Provable and Efficient Algorithms for Federated,
Batch and Reinforcement Learning

Avishek Ghosh
Kannan Ramchandran
Aditya Guntuboyina

Electrical Engineering and Computer Sciences
University of California, Berkeley

Technical Report No. UCB/EECS-2021-89
http://www?2.eecs.berkeley.edu/Pubs/TechRpts/2021/EECS-2021-89.html

May 14, 2021




Copyright © 2021, by the author(s).
All rights reserved.

Permission to make digital or hard copies of all or part of this work for
personal or classroom use is granted without fee provided that copies are
not made or distributed for profit or commercial advantage and that copies
bear this notice and the full citation on the first page. To copy otherwise, to
republish, to post on servers or to redistribute to lists, requires prior specific
permission.

Acknowledgement

| would like to express my heartfelt gratitude to my PhD co-advisors, Prof.
Kannan Ramchandran and Prof. Aditya Guntuboyina. Their enthusiasm for
research and devotion to his work are forever going to be an inspiration for
me in my career and personal life. | would also like to acknowledge the
contributions of the amazing faculties who inspired me over the years. |
benefited a lot from taking fundamental courses on probability, optimization
and statistics. Over my graduate studies, | had the privilege to work with
extraordinarily talented people like Dong Yin, Ashwin Pananjady, Arya
Mazumdar, Abishek Sankararamamn and Raj Kumar Maity. Last but not
the least, | would like to thank my parents Dipika Ghosh and Asit Ghosh, to
whom | dedicate this thesis.



Provable and Efficient Algorithms for Federated, Batch and Reinforcement Learning

by

Avishek Ghosh

A dissertation submitted in partial satisfaction of the
requirements for the degree of
Doctor of Philosophy
in
Engineering — Electrical Engineering and Computer Sciences
in the
Graduate Division
of the

University of California, Berkeley

Committee in charge:

Professor Kannan Ramchandran, Co-chair
Professor Aditya Guntuboyina, Co-chair
Professor Thomas Courtade
Professor Anil Aswani

Spring 2021



Provable and Efficient Algorithms for Federated, Batch and Reinforcement Learning

Copyright 2021
by
Avishek Ghosh



Abstract
Provable and Efficient Algorithms for Federated, Batch and Reinforcement Learning
by
Avishek Ghosh
Doctor of Philosophy in Engineering — Electrical Engineering and Computer Sciences
University of California, Berkeley
Professor Kannan Ramchandran, Co-chair

Professor Aditya Guntuboyina, Co-chair

We propose and analyze iterative algorithms that are computationally efficient, statistically sound
and adaptive (in some settings). We consider three different frameworks in which data is presented
to the learner. First, we consider the Federated (Distributed) Learning (FL) setup, where data is only
available at the edge, and a center machine learns various models via iteratively interacting with the
edge nodes. Second, we study the canonical setting of supervised batch learning, where all the data
and label pairs are available to the learner at the beginning. Third, we examine the framework of
online learning, where data is presented in a streaming fashion. In particular, we focus on specific
settings like Bandit and Reinforcement Learning (RL).

In the Federated Learning (FL) framework, we address the canonical problems of device heterogene-
ity, communication bottleneck and adversarial robustness for large scale high dimensional problems.
We propose efficient and provable first and second order algorithms, and use ideas like quantization
of information and apply several robust aggregation schemes to address the above-mentioned prob-
lems, while retaining the optimal statistical rates simultaneously. For the (supervised) batch learning
framework, we use an efficient and statistically sound algorithm, namely Alternating Minimization
(AM) and address the problem of max-affine regression; a non convex problem that generalizes the
classical phase retrieval and closely resembles convex regression. We give convergence guarantees
of AM, with near optimal statistical rate. Finally, in the online learning setup, we address the
problem of adaptation (model selection) for contextual bandits (linear and beyond) and later extend
these techniques to Reinforcement Learning (RL). Our algorithms here are efficient, provable and
more importantly adaptive to the problem complexity.
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Chapter 1

Introduction

In recent years, we are witnessing an unprecedented growth in the amount of high dimensional
data being sensed, collected and processed to drive modern applications across many domains.
This growth has challenged classical algorithms to scale up to big-data regimes. Furthermore,
in time sensitive applications such as control and decision-making, collaborative learning, and
medical imaging, efficient implementations of such scaled-up algorithms are necessary. Moreover,
in applications like personalized recommendation and advertisement placement, adapting to the
structure of the problem is of fundamental interest. This adaptation can reduce both the problem
complexity and compute time. In this thesis, we focus on three fundamental aspects of machine
learning: statistical guarantees, efficient implementations and adaptation to problem complexity.
We consider three different frameworks in which data is presented to the learner: (a) Federated
(Distributed) Learning (FL), (b) supervised batch learning and (c) online (streaming) setup with
Bandit/Reinforcement Learning (RL).

1.1 Algorithms for Federated (Distributed) Learning (FL)

In many real-world applications, the size of training datasets has grown significantly over the
years to the point that it is becoming crucial to implement learning algorithms in a distributed
fashion. A commonly used distributed learning framework is data parallelism, in which large-scale
datasets are distributed over multiple worker machines for parallel processing in order to speed up
computation. In many applications, data are stored in end users’ own devices such as mobile phones
and personal computers, and in these applications, fully utilizing the on-device machine intelligence
is an important direction for next-generation distributed learning. Federated Learning (FL) [[1-3]]
is a recently proposed distributed computing paradigm that is designed towards this goal, and has
received significant attention. Many statistical and computational challenges arise in Federated
Learning, due to the highly decentralized system architecture.

In a standard Federated (or distributed) learning framework, a set of worker machines store the
data, perform local computations, and communicate local updates (ex. gradients, hessians) to the
center machine (e.g., a parameter server). The center machine processes the results from workers
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to update the model parameters. Such distributed frameworks need to address the following three
fundamental challenges:

1. Data Heterogeneity: First, the heterogeneity of data across machines can often dampen the
learning rate. This is a major concern in Federated Learning, since the worker machines are
end users’ personal devices and the data across users are different (in distribution) from one
another.

2. Communication Cost: Second, the gains due to parallelization are often bottlenecked in
practice by heavy communication overheads between workers and the central machine. This
is especially the case for large clusters of worker machines or for modern deep learning
applications using models with millions of parameters (for example, NLP models, such as
BERT [4]], may have well over 100 million parameters). Moreover, in Federated Learning,
communication from a user device to the central server is directly tied to the user’s upload
bandwidth costs. Therefore, it is of paramount importance to reduce communication overhead
in distributed learning algorithms.

3. Adversarial Robustness: Third, messages from workers are susceptible to errors due to
hardware faults or software bugs, stalled computations, data crashes, and unpredictable
communication channels. In scenarios such as Federated Learning, users may as well be
malicious and act adversarially. The inherent unpredictable (and potentially adversarial)
nature of compute units is typically modeled as Byzantine failures. Even if a single worker is
Byzantine, it can be fatal to most learning algorithms ([S]]).

In Chapters [2H5] we address these fundamental issues and propose algorithms that are provable
and computation friendly. In Chapter 2] we propose an iterative clustering algorithm that partitions
the worker machines and learns the optimal model for each clusters simultaneously, yielding
an optimal statistical rate in certain settings. In Chapter |3| we propose first order optimization
algorithms to deal with communication efficiency and Byzantine attacks, and show the optimality
of our proposed scheme in certain parameter regime. Furthermore, in Chapters [ and [5| we extend
this to second order and beyond second order algorithms.

1.1.1 Data Heterogeneity: Clustered FL

Exploiting data heterogeneity is particularly crucial in applications such as recommendation systems
and personalized advertisement placement, and it benefits both the users’ and the enterprises. For
example, mobile phone users who read news articles may be interested in different categories of
news like politics, sports or fashion; advertisement platforms might need to send different categories
of ads to different groups of customers. These indicate that leveraging the heterogeneity among the
users is of potential interest—on the one hand, each machine itself may not have enough data and
thus we need to better utilize the similarity among the users; on the other hand, if we treat the data
from all the users as i.i.d. samples, we may not be able to provide personalized predictions. This
problem has recently received much attention [[6-8]].
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Figure 1.1: An overview of IFCA with 2 clusters, orange and green: (a) The server broadcast
models. (b) Worker machines identify their cluster memberships and run local updates. (c) The
worker machines send back the local models to server. (d) Average the models within the same
estimated cluster ;.

In Chapter 2] we study one of the formulations of FL with non-i.i.d. data, i.e., the clustered
Federated Learning [7,9]. We assume that the users are partitioned into different clusters; for
example, the clusters may represent groups of users interested in politics, sports, etc, and our goal
is to train models for every cluster of users. We note that cluster structure is very common in
applications such as recommender systems [[10, |11]. The main challenge of our problem is that
the cluster identities of the users are unknown, and we have to simultaneously solve two problems:
identifying the cluster membership of each user and optimizing each of the cluster models in a
distributed setting.

We assume that there are k& different data distributions, Dy, ..., Dy, and that the m machines
are partitioned into £ disjoint clusters, ST, ..., S;. We assume no knowledge of the cluster identity
of each machine, i.e., the partition ST, ..., S} is not revealed to the learning algorithm. We assume
that every worker machine € 57 contains n i.i.d. data points Zbt .., 25" drawn from D;, where
each data point 2/ consists of a pair of feature and response denoted by 2** = (z%¢, y®*).

Let f(w; 2) : W — R be the loss function associated with data point z, where W C R is the
parameter space. We choose VW = R%. Our goal is to minimize the population loss function

Fl(w) :=E..p,[f(w; 2)]

forall j € [k]. In particular, we try to find solutions {@; }}_, that are close to w} = argmin,, e F(w),
J € [k].

In order to achieve this goal, we propose a framework and analyze a distributed method,
named the Iterative Federated Clustering Algorithm (IFCA) for clustered FL. The basic idea of
our algorithm is a strategy that alternates between estimating the cluster identities and minimizing
the loss functions, and thus can be seen as an Alternating Minimization algorithm in a distributed
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setting. The details of the algorithm is given in Figure|l.1|for two clusters, green and orange. With
the broadcasted models, the workers perform an objective based clustering to estimate their cluster
identity, and correspondingly update the model by taking gradient steps. Furthermore, when the
cluster structure is ambiguous, we propose to leverage the weight sharing technique in multi-task
learning [12]] and combine it with IFCA. More specifically, we learn the shared representation layers
using data from all the users, and use IFCA to train separate final layers for each individual cluster.

We further establish convergence rates of our algorithm, for strongly convex losses under the
assumption of good initialization. We prove exponential convergence speed, and for both settings,
we can obtain near optimal statistical error rates in certain regimes. With quadratic loss, we show

that the statistical error rate of our problem is @(w / % + minor-term), which is near optimal (see

[13]). For strongly convex loss, the error rate obtained is @(\ / % + %), which is sub-optimal by a

factor of % Furthermore, extensive experiments on MNIST, CIFAR-10 and Federated EMNIST
data-sets validate our theoretical findings.

1.1.2 Communication Efficiency and Byzantine Resilience

In Chapters we address the challenges of communication efficiency and Byzantine resilience
(against adversarial machines) simultaneously. As mentioned earlier, Chapter [3] introduces first
order gradient based methods, and Chapters 4] and [5] extends those to second order and beyond
second order methods respectively.

Gradient Based (First Order) Methods

Both the challenges of communication efficiency and Byzantine-robustness, have recently attracted
significant research attention, albeit mostly separately. In particular, several recent works have
proposed various quantization or sparsification techniques to reduce the communication overhead
([14H16]). The goal of these quantization schemes is to compute an unbiased estimate of the gradient
with bounded second moment in order to achieve good convergence guarantees. The problem of
developing Byzantine-robust distributed algorithms has been considered in [[17-19].

Once again, in Chapter [3] we consider m worker machines, each storing n data points. The data
points are generated from some unknown distribution D. The objective is to learn a parametric
model that minimizes a non-convex population loss function F' : YW — R, where F' is defined as
an expectation over D, and VW C R? denotes the parameter space. For gradient compression at
workers, we consider the notion of a d-approximate compressor from [20] defined below:

Definition 1 (5-Approximate Compressor). An operator Q(.) : R — R% is defined as 6-approximate
compressoronasetS CRYif Vx € S,

1Q(x) — l* < (1 = a)||=]*,

where 6 € (0, 1] is the compression factor.



CHAPTER 1. INTRODUCTION 5

Examples of such compressors include sign-based compressors like QSGD ([21]), ¢1-QSGD
([20]) and top-k sparsification ([15]). Furthermore, for Byzantine robustness, we assume that
0 < a < 1/2 fraction of the worker machines are Byzantine, and make no assumptions on the
behavior of the Byzantine workers. Byzantine workers can send any arbitrary values to the center
machine. In addition, they may completely know the learning algorithm and are allowed to collude
with each other. In contrast to blind multiplicative adversaries assumed in literature (see [22]), we
consider unrestricted adversaries.

We propose a communication-efficient and robust distributed gradient descent (GD) algorithm.
The algorithm takes as input the gradients compressed using a d-approximate compressor along with
their norms, and performs a simple thresholding operation on based on gradient norms to discard
£ > « fraction of workers with the largest norm values. We show that our algorithm achieves the
following statistical error rateE] for the regime § > 453 + 4a — 8a? + 4a:

2
@(d2 {O‘—+1 5+LD. (1.1)

n n mn

We first note that when § = 1 (uncompressed), the error rate is O(d? [%2 + —=]), which matches the
optimal rate of [23]]. Furthermore, for a fixed d and the compression factor § satisfying § > 1 — o2,
the rate (’N)(%2 + #), is optimal and order-wise identical to the case of no compression [23]. In
other words, in this parameter regime, we get compression for free.

Furthermore, we strengthen our learning algorithm by using error feedback to correct the
direction of the local gradient (Algorithm 3). We show (both theoretically and via experiments) that
using error-feedback with a §-approximate compressor indeed speeds up the convergence rate and

attains better (statistical) error rate.

Distributed Approximate Newton Method

An alternative way to reduce communication cost is to use second order optimization algorithms;
which are known to converge much faster than their first order counterparts. At the expense of
increasing computation cost at the worker machines (which is not an issue in applications like
Federated Learning; see [3]]), the second order algorithms reduce the number of iterations between
the worker and center machines. Indeed, a handful of algorithms has been developed using this
philosophy, such as DANE [24], DISCO [25], GIANT [26]] , DINGO [27], Newton-MR [28]],
INEXACT DANE and AIDE [29].

One major drawback of the above-mentioned algorithms is that they are prone to adversarial or
Byzantine attacks. On the other hand, the Byzantine-robust distributed algorithms (see [[18, 19} |23,
30-33]] ) are all variants of first order gradient based optimization algorithm.

In Chapter 4], we propose COMRADE, a distributed approximate Newton-type algorithm that
communicates less and is resilient to Byzantine workers. Specifically, with m worker machines and
one center machine, we minimize a regularized convex loss f : R? — R, which is additive over the
available data points. Furthermore, similar to previous chapters, we assume that « fraction of the

'Note that O(-) hides multiplicative constants, while O(-) further hides logarithmic factors.
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worker machines are Byzantine, where a € [0, 1/2). To the best of our knowledge, this is the first
work that addresses the problem of Byzantine resilience in second order optimization.

In our proposed algorithm, the worker machines communicate only once per iteration with
the center machine. This is in sharp contrast with the state-of-the-art distributed second order
algorithms (like GIANT [26], DINGO [27], Determinantal Averaging [34]), which sequentially
estimates functions of local gradients and Hessians and communicate them with the center machine.
In this way, they end up communicating twice per iteration with the center machine. We show that
this sequential estimation is redundant. Instead, in COMRADE, the worker machines only send a d
dimensional vector, the product of the inverse of local Hessian and the local gradient. Hence, in
this way, we save O(d) bits of communication per iteration. Furthermore, in Section we argue
that, in order to cut down further communication, the worker machines can even compress the local
Hessian inverse and gradient product, using a §-approximate compressor.

For Byzantine resilience, COMRADE employs a simple thresholding policy on the norms of
the local Hessian inverse and local gradient product to discard § > « fraction of workers having
largest norm values. Since the norm of the Hessian-inverse and gradient product determines the
amount of movement for Newton-type algorithms, this norm corresponds to a natural metric for
identifying and filtering out Byzantine workers.

We prove the linear-quadratic rate of convergence of our proposed algorithm for strongly
convex loss functions. In particular, suppose each worker machines contain s data points; and let
A; = w; — w*, where wy is the ¢-th iterate of COMRADE, and w* is the optimal model we want to
estimate. In ] (Theorem 2), we show that

1
A ] < max{WM A, U A 2 + () + a>\/;

where {@§”>}§:1 are quantities dependent on several problem parameters. Notice that the above
implies a quadratic rate of convergence when ||A;|| > ‘I&El) / \115/2). Subsequently, when ||A,||
becomes sufficiently small, the above condition is violated and the convergence slows down to a
linear rate. The error-floor, which is O(1/4/s) comes from the Byzantine resilience subroutine in
conjunction with the simultaneous estimation of Hessian and gradient.

Cubic Regularized Newton Method

In Chapter[5] we address the problem of saddle point avoidance in non-convex optimization in a
Federated Learning (FL) framework. In order to fit complex machine learning models, one often
requires to find local minima of a non-convex loss f(.), instead of critical points only, which may
include several saddle points. Training deep neural networks and other high-capacity learning
architectures [35, |36] are some of the examples where finding local minima is crucial. [36, 37]
shows that the stationary points of these problems are in fact saddle points and far away from any
local minimum, and hence designing efficient algorithm that escapes saddle points is of interest.
Moreover, in [38, [39], it is argued that saddle points can lead to highly sub-optimal solutions in
many problems of interest. This issue is amplified in high dimension as shown in [40], and becomes
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the main bottleneck in training deep neural nets. Furthermore, a line of recent work [39, 41, 42],
shows that for many non-convex problems, it is sufficient to find a local minimum.

The issue of saddle point avoidance becomes non-trivial in the presence of Byzantine workers.
Since we do not assume anything on the behavior of the Byzantine workers, it is certainly conceivable
that by appropriately modifying their messages to the center, they can create fake local minima that
are close to the saddle point of the loss function f(.), and these are far away from the true local
minima of f(.). This is popularly known as the saddle-point attack (see [31]), and it can arbitrarily
destroy the performance of any non-robust learning algorithm.

In Chapter [5] we propose a communication efficient distributed optimization algorithm that
escapes the saddle points as well as resists the Byzantine attacks simultaneously. In particular, we
consider a variation of the famous cubic-regularized Newton algorithm of Nesterov and Polyak [43].
Being a second order algorithm, it converges very fast compared to its first order counterparts (see
[43]). Also, in [43-435], it is shown that cubic-regularized Newton can efficiently escape the saddle
points of a non-convex function, by pushing the Hessian towards a positive semi-definite matrix.

A point w is said to satisfy the e-second order stationary condition of the loss function f(.) if,

Vi)l <€ Amn(VEf(w)) = —Ve.

V f(w) denotes the gradient of the function and Awin(V? f(w)) denotes the minimum eigenvalue
of the Hessian of the function. Hence, under the assumption (which is standard in the literature,
see [31,146]) that all saddle points are strict (i.e., Apin (V2 f(w,)) < 0 for any saddle point w,), all
second order stationary points (with e = 0) are local minima, and hence converging to a stationary
point is equivalent to converging to a local minima.

We consider a distributed variant of the cubic regularized Newton algorithm. In this scheme,
the center machine asks the workers to solve an auxiliary function and return the result. The center
machine aggregates the solution of the worker machines and takes a descent step. Furthermore,
we use a simple norm-based thresholding approach to robustify the distributed cubic-regularized
Newton method. We prove that the algorithm convergence at a rate of ﬁ, which is faster than the
first order methods (which converge at 1/ VT rate, see [31]). Hence, the number of iterations (and
hence the communication cost) required to achieve a target accuracy is much fewer than the first
order methods. Experimental results on LIBSVM ([47]]) datasets validate our theoretical findings.

1.2 Learning in Supervised Batch Setup

In the batch setup, the learner has data and labels to begin with (standard supervised learning
framework). Here, we work with a computationally efficient and statistically sound Alternating
Minimization (AM) algorithm, typically used to solve non-convex problems. In particular, we apply
AM to a non-convex problem, namely max-affine regression and obtain a near-optimal statistical
rate. Max-affine regression refers to a model where the unknown regression function is modeled as
a maximum of k£ unknown affine functions for a fixed £ > 1. This generalizes linear regression and
(real) phase retrieval, and is closely related to convex regression. Working within a non-asymptotic
framework, we study this problem in the high-dimensional setting assuming that £ is a fixed constant,
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and focus on the estimation of the unknown coefficients of the affine functions underlying the model.
In Chapters[6| and[7], we analyze max-affine regression under 2 designs respectively: Gaussian and
Small-ball.

Formally, max-affine regression implies the following regression model:

Y = max (X, 05) +b) + ¢ (1.2)
where Y is a univariate response, X is a d-dimensional vector of covariates and ¢ models zero-mean
noise that is independent of X. We assume that £ > 1 is a known integer and study the problem
of estimating the unknown parameters 6%,... 07 € R% and b%,...,b; € R from independent
observations (z1,41), . - ., (Zn, y,) drawn according to the model (1.2).

Immediately, one may observe that when k = 1, equation (1.2)) corresponds to the classical
linear regression model. Also, when k = 2, the intercepts b5 = b7 = 0, and 05 = —07 = 0%, we
have

Y = [(X, 0%)] + e (1.3)

The problem of recovering 6* from observations drawn according to the above model is known
as (real) phase retrieval—variants of which arise in a diverse array of science and engineering
applications [48-51]. Furthermore, since & + max;<;<x({z, 05) + b}) is always a convex function,
the model (1.2) serves as a parametric approximation to the non-parametric convex regression
model

Y =¢"(X) +e (1.4)

where ¢* : RY — R is an unknown convex function. It is well known that convex regression suffers
from the curse of dimensionality (see, e.g., [52-54]). Hence, one would need to work with more
structured sub-classes of convex functions. Since convex functions can be approximated to arbitrary
accuracy by maxima of affine functions, it is reasonable to enforce a regularization on the problem
by considering only those convex functions that can be written as a maximum of a fixed number of
affine functions.

With the augmented notation 37 := (05,05) € R for j = 1,...,k and (&,y;) for i =

1,...,n,where & : = (x;,1) € R4, we minimize the least squares objective
n 2
A A .
(Bf), . ,B,is)) € argmin Z (yi — max (&, @)) . (1.5)
B, BrERITL ] 1<j<k

In order to do this, we use alternating minimization (AM) algorithm of [55], which is an iterative
algorithm for estimating the parameters /], ..., ;. In the ¢-th iteration of the algorithm, the current
estimates BY), e B,(:) are used to partition the observation indices 1, . .., n into k sets Sft), e S,(:)

such that j € argmax,¢(;(&;, 55% forevery i € S ](-t). For each 1 < j < k, the next estimate ﬁj(.tﬂ)

is then obtained by performing a least squares fit (or equivalently, linear regression) to the data
(& yi),1 €8 j(-t). Figure pictorially represents the working of the AM algorithm.
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Observations

Linear Regression

Linear Regression Linear Regression B
k

B B2

Figure 1.2: Alternating Minimization in action: in the first phase, it disambiguates the max index
and partitions the observations in k& buckets. Within each bucket, AM solves a linear regression
problem to obtain the next iterate.

We show (in Chapter@) that for each € > 0, the parameter estimates ﬁft), e 6,(:) returned by
the AM algorithm at iteration ¢ satisfy, with high probability, the inequality

k 2
. . W Okd n
S8 = 112 < e+ C(B1.- ., B) T log(kd) log ) (1.6)
j=1
SE_ 18 -8 112
for every ¢ > log, 5 (“% , provided that the sample size n is sufficiently large and that
the initial estimates satisfy the condition
min max Hcﬁ(-o) — B1? < lc(ﬁ* o B (1.7)
>0 1<j<k J g = e Pk
Here C'(55, ..., B%) and ¢(57, . . ., B;) are constants depending only on the true parameters /57, . . ., (;.

In Chapter [/, we relax the assumption of Gaussian covariates and show that a similar phe-
nomenon occurs under significantly weaker statistical assumptions. In particular, we allow the
distribution of the covariates to come from the larger class of sub-Gaussian distributions that satisfy
a small-ball condition. In addition, we also consider the scenario of universal parameter estimation,
meaning that our guarantees hold uniformly over all 57, ..., ;. This allows the parameters to be
chosen with knowledge of the realized covariates, a robust setting that is commonly studied in signal
processing applications like phase retrieval [56]. Our covariate assumption relies on the following
definition.
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Definition 2. (Small-ball) A distribution Px satisfies a (C, cs)-small-ball property if, for X ~ Px
and each 6 > 0, we have

sup  Pr{((X, u) + w)* <4} < (cs0)°. (1.8)
ueSi—1 weR
The small-ball properties of various classes of distributions have been studied extensively in the
probability literature [S7, 58], and many natural distributions possess this property provided they
are not too “peaky”. We now present our assumption on the covariate distribution;

Assumption 1. The covariates are drawn from a distribution, Px, which is isotropic, n-sub-
Gaussian, and satisfies a (C, ¢s) small-ball condition.

We now provide a few examples, where covariates satisfy the above assumption: (a) Unif[— V3 , \/3] ,
(b) the standard Gaussian and (c) any random variable with density f(z) o e~I#ll° for a positive
constant c¢. In Chapter (7, we discuss these examples in detail and obtain the parameters (¢, ¢;) and 7).

Applying the same AM algorithm, we obtain guarantees similar to that of Chapter [0 As a
special instance, for phase retrieval problem, we obtain some new results. To the best of our
knowledge, all previous results on the AM algorithm for phase retrieval [59, 60]] only held under the
assumptions of Gaussian covariates and noiseless observations, and/or required resampling of the
measurements [61]. Ours is thus the first work to handle non-Gaussian covariates in the presence of
noise, while also analyzing the algorithm without resampling.

1.3 Efficient and Adaptive Algorithms for Bandit and
Reinforcement Learning (RL)

In the online learning framework, data is presented to the user in a streaming fashion, and the job
of the learner is to balance between exploration and exploitation judiciously to enforce statistical
learning. In this part of the thesis (Chapters [8}{9), we provide statistically tractable and efficient
algorithms for online learning. In particular, we are interested in the question of model selection
or adaptation in online learning. Model selection has been studied in supervised offline setup to
a great extent (via popular methods like k-fold cross validation, which has theoretical guarantees
as well as practical effectiveness). However, in online learning, the question of model selection
has received little interest. Our main contribution in this part of the thesis is to propose an efficient
and provable algorithm that adapts to the problem complexity automatically. We study the model
selection problem in 3 settings: stochastic linear bandits, contextual bandits (beyond linear structure)
and finally Reinforcement learning with linear structure.

In Chapter we consider the standard setup of stochastic linear bandits, where, at each round,
having observed a context vector, the learner chooses an action and observes a noisy linearly
parameterized reward. We propose a provable, efficient algorithm that captures the complexity of
the problem and automatically adapts to it. Via regret analysis, we show optimality of our scheme,
showing that the cost of adaptation is a small additive constant. In Chapter[9] we extend these to the
problem of generic contextual bandit beyond linear structure.
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Model Selection

Model Selection for Bandits(or Reinforcement) Learning, refers to choosing the appropriate hy-
pothesis class, to model the mapping from arms (actions) to expected rewards. Model selection
plays an important role in applications such as personalized recommendations, (see the motivating
example in Chapter [8). Moreover, in Reinforcement Learning with huge state and action spaces, it
is empirically observed that exploring only a small subset of the state and action spaces are often
sufficient to obtain high rewards. Hence, in these applications one needs an adaptive algorithm that
identifies the implicit structure of the problem and explores or exploits judiciously.

Formally, a family of nested hypothesis classes H¢, f € F needs to be specified, where each
class posits a plausible model for mapping arms (or actions) to expected rewards. The true model is
assumed to be contained in the family F which is totally ordered, where if f; < f5, then Hy, C Hy,.
Model selection guarantees then refers to algorithms whose regret scales in the complexity of the
smallest hypothesis class containing the true model, even though the algorithm was not aware
apriori.

1.3.1 Adaptation in Stochastic Linear Bandits

We consider the problem of model selection for two popular stochastic linear bandit settings, and
propose algorithms that adapts to the unknown problem complexity. In the first setting, we consider
the K armed mixture bandits, where the mean reward of arm i € [K ] 1s

i + (g, 0%)

where o;; € R? is the known context vector of arm i at time ¢, and p; € R, §* € R? are unknown
and needs to be estimated. This setting also contains the standard Multi-Armed Bandit (MAB)
problem [62}, 63] when 6* = 0.

Popular linear bandit algorithms, like LinUCB, OFUL (see [64-66]) handle the case with no
bias (u; = 0), while OSOM [67]], the recent improvement can handle arm-bias. Implicitly, all the
above algorithms assume an upper bound on the norm of ||§*|| < L, which is supplied as an input.
Crucially however, the regret guarantees scale linearly in the upper bound L. In contrast, we choose
||0* || as the problem complexity and consider a sequence of nested hypothesis classes, each positing
a different upper bound on ||0*||. We propose Adaptive Linear Bandit (ALB), a novel phase based
algorithm, that, without any upper bound on the norm ||0*||, adapts to the true complexity of the
problem instance, and achieves a regret scaling linearly in the true norm [|¢*||. The details of this
algorithm is given in Figure It consistently estimates upper-bounds on parameter norm over a
confidence ellipsoid given by [[67]], and we show that the size of this confidence set shrinks with
time and as a result, the norm estimates converge to the true norm estimates.

As a corollary, our algorithm’s performance matches the minimax regret of simple MAB when
0* = 0, even though the algorithm did not apriori know that §* = 0. Intuitively, if * is very
small, the contribution of the contextual term will be low, and on the other hand, a large non zero

By [r], we denote the set of positive integers {1,2,...,7}.
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Figure 1.3: Model selection with norm refinement. At the end of each epoch, an over-estimate of
norm is computed, and with shrinking confidence set, these norm estimates converge to the true
norm of 6*.

0*, the contextual part dominates. Hence, ||0*|| can be chosen as a natural complexity parameter.

In Chapter |8} we also provide motivations and examples behind the choice of ||6*|| as a problem

complexity parameter, as it balances between the standard MAB and the linear bandit problems.
We show that ALB achieves the regret

R(T) = O(|6"|VT),

where ||0*|| is apriori unknown, and T is the duration of the interaction between the player and
the environment, known as the horizon. As a corollary, when §* = 0, ALB recovers the minimax
regret for the simple bandit algorithm without such knowledge of 6*. ALB is the first algorithm that
uses parameter norm as model section criteria for linear bandits. Prior state of art algorithms [67]
achieve a regret of O(L+/T'), where L is the upper bound on ||#*||, fed as an input to the problem.

In the second setting, we consider is the standard linear stochastic bandit [66]] with possibly
an infinite number of arms, where the mean reward of any arm x € R¢ (arms are vectors in this
case) given by (z, 0*), where 6* € R? is unknown. For this setting, we consider model selection
from among a total of d different hypothesis classes, with each class positing a different cardinality
for the support of 8*. The sparsity of 6*, denoted by d* < d, is unknown to the algorithm, and we
define d* as the problem complexity We exhibit a novel algorithm, where the regret scales linearly
in the unknown cardinality of the support of #*. The regret scaling of our algorithm matches that of
an oracle that has knowledge of the optimal support cardinality [68]],[69]], thereby achieving model
selection guarantees. Our algorithm is the first known algorithm to obtain regret scaling matching
that of an oracle that has knowledge of the true support. This is in contrast to standard linear bandit
algorithms such as [66], where the regret scales linearly in d. We also extend this methodology to
the case when the number of arms is finite (see [70]) and obtain similar regret rates matching the
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oracle. We further verify through synthetic and real-data experiments that the performance gains
are fundamental and not artifacts of mathematical bounds. In particular, we show 1.5 — 3x drop in
cumulative regret over non-adaptive algorithms.

1.3.2 Adaption for Contextual Bandits Beyond Linear Structure

Here, we focus on the main contribution of the paper—a provable model selection guarantee for
the (generic) stochastic contextual bandit problem. The interaction between the learner and the
environment can be modelled as following:

Let A be the set of K actions, and let X’ be the set of d dimensional contexts. At time ¢,
Nature picks (s, 7;) in an i.i.d fashion, where x; € X" and a context dependent r; € [0, 1]%. Upon
observing the context, the learner takes action a, € .4, and obtains the reward of r;(a;). We restrict
to the class of realizable rewards defined as:

Assumption 2. (Realizibility:) There exists a predictor f* € F, such that E[r,(a)|z] = f*(z,a),
for all x and a.

Note that the realizibility assumption is standard in the literature ([70, 71].

In the contextual bandit literature ([71} 72]]) it is generally assumed that the true regression
function f* is unknown, but we know the function class F where it belongs. Hence, we pay some
price (denoted by the regret) for this. To set up notation, for any f € F, we define a policy induced
by the function, 7;(z) = argmin, 4 f(z,a). So, we need to compete with the policy induced by
the true regressor 7s-. We define the regret over 7' rounds as the following:

T
R(T) = Z[rt(ﬂf* (2¢)) — relar)]-

t=1

However, in contrast to the standard setting, in the model selection framework does not assume
the knowledge of F. Instead, we are given a nested class of M function classes, /3 C Fo C ... C
Fur- The smallest function class where the true regressor lies is denoted by Fy, where d* € [M].
Hence, the regret of the contextual bandit algorithm should depend on F;+ (and not the largest class
Fur). However, we do not know d*, and our goal is to propose adaptive algorithms such that the
regret depends on the actual problem complexity F -.

In order to achieve this, we propose an algorithm, namely Adaptive Contextual Bandits
(ACB) . Our algorithm selects the correct model via successive refinements over multiple (doubling)
epochs. We use the FALCON algorithm of [71], and add a model selection phase at the beginning
of each epoch. In other words, over multiple epochs, we successively refine our estimates of the
proper model class where the true regressor function f* lies. We show that ACB selects the correct
model class with high probability and attains a regret of

R(T) < /KT log(|Fy

T/d) + minor-term,

where K is the number of actions, and |.| denotes the cardinality. Although the above expression
makes sense only with finite function classes, a simple extension (see Chapter [J) to infinite function
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classes is possible. Note that, this regret scaling is optimal (see [[71]). The cost of model selection
therefore is a minor additive term in the regret expression.

1.3.3 Model Selection for Reinforcement Learning

We study the problem of model selection in Reinforcement Learning with function approximation.
We restrict our attention to the framework of model based episodic linear MDP. In particular, similar
to Chapter |8, we study both the norm and sparsity/dimension of the problem parameter as problem
complexity and obtain model selection guarantees, meaning that the performance (regret) of our
algorithm depends on the complexity of the problem instance, as compared to some predefined
upper-bound on the complexity parameters.

In this chapter, we consider an heterogeneous, episodic Markov decision process denoted by
atuple M(S, A, H,{P,}:L, {r,}1 ), where S is the state space, A is the action space, H is the
length of each episode, IP;, is the transition probability at step & such that Py, (-|s, a) is the distribution
over states provided action a is taken for state s at step h, and rj, : S x A — [0, 1] is the deterministic
reward function at step h. A policy 7 is is collection of H functions {7, : S — A}jc(n), where
each of them maps a state s to an action a.

The RL agent interacts with the environment for K episodes to learn the unknown transition
kernels {IP, } and hence to improve its policy. For each k£ > 1, the environment picks a starting state
s¥, and the agent chooses a policy 7* that will be followed through the whole k-th episode. The
objective is to design a learning algorithm that constructs a sequence {7*} that minimizes the total
regret

RK) = V() = v (sh)]

k=1

where V;(.) is the value function at the beginning of each episode, and V}*(.) is the optimal
value function. In this chapter, we consider a special class of MDPs called linear kernel MDPs
(a.k.a., linear mixture MDPs) [73]. Roughly speaking, it means that the transition kernel {IP;,} can
be represented as a linear function of a given feature map ¢ : S x A x S — R<. Formally, we have
the following definition.

Definition 3 (Linear kernel MDP). M (S, A, H, {P,}f_,, {rn}f_,) is called an heterogeneous,
episodic B-bounded linear kernel MDP if there exists a known feature mapping ¢ : Sx AxS — R
and an unknown vector 0, € R with ||01,|, < B such that

(i) For any state-action-state triplet (s,a,s') € S x A x S and step h € [H], P(s'|s,a) =
(0(s" | 5, a), On).

(ii) For any bounded function V : S — [0,1] and any tuple (s,a) € S x A, we have
Py (s,a)|y < 1, where vy (s,a) ==, s d(5'|5,a)V(s).

In the learning problem, the vectors {65}/ are unknown to the learner. The episodic MDP is
parameterized by ©* = {0; }/1_ and we denote the MDP by Mg-. In what follows, we define two
natural complexity measure of Mg-: (a) ||05|| for all h € [H], and (b) ||0;:||o for all h € [H].
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Similar to Chapter 8] we propose algorithms that use successive refinement strategy to estimate
the norm and sparsity of {07}/, and adapts to it. As a result, we obtain regret guarantees that
depend on the problem complexity parameter alone. We characterize the cost of model selection,
and in both cases we obtain a regret of

R(K) < O(VK) 4 minor-term

with high probability. We observe that R(K) retains the V'K regret, which is optimal (see [74]).
However, the cost of model selection is the minor term added to R(K'). Note that this term is K
independent, and hence can be treated as constant. A notable related work, which considers similar
model selection problem is [75]. However, the paper obtains a sub-optimal rate of O(K?/3). Our
main contribution is keeping the optimal rate of O(+/K), while pushing the cost of model selection
in an additive constant independent of K.



Part 1

Learning in Federated Framework

In this part of the thesis, we study some problems in Federated Learning (FL). In particular
we address (a) data heterogeneity, (b) communication bottleneck and (c) Byzantine
robustness.

* Chapter 2: We study the FL framework where users are partitioned into clusters, and
our proposed algorithm learn the cluster identities and the optimal model for each
cluster simultaneously.

* Chapter [3; We address the communication bottleneck and robustness issues via propos-
ing first order gradient based algorithms.

* Chapter d: We propose a second order distributed Newton type algorithm to address
the communication bottleneck and furthermore, make it Byzantine resilient.

* Chapter [S; We target the saddle point avoidance problem in non-convex optimization
via proposing an efficient and robust cubic-regularized Newton method.
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Chapter 2

Clustered Federated Learning

We address the problem of Federated Learning (FL) where users are distributed and partitioned
into clusters. This setup captures settings where different groups of users have their own objectives
(learning tasks) but by aggregating their data with others in the same cluster (same learning task),
they can leverage the strength in numbers in order to perform more efficient Federated Learning.
We propose a new framework dubbed the Iterative Federated Clustering Algorithm (IFCA), which
alternately estimates the cluster identities of the users and optimizes model parameters for the user
clusters via gradient descent. We analyze the convergence rate of this algorithm first in a linear
model with squared loss and then for generic strongly convex and smooth loss functions. We show
that in both settings, with good initialization, IFCA converges at an exponential rate, and discuss
the optimality of the statistical error rate. When the clustering structure is ambiguous, we propose
to train the models by combining IFCA with the weight sharing technique in multi-task learning.
In the experiments, we show that our algorithm can succeed even if we relax the requirements
on initialization with random initialization and multiple restarts. We also present experimental
results showing that our algorithm is efficient in non-convex problems such as neural networks. We
demonstrate the benefits of IFCA over the baselines on several clustered FL benchmarks.

2.1 Introduction

In this chapter, we study one of the formulations of FLL with non-i.i.d. data, i.e., the clustered
Federated Learning |7, 9]. We assume that the users are partitioned into different clusters; for
example, the clusters may represent groups of users interested in politics, sports, etc, and our goal
is to train models for every cluster of users. We note that cluster structure is very common in
applications such as recommender systems [10, |11]. The main challenge of our problem is that
the cluster identities of the users are unknown, and we have to simultaneously solve two problems:
identifying the cluster membership of each user and optimizing each of the cluster models in a
distributed setting. In order to achieve this goal, we propose a framework and analyze a distributed
method, named the Iterative Federated Clustering Algorithm (IFCA) for clustered FL. The basic
idea of our algorithm is a strategy that alternates between estimating the cluster identities and
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minimizing the loss functions, and thus can be seen as an Alternating Minimization algorithm in
a distributed setting. One of the major advantages of our algorithm is that it does not require a
centralized clustering algorithm, and thus significantly reduces the computational cost at the center
machine. When the cluster structure is ambiguous, we propose to leverage the weight sharing
technique in multi-task learning [12]] and combine it with IFCA. More specifically, we learn the
shared representation layers using data from all the users, and use IFCA to train separate final layers
for each individual cluster.

We also present experimental evidence of its performance in practical settings: We show that
our algorithm can succeed even if we relax the initialization requirements with random initialization
and multiple restarts; and we also present results showing that our algorithm is efficient on neural
networks. We demonstrate the effectiveness of IFCA on two clustered FL benchmarks created based
on the MNIST and CIFAR-10 datasets, respectively, as well as the Federated EMNIST dataset [[76]
which is a more realistic benchmark for FL and has ambiguous cluster structure.

Here, we emphasize that clustered Federated Learning is not the only approach to modeling
the non-i.i.d. nature of the problem, and different algorithms may be more suitable for different
application scenarios; see Section [2.2| for more discussions. That said, our approach to modeling
and the resulting IFCA framework is certainly an important and relatively unexplored direction in
Federated Learning. We would also like to note that our theoretical analysis makes contributions to
statistical estimation problems with latent variables in distributed settings. In fact, both mixture of
regressions [[77]] and mixture of classifiers [78] can be considered as special cases of our problem in
the centralized setting. We discuss more about these algorithms in Section

Notation: We use [r] to denote the set of integers {1,2,...,7}. We use || - || to denote the /5
norm of vectors. We use x 2 y if there exists a sufficiently large constant ¢ > 0 such that z > cy,
and define = < y similarly. We use poly(m) to denote a polynomial in m with arbitrarily large
constant degree.

2.2 Related work

During the development of our clustered FL framework, we became aware of a concurrent and
independent work by Mansour et al. [9], in which the authors propose clustered FL as one of
the formulations for personalization in Federated Learning. The algorithms proposed here and
by Mansour et al. are similar. However, we make an important contribution by establishing the
convergence rate of the population loss function under good initialization, which simultaneously
guarantees both convergence of the training loss and generalization to test data; whereas in [9], the
authors provided only generalization guarantees. We discuss other related work in the following.

Federated Learning and non-i.i.d. data: Learning with a distributed computing framework
has been studied extensively in various settings [79H81]]. As mentioned in Section [2.1] Federated
Learning [[1-3}82] is one of the modern distributed learning frameworks that aims to better utilize
the data and computing power on edge devices. A central problem in FL is that the data on
the users’ personal devices are usually non-i.i.d. Several formulations and solutions have been
proposed to tackle this problem. A line of research focuses on learning a single global model from
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non-i.i.d. data [83-88]]. Other lines of research focus more on learning personalized models [6, |7,
89]. In particular, the MOCHA algorithm [|6] considers a multi-task learning setting and forms a
deterministic optimization problem with the correlation matrix of the users being a regularization
term. Our work differs from MOCHA since we consider a statistical setting with cluster structure.
Another approach is to formulate Federated Learning with non-i.i.d. data as a meta learning
problem [8, 89, 90]]. In this setup, the objective is to first obtain a single global model, and then
each device fine-tunes the model using its local data. The underlying assumption of this formulation
is that the data distributions among different users are similar, and the global model can serve as a
good initialization. The formulation of clustered FL has been considered in two recent works [[7,
32]]. Both of the two works use centralized clustering algorithm such as /K'-means, in which the
center machine has to identify the cluster identities of all the users, leading to high computational
cost at the center. As a result, these algorithms may not be suitable for large models such as deep
neural networks or applications with a large number of users. In contrast, our algorithm uses a
decentralized approach to identify the cluster identities and thus is more suitable for large-scale
applications.

Latent variable problems: As mentioned in Section |2.1] our formulation can be considered
as a statistical estimation problem with latent variables in a distributed setting, and the latent
variables are the cluster identities. Latent variable problem is a classical topic in statistics and
non-convex optimization; examples include Gaussian mixture models (GMM) [91} 92]], mixture of
linear regressions [77, 93, 94|, and phase retrieval [95,|96]. Expectation Maximization (EM) and
Alternating Minimization (AM) are two popular approaches to solving these problems. Despite the
wide applications, their convergence analyses in the finite sample setting are known to be hard, due
to the non-convexity nature of their optimization landscape. In recent years, some progress has been
made towards understanding the convergence of EM and AM in the centralized setting [[61,|97-100].
For example, if started from a suitable point, they have fast convergence rate, and occasionally
they enjoy super-linear speed of convergence [91,101]. Here, we provide new insights to these
algorithms in the FL setting.

2.3 Problem formulation

We begin with a standard statistical learning setting of empirical risk minimization (ERM). Our
goal is to learn parametric models by minimizing some loss functions defined by the data. We
consider a distributed learning setting where we have one center machine and m worker machines
(i.e., each worker machine corresponds to a user in the Federated Learning framework). The
center machine and worker machines can communicate with each other using some predefined
communication protocol. We assume that there are k£ different data distributions, Dy, . .., Dy, and
that the /m machines are partitioned into £ disjoint clusters, S}, ..., S;. We assume no knowledge
of the cluster identity of each machine, i.e., the partition ST, ..., S} is not revealed to the learning
algorithm. We assume that every worker machine ¢ € S} contains n i.i.d. data points 201 2
drawn from D;, where each data point 2"/ consists of a pair of feature and response denoted by
2l = (g3 4.
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Figure 2.1: An overview of IFCA (model averaging). (a) The server broadcast models. (b) Worker
machines identify their cluster memberships and run local updates. (c¢) The worker machines send
back the local models to server. (d) Average the models within the same estimated cluster .S;.

Let f(w;z) : W — R be the loss function associated with data point z, where W C R? is
the parameter space. In this paper, we choose W = R?. Our goal is to minimize the population
loss function F7(w) := E..p,[f(w; z)] for all j € [k]. For the purpose of theoretical analysis in
Section [2.5] we focus on the strongly convex losses, in which case we can prove guarantees for
estimating the unique solution that minimizes each population loss function. In particular, we try to
find solutions {@; }}_, that are close to w} = argmin,,ceF’(w), j € [k]. In our problem, since we
only have access to finite data, we take advantage of the empirical loss functions. In particular, let
Z C{z%', ... z""} be a subset of the data points on the i-th machine. We define the empirical loss
associated with Z as F;(w; Z) = | é‘ > .ez f(w; z). When it is clear from the context, we may also
use the shorthand notation F;(w) to denote an empirical loss associated with some (or all) data on
the ¢-th worker.

2.4 Algorithm

In this section, we provide details of our algorithm. We name this scheme Iterative Federated
Clustering Algorithm (IFCA). The main idea is to alternatively minimize the loss functions while
estimating the cluster identities. We discuss two variations of IFCA, namely gradient averaging and
model averaging. The algorithm is formally presented in Algorithm |l|and illustrated in Figure

The algorithm starts with £ initial model parameters w](p) , j € [k]. In the t-th iteration of IFCA,
the center machine selects a random subset of worker machines, M; C [m], and broadcasts the
current model parameters {wj(-t) ;?:1 to the worker machines in M;. Here, we call M, the set of
participating devices. Recall that each worker machine is equipped with local empirical loss function

F;(+). Using the received parameter estimates and F}, the i-th worker machine (i € M;) estimates
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Algorithm 1: Iterative Federated Clustering Algorithm (IFCA)

1: Input: number of clusters k, step size 7y, j € [k], initialization w](-o), J € [k

number of parallel iterations 7', number of local gradient steps 7 (for model averaging).
2: fort=0,1,...,7T —1do

3:  center machine: broadcast w](-t), J € [K]

4:  M; < random subset of worker machines (participating devices)

5. for worker machine ¢ € M, in parallel do

6: cluster identity estimate} = argminje[k]Fi(wj(.t))

7 define one-hot encoding vector s; = {s; ;}¥_, with s;; = 1{j = 7}

8 option I (gradient averaging):

9 compute (stochastic) gradient: g; = @Fi(wg)), send back s;, g; to the center machine
10: option II (model averaging):
11: w; = LocaIUpdate(wg), 7, T), send back s;, w; to the center machine
12:  end for

13:  center machine:
14:  option I (gradient averaging): w§t+1) =l -2 > icn, Sii9i ¥ j € [K]

J m

15:  option II (model averaging): w§t+1) =D ien, SigWil D icn, Sig» ¥V J € [K]
16: end for
17: return wJ(T), J € [k
LocalUpdate(w®, v, 7) at the i-th worker machine
18: forq=20,...,7—1do R
19:  (stochastic) gradient descent w9V = (9 — vV F;(w(9)
20: end for
21: return w7

its cluster identity via finding the model parameter with lowest loss, i.e., jy\ = argmin Fi(wj(-t))
(ties can be broken arbitrarily). If we choose the option of gradient averaging, the worker machine

then computes a (stochastic) gradient of the local empirical loss F; at wét), and sends its cluster

identity estimate and gradient back to the center machine. After receiving the gradients and cluster
identity estimates from all the participating worker machines, the center machine then collects
all the gradient updates from worker machines whose cluster identity estimates are the same and
conducts gradient descent update on the model parameter of the corresponding cluster. If we choose
the option of model averaging (similar to the Federated Averaging algorithm [3]]), each participating
device needs to run 7 steps of local (stochastic) gradient descent updates, get the updated model,
and send the new model and its cluster identity estimate to the center machine. The center machine
then averages the new models from the worker machines whose cluster identity estimates are the
same.
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2.4.1 Practical implementation of IFCA

We clarify a few issues regarding the practical implementation of IFCA. In some real-world
problems, the cluster structure may be ambiguous, which means that although the distributions of
data from different clusters are different, there exists some common properties of the data from all
the users that the model should leverage. For these problems, we propose to use the weight sharing
technique in multi-task learning [|12]] and combine it with IFCA. More specifically, when we train
neural network models, we can share the weights for the first a few layers among all the clusters so
that we can learn a good representation using all the available data, and then run IFCA algorithm
only on the last (or last few) layers to address the different distributions among different clusters.
Using the notation in Algorithm |1} we run IFCA on a subset of the coordinates of w](-t), and run
vanilla gradient averaging or Federated Averaging on the remaining coordinates. Another benefit of
this implementation is that we can reduce the communication cost: Instead of sending £ models to
all the worker machines, the center machine only needs to send & different versions of a subset of
all the weights, and one single copy of the shared layers.

Another technique to reduce communication cost is that when the center machine observes
that the cluster identities of all the worker machines are stable, i.e., the estimates of their cluster
identities do not change for several parallel iterations, then the center machine can stop sending &
models to each worker machine, and instead, it can simply send the model corresponding to each
worker machine’s cluster identity estimate.

2.5 Theoretical guarantees

In this section, we present convergence guarantees of [FCA. In order to streamline our theoretical
analysis, we make several simplifications: we consider the IFCA with gradient averaging, and
assume that all the worker machines participate in every rounds of IFCA, i.e., M; = [m)| for all ¢. In
addition, we also use the re-sampling technique for the purpose of theoretical analysis. In particular,
suppose that we run a total of 7" parallel iterations. We partition the n data points on each machine
into 27" disjoint subsets, each with n’ = 77 data points. For the i-th machine, we denote the subsets

as Z-(O), N Z-(T_l) and ZZ-(O), NN Zi(T_l). In the ¢-th iteration, we use Z-(t) to estimate the cluster
identity, and use Zi(t) to conduct gradient descent. As we can see, we use fresh data samples for
each iteration of the algorithm. Furthermore, in each iteration, we use different set of data points
for obtaining the cluster estimate and computing the gradient. This is done in order to remove the
inter-dependence between the cluster estimation and the gradient computation, and ensure that in
each iteration, we use fresh i.i.d. data that are independent of the current model parameter. We
would like to emphasize that re-sampling is a standard tool used in statistics [61, 98, |101-103]], and
that it is for theoretical tractability only and is not required in practice as we show in Section 2.6

Under these conditions, the update rule for the parameter vector of the j-th cluster can be written
as

Sj(-t) ={ie[m]:j= argminj/e[k}Fi(w](f); 7N, w](-tH) = w](-t) - % Z Vﬂ(w](t); ZM,
ies
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where SJ@ denotes the set of worker machines whose cluster identity estimate is j in the ¢-th
iteration. In the following, we discuss the convergence guarantee of IFCA under two models: in
Section [2.5.1] we analyze the algorithm under a linear model with Gaussian features and squared
loss, and in Section we analyze the algorithm under a more general setting of strongly convex
loss functions.

2.5.1 Linear models with squared loss

In this section, we analyze our algorithm in a concrete linear model. This model can be seen as a
warm-up example for more general problems with strongly convex loss functions that we discuss in
Section[2.5.2] as well as a distributed formulation of the widely studied mixture of linear regression
problem [98] [103]]. We assume that the data on the worker machines in the j-th cluster are generated
in the following way: for ¢ € S}, the feature-response pair of the -th worker machine machine
satisfies , , ,
yM = <x17£> w;k> + 627[,

where ¢ ~ N(0, 1) and the additive noise €"* ~ N(0, o%) is independent of z*‘. Furthermore,
we use the squared loss function f(w;z,y) = (y — (x,w))?. As we can see, this model is the
mixture of linear regression model in the distributed setting. We observe that under the above

setting, the parameters {w} ;?:1 are the minimizers of the population loss function F7(-).

We proceed to analyze our algorithm. We define p; := [S}|/m as the fraction of worker
machines belonging to the j-th cluster, and let p := min{py,p2,...,px}. We also define the
minimum separation A as A := MmN £ Hw;‘ — wj’f/ ,and p = % as the signal-to-noise ratio.

Before we establish our convergence result, we state a few assumptions. Here, recall that n’ denotes
the number of data that each worker uses in each step.

Assumption 3. The initialization of parameters wj(»o) satisfy ||w](~0) —wil| < 37,V j € [K].

Assumption 4. Without loss of generality, we assume that max;cp) [|w}|| < 1, and that o < 1.

We also assume that n' 2, (%)Zlogm, d Z logm, p 2 b%, pmn’ > d, and A > 2, /-L +

mn/

hS]

exp( —c(ﬁ)Qn’ ) for some universal constant c.

In Assumption EI, we assume that the initialization is close enough to w;. We note that this is a
standard assumption in the convergence analysis of mixture models [99,104], due to the non-convex
optimization landscape of mixture model problems. In Assumption 4, we put mild assumptions on
n’/, m, p, and d. The condition that pmn’ 2 d simply assumes that the total number of data that we
use in each iteration for each cluster is at least as large as the dimension of the parameter space.

The condition that A > 2, /-L + exp(—c(-£-)?n’) ensures that the iterates stay close to w?.
~ p mn p+1 J

We first provide a single step analysis of our algorithm. We assume that at a certain iteration,
we obtain parameter vectors w; that are close to the ground truth parameters wj, and show that w;

converges to w; at an exponential rate with an error floor.
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Theorem 1. Consider the linear model and assume that Assumptions|3|and 4| hold. Suppose that in
a certain iteration of the IFCA algorithm we obtain parameter vectors w; with ||w; — w?|| < $A.
Let w;-r be iterate after this iteration. Then there exist universal constants ¢y, co, 3, ¢4 > 0 such that
when we choose step size vy = c1/p, with probability at least 1 — 1/poly(m), we have for all j € [k],

. 1 . o | d P
||w]+ — ij < inj — wj|| + 625 — + c3 exp <—c4(p - 1)271’) )

We prove Theorem [1|in Appendix Here, we briefly summarize the proof idea. Using the
initialization condition, we show that the set {S;}»_, has a significant overlap with {S7}*_,. In the
overlapped set, we then argue that the gradient step provides a contraction and error floor due to
the basic properties of linear regression. We then bound the gradient norm of the miss-classified
machines and add them to the error floor. We complete the proof by combining the contributions of
properly classified and miss-classified worker machines. We can then iteratively apply Theorem ]
and obtain accuracy of the final solution @; in the following corollary.

Corollary 1. Consider the linear model and assume that Assumptions 3| and | hold. By choosing

step size 7y = c1/p, with probability at least 1 — l(;go(l%i‘)g), after'T' = log 4% parallel iterations, we

have for all j € [k],

wj —wj|| <& wheree = c524/ L+ g exp(—c;;(p%)%’).

Let us examine the final accuracy. Since the number of data points on each worker machine n =
2n'T = 2n'log(A/4e), we know that for the smallest cluster, there are a total of 2pmn’log(A/4e)
data points. According to the minimax estimation rate of linear regression [/13]], we know that
even if we know the ground truth cluster identities, we cannot obtain an error rate better than

O(o,/ W‘&AME)). Comparing this rate with our statistical accuracy €, we can see that the first
d

mn/

term % in € 1s equivalent to the minimax rate up to a logarithmic factor and a dependency on
p, and the second term in € decays exponentially fast in »n’, and therefore, our final statistical error

rate is near optimal.

2.5.2 Strongly convex loss functions

In this section, we study a more general scenario where the population loss functions of the &
clusters are strongly convex and smooth. In contrast to the previous section, our analysis do not
rely on any specific statistical model, and thus can be applied to more general machine learning

problems. We start with reviewing the standard definitions of strongly convex and smooth functions
F:RY— R,

Definition 4. F is A-strongly convex if Vw, w’, F(w') > F(w) + (VEF(w), w' — w) + 5[w’ — w]|*

Definition 5. F' is L-smooth if Vw, w/’,

VF(w) — VF(w)| < L|jw — w'|.

In this section, we assume that the population loss functions F7(w) are strongly convex and
smooth.
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Assumption 5. The population loss function F7(w) is A-strongly convex and L-smooth, ¥j € [k|.

We note that we do not make any convexity or smoothness assumptions on the individual
loss function f(wj; z). Instead, we make the following distributional assumptions on f(w; z) and

V f(w; z).

Assumption 6. For every w and every j € [k], the variance of f(w; z) is upper bounded by n?,
when z is sampled according to Dj, i.e., E..p [(f(w; 2) — F/(w))?] < n?

Assumption 7. For every w and every j € [k|, the variance of V f(w; z) is upper bounded by v?,
when z is sampled according to Dj, i.e., B..p,[|V f(w; z) — VFI(w)][3] < v?

Bounded variance of gradient is very common in analyzing SGD [[105]]. In this paper we use
loss function value to determine cluster identity, so we also need to have a probabilistic assumption
on f(wj; z). We note that bounded variance is a relatively weak assumption on the tail behavior of
probability distributions. In addition to the assumptions above, we still use some definitions from
Section2.5.1} i.e., A := min;jr [|w} — w} ||, and p = minep p; with p; = [S¥]/m. We make the
following assumptions on the initialization, n’, p, and A.

Assumption 8. Without loss of generality, we assume that max;ejy ||w}|| < 1. We also assume that

i) < /20, € (K] n' 2 e p 2 0, and that A > Omas{ ()%, m=V5(w') 1)),

m

Here, for simplicity, the O notation omits any logarithmic factors and quantities that do not
depend on m and n’. As we can see, again we need to assume good initialization, due to the nature
of the mixture model, and the assumptions that we impose on 7/, p, and A are relatively mild; in
particular, the assumption on A ensures that the iterates stay close to an /5 ball around w}.

