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ABSTRACT

The current age of Big Data is built on the foundation of distributed systems, and efficient dis-
tributed algorithms to run on these systems. With the rapid increase in the volume of the data being
fed into these systems, storing and processing all this data at a central location becomes infeasible.
Such a central server requires a gigantic amount of computational and storage resources. Even
when it is possible to have central servers, it is not always desirable, due to privacy concerns. Also,
sending huge amounts of data to such servers incur often infeasible bandwidth requirements.

In this dissertation, we consider two kinds of distributed architectures: 1) star-shaped topology,
where multiple worker nodes are connected to, and communicate with a server, but the workers
do not communicate with each other; and 2) mesh topology or network of interconnected workers,
where each worker can communicate with a small number of neighboring workers.

In the first half of this dissertation (Chapters 2 and 3), we consider distributed systems with
mesh topology. We study two different problems in this context. First, we study the problem of
simultaneous localization and multi-target tracking. Multiple mobile agents localize themselves
cooperatively, while also tracking multiple, unknown number of mobile targets, in the presence
of measurement-origin uncertainty. In situations with limited GPS signal availability, agents (like
self-driving cars in urban canyons, or autonomous vehicles in hazardous environments) need to
rely on inter-agent measurements for localization. The agents perform the additional task of track-
ing multiple targets (pedestrians and road-signs for self-driving cars). We propose a decentralized
algorithm for this problem. To be effective in real-time applications, we propose efficient Gaussian
and Gaussian-mixture based filters, rather than the computationally expensive particle-based meth-
ods in the existing literature. Our novel factor-graph based approach gives better performance, in
terms of both agent localization errors, and target-location and cardinality errors.

Next, we study an online convex optimization problem, where a network of agents cooperate

to minimize a global time-varying objective function. Only the local functions are revealed to



individual agents. The agents also need to satisfy their individual constraints. We propose a primal-
dual update based decentralized algorithm for this problem. Under standard assumptions, we prove
that the proposed algorithm achieves sublinear regret and constraint violation across the network.
In other words, over a long enough time horizon, the decisions taken by the agents are, on average,
as good as if all the information was revealed ahead of time. In addition, the individual constraint
violations of the agents, averaged over time, are zero.

In the next part of the dissertation (Chapters 4), we study distributed systems with a star-shaped
topology. The problem we study is distributed nonconvex optimization. With the recent success
of deep learning, coupled with the use of distributed systems to solve large-scale problems, this
problem has gained prominence over the past decade. The recently proposed paradigm of Fed-
erated Learning (which has already been deployed by Google/Apple in Android/iOS phones) has
further catalyzed research in this direction. The problem we consider is minimizing the average
of local smooth, nonconvex functions. Each node has access only to its own loss function, but
can communicate with the server, which aggregates updates from all the nodes, before distributing
them to all the nodes. With the advent of more and more complex neural network architectures,
these updates can be high dimensional. To save resources, the problem needs to be solved via
communication-efficient approaches. We propose a novel algorithm, which combines the idea of
variance-reduction, with the paradigm of carrying out multiple local updates at each node before
averaging. We prove the convergence of the approach to a first-order stationary point. Our al-
gorithm is optimal in terms of computation, and state-of-the-art in terms of the communication
requirements.

Lastly in Chapter 5, we consider the situation when the nodes do not have access to function
gradients, and need to minimize the loss function using only function values. This problem lies
in the domain of zeroth-order optimization. For simplicity of analysis, we study this problem
only in the single-node case. This problem finds application in simulation-based optimization, and
adversarial example generation for attacking deep neural networks. We propose a novel function

value based gradient estimator, which has better variance, and better query-efficiency compared to



existing estimators. The proposed estimator covers the most commonly used existing estimators
as special cases. We conduct a comprehensive convergence analysis under different conditions.
We also demonstrate its effectiveness through a real-world application to generating adversarial

examples from a black-box deep neural network.
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CHAPTER 1

INTRODUCTION

The current age of Big Data is built on the foundation of distributed systems, and efficient dis-
tributed algorithms to run on these systems [[195]. With the rapid increase in the volume of the
data being fed into these systems, storing and processing all this data at a central location becomes
infeasible. Such a central server requires a gigantic amount of computational and storage resources
[194]. Also, the input data is usually collected from a myriad of sources, which might inherently
be distributed [98]. Transferring all this data to a single location might be expensive. Depending
on the sensitivity of the underlying data, this might also lead to concerns about maintaining the
privacy and anonymity of this data [[103]. Therefore, even in situations where it is possible to have
central servers, it is not always desirable.

Distributed systems might have 1) star-shaped topology (Figure[I.Ia)), where each worker node
(denoted by W;,2 = 1,...,5) is connected to a server (denoted by S), but the workers do not
get to communicate with each other; or 2) mesh topology or a network of interconnected workers
(Figure @]}, where each worker can communicate with a small number of workers, often in its
geographical vicinity.

In this dissertation, we consider both these kinds of distributed systems to solve different, but

somewhat related problems.



W)

(a) Star Topology (b) Mesh Topology

Fig. 1.1: Two possible topologies for distributed systems

1. For systems with worker connected in a mesh-topology, we study the following problems.

* A simultaneous localization and multi-target tracking problem. Multiple mobile agents
localize themselves cooperatively, while also tracking multiple, unknown number of

mobile targets, in the presence of measurement-origin uncertainty.

* An online convex optimization problem, where a network of agents cooperate to min-
imize a global time-varying objective function. However, only the local functions are
revealed to individual agents. The agents also need to satisfy their individual con-

straints.

2. For distributed systems with a star-shaped topology, we study two related distributed stochas-
tic nonconvex optimization problems. The proposed first-order algorithm is optimal in terms

of computation, and state-of-the-art in terms of the communication requirements.

3. Finally, we study a single-nod zeroth-order stochastic non-convex optimization problem.
This problem finds application in adversarial example generation for attacking deep neural

networks.

n this dissertation, we use the terms devices, nodes, agents to mean the same thing
2As a logical next step to the previous problem, we study the scenario where the gradient of the cost function is no
longer available. However, to simplify the analysis, we focus only on the single-node case.



In the following sections, we describe all these problems in some detail.

1.1 Mesh Networks

Networks consisting of mobile interconnected agents with different sensing capabilities have found
numerous applications in a multitude of applications including surveillance [J], target tracking
[13]], intelligent transportation systems [163| [164], and robotics [24]. In Chapters [2] we address
the problem of using such a network of multiple mobile agents to track multiple (unknown, time-
varying number of) mobile targets. In addition to tracking the targets, the agents are supposed
to cooperatively estimate their own locations (states) as well. In Chapter [3| we consider a more
abstract mathematical formulation of online convex optimization. A network of agents cooper-
atively minimize a global time-varying objective function, while also satisfying their individual

time-varying constraints. Next, we discuss both the problems in more detail.

1.1.1 Self-localization and Target Tracking using Network of Agents

In GPS-denied environments and for agents with limited power, cooperative self-localization (CS)
schemes that rely on inter-agent measurements become necessary. The objective of multi-target
tracking (MTT) is the estimation of the states of an unknown and time-varying number of targets.

At any time instant, the sensors of an agent produce two kinds of measurements:
1. Inter-agent measurements - by observing other agents in proximity, and

2. Target measurements - by observing the targets that are within the measurement range of the

agent.

Due to the collaborative nature of CS, the inter-agent measurements are assumed unambiguous,
i.e., the identity of the neighboring agent is known for each inter-agent measurement. On the
other hand, targets are non-cooperative and the measurement-to-target associations are not known.

Clutter and missed detections also affect the target measurement set. We refer to the problem as



(S)imultaenous CS-MTT. At each time instant, each agent is supposed to estimate its own state,
as well as the states of all the targets, by communicating only with its neighboring agents. Unlike
some existing work [74], the agents do not exchange their raw measurements, since this incurs
huge bandwidth overhead, especially with large image or video measurements. Instead, agents
maintain state estimates (for themselves, and for the targets) using marginal posterior densities.

Past work has focused on bits and pieces of this problem. In [192], CS is achieved via the
SPAWN (Sum-Product Algorithm over a Wireless Network) method which relies on Belief Prop-
agation (BP) [101]]. In [127], simultaneous cooperative self-localization and target tracking is
performed. However, the number of targets is assumed fixed and known. In addition, perfect asso-
ciation between measurements and targets is assumed known at each agent. These two assumptions
are relaxed in [[126]. However, the algorithm is centralized and only solves the tracking problem,
without sensor self-localization. The problem of SCS-MTT, in its full generality that we consider
here, has not been tackled so far in the literature.

Also, existing methods rely on particle representations of agent and target probability densities
and the BP messages. Particle filters (PF) [47] are methods for sequential estimation of the state
vector in highly non-linear and/or non-Gaussian state systems. However, the computational and
communication requirements of PF-based methods can be quite high. This creates a bottleneck
from the computational standpoint in real-time applications. Gaussian densities, on the other hand,
are simpler, yet limited in their expressive power. Gaussian mixture densities strike a balance
between the two extremes, and can be tweaked towards either end, by varying the number of

modes.

Our Contributions

* We propose an efficient, decentralized BP message passing based algorithm for simultaneous
cooperative self-localization (of mobile agents) and multi-target tracking (SCS-MTT), under
measurement-to-target association uncertainty. The factor graph of the joint posterior over

agent and target states has cycles and several message orderings are possible. The novelty of



our contribution also lies in the ordering of messages that ensures a reduced amount of data

exchange over the network.

* To save on the computational and communication costs of particle filters, we model the
state densities using single Gaussians and Gaussian mixtures (GMs). The Gaussian-based
and GM-based filters achieve network-wide consensus over the target beliefs, i.e., over the
means, covariance matrices and component weights of the Gaussian Mixtures (GM). Our
GM-based approach allows a robust trade-off between computational efficiency (GMs with

fewer modes) and modeling accuracy (higher number of modes).

* In case of GMs, the decentralized computation of target beliefs involves a product of GM
likelihood messages (stored at different agents) and a GM prior. The number of components
in the complete GM product is exponential in the number of agents. To overcome this high
complexity, we propose a novel decentralized Gibbs mechanism, extending the centralized
Gibbs approach proposed in [[168], to sample only the components of the GM product with
the highest weights, and thus approximate the entire product. This approach of efficiently

computing product of GMs will be of independent interest to the research community.

* Our numerical results show that the performance of the proposed decentralized algorithm
is close to its centralized counterpart. Numerical experiments also exhibit performance im-

provement compared to a separate SPAWN (for localization) and MTT approach (see [[127]).

1.1.2 Online Convex Optimization over Network of Agents

Next, in Chapter [3) we discuss a more abstract, mathematical problem, under the paradigm of on-
line convex optimization (OCO) [76,(157]. In this paradigm, the agent makes decisions iteratively.
After taking the decision/action, the agent incurs a loss/cost. Owing to the dynamic nature of the
problem, the loss function might vary across time. Also, the agent might need to satisfy some
individual constraints, which might be fixed across time, or might themselves be time-varying. We

consider this problem in the context of agents, connected in a network.



A set of nodes, jointly aim to minimize a global objective function, which is the sum of local
convex functions. The objective and constraint functions are revealed locally to the nodes, at each
time, after taking an action. To quantify the performance of the proposed algorithm, we utilize the
metrics of dynamic regret [20] and fit [144]. Dynamic regret measures the cumulative (over time)
loss incurred by the algorithm, compared to the best possible dynamic strategy. On the other hand,
fit measures the long term cumulative constraint violations. The aim of OCO algorithms is to prove
that the regret (and fit) are sublinear in the time horizon (usually denoted by 7'). If the regret is
sublinear, on average (averaged over 7'), the decisions taken by the agent are as good as those of
an agent with complete knowledge of the loss functions ahead of time. Similarly, a sublinear fit

implies, on average, no constraint violation.

Our Contributions

* We consider the distributed online convex optimization problem, with nodes arranged in a
mesh topology. The cost functions and the time-varying inequality constraints are revealed
locally to the individual nodes. With a dynamic benchmark, this problem has so far not been

considered in the literature even with static non-coupled inequality constraints.

* We propose a distributed primal-dual mirror descent based approach, in which the primal
and dual updates are carried out locally at all the nodes. This is followed by sharing and
mixing of the primal variables by the local nodes via communication with the immediate

neighbors.

* We prove that the proposed algorithm has sublinear dynamic regret. In other words, over
time, the proposed algorithm performs as well as a clairvoyant algorithm, which has all the
information of the network, ahead of time. We also prove the dynamic fit to be sublinear,
i.e., on average, the cumulative constraint violation over time, averaged across all the nodes

in the network is zero.

A special case of the online optimization problem described above is when the cost function is



not time-varying. In that case, the problem reduces to that of stochastic optimization. This special
case enables rich mathematical analysis, which has so far not been done for the more general online
case. For example, other than some notable exceptions [197, 14, 159, [169]], the online optimization
literature is limited to the convex case. On the other hand, over the past decade, much progress
has been made in the stochastic optimization literature on nonconvex problems. In the next two

sections, we outline our work on stochastic nonconvex optimization.

1.2 Stochastic Nonconvex Optimization over Star-Topology

One of the factors which has made this Big Data explosion possible is the meteoric rise in the
capabilities, and the consequent proliferation, of end-user devices [98]. These worker nodes or
machines have significant storage and computational resources. One simple solution to the poten-
tial central server bottleneck problem faced by distributed systems is for the server to offload some
of its conventional tasks to these workers [[194]. More precisely, instead of sharing its entire data
with the server, which is expensive communication-wise, each worker node carries computations
on its data itself. The results of these “local” computations are then shared with the server. The
server aggregates these local updates from multiple workers to arrive at a “global” estimate, which
is then shared with all the workers.

In Chapter 4} we solve a distributed optimization problem on worker-server or star-shaped
architecture. This problem has application in several domains including robust regression [[179],
sparse regression [132], image denoising [1], and community detection in social networks [82]] to
name a few. The optimization problem we solve is as follows:

min /(x) £ -3 i),

zeRd

where N is the number of worker nodes. The local function corresponding to node i, f;(x) is
a smooth, potentially non-convex function. This problem has been extensively studied in the lit-

erature [[159, 182, [172]. See the survey [116] and the reference therein. The ideal solution for



this problem should have two properties: 1) optimal computation cost, i.e., the algorithm should
achieve the solution (Definition [4.1.T)) in minimum number of iterations, and 2) optimal commu-
nication cost, i.e, to reach the solution, the nodes should require the minimum amount of commu-

nication with the server. Our work in Chapter [ satisfies both these requirements.

Our Contributions

* We propose a distributed first-order algorithm for the smooth, non-convex optimization prob-
lem described above. The algorithm is a non-trivial extension of the single-node SPIDER
algorithm [52, [187] to the distributed case. We combine elements of periodic averaging
[203] with SPIDER, while carefully choosing the update frequency. The proposed approach
achieves the optimal computation complexity, while also achieving linear speedup with re-

spect to the number of nodes N.

* The communication complexity achieved is also the best known in the literature. To the best
of our knowledge, the only other work to achieve the same communication complexity is

[200] (but with a higher computation cost).

* Compared to several existing approaches which require the samples across nodes to follow
the same distribution, our approach is more general in the sense that the data distribution
across nodes may be different (hence, our approach is applicable to the more general feder-

ated learning problem [98]]).

In Chapter 4, the method proposed is a first-order algorithm. Therefore, we assume access to the
IFO oracle (Definition 4.1.2)), which returns the loss function value and the gradient vector at the
specified point. However, in many situations, the analytical expressions of the objective functions
are either expensive or infeasible to obtain. In such cases, we only have access to function values.
This precludes using any first-order methods. As discussed next, in Chapter [5 we describe a

method for stochastic nonconvex optimization, which only uses function values.



1.3 Zeroth-Order Stochastic Nonconvex Optimization

Derivative-free optimization (DFO) methods [37, [102]] have become increasingly popular in recent
years, owing to the advent of several machine learning applications where the analytical expres-
sions of the objective functions are either expensive or infeasible to obtain. Some examples of
such applications are black-box adversarial example generation in deep neural networks (DNNs),
reinforcement learning, and control and management of time-varying networks with limited com-
putational resources [[118]].

Zeroth-order (ZO) methods form a special class of DFO methods which can be seen as gradient-
less versions of first-order (gradient-based) optimization methods [152,1136,161]. ZO optimization
involves approximating the full/stochastic gradient of the function using only the function values,
and using this gradient estimator in the first-order (FO) optimization framework [137/]]. Advantages
of ZO-methods, over conventional DFO methods like direct-search based methods [22, 18], and
trust-region methods [36]], are the ease of implementation and the convergence properties of these
methods.

70 algorithms often suffer from the high variance of gradient estimates. The existing esti-
mators involve choosing between saving on the function query cost [61]], and achieving higher
accuracy of the gradient estimates [[113]]. A principled approach, which allows a trade-off between

accuracy and function query cost is so far missing in the literature.

Our Contributions

We summarize our contributions below:

* We propose a novel function value based gradient estimator (we call HGE, hybrid gradient
estimator), which takes advantage of both the query-efficient random gradient estimate and
the variance-reduced coordinate-wise gradient estimate. We also develop a coordinate im-
portance sampling method to further improve the variance of HGE under a fixed number of

function queries.
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* We propose a ZO hybrid gradient descent (ZO-HGD) optimization method with the aid of
HGE, to solve a stochastic optimization problem, in the absence of a gradient oracle. We
show that ZO-HGD is general since it covers ZO stochastic gradient descent (ZO-SGD)
[61] and ZO stochastic coordinate descent (ZO-SCD) [[113] as special cases. We provide
a comprehensive theoretical analysis for the convergence of ZO-HGD across different op-
timization domains, showing that ZO-HGD is efficient in both iteration and function query

complexities.

* We demonstrate the effectiveness of ZO-HGD through a real-world application to generating
adversarial examples from a black-box deep neural network [28,180]. We show that ZO-HGD
outperforms ZO-SGD, ZO-SCD and ZO sign-based SGD methods in striking a graceful

balance between query efficiency and attack success rate.

1.4 Organization of the Dissertation

The rest of this dissertation is organized as follows. In Chapter |2} we discuss the simultaneous
self-localization and multi-target tracking (SCS-MTT) problem with passive sensing. In Chapter
Bl we abstract the active sensing problem to a distributed online convex optimization problem,
with time-varying (adversarial) constraints. In Chapter 4 we discuss the distributed stochastic
nonconvex optimization problem, and the proposed first-order method. This is followed by the
zeroth-order method to solve the stochastic nonconvex optimization problem in Chapter[5] Finally,
in Chapter [6] we conclude with a summary of the major contributions and a discussion of some

possible future directions we intend to pursue.
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CHAPTER 2

COOPERATIVE SELF-LOCALIZATION AND

MULTI-TARGET TRACKING

In this chapter, we address the problem of Simultaneous Cooperative Self-localization and Multi-
Target Tracking (SCS-MTT) under target data association uncertainty, i.e., the associations be-

tween measurements and target tracks are unknown.

2.1 Introduction

In GPS-denied environments and for agents with limited power, cooperative self-localization (CS)
schemes that rely on inter-agent measurements become necessary. The objective of multi-target
tracking (MTT) is the estimation of the trajectories of an unknown and time-varying number of tar-
gets. At any time instant, the sensors of an agent produce two kinds of measurements: inter-agent
measurements - by observing other agents in proximity, and target measurements - by observing
the targets that are within the measurement range of the agent. Due to the collaborative nature of
CS, the inter-agent measurements are unambiguous, i.e., the identity of the neighboring agent is
known for each inter-agent measurement. On the other hand, targets are non-cooperative and the

measurement-to-target associations are not known. Clutter and missed detections also affect the
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target measurement set.

2.1.1 Related Work

In [192], CS is achieved via the SPAWN (Sum-Product Algorithm over a Wireless Network)
method which relies on Belief Propagation (BP) [101, [198] for an efficient evaluation of marginal
agent posterior densities. The factorization of a joint posterior density is leveraged by BP to ef-
ficiently compute marginals. Techniques that address MTT under association uncertainty can be
classified as hard (finding the most likely association map) [154], [[178]] and soft or marginal-based
(computing the target state marginal distribution over all measurement-to-target associations) [12].
MTT with multiple static agents is addressed in [[135, 145, 134, 1126] and [153].

In [127], an iterative BP message-passing method is proposed for simultaneous cooperative
self-localization and target tracking. That is, the target measurements are used for CS in addition
to the inter-agent measurements. State inference for both the agents and targets benefits from the
exchange of probabilistic information between the CS and tracking tasks. However, the number
of targets is assumed fixed and known in [[127]]. In addition, perfect association between measure-
ments and targets is assumed known at each agent. These two assumptions are relaxed in [126],
which employs the BP message passing approach of [190,191] to compute marginal measurement-
to-target association probabilities followed by marginal target densities. However, the algorithm
is centralized and without sensor self-localization. For a general overview of BP-based methods
for MTT, we refer the reader to [124)]. Methods in both [127] and [[126] rely on particle repre-
sentations of agent and target probability densities and the BP messages. Particle filters (PF) [47]]
are methods for sequential estimation of the state vector in highly non-linear and/or non-Gaussian
state systems. However, the computational and communication requirements of PF-based methods
can be quite high.

A simultaneous CS-MTT (SCS-MTT) method for intelligent transportation systems was pro-
posed in [23]], where a MAP rule is employed to select the measurement-to-target associations with

the highest marginal probabilities. Additionally, a decentralized single Gaussian implementation
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is given. In [57], a centralized BP method for agent localization is proposed, which only uses
target measurements. The number of targets is assumed known. This is extended in [129], where
the number of targets is unknown. The agents can exchange their location information as well
as the target measurements to assist each other. A BP-based method for CS is proposed in [128]]
where association uncertainty is considered for the inter-agent measurements. BP-based methods
for SCS-MTT under measurement and/or dynamic model uncertainties were proposed in [[125] and

[165].

2.1.2 Our Contributions

We propose an efficient, decentralized BP message passing based algorithm for simultaneous coop-
erative self-localization (of mobile agents) and multi-target tracking (SCS-MTT), under measurement-
to-target association uncertainty, extending the work in [126] and [127]. As in [126], the data
association problem is solved using an iterative BP-based approach [190]. Unlike [[129], target

measurements are not shared across agents.

* We propose a novel factoring of the joint posterior over agent and target states. Since the
resulting factor graph has cycles, several message orderings are possible. The novelty of
our contribution also lies in the ordering of messages that ensures a reduced amount of data

exchange over the network.

* We compare the performance of a centralized, PF-based implementation of this approach,
with a separate SPAWN and MTT method which first localizes the agents using SPAWN and

subsequently performs MTT, similar to the method of [126]].

» Next, we propose the more computationally efficient decentralized Gaussian-based (DG)
and decentralized Gaussian-Mixture based (DGM) approaches, which we call DG-SCS-
MTT and DGM-SCS-MTT filters respectively. For most kinematic tracking applications,
the communication loads of DG-SCS-MTT and DGM-SCS-MTT are significantly smaller

than the PF implementations.
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* Our numerical results show that the performance of the decentralized algorithm that employs
these techniques is similar to its centralized counterpart. Numerical experiments exhibit
improved performance of both DG-SCS-MTT and DGM-SCS-MTT filters when compared
to a separate SPAWN [[192] (for localization) and MTT [[126] approach.

The chapter is organized as follows. The system model and notation is discussed in Section[2.2]
followed by the proposed SCS-MTT filter in Section[2.3] The decentralized Gaussian-mixture and
single Gaussian filters are discussed in Sections[2.4]and [2.5]respectively. We present the simulation

results in Section [2.6] followed by conclusion in Section

2.2 System Model and notation

The notations, assumptions, and the resulting system model are presented in the following sections.
The system model is essentially a combination of the system models in [126, [127]. Therefore, a

lot of notation is also borrowed from [[126, [127]].

2.2.1 Notation
Agent and target states

For a,b € N, we denote with [a : b] the set of positive integers {a,a + 1,--- ,b}. We denote the
set of agents by A = [1 : S], and the set of Potential Targets (PTs) by 7 = [1 : K], where K is the
maximum possible number of PTs present. The state of agent s at time n is denoted by y,, ; € R%.

PT k € T is described at time n, by state x,,, € R% alongside a binary variable, Tn k> that
indicates its existence at time n (r,, = 1 for presence, 0 for absence). The time-varying number
of targets is accounted for via the variables {r,, ;} while target existence can be inferred from the
probability of existence Pr(r,, = 1). We further define the joint state vector of all the PTs at

A

time n, xX,, = [XT

n,1’

T T

T . A T
-, x2 x|, and the across-time vector, x = [x{,--- ,x7]". In an analogous

manner, we introduce the joint vectors at time n, r, and y,,, and across-time vectors r and y. Let
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Xn g = [X] s k] be the augmented state vector for PT k at time n. We also define X,, = [x], r]]"

nin

and x = [x”,r"]". In addition, we introduce the notation [(-)dX,x = 5.  cqo1y [ ()dxn . If

f(Xnk) = f(Xnk, rnx) is the augmented state probability density for PT £, then the probability of

existence at time n is P¢ ) £ Pr(ry ), = 1) = [ f(Xnp, 1)d%y .

Inter-agent Measurements

For agent s, let A,, s C A denote the set of its neighboring agents, i.e., agents that are within its
inter-agent measurement range, at time n. Let w 4., € R% be the measurement that agent s makes
with respect to the neighboring agent / € A, ;, at time n. The inter-agent measurement likelihood
is denoted as f(Ws¢.n|Ysn, Yen)- The stacked vector of the inter-agent measurements at agent s at

A

. . T T
time n is denoted by w,,,. Let w,, = [wi,,--- ,wk | andw £ [w{ ... wl]".

n

Target Measurements

Agent s observes a subset 7, ; C T of PTs that are within its target-measurement range. We also
define the set of agents observing PT k at time n as A, = {s € A: k € T,}. Since targets
are non-cooperative, the collection of target measurements suffers from missed detections, clutter

and association uncertainty. Let //° be the number of target measurements gathered by agent s at

time n. Let z5 £ [(z5 )7, -+, (25, )" ]" be an arbitrarily ordered collection of these measure-
ments, with z5, € R% Vm € M, £ [L : M;]. Furthermore, let z, £ [(z})”,--- , (z})"]",
z = [(z)",- ,(z)"]", m, & [M! - M) and m £ [m?,--- m’]|". The likelihood of

measurement z;, . made by agent s, if it corresponds to PT £ is f(z; ,,|yns Xnk). A PT x4
is detected by agent s with probability P} (x,, ). Finally, z; also contains clutter measurements,
independently sampled from a Poisson point process. The rate of clutter points is A\ and their

probability distribution is f,#(z), for measurement z.

2.2.2 Assumptions

Our assumptions in this work stem from [126, [127] and are provided in the following:



(A)

(A2)

(A3)

(A4)

(A5)

(A6)

(AT)

(A8)

(A9)

(A10)
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Agent and target states are a priori independent and evolve independently in time according

to Markov processes.

The communication graph G,, that spans the decentralized network of agents is connected at

all times and the communication links between the agents are bidirectional.

Given the current agent states y,, and augmented target states X,, the measurements w,,
and z, are conditionally independent of past (W1.,_1,21.,—1) and future (W, 1.00, Zn+1:00)

measurementS, i-e-’ f(wna Zn|W1:n—17 Z1:n—1, Wn+1:001 Zn+1:005 Yno in) = f(Wn7 anYnu in)

Current agent and target states y,,, X,,, are conditionally independent of all the past measure-

ments Wo.,,_1, Zo.,—1 given the previous states y,,_; and X,,_1.

Given y,, the inter-agent measurements w; ¢, and wy 4., are conditionally independent if

(s,0) # (s, 0).

Given y,, and Xx,,, the target and agent measurements z,, and w,, are conditionally indepen-

dent and furthermore f(W,,, Z,|yn, Xn) = f(Wn|¥n) f(Zn|Yn, Xn).

At any time n, an existing target can generate at most one measurement at any agent, and
any target measurement at an agent is generated by at most one existing target [[13,/122]. The

detection process is independent for different targets and across different agents.

Target measurements z,, suffer from origin uncertainty, i.e., the associations between the
individual measurements of z,, and the PT X,, are unknown. Some measurements are due to

clutter and some PTs are not detected.

Inter-agent measurements do not suffer from origin uncertainty. Agent s knows that mea-
surement W ., originates from agent / € A, ; and the inter-agent measurement links are

bidirectional, i.e., l € A, s & se€ A, fors, [ € S.

Each agent knows its own prior and dynamic model and the priors and dynamic models of

all PTs. All agents have synchronized internal clocks.
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Tn—1k | Tn,k f(Xn,karn,k‘xnfl,kaTnfl,k>
1 Panfb (Xn,k’)

0 (L-B2%) fo (xnk)
0 (l—P,fk.)fD (Xnk)

1 (Xnk) (X k| Xn—11)

Table 2.1: State transition kernels for different values of target existence indicators. The function fp(-) is a
dummy pdf [126].

The SPAWN approach [192] addresses the problem of self-localization without MTT. In [127],
a perfect knowledge of the target-to-measurement associations is assumed. Also, the number of
targets is known and time-invariant. In [126], these assumptions are removed, but the agents have
perfect knowledge of their positions, i.e., fixed sensors case. In this work, we extend [127] by
relaxing the assumption of known origins of target measurements, and accommodate an unknown,

time-varying number of targets as in [126].

2.2.3 System Model

Under assumption (A1), we denote the agent transition densities with f (y,, s|yn-1s) V s. For PT £,
the transition kernel f(X, x|Xn—1%) = f(Xn ks Tnk|Xn—1k "n—1%) accounts for target birth, death
and evolution (in case of survival) as listed in Table 2.1] The dynamic kernel is a function of the
indicator variable r,, ;. Here, P?, is the birth probability, f, (X, x) is the birth pdf, P7,(-) is the
survival probability, and f (x, x|X,_1x) is the state transition pdf. Under assumption (A1), the

T T T]

joint pdf of [y given by

Y7 X I‘ H _1f Yo,s Hn’ 1f<yn’,s|yn’fl,s>

. sz:1f(iovk)Hn/zlf(in’,k’in'fl,k)- 2.1

To solve the data association problem of assumption (A8), i.e., finding the associations between
measurements and PTs, we use the redundant formulation of association variables proposed in

[190]. Target oriented association variables define the PT-measurement associations at sensor s at
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time n:
L | m e My, PTkgenerated z;, ,, at time n,
U = (2.2)
0 PT £ is not detected at time n.
The measurement-oriented association variables are
. | k€K PTEgenerated z; , at time 7,
L (2.3)
0 Z,, ., 18 a clutter measurement.
Further, we define stacked vectors of association variables: a5 £ [as ;,- - , a5 )7, a, = [(a})7, -
A A A A
a=l[al, ... al]T, and bs = | SEFRRRI Z,MTSL]T,b 2 (b)Y, .- ()T, b £ [bT, ...  bI]T.

Note that a’ and b} are redundant, meaning one can be derived from the other. We define the
indicator function W(a? ,, b5 )

nk’ n,m

0, a,,=mandb;  #kORa;, #mandb;,, =k
T INES S | e

1, otherwise,

where {V(a; ,b;,,,) bxm collectively enforce the association variables a;, and b;, to be consistent

[190]. Under the assumptions (A3-A9), the joint measurement likelithood becomes

f(z,wly,x,a,m) = f(wl|y) f (z]y,X,a,m) (2.5)

= H H f (Zfl, Yo', in’a afl,, M;z/) H f (W&g;n/ /’g) .
n’ s y4

n'. s

Since under assumption (A7) each measurement is caused by a target or clutter, the target mea-

surement likelihood further factorizes as

F@)yns X2, M) =] fd zzm < | Lnts i (2l Xods ¥0s) - (26)

N ; and 7y, =1
TV >y
clutter measurements

Measurements from existing targets

.’(a

S

n

)T
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which we can rewrite as follows

(23] Y, %, a5, M) o< [ | 95 (Rt Vs, 05,1 25) 2.7)
kek
where the normalization factor depends only on ( ), hence only on the measurements z*. For
me M
.f(zs_ |Xn,k7y“,,s)
9k (Xn,ka Tnk = 1, Yn,s) ai,k =m; ZfL) = TLFYZ (ZS ) (2.8)

while g (Xpk, "nk = 1,¥ns a5, = 0;2;,) = 1. For absent targets (1,1 = 0), gx(Xnp, "o =
0,Yns @, =m;2,) =1, Vm=0,..., M.
The association variables a, b and the number of measurements m are assumed conditionally

independent across time and across agents, given the states of agents and targets. Thus, the joint

distribution of association variables and the number of measurements, factorizes as

n S
p(a,b,mly, %) = [] []p(a, b5 My s %)
n/=1s=1
mHHHhkxn/k, @3y gor Yo s) qu @3 g Ui ) (2.9)
n'=1s=1 k=1

where the normalization constant depends only on the clutter rate \; and the number of measure-
ments m [79]. The term hy(-) is defined as
Po(xns) if af , € M3
hie(Xn g, 1, G gy Yinys) = " (2.10)
1 —Pp(xpp), if ay =0,

and hg(Xpk, Tk = 0,65 1, ¥ns) = 1(a;,,) where 1(a) = 1if a = 0 and 1(a) = 0 otherwise.

W (-,-) is defined in (2.4).
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2.3 The SCS-MTT filter

We perform agent and target state inference using the marginal posterior densities. These are
obtained from the joint posterior density using the following factorization, which is derived by

extending analogous results in [[126]] and [[127].

Lemma 2.3.1. The joint posterior density of all the agent and PT states, given inter-agent and

target measurements, up to time n, admits the factorization

K
f(y,fi,a,b|z,w [Hf XOk H (Xn’,k|)~(n’—1,k)]

X H{ yOs H [f (Yn’,sb"n’fl,s)( H f(ws,é;n’lyn’,mYn’,E))

s=1 n/=1 LeA

n',s

K My,
XH(U Xn/k, n’k’y” s Ly H\IJ ’k?bfz m))]} (211)

k=1

where, v§ (X, k, @ gy 1o Yt 53 % z5))

(
PB(Xn/;;jcfi:é,’(:;(:’)k7y"/’5> , dfag ,=m#0 AND ry =1
N 1 - PE(XTL’,k)7 if afl,yk = O, Tot ko = 1
1’ if a’fl/,k? = O? rn/,k =0
L 0, otherwise.

PROOF: Note that the number of target measurements M, becomes fixed when conditioning on

z, . Applying Bayes’ rule

f(y,x,r,a,blz,w) = f(y,x,r,a, b, m|z, w) (2.12)

x f(y,x,r)-p(a,b,m|y,x,r)- f(z,w|ly,x,r,a,b,m).

