compared with existing methods. In
particular, for decentralized finite sum problems, the proposed approach requires only
O(mn'/2e~1) sample complexity and O(e~!) communication complexity to reach the e
stationary solution. For online problem, our approach achieves an (’)(me_3/ 2) sample
and an O(e~!) communication complexity, which significantly improves upon the best
existing bounds of O(me2) and O(¢~2) as derived in [77]. The main results can be
summarized as in Fig. 6.2.

The second part of the thesis, which includes Chapters 5, introduced a class of
learning-based approaches for modern wireless systems, utilizing the theory and algo-
rithms proposed in part I of the thesis. The key message is: DNNs have great potential as
computationally cheap surrogates of expensive optimization algorithms for quasi-optimal
and real-time wireless resource allocation. In particular, we design a new “learning to
continuously optimize” framework for optimizing wireless resources in dynamic envi-

ronments, where parameters such as CSIs keep changing. By introducing continual
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Figure 6.2: Comparison of the sample and communication complexities for a number of decentralized methods.
Existing deterministic methods enjoy lower sample complexity at smaller sample sizes, but such complexity scales
linearly when the number of samples increases. Stochastic methods generally suffer from high communication
complexity. The proposed D-GET bridges the gap between existing deterministic and stochastic methods, and
achieves the optimal sample and communication complexities. Note that online methods can also be applied for
finite sum problems, thus the actual sample complexity of D-GET is the minimum rate of both cases.

learning (CL) into the modeling process, our framework is able to seamlessly and ef-
ficiently adapt to the episodically dynamic environment, without knowing the episode
boundary, and most importantly, maintain high performance over all the previously
encountered scenarios. The proposed approach is validated through two popular wire-
less resource allocation problems (one for power control and one for beamforming), and
uses both synthetic and ray-tracing based data sets. Simulation results show that our
framework is consistently better than naive transfer learning method, and it achieves
better performance than classical CL based approaches. Our empirical results make us

believe that our approaches can be extended to many other related problems.

6.2 Future Research Directions

Moving forward, I will continue my research on developing machine learning and opti-
mization theories and tools for modern applications. My work represents a preliminary
step towards understanding the capability of distributed non-convex learning and deep
learning for wireless problems. There are many interesting questions to be addressed in

the future, and some of them are listed below:

e [s it possible to merge the inner Chebyshev iteration with the outer dual update to

design a single-loop algorithm and to extend the proposed algorithms to problems
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with nonsmooth regularizers and constraints?
e [s it possible to design second order methods to further speed up the convergence?

e [s it possible to design global information free algorithms that only require local

structures to initialize the parameters?

e [s it possible to design theoretical results for the proposed stage-wise bilevel opti-

mization problem (5.8) or even the global bilevel optimization problem (5.4)?

e Is it possible to quantify the generalization performance of the proposed fairness

framework?

e How to further reduce the computational complexity of DNNs?

In the end, we live in a highly smart and connected world, and the exponentially
increasing number of smart devices has posed a great challenge for modern distributed
learning tasks. My long-term research objective is to formally establish links between
theoretical limits and design principles of distributed optimization and learning, and

ultimately contribute to the vision of a highly smart and connected world.
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