Theorem 2. Suppose Assumptions I—I 8| hold. Choose step size v = 1/ L. Then, with probability at
least 1 — 9, after T' = 8L < log ( ) parallel iterations, we have for all j € [k], ||w; —wj|| < €, where
vkLlog(mn 2%k log(mn ~ 1
< 8( )+7724g(4/)+0(/ )
p5/2)\25\/mn’ p MOAIn n\/m
We prove Theorem [2)in the Appendix [2.9] Similar to Section [2.5.1] to prove this result, we first
prove a per-iteration contraction

lwi —wil < (1- —)Ilwy —wjl| + O(

) Vi e [

and then derive the convergence rate. To better interpret the result we focus on the dependency
on m and n and treat other quantities as constants. Then, since n = 2n"T", we know that n and
n' are of the same scale up to a logarithmic factor. Therefore, the final statistical error rate that
we obtain is € = O( \/71% + %) As discussed in Section[2.5.1| \/% is the optimal rate even if we
know the cluster identities; thus our statistical rate is near optimal in the regime where n 2 m. In
comparison with the statistical rate in linear models O(ﬁ + exp(—n)), we note that the major
difference is in the second term. The additional terms of the linear model and the strongly convex
case are exp(—n) and %, respectively. We note that this is due to different statistical assumptions:
in for the linear model, we assume Gaussian noise whereas here we only assume bounded variance.




CHAPTER 2. CLUSTERED FEDERATED LEARNING 26

2.6 Experiments

In this section, we present our experimental results, which not only validate the theoretical claims in
Section but also demonstrate that our algorithm can be efficiently applied beyond the regime we
discussed in the theory. We emphasize that we do not re-sample fresh data points at each iteration.
Furthermore, the requirement on the initialization can be relaxed. More specifically, for linear
models, we observe that random initialization with a few restarts is sufficient to ensure convergence
of Algorithm (I} In our experiments, we also show that our algorithm works efficiently for problems
with non-convex loss functions such as neural networks.

2.6.1 Synthetic data

We begin with evaluation of Algorithm (1| with gradient averaging (option I) on linear models with
squared loss, as described in Section m For all j € [k], we first generate w} ~ Ber(0.5)
coordinate-wise, and then rescale their ¢, norm to R. This ensures that the separation between the
wj’s is proportional to R in expectation, and thus, in this experiment, we use R to represent the
separation between the ground truth parameter vectors. Moreover, we simulate the scenario where
all the worker machines participate in all iterations, and all the clusters contain same number of
worker machines. For each trial of the experiment, we first generate the parameter vectors wj’s,
fix them, and then randomly initialize wj(-o) according to an independent coordinate-wise Bernoulli
distribution. We then run Algorithm (1| for 300 iterations, with a constant step size. For £k = 2 and
k = 4, we choose the step size in {0.01,0.1,1}, {0.5,1.0, 2.0}, respectively. In order to determine
whether we successfully learn the model or not, we sweep over the aforementioned step sizes and
define the following distance metric: dist = ¢ Z?Zl |@; — wj||, where {@;}*_, are the parameter
estimates obtained from Algorithm|I} A trial is dubbed successful if for a fixed set of w7, among 10

random initialization of wgo)’ at least in one scenario, we obtain dist < 0.60.
In Fig. 2.2] (a-b), we plot the empirical success probability over 40 trials, with respect to the
separation parameter R. We set the problem parameters as (a) (m,n,d) = (100, 100, 1000) with
= 2, and (b) (m,n,d) = (400,100, 1000) with k& = 4. As we can see, when R becomes larger,
i.e., the separation between parameters increases, and the problem becomes easier to solve, yielding
in a higher success probability. This validates our theoretical result that higher signal-to-noise ratio
produces smaller error floor. In Fig. [2.2](c-d), we characterize the dependence on m and n, with
fixing R and d with (R, d) = (0.1,1000) for (c) and (R, d) = (0.5, 1000) for (d). We observe that
when we increase m and/or n, the success probability improves. This validates our theoretical
finding that more data and/or more worker machines help improve the performance of the algorithm.

2.6.2 Rotated MNIST and CIFAR

We also create clustered FL datasets based on the MNIST [106]] and CIFAR-10 [[107]] datasets. In
order to simulate an environment where the data on different worker machines are generated from
different distributions, we augment the datasets using rotation, and create the Rotated MNIST [108]]
and Rotated CIFAR datasets. For Rotated MNIST, recall that the MNIST dataset has 60000
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Figure 2.2: Success probability with respect to: (a), (b) the separation scale R and the scale of
additive noise o; (¢), (d) the number of worker machines m and the sample size on each machine n.
In (a) and (b), we see that the success probability gets better with increasing R, i.e., more separation
between ground truth parameter vectors, and in (c) and (d), we note that the success probability
improves with an increase of mn, i.e., more data on each machine and/or more machines.

training images and 10000 test images with 10 classes. We first augment the dataset by applying
0,90, 180, 270 degrees of rotation to the images, resulting in £ = 4 clusters. For given m and n
satisfying mn = 60000k, we randomly partition the images into m worker machines so that each
machine holds n images with the same rotation. We also split the test data into m;.s; = 10000k /n
worker machines in the same way. The Rotated CIFAR dataset is also created in a similar way as
Rotated MNIST, with the main difference being that we create £ = 2 clusters with 0 and 180 degrees
of rotation. We note that creating different tasks by manipulating standard datasets such as MNIST
and CIFAR-10 has been widely adopted in the continual learning research community [108-110]].
For clustered FL, creating datasets using rotation helps us simulate a federated learning setup with
clear cluster structure.

For our MNIST experiments, we use the fully connected neural network with ReLLU activations,
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Table 2.1: Test accuracies(%) + std on Rotated MNIST (k = 4) and Rotated CIFAR (k = 2)

Rotated MNIST Rotated CIFAR
m,n 4800, 50 2400, 100 1200, 200 200, 500
IFCA (ours) | 94.20 £+ 0.03 95.05 + 0.02 95.25 4+ 0.40 | 81.51 + 1.37
global model | 86.74 + 0.04 88.65 £0.08 89.73 +0.13 | 77.87 + 0.39
local model | 63.32 +£0.02 73.66 +0.04 80.05+0.02 | 3397 +1.19

with a single hidden layer of size 200; and for our CIFAR experiments, we use a convolution neural
network model which consists of 2 convolutional layers followed by 2 fully connected layers, and
the images are preprocessed by standard data augmentation such as flipping and random cropping.

We compare our IFCA algorithm with two baseline algorithms, i.e., the global model, and
local model schemes. For IFCA, we use model averaging (option II in Algorithm|[I)). For MNIST
experiments, we use full worker machines participation (M; = [m| for all ¢). For LocalUpdate
step in Algorithm (I we choose 7 = 10 and step size ¥ = 0.1. For CIFAR experiments, we
choose | M;| = 0.1m, and apply step size decay 0.99, and we also set 7 = 5 and batch size 50 for
LocalUpdate process, following prior works [/1]. In the global model scheme, the algorithm tries
to learn single global model that can make predictions from all the distributions. The algorithm
does not consider cluster identities, so model averaging step in Algorithm 1 becomes w!*?) =
Y e a, Wi/ | My], i.e. averaged over parameters from all the participating machines. In the local
model scheme, the model in each node performs gradient descent only on local data available, and
model averaging is not performed.

For IFCA and the global model scheme, we perform inference in the following way. For every
test worker machine, we run inference on all learned models (¥ models for IFCA and one model for
global model scheme), and calculate the accuracy from the model that produces the smallest loss
value. For testing the local model baselines, the models are tested by measuring the accuracy on
the test data with the same distribution (i.e. those have the same rotation). We report the accuracy
averaged over all the models in worker machines. For all algorithms, we run experiment with 5
different random seeds and report the average and standard deviation.

Our experimental results are shown in Table We can observe that our algorithm performs
better than the two baselines. As we run the IFCA algorithm, we observe that we can gradually
find the underlying cluster identities of the worker machines, and after the correct cluster is found,
each model is trained and tested using data with the same distribution, resulting in better accuracy.
The global model baseline performs worse than ours since it tries to fit all the data from different
distributions, and cannot provide personalized predictions. The local model baseline algorithm
overfits to the local data easily, leading to worse performance than ours.

2.6.3 Federated EMNIST

We provide additional experimental results on the Federated EMNIST (FEMNIST) [76], which is a
realistic FLL dataset where the data points on every worker machine are the handwritten digits or
letters from a specific writer. Although the data distribution among all the users are similar, there
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might be ambiguous cluster structure since the writing styles of different people may be clustered.
We use the weight sharing technique mentioned in Section We use a neural network with
two convolutional layers, with a max pooling layer after each convolutional layer, followed by
two fully connected layers. We share the weights of all the layers, except the last layer which is
trained by IFCA. We treat the number of clusters k£ as a hyper parameter and run the experiments
with different values of k. We compare IFCA with the global model and local model approaches,
as well as the one-shot centralized clustering algorithm in [32]. The test accuracies are shown in
Table [2.2] with mean and standard deviation computed over 5 independent runs. As we can see,
IFCA shows clear advantage over the global model and local model approaches. The results of
IFCA and the one-shot algorithm are similar. However, as we emphasized in Section [2.2] IFCA
does not run a centralized clustering procedure, and thus reduces the computational cost at the
center machine. As a final note, we observe that IFCA is robust to the choice of the number of
clusters k. The results of the algorithm with £ = 2 and k£ = 3 are similar, and we notice that when
k > 3, IFCA automatically identifies 3 clusters, and the remaining clusters are empty. This indicates
the applicability of IFCA in real-world problems where the cluster structure is ambiguous and the
number of clusters is unknown.

Table 2.2: Test accuracies (%) + std on FEMNIST

IFCA (k = 2) | IFCA (k = 3) | one-shot (k = 2) | one-shot (k =3) | global |  local
87.99 £ 0.35 ‘ 87.89 £ 0.52 ‘ 87.41 £+ 0.39 ‘ 87.38 £ 0.37 ‘ 84.45 £ 0.51 ‘ 75.85 £ 0.72

2.7 Conclusion and Open Problems

In this paper, we address the clustered FL problem. We propose an iterative algorithm and obtain
convergence guarantees for strongly convex and smooth functions. In experiments, we achieve this
via random initialization with multiple restarts, and we show that our algorithm works efficiently
beyond the convex regime. An immediate future work is to extend the analysis to weakly convex
and non-convex functions. Also, the convergence guarantees are local, i.e., a good initialization is
required. Obtaining a provable initialization for the clustered FL is an interesting future direction.
Our formulation is one of the problem setups for personalized Federated Learning. We expect
that, overall our framework will better protect the users’ privacy in a Federated Learning system
while still provide personalized predictions. The reason is that our algorithm does not require the
users to send any of their own personal data to the central server, and the users can still learn a
personalized model using their on-device computing power. One potential risk is that our algorithm
still requires the users to send the estimates of their cluster identities to the central server. Thus
there might still be privacy concerns in this step. We suggest that before applying our algorithm, or
generally any FL algorithms, in a real-world system, we should first request the users’ consent.
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Appendix

In our proofs, we use ¢, ¢y, ca, . . . to denote positive universal constants, the value of which may
differ across instances. For a matrix A, we write || A||,, and ||A|/r as the operator norm and
Frobenius norm, respectively. For a set S, we use S to denote the complement of the set.

2.8 Proof of Theorem 1]

Since we only analyze a single iteration, for simplicity we drop the superscript that indicates the
iteration counter. Suppose that at a particular iteration, we have model parameters w;, j € [k], for
the k clusters. We denote the estimation of the set of worker machines that belongs to the j-th
cluster by S, and recall that the true clusters are denoted by S7, j € [k].

Probability of erroneous cluster identity estimation We begin with the analysis of the prob-
ability of incorrect cluster identity estimation. Suppose that a worker machine i belongs to S7.

We define the event 517 7" as the event when the i-th machine.i‘s classified to the j’-th cluster, i.e.,
i € Sj. Thus the event that worker ¢ is correctly classified is Sf 7 and we use the shorthand notation

&= 5;7 . We now provide the following lemma that bounds the probability of Eij 7" for Jj # .

Lemma 1. Suppose that worker machine i € S3. Let p := ?—22. Then there exist universal constants
¢y and ¢y such that for any j' # 7,

i P \2
P& < —con’ ,
(& )_clexp( an(p—l—l))

and by union bound

PE) < cakenp (—ea (L0,

We prove Lemma [I]in Appendix
Now we proceed to analyze the gradient descent step. Without loss of generality, we only
analyze the first cluster. The update rule of w; in this iteration can be written as

wl—wl——ZVF wy; Z;),

€51

where Z; is the set of the n’ data points that we use to compute gradient in this iteration on a
particular worker machine.

We use the shorthand notation F;(w) := F;(w; Z;), and note that F;(w) can be written in the
matrix form as

Fi(w) = —||Y; — Xy,
n

where we have the feature matrix X; € R"*¢ and response vector Y; = X;w] + ¢;. According to
our model, all the entries of X are i.i.d. sampled according to A/(0, 1), and ¢; ~ N (0,021).
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‘We first notice that
Jw)” —wi|| = [l w —wy — - > VE(6) - - > VE@G) | <|ITi] + T2l

i€S1nS} i€5NST
N o/

T T

A -

We control the two terms separately. Let us first focus on ||77 ||.

Bound ||7;|| To simplify notation, we concatenate all the feature matrices and response vectors
of all the worker machines in S; N S} and get the new feature matrix X € RV*4 Y € RV with
Y = Xwj + ¢, where N := n/|S; N S}|. It is then easy to verify that

2Y o7 * 2y o7
Ty=(I—- %X X)(wy —wi) + mn’X €
2y N o 2
= (- @E[XTX])(wl —wt) + — EXTX] - XT"X)(w, —w]) + n/XTe
29N x 2y T T x 2y o
=(1- - Y(wy — wy) + mn’(E[X X]— X' X)(w; —w]) + mn’X €.
Therefore
2vN i} 2y . 2y
I3l < (1= —=Dllwr = will + — [ X T X = B[X X][oplwr —wif + [ X ell. - 2.1)

Thus in order to bound || T} ||, we need to analyze two terms, || X "X — E[X " X]||,, and || X "¢]|.
To bound || X "X — E[X " X]||,,, we first provide an analysis of N showing that it is large enough.
Using Lemma|l|in conjunction with Assumption 4, we see that the probability of correctly classify-
ing any worker machine i, given by P(&;), satisfies P(&;) > % Hence, we obtain
E[lS1 0 Syl = E[Q‘& ] = §p1m>

where we use the fact that |S}| = pym. Since |S; N ST is a sum of Bernoulli random variables with
success probability at least 1, we obtain

1

where p = min{py, p, ..., pr}, and the second step follows from Hoeffding’s inequality. Hence,
we obtain |S; N Sf| > Tpym with high probability, which yields

1510 57| = E[[S1nSt]

1
> 1p1m> < 2exp(—cpm),

1
P(N > Zplmn') > 1—2exp(—cpm). (2.2)

By combining this fact with our assumption that pmn’ 2 d, we know that N 2 d. Then, according to
the concentration of the covariance of Gaussian random vectors [[13]], we know that with probability
at least 1 — 2 exp(—1d),

I XTX —E[X"X]|lsp <6VdN < N. (2.3)

We now proceed to bound ||.X "¢||. In particular, we use the following lemma.
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Lemma 2. Consider a random matrix X € RN*? with i.i.d. entries sampled according to N'(0, 1),
and ¢ € RY be a random vector sampled according to N'(0, 021), independently of X. Then we
have with probability at least 1 — 2 exp(—cy max{d, N}),

1X |lop < cmax{Vd, VN},
and with probability at least 1 — ¢5 exp(—c3 min{d, N'}),
X Te|| < caoVdN.

We prove Lemma 2)in Appendix Now we can combine 2.1)), (2.3), (2.2), and Lemma 2]
and obtain with probability at least 1 — ¢; exp(—copm) — c3 exp(—cyd),

. d
IT1] < (1 = esyp)||wy — wi|| + cgyo - (2.4)
mmn

Since we assume that p = 1“% and d 2 logm, the success probability can be simplified as
1 — 1/poly(m).

Bound ||75|| We first condition on S;. We have the following:
2

VEi(w,) = WXZT (Y; — Xywy).
Forie S5;nN Sj, with j # 1, we have Y; = Xiw? + €;, and so we obtain
W'V E(w) = 2X; X;(w}; —w) +2X e,
which yields
W VE )l S X135, + 11X ell, (2.5)

where we use the fact that [|w} — wy || < [Jwj[| + ||wi|| + [[w] — wi| < 1. Then, we combine
and Lemma 2] and get with probability at least 1 — ¢; exp(—c, min{d, n'}),

1
IVF;(wy)]| < W(Cg max{d,n'} + c;ovVdn’) < cs max{1, %}, (2.6)

where we use our assumption that o < 1. By union bound, we know that with probability at
least 1 — ¢ym exp(—co min{d, n'}), holds for all ; € St. In addition, since we assume that
n' 2 logm, d 2 logm, this probability can be lower bounded by 1 — 1/poly(m). This implies that
conditioned on S, with probability at least 1 — 1/poly(m),

— d
I2]l < e5-21S1 N SF | max{1, =}, @7
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Since we choose v = +, we have max{1, 2} < 1, where we use our assumption that pmn’ 2 d.
This shows that with probability at least 1 — 1/poly(m),

| T2]l < es|S1 N STl (2.8)
We then analyze |S; N S|. By Lemma we have

E[|S; NS5[ < C6mexp(—c7(pi -)n). (2.9)

According to Assumption 4, we know that n’ > c(”Jprl )2log m, for some constant c that is large

enough. Therefore, m < exp(( il)Q n'), and thus, as long as ¢ is large enough such that £ < ¢;

where c7 is defined in (2.9), we have

E[|S; N S7]] < ¢ exp(—csg(ﬁyn/). (2.10)

and then by Markov’s inequality, we have

(|Slﬂ5|<CGeXp( L)%’)) > 1 —exp(—2(—220)) > 1 - poly(m). (2.11)

2(p—|—1 2 p+1

Combining (2.8) with (2.11)), we know that with probability at least 1 — 1/poly(m),

P \2
Tl < — .
1731 < s expl—ea( 2

Using this fact and (2.4), we obtain that with probability at least 1 — 1/poly(m),

d
i = will < (1= eryp)llwy = will + exyoy] s + ey exp(—ea( L)

Then we can complete the proof for the first cluster by choosing v = 26 - . To complete the proof for
all the k clusters, we can use union bound, and the success probability is 1 — k/poly(m). However,
since k < m by definition, we still have success probability 1 — 1/poly(m).

2.8.1 Proof of Lemma (1]

Without loss of generality, we analyze Eil’j for some j # 1. By definition, we have
M = {F(wj; Z;) < Fiws; Z,)},

where Z; is the set of n/ data points that we use to estimate the cluster 1dent1ty in this iteration.
We write the data points in Z in matrix form with feature matrix X; € R *¢ and response vector
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Y, = X,w} + ¢;. According to our model, all the entries of X; are 1.1.d. sampled according to
N(0,1), and ¢; ~ N (0,02I). Then, we have

P{&]7} = P{||Xi(wi —w1) + &> > || Xi(w; —wj) +eil*}

Consider the random vector X;(w} — w;) + ¢;, and in particular consider the ¢-th coordinate of
it. Since X; and ¢; are independent and we resample (X;, Y;) at each iteration, the ¢-th coordinate
of X;(w} — w;) + ¢ is a Gaussian random variable with mean 0 and variance ||w; — wi||* + o2
Since X; and ¢; contain independent rows, the distribution of || X;(w; — w;) + ¢/||* is given by
(Jlw; — wi||* + 0?)u;, where u; is a standard Chi-squared random variable n’ degrees of freedom.
We now calculate the an upper bound on the following probability:

P{[|Xi(w) —wi) + el* > [ Xi(w) —wj) +eil|*}

Q) | )
<P {[ X;(w} —wj) + &> <t} +P{[|Xi(w] —wi) + & >t}
<P {(||wj —wi|]® + 02)Uj < t} +P {(||w1 —wi|* + az)uj > t} , (2.12)

where (i) holds for all £ > 0. For the first term, we use the concentration property of Chi-squared
random variables. Using the fact that ||w; — wi|| > [lw} — wf|| — |Jw; — w}|| > 3A, we have

9
P{(|lw; — wi||* + 0*)u; <t} <P {(1—6A2 + oH)u; < t} . (2.13)

Similarly, using the initialization condition, ||w; — wi|| < A, the second term of equation (2:12)
can be simplified as

1
P{(Jlw — wi|?+ 0*)u; >t} <P {(1—6A2 +oH)u; > t} : (2.14)

Based on the above observation, we now choose ¢ = n/(3A? + ¢?). Recall that p := ?—22. Then the
inequlity (2.13) can be rewritten as

P{(lw; — wil|* + 0*)u; < t} SP{#’—lﬁ _9p—|—16}'

According to the concentration results for standard Chi-squared distribution [/13]], we know that
there exists universal constants ¢; and ¢y such that

P{(lw; — will> + 0*)u; <t} < crexp <—cgn’(

)2> . (2.15)

p+1
Similarly, the inequality (2.14) can be rewritten as

* (|2 2 U 4p
P{(flwr —wi] +a)uj>f}ép{g—1>m>}
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and again according to the concentration of Chi-squared distribution, there exists universal constants
c3 and ¢4 such that

P{(lwr — wi|]® + 0*)us >t} < csexp <—c4n'(

2
p—i—l) ) (2.16)

The proof can be completed by combining (2.12)), (2.15) and (2.16)).

2.8.2 Proof of Lemma 2]
According to Theorem 5.39 of [111], we have with probability at least 1 — 2 exp(—c; max{d, N}),

1X lop < cmax{vd, V),

where c and ¢, are universal constants. As for || X "e||, we first condition on X. According to the
Hanson-Wright inequality [112], we obtain for every ¢t > 0

t?
P([IXTell —ol|XT|p| >t) < 2exp (—cﬁ> : (2.17)
o?[| XT3,

Using Chi-squared concentration [[13]], we obtain with probability at least 1 — 2 exp(—cdN),
IX|» < eVdN.

Furthermore, using the fact that || X " ||,, = || X||,, and substituting ¢ = ov/dN in (2.17)), we obtain
with probability at least 1 — ¢y exp(—c3 min{d, N'}),

| X Te|| < caoVdN.

2.9 Proof of Theorem 2

The proof of this theorem is similar to that of the linear model. We begin with a single-step analysis.

2.9.1 Analysis for a single step

Suppose that at a certain step, we have model parameters w;, j € [k] for the k clusters. Assume that
oy — w3l < 1/2A, forall j € [K].

Probability of erroneous cluster identity estimation: We first calculate thg probability of erro-
neous estimation of worker machines’ cluster identity. We define the events £/ in the same way as
in Appendix [2.8] and have the following lemma.
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Lemma 3. Suppose that worker machine i € S;. Then there exists a universal constants ¢, such

that for any j' # j,
7

(gjj) )\2A4 /7

and by union bound
2

n
A2 A4/

We prove Lemma [3|in Appendix Now we proceed to analyze the gradient descent iteration.
Without loss of generality, we focus on w;. We have

P(&) <

lwy” = will = [Jwy — wi — — ZVF (1)

’LESI

where F;(w) := F;(w; Z;) with Z; being the set of data points on the i-th worker machine that we
use to compute the gradient, and S is the set of indices returned by Algorithm [I]corresponding to
the first cluster. Since

Sy =(S1NSHU (S, NST)

and the sets are disjoint, we have

lwt —will = wi —wi =L > VE@)-L > VE@)]

ZESlﬂS* 165105

- —

it 7
Using triangle inequality, we obtain
lwy” = will < ITall + [ T2ll,
and we control both the terms separately. Let us first focus on [|77]|.

Bound || 77| We first split 7} in the following way:
1

Ty = w; — wj — FVF () +7( VF (wy) e > VE(w)), (2.18)
e R 1 i€S1NS; )
T2

where 7 := 'y@. Let us condition on .S;. According to standard analysis technique for gradient
descent on strongly convex functions, we know that when 7 < 1,

AL

1Tl = [lwy = wi =AVEF! (w)] < (1~ o) e — il (2.19)
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which implies E[||T2||] < T and thus by Markov’s

’U2
Further, we have E[||T}5||?] = TSRS
inequality, for any dy > 0, with probability at least 1 — d,

v
Tl < .
| 12”‘50 W[5, N S|

We then analyze |S; N S;|. Similar to the proof of Theorem[I} we can show that | S; N S}] is large
enough. From Lemma [3]and using our assumption, we see that the probability of correctly classi-
fying any worker machine 4, given by P(&;), satisfies P(&;) > % Recall p = min{p1,ps, ..., Pk}
and we obtain |S; N S}| > p;m with probability at least 1 — 2 exp(—cpm). Let us condition on
|S1 NSt > %plm and choose 7 = 1/L. Then %y < 1/L is satisfied, and on the other hand 7 > .
Plug this fact in (2.19), we obtain

(2.20)

PA
122
L

We then combine (2.20) and (2.21)) and have with probability at least 1 — §y — 2 exp(—cpm),

[T < ( MNwr — wil. (2.21)

PA . 2v
T <(1-== — —_—. 2.22
I3l < (1= S llon = will + 5 @.22)

Bound ||T3| Let us define Ty; = > g . VFi(w1), j > 2. Wehave T = 2370 ) Th;. We
condition on S} and first analyze T5;. We have

Ty =[S NS}V (w) + Y (VFi(w) — VF(wy)) . (2.23)

i€51NST
Due to the smoothness of F(w), we know that

IVE? (wy)| < L|jw; — wj|| < 3L, (2.24)

where we use the fact that [[w; — w}|| < [Jwj]| + [[wi] + [lwy —wi|| <1+ 1+ i\/%A <3.In
addition, we have

2

E|| Y VE(w)-VFw)| | =505

iESlﬂS}k

02
n'’

which implies

. v
E|| Y VE(w)-VF(w) g,/|sms;|\/7,

iESlﬂS]’f
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and then according to Markov’s inequality, for any d; € (0, 1), with probability at least 1 — o,

Y VEw) =V (w)| < 4/I8 ﬂsﬁémv/ﬁ (2.25)

iES1ﬂS;-‘

Then, by combining (2.24)) and (2.25]), we know that with probability at least 1 — 5,
v
o/’

By union bound, we know that with probability at least 1 — kd;, (2.26) applies to all j # 1. Then,
we have with probability at least 1 — k¢,

| To;]| < 3L|S; N S} + 1/]S1 N S|

J

(2.26)

3vL — YuovVk —
Tl < —151 N ST S1 NSy 2.27
T2 < S218 ST+ SIS n S @27)
According to Lemma 3] we know that
2
— n m
ElIS: 051l = e g5 xa

Then by Markov’s inequality, we know that with probability at least 1 — ds,

2
— n*m
’Sl ﬂ31| < Clm. (2.28)
Now we combine (2.27)) with (2.28)) and obtain with probability at least 1 — kd; — Jo,

T +c UU\/E
S XEA 2 BALA2 !
Combining (2.22)) and (2.29)), we know that with probability at least 1 —dy— kd; —do — 2 exp(—cpm),
Ui vVk

2v
+ + .
SoLvpmi oA T S LA
(2.30)

T3] < e (2.29)

_—

T _fll <
)™ —wil| < ( 3L

wr =il +

In the following, we let d3 := o + kd1 + 02 + 2 exp(—cpm), and

2v n? m]\/E
= + 1 AL + C2 .
So LA/pmn/ JaA2A%n 81V O NLA2/mn/

Let us simplify this expression. We first choose 6 € (0, 1) as the failure probability of the entire
algorithm. Then, we choose
PAY PAI PAI

~ CkLlog(mn')” '~ CK2Llog(mn’)’ °  CkLlog(mn')’

€0

9o
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for some constant C' > 0 that is large enough. In addition, since we assume that p > %, we
have exp(—cpm) < 1/poly(mn’) < #&m,). Consider all these facts, we obtain
4p\d
03 = ————— 2.31
> CkLlog(mn')’ 2.31)
< vklog(mn')  n?Lklog(mn’)  vnk*V/Llog®?(mn’) (2.32)
0N o | pASAT | pPENESEAL '
In addition, by union bound, we know that with probability at least 1 — kd3, for all j € [k],
P pA *
lwi” —will < (1= gp)llws — wjll + eo. (2.33)
2.9.2 Convergence of the algorithm
We now analyze the convergence of the entire algorithm. First, we can verify that as long as
co < L (Ayzp (2.34)
—32°L ’
we can guarantee that ||w;” — w}|| < i\/% A. We can also verify that as long as there is
A > O(max{(n)~"> m=5(n')~1/3}), (2.35)

using the definition of £, in (2.32), we know that (2.34) holds. Here, in the O notation, we omit the
logarithmic factors and quantities that does not depend on m and n’. In this case, we can iteratively
apply (2.33) for 7 iterations and obtain that with probability at least 1 — k7703,

T . PAiry @ .y, 8L
Jof? —wjl < (= )7 ul” = wjl| + Lo
Then, we know that when we choose
8L PAA
T = lo 2.36
p/\ (3260[/) 7 ( )
we have
A \
(1= )"l —wj | < exp( ——T w/ ,/ Zeo,

which implies |]w§T) —wj|| < f—/\Leg. Finally, we check the failure probability. The failure

probability is

8kL (p)\A) ApAS 326 log(25) log(L)
log = <

kTS, < o _ 320 ‘
7= A 32e0L ) CkLlog(mn’)  C log(mn') — log((mn/)¢/32)
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On the other hand, according to (2.32), we know that
1 ~
— < O(max{vVmn’,n'}),
€o

then, as long as C' is large enough, we can guarantee that (mn’)¢/3? > %, which implies that the
failure probability is upper bounded by d. Our final error floor can be obtained by redefining

16L
g = ——&0-

DA
2.9.3 Proof of Lemma
Without loss of generality, we bound the probability of Sil’j for some j # 1. We know that
g = {Fi(wl;Z‘) > Fi(wy; Z)} ;

where Z is the set of n’ data points that we use to estimate the cluster identity in this iteration. In
the following, we use the shorthand notation F;(w) := F;(w; Z;). We have

P(E}T) <P (Fi(wy) > t) + P (Fi(w;) < t)

for all ¢t > 0. We choose t = w With this choice, we obtain

P (Fiwn) > 1) = B (R > T L) 2.37)
:P(E(wl) — FY(w)) > Fl(wj>;F1(wl)). (2.38)

Similarly, for the second term, we have
B(F(w;) <t) =P (Fz-(wj) P () < ) Fl(“’l)) . (2.39)

Based on our assumption, we know that ||w; — wq|| > A — i\/%A > 3A. According to the strong
convexity of F(+),

A 9\
F'wy) 2 (i) + 5wy — il > F'(w]) + A%

and according to the smoothness of F''(-),
L L )\ A
Fl <F1 * - - * 2<Fl * __AQZFl * —AZ.
(wn) < FPH(wi) + 2 ln — i < ) + 5 0202 = Pru) +
Therefore, F*(w;) — F*(w;) > %AQ. Then, according to Chebyshev’s inequality, we obtain that

P(Fi(wy) > t) < % and that P(F;(w;) <t) < %, which complete the proof.
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Chapter 3

Communication-Efficient and
Byzantine-Robust Distributed First Order
Learning

In this chapter, we develop a communication-efficient distributed learning algorithm that is robust
against Byzantine worker machines. We propose and analyze a distributed gradient-descent algo-
rithm that performs a simple thresholding based on gradient norms to mitigate Byzantine failures.
Furthermore, for communication efficiency, we consider a generic class of §-approximate compres-
sors from Karimireddi et al. [20] that encompasses sign-based compressors and top-k sparsification.
Our algorithm uses compressed gradients and gradient norms for aggregation and Byzantine removal
respectively. We establish the statistical error rate for non-convex smooth loss functions. We show
that, in certain range of the compression factor 9, the (order-wise) rate of convergence is not affected
by the compression operation. Moreover, we analyze the compressed gradient descent algorithm
with error feedback (proposed in [20]) in a distributed setting and in the presence of Byzantine
worker machines. We show that exploiting error feedback improves the statistical error rate. Finally,
we experimentally validate our results and show good performance in convergence for convex
(least-square regression) and non-convex (neural network training) problems.

3.1 Introduction

We propose provable and efficient algorithms that address the issues of communication efficiency
and Byzantine robustness simultaneously. Note that, both these challenges, have recently attracted
significant research attention, albeit mostly separately. In particular, several recent works have
proposed various quantization or sparsification techniques to reduce the communication overhead
([14-16, 21, 113H116]). The goal of these quantization schemes is to compute an unbiased estimate
of the gradient with bounded second moment in order to achieve good convergence guarantees. The
problem of developing Byzantine-robust distributed algorithms has been considered in [[17H19} 23|
30-33]].
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A notable exception to considering communication overhead separately from Byzantine ro-
bustness is the recent work of [22]. In this work, a sign-based compression algorithm signSGD of
[117] is shown to be Byzantine fault-tolerant. The main idea of signSGD is to communicate the
coordinate-wise signs of the gradient vector to reduce communication and employ a majority vote
during the aggregation to mitigate the effect of Byzantine units. However, signSGD suffers from two
major drawbacks. First, sign-based algorithms do not converge in general ([20]). In particular, [20,
Section 3] presents several convex counter examples where signSGD fails to converge even though
[22, Theorem 2] shows convergence guarantee for non-convex objective under certain assumptions.
Second, signSGD can handle only a limited class of adversaries, namely blind multiplicative adver-
saries ([22]]). Such an adversary manipulates the gradients of the worker machines by multiplying
it (element-wise) with a vector that can scale and randomize the sign of each coordinate of the
gradient. However, the vector must be chosen before observing the gradient (hence ‘blind’).

In this work, we develop communication-efficient and robust learning algorithms that overcome
both these drawbackﬂ Specifically, we consider the following distributed learning setup. There
are m worker machines, each storing n data points. The data points are generated from some
unknown distribution D. The objective is to learn a parametric model that minimizes a population
loss function F' : W — R, where [’ is defined as an expectation over D, and WW C R¢ denotes
the parameter space. We choose the loss function F' to be non-convex. With the rapid rise of the
neural networks, the study of local minima in non-convex optimization framework has become
imperative [35,36]. For gradient compression at workers, we consider the notion of a §-approximate
compressor from [20] that encompasses sign-based compressors like QSGD ([21]), ¢1-QSGD ([20])
and top-k sparsification ([15]). We assume that 0 < o < 1/2 fraction of the worker machines are
Byzantine. In contrast to blind multiplicative adversaries, we consider unrestricted adversaries.

Our key idea is to use a simple threshold (on local gradient norms) based Byzantine resilience
scheme in contrast with computationally complex robust aggregation methods such as coordinate
wise median or trimmed mean of [23]. Our main result is to show that, for a wide range of
compression factor 9, the statistical error rate of our proposed threshold-based scheme is (order-
wise) identical to the case of no compression considered in [23]. In fact, our algorithm achieves
order-wise optimal error-rate in parameters (c, n, m). Furthermore, to alleviate convergence issues
associated with sign-based compressors, we employ the technique of error-feedback from [20]. In
this setup, the worker machines store the difference between the actual and compressed gradient and
add it back to the next step so that the correct direction of the gradient is not forgotten. We show that
using error feedback with our threshold based Byzantine resilience scheme not only achieves better
statistical error rate but also improves the rate of convergence. We outline our specific contributions
in the following.

Our Contributions: We propose a communication-efficient and robust distributed gradient de-
scent (GD) algorithm. The algorithm takes as input the gradients compressed using a d-approximate
compressor along with the norm (of either compressed or uncompressed gradients), and performs a
simple thresholding operation on based on gradient norms to discard 3 > « fraction of workers with

"We compare our algorithm with signSGD in Section
2We can handle any convex norm.
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the largest norm values. We establish the statistical error rate of the algorithm for arbitrary smooth
population loss functions as a function of the number of worker machines m, the number of data
points on each machine n, dimension d, and the compression factor 9. In particular, we show that
our algorithm achieves the following statistical error rateE] for the regime ¢ > 48 + 4a — 8a? + 4a?:

2 1
@(d2 {a—+1 5+LD. (3.1)

n n mn

We first note that when 6 = 1 (uncompressed), the error rate is (5((12[%2 + -L.1), which matches [23]).
Notice that we use a simple threshold (on local gradient norms) based Byzantine resilience scheme
in contrast with the coordinate wise median or trimmed mean of [23]]. We note that for a fixed d
and the compression factor ¢ satisfying § > 1 — o, the statistical error rate become (’)(%2 + ﬁ),
which is order-wise identical to the case of no compression [23]]. In other words, in this parameter
regime, the compression term does not contribute (order-wise) to the statistical error. Moreover, it
is shown in [23] that, for strongly-convex loss functions and a fixed d, no algorithm can achieve
an error lower than Q(%Q + —=), implying that our algorithm is order-wise optimal in terms of the
statistical error rate in the parameters (o, n,m).

Furthermore, we strengthen our distributed learning algorithm by using error feedback to correct
the direction of the local gradient (Algorithm 3)). We show (both theoretically and via experiments)
that using error-feedback with a d-approximate compressor indeed speeds up the convergence rate
and attains better (statistical) error rate. Under the assumption that the gradient norm of the local
loss function is upper-bounded by o, we obtain the following (statistical) error rate:

~( ,[a* (1—-10)0? 1

o [5+ 55" )
provided a similar (6, @) trade-offf] We note that in the no-compression setting (§ = 1), we recover
the (’)(%2 + =) rate. Furthermore, in Section we argue that, when § = O(1), the error rate
of Algorithm [3]is strictly better than that of Algorithm 2] In experiments (Section [3.8)), we also see
a reflection of this fact.

We experimentally evaluate our algorithm for convex and non-convex losses. For the convex case,
we choose the linear regression problem, and for the non-convex case, we train a ReLU activated
feed-forward fully connected neural net. We compare our algorithm with the non-Byzantine case
and signSGD with majority vote, and observe that our algorithm converges faster using the standard
MNIST dataset.

A major technical challenge is to handle compression and the Byzantine behavior of the worker
machines simultaneously. We build up on the techniques of [23] to control the Byzantine machines.
In particular, using certain distributional assumption on the partial derivative of the loss function
and exploiting uniform bounds via careful covering arguments, we show that the local gradient on a
non-Byzantine worker machine is close to the gradient of the population loss function.

3Throughout the paper O(-) hides multiplicative constants, while O(-) further hides logarithmic factors.
4See Theorem [5|for details.
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Note that in some settings, our results may not have an optimal dependence on dimension d.
This is due to the norm-based Byzantine removal schemes. Obtaining optimal dependence on d is
an interesting future direction.

Organization: We describe the problem formulation in Sec. and give a brief overview of
d-compressors in Sec. Then, we present our proposed algorithm in Sec. We analyze the
algorithm, first, for a restricted (as described next) adversarial model in Section [3.5] and in the
subsequent section, remove this restriction. In Section @ we restrict our attention to an adversarial
model in which Byzantine workers can provide arbitrary values as an input to the compression
algorithm, but they correctly implement the same compression scheme as mandated. In Section [3.6]
we remove this restriction on the Byzantine machines. As a consequence, we observe (in Theorem 4)
that the modified algorithm works under a stricter assumption, and performs slightly worse than
the one in restricted adversary setting. In Section we strengthen our algorithm by including
error-feedback at worker machines, and provide statistical guarantees for non-convex smooth loss
functions. We show that error-feedback indeed improves the performance of our optimization
algorithm in the presence of arbitrary adversaries.

3.1.1 Related Work

Gradient Compression: The foundation of gradient quantization was laid in [[118] and [[119].
In the work of [21, 114} |115] each co-ordinate of the gradient vector is represented with a small
number of bits. Using this, an unbiased estimate of the gradient is computed. In these works, the
communication cost is Q(\/a) bits. In [[113]], a quantization scheme was proposed for distributed
mean estimation. The tradeoff between communication and accuracy is studied in [[120]. Variance
reduction in communication efficient stochastic distributed learning has been studied in [121].
Sparsification techniques are also used instead of quantization to reduce communication cost.
Gradient sparsification has beed studied in [[14H16] with provable guarantees. The main idea is to
communicate top components of the d-dimensional local gradient to get good estimate of the true
global gradient.

Byzantine Robust Optimization: In the distributed learning context, a generic framework of one
shot median based robust learning has been proposed in [[19]. In [30]] the issue of byzantine failure
is tackled by grouping the servers in batches and computing the median of batched servers. Later in
[23, 31]], co-ordinate wise median, trimmed mean and iterative filtering based algorithm have been
proposed and optimal statistical error rate is obtained. Also, [[122,123] considers adversaries may
steer convergence to bad local minimizers. In this work, we do not assume such adversaries.
Gradient compression and Byzantine robust optimization have simultaneously been addressed
in a recent paper [22]]. Here, the authors use signSGD as compressor and majority voting as robust
aggregator. As explained in [20], signSGD can run into convergence issues. Also, [22] can handle
a restricted class of adversaries that are multiplicative (i.e., multiply each coordinate of gradient
by arbitrary scalar) and blind (i.e., determine how to corrupt the gradient before observing the true
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gradient). Here, for compression, we use a generic d approximate compressor. Also, we can handle
arbitrary Byzantine worker machines.

Very recently, [20] uses error-feedback to remove some of the issues of sign based compression
schemes. In this work, we extend the framework to a distributed setting and prove theoretical
guarantees in the presence of Byzantine worker machines.

Notation: We assume C, C, Cy, .., ¢, c1, .. as positive universal constants, the value of which may
differ from instance to instance. [r] denotes the set of natural numbers {1, 2, .., r}. Also, ||.|| denotes
the ¢, norm of a vector and the operator norm of a matrix unless otherwise specified.

3.2 Problem Formulation

In this section, we formally set up the problem. We consider a standard statistical problem of
risk minimization. In a distributed setting, suppose we have one central and m worker nodes and
the worker nodes communicate to the central node. Each worker node contains n data points.
We assume that the mn data points are sampled independently from some unknown distribution
D. Also, let f(w,z) be the non-convex loss function of a parameter vector w € W C R?
corresponding to data point z, where )V is the parameter space. Hence, the population loss function
is F(w) = E,p[f(w, 2)]. Our goal is to obtain the following:

w* = argmin, ¢, F'(w),

where we assume W to be a convex and compact subset of R? with diameter D. In other words, we
have ||w; — ws|| < D for all wy, wy € W. Each worker node is associated with a local loss defined
as Fj(w) = =377 f(w,2"/), where 2"/ denotes the j-th data point in the i-th machine. This is
precisely the empirical risk function of the ¢-th worker node.

We assume a setup where worker ¢ compresses the local gradient and sends to the central
machine. The central machine aggregates the compressed gradients, takes a gradient step to update
the model and broadcasts the updated model to be used in the subsequent iteration. Furthermore,
we assume that « fraction of the total workers nodes are Byzantine, for some o« < 1/2. Byzantine
workers can send any arbitrary values to the central machine. In addition, Byzantine workers may
completely know the learning algorithm and are allowed to collude with each other.

Next, we define a few (standard) quantities that will be required in our analysis.

Definition 6. (Sub-exponential random variable) A zero mean random variable Y is called v-sub-
1
exponential if E[e’Y] < 2", for all |\| < L

Definition 7. (Smoothness) A function h(.) is Lr-smooth if h(w) < h(w') + (Vh(w'),w —w') +
LE||lw — w'||? Vw, w',

Definition 8. (Lipschitz) A function h(.) is L-Lipschitz if ||h(w) — h(w)|| < L|jw — w'|| Vw, w'.
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3.3 Compression At Worker Machines

In this section, we consider a generic class of compressors from [15]] and [20] as described in the
following.

Definition 9 (5-Approximate Compressor). An operator Q(.) : R — R% is defined as §-approximate
compressoronasetS CRYif Vx € S,

1Q(x) — [ < (1 — &)=,
where 6 € (0, 1] is the compression factor.

Furthermore, a randomized operator Q(.) is d-approximate compressor on a set S C R if,
E(|Q() —2]*) < (1 —d)|l=|”

holds for all x € S, where the expectation is taken with respect to the randomness of Q(.). For
the clarity of exposition, we consider the deterministic form of the compressor (as in Definition [9).
However, the results can be easily extended for randomized Q(.).

Notice that § = 1 implies Q(x) = = (no compression). We list a few examples of §-approximate
compressors (including a few from [20]) here:

1. topy operator, which selects k coordinates with largest absolute value; for 1 < k < d,
(Q(x))i = (x)r; if ¢ < k, and 0 otherwise, where 7 is a permutation of [d] with (|z|)xq) >
(|z|)z(i1) for i € [d — 1]. This is a k/d-approximate compressor.

2. k-PCA that uses top k eigenvectors to approximate a matrix X ([[114]).

3. Quantized SGD (QSGD) [21], where Q(z;) = ||z|| - sgn(x;) - &(z), where sgn(x;) is the
coordinate-wise sign vector, and &;(x) is defined as following: let 0 < [ < s, be an integer

such that |;|/||[| € [/s, (14 1)/s]. Then, & = 1/s with probability 1 — —L- + I and

(14 1)/s otherwise. [21] shows that it is a 1 — min(d/s?, v/d/s)-approximate compressor.

2

4. Quantized SGD with ¢; norm [20], Q(z) = %sgn(x), which is Jllﬂ;‘l”g -approximate compres-

sor. Here, we call this compression scheme as ¢1-QSGD.

Apart from these examples, several randomized compressors are also discussed in [15]]. Also,
the signSGD compressor, Q(z) = sgn(z), where sgn(x) is the (coordinate-wise) sign operator,
was proposed in [22, 117]. Here the local machines send a d-dimensional vector containing
coordinate-wise sign of the gradients.
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Algorithm 2: Robust Compressed Gradient Descent
1: Input: Step size v, Compressor Q(.), ¢ > 1, < 1. Also define,

@) = {{Q(x), |zll,} ¥z eR?  Optionl
{9Q(z),]|Q(2)]l,} VzeR? Option I

2: Initialize: Initial iterate wy € W

3: fort=0,1,...,7T —1do

4:  Central machine: broadcasts w;
for i € [m] do in parallel

5:  i-th worker machine:

* Non-Byzantine:
- Computes V F;(w;); sends C(V F;(w;)) to the central machine,
*  Byzantine:

—  Generates * (arbitrary), and sends C(*) to the central machine: Option I,

—  Sends * to the central machine: Option I,

end for
6: Central Machine:

*  Sort the worker machines in a non decreasing order according to

—  Local gradient norm: Option I,

—  Compressed local gradient norm: Option II,

e Return the indices of the first 1 — /3, fraction of elements as I4;,
»  Update model parameter: w; 1 = Iy (wt — T 2oicts Q(VFZ-(wt)))

7: end for

3.4 Robust Compressed Gradient Descent

In this section, we describe a communication-efficient and robust distributed gradient descent
algorithm for d-approximate compressors. The optimization algorithm we use is formally given in
Algorithm [2} Note that the algorithm uses a compression scheme Q(.) to reduce communication
cost and a norm based thresholding to remove Byzantine worker nodes. As seen in Algorithm
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robust compressed gradient descent operates under two different setting, namely Option I and
Option I1.

Option I and II are analyzed in Sections [3.5] and [3.6 respectively. For Option I, we use a
d-approximate compressor along with the norm information. In particular, we use: C(x) =
{llz|l4, Q(z)} where ¢ > 1. C(z) is comprised of a scalar (norm of ) and a compressed vector
Q(x). For compressors such as QSGD ([21])) and ¢;-QSGD ([20]), the quantity Q(.) has the norm
information and hence sending the norm separately is not required.

As seen in Option I of Algorithm 2] worker node ¢ compresses the local gradient V Fj(.) sends
C(VF;(.)) to the central machine. Adversary nodes can send arbitrary C(x) to the central machine.
The central machine aggregates the gradients, takes a gradient step and broadcasts the updated
model for next iteration.

For Option I, we restrict to the setting where the Byzantine worker machines can send arbitrary
values to the input of the compression algorithm, but they adhere to the compression algorithm.
In particular, Byzantine workers can provide arbitrary values, x to the input of the compression
algorithm, Q(.) but they correctly implement the same compression algorithm, i.e., computes Q(x).

We now explain how Algorithm [2|tackles the Byzantine worker machines. The central machine
receives the compressed gradients comprising a scalar ( ||z||,, ¢ > 1) and a quantized vector (Q(z))
and outputs a set of indices U with |/| = (1 — 5)m. Here we employ a simple thresholding scheme
on the (local) gradient norm. Note that, if the Byzantine worker machines try to diverge the learning
algorithm by increasing the norm of the local gradients; Algorithm [2]can identify them as outliers.
Furthermore, when the Byzantine machines behave like inliers, they can not diverge the learning
algorithm since o < 1/2. In the subsequent sections, we show theoretical justification of this
argument.

With Option II, we remove this restriction on Byzantine machines at the cost of slightly
weakening the convergence guarantees. This is explained in Section [3.6 With Option II, the i-th
local machine sends C = {Q(VFi(w;)), || Q(VEFi(w:))||,} to the central machine, where ¢ > 1.
Effectively, the i-th local machine just sends Q(V F;(w;)) since its norm can be computed at the
central machine. Byzantine workers just send arbitrary (x) vector instead of compressed local
gradient. Note that the Byzantine workers here do not adhere to any compression rule.

The Byzantine resilience scheme with Option II is similar to Option I except the fact that the
central machine sorts the worker machines according to the norm of the compressed gradients rather
than the norm of the gradients.

3.5 Distributed Learning with Restricted Adversaries

In this section, we analyze the performance of Algorithm |4| with Option I. We restrict to an
adversarial model in which Byzantine workers can provide arbitrary values to the input of the
compression algorithm, but they adhere to the compression rule. Though this adversarial model
is restricted, we argue that it is well-suited for applications wherein compression happens outside
of worker machines. For example, Apache MXNet, a deep learning framework designed to be
distributed on cloud infrastructures, uses NVIDIA Collective Communication Library (NCCL) that
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employs gradient compression (see [[124]). Also, in a Federated Learning setup the compression
can be part of the communication protocol. Furthermore, this can happen when worker machines
are divided into groups, and each group is associated with a compression unit. As an example,
cores in a multi-core processor ([|125]]) acting as a group of worker machines with the compression
carried out by a separate processor, or servers co-located on a rack ([[126]) acting as a group with
the compression carried out by the top-of-the-rack switch.

3.5.1 Main Results

We analyze Algorithm [4](with Option I) and obtain the rate of the convergence under non-convex
loss functions. We start with the following assumption.

Assumption 9. For all z, the partial derivative of the loss function f(., z) with respect to the k-th
coordinate (denoted as Oy f (., z)) is Ly Lipschitz with respect to the first argument for each k € [d),

and let L = 1/ Zle L2. The population loss function F(.) is L smooth.

We also make the following assumption on the tail behavior of the partial derivative of the loss
function.

Assumption 10. (Sub-exponential gradients) For all k € [d] and z, the quantity O f(w, 2)) is v
sub-exponential for all w € V.

The assumption implies that the moments of the partial derivatives are bounded. We like to
emphasize that the sub-exponential assumption on gradients is fairly common ([18, 23]]). For
instance, [23| Proposotion 2] gives a concrete example of coordinate-wise sub-exponential gradients
in the context of a regression problem. Furthermore, in [31], the gradients are assumed to be
sub-gaussian, which is stronger than Assumption [I0}

To simplify notation and for the clarity of exposition, we define the following three quantities
which will be used throughout the chapter.

€ = v\/a(max {% log(1 + 2nD£d), \/g log(1 4+ 2nD[:d)}) + %, (3.2)
€9 = vﬁ(max {m log(1 + 2(1 — a)mnDLd), \/ﬁ log(1+2(1 — a)mnDﬁd)}),
3.3)

B 1 1—a\?, (VI=6+a+8)\",
6_2<1+/\_0>{(1—ﬁ> 62+< =5 )61:|. (3.4)

where )\ is a positive constant. For intuition, one can think of ¢; = (5(%) and e; = O (\/%) as

small problem dependent quantities. Assuming 3 = ca for a universal constant ¢ > 1, we have

2 _
e:@(dQ{o‘—+1 5+LD. (3.5)

n n mn
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Assumption 11. (Size of parameter space VW) Suppose that |V F(w)|| < M for all w € WW. We
assume that W contains the (3 ball {w : |[w — wo| < ¢[(2 — 2)M + \/E]M} where cg
is a constant, § is the compression factor, wy is the initial parameter vector and ¢ is defined in

equation (3.4)).

We use the above assumption to ensure that the iterates of Algorithm M stays in W. We
emphasize that this is a standard assumption on the size of V to control the iterates for non-convex
loss function. Note that, similar assumptions have been used in prior works [23, Assumption 5],
[31]]. We point out that Assumption [ 1]is used for simplicity and is not a hard requirement. We
show (in the proof of Theorem [3)) that the iterates of Algorithm []stay in a bounded set around
the initial iterate wy. Also, note that the dependence of M in the final statistical rate (implicit, via
diameter D) is logarithmic (weak dependence), as will be seen in Theorem [3]

We provide the following rate of convergence to a critical point of the (non-convex) population
loss function F(.).

Theorem 3. Suppose Assumptions @ m 10\ and |11} . hold, and o« < B < 1/2. For sufficiently small
constant ¢, we choose the step size v = +—. Then, running Algorithm 4 for T=0C4 LF(F(wO) LC)
iterations yields

min_||VF(w)|]* < Ce,
t=0,..,T

c1(1—a)md . cad
(14nLD)d (14+(1—a)mnLD)

factor satisfies 6 > 6 + 4o — 9a? + 403, where 6y = <1 — %) and )\ is a (sufficiently small)

with probability greater than or equal to 1 —

-, provided the compression

positive constant.

A few remarks are in order. In the following remarks, we fix the dimension d, and discuss the
dependence of € on (a, d,n, m).

Remark 1. We observe, from the definition of e that the price for compression is (7)(1—;‘5)

Remark 2. Substituting 6 = 1 (no compression) in €, we get € = O (%2 + %) which matches the
(statistical) rate of [23]. A simple norm based thresholding operation is computationally simple
and efficient in the high dimensional settings compared to the coordinate wise median and trimmed

mean to achieve robustness and obtain the the same statistical error and iteration complexity as [23]]

Remark 3. When the compression factor § is large enough, satisfying § > 1 — o2, we obtain
€= (’)(%2 + mn) In this regime, the iteration complexity and the final statistical error of Algorlthml
1s order-wise identical to the setting with no compression [23]]. We emphasize here that a reasonable

high ¢ is often observed in practical applications like training of neural nets [20, Figure 2].

Remark 4. (Optimality) For a distributed mean estimation problem, Observation 1 in [23]] implies
that any algorithm will yield an (statistical) error of Q(O‘T2 + %) Hence, in the regime where
d > 1 — a2, our error-rate is optimal.
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Remark 5. For the convergence of Algorithm we require § > dp + 4a — 9a? + 4a?, implying
that our analysis will not work if § is very close to 0. Note that a very small 6 does not give good
accuracy in practical applications [20, Figure 2]. Also, note that, from the definition of §,, we
can choose ) sufficiently small at the expense of increasing the multiplicative constant in € by a
factor of 1/)\g. Since the error-rate considers asymptotic in m and n, increasing a constant factor
is insignificant. A sufficiently small \y implies 6 = O(2/3), and hence we require § > 4o + 203
(ignoring the higher order dependence).

Remark 6. The requirement § > 4« + 20 can be seen as a trade-off between the amount of
compression and the fraction of adversaries in the system. As « increases, the amount of (tolerable)
compression decreases and vice versa.

Remark 7. (Rate of Convergence) Algorithm 4| with 7" iterations yields
C1Lp(F(wo) — F(w*))
T+1
with high probability. We see that Algorithm converges at a rate of O(1/7'), and finally plateaus at

an error floor of €. Note that the rate of convergence is same as [23]]. Hence, even with compression,
the (order-wise) convergence rate is unaffected.

+ 026

min | VF(w)|? <
t=0,.,T

3.6 Distributed Optimization with Arbitrary Adversaries

In this section we remove the assumption of restricted adversary (as in Section [3.5)) and make the
learning algorithm robust to the adversarial effects of both the computation and compression unit.
In particular, here we consider Algorithm @4 with Option II. Hence, the Byzantine machines do
not need to adhere to the mandated compression algorithm. However, in this setting, the statistical
error-rate of our proposed algorithm is slightly weaker than that of Theorem [3] Furthermore, the
(8, @) trade-off is stricter compared to Theorem 3]

3.6.1 Main Results

We continue to assume that the population loss function F'(.) is smooth and non-convex and analyze
Algorithm ] with Option II. We have the following result. For the clarity of exposition, we define
the following quantity which will be used in the results of this section:

_ 1 1 VI=9¢ 2 1—
e=2(1+—) (1+5) ta+p €2+ ( 0‘)263 :
Ao 1-p 1—-0
Comparing ¢ with ¢, we observe that € > ¢. Also, note that,
JUR 2 1-96 1
e:(’)(d2 lo‘—+ +—D (3.6)
n n mn

which suggests that ¢ and € are order-wise similar. We have the following assumption, which
parallels Assumption[I11] with € replaced by .
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Assumption 12. (Size of parameter space VW) Suppose that |V F (w)|| < M for all w € WW. We
assume that VW contains the {3 ball {w : ||w — wo| < c[(2 —2)M + ﬁ]w} where ¢y is
a constant, § is the compression factor and € is defined in equation (3.6).

Theorem 4. Suppose Assumptions @ and 12| hold, and o« < 8 < 1/2. For sufficiently small
constant ¢, we choose the step size ¥ = 1=. Then, running Algorithmd|for T' = Cj Lr (F(wog_F(w*))
iterations yields

. 2 < ~
min_ [V E(w)[” < C€

t=0,...,

with probability greater than or equal to 1 — C(ﬁ;gg’;f — O 1_;2);1”” o provided the compression
factor satisfies 6 > (% + 4o — 8a? + 4a3, where (% = (1 — %) and )\ is a (sufficiently

small) positive constant.

Remark 8. The above result and their consequences resemble that of Theorem 3] Since € > ¢, the
statistical error-rate in Theorem []is strictly worse than that of Theorem 3| (although order-wise they
are same).

Remark 9. Note that the definition of dy is different than in Theorem 3| For a sufficiently small
Ao, we see g = O(4/3), which implies we require § > 43 + 4« for the convergence of Theorem
Note that this is a slightly strict requirement compared to Theorem [3| In particular, for a given 4,
Algorithm ] with Option II can tolerate less number of Byzantine machines compared to Option L.

Remark 10. The result in Theorem ] is applicable for arbitrary adversaries, whereas Theorem
relies on the adversary being restrictive. Hence, we can view the limitation of Theorem [ (such
as worse statistical error-rate and stricter (0, ) trade-off) as a price of accommodating arbitrary
adversaries.

3.7 Byzantine Robust Distributed Learning with Error
Feedback

We now investigate the role of error feedback [20] in distributed learning with Byzantine worker
machines. We stick to the formulation of Section

In order to address the issues of convergence for sign based algorithms (like signSGD), [20]
proposes a class of optimization algorithms that uses error feedback. In this setting, the worker
machine locally stores the error between the actual local gradient and its compressed counterpart.
Using this as feedback, the worker machine adds this error term to the compressed gradient in the
subsequent iteration. Intuitively, this accounts for correcting the the direction of the local gradient.
The error-feedback has its roots in some of the classical communication system like “delta-sigma”
modulator and adaptive modulator ([127]).

We analyze the distributed error feedback algorithm in the presence of Byzantine machines. The
algorithm is presented in Algorithm[3] We observe that here the central machine sorts the worker
machines according to the norm of the compressed local gradients, and ignore the largest (3 fraction.
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Algorithm 3: Distributed Compressed Gradient Descent with Error Feedback
1: Input: Step size v, Compressor Q(.), parameter 3(> «).
2: Initialize: Initial iterate wy, €;(0) = 0V i € [m)]
3: fort=0,1,...,7 —1do
4:  Central machine: sends w; to all worker
for i € [m] do in parallel
5:  i-th non-Byzantine worker machine:

*  computes p;(w;) = YV EFi(w) + e;(t)
e sends Q(p;(wy)) to the central machine
* computes e;(t + 1) = p;(wy) — Q(ps(wy))

6:  Byzantine worker machine:

* sends x to the central machine.

7: At Central machine:

»  sorts the worker machines in non-decreasing order according to || Q(p;(w;))||-

e returns the indices of the first 1 — 3 fraction of elements as ;.

o i =Ty (w0 g S, Qi)

8: end for

Note that, similar to Section @ we handle arbitrary adversaries. In the subsequent section, we
show (both theoretically and experimentally) that the statistical error rate of Algorithm |3|is smaller
than Algorithm 4]

3.7.1 Main Results

In this section we analyze Algorithm [3|and obtain the rate of the convergence under non-convex
smooth loss functions. Throughout the section, we select v as the step size and assume that
Algorithm |3|is run for 7" iterations. We start with the following assumption.