J/

-~ -~

) (i) (itd)

where (i) represents the joint distribution (2.1)) of the agent and target states up to time n; (i7)
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represents the data association and detection of the targets given the agent and augmented target
states —; and (7i7) represents the joint measurement likelihood, given the states of all
the agents and targets, and their data association relationships (2.5)-(2.8). Substituting the ex-
pressions for (i) — (iii) into (2.12), and defining v(X,, 1, @, 1, Yn.s; Zp,) =S i (X ks @y s Ymys) X

Ik (Xn ke, @5, 1> Y3 Zy,), We obtain 1) [ |

The marginals associated with (2.1T)) can be efficiently computed via BP algorithms that exploit
the structure embedded in its factorization. The factor graph corresponding to (2.11) for a fixed
time step n is shown in Figure The factor nodes are shown as rectangles, while the variable
nodes are shown as ovals. Time index n has been omitted from notations and messages passed
between nodes are represented as annotations on each link. Following are the factor nodes: for
PT k, fi = f(XnplXn-1x); for agent s, gs = f(Yns¥n-15)s Uk = V(Xnk, Tngs @ s Yo 255
for agent s measuring another agent ¢, f,, = F(WsenlYns: Ynie)s Yim = V(ay,, b5, ). The
numbered circles 1 — 6 in the block corresponding to sensor s demonstrate the order in which

messages are computed. The beliefs broadcast by the agents at the beginning of each outer loop

are shown by arrows b and b, coming out of agent state nodes y, and y, respectively.

2.3.1 The SCS-MTT filter: the BP message passing scheme

In this section, we describe our proposed message passing algorithm for inferring the marginal
densities of targets b(X,, ) and agents b(y, ) at time n corresponding to the joint density of (2.11).
For an introduction to BP, the reader is directed to [198]]. Since the factor graph of Figure has
cycles, multiple message ordering schemes exist. Similar to [126], we assume that: (i) messages
are not sent backward in time, and (ii) marginal association probabilities are evaluated via BP at
each agent.

At each beginning of time step n, using the agent belief b(y,,_1 s) from the previous time step,

IThis factor graph represents a combination of the factor graph containing the agent and target states from [127}
Figure 2] and the factor graph corresponding to target measurement uncertainty of [126].
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Time n—1 | i - | Time n+1

Input:
Agents - {bn—l,s}s
Targets - {fn—l,k}k

—

—

. Output:
! Agents - {b]l,S}S

| Targets - {fn,k}k

Sensor ¢

Fig. 2.1: Factor graph representing the factorization of li for one time step.

agent s computes the prediction message ¢_,,,(y, s) given by

QS—WL(yn,s) = ff(yn,s|Yn—1,s)b(yn—l,s)dyn—l,s' (213)

Additionally, each agent also computes locally, the predicted messages v, (X, , 7'n 1) for all PTs

k € T, using the target state beliefs at the previous time step l;(fcn_Lk)

a%n(in,k) - ff(in,kbzn—l,k)b(in—l,k) df{n—l,ka (214)

where the transition density f(X, x|X,—1) (Table incorporates target birth and death in ad-
dition to its kinematic model. Note that (2.13)-(2.14) correspond to the Chapman—Kolmogorov
equations in the prediction step of the recursive Bayesian filters and incorporate the agent and
target dynamic models.

Before the start of the message passing scheme, the agent beliefs at the current time-step b(y, s)

are initialized with the predicted beliefs ¢_,,,(y, ), V s € S. Synchronously and in parallel, the
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agents run the iterative message passing scheme, referred to as the outer BP loop in Algorithm [I}
Each agent s executes the loop P times. Subsequently, we present the BP outer-loop messages in
the order in which they are evaluated in Algorithm [I]while also indicating the corresponding nodes
and messages in the factor graph of Figure[2.1]

At the beginning of an outer loop, each agent broadcasts its belief b(y, s) to its neighboring
agents / € A, (see the arrows coming out of y,, y, in Figure 2.1). The time subscript will be
dropped for the rest of this section since all subsequent messages only involve variables at time n.
We shall use the term “target” generically, and “PT” when referring to a specific potential target k.
We present the expressions of different BP messages involving agent s.

The current beliefs b(y,) of neighboring agents ¢ € A, ; are broadcast, and received at agent

s. Next, agent s computes the likelihood messages ®,_, s (line [0} Algorithm|[I]) using

Doys(ys) = [ f(Werlys, yo)b(ye)dye. (2.15)

By marginalizing over the state of agent ¢, the message ®,_,, represents the likelihood of agent
s for the measurement w, , taken by agent s with respect to agent ¢. This is followed by locally
computing the single-target association weights 53 (a; = m) between the local measurements z,

(at agent s) and the target set K. For all the PTs £ € I and m € {0,---, M*}, these weights
Bi(a; = m) (line@in Algorithm and @ in Figure are given as

52@2 = m) = fvlf:(ik’ CLZ, Ys; Zs)5/§()~(k)918c<YS)dideS

Py (X )f(zfn|YS7X )6S(X 71)98(3’5)(1}’de .
_ Frn ASfZ:A fzm]; k S im0 (2.16)

1-— fPB(Xk)(SZ(Xk, 1)ka, ifm= 0,

for k € T, and Bi(m) = 0 for k ¢ T, and V m. At the first iteration of the outer BP-loop,
we initialize the messages as 0;(Xx) = o, (Xx) and 6;(ys) = ¢—n(ys). In other words, the
association weights in the first outer loop iteration are estimated by marginalizing with respect to

the predicted agent and target densities.



26

Algorithm 1 SCS-MTT outer BP-loop - in parallel V s € S

1: Input: Predicted beliefs ¢_,,,(ys), {@—n(Xi)}per

2: Initialize: b(y;) < ¢, (ys), 05 (ys) < b(ys) and 05 (Xy) < a—n(Xy), V& € T

3: forp <+ 1to P do (Outer BP iterations)
4: Broadcast b(ys) and receive b(y,) V ¢ € A;

5: forall/ € A, do

6: Compute ®,_, (y,) via

7: end for

8: forall k € 7, do

9: Compute 3§ (a3) via
10: Compute 75 (a;) as in [190] (Data Association)
11 Compute Af(y,) via
12: end for

13: Update agent belief b, (y) via (2.18)
14: for all k € 7, do

15: Compute 63 (y,) via

16: end for

17: forall k € T do

18: Compute 3 (xx, 1) via (2.20) if & € T

19: Set Vi (xk,rr) = Lif k ¢ T

20: Network consensus to update b(xy, ) via
21: Compute 6} (x}) via ifkeT,andp # P
22: end for

23: end for

24: Return b(y,) and b(xy) V k € T.

Next, these weights {3;(m)} are used to evaluate the messages {7;(m)} (line[I0]in Algorithm
and @ in Figure . This is achieved by a second, inner BP loop which involves message
exchanges between the local association variables a; and b;, of agent s [190]. Similar to other
track-oriented marginal filters such as the JPDAF [12], the SCS-MTT filter evaluates the single—
target association weights 3; followed by an efficient BP evaluation of the marginal association
probabilities. Additionally in SCS-MTT, the uncertainty in the position of agent s is accounted for
in 3; by marginalizing over the message 6.

The 7} messages are subsequently used to evaluate the likelihood messages Aj(y) (line|l1]in

Algorithm |1} and @ in Figure , sent from the factor node v} of each PT k£ € 7T, to the agent
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state node y,.

As YS vak Xk:; m,ys;z m)nk( )6Z(ik>dik

Z /\sfFA zs, /PS (Xk)53<xk7 1)f(an’Xk,y5)ka

+0i0)- [t [ Pplxsiie i @.17)

The message Af(ys) can be seen as a likelihood function for the target measurements made by
sensor s which also incorporates the target position uncertainty, via d; (X ), and association un-
certainty, via 1)} (a; ). The updated belief for agent s can now be evaluated in a Bayesian manner,
that is, by multiplying the predicted message «_,,(y;) (i.e., prior) with the inter-agent likelihood
messages ¢,_,, V £ € A, and agent-to-target likelihood messages A; V k € 7T;. More specifically

the updated agent belief (line[I3]in Algorithm[I) is given as

b(ys) o 6onlya) [, @esvo) T, M), (2.18)

LeAs

and normalized as [ b(ys)dys = 1 in order to represent an approximation to the agent posterior
probability density. Note that the product of agent-to-target likelihood messages A} V k € T
in (2.18)) represents the probabilistic transfer of information from target tracking to agent local-
ization. In contrast, for separate localization and MTT algorithms, there are no agent-to-target
likelihood messages A} in the agent belief as probabilistic information is only passed down from
the agents to the targets. Thus, the messages A] V k € 7T, lead SCS-MTT methods to improved
agent localization as compared to separate localization and MTT methods.

Next, using the updated agent belief computed in , the message 65 (y) (line|15|in Algo-

rithm and @ in Figure , sent from y, to factor node v}, V k € T is computed as

Op(ys) < ponlys) [[ @eoslys) [ Ab(ye) (2.19)
teA, K eT\{k}
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and normalized, i.e., [ 0;(y;)dys = 1. The message 6; represents the belief in the localization of
agent s without the benefit of PT k (i.e., 07 (ys) o b(ys)/A;(ys)) and is referred to as the extrinsic
information [127] on agent s, seen by PT k.

Next, for each PT k € K, the likelihood message v; (xy, ;) (line (18in Algorithm and @ in

Figure [2.1)) from factor node v; to the variable node x;, is computed as

MS
Xkurk Z ka XkyTks Ysy 2 m) z(m)QZ(YS)dyS

S BERES [ F(an xe v )0 (v )y, + mi(0) (1= P(x), forry = 1 20

771?(0)7 for Ty = 0

if k € T, and v} (xx, ) = 1 otherwise. The message ~y; represents a likelihood function for PT &
with respect to the measurements made by agent s. It accounts for the uncertainty in the position
of agent s, via 0}, and the uncertainty in the association of the measurements to PT k, via n,i(az).
Given the messages +y; from all the agents s € S, we update the target beliefs (line[20]in Algorithm

in a decentralized way as

b(xk, Ti) o CY—m(XIcka)H%i(Xkﬂ"k)- (2.21)

SES

Note that involves network consensus, i.e., agent s obtains b(Xy,) even if PT k is not observed
by agent s. Network consensus is implementation dependent, i.e., it depends on the representation
of the messages as discrete particle sets or Gaussian mixtures. In Section[2.4.3|and Section[2.5] we
provide algorithms for GM and single Gaussian implementations. Furthermore, the target belief
is normalized as Zrke (0.1} [ b(xy, mp)dx; = 1. Note that (2.21) is reminiscent of the Bayesian
multi-sensor update of a target with prior density a_,,,(X;,) and sensor likelihood functions v} (Xy).

Finally, for k € T, we compute the 67 (xy, r;) messages (@ in Figure sent from Xy, to the

factor node vj}) as

0 (Xk, i) X (X, 7)) H Vi (%k, 78)- (2.22)
s'eS\{s}
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The message ¢}, can be seen as the extrinsic information on the state of PT £ as seen by agent s
(07 (xg, 1) < b(Xpy T1) /Y2 (XK, 1)) Note that can be efficiently evaluated (or approximated)
from the belief (X} ), hence avoiding additional network-consensus processes, as presented in Sec-
tion [2.4.3] and Section [2.5]for the case of Gaussian mixture and single Gaussian implementations.
Furthermore, the message 0} (xx, %) is only computed if p # P. At the end of the outer iterations,
i.e., when p = P, the agent b(y,) and target b(xy, 1) beliefs represent estimates of their marginal
probability densities for the n-th time step and are used as inputs for the next time step.

Note the similarities between Algorithm|l|and that of [127], with the exception that Algorithm
[T]also considers association uncertainty for target measurements which requires the computation of
single-target association weights 37 and the execution of the inner-BP loop, as done in [126]. The
inner-BP loop, as shown in [[190], converges to a unique fixed point. In contrast, the convergence
of the overall message passing scheme (outer and inner BP loops) is not guaranteed due to the
presence of loops in the factor graph of Figure This can lead to overconfident beliefs, as also
shown in [127], which in practice are countered by performing the outer-BP loop only once per
time-step (i.e., P = 1). The proposed message passing scheme with P = 1 is shown in Section[2.6|

and in [[127] to accurately localize agents and targets.

2.3.2 Agent and target inference

An MMSE estimate of the state of agent s is obtained via y,, s = [ y,b(ys)dys, where b(y) is
the agent marginal density estimated via Algorithm [I] Based on the estimated marginal density
b(xg, k), PT k is declared a valid target if the estimated probability of existence Py 2 Pr(rp, =
1) = [ b(x, 1)dxy is greater than a specified threshold P¢, > 7 (in this work 7 = 0.5). Subse-
quently an MMSE state estimate is given as X, , = %,k f Xpb(Xp, 1)dx.

We compare the performance of a centralized, PF-based implementation of Algorithm|I] with a
separate SPAWN and MTT method which first localizes the agents using SPAWN and subsequently
performs MTT, similar to the method of [126]. Since the discussion in this chapter is focused

more on the decentralized localization and tracking problem, we have relegated the results of this
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comparison between two centralized algorithms to Appendix [A.1]
In the next two sections, we discuss the Gaussian and Gaussian-mixture based implementation

of the messages derived in this section.

2.4 Decentralized Gaussian Mixture SCS-MTT filter

In this section, we present the Gaussian Mixture (GM) implementation of the messages of Sec-
tion[2.3.1] The filters achieve network-wide consensus over the target beliefs, i.e., over the means,
covariance matrices and component weights of the Gaussian Mixture (GM). For most kinematic
tracking applications, the communication load of the resulting DGM-SCS-MTT filter is signifi-
cantly smaller than the PF implementations. In case of GMs, the decentralized computation of
target beliefs involves a product of GM likelihood messages (stored at different agents) and a GM
prior. The number of components in the complete GM product is exponential in the number of
agents. To reduce this high complexity, we propose a novel decentralized Gibbs mechanism, ex-
tending the centralized Gibbs approach proposed in [168]], to sample only the components of the
GM product with the highest weights, and thus approximate the entire product. In parallel, the
agents sample local Gaussian components followed by a synchronization step where a consensus
is reached among the agents regarding the parameters of the resulting product component.

We denote a Gaussian pdf over x € R?, with mean m and covariance matrix P as N'(x; m, P).
A GM density function Z;.Izl wDN (x; mP, PY)) is compactly denoted as GM (x; { (w), m@) PW)}/_ ).
Except for likelihood messages, GM messages are normalized E;.Izl wW) = 1 for agents while for

targets Z“Cl w9 < 1. Throughout this section, we employ the following GM assumptions:
(G1) The agent dynamic model is Gaussian with transition kernel f(y, s|¥n-1.5) = N (¥Yn.s; Ans¥n-1.5, Qn.s)-

(G2) The target dynamic model (Table involves a constant probability of survival P;z L(x) =
P2, a dynamic model f (X, 1[Xp_14, 1) = PN (Xni; BusXn—1k, Zni). We also as-

sume a GM birth density fy(x, 1) = GM(x1; {(w,, B, K, 54, Q, k])) i ) with probabil-

. . JB .
ity of birth PP, = > "¢ wh),
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(G3) The inter-agent measurement model of agent s measuring agent ¢ is linear with Gaussian

noise: f(Waelys,ye) = N (Wsp; Days + Foye, Wo).

(G4) The target measurement model of agent s is linear with Gaussian noise: f(z|ys, xx) =

N(z; Gyys + Eoxi, R,), and a constant probability of detection p},,(x) = PL..
(G5) The initial marginal densities of agents and PTs are assumed GM.

The constant probability of survival and of detection is a common requirement in GM imple-
mentations of MTT filters (e.g., [181,180]). Note that the proposed GM-SCS-MTT filter can eas-
ily accommodate GM dynamic kernels for both agents (G1) and targets (G2), and GM likelihood
functions for both inter-agent (G3) and target (G4) measurements. For compactness, we present
the GM expressions for the BP messages of Algorithm [Tjunder assumptions G1-G5, which, as we

will show further, lead to the following generic GM expressions, for the agent and PT beliefs

Jns A ,

b(Yn,s) = Zj:l wnj,)sN(Yn,s§ mnj,?w szj,?s)a (2.23)
Tk . ) )

b(Xp e, 1) = ijl WION (X5 02, QYY) (2.24)

and for the extrinsic information messages

s Ty sk 0, 0,(j 0,j
O ns) = D" W N (s O Pl ), (2.25)

S Jg, —s  0,(j 4,(7 6,(5
G 1) = D ) N s il ) (2.26)

Remark. In practice, as well as in Section the nonlinear measurement models are often lin-

earized (for example, using the extended Kalman filter [150, Ch. 2.1]).

Such generic forms for all GM messages are shown in the flowchart of Figure Decentral-
ized and local computations are colored in red and blue respectively. Detailed expressions for the
GM parameters are presented in the following section. The properties of Gaussian functions [[150,

Ch. 3.8] and G1-G4 allow the derivation of closed form GM expressions for the GM-SCS-MTT
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Previous time pdfs for all agents and PTs:
b(yn—1,5) = GM(yn—1,s; {wfpl o Ef) 1 S,PEL” 1 S}J" 1Y,V s € A (Pdf’s of all agents from time step n — 1)

b(xn—1,k,1) = GM(Xp—1,k; {"JS)1 k,uif) 1 k,Qm 1 k} Tn-1, k)Vk € T (Pdf’s of all PTs from time step n — 1)

i

Prediction step for GM densities (via Chapman-Kolmogorov equations):

® Agents GM ¢ (Yn,s) = GM(yn,s; {wﬁﬁf)s,m_,(nj)s,Pﬂ(nj)g Jﬂln ®) V s € A (see Section ,

e
® PTs GM amsn (Xp gy 1) = GM(x 5 {w ™ 9) ) @ 0) 3 =mky ang

—n, k’l“"ﬁn k' " —>n,k

Qsn (Xp 1, 0) = [1 — Pfk 4 (Pf = Pfk)P§717k]fD(xn,k) V k € T (see Section .

|

Outer BP loop: for all agents s in parallel, repeat P times:

® Broadcast updated agent belief b(yn,s) to neighbouring agents £ € Ay, s and receive b(y, ) (Note that
before the outer BP-loop, we initialized b(yn,s) = @—n(yn,s) V s € A).

® ) ) )
® Evaluate ®, ¢, (yn,s) = {Z’Z%s &, N(e 2,0 L gg®© y c®® )V L€ Ay s (see Section .

=1 n L—s n,l—s’  n,b—sY S Yn f—s

® Compute single-target measurement association weights 37 (-) for all PTs (see (2.27)).
® Data association (inner BP-loop) for all PTs and obtain 7; messages as done in [126l Section V.B.2].

A )
In ks ) N(e A, () HQ ,igsyn S,CA’(Z) ) (see |. from PTs k €

=1 n k—s n,k—s’ n,k—s

® Compute A3 (yn,s) = MO 4

n,k—s
Tn,s-

’

® Update agent belief b(yn,s) = GM(yn,s; {wgf)s, sf)S,ng;) s ) via product of GMs (see Section m

® Compute ez(yn’s) _ GM(yn,s;{we’(j) me,(j) ng(j) Jn sak) (see Section

n,s—k’ n,s—k’" n,s—k

* Compute v} (xn,1) = ul© +2"H" 10 NELD T, e, €D, L) and (e, 0) =

n s—k n s—k n, s—k? s5— n,s—

n5(0) (parameters identifiable from ) V PT k € Tn,s.

o Evaluate PT beliefs by, g (X%, 1) = GM(Xy, k3 {w(]z,uiﬁk,ﬂ(])k} ) and by, 1 (-,0) V k via decentral-
ized GM product (see Section [2:4.3).

. 0
® Evaluate extrinsic information 07 (Xp,5,1) = GM(xnvk;{wi (,;)_)S,p,i%)_)s,ﬂi’(lz)_)s ™ k_’s) and 67(-,0) V k
(see Section Z:43). )
e . / R ( \ . 7
Current time agent and PT pdfs Current MMSE estimates:

(used as priors for next time): J
® Agents: yn,s = Zji’f wﬁf)smﬁfl, V s€ A.
® Agent b(yn,s) V s € A. J )
® PTs: Prob. of existence P¢, £ Pr(r,, = 1) = Zji’lk wff)k,

® PT b(Xp,k,1) and b(xyp k,0) V for all k € T, and if P KT then compute the MMSE state
keT. estimate as Xp 1 = [P ]~ 1 Z ._1 g;cp(])

-

Fig. 2.2: GM processing flowchart of the DGM-SCS-MTT filter at time n.

32
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In Section [2.4.1] the GM parameters of the prediction and likelihood messages are given. The
computation of the GM beliefs (2.23)-(2.24)) and the extrinsic information (2.25)-(2.26) requires
the product of several GM terms. Exact computation of these is computationally prohibitive and
incurs a high communication cost. Therefore in Section [2.4.2] we propose a centralized and effi-
cient algorithm to select high-weight Gaussian components from the GM product based on Gibbs
sampling [168]. In Section[2.4.3]a decentralized Gibbs algorithm is proposed for efficiently evalu-
ating the target beliefs. The special case of this algorithm for a single Gaussian implementation is

discussed in Section

241 GM prediction and likelihood messages
Agent Prediction Messages

We start with the belief b(y,,—1 ;) of agent s computed at the previous time n — 1 and with parame-

ters similar to (2.23). Assuming G1 and substituting the GM representation of b(y,_1 ) in (2.13)),

¢
we obtain the agent predicted message ¢_,(Yns) = GM(yy,s; {(w, m%%, H(n)s)}j:f’s)
with Jin s = Jn_1s Gaussian components with parameters given in Table As seen in Fig-

ure [2.2] and discussed in Section [2.3.1] before the BP iterations begin, the current agent belief

b(yns) is initialized with ¢, (y,.s). Also, we initialize 0,517k(ys) with ¢, (¥i.s)-

Target Prediction Messages

Similarly, assuming a GM belief such as (2.24) for PT k at n — 1, under assumption G2 and from

—n,k/ S j=1

The J%, , = Jn-1k + JB ' Gaussian components of o, (X, 1) are the union of surviving and

birthed tracks,

S( s, B,(j) B,(4)
{(wai)k?p’agzk’ ank }JU{ anjmy’ank?Q%?(z],k)}j

vV
Jn—1,k surv1v1ng components J 1, new birthed components

2.14) we obtain the predicted GM message o, (X, 5, 1) = GM (X, 1; {(wiif)k, ui(rf)k? QU ok

).
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GM Message Weights Means Covariance Matrices
$n(yn,s) whl =wld, | m%0) = Apom, | PEY = Quis + A PY) AT
WS (]) () S, (J) _ () S, (9) (4) T
(X ks 1) B (a?i’ ;;Skwn - o 5.0) P:n kﬁ?ﬁl’k s EB (§>+_Bn g%; e
nk (1-P7_ 1, %) L e Q70 =2,

(a) GM param7eters of prediction messages for agents (2.13) and PTs (2.14).

Message Weights Residuals Obs. matrix Covariance Matrices
b - T =wor Pl | WD =D, | ol —w.rErE
FRRAE)) ,
Ay(m,g) _ mi(m)Ppwys A,(mig) _ 5, @T
A (y9) Ukoss T T NafRA(an) Mmd) _ s 50 | g _ g Cpls " = Rs + E Q) E;
ks A0) _ Lo gy | ko T T ety | Hn = G (independent of 1)
uk%s - nk( )[1 - PD Zj wk%s}
s s . 0,(7) ]
WY med) i (m)Ppwl ) v, (m.g) _ 0,(5) xT
s Us sk N P (22 ) v.(m.g) _ 0.G3) | - (mod) _ Cllr” =Rs +GsP Gy
’yk(x]“l) ~,(0) X es—)k -G ms—»k He—>k (ll'ld ndent of )
u Sk = mi(m)[1 - Pp] cpendent ot m

(b) GM parameters of likelihood messages for agents (2.15)), (2.17) and PTs (2.20).
Table 2.2: Gaussian mixture parameters for the message passing scheme of Algorithm

where the component parameters are given in Table Similarly, o, (Xnx,0) = [1 — PP, +
(PB, — P2 )Py 4 fp(Xnk). Also, we initialize 05, (Xp k) = —n(Xn ). Henceforth, we drop

n

the time index n since all the following messages correspond to the current time instant.

Single-target association weights

Using the generic GM representations for ¢; (2.25) and d; (2.26)), the single-target association
weight 85 (m) in (2.16)), for m € [1 : M?] becomes

[N e T/ Pﬁwiﬁlwsfﬁ Powisss WS pr ) P(w)
Z Z )\sfFA(zs ) ( Sk‘ ’ )

where

i =B+ ot

VET + G PG

s—k

P — R, + E. Q"

k—s

Form =0, ;(0) =1 - P}, ZETS wkil These weights are then used to compute the messages

{n;(m)} using the inner BP loop [190]. The n; messages are subsequently used in the computa-

tions of the following likelihood messages.
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Agent likelihood messages

During an outer-BP loop, using the generic GM form for the belief of agent ¢ (2.23)) and under G3,
the likelihood message ®,_,(ys) in (2.15)) becomes

20 ®,(i (i @i

(Dfﬂs (y5> :Zli €—>s N(eé—gs ) E—Es)y& CZ—ES)) ) (227)
where I}, = J,, the weights ug_ss), residuals eg _m, observation matrices HZ_ES and covariance
matrices C eis are given in Table Similarly, using G4 and the GM expression for 9; of 1i ,

the message A (ys) in (2.17) becomes

Ms Jk s
s A,(m (m A, (m,j A(m,j
Ar(ys) uk—>) + Z Zuk—gs IN k—>s 7, Hk—(>s Dy, Ck—(>s J))a (2.28)
m=1 j=1

with parameters given in Table

Target likelihood messages

From (2.20) and assuming G4 and the GM form (2.25) for 6}, the y; message becomes

) = 4 3 S N ) @

m=1 j=1

with parameters given in Table

In the flowchart of Figure [2.2] for the GM likelihood messages A; (2.28) and ~; (2.29), for
compactness, we employ a notation using a single summation. The correspondence between the
double and single summation parameters for A} is given by any one-to-one mapping from [1 :

Mo x [1:J) Jto[1: Ik

A ], where I}

s = M?® - J, ,f’s An analogous one-to-one mapping yields the

correspondence of parameters for ;.
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2.4.2 Agent belief via centralized GM product

The belief (2.18)) of agent s, under the assumptions of the previous section, is given by the product
of locally-available GM likelihood messages and has the generic form

J—>TL,S - -
by ) =) 0 N(ysm), P (2.30)

=1

l—>s i ) ) ( ) (’L )
8 ]~_[l€/\fS < Uisys T Z l—l>s el—>57 Hl—>5y$a Cl_l>5)>,

where N, = A, U Tj is the set of neighboring agents and the targets observed by agent s at time
n. The GM in the first line represents the predicted message ¢_,,, (2.18)), where the superscript ¢
is dropped for clarity. The L = |N;| GM likelihood terms in the second line represent the various
inter-agent and target measurement likelihood terms (®,_,; and Aj respectively). Since both ¢ and
A share the same GM likelihood structure, the superscripts ¢ and A are dropped for clarity and
solely the index [ identifies each likelihood term as a ®;_,, (if [ € A,) or a A} (if [ € 7T;) message.

The corresponding parameters for each likelihood term u™ ™ H" ™ are defined in Table

l—s) el—>s’ l—s) l—>s

As already stated above, we replace the double superscript (m, j) in parameters of A; with

the single superscript (). Comparing (2.27) with (2.28)), each A; message has a constant term

ul(i)s # 0, whereas for ¢,_,, ul(i)s = 0. For ¢; # 0 let

~(i) & [H(iz)

el—>s - l—s

C(il) A [H(iz) }T[C(il) }_IH(”) (2.31)

l—s l—s l—s l—s)

i w Lr/ G i) \-1 (i
i, £ 1og () (el (cf4) el
det(27C") )

l—s

]T[C(iz) rle(iz)

l—s l—s)

(0) (0)

For i, = 0, let & = 04,, c = 04,xd, and ¢, ;, = log(u, ;). We also define the L-length

l—s l—s

vector 4 = [iy,--- ,ir], where 4, € [0 : I,_,], and the product space I, = Xlel[O I

Furthermore, let

~ s L . L ; . L ;
cO 2y~ o) 8@ 2 > & o) 2 > A" (2.32)
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Then by the property of the product of Gaussian functions [[150, Ch. 3.8], the result of (2.30) is the

GM(YS; {ng’l), mgjﬂ)v ng7z)}je[1:J~>n,s]7i€IL) where

.. . — ~ -1
POY = |(PU),,) " +CY) 233)
m{? = P [(P(i%,s)flm(i’n,s + é(i)} (2.34)
uf® = u, exp (e — (0, )"(PL), ) "l
1 ST PN | . det(ng’z))
(4,3) ) (5,3) s
X exp | =(m P m ) — 2.35
p ()" (PU) mi) | [T (2:33)

Although the computation of (2.33)-(2.35)) involves parameters that are locally available at each
agent , it has computational complexity O(J_,, s [ [ 1L=1 I;_,), i.e., exponential in the number
L of likelihood terms. In the following, we present a Gibbs-sampling based method that efficiently
constructs a truncated GM approximation of (2.30) where only the 7" highest scoring mixture

components are retained.

GM product via Gibbs sampling

The Gibbs sampling approach borrows from the method in [168]] which involves the product of GM
probability densities whereas (2.30) involves the product of a GM density with L GM likelihood
terms. The Gibbs procedure for the GM product of (2.30) is given in Algorithm [2] and referred to
as Centralized Gibbs, since all the required messages are locally available.

To address the challenge of the high number [ | 1L=1 1,5 of components of the likelihood prod-
uct in (2.30]), we aim to select component labels ¢ from the product space I}, of likelihood compo-
nents that lead to Gaussian components - with high weights w9, Ideally, this can be
achieved by sampling independently with probability

. . . J—>”75 .. . . J—}n,s i i
Pr(i = [ir, ..., i)") =Y Pr(ji = [in, i) oy T wl (2.36)

j=1 7j=1

According to (2.36)), vectors ¢ that lead to higher weights (2.35) are selected with higher probabil-
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Algorithm 2 Centralized Gibbs GM product for belief b(y)

1: Input parameters of (2.30).

2: Sample i, Vl s.t. Pr(il) o o(7;) where p(0) = ul@)s and for ¢; # 0, o(4;) in (2.37).

3: Compute ¢ = Y8 it ¢ = @ ande® = °F &)

4: forl < 1to L do ‘

5: Compute =) = i) — cl(l_ﬂ)s, Cli-) = ¢ — Cz(—g and &(t-) = g(®) — el(l_lgs
for g < 0 to I, do

6
7: Letz*q [117---,i1_1,q,il+1,---,iL]-
8
9

and &(i=0) = &li-t) 48l |

Set cliva) = (lit) 4 ({9 Gliva) = Cli0) 4 G
for j « 1to J_ms do

10: Compute PY" Z*q) my ) i) - -

l—>’

11: end for 3

12: Compute 7;(q|i—;) o Zj;’f’s w{i),

13: end for

14: Sample new label q ~ m(qli) and set ¢ <— Ty,
15:  CO « Clu) 8@ — &lia) )  ((y),

16: end for

17: Repeat the steps [dHI6|for T iterations.
18: Return ¢®, C@), and & for the distinct samples i € I;.

ity. However, sampling from is difficult as it requires the computation of all {ng ’i)} which
is again O(J_,, H1L:1 I;_.s). The Gibbs sampler constructs a finite Markov chain with stationary
distribution (2.36)) by iteratively sampling from conditional densities that are easily constructed.
The proposed Gibbs method starts by sampling an initial label vector ¢ (line 2] Algorithm 2, with

probabilities Pr(i;) o< o(i;) where o(0) = ugi)s and for i; # 0

- ul%s / gb—”l YS egis; Hl(i)sy57 Cl%s>dy5

J—WLS

—“l“) Z w—>ns ez(i)s;H(il) @ c

s s —n,s? l—s

+ H(Zl) P( H(ll)

l—s —>ns[ les} )

(2.37)

These initial weights are based on the intuition that if Ay = {l}, i.e., agent s has only one neighbor,
(2.37) would give the weight contributed to by the 7;-th component of the likelihood, in the resulting

GM in (2.30). This is followed by sequentially sampling new labels for each of the L likelihood
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messages (lines [SH{I5] Algorithm 2, from the conditional distributions of (2.36)), i.e

. Jﬁn s . Jﬁn,s j,%
s PI'( ) Z] 1 Pr(]v ) Z] 1 ng 2
7Tl(Zl|'L_.l> PI'(Z[|’I,_|1) 7 7 : 7 7 ra)’ (238)
Pr( ) Z l—s Z n,s Pr<]’ z*q) Z l—s Z —n,s Sj *q
where iy £ [i1, ..., 51,7141, --,iz)7 and 4.y = [i1, ..., 911, %141, - -,ir)T. Bach cycle (lines

15) of the Gibbs sampler involves sampling a new component ¢ € [0 : I;_,,] for each of the
likelihood messages [ € [1 : L]. Holding fixed the labels for messages [1 : L]\ {/}, the parameters
(2.32) are computed by first removing the contribution of the old label 7; (line [5) and adding
the contribution of each ¢ € [0 : [, (line . Next, the resulting components are used to
update the predicted agent message (line [[0) and the conditional distribution (2.38)) is obtained
by marginalizing out the prediction message labels j € [1 : J_, | (line . A new label 7,
is sampled (line and the corresponding parameters are updated before continuing the
Gibbs cycle for the next likelihood message. The entire sampling procedure is repeated 7" times
and the parameters (c(¥, C®), é®) corresponding to all distinct vectors % (i.e., two vectors differ
in at least one entry) are returned. The T highest scoring components according to ¢(¥) are used
to construct the truncated agent belief via (2.33)-(2.35). The convergence of Algorithm [2] and
the uniqueness of the stationary distribution follow from the regularity of the transition matrix
Py = m(ild') > 0 (as wi? > 0v (7,2) from ). The convergence rate is geometrically
fast [58] Section 4.3.3], i.e., |[P"];+ — Pr(?)| < (1 —2¢)" V ¢,4' and where ¥ = min; ; P; ;s is the
least likely 1-step transition probability. All resulting samples are used since every distinct sample
i contributes to an improved approximation of (2.30). Hence, no burn-in period is required. Due to
the pre-computations at lines [5H8|in Algorithm 2] the evaluation of (2.33))-(2.35)) at lines[9}{I T|for all
l€l:L]is O(J,,.d3), leading to a time complexity for Algorlthmlof O(TJ o d3 Zz I ).

Computation of extrinsic information 6;(-)

The 6 message (2.19) represents the extrinsic information sent from agent s to the PT k. If [ € T

in the generic product of (2.30)), then 0} (ys) o b(ys)/A;(ys) appears to be a ratio of GMs (which
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is not a GM in general). An alternate procedure based on (2.19) is described next. First note
from line E of Algorithm [2| that the parameters c(*-), C(-) and &(--) characterize the product
[Ls u\") N (el H) y, C!")) of likelihood terms identified by the labels ;. The resulting

components, after multiplication with the prior ¢_,,(y;), lead to an efficient GM approximation of

6}, without requiring a dedicated separate procedure like Algorithm [2|to compute 6;.