Assumption 13. For all non-Byzantine worker machine i, the local loss functions F;(.) satisfy

IVE(z)||* < 02 where z € {w;}1_, and {wy, ..., wr} are the iterates ofAlgorithm

Note that since F;(.) can be written as loss over data points of machine i, we observe that the
bounded gradient condition is equivalent to the bounded second moment condition for SGD, and
have featured in several previous works, see, e.g., [128]], [129]. Here, we are using all the data
points and (hence no randomness over the choice of data points) perform gradient descent instead
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of SGD. Also, note that Assumption |13|is weaker than the bounded second moment condition since
we do not require ||V F;(z)||* to be bounded for all z; just when x € {w;}1_.
We also require the following assumption on the size of the parameter space ¥V, which parallels

Assumption[IT]and [12]

Assumption 14. (Size of parameter space VW) Suppose that |V F (w)|| < M for all w € V. We
assume that VW contains the {3 ball {w : ||w — wyl|| < yr*T'}, where

63(1++/1—9) 3(1—0) O_) L [120-9)

r* =€+ M+ ) f; 5

g,

<€1+M+

and (€1, €3) are defined in equations (3.2) and (3.3) respectively.

Similar to Assumption[I1]and[12] we use the above assumption to ensure that the iterates of
Algorithm [3]stays in V), and we emphasize that this is a standard assumption to control the iterates
for non-convex loss function (see [23,[31]]).

To simplify notation and for the clarity of exposition, we define the following quantities which
will be used in the main results of this section.

9(1 ++1-9)? 3(1—0 50
= A 0 4 (5 - o (ef - %ﬁ) +2d, 6
2 _ 0_2 62 _ 2 _
(3.8)
L2 0 3(1 — §)o?
As = (355 + 25L°) = (3.9)

where c 1s a universal constant.
We show the following rate of convergence to a critical point of the population loss function

Theorem 5. Suppose Assumptions [9} and [I4 hold, and o < 3 < 1/2. Then, running
Algorithm | for T iterations with step size y yields

mln ||VF(w,5)||2 Fwo) — F

—+A A ZA
..... AT+ 1) + A1 +7A2 +77As,

c1(1—a)md N cad
(1+nLD)d (1+(1—a)mnLD)

factor satisfies 110" @ + %2+ (8 — a)?] < 0.107. Here Ay, Ay and A3 are defined in
equations (3.7) (Big[) and (3.9)) respectively.

with probability greater than or equal to 1 —

-, provided the compression
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Remark 11. (Choice of Step Size ) Substituting v = \/%H, we obtain

] F(wg) — F* Ay As
min ||[VF(w)|]? < —22— + A + + )
t=0,..., T” (wo)l” < VT +1 YT+l TH1

with high probability. Hence, we observe that the quantity associated with A3 goes down at a
considerably faster rate (O(1/7")) than the other terms and hence can be ignored, when 7" is large.

Remark 12. Note that when no Byzantine worker machines are present, i.e., « = = (0, we obtain

50 L?3(1—6)o?  2Le3 L? 3(1 —d)o?
Ay =262 Ay=— 2 A= (—+251) 27
! ¢ 27 9 cd + c '’ 3 <1OO * ) cd

Additionally, if 6 = ©(1) (this is quite common in applications like training of neural nets, as
mentioned earlier), we obtain Ay = C(L?0? + Le3), and Az = C; L?. Substituting e, = O(\/%)

and for a fixed d, the upper bound in the above theorem is order-wise identical to that of standard
SGD in a population loss minimization problem under similar setting.

Remark 13. (No compression setting) In the setting, where § = 1 (no compression), we obtain

2
mofe (23]
n mn

2
Ay =0 {dzL (O‘—+i)} ,
n mn

and A3 = 0. The statistical rate (obtained by making 7" sufficiently large) of the problem is Ay,
and this rate matches exactly to that of [23]. Hence, we could recover the optimal rate without
compression. Furthermore, this rate is optimal in («, m, n) as shown in [23]].

and

Remark 14. In the next section, we show that when o # 0 and 6 = ©(1), the statistical error rate of
Algorithm [3is order-wise identical to the no-compression setting. Hence, we get the compression
for free. Furthermore, we argue that error feedback improves the statistical (error) rate.

3.7.2 Comparison with Algorithm {4|

We now compare the statistical rate of Algorithm [3| with Algorithm 4} where no feedback is used.
Recall from Sections [3.5]and [3.6| that the statistical error rate of is given by,

2 1-9 1
Ano—feedback: =0 (d2 |:Oé_ + + —:|) .
n n mn

Let us compare it with the statistical rate of our algorithm, given by

2 12 21 _ 2 2
N )
n ) mn
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Figure 3.1: Training (cross entropy) loss for MNIST image. Different types of attack (a) labels with
deterministic shift (9 — label) (b) random labels. Plots show theresholding scheme with different
type of byzantine attacks achieve similar convergence as ‘no byzantine’ setup.

Observe that in the setting with error feedback, we have an additional problem parameter o2.

Hence, for the purpose of comparison, we first argue what the scaling of o should be. Since,
IVE;(wy)||> < 2| VFi(w) — VF(wy)|? + 2|[VF(w,)||?, using Lemma [6| of Appendix [3.10} we
have

d2
IV Ej(ws)||* < 2—+ 2|V F(w)|I?,

7777

obtain
2d?
o’ =0 (— +2 min ||VF(wt)H2> .
n t=0,...,T

As seen by [20], 0 = ©(1) is a reasonable and practical parameter regime, and in this setting, with
the above o2, we observe that

AI < Anoffeedback-

provided o < ¢, for a constant c. Note that this condition is equivalent to the trade-off between
the amount of compression and the fraction of Byzantine worker machines, featured in Theorem [3]
which was required to show convergence of Algorithm 3| Hence, in the above mentioned parameter
regime, the error rate with error feedback is strictly better than no-feedback setting.

In numerical experiments, we observe that the convergence of Algorithm [3] with error feedback
is faster than Algorithm ] which is intuitive since error feedback helps in correcting the direction
of the local gradient. We now have a theoretical justification for this fact.
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(a) Regression Problem (b) Training loss for ReLU net

Figure 3.2: Convergence for (a) regression problem (b) training (cross entropy) loss for MNIST
image. Plots show convergence beyond the theoretical bound on the number of byzantine machine.
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(a) Regression Problem (b) Training loss for ReLU net

Figure 3.3: Convergence for (a) regression problem (b) training (cross entropy) loss for MNIST
image. Plots show convergence with a natural Byzantine attack of —e times the local gradient with
high number of byzantine machines for e = 0.9.

3.8 Experiments

In this section we validate the correctness of our proposed algorithms for linear regression problem
and training ReLLU network. In all the experiments, we choose the following compression scheme:

z||1

given any z € RY, we report C(x) = {”T, sgn(x)} where sgn(x) serves as the quantized vector
and @ is the scaling factor. All the reported results are averaged over 20 different runs.

First we consider a least square regression problem w* = argmin,, || Aw—b||>. For the regression
problem we generate matrix A € RV*4, vector w* € R? by sampling each item independently
from standard normal distribution and set b = Aw*. Here we choose N = 4000 and consider
d = 1000. We partition the data set equally into m = 200 servers. We randomly choose am

(= 10, 20) workers to be Byzantine and apply norm based thresholding operation with parameter
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Figure 3.4: Comparison of Robust Compressed Gradient Descent with and without thresholding
scheme in a regression problem. The plots show better convergence with thersholding.

30 4

30

20 204

— —
(o] o
j—. pu—.
- (-
Ll Ll
10 101
0 o
6 5‘0 1[‘]0 1_‘;0 2(‘)0 (I) Sb 160 1_%0 260
Iterations Iterations
(a) Number of Byzantine nodes=10 (b) Number of Byzantine nodes=20

Figure 3.5: Comparison of Robust Compressed Gradient Descent with majority vote based signSGD
[22] in regression Problem. The plots show better convergence with thresholding in comparison to
the majority vote based robustness of [22]

fm (= 12,22) respectively. We simulate the Byzantine workers by adding i.i.d A/(0, 101,) entries
to the gradient. In our experiments the gradient is the most pertinent information of the the worker
server. So we choose to add noise to the gradient to make it a Byzantine worker. However, later
on, we consider several kinds of attack models. We choose ||w; — w*|| as the error metric for this
problem.

Effectiveness of thresholding: We compare Algorithm [] with compressed gradient descent (with
vanilla aggregation). Our method is equipped with Byzantine tolerance steps and the vanilla
compressed gradient just computes the average of the compressed gradient sent by the workers.
From Figure it is evident that the the application of norm based thresholding scheme provides
better convergence result compared to the compressed gradient method without it.
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Comparison with signSGD with majority vote: In [22], a communication efficient byzantine
tolerant algorithm is proposed where communication efficiency is achieved by communicating sign
of the gradient and robustness is attained by taking co-ordinate wise majority vote. The robustness
in our algorithm comes from thresholding operation on the scaling factor. We show a comparison of
both method in Figure [3.5]in the regression setup depicted above. Our method shows a better trend
in convergence.

Error-feedback with thresholding scheme: We demonstrate the effectiveness of Byzantine
resilience with error-feedback scheme as described in Algorithm 3] We compare our scheme with
Algorithm [ (which does not use error feedback) in Figure 3.6

Feed-forward Neural Net with ReLU activation: Next, we show the effectiveness of our
method in training a fully connected feed forward neural net. We implement the neural net
in pytorch and use the digit recognition dataset MNIST ([[106]). We partition 60, 000 training data
into 200 different worker nodes. The neural net is equipped with 1000 node hidden layer with
ReLU activation function and we choose cross-entropy-loss as the loss function. We simulate the
Byzantine workers by adding i.i.d N'(0, 101;) entries to the gradient. In Figure[3.7| we compare our
robust compressed gradeint descent scheme with the trimmed mean scheme of [23]] and majority
vote based signSGD scheme of [22]]. Compared to the majority vote based scheme, our scheme
converges faster. Further, our method shows as good as performance of trimmed mean despite the
fact the robust scheme of [23] is an uncompressed scheme and uses a more complicated aggregation
rules.

Different Types of Attacks: In the previous paragraph we compared our scheme with existing
scheme with additive Gaussian noise as a form of byzantine attack. We also show convergence
results with the following type of attacks, which are quite common ([23]]) in neural net training
with digit recognition dataset [106]]. (a) Random label: the byzantine worker machines randomly
replaces the labels of the data, and (b) Deterministic Shift: byzantine workers in a deterministic
manner replace the labels y with 9 — y (0 becomes 9 , 9 becomes 0). In Figure we show the
convergence results with different numbers of byzantine worker nodes.

Large Number of Byzantine Workers: In Figures [3.2]and we show the convergence results
that holds beyond the theoretical limit (as shown in Theorem 3| and |4) of the number of Byzantine
servers in the regression problem and neural net training. In Figure [3.2] for the regression problem,
the Byzantine attack is additive Gaussian noise as described before and our algorithm is robust
up to 40%(« = .4) of the workers being Byzantine. While training of the feed-forward neural
network, we apply a deterministic shift as the Byzantine attack, and the algorithm converges even
for 40%(a = .4) Byzantine workers.

Note that our robust algorithm is in essence a stochastic gradient descent algorithm. Thus, a
‘natural’ Byzantine attack would be when a Byzantine worker sends —eg where 0 < ¢ < 1 and g is
the local gradient making the algorithm ‘ascent’ type. We choose € = 0.9 and show convergence
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Figure 3.6: Comparison of norm based thresholding with and without error feedback. The plots
show that error feedback based scheme offers better convergence.
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Figure 3.7: Training (cross entropy) loss for MNIST image. Comparison with (a) Uncompressed
Trimmed mean [23] (b) majority based signSGD of [22]. In plot (a) show that Robust Gradient
descent matches the convergence of the uncompressed trimmed mean [23]]. Plot (b) show a faster
convergence compared to the algorithm of [22]].

for the regression problem for up to 40% byzantine workers, and for the neural network training for
up to 33% Byzantine workers in Figure

3.9 Conclusion and Open Problems

We address the problem of robust distributed optimization where the worker machines send the
compressed gradient (as opposed to the full gradient) to the central machine. We propose a first
order optimization algorithm and provide theoretical guarantees and experimental validation under
different setup. In some settings, we assume a restricted adversary (that adheres to the compression
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algorithm). An immediate future work would be to remove such assumption and obtain a learning
algorithm with arbitrary adversaries uniformly for all 0-approximate compressors. It might also be
interesting to study a second order distributed optimization algorithm with compressed gradients
and Hessians.

Appendix
3.10 Analysis of Algorithm (4|

In this section, we provide analysis of the Lemmas required for the proof of Theorem [3] and
Theorem [l

Notation: Let M and B denote the set of non-Byzantine and Byzantine worker machines.
Furthermore, U, and 7; denote untrimmed and trimmed worker machines. So evidently,

M| +|B| = [th| + |Ti| = m.

3.10.1 Proof of Theorem

Let g(w;) = @ > icw, QVFi(w;)) and A = g(w;) — VF(w;). We have the following Lemma to
control of [|Al[?.

Lemma 4. For any A > 0, we have,

) T—6+2a\ ,
[A]7 < (1T+A) 15 IVEF (wy)[|” + €(A)
with probability greater than or equal to 1 — C(ﬁ;ggf — 1_;2):m oy where
2 2
_ 1 Vi—d0+a+pY , l—a\ " ,
pr— 2 1 —_ .
w=2+ | () d+ (1) 4

with €, and €5 as defined in equation (3.2)) and (3.3) respectively.

The proof of the lemma is deferred to Section We prove the theorem using the above
lemma.

We first show that with Assumption [TT]and with the choice of step size 7, we always stay in
W without projection. Recall that g(w;) = ﬁ > icu, LV Fi(w)) and A = g(w;) — VF(w,). We
have

[wipr = w*|| < Jwy — W[ + A ([VE(wo) | + llg(we) = VE(wi)]])
% Cc
< JJwe = wl + = ([VE(w)[ + [ Al
F
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We use Lemma {4 with A\ = )\ for a sufficiently small positive constant \g. Define §y =
<1 — (- > A little algebra shows that provided § > &y + 4o — 9a? + 4o, we obtain

1+Xo
JA[* < (1= o) [VE(w)||* + €
c1(1—a)md I cad

(14nLD)d (14+(1—a)mnL D)4’
constant and e is defined in equation (3.4). Substituting, we obtain

C
w1 — w*|| < [Jw, — w*| + L—; (L + VI =) VE(w)l + Ve)

< = w4 7 (2= UVF@)] + Ve).

where ¢ is a positive

with probability greater than or equal to 1 —

where we use the fact that /1 — ¢y < 1 —¢¢/2. Now, running 7' = C' Lr (F(woﬁ)fF(w*)) iterations, we
see that Assumption |1 1|ensures that the iterations of Algorithm {4{is always in V. Hence, let us now
analyze the algorithm without the projection step.

Using the smoothness of F'(.), we have

L
Flwir) < Fwy) + (VF(we), wegr — we) + 7F||wt+1 — w|*.

Using the iteration of Algorithm[] we obtain

72 Lp
2

< F(we) = AIIVE ()| = /(VF(wp), A) +

IVF(w;) + Al?

F(wi) < F(wy) — (VE(wy), VF(wy) + A) +

72LF

LIV F ()P

VZLF 2 2
+ 5 AT+ Le(VE(w,), A)

< Pl - (= SEEITF@IIP + O+ o2Le) (IVFGl + S al)

72LF
2

where p > 0 and the last inequality follows from Young’s inequality. Substituting p = 1, we obtain

+ IA]%,

(V/2 =4 Lp) [VF ()| < F(w,) — F(wia) + (v/2+5°Lp) [ A%
We now use Lemma 4] to obtain
(3 = VLe)IVE@)|? < Flw) = Flwia)
V1—=10+ 2«
1 —

! ) IVF@I? + ).

+ G2z (en
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with high probability. Upon further simplification, we have

(% - 5(1 + ) (T; 2a) —(1+X) (@;2&)27%17 - 72LF) IV E (w,)|*

< F(wy) = Fwen) + (7/2+ 7 Lr)é(N).

We now substitute v = ﬁ, for a small enough constant ¢, so that we can ignore the contributions of
the terms with quadratic dependence on . We substitute A = )\, for a sufficiently small positive

2
constant \y. Provided 6 > §y + 4a — 9a? + 4a3, where &y = (1 - (if()f) , we have

<1 AT (\/—er) —(1+A) (@)QVQLF _72LF) =

2 2 1- 3 1-3

where ¢y 18 a constant. With this choice, we obtain

Lp(F(wy) — F(w"))
T+1

Z IVE(w)|* < Cy + Cse

T+1

where the first term is obtained from a telescopic sum and ¢ is defined in equation (3.4). Finally, we
obtain

Lp(F(wo) — F(w"))

VF 2<C C
Join [[VE ()| 1 T + Che
with probability greater than or equal to 1 — 0(11(;2‘])3”)‘5 ~ o 1_;2)fm o proving Theorem

3.10.2 Proof of Theorem 4

The proof of convergence for Theorem [ follows the same steps as Theorem [3] Recall that the
quantity of interest is

A = g(w) — VF(w)
for which we prove bound in the following lemma.

Lemma 5. For any A > 0, we have,

~ (1+B8)VI—0d+2a\’ _
[P ((1+)\)( . IVE(w)[]* +€(\)
with probability greater than or equal to 1 — C(ﬁ;ggl: — (1+(1722)i1nﬁD)d’ where

=201+ (LI 00Y g (m0pg),

with €, and €, as defined in equation (3.2)) and (3.3) respectively.
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Taking the above lemma for granted, we proceed to prove Theorem[d] The proof of Lemma [3]is
deferred to Section [3.10.6l

The proof parallels the proof of 3] except the fact that we use Lemma [5] to upper bound
HAH2 Correspondingly, a little algebra shows that we require § > &y + 4o — 802 + 4a®, where

(50 = (1 — %)’ where )\ is a sufficiently small positive constant. With the above

requirement, the proof follows the same steps as Theorem [3]and hence we omit the details here.

3.10.3 Proof of Lemma 4

We require the following result to prove Lemma 4] In the following result, we show that for
non-Byzantine worker machine i, the local gradient V F;(w;) is concentrated around the global
gradient VF'(w;).

Lemma 6. We have

max ||V F;(w;) — VF(w)|| < e

1EM
with probability exceeding 1 — ( 1(:1%);;‘; where €, is defined in equation (3.2).

Furthermore, we have the following Lemma which implies that the average of local gradients
V F;(w;) over non-Byzantine worker machines is close to its expectation V F'(wy).

Lemma 7. We have

|M| > VFEi(w) - VF(w)| < €.
ieEM

2(1—a)ymd 2d
(1+nLD)d  (1+(1—a)mnL D)%’

with probability exceeding 1 — where €, is defined in equation (3.3).

Recall the definition of A. Using triangle inequality, we obtain

1€U 1€U 1€EU

/ 4
~\~ v~

T1 T2

We first control 7;. Using the compression scheme (Definition E]) we obtain

]||U|ZQ (VFi(wy)) — 7 ZVF wy)| <

iE€UL icl; eyl
Vvi—s |
< BN Z IV Ey(w)|| = Z |V E;(wy)]| + Z IV E,(w,)||
! LieM iEMNT; ieBNU:

<V IS vR@l+ Y va»n]

[ths] LieM i€ Bl



CHAPTER 3. COMMUNICATION-EFFICIENT AND BYZANTINE-ROBUST DISTRIBUTED
FIRST ORDER LEARNING 65

Since 3 > «, we ensure that M N T; # (). We have,

vi=s|
hs VFi(wy)|| + ammax ||V F;(w
S T | 2 IVl o VGl
Vi=s |
< S | Y IVE(w) = VE@)| + Y IVE @)
\| A Py by |
Ty
amy/1—9§
i lIVEw) = VEQl + IV )]

7

v~

Ty

We now upper-bound 75. We have

12 < e |V ) - T+ S g )
1-0(1—a) o) w 1-0(1—a) "
< S ) - V(] + =2 v )]

VIZH1-a) | VT=3(1-a)
- 1-p (1-5)

IVE ()|

with probability exceeding 1 — (21(;?;;‘3 , where we use Lemma@ Similarly, for 7}, we have
V1—oda V1—da
1< e+ IV F ()|

We now control the terms in 75. We obtain the following:
1
15 < m” ZVFz‘(wt) — VE(uw)|
1E€EU

< |71||| Z(VFi(wt) — VF(w)) — Z (VF,(w) — VF(w)) + Z (VE;(w,) — VE(w,))||
M iem iEMNT; ieBAT

< il (VR = V@) + gl S (TEw) - TFw)|

ieM ¢4 iEMNT;
1
il > (VE(w) = VF(wy)]l.
t ieBnT
Using Lemma [7} we have
1 1 -«

= VF; — VF < .
] I Z( (wr) (we))|| < 1— 562

1EM
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2(1—c)ymd 2d

with probability exceeding 1 — AniDY ~ (ri—aymmED)?

. Also, we obtain

1 I5;
— VF; VF < VF; VF < ,
gl > (VEw) = VF)| € 722 max[PA(w) ~ VPw)| < 7=
with probability at least 1 — ( 1(-1+ i)g;i, where the last inequality is derived from Lemma@ Finally,

for the Byzantine term, we have

0

< T Aa I

”ZE;T (VE(w) = VF(w))]] — 5 IVE(woll + ||VF(wt)\|

(0%

< g maxIVA@) | + 75l VF(w )H
(0]

<

< g IVA() = VP + 7 5 VG|
% 2x

<

=1-59 Tz BHVF(wt)H’

with high probability, where the last inequality follows from Lemma|6]
Combining all the terms of 77 and 75, we obtain,

V1—-90+2a Vi-0+a+ l-«a
||A|| < ﬁHVF(wt)H—F 1—5 661+ 1_662.
Now, using Young’s inequality, for any A > 0, we obtain
VI=3 420\ _
A < 14 8) (S22 TR + e
where
VI=o+a+p8\ 1—a)’
e(N) =2(1 5
6() (+A) ( ]-_B 1+ 1_5 €9

3.10.4 Proof of Lemma [6:

For a fixed i € M, we first analyze the quantity |V F;(w;) — VF(w;)|. Notice that ¢ is non-
Byzantine. Recall that machine ¢ has n independent data points. We use the sub-exponential
concentration to control this term. Let us rewrite the concentration inequality.

Univariate sub-exponential concentration: Suppose Y is univariate random variable with
EY = pand yq, ..., y, are i.i.d draws of Y. Also, Y is v sub-exponential. From sub-exponential
concentration (Hoeffding’s inequality), we obtain

1< .t
P ('E > yi—pl> t) < 2exp{—nmin(_, -5)}.
1=1
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We directly use this to the k-th partial derivative of F}. Let Oy, f (wy, 2*7) be the partial derivative
of the loss function with respect to k-th coordinate on i-th machine with j-th data point. From
Assumption [I0} we obtain

t t?

pogﬁimﬂwwww—mmenw>s2@®*ﬂmm(ﬁaﬁk

Since VF;(w;) = + 7" V f(wy, 2'7), denoting VE® (w,) as the k-th coordinate of V F}(w,),
we have

VE® (wy) = 05 F (wy)] <t

with probability at least 1 — 2 exp{—nmin(%, )}.

v v2
This result holds for a particular w;. To extend this for all w € W, we exploit the covering net
argument and the Lipschitz continuity of the partial derivative of the loss function (Assumption [9).
Let {wy,...,wx} be a § covering of WW. Since W has diameter D, from Vershynin, we obtain
N < (14 £)4. Hence with probability at least

1 — 2Nd exp{—n min (E, t—i) |2
v
we have
VEP (w) = 0uF (w)] <t
forall w € {wy,...,wy} and k € [d]. This implies
IV Ey(wy) = VF(w)|| < tVd,

with probability greater than or equal to 1 — 2Nd exp{—n min(%, 5)}.

v v2
We now reason about w € W \ {wi, ..., wy} via Lipschitzness (Assumption [9). From the
definition of ¢ cover, for any w € W, there exists wy, an element of the cover such that ||w —w,|| < 9.

Hence, we obtain
IVFEP (w) — 0, F(w)| < t + 2Ly0
for all w € YV and consequently

IV Ey(wy) — VF(w,)|| < Vdt +26L

with probability at least 1 — 2N d exp{—n min(%, 5—22)}, where I = />0, L2,
Choosing § = 5= and

d R d .
t = vmax{—log(1 + 2nLd), \/— log(1 + 2nLd)},
n n
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we obtain

d A d A 1
|V E;(w;) — VF(w,)|| < vVd (max{— log(1 + 2nLd), \/— log(1 + 2nLd)}> +— =¢,
n n n
(3.10)

d

with probability greater than 1 — AniD)

. Taking union bound on all non-Byzantine machines
yields the theorem.

3.10.5 Proof of Lemma
We need to upper bound the following quantity:
1
il > (VE(w) = VF(w,))]|
M

We now use similar argument (sub-exponential concentration) like Lemmal6] The only difference
is that in this case, we also consider averaging over worker nodes. We obtain the following:

1
HW ;A(VFi(wt) — VF(w))| < e
where
€9 = vﬁ(max{ﬁ log(1 + 2(1 — o)mnLd), \/ﬁ log(1+2(1 — a)mnﬂd)}),

2d

3.10.6 Proof of Lemma 5

Here we prove an upper bound on the norm of

A = g(wy) — VF(wy)

where g(w;) = ﬁ Zieut Q(VFi(wy)).
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‘We have
N =l |Z@ (VE,(wy)) — VF(w)]]
zEZ/I
|H D IQ(VE(wy) = VF(w)] = > [Q(VFi(w)) = VF(w)]
ieM i€(MNTz)
+ Y [Q(VE(w) — VF(w)ll
1e(BNUy)
< (1 Z @vre) - vrwil+] ¥ avaa) - vrw)l
t ieM B i€(MNT7)
T h p
IS @R - VFw )
1e(BNUy)

-

v~

T3
Now we bound each term separately. For the first term, we have

1

1
= WH %Q(VE(wt)) — VE(w)|]

:@HZQ(VR(U&)) VE (w)]] + |HZVF we) — VF(w,)]|

e oo
<y 2 (1 rm) - vw»u) o

< ﬁ% (muvmwll) + igez

< %“(SZM (IVF Il + IV w) - VFoll) + =5
e

where we use the definition of a d-approximate compressor, Lemma|6/and Lemma[7] Similarly, we
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can bound 75 as

L< Y IQVEw)) - VFw)|

ie(MNTy)
< fmmax [|Q(VEi(w;)) — VE (w,)]|

< mmas (VIZSIVE @) + IVA(w) - VF(w)]))
< fmmas (¢—1 TSIVE@))]| + (14 VI 9|V E(w) - W(wtm)

where we use the definition of §-approximate compressor. Hence invoking Lemma |6} we obtain

L, < ﬁ”;auvmwtnuﬂ“ﬁj }3“”

| " 11—
Also, owing to the trimming with 3 > «, we have at least one good machine in the set 7; for all ¢.
Now each term in the set B N U, we have

To= 3 QVE(w)) - VE(w)]

1€(BNU)
< am(max ||Q(VE;(w,)|| +[[VE(w,)]])

< am(max V1 = 3||VE (wy)[| + [[VEi(we)|| + [V E(w)|])

. am(u VT ) 4 2 VIS 5>||VF<wt>\|)

1T<a(2+\/1—5) a(l++v1-9)
= 18 1-

€1

IV E(w)|| +

€1

where we use Lemmal6] Putting 77, 75, T3 we get

18] < (V52 VA0 a8V o)
N
_ ((1+6)I/i—?+ 2a>HVF(wt)H . ((1+6)\/11_Tg+a+6>61+ 1:;62
1817 < 1+ (5 *mg”a)zuwmw +e)

2
where €(A) = 2(1 + ) ((L W) €2 + (t—%)%%) Hence, the lemma follows.
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3.11 Proof of Theorem 5

We first define an auxiliary sequence defined as:

Hence, we obtain

For notational simplicity, let us drop the subscript ¢ from U; and 7; and denote them as I/ and 7.
Since (we will ensure that the iterates remain in the parameter space and hence we can ignore
the projection step),

Wiy = Wy — \Z/l\ sz wt

ieU
we get
1
=w—op (Zc pilw)) + > Clpi(w)) = Y C(pi(wt))> — eri(mm
ieM ieBnuU ieMNT ieM
—wp— [ —— | — C(pi(w ei(t+1)
(5 )|M|Z il |M1§M
_—Zcpzwt Zszwt
zEBﬁZx[ ZEMOT
Since C(pi(wt)) +e(t+1)= pi(wt) for all i € M, we obtain
1 -«
iEM iEM iEM

Let us denote T} = ﬁ > ienru C0i(we)s To = g Y ic oy Cpiwr)) and Ty = f—ﬁv > iem C(pi(wy)).
With this, we obtain

- 1
Wi = Wy — ——pi(w) =Ty + Ty — T}
M|
- 1
=Wp + — e;(t) — pi(wy)
P uw;;

—wt ‘M|ZVF wt

ieM
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where T = T} — Ty + T} . Observe that the auxiliary sequence looks similar to a distributed gradient
step with a presence of T'. For the convergence analysis, we will use this relation along with an
upper bound on ||T||.

Using this auxiliary sequence, we first ensure that the iterates of our algorithm remains close to
one another. To that end, we have

- 1
Wiyl — W = Wg1 — wt + — |M’ <t+ 1) |M’€Z<t)
1
V F;(wy) ei(t+1) — ——e;(t).
Hence, we obtain
— < Fi( T t+1
[ weg1 — wy] ||7|M’§4V (we)[| + | ”+H|M\ ei(t + >”+”1M\ ei(t)|l
<~ VF;(w) — VE(w)| + || VF(w —|—T—|——eit—|—1
”|M|§A ) (W)l + ANV E (we)[| + [T |||M| t+ 1l
+ el
< F T t+1
ver + IV F ]|+ 7] + [ges(t + Dl + g0l

Now, using Lemma [§] and Lemma [9]in conjunction with Assumption [I1] ensures the iterates of
Algorithm [3|stays in the parameter space WV .
We assume that the global loss function F'(.) is Lr smooth. We get
~ - o~ L
F(wis1) < F(wy) + (VE(wy), Wy — wy) + —FHwt+1 — Wy *.

Now, we use the above recursive equation
~ - 1 -
B = B — v S VE(w) — T.
Substituting, we obtain

F(@) < F(T@) — 1(VF(@), ﬁ S VEw)) — (VF(@), T)

ZVF (w)||* + Lr|| T2 (3.11)
1EM
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In the subsequent calculation, we use the following definition of smoothness:
IVE(y1) = VF(y2)ll < Lrllyr — vl

for all 3y, and 3, € RY.
Rewriting the right hand side (R.H.S) of equation (3.11]), we obtain

R.H.S = F(@;) = y(VF(@,), VF(w)) +7(VF (@), VF (w) ‘M‘ > VFEi(wy))

Ter\’r'n—l N iEM
Term II
+ (VE(wy), =T) + (VF(@,) — VF(w,), =T)
Term—II1
+2Lpy? || Z VFi(w;) — VF(wy)||” + 2Lpy*|VE (w)||* + Le | T|*.
’LEM

-

Term—IV

We now control the 4 terms separately. We start with Term-I.

Control of Term-I: We obtain
Term-I1 = F(wy) — v(VE(wy), VE(wy)) — v(VEF(w,) — VF(wy), VF(wy))

< F(@) = IV F ()| + 25| VF(@) = VF ()| + 11 [V F ()

where we use Young’s inequality ((a,b) < £a||* + %Hb”2 with p = 50) in the last inequality.
Using the smoothness of F'(.), we obtain

Term-1 < F(@;) — ~||VF(w,)|* + muvzf(wt)yﬁ + 257 L2 || —- |M’ > et (3.12)
ieM

Control of Term-II: Similarly, for Term-II, we have

Term-1I = y(VF(@,), VF(w;) — i %:AVF (wy)) < 50ve2 + 200||VF(wt)||2
< stk + g VPO + bl S el G.13)
eM
Control of Term-III: We obtain
Term-1II = (VF(w,), =T) + <VF(@t)—VF(wt) -T)
< IVF@)IP + 3171 + Zez O+ 1717 G4

ZEM
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Control of Term-1IV:

1 -
Term-IV = zLﬂ?HW > VFE(w) = VF(w)|* + 2Ly’ VF(w)|* + Le||T|?
ieM
< 2Lpv?€2 4+ 2Lpy?||VF (wy)||? + L || T)? (3.15)

Combining all 4 terms, we obtain

~ ~ v 2 2 o, vLE | L 1 2
F(wiy) < F(wy) — (5 “rg 2Lpy ) IVE(w)[|” + | 257LE + Too T o HW Z ei(t)]]
ieM
1 1 ~
+ww§+ﬂ@f£+(§?+§+hgﬂﬂﬁ (3.16)

We now control the error sequence and ||7’||2. These will be separate lemmas, but here we write is
as a whole.

Control of error sequence:

Lemma 8. Forall i € M, we have

3(1—=9
el < 2222

forallt > 0.

Proof. For machine i € M, we have
lei(t + 1)]* = [IC(pi(we)) — ps(we) | < (1 = 0)|pi(w) I = (1 = 0) |7V Fi(wy) + ex(t)||?

| < o2, we obtain

Using technique similar to the proof of [20, Lemma 3] and using ||V F;(w;)

2(1 - 5)21 + 1/77)7202

lei(t + D)II* <

where n > (0. Substituting n = 2 implies

3(1—10
llea(t +1)]|* < (5 H%ﬁ (3.17)

for all i € M. This also implies

3(1 - 0)
, 2 2,2
ma et -+ 1) < S0
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Control of || T

Lemma 9. We obtain

9(1+ V1 —19)%?
(1-5)?

with probability exceeding 1 —

I7)* <

0245+ (5 - 0] (& + VPl + 2=

2(1— a)md
(1+nLD)d"

Proof. We have
T =Ty = T5 + Ta|l < [IT0l| + | Tall + [|T3]]-

We control these 3 terms separately. We obtain

”Tl” Z C pz wt || = — Z ||C pz wt

ZEBOU ZGBOL{

Since the worker machines are sorted according to ||C(p;(w;))|| (the central machine only gets to
see C(p;(w;)), and so the most natural metric to sort is ||C(p;(w:))||), we obtain

173} < max [|C (pi(w))

(1 — ﬁ)m ieM
<(1+VI=0)

< (1+V1-96)

max [[p;(we)]|

am
(1 = B)m iem

% 122%( H’YVFz‘(wt) + 61@)”

<(1+vV1- )( )VmaxHVF(wt) VE(w)||+ (1 ++v1-9)
+(1+¢T)m

< (14+V1-9) (f‘flﬁ)

1- )VHVF(U&)H

it
max [|e; (¢)]]

(1+V1-9) IV E(w)]|

( )
o 3(1—9)
(1-5) o

+(1+v1-9)
Hence,

e (@ + vre + 25

ITh|1> <3
Similarly, we obtain,

ITa]* <3

g (&4 19 Pl + 252
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For T3, we have

—a 1
T3] = H|M|2sz wy))|| < _5W2<1+V1_5>Hpi(wt>”

1eM

— |

(wy)

<@+ V1= 5) ]
Using the previous calculation, we obtain

17l < @+ VT= 9= b (14 VT = )

+(1+V1-79) (5(1__0‘;;0 3(15_ %)

and as a result,

(1++/1—9)>
(1-p)?

Combining the above 3 terms, we obtain

IT5]1* < 3

(B — a)*y? (e% + | VF (wy)|]* + 3<16_ ) 02) .

IT)1* < BT + 3| Tl + 3| T3]

I+ VI=0)* , 2 2 2 2
< M ok 4 (5 o) (& + IV PP +

Back to the convergence of '(.): We use the above bound on ||T|? and Lemma to conclude
the proof of the main convergence result. Recall equation (3.16):

F(@ien) < F@) — (L - 2~ 22e7?) [VF@) P+ (25923 + 220+ L) LS
= 2 50 100 |M|ZGM

1 1 "
+ 507€; + 2Lpy’€s + <5 +5+ LF) [l

First, let us compute the term associated with the error sequence. Note that (from Cauchy-Schwartz
inequality)

|M|Z Ol < |M|Z||€z oI

and from equation (3.17)), we obtain

2 1_6)22
vo,
I 2o el <

ieM
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and so the error term is upper bounded by

2L2 3L2 31 =6 2
(7 F+’7 F+2573L%> ( )U‘

2 100 o

We now substitute the expression for ||7'||2. We obtain

1 1 ~ 1 - 1 -
— 4+ -+ L T|II? = —||T|? —+ L T\
(55 Lr ) 112 = HIT1P + (5 + L) 171

The first term in the above equation is

QLHTHQ < 9%;;; — 1@_2 %) [0+ 8%+ (B — a)?] (g [V (w)|? + 3(1-9) Ug)

< 9v(1++1—10)?
< [
2(1-p)?
Iv(1+V1-9)? 2 2 —a)?l (e o
= e -] (44 2

and the second term is
1 ~ 1 9v4(1
(+2e) 17 < (5+20) 2P 2 24 (5 o)
Y <e§ FIvF@) + 20 02)

1 I (1+VI=6)?2 , 2 )2 w12
§(§+ ) g [+ 8+ (5= )] IV P

+ (2+LF> 71+ V1-3)" [+ 82+ (8 —a)?] <e§+3(15—5)02)

02 + 5 + (5 — )] [V F(w)|*

(1-p)?
Collecting all the above terms, the coefficient of —v||V F'(w;)

11 (1 + VI —0)?
3 750 T TSa gy [

— (% +LF)97(1<1__V51)2_ 5) [042 +62 + (5 . a>2] )

Provided we select a sufficiently small +, a little algebra shows that if

0+vI—02, , ., s (1 1
o st < (5 5)

|? is given by

o’ + 52+ (B — a)?]
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the coefficient of ||V F'(w;)||*> becomes —c, where ¢ > 0 is a universal constant. Considering the
other terms and rewriting equation (3.16]), we obtain

_ B 2L2 3L2 3 1 _ 5 2
F@n) < F(@) - e VF@)l + (55 + 228 v 25902 ) 2507 4 sng
9v(1 + /1 —0)? 3(1—9
+2Lpy e, + 7(25_ BE L [02+ 82+ (8= ] (e% + X 5 )02)

- (% - LF) 972(111\/6?)2 [@® + 8%+ (6 — a)’] (ef - 3<15_ 5)02) .

Continuing, we get

T T
1 1
vL: | VL% 212 3(1—0)0® 50,
+< 5 + 100 + 257 L% 5 + - e
2Lpye; 91+ VI—06)? ., 2 21 (2, 3(1=0) 4
+ . 2e(1 = ) [@*+ 82+ (B—a)?] (€ + 0

+ (% + LF) 97%(—11—_ 15)_2 %) [0+ 8%+ (B —a)?] (ef + 31— 6)02

Using the telescoping sum, we obtain

F(wg) — F*

i F 2 <
min, [VE () < =

t=0,...,
V1= 9)?
[9(122;1_15)2) [0 + B2+ (8 — )] (6
L% 3(1—6)o?  2Lpes
+7[7F co * c :

. (1 )9(1+\/1T<5)2

—+ Lp e [0® + 82+ (8 — )] (ef+ 5O

2
L2 3(1 —6)o?
+7 {(WFO - 25[3?)%}

Simplifying the above expression, we write

F — F*
min_ [V F(w,) | < D) =17

A A A
t=0,..., C’}/(T—i—l) + 1+7 2_'—’}/ 37

where the definition of Ay, A, and A3 are immediate from the above expression.
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Chapter 4

Efficient and Robust FL. with Newton
Algorithm

We develop a distributed second order optimization algorithm that is communication-efficient
as well as robust against Byzantine failures of the worker machines. We propose COMRADE
(COMunication-efficient and Robust Approximate Distributed nEwton), an iterative second order
algorithm, where the worker machines communicate only once per iteration with the center machine.
This is in sharp contrast with the state-of-the-art distributed second order algorithms like GIANT
[26] and DINGO[27], where the worker machines send (functions of) local gradient and Hessian
sequentially; thus ending up communicating twice with the center machine per iteration. Moreover,
we show that the worker machines can further compress the local information before sending it to
the center. In addition, we employ a simple norm based thresholding rule to filter-out the Byzantine
worker machines. We establish the linear-quadratic rate of convergence of COMRADE and establish
that the communication savings and Byzantine resilience result in only a small statistical error
rate for arbitrary convex loss functions. To the best of our knowledge, this is the first work that
addresses the issue of Byzantine resilience in second order distributed optimization. Furthermore,
we validate our theoretical results with extensive experiments on synthetic and benchmark LIBSVM
[47] data-sets and demonstrate convergence guarantees.

4.1 Introduction

In this chapter, we propose COMRADE, a distributed approximate Newton-type algorithm that
communicates less and is resilient to Byzantine workers. Specifically, we consider a distributed
setup with m worker machines and one center machine. The goal is to minimize a regularized
convex loss f : RY — R, which is additive over the available data points. Furthermore, we assume
that « fraction of the worker machines are Byzantine, where a € [0, 1/2). We assume that Byzantine
workers can send any arbitrary values to the center machine. In addition, they may completely know
the learning algorithm and are allowed to collude with each other. To the best of our knowledge, this
is the first work that addresses the problem of Byzantine resilience in second order optimization.
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In our proposed algorithm, the worker machines communicate only once per iteration with
the center machine. This is in sharp contrast with the state-of-the-art distributed second order
algorithms (like GIANT [26], DINGO [27], Determinantal Averaging [34]), which sequentially
estimates functions of local gradients and Hessians and communicate them with the center machine.
In this way, they end up communicating twice per iteration with the center machine. We show
that this sequential estimation is redundant. Instead, in COMRADE, the worker machines only
send a d dimensional vector, the product of the inverse of local Hessian and the local gradient. Via
sketching arguments, we show that the empirical mean of the product of local Hessian inverse and
local gradient is close to the global Hessian inverse and gradient product, and thus just sending the
above-mentioned product is sufficient to ensure convergence. Hence, in this way, we save O(d)
bits of communication per iteration. Furthermore, in Section we argue that, in order to cut
down further communication, the worker machines can even compress the local Hessian inverse
and gradient product. Specifically, we use a (generic) d-approximate compressor ([20]]) for this, that
encompasses sign-based compressors like QSGD [21] and top;, sparsification [15]].

For Byzantine resilience, COMRADE employs a simple thresholding policy on the norms
of the local Hessian inverse and local gradient product. Note that norm-based thresholding is
computationally much simpler in comparison to existing co-ordinate wise median or trimmed mean
([23]) algorithms. Since the norm of the Hessian-inverse and gradient product determines the
amount of movement for Newton-type algorithms, this norm corresponds to a natural metric for
identifying and filtering out Byzantine workers.

Our Contributions: We propose a communication efficient Newton-type algorithm that is robust
to Byzantine worker machines. Our proposed algorithm, COMRADE takes as input the local
Hessian inverse and gradient product (or a compressed version of it) from the worker machines, and
performs a simple thresholding operation on the norm of the said vector to discard 5 > « fraction
of workers having largest norm values. We prove the linear-quadratic rate of convergence of our
proposed algorithm for strongly convex loss functions. In particular, suppose there are m worker
machines, each containing s data points; and let A; = w; — w*, where w; is the t-th iterate of
COMRADE, and w* is the optimal model we want to estimate. In Theorem 2, we show that

1
1A ]| < max{WM A, U A2 + () + a>\/;

where {\Dgi)}f’:l are quantities dependent on several problem parameters. Notice that the above
implies a quadratic rate of convergence when ||A;|| > \Ifgl) / \Ilgz). Subsequently, when ||A,||
becomes sufficiently small, the above condition is violated and the convergence slows down to a
linear rate. The error-floor, which is O(1/4/s) comes from the Byzantine resilience subroutine in
conjunction with the simultaneous estimation of Hessian and gradient. Furthermore, in Section 4.5}
we consider worker machines compressing the local Hessian inverse and gradient product via a 4-
approximate compressor [20], and show that the (order-wise) rate of convergence remain unchanged,
and the compression factor, ¢ affects the constants only.
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We experimentally validate our proposed algorithm, COMRADE, with several benchmark
data-sets. We consider several types of Byzantine attacks and observe that COMRADE is robust
against Byzantine worker machines, yielding better classification accuracy compared to the existing
state-of-the-art second order algorithms.

A major technical challenge of this work is to approximate local gradient and Hessian simultane-
ously in the presence of Byzantine workers. We use sketching, similar to [26], along with the norm
based Byzantine resilience technique. Using incoherence (defined shortly) of the local Hessian
along with concentration results originating from uniform sampling, we obtain the simultaneous
gradient and Hessian approximation. Furthermore, ensuring at least one non-Byzantine machine
gets trimmed at every iteration of COMRADE, we control the influence of Byzantine workers.

Related Work: Second order optimization has received a lot of attention in the recent years in
the distributed setting owing to its attractive convergence speed. The fundamentals of second order
optimization is laid out in [24]], and an extension with better convergence rates is presented in
[29]. Recently, in GIANT [26] algorithm, each worker machine computes an approximate Newton
direction in each iteration and the center machine averages them to obtain a globally improved
approximate Newton direction. Furthermore, DINGO [27] generalizes second order optimization
beyond convex functions by extending the Newton-MR [28]] algorithm in a distributed setting. Very
recently, [34] proposes Determinantal averaging to correct the inversion bias of the second order
optimization. A slightly different line of work ([130], [131]], [132]) uses Hessian sketching to solve
a large-scale distributed learning problems.

Furthermore, as mentioned in Chapter [3] Byzantine robust optimization has also received
significant interest over the years, in papers like [[19}30]. Later in [23,[31]], co-ordinate wise median,
trimmed mean and iterative filtering based algorithm have been proposed and optimal statistical
error rate is obtained. Also, [122}|123]] consider adversaries may steer convergence to bad local
minimizers for non-convex optimization problems.

Organization: In Section we first analyze COMRADE with one round of communication per
iteration. We assume o = 0, and focus on the communication efficiency aspect only. Subsequently,
in Section we make @ # 0, thereby addressing communication efficiency and Byzantine
resilience simultaneously. Further, in Section 4.5|we augment a compression scheme along with the
setting of Section Finally, in Section we validate our theoretical findings with experiments.
Proofs of all theoretical results can be found in the supplementary material.

Notation: For a positive integer r, [r] denotes the set {1,2,...,r}. For a vector v, we use
||v]| to denote the ¢, norm unless otherwise specified. For a matrix X, we denote || X || denotes
the operator norm, ¢,,4,(X) and 7,,;,(X) denote the maximum and minimum singular value.
Throughout the chapter, we use C', C', ¢, ¢; to denote positive universal constants, whose value
changes with instances.
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4.2 Problem Formulation

We begin with the standard statistical learning framework for empirical risk minimization, where
the objective is to minimize the following loss function:

1 O A
flw) == b)) + S lwl?, (4.1)
j=1

where, the loss functions ¢; : R — R, j € [n] are convex, twice differentiable and smooth.
Moreover, X;,Xa, . . ., X, € R? denote the input feature vectors and 41, 9, . . ., ¥, € R denote the
corresponding responses. Furthermore, we assume that the function f is strongly convex, implying
the existence of a unique minimizer of (.1I)). We denote this minimizer by w*. Note that the
response {y;}"_, is captured by the corresponding loss function {/;}7_,. Some examples of /; are

1
logistic loss: ¢;(z;) = log(1l — exp(—z;y;)), squaredloss: (;(z;) = §(zj —y;)°

We consider the framework of distributed optimization with m worker machines, where the feature
vectors and the loss functions (xy, (1), ..., (X, {,) are partitioned homogeneously among them.
Furthermore, we assume that « fraction of the worker machines are Byzantine for some o < % The
Byzantine machines, by nature, may send any arbitrary values to the center machine. Moreover,
they can even collude with each other and plan malicious attacks with complete information of the
learning algorithm.

4.3 COMRADE Can Communicate Less

We first present the Newton-type learning algorithm, namely COMRADE without any Byzantine
workers, i.e., @ = 0. It is formally given in Algorithm @{ (with 5 = 0). In each iteration of our
algorithm, every worker machine computes the local Hessian and local gradient and sends the local
second order update (which is the product of the inverse of the local Hessian and local gradient)
to the center machine. The center machine aggregates the updates from the worker machines
by averaging them and updates the model parameter w. Later the center machine broadcast the
parameter w to all the worker machines.

In any iteration ¢, a standard Newton algorithm requires the computation of exact Hessian (H;)
and gradient (g;) of the loss function which can be written as

1 n 1 - "
&= D Glw!xi)x; + Ay, Hy = n > G (wxixix] + AL “.2)

i=1 i=1

In a distributed set up, the exact Hessian (H,) and gradient (g;) can be computed in parallel in the
following manner. In each iteration, the center machine ‘broadcasts’ the model parameter w; to the
worker machines and each worker machine computes its own local gradient and Hessian. Then the
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center machine can compute the exact gradient and exact Hessian by averaging the the local gradient
vectors and local Hessian matrices. But for each worker machine the per iteration communication
complexity is O(d) for the gradient computation and O(d?) for the Hessian computation. Using
Algorithm[4] we reduce the communication cost to only O(d) per iteration, which is the same as the
first order methods.

Each worker machine possess s samples drawn uniformly from {(x1, ¢1), (X2, ¢2), ..., (Xn, n) }-
By S;, we denote the indices of the samples held by worker machine 7. At any iteration ¢, the worker
machine computes the local Hessian H; ; and local gradient g; ; as

1 T 1 /7 T T
gi,t - g Zﬁg(wt Xi)XZ’ + )\wt, Hi,t = g Z gj (’UJt Xi)XiXZ‘ + AL (43)

1€S; 1€S;

It is evident from the uniform sampling that E[g; ;] = g; and E[H, ;] = H;. The update direction
from the worker machine is defined as p;; = (H;;)"'g; ;. Each worker machine requires O(sd?)
operations to compute the Hessian matrix H; ; and O(d?®) operations to invert the matrix. In practice,
the computational cost can be reduced by employing conjugate gradient method. The center machine
computes the parameter update direction p; = % o Dit

We show that given large enough sample in each worker machine (s is large) and with incoherent
data points (the information is spread out and not concentrated to a small number of sample data
points), the local Hessian H,; is close to the global Hessian H; in spectral norm, and the local
gradient g; ; 1s close to the global gradient g;. Subsequently, we prove that the empirical average of
the local updates acts as a good proxy for the global Newton update and achieves good convergence
guarantee.

4.3.1 Theoretical Guarantee
We define the matrix A] = [a[,...,a,] € R¥”" where a; = |//(w"x;)x;. So the exact

e 1%

Hessian in equation @2) is H, = A A, + AL Also we define B, = [by, ..., b,] € R™" where
b; = {}(w?x;)x;. So the exact gradient in equation #2) is g, = B,1 + Aw,

Definition 10 (Coherence of a Matrix). Let A € R™9 be any matrix with U € R"*? being its
orthonormal basis (the left singular vectors). The row coherence of the matrix A is defined as

1(A) = 2 max; Ju;||” € [1,2], where u; is the ith row of U.

Remark 15. If the coherence of A; is small, it can be shown that the Hessian matrix can be
approximated well via selecting a subset of rows. Note that this is a fairly common to use coherence
condition as an approximation tool (see [[133H135]))

In the following, we assume that the Hessian matrix is L-Lipschitz (see definition below),
which is a standard assumption for the analysis of the second order method for general smooth loss
function (as seen in [26],[34]).

Assumption 15. The Hessian matrix of the loss function f is L-Lipschitz continuous i.e.,

[V2f(w) = V2 (w)|, < L lw —w'||.
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Algorithm 4: COMmunication-efficient and Robust Approximate Distributed nEwton
(COMRADE)

1: Input: Step size 7, parameter 5 > 0

2. Initialize: Initial iterate w, € R?¢

3 fort=0,1,..., 7T —1do

4 Central machine: broadcasts wy

for i € [m] do in parallel
5:  i-th worker machine:

*  Non-Byzantine: Computes local gradient g; , and local Hessian H; ;; sends
pi: = (H;;)'g;, to the central machine,

* Byzantine: Generates x (arbitrary), and sends it to the center machine

end for
6:  Center Machine:

e Sort the worker machines in a non decreasing order according to norm of updates
{Di+}, from the local machines

e Return the indices of the first 1 — /3 fraction of machines as I4;,
»  Approximate Newton Update direction : p; = ﬁ > icw, Did
e Update model parameter: w; 1 = w; — YP;.

7: end for

In the following theorem, we provide the convergence rate of COMRADE (with o« = 5 = 0) in
the terms of A; = w; — w*. Also, we define x; = 042 (Ht) /0 min (Hy) as the condition number of
H,, and hence x; > 1.

Theorem 6. Let |1 € [1, %] be the coherence of A, . Suppose v =1 and s > %d log de for some
n,p € (0,1). Under Assumption , with probability exceeding 1 — p, we obtain

2 I ) 2e
A < max{y/ki(——=) A, —F5= 1A Y e—my
A < {\/ng)” A oy

.
where ( = 1/(% —1—1’%) v = % <1, and

1 1 m 1
it \/@)\/;mﬁx (AP (4.4)

Remark 16. It is well known that a distributed Newton method has linear-quadratic convergence
rate. In Theorem [6|the quadratic term comes from the standard analysis of Newton method. The
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linear term (which is small) arises owing to Hessian approximation. It gets smaller with better
Hessian approximation (smaller 7)), and thus the above rate becomes quadratic one. The small error
floor arises due to the gradient approximation in the worker machines, which is essential for the one
round of communication per iteration. The error floor is % where s is the number of samples in
each worker machine. So for a sufficiently large s, the error floor becomes negligible.

Remark 17. The sample size in each worker machine is dependent on the coherence of the matrix
A, and the dimension d of the problem. Theoretically, the analysis is feasible for the case of s > d
(since we work with H ). However, when s < d, one can replace the inverse by a pseudo-inverse
(modulo some changes in convergence rate).

4.4 COMRADE Can Resist Byzantine Workers

In this section, we analyze COMRADE with Byzantine workers. We assume that o(< 1/2) fraction
of worker machines are Byzantine. We define the set of Byzantine worker machines by B and the
set of the good (non-Byzantine) machines by M. COMRADE employs a ‘norm based thresholding’
scheme on the local Hessian inverse and gradient product to tackle the Byzantine workers.

In the ¢-th iteration, the center machine outputs a set U, with |U;| = (1 — )m, consisting the
indices of the worker machines with smallest norm. Hence, we ‘trim’ the worker machines that may
try to diverge the learning algorithm. We denote the set of trimmed machines as 7;. Moreover, we
take 3 > « to ensure at least one good machine falls in 7;. This condition helps us to control the
Byzantine worker machines. Finally, the update is given by p; = ﬁ > icu, Pit- We define:

e = B3 + (-2 e *5)
2 _ gl Vo 2 l—ay, Ui 772 2 Y Vo \2

T
e is defined in @.4), v = % and k; is the condition number of the exact Hessian H;.

Theorem 7. Let |1 € [1, %] be the coherence of A; . Suppose v =1 and s > %d log mT‘ifor some
n,p € (0,1). For0 < a < 8 < 1/2, under Assumption , with probability exceeding 1 — p,
AlgorithmH|yields

5 L 25
A < max{y [ w5 ) A, —Fm= 1A} + —=,
1A < { t(l — ngz)H al Umz‘n(Ht)H eI} m

where (. and €y, are defined in equations and respectively.

The remarks of Section [4.3]is also applicable here. On top of that, we have the following
remarks:

Remark 18. Compared to the convergence rate of Theorem 6] the rate here remains order-wise same
even with Byzantine robustness. The coefficient of the quadratic term remains unchanged but the
linear rate and the error floor suffers a little bit (by a small constant factor).
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Remark 19. Note that for Theorem to hold, we require o ~ 1/ /K¢ for all £. In cases where &, is
large, this can impose a stricter condition on . However, we conjecture that this dependence can
be improved via applying a more intricate (and perhaps computation heavy) Byzantine resilience
algorithm. In this work, we kept the Byzantine resilience scheme simple at the expense of this
condition on a.

4.5 COMRADE Can Communicate Even Less and Resist
Byzantine Workers

In Section 4.3| we analyze COMRADE with an additional feature. We let the worker machines
further reduce the communication cost by applying a generic class of d-approximate compressor
[20] on the parameter update of Algorithm] We first define the class of d-approximate compressor:

Definition 11. An operator Q : RY — R? is defined as §-approximate compressor on a set S C R?
(z) — z||> < (1 = 0) ||z||?, where § € [0, 1] is the compression factor:

The above definition can be extended for any randomized operator Q satisfying E(||Q(z) — z||*) <
(1—46)||z||?, for all V& € S. The expectation is taken over the randomization of the operator. Notice
that 6 = 1 implies that Q(z) = = (no compression). Examples of J-approximate compressor
include QSGD [21], ¢;-QSGD [20], topy sparsification and rand,, [15].

Worker machine = computes the product of local Hessian inverse inverse and local gradient
and then apply J-approximate compressor to obtain Q(H; Lg:+); and finally sends this compressed
vector to the center. The Byzantine resilience subroutine remains the same—except, instead of
sorting with respect to ||H;'g; ||, the center machine now sorts according to 1Q(H;/gi.)|- The
center machine aggregates the compressed updates by averaging Q(p) = \ut| > icu, Q(Piy), and

take the next step as w1 = w; — vYQ(P).

Recall the definition of e from (4.4). We also use the following notation : (3, = v/(——~

+
v/ (1—a)m

L),¢ = 1% and v = 222 A Furthermore, we define the following:
Eompis = B + e PI(1+ n(1 = 8))e @)
Compins = 23 (G + a1 = p)((1+ D) + (T3 (G + a1 = B)((1+ D)
Fam(gTg) PR+ (1= 0)(1+ ) (48)

Theorem 8. Let 1 € [1, %} be the coherence of Ay . Let v = 1 and s > ?’n%d log %l for some
n,p € (0,1). For 0 < o < 8 < 1/2, under Assumption [I5|and with Q being the §-approximate
compressor, with probability exceeding 1 — p, we obtain

€ ,byz
a t COmp byz ! Omin (Ht> ! Omin (Ht)



CHAPTER 4. EFFICIENT AND ROBUST FL. WITH NEWTON ALGORITHM 87

oWy w1y 1 be e av 13 wu wd v s 3 2 4 I3 1 v B 4 o
Iterations Iterations Iterations. Iterations.

(a) wSa (b) a9a (c) Epsilon (d) covtype
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Figure 4.1: (First row) Comparison of training accuracy between COMRADE (Algorithm[4) and
GIANT [26] with (a) w5a (b) a9a (c) Epsilon (d) Covtype dataset. (Second row) Training accuracy
of (e) GIANT for ‘flipped label” and (f) ‘negative update’ attack; and comparison of Robust GIANT
and COMRADE with a9a dataset for (g) ‘flipped label” and (h) ‘negative update’ attack.

where €comp.by> ANd Ceomp by are given in equations @.7) and ([4.8) respectively.

Remark 20. With no compression (§ = 1) we get back the convergence guarantee of Theorem 7]

Remark 21. Note that even with compression, we retain the linear-quadratic rate of convergence of
COMRADE. The constants are affected by a §-dependent term.