2.4.3 Target belief via decentralized GM product

Decentralized SCS-MTT algorithms require a distributed evaluation of the target beliefs across the
entire network. The computed target belief for a PT k needs to be identical across all the agents,
including the agents that do not observe the PT £ at time n. In this section, we propose an efficient
method based on Gibbs sampling and average consensus for GM beliefs. As we shall see, much
of the discussion in this section follows Section [2.4.2] closely, with the difference that not all the

messages are locally available at any single agent. The belief (2.21]) for a PT & can be expressed as

J—>n,k ; y
bk, 1) =D 7wl N (w4 Q) (2.39)
S 5~>k is is Zs
X Hs: |: Us Sk + Z s~>)kN g%k’ s%kx Csﬁk)]
boxi. 0) = (i, 0) [T i (0). (240)

where (2.39) is analogous to (2.30) in its generic form. The GM in the first line represents the
predicted message o, (X, 1) in . The likelihood terms in the second line represent the
7i(+, 1) messages. Note that each agent s only has access to its local message 7;. We use the
generic forms of a_,,, and ¥ (-, 1) from Figure For clarity, the respective superscripts «, 7y are
dropped from the parameters. Note that if a target is not observed by an agent s, i.e., if & ¢ 7T,

then ~;(xx, 1) = v;(x%,0) = 1 which, for 7, = 1, is represented as u(lk = 1with I,,;, = 0
and log(n;(0)) = 0. As a consequence of assumption (A10) from Section each agent k has

access to its local parameters and the predicted message «_,,(xx) (Section [2.4.1)), the latter being

identical across all agents. For compactness, V s € A and i5 # 0 we define the parameters of the
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local ; (-, 1) messages as

alis) 2 [H(is)]T[C(is) ]—1e(is)

s—k s—k s—k s—k>
Gl 2 [mi) ] (el HE), (2.41)
o () - ) )
det(QWCSHk)

Furthermore, for i, = 0, let &, = 04, Cio_))k = 04, x4, and cs_m log(u g% Note that (2 .

s—k

is analogous to (2.31). In (2.39), for each likelihood product term denoted by the S-length vector

i=[i1,...,ig] € Is = Xsszl[O : I5_1], the quantities

19))

S S
=@ Z s§k7 5(1 Z —>k7 f(z = Z S—Bk (2.42)
=1

s=1 s=1

require information from across the network and are referred to as global information (this is in
contrast to Section [2.4.2] where the analogous quantities (2.32) are locally available). As a result,

b(xs, 1) is GM(xy; {w?, pl¥ QU }j€t:J 4] i€l ) With parameters

. 11
QY = [(Q(ink)_l +E(’>} (2.43)
b _ Qg,i)[m(i)n D)) gt } (2.44)

wl(cj,i) = wgnkeXp <€(’L - (I’l'(ﬁn k) (Q(in k) I-l’fgjlk>

(5,%)
Lo GaNT (G —1 (.5 det(£2;7)
X exp (5(/%] ) (Qk] ) Hk] ) —det(n() ).

—n,k

(2.45)

Again, (2.43)-(2.45) are analogous to (2.33)-(2.35)) in Section [2.4.2] However, directly applying

here the sequential Gibbs approach (Algorithm [2)) becomes impractical. This is because the eval-
uation of the parameters of selected Gaussian components (indexed by ) in requires the
aggregation of parameters from across the entire network. This process happens sequentially for
each new label (line[I5]of Algorithm[2). In a decentralized algorithm, this incurs a high communi-

cation cost and latency. Thus, a parallel sampling mechanism is favored, where agents sample local



42

Sequential Gibbs Hogwild! Gibbs
m (2,1‘125')
: In parallel:
ﬂ-s(i;’ill‘sfla /I:erl:S) Trl(i/lﬁﬁl)’ o ; T‘-S(ZHIIHS)’
- oo, my(ilsling)

s (Usli1.s 1)

Table 2.3: Conditional sampling of a new label vector ¢’ given previous labels ¢ in synchronous and Hog-
wild! Gibbs.
labels i, € [0 : I,_,;] in parallel to form a new label vector ¢ = [i; ..., ig]T. This is followed by
synchronization, that is, the computation of the parameters corresponding to ¢ via average
consensus.

Such sampling schemes are referred to as partially synchronous Gibbs sampling [[174] or Hog-
wild! Gibbs [89]. In general, in Hogwild [89] or asynchronous methods, the agents perform
sampling/updating as fast as they can, while periodic global synchronization is achieved across the
network. The difference between the sequential Gibbs of Algorithm[2]and the Hogwild! Gibbs em-
ployed here is shown in Table Starting from a label vector ¢, the sequential Gibbs effectively
samples new labels 7’ sequentially according to the marginal densities (2.38). The Hogwild! Gibbs
method samples, in parallel at each agent s € [1,.5], a local label i’ conditioned on the previous
labels 2_,. In contrast to the sequential Gibbs, Hogwild! Gibbs requires the computation of global

parameters only after all the agents have locally sampled a new index i/, V s.

Hogwild! Gibbs for GM product

The proposed Hogwild! Gibbs algorithm produces a set of high-weight Gaussian components.
The resulting GM approximates the target belief (2.39) and is presented in Algorithm 3] which is
executed synchronously and in parallel at all agents for each PT. The main steps of Algorithm [3|

are detailed in the following:

a) Initialization (line . Each agent s samples an initial label i, from the local labels [0 : I ] with



b)

d)
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probability Pr(i,) o< o(is), where o(0) = qu Z‘]ﬁ” » Hn .» and for s # 0

J~>n k

(is) is i is) is) 1T
L 3 SN O R ) 2o

In particular, the weight o(i5) of the i,-th likelihood component from ~; (-, 1), given in (2.46),

is high if it leads to high-weight Gaussian components after updating the prior v, (x;). Note

that (2.46) is analogous to (2.37).

Global parameter evaluation (line [3). Corresponding to the selected labels %, the global pa-
rameters of (2.42)) are evaluated via average and max consensus [142, 46]. The weights we use
are Metropolis weights [[193]]. Convergence is guaranteed as long as the communication graph
spanning the agents is connected [46]. In practice, we stop after a sufficiently large number ()
of consensus iterations. An additional max-consensus is carried out to ensure identical values
for all agents. The consensus is reached across the entire network, even for agents s that do not
observe the target k, i.e, for which k ¢ 7, ;. Note that this is a decentralized implementation of

the analogous step (line[3]) in Algorithm (2).

Computing local Gaussian components (lines [4{10). Given the globally computed parameters
of the product indexed by 2 , each agent s constructs the Gaussian indexed by (j, 2.,),
with parameters given by (2.43)-(2.45). This is achieved by first replacing the i,-th component
of i (-, 1) with the ¢g-th component of ~;(-, 1). This is done locally, since the previous label i

and the parameters of all the ¢ € [0 : I,_,;] components of 7{(-, 1) are available locally.

Computing conditional probabilities and sample (line[TT]). The weights of the Gaussian compo-

nents indexed by (J, 2.,), w,(cj 1) _are employed to compute the conditional density Ts(qli-s)

Zj;’f"’“ w,ij’i*q) from which a new local label is sampled i5 ~ m4(¢|é-s). This follows from

(2-36) and is analogous to line[12]in Algorithm 2]

e) Repeat for I iterations the steps b)-d) and return the Gaussian components with distinct labels

(7,2) for b(-,1). An additional network consensus (line is required for the non-existence
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Algorithm 3 Dcent. Gibbs—PT £ at agent s (in parallel V s)

1: Input parameters of (2.39)-(2.40).

2: Sample iz € [0 : I,_;] as described at Section a).
3: Network consensus for 2, £ and ¢ of (2.42)
4: for g <+ 0to I,_,; do
5: Seti*q% [il,--- b1, Tsa1, " 2'5]
— ) is 1 .
6:  Compute = ('L*") =E0% - (Ci—gk) (ng—ﬂc) L€ = @ gl 480
clie) = £ — —>k + Cgk
7: for j <~ 1to J,, ; do

8: Compute w,i"i*q), y,,(j ba), Q,(Cj’i*Q) as in 1i1|
9.

: end for
10: end for
11: Set my(qli-s) oc 720 w0, sample 4, ~ 7, (qli-,).
12: Repeat the steps [3{I | for 7 iterations.
13: Network consensus for log(bo) = ZSS L log(1:(0)).
14: Return {(wy; G4, uk 34) Q(] )} V distinct (S + 1)-tuples (j, 2) and by to provide a GM approx-
imation for b(xk, k).

case 1, = 0 of 1} where the scalar value log(by) = Zle log(n;(0)) is evaluated.

f) Normalization of PT belief (not shown in Algorithm[3)) is necessary in order to obtain an approx-

imate pdf for PT k. The pdf of PT k is given as fi(xy, 1) = + Z (i) (j N ( ,u,(f ) Q(j Z))

Y

7j=1 ~>nk

and fi(xx,0) = 2ay(xy,0) where N = by [1 — STk ) ] + D30 Wi 7) is the normal-

ization constant.

During the consensus step in line [3] of Algorithm 3] it is assumed that agent s learns the labels
i, foralll € A\ {s}. This can be achieved by diffusing the scalars ¢; throughout the network and
which involves only a mild increase in communication load as compared to the average consensus
communication requirements. Note however that only the values taken by the global parameters
2@, ¢® €@ are necessary for the computation of local Gaussian components, the conditional
probabilities and the ensuing sampling. The label values are only necessary for returning the
distinct Gaussian components, i.e., for district (S + 1)-tuples (j,%). An alternative decentralized
algorithm that avoids the diffusion of the label values i, is possible by modifying Algorithm [3|to
(4,4)

return only the Gaussian components with distinct weights w,””, as these form a subset of the set

of Gaussian components returned by Algorithm 3]
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Complexity and Convergence

The time complexity of Algorithm [3|is O(T' J_mkls_,kdf’). Assuming () average consensus itera-
tions and denoting with Dg the diameter of the communication graph, the communication load of
the consensus step of Algorithm [3|is (Q + Dg)[T(d? + d; + 1) + 1] real values and also incurs
a latency of (Q + Dg)(T + 1) communication slots. Note that the Gibbs method of Algorithm
[3] does not represent a Markov chain as the agents sample in parallel and not sequentially as in
Algorithm [2] The existence of a stationary distribution as well as the convergence of the samples
drawn with Algorithm [3|to such a stationary distribution is not guaranteed outside of special cases
[89]. Nonetheless, Hogwild! Gibbs methods have been successfully employed in latent Dirichlet
Allocation [162]]. In Section [2.6] we numerically show the performance of the SCS-MTT filter
with Algorithm [3|to be close to that of the centralized filter, where a fusion center has access to all

the measurements, and carries out all the computations.

Computation of the GM extrinsic information 0; ()

The computation of the J; messages in (2.22) requires again the product of several GM likelihood
terms available at different agents in the network. Note that since both by (xy, 1) (obtained via
Algorithm [3) and v} (xx, 1) are available as GMs at agent s, a GM approximation for the extrin-

sic information J; can be constructed in the following manner. First note from line [6] of Algo-

rlthml that the parameters Z( (Cig ) e@ — g H k and £@) — ¢; Jk characterize the product

[Tess ug - k (eg@k; Hfz X, Cg i ..) for a label vector ¢. Thus, at each iteration of Algorlthml we

can construct the following Gaussian components {(wz’g, uk’gi, Qigi)}jﬁy of 07 (xx, 1) (with

the same notations as in Figure [2.2) as

QM] _ [(Q(]

k—s —n,k

_ — (4 is) \—11—1
R

(5 (5 Za

Wkgi = w(ilk eXp <§(’) (“(i)n k) (Q(i)nk)i F"(i)n k>
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()

G () y=1,,8G) _ () det ()
X exp < (0" () ) cs—)k) den ) )
Note that the expressions above are analogous to the GM parameters for b(xy, 1) in (
The only difference being the absence of the terms 1)) corresponding to i (X, 1) After the
6,(4)

T iterations of Algorithm the Gaussian components with highest distinct weights w,’

., are

retained to form an approximation of 0} (xy, 1) while 6} (x, 0) is obtained as b(xg, 0)/7;(0). This
procedure allows for the local computation of an approximate GM representation for 3 (X, rx)

without additional network consensus operations.

2.5 Decentralized Gaussian SCS-MTT filter

A special case of the GM SCS-MTT filter of the previous section is obtained when all the agent
and target densities are represented as single Gaussians. For most kinematic tracking applications,
the communication loads of the resulting DG-SCS-MTT filter is significantly smaller than the PF
implementations. Single Gaussian expressions for the messages exchanged by the SCS-MTT filter
can be obtained by specializing the expressions in Section[2.4] However, due to the measurement-
to-target association uncertainty (see assumption (A8) of Section [2.2.2]and the summation over m
in (2.17), (2.20)), the agent and target beliefs become GMs even if their predicted messages are
single Gaussians. The Probabilistic Data Association filter [12], addresses this by performing a
single Gaussian approximation of the resulting GM via first and second order moment matching.
This is applied straightforwardly to the case of the agent beliefs by(-) and their extrinsic information
0;(-) as their GM computation is done locally as shown in Section[2.4.2]

The DG-SCS-MTT filter achieves a single Gaussian representation of the target beliefs with
a lower communication load than the Hogwild! Gibbs of Algorithm Suppose b,(xz, 1) =

N (X, 1)y (XK, 1). Observe that |-| becomes b(xy, 1) = [ o5 0s(Xx, 1). If (x4, 1) =
cxN (xg; m, P) then { aﬁn(xk, 1) = N (xx; m, SP) is a scaled Gaussian [15] eq. 36], where

¢ = g ——— (det(2mSP)) 12 . Furthermore, let v (xj, 1) be a GM of the form (2.29). Then, a locally

23 /det(2nP)
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computed GM b,(xj, 1) = Zfil wl N (Xk; m{”, Pgi)) is given as a special case of ll with
J_nk = S = 1. The scaled single Gaussian Z;S(xk, 1) = éN (x; my, 158) that matches the first

and second order moments of the GM b, (xy, 1) has parameters [143]

15 . Is ) .
6= w® =3 w@ml, (2.47)

0 —1n,)T]. (2.48)

Note that also accounts for the spread of the means of the initial GM. A global b(xy, 1) =
EN (x5 m, f’), as a single Gaussian approximation of b(xy, 1), is obtained via network (average
and max) consensus over the weights log(¢) = > log(é,), matrices P~' = Y% P! and
vectors i1 = P Zle P, '1i1,. The computation of b(x;, 0) remains unchanged from Sectionm
In contrast to the Hogwild! Gibbs of Algorithm 3} the DG-SCS-MTT filter only performs network
consensus once for each PT which involves an exchange of (Q + Dg, )(d? + d; + 2) real values
at each outer-BP loop. Furthermore, we note that computing the local GM belief b,(-, 1) takes
O(I,d?) operations; single Gaussian compression is O(I,_,;d?); and the computations required for
average consensus are O(Qd?) (assuming the number of neighbors of an agent is small compared
to Q). Hence, the overall computational complexity of the DG-SCS-MTT filter is O(I,_,;d;) for
each PT, at each outer loop iteration.

The DG-SCS-MTT filter also achieves a single Gaussian approximation for the extrinsic in-
formation message 0; () without the need of additional network consensus operations. Based on
the parameters of b(xy, 1), we evaluate b_,(x;, 1) 2 ¢ N (xp; M, ]_f’ﬁs) where the parameters
iy = ¢)e, P2l =P 1 —P !l andm, = P, [f’*lrh — P, ', | are computed locally. Fi-
nally, we evaluate 07 (X, 1) = b_s(xg, 1) ¥/ (X, 1), which has a scaled single Gaussian form, and

0k (X, 0) = b(xk, 0) /i (0).
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Fig. 2.3: Ground truth trajectories of agents and targets plotted over time (top), along with the true target
cardinality over time (bottom).

True Cardinality

2.6 Simulation Results

In this section, we numerically evaluate the performance of our proposed GM-SCS-MTT and G-
SCS-MTT filters for both decentralized and centralized versiond’]

The centralized GM (CGM-SCS-MTT) version employs the centralized Gibbs Algorithm [2]

2We have relegated the simulation results for a PF-based implementation of the centralized algorithm (based on
the discussion in Section@ and assuming all the observations are available at a single location) to Appendix@
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for both agent and PT beliefs while the decentralized GM (DGM-SCS-MTT) filter employs the
Hogwild! Gibbs method of Algorithm [3] for PT beliefs. We also consider a reference method,
named here SPAWN, which consists of the agent self-localization method of [[192] followed by
the MTT method of [126]]. Centralized GM (CGM-SPAWN) and single Gaussian (CG-SPAWN)
versions of SPAWN are employed, where the GM product of messages is computed using the
centralized Gibbs Algorithm 2]

Figure [2.3| shows the ground truth tracks of all the agents and targets, over a span of 50 time
steps and the true target cardinality as a function of time. The uncertainty in target births is
shown as red ellipses that delineate the area containing 90% of the mass of f,(x, ). Our net-
work has two stationary agents (called anchors), 6 mobile agents, and a maximum of 10 targets
over a [0,1500m] x [0, 1500m] region of interest (ROI). Each mobile agent has a measurement
and communication range of 1000m. The anchors have a communication range of 1000m and a
measurement range of 1500m.

Agent and target state vectors are constructed as X = [p,, Py, Dz, Dy|’» Where p, and p, repre-
sent the x-y target coordinates and p, and p, are its velocity components along the two axes. All

targets have the same dynamical model f(x,|x,_1) = N (X,; B,X,_1, X,), where the state tran-

Io Ts 12

sition matrix is B,, = [02 i

} with a sampling period of 7T = 1s and 0,, and I,, are the zero and

2 [0.25T§12 05T 12

identity matrices of size n X n. The covariance matrix is 3, = o
Similarly, all agents have the same linear-Gaussian kinematic model with o, = 0.1. Each agent
s, with coordinates (p;, p; ), observes with probability P, a target with state vector x through a

range-bearing model:

\/(pm —p3)? + (py — pj)?

_mS
an™! (22

»

(2.49)

where the measurement noise is nf ~ A(0,R,,). The same range-bearing measurement model
(with potentially different parameter values) is employed for inter-agent measurements. Lineariza-
tion of the non-linear range-bearing observation model is performed before applying the GM or

Gaussian SCS-MTT filter. Similar to the extended Kalman filter [150, Ch. 2.1], this is achieved
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locally at each agent by evaluating the Jacobian of the transformation (2.49) at the weighted mean
of the PT prediction message a_,,(-). Analogously, the inter-agent range-bearing measurement
model is linearized with the Jacobian being evaluated at the mean of the agent prediction message
¢_n(-). Birthed PTs are appended to the existing PTs in the prediction step of the filters. The
birth locations are shown in Figure Unless stated otherwise, the birth probabilities of exis-
tence are set to (.25, the probability of target survival P; = 0.99, the probability of target detection
P}, = 0.95, and the measurement noise covariance R,, = diag(10, 100). At each frame, the clutter
process for agent s follows a Poisson distribution with rate A* = 25, and the clutter points are
distributed uniformly over the ROIL Target inference is achieved as indicated in Section [2.3.2] The
number of outer BP iterations is fixed to P = 1, to avoid over-confident beliefs [[127]].

In the GM filters, the initial positions of the agents are modeled using Gaussian mixture densi-
ties. More precisely, each agent track is initialized with 4 equal-weighted GM components, with
means at a distance of R, = 50m along the x and y directions, from the position shown in Figure
All the 4 GM components have the same covariance diag(1600, 1600, 40,40). In the single
Gaussian filters, the mean and covariance of the agent tracks are initialized by the respective values
achieved via moment matching [[143]. Target tracks are initialized with single Gaussian densities in
all filters, with means given by the birth locations and covariance matrices diag(1600, 1600, 16, 16).

Keeping the agent and target tracks fixed, 100 independent Monte Carlo (MC) simulation runs
are carried out by regenerating the measurement sets. In Figures [2.4] [2.5] we have plotted: (i)
the average root mean squared errors (RMSE) in the agent location estimates (averaged across the
MC runs and across all the mobile agents); and, (ii) the average target tracking performance via
the Optimum Sub-Pattern Assignment (OSPA) error [155]. The OSPA metric is capable of taking
into account errors in estimating both the number of targets (i.e., cardinality) and their tracks. The
OSPA employs two parameters: cut-off, set to 20m and order, set to 1. In Figure @, we have

explicitly plotted the average estimated cardinality over time.
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Fig. 2.4: Comparison of the average agent RMSE and target OSPA error for SPAWN and the proposed
SCS-MTT filter.

2.6.1 SCS-MTT vs SPAWN

In Figure 2.4 we compare the average agent localization error, and the average OSPA error for
targets, of our approach (SCS-MTT) against SPAWN. Figure [2.4a) shows the comparison when
the agent and target densities are modeled as Gaussian mixtures. Figure [2.4b| showcases the same
comparison for single Gaussian densities. Our approach significantly improves the localization
performance by taking into account the contribution of the Aj messages from the within-range
targets to the agents. This would be especially beneficial for agents which are not in range of
the anchor nodes, and have few neighboring agents (e.g., agents la, 2a). Due to the presence of
anchors, the agent localization improvements of the SCS-MTT algorithms transpire to a lesser

extent into improvements on target tracking performance. The spikes in OSPA error correspond to
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Fig. 2.5: Comparison of the average agent RMSE and target OSPA error, for the single Gaussian (G) and
Gaussian mixture (GM) filters.
the time instants of target births (t = 5, 10, 20s) and deaths (¢ = 40). Note that due to the dynamic
nature of the network (frequent target births and deaths), the localization performance cannot be
expected to converge over time. This is also evident from the slight increase in the localization
error after ¢ = 40s, in Figures 2.4 and 2.3]

Figure @ shows the true cardinality, the mean estimated cardinality, and mean +3x standard
deviation curves for the CGM-SPAWN (Figure [2.6a), CGM-SCS-MTT (Figure [2.6b) and DGM-
SCS-MTT (Figure filters. In all cases, the mean estimated cardinality is close to the true
cardinality with the CGM-SPAWN filter having higher cardinality variance. Both the centralized
and decentralized GM-SCS-MTT filters have smaller cardinality variance than CGM-SPAWN,
while the DGM-SCS-MTT filter has a slightly higher variance than the CGM-SCS-MTT filter.

This is attributed to the differences between the sequential Gibbs and the parallel Hogwild! Gibbs
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Fig. 2.6: Comparison of cardinality estimates for the different GM filters.

samplers and to the network consensus process.

2.6.2 Single Gaussian vs Gaussian mixture SCS-MTT filters

In Figure [2.5] we present the performance of the GM-SCS-MTT, which employs GM represen-
tations for both target and agent beliefs, with respect to the single Gaussian G-SCS-MTT filter.
Figure[2.5a|shows this comparison for the centralized SCS-MTT filters. Figure [2.5b|showcases the
same comparison for the decentralized SCS-MTT filters. The GM-SCS-MTT filters exhibit only
a slight gain in terms of localization and tracking performance as compared to the G-SCS-MTT
filters. This is because the agent and target dynamic models, as discussed in Section 2.4] are linear

with additive Gaussian noise. Additionally, the considered measurement model is only moderately
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Fig. 2.7: Comparison of average agent RMSE and target OSPA error for the DGM-SCS-MTT and CGM-
SCS-MTT filters.
nonlinear. Applying our GM-SCS-MTT filter to a highly nonlinear and/or non-Gaussian setting is

one of the directions we wish to pursue in a subsequent study.

2.6.3 Centralized vs decentralized Gaussian mixture

In Figure 2.7, we compare the performance of the centralized (CGM-SCS-MTT) and decentral-
ized (DGM-SCS-MTT) filters. The decentralized method achieves performance similar to the
centralized filter, given a sufficient number of consensus iterations (). Compared to the centralized
approach, the decentralized approach does not have to rely on a central fusion center and is scalable
with the number of sensors. We have plotted the average localization and tracking error for differ-
ent values of (), namely ) = 15,20, 25, 30, 50. For () = 50, the DGM filter performance is almost

identical to the CGM filter. For small ), since the network is sparsely connected (some agents have
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only one neighboring agent), the target belief product of (2.39)-(2.40) is not accurately evaluated.
This leads to poor tracking of targets which subsequently leads to poor localization of agents, due
to the interdependence of localization and tracking for SCS-MTT algorithms. Similar results and

conclusions hold for the single Gaussian case, which is omitted due to space constraints.

2.7 Summary

In this chapter, we proposed a novel decentralized method for simultaneous agent localization and
multi-target tracking, for an unknown number of targets, under measurement-origin uncertainty.
We proposed decentralized single-Gaussian as well as Gaussian-mixture implementations for our
proposed filter. The two cases capture the trade-off between computational and communication ef-
ficiency (single Gaussian) and modeling accuracy (Gaussian mixtures). For the Gaussian-mixture
case, we proposed a novel decentralized Gibbs method for efficiently computing products of Gaus-
sian mixtures. We have demonstrated the robustness of our approach using a challenging range-
bearing measurement model, which showcases the improved performance of the proposed methods

with respect to the SPAWN method that performs agent localization and target tracking separately.
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CHAPTER 3

DISTRIBUTED ONLINE CONVEX

OPTIMIZATION

3.1 Introduction

Many problems of practical interest, including network resource allocation [30], target tracking
[156], network routing [209]], online regression [[157], and spam filtering [/6] can be framed in an
Online Convex Optimization (OCO) framework. The OCO framework first introduced in [209]
aims to minimize a time varying convex objective function which is revealed to the observer in a
sequential manner. For a detailed review of OCO, please see [[76),157]. In this chapter, we consider
a distributed constrained OCO problem, with time-varying (potentially adversarial) constraints.
Recently, distributed OCO frameworks have gained popularity as they distribute the compu-
tational and memory resources across multiple nodes rather than having a central node perform
all the operations [99, 156, 144, [111, [199]. Here we consider the constrained OCO problem in a
distributed framework, where the convex objective is assumed to be decomposed and distributed
across a set of multiple communicating agents. Each agent takes its own action with the goal
of minimizing the dynamically varying global function while satisfying its individual constraints.

Next, we discuss the related work along with the performance metrics we use to evaluate the per-
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formance of the proposed algorithm.

3.1.1 Related Work

Regret: The performance in OCO problems is quantified in terms of how well the agent does as
compared to an offline system, over time. In other words, how much the agent “regrets” not having
the information, which was revealed to it post-hoc, to begin with. Since regret is cumulative over
time, an algorithm that achieves sub-linear increase in regret with time, asymptotically achieves
zero average loss. It is naturally desirable to compare against an offline system, the action(s) of
which are “optimal” in some sense.

Static Regret: The initial work on OCO, starting with [209, 157, [76l], almost exclusively fo-
cused on static regret Reg,, which uses an optimal static solution, in hindsight, as the benchmark.
In other words, the fictitious offline adversary w.r.t. which the online system measures its regret,
chooses the best fixed strategy, assuming it has access to the entire information, which is revealed

to the online system over time horizon 7.

Regi £ ) filx;) —min)  fi(x).

Under standard regularity conditions, for general OCO problems, a tight upper bound of O(\/T )
has been shown for static regret [209, [75]. However, for applications such as online parameter
estimation or tracking moving targets, where the quantity of interest also evolves over time, com-
parison with a static benchmark is not sufficient.

This deficiency led to the development of dynamic regret Reng [73 20]. Rather than com-
paring the performance relative to a fixed optimal strategy, a more demanding benchmark is used.
More precisely, at each time instant, our fictitious adversary utilizes one-step look-ahead informa-

tion to adopt the optimal strategy at the current time instant.

T T
Regf £ Z fe(xe) — mem fi(x).
t=1 t=1
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In this work, we adopt the notion of dynamic regret as the performance metric. It must, however, be
noted that, in the worst case, it is impossible to achieve sublinear dynamic regret [209]. For such
problems, the growth of dynamic regret is captured by the regularity measure which measures
variations of the minimizer sequence over time (see C7, in Theorem [3.5.5)).

Constraints: The conventional approaches for OCO are based on projection-based gradient
descent-like algorithms. However, when working with functional inequality constraints g;(x) < 0
(as opposed to simple convex feasible set constraints), the projection step in itself is computation-
ally intensive. This led to the development of primal-dual algorithms for OCO [121} 185, 204].
Instead of attempting to satisfy the constraints at each time instant, the constraints are satisfied in
the long run. In other words, the cumulative accumulation of instantaneous constraint violations
(often simply called fit) ||[>>)_, g:(x;)]+ || is shown to be sublinear in 7. This formulation allows
constraint violations at some instants to be “taken-care-of” by strictly feasible actions at other
times /1]

Initially the constraints were assumed to be static across time [[121, [85]]. However, subsequent
literature [[171} 30] demonstrated that the analysis for primal-dual methods can be generalized to
even handle time-varying inequality constraints. Minor variations of primal-dual methods, which
replace the dual update step with virtual-queue (modified Lagrange multiplier) updates have also
been proposed to handle time-varying [25] and stochastic constraints [202].

Distributed OCO Problems: So far we have only discussed centralized problems. Suppose
the OCO system has a network of agents, and local cost (and possibly constraint) functions are
revealed to each agent over time. The global objective is to minimize the total cost function, while
also satisfying all the constraints. And each agent can only communicate with those agents that
are in its immediate neighborhood. This distributed OCO problem is more challenging and much
less studied in the literature than the centralized problem.

Distributed OCO problems with static set constraints have been widely studied in recent years

[99, 156, 144} 111} [199]. Again here, the literature on distributed OCO with dynamic regret is

!Some more recent works [204] have considered the more stringent constraint violation metric Zle ([g¢(x¢)]+)2.
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much sparser than for static regret. The authors in [[156] have proposed a dynamic mirror descent
based algorithm, where primal update steps are alternated with local consensus steps. The authors
in [111]] have proposed a distributed primal-dual algorithm for the OCO problem with coupled
inequality constraints. The constraint functions are static over time. This has been generalized
for time-varying coupled constraints in [199], where the authors have shown sublinearity of regret
and fit, both w.r.t. dynamic and static benchmarks. However, to the best of our knowledge, the
distributed OCO problem with a dynamic benchmark, even with static non-coupled inequality

constraints has so far not been considered in the literature.

3.1.2 Owur Contributions

In this work, we consider a distributed online convex optimization problem, where both the cost
functions and the time-varying inequality constraints are revealed locally to the individual nodes.
We propose a primal-dual mirror-descent based algorithm, which alternates between the local pri-
mal and dual update steps and the consensus steps to mix the local primal variables with the im-
mediate neighbors. Importantly, we show that the proposed algorithm achieves sublinear dynamic
regret and fit.

The chapter is organized as follows: the problem formulation is discussed in Section[3.2] along
with the definitions of the performance metrics. In Section we provide some background
results and the assumptions required for providing theoretical guarantees. We propose our primal-
dual mirror descent based algorithm in Section [3.4] followed by the theoretical results in Section
[3.5] Finally, we conclude in Section[3.6

Notations: Vectors are denoted with lowercase bold letters, e.g., x, while matrices are denoted
using uppercase bold letters, e.g., X. The set of positive integers is represented by N . We use R’
to denote the n-dimensional non-negative orthant. For n € N, the set {1,...,n} is denoted by
[n]. We denote by || - || the Euclidean norm for vectors, and the induced 2-norm for matrices. 0
denotes a zero vector, where the dimension is clear from the context. [x], denotes the projection

onto RY .
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3.2 Problem Formulation

We consider a network of n agents. At each time instant ¢, each agent 7 takes an action x;;, € X C
R?, where the set X is fixed across time, across all the nodes. Then, a set of local loss functions
{fi+(:)}P_, with f;; : X — R are revealed to the individual nodes, leading to individual loss
fi+(x;:) at node i. Additionally, another set of local functions {g; (-)}?_, with ¢g;, : X — R™ are

revealed, corresponding to local constraints ¢;,(x;;) < 0. The network objective is to minimize

1)

the global average of the local cost functions f;(x) = L 3" | f;,(x), while also satisfying all the

local constraint functions {g; ¢(-) }1 ;.
mm fi(x¢) Zf” Xy ) subject to ¢; +(x;) < 0,,,,V i € [n]. (3.1)

Since the objective is to minimize the global function f;(-), the nodes need to communicate among

themselves. We next define the metrics used to measure the performance of the proposed approach.

3.2.1 Performance Metrics - Dynamic Regret and Fit

We use the recently defined notion of dynamic regret [20, [73] to measure the performance relative

to a time-varying benchmark.

1 n T T
Reg‘r} £ ﬁ ft(xi,t) - Z ft(X:)a (3.2)
t=1

i=1 t=1

where x; ; is the local action of agent ¢ at time ¢, while x] is the solution of the following problem.
x; € argmin { f;(x)|gi«(x) <0,Vi € [n]}, (3.3)
xeX

As pointed out earlier, it is impossible to satisfy the time-varying constraints instantaneously,
since they are revealed post-hoc. As a surrogate, to ensure the local constraints are satisfied in the

long run, we use the distributed extension of fit as the performance metric. Fit has been used in the
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context of both time-invariant [[121], as well as time-varying constraints [30, [1435]], for single node
problems. Our definition is motivated by the one given in [144] for continuous time problems. It

measures the average accumulation of constraint violations over time.

(3.4)

) =1

[Z Git (Xj,t)]

+

Here, Zthl gi+(x;,) is the constraint violation at agent 4, if it adopts the actions of agent j. Note
that ZtT:l gi+(x;4) < 0 is different from requiring the constraint to be met at every time instant
9it(xj) < 0.

Next, we discuss the assumptions and some background required for the analysis of the pro-
posed OCO framework. Note that the following assumptions are standard for decentralized OCO

problems [156, [199].

3.3 Background and Assumptions

3.3.1 Network

We assume the n agents are connected together via an undirected graph G = (V,€). V =
{1,...,n} denotes the set of nodes of the graph, each of which represents an agent. £ is the
set of edges between the nodes. (i,j) € £ implies that nodes ¢ and j are connected in the graph.

The set of edges has an associated weight matrix W, such that

W = (3.5

[W];; =0 else.

The set of neighbors of node i is, therefore, defined as N; = {j : [W];; > 0}. Note that j € N &
ieN;.

Assumption 1. The network is connected. The weight matrix W is symmetric, doubly stochastic,



62

such that

Z[W]ij = [W;=1. (3.6)

Next, we discuss the properties of the local cost functions and constraints.

3.3.2 Local Objective Functions and Constraints

Assumption 2. We assume the following conditions on the set &X', the objective and constraint

functions.

1. The set X C R? is convex and compact. Therefore, there exists a positive constant d(X)
such that

Ix—yl <d(X), Vx.y € X. (3.7)

2. The local node functions f;(-), g;+(-) are Lipschitz continuous on X, Vi € [n],V ¢ € Ny

1.e.,

1fiz(x) = fie(¥)l < LIx =y

9i,(x) — g5 (¥) || < Llx =y

(3.8)

forany x,y € &

3. The functions { f;:}, {g:+} are convex and uniformly bounded on the set X, i.e., there exists

a constant /' > 0 such that

/iGN < F, [lgia(x)]| < F, (3.9)

Vte N, ,Vien,VxeX.

4. {Vfi:},{Vgi+} exist and are uniformly bounded on X, i.e., there exists a constant G > 0
such that

Vi) <G, [[Vgi(x)[| < G, (3.10)
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Vte N, Vien,VxeX.

Next, we briefly discuss the Bregman Divergence measure, which is crucial to the proposed

mirror descent based approach.

3.3.3 Bregman Divergence

Suppose we are given a u-strongly convex function R : X — R,i.e. R(x) > R(y)+(VR(y),x —y)+

Lx —y|>, V x,y € X. The Bregman Divergence w.r.t. R is defined as
Dr(x,y) = R(x) = R(y) = (x =y, VR(y)) - (3.11)
Since R(+) is p-strongly convex, for any x,y € X
Dr(x,y) = Slly -] (3.12)

We assume the following conditions on Dy (-, -).

Assumption 3. The Bregman Divergence Dy (-, -) satisfies

1. Separate Convexity property [16]: Given x, {y;}™, € R? and scalars {«;}", on the m-

dimensional probability simplex, the Bregman Divergence satisfies

Dr (x, me) <> aDr(x,y:). (3.13)
=1 =1
2. The Bregman divergence satisfies the following Lipschitz continuity condition [83]]
|Dr (x,y) — Dr (z,y)| < K ||x — z]| (3.14)

for any x,y,z € X. This condition is satisfied if R(-) is Lipschitz continuous on X'. Conse-
quently,
Dr (x,y) < Kd((X)), Vx,y € &, (3.15)
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where d((X)) is defined in (3.7).
We next give a result on Bregman divergence from [199] which is crucial to our analysis.

Lemma 3.3.1. Let R : R? — R be a ji-strongly convex function. Also, assume X is a closed,
convex set in R and h : X — X is a convex function. Assume that Vh(x) exists ¥V x € X. Then,

given z € X, the regularized Bregman projection

y = argmin {h(x) + Dr(x,2)}, (3.16)

xeX

satisfies the following inequality
<y - X, Vh(Y)) S D’R(Xa Z) - DR(Xa y) - D’R(ya Z) (317)

Vx e X.

3.3.4 Projection

For a set A C IR, the projection operator is defined as

Paly) £ argmin ||x — y||°, (3.18)

x€A

Vy € R For closed and convex A, projection always exists and is unique. If A = R¢, projection

is denoted by [-]; and it satisfies

|, — .| <Ix—yll.Vxy e R (3.19)
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Algorithm 4 Distributed Primal-Dual Mirror Descent

1: Input: Non-increasing sequences {a; > 0}, {3; > 0}, {7+ > 0}; Differentiable and strongly-
convex R

2: Imitialize: x;0 =04 € X, f;0() = 0,6i0(-) = 0, Qio = 0y, Vi € [n].

3: fort =1toT do

4: for: =1tondo

5: Observe V fi1—1(Xit—1), Vit—1(Xit—1)s Git—1(Xie—1)
6: ;= Viii—1(Xi—1) + [v9i7t—1(xi,t—1)]T Qi1

7: vie = argmin, .y {o (X, ;1) + Dr(x,X;1-1)}

8: bi,t = [Vgi,tfl(xi,tflﬂ (Yz',t - Xz‘,t—l) + gi,t71<xi,t71)
9: Qit = (i1 + 7e(bie — Beii—1)]

10: Broadcast y; ; to out-neighbors j € N;

11: Obtain y;; from in-neighbors j € N;

12: Xip = 251 [Wlij¥ie

13: end for

14: end for

3.4 Distributed Primal-Dual Mirror Descent based Algo-
rithm

We next discuss the proposed distributed primal-dual mirror descent based algorithm for online
convex optimization with time-varying constraints. The pseudo-code is outlined in Algorithm 4]
The algorithm runs in parallel at all the nodes. At the end of time ¢t — 1, x; ; is the action (primal
variable) at node . Following this, the local functions f;; 1, g;;—1 are revealed to the agent. The
corresponding function values and gradients are utilized to carry-out the updates in the next time
step t. First, each agent performs the primal update locally (Step [7). This is followed by the dual
update (Step @) Note that the projection [-], ensures that the dual variable lies in the non-negative
orthant R™". At the end of each time step, an average consensus step is taken across the nodes,
where the local updated primal variables y;, ; are received from the neighbors, to compute the

action X; ;.

Remark. Note that the primal and dual update steps employ different step-sizes, a; and -y, respec-
tively. This idea originated in [85] and leads to flexibility in terms of the trade-off between the

bounds on dynamic regret and fit.
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In the next section, we bound the dynamic regret and fit which result from Algorithm 4] and

show them to be sublinear in the time-horizon 7'.

3.5 Dynamic Regret and Fit Bounds

First, we discuss some intermediate results required to show the sublinearity of dynamic regret and
fit. We have relegated the proofs to the Appendix. Our analysis follows closely the work in [156]

and [199]).

3.5.1 Some Intermediate Results

Lemma 3.5.1. Suppose Assumption 2| holds. ¥ i € [n], V't € N, q,; generated by Algorithm

satisfy
F
il < o (3.20)
Aiy1 _ nBj —~ 1o~ 9
< + Qi | Vit (Xit)| (Vi1 — Xi) + Yitr1 — X,
et 9 Yi+1 ; ,t[ it (Xi.0) | (Vi1 t) Ay, ;H t+1 al
G2Oét+1 5t+1 - 2 - T
i it — di) Gt X 3.21
Gt S DOILTED SLRELEAC 621)

where By = 2F + Gd(X),
A1 = Z [||qi,t+1 —qll’ - (1- Ver1Bea1) Qe — Qi”ﬂ )
i=1
and {q;}; are arbitrary vectors in R'}".

PROOF: See Appendix[A.2.1] [ |

Remark. The penalty term —f3,q;;— in the dual update (step[0} Algorithm ) helps in upper bound-
ing the local dual variables. This idea was initially used in [121]] and helps get rid of the require-

ment of Slater’s condition. A;,; measures the regularized drift of the local dual variables. See [[73]]
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and [199] for similar results, respectively in centralized and distributed contexts.

Next, we sum the left hand side of (3.21]) over ¢ to get

T A 1 T
S

{%qu‘,l - Olz‘||2 - EHQLT-H - qi||2:| . (3.22)
+

Recall that q;; = 0, Vi € [n]. We combine (3.21)) and (3.22), and define g.(-) such that

A - T $ s - L - G ﬁtﬂ 2
gc((h, coee 7qn) - Z qz <Zgz,t(xz,t)) 2/}/1 + Z Z ||qz||
2 t=1

I

Z%H +qum Vit (%i,0)| (Vi1 — Xig +qum9@t Xit)

t=1 i=1 t=1 i=1

1 2
+ Z oy Z Iyics1 — Xiell® — Z (— o + ﬁtH) Z lqi: — a2 (3.23)

Vi

The function g.(qu, .. .,q,) will be used later in Lemma [3.5.4] to upper bound both the dynamic
regret and fit, by appropriately choosing q;, Vi € [n].

Before looking at the primal updates, we first consider one of the constituent terms in (3.2).

ft(xi,t) - ft(XI) = ft(XLt) - ft()_(t) + ft()_(t) - ft(X:)

< L|xie — X[ 4 fe(Xe) = fo(x7) (3.24)

1 n
= > A{Fia&e) = Fia(5) + Fia(x50) = Fia(x5)} + L Ixiz — %
j=1

1< X _ L& )
< - > {Fiaxia) = FiaDY + LIxiz — %l + ” D % — %l (3.25)
j=1

J=1

We use Assumption [2| to obtain both (3.24])), (3.25). Now, from the definition of dynamic regret
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(3-2), we get

n

t=1

n

D o AF5e00) = Fralx)} + —ZZ [Ixie — %] - (3.26)
j=1

Reg] <

S|
S|

=1 t=1

Next, we upper bound both the terms in (3.26). First, we upper bound the first term in the following

lemma.

Lemma 3.5.2. Suppose Assumptions hold. ¥ i € [n], Vt € Ny, if {x;:} is the sequence

generated by Algorithm[d, Then,

T n
Z Z [fia(xie) = fia(xP)]
t=1 i=1
Zat—f—l - ZZ —||th+1 th” - quzt[gzt th + ngt(th> (y@t+1 th)]

t=1 i=1 t=1 i=1

1 nK nKd((X))
+ Dr(x7], X, Dr(xX5. 1, X + — X — X |+ —.
z[ Rt %)~ Pl )] + o S i i+
(3.27)
PROOF: See Appendix[A.2.2] |

Next, we upper bound the second term in (3.26). This is the consensus error of the primal

variables.

Lemma 3.5.3. (Network Error): Suppose Assumptions hold. Then, the local estimates {x;}

generated by Algorithm || satisfy

t—1
Gao, a
Ixie —%il| <3 ok T (W) (1 + ) (3.28)
=0 ILL /87+1

Vi € [n], where X; = % S Xir. 02(W) is the second largest eigenvalue of W in magnitude.
PROOF: See Appendix[A.2.3] |

Remark. The network error bound is (3.28) is independent of the node index :. The dependence

on 09(W) captures the speed with which mixing of iterates happens. The smaller the value of
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o9(W), the faster the network error diminishes. Moreover, the choice of the primal update step
sizes {a } and the dual update regularization parameters {3, } has a crucial role to play in bounding
the network error. As we shall see in Theorem [3.5.5] carefully choosing these leads to sublinear

regret and fit.

Next, we combine (3.23) and Lemma [3.5.2] resulting in two intermediate bounds, which shall

be needed to subsequently bound the dynamic regret and fit respectively.

Lemma 3.5.4. Suppose Assumptionshold. Then, the sequences {x;,q; .} generated by Algo-
rithm M satisfy

T n o T
ZZ(fi,t(Xi,t — fir(X})) S%Z%“ ﬁ Ot

t=1 i=1 t=1
1

Q49

nk

Dr (X741, Xi,T+1):| +

+ Z |:&2DR(X17 Xia) =

=1

nKd(( r )
A Z (_ T n + 5t+1) Z el (3.29)

aT+2 —1

and

2

T T
1 G204t+1 5t+1) nB;}
o (% <4|—+ ( + onFT + —+
[2 it ] 2 ; 0 9 9 ;%H
T n
1 . nKd((X))
Z Qpy1 + Z {—DR(XUXM) aT+2DR(XT+17Xi,T+1>:| + T ora
T T
nk 1 1
— Xy — X — 5 ———+5 > Qi — Qi (3.30)
N ) ) DTS T,

Remark. (3.29) follows by adding (3.23)) and (3.27), and substituting q; = 0,,, Vi € [n|. Similarly,
(3.30) is obtained by adding (3.23) and (3.27)), and substituting

T
[Zm gi,t(xi7t):| .
T G2at Bt
2[%""21&:1( M+I+T+1>i|

qQi = , Vi € [n]. (3.31)




70

Before presenting out final result, we need to use the following upper bound to bound the fit.

n 2

2
2
a2

i=1

2
<2

n n T
%Z % > 2L " |lxis — |
i=1 = j=1 t=1

[Z gz‘,t(Xj,t>]

[Z Git (Xi,t)]

+ +

(3.32)

This follows from Lipschitz continuity of the constraint functions (Assumption[2). Since, we have
bounded both the terms in (3.32) (the first term in Lemma [3.5.3| and the second term in Lemma
[3.5.4), we are now ready to present our final result on the sublinearity of both dynamic regret and

fit.

3.5.2 Dynamic Regret and Fit Bounds

Theorem 3.5.5. Suppose Assumptions hold, and {x;;} be the sequence of local estimates

generated by Algorithmd}, We choose the step sizes
1
Q=2 ﬁt:t_b’ "= T Vie Ny (3.33)
where, a,b € (0,1) and a > b. Then forany T € N,.

Regl < R, T™#{@1=atb} L o TaCy, (3.34)

n n T
DD [P orees
=1 j=1 || Lt=1

2
< D1T2_b+D2T1+a_bCz; —|—D3T2+2b_2a. (335)

_l’_

_ AFLGy/no2(W) _ B? G2 _ 4G2 2 _
Here, R = W,Rl = R+ 5 + (l—a) +2Kd((X)), D = 2 + w(l—a) + val -
2D(2F +2Kd((X)) + g—; - #(IG—;) +2Kd((X))), Dy = 4K D and D3 = 16L? R?* are constants
independent of 'T', and
T
Cr &) Ik — x| (3.36)
t=1

is the accumulated dynamic variation of the comparator sequence {X;}.
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PROOF: We begin with one of the constituent terms in (3.2)).

fe(xie) = fo(x7) = fe(xie) — fe(Xe) + fe(Xe) — fe(x))

< L% =il + fu(xe) = fi(x7) (3.37)

= %Z {fj,t(it) - fj,t(X?f) + fj,t(xj7t) — fj,t(Xj,t)} + L HXi,t — %

1 < . _ L _
<= > {Fiaxia) = Fia)} + Llxis — %l + - > % =%l (3.38)
j=1

=1

We use Assumption 2]to get both (3.24), (3.23). Now, from the definition of dynamic regret (3.2),

we get

3
3

T
Z {thX]t f]tXt }+_ZZ”XZt_XtH (339)

1
Reg% < -
i=1 t=1 j=1 =1 t=1

§I'—‘

We use Lemma[3.5.4]to bound the first term, and Lemma [3.5.3]to bound the second term in (3.39).

But first, we bound all the terms in the upper bounds in Lemma[3.5.3|and [3.5.4] using the step-sizes

in (3.33).

For a constantp < 1 and 7" € N

T T 1— 1—
1 1 TP -1 TP
Z—gH/ —dt=— " 11< : (3.40)
= 1 P L—=p L—p
Hence,
T T T
Tb Tl—a Tl—b
Z%+1 < —, Q1 < —a Zﬁtﬂ < = (3.41)
t=1 =1 t+1
1 1
—Dr(X],Xi,1) — Dr(xXp41,Xir11) < 2Kd((X)), (3.42)
Qo a7y
= (T +2)* <27, VT >2. (3.43)
(0% XS

Tt ’Yr+1

(B follows from Dr(-,") > 0, BT and L =2 < 2. Also, (L — -1+ §.1) > 0 follows
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from (3.33). Therefore, we ignore the last term in both (3.29) and (3.30). Also, substituting (3.28)

in the second term in (3.39), we get

T t-1

2030 iog (W)t (14 )
t=1 7=0 H T+l
2LG\/n thi ( oy " N oy T )
poo =\ (T 1) (T +1)ab
T t t+1—7 t+1—7
SN (P )
K t=1 =1 T T
2LG /o3 (W) — ( 1 1 )
— +F 3.44
i1 o)) 2 (o P G4

(3.45)

where in (3.44), we use the following inequality. Given a non-negative sequence {d;}, and 0 <

A < 1, it holds

T t T T—7 1
DD N T=Y G D N <) (3.46)

t=1 =1 t=1 7=0 t=1

Using (3.41)-(3.43), (3.45)), and Lemma 3.5.3] [3.5.4| we upper bound the dynamic regret (3.39) as

B T 2 Tl a
77 “ ~+ 2T Kd((X)) + 2KT"C}

+2KA((X)) + iL(fffjféV))) (1T_a + f ! ;b) (3.47)

Since a > b, for large enough T, T® dominates 7%, while, 7' ~*** will dominate 7",

To upper bound the fit, we use (3.41)-(3.43), and Lemma[3.5.4]

2

[Z gi,t(xi,t)]

1 GQ Tlfa Tlfb
—+ — 2FT + 2Kd((X
{2%+u1—a+2(1—b)}{ +2Ka(X)
B2 Tb G2 Tl a

2b+ 1—a

<4

+2T°Kd((X)) + 2KT"C5.} . (3.48)
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For large enough T, 7%~ dominates T', T%~¢, T?7%=% and T'*~°. Also, T'*%~* dominates 7. W

Remark. The dynamic regret Reg% is sublinear as long as the cumulative consecutive variations
of the dynamic comparators C7. is sublinear. This is the standard requirement for sublinearity of

dynamic regret [73, 156, [199].
Remark. A similar argument as above holds for (3.35)). As long as C7. is sublinear, we have

2

=o(T%). (3.49)

[,
OIS
=1 j=1

[Z 9it(Xj)

+

Note that (3.33) has ||[>"1_, gi+(x;.)]+ ||%, while fit (3:4) is defined with ||[>"1_, gis(x;.)]+||. How-

ever, for large enough 7', each of the constituent terms in (3.49) are o(72). Consequently, ||[>1_; gi(x;.)]+ 1> =

o(T),V i,j € [n]. Therefore, we get a sublinear fit

= o(T). (3.50)

el
SIS
i=1 " j=1

[Z Git (Xj,t)]

+

3.6 Conclusion

In this work, we considered a distributed OCO problem, with time-varying (potentially adversarial)
constraints. We proposed a distributed primal-dual mirror descent based approach, in which the
primal and dual updates are carried out locally at all the nodes. We utilized the challenging, but
more realistic metric of dynamic regret and fit. Without assuming the more restrictive Slater’s
conditions, we achieved sublinear regret and fit under mild, commonly used assumptions. To the
best of our knowledge, this is the first work to consider distributed OCO problem with non-coupled

local time-varying constraints, and achieve sublinear dynamic regret and fit.
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CHAPTER 4

DISTRIBUTED STOCHASTIC FIRST-ORDER

OPTIMIZATION: PR-SPIDER

41 Introduction

In this chapter, we study a distributed optimization problem in the worker-server architecture.
The worker nodes or machines are assumed have significant storage and computational resources.

Therefore, the server offloads some of its conventional tasks to these workers [[194].

41.1 Problem

The optimization problem we solve is as follows:

min f(x) £ £ 3" filx). @.1)

zcRd

where N is the number of worker nodes. The local function corresponding to node i, f;(x) is a

smooth, potentially non-convex function. We consider two variants of this problem.

* Finite-Sum Case: Each individual node function f; in (4.1) is an empirical mean of function
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values corresponding to n samples. Therefore, the problem is of the form

) Al N 1 n
min SO0 2 5 Dy 2, 06 ) @2

where ¢; denotes the j-th sample and f;(x, &;) is the cost corresponding to the j-th sample.

* Online Case: Each individual node function f; in (.I)) is an expected value. Hence, the

problem has the form

min f(x) 2 &3 Eeen fi(x:). (4.3)

zER4

where D; denotes the distribution of samples at the i-th node. Note that D; can be different

across different workers. This scenario is the popular federated learning [98] model.

Throughout the chapter, we assume that given a point y, each node can choose samples ¢ inde-
pendently, and the stochastic gradients of these sample functions are unbiased estimators of the
actual gradient. Finding the global minimizer of a nonconvex function is NP-hard in general [[133]].
Therefore, surrogate objectives are used in the literature to approximate the solution of the orig-
inal problem. One such objective is finding the stationary point (z such that V f(x) = 0) of the
objective function. An approximate stationary point or e-stationary point (¢ > 0) is defined as a
point x such that ||V f(x)||> < e. For stochastic algorithms, this definition is slightly modified
to E||Vf(x)||> < e. The expectation accounts for the randomness introduced by the stochastic
nature of the algorithms. The point x is referred to as a first-order stationary (FoS) point of (@.T]).
While solving a distributed optimization problem, another objective, in addition to minimizing
f, is to ensure that the individual local iterates at the nodes do not drift too far. Therefore, it
is appropriate to include a consensus error term in the global objective [170]. For this purpose,
we modify the definition of the FoS point and include a consensus error term in the definition as

follows.

Definition 4.1.1. -First-order stationary (e-FoS) point [170] Let {x;}, with x; € R? be the
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local iterates at N nodes and X = % vazl x;, then we define the e-FoS point X as

L? <N

EIVI®IF+5 2.,

E|x, — x|’ < e

Note that the expectation is over the stochasticity of the algorithm. All the results in this chapter

are in terms of convergence to an e-FoS point.

Note that Definition is a sufficient condition to ensure that E |V f (%)||* < e. The com-
plexity of the algorithm is measured in terms of the amount of computations done at the worker
nodes, and the communication between the worker and the server nodes. These notions are defined

more precisely next.

Definition 4.1.2. Computation Complexity: In the Incremental First-order Oracle (IFO) frame-
work [2]], given a sample £ at node ¢ and a point x, the oracle returns (f;(x; &), V fi(x;€)), i.e., the
function value and the gradient of the local stochastic function f;(; ) at x. Each access to the or-
acle is counted as a single IFO operation. The sample or computation complexity of the algorithm
is hence, the total (aggregated across all the workers) number of IFO operations to reach an e-FoS

solution.

Definition 4.1.3. Communication Complexity: In one round of communication between the
workers and the server, each worker sends its local vector € R¢ to the server, and receives an ag-
gregated vector of the same dimension in return. The communication complexity of the algorithm

is the number of such communication rounds required to reach an e-FoS solution.

4.1.2 Related Work

Past few years have seen a meteoric rise in the amount of research in distributed optimization
methods. Next, we review a sliver of the vast literature on this topic that is most relevant to the
work presented in this chapter. Since stochastic gradient descent (SGD) is the workhorse of the

modern Big-Data machinery, we begin with a quick review of the basic results using SGD.
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Stochastic Gradient Descent (SGD)

For nonconvex problems, to achieve an e-stationary solution, O(1/€*) IFO calls are required [62].
In the absence of additional assumptions, this bound cannot be improved [9]. However, with

additional assumptionsﬂ this bound can be improved using variance reduction methods.

Variance Reduction

For the sake of simplicity of the discussion in this section, we assume that all the samples in
the finite-sum problem (4.2)) or the online problem (4.3)) are available at a single node. To solve
this problem, gradient descent (GD) and SGD are the two classical approaches. Since GD entails
computing the full gradient (O(N X n) operations) at each iteration, for large values of N x n or
in situations where 7 is infinite (as in the online setting #.3))), SGD (with O(1) computations per
iteration) is the only viable option.

Empirically, SGD has been observed to have good performance initially, but its progress slows
down near the solution. One of the reasons behind this is the variance inherent in the stochastic
gradient estimator used. A number of variance reduction estimators, for example, SAGA [42] and
SVRG [90], have been proposed in the literature to ameliorate this problem. See [68] for a survey
of variance-reduction methods.

The IFO complexity required for finite-sum problems was first improved to O((Nn)?3¢~!) in
[146, 8], and then further improved to O((Nn)'/2¢7!) in [52, SPIDER], [187], [208, SNVRG],
[141, SARAH]. Moreover, it is proved in [52] that O((Nn)'/2¢7!) is the optimal complexity for
problems where N x n < O(e™?). Similarly, for online problems, variance reduction methods first
improved upon SGD to achieve the IFO complexity of O(e=°/3) [106], which was again improved
to O(e~3/?) [52, SPIDER], [187]. It was shown in [9] that the IFO complexity of O(e%/2) is
optimal for online problems.

All these methods achieve variance reduction by periodically computing high-precision gra-

!For example, smoothness of individual stochastic functions {f;(+; &;}) in (@2), @3), rather than just smoothness
of the overall objective function. We shall use a slightly weaker assumption in our work (Assumption E[)
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dient estimators using large batches of samples. In contrast, some recent works [38] [138] use
adaptive gradient methods to achieve variance reduction. These methods, which derive motivation
from popular adaptive methods like Adam [97], Adagrad [49], etc. do not require computation of

large-batch gradient estimates. All the complexity results we just discussed, are summarized in

Table .11

Algorithm IFO complexity

GD [136] O (Nn/e)

SGD [62] 0(1/&)

SVRG [146] O (2
SCSG [106] O (min { @221
SPIDER/SNVRG [52,208] | O (min { &2 1

STORM [38] O ()

Table 4.1: IFO complexity of different algorithms to reach an e-stationary point, for the stochastic smooth
non-convex optimization problem. O(-) hides logarithmic factors.

Distributed Stochastic Gradient Descent (SGD)

There is a vast and ever-growing body of literature on distributed SGD. However, here we limit
our discussion almost exclusively to work in nonconvex optimization. A classical method to solve
(4.1) is Parallel Mini-batch SGD [44], [107]]. In each iteration, all the workers, in parallel, carry
a stochastic gradient update, and send their updated iterate to the server. The server aggregates
these, and broadcasts the average back to the workers. The workers and the server repeat the
same processE] The approach achieves an e-FoS point, with a linear speedup with the number of
workers. This is because the total IFO complexity O(e~2) is independent of the number of workers
N. Hence each node only computes O(%e”) gradients.

The exchange of gradients and iterates between the workers and the server at each itera-
tion results in a significant communication requirement, leading to communication complexity of

O(%E_Q). To alleviate the communication cost, several approaches have recently been proposed.

2 Alternatively, the worker nodes might send their local gradient estimators to the server.
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These include communicating compressed gradients to the server, as in quantized SGD [189, 7] or
sparsified SGD [48! |6]. The motivation behind these is to reduce the communication cost, while
not significantly affecting the convergence rate. The number of communication rounds, however,
still remains the same.

Model Averaging: To cut back on the communication costs, the nodes might decide to make
the communication and the subsequent averaging infrequent. The resulting class of algorithms is
referred to as Parallel Restarted SGD or local SGD. The IFO complexity is still O(e~?). How-
ever, savings on communication costs are demonstrated.

The entire algorithm is divided into rounds, each spanning [ iterations. Within each round, all
the N nodes run [ steps of SGD locally and in parallel. At the end of each round, the worker
send their updated iterates to the server. The server returns the average of these local iterates to
the workers. The workers restart their local iterations in the next round from this common point.
Hence the name Parallel Restarted SGD.

In [203]], the proposed approach achieves communication savings using model averaging. Fur-
ther reduction in the communication requirement is achieved in [201], by adding momentum to the
vanilla SGD run locally at the nodes. The communication cost is again improved in [200]], where
the authors used dynamic batch sizes. For non-convex functions satisfying the Polyak-Lojasiewicz
(PL) condition, linear speedup is achieved using only O(log(e™!)) communication rounds. And
for general nonconvex problems, linear speedup is achieved, while using O(e ! log(N~te71)) =
O(e™) communication rounds (O(-) subsumes logarithmic factors).

Other approaches based on infrequent averaging include LAG [29]], in which at every iteration,
fresh gradients are requested only from a subset of the workers. However, the approach has only
been explored in the deterministic setting. In [[14], communication compression (quantization and
sparsification) is incorporated into local SGD to further enhance communication savings. In [70],
redundancy is introduced in the training data to achieve communication savings. The authors of
[114] provide a comprehensive empirical study of distributed SGD, with focus on communication

efficiency and generalization performance.
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Work D?c;mlr)n ung:ltl;l;)j IFO Complexity
[44] |O(%=)| NA
R03f] | O () | O (57)
B71 | 0(%) o

\ 6 O (2)
2011 | O(%) | O(=» ¢
2001 | O(%) NA
[149] 0 (=7) NA
7| o(Y) | o()
O3 | 0(4=) | O(=) | O()
B0l | 0(:) | 0(3) | 0(5s)
Ourwork | O(1) | O(1) [min{¥2 1}

Table 4.2: Communication and computation complexities of different algorithms to reach an e-FoS point,
for the stochastic smooth non-convex optimization problem.

Federated Learning

Federated Learning (FL) [98]] is a recently proposed edge-computing paradigm, that works under
the same worker-server architecture we consider in this chapter. However, the number of work-
ers/clients is typically very large. Therefore, rather than communicating with every worker node
in each communication round, the server selects a small subset of the workers in each round, and
only communicates with them [109]. This sampling of workers is what distinguishes FL from our
work. We next outline some of the work in this direction which resembles ours.

After the seminal work in [123], a number of works have appeared which prove convergence
of FL under different settings. In FedPAQ [149], the authors incorporated quantization into the
worker-server communication, achieving IFO complexity of O(1/€?), with communication cost
of O(1/(N+/e€)). Data heterogeneity is incorporated in [71]. Recently, adaptive gradient methods
have been incorporated into the FL paradigm. In [40], the authors proposed an extension of the
STORM [38]] algorithm to FL. The workers compress the messages sent to the server, and the server
samples only a subset of clients in each round. The IFO complexity achieved is optimal O(1/¢!-%),

with O(1/€e*%) rounds of communication required. In [93]], the same guarantees are achieved,

3The approach in [203] requires the additional assumption that the gradients have bounded second moments.
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but under the requirement of all the workers being sampled in each round. Table 4.2 contains a
comparison of the IFO and comunication complexities of some of the methods in the preceding
discussion, with our proposed approach. D; denotes the distribution of data at node i ((4.3])). Note
that not all approaches are applicable to the more general setting where the distributions at different

nodes are non-identical.

Distributed Stochastic Variance Reduction Methods

The existing literature on distributed variance-reduction methods is almost exclusively focused
on convex and strongly convex problems. Empirically, these methods have been shown to be
promising [148, AIDE]. Single node SVRG requires gradient estimators at each iteration to be
unbiased. This is a major challenge for distributed variants of SVRG. The existing approaches try
to bypass this by simulating sampling extra data [105], [160, DANE], [183]]. To the best of our

knowledge, [27] is the only work that avoids this additional sampling.

4.1.3 Owur Contributions

In this chapter, we propose a distributed variant of the SPIDER algorithm, Parallel Restarted SPI-
DER (PR-SPIDER), to solve the non-convex optimization problem (4.I)). Note that PR-SPIDER
is a non-trivial extension of both SPIDER and parallel-restarted SGD. This is because we need to
optimize both communication and computation complexities. Averaging at every step, or too of-
ten, negatively impacts the communication savings. Too infrequent averaging leads to error terms

building up as we see in the analysis, which has adverse impact on convergence.

* For the online setting (4.3)), our proposed approach achieves the optimal overall (aggregated
across nodes) IFO complexity of O (ea% + "—62) This result improves the long-standing
best known result of O(c2e~2), while also achieving the linear speedup achieved in the
existing literature. The communication complexity achieved O(e!) is also the best known
in the literature. To the best of our knowledge, the only other work to achieve the same

communication complexity is [200]].
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* For the finite-sum problem (4.2)), our proposed approach achieves the overall IFO complexity
of O(v/ Nne™!). For problems where N x n < O(e?), this is the optimal result one can
achieve, even if all the NV x n functions are available at a single location [52]]. At the same

time, we also achieve the best known communication complexity O(e™!).

* Compared to several existing approaches which require the samples across nodes to follow
the same distribution, our approach is more general in the sense that the data distribution

across nodes may be different (the federated learning problem [98]]).

4.1.4 Notations and Assumptions

Given a positive integer N, the set {1, ..., N} is denoted by the shorthand [1 : N]. || - || denotes the
vector /5 norm. Boldface letters are used to denote vectors. We use = A y to denote the minimum
of two numbers z,y € R.

Following assumptions hold for the rest of the chapter.

Assumption 1. Lipschitz-ness: All the functions are mean-squared L—smoothf_f]

Ee|Vf(x:§) = VIO < L?[x - y|* Vx,y € R.

Assumption 2. All the nodes begin the algorithm from the same starting point x°.

Assumption 3. Unbiasedness: All the stochastic gradients are unbiased, i.e., E¢V fi(x; &) = V f;(x),
Vie[l: N,Vx.
In the next section, we discuss our approach to solve the finite-sum problem (4.2). We propose

PR-SPIDER, a distributed, parallel variant of the SPIDER algorithm [52, [187], followed by its

convergence analysis.

4This assumption might seem stringent. However, we can always choose L as the maximum Lipschitz constant
corresponding to all the functions across all the nodes.
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4,2 Parallel Restarted SPIDER - Finite Sum Case

We consider a network of /N worker nodes connected to a server node. The objective is to solve
(#.2). Note that the number of sample functions at different nodes i # j, for i, € [1 : NJ, can
be non-uniform, i.e., n; # n;. However, to ease the notational burden slightly, we assume n; = n,

Vjel[l: N

4.21 Proposed Algorithm

The proposed algorithm is inspired by the recently proposed SPIDER algorithm [52, [187] for
single-node stochastic nonconvex optimization. Like numerous variance-reduced approaches pro-

posed in the literature, our algorithm also proceeds in epochs.

Algorithm 5 PR-SPIDER - Finite Sum Case

1: Input: Initial iterate x,, = x°, v, = Vf(x°)Vie [1: N]
2: fors=0to S —1do
3 x{gt=x;,,Vie[l:N]

zm7

4: Vf;;l—vlm,‘v’iE[ N]

s x =xip - i

6: fort=1tom —1 do

7: Compute v;7', using @4) Vi € [1: N]
8: if t mod I = 0 then

. +1 +1 4 1 N +1

9: Xj, =% =5 ot x;;,Vi€e[l:N]|

1 14 1

10: Vit =9t :NZJ Vit Vi€e [l N]
11: end if
12: X\ =% =i Vie[l: N
13: end for
14: if s <S5 —1then

. = +1
15: f:l NZ] 1 jm
16: x;h = xs+1 Vie[l:N|

1
17: Si 2133 1vf]( . ) Vf( S—H)
S

18: Vig =Vt Viell: N]
19: end if
20: end for
21: Return

At the beginning of each epoch, each worker node has access to the same iterate, and the full
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gradient V f(-) computed at this value. These are used to compute the first iterate of the epoch
ijl, Vi € [1: NJ. This is followed by the inner loop (step E . At iteration ¢ in s-th epoch, the

worker nodes first compute an estimator of the gradient, Vf}j{l as follows (step .

Vir = vVieh VAT B = VG B, (4.4)

it

where V fi(x{T" B! = + D censt Vfi(xith:€), and |BifY| = B,V i,t,s. This estimator is
’ i, )

it ) it )

s+1

computed iteratively, using the previous estimate v;;;, the current iterate x5t

it o

and the previous

iterate xff_ll The sample set ijl of size B is picked uniformly randomly at each node, and inde-

pendent of the other nodes. Such an estimator has been proposed in the literature for single-node
stochastic nonconvex optimization [52} [187, 138} [140]], and has even been proved to be optimal in
certain regimes.

Using the gradient estimator, the worker node computes the next iterate Xf’ﬁl. This process is
repeated m — 1 times. Once every [ iterations of the inner loop (whenever t mod / = 0), the nodes

st veHIIN | to the server node. The server, in

send their local iterates and gradient estimators {x
turn, computes their averages and returns the averages {X;™, v:*'} to all the nodes (steps 8111}
The next iteration at each node proceeds using this iterate and direction.

At the end of the inner loop (¢ = m), all the worker nodes send their local iterates {x;/ '}V
to the server. The server computes the model average X", and returns it to all the workers (steps
[15]16). The workers compute the full gradient of their respective functions {V f;(x5 )}V, at
this point, and send it to the server. The server averages these, and returns this average (which is
essentially V f(x5+1)) to the worker nodes (steps . Consequently, all the worker nodes start

the next epoch at the same point, and along the same descent direction. This “restart” of the local

computation is along the lines of Parallel-Restarted SGD [[166, 203]].
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4.2.2 Convergence Result

Theorem 4.2.1. For the finite-sum problem under Assumptions [I| 3 for small enough step size

0<’7<81L’

XfﬂH? < 2 (f(XO) - f*)‘

mln EHVf S+1 H + — Z:IEZHXSJrl T

4.5)

The above result now can be directly used to compute the bounds on the sample complexity
(see Definition 4.1.2)) and the communication complexity (see Definition f.1.3) of the proposed
algorithm PR-SPIDER for the finite sum problem (4.2).

Computation and Communication Complexity

Based on Theorem |4.2.1, we can bound the computation (IFO) and communication complexity

(Definition 4.1.2) 4.1.3)) of Algorithm 5]

Corollary 1. To reach an e-FoS point (Definition §.1.1)), the IFO complexity is bounded as

@) <m) for N x n < O(e7?).