4.6 Experimental Results

In this section we validate our algorithm, COMRADE in Byzantine and non-Byzantine setup on
synthetically generated and benchmark LIBSVM [47] data-set. The experiments focus on the
standard logistic regression problem. The logistic regression objective is defined as

1 & A
- ;bg (1 + exp(—yixjw)) + %HWHQ,

where w € R? is the parameter, {x;}", € R are the feature data and {y;}7, € {0,1} are
the corresponding labels. We use ‘mpidpy’ package for distributed framework (swarm2) at the
University of Massachusetts Amherst [[136] using mpi4py Python package. We choose ‘a9a’ (d =
123, n =~ 32K), ‘w5a’ (d = 300,n ~ 10k), ‘Epsilon’ (d = 2000, n = 0.4M) and ‘covtype.binary’
(d = 54,n =~ 0.5M) classification datasets and partition the data in 20 different worker machines.
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In the experiments, we choose two types of Byzantine attacks : (1). ‘flipped label -attack where
(for binary classification) the Byzantine worker machines flip the labels of the data, thus making
the model learn with wrong labels, and (2). ‘negative update attack’ where the Byzantine worker
machines compute the local update (p;) and communicate —c x p; with ¢ € (0, 1) making the
updates to be opposite of actual direction. We choose § = o + % We choose the regularization
parameter A = 1 and fixed step size. We ran the algorithms sufficient number of steps to ensure
convergence.

In Figure {. 1| first row) we compare COMRADE in non-Byzantine setup (o = = 0) with
the state-of the art algorithm GIANT [26]. It is evident from the plot that despite the fact that
COMRADE requires less communication, the algorithm is able to achieve similar accuracy. Also,
we show the ineffectiveness of GIANT in the presence of Byzantine attacks. In Figure #.2(e),(f))
we show the accuracy for flipped label and negative update attacks. These plots are an indicator of
the requirement of robustness in the learning algorithm. So we device ‘Robust GIANT’, which is
GIANT algorithm with added ‘norm based thresholding’ for robustness. In particular, we trim the
worker machines based on the local gradient norm in the first round of communication of GIANT.
Subsequently, in the second round of communication, the non-trimmed worker machines send the
updates (product of local Hessian inverse and the local gradient) to the center machine. We compare
COMRADE with ‘Robust GIANT’ in Figure 4.1(g),(h)) with 10% Byzantine worker machines for
‘a9a’ dataset. It is evident plot that COMRADE performs better than the ‘Robust GIANT’.

Next we show the accuracy of COMRADE with different numbers of Byzantine worker ma-
chines. Here we choose ¢ = 0.9. We show the accuracy for 'negetive update ’ attack in Fig-
ure [4.2]first row) and “flipped label” attack in Figure (second row). Furthermore, we show
that COMRADE works even when d-approximate compressor is applied to the updates. In Figure
4.2(Third row) we plot the tranning accuracies. For compression we apply the scheme known as
QSGD [21]]. Further experiments can be found in the supplementary material.

4.7 Conclusion

In this paper, we address the issue of communication efficiency and Byzantine robustness via second
order optimization and norm based thresholding respectively for strongly convex loss. Extending
our setting to handle weakly convex and non-convex loss is of immediate interest. We would also
like to exploit local averaging with second order optimization. Moreover, an import aspect, privacy,
is not addressed in this work. We keep this as our future research direction.

Appendix
4.8 Analysis of Section 4.3

Matrix Sketching
Here we briefly discuss the matrix sketching that is broadly used in the context of randomized
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(a) wda (b) a9a (c) Epsilon (d) covtype
(e) w5a (f) a9a (g) Epsilon (h) covtype
(1) w5a “flipped’ (G) w5q ‘negative’ (k) a9a “flipped’ (1) a%a ‘negative’

Figure 4.2: (First row) Accuracy of COMRADE with 10%, 15%, 20% Byzantine workers with
‘negative update’ attack for (a). wS5a (b). a9a (c¢). covtype (d). Epsilon. (Second row) COMRADE
accuracy with 10%), 15%, 20% Byzantine workers with ‘flipped label’ attack for (e) w5a (f) a9a
(g) covtype (h) Epsilon. (Third row) Accuracy of COMRADE with p-approximate compressor
(Section[4.3)) with 10%, 15%, 20% Byzantine workers; (i) ‘flipped label’ attack for w5a (j) ‘negative
update’ attack for w5a. (k) ‘flipped label” attack for a9a . (1) ‘negative update’ attack for a9a dataset.

linear algebra. For any matrix A € R"*? the sketched matrix Z € R**? is defined as ST A where
S € R"** is the sketching matrix (typically s < n). Based on the scope and basis of the application,
the sketched matrix is constructed by taking linear combination of the rows of matrix which is
known as random projection or by sampling and scaling a subset of the rows of the matrix which is
known as random sampling. The sketching is done to get a smaller representation of the original
matrix to reduce computational cost.

Here we consider a uniform row sampling scheme. The matrix Z is formed by sampling and
scaling rows of the matrix A. Each row of the matrix A is sampled with probability p = 711 and
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. . . 1
scaled by multiplying with NGR

P(Zz:i) =D,
NG

where z; is the i-th row matrix Z and a; is the j th row of the matrix A. Consequently the sketching
matrix S has one non-zero entry in each column.

We define the matrix A = [a[,...,a]] € R where a; = |/¢/(w'x;)x;. So the exact

Hessian in equation @2) is H; = A A, 4+ AL Assume that .S, is the set of features that are held
by the ¢th worker machine. So the local Hessian is
1 ", T T 1 T
Hi,t = ; Z gj (U} X])X]X] + )\I = gAi,tAivt + )\I,

JES;

where A;; € R**? and the row of the matrix A;; is indexed by S;. Also we define B, =
[by,...,b,] € R>"™ where b; = ¢;(w'x;)x;. So the exact gradient in equation #.2) is g; =
1B;1 + Aw, and the local gradient is

1 1
8it = P ;%(wjxi)xi + Awy, = gBi,t]- + Awy,

where B, ; is the matrix with column indexed by .S;. If {S;}", are the sketching matrices then the
local Hessian and gradient can be expressed as

1
H;; = A/S;S/A] + I gi: = —BS;S/ 1 + \w. (4.9)
n

With the help of sketching idea later we show that the local hessian and gradient are close to the
exact hessian and gradient.
The Quadratic function For the purpose of analysis we define an auxiliary quadratic function

1 1
o(p) = §pTHtp —g/p= EpT(AtTAt +A)p —g/p. (4.10)

The optimal solution to the above function is
p* = argminé(p) = H'g, = (A] A, + \I)'g,,

which is also the optimal direction of the global Newton update. In this work we consider the local
and global (approximate ) Newton direction to be

. _ R 1 .
Pie = (ATSSS]A+AI) gy, Pi=— Z Pit-
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respectively. And it can be easily verified that each local update p;; is optimal solution to the
following quadratic function

die(p) = %pWATSiSZ A +ADp —g/p. (@.11)
In our convergence analysis we show that value of the quadratic function in (4.10) with value p; is
close to the optimal value.

Singular Value Decomposition (SVD) For any matrix A € R™*¢ with rank r, the singular
value decomposition is defined as A = UXV " where U,V are n x r and d x r column orthogonal
matrices respectively and X is a r x r diagonal matrix with diagonal entries {01, ...0,}. If Aisa
symmetric positive semi-definite matrix then U = V.

4.8.1 Analysis

Lemma 10 (McDiarmid’s Inequality). Let X = X3, ..., X,, be m independent random variables
taking values from some set A, and assume that f : A™ — R satisfies the following condition
(bounded differences ):

sup | f(@i ooy Tis e T) = (i T T S

foralli € {1,... ,m}. Then for any ¢ > 0 we have

PIA(X1,. . Xon) —ELf (X1, Xo)] > €] < exp (—23%2) .

The property described in the following Lemma |11 is a very useful result for uniform row
sampling sketching matrix.

Lemma 11 (Lemma 8 [26]). Let n,p € (0,1) be a fixed parameter and r = rank(A;) and
U € R™" be the orthonormal bases of the matrix A;. Let {S;}", be sketching matrices and
S = ﬁ[sl, ... S,u] € R™™s. With probability 1 — p the following holds

TQ.QT - TQgT N
|U'S;S/U-1||,<n Vielm] and [[U'SS'U-I|,< N

Lemma 12. Let S € R™*® be any uniform sampling sketching matrix, then for any matrix B =
[by,...,b,] € R&>™ with probability 1 — p for any p > 0 we have,

1 1 1 1
|-BSS"™1 — —B1| < (1+ 21n(—))\/jmax b ],
n n P S i

where 1 is all ones vector.
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Proof. The vector B1 is the sum of column of the matrix B and BSS "1 is the sum of uniformly
sampled and scaled column of the matrix B where the scaling factor is — with p = % If (i1, ..., 1)
1
by.

N
is the set of sampled indices then BSST1 =37, . . &

Define the function f(iy, ... ,4,) = |*BSST1 — 1B1||. Now consider a sampled set
(1,...,%,...,1s) with only one item (column) replaced then the bounded difference is

A= (f(in, iy is) = fin, . yig. .. is)]

1,1 1 2
= [=[l—by = —b;,[[| <~ max|[b,].
% Sp S i

Now we have the expectation

1 1 N — 1
E[||-BSS'1 — -B1|?| < — b;|? = = b;||?
(S R < 5 3 bl = D]

1 1 1
. E[|-BSS™1 - -B1] < \/jmax bl
n n S i

Using McDiarmid inequality (Lemma 10) we have

1 1 1
P[||-BSS"1 - —B1| > \/jmax |Ibi|| +t
n n S i

2t
< exp —oAZ)

Equating the probability with p we have

2t*
eXP(—E) =P

1 2 1
=t = Ay /2 In(2) = max ||bi[y/ = In(=).
2 p i s p
Finally we have with probability 1 — p

1 1 1 1
|-BSST1 - —B1| < (1 + 2ln(—))\/jmax bl
n n p S 1t

Remark 22. For m sketching matrix {S;}™,, the bound in the Lemma[12]is

1 1 1
2BsisTr - 1Ba < e o) L,
n n p S 1

with probability 1 — p for any p > 0 forall i € {1,2,...,m}. In the case that each worker machine
holds data based on the uniform sketching matrix the local gradient is close to the exact gradient.
Thus the local second order update acts as a good approximate to the exact Netwon update.
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Now we consider the update rule of GIANT [26] where the update is done in two rounds
in each iteration. In the first round each worker machine computes and send the local gradient
and the center machine computes the exact gradient g; in iteration ¢. Next the center machine
broadcasts the exact gradient and each worker machine computes the local Hessian and send
Dit = (Hi,t)_l g, to the center machine and the center machine computes the approximate Newton
direction p; = % Z:L pi:- Now based on this we restate the following lemma (Lemma 6 [26]]).

Lemma 13. Let {S;}7", € R™™* be sketching matrices based on Lemman 11| Let ¢, be defined in
(4.10) and p; be the update. It holds that

mgn¢t(P) < ¢u(pr) < (1 - CQ)mgnqﬁt(p),

O'maz(A A) < 1

where ¢ = vk +55) and v = el <

Now we prove similar guarantee for the update according to COMRADE in Algorithm [4]

Lemma 14. Let {S;}", € R"** be sketching matrices based on Lemmall 1} Let ¢; be defined in
(@.10) and p; be defined in Algorithm( 3 = 0)

mgﬂ $(p) < ¢u(Py) < €+ (1—-¢?) mgm?t(P),

Omaz(ATA
where ¢ = ﬁm(l—h /2111 [maxz Ib;|| and ¢ = V(% 1’7—) andv = —Umal(_A(TA)+)n)\'

Proof. First consider the quadratic function {.10)

IHZ (b: — p*)|1?
L . 1 .
[H7 (b — bo)lI° + ||H} (b — p))°, (4.12)

Vv Vv
Terml Term?2

(D) — O(P*) =

<

DN |

(_

where p; = % Zzl (Hiﬁt)_lgt. First we bound the Term 2 of (4.12) using the quadratic function
and Lemma

7 < :
— _Céu(p). (4.13)

1
HHE (p: — p*) (Using Lemma [[3])

1
2

The step in equation (4.13) is from the definition of the function ¢, and p*. It can be shown that

2




CHAPTER 4. EFFICIENT AND ROBUST FL. WITH NEWTON ALGORITHM 94

Now we bound the Term 1 in (#.12). By Lemma |l 1] we have (1 — n)AJA; < A/S;S/A; <
(1 +n)A/ A,. Following we have (1 — n)H; < H;, < (1 + n)H;. Thus there exists matrix ;
satisfying

11 n n
HH, /H =1+¢ and ——— <& =X ——,
t i e +& an 1"’77_5_1—77
So we have,
1 1 n 1
| < - 4.14)
’ 1-n 1-—n

Now we have

1] & 5
H? E Z(pi,t - pi,t)

=1

1
Ht2 (p’Lt - pzt)

¥ 0 - o)

IA
3|

.
I
—

1
Hy Hijtl (gi,t - gt)

I
3=

s
Il
—_

1 11
HH; H/H, (g — 8¢)

I
3=

w
Il
—

1 & 1 1 1
<— > ||HZH;'H? HHt *(git — 8¢)
=1
gl_anHH (80 —&)|| (Using @I9)
1
< Z (4.15)
T Z”gt &)

Now we bound ||(g;; — g:)|| using Lemma [12]

1 1 1
I(gie — g0l = |=BSS 1 —B1| < (1+ 21n<%>>\£ mase by

Plugging it into equation {.13) we get,

|1 by — 1)

< le
= 1 _ \/m glt gt
1 1 1
(1+ ZIH(T))\/jmabel'H. (4.16)
(Hy) P § 0
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Now collecting the terms of (.16) and (@.13)) and plugging them into (4.12)) we have

oi(Pr) — de(p*) < € — Cou(p*)
= &(pr) < €+ (1 —)du(p*),

where ¢ is as defined in (4.4).
U

Lemma 15. Let ( € (0,1),¢ be any fixed parameter. And p; satisfies ¢;(p;) < € + (1 —
¢?) minp, ¢4 (p). Under the Assumption Hessian L-Lipschitz) and Ay = w; — w* satisfies

CQ
e ATHtAt + 262,

Proof. We have w11 = wy — Py, Ay = wy —w* and Ay = wyyp — w*. Also py = wy — wyyy =
A; — A, .. From the definition of ¢ we have,

AL HA G < LAl A +

¢ (Pe) = %(At - At-i—l)THt(At — A1) — (A — Av)) g,
1
=T

From the above two equation we have

( C )th( AtTHtAt - A;gt-

e(Be) — (1 = )5y At)

( Cz)
T T Lo ¢? T
At—HHtAt-H - iAt H, Ay + §At+1gt - WA H, A,

From Lemma 14]the following holds
¢u(Pr) < € + (1 = ¢*)min @(p)

<€+ (1—-C)pu(——A).

(1 42)
So we have
CQ

1
§AtT+1HtAt+1 - AtTHtAtH + At:—lgt - W

AH A, < (4.17)
Consider g; = g(wy)
1
g(wy) = g(w") + </ V2 f(w* + z(w, — w*))dz) (wy —w")
0
= (/1 V2 f(w* + z(w; — w*))dz) A, (asg(w®)=0).
0



CHAPTER 4. EFFICIENT AND ROBUST FL. WITH NEWTON ALGORITHM 96

Now we bound the following

H A — gw)]] < [|A]

[ 1920 = 97w + st w)le

1
< JJA| / |V f(we) = V2 f(w* + z(w, — w"))]|| dz  (By Jensen’s Inequality)
0

1
< || Al / (1 —2)L ||w; —w*||dz (by L-Lipschitz assumption)
0

L 2
= — A"
A
Plugging it into (4.17)) we have
2
Al H A <24 (HA —g) + ﬁA:HtAt + 2¢
2
<2|A | [HA, — g + —— ATHA, +2¢
(1-¢%)
2 ¢? T 2
=~ 4 P EEmruVA W .
< LAl 1A+ a —CQ)A H, A, + 2¢
O
Proof of Theorem [6]
Proof. From the Lemma [I5| with probability 1 — p
2
ALHA G < LA A + S ATHA + 26
2 ¢ 2 2
< LA |l[[A" + (?@Umax(Ht))HAtH + 2¢”.
So we have,
Umax(Ht) (2 L ) 26
A < max Ay, ——————||A +
[ A {\/omm(Ht) (1= <,2)|| il p—H A7} )
0]

4.9 Analysis of Section

In this section we provide the theoretical analysis of the Byzantine robust method explained in
Section [4.4]and prove the statistical guarantee. In any iteration ¢ the following holds

Uy = [(U N My)| + |(U: N By
(M| = [(Us O M)+ [(Me N T
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Combining both we have
Us| = | M| = [(Me N To)| + (U 0 Byl

Lemma 16. Ler {S;}", € R™** be sketching matrices based on Lemma Let ¢, be defined in
[@.10) and p; be defined in AlgorithmH| It holds that

mpin ¢t(p) S ¢t(f)t) S E%yz + (1 - Cl?yz)¢(p*)7

where ey, and (. is defined in (4.5)) and respectively.

Proof. In the following analysis we omit the subscript ’¢’. From the definition of the quadratic
function (4.10) we know that

. I ST .
(B) — ¢(p7) = 5 IH(p —p7)[*
Now we consider

IEE (B = P = GBS — o)
e’

1,11 . .
:§|\H2w(2(pi—p ) — Z )+ Z NI
ieEM 1e(MNT) ie(UNB)

1 1 ~ * 1 1 A *
<|H2—(> (P, —p")|°+2|Hz E P — P
U U
1EM 1€(MNT)

- 7
'

Terml Term?2

l—ag 01 1 A *\ (12
= g I (w0

1
11—« 1,

< (ﬂ)2[62 +C/2\4||H2P 7],
1

2
+ ).
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Similarly the Term 2 can be bonded as it is a bound on good machines

1
Term2 =2|Himr > (bi—p")|
| ‘ie(MmT)

l—« 1 1

= 2— ) H == Y B —p)’
1-5 MNT] i€(MNT)
11—« 1,

< 251+ Gy [H7)

— n Y < n i
where (v = v( T + 1—n> < V(\/m + 1_77).
For the Term 3 we know that 3 > « so all the untrimmed worker norm is bounded by a good
machine as at least one good machine gets trimmed.

Term3 = QHH%ﬁ | Z (pi —p*))|I?
ieUNB)
< 2@ IR
< 2, PIRCE
<t PIUTSI
< 40 (BB a1 + 1)
< 40 ()2 P s = 2+ 21

unns
< 4B — )P+ 20
UnB L
s U] e+ s IEtp)
(67
< el + 2 I,
where ¢, = vy + 1) = 25 and k& = g2y,

Combining all the bounds on Term1 , Term2 and Term3 we have

1 1, " 1,
SIH=(p—p WP < e, + Gy IHZP1%,
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where

s
2 —a\’ , 1—a\’ , a 1\ 2
-2 (122) o (1) o2 o
Finally we have
Qb(f)) - ¢(p*) < GI?yz - Cl?yqu(p*)
1

Lemma 17. Let (. € (0,1), €. be any fixed parameter. And p, satisfies ¢,(p;) < egyz +(1-—
Chy.) ming ¢ (p). Under the Assumption Hessian L-Lipschitz) and A; = w; — w* satisfies

G
ALH A S LA A + {25 ATHA, + 2,
— Sbyz
Proof. We choose ( = (p,. and € = €. from the Lemma[I[6]and follow the proof of Lemma|I5|to
obtain the desired bound. 1

Proof of Theorem [7]

Proof. We get the desired bound by developing from the result of the Lemma|l’/|and following the
proof of Theorem [6] O

4.10 Auxiliary Lemmas

Lemma 18. Let {S;}", € R™™® be sketching matrices satisfies the Lemma|l I} Let ¢, be defined in
(@.10) and p; be defined in AlgorithmH| It holds that

mgn ¢t(p) S ¢t(f)t) S Egyz + (1 - agyz)qb(p*)
where

Proof. In the following analysis we omit the subscript ¢’. From the definition of the quadratic
function (4.10) we know that

H(2D)) — o(p") = 3 IHE(Q() — P
< [H2(Q(p) — p)|> + |Hz (p — p")|I?

Vv Vv
Terml Term?2
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First we bound the Term 1.

IH2(Q(D) — P)II? < Tmax (H)(1 = p)||B
< Onae (H) (1 = p)[[ID — P> + [Ip*]|]
)

(1= p)[IH2 (D — p*)|* + [[H2p"|?)
= k(1 = p)[l[F2(p — p)||* + [H=p*|*]
Now plugging back the bound of Term 1, we get
3(Q(D)) — d(p*) < k(1 — p)[|H2 (D — p*)||* + [Hzp*|*] + |[H2 (b — p)|?
= (1+ (1= p)[[H=(p — p)[*] + s(1 — p)||H2p*|?
&

Now we use Lemma |14 to bound the term [Hz (p — p*)||2 and we get,

$(Q(P)) — (") < (1 + (1 — p))(¢* + o?|[H=p"|[?) + (1 — p) | H2p*||?
= (L4 51— p)e +[(1 + k(1 — p))a® + k(1 — p)|||Hzp"|?
= ¢(Q(P)) < (1 + k(1 —p))e® + (1 = [(1+ K(1 = p))a® + £(1 = p)])o(p")
= ¢ + (1= aj)o(p*)
where
e = (1+x(1—p))e
ay = (1+&(1 = p))a® + k(1 = p)]

Lemma 19. A, = w;, — w* satisfies

AT

o Hi A < LA |||AP + ATHtAt + 2¢;

Theorem 9. Let 1, € [1, %] be the coherence of Ay and m be the number of partitions. For some
n, p € (0,1),with probability 1 — p

€

1A} +

2
A < max maw @ A , —
|| t+1” {\/ mm ag H tH gmin(Ht) O-mi"(Ht)



CHAPTER 4. EFFICIENT AND ROBUST FL. WITH NEWTON ALGORITHM 101

4.11 Analysis of Section

First we prove the following lemma that will be useful in our subsequent calculations. Consider
2

that Q(p) = ﬁ > ics Q(Pi). And also we use the following notation (p = V(\/% + 15

Tmazx (AT A) 1

V= omae ATA Tnn =

Lemma 20. If Q(p;) is the local update direction and p* is the optimal solution to the quadratic
function ¢ then

Y

TR - )+ (G (- 8+ ) [Ebp

|HE Q) - p7)

where H is the exact Hessian and

e =T+ rI-0)e,
Cops = (G + £(1 = )((1+ D).

¢ is defined in equation (4.4) and

Proof.

<o [||rtom) - o) +|[Ei o - o) (@.18)
Terml Term2
Following the proof of Lemma[I4] we get
[ —p9)| < [min|| 419

where e is as defined in (4.4). Now we consider the term
< Finas(H)(1 = 0) |||
< Tmae () (1 = 8) (1B — *|I* + Ip7]%)

Omax 1. * 2 1,
< (1-9) (HHQ(pi -pY)| + HH2p

2 )
Omin
2 )

2
) Using @.19).

| Q) - b

= k(1 —4) (HHé(fn - p) = HH%p*

< k(1 -19) (62+(1+C12)

i
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Now we use the above calculation and bound Term1

2 1 1 . .
SEPILACIARY
1€B

2

|t (am) - )

iy

< k(1 —6) (8 +(1+¢) 2) . (4.20)

We can bound the Term?2 directly using the proof of Lemma

[ o) < @+ [ (4.21)
Now we use (@.20) and @21) and plug them in (#-1§)
[t 2) — p9)|| < (4 5= 80 + (G o+ 51— 0)((1 + ) ||
Now we define
e1 =1+ k(1 —0))e
Crpr = (G + (1= 0)((1+ ).
U

Now we have the robust update in iteration ¢ to be Q(p) = |u_1t\ > icu, Qi)

Lemma 21. Ler {S;}", € R™** be sketching matrices based on Lemmal|l I} Let ¢; be defined in
[4.10) and Q(p;) be the update with Q being d-approximate compressor. It holds that

mpin ¢t(p) S ¢t(Q(f)t)) S Egamp,byz + (1 - ggomp,byz)gbt(p*)?

where €comp by> and (2., . is as defined in @7) and (@.3) respectively.

Proof. In the following analysis we omit the subscript ’¢’. From the definition of the quadratic
function (4.10) we know that

H(Q(D)) — 6(p") = SIHHQD) ~ ')
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Now we consider
SIEE QD) — )| = ,MEZQ P
zéwgéﬂgygmn—pw— > Q) -p)

iEM ie(MNT)
+ (Q(p:) — p))I?
1€(UNB)
1 1 ~ * 1 1 ~ *
< |!H2W<Z(Q<pi) -p )H2+2HH2W—| > (Qm) )P
N 1EM P ie(MNT)

v Vo
Terml Term?2

1 X .
+2HH5W > Q) —p))II-
ie(UNB)

N

Te;‘,m?)
Now we bound each term separately and use the Lemma

1

Termt = | (3 (Q0b) — B
1eEM
_ (e L 5) — p*)|2
< (1516 + G HE 7 P,

where (2, v = (R4 + £(1 — 0)((1 + (7). Similarly the Term 2 can be bonded as it is a bound on

good machines

Term?2 = 2|sz_ Z —pH)|]?
e(Mn
=m31%WHl LY am) -
1= MATT, 2
<ol e 2 JE e ).
= comp, MNT

1-p

For the Term 3 we know that 5 > « so all the untrimmed worker norm is bounded by a good
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machine as at least one good machine gets trimmed.

Term3 = QHH%L Z (Q(b:) =PI

|Z/l| 1e(UNB)

< 20 e S (@) - p0I?

1e(UNB)

P 2 e —p)l?

ie(UNB)

> UIQm)l® + lp*|I?)

1e(UNB)

) max((|Q(p:)I* + Ip"[I”)

U N B|
|

U N B
|

U N Bj
U]
U N B
U

]UQB\Q % A %Y (]2 %*2
) mas (I Q) — ) + 2 HEp )

unpB 1,
1TﬂJWé+@+QWHmH%

< 204 (H)(

1

< 40 (H)( UrE

)2

< 4omax (H) (

< 40 mq:(H) (

2 ~ * (12 * (12
m ) — 2
)" max(||Q(ps) — p|I” + 2[[p"[P)

< 4k(

< 4k(

< AR(—2 (4 2+ ) Hp|).

o
1-p
Combining all the bounds on Term1 , Term2 and Term3 we have

1 1, " 1
I (B = p)I* < . + G [H2D"|%,

1—a\? 1—a)? « 2
Cgomp,byz =2 (1 _ 6) Cczomp,./\/lr‘lT + (ﬂ) Cc20mp,./\/l + 4K (m) (2 + CgompJ)'
Finally we have

Qb(f)) - ¢(p*) S 6zomp,byz - Cfomp,byng(p*)
< EZomp,byz + (1 - 30mp,byz)¢(p*)'
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Lemma 22. Let Ceompy> € (0, 1), €comp py- e any fixed parameter. And Q(p,) satisfies ¢,(Q(pr)) <
€4y + (1 =G ) ming ¢y (p). Under the Assumption Hessian L-Lipschitz) and A, = w; — w*
satisfies

2
AL H A < LA || A + 25 ATH A + 262

1 — 2 comp,byz*
comp,byz

Proof. We choose ¢ = Ceompby> and € = €comp py- from the Lemma [21| and follow the proof of
Lemma [15]to obtain the desired bound. O

Proof of Theorem

Proof. We get the desired bound by developing from the result of the Lemma 22]and following the
proof of Theorem [0] O

Additional Experiment

In addition to the experimental results in Section4.6] we provide some more experiments supporting
the robustness of the COMRADE in two different types of attacks : 1. ‘Gaussian attack’: where
the Byzantine workers add Gaussian Noise (N (i, 0%)) to the update and 2. ‘random label attack’:
where the Byzantine worker machines learns based on random labels instead of proper labels.
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10% Byzantine
15% Byzantine

20% Byzantine
" terations T heratons P Y etons Rerations
(a) w5a ‘Gauss’ (b) a9a ‘Gauss’ (c) w5a ‘random’ (d) a9a ‘random’
< ;di <
" fetions " T Yhentons T P teratons " * herations
(e) wSa ‘Gauss’ (f) a9a ‘Gauss’ (g) w5a ‘random’ (h) a9a ‘random’

Figure 4.3: (First row) Accuracy of COMRADE with 10%, 15%, 20% Byzantine workers with
‘Gaussian ’ attack for (a). w5a (b). a9a and ‘random label’ attack for (c). w5a (d).a9a. (Second
row) Accuracy of COMRADE with p-approximate compressor (Section[4.5) with 10%, 15%, 20%
Byzantine workers with ‘Gaussian ’ attack for (a). w5a (b). a9a and ‘random label’ attack for (c).
wSa (d).a%a.
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Chapter 5

Escaping Saddle Points in FL: Distributed
Cubic Regularized Newton Method

We study the problem of optimizing a non-convex loss function (with saddle points) in a Federated
Learning framework in the presence of Byzantine machines. Our proposed algorithm is a variant of
the celebrated cubic-regularized Newton method of Nesterov and Polyak [43]], which avoids saddle
points efficiently and converges to local minima. Furthermore, our algorithm resists the presence of
Byzantine machines, which may create fake local minima near the saddle points of the loss function,
also known as saddle-point attack. We robustify the cubic-regularized Newton algorithm such that
it avoids the saddle points and the fake local minimas efficiently. Furthermore, being a second
order algorithm, the iteration complexity is much lower than its first order counterparts, and thus
our algorithm communicates little with the parameter server. We obtain theoretical guarantees for
our proposed scheme under several settings including approximate (sub-sampled) gradients and
Hessians. Moreover, we validate our theoretical findings with experiments using standard datasets
and several types of Byzantine attacks.

5.1 Introduction

In this chapter we propose provable and efficient algorithms for distributed learning that are
communication efficient and Byzantine resilient. In particular, we focus on optimizing a non-convex
loss function f(.) in a distributed optimization framework. We have m worker machines, out of
which « fraction may behave in a Byzantine fashion, where o < % Optimizing a loss function in a
distributed setup has gained a lot of attention in recent years [17, |19, 30, [33]. However, most of
these approaches either work when f(.) is convex, or provide weak guarantees in the non-convex
case (ex: zero gradient points, maybe a saddle point).

On the other hand, in order to fit complex machine learning models, one often requires to find
local minima of a non-convex loss f(.), instead of critical points only, which may include several
saddle points. Training deep neural networks and other high-capacity learning architectures [35, 36/
are some of the examples where finding local minima is crucial. [36,|37] shows that the stationary
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points of these problems are in fact saddle points and far away from any local minimum, and hence
designing efficient algorithm that escapes saddle points is of interest. Moreover, in [38, 39], it is
argued that saddle points can lead to highly sub-optimal solutions in many problems of interest.
This issue is amplified in high dimension as shown in [40], and becomes the main bottleneck in
training deep neural nets.

Furthermore, a line of recent work [39, 41, 42]], shows that for many non-convex problems, it is
sufficient to find a local minimum. In fact, in many problems of interest, all local minima are global
minima (e.g., dictionary learning [42], phase retrieval [39], matrix sensing and completion [36, 4 1],
and some of neural nets [37]). Also, in [137], it is argued that for more general neural nets, the local
minima are as good as global minima.

The issue of saddle point avoidance becomes non-trivial in the presence of Byzantine workers.
Since we do not assume anything on the behavior of the Byzantine workers, it is certainly conceivable
that by appropriately modifying their messages to the center, they can create fake local minima that
are close to the saddle point of the loss function f(.), and these are far away from the true local
minima of f(.). This is popularly known as the saddle-point attack (see [31]), and it can arbitrarily
destroy the performance of any non-robust learning algorithm. Hence, our goal is to design an
algorithm that escapes saddle points of f(.) in an efficient manner as well as resists the saddle-point
attack simultaneously. The complexity of such an algorithm emerges from the the interplay between
non-convexity of the loss function and the behavior of the Byzantine machines.

The problem of saddle point avoidance in the context of non-convex optimization has received
considerable attention in the past few years. In the seminal paper of Jin et al. [46], a gradient
descent based approach is proposed. By defining a certain perturbation condition and adding
Gaussian noise to the iterates of gradient descent, the algorithm of [46] provably escapes the
saddle points of the non-convex loss function. A few papers [138, 139] following the above use
various modifications to obtain saddle point avoidance guarantees. However, these algorithms are
non-robust. A Byzantine robust saddle point avoidance algorithm is proposed by Yin et al. [31],
and probably is the closest to this work. In [31], the authors propose a repeated check-and-escape
type of first order gradient descent based algorithm. First of all, being a first order algorithm, the
convergence rate is quite slow (the rate for gradient decay is 1/ VT, where T is the number of
iterations). Moreover, implementation-wise, the algorithm presented in [31] is computation heavy,
and takes potentially many iterations between the center and the worker machines. Hence, this
algorithm is not efficient in terms of the communication cost.

In this work, we consider a variation of the famous cubic-regularized Newton algorithm of
Nesterov and Polyak [43]]. It is theoretically proved in [43] that a cubic-regularized Newton method
with proper choice of parameters like step size always outperforms the gradient based first order
schemes (like [31]]) in all situations under consideration. Indeed, in Theorem[I0} we observe that the
rate of gradient decay is ﬁ which is strictly better than the first order gradient based methods. In
Section[5.6, we experimentally show that our scheme outperforms that of [31]], in terms of iteration
complexity and hence communication cost. Also, our algorithm is easy to implement whereas
a range of hyper-parameter choice and tuning makes the implementation of ByzantinePGD [31]]
difficult.

In [43-45], it is shown that cubic-regularized Newton can efficiently escape the saddle points
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of a non-convex function. Assuming the loss function has a Lipschitz continuous Hessian (see
Assumption [19), the cubic-regularized Newton optimizes an auxiliary function (detailed in Sec-
tion[5.3)), which is an upper second order approximation of the original loss function. It is shown in
[43]] that the cubic regularized term in the auxiliary function pushes the Hessian towards a positive
semi-definite matrix.

A point w is said to satisfy the e-second order stationary condition of the loss function f/(.) if,

Vi)l <e  Amn(VEf(w)) > —Ve.

V f(w) denotes the gradient of the function and A, (V2 f(w)) denotes the minimum eigenvalue
of the Hessian of the function. Hence, under the assumption (which is standard in the literature,
see [31}46]]) that all saddle points are strict (i.e., Awin(V2f(w,)) < 0 for any saddle point w,), all
second order stationary points (with e = 0) are local minima, and hence converging to a stationary
point is equivalent to converging to a local minima.

We consider a distributed variant of the cubic regularized Newton algorithm. In this scheme, the
center machine asks the workers to solve an auxiliary function and return the result. Note that the
complexity of the problem is partially transferred to the worker machines. It is worth mentioning
that in most distributed optimization paradigm, including Federated Learning, the workers posses
sufficient compute power to handle this partial transfer of compute load, and in most cases, this
is desirable [3]. The center machine aggregates the solution of the worker machines and takes a
descent step. Note that, unlike gradient aggregation, the aggregation of the solutions of the local
optimization problems is a highly non-linear operation. Hence, it is quite non-trivial to extend the
centralized cubic regularized algorithm to a distributed one. The solution to the cubic regularization
even lacks a closed form solution unlike the second order Hessian based update or the first order
gradient based update. The analysis is carried out by leveraging the first order and second order
stationary conditions of the auxiliary function solved in each worker machines.

In addition to this, we use a simple norm-based thresholding approach to robustify the distributed
cubic-regularized Newton method. In [31], the authors use computation-heavy schemes like
coordinate-wise median, trimmed mean and iterative filtering. In contrast to these approaches, our
scheme is computationally efficient. Norm based thresholding is a standard trick for Byzantine
resilience as featured in [[140, 141]. However, since the local optimization problem lacks a closed
form solution, using norm-based trimming is also technical challenging in this case. Handling the
Byzantine worker machines becomes a bit more complicated as those stationary conditions of the
good machines (non-Byzantine machine) do not hold for the Byzantine worker machines.

5.1.1 Our Contributions

1. We propose a novel distributed and robust cubic regularized Newton algorithm, that escapes
saddle point efficiently. We prove that the algorithm convergence at a rate of #, which
is faster than the first order methods (which converge at 1/ VT rate, see [31]). Hence, the
number of iterations (and hence the communication cost) required to achieve a target accuracy
is much fewer than the first order methods. A simple simulation in Section [5.6] shows that
the algorithm of [31] requires 36x more steps than ours, showing a huge communication gain.
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2. The computation complexity of our algorithm is also much less than the existing schemes [31].
Part of computation is deferred to the worker machines, which is desirable in paradigm like
Federated Learning.

3. We use norm-based thresholding to resist Byzantine workers. In previous works, computation
heavy techniques like coordinate-wise median, coordinate-wise trimmed mean and spectral
filtering are used to resist Byzantine workers. In contrast, our norm based thresholding in
computation friendly.

4. We work with inexact gradients and Hessians, which is quite common in distributed setup
like Federated Learning.

5. In Section [5.6] we verify our theoretical findings via experiments. We use benchmark
LIBSVM ([[47]) datasets for logistic regression and non-convex robust regression and show
convergence results for both non-Byzantine and several different Byzantine attacks.

5.2 Related Work

In the recent years, there are handful first order algorithms [[142-144]] that focus on the escaping
saddle points and convergence to local minima. The critical algorithmic aspect is running gradient
based algorithm and adding perturbation to the iterates when the gradient is small. ByzantinePGD
[31], PGD [46]], Neon+GD[138]], Neon2+GD [139] are examples of such algorithms. For faster
convergence rate, second order Hessian based algorithms are developed for saddle point avoidance.
The work of Nesterov and Polyak [43]] first proposes the cubic regularized Newton method and
provides analysis for the second order stationary condition. An algorithm called Adaptive Regular-
ization with Cubics (ARC) was developed by [145]|146]] where cubic regularized Newton method
with access to inexact Hessian was studied. The inexactness of Hessians for the ARC algorithm
is adaptive over iterations. Cubic regularization with both the gradient and Hessian being inexact
was studied in [147]]. In [44], a cubic regularized Newton with sub-sampled Hessian and gradient
was proposed, but for analysis, the batch size of the sample changes in adaptive manner to provide
guarantees for the inexactness of the Hessian and gradient. In this work, we also take a similar
approach as [44], but we relax the adaptive nature of the sample size. Momentum based cubic
regularized algorithm was studied in [45]]. A variance reduced cubic regularized algorithm was
proposed in [[148} 149]. In terms of solving the cubic sub-problem, [[150] proposes a gradient based
algorithm and [[151] provides a Hessian-vector product technique.

Furthermore, as mentioned in Chapters [3|4] the Byzantine resilience algorithms in FL have
received significant interest (see [19, 22, 23|, 30, |140]. Also, in Chapters @ andEf], a norm based
thresholding approach for Byzantine resilience for distributed first and second order algorithms
respectively was proposed. However, none of these works provide saddle point avoidance guarantees
(they only show convergence to a small gradient point). The work [31] is the only one that provides
second order guarantee (Hessian positive semi-definite) under Byzantine attack, and we compare
our algorithm with that of [31]].
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5.3 Problem Formulation

In this section, we formally set up the problem. Similar to Chapter 4, we minimize a loss function
additive over losses of worker machines. The loss function takes the following form:

fw) = %Zﬁ(“’)’ (5.1)

where the function f : R? — R is twice differentiable and non-convex. Continuing with the
notation from the previous chapters, we consider distributed optimization framework with m worker
machines and one center machine where the worker machines communicate to the center machine.
Each worker machine is associated with a local loss function f; minimized over i.i.d. data points
drawn form some unknown distribution. In addition to that, we also consider the case where «
fraction of the worker machines are Byzantine for some o < % The Byzantine machines can send
arbitrary updates to the central machine which can disrupt the learning. Furthermore, the Byzantine
machines can collude with each other, create fake local minima or attack maliciously by gaining
information about the learning algorithm and other workers.

In the rest of the chapter, the norm || - || will refer to /2 norm or spectral norm when the argument
is a vector or a matrix respectively.

Algorithm 5: Byzantine Robust Distributed Cubic Regularized Newton Algorithm
1: Input: Step size 7, parameter 5 > 0,y > 0, M > 0
2: Initialize: Initial iterate w, € R
3: fork=0,1,...,7T —1do
4:  Central machine: broadcasts wy,
for i € [m] do in parallel
5. 1-th worker machine:

*  Non-Byzantine: Computes local gradient g; ,, and local Hessian H, j; locally solves
the problem described in equation (5.2) and sends s; ;.1 to the central machine,

* Byzantine: Generates x (arbitrary), and sends it to the center machine

end for
6: Center Machine:

*  Sort the worker machines in a non decreasing order according to norm of updates
{8ik+1}7, from the local machines

e Return the indices of the first 1 — 5 fraction of machines as I4;,
*  Update parameter: wy; = wy + nklu_lt\ zz‘eut Si k41

7: end for




CHAPTER 5. ESCAPING SADDLE POINTS IN FL: DISTRIBUTED CUBIC REGULARIZED
NEWTON METHOD 112

5.4 Distributed Cubic Regularized Newton

We first focus on the non-Byzantine setup (o = 0; 8 = 0 in Algorithm [5)) of distributed cubic regu-
larized Newton algorithm. Byzantine resilience attribute of Algorithm[5]is deferred to Section[5.5]
As mentioned before, the data is drawn independently across worker machines from some unknown
distribution. The local data at the ¢th machine is denoted by S;. Starting with initialization wy, the
central machine broadcasts the parameter to the worker machines. At k-th iteration, the i-th worker
machine solves a cubic-regularized auxiliary loss function based on its local data:

. M
it = argminglys + 28" Hps + =77’ (5.2)
S

where M > 0, > 0 are parameter and g, ;, H, ; are the gradient and Hessian of the local loss
function f; computed on the independently sampled data (S;) stored in the worker machine.

sz(wk |S| Z vfz wkazz)

zZES

H = V2fi(w) = o= Y V2ilwr, z).

2 €8

ISI

After receiving the update s; 1, the central machine updates the parameter in the following way

Nk <
Sk+1 = Sk + ooy Zl Sik+1, (5.3)

where 7, is the step-size.

Remark 23. Note that, we introduce the parameter -y in the cubic regularized sub-problem. The
parameter v emphasizes the effect of the second and third order terms in the sub-problem. The
choice of v plays an important role in our analysis in handling the non-linear update from different
worker machines. Such non-linearity vanishes if we choose v = 0 and the distributed cubic Newton
becomes distributed gradient descent algorithm.

5.4.1 Theoretical Guarantees

We have the following standard assumptions:

Assumption 16. The non-convex loss function f(.) is twice continuously-differentiable and bounded
below, i.e., f* = inf ,cga f(z) > —o00.

Assumption 17. The loss f(.) is L-Lipschitz continuous (Vz,y, |f(z) — f(y)| < L||z —y
L-Lipschitz gradients (||V f(z) — Vf(y)|| < Li||z — y||) and L,-Lipschitz Hessian
(IV2f(z) = V2f(¥)Il < Lo|lz =y
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The above assumption states that the loss and the gradient and Hessian of the loss do not
drastically change in the local neighborhood. These assumptions are standard in the analysis of the
saddle point escape for cubic regularization (see [44,(147]).

In this work, each worker machine solves the cubic sub-problem as described in the equation
(5.2). The gradient and Hessian used in the equation are inexact in nature as they are computed
using the sub-sampled data.

Assumption 18. For a given ¢, > 0 and for all k, 1,
IV f(wr) — gigll < € (5.4)

Assumption 19. For a given ey > 0 and for all k. 1,
V2 f (wy) = Higll < enr. (5.5)

In the following section, we provide an exact characterization of €, and ey to justify the
assumptions.

5.4.2 Inexact Gradient and Hessian

In this work, we assume that each worker machine solve the sub-problem described in equation
(5.2) with the data sampled independently from some unknown distribution. So, in each iteration,
the gradient and Hessian computed by each worker machine are actually sub-sampled gradient and
Hessian of the objective function f and inexact in nature. In the following lemmas, we described the
deviation conditions given the size of the sampled data and provide probabilistic deviation bound
that ensure the deviation defined in Assumption |18|and

Lemma 23. (Gradient deviation bound) Given S iid data sample, under the Assumption [I7] we

have ||g; — V f]| < ¢ (Li”l\o/ggd/é)

is the gradient computed in i-th worker machine.

>, with probability exceeding 1 — 6, where c is a constant and g;

Lemma 24. (Hessian deviation bound) Given S iid data sample, under the Assumption we

have [, — 7711 < o (2200

H; is the Hessian computed in i-th worker machine.

), with probability at least 1 — 0, where ¢, is a constant and

Remark 24. In the Assumptions [18|and |19 the deviation bounds are in 5 norm for the gradient and
in spectral norm for the Hessian. In the previous works, in centralized model, [44, 45, |147] study
cubic regularization with sub-sampled and inexact gradient and Hessian. In the central model, the
motivation of the sub-sampled Hessian and gradient is for the ease of the computation. Here, we
use the deviation bounds as each of the worker machine only have access to a fraction of the data.

Also, in contrast to the sub-sampled analysis of [44], we choose the deviation of both the
gradient and Hessian in the Assumptions [I8and [I9]to be independent of the update s which is the
solution of the sub-problem (5.2).
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The analysis of the deviation bounds follows form the vector and matrix Bernstein inequalities.
The assumption of the independent data in each worker can be relaxed. The analysis can be easily

\/ L holds.

extended for data partition (non iid data), following an analysis of [141]] the bound of 5l

Theorem 10. Under the Assumptions and o = 0, after T iterations, the sequence
{w; YL | generated by the Algorithm |5|with 3 = 0, contains a point W such that

T

%mwv<»>—%iwm (5.6)

3

N v, v
VA < 2+ 5+ (e + en)

where, Amin(.) denotes the minimum eigenvalue and

L M M
v, = (?2 + 7) \I’2,\I’2 = EH‘IIS,‘I/3 = (7 +L2) v

U =

A 2m2\ mA

M L2 1 €
A= (o2 L _ &
(4m 6 2nm ((m ) 't GH) 771%)

f(wo)_f*+ ::_01771% ((m—1)Ly + ex) + zk OT]ICEg]

Remark 25. We choose the step sizes {Uk} o such way that ZZ o Mk and ZZ o M is bounded. For
the ease of choice, we can choose 7, = for some constant ¢ > 0. Also, we choose 7, = 7.

Remark 26. Both the gradient and the minimum eigenvalue of the Hessian in the Theorem |10/ have
two parts. The first part decreases with the number iterations 7'. The gradient and the minimum

eigenvalue of the Hessian have the rate of O (T ) and O ( > respectively. Both of these rates

match the rates of the centralized version of the cubic regularlzed Newton. In the second parts of
the gradient bound and the minimum eigenvalue of the Hessian have the error floor of €, + €5 and
€n, respectively. Both the terms ¢, and ey decrease at the rate of ﬁ, where | S| is the number of

data in each of the worker machines.

Remark 27 (Two rounds of communication €, = 0). We can improve the bound in the Theorem
with the calculation of the actual gradient which requires one more round of communication in each
iteration. In the first iteration, all the worker machines compute the gradient based on the stored
data and send it to the center machine. The center machine averages them and then broadcast the
global gradient V f (wy) = % > i, 8 atiteration k. In this manner, the worker machines solve
the sub-problem with the actual gradient. The analysis follows same as that of the Theorem [I0]
with €, = 0. This improves the gradient bound while the communication remains O(d) in each
iteration.
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5.4.3 Solving cubic sub-problem

We use a gradient based approach for solving the cubic sub-problem (5.2)) in each worker machines
(see [147]). The worker machines computes the gradient and Hessian based on the local data stored
in the machines and perform the following gradient descent algorithm to yields a solution withing
certain tolerance.

Algorithm 6: Gradient based Cubic solver
1: Input: Step size &, local gradient g and Hessian H and tolerance 7 > 0 and M, 7.
2: Initialize: s <+ 0; G < ¢
3: While |G| > T;

e s+ s—&G
. G:g—irfst—l—MT”QHsHs

4. Return s

5.5 Byzantine Resilience

In this section, we analyze our algorithm’s resilience against Byzantine workers. We consider that
a(< %) fraction of the worker machines are Byzantine in nature. We denote the set of Byzantine
worker machines by B and the set of the rest of the good machines as M. In each iteration, the
good machines send the solution of the sub-cubic problem described in equation (5.2) and the
Byzantine machines can send any arbitrary values or intentionally disrupt the learning algorithm
with malicious updates. Moreover, in the non-convex optimization problems, one of the more
complicated and important issue is to avoid saddle points which can yield highly sub-optimal results.
In the presence of Byzantine worker machines, they can be in cohort to create a fake local minima
and drive the algorithm into sub-optimal region. Lack of any robust measure towards these type of
intentional and unintentional attacks can be catastrophic to the learning procedure as the learning
algorithm can get stuck in such sub-optimal point. To tackle such Byzantine worker machines, we
employ a simple process called norm based thresholding.

After receiving all the updates from the worker machines, the central machine outputs a set I/
which consists of the indexes of the worker machines with smallest norm. We choose the size of the
set U to be (1 — f)m. Hence, we ‘trim’ /3 fraction of the worker machine so that we can control
the iterated update by not letting the worker machines with large norm participate and diverge the
learning process. We denote the set of trimmed machine as 7. We choose 5 > « so that at least
one of the good machines gets trimmed. In this way, the norm of the all the updates in the set I/ is
bounded by at least the largest norm of the good machines.
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Theorem 11. For0 < a <3< 1 5 and under the Assumptions .-. H after T’ iterations, the
sequence {w; }_, generated by the Algorithm |5| contains a point w such that

V)] < k! liyz \szyz e+ %(1 + am)ey

v
Ain (V2f(@0)) > ——222 _ e where, (5.7)

3

b (L2(1 vam)(l—a) M(1+am) ((1 - a>2)) .

2(1-p) * 2 (1-7) byz
11—«
\If2,byz :ﬁ(l + Oém)EH\Ifbyz
Y3y = (%(1 +am) + L (1+ (Ozlm_)(ﬂl)— a)) Uy
\Ijbyz _ [f(w)o\zyz_ f* n k:_)?b:;floor]
o M~(1 - «) B (L(1+am)+¢€,)(1 —a) B (1 —a)amLy
v An(1 = Bpm (1= B) 6(1—P)
- &(1 — B)ymLy + a(l — B)ym? + e)
2n(1 = B)?m
)‘floor :nk€g<]— _ Oé) + nkL + 7713

=5 -8 20-gper
(21— B)ym + 1)Ly + ex)(1 — a)m + a(1 — B)m*L,]

Remark 28. Compared to the non-Byzantine part described in Theorem the rate of remains
same except for the error floor of the gradient bound suffering a small constant factor.

Remark 29. The condition for the step-size 7, remains same as described in the Remark [26|and we

choose v = ”’E(l ﬂ?) (14 am).

Remark 30. In the previous work, [31]] first provides a perturbed gradient based algorithm to
escape the saddle point in non-convex optimization in the presence of Byzantine worker machines.
Also, in that paper, the Byzantine resilience is achieved using techniques such as trimmed mean,
median and collaborative filtering. These methods require additional assumptions (coordinate of the
gradient being sub-exponential etc.) for the purpose of analysis. In this work, we perform a simple
norm based thresholding that provides robustness towards any sorts of adversarial attacks. Also the
perturbed gradient descent (PGD) actually requires multiple rounds of communications between
the central machine and the worker machines whenever the norm of the gradient is small as this is
an indication of either a local minima or a saddle point. In contrast to that, our method does not
require any additional communication for escaping the saddle points. Our method provides such
ability by virtue of cubic regularization.
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Remark 31. Since our algorithm is second order in nature, it requires less number of iterations
compared to the first order gradient based algorithms. Our algorithm achieves a superior rate

of O (- ) compared to the gradient based approach of rate O (%) Our algorithm dominates

T3
ByzantinePGD [23] in terms of convergence, communication rounds and simplicity and efficiency
of Byzantine resilience.

5.6 Experimental Results

In this section, we validate our algorithm in both Byzantine and non-Byzantine setup on benchmark
LIBSVM ([47]]) dataset in both convex and non-convex problems. We choose the following problems
for our experiment.

1. Logistic regression:

1 A
in— Y log(1 —yxr w2 5.8
fé%}znz og (1 + exp(—yixw)) + o [[w] (5.8)

2. Non-convex robust linear regression:

1 (y; — wl'x;)?
— 1 ~ 41 5.9
min E@ 0g < 5 +1]/, (5.9)

where w € R? is the parameter, {x;}", € R? are the feature vectors and {y;}?, € {0,1}
are the corresponding labels. We choose ‘a9a’(d = 123,n ~ 32K, we split the data into 70/30
and use as training/testing purpose) and ‘w8a’(training data d = 300,n ~ 50K and testing data
d = 300,n ~ 15K ) classification datasets and partition the data in 20 different worker machines.

In Figure we show the performance of our algorithm in non-Byzantine setup (v = 5 = 0).
In the top row of Figure[5.3] we plot the classification accuracy on test data of both ‘a9a’ and ‘w8a’
datasets for logistic regression problem and in the bottom row of Figure[5.3 we plot the function
value of the non-convex robust linear regression problem defined in equation (5.9) for training
data of ‘a9a’ and ‘w8a’ datasets. We choose the learning rate 7, = 1 and the parameter A = 1 and
M = {10, 15,20}.

Next, we show the effectiveness of our algorithm in Byzantine setup. In this work, we consider
the following four Byzantine attacks: (1) ‘Gaussian Noise attack’: where the Byzantine worker
machines add Gaussian noise to the update. (2) ‘Random label attack’: where the Byzantine worker
machines train and learn based on random labels instead of the proper labels. (3) ‘Flipped label
attack’: where (for Binary classification) the Byzantine worker machines flip the labels of the
data and learn based on wrong labels. (4) ‘Negative update attack’: where the Byzantine workers
computes the update s (here solves the sub-problem in Eq. (5.2))) and communicates —c * s with
¢ € (0,1) making the direction of the update opposite of the actual one.
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|l;ralicn5 ’ ’ |t(:rat\un5 : ’ |te‘ral|on5 ‘ ' ! |telralluns ‘
(a) Flipped label (b) Negative update (c) Gaussian noise (d) Random label
’ ! \t;ratluns ’ ° ! \t;ratlons ’ ’ : \tearatinns ’ ’ ! \lgratlons
(e) Flipped label (f) Negative update (g) Gaussian noise (h) Random label

Figure 5.1: Function loss of the training data ‘a9a’ dataset (first row) and ‘w8a’ dataset (second
row) with 10%, 15%, 20% Byzantine worker machines for (a,e). Flipped label attack.(b,f). Negative
Update attack (c,g). Gaussian noise attack and (d,h). Random label attack for non-convex robust
linear regression problem.

We show the classification accuracy on testing data of ‘a9a’ and ‘w8a’ dataset for logistic
regression problem in Figure and training function loss of ‘a9a’ and ‘w8a’ dataset for robust
linear regression problem in the Figure It is evident from the plots that a simple norm based
thresholding makes the learning algorithm robust. We choose the parameters A = 1, M = 10,
learning rate 7, = 1, fraction of the Byzantine machines v = {.1,.15, .2} and f = a + 2.

We also compare our algorithm with ByzantinePGD [23]]. For both the algorithms, we choose ¢,
norm of the gradient as a stopping criteria and compute the number of times the worker machines
communicate with the center machine as a measure of communication cost and convergence rate.
We choose R = 10,r =5, = 10, T}, = 10 and ‘co-ordinate wise Trimmed mean ’ for Byzantine
resilience (see the algorithm in [23]). For our algorithm, we choose M = 10, A = 1 in the non-
Byzantine setup. The ByzantinePGD algorithm requires 257 rounds of communications (157 rounds
for reaching the stopping criteria and 100 rounds for the ‘Escape’ sub-routine to check whether
it is a ‘saddle point’) where our algorithm requires only 7 rounds of communication. We choose
‘w8a’ dataset for non-convex robust linear regression problem. Eventhough ByzantinePGD does not
require the computation of Hessian and cubic sub-problem solving, our algorithm outperforms by
a lot (36x) in terms of communication rounds. In the Appendix, we provide results in Byzantine
settings.
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(a) Flipped label (b) Negative update (c) Gaussian noise (d) Random label
(e) Flipped label (f) Negative update (g) Gaussian noise (h) Random label

Figure 5.2: Classification accuracy of the testing data ‘a9a’ dataset (first row) and ‘w8a’ dataset
(second row) with 10%, 15%), 20% Byzantine worker machines for (a,e). Flipped label attack.(b,f).
Negative Update attack (c,g). Gaussian noise attack and (d,h). Random label attack for logistic
regression problem.

(a) a% (b) w8a

(c) a% (d) w8a

Figure 5.3: (First row) Accuracy of the algorithm for logistic regression on test data of (a). a9a and
(b). w8a dataset. (Second row). Function value of the non-convex robust linear regression on the
training data of (a). a9a and (b). w8a dataset.
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5.7 Proofs

In this part, first, we establish some useful facts and lemmas. Next, we provide the missing proofs
and analysis of Theorems [I0]and [T T|and additional experiments comparing ByzantinePGD [31] in
Byzantine setup.

5.7.1 Some useful facts

For the purpose of analysis we use the following sets of inequalities.

Fact 1. For aq, .. .,a, we have the following inequality

n n 3 n

[ (Z ) I < (Z Haiu> <> faif? (5.10)
=1 =1 =1
n n 2 n

[ (Z) I < (Z ||aiu) <n Y fail? (5.11)
=1 =1 =1

Fact2. Foray,...,a, >0and7r < s
n 1/r n 1/s
>oa) < (2 6.12)
— a; — a; .
n ‘ —\n !
Lemma 25 ([43]]). Under Assumption i.e., the Hessian of the function is Ly-Lipschitz continuous,
for any w,y € R% we have

L, 9
IV f(w) = V(y) = V2f(w)(y —w)|| < - |y = wll (5.13)

fly) = fw) = Vf(w) (y —w) - %(y —w)"'V? f(w)(y — w)‘ < %Hy —w|*  (5.14)

Next, we establish the following Lemma that provides some nice properties of the cubic sub-
problem.

Lemma 26. Let M > 0,7 > 0,g € RY, H € R4, and

s = argmin g’ w + %wTHw + MT%H’LUHB (5.15)

The following holds
g ++Hs + M;? Is|ls = 0, (5.16)
H + @HSHI >0, (5.17)

M
gl's + %STHS < _Z’Y2|’S”3- (5.18)



CHAPTER 5. ESCAPING SADDLE POINTS IN FL: DISTRIBUTED CUBIC REGULARIZED
NEWTON METHOD 121

Proof. The equations (5.16) and (5.17) are from the first and second order optimal condition. We
proof (5.18)), by using the conditions of and (5.17).

gls + %’VSTHS = - <7Hs + %72||s||s>Ts + %’}/STHS (5.19)
= —sTHs — L8| + Dos"Hs
< TNl = Sl (520)
= - lslP

In (5.19), we substitute the expression g from the equation (5.16). In (5.20), we use the fact that
s'Hs + 222||s||* > 0 from the equation (5.17). O

5.7.2 Proof of Theorem

First we state the results of Lemma 26| for each worker node in iteration &,
M 2
gk + YHi1Si k41 + - lISik+1l/Sik+1 =0 (5.21)
M
YHij + 57 lIsipl|T= 0 (5.22)

M
ggksakﬂ + %Sgk-l—lHi,kSi,k—&—l < _Z'VQHSi,k:—i-ng (5.23)
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At iteration k, we have,

fwrir) — flws)

1 L
< Vf(wk)T<wk+l —wy) + §(wk+1 - wk)Tv2f<wk)(wk+l —wy) + quwkﬂ - wkH3
1 L
< Ukvf(wk)TSkH + 7]13§S{+1v2f<wk)sk+l + _2||77ksk+1||3

nkvf (we) Zszk—i—l Zszk—i-l )V f(w Zsmﬂ 277k|| see1ll® (5.24)
2
Tk i
S E (Z Vf(wk)TSi,k:—‘,—l) + 2—77];2 ( Zk+1v f(’I,Uk)SfL k+1 + g S’L k+1v f(wk;>sj k‘+1)
) i it
Lo}
+ 6;1’f§||si,k+l||3

77k: Nk
< E Z (gl Sik+1 T = 5 ZTkHHz £Si k+1> + ooy <Z(Vf(wk) - gi,kJrl)TSi,kJrl)

A
UW Z
S; k+1 i,kSi k+1

Lon? )
To (Z St V2 (Wr)8i e _'_Zsz k1 V2 f (wy)s;, k+1> + ;:Lk Z [Err

i#]

il M 3 MY
< p. Z _Z’}/Q”Si,k+1"5 + <Z GgHSi,k+1H> - ( ) Zsl wo Hi gSin

LQT]
+ 6mk Z [Enyi

(5.25)

2m2 [Z S; k+1 v f(wk) 7 k) Sik+1 + Z Sg:k+1v2f<wk)sj7k+1

i#]

My, LG Mk€
< (Tt ) Sl + % (3 o
2
MY Z% T
+ (Qm 2m2> i 9 7|’Sz,k+1‘|

tg, 2 lﬁH Z Isiiet I + Lo Y lIsinsallllsy, k+1||] (5.26)

i#]

My*n Lan 34 771:69
- (-5 S sl + Xijnsz-,kﬂn

tg 2 leH Z Isiietl* + Lo Y lIsinsallllsy, k+1||] (5.27)

i#j

N -

Term2
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In (5.24), we apply the inequality (3.20) on ||+ >°.s;441]%. Inline (5.23)), we use the gradient
approximation from the Assumption In line (5.25)), we apply the fact that s}jk i HixSige1 +

M) sik+1]|* > 0 from the equation (5.22) and assume that v > 2t Inline (5.26), we use the
Assumption [I9]and the fact that the Hessian of the objective function is bounded as the gradient is
L-Lipschitz continuous.

Now we bound the Term 1 and Term 2 in equation (5.27).

7

Tk€ k€
Term 1 < Wg Z IS k1]l < Wg Z(l + lIsins]l®) (5.28)

In line (5.28), we use the fact a®b < a® + b* where a,b > 0. We choose a = 1 and b = ||s; j11]|-

2
n
Term2 52—77';2 €H Z; ISiks1ll” + Ly <|| ZZ: Sijer1|” — ZZ: ||Si,k+1||2>]

2
g% ((m — 1)Ly + ex) Z [k (5.29)

2

n
<53 ((m =1L +en) > (Isiesal® +1) (5.30)

%

In line (5.29), we use the inequality (5.11) to bound || Y, s; x+1]|* and in line (5.30), we choose
a = ||s;x+1]|*> and b = 1 and use a®b < a® + b>.
Combining the result of (5.28) and (5.30) in equation (5.27), we have

M~ Lomi | mkeg | i 3
T am2 6m + m +2m2 ((m — 1)Ly + €q) ZHSH@JAH

Flunar) — Fluy) < [

2
Nk€g Mk
+ |:—m + —2m2 ((m - 1)L1 + 6H>:|

; — M~ L 1 €
Now we consider that A = (w — %~ o ((m=1) L1 +eg) — ;%) . We can assure A > 0

by choosing M > #% (Lo - L ((m — 1)Ly + exr) + % ).
v Tkm M
Now we have

1
— E [7kSi ]| <
m .

>| =
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Now we consider the step kg, where ky = arg ming<p<r_1 ||we41—wi || = argmingcp<r 1 [|7Sk+1]|-

o0 [lweer — wel® = ,min [y

< EZ 17001 I

=S s

<

= i
< %T_:% [f wy) wk+1)+%((7ﬂ—1)[;1+@q)+%1
- [ f(wo) — = z%nk (= D)Ly + ) + zkngAnkeg]
= % :ﬂw )A 22213;7% ((m = 1)Ly + en) + kasxnkeg]

Based on the calculation above, we have

1
1 3
”wko-H - wko” < (E Z ||77kosi1/€0+1||3)
=1

flwe) = f* i > hco Mg |
)\ ‘|— 2m2>\ ((m 1)L1+6 ) m)\

With the proper choice step-size 7, we choose

1
. T_1 T-1,. .73
¥ — f(wo)?*f + sz;g;ii ((m—1)Ly + eg) + %] * and have

(5.31)

F =

1
1 3
HwkoJrl - wko” < (E E anosi7k0+1||3> <
=1
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Now the gradient condition
1 & 1 & M~?
\Y =V - — ik — H, ikl — i i
IV f (wisa) | Fwks1) = — ; 8ik — ;(7 Jk+18i k+1 [8k+1[Si041)

(5.32)

1 M~?
Z HSz k+1”sz k+1
m

=1

m

% Z(gzk — V f(wk))

=1

< ||V f (wsr) = Vf(wi) = V2 f(wi) (41 — 21)|| +

V2 f(we) (@1 — k) Z H, 18 111

Nk - 2 Y
— E \V4 ; - L E H,.s;
m fwg)s S B, - S k1

2
M~y
T om Z Isi ki1l + €
(5.33)

% S 2 ' —l m ) |
m ;V J(wg)Sig41 — ZZ:;V fwr)Si ki1

L
S?Q skl +

LQUI% M 72 § : 2
( 2m 2m p HS’L’k+1 H

YN TN
- Z V2 f(wi)sips1 — E Z H; 1Si g1

+ €4

Lon;, L1 JeH
< ( ka Z HSZ k+1H2 Z H zk+1H + — Z Hsl k+1H + €g
(5.34)
Lon?  M~?\ 1 1
< ( 2 —Z Isiesall® + (I = IZn + vem) EZ Isinsall+e
e o X Imsiwaal® (1= i+ e ) 3 sl <
< 5 ik+1 1 H NkSi k+1 g
2 2n; Tk
L2 M")/2
< (7 + o2 ) Z |71, k+1|| + (|1 - —‘L1 + —EH) Z [E%=5 k+1||

(5.35)

+ (Eg + <|1 — llLl + lE[{))
Nk

<(2+3) [ S Il

(\1 - i+ —eH) > I

(5.36)

i (eg i <|1 AT leH)> (5.37)
Mk Nk

In line (5.32), we use first order condition described in equation (5.21)). In line (5.33)), we apply

277k
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the result (5.13)) from Lemma [25|and the approximate gradient condition from Assumption
In line (5.34), we apply the approximate Hessian condition from Assumption We apply the
inequality of (5.12) in line (5.37). At step ko, by choosing 7, = -, we have

L M\ U2 VE

IV f(wior1)]| < (72 + 7) el + €H 7
Y )

SRS o 53

+ (Eg + EH)

where, Uy = (£2 + 1) U2 and U, = e U®. The Hessian bound
)\mln(v f(wk+1 Z )\mln v f(wk—i—l)}
“m Z Amin [Hig — (Hig — V2 f(wii1))]
=1

1 m
= m Z [Aumin (Flie) — [[Hi — V2 f (wie) ]
=1

v

1 & 1 &
—_ >\min Hz - H'L - 2 5.39
mg (H; ) m;u k= V2 f(wpa)| (5:39)

m

1 M 1 &
= m Z _77||S’3’“+1H T ; IH o — V2 f (we) |
- Z V2 (wi) = V2 f (i) |

m

M~ 1 «
= Z — 5 lsipall = e = — > VA f(wr) = V2 (wpia)| - (5.40)
=1 i=1

1 <~ My 1 &
> EZ _THSi,kJrlH —€g — E ZLQHwk - wk+1”

M
> <——7 — Lz) Z kS|l — €n
u /3
> — <2n7 L2> ( Z |1 MSi g1 | > —€H (5.41)

Equation (5.39) follows from Weyl’s inequality. We apply the Hessian approximation from the
Assumption [I9]in equation (5.40). In equation (5.41)), we apply the result described in (5.12).
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At step ko, by choosing 7, = -, we have

(V) < = (5 + L2 2 = e

= ——F — €y (5.42)
where, U3 = (% + Lg) v,

5.7.3 Proof of Theorem 11

We consider the following

fwgyr) — f(wg)

1 L
SVf (i) (wiir = wi) + 5 (wesr = we) "V f (w) (Wi — wy) + —2 lwgsr — wi]|”

|L{|Vf W) Zszk+1+2|u|2 (Z&kﬂ) v? f(wy) (Zszk—i—l) |Z/I| Zszk’-i-l

€U €U
Te'rml Te'rm2 Te'rm3

(5.43)

In line (5.43), we expand the update wy 1 — wy = |Z—’“| Zz‘eu Si k+1. Also we use the following fact.

Ul =UNM|+ |UNB| (5.44)
M| =UNM|+|T NM| (5.45)

Combining both the equations (5.44) and (5.43), we have

U| = M| =T NM|+|UNB| (5.46)
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We use the fact of to bound each term in equation (5.43)). First, consider the Term 1,

Vf wy) ZSz k1

|Z/[| el
Zul?i%ww PICTEED T DRt
ieM iEMNT i€UnB
Z gl ESik+1 — Z Vf(wk)TSi,k+l + Z vf(wk)TSi,k-i-l + % Z SZkHHi,kSi,kH]
M em iEMNT i€UNB iEM
kY T Mk T
Y2 R Y Si k1 HikSik1 + ——5— Vf(wr) — i) Siks1 (5.47)
2(1 . B)m ZGZA/I Jk+1 + (1 — B)m ZGZAA( ( ) ) +
M 7 77k: 77k€ nw
<~ am Z Isuenll*| + G Gy 2 Isisll = — ST Husin
zEM 26./\/1
ML
A= Bm ( > lsiwall+ > ||Si,k;+1||> (5.48)
iEMNT i€UNB
We use the following facts in (5.48).
© glisintt + 38T Higsiner < =52 |Isiks1]|* and sum over the set M.

* The gradient approximation described in Assumption
* As the function f is L- Lipschitz, the gradient is bounded.

Now we bound Term 3 as follows,

L
\u\Zm < Z”k =3 fsiaall? (5.49)
ZEU
L277k 3 3 3
[Z ISi e ll” — Z 811" + Z IS+
ieM iEMNT i€unB
(5.50)

In line (5.49), we use the inequality describde in (5.10) and in line (5.50), we split the sum using
(5.46).
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Finally, we bound Term 2

77k2 <Z Si,k+1> v? f wk (Z S; k:+1>
icl

€U

2
n
:—kg(z Sg:kJrlvf(wk)si,kJrl + Z Szz:k+1vf(wk>sj,k+1)

— A)2
2<1 6) e i#jeU
Z SZ k‘+1 VQ wk’) Hi,k)si,k+1 - Z ngk+1v2f(wk>si’k+1
ieM ieMNT
+ Z S;{k—&-lv J(wg)Si kt1)
i€UnB
UR Z T 9 n? Z .
o a2 st e Vof(wp)sippn + =——2— Y s, Higsigsr  (5.51)
_ 2 2 1, +1 7> - 2 2 Z,k’-‘rl s e+
2(1 = B)*m i#jeU 2(1 = B)*m iem
2
77k 2 9 9
SW [61{ Z ISk ll” + Ls | Z [Sikrall” + L1 Z llSi 1l ]
ieEM 1EMNT i€UNB
R A 2(1 [Lﬂl D sieall’ =LY llsigsall® Zsz e H s
e ieU 1EM
(5.52)
2
n
<ot (1= B)ym =D)Ly +en) Y lsiwnll>+ (1= Bm+2)L1 > Isixsall®
21~ pyim iEM ieMNT
+ (1= p)mLy Z [Eyy Zszk-H i,kSik+1 (5.53)
icelUNB ieM

Now we collect the terms from equations (5.48)), (5.50) and (5.53). First we focus on the terms
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that are summed over the set M.

M~y LGk Y
( 4(1 — 5) Z ”Sl k+1|| ( )m (’7 Z Sz k—f—l 1,kSi,k41

ieEM
77’f€9 Z Isieea T o1 32 ) 5(L=B)m — 1)Ly +en) Z [Ere i
" iem ieM
( MV T]k L27]/<; ) Z lISigrall ]
1EM
" { keﬁg) i 2(1 —ng)%n? (1= Bym = 1)Ly + €H>} ZGZM (Isigrall® +1) (5.54)
MV 77k LGg Nk€q 77]3

( T —gm (0—8m " 2(1— By (1 =B)m —1)Li+ EH))

77k€g( Oé) 77]% Ay ) .
G5 Tarogpm (L Am - Dhiten)(l-a) (555

In line (5.534), we use the fact of [5.22|and ||s; k41| < |[sig1® + 1 and ||s; k41]]* < ||sipsa]l® + 1
following the inequality a® < a® + b3. Also, we use the fact that |[M| < (1 — a)m.
Now we consider the terms with the set M N7 and U N B.

L L
(121975)771( Do dsiwall + D sl (27775)7”[_ S Asinaall®+ Y lsigrall’]

1EMNT eUNB EMNT 1€eUNB

[z sueal?| +

ieEM

2
+ W [(1 —Bm+2)Ly > sigal® + (L= BmLy Y sipsal®

1EMNT i€UNB

= ((1 — im0 —m 2= gy L Am 2>L1) ;T I8 g

L Lon3 2
i ((1 ikﬁ)m 50 jnﬁk)m a0 _n2>2m2<1 - 5)mL1> > llsiwl?

1eUNB

_|_

N L i
1

(= Am 21— P

Now as 3 > «, at least one good machine is trimmed. So the norm of all the machine update in the

set U is upper bounded by the maximum norm of the good machine. We upper bound the terms as
follows,

— BYm+2(1 — a))L] (5.56)

> lsiwial® < am max Isikal® < am > llsigsal?
i€UnB ’ ieM

and Y lsigall® < llsigsall®

1EMNT 1EM
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We have

(Uké(i;)‘jnm) 4 (a677(11—_15))[;72177k + +2(1 _ng)2m2<(1 — B)m + a(l — B)m? + 2)L1>

L 2
« ;4 Isi sl + 5 ik/@)m 30 —nkﬁ)?m (1= B)ym +2(1 — a)) L] (5.57)

We combine the results (5.57) and (5.55). We have

1

flwgs1) — flwg) < _)‘byzi) Z St kst | + Afioor (5.58)
ieM

(1 —a)m

where

M~ (L +am)+e)  aml, 1

(1—=8)mL,

Abyz = [4771:(1 — B)m2 77]3(1 — B)m 6(1—p)m B 2n,(1 — B)?m?
+a(l = B)m? +ep)l(1 - a)m
o nkeg(]- — Oé) T/kL
)\floor = (1 — B) + (1 _ 6)

i 2
o0 peme [(2(1 = B)m + 1)Ly + ex)(1 — a)m + a(1 — B)m>Ly]

We maintain A\, > 0 by choosing

4
M > nk(

1—08)m (L(1+am)+e) amLs
v Up

1 2
+ g g (1~ Amls +a(l = Bm? + ex)

Now we can have the following results from the proof of Theorem (10| for step
ko = arg ming<p<r—1 |[wi+1 — wyl|

1
1 3
([ Who+1 — Wi || < [m Z ||77kosi,ko+1||3]
ieEM

1
T T3
_ \Ilbyz
T3

f(w()) - f* + Z;:_Ol )‘floov" : (5 59)
Abyz )\byz .

(5.60)

1
f(w())_f* + Zg;(]l >‘floo'r:| 3 .

Where’ \Ijbyz - [ Abyz Abyz
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The gradient condition

IV f(wiia) || = va Wi+1) ™M Zgzk |/\/l| > oH
ieEM ieM
(5.61)
1
< ||V f(wigr) = YV f(wr) = V2 fwp) (@41 — @) || + |W
V2 f(wi) (Thg1 — 1) — Z H;ksip+1|| +
|M’ 1eEM
2
< Lon;

- 2

>
T Si k+1
U

]U! ZVQ wk Sik+1 — | ZV f wk Sik+1

€U zEM

+ 69 2 ’M‘ Z ||SZ k?+1||

1eEM

|M| Z v f wk)sz k+1 — |M| Z Hz ESi k41 (562)

ieEM ieM

In line (5.61)), we use the fact the first order optimal condition (5.21)) holds for the good machines
in the set M. And in (5.62), we use the in exact gradient condition from Assumption [[§]and the
condition (5.23)). Consider the term

W‘ ZV2 wk Sik+1 — ’ ZV f wk Sik+1

€U zEM
:”W [Z VQf(wk>si,k+1 - Z VQf(wk)Si,kJrl + Z VQf(wk)Si,k+1
ieM iEeEMNT ieBNU
- o Zv fwe)sipal|
oo Y5
> (1 _ 6)777/ (1 — a)m = k)oi,k+1
< (n’(“iljﬁ(;g) - _7(1 ) LS Vs (5.63)

1EM

We choose v = %

>
o Sik+1
Ul

(1 + am) making the term in equation (5.63) equals to 0. Now we have,

2

Lon; 2 o Ly(1+ am)n; )
< 2k Lol + am)n A
T ; [sirr1l” < 21— A)m Z || 1| (5.64)

Lo 771%
2
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Putting the calculation of and (5.64), in (5.62)), we have,

Ly(1 + am)n; M~? ) Yer
ieM ieM
(5.65)

Ly(1+am)(1—a) M~? 1 2
< .
B ( 2(1-2) " 2771% (1 —a)m GZM 1msi s ||” + €g

YEH 1
e Y il
e 0 —am &

Lo(l+am)(1—a)  M(1+am)® ((1—a)? 1 ol
S( (-5 2 ((1—/3))>[(1—a)m§4||77ks”‘3+1”
(1-a)

+e,+ @(1 +am)ey

(1-a) 1 3
1 — i
+ ( + am)eH (1 — a)m lezj\/l an’s Jf-l-lH

(5.66)

We use the power mean inequality described in (5.12) in line (5.66)). Then at step ko, we have,

Ui Yopus 11—«
IV f(wies1)]| < ;’y + 2T’by —I—%%—ﬁ(l—i—am)efl, (5.67)

where

= (P HSE (1))

(1+am)eg ¥y,

(1-a
e = (=)
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The Hessian bound is

)\min<vzf(wk+1))
= Z >‘m1n v f(wk-i—l)}

(1 —a)m
1 — a Z /\mm z E— V2f(wk:+1)>]
zGM
> ﬁ > Puin(Hig) = [ Hip — V2 f(wisr) ] (5.68)
ieM

1
1 — Oé Z /\mln i, k ( — oz)m Z ||Hz,k - VQf(wk—{—l)H
1eEM

1 M~y 1
2 (1 — a)m Z D) ”Sz',kJrlH - m Z Hsz - VQf(wk)H
ieM

ieEM

1

— > IV -V 5.69
(1_@m2%” fwe) = V2 (wi)| (5.69)

1 M~ 1
= - ikl = em — > Lollwy, — 5.70
—<r—mmg; 5 lIsial qf(l_®m§jzm% wes | (5.70)

M~
2 T —aym Z lIsi sl — L2|| ZSZ sy
ieEM zEL{
M~
2 21— aym Z [Si ksl — €m — %; |17kSi e+ ||
(1 + am)
> - Z i1l — (T > lmesipl
ieEM
M (14+am

2—(——4L—+Lz )Ejm@mm—w

277k(1 N CK) 1eEM

M~y (14+am)(l—a) 1 .| °
> - L i — 5.71
> - (52 + 2l e 2 el e s

In (5.68), we use the Weyl’s inequality. In (5.70), we use the fact that Hessian is Lipschitz
continuous. In (5.7T)), we use the power mean inequality described in (5.12) At step ko, we have

qj3,byz
1

3

Aunin (V2 f (Wro1)) 2 —

—€H (5.72)

where

_(M(1-a) o (14 am)(1 —«)
e = (o bam) + L
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5.7.4 Additional Experiments

Here we compare our algorithm with the ByzantinePGD [31] in the byzantine setup. In the Table
[5.1] we show the number iterations that is required by each algorithm to reach the stopping criteria
based on the gradient norm. We choose the four adversarial attacks and the experimental setup that
are described in Section

Gaussian Noise Flipped Label
10% | 15% | 20% | 10% | 15% | 20%
(31] 199.2 | 198.3 | 211.2 | 199.7 | 198.6 | 211.6
" Our method | 2.0 10.1 | 135 103 | 14.1 | 16.0

Table 5.1: Number of iterations required by ByzantinePGD [23]] and our method when 10%, 15%,
and 20% of the worker machines are Byzantine in nature.

Negative Update Random Label
10% | 15% | 20% | 10% | 15% | 20%
[31] 200.7 | 197.6 | 210.5 | 199.9 | 198 | 209.7
" Our method | 8.7 10.1 | 135 | 8.8 10.0 | 10.7

Table 5.2: Number of iterations required by ByzantinePGD [23]] and our method when 10%, 15%,
and 20% of the worker machines are Byzantine in nature.



Part 11

Efficient and Tractable Algorithms for
Non-Convex Batch Learning

In this part of the thesis, we study some statistical and algorithmic aspects of non-convex
optimization in the standard supervised batch setting. In particular we study max-affine
regression, which is a generalization of several classical non-convex problems including
the real phase retrieval.

* Chapter[6; We study the max affine regression with Gaussian covariates

* Chapter[7: We study the max-affine regression problem for small-ball covariate design.
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Chapter 6

Max Affine Regression with Gaussian
Design

Max-affine regression refers to a model where the unknown regression function is modeled as a
maximum of k£ unknown affine functions for a fixed £ > 1. This generalizes linear regression and
(real) phase retrieval, and is closely related to convex regression. Working within a non-asymptotic
framework, we study this problem in the high-dimensional setting assuming that £ is a fixed constant,
and focus on the estimation of the unknown coefficients of the affine functions underlying the model.
We analyze a natural alternating minimization (AM) algorithm for the non-convex least squares
objective when the design is Gaussian. We show that the AM algorithm, when initialized suitably,
converges with high probability and at a geometric rate to a small ball around the optimal coefficients.
In order to initialize the algorithm, we propose and analyze a combination of a spectral method and
a random search algorithm in a low-dimensional space, which may be of independent interest. The
final rate that we obtain is near-parametric and minimax optimal (up to a polylogarithmic factor) as
a function of the dimension, sample size, and noise variance. In that sense, our approach should
be viewed as a direct and implementable method of enforcing regularization to alleviate the curse
of dimensionality in problems of the convex regression type. Numerical experiments illustrate the
sharpness of our bounds in the various problem parameters.

6.1 Introduction
Max-affine regression refers to the regression model

Y = max ((X, 07) +b5) + ¢ 6.1

s (X, 65) +55) + 6.1
where Y is a univariate response, X is a d-dimensional vector of covariates and ¢ models zero-
mean noise that is independent of X. We assume that £ > 1 is a known integer and study
the problem of estimating the unknown parameters 6;,...,0; € R? and b},...,b; € R from
independent observations (z1,y1), - . ., (Zn, Yn) drawn according to the model (6.1)). Furthermore,
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we assume for concretenes in this chapter that the covariate distribution is standard Gaussian, with
i.i.d.
€T; ~~ (O, [d)
Let us provide some motivation for studying the model (6.I). When k£ = 1, equation (6.1)
corresponds to the classical linear regression model. When £ = 2, the intercepts b5 = b7 = 0, and

5 = —07 = 6*, the model reduces to

The problem of recovering #* from observations drawn according to the above model is known
as (real) phase retrieval—variants of which arise in a diverse array of science and engineering
applications [48-51]—and has associated with it an extensive statistical and algorithmic literature.

To motivate the model for general k, note that the function = +— max;<;j<x((z, 0%) + b})
is always a convex function and, thus, estimation under the model can be used to fit convex
functions to the observed data. Indeed, the model (6.1) serves as a parametric approximation to the
non-parametric convex regression model

Y = ¢"(X) +e, (6.3)

where ¢* : R? — R is an unknown convex function. It is well-known that convex regression suffers
from the curse of dimensionality unless d is small, which is basically a consequence of the fact that
the metric entropy of natural totally bounded sub-classes of convex functions grows exponentially
in d (see, e.g., [52H54]]). To overcome this curse of dimensionality, one would need to work with
more structured sub-classes of convex functions. Since convex functions can be approximated to
arbitrary accuracy by maxima of affine functions, it is reasonable to regularize the problem by
considering only those convex functions that can be written as a maximum of a fixed number of
affine functions. Constraining the number of affine pieces in the function therefore presents a simple
method to enforce structure, and such function classes have been introduced and studied in the
convex regression literature (see e.g., [152]). This assumption directly leads to our model (6.1,
and it has been argued by [55} 153} /154 that the parametric model is a tractable alternative to
the full non-parametric convex regression model (6.3)) in common applications of convex regression
to data arising in economics, finance and operations research where d is often moderate to large.

Another motivation for the model comes from the problem of estimating convex sets
from support function measurements. The support function of a compact convex set K C R? is
defined by hy () : = sup,cx (z, u) for d-dimensional unit vectors x. The problem of estimating an
unknown compact, convex set K * from noisy measurements of A (-) arises in certain engineering
applications such as robotic tactile sensing and projection magnetic resonance imaging (see, e.g.,
[155-157]]). Specifically, the model considered here is

Y = hee(X) + e,

and the goal is to estimate the set K* C R%. As in convex regression, this problem suffers from a
curse of dimensionality unless d is small, as is evident from known minimax lower bounds [158]].

'In Chapterweakens distributional assumptions on the covariates, but this requires significantly more technical
effort.
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To alleviate this curse, it is natural to restrict K™ to the class of all polytopes with at most £k extreme
points for a fixed k; such a restriction has been studied as a special case of enforcing structure
in these problems by Soh and Chandrasekharan [[159]. Under this restriction, one is led to the
model (6.1) with b] = --- = by = 0, since if K* is the polytope given by the convex hull of
0;,...,0; € R then its support function is equal to = — max;<j<x(z, 07).

Equipped with these motivating examples, our goal is to study a computationally efficient
estimation methodology for the unknown parameters of the model from i.i.d observations
(x;,y;)_,. Before presenting our contributions, let us first rewrite the observation model (6.1]) by
using more convenient notation, and use it to describe existing estimation procedures for this model.
Denote the unknown parameters by 37 : = (¢7,b5) € R for j = 1,..., k and the observations by

(&,y;) fori =1,...,n, where & : = (x;,1) € R4, In this notation, the observation model takes
the form
Yi :1I£1]8J§Xk <€Za ﬁj>+6i7 fori = 1,2,...,Tl. (64)

We assume that in addition to the covariates being i.i.d. standard Gaussian, the noise variables
€1, .. ., €, are independent random variables drawn from a (univariate) distribution that is zero-mean
and sub-Gaussian, with unknown sub-Gaussian parameter o.

Let us now describe existing estimation procedures for max-affine regression. The most obvious
approach is the global least squares estimator, defined as any minimizer of the least squares criterion

n 2
(Ef”, o ’B\](JS)) € argmin Z (yi — max (&, @}) ) (6.5)

B, BrERIH ST 1<j<k

It is easy to see (see Lemma [27]to follow) that a global minimizer of the least squares criterion
above always exists but it will not—at least in general—be unique, since any relabeling of the
indices of a minimizer will also be a minimizer. While the least squares estimator has appealing
statistical properties (see, e.g. [I58-160]), the optimization problem (6.3) is non-convex and, in
general, NP-hard [103, [161] without further assumptions on the covariate matrix and response
vector/

It is interesting to compare ([6.5]) to the optimization problem used to compute the least squares
estimator in the more general convex regression model (6.3), given by

¢ € argmin Z (i — d(x:))?, (6.6)
¢ -1

where the minimization is over all convex functions ¢. In sharp contrast to the problem (6.3), the
optimization problem (6.6)) is convex [162} [163] and can be solved efficiently for fairly large values
of the pair (d,n) [164]. Unfortunately however, the utility of ¢('®) in estimating the parameters
of the max-affine model is cAlebatable, as it is unclear how one may obtain estimates of the true
parameters 3, ..., i from ¢{'*), which typically will not be a maximum of only k affine functions.

2We provide a proof of this in Appendix [6.9.14|for completeness.
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Three heuristic techniques for solving the non-convex optimization problem (6.3) were empiri-
cally evaluated by Baldzs [|154, Chapters 6 and 7], who compared running times and performance
of these techniques on a wide variety of real and synthetic datasets for convex regression. The first
technique is the alternating minimization algorithm of Magnani and Boyd [55]], the second technique
is the convex adaptive partitioning (or CAP) algorithm of Hannah and Dunson [[153]], and the third is
the adaptive max-affine partitioning algorithm proposed by Baldzs himself [154]]. The simplest and
most intuitive of these three methods is the first alternating minimization (AM) algorithm, which is
an iterative algorithm for estimating the parameters 37, . .., ; and forms the focus of our study.
In the ¢-th iteration of the algorithm, the current estimates ﬂft), e B,(:) are used to partition the

observation indices 1, ..., n into k sets SY), . ,S,(:) such that j € argmax,c (&, /BS)> for every
1€ S ](-t). For each 1 < j < k, the next estimate BJ(.HI) is then obtained by performing a least squares

fit (or equivalently, linear regression) to the data (&;,y;),7 € S](-t). More intuition and a formal
description of the algorithm are provided in Section [6.2] Baldzs found that when this algorithm was
run on a variety of datasets with multiple random initializations, it compared favorably with the
state of the art in terms of its final predictive performance—see, for example, Figures 7.4 and 7.5 in
the thesis [[154], which show encouraging results when the algorithm is used to fit convex functions
to datasets of average wages and aircraft profile drag data, respectively. In the context of fitting
convex sets to support function measurements, Soh and Chandrasekaran [[159]] recently proposed
and empirically evaluated a similar algorithm in the case of isotropic covariates. However, to the
best of our knowledge, no theoretical results exist to support the performance of such a technique.

In this chapter, we present a theoretical analysis of the AM algorithm for recovering the
parameters of the max-affine regression model when the covariate distribution is Gaussian. This
assumption forms a natural starting point for the study of many iterative algorithms in related
problems [[59H61} (99], and is also quite standard in theoretical investigations of multidimensional
regression problems. Note that the AM algorithm described above can be seen as a generalization of
classical AM algorithms for (real) phase retrieval [95,|165]], which have recently been theoretically
analyzed in a series of papers [59-61] for Gaussian designs. The AM—and the closely related
expectation maximizationﬂ or EM—methodology is widely used for parameter estimation in
missing data problems [166,|167|] and mixture models [91]], including those with covariates such as
mixtures-of-experts [[168] and mixtures-of-regressions [[169] models. Theoretical guarantees for
such algorithms have been established in multiple statistical contexts [99, 170-172]; in the case
when the likelihood is not unimodal, these are typically of the local convergence type. In particular,
algorithms of the EM type return, for many such latent variable models, minimax-optimal parameter
estimates when initialized in a neighborhood of the optimal solution (e.g., [169, 173, |174]);
conversely, these algorithms can get stuck at spurious fixed points when initialized at random [175].
In some specific applications of EM to mixtures of two Gaussians [176,177] and mixtures of two
regressions [178], however, it has been shown that randomly initializing the EM algorithm suffices in
order to obtain consistent parameter estimates. Here, we establish guarantees on the AM algorithm
for max-affine regression that are of the former type: we prove local geometric convergence of the

3Indeed, for many problems, the EM algorithm reduces to AM in the noiseless limit, and AM should thus be viewed
as a variant of EM that uses hard-thresholding to determine values of the latent variables.



CHAPTER 6. MAX AFFINE REGRESSION WITH GAUSSIAN DESIGN 141

AM iterates when initialized in a neighborhood of the optimal solution. We analyze the practical
variant of the algorithm in which the steps are performed without sample-splitting. As in the case of
mixture models [[169, 179]], we use spectral methods to obtain such an initialization.

Contributions Let us now describe our results in more detail. To simplify the exposition, we
state simplified corollaries of our theorems; for precise statements, see Section @ We prove in
Theoremnthat for each € > 0, the parameter estimates Bft), e ﬁ,g,t) returned by the AM algorithm
at iteration ¢ satisfy, with high probability, the inequality

o’kd

n

k
STIBY = B2 < e+ C8, .. ) = log(kd) log () 6.7)
j=1

kd

0 *
Sk 189 -2
€

for every t > log, s ( , provided that the sample size n is sufficiently large and that

the initial estimates satisfy the condition

min max [|ef;" — G7]" <

(B - Br)- (6.8)

| =

Here C'(f, ..., 5¢) and (5, . . ., 55) are constants depending only on the true parameters 5, . . ., 5,
and their explicit values are given in Theorem [I2] The constant ¢ in equation (6.8) endows the
initialization with a scale-invariance property: indeed, scaling all parameters 6?), ey B,EO) by the
same positive constant ¢ produces the same initial partition of subsets S{O), ceey Slio), from which
the algorithm proceeds identically.

Treating k as a fixed constant, inequality implies, under the initialization condition (6.8)),
that the parameter estimates returned by AM converge geometrically to within a small ball of the
true parameters, and that this error term is nearly the parametric risk % up to a logarithmic factor.
The initialization condition (6.8) requires the distance between the initial estimates and the true
parameters to be at most a specific (k-dependent) constant. It has been empirically observed that
there exist bad initializations under which the AM algorithm behaves poorly (see, e.g., [55, 154])
and assumption (6.8)) is one way to rule these out.

A natural question based on our Theorem |12]is whether it is possible to produce preliminary
estimates 6§0), o ,5,&0) satisfying the initialization condition (6.8). Indeed, one such method
is to repeatedly initialize parameters (uniformly) at random within the unit ball B¢*!; Baldzs
empirically observed in a close relative of such a scheme (see Figure 6.6 in his thesis [154]) that
increasing the number of random initializations is often sufficient to get the AM algorithm to
succeed. However, reasoning heuristically, the number of repetitions required to ensure that one
such random initialization generates parameters that satisfy condition (6.8) increases exponentially
in the ambient dimension d, and so it is reasonable to ask if, in large dimensions, there is some
natural form of dimensionality reduction that allows us to perform this step in a lower-dimensional
space.
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Whe k < d, we show that a natural spectral method (described formally in Algorithm ) is
able to reduce the dimensionality of our problem from d to k. In particular, this method returns
an orthonormal basis of vectors Uy, . . ., Uy such that the k-dimensional linear subspace spanned
by these vectors accuratel}i estimates the subspace spanned by the vectors 07, . .., 0;. We form the

matrix U : = [Uy : --- : U] by collecting these vectors as its columns, and in order to account

0 1

We then choose M random initializations in (k + 1) dimensions—the ¢-th such initialization is
given by a set of vectors 14, ..., vf € RF! each chosen uniformly at random from the (k + 1)-
dimensional unit ball—so that the collection of k vectors {171/]@ }le serves as our /-th guess of the
true parameters. In order to decide which of these random points to choose, we evaluate (on an
independent set of samples) the goodness-of-fit statistic min.>o >, (y; — cmaxi<j<p (&, Vi/i))?
for each 1 < ¢ < M, where the minimization over the constant ¢ accounts for the scale-invariance
property alluded to above. Letting /* denote the index with the smallest loss, we then return the
initialization ﬁ](o) = \A/Vf* forj=1,... k.

Our algorithm can thus be viewed as a variant of the repeated random initialization evaluated by
Baldazs [154]], but incurs significantly smaller computational cost, since we only run the full-blown
iterative AM algorithm once. Note that our algorithm treats the number of initializations M as a
tuning parameter to be chosen by the statistician, similar to Balazs [154], but we show a concrete
upper bound on M that is sufficient to guarantee convergence. In particular, we show that in order
to produce an initialization satisfying condition (6.8)) with high probability, it suffices to choose M
as a function only of the number of affine pieces & and other geometric parameters of the problem
(and independently of the sample size n and ambient dimension d).

To produce our overall guarantee, we combine the initialization with the AM algorithm in Corol-
lary [2} showing that provided the sample size scales linearly in the dimension (with a multiplicative
pre-factor that depends polynomially on k and other problem-dependent parameters), we obtain
estimates that are accurate up to the parametric risk. Our algorithm is also computationally efficient
when £ is treated as a fixed constant.

From a technical standpoint, our results for the AM algorithm are significantly more challenging
to establish than related results in the literature [59, 99, |180, |181]]. First, it is technically very
challenging to compute the population operator [99]—corresponding to running the AM update in
the infinite sample limit—in this setting, since the max function introduces intricate geometry in
the problem that is difficult to reason about in closed form. Second, we are interested in analyzing
the AM update without sample-splitting, and so cannot assume that the iterates are independent of
the covariates; the latter assumption has been used fruitfully in the literature to simplify analyses
of such algorithms [60, |61, |180]. Third, and unlike algorithms for phase retrieval [S9, [181],
our algorithm performs least squares using sub-matrices of the covariate matrix that are chosen
depending on our random iterates. Accordingly, a key technical difficulty of the proof, which may
be of independent interest, is to control the spectrum of these random matrices, rows of which are

for the intercepts, further append such a matrix to form the matrix V= {U O] € R+ x(k+1),

4If k > d, then this dimensionality reduction step can be done away with and one can implement the random search
routine directly.
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drawn from (randomly) truncated variants of the Gaussian distribution.

Our spectral initialization algorithm is also a natural estimator based on the method-of-moments,
and has been used in a variety of non-convex problems [169,|173||174]]. However, our guarantees
for this step are once again non-trivial to establish. In particular, the eigengap of the population
moment (on which the rates of the estimator depend) is difficult to compute in our case since the
max function is not differentiable, and so it is not clear that higher order moments return reasonable
estimates even in the infinite sample limit (see Section[6.2). However, since we operate exclusively
with Gaussian covariates, we are able to use some classical moment calculations for truncated
Gaussian distributions [182]] in order to bound the eigengap. Translating these calculations into an
eigengap is quite technical, and involves the isolation of many properties of the population moments
that may be of independent interest.

Finally, it is important to note that owing to the scale invariance of our initialization condi-
tion (6.8)) and goodness-of-fit statistic, our random search scheme does not require a bound on the
size of the parameters; it suffices to initialize parameters uniformly within the unit ball. This is in
contrast to other search procedures employed for similar problems [103] |183]], which are based on
covering arguments and require a bound on the maximum norm of the unknown parameters.

Notation For a positive integer n, let [n] : = {1,2,...,n}. For a finite set S, we use |S| to denote
its cardinality. All logarithms are to the natural base unless otherwise mentioned. For two sequences
{a,}22, and {b,}2,, we write a,, < b, if there is a universal constant C' such that a,, < Cb,, for
all n > 1. The relation a,, 2 b, is defined analogously, and we use a,, ~ b, to indicate that both
a, 2 b, and a,, < b, hold simultaneously. We use ¢, C, ¢y, ¢s, ... to denote universal constants
that may change from line to line. For a pair of vectors (u,v), we letu ® v : = uv' denote their
outer product. We use ||-|| to denote the /5 norm unless otherwise stated. Denote by I the d x d
identity matrix. We let 1 {£} denote the indicator of an event £. Let sgn(t) denote the sign of a
scalar ¢, with the convention that sgn(0) = 1. Let )\;(I") denote the i-th largest eigenvalue of a
symmetric matrix I". Let S*"! : = {v € R? : ||v|| = 1} denote the unit sphere in d-dimensions, and
use B : = {v € R?: ||v| < 1} to denote the d-dimensional unit ball.

6.2 Background and problem formulation

In this section, we formally introduce the geometric parameters underlying the max-affine regression
model, as well as the methodology we use to perform parameter estimation.

6.2.1 Model and Geometric Parameters

We work throughout with the observation model defined in equation (6.4)); recall that our covariates
are drawn i.i.d. from a standard Gaussian distribution, and that our noise is o-sub-Gaussian. We let
X € R™ 4 denote the covariate matrix with row i given by the vector x;, and collect the responses
in a vector y € R".
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Recall that & = (z;, 1) € R for each i € [n]; the matrix of appended covariates = €
R™*(4+1) is defined by appending a vector of ones to the right of the matrix X. Our primary goal
is to use the data (X, y)—or equivalently, the pair (Z, y)—to estimate the underlying parameters
{87Y=

An important consideration in achieving such a goal is the “effective” sample size with which
we observe the parameter 37. Toward that end, for X ~ N (0, 1), let

J'€lk]

Trj(ﬁikw"vﬁ;) =P {<X 0*> +b* = max (<X’ 0;’> +b;’)} (6.9)

denote the probability with which the j-th parameter 37 = (¢ b7) attains the maximum. Note that
the event on which more than one of the parameters attains the maximum has measure zero, except
in the case where 3] = 3} for some i # j. We explicitly disallow this case and assume that the
parameters f3j, ..., 3 are distinct. Let

ﬂ-min(ﬁikv"'?Bk) _mlnﬂ](617"'76;)7 (610)

€[K]

and assume that we have m,i,(07,...,55) > 0; in other words, we ignore vacuous cases in
which some parameter is never observed. Roughly speaking, the sample size of the parameter
that is observed most rarely is given by minjcpy m;n ~ n - Tmin (65, .. ., B;), and so the error in
estimating this parameter should naturally depend on 7, (57, - . ., 5;). By definition, we always
have min (65, ..., 55) < 1/k.

Since we are interested in performing parameter estimation under the max-affine regression
model, a few geometric quantities also appear in our bounds, and serve as natural notions of “signal
strength” and “condition number” of the estimation problem. The signal strength is given by the
minimum separation ,
0; — 0%

J

A(BY,- -+, ;) = min

3.3"#3

we also assume that A is strictly positive, since otherwise, a particular parameter is never observed.
To denote a natural form of conditioning, define the quantities

Max;r; HQ}“ - 9;,

Ry (B Be) = — 7 with w8y, Br) = maxs; (B, By)-
min; |67 — 6 =
Finally, let Buax (57, - - -, B;) : = maxjepy || 37| denote the maximum norm of any unknown param-
eter. We often use the shorthand
Wminzﬂmin(ﬁika-'wBZ)a A:A(/Bik,,ﬁZ),
k= k(P ..., B), and Bmax = Bmax(815 -+, Br)

when the true parameters 37, ..., 5} are clear from context.



CHAPTER 6. MAX AFFINE REGRESSION WITH GAUSSIAN DESIGN 145

6.2.2 Methodology

As discussed in the introduction, the most natural estimation procedure from i.i.d. samples (&;, y;)"
of the model (6.4)) is the least squares estimator (6.5]). The following lemma (which does not seem
to have been explicitly stated previously in the literature, except in the case & = 2 [160, 184]]) proves
that the least squares estimator (Afs), cee A,(CIS)) always exists. Note, however, that it will not be

unique in general since any relabeling of a minimizer is also a minimizer.
Lemma 27. The least squares estimator (695), cee 6,(;5)> exists for every dataset (Z,y).

We postpone the proof of Lemma[27|to Appendix In spite of the fact that the least squares
estimator always exists, the problem (6.5]) is non-convex and NP-hard in general. The AM algorithm
presents a tractable approach towards solving it in the statistical setting that we consider.

Alternating Minimization

We now formally describe the AM algorithm proposed by Magnani and Boyd [55]. For each
Bi, ..., Bk, define the sets

S;(Bi,. .., Bk) = {Z € [n] : j = minargmax ((&, Bu>)} (6.11)
1<u<k
for j = 1,...,k. In words, the set S;(5i,..., ) contains the indices of samples on which

parameter [3; attains the maximum; in the case of a tie, samples having multiple parameters attaining
the maximum are assigned to the set with the smallest corresponding index (i.e., ties are broken
in the lexicographic ordelﬂ). Thus, the sets {S;(f1, ..., Bc)}i_, define a partition of [n]. The AM

algorithm employs an iterative scheme where one first constructs the partition .S} (ﬁft), e ,gt))

based on the current iterates ﬁf), cee ﬁ,gt) and then calculates the next parameter estimate Bj(t“)

by a least squares fit to the dataset {(&;, v;), 7 € Sj(ﬂf), Ce ,gt))}. The algorithm (also described
below as Algorithm|7) is, clearly, quite intuitive and presents a natural approach to solving (6.3).

As a sanity check, Lemma 28] (stated and proved in Appendix [6.5.1)) shows that the global least
squares estimator (6.3) is a fixed-point of this iterative scheme under a mild technical assumption.

We also note that the AM algorithm was proposed by Soh [185]] in the context of estimating
structured convex sets from support function measurements. It should be viewed as a generalization
of a classical algorithm for (real) phase retrieval due to Fienup [95]], which has been more recently
analyzed in a series of papers [59,|61]] for Gaussian designs. While some analyses of AM algorithms
assume sample-splitting across iterations (e.g. [60, |61} 180]), we consider the more practical variant
of AM run without sample-splitting, since the update (6.12a)-(6.12b)) is run on the full data (=, y)
in every iteration.

3In principle, it is sufficient to define the sets S; (81, ..., 8k),j € [k] as any partition of [n] having the property
that (&;, 3;) = max,ek) (&, Bu) forevery j € [k] and i € S;(B1,. .., Br); here “any” means that ties can be broken
according to an arbitrary rule, and we have chosen this rule to be the lexicographic order in equation (6.11J).
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Algorithm 7: Alternating minimization for estimating maximum of % affine functions

Input: Data {;, y;}";; initial parameter estimates Bg)), ce ,EO); number of iterations 7'.
Output: Final estimator of parameters (3, . . ., O.
2 Initialize ¢ < 0.
3 repeat
5 Compute maximizing index sets
s¥ =5;8",...,8"), (6.12a)
for each j € [k], according to equation (6.11).
7 Update
B € argmin Y (5 — (&, ), (6.12b)
pereH ies®)
i

for each j € [k].
suntilt =T

10 Return Bj = ﬁ](-T) for each j € [k].

Initialization

The alternating minimization algorithm described above requires an initialization. While the
algorithm was proposed to be run from a random initialization with restarts 55} |159]], we propose to
initialize the algorithm from parameter estimates that are sufficiently close to the optimal parameters.
This is similar to multiple procedures to solve non-convex optimization problems in statistical
settings (e.g., [99, 186]), that are based on iterative algorithms that exhibit local convergence to the
unknown parameters. Such algorithms are typically initialized by using a moment method, which
(under various covariate assumptions) returns useful parameter estimates.

Our approach to the initialization problem is similar, in that we combine a moment method with
random search in a lower-dimensional space. For convenience of analysis, we split the n samples
into two equal parts—assume that n is even without loss of generality—and perform each of the
above steps on different samples so as to maintain independence between the two steps. The formal
algorithm is presented in two parts as Algorithms[§]and [0

In related problems [98, 169, 173} 187], a combination of a second order and third order method
(involving tensor decomposition) is employed to obtain parameter estimates in one shot. Take
the problem of learning generalized linear models [[187] as an example; here, the analysis of the
moment method relies on the link function being (at least) three times differentiable so that the
population moment quantities can be explicitly computed. After showing that these expectations are
closed form functions of the unknown parameters, matrix/tensor perturbation tools are then applied
to show that the empirical moments concentrate about their population counterparts. However, in
our setting, the max function is not differentiable, and so it is not clear that higher order moments
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Algorithm 8: PCA for k-dimensional subspace initialization
Input: Data {&;,v;}.,.
Output: Matrix U € R?** having orthonormal columns that (approximately) span the
dimensional subspace spanned by the vectors 07, ..., 6;.
2 Compute the quantities

n/2 n/2
) 9
M, = o ;’yzxz and My = - ;yi (xlxj — Id) , (6.13)

and let M = M, 1 ® M, 1+ ]T/[\g; here, I; denotes the d x d identity matrix and ® denotes the
outer product.
4 Perform the eigendecomposition M = PAPT, and use the first £ columns of P

corresponding to the k largest eigenvalues) to form the matrix ﬁ € R4k Return 17 .
p g g g

return reasonable estimates even in expectation since Stein’s lemma (on which many of these results
rely) is not applicableE] in this setting. Nevertheless, we show that the second order moment returns
a k-dimensional subspace that is close to the true span of the parameters {9; 9?:1; the degree of
closeness depends only on the geometric properties of these parameters.

Let us also briefly discuss Algorithm [9] which corresponds to performing random search
in (k + 1) - k dimensional space to obtain the final initialization. In addition to the random
initialization employed in step 1 of this algorithm, we also use the mean squared error on a holdout
set (corresponding to samples 1/2+1 through n) to select the final parameter estimates. In particular,
we evaluate the error in a scale-invariant fashion; the computation of the optimal constant c in step 2
of the algorithm can be performed in closed form for each fixed index ¢, since for a pair of vectors
(u, v) having equal dimension, we have

argmin |lu — cv||* = max {M, 0} .
>0 [[o]|?

A key parameter that governs the performance of our search procedure is the number of initializations
M ; we show in the sequel that it suffices to take M to be a quantity that depends only on the number
of affine pieces £, and on other geometric parameters in the problem.

Our overall algorithm should be viewed as a slight variation of the AM algorithm with random
restarts. It inherits similar empirical performance (see panel (b) of Figure to follow), while
significantly reducing the computational cost, since operations are now performed in ambient
dimension k + 1, and the iterative AM algorithm is run only once overall. It also produces provable
parameter estimates, and as we show in the sequel, the number of random initializations M can
be set independently of the pair (1, d). Having stated the necessary background and described our
methodology, we now proceed to statements and discussions of our main results.

®A natural workaround is to use Stein’s lemma on the infinitely differentiable “softmax” surrogate function, but our
approach to this involved balancing the estimation error (which, in turn, involves derivatives of the softmax function)
and approximation error terms, and led to suboptimal dependence on the dimension.
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Algorithm 9: Low-dimensional random search

Input: Data {¢;,y;}"_,, subspace estimate U € R*** having orthonormal columns that
(approximately) span the & dimensional subspace spanned by the vectors 07, ..., 0},
and number of random initializations M € N.
Output: Initial estimator of parameters Bfo), e 6,&0).
2 Choose M - k random points v i.i.d. for £ € [M] and j € [k], each uniformly from the
(k + 1)-dimensional unit ball B**!. Let

~ [U o
7=[o 4]

be a matrix in R(*+D*(*+1) haying orthonormal columns.
4 Compute the index

9 n . 2
(" € argmin — < min Z (yZ — cmax (&, VVf))

telmM] M| 20 imny241 J€lk]
6 Return the (d + 1)-dimensional parameters

B — b for each j € [K].

J J

6.3 Main results

In this section, we present our main theoretical results for the methodology introduced in Section[6.2]

6.3.1 Local geometric convergence of alternating minimization

We now establish local convergence results for the AM algorithm. Recall the definition of the
parameters (Tyin, A, k) introduced in Section and the assumption that the covariates {x;}!" ,
are drawn i.i.d. from the standard Gaussian distribution N (0, I;). Throughout the paper, we assume
that the true parameters 37, . .., 3} are fixed.

Theorem 12. There exists a tuple of universal constants (cy, ¢o) such that if the sample size satisfies

the bound
ke 5 k°K?
n > c¢;max {d, 10log n} max {anin’ o AT [
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then for all initializations 6%0), e 5}20) satisfying the bound
(0) (0) * *
. Hc<ﬁj ~ Py ) ~ (5~ 5) ‘ < ¢ T g3/ (KR (6.14a)
min  max c 0 , .
>0 1<j#j/<k 105 — 07| = P2 8 o in

the estimation error at all iterations t > 1 is simultaneously bounded as

k t /[ k
(t) * 3 « 5(0) . kd
;”@‘ ~GlIF < (1> (; le*5; —5j||2>+cm2ﬂ3 ~log(kd) log(n/kd)  (6.14b)

min

with probability exceeding 1 — c, (k: exp (—cln%) + S—i) Here, the positive scalar c* minimizes
the LHS of inequality (6.14a).

See Appendix [6.6]for a concise mathematical statement of the probability bound.

Let us interpret the various facets of Theorem @ As mentioned before, it is a local con-
vergence result, which requires the initialization ﬂf)), e ,B,io) to satisfy condition (6.14a). In
the well-balanced case (with m,;, ~ 1/k) and treating k as a fixed constant, the initialization
condition ([6.144a)) posits that the parameters are a constant “distance” from the true parameters. No-
tably, closeness is measured in a relative sense, and between pairwise differences of the parameter
estimates as opposed to the parameters themselves; the intuition for this is that the initializa-
tion Bfo), . ,(CO) induces the initial partition of samples S ( %0), e ,ﬁ,go)), S %0), e ,6,20)),
whose closeness to the true partition depends only on the relative pairwise differences between
parameters, and is also invariant to a global scaling of the parameters. It is also worth noting that
local geometric convergence of the AM algorithm is guaranteed uniformly from all initializations
satisfying condition (6.14a)). In particular, the initialization parameters are not additionally required
to be independent of the covariates or noise, and this allows us to use the same n samples for
initialization of the parameters.

Let us now turn our attention to the bound (6.14b)), which consists of two terms. In the limit
t — o0, the final parameters provide an estimate of the true parameters that is accurate to within the
second term of the bound (6.14b)). Up to a constant, this is the statistical error term

O (d, Ky Tomin) = 02 fd log(kd) log(n/kd) (6.15)
that converges to 0 as n — o0, thereby providing a consistent estimate in the large sample limit.
Notice that the dependence of 0,, ,(d, k, Tmin) 0n the tuple (o, d, n) is minimax-optimal up to the
logarithmic factor log(n/d), since a matching lower bound can be proved for the linear regression
problem when k£ = 1. In Proposition (see Appendix we also show a parametric lower
bound on the minimax estimation error for general k, of the order o?kd/n. Panel (c) of Figure
verifies in a simulation that the statistical error depends linearly on d/n. The dependence of the
statistical error on the pair (k, 7y, ) is more involved, and we do not yet know if these are optimal.
As discussed before, a linear dependence of 7,,;, 1s immediate from a sample-size argument; the
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Figure 6.1: Convergence of the AM with Gaussian covariates— in panel (a), we plot the noiseless
sample complexity of AM; we fix ||| = 1 forall ¢ € [k], 0 = 0 and 7, = 1/k. We say [ is
30 _ 5,*‘
of samples n, such that the empirical probability of success over 100 trials is more than 0.95, and
output the least such n. In panel (b), we plot the optimization error (in blue) Zle I 6]@ — BJ(.T) 1%

recovered if ‘ < 0.01. For a fixed dimension d, we run a linear search on the number

2
and the deviation from the true parameters (in red) Zle HB](-t) — BJ*H /o2 over iterations ¢ for

different o (0.15,0.25,0.4,0.5), with k£ = 5, d = 100, T" = 50 and n = 5d, and averaged over 50
trials. Panel (c) shows that the estimation error at 7' = 50 scales at the parametric rate d/n, where
we have chosen a fixed kK = 5 and o = 0.25. Panel (d) shows the variation of this error as a function
of Tmin Where we fix k = 3,d = 2,n = 10%,0 = 0.4.

cubic dependence arises because the sub-matrices of = chosen over the course of the algorithm are
not always well-conditioned, and their condition number scales (at most) as 72, . In Appendix
we show a low-dimensional example (with d = 2 and k£ = 3) in which the least squares estimator

incurs a parameter estimation error of the order —=— even when provided with the true partition

min

of covariates {S;(55, ..., 55) ?:1. While this does not constitute an information theoretic lower
bound, it provides strong evidence to suggest that our dependence on 7,,;, is optimal at least when
viewed in isolation. We verify this intuition via simulation: in panel (d) of Figure[6.1] we observe
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that on this example, the error of the final AM iterate varies linearly with the quantity 1/73, .

The first term of the bound (6.14b)) is an optimization error that is best interpreted in the noiseless
case o = (), wherein the parameters ﬂft), cee 5,?) converge at a geometric rate to the true parameters
B, ..., B;, as verified in panel (a) of Figure In particular, in the noiseless case, we obtain

exact recovery of the parameters provided n > C ﬂ’;‘? log(n/d). Thus, the “sample complexity”

of parameter recovery is linear in the dimension d, which is optimal (panel (a) verifies this fact).
In the well-balanced case, the dependence on £ is quartic, but lower bounds based on parameter
counting suggest that the true dependence ought to be linear. Again, we are not aware of whether
the dependence on 7,,;, in the noiseless case is optimal; our simulations shown in panel (a) suggests
that the sample complexity depends inversely on 7,;,, and so closing this gap is an interesting open
problem. When o > 0, we have an overall sample size requirement

k k52
n > cmax {d,10logn} - max {W:f , o AWTE’. } :=nam(c). (6.16)

As a final remark, note that Theorem [12] holds under Gaussian covariates and when the true
parameters (37, ..., (; are fixed independently of the covariates. In Chapter 7} it is shown that both
of these features of the result can be relaxed, i.e., AM converges geometrically even under a milder
covariate assumption, and this convergence occurs for all true parameters that are geometrically
similar.

6.3.2 Initialization

In this section, we provide guarantees on the initialization method described in Algorithms [§and 9]
in Theorems [13]and[14] respectively.

Consider the matrices U and M defined in Algorithm I Algorlthmlls a moment method: we
extract the top & principal components of a carefully chosen moment statistic of the data to obtain a
subspace estimate U. Spectral algorithms such as these have been used to obtain initializations in a
wide variety of non-convex problems [56, 98, 188] to obtain an accurate estimate of the subspace
spanned by the unknown parameters. It is well-known that the performance of the algorithm in
recovering a k-dimensional subspace depends on )\k(E[J\//j |), which is the k-th largest eigenvalue of
the population moment ]E[]T/[\ |. We show in the proof (see the discussion following Lemma that
there is a strictly positive scalar ~y such that

—~

M(E[M]) > 7. (6.17)

It should be stressed that we obtain an explicit expression for v as a function of the various
problem parameters (in equation (6.48)) of the proof) that is, a priori[], independent of the ambient
dimension d.

"While this may seem surprising—after all, the unknown parameters 67, ..., 0; live in dimension d—all the
interesting action is confined to the £ dimensional subspace spanned by these parameters and + is a function of the
geometry induced by the parameters on this subspace.
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This characterization is the main novelty of our contribution, and allows us to establish the
following guarantee on the PCA algorithm. We let U* € R¥* denote a matrix whose orthonormal

columns span the linear subspace spanned by the vectors 67, . .., 0}, and define the quantity
= 0%, + b5} . 6.18
¢ = max {11651l + b5} (6.18)

Theorem 13. There is a universal constant C' such that U satisfies the bound

0% + 8) kdlog®(nk)

72

108 — U2 < © (

n

with probability greater than 1 — C'n~1°,

The proof of Theorem[13]is provided in Appendix We have thus shown that the projection
matrix U*(U*)" onto the true subspace spanned by the vectors 05, .. ., 0} can be estimated at the
parametric rate via our PCA procedure. This guarantee is illustrated via simulation in panel (a) of
Figure[6.2]

Let us now turn to establishing a guarantee on Algorithm 9 when it is given a (generic) subspace
estimate U as input. Since the model (6.1)) is only identifiable up to a relabeling of the individual
parameters, we can only hope to show that a suitably permuted set of the initial parameters is close
to the true parameters. Toward that end, let P, denote the set of all permutations from [k] — [k],
and let

k
. o * A k . (0) |2
s (7)), 000 ) = i 009, - 1 .19

denote the minimum distance attainable via a relabeling of the parameters. With this notation in
place, we are now ready to state our result for parameter initialization. In it, we assume that the
input matrix U is fixed independently of the samples used to carry out the random search.

7r5/,2 og / T s
Theorem 14. Let 6 € (0,1) and 0 < r < Ay ! gg;;(’“/ min)

suppose that

denote two positive scalars. Further

W\oo™ — v |, < A, and that M > (1 + Bmaxy log(1/9).
P = 8Bmaxk?’ N r
Then there is a tuple of universal constants (cy, c3) such that if
n > ¢ max {dlz—g log? (Tmin /), 0231673 log M} ,
Tmin Tonin

then

iy o ({o} 07

E\?® o~ Zlog M
< e (W _ ) {4k ( + B2 U0 = U ()T I2,) + %}
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Figure 6.2: Simulation of the PCA and overall guarantees. We assume that the true parameter matrix
©* = A*(U*)T for a R¥* matrix U* and an invertible A* € R***, and that Algorithm|8]returns a
subspace estimate U. Panel (a) reveals the subspace estimation error as a function of d/n, which is
corroborated by Theorem In panel (b), we compare the performance of our overall algorithm (in
red) with that of AM with repeated random initialization [154] (in blue) averaged over 50 trials. We
fix k = 3,d = 50, n = 35kd and o = 0.1. For a sufficiently large M, both schemes perform in a
similar fashion.

with probability exceeding 1 — 6 — c1kM exp (—cgnm%)

We prove Theorem [14]in Appendix Combining Theorems [13| and [14] with some algebra
then allows us to prove a guarantee for the initialization procedure that combines Algorithms [§]
and@in sequence. In particular, fix a pair of positive scalars ¢ < A and 6 € (0, 1). Then combining
the theorems shows that if (for an appropriately large universal constant c), we have

k
M > (1 4 ¢ Bmaxk® bg;//z(k/ Tmin) ) log(1/0), and the sample size n is greater than

min

k 2 k5 3 k7B§13x
Ninit(€, M, ¢) : = cmax dﬁmin,a ﬁlog(k/wmm) log(M/d), dlog”(nk) log(k’/wmin)m
(6.20)

k
then min.., dist ({CBJ(O)} ’{B;}j1) < €2 with probability greater than 1 — § — cn~19.
j=1 =

Equipped with this guarantee on our initialization step, we are now in a position to state an
end-to-end guarantee on our overall methodology in the next section.