€

The communication complexity (the number of communication rounds) is bounded as
o(3).
€
PROOF: Given (4.5)), at an e-FoS point, the total number of iterations 7" must satisfy
=€ = [=—""=— (4.6)

for constants C', I. Choose the number of iterations per epoch m = Iv/Nn, and the per-iteration
mini-batch size (see @.4)) B = %, /- Recall that once every epoch, all the N nodes compute

their full gradients (line Algorithm [5). Also, in every inner iteration of each epoch, each
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node computes two stochastic gradients, each with mini-batch B (line [7). Consequently, the IFO

complexity is bounded as

N x ([Z-‘ -n+T-QB) < N x ((g+1)n+g23)
m me €
< N x (g (ﬁ+23>+n)
€ \m

- (M) for N x n < O(e?).

€

Since communication happens once every [ iterations, the number of communication rounds is

bounded using @) as [L] <1+ <=0 (1). |

Remark. (Optimality and Linear Speedup)

o This is the optimal sample (IFO complexity achievable for N x n < O(e~?) (see [52] for

the single node result).

* Given the total IFO cost in Corollary (1, each of the N nodes needs to compute O (£,/%)
stochastic gradients, % the total number of stochastic gradients needed. Hence, increasing

the number of nodes speeds up the algorithm linearly in N.

Next, we present the proof of Theorem#.2.1]

4.2.3 Convergence Analysis

We first give a brief outline of the reasoning behind the proof. If we were to run our algorithm in a

single node setting (N = 1), with the update equation xfill = xi T —yviT! the only source of error
would be the mismatch between the gradient estimate v; ™' and the actual gradient V f(x{*'). With
N > 1 nodes, where each node only has access to part of the objective function, two additional

sources of error need to be accounted for.

s+1

« Mismatch between local iterates S | Ellx:Tt — =512

]
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« Mismatch between the local gradient estimators 3 | E|[vi ! — vi |2

As we shall see, effectively bounding the errors arising from these three sources requires periodic
averaging of both the iterates and the local gradient estimators (lines[9] [I0]), and will form a crucial
part of our analysis.

We begin with the L-smoothness of f (Assumption|[I)). Averaging the local iterate updates (line

12), we get X771 = x;*! — yv; ™. Consequently,

2L
Ef (%) SEf (557) —1E(VS (57), 97 + S2Elo

oS ,y S S
=Ef (") = EIV/ (&) I° =5 21— Ly)E|lv; |
’}/ S —8
SEIVE (=) = v, (4.7)
where we use (a, b) = H“”QJ“”b”;_”a_b”Q. The last term in quantifies the difference between

the gradient of f at the average iterate and the average of local descent directions. Next, we bound

this term. We assume ¢ > 0 (for t = 0, E||Vf(x5t) — v = 0).

o1

]EHVf( s+1) _\—,erl”Z S ~

N 2
| 1EHX3+1 _fHH +2E’
1=

\_’tSJrl Z sz fjl H

(4.8)

where (@.8) follow from E|| Y7 | Xi||? < n)_ ;" E||X;||* and the mean-squared L-smoothness
(Assumption [I). The first term in (4.8) is the consensus error of local iterates, while the second
term is the gradient error. In the following two lemmas, we bound both these errors.

Gradient Estimate Error

First, we bound the error in the average (across nodes) gradient estimator.

Lemma 4.2.2. For 0 <t < m,0 < s < S — 1, the sequence of iterates {XS+1 it and {VSJrl it
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generated by Algorithm 5] satisfies

_s+1 vaz s—|—1 <E —s+1 vaz s+l

Es+1

N2B ZEH fﬁl—xffH (*9)
1=1

PROOF: We have relegated the proof to Appendix [A.3.1] However, a few comments are in order.
Due to the recursive nature of the gradient estimator in (4.4), we can express the average gradient

estimator at time ¢, v in terms of the average estimator at time ¢ — 1, vf*ll,

S S 1 N S S 8 S
Vi et Y VAR EL) - VAL B @10

This process is repeated recursively. Owing to the computation of full-gradients and the subsequent
averaging at the start of each epoch (lines [I7H18), we can bound the error accumulation in the
average gradient estimator in terms of the corresponding error at the beginning of the epoch, and

the average cumulative difference of the consecutive local iterates (second term in (4.9)). |

Remark. In the bound in Lemmal4.2.2] we define the first term as Ej3 . Note that by Algorithm

(for finite-sum problems),

N . .
Vot = N Zl . farl = Zi:l Vim = Vo (steps [} [I8]in Algorithm [3])
=3 Z._l Vi (x5,) (steps [T3}{T7)in Algorithm5)

1 N oS . .
=N Zi:l Vi (xjf)l) (step[3]in Algorithm [5)

Therefore, Eg“ = 0, Vs. However, we retain it (as in [[170]]), as it shall be needed in the analysis

of online problems.
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Network Disagreements Errors

Next, we bound the network disagreements of the local estimates relative to global averages. There
are two such error terms, corresponding to: 1) the local gradient estimators, and 2) the local iterates.

For this purpose, we first define

argmax; {j | j < /¢,jmod I =0} if¢{mod #0
T(l) = 4.11)

14 otherwise.

Note that, 7(¢) is the largest iteration index smaller than (or equal to) ¢, which is a multiple of

I. Basically, looking back from ¢, 7(¢) is the latest time index when averaging happened in the

current epoch (steps [OH10).

Lemma 4.2.3. Given 0 < { < m, a > 0,0 > 0,0 > 0 such that 0 = § + 8y*L*(1 + %) For

Cmod I # 0,
-1
ZEHVSH Vit |* < sy NLE( 1+ ) > @+ o) T HE vt (4.12)
j=7(f)
-1

(1+ ) E[vit — w5 F 413)

Mz

ZEHXs“ | < (14 1) 7

=1 j=7(£)+1
Iftmod I =0, E|lvii' =i (PP = S0 Ellx;y' — x| =0
PROOF: See Appendix[A.3.2] |

Remark. Following a similar reasoning as in Lemma [{.2.2] we use the recursive nature of the

gradient estimator (4.10) to bound the network error at time ¢

N
Zi E”Vs—H Vf+1||2

in terms of the corresponding error at time ¢ — 1. Owing to the periodic averaging of local {VSJrl

estimates every [ iterations (line [T0), this error build-up over time is limited. More precisely, in
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the absence of within-epoch averaging, the sum over time in (4.12)) would start at j = 0, rather
than j = 7(¢), leading to a greater error.

Remark. Using an analogous reasoning, we bound the network error corresponding to local iterates

at time ¢
Z EHX3+1 7§+1l|2

in terms of the corresponding error at time ¢ — 1. Here, we see the need for periodic averaging of

local iterates {x;]"'}; estimates every [ iterations (line @)

Now, substituting the bound derived in Lemma in (@.8)), we get

E ||Vf s+1) . ‘75+1H2

or2 N L
ZEHXSH if“|\2+2E5+1+ fﬁl_xﬁlH
i=1 £=0
4 272 N -1 or2
< g 22 (B - w T+ Bl + 7 LBl - it |F 4 2t
=1 ¢=0 i=1

(4.14)

Using the upper bounds on the two network error terms from Lemma[4.2.3|in (4.14)), we get

s s 2 4’)/ L2 _ i )
EHVf( +1) —VtﬂH < NZE’ - +2E "
2 . ¥ 1 — . 2
- (1 5)0 Y ) NI (14 5) Y (14 0) R |v
{=7(t)+1 =0
422 2 (-1 | )
EN:; 28 NLA(1+5) (1+9)€_1‘J]E‘\7j+1u . “.15)

j=7(£)

Remark. Again, note that in the last two terms in (4.13), in the absence of any averaging within
an epoch, the summation Zﬁi(z)(l + 0)"'IE||v; || would instead start from j = 0, leading
to greater error. To check this rapid error build-up, we introduced within-epoch averaging every [

iterations (steps [OHIO) in Algorithm [5]
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We substitute this upper bound in to derive the following descent lemma on function values.

Descent over one epoch

Lemma 4.2.4. In each epoch s € [1, 5],

m—1 m—1

Bf (1) < BS(&7) = 5 DEIVS () [P - 1 - L) Do E[le
=0 t=0
m—1 2 [ 64 5L4m 273L2m 256”)/5[/4
+ Elvst! [ v . 1 . “.16)
ZO ! N B)? NB 54

PROOF: Substituting the upper bound (@.15)) in (4.7)) we get

Ef (x11)
<Ef<5“> zEHVf(fcf“)H — (1= LyE[w |+ J2E

12 &l

~

-1

’7 —1—j =8 S
+35 N 28 *NL*(1 FT(((H@)@ i s +5 NQBNZEHv;lH
+Z£ (1+ l) ? i (1+a) '8y’ NL* (1 + 1) § (1+60) " E| vt
2 N o)’ 7 4]
L=7(t)+1 j=7(£)
=Ef (x") — gB| VS &) | - 50— LnEl|v | + 8
574 t—1 —
g §ZEZLWE”E”” WL S
{=0 j=71(0) =0
1 1 t—1 /-1 ‘ 9
+8°L! (1 - E) (1 + 5) Y +a)T > 1+ 0) T E|v (4.17)

L=7(t)+1 j=T7(¢)

2
Vol = % T Vi (%35

Note that, as discussed earlier, for finite sum problems, £+ =

0. Further, summing overt =0,...,m — 1, we get

m—1 m—1

Ef (1) <Bf (557) - 3 B[V (&) P~ 30— ) Y E[lw
t=0 —0



2
+

92

273[12 m—1 _
NB ZZEHWHHQ
t=0

m— t—1 -1
+8y°L* (1 + é) (1+ %) ST A+a) A+ ) TR @a8)

t=0 ¢=7(t)+1 j=7(¢)

Substituting the algebraic upper bounds derived in Lemmas [A.3.1] |A.3.2] and |A.3.3] we get the

result of Lemma4.2.4]

Lemma[.2.4] quantifies the decay in function value across one epoch. Clearly, the extent of decay

depends on the precise values of algorithm parameters v, §, B, m.

Proof of Theorem

Rearranging the terms in (4.16),

m—1 474 272
> 89s ) [+ (12— [P g

PSS e

N B§? NB
(Ef( S —Ef (x5) - (4.19)
Further, summing across all epochs s = 0, ..., 5 — 1, and dividing by 7', we get
15 = ) 128v4L4m  492L%m 5124414 2
> [BIvs () I+ (1 [P e ) EIN
2 - 2
= s+1 s+1 - = = S+1
STVH(E“ ) ~Ef (&) = 7 (B () ~Bf (%,7))
0
2006~ £)

(4.20)

where f, = min, f(z). Note that in (4.20), for small enough, but constant step size vy, we can

ensure that

1—Lvy—

128y LAm 442 L*m n 512414

>

N B§? NB 94

1
> 4.21)
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In Appendix [A.3.4, we see that v = 77 which satisfies (#.21). Further, note that

Hlln

EHVf s+1 ” + = ZEHXSH —s+1H2]
4.22)

EHVf s+1 ” + = ZEHXSH Xf+1H2]

We can upper bound the second term in the right hand side of (#.22)) as follows.

1 S—1m—1 1 N . " e
fZZNZ szt t ||
s=0 t=0 i=1
1 S—1m—1 1, ) 1 1 il ) — —1—j s+1]|2
SFE Y pere ) (161) ¥ ara Y asar e
s=0 t=0 e=7(t)+1 Jj=T(¢)
(4.23)
S—1m—1
2567 L*1 ZZE” fHH (4.24)
s=0 t=0
11 S—1m—
<13 Sepef @29
s=0 t=0

where, (4.23)) follows from the two inequalities in Lemma.2.3} (4.24)) follows from Lemma[A.3.3}
(@.25) follows from (@.21)). Replacing (4.25)) in (4.22), we get

HllIl EHVf s+1 H +NZE||XS+1 >—(§+1H2]

1 S—1m—1 s+1 .

< IS5 [elvs el + Le e
s=0 t=0

1 S—1m—1

- ]E s+1
ST E[vr x|

128v*L*m  4y2L*m 5129414 s
i (1_L7_ [ NBe2 T NB & DEHWHH (420

_206) — £)

< T (4.27)

Here, (4.26)) follows from the choice of ~ that satisfies (#.21)), and follows from (4.20).
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Remark. Tt follows from (#.6) that for large enough T, Algorithm || returns an e-FoS point X5
Further, it follows from Theorem that all the local iterates {xffl}l are within O(4/€)-radius

neighborhood of this point. So, we also achieve consensus across nodes.

In the next section, we solve the online variant of the problem (4.3). The algorithm proposed,

and the accompanying convergence analysis builds upon the finite-sum approach.

4.3 Parallel Restarted SPIDER - Online Case

We consider a network of N worker nodes connected to a server node. The objective is to solve
(#.3). Note that the distribution of samples at different nodes can potentially be different, i.e.,

Dz’ #Dj,fOI'Z' 7£j

4.3.1 Proposed Algorithm

The pseudo-code of the approach is given in Algorithm[6] In the following, we only highlight the
steps which are different from Algorithm [5| The proposed algorithm is pretty much the same as
Algorithm [5] except a few changes to account for the fact that for problem (#.3)), exact gradients
can never be computed. Hence full gradient computations are replaced by batch stochastic gradient
computation, where the batches are of size n;,. Again, batch sizes across nodes can be non-uniform.
However, we avoid doing so for the sake of simpler notations.

At the end of the inner loop (t = m), first the local iterates are averaged and returned to the
workers (steps [I516)). Next, the workers compute batch stochastic gradients of their respective
functions {;-- 3", Vf; (&)}, at the common point X;1", and send these to the server. The
server averages these, and returns this average v:I! to the worker nodes (steps . As in

Algorithm [5] all the worker nodes start the next epoch at the same point, and along the same

descent direction. However, unlike Algorithm 5] this direction is not V f(x51).
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Algorithm 6 PR-SPIDER - Online Case

1: Input: Initial iterate x{,, = x°, v}, = + z] L e, VI (%), Vi€ [L: N
2: fors=0to S — 1do
3 x=x5,,,Vie[l:N]
4: vigt=vi, ,Vie[l:N]
s ox =xg - v
6: fort=1tom —1 do
7: Compute v;;', using @4) Vi € [1: N]
8: if t mod I =0 then
9: Xt =xit 2 NZ] XL Vie[l:N]
10: vifl=vit' £ & ZJ Vi Vie [l N]
11: end if
12: Xt =xt =it Vie [1: N]
13: end for
14: if s < S — 1 then
oS _ s+1
15: XJl—NZJ X5
16: X =% v e 1: N]
S _ s+1.
17: Vm+1 N Zz 17 Zgz ( zerm z)
18: vitl=viH Vie[l:N]
19: end if
20: end for
21: Return
Assumption 4. Bounded Variance: There exists constant ¢ such that
Ee|[Vfi (x:€) = Vf(x)|* <o® Viell:N]. (4.28)

settings where local data at different nodes follows heterogeneous distributions.

4.3.2 Convergence Result

See [41] for a discussion on the necessity of such bounded gradient dissimilarity assumption in

Theorem 4.3.1. For the online problem (4.3) with N nodes, under Assumptions for small

enough step size 0 < v <

8]L’

mm E[|Vf () |* + ZEHXSH <12 | < 2(f(x°) — fo) i
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where ny, is the large batch-size used for gradient estimators at the start of each epoch (line[I7]in

Algorithm|6)).

Remark. Note that, in comparison to Theorem#.2.1] in Theorem [4.3.1| we have an additional term

202

Nny?

in Algorithm [6).

which accounts for the variance of the gradients computed at the start of each epoch (line

Based on Theorem 4.3.1] we can bound the computation (IFO) and communication complexity
of Algorithm [6]
Sample and Communication Complexity

Corollary 2. To reach an e-FoS point (Definition 4. 1.1)), the IFO complexity is bounded as

o 0'2

The communication complexity (the number of communication rounds) is bounded as

o)

PROOF: Given (4.29), to reach an e-FoS point (Definition @.1.1)), a sufficient condition for the

total number of iterations 7" and batch-size n; (for gradient estimators at the start of each epoch -

line [I7]in Algorithm [6)) is

2(f(x") —f) _ € 20% €
- A = - 4.30
T 2 Nny 2 ( )
Consequently, 7', n;, satisfy
2 0 — £, cl 40
T — M - and ny = ij 4.31)
ve € Ne

for constants C', I. As in Section choosing m = I\/Nny,, B = %w /=, the IFO complexity is
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bounded as

T I I
N x ([—-‘ -nb+T~ZB) < N X ((C——l—l) nb+O—2B)
m me €
cl
< N x <—-(@+B)+nb)
€ m
o o2
Since communication happens once every [ iterations, the communication complexity is (ﬁ <

1+£=0(%). |

Remark. (Optimality and Linear Speedup). As shown in [9]], O(e=3/2) is the optimal sample com-
plexity for online problems. As stated in Section[4.2] we achieve linear speedup in the number of
nodes V.

Remark. 1t follows from (4.30) that for Algorithm [6]to reach an e-FoS point, in addition to 7" being

L

large (as in the finite sample case), we also need n, = O(

). In other words, since computing the
full gradients is infeasible in online problems (4.3)), the nodes instead need to compute large-batch

gradients once every epoch.

4.3.3 Convergence Analysis

The convergence analysis for online problems follows closely the analysis in Section
The difference arises because here, at the start of each epoch, we cannot compute the full gradient
of the local functions. Instead we compute stochastic gradients using large batch-sizes n;, (see line
in Algorithm[6)). Therefore, we need to bound the departure of the gradient estimator from the
actual gradients at the start of an epoch. Incorporating this additional factor, the remaining analysis

follows similarly as in Section
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Gradient Estimate Error att =0

Lemma 4.3.2. For 0 < s < S — 1, the sequences of iterates {x}}'};, and {fo it generated by

Algorithm 5 satisfy

0_2

x4 H <7 (4.32)

—s+1
0 Nnb

By —E|v

HMZ

PROOF: We have from the definition of Ej**

B3 —E|

—s+1 1 Y s+1 2
Vo _szfi (%74 )H
i=1

N
1 L1 2
=E|| > YV (ki) - § VI (i) || (steps B [HTSin Algorithm B)
i=1 &

:%iﬁuiz{m@%%) o5 bt} | 439
> B v i) - v o) [ @34)
g;—;. (4.35)

(#@.33) follows since for i # j

E<Z{Vﬁ(x%%) VA (5} AT (5'56) - Vfg(s“)}>

&

(B3 (9 c556) - T4 51} B (76 65) -9 i} =0
&

This is because, given XSJrl = X, ., the samples at each node are picked uniformly randomly, and
independent of other nodes. (4.34) follows since samples at any node are also picked independent

of each other. Therefore, for any two distinct samples &; # (,

E <sz‘ (Xf,J(Sl;fi) -V (X%l) ,Vfi (X%l; Cz‘) - Vfi (xf,31)>
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=E(E,V/fi (x0%&) — Vi (x50 B, Vi (x5 ¢G) — Vi (x55)) = 0.

Finally, (4.35) follows from Assumption 4} [

Remark. Recall that we mentioned E;™ in Lemma 4.2.2] even though it was zero for finite-sum
problems. We can utilize the bound in Lemma [4.2.2] incorporating 5™ from Lemma [4.3.2]

Lemma m holds true as it is, since it depends only on periodic averaging of iterates {XSJrl it

s+1

and gradient estimators {v i+ every [ iterations.

Next we state the descent lemma for the online case.

Descent over one epoch

Using Lemma.2.2] Lemma4.2.3]and Lemma4.3.2] we can bound the expected decay in function

value over one epoch.

Lemma 4.3.3. In each epoch s € [1, 5],

m—1 m—1
Ef (x71) <Ef (%) - g V(x| - 1 —L1y) S E|viH
t=0 t=0
mol 2 [64~5 L4 9~3 ]2 2565 4 2
—s+1 8 m i m Y Yo m
+;E’ ; { e+ e }Jr N (430
PROOF: Substituting (4.33) in and summing overt =0,...,m— 1, we get
v m—1 ) ~ m—1 )
B/ () <BF () - 2 SO BNV () IF - 20— 1) S Bl
=0 =0
16’)/5[/4 1 m—1t-1 (-1 o a2 2,}/3[/ m—1 t—1 X
(1+3) (1+0) B vy |+ E |||
NB g t=0 =0 j=7(¢) ’ NB t=0 (=0 ‘
1 m—1 t-1 /-1
+89°L" (1 + —) (1+5) (1+a) 1+ ) E || vt
t=0 ¢=7(t)+1 j=7(¢)
2
+ = (4.37)
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(@.37) is the same as (@.18) except the additional last term in (@.37). Therefore, again using the
upper bounds derived in Lemmas[A.3.1] [A.3.2]and [A.3.3]in .37), we get (4.30). |

Note that ;LZ” is the only extra term compared to Lemma 4.2.4] Therefore, given Lemma

4.3.3] the proof of Theorem[{.3.T]is a straightforward extension of the proof in the finite-sum case.

Proof of Theorem

Rearranging the terms in (4.36), and summing over epoch index s, analogous to (4.20) we get

S—1m—1

1 =S 128’)/4[/4 4'72[42771, 512’}/4L4
To 5 [EHW I +<1_ [ NB#? NB T s DEH HM
< 9 571 . S+1 . - 9 5212
< 7y 2 (BF (67) —BF (<) + ﬂz s
— i %0 S+1 2;‘2
"y () 8
= 2<f(XTO>7 f*) Nnb' (4.38)

As in the finite-sum case, for small enough step size v, (#.21) holds. Again, in Appendix [A.3.4]

we see a possible choice of 7. Consequently, we have

win [E V7 (57 + 5 30 B it - x|

S—1m—1
1
<7 > {EHVf %) || + IEH 8+1|12] (4.39)
s=0 t=0
2(f(x") = f.) | 20°
< 4.40
< T + N (4.40)

where, [#.39) follows from (4.23)). (#.40) follows from the choice of 7 in @.21)) and from (4.38).

Remark. It follows from (.30) that for large enough 7" and ny, Algorithm|[6|returns an e-FoS point
x; ™. Further, it follows from (#40) that all the local iterates {x;'}; are within O(/€)-radius

neighborhood of this point. So, we also achieve consensus across nodes.
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4.4 Simulation Results

In this section, we describe the experiments we conducted to supplement our theoretical results.
We conducted image classification tasks on the MNIST [104] and CIFAR10 [100] datasets. For
MNIST, we trained a shallow convolutional neural network (CNN), while for CIFAR10, we trained
the Resnet20 architecture [78]]. Our experiments were conducted on a cluster of 8 NVIDIA Quadro
RTX 5000 GPUs. The algorithms are implemented in PyTorch 1.0. We use Open MPI library to
communicate between GPU nodes.

Data partitioning: The complete dataset is partitioned into 8 disjoint sets, locally available to
the 8 GPU nodes. This is in contrast to the standard implementations [203, 201]] where each node
is assumed to have access to the entire dataset. In our implementation, the each node never gets to
access the samples present at the other nodes. This makes the training process more challenging,
even more so when the communication is infrequent.

For the MNIST dataset, we trained a CNN using local batch-size of 50, with learning rate of
0.005. To compare the impact of infrequent communication (! > 1) between the workers and
server, we compare the performance for I € {1,4,8,16,32}. Note that for I = 1, the nodes
communicate with the server at each iteration. This is equivalent to running the SPIDER algo-
rithm [S2], with its optimal convergence guarantees. We compare the training loss (Figure 4.1a)
and the test accuracy (Figure [4.1b) for different values of /. To make the benefits of infrequent
communication more explicit, we have plotted wall clock time (in seconds) of the algorithm on the
x-axis. Each epoch of the algorithm entails going through the data twice, once in the inner loop,
and second while computing the full gradient. Higher values of [ result in roughly 15% faster run
time, without much loss in performance. The inset plots in both figures show the speedup in the
algorithm, as [ increases, for achieving the same test accuracy of loss function value.

For the CIFAR-10 dataset, we used local batch-size of 250, with learning rate of 0.04. Since
each node has 6250 samples, each epoch has m = 25 inner loop steps. To compare the impact of
infrequent communication (I > 1) between the workers and server, we compare the performance

for I € {1,4,8,16,> m}. [ > m means communication happens between the workers and server
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Fig. 4.1: Convergence of PR-SPIDER for over MNIST dataset.

only at the end of an epoch, when full gradients are computed and aggregated. We compare the
training loss (Figure 4.2a) and the test accuracy (Figure [d.2b) for different values of 1. Again, we
have plotted wall clock time of the algorithm on the x-axis. Higher values of [ result in roughly
12 — 15% faster run time, without much loss in performance. The inset plots in both figures show
the speedup in the algorithm, as [ increases, for achieving similar test accuracy or loss function
values.

Note that in both the figures, the gain (in terms of wall clock time) from [ = 1to [ = 4
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Fig. 4.2: Convergence of PR-SPIDER for ResNet20 over CIFAR-10 dataset.

is much more significant than the gain achieved by further increasing / (I = 8,16, etc.). This
is because of the following reason. Consider Figure d.2] With 270k parameters, ResNet20 is a
relatively small CNN. This enables carrying out experiments with it on moderate-sized GPUs,
like the one we used. However, for this reason, between communication between nodes and local

computation at nodes, the latter is relatively more time consuming. Hence, even though we save
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resources by communicating less (I = 8 or higher), the gain is less pronounced. On the other
hand, larger networks, for example, ResNet18 [78] (with over 11 million parameters) require more
communication resources (but are more difficult to tune with moderate GPUs). In our experiments
with ResNetl8, using higher values of I, we observed as much as 50% gain in wall clock time

(relativeto I = 1).

4.5 Drawbacks of PR-SPIDER and A Novel Algorithm to
Fix Them

As shown in Sections and the PR-SPIDER algorithm achieves the optimal computation
complexity, along with state-of-the-art communication cost. However, since PR-SPIDER is based
on the variance-reduced SPIDER algorithm [52, [187], along with the optimal convergence rate, it
also inherits the drawbacks of the former. In the following discussion, we discuss these shortcom-

ings of PR-SPIDER. We then propose a novel algorithm to address them.

4.5.1 Drawbacks of PR-SPIDER

As illustrated in Section [4.2.2]for the finite-sum case, all the nodes need to compute the complete
gradient of their local objective functions {V f;(-)}; at the start of each outer loop. This incurs a
computation cost of O(n). In the online case (Section [4.3.2), the exact gradient computation is
replaced by the computation of stochastic gradient over a large sample of size n, = O(¢~!). These
large-batch gradient computations pose significant challenge for distributed computation, since
in presence of heterogeneous nodes, with unequal sample-sizes and/or disparate computational
capabilities, the faster nodes have to wait for the slower nodes to finish their computations, before
the algorithm can proceed. Also, the double-loop structure of the variance-reduced algorithms like
SVRG [146] and SPIDER poses practical challenges. See [138, [38] for more discussion on the

drawbacks of double-loop variance-reduced methods.
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4.5.2 STEM Algorithm

To counter the drawbacks of the double-loop variance reduction methods discussed above, variants
of the momentum-based SGD methods have been proposed over the years. This line of work
was pioneered by SARAH [138]]. The proposed estimator required the computation of large-batch
gradients at the nodes only at the beginning of the algorithm. For all the subsequent iterations, only
computation of stochastic gradients is required. This requirement for massive gradient computation
at the outset was alleviated by STORM [38]. In our subsequent work, we propose a distributed
variant of the STORM algorithm, which we call Stochastic Two-sided Momentum (STEM).
Notation: Since STEM is a single-loop algorithm contrary to PR-SPIDER, we modify the notation
a bit: the iterate at node ¢ at time ¢ is denoted as Xi. Similarly, the descent direction at node ¢ at
time ¢ is denoted as V.

Let us discuss the key steps of STEM, listed in Algorithm [/| In Step 10, each node locally
updates its model parameters using the local direction v¢, computed by using b stochastic gradients
at two consecutive iterates x| and X}, ;. After every I local steps, the WNs share their current local
models {x},,}, and directions {v{,}, with the SN. The SN aggregates these quantities, and
performs a server-side momentum step, before returning x;,; and v;,; to all the WNs. Because
both the WNs and the SN perform momentum based updates, we call the algorithm a stochastic
two-sided momentum algorithm. The key parameters are: b the minibatch size, I the local update
steps between two communication rounds, {~; } the stepsizes, and {a;} the momentum parameters.

We show that in the FL setting, the local directions together with the local models have to be
aggregated by the SN so to avoid being influenced too much by the local data. More importantly,
besides the WNSs, the SN also needs to perform updates using the (aggregated) momentum direc-
tions. Finally, such two-sided momentum updates have to be done carefully with the correct choice
of minibatch size b, and the local update frequency /. Overall, it is the judicious choice of all these
design elements that results in the optimal sample and communication complexities. Next, we

present the convergence guarantees of the STEM algorithm.
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Algorithm 7 The Stochastic Two-Sided Momemtum (STEM) Algorithm

1: Input: Parameters: ¢ > 0, the number of local updates /, batch size b, stepsizes {%}
2: Inltlallze Iterate X1 =X = % Zz | X4, descent direction v = v; = KZ@ | Vi with
vi=% 251631 Vfi(xi;&) and |Bi| = B for k € [N].

3: Perform: x}, = x! + v}, Vk € [N]
4: fort =1to 7 do
5: forizltoNflo # at the WN
6: Vig = b Z Vi (% 6e1) + (1 — at+1)( - b Z A Xt+1 ft+1))
€168, €,,€Bi,,
where we choose |B;, | = b, and a;11 = ¢ - 77;
if t mod / = 0 then # at the server
PG NI U v VA
Vigr = Vil = § 2im Vi

9: X = X4l = % Zfil Xip1 — Vir1 Vil # server-side momentum step
10: else x| ., =X, | —%11Vi, # worker-side momentum step
11: end if
12: end for
13: end for

14: Return: X, chosen uniformly randomly from {%;} ,

4.5.3 Main results: convergence guarantees for STEM

In this section, we analyze the performance of STEM. We first present our main result, and then
provide discussions about a few parameter choices. In the next subsection, we discuss a special

case of STEM related to the classical FedAvg and minibatch SGD algorithms.

Theorem 4.5.1. Under the Assumptions suppose the stepsize sequence is chosen as:

R _ (bKU)2/3 2 373.3 2 03’%3_
W= o e Where R = wn=max ) 200 A09GLAIR — 0%, e ¢

(4.41)

Further, let us set c = % +

24n3LI = L2 < Wﬁ()gl> , and set the initial batch size as B = bl ;

set the local updates I and minibatch size b as follows:

[=0((T/K*)"?), b=0((T/K*)"*""?) (4.42)
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where v satisfies v € [0, 1]. Then for X, chosen according to Algorithm@ we have:

= _rx _ 2
BV aI = O i ) + O mrepeen ) @43

Corollary 3. For any v € [0, 1], we have

Sample Complexity: The sample complexity of STEM is O(e~*/2). This implies that each WN
requires at most @(K ~1¢73/2) gradient computations, thereby achieving linear speedup with the
number of WNs present in the network.

Communication Complexity: The communication complexity of STEM is O(e™").

We refer the reader to [93] for the proof of the theoretical results. However, a few remarks are

in order.

Remark (Near-Optimal sample and communication complexities). Theorem [{4.5.1] suggests that
when I and b are selected appropriately, then STEM achieves O(e%/2) and O(e~!) sample and
communication complexities. Taking them separately, these complexity bounds are the best achiev-
able by the existing FL algorithms (upto logarithmic factors and regardless of the sample or batch
Lipschitz smooth assumption); see Table We note that the O(¢~%/2) complexity is the best
possible that can be achieved by centralized SGD with the sample Lipschitz gradient assumption
[52]. On the other hand, the O(e~!) complexity bound is also likely to be the optimal, since in
[206] the authors showed that even when the local steps use a class of (deterministic) first-order

algorithms, O(e™!) is the best achievable communication complexity.

Remark (The Optimal Batch Sizes and Local Updates Trade-off). The parameter v € [0, 1] is used
to balance the local minibatch sizes b, and the number of local updates /. Eqgs. in (#.42)) suggest
that when v increases from O to 1, b decreases and [ increases. Specifically, if v = 1, then b is a
constant but I = O(T'/3/K?/3). In this case, each WN chooses a small minibatch while executing
multiple local updates, and STEM resembles a FedAvg [123] (a.k.a. Local SGD) algorithm but
with double-sided momentum update directions. In contrast, if v = 0, then b = O(T"/2/K) but

I is a constant. In this case, each WN chooses a large batch size while executing only a few, or
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even one, local updates, and STEM resembles the Minibatch SGD, but again with different update

directions, and is referred to as Minibatch STEM.

4.5.4 Simulation Results for STEM

In this section, we validate the proposed STEM algorithm and compare its performance with the de
facto standard FL algorithm FedAvg [123]], and the recently proposed SCAFFOLD [94]]. The goal
of our experiments are three-fold: (1) To show that STEM performs on par, if not better, compared
to other algorithms in both moderate and high heterogeneity settings, (2) there are multiple ways
to reach the desired solution accuracy, one can either choose a large batch size and perform only
a few local updates or select a smaller batch size and perform multiple local updates, and finally,
(3) if the local updates and the batch sizes are not chosen appropriately, the WNs might need to
perform excessive computations to achieve the desired solution accuracy, thereby slowing down
convergence.
Data and Parameter Settings: We compare the algorithms for image classification tasks on
CIFAR-10 dataset with 100 WNs in the network. Each WN implements a two-hidden-layer con-
volutional neural network (CNN) architecture followed by three linear layers. All the experiments
are implemented on a single NVIDIA Quadro RTX 5000 GPU. We consider two settings, one with
moderate heterogeneity and the other with high heterogeneity. For both settings, the data is par-
titioned into disjoint sets among the WNs. In the moderate heterogeneity setting, the WNs have
access to partitioned data from all the classes but for the high heterogeneity setting the data is
partitioned such that each WN can access data from only a subset (5 out of 10 classes) of classes.
Each WN has access to 490 samples for training and 90 samples for testing purposes.

For STEM, we set w; = 1, ¢ = ¢/k* and tune for % and ¢ in the range 5 € [0.01,0.5] and
¢ € [1,10], respectively. We note that for small batch sizes = € [0.01, 0.1], whereas for larger batch
sizes £ € [0.3,0.5] perform well. We diminish 7, according to in each epoclﬂ For SCAFFOLD

and FedAvg, the stepsize choices of 0.1 and 0.01 perform well for large and smaller batch sizes,

>We define epoch as a single pass over the whole data.
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respectively. We use cross entropy as the loss function and evaluate the algorithm performance

under a few settings discussed next.
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Fig. 4.3: Training loss and testing accuracy in the moderate heterogeneity setting. b = 8 and I = 61.
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Fig. 4.4: Training loss and testing accuracy in the moderate heterogeneity setting. b = 64 and [ = 7.
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Discussion: In Figures and we compare the training and testing performance of STEM

with FedAvg and SCAFFOLD for CIFAR-10 dataset under moderate heterogeneity setting. For

Figure [4.3] we choose b = 8 and I = 61, whereas for Figure 4.4} we choose b = 64 and I = 7.
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We first note that for both cases STEM performs better than FedAvg and SCAFFOLD. Moreover,
observe that for both settings, small batches with multiple local updates (Figure 4.3) and large
batches with few local updates (Figure 4.4), the algorithms converge with approximately similar
performance, corroborating the theoretical analysis. Next, in Figure 4.5] we evaluate the perfor-
mance of the proposed algorithms on CIFAR-10 with high heterogeneity setting for b = 8 and

I = 61. We note that STEM outperforms FedAvg and SCAFFOLD in this setting as well.

4.6 Summary

In this chapter, we proposed a distributed variance-reduced algorithm, PR-SPIDER, for stochastic
non-convex optimization. Our algorithm is a non-trivial extension of SPIDER [52], the single-node
stochastic optimization algorithm, and parallel-restarted SGD [203], 200]. We proved convergence
of our algorithm to a first-order stationary solution. The proposed approach achieves the best
known communication complexity O(e!). In terms of IFO complexity, we have achieved the
optimal rate, significantly improving the state-of-the-art, while maintaining the linear speedup
achieved by existing methods. For finite-sum problems, we achieved the optimal O(@) overall
IFO complexity. On the other hand, for online problems, we achieved the optimal O (63% + ";),
a massive improvement over the existing O(‘:—j) In addition, unlike many existing approaches, our
algorithm is general enough to allow non-identical distributions of data across workers. Finally,
we discussed some drawbacks of PR-SPIDER algorithm, and proposed another algorithm, STEM,

which addresses these, while achieving similar convergence guarantees.
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CHAPTER 5

STOCHASTIC ZEROTH-ORDER
OPTIMIZATION: HYBRID GRADIENT

DESCENT

In the previous chapter, we assumed access to the IFO oracle (Definition 4.1.2)), which returns the
loss function value and the gradient vector at the specified point. In this chapter, we solve the
stochastic nonconvex optimization problem, under more general conditions, where the analytical
expressions of the objective functions are either expensive or infeasible to obtain. Hence, we only

have access to function values.

5.1 Introduction

Zeroth-order (ZO) methods can be seen as gradient-less versions of first-order (gradient-based)
optimization methods [152, 136, 61]]. ZO optimization involves approximating the full/stochastic
gradient of the function using only the function values, and using this gradient estimator in the
first-order (FO) optimization framework. Owing to their theoretical closeness to FO methods, ZO

methods often have convergence rates comparable to their FO counterparts, with an additional
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small-degree polynomial in the problem dimension d [S0, [137].

5.1.1 Motivating Application: Adversarial Example Generation

Z0 optimization has recently been shown to be powerful in evaluating the adversarial robustness of
deep neural networks (DNNs), by generating black-box adversarial examples, e.g., crafted images
with imperceptible perturbations, to deceive a well-trained DNN using only input-output model
queries [28, 180, 181} 134, 120, [177]. The internal configurations of the victim DNN systems are not
revealed to the attackers and the only mode of interaction with the systems is by submitting inputs

and receiving the predicted outputs.

5.1.2 Related Work

The general ZO approach involves computing a gradient estimate i (x) of the loss function f at
the point x, and then plugging this estimate into a FO method. One way to estimate the gradient
is by querying the function at a single randomly chosen point in the vicinity of x [55]. More
effectively, multi-point (e.g., two-point) approaches are used [3| [137], leading to better variance
and improved complexity results.

The initial work on multi-point estimators was largely limited to convex problems. For smooth,
deterministic problems, the authors in [137] proposed the ZO gradient descent (ZO-GD) algorithm
and proved O(d/T') convergence rate, where d denotes the problem size and 7 is the number of
iterations. A ZO-mirror descent algorithm [S0] extended this to the stochastic case, achieving
the rate of O(v/d/+/T). The authors also proved the result to be order-optimal. For nonsmooth
problems, the authors in [[158]] proved the same rate to be optimal, while also extending the analysis
to non-Euclidean problems.

In the nonconvex domain, the first stochastic algorithm, ZO-SGD [61] utilized vectors sam-
pled from normal distribution, and achieved O(v/d/+/T) convergence rate. The same rate was
achieved by [60], while using random vectors sampled from the surface of the unit sphere. In

[113], an asynchronous ZO-SCD approach was proposed for parallel architecture settings, which
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achieved 0(\/3 / V/T) rate. Following the recent progress in variance reduction methods for first-
order optimization: SAGA [43], SVRG [91, [147], SARAH [139], SPIDER [53]], to name a few,
the ZO extensions of variance reduced methods have also appeared in recent years. ZO-SVRG
[119] improved the iteration complexity to O(d/T"), but at the expense of an increased function
query complexity. The iteration complexity is further improved in [53, [86]. ZO-counterparts of
FO methods have also been proposed in other contexts, such as constrained optimization [10],
adaptive momentum methods [33]], mitigation of extreme components of gradient noise [[117], and
distributed optimization over networks [[72, [173]].

Z0 algorithms often suffer from the high variance of gradient estimates. The existing esti-
mators involve choosing between saving on the function query cost [61], and achieving higher

accuracy of the gradient estimates [[113]].

5.1.3 Our Contributions

We summarize our contributions below:

* We propose a novel function value based gradient estimator (we call HGE, hybrid gradient
estimator), which takes advantage of both the query-efficient random gradient estimate and
the variance-reduced coordinate-wise gradient estimate. We also develop a coordinate im-
portance sampling method to further improve the variance of HGE under a fixed number of

function queries.

* We propose a ZO hybrid gradient descent (ZO-HGD) optimization method with the aid of
HGE. We show that ZO-HGD is general since it covers ZO stochastic gradient descent (ZO-
SGD) [61] and ZO stochastic coordinate descent (ZO-SCD) [113]] as special cases. We
provide a comprehensive theoretical analysis for the convergence of ZO-HGD across differ-
ent optimization domains, showing that ZO-HGD is efficient in both iteration and function

query complexities.

* We demonstrate the effectiveness of ZO-HGD through a real-world application to generating
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adversarial examples from a black-box deep neural network [28,180]. We show that ZO-HGD
outperforms ZO-SGD, ZO-SCD and ZO sign-based SGD methods in striking a graceful

balance between query efficiency and attack success rate.

In the following section, we state the problem, and discuss two of the existing zeroth-order

gradient estimators.

5.2 Preliminaries

In this section, we begin by presenting the formulation of the black-box optimization problems of
our interest. We then review two commonly-used ZO gradient estimators, random gradient estima-
tor (RGE) and coordinate-wise gradient estimator (CGE). We shall define the notation wherever we
introduce a new mathematical entity. We refer the reader to Appendix [A.4.T|for a tabular summary
of all the notations used.

We consider the following black-box stochastic optimization problem

min f(x) £ EezF(x;€), (5.1)

x€ER4

where x denotes the d-dimensional optimization variable, £ € = denotes a stochastic variable with
distribution = (e.g., distribution of training samples), and F'(+; £) is a smooth, possibly nonconvex
loss function. By black-box, we mean that the objective function in (5.1)) is only accessible via
functional evaluations. To enable theoretical analysis, we impose two commonly-used assumptions

on problem (5.1).

Assumption 1. Gradient Lipschitz continuity: The loss function f in (5.1)) has Lipschitz continuous

gradient with parameter L, i.e., f(y) < f(x) + (Vf(x),y — x) + £ ||y — x]||3, for all x, y, where

V f denotes the gradient of f.

Assumption 2. Bounded variance of stochastic gradients: Suppose (x); denotes the ith coordinate

of a vector x, and ( is a given constant, then E[(VF(x;¢) — V f(x))?] < (%, V.
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Assumption [I] is fairly standard in the theoretical analysis of nonconvex optimization [61].
Assumption [2] enables a finer control on the variance of CGE [113| [19]. It also implies that

E|VF(x;€) — Vf(x)|* < o® £ d¢

RGE. Considering a set of random directional vectors {u; };",, RGE of the individual loss func-
tion F'(x; &) is given by the average of the finite difference approximations of the directional deriva-

tives of F'(x; ) along these random directions [[60, [119]:

1 K d[F(x+ peu;: &) — F(x;
S dIFb ) - il

VreeF(x;€) = = (5.2)
i=1 Fox

Ty

where 1, > 0 is a perturbation radius (also called smoothing parameter), and each u; is drawn
from the uniform distribution on a unit sphere U, centered at 0 [60]. We define the smooth ap-
proximation of a function g(x) with smoothing parameter /i, as g,, (x) = Euer, [g(x + p,u)]. The
rationale behind RGE is that VrapF(x; €) is an unbiased estimate of VF,, (x; €), leading to
Ee fu:} [VrapF(x;€)] = Vf,, (x). Note that V£, (x) itself is a biased approximation of the true

gradient V f(x), with the bias controlled by ..

CGE. Different from RGE, CGE is constructed by finite difference approximations of directional
derivatives along the canonical basis vectors {e;}¢_, in R%. The i-th component of CGE is defined
as [96]]

[F (X + piei€i; &) — F(x — picies;€)]

VeaeFi(x;€) = s

ei, (5.3)

where /i ; > 0 denotes the coordinate-wise smoothing parameter. VearF (x;€) = Z?Zl @CGEFZ-(X; €)
is the full CGE. If a random subset of the coordinates Z C [d] is used (here [d] denotes the set
{1,2,...,d}), rather than the full coordinate set [d], we get the stochastic coordinate-wise gradient

estimator [113,69]]

X d & .
VeoeeFr(x;€) = — § I(i € I)VeerFi(x;€), (5.4)
C :1
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where the cardinality of Z is denoted by |Z| = n., and I(i € Z) is the indicator function which
takes the value 1 if 7 € 7 and 0 otherwise. Note that [113] sampled the elements of Z uniformly,
ie., Pr(i € 7) = n./d, for all i € [d]. Hence, the multiplicative factor d/n. in (5.4) ensures
unbiasedness IEIWCGEFI(X; €] = @CGEF(X; €). In this work, we generalize (5.4) to the case
where the coordinates are instead, sampled non-uniformly.

Using the gradient estimate VF (x; &) based on either RGE or CGE, we can further define the
approximation of the stochastic gradient of the objective in (5.1)), over a set of stochastic samples

{¢ € B}. This leads to

VF(x;B) = % > VF(x;9). (5.5)
¢eB

We also remark that compared to RGE, full CGE takes O(d/n,) times more function queries if
d > n,. However, it has O(d/n,) times smaller gradient estimation error [119]. Inspired by this
observation, we ask:

“Can we design a convex combination of RGE and CGE to to strike an optimized balance

between the gradient estimation accuracy and the query efficiency?”
Gradient estimators based on convex combinations of existing estimators have been proposed for
solving stochastic nonconvex problems using first-order methods [[175,176,1115]. However, to the
best of our knowledge, such estimators have not been considered in the zeroth-order context. Next,

we propose our hybrid estimator, and discuss its theoretical properties.

5.3 Hybrid Gradient Estimator

Spurred by the capabilities and limitations of RGE and CGE, in what follows we propose a new
hybrid gradient estimator (HGE) and its variance-controlled version using a coordinate importance

sampling method.
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Proposed HGE. In order to achieve the desired tradeoff between estimation accuracy and query

efficiency, we combine RGE with CGE to obtain HGE
VieeF(x; B',B°,T) = aVrgeF (x; BY) 4+ (1 — a)Vear Fr(x; BS, p), (5.6)

where o € [0, 1] is the combination coefficient, 3" and 3¢ are mini-batches of stochastic samples
as introduced in (5.3)), VraeF (x; B) is given by (5.2) and (5.3)), and Ve Fr(x; BS, p) denotes

the stochastic CGE (5.4) with the coordinate selection probability Pr(i € Z) = p;, namely,

. e €D L
VeaeFr(x;:6,p) = T VeaeFi(x;€). (5.7)

i=1 ¢

Different from (5.4), the coordinates of Z in (5.7 can be sampled with unequal probabilities. It can
be easily shown that E[Vcqp Fr(x; BS, p)] = Vegrf (). In (5.6), « and p are design parameters.
Their optimal values help us improve the variance of HGE relative to RGE, and the function query

complexity relative to CGE. We next discuss how to optimize these parameters.

Design of coordinate selection probabilities p. Recall that if no prior knowledge on gra-
dient estimation is available, then a simple choice of p is that of equal probability across all
coordinates [113], namely, the uniform distribution used in (5.4). However in HGE, a RGE
— VraeF (x; B"), known prior to computing CGE, can be employed as a probe estimate. Thus,
we ask if p could be designed based on g to reflect the importance of coordinates to be selected.
We next show that this question can be addressed by formulating the coordinate selection problem
as the problem of gradient sparsification [188]].

Given p, the i-th coordinate of g is dropped with probability 1 — p;. This can be modeled
using a Bernoulli random variable Z;: Pr(Z; = 1) = p; and Pr(Z; = 0) = 1 — p;. Defining
(Q(g)): = Z; - (gi/p:), note that )(g) is an unbiased estimator of g. The variance can be bounded
using [|Q(g)]> = 20, ¢2/pi, while the expected sparsity of Q(g) is Y., p;. To determine p,

we minimize the variance of the sparsified RGE under a constraint on the expected sparsity of the
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vector. That is, we solve the problem:

d o d
. 9g; . .
g =L subject to g i <ne, 0 < p; < 1,Vi. 5.8
mI}n 2, ] Pisn Di = [/ ( )

=1

where n. € N, denotes the coordinate selection budget, and N is the set of positive integers. The

solution to (5.8) is given by the following proposition.

Proposition 5.3.1. Suppose we denote by g1y, g(2), - - - , g(a) the components of vector g, arranged

in descending order of magnitudes. First, we find the smallest k such that

is true, and denote by Sy, the set of coordinates with the top k largest magnitudes of | g;|. Then the
1-th component of the probability vector p is computed as
1, ifi € Sy

pi =
|gz‘|(”c*’f)|’ ifi ¢ S,..

Z;'i:k+1 lg;
PROOF: See Appendix [

The probability value p; depends on the relative magnitude of g;, with respect to the other
elements of g. If n. is large enough, then the coordinates corresponding to the largest elements
are always sampled (k > 0). In the extreme case of all entries having the same magnitude (for
example, g is the 1-bit compressed version of a real-valued vector), k = 0 and p; = n./d for all .

The probabilities {p;} obtained in Proposition are used to compute (5.7).

Design of combination coefficient a. Once we select p, we intend to select a combination
coefficient o which can minimize the variance of HGE. In fact, the closed form expression of this
variance is not tractable. Hence, we first upper bound the variance in the following proposition.

Then, « is selected to minimize this upper bound.
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Proposition 5.3.2. The variance of HGE (5.6)) is bounded as

E H@HGEF(x; BB T) — Vf(x>H2 < 20°E H?RGEF(X% B') - Vf(X)HQ (5.9)

2

+2(1 - a)2E H [@CGEFI(X; B¢, p)l — Vf(x)

Moreover, suppose Assumption[l|and 2| hold. Given the probability vector p, the individual gradi-

ent estimators Vg F (x; BY) and V cqeFr(x; B¢, p) satisfy

. 2 2 d 202 d
B[ Vaoer a5 - Vi < 5 (14 2) 190017+ 2o (14 2)
BT Ty BT Ty (5.10)
(1+ 9 9 )/ﬁLZd? '
+ B wE) 1
A 2 91 3 L2, L2,
B | [9cenrtx 5] - VG < 302 (290002 g (¢ T4 ) 4 ]
i=1 £t
—2||Vf(x)|, (5.11)

where recall from (5.6) that B® and B* denote the sets of stochastic samples, n, denotes the num-
ber of random directions (per stochastic sample) used in computing Ve G-2), pi is the RGE
smoothing parameter, {ji.;}; are the coordinate-wise CGE smoothing parameters, and ( is the

coordinate-wise variance (Assumption , with 0% = d(>.

PROOF: First we prove (5.10). The proof of (5.11)) is discussed in Appendix[A.4.3] The variance
of RGE is given by

2

E [ FnasF (6 8 = V7 09| = B [VaosF (068 = 91,00 + V) = V1 (x)

@ B||VraeF (x B) - Vfur(x)H2 IV (%) = VI (5.12)

where (a) follows since EVrapF(x; B") = Vf,, (x) (see the discussion following (5.2)). Next,
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we upper bound the first term in (5.12).

2

~ 2 A
E HVRGEF (X; Br) — Vfur (X) VRGEF (X; Br) — Vfur (X)

Z Z X—i—#rui,ﬁf)_F(X;g)]u.g_Vf (x)
|Br| 1, 223

cenr [ For

)

E{u} Br

2

L (AF(x A+ e &) — F(x;
35 (4t 0 —Fsl,

fhr

1
’Br’Qn Z Efuy¢

I ¢enr

F(x+ ;¢ &) — F(x;8)]
IBrPn Z< ’5;1}3“@6 ( /j W — Vfur(X)) :

)

i=1

T &#x
- Zr - (d [F(x + urui,Z; V=P, g (X)) >
+ rU; ¢, - F ; 2
i ZZ uzg,gH X My ¢ 5) (X S)]ui,ﬁ_vfpr<x)
| | n; geBr P fir
|Br|2n2 > ZE£< uie ( ot i) - Ml 6)]111',5 - Vfur(x)) :
T eBr it) Fox
Eu, (d Flxtp r“ﬁf; P&, i, (x)) >
. _ . 2
2 i B | 95, 0
1
+ e Vs IV, (x.8) - VI orsome s € ), 5.13)

where (b) follows from the definition of RGE (5.2), (5.3). {u, ¢} denotes the set of random direc-
tions associated with sample £. (c) follows since the samples of B" are picked independently of
each other, and the random directions associated with sample &, {u; ¢} are also independent of the

random directions corresponding to another sample . Also,

e |HECE reil) = FOG O], 1 gp ()

EE
¢ 0
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Hence,

<E£ iEui,& (d [F(x + puig; §) — F(x; 5)]ui,g ~ Vi (X)) ’
=1

Hx
E, i ]EU@X (d [F(X a2} VRV X) - F(X; X)] u;, — vfur (X)) > —0.
=1

b
Further, in (5.13)), (d) follows since

d[F(x+ pu; &) — F(x;€)]
[x

Ey

u= vfur(x§ f)

Also, both the samples { € B" and the random directions {u; ¢} are picked independently and
uniformly. We denote by &; and u, ¢, a representative sample of both sets respectively. Next, we

upper bound the two terms in (5.13)). From Assumption [2]and [[60, Lemma 4.2], we obtain

2 272 92

d[F(x + pu; §) — F(x;€)] <2 [IVFx)|* + 0] + “T (5.14)

E¢u
57 Nr

u-—Vf,(x)

Also, the second term in (5.13) can be upper bounded as follows:

E¢|[VE,, (x,€) — Vi, (x)|* <E¢ |VE, (x|
,u2L2d2

< 2E¢ |[VE(x,6)|° + - from [119, Lemma 1]
1%LZdQ
<2 [Be |[VP(x,€) - VA + IVFI) + B
2L2d2
<2[IVFX)|? +07] + B (5.15)

2

Substituting (5.14), (5.13)) in (5.13), we get

2 9 d s 1Y\ p 2L
< = - .
<15 <1+ n) V()| +0%] + <1+ n) 25
(5.16)

E |[VaeeF (x 87 = V£, (x)
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Substituting (5.16) in (5.12)), and using ||V f,, (x) — Vf(x)|| < % from [[119, Lemma 1], we get

. 2 2 d
[ FnaeF (8 = V5 (9 < (1+ n—) 1V £GP + 7]
2 2\ pPLAd?
+ <1 + B + TLr|Br|) TR (5.17)

The accuracy of ﬁRGE depends critically on the number of random directions n, (5.2)). Also,
for |B'| — oo, Vrar — Vf,,, and the bound reduces to O(pu2L2d?). This is precisely the
bound for the deterministic case [60, Lemma 4.1]. Similarly, the accuracy of @CGE depends on the
sampling probabilities {p;}. If p; = 1 for all 4, and |B¢| — oo, VoeeFr(x; B¢, p) — Veaef(X).
The bound in (5.11) then reduces to the deterministic case upper bound O(L* % | 1) 186,
Lemma 3].

Substituting (5.10), (3.11) in (5.9), and minimizing over «, we obtain the optimal value o*. We

define P = 1 3°7 | -~ On simplification (see Appendix |A.4.4), a* reduces to

(5.18)

Lt djn] ™,

ot = [1 +
Recall that n, and ), p;(= n.) respectively, are the function query budgets of RGE and CGE.
Considering some extreme cases, if n, — oo, since P> 1, we get o > % If P — oo, then
o* — 1 and RGE dominates the estimator. On the other hand, if n, = 0, then o* = 0 since there
is no RGE to assign any weight. The relative values of n,, P determine the exact weights assigned
to RGE, CGE in (5.6).
A relatively simple case is the one with uniform sampling of coordinates, i.e., p; = n./d, for
all 7. In this case, n, is the query budget of CGE, and o* = (1 +n./d +n./n,)"'. If n. > n,, then
o < % and HGE (5.6) reasonably assigns higher weight to CGE.

Next, we use the proposed HGE estimator to propose a zeroth-order hybrid gradient descent

(ZO-HGD) algorithm. We shall also discuss the convergence properties of the algorithm for
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smoooth, nonconvex functions, and for smooth, convex and strongly convex functions.

54 Z0O Hybrid Gradient Descent

In this section, we introduce the ZO hybrid gradient descent (ZO-HGD) algorithm to solve problem
(5.1) with the aid of HGE (5.6). We then derive its convergence rate and discuss the performance

of ZO-HGD in several special cases.

5.4.1 The Algorithm

Algorithm 8 ZO-HGD to solve problem (5.1))

1: Input: Initial point x¢, number of iterations 7', step sizes {7}, smoothing parameter x, and
number of random directions n, for RGE, smoothing parameters {.;}., for CGE, random
sample set =, coordinate selection budget {n. .} for CGE (5.8)

2: fort=0toT —1do

3: Sample mini-batches B;, By from =

4: Compute RGE V, ;, = @RGEF(Xt; B;) as (5.2) & (5.5)

5: Compute importance sampling probabilities p; with n, = n.y,g = V,, in Proposition
5.3.1

6: Sample coordinate set Z; of cardinality n. with Pr(i € Z,) = p;;

7 Compute CGE V., = @CGEFL (x¢; Bf, pt) as

8: Update: x;11 = x¢ — N (e Vit + (1 — ) V)

9: end for

10: Output: A solution X7 is picked uniformly randomly from {x;}Z_,.

We present ZO-HGD in Algorithm[8] which consists of three main steps. First, a coarse gradi-
ent estimate V. is acquired using RGE (line [4), and is employed as a probe signal to determine
the probabilities p, of coordinate-wise importance sampling (line [5). Second, a stochastic CGE
is generated using the subset of coordinates Z, sampled according to p, (line [6}{7). Third, a HGE
based descent step is used to update the optimization variable x; per iteration (line [g).

The expected total number of function evaluations in Algorithm [8 known as the Function
Query Cost (FQC), is given by ZtT;Ol (2n,|Bf| 4+ 2n.|Bf|), where recall that n.  is the size of the

coordinate set Z; sampled in line @ If we assume the coordinate set size to be constant over time,
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i.e., ney = nc at all times ¢, FQC reduces to O(T'(n, + n.)). Note that if n.; = 0, then HGE
reduces to RGE, with oy, = 1. Accordingly, Algorithm [§] becomes mini-batch ZO-SGD [60]. On
the other hand, if n, = 0, HGE reduced to CGE and a; = 0. In this case, no prior knowledge is
available to compute the sampling probability vector p,;. If we sample the coordinates uniformly,

i.e., pr; = n./d, for all i,t, ZO-HGD reduces to ZO-SCD [113]].

5.4.2 Technical challenges of ZO-HGD.

Z0-HGD is a non-trivial extension of both ZO-SGD and ZO-SCD because of the following dif-
ferences. First, the non-uniform sampling of the coordinate sets {Z;} in CGE complicates the
derivation of the upper bound on the variance of CGE (5.11)), compared to the uniform sampling
case [[113]]. Second, as discussed in Section the choice of the combination coefficients {a;}
controls the variance of the proposed HGE relative to both RGE and CGE. However, « has a non-
linear dependence on n, (query budget for RGE), and {p:,;} (sampling probabilities for CGE).
This makes choosing «; nontrivial to achieve the graceful tradeoff between convergence speed and

FQC. Next, we elaborate on the convergence of ZO-HGD.

5.4.3 Convergence analysis.

For ease of notation, as in Algorithm @ we denote
Vi = VrceF(x;; BY), Ver = VearFr, (x4 B, pr).-

Also, we assume the coordinate-wise smoothing parameters in CGE to be fixed, 1.e., fic; = pt. for
all 7. Recall that the function query budget of HGE depends only on n, (number of random vectors
in RGE), and the sampling probability values {p; ;} for CGE. The expected number of coordinates
used in CGE at time ¢ is Z?Zl Pti = Ne.

Our analysis begins with using the L-smoothness of f (Assumption |1) in the update step (line
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[) in Algorithm §]
77152[/ 2
J(xe1) < f(xe) =00 (V (%), Vi + (1 — ) Vi) + N eV + (1 — ) Ve|”. (5.19)

We denote by Y, £ {Z;, By, B} } the randomness at step t. We denote by )); the o-algebra generated
by {Yy,Yi, ..., Y, 1}. Taking conditional expectation in (5.19),

Ey; [f (xe41) | Vil < f(xe) + mecws I<—Vf(Xt), Vi (Xt»l +0e(1 — ) <—Vf(Xt)7 @CGEf(Xt)>

[ |
I II

+ 17 Lo By, [ Ve|” | Vi) 407 L1 — a0)* By [[|Ve|” | V1, (5.20)
I 1AY

which holds since

() Ey, [Viy | Y] = V.. (%), where recall (Section[5.2)) that f,, is a smooth approximation of
f

(ii) Ey, [Ves | V4] = Vearf (%), which follows from (5.4), where Vg f is the full-coordinate
CGE of f

(iii) [Ja -+ b[|* < 2 al| + 2{/b]*.
Next, we bound the terms I-IV of (5.20) in the following two results. We begin with I, II.

Proposition 5.4.1. Suppose f satisfies Assumption [I} then the quantities I and II in (5.20) are

upper bounded as

urdL)Q

3 2
1< =219 1P+ (25

3
I<-7 IV £ (x) 1 + LPdped.

where recall that (i, and ji. are the smoothing parameters, respectively for RGE and CGE.
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PROOF: The inner product term I in (5.20)) can be bounded as follows.

= —(Vf(xe), VS (x2)) = :

O _ IV | 1 IV | 1 ()
S—T+§<|er<xt>—me<xt>u ) 5 (%)

IV S N+ IV i (xON = IV (3x0) me(xt)HQ]

2
prdL?

7 (5.21)

3
< v+
where (a) follows from the inequalities (i) ||a||* > @ —|la=bl]?, and (ii) |V f(x) =V f.(x)]| <
% [60, Lemma 4.1]. Similarly, we can upper bound II in (5.20).

2

—(V16x0), Voon () < 2 VS0 + [V 0x) = T (x,)

2 3V I)I? + Ly (5.22)
=73 t He s .

where (b) follows from [86, Lemma 3]. [

In first-order problems [17], given an unbiased estimator (V) of the gradient V f, we simply get
E(Vf(x),Vf(x)) = |Vf(x)|*. However, V., (RGE) and V., (CGE) in Algorithm [8|could be
biased estimates of V f. Proposition bounds the deviation of the inner products I, II from

— [V £(x)||?, in terms of the respective smoothness parameters /i, j,. We next bound III, IV in

(5.20).

Proposition 5.4.2. Suppose f satisfies Assumption|l} 2} then the quantities Il and IV in (5.20) are

upper bounded as

4 d do* (1 d
M=E 2 < |2 L+ — L
aliVel? 19 < [+ (1 DY iwreoe 2 (144
9 9 1222
1 I
*( +|Br|+nr|zs’rr> 2

3 2 L2 2 3
IV = By [[| Ve |yt<z { (Vf(x0); + |[§§|+ o (1+|B§|)]
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PROOF: First, we prove the bound on III.

I = By, [|[Vodl* | 2] = E [[IVer — VF(x0) + V(x| V]

INE

2R [||Ver — VI(x)|* V] + 21|V £ ()]

) 4 ( d) . ( 2 2 >M2L2d2 ,
e 14+ — ) [IVfX)|"+0o| + [ 1+ o7 + . - + 2|V f(x)]”,

INS

where (a) follows from [la + b||*> < 2||al||*> + 2|b]|; (b) follows from (5.10) in Proposition [5.3.2]
Next, we bound IV. Here, rather than using the bound in Proposition we follow a slightly

different route to derive a tighter bound.

2

d
11 € 1,
IV=E[|Vel* | Y] =E |||> %VCGEF (xi:B)|| | (see (7))
i=1 £
d 2
c I 1€ 7,
9N E ‘ HC€T) G Pl BY) yt]
i=1 pt,z
r 2
d 1 )
=> — |Ez, (I(i € 7,))" Eg |BC| > VeaeFi(xi8)|| (Vi
i=1 Pt i £eBs
d
1
2D i B L || VeceFitas &) = Vean s |+ |Feonfitxo)| ] . 523)
: t

where (c) follows from (5.3)) since @CGEFi(xt; B¢) is aligned with the canonical basis vector e;,
for all i. (d) follows since E[(I(i € Z;))*] = p:; as seen in Appendix Also, Z; is inde-
pendent of By, and the elements of 3 are again sampled independent of each other, and since

EBCVCGEF (x4; BY) = Vg fi(x:). Next, we upper bound the two terms in (5.23).

- - 2 2 LQMC %
E [ VeanFixi &) = Voanfitx)|| <3 |2+ =5 | (5.24)
follows from (S60). The second term in (5.23)) can be bounded using (S61),
3 2 L, 2
|Veassitx|| < =52 +2(Vr@x)); (5.25)
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where (x); denotes the i-th coordinate of the vector x. Substituting (5.24)), (5.25)) in (5.23)), we get

d
2 1 3C2 :U’cz 3 9
B(IVed® 19 < 3 |+ 5 (14 ) + 297G

i=1 t,i

Taking fi.; = pe, for all i € [d], we get the bound on IV. |

The bounds in Proposition are expressed in terms of the gradient norm, variance o2, and
the parameters which characterize RGE and CGE: number of random directions n,, importance
sampling probabilities {p; ; }, batch-sizes |3°| and |B"|, and the smoothness parameters /i, and .
If |B"| — oo, then Vice — V f.. as seen in Sec. , and the upper bound in Proposition m
reduces to 2E ||V f(x)||* + p2L?d?/2. This is precisely the bound acquired using the exact ZO
gradient estimator V f,,, [119, Lemma 1]. Here p?L*d*/2 quantifies the inevitable bias due to the
use of the ZO gradient estimator V f, .

Now that we have bounded all the terms in (5.20)), we are ready to present the main result of

this section. We define Py = dT ;jp 01 Zf L p— and dy,, = 1+ d/n,.

Theorem 5.4.3. Suppose Assumption |l| and 2| hold, and the set of coordinate-wise probabilities
{pe:} satisfy pr; > ¢ > 0, for all i,t. We choose the smoothing parameters i, i, such that
e = (uV/d) /2 and pi.L\/d < o, where o is the variance. We take constant step sizes 1, = 1 <
24L min{3e¢y, 1/dy, } for all t, and combination coefficients o; = o = [1 + (dm/PT)} - for all t.

With pic = O ((due/(d*T))"*(1 + dyr/ Pr)~/*), we obtain

_ d. 1
E||Vf(xr)|* <O (\/ T m) (5.26)

Before discussing the proof of the theorem, a few comments are in order.

Remark. For the sake of simplifying the theorem statement, the combination coefficients {ay}
are assumed constant over time. Although this choice of a; = «,V t is not informative from an
implementation perspective (we do not know the sampling probabilities {p;;} ahead of time), the

expression of « still captures the trade-off between RGE and CGE through the ratio %. Also, the
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two smoothing parameters i, /i are related as y. = (p:v/d)/2. Therefore, in Theorem we

have only given explicit expression for fi.

PROOF: Substituting the bounds on I, II from Proposition [5.4.1] and the bounds on III, IV from

Proposition [5.4.2)in (5.20), and taking expectation over the entire randomness till time ¢, we get

3N 22L? 3n(1 — «
Ef(1) < Ef () — T2 |9 0) |+ mey 2T - P2 g g g 2
2 2d )
+ (1 — L2dug+n2La2[Q(l+ — + r) Vf(x
t( t) t t |Bt| nr|Bt’ H ( )H
+402 (1+ d) N <1+ 2 N 2 )MfLQdQ] (5.27)
B M Bi|  nm|Bi|) 2
d 2,2 2,2
1 3 L pg, L g 2
+n2L(1 — oy)? —[ (2+ C")+ 4 2E(Vf(x)): ]
yn ( t) izlpt,i |B§| C 9 9 ( f( t))z

Note that 0% = d(?. Using p,; > ¢, forall i € [d], and |B}| > 1, |B{| > 1,n, > 1, (5.27) leads to

3 d 1—oy)?
Ef ) < Bfx) — {3 — onta? (142 ) - 200 A 9 s
2,[,62 2 d
+mon—— F (1 — ) L2dpg + 4y Loy (1 + n—) [rd*L* +0°] (528

d
AL — )2 S [+ L]

i—y Pt

Henceforth, we assume constant step-sizes 7, = 7 for all £, and constant combination coefficients

a; = a, for all . We denote P, = %Zle Z%. Rearranging the terms in (5.28)), summing over

t =0to T — 1, and dividing by n1" we get

T-1
1 3 d n(l —a)? 2
_21 S ol |1+ —) -2 \E
T =0 {4 b ( +nr) Ct HVf(Xt)H
—E L2 2 .72
< f(x0) f(xr) +L2du§ +a< /jlrd _ deu?) (5.29)

nl

J 1 T-1
+ 4nLa? (1 + n—) (L2 + 0°] +4Ln(1 — ) [0* + L?id] = > P

r t=0
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To ease the notation, we define the following constants.

d _ 1
A=40? +4L%u2d, C =4 (1 + —) [12d2 L% + 0%, (Af) = f(x0) — [*, Pr= T > P
Ny
t=0
Further, we select the smoothing parameters /i, i, such that Luid = = L2du?. This simplifies
(.29 to
T-1
1 3 d n(l— a)? 9
- ——nlda? 14+ — ) —2L——=}E|V
T;{zl alda ( %) B9/
A _
< —( j‘f) + LAdp? + o*nLC + Ln(1 — a)*APr.
n
We choose 7 such that % — nL6a? <1 + ni) — 2L"(1;°‘) % V t. This leads to
1 d\ (1-—a)?2]"
< — 314+ — —_—
n_SL{a<+nr>+ Ct }
< — mind e, -\ vy, (5.30)
VY Ct’d+ '

-1
where (5.30) follows since [3(12 <1 + ni) + M} must attain its minimum value over [0, 1]

Ct

at one of the end points. Optimizing for 7 in (5.30) while satisfying (5.30), we get

T-1
iT Z IV f(x)|]” < 2\/@# (2C + (1 — a)2APp) + L?dp?. (5.31)
t=0

Note that in (3.31)), L?>du? needs to be small to ensure convergence, and the smoothness parameter
Ji can be designed for that purpose. However, o being the variance, is not in our control. We
choose the smoothing parameters i, y, to be small enough such that o > L?p2d = L*d*u? /4.