6.3.3 Opverall algorithmic guarantee

Assume without loss of generality that the identity permutation minimizes the distance measure
dist, so that BJ(O) is the estimate of the parameter 3} for each j € [k]. Recall the statistical error
On.o(d, k, Tmin) defined in equation (6.15)), which is, up to a constant factor, the final (squared)

(0® + §2)} )
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radius of the ball to which the AM update converges when initialized suitably, and the notation
nam(c) and ninie (€, M, ¢) from equations (6.16) and (6.20)), respectively. We now state a guarantee
for our overall procedure that runs Algorithms[8] [0 and [7)in that sequence; we omit the proof since
it follows by simply putting together the pieces from Theorem [12]and the discussion above.

Corollary 2. There exist universal constants ¢, and cy such that for each 6 € (0,1), if

2

k
Bmaxk'41 1/2 k min 6'
M <1 e og11/2< /Tmin) log(1/9), n > max {nin;t (02%,017M) ,nAM(cl)}

min

1
and Tozcllog<5 (d/{;w-))’

then the combined algorithm satisfies, simultaneously for all T' > Ty, the bound

k . o
=1

n7

We thus obtain, an algorithm that when given a number of samples that is near-linear in the
ambient dimension, achieves the rate 6,, ,(d, k, Tin) = ;’32—"“‘1 log(kd) log(n/kd) of estimation of
all kd parameters in squared ¢, norm. This convergence is illustrated in simulation in Figure in
which we choose k£ = 3, d = 50 and n = 35kd. Interestingly, panel (b) of this figure shows that our
provable multi-step algorithm has performance similar to the algorithm that runs AM with repeated
random initializations.

The computational complexity of our overall algorithm (with exact matrix inversions) is given

by O (lmd2 log (W) + M nd> , where we also assume that the & top eigenvectors of the

matrix M are computed exactly in Algorithm |8 This guarantee can also be extended to the case
where the linear system is solved up to some numerical precision by (say) a conjugate gradient
method and the eigenvectors of M are computed using the power method, thereby reducing the
computational complexity. Such an extension is standard and we do not detail it here.

6.3.4 Proof sketch and technical challenges

Let us first sketch, at a high level, the ideas required to establish guarantees on the AM algorithm.
We need to control the iterates of the AM algorithm without sample-splitting across iterations, and
so the iterates themselves are random and depend on the sequence of random variables (&;, €;) ;. A
popular and recent approach to handling this issue in related iterative algorithms (e.g., [99]]) goes
through two steps: first, the population update, corresponding to running (6.12a))-(6.12b)) in the case
n — 00, is analyzed, after which the random iterates in the finite-sample case are shown to be close
to their (non-random) population counterparts by using concentration bounds for the associated
empirical process. The main challenge in our setting is that the population update is quite non-trivial
to write down since it involves a delicate understanding of the geometry of the covariate distribution
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induced by the maxima of affine functions. We thus resort to handling the random iterates directly,
thereby sidestepping the calculation of the population operator entirely.

In order to convey the principal difficulties associated with our approach, let us present a
bound on the error obtained after running a single step of the algorithm, starting at the parameters
fBi, - .., By and obtaining, as a result of one step of the algorithm, the parameters 37", ..., 5. We
use the shorthand notation S; : = S;(B1, ..., Bx), and let Pz;g, . 5,) denote the projection matrix
onto the range of the matrix =g, .

Let y* denote the vector with entry ¢ given by max,cpy (&, ;). We have

.....

12,8 = BOII? = |1 Peiay,..509s; — Zs,8; |1
= || P=iay,... ﬁk)ys +P:7( ..... soes; — 25,5
< 2[|Peis,.... 0 (W5, — Es; BN + 2| Peia, .. pores; I
< 2|lys, — Eg; 87 11” + 2l Peiay.....50€s, I (6.21)

where we have used the fact that the projection operator is non-expansive on a convex set.
Let

({6 ) = max) = { 6 ) = s £} oreach i € ol £ € 4]

denote a convenient shorthand for these events. The first term on the RHS of inequality (6.21)) can
be written as

D = (& 8)* < Z > 1{(&, Bj) = max and (¢, B}) = max} (&, B — B;)°,
1€S; i=1 jl:j'#£j
where the inequality accounts for ties. Each indicator random variable is bounded, in turn, as

1 {(&, B;) = max and (&, Bi) = max} < 1{(&, B;) > (&, B;) and (&, By > (&, /3J*>}
= 1{(&, 8 — By) - (&, B; — B}) <0},

Switching the order of summation yields the bound

> (- (& B ZZ {6, B = By) - (&, B — B) < OY&, B — B)™.

i€S; jlig'#y i=1

Recalling our notation for the minimum eigenvalue of a symmetric matrix, the LHS of inequal-
ity (6.21)) can be bounded as

1Z5,(8) = BDIP = Awin (24,25, - 187 = B11%
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Putting together the pieces yields, for each j € [k], the pointwise bound
1 =T = *
5)\min <:*:§'rj*:5j> . ||6]+ - /8] ||2

< D0 {6 B = B (6 8 = ) S OHE 5 = 50 + IPois, s
jg'#g i=1
(6.22)
Up to this point, note that all steps of the proof were deterministic. Observe from equation ((6.22)) that
in order to obtain an error bound on the next parameter, we need to control three distinct quantities:

(a) the noise term || Pzj(g, ... 3,)€s; ||%, (b) the prediction error of the noiseless problem, given by a
pairwise sum of terms of the form 1 {(&;, 3; — B;/) - (&, By — B5) < 0}(&, B — B5)% and (c) the

minimum eigen value of the covariate matrix restricted to the set S, denoted by Ay (EngSj).

Since the set S is in itself random and depends on the pair (=, €) (since the current parameters were
obtained over the course of running the algorithm), obtaining such a bound is especially challenging.

For step (a)—handled by Lemma [29}—we apply standard concentration bounds for quadratic
forms of sub-Gaussian random variables in conjunction with bounds on the growth functions of
multi-class classifiers [189]. Crucially, this affords a uniform bound on the noise irrespective of
which iterate the alternating minimization update is run from. To show step (b)—in Lemma [30}—we
generalize a result of Waldspurger [59]. Finally, the key difficulty in step (c) is to control the
spectrum of random matrices, rows of which are drawn from (randomly) truncated variants of the
Gaussian distribution. The expectation of such a random matrix can be characterized by appealing
to tail bounds on the non-central x? distribution, and the Gaussian covariate assumption additionally
allows us to show that an analogous result holds for the random matrix with high probability (see
Lemma [3T)). Here, our initialization condition is crucial: the aforementioned singular value control
suffices for the sub-matrices formed by the true parameters, and we translate these bounds to the
sub-matrices generated by random parameters by appealing to the fact that the initialization is
sufficiently close to the truth.

Having discussed our proof of the AM update in some detail, let us now turn to a brief discussion
of the techniques used to prove Theorems|I3]and[I4] As mentioned before, our proof of Theorem[I3|
relies on a lower bound on the eigengap of the population moment. We obtain such a lower bound
by appealing to classical moment calculations for suitably truncated Gaussian distributions [182].
Translating these calculations into an eigengap is quite technical, and involves the isolation of many
properties of the population moments that may be of independent interest. As briefly alluded to
in Section [6.2] the heart of the technical difficulty is due to the fact that that max function is not
differentiable, and so moments cannot be calculated by repeated applications of Stein’s lemma like
in related problems [98, 188, [190].

In order to establish Theorem [14] we crucially use the scale-invariance property of the initializa-
tion along with some arguments involving empirical process theory to show that the goodness-of-fit
statistic employed in the algorithm is able to isolate a good initialization. Establishing these bounds
requires us to relate the prediction and estimation errors in the problem (in Lemma [43]), which may
be of independent interest.
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6.4 Discussion

We conclude with short discussions of prediction error guarantees, a comparison with adaptivity in
convex regression, related models, and future directions.

6.4.1 Guarantees on prediction error

While our principal focus in this paper was on estimation of the unknown parameters {07, b’ f 1» the
complementary question of prediction error is also 1nterest1ng and 1mportant In particular, suppose
that we produce the max-affine function estimate ™4 given by ¢ M (x) : = maxjep ((z, 0, )+b )

for each x € RY, and measure its performance via the prediction error
1 - “(s) * 2
=~ (@) - ¢7(2))’, (6.23)
i=1

where ¢*(x) = max;cp ((z, 07) + b}) denotes the “true” function. When ¢* belongs to the sub-
class of k-piece affine functlons induced by parameters in the set Byo|(Tmin, A, ) and the covariates
are drawn from a Gaussian distribution, our results imply (via Theorem[I2] and by using Lemma 3]
to translate our estimation error guarantee into a prediction error guarantee) the rate

%i(g/b\(MA)(ﬁ) — " (24))? < O(Tmim, A, /{)% log(kd)log(n/kd). (6.24)

At least in principle, an explicit dependence on m,;, should not be expected in the prediction
error, since if a particular pair of parameters (#, b) attains the maximum extremely rarely (resulting
in a small value of m,;;,), then we may simply drop these parameters from the estimate (and estimate
the function with the maximum of the remaining &£ — 1 pieces) without affecting the prediction error
significantly. Indeed the minimax risk of prediction (without any requirements of computational
efficiency) is known to be independent of the geometry of the problem instance (see, e.g., [158]).

We also note that polynomial-time algorithms with small prediction error are known, without
any dependence on 7,;,. In particular, [191, Theorem 1.8] shows that the sample complexity for
obtaining e-accurate estimates in prediction error is bounded by n < exp {cl (k/e logk} d** for
absolute constants c¢; and co. While the dependence on both € and d can likely be 1mpr0vecﬂ these
results provide additional evidence that the prediction error is much less sensitive to the geometry
of the instance than the estimation error considered in this paper.

6.4.2 Comparison with algorithms for convex regression

As mentioned earlier, the most standard estimator in convex regression is the convex least squares
estimator ¢"*) defined as in (6.6) which can be computed efficiently as shown in [[162, |164]. The

8Note that unlike our paper, this work makes only boundedness assumptions on the covariates, and their focus is
not on achieving the optimal dimension/sanoke size dependence.
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performance of gg('s) in the max-affine regression model has been the subject of some interest
in the literature on adaptivity of shape-constrained estimators (see [[192] for an overview of results
of this type). These results mainly focus on the prediction error:

1 - “(Is) * 2

=S (0 (@) — ¢ (@)

n <
=1

as opposed to estimation of the parameters 9;?, b;f, 7 = 1,..., k which is our main focus. There

is actually no natural way of obtaining parameter estimates from g/b\('s) as (;AS('S) will typically be a
maximum of a strictly larger than £ number of affine functions. Let us now compare our results
with the existing results on the prediction error of the convex least squares estimator. When d = 1,
it has been showed by [193]|194] that

n

> (0" () — ¢ (w:))? <

=1

1

n

klogn

n

with high probability assuming that {z;};_, are uniformly spaced on the interval [0, 1. For d > 2,
Han and Wellner [152] studied the adaptivity properties of ngS(b's) which is the least squares estimator
over the class of bounded convex functions which is different from ¢('®) and computationally tricky
to compute. However, [[152]] showed that unless d < 4,

LS (@) — ¢ ()2 < CnHlog )
=1

with high probability assuming that the covariates are drawn from a distribution supported on a
convex polytope with m simplices (the constant pre-factor C',, depends on m). Comparing these
two results with our result on the prediction error (6.24)), we see that when d = 1, our results in the
prediction error are strictly weaker than those of prior work [[193} 194, but as soon as d > 2, they
are significantly stronger than existing adaptivity results [[152], at least for a sub-class of k-affine
functions. We emphasize once again that the focus of the body of work differs from ours, and so the
comparison presented above is necessarily incomplete.

A parallel line of work (including our own) eschews the c-LSE (and its variants) entirely and
pursues a different avenue to alleviate the curse of dimensionalityﬂ by directly fitting convex
functions consisting of a certain number of affine pieces [55]], or more broadly, by treating the
number of affine functions as a tuning parameter to be chosen in a data-dependent fashion via
cross-validation [153]. Hannah and Dunson [153]] showed that performing estimation under a
carefully chosen sequence of models of the form via their “convex adaptive partitioning”, or
CAP estimator is able to obtain consistent prediction rates for general convex regression problems.
However, it is unclear if the CAP estimator is able to avoid the curse of dimensionality in the special
case when the true function is k-piece affine.

Note that setting k ~ n% 4+ we can (essentially) recover the entire class of convex functions from the maxima
of k affine functions (see, e.g., Balazs [154]), so interesting parametric structure is only expected to emerge when k is
essentially constant, or grows very slowly with n.
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6.4.3 Related models

Models closely related to (6.1]) also appear in second price auctions, where an item having d features
is bid on and sold to the highest bidder at the second highest bid [195} 196]. Assuming that each of
k user groups bids on an item and that each bid is a linear function of the features, one can use a
variant of the model with the max function replaced by the second order statistic to estimate
the individual bids of the user groups based on historical data. Another related problem is that of
multi-class classification [[189]], in which one of k labels is assigned to each sample based on the
argmax function, i.e., for a class of functions F, we have the model Y = argmax; f;(X) for j
distinct functions fi, ..., fr € F. When F is the class of linear functions based on d features, this
can be viewed as the “classification” variant of our regression problem.

The model can also be seen as a special case of multi-index models [197,198] as well as
mixture-of-experts models [[199, 200]. Multi-index models are of the form
Y = g((07, X),....(6;, X)) + € for an unknown function ¢ and this function g is taken to be
the max(-) function in the model (6.1I). In the mixture-of-experts model, the covariate space is
partitioned into £ regions via certain gating functions, and the observation model is given by &
distinct regression functions: one on each region. The model is clearly a member of this class,
since the max(-) function implicitly defines a partition of R? depending on which of the & linear
functions of X attains the maximum, and on each of these partitions, the regression function is
linear in X.

6.4.4 Open Problems

In this paper, we analyzed a natural alternating minimization algorithm for estimating the maximum
of unknown affine functions, and established that it enjoys local linear convergence to a ball around
the optimal parameters. We also proposed an initialization based on PCA followed by random
search in a lower-dimensional space. An interesting open question is if there are other efficient
methods besides random search that work just as well post dimensionality reduction. Another
interesting question has to do with the necessity of dimensionality reduction: in simulations (see,
e.g., Figure[6.2), we have observed that if the AM algorithm is repeatedly initialized in (d + 1)-
dimensional space without dimensionality reduction, then the number of repetitions required to
obtain an initialization from which it succeeds (with high probability) is similar to the number of
repetitions required after dimensionality reduction. This suggests that our (sufficient) initialization
condition (6.14a) may be too stringent, and that the necessary conditions on the initialization to
ensure convergence of the AM algorithm are actually much weaker. We leave such a characterization
for future work, but note that some such conditions must exist: the AM algorithm when run from a
single random initialization, for instance, fails with constant probability when k£ > 3. Understanding
the behavior of the randomly initialized AM algorithm is also an open problem in the context of
phase retrieval [59, 201].

We note that once again that the Gaussian assumption made in this paper for convenience of
analysis can be relaxed to allow (for instance) log-concave covariate distributions, which includes
the uniform distribution on [—1, 1] common in nonparametric statistics. Such an extension requires
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significant technical effort and the structure of the proof also changes slightly; simultaneously, the
dependence of the eventual error bounds on the parameter 7, is also different in the more general
setting. In particular, Lemmas [30}{32)in the current paper must be extended, and this requires, among
other things, an analysis of random matrices whose rows are drawn from a (truncated) small-ball
distribution. Our companion paper [202] is also concerned with the universal setting in which
guarantees are proved uniformly over all choices of parameters once the covariates have been drawn,
in contrast to the setting of the current paper in which parameters are fixed in advance. Universal
guarantees are commonly sought out in statistical signal processing applications, including phase
retrieval [56]].

In the broader context of max-affine estimation, it is also interesting to analyze other non-convex
procedures (e.g. gradient descent) to obtain conditions under which they obtain accurate parameter
estimates. The CAP estimator of Hannah and Dunson [[153]] and the adaptive max-affine partitioning
algorithm of Balazs [[154] are also interesting procedures for estimation under these models, and
it would be interesting to analyze their performance when the number of affine pieces k is fixed
and known. For applications in which the dimension d is very large, it is also interesting to study
the model with additional restrictions of sparsity on the unknown parameters—such problems
are known to exhibit interesting statistical-computational gaps even in the special case of sparse
phase retrieval (see, e.g., Cai et al. [203]). We also note that in practice, and especially for convex
regression, the parameter £ would be unknown and must be estimated (say) via cross-validation.
Understanding the behavior of such a two-stage estimator is an important direction of future work.

Appendix

We now present proofs of our main results. We assume throughout that the sample size n is
larger than some universal constant. Values of constants ¢, ¢y, ¢, . .. may change from line to line.
Statements of our theorems, for instance, minimize the number of constants by typically using one
of these to denote a large enough constant, and another to denote a small enough constant.

6.5 Proofs

6.5.1 Technical results concerning the global LSE

In this section, we provide a proof of the existence of the global least squares estimator that was
stated in the main text. We also state and prove a lemma that shows that the global LSE is a fixed
point of the AM update under a mild technical condition.
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6.5.2 Proof of Lemma
Fix data (x1,41), ..., (2n, y,) and let

n

2
L(vi,.oo ) = E (y - rjrg[gg]d&, ’m)
=1

denote the objective function in (6.5 with &; := (x;, 1). The goal is to show that a global minimizer
of L(v1,...,7) over vi,...,v € R¥! exists. For vy,...,7, € R let S7,..., S} denote a
fixed partition of [n] having the property that

(&, v5) = max(&, Yu) for every j € [k] and i € .

u€(k]
Also, let 317, ceey B\,Z denote the solution to the following constrained least squares problem:
mlmmlze Z Z — (&, ﬁ]
..... j=1 zeS'Y

subjectto (&, 5;) > (&, Bu),u,j € [k],i € SJ'

Note that the above quadratic problem is feasible as 71, . . ., 7 satisfies the constraint and, conse-
quently, 37, ..., 3] exists uniquely for every 71, ...,y € R, Note further that, by construction,

L(@?,---,EZ) < L(y,-- -5 7)-

and that the set R
A = {(617,,6;) SV, Yk € Rd“}

is finite because 317, e B,Z depends on 74, . .., 7, only through the partition S}, ..., S} and the
number of possible such partitions of [n] is obviously finite. Finally, it is evident that

( fls), ce ,gs)) = argmin L(By,...,Bk)
(B1,...8k)EA

is a global minimizer of L(vy,...,7) as

L(AY. BY) <L (Bl ) < Ll

for every i, ...,k This concludes the proof of Lemma [27]
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6.5.3 Fixed point of AM update

The following lemma establishes that the global LSE is a fixed point of the AM update under a mild
technical condition.

Lemma 28. Consider the global least squares estimator (6.5). Suppose that the k values (&;, E"js)
forj =1,... karedistinct for each i € [n]. Then

Bj(.ls) € argmin Z (yi — (&, B))° for every j € [k]. (6.25)

BERI+HL ey .
i€S;(B,....31)

Proof. It is clearly enough to prove for j = 1. Suppose that Bﬁ's) does not minimize the least
squares criterion over Sl(ﬁfs), - B,SS)). Let

~(1 .

Y eargmin > (yi— (&, B)°

BERI+H1 iesl(E§IS) ..... ﬁgs))

be any other least squares minimizer over S ( Bf's), cee ESS)) and let, for € > 0,
Pt s ~(Is s
Bia=BY +c (31 - BY).

When € > 0 is sufficiently small, we have

Sj(gl,@'s) o ('s ) = (51'5 NG Is)) for every j € [k]

due to the no ties assumption and the fact that ﬁl and 61 ') can be made arbitrarily close as ¢ becomes
small. Thus, if

UBa,.- ., Pr) = Z (yz ~ max (& B;) ) Z Z (v — (&, B))?,

i=1 jelk] i€S;(B1,..,Bk)

then
o 7au (0 ~ 2
UGB = Y @ i) Y Y (w6 B
i€51(B1,85%....BL) 022 je g, (3,30 50
~ 2
- Y (i)Y Y (w8
ieS, (B(Is) ﬁ(ls). E](Cls)) 7j>2 IGS (B(IS) B(IS) ."](Cls))
Is) ~1e1\ 2
< > @)Y Y (8
ies (3 3.5 22 i, 310 350 )

| I (1
=UBY, B .. B

where the strict inequality above comes from the fact that El is closer to the least squares solution

fyf' 9 compared to Bf's). This leads to a contradiction as the criterion function is smaller than its value

at a global minimizer, thereby concluding the proof. 0
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6.6 Proof of Theorem 12

Let us begin by introducing some shorthand notation, and providing a formal statement of the
probability bound guaranteed by the theorem. For a scalar w*, vectors u* € R% and v* = (u*, w*) €

R?*!, and a positive scalar 7, let B, (r) = {v e Ri+t =l < r} , and let

[[u]]

I(r; {6}‘}?21) = {61, B ERT 3> 0B - Bj) € Bf;;_ﬂ;(r) forall1 <i#j < k‘}

Also, use the shorthand

k . 3 t k
do(ri{B}e,) = s )Z||6§)—B;*I|2—(Z) <Z||c*@§0>—ﬁ;||2),and
=1 j=1

BB eT(r) j=

SN (d, K, Topin) 1 = 0” log(kd) log(n/kd)

3
T min
to denote the error tracked over iterations (with c* denoting the smallest ¢ > 0 such that ¢(3; — 5;) €
Bs: s (r) forall 1 <i # j < k), and a proxy for the final statistical rate, respectively.

Theorem (12| states that there are universal constants c; and cs such that if the sample size obeys
the condition n > nam(cy ), then we have

7T6

6 2
min , 1k N Tinin k
Pr {rgalx 0y <62 e {6 }j:1> > ¢16,,,(d, k‘mmin)} < (k exp (—cm P ) + ﬁ) :
(6.26)

Let us assume, without loss of generality, that the scalar ¢* above is equal to 1. It is convenient
to state and prove another result that guarantees a one-step contraction, from which Theorem
follows as a corollary. In order to state this result, we assume that one step of the alternating
minimization update (6.12a)-(6.12b) is run starting from the parameters {/; }le to produce the

. k
next iterate { 6;-“ }j: |- We use the shorthand

U:j =0 — Bj* )
v;; = B — P, and
oty = 6 ~ B}
Also recall the definitions of the geometric quantities (A, k). The following proposition guarantees

the one step contraction bound.

Proposition 15. There exist universal constants ¢, and cy such that

(a) If the sample size satisfies the bound n > c¢; max {;ﬁk—, logn - k2 } then for all parameters

k min min
{B;};_, satisfying

*
HUJJ/ — Y

<A<k |05 — 05|

0: — 07, 6
10g3/2 <| H J J H ) <ec Trmm (6.273)

=~ (2 )
L g% 2
|03 = V5 i
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we have, simultaneously for all pairs 1 < j # { < k, the bound

o3 = w3l i 1 log =P foey —vi 2\ o? kd
”Q?‘—ngax{ " 4’f} Z [ A [ i A AT

m1n min

(6.27b)

with probability exceeding 1 — ¢, (k’ exp ( Con 122 ) + Z—i)

mln

(b) If the sample size satisfies the bound n > c¢; max { —5—, logn - } then for all parameters

{B; }j:1 satisfying

ma ijvj/ — U;:j/ 10g3/2 ||9;< _ 9;’” < 27Tr6mn (6283)
1<i#i'<k  |0% — 0% || v — vl ) = 7 k2

we have the overall estimation error bound

k k
. 3 . kd
S U =B < T (Z 18, — B, ||2> + claZﬁ —log(k) log(n/dk) (6.28b)
i—1 i=1 min
with probability exceeding 1 — ¢, (kz exp (—Czn;lefzf> + :—i>

Let us briefly comment on why Proposition [15]implies Theorem [12] as a corollary. Clearly,
equations (6.28a) and (6.28b)) in conjunction show that the estimation error decays geometrically
after running one step of the algorithm. The only remaining detail to be verified is that the next

iterates { B;-L }j: , also satisfy condition provided the sample size is large enough; in that case,

the one step estimation bound can be applied recursively to obtain the final bound (6.14D)).
With the constant c, from the proposition, let r;, be the largest value in the interval [0, e=%/?

such that 7, log®?(1/7;) < ¢ ﬂgn;“. Similarly, let 7, be the largest value in the interval [0, e%/2]

such that r, log3/ 2(1 /1) < ¢ T;%i” Bounds on both of these values will be used repeatedly later on.
Assume that the current parameters satisfy the bound (6.27a). Choosing n > 4xd/m3. and
applying 1nequa11ty (6.270), we have, for each pair 1 < j # ¢ < k, the bound

H'UJF — vt Hv 2 Hv —— 2 kd
5,0 , 3,3’ £,] 0,5 g” o
—_— —0 —1 d
T (Z R e e R
1, 02 l{:d
< = —1 d).
Further, if n > Co? _W for a sufficiently large constant C', we have
n 2
HUM v < g2

105 = O11> —
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Thus, the parameters {ﬁf}j: | satisfy inequality for the sample size choice required by
Theorem Finally, noting, for a pair of small enough scalars (a, b), the implication

b
a < §log_3/2(1/b) — alog®?(1/a) < b,

and adjusting the constants appropriately to simplify the probability statement completes the proof
of the theorem. It now remains to establish Proposition [I5]

6.6.1 Proof of Proposition

Recall that we denote by
(6 ) = {10 <0 6 5 = o (6 80},

the indices of the rows for which (3; attains the maximum, and we additionally keep this sets disjoint
by breaking ties lexicographically. To lighten notation, we use the shorthand

Ej(ﬁhuﬁk‘) ::Esj(ﬁl ..... ,Bk)
Recall the notation
B, (r) = {v € R . % < r}

introduced before, and the definitions of the pair of scalars (r,, ). To be agnostic to the scale
invariance of the problem, we set ¢* = 1 and define the set of parameters

I(r)= {Bl,...,ﬁk t v € Byy (r) forall 1 <i# j < k;},

and use the shorthand Z, : = Z(r,) and Z, : = Z(r}), to denote the set of parameters satisfying

conditions (6.274) and (6.284a)), respectively,
Finally, recall the deterministic bound (6.22)) established in Section [6.3.4] restated below for

convenience.

1 —_ —_ * - * *

g hmin <:gj:SJ-> B = B1P < D0 D 1 {lG vig) - (& vip) S OHE 0507 + I Paigay,.snes, I
§'5'#5 =1

It suffices to show high probability bounds on the various quantities appearing in this bound. First,

we claim that the noise terms are uniformly bounded as

k -1
Pr{ wp S IPo s Bwn?z202k<d+1>1og<kd>1og<n/kd>}s(,fd) - and

(6.29a.1I)
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Second, we show that the indicator quantities are simultaneously bounded for all j, j’ pairs. In
particular, we claim that there exists a tuple of universal constants (C, ¢y, ¢z, ¢') such that for each
positive scalar r < 1/24, we have

PI‘{EH S j 7£ j/ S k, Uj,j, E ij . Z Z { 5@7 Uj] 5717 ]] < O} fl? ]]

g'#g =1

* k —can —c’ max ogn
> C'max{d,nrlog®?(1/r)} Z | v, — vj’j,||2} < (2> {ne e {d.10log }} :
33’ #7
(6.29b)
Finally, we show a bound on the LHS of the bound (6.22)) by handling the singular values of
(random) sub-matrices of = with a uniform bound. In particular, we claim that there are universal

constants (C, ¢, ¢) such that if n > C'max { ,logmn - —6—} then for each j € [k], we have

mlll min

6

Pr{m,ﬁ.f%igb win (F(Brr- -, BT F(Br,... Br)) < Ol }SCGXP (‘”Wz’?) Hen
(6.29¢)

Notice that claim (6.29a.1) implicitly defines a high probability event £(+)), claim (6.29a.1)
defines high probability events 8 ), claim (6.29b) defines a high probability event £®)(r), and

claim (6.29¢)) defines high probability events £ jc). Define the intersection of these events as

Er) =D N T NEYH NN & ]

J€[k] JE[K]

and note that the claims in conjunction with the union bound guarantee that if the condition on the

mln min

sample size n > ¢y max { ,logn - T} holds, then for all < r,, we have

6

T min kQ
Pr{&€(r)} >1—¢ | kexp | —can 12 +— |,

n7

where we have adjusted constants appropriately in stating the bound. We are now ready to prove the
two parts of the proposition.

Proof of part (a): Work on the event £(r,). Normalizing inequality (6.22) by n and using

claims (6.29a.Il). (6.29b), and with = r, then yields, simultaneously for all j € [k], the
bound

. d
197 - 1P < O {

min min

s gk
512 m} > sy — 50+ O log(n/d)

'] min
(i)

kd
o 2 ’ 2
§max{ = 4]{%} E |vj 50 — vi "+ C'o -

jl ]/¢j min

log(n/d),
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where in step (i), we have used the definition of the quantity r,. Using this bound for the indices
J, £ in conjunction with the definition of the quantity x proves inequality (6.27b). 0J

Proof of part (b): We now work on the event £(r;,) and proceed again (see equation (6.22))) from
the bound

Hﬁf - B;HQ < C'max {ma ﬁ log / (1/7s) Z v — H2 + nginnHPEj(Bl ..... ﬂk)eSjH2'
J'#3

Summing over j € [k] and using the fact that ||a + b||* < 2||a||* + 2]|b||?, we obtain

k

. kd  kr
Z\Iﬁf—ﬂj!FSCmaX{ﬂs o log™(1/m) } (Z 18 = 5 HQ)
j=1

min min

7777 Bk ES ||

mm

kd
(Z 18— 8; u?) + 00— log(k) log(n/kd).

min

'L'L
<

H>IO~3

where in step (i7), we have used the definition of the quantity 74, the bound n > Ckd/x3. , and
claim (6.29a.I). This completes the proof. O
We now prove each of the claims in turn. This constitutes the technical meat of our proof, and
involves multiple technical lemmas whose proofs are postponed to the end of the section.

Proof of claims and (6.29a.1T): We begin by stating a general lemma about concentration
properties of the noise.

Lemma 29. Consider a random variable z € R" with i.i.d. o-sub-Gaussian entries, and a fixed
matrix = € R™ @D Then, we have

sup Z | Pzisy....50 2|17 < 20°k(d + 1) log(kd) log(n/kd) (6.30a)

,,,,,

with probability greater than 1 — (k d) ! and

sup max || Peis,,..5)28; 51,0010 < 20°k(d + 1) log(n/d) (6.30b)
B, Bp€Rd+L FE[K]

with probability greater than 1 — (Z)fl

The proof of the claims follows directly from Lemma [29] since the noise vector e is independent
of the matrix =, and Z, C (Rd“)@k. O
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Proof of claim (6.29b): We now state a lemma that directly handles indicator functions as they
appear in the claim.

Lemma 30. Let uv* € R? and w* € R, and consider a fixed parameter v* = (u*, w*) € R
Then there are universal constants (cy, ca, c3, c4) such that for all positive scalars r < 1/24, we
have

- (%Z 1{(6 ) - (6 ) < 0}(6, >> o= < exma{ 4 riog2? (1)

vEB,* (1

with probability exceeding 1 — cie~c2™ax{d:10logn} _ ope=can Here we adopt the convention that
0/0 =0.

Applying Lemmawith v = v; 5 and v* = vj ,, for all pairs (7, j') and using a union bound
directly yields the claim. O

Proof of claim (6.29¢)): For this claim, we state three technical lemmas pertaining to the singular
values of random matrices whose rows are formed by truncated Gaussian random vectors. We
let bol(K) denote the volume of a set K C R? with respect to d-dimensional standard Gaussian
measure, i.e., with vol(K) = Pr{Z € K} for Z ~ N (0, I,).

Lemma 31. Suppose n vectors {x;}"_, are drawn i.i.d. from N(0,1;), and K C R? is a fixed
convex set. Then there exists a tuple of universal constants (c1,cy) such that if vol>(K)n >
cidlog? (1/ vol(K)), then

)\min ( Z €z§;> Z Co 00[3(}() n

i, €K
with probability greater than 1 — ¢, exp (—cznlog n(ul[;fﬁ()l{))> — ¢y exp(—cyn - vol(K)).

For a pair of scalars (w, w’) and d-dimensional vectors (u, '), define the wedge formed by the
d + 1-dimensional vectors v = (u, w) and v' = (u/, w’) as the region

W, v')={zeR: ((z, u) +w) - ({z, ) +w') <0},

and let Wy = {IWW = W(v,v’) : vol(W) < ¢} denote the set of all wedges with Gaussian volume
less than ¢. The next lemma bounds the maximum singular value of a sub-matrix formed by any
such wedge.

Lemma 32. There is a tuple of universal constants (cy, c2) such that if n > ¢y max {d, 105# }, then

sup >\max ( Z ngz—r) S Cln\/g

WeWws i, EW

with probability greater than 1 — exp(—cond?) — n=19,
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We are now ready to proceed to a proof of claim (6.29¢c). For convenience, introduce the
shorthand notation

S5 =5 (B, Bk)

to denote the set of indices corresponding to observations generated by the true parameter f3;.
Letting AAB := (A\ B)J (B \ A) denote the symmetric difference between two sets A and B,
we have

Amin <:—Sr :S ) Z )\min <:;‘—*:S*> - Amax <E—SF;AS]-ES;AS]'> .
Recall that by definition, we have
gamzﬁ;@,w}:mmmm@4m¢nqugwg@p¢mwam@u@pﬂm@
C | {i:& v (G v <0}

J'elk\I

U oz e W (u],055)} (6.31)

VS LAV

Putting together the pieces, we have

Muin (23,25, ) = A (25255 ) - PR (Z )sifi .63
iz €W (v 05

Now by Lemma@ the definition of the set Z;, and the definition of r;,, we have

6 .
vol (W (v}, 055)) < nry log'/%(1/ry) < Wl?zm.

Owing to the sample size assumption n > C' max {d k? log"} the conditions of Lemma are

min

satisfied, and applying it yields

3

e
sup )\max Z fzfz—r S nC%
v /EB x (ra)
5.4 zx,EW(v ,v]]/)

6
with probability exceeding 1 — n =% — exp ( cn ,;‘2> Moreover, Lemma guarantees the bound
Amnin (EEE S;) > con - 3., so that putting together the pieces, we have
J

3

. —T — T min
inf A (: _:g.) > conmd . — Cnk—2n
B1,--,BLELy i 5375 min k

> Cndon, (6.33)
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with probability greater than 1 — cexp (—cni%%) — n~19. These assertions hold provided

ko k21
nZCHlaX{d'g—, 60gn}7
T min T min
and this completes the proof. O

Having proved the claims, we turn to proofs of our technical lemmas.

Proof of Lemma

In this proof, we assume that o = 1; our bounds can finally be scaled by o2.
It is natural to prove the bound first followed by bound (6.30a)). First, consider a fixed
set of parameters {/3, ..., Ox}. Then, we have

2

I

P02 = |UU 2]

.....

where U € RI¥I*(@+1) denotes a matrix with orthonormal columns that span the range of =7 (31, . . ., Br.).
Applying the Hanson-Wright inequality for independent sub-Gaussians (see [|112, Theorem
2.1]) and noting that [UU " ||z < v/d + 1 we obtain

Pe{UU 2| > (@+1) + 1) < e,

for each t > 0. In particular, this implies that the random variable H UU T zg; H2 is sub-exponential.
This tail bound holds for a fixed partition of the rows of =; we now take a union bound over all
possible partitions. Toward that end, define the sets

={S5;(B1,...,Bk) : Br,..., B € R} foreach j € [k].

From Lemma|[38} we have the bound |S7| < 2¢*@log(en/d) Thus, applying the union bound, we
obtain

and substituting ¢t = ck(d + 1) log(n / d) and performing some algebra establishes bound ([6.30b).

In order to establish bound ([6.304), we once again consider the random variable
Zj L ||P_J (B1,..Bx) 257 H for a ﬁxed set of parameters {1, . .., i }. Note that this is the sum of &k

independent sub-exponential random variables and can be thought of as a quadratic form of the
entire vector z. So once again from the Hanson-Wright inequality, we have
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forall ¢t > 0.
Also define the set of all possible partitions of the n points via the max-affine function; we have
the set

S:{51(617...,5k),...,Sk(ﬂl,...,ﬁk)351,...,Bk€Rd+l}.

Lemma [39] yields the bound |S| < 2¢kdloetkd)log(n/kd) ' and combining a union bound with the high

probability bound above establishes bound (6.30a)) after some algebraic manipulation. O
Proof of Lemma

Let v, = v — v*; we have

1 {<§17 U> : <§’L= U*> S O}<§lv U*>2 S 1 {<§l7 U> : <£Z7 U*> S 0}<§Z7 7v>2
S 1 {<§’La '7v>2 Z <§27 v*>2}<§ia ’71))2'

Define the (random) set K, = {i : (&, 7,)? > (&, v*)?}; we have the bound

1< 1
=D 1{(6 ) - (6 ") < O} v < Bkl
i=1

We now show that the quantity ||=x,~,||? is bounded uniformly for all v € B,-(r) for small enough
r. Recall that u* is the “linear” portion of v*, and let m = max{d, 10logn,n - (16r - y/log(1/r)}

(note that m depends implicitly on 7). We claim that for all » € (0, 1/24], we have

Pl"{ sup ’Kv| > m} S 4e—cmax{d,1010gn} + Cne_c/”, and

vEB,* (1)
(6.34a)
- 2
Pr U sup % > (2d + 20mlog(n/m)) p < e~ cmax{d10logn} (6.34b)
TC[n]: wERTH w
Tiem 970
Taking these claims as given, the proof of the lemma is immediate, since > < Wg(lﬁ)’ so that

log(n/m) < C'log(1/r).
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Proof of claim (6.34a): By definition of the set K, we have

Pr{ sup |K,|>m}< 3 Pr{3veBu(r): Erml? > [Er0"]}

vEB,* (1) TCn):
\TT>m
2 |I= 2 = *|2
-3 refmen L EDE )
i) K| | [Ju]|
|T|>m
= 2 - %12
< Z Pr{EIv € By (r) : 7’2”41%2” > ”qu 2” }
TC[n): 17 [l
\T_|>m
— 2
< Z Pr {Elv € By(r): 7HHT%2H > (Vd+/T] + tT)Q}
TC[n): 7
\TT>m

— * |2
+PY{HHT—U b < mwf} >

(i

where the final step follows by the union bound and holds for all positive scalars {t7}rcp,. For
some fixed subset T" of size ¢, we have the tail bounds

= 2 (4)
Pr<{ sup ” Tu;“ > (\/E—l— VI + t)? 3 < 26’t2/2, forallt > 0, and (6.352)
it T
270" |2 @ e
u

where step (i) follows from the sub-Gaussianity of the covariate matrix (see Lemma[40), and step
(44) from a tail bound for the non-central x? distribution (see Lemma .
Substituting these bounds yields

n 0/2
2 d—+ Vil +t)°
Pr{ sup |K,|>m} < Z (Z) 2e~t/? 1 (erQ. (Va+Vi+t) )

VEB* (1) f=m—+1 ¢
B 4
- n 42 \/E + \/Z + tg
< 9e~t/2 4 | gp MITV T
<2 () 7

Recall that ¢, was a free (non-negative) variable to be chosen. We now split the proof into two cases
and choose this parameter differently for the two cases.
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Case 1, m < ¢ <n/e: Substituting the choice t, = 4,/¢log(n/{), we obtain

) o )]y 3. o5

)
< (%)_C€+ (Tg) (2-q +5\/W))Z
2 () (12 viogom)'
< (%) L (12() \/log(n/ﬁ)y,

where step (i) follows from the bound m > d, and step (iz) from the bound ¢ < n/e.
Now note that the second term is only problematic for small ¢. For all £ > m = n - (167 -
log(1/7)), we have

¢
(12 (%) r s/log(n/ﬁ)) < (3/4)".
The first term, on the other hand, satisfies the bound (%) < (3/4)" for sufficiently large n.

Case 2,/ > n/e: In this case, setting t, = 24/n for each ¢ yields the bound

(2‘) 2t/ ¢ (2r : W)Z <2 (n%) e " 4 (12r)f

< Ce—C n

— )

where we have used the fact that d < n/2 and r < 1/24.

Putting together the pieces from both cases, we have shown that for all » € (0, 1/24], we have

nje
Pr{ sup |K,|>m} < cne "+ Z (3/4)°
’UGBU* (7‘) €:m+1

< cne " + 4(3/4)max{d’1010gn}7

thus completing the proof of the claim.
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Proof of claim (6.34b): The proof of this claim follows immediately from the steps used to
establish the previous claim. In particular, writing

Pre | | IErwl® > 2d+ 20mlog(n/m)

TC[n]: wi|w||=1
|T|<m

<prd J U 1=l > (Va+ v+ imlogin/m)

TCn]: wi|w||=1
[T|<m

<Serd U U =l > (Vs v+ Jamlogl/m))
/=1

TC[n]: wi|w||=1

|T|=¢
(i)

> () expt-2mtogn/m)}

(=1

*(

where step (iv) follows from the tail bound (6.35a). O

IN2
)

IN

—cm
—cmax{d,10logn
) < 2e { },

Sl=

Proof of Lemma 31|

The lemma follows from some structural results on the truncated Gaussian distribution. Using

the shorthand vol : = vol(K) and letting 1) denote the d-dimensional Gaussian density, consider a
random vector 7 drawn from the distribution having density h(y) = 1 (y)1 {y € K}, and denote

vol
its mean and second moment matrix by p.- and X, respectively. Also denote the recentered random

variable by 7 = 7 — p,. We claim that

l1-]|* < Clog (1/ vol) (6.36a)
Cool®>-I <X, < (14 Clog(1/voel)) I, and (6.36b)
T is c-sub-Gaussian for a universal constant c. (6.36¢)

Taking these claims as given for the moment, let us prove the lemma.

The claims (6.36a)) and (6.36¢) taken together imply that the random variable 7 is sub-Gaussian
with parameter (? < 2¢? + 2C'log (1/ vol). Now consider m i.i.d. draws of 7 given by {7;}/" ;
standard results (see, e.g., Vershynin [111, Remark 5.40], or Wainwright [[13, Theorem 6.2]) yield
the bound

1 & d d
Pri | — T =Yl > 2| — — <2 — i ).
r{mm;m oo 2 <m+\/m+5)}_ exp (—enmins, 6%})
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Using this bound along with claim and Weyl’s inequality yields

Amin ( Zﬂ ) > Cool® —(? (% + \/% + 6) (6.37)

with probability greater than 1 — 2 exp (—cn min{4, 6%}).

Furthermore, when n samples are drawn from a standard Gaussian distribution, the number m
of them that fall in the set K satisfies m > %n - vol with high probability. In particular, this follows
from a straightforward binomial tail bound, which yields

vol
Pr{m < 2”” } < exp(—cn - vol). (6.38)

Recall our choice n > C’dlog—nl[él[), which in conjunction with the bound (6.38)) ensures that

C vol® >1 \/> with high probability. Setting 6 = C vol® /o in inequality (6.37)), we have

nnn ( j{:’ﬂ > > ——'00[2

with probability greater than 1 — 2 exp (—cn pol* / 04). Putting together the pieces thus proves the
lemma. It remains to show the various claims. U

Proof of claim Let 74 denote a random variable formed as a result of truncating the
Gaussian distribution to a (general) set .4 with volume vol. Letting ;.4 denote its mean, the dual
norm definition of the /5 norm yields

lpall = sup (v, pra)

veSd—1

< sup HE|<Z“ 7;4>L
vesSd-1

Let us now evaluate an upper bound on the quantity E|(v, 74)|. In the calculation, for any d-
dimensional vector y, we use the shorthand y, : = vy and y,, : = U\Tvy for a matrix Uy, € R4~
having orthonormal columns that span the subspace orthogonal to v. Letting A, C R denote the
projection of A onto the direction v, define the set A\U(w) C R via

A (w) ={yp, ER"':y € Aand y, = w}.
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Letting )4 denote the d-dimensional standard Gaussian pdf, we have

1
Bl w0l = g | o)y
yE

1
= v v — v d
ool y€A|y |90 () t0a—1 (o) dy
1
= |yv|¢(yv) / @Z)d—l(y\v € A\v(yv))dy\v dys,
vol YoEAy Yo €A\ (Yo)
F()
@ 1
< — Yo | (yo) dYo, (6.39)

N UO[ Yp €Ay

where step (7) follows since f(y,) < 1 point-wise. On the other hand, we have

vol =/ V(yy) (/ wd_ldy\v> dy, < / U(Yy)dy,. (6.40)
Y €A, o €A\ (Yo) Yo €Ay

Combining inequalities (6.39) and (6.40) and letting w = y,, an upper bound on ||z, || can be
obtained by solving the one-dimensional problem given by

1
[pe- || <sup — |wleh(w)dw
SCR vol weS

s.t. (w)dw > vol.
weS

It can be verified that the optimal solution to the problem above is given by choosing the truncation
set S = (00, —f) U [, 00) for some threshold 5 > 0. With this choice, the constraint can be written

as
21
vol < (w)dw < 2\/i—e_62/2,
Jw|>5 ™3

where we have used a standard Gaussian tail bound. Simplifying yields the bound

B < 24/log(C/ vol).

Furthermore, we have

1 C 2
= dw = —e /2
vol ‘w‘Z[;'w’w(w) v UO[e

) 3
2 B

< ¢y/log(1/ vol),
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where step (ii) follows from the bound Pr{Z > z} > () (1 — &) valid for a standard Gaussian
variate Z. Putting together the pieces, we have

12| < ¢log(1/ vol).

O

Proof of claim Let us first show the upper bound. Writing cov(7) for the covariance
matrix, we have

I+ llop < I cov(T)llop + Il 12
(iid)
< [[1llop + C'log(1/ vol),

where step (izi) follows from the fact that cov(7) =< cov(Z), since truncating a Gaussian to a convex
set reduces its variance along all directions [204, 205].

We now proceed to the lower bound. Let P denote the Gaussian distribution truncated to the
set /{. Recall that we denoted the probability that a Gaussian random variable falls in the set K by
vol(K'); use the shorthand vol = vol(K'). Define the polynomial

pu(®) = (2 — Exp [X], u)?;

note that we are interested in a lower bound on inf,cgi-1 Exp, [pu(X)].
For > 0, define the set

Sg::{ajeRd:pu(m)gé}ng.

Letting Z denote a d-dimensional standard Gaussian random vector and using the shorthand
a:=Ex.p,[X], we have

Pr{Z € S5} =Pr{{Z — a, u)* < 6} (6.41)
= Pr{(a,u) = VB < (7, u) < (o, u) + Vo | (6.42)

(o, u)+V5 2
_ / B V=0 (6.43)
(a, u)—Vé

where in the final step, we have used the fact that ¢)(x) < 1/+/27 forall x € R.
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Consequently, we have

Exerpu(X)] = B [pu(2)1{Z € K))

1
> LB ()17 € KNS}
() 1
> —E,[51{Z € K N S5)]
)
=—Pr{ZeK 5
ool r{Z € KNS5}

(w) vol—y/20

vol

Here, step (iv) follows from the definition of the set Ss, which ensures that p,,(z) > ¢ for all z € S§.
Step (v) follows as a consequence of equation (6.43), since

Pr{Z e KNS5} =Pr{Z € K} —Pr{Z € S5} > Uo[—wzé.
m

Finally, choosing 6 = ¢ vol? for a suitably small constant ¢, we have Ex p,. [p.(X)] > C vol® for a
fixed v € S9!, Since u was chosen arbitrarily, this proves the claim. O

Proof of claim Since the random variable £ is obtained by truncating a Gaussian random
variable to a convex set, it is 1-strongly log-concave. Thus, standard results [206, Theorem 2.15]
show that the random variable £ is c-sub-Gaussian. 0]

Proof of Lemma 32|

For a pair of d + 1-dimensional vectors (v, v’), denote by
nwey = #{1 1 x; € W(v,0')} (6.44)

the random variable that counts the number of points that fall within the wedge W (v, v'); recall our
notation W; for the set of all wedges with Gaussian volume less than . Since each wedge is formed
by the intersection of two hyperplanes, applying Lemmas [37]and [38]in conjunction yields that there
are universal constants (c, ¢, C') such that

sup nwy < con (6.45)
Wews

with probability exceeding 1 — exp(—c'né?), provided n > 5%' In words, the maximum number of
points that fall in any wedge of volume ¢ is linear in n with high probability.
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It thus suffices to bound, simultaneously, the maximum singular value of every sub-matrix of =
having (at most) con rows. Applying [[181, Theorem 5.7] yields the bounﬂ

T ~10
Pr {s:ﬁ%ﬁan Amax (; &i&; ) > cln\/g} <n 0

where we have used the lower bound n > ¢max{d, logn/d} on the sample size.
Putting together the pieces, we have that if n > cmax {d logn }, then

) 52
sup )\max Z ngj S cln\/g
WeWs iz, €W
with probability exceeding 1 — n™1% — exp(—c'nd?). W

6.7 Proof of Theorem

We dedicate the first portion of the proof to a precise definition of the quantity ~.

Let ©* € R**¢ denote a matrix with rows (67)”,j = 1,... k and let © = ©*(0*)"T € R"*,
We employ the decomposition ©* = A*(U*)", where A* € R¥*¥ is the invertible matrix of
coefficients and U* € R¥** is a matrix of orthonormal columns. Note that for X ~ N (0, I,), the
vector in R with j-th component (X, %) + b3 is distributed as Z + b* where Z ~ N(0, X) and the

vector b* € R¥ collects the scalars {b% }f: | inits entries. For Z ~ N(0, %), let
B E [max(Z + b*)Z"x 1]
 VE[wax(Z + 57 E[(ZT= 1))

P (6.46)

denote the correlation coefficient between the maximum and a particular linear combination of a
multivariate Gaussian distribution. Variants of such quantities have been studied extensively in the
statistical literature (see, e.g., James [207]). For our purposes, the fact that max(Z + b*)Z # 0 for
any finite b*, coupled with a full-rank ¥, ensure that p # 0 for any fixed k. Also define the positive
scalar o : = /E[(max(Z + b*))?], which tracks the average size of our observations. Also recall
the quantity ¢ defined in the main section.

For each j € [k] consider the zero-mean Gaussian random vector with covariance (1 -e] —
I)A*(A*)T(1-e] —I)T. This is effectively a Gaussian that lives in k — 1 dimensions, with density

that we denote by wj<£[}1, Loy .oy, Tj—1, 0, Tjt1y--- mk) atpoint (361, X2, ., Tj-1, O, Tjt1y .- xk) (the

10Strictly speaking, [[181, Theorem 5.7] applies to Gaussian random matrices, i.e., without the appended column of
ones. By multiplying each row of = with an independent Rademacher RV (see the proof of Lemma [0} to obtain a
sub-Gaussian random matrix with the same singular values, and noting also that the proof technique of [[181, Theorem
5.7] relies on chaining and holds for a sub-Gaussian random matrix, one can show that the same result also holds for
the matrix =.
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density is not defined elsewhere). Truncate this random vector to the region {z; > b; — b3 : i € [k]};
this results in the truncated Gaussian density v;(z1, z2, ..., 2;-1,0,241,...2)) for each j € [k].
For any = € R¥ such that z; = 0, define

i o0 o o oo
] _
Fl(z) = / / / .. Yi(x1, ., Tim1, T, Ti, - Tk ) ATy drip dr g .day
sbr o b Jur b

by, b’

(6.47)

to be the i-th marginal density of this truncated Gaussian evaluated at the point , with the convention
that F/ (-) = 0 everywhere. Also define the vector [/ by setting its i-th entry to (F7); = F} (b —b7).
Now let P denote the matrix with entries

P, = {(Fj)i/zkaﬁj(Fj)k ifi #

,) T .
0 otherwise.

Note that the matrix P is the transition matrix of an irreducible, aperiodic Markov chain, with one
eigenvalue equal to 1. Consequently, the matrix I — P is rank £ — 1. With this setup in place, let

7 ;= min {p292, min (Z(Fj)k> Me(2) - VA (L= PT)(I - P))} (6.48)

Jek ‘
k#j

denote a positive scalar that will serve as a bound on our eigengap.

Let M, = E [max(©*X + b*)X] and M, = E [max(©*X + b*)(XX " — I,)] denote the ex-
pectations of the first and second moment estimators, respectively.

For a random variable W ~ N/ (b*, ), we often use the shorthand

{W; = max} := {W; > W, forall 1 <i <k}

Finally, collect the probabilities {m; }_, defined in equation (6.9) in a vector 7 € R*. We use 1 to
denote the all-ones vector in k£ dimensions.
We are ready to state our two main lemmas.

Lemma 33. (a) The first moment satisfies
My =(©")"r and (M, (©0°)'S7'1) =p|(©")TS'1|.
(b) The second moment satisfies

My =0, My(©")'S™1=0, rank(My)=k—1 and

N1 (Ms) > min (Z(Fj)k> M(E) -V (=PI —P)).

j€k /
k#j
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We combine this lemma with a result that shows that the empirical moments concentrate about
their expectations.

Lemma 34. For an absolute constant C, we have

2
> O (0% +¢%) < 5dn'%, and (6.49a)

— log?
pr{HMl_Ml M}

— dlog®(nk
Pr {|||M2 — M|, > C (0% +¢2) 2 (n )} < 5dn~12. (6.49b)
n

Lemma [33|is proved at the end of this section, and Lemma [34|is proved in Appendix For
now, we take both lemmas as given and proceed to a proof of Theorem I3}

Recall the matrix M — ]/\/[\1 ® M\l + M\Q and let M = M, ® M; + M,. By Lemma the
matrix M is positive semidefinite with £ non-zero eigenvalues. In particular, using the shorthand
0 := (0*)Tx7'1, we have § € nullspace(M,), and so

0" MO = (6, My)? = p?0*|0))%,

where the final inequality follows by part (a) of Lemma 33|
Thus, there is a k-dimensional subspace orthogonal to the nullspace of M (and so the range of
M is k dimensional). For any unit vector v in this subspace, we have

v Mv > min{p®0?, \_1(M3)}.

Thus, the kth eigenvalue of M satisfies

Ak(M) > min {pQQZ,min (Z(Fj)k> () - VA (= PTY(I - P))} =,

78 \i
where the equality follows by definition (6.48). By Lemma [34] we have

1M — M2 < 2| M — M2|||§p + 2| My ® My — M; ® M1|||<2;p

op —
dlog(nk
n

) o 4
116 HM1 — M,

2 —_
< 2C (0® + ¢*log®(nk)) HM1HQ+4HM1 — M,

dl k
< C' (0 +¢*log?(nk)) dlog(nk) ),
n
where the last two inequalities each hold with probability greater than 1 — 2n10,
We denote the estimated and true eigenspaces by U and U*, respectively. Applying [208,
Theorem 2] yields the bound

R 2, 2 3

o) - 007l < ¢ (T ) Mt
v n

thereby proving the required result. 0

We now proceed to a proof of Lemma
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6.7.1 Proof of Lemma

Recall our decomposition ©* = A*(U*)", where U* € R¥** is a matrix of orthonormal columns,
and A* € R¥** is an invertible matrix of coefficients. Since we are always concerned with random

variables of the form ©*X with X Gaussian, we may assume without loss of generality by the

rotation invariance of the Gaussian distribution that U* = [e¢ €4 ... ¢], where ¢ denotes the ith

standard basis vector in R,
We let X/ = (X;, Xit1,...,X;) denote a sub-vector of the random vector X, so that by the

above argument, we have ©*X <A x K,
Calculating M,: Using the shorthand Z = A*XF, we have

M, = Emax(©*X + b*) X]
= U*E[max(A* XF + b*) X]
= U*(A*) 'E[max(Z + b*)Z].

Now using Stein’s lemm by a calculation similar to the one performed also in Seigel [209] and
Liu [210], we have

E[max(Z + b*)Z] = X,

where 7 € R¥ is the vector of probabilities, the j-th of which is given by equation (6.9), and we
have used X = A*(A*)"T = (©*)(0*) " to denote the covariance matrix of Z.
Therefore, we have the first moment

M, = U(A") A5 (A% 1 = (0) 7.

Correlation bound: By computation, we have

(M, (©9)7S7 1) = E [max(Z + b")(Z, ©7'1)] 9,. VE[(max(Z +b%))?] - E[(Z, £-11)2]
(@) po- H(@*>T2711

Y

where step (z) follows from the definition (6.46) of the quantity p, and step (iz) from explicitly
calculating the expectation and recalling the definition of p.

Positive semidefiniteness of M,: For some u € RY, let f(X) = max(©*X + b) and ¢,(X) =
(u, X)?. Since g, is an even function, we have E[g, (X )X] = 0. Furthermore, since both f and g,
are convex, applying Lemma 2] (see Appendix yields the bound

E[f(X)gu(X)] = E[f (X)]E[g.(X)],

""One can also derive M; = (©*)"r directly applying Stein’s lemma EX f(X) = EVf(X) to f(x) :=
max(©*X + b*) so that V f(z) equals 67 whenever z belongs to the region when j is maximized.
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so that substituting yields the bound
u' Emax(0*X + b)) XX "u > v E[max(0*X + b)I]u.

Since this holds for all u € R?, we have shown that the matrix E[max(©*X + b)(XX " — I)] is
positive semidefinite.

Calculating M>: We now use Stein’s lemma to compute an explicit expression for the moment
M. By the preceding substitution, we have

XX T =1 Xr(XiL) T ”
Iq_y

My =E XEL(XHT X (X )T -

max(A* X} + b*)

_ {E [max(A"XF + b )(XF(XF)T = 1)) o]
0 0

Once again using the substitution Z = A*X¥ and ¥ = A*(A*)T, we have
My = U*(A*)"'E [max(Z + b*)(Z2ZT = )] (4")" T (U,
and applying Stein’s lemma yields
E [max(Z +b*)(Z2Z" — )] =XII" =1I%,

where IT € R¥* denotes a matrix with entry i, j given by I, ; = E[Z;1 {Zj +b; = max}], and
the final equality follows by symmetry of the matrix.
Simplifying further, we have

My = U*(A*) " MIA*(U*) ",
Nullspace of M,: Notice that I[11 = E[Z] = 0, so that
My(0*) TS = U (A" A (U*)TU*(A*) T8 1 = 0.

Rank of M, and bound on )\, ;(Ms): By the previous claim, we have rank(M,) < k — 1.
Furthermore, the matrix M, has d — k eigenvalues equal to zero, and the other £ of its eigenvalues
equal to those of 11, all of which are positive (by the PSD property of M), and at least one of which
is zero. Thus, it suffices to work with the eigenvalues of I1; in particular, a lower bound on \;_;(II)
directly implies a lower bound on A\j_;(M>).

Let us first show that \;_;(IT) > 0. Since we know that a zero-eigenvector of II is the all-ones
vector 1, it suffices to show that " [1x # 0 when (z, 1) = 0. We use the shorthand = | 1 to denote
any such vector.
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We now explicitly evaluate the entries of the matrix II. We denote the jth column of this matrix
by 1I,. We have

II; = E[Z1{Z; + b} = max}]
=E[1-Z1{Z; + b, = max}] —E[(1- Z; — Z)1{Z; + b} = max}]
=1-E[Z;1{Z; + b, =max}| - E[(1- Z; — Z)1{Z; + b} = max}]. (6.50)
Forany x | 1,wehave x"1E[Z1 {Z + b* = max}]"1 = 0, so that in order to show that z " Iz # 0,

it suffices to consider just the second term in the expression (6.50).
In order to focus on this term, consider the matrix ¢ with column j given by

®; =E[(1-Z; — 2)1{Z; — Z > b" — b’ }].

where the indicator random variable above is computed element-wise. We are interested in evaluating
the eigenvalues of the matrix —®.

The quantity ®; can be viewed as the first moment of a (lower) truncated, multivariate Gaussian
with (original) covariance matrix

kj=1-e] —DA*(A) (1-¢] —I)7.

Recalling the column vectors FV defined (in equation (6.47)) for each j € [k] and applying [211,
(11)] (see also Tallis [182] for a similar classical result), we may explicitly evaluate the vector ®;, as

qu = I{ij
(27) % %
= (1- e]T — DAY (AN G

where in step (iii), we have let G; denote a vector in R* with entry 7 given by

() = {—(Fj)i ifj #1

>z (F7)i otherwise.
Letting G € R*** denote the matrix with G as its jth column, and for z L 1, we have
z' (—®)z =z XSG,

since once again, for each z L 1, we have 21 -e] A*(A*)T(1-e] —I)Tz = 0.

Now consider the matrix XG. In order to show the claimed bound, it suffices to show that
7' YGx # 0if # L 1. We show this by combining two claims:
Claim 1: The nullspace of G is one-dimensional.
Claim 2: Both the left and right eigenvectors of XG that correspond to this nullspace are not
orthogonal to the 1 vector.

We show both claims concurrently. The nullspace of G is clearly non-trivial, since 1" G = 0. Let
us first show, by contradiction, that the left eigenvector corresponding to this nullspace dimension is
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not orthogonal to the all-ones vector. Toward that x, denote the aforementioned left eigenvector
which also satisfies (x,, 1) = 0. By virtue of being a left eigenvector, x, satisfies Xz, = 1, or
in other words, z; = Y~'1. Since z, L 1, we have 1"31 = 0, but this contradicts the positive
definiteness of Y.

It remains to establish that the null-space of G is in fact only one-dimensional, and that its right
eigenvector is not orthogonal to the all-ones vector. Notice that we may write the matrix as

G = (I — P")diag(Q),
where we recall that the matrix P is defined with entries

P, = {(Fni/zk#(mk ifi ]

0 otherwise.
Since all of the entries of P are positive and sum to 1 along the rows, the matrix P matrix can
be viewed as the transition matrix of a Markov chain. Furthermore, since this Markov chain
communicates, it is irreducible and aperiodic, with only one eigenvalue equal to 1. Thus, the matrix
I — PTisrank k — 1, thereby establishing that the nullspace of (i is one-dimensional. Furthermore,
the right eigenvector x, of G is a non-negative vector by the Perron-Frobenius theorem, so that it
cannot satisfy (z,, 1) = 0.

We have thus established both claims, which together show that A, _;(M3) # 0. Further noting

that the matrix M, is positive semi-definite, we have

)\k_l(MZ) > min Gj,j : Amin(E)\/)‘k—l[([ - PT)(I - P)]?

JEK]

and this completes the proof of the claim, and consequently, the lemma. U

6.8 Proof of Theorem [14

Recall the matrix V' formed by appending a standard basis vector to U. First, we show that there is
a point among the randomly chosen initializations that is sufficiently close to the true parameters.
Toward that end, let ¢ : = r + Bpay and define 3 = V! for each j € [k] and £ € [M]. Let

J

(# . = argmin {
Le[M]

t_ 3"
8 llcoBB; — B; II} :
and define the event
# * 37y * *
610, i = { ol = 512 7+ B 0T = U (0"
in words & (M, r) is the event that none of the randomly initialized points (when scaled by a fixed

constant cy) is close to the true parameters. The following lemma bounds the probability of such an
event provided M is sufficiently large.
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Lemma 35. If M > (1+ %)W log(1/9), then Pr{& (M,r)} < 4.

Taking the lemma as given, let us now proceed to the proof of the theorem. Define the shorthand

2 2
P(Bq,-- -, = — max (&;, §5;) — max (&;, 57
(Brr-- - i) 1=~ Z-:%;H (jdk] (6i: By) — max (& 5J>)
for each set of parameters 3y, ..., 8, € R

For each ¢ € [M], let

9 n 2
¢g 1= argmin — Z (yZ — cmax (&, Bf>> :

n iclk
20 i=n/2+1 JElk]

and recall that /* is the index returned by the algorithm. Also note that trivially, we have ¢, > 0
with probability tending to 1 exponentially in 7, so that this pathological case in which the initial
partition is random can be ignored.

Due to sample splitting, the parameters Bf are independent of the noise sequence {¢;} 241"
Thus, applying Lemma j4]from Appendix [6.9.13]yields the bound

— I

- . *t(y/log M
Pr P(CE*Bf e 7CE*B£ ) > C Iﬂ>1(1)1 ,P(Cﬁf, C ,Cﬁf;) + g ( 08 + Cl) < e—cznt(\/logM-&-cl)
¢ n

Le[M)
valid for all ¢ > +/log M + c; and suitable universal constants c; and c,. Setting ¢t = \/log M + ¢;
and on this event, we have
2
P(Cg*ﬁf yoee e ,Cg*ﬁﬁ ) S Clp(Coﬁf g0 ,Coﬁﬁ ) + CL—

with probability greater than 1 — e~ %",

3
> for a suitable constant ¢ and apply
k3

s

To complete the proof, let C(myuin, k) := ¢o ( k

Tmin

Lemmatwice (note that here we use the assumption n > C'd log2 (k/Tmin)) in order to obtain

3
min

> min (155 — e 55 I < Ot B) - Plee 5. )
(]

2log M
S C1- C(Trmina k) : {P(COBf#a s 7COB£#) + &}

n

k o%log M
# *
Scl 'C(Wminak) : {QZHCDﬁJZ _B]HZ_‘_T}
j=1

< Clomne )+ {Zhma s = 5[+
J

(i) N
< 1 Clman ) {1k (12 4 B 0T~ U ()R )

o%log M
n

2log M
+&}
n
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on an event of suitably high probability, where step (iz) follows from Lemma [35| and on the

event (M, r). Note that implicitly, we have also used a union bound over all M choices of our
parameters, which leads to the overall probability bound of 1 — c; kM exp (—02 W) .

Finally, note that provided the RHS above is less than A%/4, each minimum on the LHS is
attained for a unique index j’. This condition is ensured by the sample size assumption of the
theorem; thus, we have

min dist ({66§0)}j1 A6 }j:1> < c1 - C(Mmin, k)

. 2log M
x {4/<; (2 + B2 0T — U ()1, ) + &} .

n

Combining the various probability bounds then completes the proof. O

6.8.1 Proof of Lemma 35
Recall that U* is a matrix of orthonormal columns spanning the k-dimensional subspace spanned
by the vectors {67, ..., 6;}. Define the matrix

. [ur o]
=0

for each j € [k], we have 87 = V*v} for some vector v/} € R*¥+1 Also define the rotation matrix

[oTur o
o= 7" 1),

ouTUs —U* 0

0 0
unitarily invariant norm || - ||.

Now for each j € [k] and ¢ € [M], applying the triangle inequality yields

so that VO — V* = l } and we have |[VO — V*|| = |[UUT — U*(U*)7|| for any

Hcoﬁf — G5l < HcoVOuf —VOui| + [[VOv; = V™|
< leor = vl + 1 1IVO = V¥ {lop
< o = V51| + B lUUT = U*(U*) lop-

For each pair (¢, j), define the event
Sf(r) i= {||col/f — l/f|| <r}.
We claim that if M > (1 + %)W log(1/0), we have

Pr {Useinn) Nje E5(r)} =14, (6.51)
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Indeed, such a claim suffices, since it implies that

- C B <7+ Bua||UUT — U*(U)T
egﬁl}ggﬁ(ll@oﬁj Bill <7+ Bmaxll (U") Mlop

with probability exceeding 1 — ¢, thereby proving the theorem. It remains to establish claim ([6.51]).

Denote by p the probability with which for a fixed pair (¢, j), we have ||cov — vf[| < r. This
is the ratio of the volume of the #5-ball of radius r and the ¢5-ball of radius c¢j, and so we have

k
p= <r+|’3”max> . Thus, we have

Pr {Neepuy (ﬂje[k]gf(r))c} < (1-phHM
< e PM

)

—
=

IN

0,

where step (¢) holds provided M > # log(1/0). Putting together the pieces completes the proof.
O

6.9 Technical Lemmas and Background

6.9.1 Fundamental limits

In this section, we present two lower bounds: one on the minimax risk of parameter estimation, and
another on the risk of the least squares estimator with side-information.

6.9.2 Minimax lower bounds

Recall our notation ©* for the matrix whose columns consist of the parameters 07, . . ., 0;. Assume
that the intercepts b7, . . ., by, are identically zero, so that §; = x; and = = X. For a fixed matrix X,
consider the observation model

y = max (XO") + ¢, (6.52)

where y € R, the noise ¢ ~ N(0,0%I,) is chosen independently of X, and the max function is
computed row-wise.

Proposition 16. There is an absolute constant C' such that the minimax risk of estimation satisfies

o?kd

n .

i swp E me@ - @*)M%} e

© ©O*cRkxd

Here, the expectation is taken over the noise €, and infimum is over all measurable functions of
the observations (X, y). Indeed, when X is a random Gaussian matrix, it is well conditioned and
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has singular values of the order /7, so that this bound immediately yields

2/’{;d

it swp B[S - o] >
e @*ekad

Let us now provide a proof of the proposition.

Proof. The proof is based on a standard application of Fano’s inequality (see, e.g., Wainwright [|13|
Chapter 15] and Tsybakov [212, Chapter 2]). For a tolerance level 6 > 0 to be chosen, we choose
the local set

F = {X@ c R™<F

1X0 | < 4Wm}

and let {X e,...,xeM } be a 26v/kn-packing of the set in the Frobenius norm. This can be
achieved by packing the j-th column Q; := {X0; ||| X6;||, < 45\/n} at level 26\/n in 5 norm
for all j € [k]. Standard results yield the bound log M > C - kdlog 2.

For each ¢ # j, we have

X(© -6’
25 < KO~k g5 7 (6.53)
vn
Let P; = N (max(X(07)), 021,) denote the distribution of the observation vector y when the true

parameter is ©7. We thus obtain

D (B | BY) = oy [|max(X(67)) — max(X(0)][2 < 51 X(©7 — @),

HZ — 90 92
where the inequality follows since the max function is 1-Lipschitz in /5 norm. Putting together the
pieces yields

32k6%n

)
0-2

Dy (P || P5) <

so that the condition

37z 25 DrL(Pei || Pex) + log 2 1
log M -

O |

is satisfied with the choice 6* = C'Z4 d . Finally, applying Fano’s inequality (see, e.g., [[13} Proposition
15.2]) yields the minimax lower bound

de

mf supE [—\HX(@ o* )|HF} >C (6.54)

O
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6.9.3 Performance of unconstrained least squares with side-information

In this section, we perform an explicit computation when k£ = 3 and d = 2 to illustrate the cubic
Tmin dependence of the error incurred by the unconstrained least squares estimator, even when
provided access to the true partition {S; (57, .. ., 6;)}?:1.

We begin by defining our unknown parameters. For a scalar o € (0, 7/4), let

07 = sin(a) - ey, 05 = cos(a) - e, and 035 = — cos() - e,
and set b7 = 0 for j = 1,2, 3.
Now an explicit computation yields that the cone on which 67 attains the maximum is given by

Cr:= {37 e R?: (x, 07) > Hé?;f](<x’ 9;‘}} ={z€R’: 21 >0, |zs| <z tan(e)} .
J

Now consider a Gaussian random vector in R? truncated to that cone. In particular, consider a
two-dimensional random variable W with density ¢ (x)1 {x € C,}/vol(C;), where 1) is the two-
dimensional standard Gaussian density and vol(S) denotes the Gaussian volume of a set S. Note
that we have vol(C,) = a/m by construction.

Let us now compute the second order statistics of W, using polar coordinates with 2? denoting
a x3 random variable. The individual second moments take the form

E[W?] = gE[RQ] (% / " cos? ¢d¢) ~ 1,

—Q

and

E[W3) = TE[R) (% /_ z sin? <;5d¢) - é (@ — sin(20)/2) ~ o2.

On the other hand, the cross terms are given by

E[W, W] = ~E[R?] (i / sin(o) cos(¢)d¢) = 0.
« 2 J_,,

Thus, it can be verified that for all « € [0, 7/4], the second moment matrix of W has a tuple of

singular values (1, ca?) for an absolute constant c.

Let us now use this calculation to reason about the least squares estimator. Drawing n samples
from the Gaussian distribution on R?, we expect n; ~ %n of them to fall in the set C; with high
probability. Collect these samples as rows of a matrix X;. When n is large enough, i.e., on the
order of =3, standard bounds (as in Section can be applied to explicitly evaluate the singular
values of the matrix nilX 1T Xj. In particular, we have

1 1
AL (—XlT X1> = and A (—XlT X1> = ca?.
nq n
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We now provide the n; X 2 matrix X; as side information to a procedure whose goal is to estimate
the unknown parameters. Clearly, given this matrix, a natural procedure to run in order to estimate
07 is the (unconstrained) least squares estimator on these samples, which we denote by ;. As is
well known, the rate obtained (in the fixed design setting) by this estimator with o-sub-Gaussian
noise is given by

E |6 - 01]12] = o* te(X] X))
2 1 -2 /
=0"— (ca + c)
ny
1
2
~N g —
as’n’
where the last two relations hold with exponentially high probability in n. We have thus shown that
the unconstrained least squares estimator (even when provided with additional side information)
attains an error having cubic dependence on o ~ m,;,,. While this does not constitute an information
theoretic lower bound, our calculation provides some evidence for the fact that, at least when viewed
in isolation, the dependence of our statistical error bound (6.15]) on 7y, is optimal for Gaussian
covariates.

6.9.4 Background and technical lemmas used in the proof of Theorem [12]

In this section, we collect statements and proofs of some technical lemmas used in the proofs of our
results concerning the AM algorithm.

6.9.5 Bounds on the “volumes” of wedges in R’

For a pair of scalars (w,w’) and d-dimensional vectors (u,u'), recall that we define the wedge
formed by the d + 1-dimensional vectors v = (u, w) and v = (u/, w') as the region

W(v,v') ={z e R": ((z, u) +w) - ((z, v') +w') < 0}.

Note that the wedge is a purely geometric object.
For any set C C R, let
vol(C)= P Xec
€)= B }
denote the volume of the set under the measure corresponding to the covariate distribution.
We now bound the volume of a wedge for the Gaussian distribution.

Lemma 36. Suppose that for a pair of scalars (w,w’), d-dimensional vectors (u,u’), and v =
1=Vl < 1/2. Then, there is a positive constant C' such that

flwll

(u, w) andv' = (v, w'), we have

pol(W(v,v")) < CM log!/? (M) _
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Proof of Lemma

Using the notation ¢ = (z, 1) € R%"! to denote the appended covariate, we have

vol(W (v, v)) = Pr{{¢, v) - (£, v') <0},

where the probability is computed with respect to Gaussian measure.
In order to prove a bound on this probability, we begin by bounding the associated indicator
random variable as

L{{g, v) - (& V) <0} S1{(E, v —v)” > (€ v)?}
<1{E 0V —v)? > th+1{(& v)? <t} (6.55)

where inequality (6.55)) holds for all ¢ > 0. In order to bound the expectation of the second term,
we write

Pr{(¢, v)* <t} = Pr{[lul*x;, <t}

(i) ( et )1/2
< 2
[l

where x2_ is a non-central chi-square random variable centered at ” i and step (¢) follows from

standard x? tail bounds (see Lemma [41]).
It remains to control the expectation of the first term on the RHS of inequality (6.53). We have

Pr{(¢& v —v)? >t} <Pr{2(z, v —u)?+2(w —w)* >t}
t
<Prffu-ulf 2§~ o= oI},

Now, invoking a standard sub-exponential tail bound on the upper tail of a x? random variable
yields

c t
e e e bR

Co t 2
< ¢jexp (‘ o= o2 U/Hg{é — |lv =2 })

Putting all the pieces together, we obtain

c t 6t 1/2
ool (0,0)) < cresp (= 2D o=t )+ ()
fo—v? 2 ful

Substituting ¢ = 2¢ ||v — v'||* log(2||u||/||v — v'||), which is a valid choice provided Hmﬁlu < 1/2,
yields the desired result.
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6.9.6 Growth Functions and Uniform Empirical Concentration

We now briefly introduce growth functions and uniform laws derived from them, and refer the
interested reader to Mohri et al. [213]] for a more in-depth exposition on these topics.

We define growth functions in the general multi-class setting [[189]]. Let X denote a set, and let
F denote a family of functions mapping X — {0, 1, ...,k — 1}. The growth function Il : N — R
of F is defined via

Or(n):= mgxexabs{{f(xl),f(mg),...,f(xn)} : feF}

In words, it is the cardinality of all possible labelings of n points in the set X by functions in the
family F.

A widely studied special case arises in the case k = 2, with the class of binary functions. In
this case, a natural function class F is formed by defining C to be a family of subsets of X', and
identifying each set C' € C with its indicator function fo := 1¢ : X — {0, 1}. In this case, define
Fe ={fc: C €C}. Abound on the growth function for such binary function provides following
guarantee for the uniform convergence for the empirical measures of sets belonging to C.

Lemma 37 (Theorem 2 in [214]]). Let C be a family of subsets of a set X. Let | be a probability
measure on X, and let [i,, := % Yot Ox, be the empirical measure obtained from m independent
copies of a random variable X with distribution ji. For every u such that m > 2/u?, we have

Pr {sup abs i, (C) — o (C) > u} < 41z, (2m) exp(—mu®/16). (6.56)
cec
We conclude this section by collecting some results on the growth functions of various function
classes. For our development, it will be specialized to the case X = R¢.
Define the class of binary functions F3 as the set of all functions of the form

sgn((z, 0) +b) +1
2 b

fop(z) :=

specifically, let 3 := { fop:0€RY D€ R}. In particular, these are all functions that can be
formed by a d-dimensional hyperplane.
Using the shorthand Bf = {B, ..., B}, define the binary function

k
gor v () 1= [ ] for (),
i=1
and the binary function class corresponding to the intersection of k& hyperplanes

G ::{gglfﬁb,f:el,...,ekeRd, bl,...,bkeR}.
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Finally, we are interested in the argmax function over hyperplanes. Here, define the function

Mgy e () = arjge%fix ((0;, x) +b;) — 1,

mapping R? — {0, ...,k — 1}. The function class that collects all such functions is given by
M, = {m91f7b1f 20q,...,0; GRd, bi,..., b ER}.

The following results bound the growth functions of each of these function classes. We first
consider the function classes JF; and G, for which bounds on the VC dimension directly yield
bounds on the growth function.

Lemma 38 (Sauer-Shelah (e.g. Section 3 of Mohri et al. [213]])). We have

NG
Iz, (n) < (d—|— 1) , and (6.57)

k(d+1)
en
e, 0 < (725) -

The second bound can be improved (see, e.g. [215]), but we state the version obtained by a
trivial composition of individual halfspaces.
The following bound on the growth function of the class M is also known.

(6.58)

Lemma 39 (Theorem 3.1 of Daniely et al. [189]]). For an absolute constant C, we have

en

M (n) < <Ck:(d + 1) log(kd)

) Ck(d+1) log(kd)

6.9.7 Singular value bound

We now state and prove a technical lemma that bound the maximum singular value of a matrix
whose rows are drawn from a sub-Gaussian distribution.

Lemma 40. Suppose that the covariates are drawn i.i.d. from a n-sub-Gaussian distribution. Then
for a fixed subset S € [n] of size { and each t > 0, we have

Pr {Amax (E52s) > L+ P(Vid +d + et)} < ge~tmin{tt?}

where 1 = max {n, 1}.
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Proof of Lemma

Let {2;}¢_, denote i.i.d. Rademacher variables, and collect these in an /-dimensional vector z. Let
D = diag(z) denote a diagonal matrix, and note that by unitary invariance of the singular values,
the singular values of the matrix ES = DZ=g are the same as those of =g.

By construction, the matrix ES has i.i.d. rows, and the i-th row is given by z;(x;, 1). Forad+ 1
dimensional vector A = (A, w) with A € R? and w € R, we have

w —w

E [exp((, z(ws, )] = 5 Elexp(O\, 7)) + S5 - Efexp(=(, 7))

= exp(INP72/2) - 5 (e + e 7¥)
< exp(IAI7/2) - exp(w?/2) < expl[7/2).

where we have used the fact that x; is zero-mean and 7 sub-Gaussian.
Since the rows of =g are i.i.d., zero-mean, and 7-sub-Gaussian, applying [ 13, Theorem 6.2]
immediately yields the lemma. 1

6.9.8 Anti-concentration of x> random variable

The following lemma shows the anti-concentration of the central and non-central x? random
variable.

Lemma 41. Let Z, and Z, denote central and non-central x* random variables with { degrees of
freedom, respectively. Then for all p € [0, {], we have

€2 l ¢ p
r<pl < <pr< (L _2 - B Y _
Pr{Z, <p} <Pr{Z, <p} < (gexp (1 €>> exp( 5 [logp + 7 l}) (6.59)

Proof of Lemma 41

st.
The fact that Z) < Z, follows from standard results that guarantee that central x* random variables
stochastically dominate their non-central counterparts.
The tail bound is a simple consequence of the Chernoff bound. In particular, we have for all
A > 0 that

Pr{Z, < p} = Pr{exp(—A\Z;) > exp(—Ap)}
< exp(Ap)E [exp(—AZ)]

= exp(Ap) (1 + 2X) 2. (6.60)

where in the last step, we have used E [exp(—AZ,)] = (1 + 2)) "%, which is valid for all A > —1/2.

Minimizing the last expression over A > 0 then yields the choice \* = % (f; — 1), which is greater

than 0 for all 0 < p < /. Substituting this choice back into equation proves the lemma. [
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6.9.9 Background and technical lemmas used in the proof of Theorem [13]

We begin by stating a result of Harge [216, Theorem 1.2] (see also Hu [217]) that guarantees that
convex functions of a Gaussian random vector are positively correlated. We state it below in the
notation of the current paper.

Lemma 42 ([216]). Let f and g be two convex functions on R%, and let X be a standard d-
dimensional Gaussian vector. Then

ELf(X)g(X)] = (1 + (m(g), m(f)))ELf(X)]E[g(X)], (6.61)

where for any d-variate function h, we have m(h) = Eléﬁ?%]) L,

We also prove Lemma [34] which was used in the proof of Theorem [13]

6.9.10 Proof of Lemma

We prove each bound separately. First, by the rotation invariance of the Gaussian distribution, we
may assume that U* = [e¢ ... ef], so that the max is computed as a function of the k coordinates
X, X

We also define some events that we make use of repeatedly in the proofs. For each i € [n],

define the events

& = {|z; ;] <5+/log(2nk) forall 1 < j <k}, and
Fi = {lei] <504/log(2n)}.
Note that by standard sub-Gaussian tail bounds, we have Pr{&¢} < 2n~'? and Pr{F¢} < 2n~'? for

each i € [n]. For notational convenience, define for each ¢ the modified covariate z; = z; - 1 {&;}.
We have

[ max(6°2 +8)] < Cmax 6 v/ log(nF) + [55] < (C’\/log(nk)) ¢
J

almost surely, where in the second bound, we have used the shorthand ¢ = max; (||0; 1 + [|63]|)
as defined in equation (6.18)). With this setup in place, we are now ready to prove both deviation
bounds.

Proof of bound
Let us first bound the deviation of the first moment. We work with the decomposition
n/2 n/2
My — M, == Z max(0*x; + b")z; — Elmax(0*X + b*) X] +g €T .
n “— < o N~

-
Il
—

i=1 he '
T} T?
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By triangle inequality, it suffices to bound the norms of each of the two sums separately. We now
use the further decomposition

T! = max(©*w; + b*)z; — max(0*z; + b*)z; + max(0*z; + b*)z; — E[max(0*z; + b*)z]

P; C‘Qrz
+ E[max(0*z; + b")z;] — E[max(0*x; + b*)x;] .

g

-
R;

Since z; = x; with probability greater than 1 — 2n =12, the term P, = 0 on this event.
Also, for each fixed j € [k], applying the Hoeffding inequality yields the bound

n/2 nt2

Pr ZQU = S%Xp{_802@(1<>g(nl<:))2}'

On the other hand, for j € [d] \ [k], we have

n/2

2 <
ZQ@] S E

1 M\

n/2

=g —Zx” .

Standard Gaussian tail bounds then yield

n/2

2
Pr ZQ” > ct+/log(nk) <2exp{ ;}

for each ¢ > 0. Putting together the pieces with a union bound and choosing constants appropriately,
we then have

2
n/2

1 1 ! _
Pr ZQZ > — - Che*(log(nk))’ + ~ - C'(d — k)< log(nk) 5 < 2dn™",

It remains to handle the final terms {R,}” ;. Note that when j ¢ [k], we have R, ; = 0. It

therefore suffices to bound the various R; ; terms when j € [k]. We have
|R; j| = |[E[max(0*z; + b")z; ;] — Elmax(©*x; + b*)z; ;1{&}] — Elmax(©*x; + b*)z; ;1 {&}]]
= |E[max(0*z; + b")z; ;1 {&E |
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Expanding this further, we have
R ;| < E[Igl?X(lwe, zi)| + 107 ]) |z 5|11 {E}]
< Elzijll|zilloc (107 I1.00 + 10" ]|cc) L {E}]
= GE [Jz;j|[|xi]| 1 {E]}]

< gZE [ gl|zi e L{E}] -

(=1

o

Note that for a pair (X7, X3) of i.i.d. random variables, Jensen’s inequality yields the bounds

E[| X1 X5|1 { X1, Xo > A}
E[[X1[1{|X:[ = A}]

E[X71{|X;| > A}] forall A > 0, and

<
<E[X71{|X;| > A\}] forall A > 1.

Furthermore, if X is a standard Gaussian random variable, then a simple calculation (see also
Burkardt [218]]) yields the bound

1 2
E[X?||X]| >\ < —=Xe™/2 forall A > V2.
— T Vor -

Putting together the pieces with with A = 54 /log(2nk), we have
|R;;|* < Ck*¢* log(nk)(nk)**

and summing over j € [k] yields the bound

2
n/2

ZR < Ck*¢*log(nk)(nk)

Finally, putting together the pieces with a union bound yields the desired bound on the random
variable H STl ‘

The second term can be bounded more easily; in particular, on the intersection of the events
{F:}._,, we have

n/2 n/2
5 (d+1 1
ZT2 < Co?logn _ZIZ < gp2ldtlogn)logn.

n

where the final bound holds with probability greater than 1 — cn~1°. Finally, putting the bounds
together yields the result.
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Proof of bound
Once again, we decompose the required term as
9 n/2 9 n/2
My — My == Oz + b) (mix] — L) +=> & (wx] — 1)
2 2 n2£nax( x+v)(xxl d)—i-n;e (ziz; )
= 1 = 72

k3 k3

We use the further decomposition
7} = max(0*z; + b*) (z;2] — 1;) — max(0*z; + %) (22 — 1y)
b
+ max(07z; + ) (zi2] — 1) — E[max(0*z; + b%) (z:2] — 14)]

(- -
g

Ri

+ E[max(0*2z + b%) (z:2] — 14)] — E[max(0*z; + b*) (2] — 1;)].

Pi

As before, since z; = z; with probability greater than 1 — 2n'2, the term ¢; = 0 on this event.
Let us further decompose «; as

K = (max(@*zi +0b") + gW) zzzzT — E[ (max(@*zi +b") + §\/10g(nk)) Zzzj]

A -

w0

+ c\/log(nk)E [22] ] — La+14 - (E[max(©*z; 4 b*) — max(0*z; + b*)),

ng) HES)

so that

n n n n/2

125" Koy < 12 37 K0l 12 3 62 + |2 37 w09

=1 =1 =1 i=1

Since | max(©*z; + b*)| < Csy/log(nk), the random vector \/max(@*zi + b*) + Cs\/log(nk)z;
is well-defined and bounded; sub-Gaussian concentration bounds [/13]] can therefore be applied to
obtain

1 n
P [mg Dl 2 exs*(log(nk)* {@ 124 5} } < e exp (~nmin(9, 6%))

where ¢ log(nk) = max(©*z; + b*) + ¢4/log(nk) < 2¢log(nk). Reasoning similarly for the
second term, we have

1O d d
P {|||g > llp > ex6*(log(nk)? {\/; ot 6} } < caexp (—nmin(6,0%))
1=1
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Combining these bounds setting 6 = ¢; \/g , we have

2 n (1) 9 n ) , 2 d d
|||E ; ki lop + |||E ; r; Jlop < Cs*(log(nk)) - + -

with probability at least 1 — cexp (—c'd).

The term n§3), on the other hand, can be controlled directly via Hoeffding’s inequality. Since

max(0*z; + b*) is Csy/log(nk) sub-Gaussian, we obtain

n/2

tQ
Z/@ > ¢/log(nk)t <2exp{ 32}

Choosing t = ¢4/ dﬂ% and putting together all the pieces, we obtain

2 — d+logn d-+logn d
= illop < Cs*(log(nk))? 1 k\/j
I= 3" sillp < <2 (log(nk)) {\/ LA }+c<\/og<n> :

=1

with probability at least 1 — cn =12,

It remains to handle the terms { Pz}z 1> and to do so, we use a similar argument to before. We
first bound the absolute value of the (p, ¢)th entry of each matrix as

1pi(p, )| = |E[max(©*z + b*) 22, (p,q)] — Elmax(0*z; + b*)zz; (p, )1 {&:}]
+ Elmax(0*z; + b*)z;z; (p, ) 1{&}]| = [E[max(0*z; + b") iz (p,¢)1{E}]|

Expanding this further, we have

|pi(p, )] < E[l;}lﬁ(l(% zi)| 4 b7 D] pi g L{ETH

< GE [|@ipiq|[|7ill 01 { €7 }]
<E ||ziprigl Y el 1{E}
Le(k]

Also note that p, , = 0 unless p € [k],q € [k]. Hence we finally need to control the terms of
the form E [| X|?1 {|X| > A}] for a standard Gaussian X . Substituting A = 5,/log(nk), a simple
calculation of truncated third moment of standard Gaussian ([218]]) yields

10i(p, @)| < < log?(nk)(nk)='°

and proceeding as before provides a strictly lower order bound on || p;||op than the remaining terms.
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The term 77 can be bounded more easily. Specifically, on the intersection of the events {.E}:L:/f,

applying [13, Lemma 6.2], we have

n/2 n/2

2 2
‘HEZ 2mop < Co? lognm Zl' xz; Imop < Co? logn

i=1 i=1

n2

{d—l—logn N (d—l—logn)2}
n

where the final bound holds with probability greater than 1 — cn~'2. Finally combining all the terms
yield the desired result. O

6.9.11 Background and technical lemmas used in the proof of Theorem [14]

In this section, we collect two technical lemmas that were used to prove Theorem [14]

6.9.12 Prediction and estimation error

Here, we connect the prediction error to the estimation error, which may be of independent interest.
Recall our notation dist for the minimum distance between parameters obtainable after relabeling.

Lemma 43. There exists a tuple of universal constants (cy, co) such that for each set of parameters

Bis..., By € R

1. If n > cid, then we have

2
T3 (st 40— mpsls 5)) < cdm((AH 07

Jelk]
with probability exceeding 1 — c¢; exp(—con).
2. Ifn > cldglé log®(k/Tmin ), then we have

n

| 2
s ()" 3 min 15 0l < 1 (matee )~ maxte )
i=1

ko /e K] K]
with probability exceeding 1 — cik exp (—cgnm%>

Proof. To prove the part 1 of the lemma, we leverage the fact that the max function is 1-Lipschitz
with respect to the /5-norm. Consequently, we obtain

1 <& S|
- > (Ifé%ff<€’ B;) Hé?]gd&, [3«>) < >N (&8 - 8))°
i=1 =
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where we have ordered the parameters such that dist ({ B; };?:1 , { B; }f: 1) is minimized. We now
use the fact that the rows of = are 1-sub-Gaussian (this is restatement of the conclusion of Lemma[40))
to complete the proof.

We now proceed to a proof of part 2 of the lemma. Recall the setup of Appendix [6.7|along with
notation ({z;}1_,,0*,b*, 5*,). Specifically, we have 57 = (6, b;) and (©%)" = [0} 0 ...6;].
Similarly let 8; = (6], bj) € Rl and ©F = [0 0y...0]. In the notation of Section we
define for each pair (O, b), the sets

J'€lk]

S;(0,b) = {z € [n]: (x;,05) + b; = max((z;, 0;) —|—bj/)}, J € [k].

We use the shorthand S; = S;(©*,0*) and §j = 5,(©,b) for the rest of the proof. By definition,
we have

%Z (max(©x; + b) — max(©*z; + b*)) Z Z (07, x) + b)) — (O, ;) + bm)>

i=1 Ee[k} i€SNSm
me(k

:—Z > (ﬁe,@ <6m,fz->)2

telk] i€S3NSm
me[k]

- - Z 1Zem (B = B,

me|(k]

where we have let E&m denote the sub-matrix of = with rows indexed by the set S; N §m It is also
useful to define the convex sets

K} := {x cRY: (x,0;) + b, = max((x 0; >+b3‘-,)}, and

J'€lk]

K, := {x (2, 0m) + by, = max((z,0;) + bj,)}

J'Elk]

for each pair (¢, m) € k x k. By definition, for each ¢ € [k], there exists a corresponding index m,
such that vol( K} N K,,,) > ™=, Proceeding from above, we have

1 & . . 1 - . 2
- Zl (max(Ox; + b) — max(©*z; + b ))2 > - Z H:&mé(ﬁg — By

mem (Em e ) 185 = B

fE[ ]



CHAPTER 6. MAX AFFINE REGRESSION WITH GAUSSIAN DESIGN 203

Finally, applying Lemmain conjunction with the bound vol(K7 N K,,,) > ™=, we obtain that
provided n > ¢;d - % log?(k /Tmin ), We have

~ ~ s 3
=T = min
/\min (H&m[—'é,mg) 2 ( k’ ) n

with probability exceeding 1 — ¢; exp <—CQHW) for each index ¢ € [k]. Taking a union
bound over the k£ indices and combining the pieces completes the proof. O

6.9.13 Projection onto a finite collection of rays
Consider a vector 6* € R™ observed via the observation model
y=0"+e,

where € has independent, zero-mean, o-sub-Gaussian entries. For a fixed set of M vectors
{01,...,0r},denote by C : = {cb, : ¢ > 0,¢ € [M]} the set of all one-sided rays obtainable with
these vectors.

Now consider the projection estimate

. 2
Fe(y) = argmin [ly — 0],
geC
which exists since the projection onto each ray exists. The following lemma proves an oracle
inequality on the error of such an estimate.

Lemma 44. There are universal constants ¢, C, ¢, and co such that

Pr {||P@(y) — 0> >c (1’611%1 10 — 6*||*> + o*t(log M + cl)) } < cpe M VIog Mer)
€

forallt > Co(y/log M + ¢y).

Proof. We follow the standard technique for bounding the error for non-parametric least squares
estimators. From the definition, we have

Pe(y) = argmin ||y — 0.
0eC

We substitute the expression for y and obtain

Pc(y) = argmax [2(6, 0—6%)—160-— 9*||2} .

0cC

To obtain an upper bound on || Pc(y) — 6*||?, it is sufficient to control the following quantity (e.g.
see [219) Chapter 3], [[13, Chapter 13]):

E

sup  (€,0 — 6*>]

0eC:||0—6%||<8
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for some § > 0 to be chosen later. Since € is o-sub-Gaussian, we use Dudley’s entropy integral to
control the term above. We obtain

E sup  (¢,0 —0%)

)
<Co [ VigN (e C0- 5 <o)l
0eC:||6—6% <6 0

where N (e, S, () is the e-covering number of a compact set .S in ¢, norm. Note that C contains
scaled versions of M fixed vectors {61, ...,0),}. For a fixed 6;, with i € [M], the covering number
N (e,{ct; : c € R, ||0; — 0*|| < &}, (5) is equivalent to the covering number of a bounded interval
(in 1 dimension). Using [220], this is (1 + 2?5) Since there are M such fixed vectors, we obtain

o

Substituting, we obtain

E sup  (¢,0 —6%)

0eC:||6—6*| <6

< Co <5\/10g M+ 015) .

Now, the critical inequality ([13, Chapter 13]) takes the form

Sa(\/log M + Cy) < 62

Hence we can choose 6 = Cyo(y/log M + C). Now, for any ¢ > 4, invoking [[13, Theorem 13.2]
yields the oracle inequality

1 Pc(y) — 071 < c (|0 — Pe(0)|” + o*t(log M + ¢1)) = ¢ (Igleiél 10 — 0%|]* + o*t(log M + cl)) ,
with probability exceeding 1 — coe (VI8 M+e1) "which proves the lemma. U

6.9.14 NP-hardness of real phase retrieval

Our discussion borrows from a similar proof established in [mixture two] for mixtures of linear
regressions. Recall that with n i.i.d observations {(z;, y;) };, the max-affine model takes the form
Y = 112];%6(@“9;‘) +0%) + €,

where {¢;}_, is a sequence of i.i.d zero mean sub-Gaussian noise.

We now consider a special case, where k = 2, b] = b5 = 0, and 07 = —0;, corresponding to
the real phase retrieval problem. Furthermore, we consider the noiseless case € = 0. Our covariate
matrix is given by X € R"*? and the response vector by y € R™. We now show that even in this
special case, there is family of instances (X, y) such that solving the least squares problem (6.3) is
NP-hard. In particular, we say that a “solution” to the noiseless phase retrieval problem exists on an
instance (X, y) if the least squares objective in equation (6.5)) has minimum value zero.
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Proposition 17. Deciding whether a problem instance (X, y) has a solution to the noiseless phase
retrieval problem is NP-hard.

Proof. The proof follows from a reduction to the subset-sum problem, the decision version of which
is stated as follows: given p numbers ay,...,a, € R, we must decide if there exists a partition
S C [p] such that

E a; = E aj.
€S jese

For each p-dimensional vector a, we design a problem instance (X, y) such that solving the noiseless
(real) phase retrieval problem on (X, y) implies deciding on the subset sum problem specified by a.
To accomplish this, take n = 2p + 1 and d = p, and define the instance

I, a
X=1| 1 and y= |—al,
1...1 0

where I, denotes the p x p identity matrix. By construction, finding a solution to the noiseless (real)
phase retrieval problem on this instance corresponds to finding a subset S C [2p + 1] and a pair
of vectors (67, 03) with 87 = —65, such that Xs6; = ys, and Xg.05 = yg.. Here Xg and yg are
the sub-matrix and sub-vector of X and y respectively restricted to the set S. Note that in general,
the set S cannot contain the index ¢ and p + ¢, since they correspond to two mutually exclusive

equations. From this observation, we have 07 (i) = {a;, —a;}, and 05 (i) = —05(i), where 67 (i) and
05 (i) denote the i-th coordinate of 7 and 63, respectively.
As a consequence, if 0] (and 05 = —07) satisfies the first 2p equations in this system, then the

final equation demands that

i€s jese
By construction, note that this is accomplished if and only if
SRS I
ics jese

and so a solution to the noiseless (real) phase retrieval problem on (X, y) yields a solution to the
subset-sum problem, as desired. O
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Chapter 7

Max-affine Regression Beyond Gaussian
Design—Small Ball covariates

In this chapter, we show that the Alternating Minimization (AM) algorithm is significantly robust.
In particular, it converges locally under a weaker, “small-ball”” design assumption (accommodating,
for instance, and bounded log-concave distribution), and even when the underlying parameters
are chosen with knowledge of the realized covariates. Once again, the final rate obtained by the
procedure is near-parametric and minimax optimal (up to a polylogarithmic factor) as a function
of the dimension, sample size, and noise variance. As a by-product of our analysis, we obtain
convergence guarantees on a classical algorithm for the (real) phase retrieval problem in the presence
of noise, and under considerably weaker assumptions on the design distribution than was previously
known.

7.1 Introduction

Similar to Chapter [6] we show that AM converges under significantly weaker statistical assumptions.
In particular, we allow the distribution of the covariates to come from the larger class of sub-
Gaussian distributions that satisfy a small-ball condition. In addition, we also consider the scenario
of universal parameter estimation, meaning that our guarantees hold uniformly over all 57, ..., 5.
This allows the parameters to be chosen with knowledge of the realized covariates, a robust setting
that is commonly studied in signal processing applications like phase retrieval [56]]. In contrast, our
prior work [221]] only handled the case where the parameters are fixed.
More precisely, our covariate assumption relies on the following definition.

Definition 12. (Small-ball) A distribution Py satisfies a ((, cs)-small-ball property if, for X ~ Px
and each § > 0, we have

sup  Pr{((X, u) + w)* <4} < (cs6)". (7.1)

ueSd—1, weR
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The small-ball properties of various classes of distributions have been studied extensively in
the probability literature [S7, 58], and many natural distributions possess this property provided
they are not too “peaky”. For instance, a simple calculation yields that provided the density of
(X, u) is bounded by +/c for each u € S?~1, the distribution Py satisfies the (1/2, ¢)-small ball
property. We now present our assumption on the covariate distribution; recall that X € R is said to
be n-sub-Gaussian if

A2 2
sup Elexp(A (X, u))] < exp (Tn) for each A € R.

ucSd—1

Assumption 20. The distribution Py is isotropic, n-sub-Gaussian, and satisfies a (¢, cs) small-ball
condition.

Let us briefly state a few examples where Assumption [20]is satisfied with particular values
of the tuple (7, (, ¢s). The first is the class of compactly supported log-concave random vectors,
which satisfy the the small ball conditions with ({,cs) = (1/2,C) for an absolute constant C'
(see [222, Appendix G.1]). Boundedness further implies sub-Gaussianity. As a specific example,
consider X with each entry drawn i.i.d. according to the distribution Unif [—\/g, \/3], which is
commonly used as a random design in investigations of non-parametric regression problems [223]].
The associated distribution Pk is isotropic by definition, and has (n, (, ¢s) = (12,1/2, C). Similarly,
any other uniform distribution on a bounded, isotropic convex set would also satisfy Assumption[20]
The second (canonical) example for which Assumption [20]is satisfied is the standard Gaussian
distribution. As we verify in Appendix with x? tail bounds, the standard Gaussian satisfies
(n,(,¢cs) = (1,1/2,¢e). Also, while we have only presented examples in which ( = 1/2, there are
distributions that satisfy the small ball condition for other values of (: for example, any random
variable with density f(z) oc e~II° for a positive constant c.

In order to make our guarantees on universal parameter estimation more clear, let us define a
few geometric quantities induced by the max affine regression model (6.1]). For X ~ Py, let

w81 B1) = Pr{{X, 67) + b5 = max (X, 65) +5})},

and define

Tmin (57, -+, B) :=minm; (8], ..., 05).
J€k]
For a fixed set of true parameters, the quantity Ty, (57, ..., [5;) - n is the expected number of
samples that are noisy linear combinations of one of these parameters. Thus, even if the underlying
parameters are fixed, we can only hope to estimate these parameters when 7, (55, ..., ;) is
sufficiently large.
The signal strength of the problem is the minimum separation
: 2
A(BT,...,B;) = min :

3.3"3#3"

0; — 0,

J
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We also define a notion of condition number, given by

2

max;; |

0 -0,
0 — 0,

K(BY, -, By) = max

. . 2
]E[k] mlnj/#]- ‘

We often use the shorthand

Tmin = Tmin(B1s -+, 08), A=AB],....,0), and k= k(f5],...,5%)-

when the true parameters 37, ..., 5} are clear from context.

Recall that our goal was to prove a result that holds uniformly for all true parameters {3} };?:1.
However, this is clearly impossible in a general sense, since we cannot hope to obtain consistent
estimates if some parameters are never observed in the sample. A workaround is to hold certain
geometric quantities fixed while sweeping over all possible allowable parameters 37,7 = 1,..., k.
Accordingly, for each triple of positive scalars (7, A, k), we define the set of “admissible” true
parameters as

Buol (T, A K) = {51y, Bk Tin(B1, -+ Bk) =7 AL, -0, Bk) = A k(B - -, Br) < K}

We let the true parameters 37, ..., J; take values in the set By, (7, A, k), and prove guarantees
uniformly over all such 37, ..., 5.
With these definitions at hand, we are now ready to discuss our contributions.

Contributions: Suppose Assumptionholds, and { ﬁ](-t) ;‘-":1 are the parameter estimates returned
by the AM algorithm at the ¢-th iteration. In Theorem we show that for any € > 0, there is a
sufficiently large iteration ¢ such that

k o’kd n
(t) * (12 (1)
; 18;" = BilI* <e+Cy il W log(kd) log (E) '

Such a result holds simultaneously for all (55, ..., 5%) € Byol(Tmin, A, k) with high probability
provided the sample size is large enough and the initialization is chosen close enough to the true
parameters. All of these aspects of the result are quantitative, and clarified in the statements of the
formal theorems to follow.

In Corollary [3| we specialize Theorem to the phase retrieval problem, showing that a
slight variant of the same AM algorithm [95]] exhibits linear convergence provided the covariates
(called “measurements” in the signal processing literature) satisfy Assumption Since our
result holds for universal parameter estimation, we allow the underlying “signal” to be chosen
adversarially, with knowledge of the measurements. Such a robust setting is common for phase
retrieval problems. However, to the best of our knowledge, all previous results on the AM algorithm
for phase retrieval [59,|60] only held under the assumptions of Gaussian covariates and noiseless
observations, and/or required resampling of the measurements [61]. Ours is thus the first work to
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handle non-Gaussian covariates in the presence of noise, while also analyzing the algorithm without
resampling.

In Section we validate the local convergence of AM with Unif[—+/3, v/3]%¢ covariates.
We observe that, when o = 0, AM recovers the true parameters {37 }*_, within 4 — 5 iterations.
Furthermore, when o # 0, the iterates of AM plateaus at the statistical error of the problem, which
has a linear dependence on d/n. Moreover, in Section we empirically show the performance
of two initialization techniques; (a) random initialization with multiple restarts and (b) heuristic
Principal Component Analysis (PCA) based initialization. For (a), we randomly initialize AM with
multiple seeds, and observe that around 80 — 100 restarts is sufficient for a moderate dimensional
problem. Furthermore, for (b), we use an appropriately defined second moment matrix (a function
of {y;, z;}™,), and running PCA in conjunction with a random search method (Algorithm 3 of
[221])), we obtain the initialization required for AM. Hence, the requirement of ‘good’ initialization
is not a deterrent in the practical usage of AM.

7.2 Main results

Let us now state and discuss our results in precise terms.

7.2.1 Local geometric convergence of alternating minimization

For each pair 1 <7 # j < kand ¢ > 0, we use the shorthand v} ; = 5 — 3} and vl(t]) = Bi(t) — ﬁj(-t)
to denote the pairwise differences between parameters.

Theorem 18. Suppose that Assumption 20, holds. Then there exists a pair of universal positive

constants (c1, c2) and positive constants (C’f],lc)’cS, 07(7122765) depending only on the triple (1, (, ¢s) such

that if the sample size satisfies the bound

n > 07(7,12,05 max {d, 10logn}

kr , kT 2rac-1 k
X max W log(n/d), g AC—1W(1.+2<_1)2 log 14‘72(_1 log(k‘d) (72)

min min min
then simultaneously for all true parameters 035, ..., B € Byol(Tmin, A, k) and all initializations
satisfying
(0) * 1
v, — Uk, 142¢
. 33 33 @) Tmin ¢! _(tcty, kE
min < C lo 7.3a
>0 1<j#5'<k  ||0F — 9;:|| < Ol kk ) & (ernffc‘l) ’ (7.32)

the estimation error at all iterations t > 1 satisfies

k t k
. 3 ] ] kd
Do IBY =Bl < (z) QN8 = BI) + € - 0°—mr log(kd) log(n/ kd)
j=1 Jj=1

min

(7.3b)
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with probability exceeding 1 — ¢, {Z—i + exp (—cgmrﬁﬁn)}. Here, ¢*(> 0) minimizes the LHS of
inequality ((7.3al).

Let us discuss the initialization conditions of the theorem in more detail. We require the initial-
ization B\, ..., 5}&0) to satisfy condition (7.3a)). In the well-balanced case (with 7, ~ 1/k) and
treating k as constant, the initialization condition (/.3a) posits that the parameters are a constant
“distance” from the true parameters. Closeness here is measured in a relative sense, i.e., between pair-
wise differences of the parameter estimates as opposed to the parameters themselves. The intuition
for this is that B%O), ce ,(CO) induces a partition of samples S ( %0), e ,go)), o5 (6;0)7 ce ,(CO)),
and the closeness to this to the true partition depends only on the relative pairwise differences
between parameters. Furthermore, the initialization condition is also invariant to a global scaling
of the parameters, since scaling does not change the initial partition of samples. Also note that
the geometric convergence guarantee holds uniformly for all initializations satisfying condi-
tion (7.3a)). Hence, the initialization parameters are not additionally required to be independent of
the covariates or noise.

Let us now turn our attention to the bound (7.3b), which consists of two terms. When ¢ — oo,
the second term of the bound provides an estimate of the closeness of the final parameters to
the true parameters. Up to a constant, this is the statistical error term

kd
sb 2
O (dy Ky Tin) = 0 T log(kd) log(n/kd) (7.4)

that converges to 0 as n — oo, thereby providing a consistent estimate in the large sample limit.
The dependence on 7, is discussed shortly.
The first term of (7.3b)) is an optimization error that is best interpreted in the noiseless case

o = 0, wherein the parameters ﬁit), ey B,it) converge at a geometric rate to the true parameters
B, ..., Bi. In the noiseless case, we obtain exact recovery of the parameters provided
kd
min

Thus, the “sample complexity” of parameter recovery is linear in the dimension d, which is optimal.
In the well-balanced case, we require n ~ k2+2<71d, but lower bounds based on parameter counting
suggest that the true dependence ought to be linear. We are not aware of whether the dependence on
Tmin 10 the noiseless case is optimal; our simulations in panel (a) suggest that the sample complexity
depends inversely on 7, and so closing this gap is an interesting open problem.

In Figure we verify that for independent, isotropic covariates chosen uniformly from a
symmetric interva][], initializing the AM algorithm in a neighborhood of the true parameters suffices
to ensure that it converges to the true parameters. Furthermore, both the sample size requirement
and final error of the algorithm exhibit the behaviors predicted by Theorem

We now compare Theorem [18] with Chapter [6] (Theorem 1) for the special case of Gaussian
covariates, where 7 = 1 and ¢ = 1/2. In this case, all terms of the form 73 in [221} Theorem 1]

min

"'Such a distribution is compactly supported and log-concave, and therefore satisfies Assumption
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Figure 7.1: Convergence of AM when the covariates are drawn i.i.d. from the distribution
Unif[—+/3, v/3]®%. In panel (a), we plot the noiseless sample complexity of AM; we fix ||5;]| = 1
forall i € [k], 0 = 0 and 7, = 1/k. We say (3} is recovered if Hﬁi(t) — 5;" < 0.01. For a fixed
dimension d, we run a linear search on the number of samples n, such that the empirical probability
of success over 100 trials is more than 0.95, and output the least such n. In panel (b), we plot the
optimization error (in blue) Z?Zl |8 j(t) - B ](-T) ||* and the deviation from the true parameters (in red)

2
Z?Zl HBJ@ — BJ*H /o? over iterations ¢ for various values of ¢ in the tuple (0.15,0.25,0.4,0.5),

with k = 5, d = 100, T" = 50 and n = 5d. the resulting error curves are averaged over 50 trials.
Panel (c) shows that the estimation error at 7" = 50 scales at the parametric rate d/n, where we have
chosen a fixed £ = 5 and o = 0.25.

are replaced by terms of the form 7>, . In particular, we see that the initialization condition (7.3a)

is more stringent and the final statistical rate of the estimate (corresponding to the limit ¢ — c0)
now attains an estimation error that is a factor 72 higher than the corresponding rate of Chapter@
(Theorem 1). The sample size requirement is similarly affected. On the other hand, the geometric
convergence result now holds uniformly for all true parameters 5, . .., 55 € Byol(Tmin, A, K),
as opposed to Chapter [ (Theorem 1), which holds only when the true parameters are held fixed.

The more stringent initialization condition and sample size requirements can be viewed as the price
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Algorithm 10: Alternating minimization for real phase retrieval

Input: Data {z;,y; } ; initial parameter estimate 0 e R?: number of iterations 7.
Output: Final estimator 0.

2 Initialize ¢ < 0.

3 repeat

5 Compute sign vector s*) with i-th entry as
Sgt) = sgn((z;, 01)) foreachi € [n]. (7.5a)
6 Update
60D = argmin > (g — 5" (i, 6))*. (7.5b)
HeRd Py
7 until ¢t =T/

9 Return § = (1),

to pay for the more robust convergence of the AM algorithm. Notably, the dependence on o, k, n, d
remains unchanged.

7.2.2 Consequences for phase retrieval

A notable consequence of Theorem [18]is that it can be applied to the phase retrieval model—in which
results are usually proved uniformly over all true parameters [56, 224]—to yield a convergence result
under general distributional assumptions on the covariates. In particular, setting 7,;, = 1/2 and
k = 2 yields a local linear convergence result for the AM algorithm of the Gershberg-Saxton-Fienup
type (presented for completeness as Algorithm uniformly for all 6* provided the covariates
satisfy a small-ball condition. We note that other algorithms for phase retrieval have also been
shown to succeed under such small-ball assumptions [225] [226].

Corollary 3. Suppose that Assumption |20\ holds, and that V) is the t-th iterate of Algorithm

There exists a universal positive constant ¢, and a pair of constants (07(7’12765, Cézc)c) depending only
on (n,C, ¢s) such that if

n > Cvglgc max {d, 10logn}log(n/d),

then simultaneously for all true parameters 0* € R and all initializations ) satisfying

min min M<C(2) : (7.62)
>0 se{-1,1} 16| = ~'n,¢es
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the estimation error for all t > 1 satisfies

' 2d1og(n/d
min_ (|6 — s65[|* < <%> min ||0©® — s6%|* + c10”dlog(n/d)
n

se{-1,1} se{-1,1}

with probability exceeding 1 — cyn™".

Let us now compare this with the sharpest existing local convergence result of AM for phase
retrieval due to Waldspurger [59]], which holds for Gaussian covariates and in the noiseless settinéﬂ
Specializing Corollary |3|to the noiseless setting, we observe that provided the ratio n/d is larger
than a fixed constant (that depends only on (7, (, ¢5)), we obtain exact recovery of the underlying
parameter with high probability, up to a global sign, provided the measurement vectors are sub-
Gaussian and satisfy a small-ball condition. To the best of our knowledge, prior work on the
AM algorithm had not established provable guarantees for non-Gaussian covariates even in the
noiseless setting. In the noisy case, Corollary 3| guarantees convergence of the iterates to a small
neighborhood around either §* or —#*, and the size of this neighborhood is within a logarithmic
factor of being minimax optimal 56, |184]]. Once again, to the best of our knowledge, guarantees
for the AM algorithm as applied to noisy phase retrieval did not exist in the literature.

7.2.3 Proof ideas and technical challenges

We now sketch the high level proof ideas required to establish guarantees on the AM algorithm.
Some parts of the proof here is similar to that of Chapter [f] For example, Similar to Chapter [6] here
also, the proof consists of 3 steps: (a) controlling the behavior of noise, (b) analyzing the prediction
error of the noiseless problem and (c) translating the prediction error to estimation error by inverting
a specifically chosen sub-matrix of the covariate matrix. The analysis of (a) parallels to that of
Chapter [0} However, for part (b) and (c), the weakened assumption on covariates poses non-trivial
technical difficulties.

In order to control the prediction error of the noiseless problem, we crucially use the anti
concentration property of the small-ball distribution. Using the good initialization condition in
conjunction with the above mentioned lemmas, we upper-bound the noiseless prediction error of
the AM iterates. Finally, in order to translate our bounds on the prediction error into bounds on
parameter estimation, we invert specifically chosen sub-matrices of the covariate matrix over the
course of the algorithm. Our bounds naturally depend on how these sub-matrices are conditioned.
A key technical difficulty of the proof is to control the spectrum of these random matrices, rows of
which are drawn from (randomly) truncated variants of the covariate distribution. Our techniques
for controlling the spectrum of these matrices is more broadly applicable, and we expect this result
to be of broader interest.

The technical meat of the paper crucially depends on the two technical lemmas we obtain
that bound the maximum and minimum singular values of a matrix whose rows are drawn from a

2Waldspurger [59] deals with the complex phase retrieval, whose analysis is significantly more complicated than
real phase retrieval considered here.
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Figure 7.2: Initialization and overall guarantee with bounded uniform covariates drawn according
to the distribution Unif[—\/g, \/§]®d. In panel (a) we fix k = 3, d = 10, n = 30kd, 0 = 0.1 and
Tmin = 1/3. We evaluate the performance of AM with repeated random initialization [[154] and plot
the estimation error with M, the number of restarts. In panel (b), we run Algorithm 2 from our
companion paper [221] in order to initialize the AM algorithm. We fix k = 3, d = 50, n = 30kd
o = 0.1 and 7, = 1/3. All the data points are obtained as a result of averaging 25 trials of the
experiment.

sub-Gaussian distribution obeying the small-ball property. Note that these results hold uniformly
for any matrix that has sufficiently many rows. Our results on the minimum singular value are
similar in spirit to those of Rudelson and Vershynin [38]], but proved under a slightly different set of
assumptions. We apply these results on carefully chosen sub-matrices of the covariate matrix =.

7.2.4 Initialization and overall guarantee

We conclude our discussion of the main results with some simulations demonstrating that the
‘good’ initialization condition required in Theorem [I§|for the convergence of the AM algorithm
is indeed achievable in practice. In particular, we consider two approaches. We first evaluate the
random initialization scheme with multiple restarts proposed by Balasz [154]. We also simulate the
PCA-based approach proposed in Chapter [6] for Gaussian covariates, wherein we use a moment
method to convert the regression problem in d-dimensions into one in k£ + 1 dimensions, followed by
a random initialization scheme. This method is particularly useful in the high dimensional regime
d > k, and is described formally in Chapter [6] (Algorithms 2 and 3).

In Figure (a), we initialize AM randomly, with multiple restarts, following [[154]]. We observe
that with sufficiently many restarts, AM converges. Hence, the requirement of ‘good’ initialization
can be replaced by random initialization with multiple restarts. This is how AM is used in practice
as seen in [[154]]. However, we observe that with increasing dimension, the number of restarts M
increases rapidly, and hence we get hit by the ‘curse of dimensionality’. For this reason, we consider
a low dimensional setting with d = 10 and observe that around 110 restarts suffices. Understanding
this repeated random initialization algorithm and obtaining explicit dependence on the number of
restarts (as a function of dimension d, and the number of affine pieces k) is an interesting open
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problem.

We attempt to resolve the curse of dimensionality via a heuristic PCA algorithm. Our algorithm
matches exactly Algorithm 2 of Chapter@ expect the definition of ]/\/[\2 (the second moment used
in the spectral method, see [221] for details). We define M, = 2 ZZ":/ 2(y2/2) (ziz] — I). After
obtaining the subspace spanned the true parameters, we run the random search method (Algorithm
3 of Chapter [0 to obtain the initialization, and finally run AM with it. We consider a moderate
dimensional problem (d = 50), and show (in Figure [7.2[(b)) that 100 restarts are sufficient. Note that
as expected, this algorithm can handle a high dimensional problem; thanks to the PCA algorithm.
This implies that, with a slight variation in the definition of ]\72, the PCA algorithm is indeed robust
with respect to the covariate distribution: it works (at least empirically) even when the covariates
are sub-Gaussian satisfying a small-ball condition. Obtaining provable guarantees for PCA with
non-Gaussian covariates is kept as an interesting future work.