Consequently, A < 802, C' < 802 <1 + %) Substituting in (5.31)), we get

T—1
LT Z IV f(x \/%802 (a2 (1 + ni) +(1- Oé)2PT) + L. (5.32)
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Then, the optimal combination coefficient o* is given by

1 Lo (5.33)
af =1+ —== :
Pr
Substituting (5.33)) in (5.32)), we get
T—1 d
1 2 (Af)L 9 1+ nr 27 2
o7 Y EIVFx)I* <2 80 ll g L2dp2. (5.34)
t=0 1 + pTr
Since 02 > L?*u2d?, we choose i such that
1+d/n,) 1
L*du? =0 \/( - )
¢ (I+d/nr)
T 14 )
14 d/n,)\"* 1
= pe =0 (( dQI{ )> (Ld/n) 1/4
(1+ )
Substituting pi, pt, = 2\’/% in (5.34) gives us
1 < (1+d/n,) 1
BV < = S EIVix)* <O <\/ S (Hd/m)) . 639)
t=0 Pr

where the first inequality follows from Jensen’s inequality. This completes the proof. |

5.4.4 Comparison with Other Methods

We compare ZO-HGD with several existing methods in Table[5.1] in terms of the allowed smooth-
ing parameter values, convergence rate and FQC. We compare these quantities in terms of their
dependence on the problem dimension d, and the total number of iterations 7'. As illustrated, the
smoothing parameters values for ZO-HGD are less restrictive than other ZO algorithms. A few

clarifying remarks about the methods we compare with, are in order.



132

Remark. * ZO-GD [137] is a deterministic algorithm (|D| is the size of the entire dataset),

while all the other algorithms, including ours, are focused on solving stochastic problems.

* We have stated generalized results for ZO-SGD [61]] (with b-point gradient estimator (GE))
and ZO-SCD [113]] (with b coordinate GE).

* For ZO-SVRG [[119] and ZO-signSGD [117]], b is the number of random direction vectors
used to compute a multi-point GE. ZO-SVRG gives better convergence rate, but under the
assumption that all the individual stochastic functions F'(+,¢) in (5.I) are smooth. This is

stronger than Assumption [I] which we use.

* For ZO-signSGD [[117], b is the number of random direction vectors used to compute a multi-
point GE. ZO-signSGD [[117] only converges to a neighborhood of the stationary point. It
ensures convergence only in a neighborhood of the stationary point. \/d/b give the size of

the neighborhood.

Recall in our work, n, is the number of random direction vectors used to compute RGE, n, is
the number of coordinates used to compute CGE, d,,, = 1 + d/n,. We present more insights into

Theorem [5.4.3] and the results in Table [5.1]in the next subsection.

5.4.5 Tradeoff between RGE and CGE in ZO-HGD.

Next, we consider some special cases of Theorem|5.4.3| based on the values of {p;;} and n,. Large
n, leads to a more accurate RGE (5.10), while large values of {p;;} ensure a more accurate CGE

(5.11). The tradeoff between RGE and CGE is captured by the ratio dy,./Pr in (5.26)). Table
highlights the performance of ZO-HGD in three regimes, when d,,,/ Pris< 1,> 1,and ~ 1. We

discuss one of the cases in detail, the remaining follow similar reasoning.

Regime 1 (d,, = 1+ n% > Pr).

Since Pr is the mean of inverse probability values {1/p;;}, PLT > *= implies that on average,

sampling probabilities are much greater than n, /d. In other words, the per-iteration query budget
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Method Smoothing parameter Convergence rate FQC
Z0-GD 0 (ﬁ) 0 (4) O (|D|T)
gen ofya) | om
Z0-5€D 0 (g7 + @r)™"") 0 (y/%) O (Tb)
ZO-SVRG 0 (ﬁ?) O (4 +1) O(|1T>|itﬂzism)
Z0-signSGD ) (ﬁ) 0 <\/¥+ \/%) O (bT)
N 1/4
Our work: pe =0 < I ) 7
(dnr > pT) _< QMC> O T O(Tnc)
Mr<— Jd 1/4)
Our work: =0 (1 (%) -
(e < Py) s 0 (/%) O(Tn,)
Our work: - 1 (1 J 174
d,, ~ Py, e = O <d (T + T(m+nc)> ) O ( % + T(++nc)> O(T(n, +ne))
pt,i:%,vt,i MC:%E

Table 5.1: Comparison of different ZO algorithms, for solving smooth, nonconvex optimization problems.

of CGE (n.) is much higher compared to that of RGE (n,). From Theorem [5.4.3] we can obtain

()

E|Vf(xr)|* <O ( &> : (5.36)

the CGE smoothing parameter

and the convergence rate

T

Since n. > n,, the FQC is also dominated by CGE

O(T - (ne + 1)) = O(T - o).

All these results are also stated in Table [5.1]

Uniform sampling: In the special case of uniformly sampling all the coordinates for CGE,
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i.e., pri = ne/d, Pr = d/n.. Consequently, the convergence rate (5.36) reduces to

B[V (x0)]> < O ( ndT) ,

and the smoothing parameter . is

These are precisely the results for ZO-SCD in Table (with b replaced by n.). Also, FQC to

O(Tny) = O (g) |

Remark. The reader would note that our method uses two smoothing parameters ji, ft,, corre-

achieve E||V f(x7)||*> < eis

sponding respectively to CGE and RGE components of HGE, which are related as ji. = (y1,/d) /2
(see Theorem [5.4.3). In Table we have only specified /i, explicitly for the regime d,,, > Pr.

This is because this regime is dominated by CGE.

The results for the other two regimes: 2) when 1 + nir <« Pr, and 3) when 1 + nir and Py are

comparable, are stated in Table For details, please see Appendix

Remark. * As explained in Appendix in regime 2 (d,, = 1 + nir < Pr), the query
budget, and consequently the convergence rate and FQC are dominated by RGE. Therefore,
we have only specified the corresponding smoothing parameter p, explicitly in Table|5.1|for
this regime. The convergence rate and FQC, both depend only on the quantities related to
RGE, namely d,,,, n,. Also, this regime is comparable to ZO-SGD. Note that for comparable
query budgets (b for ZO-SGD and n, for our method) the bound on smoothing parameter /i,

values is larger than the corresponding bound in ZO-SGD.

* In Regime 3 (dy, = 1 + ;= ~ Pr), since the query budgets for RGE n, and CGE n, are
comparable, we see dependence on both, in the smoothing paramters, convergence rate and

FQC in Table [5.I] Since p, is the smaller of the two, and it is desirable for smoothing
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parameters to be large, we have only specified p, explicitly.

5.5 ZO-HGD for Convex Optimization

We now analyze the convergence properties of Algorithm [§]in cases where the objective function

f : R? — R is convex and strongly convex.

Assumption 3. The function f is defined on a compact set and is convex, such that f(y) > f(x) +
(Vf(x),y —x), Vx,y € domf. Further, the diameter of the set domf is bounded by R, i.e.,

ly —x|| < R, Vx,y € domf.
Assumption 4. |V f(x)|| < G,V x € domf for constant G.

Assumption 5. (5-Strong Convexity). ¥V x,y € domf, f satisfies f(y) > f(x)+(Vf(x),y —x)+
& 2
5 lly —xII".

Assumption [d]is fairly standard in the convex optimization literature [50,167]. We quantify the
error in terms of the average difference between the expected function values at successive iterates
and the optimal function value, (1/T) Y., (Ef(x;) — f*). For brevity, we only state the theorem

for our convergence result.

Theorem 5.5.1. Suppose Assumption @ hold and the coordinate-wise probabilities {p; ;}

satisfy p;; > ¢ > 0 for all i, t. We define dy, = 1+ d/n,.

1. If the smoothing parameters [i., i, are chosen such that |1, = (Mr\/a) /2, 0 > Lucv/d A

1 < . 1 dy
?ZEf(Xt)_f 50(\/T1+Edm>'

2. IfAssumptionalso holds, the smoothing parameters [i., ji, are such that ji, = ./ (dL)/a,

suitably chosen o gives

and the step-size 1, = ﬁ with a > 1. We define X = é Zf;ol WXy, where w; =



136

(a+1)% and Sy = 3. w;. Then

1 d
~ _ < - nr .
Bf(%r) =" <0 (T 1 +édm>

PROOF: See Appendix [A.4.6]for details. [

Asin Section we consider the special case of uniform sampling, p;; = n./d for all i, ¢. Let
g = n, + n.. For convex functions, the convergence rate reduces to O(W ). For O(q)
function evaluations per iteration, this rate is order optimal [S0]. For strongly convex functions,
the convergence rate reduces to Ef(x7) — f* < O((1 + d/q)/T). Note that this latter guarantee

holds for a weighted average of iterates.

5.6 Simulation Results

In this section, we demonstrate the effectiveness of ZO-HGD via a real-world application of gener-
ating adversarial examples from a black-box deep neural network (DNN) [28]]. Here the adversar-
ial examples are defined by inputs with imperceptible perturbations crafted to mislead the DNN’s
prediction, and they provide a means of measuring the robustness of DNNs against adversarial
perturbations [66, 26, [196].

We begin by formally presenting the problem of generating black-box adversarial examples.
Let (x, t) denote a legitimate image x with the true label t. And X" = x + § denotes an adversarial
example with the adversarial perturbation §. Our goal is to design & for misclassifying M images

{x;}M, when a DNN is used as a decision maker. This leads to the optimization problem [26]
e A M 2
minimize 5 doisy fo(xi +0) + 0|3 (5.37)

where fo(x; + 9) is specified as the C&W untargeted attack loss [26] evaluated on a DNN model
with parameters 6 , and A > 0 is a regularization parameter that strikes a balance between mini-

mizing the attack loss and the ¢, distortion. To solve problem (5.37), we consider the more realistic
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case in which the adversary does not have access to model parameters 6, and thus, it optimizes &
only through function evaluations. Moreover, if M = 1 in problem (5.37), then the resulting solu-
tion is known as per-image adversarial perturbation [66]]. And if M > 1, then the solution provides
the universal adversarial perturbation applied to multiple benign images simultaneously [131].
In experiments, we consider a DNN model with 5 convolutional layers and 2 fully connected
layers, and train it over the CIFAR-10 dataset for image classification [100]. We focus on the
scenario to generate universal adversarial perturbations. Specifically, we conduct 50 random trials
to solve problem (5.37), each of which randomly selects M = 10 images from CIFAR-10 testing
data and sets A = 10. We compare our proposed ZO-HGD algorithm with three baselines, ZO-SGD
[61], ZO-SCD [113]] and ZO-signSGD [117/]]. The rationale behind comparing with these baselines
is that ZO-SGD has demonstrated a superior performance in query efficiency over ZO optimization
methods that use extra variance reduction techniques [119], and ZO-SCD and ZO-signSGD are
used as the backbones of many black-box attack generation algorithms via ZO optimization [28),
80]. In ZO-HGD (Algorithm[§)), we set n, = 50 as the coordinate selection budget in CGE and
n, = 50 when constructing RGE, and choose the combination coefficient to weight RGE and CGE
in HGE as ; = t/T. In all of the methods, we set the maximum number of iterations 7' = 1000,
the same query budget (n. + n,) = 100 per iteration, and a constant smoothing parameter 0.001.

We pick the best learning rate for each method by greedily searching over the interval [1074, 1071].

v 1001 | Z0-SGD
= g0l | Z0-SCD
Z \ Z0-signSGD
2 01\ ZO-HGD
O 4041 -\
Lo} \
'Q T A
S 20 ,
0_

00 02 04 06 08 1.0
Queries 1es

Fig. 5.1: Averaged objective value when solving problem (5.37) over 50 random trials versus the number
of function queries.
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1.0 14/ B z0-sGD
== Z0-SCD
v 0.8 1.2{ E3 Z0-signSGD
= 1 ZO-HGD
; 10‘
£ 0.6 S
9 © 0.8
z 7
0.4 = 0.6
Ag a)
= [ Z0-SGD 0.41
0.21 =3 ZO0-SCD
=3 ZO-signSGD 0.2
0.0 1 ZO-HGD 0.0d---
0 25 5 75 10 0 25 5 75 10
Queries (x10%) Queries (x10%)

Fig. 5.2: Comparison of ZO-HGD with other methods for generating universal adversarial perturbations.

In Figure[5.1] we present the averaged objective value of problem over 50 random trials
versus the number of function queries. And in Figure[5.2] we show the attack success rate (ASR) of
50 x 10 perturbed images, and the associated /5-norm distortion for attack generation. We compare
our proposed ZO-HGD with ZO-SGD, ZO-SCD and ZO-signSGD. Here the box plot summarizes
the results of 50 random trials to solve problem (5.37). As we can see, the convergence speed
of ZO-HGD is faster than ZO-SGD and ZO-SCD. This is supported by Figure[5.I} A smaller
objective value is achieved using less number of function queries than the other algorithms. By
dissecting the objective value of (5.37), Figure[5.2}(a) shows that ZO-HGD yields a significant
ASR improvement over other algorithms even at the early iterations (e.g., at the use of 2.5 ~ 5x 10%
queries). Moreover, we observe from Figure[5.2}(b) that all the considered ZO algorithms result in
comparable /5 distortion strength in general. This implies that the ASR improvement introduced
by ZO-HGD is not at a significant cost of increasing distortion norm.

To further support this point, Table[5.2] presents the concrete adversarial examples and their
metrics obtained from different ZO optimization methods. The results are summarized in terms
of the number of queries required to achieve the first successful attack, the resulting adversarial
examples, predicted label, and final /5 distortion. As we can see, ZO-HGD requires the least
number of function queries to achieve the first successful attack of each image, and keeps the

strength of converged perturbations comparable across methods.
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Original label horse car  bird flight
Z0-SGD E K
62: 0.67 E
Query # 255
Predicted label dog ship
Z0-SCD E
EQ: 0.71 H
Query # 239
Predicted label dog ship
Z0-signSGD E
l5: 0.69 E
Query # 285
Predicted label dog ship
Z0-HGD E
EQZ 0.77 H
Query # 210 19 152 573
Predicted label dog ship  dog car car

Table 5.2: Randomly selected 5 over 10 images in one trial from our universal black-box attack generation
using ZO-SGD, ZO-SCD, Z0O-signSGD and ZO-HGD.

5.7 Summary

In this chapter, we proposed a novel hybrid gradient estimator (HGE) for black-box stochastic
optimization, combining the advantages of the query-efficient random gradient estimator, and the
more accurate coordinate-wise gradient estimator. Using importance sampling based coordinate
selection, we further improved the variance of HGE. Building on top of this estimator, we proposed
a ZO-hybrid gradient descent (ZO-HGD) algorithm, which generalized ZO-SGD and ZO-SCD.
We conducted theoretical analysis of the method for smooth functions, which are non-convex,
convex and strongly convex, and rigorously demonstrated the efficiency in terms of both iteration
complexity and function query cost. The theoretical findings were corroborated by a real-world

application to generate adversarial examples from a black-box deep neural network.
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CHAPTER 6

CONCLUSION

6.1 Summary

In this dissertation, we studied two types of distributed system topologies: 1) mesh topology, and
2) star-shaped topology. We studied these systems under different contexts.

In Chapters [2 and (3] we considered systems with mesh topology. In Chapter [2, we proposed
an efficient, decentralized BP message passing based method for simultaneous agent localization
and multi-target tracking, for an unknown number of targets, under measurement-origin uncer-
tainty. To save on the computational and communication costs of particle filters, we modeled
the agent and target state densities using single Gaussians and Gaussian mixtures (GMs). We
also proposed a novel decentralized Gibbs method for efficiently computing products of Gaussian
mixtures. Through extensive simulations, we showed that the performance of the proposed de-
centralized algorithm is close to its centralized counterpart, and much better than the conventional
separate localization and MTT approach. This work was focused on passive sensing, where the
agents do not actively pursue the moving targets.

In Chapter 3] we solved the more abstract distributed online convex optimization (OCO) prob-
lem, with time-varying (potentially adversarial) constraints. We proposed a distributed primal-dual

mirror descent based approach. We utilized the challenging, but more realistic metric of dynamic
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regret and fit. Regret quantifies the cumulative loss incurred by the system relative to the case
where all the loss functions and constraints are known at a single location, ahead of time. Simi-
larly, fit quantifies the cumulative constraint violation. We proved both the dynamic regret, as well
as fit to be sublinear under mild, commonly used assumptions.

In Chapter 4, we considered distributed systems with star-shaped topology. We proposed a
distributed variance-reduced algorithm, PR-SPIDER, for stochastic non-convex optimization. We
proved convergence of our algorithm to a first-order stationary solution, while achieving the best
known communication complexity. In terms of IFO complexity, we achieved the optimal rate. In
addition, unlike many existing approaches, our algorithm is general enough to allow non-identical
distributions of data across workers.

The work in Chapter ] assumed access to gradients of the local objective functions. This might
not always be feasible. In Chapter [5| we considered the more general problem, where we only
have access to function values, and not the gradients. To simplify the analysis, we only considered
the single-node case for this problem. We proposed a novel hybrid gradient estimator (HGE) for
black-box stochastic optimization, combining the advantages of the query-efficient random gradi-
ent estimator, and the more accurate coordinate-wise gradient estimator. We conducted theoretical
analysis of the method for smooth functions, which are non-convex, convex and strongly convex,
and rigorously demonstrated the efficiency in terms of both iteration complexity and function query
cost.

Next, we discuss some promising future directions of the work presented in this dissertation.

6.2 Future Directions

6.2.1 Federated Learning

We briefly discussed the recently proposed paradigm of Federated Learning (FL) [98] in Chapter
FL is a more general framework than conventional distributed optimization, in the following

respects [92, 109].
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The number of workers/clients is typically very large (maybe even millions). Owing to the

large number of nodes, not all are expected to participate in the learning process at any time.

The participating clients can vary widely, both in terms of their individual capabilities (sys-
tems heterogeneity), as well in terms of the local loss function they posses (statistical het-

erogeneity).

* Privacy concerns about the local data present at the individual nodes need to be addressed.

Owing to the heterogeneity of clients, questions of fairness and robustness also arise.

Past few years have seen a rapidly growing body of literature addressing these and other related
questions on FL. Some of these directions and the corresponding open questions are quite close to

the work done in Chapters ] and [5 hence we briefly discuss these.

Communication Efficiency and Heterogeneity

Our work in Chapter [ focused on achieving the optimal computational cost, while also minimiz-
ing the communication cost. For this purpose, the nodes performed local steps for some iterations,
before communicating with the server. Other works have focused on additionally compressing the
updates shared between the nodes and the server [161}, 93, [71}, 139, 167]. So far, the existing guar-
antees do not match the lower bounds on communication complexity which exist in the literature,
making this an active area of research. Also, a principled understanding of how to model different
kinds of heterogeneity is missing in the literature. Recently, some papers have illustrated that het-
erogeneity can lead the FedAvg algorithm to converge to the solution of a problem different from
the original one [184} [130]. More fundamental understanding of statistical heterogeneity, beyond
simple bounded gradient dissimilarity assumptions (as Assumption {]in Chapter[4)) is also missing

in the literature.
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Client Selection

In presence of a large number of clients, each round involves sampling a subset of clients to update
the model. Conventional approaches, like FedAvg [123]] involve sampling a subset of clients uni-
formly randomly. However, some recent work has shown the advantages of non-uniform sampling
of clients [35]]. Different sampling approaches have been proposed in the recent past [32, 151} 56].

However, a more principled understanding is still lacking.

Privacy and Fairness Guarantees

One of the motivations for FL is the reluctance of individual nodes to share their local data with
a central server due to privacy concerns. Therefore, evaluating the privacy guarantees of different
algorithms is one of the central themes of FL research. More recently, an interesting line of research
has focused on the privacy-accuracy-communication trade-off. For example, the work in [64} |65,
31]. Also, due to the heterogeneity inherent in FL, fair resource allocation is another major concern
[110, [108]. Both privacy and fairness, and their underlying trade-off is an interesting direction

worth pursuing in federated learning research.

6.2.2 Online Nonconvex Optimization

Since the seminal work by Zinkevich [209], the work in online convex optimization has exclusively
focused on convex objective functions. However, in the recent past, following the spectacular
success of Deep Learning, research in nonconvex optimization has really taken off. Refer to [84]]
for a slightly outdated, yet comprehensive treatment. This has led to some initial work in the online
domain with nonconvex objective functions. Perhaps the first work in this direction was [77], in
which the authors defined the notion of local regret - the metric analogous to regret in the convex
setting. This has been followed by a host of other papers [[197, 4, 159, 169]. This line of work is
especially of interest to us, since the motivating problem behind our work is that of distributed

localization and tracking. The current paradigm of OCO, though captures the time-varying aspect
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of the problem, is too restrictive in terms of the underlying assumptions on the objective functions.
Extending our work to nonconvex functions will bring us one step closer to modeling the full-

generality of our motivating problem.

6.2.3 Stochastic Compositional Optimization

Compositional optimization is concerned with solving problems of the form

min f(g(z))

where the functions f, g might themselves be expected values. This more general framework
has applications in reinforcement learning, the recent paradigm of model-agnostic meta-learning
(MAML) [54], and GAN-based compressed sensing [21], to name a few applications. Despite
the large body of work in stochastic optimization, compositional optimization is relatively under-
explored. Following the excellent work in [1835]], more recent work, including [[186,|112]], proposed
improved algorithms for stochastic compositional optimization. Recently in [63], optimal conver-
gence rates was achieved for two-level problems. This was generalized for the case of multi-level
problems in [205, 11, 207]. However, this framework has so far not been considered in the FL.
context. With the recent application of MAML in FL [88, 51]], the ground is ripe for more work in

this direction.
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APPENDIX A

APPENDIX

A.1 Cooperative Self-localization and Multi-Target Track-
ing
We compare the performance of a particle-filter based implementation of our proposed method

(PM) with that of a reference method (RM) that performs agent self-localization SPAWN [192]

followed by [126] for MTT. Figure[AT] shows the ground truth trajectory of the mobile agents and
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Fig. Al: Ground truth trajectories of agents and targets, plotted over time
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the targets, over a span of 50 time steps and the true number of targets as a function of time. We
have considered a network composed of one fixed agent (i.e., anchor) and S = 7 mobile agents and
a maximum of 5 targets, over a region of interest (ROI) given by [0, 75 m] x [0, 75 m]. Each mobile
agent has a measurement and communication range of 30 m. The anchor has a measurement and
communication range of 100 m.

The kinematic model of the agents and targets is the same as in Section [2.6 The measurement
noise in the agent state vector R,, at R,, = diag(2m?, 1deg?). Birth PTs are appended to the
persistent PTs in the prediction step of the filters. The birth locations are shown in Figure
Birth probabilities are set to 1073, the probability of target survival is 0.99 and target probability
of detection is PCES) = 0.9 V s. At each frame, the clutter process follows a Poisson distribution
with rate 5, and the clutter points are distributed uniformly over the ROI. Particle representations

of agent and target tracks are employed in the two filters with 500 particles per track. The threshold

on the probability of existence for an estimated target is set to 0.5 in both filters.

Agent RMSE Eqrors (m)
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Fig. A2: Average RMSE in agent location estimates over time.
Keeping the agent and target tracks fixed, 100 Monte Carlo simulation runs are obtained by
regenerating the measurement sets. In Figure [A2] we have plotted the average root mean squared
errors (RMSE) in the agent location estimates over time, for all the agents. For agents close to

the anchor or with multiple neighboring agents (e.g., agents 4, 5, 6), the self-localization perfor-
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mance of the two methods is similar. However, for agents which do not have many neighbouring
agents to facilitate self-localization (e.g., agents 1,2, 7), our approach takes advantage of the prob-
abilistic information transfer from target tracking. Therefore, the PM has a consistent performance

improvement over RM.

Target errors

OSPA [m]

errors [m]
[

Position

Cardinality
error [m]

Time sample [s]

Fig. A3: Mean OSPA error, position error, and cardinality error for targets plotted over time.

In Figure [A3] we showcase target tracking performance via the Optimum Sub-Pattern Assign-
ment (OSPA) error averaged over the same 100 Monte Carlo simulation runs. The OSPA employs
two parameters: the cut-off, set to 10m and the order, set to 1. The spikes in the cardinality OSPA
correspond with the times of target births, due to the delay in estimating a new track for the two
filters. Since the proposed method provides better estimates of agent locations, it also results in bet-
ter estimates of target locations specifically in the precision of target tracks. The performance gap
between the two methods is smaller for MTT than for CS, since there are always a few sufficiently

well localized agents providing good target tracks.
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A.2 Distributed Online Convex Optimization

A.2.1 Proof of Lemma

PROOF: We prove (3.20) by induction. g, = 0 by initialization. Also, since g;o(-) = 0, b, 1 = 0.

Therefore, q; 1 = 0,,, = [|q;1|| < BE Let us assume (3.20) be true at time ¢, Vi € [n]. Fort + 1,

1 .

first note that

(1 - %+15t+1)q1'7t + %+1bi,t+1 < (1 - %+1ﬁt+1)q1',t + ’Vt+1gi7t(y1',t+1)7 (S1)

where (ST)) follows from step [8] in Algorithm [4] using convexity of g;,(-). Also, for vectors x,y

such that x <y, ||[x]. || < ||y||- Therefore,

||qi,t+1” < (1 - %+1/3t+1) HtaH + Vet ||9i,t(}’¢,t+1)||

F (@) F )
<(1- 7t+15t+1)g + Y B < ﬂ’v i € n], (S2)
s it

where (a) follows since {/3;} is a non-increasing sequence.

Next we prove (3.21). First note that

(b)

qu',t+1 - Qz‘HQ < H(1 - ’Yt+15t+1)%,t + ’Vt+1bi,t+1 - q’iH2
= ||Qis — (lz'H2 + ’Yt2+1 b1 — ﬁtﬂqz',tHQ + 2%1(13,} (Vi (%) (Vi1 — Xi)
— 2914} [V 9ir(Xi)] (Vi1 — Xiz) + 271 (die — i) gie(xir)

- 2%+1ﬁt+1(%,t - qi)qu’,t (S3)

where (b) follows from (3.19). We first bound the second term in (S3).

Ibiti1 — Bev1itll < |[biesall + Bevallqizl|

(¢) F
< ||vgi,t(xi,t)“||}’i,t+1 - Xz’,t|| + ||gz',t(Xi,t)H + @Hﬂ
-+
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(d)
< Gd((X)) + 2F = By, (S4)

where (c) follows from Cauchy-Schwarz inequality and (3.20)). (d) follows from assumptions (B3),
(B4) and (3.7). For the fourth term in (S3),

=291 [V it (%50) | (¥ie1 — Xie) < 2% |1V gie (Xio) Vi1 — Xie|
) <G2at+1

L
< 21 Hq@Hz + a—||Yz‘,t+1 - Xi,t||2> . (S5)

dags

where (e) follows from (B4) and using Young’s inequality zy < % + aTyQ, for a > 0. For the last

term in (S3))

(f)
— 291 B (e — @) i = =271 B [

i — ail]* + [lai]l® — ||(Iz||2]
2

< Yer1 B (laall® = llaie — aill?) (56)

where (f) follows from x’y = Hx”2+”y”22_||x_y”2. Define Ajy1 = Y0 [lldie — ail>— (1 —
Yir1Bi11)||is — ail|?]. Using the upper bounds (S4)-(S6) in (S3), and summing over all i € [n]

we get (3.21). [

A.2.2 Proof of Lemma3.5.2

PROOF: Using convexity of f;;

fi,t(xi,t) - fzt(X:) < <vfi,t(xz’,t)> Xt — XD

= (Vfit(Xit), Xit — Vier1) + (VS ir(Xit), Yier1 — X) (S7)

For the first term in (S7)

(Vfir(xir), Xit — Yir1) < Gl xir — Yigr1]|
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G?a
< T2y Py - xull? (S8)
H dagiy
where (S8) follows from assumption (B4). For the second term in (S7)
(Vfir(Xit), Yigrr — X5) < Qi1 Yigr1 — X;) + <[Vgi,t(xi,t)]T Qi Xy — Yi,t+1> : (S9)

where ([S9) follows from step [6]in Algorithm ] Next, we bound the two inner products in (S9).
First,

<[Vgi,t(xi,t)]T Qits X, — Xt +Xip — Yi,t+1>

< qz?:t (90t (x7) = gip(Xin)) + Vi (Xig) Xig — Yigs1)]

(S10)
where (ST0) follows from the convexity of g; +(+). Secondly,
* 1 * *
(Qipr1, Yigrn — X{) < o Dr(x;,Xit) — Dr(X}, Yit+1) — Dr(Yirt1, Xi,t)] (S11)
t+1

< Dr(x,Xit) — DRr(Xi41, Xip+1) + Dr(Xt 11, Xip1) — Dr(X;, Xit+1)

Q41 Q2 Q42

_l’_

Q2
. 1 , 1 .
DR(Xt>Xi,t+l) - DR(Xt7Yi,t+1) + DR(Xt7Yi,t+1) -

Q42

(OTEE))

DR(X?;, Yi,tJrl)
Q2

Q1
2011 H}’z,t+1 Xz,t|| )

(S12)

where, (STI) follows from Lemma[3.3.1] (S12) follows from (3.12)). Next, we analyze some of the
component terms in (S12).

* * K
[DR(Xt+17 Xit+1) — Dr(X7, Xi,t+1)] (S13)
Q42

which follows from assumption (C2). We use the upper bounds in (ST0), (ST2)-(S13)) to further

upper bound (S9). Next, we use (S8) and this new bound on (S9) to upper bound (S7). Then,
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summing overi € [n]and t € [T], we get

T n

ZZ[fi,t(Xi,t f’Lt Xt < —ZOétHﬂLZZ—Hy”H —thH
t=1 i=1 t=1 i=1

T n
+ Z Z qg:t [9i.0(x}) — gie(xie)] + Z Z qg:tvgi,t(xi,t) (Xit — Yitt1)

t=1 i=1 t=1 i=1

] -
D 7 D ; y g

+ ZZZ {%4—1 R(XEs Xit) — e R(Xi41, X ,t+1)_

+ Z al o [Z Dr(x;, Xit+1) — ZDR(X:, Yit+1)
L i=1

+ZZ—||xt+1 xt||+22(

t=1 i=1 t=1 i=1

7
- Z Z 5 HYZ',t-l-l - Xi,tHQ- (S14)
=1 i1 M+l

) DR(Xfa Yi,t-l-l)

Q42 CYt+1

Here, by assumption, at the optima x;

algii(x) <0, Vit (S15)

Also,

Z Dr(x},Xie41) — D Dr(X}, Yias1) = ) [DR X7, > [Wilij¥iae1) — Dr(X, Yier1)

=1 =1 7j=1
<y [Z (Wil Dr (x5, ¥5001) = DRl yign)] (S16)
=1 j=1
= [ZDR(X:, Yj,t+1) - ZDR(sz}’i,t—H)} = 0. (S17)
j=1 i=1

(ST16) follows from step [12]in Algorithm 4] and assumption (C1). follows from assumption
(A1) about the network. Finally,

»AC

t=1 1

) DR(Xfa yi,t+1>

Q42 Oét+1
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1 1

Q9 Q41

> nkd((x)) < MEAX) (S18)

Q42

<>

where (ST8) follows from (3.13), and using the fact that {«;} is a non-increasing sequence.

Using (ST3), (STD)-(ST8) in (ST, we get (3-27). u

A.2.3 Proof of Lemma3.5.3

PROOF: We start with applying Lemma [3.3.1]to step[7]in Algorithm 4]

(e 7AN| <ai,t+17 Yit+1 — Xi,t> < _DR(Xz‘,ta yz‘,t+1) - DR(Yi,t—',—la Xi,t)

= 1 |¥ierr — Xoel? < i i || Vi1 — Xid| (S19)

where (ST9) follows from (3.12). Consequently,

Q Qo
i1 — Xl < = laiill < e IV fie(io)ll + 1V gie (i) diel])
F G F
< e7an | (G+G—) < A1 (1 4 ) (S20)
o t K Bt

Note that the bound in (S20) is independent of i. Next, define e;; = y;++1 — X;+. Note that,

n

Yitr1 = Xip + €4 = Z[Wt]ij}’j,t + €, (S21)
j=1
and
1 n n t
Virr =Xy + € = - 21: E[Wt]zjy]’,t e =y t+e€ = Zoér- (S22)
i=1 j= —



153

Since we assume f;o(-) = 0,V i € [n], gio(-) = 0,V i € [n| and x;9 = 0, from the algorithm,

1 = 0,V i € [n]. Further, defining

A [T T 17T A [T
Yt = [y17ta s 7yn7t} , € = [el,ta s 7en7t

we see from (S21) that y; 11 = (W ® I)y; + (I ® I)e;. Hence

t n
Yit+1 = Z Z [WH} i €

=0 j=1

Substituting (S24)) in (S21)), and using it with (S22)), we

n

X — Xy = Z[W]inj,t - Y

j=1

(S23)

(S24)

n t—1 n t—1 n
= Z ( ) ZZ (W] s = ([Wt‘TLk - %) err (525

Consequently,

x50 — x| < Z

=0 k=1

i -
n

A standard property of doubly-stochastic matrices is that
4 1 t

Substituting the bound on ||e; .|| from (S20), and we get (3.28).

ler-Il

(S26)

(S27)
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A.3 PR-SPIDER: Convergence of the Finite-sum case

A.3.1 Proof of Lemma4.2.2

PROOF: We have

78—5—1

_S+1 N2 vaz

Z Vi
=1

1 N
szirll _Nz f’L

Zw; x; )

1L 1
(x57h) + — Z S OIVAEETET) - VAT ST
J=1 & +1
2
(xiih) = V4 ()] | (528)
2
s+1
zt 1

1 L1 5
VB[ 3 LS VAG ) - VAGL6) + VA () - Vi ()] |
i=1 5s+1
< Z SOIVAETET) = VAT EN) + V() = Vi (x5)]
=1 §+1
h IE(T)r:O ’
ff*%——ZVﬁ (x5iy) > (S29)
2
=E|[vi] — — vaz (x572)
2
o ZEHB (VHGE) = VA€ + V() = V()] |
s+1
+ 55 LF <§ SIVAGSE!) - VR E) + V() - V()]
i#j 308
BZ VEETSEN) = VAT + V5 () - Vi (x 5“)]> (S30)
308
2
=E|v;* ——ZVfl (xs)
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N
o 3 B [P0 S v )~ v )

B?
=1 s+1
—1 - 1 -5+1 -5+1 s+1 s+1 s+1 ‘5+1
+ N2 n2 Z 5 stl [Vfl( i€ ) = Vii(x Xit—15Si,t )] + Vi (xi,tfl) sz( )7
= g AT

=0

N

-

=0
2 N
<E||wt - —Zw@ e + gy Y EY |Vabiied) - Vak e
s+l
(S32)
1 — RN
<SE|vi - 5 L VAG)| + 5 BEar =iy (533)
i=1 i=1
—s+1 1 = s+1 2 L2 Al s+1 s+1 2
<E|v" - D VAED)| a5 E|[x;t - x;i (S34)
i=1 i=1 (=0
EE@
(S28) follows from step[7)in Algorithm[S] The cross term in (S29) is zero since
Been V(G607 = VAL EN)] = VA () = VA (x3) (835)
for all & Bf:“l, Vt,Vs,Vie[l: N]. The cross term in (S31) is zero since at a single

node i, the samples in the mini-batch B;;" are sampled independent of each other. (S32) follows
from (S33) and using E ||x — E(x)||*> < E|x||>. (S33) follows from mean-squared L-smooth
property of each stochastic function f;(-, ). follows by recursive application of (S33)), to the

beginning of the epoch. |
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PROOF: First we prove (d.12)). For ¢ such that £ mod I # 0

—s+1H2

ZEHVS—H
- N
=2

1+ 8)E [[viil, — vt

( )EHBZ{W (bt - VAR e )
Z Z{ij xS = V(G E) }H] (S36)
5“
N
<3 A+ E|vi, - v
=1
( ) EZHvﬁ ey - vh it e
1 2
+(1+ ) EZHVJCJ XL ET) = VA& ] (S37)
Y 1
<3| (DR |vit ~ v +(1+5) L7 [t —xifh
=1
+( )2L ZEHXSH x| ] (S38)

IA

M= 11

(L) E|[viihy =95

IA

=1

-~

0

szt (14 5) {R IV - it

(1484822204 ) JE Vit - w77

H+mwﬂw]

H +82NL2(1 + )]E|| 8+1H (S39)

where, follows from step [7]in Algorithm [5] and Young’s inequality, for & > 0; (S37) fol-

lows from Jensen’s inequality; (S38)) follows from the mean-squared L-smooth assumption (Al).

Applying (S39) recursively, we obtain



157

ZE Hvs+1 ‘—,erlHQ

(1+6)%E||vitt, — v} |’ + 82N> (1 + )[EH P+ a0 v

Mz

i=1
N -1
Z(1+94 ( IE‘ s+1 _Vs&; —|—872NL2 1+ Z +9€ 1— JEHVSHH
i=1 j=7(£)
=
=8 NLA(1+5) Y (1+0)E v (S40)
J=7(£)

where (S40) follows since averaging happens at time index 7(¢) (step Algorithm , ie.,
s+1 —s+1 . .
Vit = Vi, Vi€l N

Next, we prove (4.13)). For ¢ such that  mod I # 0

N
ZEHxS“ P = Y B ) et —vih] - & -]l

N
Z { 1+ )E ||x57!, — *8“\\ + (1+ 1) VE ||vitt — vitl] } (S41)
=1
N 9 1 0—1 )
<> |+ a) R |xit, - x|+ (1+5> 73 (14 ) E Vi - vt
i=1 j=7(£)
1 2 g 0—1—j s+l _ s+l 2
=(1+=)7"2 (1+a) TR [Jvit = vit| (S42)
i=1 j=7()+1

where (S41) follows from Young’s inequality, with o > 0; (S42) follows since averaging happens

at time index 7(/) (ste 0, Al orlthm . Consequentl XSJrl =xtl votl = VSJrl Viell:
p & QUENLY X 7(0) = Xty Vi (o) =

N]. We can further upper bound (S42) using the bound on 7" | E[|vit' — vi*!|2in (S40). W

A.3.3 Intermediate results for Lemma/4.2.4]

In the following analysis, the following facts shall be utilized repeatedly.

(F1) We choose d, v such thatd < 0 = 9§ + 872L2(1 + %) <20 < 1.



(F2) We choose o = g Therefore, 0 — o > g

(F3) (1+1) <Z2and (1+1)<

Qo

(F4) I = |5| < 3. Also,forf <1,[3]| > o5 > .

1
5

Now, we state first of the three lemmas we will require to prove Lemma

Lemma A.3.1.

16~°L* 1
NB (1+ 5)

. 2
(1+6) 1K v;?“H

B (1 %) <1+9>£ 1— JE s-l—lH
t=0 (=0 j=7(¢)
].6 5L4 1 m—1 [I-1 ¢£—1 .
w5 (155 [ (+0) B[V
t=0 [¢=0 j=0
2I—-1 (-1 t—1 (-1
+ A+ TR Y S a+ o) R |
=1 j=I {=7(t) j=7(t)
].6 5L4 1 m—1 [I-1 (-1 ‘
=55 0+3) [ (1+6) R v
t=0 L{¢=0 j=0
I-1 (-1 t—1—7(t) ¢—1
+ L+ 0) T E | ... + Z (1+0) R |vtL
(=0 j=0 (=0  j=0
16v°L* N g .
<N (115 [0 2 (1+6)" ZEHV P
1670, 1=, (1+6)
< —yp U 5) Ellv:*’ { }

167Lm26—1 s
< loimie 1S e

(© 64v°L*m
A Sl

1

1

ZEH I
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(S43)

(S44)

(S45)

(S46)
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where, (§44)) follows from (S43)) by simple re-indexing. (S45)) follows from (S44)) by upper bound-
ing the coefficients of all terms with the one corresponding to 5 = 0. Note that (1+%)x in increasing

function for z > 0 and lim, (1 + %)”C = e (Euler’s constant). (S46)) follows from (F1)-(F3). W

Next, we present the second lemma we will use to prove Lemma[4.2.4]

Lemma A.3.2.

m—

g 2 27 L m
5 2 2 BVl < ZEII vt

t=0 (=0

2,)/3[/2

PROOF: We have from the left hand side of the inequality

2’}/3[/2 m—1 t—1 N

NB ZZEHWHHQ
t=0 ¢=0

_ 2,)/3[/2

= E v n = D)+ E 917 m = 2) + ..+ E il ()]

2 SL2
s mZEH .

Finally, we present the third intermediate lemma before presenting the proof of Lemma4.2.4]

Lemma A.3.3.
1 m—1 t—1 {—1
875L4<1+ ) Z 1+at14(1+941JEH s+1H
t=0 (=7(t)+1 j=(0)
25677 L4 = .1
< 2 L El
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2I-1 t—-1 (-1
220 2 o)+ O TR v
t=1 (=I+1 j=
m—1 t—1 (-1
- SN A+t o) TR (S47)
t=(p—DI bt=(p—1)I+1 j=(p—1)I
1 1 I-1 t-1 ¢-1 ' )
S [] s A
t=0 ¢=1 j=0
I-1 t—1 ¢-1
£33 (a0 R
t=0 ¢=1 j=0
m—1—(p—1)I t—1 ¢—1 2
- (1+) 1+ 0 E ||, |
t=0 (=1 j=0
I-1 t-1
< 875L4 Z E vt (1+a) "1+ 9)“] (S48)
0 ¢=0
-2l ZEII EhS Lrap (20 1
B . Y = (1+0) (HL) -1
32V ZEH SHH < (14+0)—(1+ )
Vi 0—«
L ¢=0
< 32 . [(1+6) -1
7 ZEH e ﬁ}
32 e—1
5725 S 2l i) o
_ 2567 ZEH v (S50)

In (S47), we split the summation over ¢ into blocks of length /. For any block tcH ,7(t) =cl.

Therefore, ¢ varies from ¢ = [c] + 1 : t — 1]. Further, over this range of ¢, 7(¢) = cI. Note that in

s+1H2

this block, the largest coefficient corresponds to the smallest 7, i.e., E||v We use these upper

bounds on coefficients in (S48)). We also use (F3). (S49)) follows from (F1), (F2), (F4). |
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A.3.4 Choice of

Suppose v be selected such that

(S51)

As we shall see in the proof of Corollary |1} the optimal choices m = [V Nn, B = %, /- Substi-

tuting these values in one of the inequalities above, we get

474 / 2
1287 LTIV 07 pagytnip < L i<t m
NI/ g ST i
1
= < . $52
7= WAL (552)

Repeating a similar reasoning for all the inequalities in (S5T]), we get

111 1
< m S G S53
W—mm{syzl\/ﬁu’ésu} =8I0 (553)

Therefore, we can choose a constant step size 7, small enough (and independent of N, n), such

that (4.21)) holds.



162

A4 Zeroth-order Hybrid Gradient Descent

A.4.1 Mathematical Notations

RGE VgerF(x;B"); see (5.2), (5.9)
{u;} Uniformly random directions on a unit sphere U
Ny Number of random directions, per stochastic sample &
[y Smoothing parameter
B* Mini-batch of stochastic samples with cardinality |B"|
CGE VgrFr(x; B¢ p); see (5.4), (5.3)
He,i Smoothing parameter for the i-th component of CGE; see (5.3)
Common smoothing parameter, i.e., j.; = fi. for all i € [d]
{e;}L Canonical basis vectors in R? (e; is a vector of all 0’s, except the i-th entry)
T Coordinate set used in computing CGE (5.4))
B¢ Mini-batch of stochastic samples with cardinality |5¢|
p Vector of coordinate selection probabilities
Di Pr(i € 7); i-th element of p
Ne Coordinate selection budget of CGE
Algorithm HGD - x¢ 41 = x¢ — ¢ (e Ve + (1 — 1) Vi)
X Iterate of the algorithm at the ¢-th time step
T Total number of iterations
M Step-size at time ¢
Nt Coordinate selection budget of CGE at time ¢
oy, By, Ly, By, p; | The time-dependent versions of the corresponding quantities
Dt,i t-th element of p;
A\ YRGEF(XtE B;)
Vc,t Veeelr, (Xt; By, pt)
Y; = {{w;}:,Z:, Bf, B} }, the randomness at step ¢
Vi o-algebra generated by = {Y, Y1,..., Y1}
Quantities used in the analysis of Algorithm 3|
dyy 1 +d/n,
Pr T tT 01 é i=1 ptl ;
ct Lower bound such that p;; > ¢, > 0 for all ¢ € [d], at all times ¢
% T Zt 0 ¢
= n, + n., such that the total per-iteration function query cost is O(q)

A.4.2 Proof of Proposition

The proof is motivated by the analysis of gradient sparsification proposed in [188]. We denote by

g=[g1,...,947 = @RGEF(X; Br), the RGE to be employed as a probe estimate. We also use
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the vector [gn), . . ., g(d)]T to denote a vector with the same entries as g, but sorted in the order of
decreasing magnitude. We denote the vector of probabilities p = [py,. .., pa]’.
Given an upper bound on the expected sparsity Zle pi, we compute the set of probabilities

which minimize the variance of the sparse estimator ()(g), by solving the following problem.

d
min» =L st Y pr<n,0<p <1Vi (S54)

=1

PROOF: Introducing Lagrange multipliers \, {1; }%_, in (S54)), the solution is given by solving the

following problem:

gz 2 o
m;nrilgécrgggL D, A, 1) Z + A (Zpl nc> + Z,Uz Di . (S55)

The KKT conditions for (S55) are given by,

gz 5 T N4 =0,V (Stationarity)

7

A2 (Z Di — nc) =0, (Complementary slackness 1)

wilp; — 1) =0,Y1, (Complementary slackness 2).

Combining the stationarity condition with the fact that for p; < 1, u; = 0, we get

pi = : (856)

It follows from (S56) that if |g;| > |g;l,

; > p;. Therefore, there is a dominating set of

coordinates, say .S, such that p, = 1,Vj € S, and |g;|,j € S are the largest absolute magnitudes



in the vector g. Suppose the set S has size k(0 < k < d). Consequently, we get,

Clearly, A > 0, hence Zle p; = n.. Then, from (S57),

: d
1 Zi: ‘gz’
k+XZ’9(i)|=nc & \ = Zei=k1 19@1

. Ne — k
1=k+1
Consequently, for ¢ > k,
p; = |9¢)|(ne — k)
T d
Zi:k—H 90|
Hence, the probabilities are calculated using the following steps:
1. Find the smallest k£ such that
d
9] (ne =) < D g,
i=k+1

is true. Denote by Sy, the set of coordinates with the top & largest magnitudes of |g;]|.

2. Set the probability vector p by

1, ifi € 5}
pi =
lgil(nc—k) if 4 ¢ S,..

d
Zi:k+1 |gil ’

164

(S57)
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A.4.3 Proof of Proposition

Proof of (5.11)

PROOF: The variance of CGE is bounded as

E H@CGEFI(X; B¢ p)— Vf(X)H2

2

=E H@CGEFI(XQ BC, p) — $CGE.]C(X) + @CGE]C(X) — Vf(X)

%)~ V)| (358)

EHVCGEFI(XB p) — Vegrf(x

where Var f(x) is the full coordinate CGE, and (e) follows since E[V cqp Fr(x; BS, p)] = Vo f ().

Now, we bound the first term in (S58).
2

d
VCGEF(X B°) Z@CGEfz x)

EHVCGEFI(XB p) — Veaef(x ‘

e

2 Zd: P’ {E H[(z € I)VearFi(x; BY) — I(i € I)@CGEﬁ(X)HQ

2

VCGEF (x; B°) — Vearfi(x)

+E HI(@ S I)@CGEfi(X) - pi@CGEfi(X) 2}

2

4 q A .
— Z »? [EIIQ(Z' € I)Ege ||VeeeFi(x; BY) — Voge fi(x)
i=1 1
. 2
+Ez(I(i € T) — p;)? HVCGEfi<X) }
d 1 . 2 A 2
(:) Z}? |:EBC VCGEF (X B¢ ) vCGEfi(X> + (1 _pi) ‘VCGEfl(X)H ] ’ (859)

where the steps in the derivation of (S39) follow by the reasoning given below:

* (f) follows from the definitions of @CGEFI(X; B¢, p)in (3.7);

* (g) follows since @CGEFi(xt; BS), VeoaE fi(x) is aligned with the canonical basis vector e;,

for all ;
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* (j) follows since the stochastic sample set B¢ is sampled independent of the coordinate set

Z. Therefore,

Ez s <I(7L € I)VeaeF,(x; B°) — I(i € T)Vearfi(x), I(i € T)Vearfi(x) — pi Vo fi(x)>

= EI <<I(Z - I)) (Elgc@CGEFxx; BC) — @CGEfz(X)) s (I(Z - I) — pi)@CGEfi(X)> = O,

* (k) follows since the indicator function /(i € Z) is a Bernoulli random variable with Pr(i €
T) = p;. Therefore, Ez[I*(i € Z)] =1 -Pr(i € Z) + 0 - Pr(i ¢ Z) = p;. Also, variance of

this Bernoulli random variable is given by var(I(i € 7)) = Ez(I(: € Z) — p;)* = pi(1 —p;).

Next, we bound the first term in (S59) as follows.

Epe || VeerFi(x; BY) — @CGEfi(X)H2 = @ > Ee H@CGEE(X; §) — @CGEfi(X)HQ

g£eBe

1 n R 2
= @E& VoceFi(x; &) — Veee fi(x) for some &, € B°
@ 3 . - 2
< @Egl HVCGEE(X;&) — e el VF(x; gl)H

eiefvf(x) - @CGEfi(X) H

m 3 [L%uZ;, ., L’ul, 3 L
< : = = : S60
S e (e ) o0

+lesel (VEGx &) = Vi) + |

where (¢) follows from the inequality || > °7_, x;]| < s>, ||x;]|?. (m) follows from the coordinate-
wise variance bound in Assumption [2] and [119, Lemma 3.2]. The second term in (S59) can be

bounded as

H@C(;Efi(x)H2 <2 H@CGE]@(X) — eie;fFVf(X)HQ +2 Heiefvf(X)HZ

L2M§,i

< +2(Vf(x)7, (S61)
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where (x); denotes the i-th coordinate of the vector x. Substituting (S60), (S61) in (S59)), we get

2,2

S I R L Y R

L3 L3, L2y, 12 &
- _[ (<2+ ﬂ’>+ a +2(Vf(><))?} —7Zu37i—2y\w(x)u? (S62)
=1

. 2
Next, we bound the second term HV f(x) = Veerf (X)H in (S58). This is done by improving
slightly the corresponding result in [119, Lemma 3].

2
2

(eie! Veanf(x) = (VF()):)

M=

HVf(x) - ©CGEf(X)

1

.
Il

2 d LQMQ.
< c,i
( <y I 63)

=1

| (erel Ve (0 = (V7))

Il
i
ngB
i

where (x); denotes the i-th component of the vector x. The last inequality follows from [119,

Lemma 3]. Finally, substituting (S62]), (S63)) in (S58)), and rearranging the terms, we get

E H [VearFr(x; BS,p)] — vf(X)H2
L1703 L2\ L2,
<Z_[|Bc| (<2+ 5’>+ P2 (V)| <2 VAEIP. (564

im1 i

A4.4 Choice of o
Substituting the upper bounds from (5.10), (5.11)) in (5.9), we get

2

E H@HGEF(X; B, B, T)—Vf(x)

< 20%E | VnenF (x 57) - Vf(x)H2 +2(1 ~ 0)’E||[Veor Frlx B, p)] - Vf(x)H2
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2 d 202 d 2 2 p2Ld>
< 2 . . 2 . . r
<20 Lsrr <”nr>E”W(X)” 1B (1+nr)+(1+|[5r|+nr|3r|) i }

3

1 L2g; L?u?,
+2(1 - a)? [;7[2(Vf(X))f+|BC| (<2+ 5 )+ . }—2||Vf<x>||2]. (S65)

The following steps to choose « are quite similar to those involved in the proof of Theorem|[5.4.3]
We describe them here as well, for ease of understanding. In (S65)), for the time being, we ignore
the terms involving V f(x). We assume the CGE smoothing parameters to be constant across
coordinates, i.e., jic; = fic, for all + € [d]. Using |B'| > 1, |B°| > 1, from we can bound the

remaining terms to get

nI‘ nI‘ i=1 K3

d 2\ p2L2d? 1
207 {202 (1 n —> n (3 + —) a : } +2(1 — a)? [Z — [3(2 + 2L2N2}] . (S66)

We denote P = é Zle z% Note that 02 = d(2. Also, we choose the smoothing parameters fi, ji

to be small enough such that 0 > L?2d, 0 > L?d?*1% /4. Consequently,

d 2 2[2d? d
20° (1+—) + (3+—)“r—§502 (1+—),
Ny ny 4 Ny

P [30% +2L%p2d] < 50°P.
Substituting in (S66), we get
2| 2 d 25
100 {a (1 + —) +(1—a) P} . (S67)
Ty

Then, the optimal combination coefficient o*, which minimizes is given by

(S68)
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A.4.5 Special Cases of Theorem
Regime 2: d,, = 1 + n% < Pr.

Since Pp > 1, this implies that nir < Prand % < 7 implies that on average, sampling proba-
bilities are much smaller than n, /d. In other words, the per-iteration query budget of CGE is much
smaller than RGE, and o — 1 (see (5:33)). With smoothing parameters p. = O ((dy,/d*T)"?),

e =0 (d_l(dnr /T 4), the resulting convergence rate is

d

B V) < 0 | |
FQC to achieve E||V f(xr)||? < eis given by O(T - n, + 3, Z?Zl pri) =O(T - (ny +nc)). In
the special case of uniform distribution for CGE, i.e., p;; = n./d, Pr = d/n.. n% < Pr implies
ne < n,. Hence, FQC to achieve E||V f(x7)||? < €is O(T-n,) = O(d/€*) (assuming n, = O(d)).
Naturally, both the convergence rate and FQC are dominated by RGE. Also, note that compared to

Z0-SGD, we achieve the same convergence rate, while the bound on i, is more relaxed (see Table

5.1).

Regime 3: d,, = 1+ nir and Py are comparable in value.

To gain some insight into this case where the function query budgets of RGE and CGE are com-
parable, we again look at the uniform distribution p;; = “#,V t,i. So, Pr = nic. The total

per-iteration function query cost of HGE is O(n, + n.). First, note that

L+2 148 dn 4 &
- = =
1 + 1—;;74 1+ (]_ —+ n%) % NN + d(nr + nc)
< <1+

+ < .
Ny +Ne Ny + N Ny + Ne
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1/4 1/4
With p. = O ((LT (1 + nm)) ) = O (é (% (1 + niﬂ)) ), the resulting conver-

gence rate is
1 d
x7)|° < — :
E|Vf &) <0 (\/T (1 o +n)>

FQC to achieve E||V f(x7)||* < €is given by O(T - n, + T - n.) = O(d/€*) (assuming n, + n. =
O(d)).

A.4.6 Convex Case

Before, proceeding with the proof of Theorem we prove some intermediate results, which

shall be used along the way. First, using convexity of f (Assumption

[M]=
Mﬂ

(f(xe) = f(x) < > AV (%), x: — %)

1 t

T
Z vt,Xt +

t=1 t

1

-+
Il

[M] =

(Vf(x) = Vi, x, —X7) (S69)

1

where z* = argmin,g,,; f(X), and we denote the descent direction used in Algorithm (8 as
Vi = V. + (1 — a;)Ves. Next, we bound both the terms in (S69) separately in the following

two results.

Proposition A.4.1. Under Assumption|3| and using non-increasing step-sizes {n,} in Algorithm

T R T
Y (Vexi—x) < o+ Y vy (S70)
p— 2nr 2

t=1
PROOF: The results follows by a straightforward application of the Young’s inequality, and using

Assumption [3|to bound ||x; — x*|| with R. |

Proposition A.4.2.

T T
DB (VI (x) = Vexe—x') < RLY (O‘”‘r (1-a)Vd uc) . (S71)
t=1 —
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PROOF:

T

ZE (Vf(x¢) — Vi, x4 — x¥)

t=1

E

[E[(Vf(x:) = Vi xe =X [ V] + (1= a) E[(V (%) = Ver, xe — x7) | V]

~
I

1

S
]~

QB (VF(x0) = Vf, (x0) 3 = x) + (1= @) E(VF(x0) = Veanf(xi). x = x°)|

A
=
=
-
Il
—

[M] =

Ld )
=l (250) + (L 0l =L, LV

t=1

where, (a) follows from EV,; = Vf,. (x;), and EV., = Voapf(x:). (b) follows from Cauch-
Schwarz inequality, and by using the bounds ||V f(x;) — V f,. (x;)|| < ’%j’ [60, Lemma 4.1], and
IV f(x;) = Vearf(x1)|| < Lv/dp. [86, Lemma 3]. The result follows since ||x; — x*||, < R from

Assumption |

Next we bound ||V;||” which appears in Proposition We make use of Assumption @ for this.

Proposition A.4.3.
4 d 4 2 d
i < 20 [ (2 o (14 2) iwsear + o2 (144 o
2 2 N2L2d2
1 r
+< +|l5’r|+nr|15’1”|) 9 ]
d
1 3<2 L2M2< 3 ) }
— _{_+ © (14 o |+ 2(Vf(x0))7 ]
( ! ;ptﬂ' B¢ 2 B3| (Vf(x));

PROOF: The proof follows by substituting the bounds on E ||V, ,||* and E ||V, ||* from Proposi-

tion[5.4.2] |

A.A4.7 Proof of Theorem[5.5.1 (Convex Case)

The set of coordinate-wise probabilities {p;;} are chosen such that p;; > ¢, V i, ¢.
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PROOF: Using Proposition[A.4.1][A.4.2][A.4.3]in (S69), we get

> (Bf(x) - F66) < A+ RL > (at‘;d - atwuc)

t=1 I
T d
1 [3¢? L?u? 3
+ Zm(l — ozt)QZ — [LC 4 2 He (1 + —C> +2 (Vf(xt))f]
P i1 Pt | B | 2 |1B;| (S73)
T
4 d 402 d
21 (2 1+ — 2 1+ —
=St | (2 g (1457) ) 1seor g (1)
2 2\ p2L2d?
1 ! .
i ( BT nr\Bw) 2 }
Here, note that
4 1
Do (VIG)) < S IVFGIl (S74)
=1 ©Ht

We take constant combination coefficients, i.e., o = « for all £, and constant step-sizes 1; =

: 5 T—1 ~d
for all t. We also use Assumptlonto bound ||V f(x;)||. We denote Pp = 5>~ " " >"¢ | ptl,i' To
focus only on the effect of the number of random directions in RGE n,, and the probabilities of
CGE {p:.} on convergence, we get rid of the sample set sizes using |B}| > 1, |B§| > 1 for all ¢.

Dividing both sides of by T', we get

. i (Ef(x) — f*) < Riy (O"“d +(1- awuc)

T p— - onT 2
+a’n [6 (1 + ni) G* + (; + ni) prd?L? + 4 (1 + ni) 02}
+(1—a)y [2@2% + Pr (30 + 2L2uzd)] : (S75)

As in Theorem [5.4.3] we choose the smoothing parameters such that p, = “YQ/E . Again, using

the same reasoning as in Theorem [5.4.3| 0% > L?u2d,0® > p2L?d?. Also, note that Pp < 1.



Consequently (S73) simplifies to

1ZEth

t=1

R? d d
< —— + RIVdpu + 60’ |G* [1+— )+ [1+— )| +6(1 —a)*y
2nT T, n,

(a) 2 2 2
2o [T e (16 L) 1 (T
ny

c

where (a) follows by optimizing over 1. Choosing the value of «

[l )]

and substituting in (S76), we get

1 & @+ (1+3)
;Eth <O|R - [1+é(1+%)} + RLVdp..
The choice of . = O ( %%) in (S78) yields
1 * L ()
72 (BI) =)0 | R Flre(ie d)]

|
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(S76)

(S77)

(S78)

(S79)

Similar to as we did in the nonconvex case (Appendix [A.4.5)), we next explore the convergence

conditions of Theorem [5.5.1] under some special cases. The reasoning is quite similar in this case

as well.



Regime Smoothing Convergence
8 parameter /i, rate
d 1 1 -
[ >z O<\/ﬁ> 0(\/%)
et o) | o(fi(])
1+2~1 . . - -
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Table A1: Comparison of smoothing parameters and convergence rates, for difference regimes of RGE and
CGE query budgets

A.4.8 Special Cases of Theorem (Convex Case)

Similar to as we did in the nonconvex case (Appendix [A.4.5), we next explore the convergence
conditions of Theorem[5.5.T|under some special cases. We summarize the results for three regimes

in Table depending on the relative values of 1 + nir and % The reasoning is quite similar.

Regime 1: 1 + nir >

Q=
.

Since % > 1, this implies that n% > %, or ¢ > “=. This implies that the sampling probabilities
are much greater than n, /d. In other words, the per-iteration query budget of CGE is much higher

than RGE, and o — 0 (see (S77)). With smoothing parameter p. = O (1 / %), the resulting

convergence rate is

E[ V(&) <O ( Ti) |

To gain further insight, we consider the special case of uniform distribution, such that p;; =

Ne -
F,V t,i. Hence,

ol

= nic, where 4 > % implies n. > n,. Consequently, the convergence rate

Ny

becomes

2 d
E V(%) §O< nCT).

And the FQC to achieve E||V f(x7)|> < €is O(T - n. + T -n,) = O(T - n.) = O(d/€?).
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Regime 2: 1+ L < 1.

Since % > 1, this implies that nir < %, or ¢ K %. This implies that A sufficient condition under
which this holds is if the sampling probabilities are all much smaller than n,/d. In other words,
the per-iteration query budget of CGE is much smaller than RGE, and a — 1 (see (S77)). With

) 1+-4 ) )
smoothing parameter p. = O (\/ T ) , the resulting convergence rate is

1+ 4

BIVFGr)l? 0 | (] ==
To gain further insight, we consider the special case of uniform distribution, such that p;; =
%=V t,4. Hence, % = nic, where n% < % implies n. < n,. Consequently, the FQC to achieve

E|Vf(xr)|> <eisO(T -n.+ T -n,) = O(T - n,) = O(d/e*) (assuming n, = O(d)).

Regime 3: d,, =1+ nir and 1 are comparable in value.

To gain some insight into this case where the function query budgets of RGE and CGE are compa-
rable, we again look at the uniform distribution p; ; = %,V ¢, 4. So, % = ni. The total per-iteration

function query cost of HGE is O(n, + n..). First, note that

L+ 1+ dn, + d?
1+é<1+ni> 1+<1+ni>% nene + d(n, + ne)
Ny
< <1+ :
Ny + Ne Ny + Ne Ny + N

With o = O (\/ﬁ (1 + nin)) and p1, = O (é\/% <1 + mim))’ the resulting convergence

rate is
2 1 d
E |V ()| < 0 (\/T (145 M)) .
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FQC to achieve E||V f(x7)||? < eis given by O(T - n, + T - n.) = O(d/€*) (assuming n, + n. =
O(d)). For O(n, + n.) function evaluations per iteration (O(n,) for RGE, O(n.) for CGE), this

rate is order optimal [50]].

A.4.9 Proof of Theorem (Strongly Convex Case)

For strongly convex functions, the error can be expressed either in terms of the regret ZtT:Bl (Ef(x¢) — f*)
(as in the convex case), or in terms of distance of the iterate from the optima ||x; — x*||?, because

of the following inequality

Ix —x*|* < f(x) = f*,  Vx€domf.

o | Ql

We begin with the following general result.

Lemma A.4.4. Suppose [ satisfies Assumption Then, the smooth approximation f, of the

function f, defined as f,, = Euer,|f(x + pu)] is also -strongly convex.

PROOF: We use the following property of strongly convex functions.

flox + (1 - a)y) <af( + (1 -a)fy) - 20D e ypp acpo
Now,
fulax + (1 — a)y) = Euer, [f (ax + (1 — @)y + pu)]
— Euctp [f (0(x + ) + (1 — )y + )]
< Eue, |af (x4 pu) + (1 — ) f(y + pu) — m(lz_ 2 Ix + pu—y — pu®
= 0Bty [Foc-+ )] + (1 - )y [1(y + )] - 222 ey
= afulo) + (1 afuly) - 2T ey
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We start with the following intermediate result.
Proposition A.4.5. Given f satisfies Assumption @ the iterates of Algorithm E?] {x: }4 satisfy

L?dyd

* 6- *
E|xi1 — x| < (1 . %) E |x; — x*|% = 2nees + 2npce L2 + 2m,(1 — o)

+ 207 [efE | Ve||* + (1 — a0)’E || Ve |°] (S80)

where, e, = Ef(x;) — f*. Recall that n, is the step-size at time t, o is the combination coefficient

at time t, [y, 1. are the smoothing parameters for RGE, CGE respectively.

PROOF: Using the iterate update equation (line 8)) in Algorithm

[xe1 — X*))* = (1% — 76 (Vg + (1 — @) Vey) — x|

= Ix¢ = x| + 07 | Vig + (1 — ) Ve || — 2 (x¢ — X%, 04 Vi + (1 — ) Vo). (S81)
We take expectation and consider the individual terms in (S81)) one at a time.
E[leVeg + (1 — a)Ver|* < 207E [|Veg]|* + 2(1 — ar)’E || Ve, (S82)
where (S82)) follows from ||a + b[|* < 2||a||* + 2||b]|?. Next,

—nE[(x¢ —x", Vs + (1 — a)Ver) | Vi

= —noyE (x, —x*, V[, (%)) — (1 — o) E <Xt —x*, @CGEf(xt)> ) (S83)

Using Lemma[A.4.4] we can upper bound

— (% = x5 Vi, () < = (fu () = fr (x7)) = g I — x|

—(f0) = [+ L= 3 x = x| (584)

IN
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where, (S84) follows from [86, Lemma 5.1]. Also,

B <Xt —x*, @CGEf(Xt)> - <Xt — X", Vearf(x:) — Vf(xt)> —(xt —x", Vf(xt))

a) R —
< I = 71| Va6 = V60| = (6x0) = 7)) = 5 e =%

—~

INE

2 b =1+ = Ve ) = V)| = (760 = £ = Z o = x|

INZ

| i
~Ldp? = (fx) = ) = T x = x| (585)

where (a) follows from Cauchy-Schwarz inequality, and strong convexity of f; (b) follows from
Young’s inequality x”y < £|x/|? + o [ly||*; (c) follows from [86, Lemma 3] Substituting (S82)),
(S84), (S83) in (S8I), we get the statement of the Lemma. [ |

Next, we can upper bound E |V, ,||*, E||V..||” using Proposition [5.4.2} and p,; > & > 0 for all

£,
Proposition A.4.6. Suppose [ satisfies Assumption Then

d
E||V.4||> < 6(G? + 0?) (1 + n—)

G°+o
E||V..| <6%

PROOF:

2 2 p2 L2 d?
E r 1+ 1 L
9" < [ B )} Iv76ol” +|Br( ) (*rBrﬁnr\Br\) 2

e
Zu(oo2)arssor e (0 2)+ (1) e
|

b
S <+d G2+62( ni)

=6(G? + o? < > (S86)

where (a) follows since |Bj| > 1; (b) follows from Assumption 4| and by using the smoothing
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parameter u, small enough such that o > u, Ld. Next,

E Vel <Z ~[2E(V ) + Xyl (1+ y )]

| Bf | 2 | Bf |
c 2 2
9 2EHVf( K +3; 2L%pzd
C C C
d 2 2
) (S87)

C

where (c) follows since p;; > ¢,

¢| > 1, and 0 = d(?; (d) follows from Assumption 4] and by

choosing p. small enough such that o > Ly.v/d. |

Substituting the bounds from Proposition [A.4.6in Proposition[A.4.5] and assuming constant com-

bination coefficient oy = «, for all ¢, we get

Ly

Bl =2 < (1= 20V B e = x7|1* = 2mec + 2malu? + 21 - o)

+ 1202 (G* + 0?) [az <1 + g) + (1 — 04)2%} :

—

d

0 12d (1+a)
S(l—M)EHXt—X” — 2me, + 21y M°+12 2H(G? + 0?) :
1e(1+4)

where (e) follows by choosing ji, = ficy / , and by choosing « to minimize the right hand side.

Next, we state the following general result to help us bound (S88).

Lemma A.4.7. Let {a;}1>0,a: > 0, {€}1>0, €: > 0 be sequences satisfying

(e a %] S (1 — %) ay — M€t +7]tA ‘I‘T]tQB

formn, = g(a+t and A, B> 0,5 > 0,a > 1. Then,

T-1

1 4T(T + 2a) a’c
— <A B S89
Sy ;wtet <A+ 55, + 8STa0’ (S39)
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forw, = (a+1)?and Sy = 3", w, > LT3,

PROOF: The proof borrows from the proof in [167, Lemma 3.3] with some minor modifications.

Multiplying by %, and simplifying, we get

-1 w -1 -1
Z weey < —an + A Z wy + Z wyn B. (S90)
t=0 "o =0 =0

Here, 22 < ”“ . Using Sp = 31w, > T2/3, 3w < @ we get the result. [

Comparing (S88)) and Lemma[A.4.7] note that

d
1 L2dy2 I+
o= <Elx —x|?, A=K = 6(G? + 0?) (13)
2 1+ (1 + ni>
Then, for X = 1 Zt 0 WiXe,
1 «— AT(T +2qa) . %5
Ef(xr)— f* < — <A B
f(xr)— f* < ST;wtet <A+ 55, + 8STa0
2 2 2 (1 + ni)
<ol & 17) : . (S91)
o T 1te(1+2)
. 1 (1+4) . .
The choice of y1. = O ﬁm in (S9I) yields
d
. . G? + o? 1+
Ef(xr) = f* <O ( T ) ( ) : (592)
T 14e(1+2)

The special cases of Theorem [5.5.T] (for strongly convex functions) can be derived in a similar way,

as we did for convex functions in Appendix [A.4.§]
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