7.3 Discussion and Open Problems

We analyze a natural alternating minimization algorithm for estimating the maximum of unknown
affine functions, when the covariates come from sub-Gaussian distribution with small-ball condition.
Additionally, we also consider the setting of universal parameter estimation, meaning that our results
hold uniformly for all true parameters. In particular, this also allows the parameters be chosen with
the knowledge of the covariates. We establish that AM enjoys local linear convergence to a ball
around the optimal parameters. We characterize the statistical error of AM, and empirically verify
the dependence on problem parameters like d and n. As a corollary, specializing to the (real) phase
retrieval setting, we obtain several new results; in particular we obtain provable guarantees for the
phase retrieval problem with non-Gaussian covariates and in the presence of noise.

Moreover, we experimentally show two techniques for the initializing AM using random
initialization (with restarts) and PCA. However, we do not have a provable initialization guarantee.
An immediate future work would to obtain a provable initialization. An important question that
remains to be addressed is whether the heuristic of random initialization with multiple restarts, that
has been employed both by us and in prior work can be shown to provably converge with an explicit
bound on the number of repetitions. Understanding the behavior of the randomly initialized AM
algorithm is also an open problem in the context of phase retrieval [[59, 201].

Also, it would be interesting to study this problem in very large dimension with a sparsity
assumption on the true parameters. Furthermore, another interesting problem is to obtain a minimax
lower bound on estimation error in order to understand the (actual) dependence on several problem
parameters. We keep these as our future endeavors.

Appendix

We now present proofs of our main results. We assume throughout that the sample size n is larger
than some universal constant. Also, we assume that the values of constants ¢, ¢y, ¢/, ... may change
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from line to line.

7.4 Proof of Theorem 18

Throughout the proof, we make references to the proof of [221, Theorem 1]. Recall our observation
model (6.1). We use the notation = € R™*(@*+1 for the covariate matrix, y € R™ for the response
vector. Recall that the noise is o sub-Gaussian. Let us begin by introducing some shorthand
notation. For a scalar w*, vectors u* € R? and v* = (u*, w*) € R and a positive scalar 7, let

By (r) = {U e Ré+1; lo—vll < 7“} . Define the set

et

A (T; {Bj}le) = {51, Bk € R 3> 0 C(ﬁZ — B]) S ng_g;(r) forall 1 <=1 7éj < ]{Z} .
Also, use
do(ri{B}h) = s Z 18, = 83117 - ( ) (Z 55" B;-‘H2>
8O . 8Oez(ry T

to denote the error tracked over iterations (with c* denoting the smallest ¢ > 0 such that ¢(3; — 5;) €
Bg;,g; (r) forall 1 <i # j < k). Finally, we use the shorthand

kd
5 (d, ke, i) 1= JQW log(kd)log(n/kd).

to denote the final statistical rate. With the rest of the notation remaining the same as before, the
theorem claims that there exist constants such that if condition ([7.2) is satisfied, then we have

12 ¢
Pr { max sup do| Ol (P ) B | 2 Ot (k)

tz1 517 76k€Bvo|(7Tmm:A7H)

/{32
<1l—¢ {W + exp ( anﬂ'mm)} (7.7)

We dedicate the rest of the proof to establishing (7.7). Without loss of generality, we assume that
the scalar c* is equal to 1. It is convenient to state and prove another result that guarantees a one-step
contraction, from which Theorem 18] follows as a corollary. In order to state this result, we assume
that one step of the alternating minimization update is run starting from the parameters { ﬁ]}

produce the next iterate { ﬁf }j: .- In the statement of the proposition, we use the shorthand

U;,j = 5: - ;7

vij = B — B;, and

ol = B - B
Also recall the definitions of the geometric quantities (A, k). The following proposition guarantees
the one step contraction bound.
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Proposition 19. Suppose that Assumption |20 holds. Then there exists a tuple of universal constants

(;1, c2) and another tuple of constants (Cn,lg,cy C’f7 C) N
that

(a) If the sample size satisfies the bound n > ¢y max {d, 10log n} max { e Pk— log(n/d) }

Tmin

) depending only on the tuple (1, (, ¢s) such

then for any set of parameters {BJ* }le € Byol(Tmin, A, k) and {5; }?:1 satisfying

C —1
Vs — Ut o — 07, e
max H”— log'*¢ M <o, | fm ), (7.82)
1<iZi<k \ (|05 — 0% || 7.0 = Vi bk

we have, simultaneously for all pairs 1 < j # { < k, the bound

Hv;.fe — v} 2 T dCk 1 Z HUM/ —U;.*’j,“? . Hw,j/ — v} 2
Ll e O /e I

mll’l

kd
+q§}> o2 1+2C—71nlog(n/d) (7.8b)

¢scs
min

with probability exceeding 1 — ¢, {i_i + exp (—conm2,) }
(b) If the sample size satisfies the bound

min min min

1 -1k kd
n > ¢, max {max {d,101log n} max { 6 y —— log(n/d)} : Cy(,,lg),csTgl} )

then for any set of parameters { B }f: + € Buol(Tmin, A, k) and {ﬁj} _, satisfying

C —1
I o — 07, e
max H“— log'*¢ M <O, [P, (7.92)
<A<k \ |05 — 0% |] 075 = V5 5 B b

we have the overall estimation error bound

k k
3 kd
DB =BP < 5 (Z 153, — 6}‘||2> +CN o 0’ log(kd) log(n/kd)  (7.99)
=1 =1

with probability exceeding 1 — ¢; {Z_i + exp (— czmrmm)}

Let us briefly comment on how Theorem [1§] follows from Proposition [I9 Note that the
equations and in conjunction clearly show that geometric decay of the estimation error
after running one step of the algorithm. We only need to verify that the next iterates { ﬂ;r }j: | also

satisfy condition provided the sample size n is large enough. Hence, the one step estimation
bound (7.9b)) can be applied recursively to obtain the final bound (7.3b).
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For the constant 075723705 in the proposition, let 7, be the largest scalar in the interval [0, e‘(”cfl)]

142¢—1
such that 7$log"™(1/r,) < C’fgc (7”“;;75), and let 7, be the largest scalar in the interval

—A¢Y)] 9 [ !
[0, e~ (¢ 1)] with rlf log"t¢(1/ry) < 07(772765 (72 )

Assume that the current parameters satisfy the bound (7.8a)). Choosing n > 4x(d/ wfj;”l)(_
and applying inequality (7.8b), we have, for each pair 1 < j # ¢ < k, the bound

Hv;-fg —U;-F,EHQ < oW 1 i ij,j/ —v;’f’j,H2 N Hve,j/ — Vg i ?
105 — 011> = eedk \ 4= 1167 — 05 167 — 65112

kd
+ O e = log(n/d)
kd
2
TZ + 013’27650—2% log(n/d)

min

Further, if

> Co? R Jog? %! K log(kd
n= UTQACAW(HQCAP 0g Tt og(kd),

min min
for a sufficiently large constant C', we have

2

+ %
HUM Uje 2

" <.
107 =671 — ¢

Thus, the parameters {ﬁj }j: | satisty inequality (7.8a) for the sample size choice required by

Theorem 18] Finally, adjusting constants and simplifying the probability statement completes the
proof of the theorem.

7.4.1 Proof of Proposition [19)

We use the shorthand notation S; : = S;(81, ..., ), and let Ps, denote the projection matrix onto
the range of the matrix =g;. Recall our notation for the difference vectors.
Let y* denote the vector with entry ¢ given by max,cpy (&, 7). We have

15, (87 = B)I* = | Ps,ys; — Zs,5; 1
= HPSjygj + Ps,€s, — ESjﬁ;HQ
< 2||Ps; (ys, — Zs,8))|I* + 2| Ps, e, |I”
< 2|lys, — Zs, 8511”4 2|| P, es, |17, (7.10)
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where we have used the fact that the projection operator is non-expansive on a convex set.
Let

{(&, Be) = max} := {(&; Be) = {{éﬁ(&, @J} , foreach i € [n], ¢ € [K]

denote a convenient shorthand for these events. The first term on the RHS of inequality (7.10) can
be written as

D = (& 8)* < Z > 1{(&, B;) = max and (&, B}) = max}(&, B — B;)°,
i€S; 1=1 j":5'#j
where the inequality accounts for ties. Each indicator random variable is bounded, in turn, as

1{(& ;) = max and (&, 8;) = max} < 1{(&, B) > (& By) and (&, B;) > (&, B)))
= 1{{&, vjy) - (&, vi,) <O}

Switching the order of summation yields the bound
Z( (&, B; Z Zl{ &, UJJ & U;,j’> < O}<§i’ U;,j’>2‘
i€S; ligl#j i=1

Recalling our notation for the minimum eigenvalue of a symmetric matrix, the LHS of inequal-
ity (7.10) can be bounded as

Z,(8) = BDIP > Auin (E52s,) - 1B - B

Hence, we arrive at the bound

Mnin (E58s,) - 18] - B1° S Z S {{6 1) - (6 v < 016 1,02+ [Py, 2
J'#5 =1

For the second term (noise) on the RHS, we apply [221}, Lemma 3]. We obtain

sup  max |Pses,||? < 20°k(d + 1) log(n/d)
B1,....0,cRA+F1 JE[K]

with probability greater than 1 — (7)) !

We now make two claims to bound the remaining two terms in the bound. Recall that As-
sumption |20/ holds, and use the shorthand 7 : = max {1, n}. Our first claim bounds the indicator
quantities under this assumption. In particular, we claim that there exists a tuple of universal
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constants (C, ¢, C’, ') such that for any < 1/24, we have

Pr{EIBi*,...,B; e R and 4, ..., Bk such that v; j € By«(r) forall1 < j # j' < k:

Z Z {8 viar) - (& vj ) < 0 (i, v )

J'#5 =1
> O Y sy — 0P max {(L+ ¢, - (14O L) Togs (170} |
35" #5
k ’ /
< —C'n —c’ max{d,10logn} ) )
< ¢ (2) {ne + ce } (7.11a)

The singular values of sub-matrices of = are then handled by the following claim: that there exist
universal constants (C, ¢, ¢’) and a constant C! . . that depends only the tuple (7, (, ¢s), such that if

75€5Cs
n > Cdmax { 1+<; (n/kd) } then

Pr inf inf min Ay, (=7 o Tz o
{Bf ..... B EByol (TminsAK) b1, B €RIHL;  jE[K] min ( (517 s ﬁk) (Bh y Bk))
”j,j’EBv;]., (Tb)

<O e n} < cexp(—cn - mhy,). (7.11b)
The proof of the proposition follows directly from these claims. 1

We now prove both the given claims in turn.

Proof of claim (7.11a): The proof of the claim hinges on the following lemma.

Lemma 45. Suppose that Assumption 20\ holds. Then, there exist universal constants (C, ¢y, o)
such for all positive scalars r < 1/24, we have

*S%EH < Zl{ f%» 5@7 > < O} 5@7 >/||U v H2

VEB* (1)
d,101 ~ 1
R e R €]

with probability exceeding 1 — cyn™8, where again, we adopt the convention that 0/0 = 0.

This lemma immediately establishes the claim in conjunction with a union bound over all (]2“)
pairs of parameters. 1

Proof of claim (7.11b): For this claim, we require a uniform bound on singular values uniformly

over all choices of the true parameters {6*}?21 € Byol(Tmin, A, k). We proceed by bounding

the minimum singular values of all sub-matrices of = of a certain size, and then show that each

sub-matrix =7 encountered over the course of the algorithm has a certain size with high probability.
In the following lemma, we use the shorthand C,, ¢ ., : = 4¢2 max {9(7)%¢, 1}.
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Lemma 46. Suppose that Assumption |20\ holds, and that for a scalar « € (0, 1), the sample size

d+1

[ Then we have

obeys the lower bound n > o~ max < 4d,

1 < a )2/4
Chee10g Cp oo +2C¢ 1 og(e?/ar) \e? an

S:g'ﬁi:nan )\min (EEES) >

with probability greater than 1 — 3 exp (—an).
‘We combine this lemma with a lower bound on the size of each subset.

Lemma 47. Suppose that n > 45 log(n/kd). Then we have

: . : Tmi
inf inf min |S;(B1,...,0k)| > n- 2=
BY o7, Bl (Tanin AR) - By, B €RUHL: K] 4
Uj’j/EBva_s , (Tb)
753

min)'

with probability exceeding 1 — 2 exp(—cn?

We are now ready to proceed to a proof of claim ([7.11b)). Note that the condition of the theorem

guarantees that we have n > max {4ofld, ofl%, 4hd log(n/kd)} provided o > cr2

Trr2nin min"
Choosing o = 7y, /4 and conditioning on the intersection of the pair of events guaranteed by
Lemmas [46]and 47| we have

inf inf min )\min (Ej(ﬁl, . ,ﬁk>TEj<ﬁl, . 7614))

/Bi‘ ~~~~~ ﬂ;; erol(TrminvA:H) B1yeers 5k€Rd+li ]E[k’]

> 1 (Wmin ) 2/¢ TminT
T Chielog s +2C¢ 1 log(4€? [ Tipin) \ 4e? 4

Combining this bound with the various high probability statements completes the proof of the
claim. U
Having proved the claims, we turn to proofs of the three technical lemmas.
Proof of Lemma 45
Consider a fixed pair (v, v*), and as before, let v, = v — v*; we have
1{(&, v) - (&, v*) S OHE&, v*)? < 1{(&, v) - (&, V") < OHE, 1)
S 1 {<£z; fy’U>2 Z <£zu U*>2}<€i7 71))2'

Define the (random) set K, = {i : (&, 7)* > (&, v*)?}, and note that this quantity implicitly
depends on v* as well. We have the bound

LS (g ) - (6 v < 06 v < Er el
=1
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We now show that the quantity ||[Zx7,||? is bounded as desired for all pairs (v*,v) such that
v € B,«(r). Recall that v* = (u*w*), and let

¢
m = max {4d, (d+1)/¢,C(1+ ¢ ) logn, n (Crﬁ- log (%)) } :

which implicitly depends on . We claim that for all 0 < r < 1/24, we have

.
3 /
Pr sup |K,|>mp < ——(3/4)max{d10logn} 4 pe=cm and
S 1K < 7@/
UGB/U* (7’) )
(7.12a)
)
— -1
[E7w]f? — n
Pr U sup 5— = d+4mn~log(n/m) » < : (7.12b)
RS s m
T|<m J

Taking these claims as given, the proof of the lemma is immediate, since < (C'rlog(1/ r?]))_c,
so that log(en/m) < C(1 + () log(1/r).

We now proceed to the proofs of the two claims, (7.12a) and (7.12b). The proof of claim
follows from claim by using Lemma[40]in Appendix [6.9.5] so we dedicate the rest of the
proof to establishing claim (7.12a).

Proof of claim (7.12a): By definition of the set K, we have

Prd sup [Ky|>my < S Pr{3vt € R™ e Bye(r) : [Ernll? > |Zr0*]?)

v*eR4+1 .
UE%U*(T‘) @%iﬂl
2 1Er %l _ IErv*))?
= Pr{Elv* e R™ v e By (r) : oll” 1Erw[1° }
Tczmz [l fl7ll? EE
T[>m
<> P {HU* e R v € By (r) : 1 Byl ”ETU*HZ}
T 1vll2 = [Ju]?
\T_|>m
= 2
<2 PI{HU* e B € B(r) : 0 5 ) (AT 4 d |T|tT>}
TClnl: |‘7vH
T|>m

Erv*||?
+Pr{% <2 {|T| + (/T + d + |T\tT)}}>
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where the final step follows from the union bound and holds for all positive scalars {¢r}rc,. For a
fixed subset T of size ¢ > m, we have the tail bounds

weritt |||

= 2 ) 9
Pr{ sup [Ere] > £+?f2(\/@+d+£t)} < 2 tmin{t#} and (7.13a)

. |Erv* || /2
Pr{v*gégﬂ peE < 60 p < 3 (4¢; max {9(7)?¢, 1} dlog(1/0)) ™',
(7.13b)

where inequality (7.13a) follows from Lemma 40} and inequality (7.13b) from Lemma [53|since we
have m > max {%, 4d}.

Now use the shorthand C), ¢ ., : = 4¢Z max {9(7)%C, 1} as before. Substituting these bounds and
letting ¢, > 1 be a parameter to be chosen, we have

Pr{|K,| > m}

" /n\ .. C+ 1P (VUd + d + L) 1
< 2e M 1 3(C cot? lo e,
< 3 () 430 g o e o T AN

We now split the proof into two cases and choose t, differently for the two cases.

Case 1, m < ¢ <n/e: Substituting the choice ¢, = 4log(n/¢), we obtain
<£+772(x/ﬂ+d+m)>1/2 ) Vi + 57 (/og(n]0) + V)
¢ - Vi
1+ 67y /loa(n/0)
< 755 /Tog (/D)
where step (i) follows from the bound m > d, and step (i7) from the bound 77 > 1. Putting together

the pieces and noting that the map = +— xlog(1/x) is an increasing on the interval (0,e™!), we
have, for each ¢ in this set, the bound

en

—cf n 1/2  ~ 1 :
Pr{|K,| = ¢} <2 ( ; ) + 3(6) 140,7,4,@7‘77\/10?5(”/@ -log WW) :

For a sufficiently large constant C, and ¢ > n(Crilog(1/r7))¢, the second term is bounded by
3(3/4)%.
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Case 2, ¢ > n/e: The argument for this case is identical to before (with the choice t, = 2n//).

Setting C;;,c,cs to be a sufficiently small n-dependent constant we obtain, for each ¢ in this range and

!
forall r < CM’CS,

~2
(BCW:C»CSTZZ iRl (\/TCéJF = m)> <1/3

where we also use the fact that d < n/2. Once again, using the non-decreasing nature of the map
x — zlog(1/z) on the interval (0, e~ '), we have

- ce/2
<n) st 130 (4 PV + d + ) log ( l )
¢ l r20 + 22 (Vied + d + 0ty)

1“
<2 " +3 - -

Putting together the pieces from both cases, we have shown that for all » < C] . ., we obtain

Pr{|K,| > m} < 2ne™"+3 Y (3/4)¢
l=m+1
S Inecn + nplOC’1 10gn’

where p = (3/4)¢. This completes the proof of the claim. O

Proof of Lemma

The proof of this lemma follows from Lemma [53]in Appendix [6.9.5]in conjunction with the union
bound. In particular, we have

Pr {S:rgi:nan Amin (E:SFES) < wOé . n} < 3(ann) (Cn,c,csw lOg(l/w»Can
<3 (e (Cn,g,csl/) 10g(1/¢))<>an |

(%

. . 2 . . .
Finally, setting ¢ = CToECe 1+20€_1 Toa(e/a) (%) /¢ and performing some algebraic manip-
7,G,Cs 7,6,Cs

ulation yields the claimed bound. O
Proof of Lemma 47|

Note that we have n > 454— log(n/kd). Noting that the S; can be thought of as the indicator vector
corresponding to the intersection of & halfspaces, applying [221, Lemmas 11 and 12] in conjunction
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yields the bound

’ﬂ' .
inf S *,...7 * Zn min
B 1B EByol (Tmin , A k) | J (B Be)l 5

with probability exceeding 1 — ce~¢" i Furthermore, we have

’Sj(ﬁlw";ﬂkﬂ > |Sj<6fa7ﬁ;)’ - ‘S](/6T7752)AS](/6177/81€)|

Using the notation W for a wedge and the notation nyy for the number of points in the wedge IV,
we have

(i) &

1S;(BY, -, BE)AS; (B, - .-, Br)| < ZTLW(U 0t )

where step (i) follows from [221, equation (33)], and step (i7) follows once again from [221, Lemma
11]. The volume of a wedge under a distribution satisfying Assumption [20|is upper bounded in

Appendix [6.9.5] Applying Lemma[51] we have

2
1S;(Brs - - - 5k)|>n'ﬂmi“—zk: " M log M
] o2 NI T Fonr —v;

j'=1 /’

JsJ

(Z;) n Tmin _ k’ Tmin

2 "Ik

TminM
4 9

>

where in step (i7i), we have used condition satisfied by all the parameters v; j;, by which we

have
* * * 142¢—1 C71
s = oisll o (067050 Y o (T
165 — 65| i =il ) = 702 K

This further implies, for a sufficiently small constant 01(7}4),@5’ that
ijvj/ —U;ij/” 10g1/2 He;k —6;/" < <7Tmin>C1/2
165 = 651 loigr = v55l] ] N 4

Since these steps held for an arbitrary index j, the proof of the lemma is complete. O
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7.5 Proof of Corollary 3|

Since the proof is more or less subsumed by Theorem [I8] we only sketch the details. Let 6 denote
the current iterate and 0" denote the next iterate. Proceeding as before, we have the deterministic
bound

1X (67 = 6° S D 1 {(ws, O)(ws, 07) < O}, 67)° + || Pxe],
=1

and so this case is even simpler than the max-affine setting, since we no longer select specific
sub-matrices of X on which to invert a linear system. Standard bounds on sub-Gaussian random
matrices yield

Pr {mXTX — nllop > 72(d + 4y/Iog n)} < on~®, (7.14)
By assumption, we have n/n? > 2(d +4+/log n). Thus, applying Lemmasand 3 (of [221]) along

with the bound (7.14)) to obtain that simultaneously for all pairs (6*, 0) satisfying ||6 — 0% /||6*] <
r < 1/24, we have

167 = 711> < cal6 — 0|17 {772 - max {(1 + <1>maX{d’§mOgn}v (1+¢) ()" - log™" (%) }}

+ 0102% log (%) ,

with probability exceeding 1 — ¢;n~". Choosing a small enough scalar r (depending on the tuple
(n,(, ¢s)) and a large enough n to make the quantity within the braces less than 3/4 completes the
proof.

7.6 Technical Lemmas and Background

7.6.1 Small ball properties and examples

We begin with a technical lemma taken from Rudelson and Vershynin [58, Corollary 1.4] that shows
that product measures of small-ball distributions also satisfy the small-ball condition.

Lemma 48 ([58])). For Py satisfying the ((, cs)-small-ball property (1.1)) and x1, . . . x,, i Px,
there is a universal constant C' such that we have

sup Pr {Z((%, u) +w)? < 5m} < (C' - cs6)™ forall § > 0. (7.15)
uesd—1 -

Ser =1
We also verify that log-concave distributions and the standard Gaussian distribution satisfy the

small-ball condition (7.1).
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7.6.2 Log-concave distribution

The following result, taken from Carbery and Wright [227, Theorem 8], provides a small-ball bound
for log-concave distributions almost directly.

Lemma 49 ([227])). Let p : R? — R denote polynomial of degree (at most) {, let X denote a
d-dimensional random vector drawn from a log-concave distribution, and let S5 = {x € R? :
Ip(z)| < 0} for each 6 > 0. Then for each q > 0, we have

Pr{X € S5} (Ex [|p( X)|q/q)1/q < Cgé'’.

For a unit norm vector u € S, setting p(x) = ({x, u) + w)? and ¢ = 2, we obtain
Pr ([{X, u) + wf* <) < Crrs o 812 < Cs'?,

where we have used the fact that E[(X, u)?] = 1 since Pk is isotropic. Since this holds for each pair
(u,w) € S¥1 x R, we have verified that X satisfies small ball condition with ({, ¢;) = (1/2, C?).

7.6.3 Standard Gaussian distribution

This is the canonical example of a sub-Gaussian distribution satisfying a small-ball condition.
Suppose X is a standard Gaussian random variable. For a unit vector u € S%!, this implies that
(X, u)? + w is a central x? random variable with 1 degree of freedom.

Lemma 50. Letr Z, and Z| denote central and non-central x* random variables with { degrees of
freedom, respectively. Then for all p € [0, (], we have

0/2 /
Pr{Z, <p} <Pr{Z, <p} < (% exp (1 - %)) = exp (—— {log]—) + P 1}) (7.16)

Applying the above lemma for ¢ = 1 and ¢ = ¢, we obtain
Pr{|(X, u) + w|]> <5} < < (ed)'?.

Hence the standard Gaussian satisfies the small-ball condition with ({, ¢5) = (1/2, ).
For completeness, we provide a proof of Lemma [50| below.

Proof of Lemma

st.
The fact that Z, < Z, follows from standard results that guarantee that central x* random variables
stochastically dominate their non-central counterparts.
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The tail bound is a simple consequence of the Chernoff bound. In particular, we have for all
A > 0 that

Pr{Z, < p} = Pr{exp(—=AZ;) > exp(—Ap)}
< exp(Ap)E [exp(—AZ))]

= exp(Ap)(1 + 2X\) 2. (7.17)

where in the last step, we have used E [exp(—AZ,)] = (1 + 2\)~z, which is valid for all A > —1/2.

1
2

than 0 for all 0 < p < /. Substituting this choice back into equation ((7.17) proves the lemma. []

Minimizing the last expression over A > 0 then yields the choice \* = (ﬁ — 1), which is greater

7.6.4 Background and technical lemmas used in the proofs of Theorem [1§|

In this section, we collect statements and proofs of some technical lemmas used in the proofs of our
results concerning the AM algorithm.

7.6.5 Bounds on the “volumes” of wedges in R’

For a pair of scalars (w,w’) and d-dimensional vectors (u,u’), recall that we define the wedge
formed by the d + 1-dimensional vectors v = (u, w) and v’ = (u/, w’) as the region

W(v,v') ={zeR: ((x, u) +w) - ((z, ) +w') <0}.

Note that the wedge is a purely geometric object.
For any set C C R, let
volp, (C) = Pr {X €C}

X~Px

denote the volume of the set under the measure corresponding to the covariate distribution.

We now bound the volume of a wedge for distributions satisfying the small-ball condition.
When the distribution Py is 1 sub-Gaussian and satisfies a (¢, ¢s)-small-ball condition, we have the
following result.

Lemma 51. Suppose that Assumptionholds, and that for a pair of scalars (w,w"), d-dimensional
[lo—v"]]
[

vectors (u,u'), and v = (u, w) and v' = (v', w'), we have < 1/2. Then, there is a positive

constant C' such that

v —v'12 " ¢
no[pX(W(v,v’))SC( ;7C’CSH ||u||2” bg( [Jull )) |

[lo =]

where C7’77 ¢.ce IS @ constant that depends only on the tuple (n, ¢, cs)-
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Proof of Lemma [51]
Using the notation ¢ = (z, 1) € R%"! to denote the appended covariate, we have
vol(W(v,v")) = Pr{{¢, v) - (¢, v') <0},

where the probability is computed with respect to Gaussian measure.
In order to prove a bound on this probability, we begin by bounding the associated indicator
random variable as

1 {<57 U) : <€7 U/> S 0} =
P+ 1{(g v)? <t} (7.18)

where inequality (7.18)) holds for all £ > 0.
We now have

Pr{(¢, v)? <t} < ( ! )C,

2
[

since Py satisfies a small-ball condition.
Furthermore, the sub-Gaussianity of the covariate distribution yields the upper tail bound

H{@U“WWEt}s@wp(‘__iz__{é—M—uW})

2 flu— |’

< ciex — 5§y < — |[|[V— "V .
<oy (- (G- v

Putting all the pieces together, we obtain

/ C2 t 12 et \°©
volp, (W(v,v")) <crexp| — FERTTEA i lv =2 +—=] -
- flo =]l ]

Substituting t = 2¢¢n? ||[v — v'||* (og(||ul|/||v — ©'||)) yields the desired result. O

7.6.6 Uniform bounds on singular values of (sub-)matrices

We now state and prove two technical lemmas that bound the maximum and minimum singular
values of a matrix whose rows are drawn from a sub-Gaussian distribution obeying the small-ball
property. Our results on the minimum singular value are similar in spirit to those of Rudelson and
Vershynin [228]], but proved under a slightly different set of assumptions.

Lemma 52. Suppose that the covariates are drawn i.i.d. from a n-sub-Gaussian distribution. Then
for a fixed subset S € [n] of size { and each t > 0, we have

Pr {Amax (Z5Zs) > L+ FP(Ved +d + Et)} < 9e~tmin{tt?}

where 7 = max {n, 1}.
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The second lemma controls the minimum singular value of any sub-matrix of = that has
sufficiently many rows. Recall that distribution Py is isotropic and 7-sub-Gaussian, and satisfies
the ((, ¢s) small-ball condition (7.1)).

Lemma 53. Suppose that Assumption @ holds, and that { > max {4d, % } Let 7 = max{n, 1}.
Then for a fixed subset S € [n)] of size { and for each positive ¢ < min{(7)2¢,e=*}, we have

Pr {Auin (2555) < (e} < 3 (4 max {97°C. 1} log(1/0)) /.

Proof of Lemma

Let {2;}{_, denote i.i.d. Rademacher variables, and collect these in an /-dimensional vector z. Let
D = diag(z) denote a diagonal matrix, and note that by unitary invariance of the singular values,
the singular values of the matrix ES = D=y are the same as those of =.

By construction, the matrix Es has i.i.d. rows, and the i-th row is given by z;(z;, 1). Forad+ 1
dimensional vector A = (A, w) with A € R? and w € R, we have

w —w

E [exp((%, z(ws, )] = 5 Elexp(O\, 7)) + S5 - Efexp(=(, 7))
= xp(INP72/2) 5 (e + e 7¥)
< exp(||\[*7/2) - exp(w?/2) < exp(|[A[I*7*/2).

where we have used the fact that x; is zero-mean and 7 sub-Gaussian.
Since the rows of =g are i.i.d., zero-mean, and 77-sub-Gaussian, applying [13, Theorem 6.2]
immediately yields the lemma. U

Proof of Lemma

We let M denote the ¢ x (d + 1) matrix =g. By the variational characterization of the minimum
eigenvalue, we have

2
Amin (MTM) = inf | M| = (inf ||MUH> :
vesd vesSd

Let Z, = ||[Mwv|| denote a random process indexed by v, and let Z = inf, g« Z,; we are interested
bounding the lower tail of Z. Consider a p-covering {vl, ol } of the set S? in /5, norm, with
N < (1+2/p)?1. Letting v’ be the closest element of the cover to v, we have

ZrU Z Zvj - |Z1) - Zq)j| Z Z’Uj - HleOp ' p’

so that we have the bound Z > min;ecn) Z,i — || M||op - p. We have thus reduced the infimum over
the unit shell to a finite minimum.
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‘We thus have
Pr{\uin (M"M) < le} =Pr{Z* < (e}

—Pr{Zz < Vie}
<Pr {min Zyi < 2\/E€} + Pr {|||M|||opp > \/E}
JelN]

< NPr{Z, <2Vie} +Pr{|Ml, > Vie/p},

where we have used the union bound in each of the last two steps.
Now note that for each j € [N], the small ball condition yields the bound

Pr {Zvj < 2@} = Pr {||Mv7|* < 2te} < (2Ccse)",

where we have used Lemma 48] to reason about the product measure of small-ball distributions.
Furthermore, since M has 77 sub-Gaussian rows, we may apply Lemma [52]to obtain

e ., d+Vd
Pr{ 1Ml 2 VE/p) < 200 <_e{p2ﬁ2 e AVl

which holds provided {ﬁ -2 - d*ﬁ} > 1. When € < e %<, the choice p = py :=

o= log™'(1/€) ensures that

e, d+VidW ¢
]

—_ — > (log(1/e) —2 > =log(1/e),
ikl 2 Clog(1/e) =2 > 7 log(1/e)

where in step (i) we have used the properties 77 > 1 and ¢ > 4d. This yields the bound

Pr{ Ml > Vie/p} < 22

d+1
and putting together the pieces by substituting N = <1 + ,%) , we have

d+1
Pr { Ain (MTM) < le} < (1 + —> (2cs€)" + 262,
Po

Now note that we have ¢ < min{1,7%C}, so that py < 1, so that 1 + 2/py < 3/p,. Therefore, we
have

Pr{\uin (MTM) < le} < (9772¢) [@HD/2 (2, )8 e (dHD/2 16041 (] fe) 4 2€54/2
< 3 (4¢? max {977°¢, 1} Elog(l/e))gq2 :

where we have used the fact that /¢ > d 4 1. This completes the proof. O
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line to plot (a) has slope 1.94 and the best-fit line to plot (b) has slope 1.96, and hence the sample

complexity scales linearly with £ but quadratically with dimension d.
7.6.7 Numerical experiments: Noiseless Sample Complexity

In this section, we present some numerical experiments to illustrate the noiseless sample complexity
of the AM algorithm under different covariate assumptions. We choose 3/ = ¢; for i € [k], where ¢;
is the i-th canonical basis. Hence, ||5;|| = 1 and 7, = 1/k. We also choose the noiseless setting,

8" —p;
search on the number of samples 7, such that the empirical probability of success over 100 trials is
more than 0.95, and output the smallest such n.

Here, we consider the distributions that do not satisfy the small ball condition. It is observed
that for these distributions, the sample complexity for perfect parameter recovery has a quadratic
dependence on dimension d. In particular, we draw the covariates i.i.d from Rademacher and
,\% (Bin(10,0.4) — 4) distributions. In Figure ﬂ we plot the noiseless sample complexity and
dimension on a log scale. Since the slope of the (best-fit) lines in Figure[7.3is very close to 2, we
conclude that the number of samples required for perfect recovery of the parameters is linear in £,
but quadratic in d.

i.e.,, 0 = 0. We say 37 is recovered if < 0.01. For a fixed dimension d, we run a linear




Part 111

Learning and Adaptation in Bandit and RL
Framework

In this part of the thesis, we study the problem of adaptation (or model selection) in bandit
and Reinforcement Learning framework.

* Chapter[8: We study the problem of adaptation/model selection for classical stochastic
linear bandits.

* Chapter [0; We extend our study of model selection to generic contextual bandits
beyond linear structure.

* Chapter [10; We study the problem of model selection for Reinforcement Learning
with function approximation.
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Chapter 8

Problem-Complexity Adaptive Model
Selection for Stochastic Linear Bandits

We consider the problem of model selection for two popular stochastic linear bandit settings, and
propose algorithms that adapts to the unknown problem complexity. In the first setting, we consider
the K armed mixture bandits, where the mean reward of arm i € [K], is y; + {(a; ., 0%), with
Qi € R? being the known context vector and fi; € [—1,1] and #* are unknown parameters. We
define ||6*|| as the problem complexity and we propose Adaptive Linear Bandit (ALB), a novel
phase based algorithm that adapts to the true problem complexity, ||0*||. and achieves regret of
O(||67||/T), where ||6*|| is apriori unknown. In the second setting, we consider the standard linear
bandit problem (with possibly an infinite number of arms) where the sparsity of 6*, denoted by
d* < d, is unknown to the algorithm. Defining d* as the problem complexity (similar to [70]), we
show that ALB achieves O(d*\/T) regret, matching that of an oracle who knew the true sparsity
level. This methodology is then extended to the case of finitely many arms and similar results are
proven. We further verify through synthetic and real-data experiments that the performance gains
are fundamental and not artifacts of mathematical bounds. In particular, we show 1.5 — 3x drop in
cumulative regret over non-adaptive algorithms.

8.1 Introduction

We consider two canonical settings for the stochastic MAB problem. The first is the K armed
mixture MAB setting, in which the mean reward from any arm ¢ € [K] is given by p; + (0%, i),
where ;¢ € R? is the known context vector of arm ¢ at time ¢, and p; € R, §* € R? are unknown
and needs to be estimated. This setting also contains the standard MAB [62, |63|] when 6* = 0.
Popular linear bandit algorithms, like LinUCB, OFUL (see [64-66]) handle the case with no bias
(u; = 0), while OSOM [67]], the recent improvement can handle arm-bias. Implicitly, all the
above algorithms assume an upper bound on the norm of ||§*|| < L, which is supplied as an input.
Crucially however, the regret guarantees scale linearly in the upper bound L. In contrast, we choose
/6% || as the problem complexity, and provide a novel phase based algorithm, that, without any upper
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bound on the norm ||#*||, adapts to the true complexity of the problem instance, and achieves a
regret scaling linearly in the true norm ||0*||. As a corollary, our algorithm’s performance matches
the minimax regret of simple MAB when 6* = 0, even though the algorithm did not apriori know
that #* = 0. Formally, we consider a continuum of hypothesis classes, with each class positing
a different upper bound on the norm ||6*||, where the complexity of a class is the upper bound
posited. As our regret bound scales linearly in ||#*|| (the complexity of the smallest hypothesis
class containing the instance) as opposed to an upper bound on ||#*||, our algorithm achieves model
selection guarantees.

The second setting we consider is the standard linear stochastic bandit [66] with possibly an
infinite number of arms, where the mean reward of any arm = € R? (arms are vectors in this case)
given by (x, 0*), where 0* € R? is unknown. For this setting, we consider model selection from
among a total of d different hypothesis classes, with each class positing a different cardinality for
the support of 8*. We exhibit a novel algorithm, where the regret scales linearly in the unknown
cardinality of the support of #*. The regret scaling of our algorithm matches that of an oracle that
has knowledge of the optimal support cardinality [68]],[69]], thereby achieving model selection
guarantees. Our algorithm is the first known algorithm to obtain regret scaling matching that of
an oracle that has knowledge of the true support. This is in contrast to standard linear bandit
algorithms such as [66], where the regret scales linearly in d. We also extend this methodology
to the case when the number of arms is finite and obtain similar regret rates matching the oracle.
Model selection with dimension as a measure of complexity was also recently studied by [70], in
which the classical contextual bandit [|64] with a finite number of arms was considered. We clarify
here that although our results for the finite arm setting yields a better (optimal) regret scaling with
respect to the time horizon 7" and the support of §* (denoted by d*), our guarantee depends on a
problem dependent parameter and thus not uniform over all instances. In contrast, the results of
[70], although sub-optimal in d* and 7', is uniform over all problem instances. Closing this gap is
an interesting future direction.

8.1.1 Our Contributions

1. Successive Refinement Algorithms for Stochastic Linear Bandit - We present two novel
epoch based algorithms, ALB (Adaptive Linear Bandit) - Norm and ALB - Dim,
that achieve model selection guarantees for both families of hypothesis respectively. For the K
armed mixture MAB setting, ALB-Norm, at the beginning of each phase, estimates an upper bound
on the norm of ||#*||. Subsequently, the algorithm assumes this bound to be true during the phase,
and the upper bound is re-estimated at the end of a phase. Similarly for the linear bandit setting,
ALB-Dim estimates the support of #* at the beginning of each phase and subsequently only plays
from this estimated support during the phase. In both settings, we show the estimates converge to
the true underlying value —in the first case, the estimate of norm ||0*|| converges to the true norm,
and in the second case, for all time after a random time with finite expectation, the estimated support
equals the true support. Our algorithms are reminiscent of successive rejects algorithm [229] for
standard MAB, with the crucial difference being that our algorithm is non-monotone. Once rejected,
an arm is never pulled in the classical successive rejects. In contrast, our algorithm is successive
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refinement and is not necessarily monotone —a hypothesis class discarded earlier can be considered
at a later point of time.

2. Regret depending on the Complexity of the smallest Hypothesis Class - In the K armed
mixture MAB setting, ALB-Norm’s regret scale as O(||0*||v/T), which is superior compared to
state of art algorithms such as OSOM [67]], whose regret scales as 5(L\/T), where L is an upper
bound on ||¢*|| that is supplied as an input. As a corollary, we get the ‘best of both worlds’ guarantee
of [67], where if 6* = 0, our regret bound recovers known minimax regret guarantee of simple
MAB. Similarly, for the linear bandit setting with unknown support, ALB-Dim achieves a regret
of O(d*/T), where d* < d is the true sparsity of #*. This matches the regret obtained by oracle
algorithms that know of the true sparsity d* [68,|69]. We also apply our methodology to the case
when there is a finite number of arms and obtain similar regret scaling as the oracle. ALB-Dim is
the first algorithm to obtain such model selection guarantees. Prior state of art algorithm ModCB for
model selection with dimension as a measure of complexity was proposed in [70], with a finite set
of arms, where the regret guarantee was sub-optimal compared to the oracle. However, our regret
bounds for dimension, though matches the oracle, depends on the minimum non-zero coordinate
value and is thus not uniform over #*. Obtaining regret rates in this case that matches the oracle and
is uniform over all 6* is an interesting future work.

3. Empirical Validation - We conduct synthetic and real data experiments that demonstrate
superior performance of ALB compared to state of art methods such as OSOM [67] in the mixture
K armed MAB setting and OFUL [66]] in the linear bandit setting. We further observe, that the
performance of ALB is close to that of the oracle algorithms that know the true complexity. This
indicates that the performance gains from ALB is fundamental, and not artifacts of mathematical
bounds.

Motivating Example: Our model selection framework is applicable to personalized news recom-
mendation platforms, that recommend one of /& news outlets, to each of its users. The recommen-
dation decisions to any fixed user, can be modeled as an instance of a MAB; the arms are the K
different news outlets, and the platforms recommendation decision (to this user) on day ¢ is the
arm played at time ¢. On each day ¢, each news outlet ¢ reports a story, that can be modeled by the
vectors «; ¢, which can be obtained by embedding the stories into a fixed dimension vector space by
some common embedding schemes. The reward obtained by the platform in recommending news
outlet ¢ to this user on day ¢ can be modeled as yi; + (¢, 0*), where y; captures the preference of
this user to news outlet ¢ and the vector §* captures the “interest” of the user. Thus, if a channel
¢ on day ¢, publishes a news article «; 4, that this user “likes”, then most likely the content o ; is
“aligned” to 0* and have a large inner product (o, 6*). Different users on the platform however
may have different biases and #*. Some users have strong preference towards certain topics and will
read content written by any outlet on this topic (these users will have a large value of ||6*||). Other
users may be agnostic to topics, but may prefer a particular news outlet a lot (for ex. some users like
fox news exclusively or CNN exclusively, regardless of the topic). These users will have low [|6*||.

In such a multi-user recommendation application, we show that our algorithm ALB-Norm that
tailors the model class for each user separately is more effective (lesser regret), than to, employ
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a (non-adaptive) linear bandit algorithm for each user. We further show that our algorithms are
also more effective than state of art model selection algorithms such as 0SOM [67]], which posits
a ‘binary’ model - users either assign a 0 weight to topic or assign a potentially large weight
to topic. Furthermore the heterogeneous complexity in this application can also be captured by
the cardinality of the support of 6*; different people are interested in different sub-vectors of 6*
which the recommendation platform is not aware of apriori. In this context, our adaptive algorithm
ALB-Dim that tailors to the interest of the individual user achieves better performance compared to
non-adaptive linear bandit algorithms.

8.2 Related Work

Model selection for MAB are only recently being studied [230, 231]], with [[67], [70] being the
closest to our work. OSOM was proposed in [[67] for model selection in the K armed mixture MAB
from two hypothesis classes —a “simple model” where ||0*|| = 0, or a “complex model”, where
0 < ||0*|| < L. 0SOM was shown to obtain a regret guarantee of O(log(7")) when the instance
is simple and 6(L\/T ) otherwise. We refine this to consider a continuum of hypothesis classes
and propose ALB-Norm, which achieves regret O(||6*||v/T), a superior guarantee (which we also
empirically verify) compared to OSOM. Model selection with dimension as a measure of complexity
was recently initiated in [70], where an algorithm ModCB was proposed. The setup considered in
[70] was that of contextual bandits [64] with a fixed and finite number of arms. ModCB in this
setting was shown to achieve a regret scaling that is sub-optimal compared to the oracle. In contrast,
we consider the linear bandit setting with a continuum of arms [66], and ALB-Dim achieves a regret
scaling matching that of an oracle. The continuum of arms allows ALB-Dim a finer exploration of
arms, that enables it to learn the support of §* reliably and thus obtain regret matching that of the
oracle. However, our regret bounds depend on the magnitude of the minimum non-zero value of 6*
and is thus not uniform over all 8*. Obtaining regret rates matching the oracle that holds uniformly
over all #* is an interesting future work.

Corral was proposed in [230], by casting the optimal algorithm for each hypothesis class as
an expert, with the forecaster’s performance having low regret with respect to the best expert (best
model class). However, Corral can only handle finitely many hypothesis classes and is not suited
to our setting with continuum hypothesis classes.

Adaptive algorithms for linear bandits have also been studied in different contexts from ours.
The papers of [232,233]] consider problems where the arms have an unknown structure, and propose
algorithms adapting to this structure to yield low regret. The paper [234] proposes an algorithm in
the adversarial bandit setup that adapt to an unknown structure in the adversary’s loss sequence, to
obtain low regret. The paper of [235]] consider adaptive algorithms, when the distribution changes
over time. In the context of online learning with full feedback, there have been several works
addressing model selection [236-239]]. In the context of statistical learning, model selection has a
long line of work (for eg. [240], [241], [242], [243]], [244] [245])). However, the bandit feedback in
our setups is much more challenging and a straightforward adaptation of algorithms developed for
either statistical learning or full information to the setting with bandit feedback is not feasible.
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8.3 Norm as a measure of Complexity

8.3.1 Problem Formulation

In this section, we formally define the problem. At each round ¢ € [T, the player chooses one of
the K available arms. Each arm has a context {«;; € R?}X, that changes over time ¢. Similar to
the standard stochastic contextual bandit framework, the context vectors for each arm is chosen
independently of all other arms and of the past time instances.

We assume that there exists an underlying parameter * € R? and biases {y, ..., jx } each
taking value in [—1, 1] such that the mean reward of an arm is a linear function of the context of the
arm. The reward for playing arm i at time ¢ is given by, g; s = u; + (@ ¢, 0*) + 1;.4,, where {n; + }1_;
are i.i.d zero mean and o sub-Gaussian noise. The context vector satisfies

Elai ¢ [{vjs, njs }jelseie—p] = 0,
and
Efei vy {005 et sele-13] % uin 1.

The above setting is popularly known as stochastic contextual bandit [67]. In the special case of
0 = 0, the above model reduces to g;; = p; + 7. Note that in this setting, the mean reward of
arms are fixed, and not dependent on the context. Hence, this corresponds to a simple multi-armed
bandit setup and standard algorithms (like UCB [63]]) can be used as a learning rule. At round ¢,
we define i; = argmax;¢ k) [ + (0%, @i )] as the best arm. Also let an algorithm play arm A; at
round ¢. The regret of the algorithm upto time 7' is given by,

T
R(T> - Z [:ui;f + <9*7 O‘i:,s> — KA, — <9*7 O‘As,sﬂ :
s=1
Throughout the paper, we use C, C1, .., ¢, ¢1, .. to denote positive universal constants, the value of
which may differ in different instances.

We define a new notion of complexity for stochastic linear bandits; and propose an algorithm that
adapts to it. We define ||6*|| as the problem complexity for the linear bandit instance. Note that if
|60%|| = 0, the linear bandit model reduces to the simple multi-armed bandit setting. Furthermore, the
cumulative regret R(T") of linear bandit algorithms (like OFUL [66] and OSOM [67]]) scales linearly
with [|6*|| ([67]]). Hence, ||6*|| constitutes a natural notion of model complexity. In Algorithm[I1]
we propose an adaptive scheme which adapts to the true complexity of the problem, ||0*||. Instead
of assuming an upper-bound on ||6*||, we use an initial exploration phase to obtain a rough estimate
of ||#*|| and then successively refine it over multiple epochs. The cumulative regret of our proposed
algorithm actually scales linearly with ||6*||.

8.3.2 Adaptive Linear Bandit (norm)—(ALB—Norm algorithm)

We present the adaptive scheme in Algorithm[TT] Note that Algorithm [IT|depends on the subroutine
OFUL™. Observe that at each iteration, we estimate the bias {1, . . ., px } and 6* separately. The
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Algorithm 11: Adaptive Linear Bandit (Norm)
Input: Initial exploration period 7, the phase length 77, 6; > 0, d5s > 0.
Select an arm at random, sample rewards 27 times
Obtain initial estimate (b;) of ||#*|| according to Section [8.3.3]
fort=1,2,..., Kdo
Play arm ¢, receive reward g; ,
end for
Define S = {g;:} X,
for epochst=1,2..., N do
Use S as pure-exploration reward
Play OFUL; (b;) until the end of epoch i (denoted by &;)
Att = &, refine estimate of [|6*|| as, b;11 = maxpec,, [0
Set Tiy1 = 215, 041 = %
: end for
: OFUL{ (D) :
: Input: Parameters b, 6 > 0, number of rounds T
cfort=1,2,...,7 do
Select the best arm estimate as j; = argmax;e (g [maxgec, | {ftii—1 + (cig, )},
where /i;; and C, are given in Section|[8.3.2]
18:  Play arm j;, and update {fi;,} X, and C,
19: end for

R A o S o

—_ = = =
2o -2

p—
= o U

estimation of the bias involves a simple sample mean estimate with upper confidence level, and the
estimation of 6* involves building a confidence set that shrinks over time.

In order to estimate 6%, we use a variant of the popular OFUL [66] algorithm with arm bias.
We refer to the algorithm as OFUL™. Algorithm [I1]is epoch based, and over multiple epochs, we
successively refine the estimate of ||6*||. We start with a rough over-estimate of ||#*|| (obtained from
a pure exploration phase), and based on the confidence set constructed at the end of the epoch, we
update the estimate of ||0*||. We argue that this approach indeed correctly estimates ||6*|| with high
probability over a sufficiently large time horizon 7'.

We now discuss the algorithm OFUL™. A variation of this was proposed in [67] in the context
of model selection between linear and standard multi-armed bandits. We use /i, ; to address the bias
term, which we define shortly. The parameters b and ¢ are used in the construction of the confidence
set C;. Suppose OFULT is run for a total of T rounds and plays arm A, at time s. Let T;(t) be the
number of times OFUL™ plays arm ¢ until time ¢. Also, let b be the current estimate of ||6*||. We
define,

1 t
Git = =~ is]- As =1;.
Git Tl(t> ;1:9, { }
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With this, we have

fliy = Gix + c(o +b)
The confidence interval C;, is defined as

Co={0 R (|0 — 0, < Ks(b,t,T)},
where 6, is the least squares estimate defined as

) T -7
et = (CYK+1;taK+1:t + I) &K+1:tGK+1:t

with a1 as a matrix having rows .}y, geyq,- .-, ), , and

Gritt = [Ap1 K41 = BAgy K415 -5 JAt — fia,+) . The radius of C; is given by (see Ap-
pendix [8.8.1] for complete expression),

Ks(b,t,T) = c%w log(KT/6).

Lemma 2 of [67] shows that 8* € C; with probability || at least 1 — 4.

8.3.3 Construction of initial estimate b,

We select an arm at random (without loss of generality, assume that this is arm 1), and sample
rewards (in an i.i.d fashion) for 27 times, where 7 > 0 is a parameter to be fed to the Algorithm[TT]
In order to kill the bias of arm 1, we take pairwise differences and form: y(1) = g11 — g1.2, ¥(2) =
913 — 1.4 and so on. Augmenting y(.), we obtain: ¥ = X0 + 7, where the i-th row of X is
(01 2i41 — a172i+2)T, the i-th element of 7 is 71 2,41 — 11,2:+2. Hence, the least squares estimate,
0\ satisfies |01 — 6*|| < /20 41og(1/6,), with probability exceeding 1 — &, ([[13]). We set
the initial estimate

~ d
by = max{[|0"“*|| + V201 / = log(1/5,), 1}
T

and this satisfies b; > ||0*|| and b; > 1 with probability at least 1 — d,.

8.3.4 Regret Guarantee of Algorithm

We now obtain an upper bound on the cumulative R(7) with Algorithm 11| with high probability.
For theoretical tractability, we assume that OFUL™ restarts at the start of each epoch. We have the
following lemma regarding the sequence {b; }2°, of estimates of |6 |:

For complete expression, see Appendix|3.8.1
2There is a typo in the proof of regret in [67]]. We correct the typo, and modify the definition of ji; ; and Ks(b, ¢, T).
As a consequence, the high probability bounds change a little.
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Lemma 54. With probability exceeding 1 — 801 — Js, the sequence {b;}2, converges to ||0*| at a
rate O(5;), and we obtain b; < (c1[|0%|| + ¢2) for all i, provided T\ > Cy (max{p, q} b)? d, where
14 1og( “§1Tl ) 2C0 log( “§1T1 )

. g= [W]

C1>9 andp =]

Pmin

Hence, the sequence converges to ||0*|| at an exponential rate. We have the following guarantee
on the cumulative regret R(T"):

Theorem 20. Suppose Ty > max{Tynin(5,T), Cy (max{p, ¢} by)* d}, where Cy > 9 and Ty (5,T) =

(p%? + ?WL_) log(24L). Then, with probability at least 1 — 185, — &,, we have

R(T) < C1(27 + K)[|0*]| + C(||6°]] + 1) (VK + Vd) VT log(KT1 /1) log(T/Ty).

Remark 32. Note that the regret bound depends on the problem complexity ||0*||, and we prove
that Algorithm TT]adapts to this complexity. Ignoring the log factors, Algorithm [TT] has a regret of
O((1 + ||0*])) (V'K + v/d)/T) with high probability.

Remark 33. (Matches Linear Bandit algorithm) Note that the above bound matches the regret
guarantee of the linear bandit algorithm with bias as presented in [67].

Remark 34. (Matches UCB when 6* = 0) When 6* = 0 (the simplest model, without any contextual
information), Algorithm [I]recovers the minimax regret of UCB algorithm. Indeed, substituting
|6*|| = 0 in the above regret bound yields R(T) = O(v/KT), with high probability, provided
K > d. Hence, we obtain the “best of both worlds” results with simple model (6* = 0) and
contextual bandit model (6* # 0).

8.4 Dimension as a Measure of Complexity - Continuum
Armed Setting

In this section, we consider the standard stochastic linear bandit model in d dimensions [66]], with
the dimension as a measure of complexity. The setup in this section is almost identical to that
in Section [8.3.1] with the 0 arm biases and a continuum collection of arms denoted by the set
A= {z € R?: ||z|| < 1}| Thus, the mean reward from any arm = € A is (z, 6*), where ||0*| < 1.
We assume that §* is d* < d sparse, where d* is apriori unknown to the algorithm. Thus, unlike in
Section there is no i.i.d. context sampling in this section. We consider a sequence of d nested
hypothesis classes, where each hypothesis class ¢ < d, models 6* as a ¢ sparse vector. The goal of
the forecaster is to minimize the regret, namely R(T) := S, [(x} — x;,6*)], where at any time
t, x; is the action recommended by an algorithm and =} = argmax,  4(x,60*). The regret R(T)
measures the loss in reward of the forecaster with that of an oracle that knows 6* and thus can
compute z; at each time.

30ur algorithm can be applied to any compact set A C RY, including the finite set as shown in Appendix W
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Algorithm 12: Adaptive Linear Bandit (Dimension)
1: Input: Initial Phase length 7§ and slack § > 0.
2: /9\0 == ]_, T_1 ==
3: for Each epochi € {0,1,2,---} do

4. T’z = 25iT0, E; %, 51 < %

5: Di::{i:|§i|2%

6: for Timest € {T;_1+1,---,T;} do

7: Play OFUL(1, §;) only restricted to coordinates in D;. Here ; is the probability slack
parameter and 1 represents ||0*|| < 1.

8: end for

9: for Timest € {T; +1,---,T; + 5\/Ty} do

10: Play an arm from the action set .4 chosen uniformly and independently at random.

11:  end for

12:  «a; € R%*4 with each row being the arm played during all random explorations in the past.
13:  y; € R with i-th entry being the observed reward at the i-th random exploration in the past
14 0;41 + (ol o) Leyyy, is a d dimensional vector

15: end for

8.4.1 ALB-Dim Algorithm

The algorithm is parametrized by 7, € N, which is given in Equation (8.1) in the sequel and slack
d € (0,1). As in the previous case, ALB-Dim proceeds in phases numbered 0, 1, - - - which are
non-decreasing with time. At the beginning of each phase, ALB-Dim makes an estimate of the set
of non-zero coordinates of #*, which is kept fixed throughout the phase. Concretely, each phase ¢
is divided into two blocks - (i) a regret minimization block lasting 25T} time slots, (ii) followed
by a random exploration phase lasting 5'[1/Ty] time slots. Thus, each phase i lasts for a total of
25Ty + 5'[4/Ty] time slots. At the beginning of each phase i > 0, D; C [d] denotes the set of
‘active coordinates’, namely the estimate of the non-zero coordinates of §*. Subsequently, in the
regret minimization block of phase ¢, a fresh instance of OFUL [|66] is spawned, with the dimensions
restricted only to the set D; and probability parameter ¢; := 21 In the random exploration phase, at
each time, one of the possible arms from the set A is played chosen uniformly and independently at
random. At the end of each phase ¢ > 0, ALB-Dim forms an estimate 6, of 8*, by solving a least
squares problem using all the random exploration samples collected till the end of phase ¢. The
active coordinate set D;_ 1, is then the coordinates of 0, with magnitude exceeding 2-¢*1). The
pseudo-code is provided in Algorithm[I2] where, Vi > 0, S; in lines 15 and 16 is the total number
of random-exploration samples in all phases upto and including i.

8.4.2 Main Result

We first specify, how to set the input parameter 7, as function of . For any N > d, denote by Ay
to be the NV x d random matrix with each row being a vector sampled uniformly and independently
from the unit sphere in d dimensions. Denote by My := %E[A%AN], and by )\%)z, /\gi to
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be the largest and smallest eigenvalues of My. Observe that as My is positive semi-definite
(NV)

O < A\ < ADe) and almost-surely full rank, i.e., IP’[)\%L > 0] = 1. The constant 7j is the
smallest integer such that
2 2 4 )\gn[zl/xTOD )\((m) d )\gbzl/xm)
Vo > max | —27_1n(2d/s), 20  Amin (A Jn2a/s))  8.1)
VD2 3 VDY

Remark 35. Tj in Equation ll is chosen such that, at the end of phase 0, P[||0y—6*||oc > 1/2] < 6.
A formal statement of the Remark is provided in Lemma [55|in Appendix [8.8.2]

Theorem 21. Suppose Algorithm|12|is run with input parameters § € (0,1), and Ty as given in
Equation (8.1), then with probability at-least 1 — 0, the regret after a total of T arm-pulls satisfies

50 25T T 25T

The parameter vy > 0 is the minimum magnitude of the non-zero coordinate of 6%, i.e., v = min{|6;| :

0f # 0} and d* the sparsity of 0, i.e., d* = |{i : 0] # 0}|.
In order to parse this result, we give the following corollary.

Corollary 4. Suppose Algorithmis run with input parameters § € (0,1), and Ty = 9] (d2 In? (%))
given in Equation (8.1)), then with probability at-least 1 — ¢, the regret after T times satisfies

d> ~
Rp < 0(74_65 In?(d/8)) + O(d*V'T).
Remark 36. The constants in the Theorem are not optimized. In particular, the exponent of y can be

made arbitrarily close to 4, by setting £; = C~* in Line 4 of Algorithm [12] for some appropriately
large constant C' > 1, and increasing T; = (C")"Ty, for appropriately large C’ (C" ~ C*).

Discussion - The regret of an oracle algorithm that knows the true complexity d* scales as 5(d* \/T)
[68,|69]], matching ALB-Dim’s regret, upto an additive constant independent of time. ALB-Dim is
the first algorithm to achieve such model selection guarantees. On the other hand, standard linear
bandit algorithms such as OF UL achieve a regret scaling O(d+/T'), which is much larger compared
to that of ALB-D1im, especially when d* << d, and y is a constant. Numerical simulations further
confirms this deduction, thereby indicating that our improvements are fundamental and not from
mathematical bounds. Corollary 4] also indicates that ALB-Dim has higher regret if 7 is lower. A
small value of v makes it harder to distinguish a non-zero coordinate from a zero coordinate, which
is reflected in the regret scaling. Nevertheless, this only affects the second order term as a constant,
and the dominant scaling term only depends on the true complexity d*, and not on the underlying
dimension d. However, the regret guarantee is not uniform over all 8 as it depends on . Obtaining
regret rates matching the oracles and that hold uniformly over all §* is an interesting avenue of
future work.
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8.5 Dimension as a Measure of Complexity - Finite Armed
Setting

8.5.1 Problem Setup

In this section, we consider the model selection problem for the setting with finitely many arms in the
framework studied in [70]. At each time ¢ € [T'], the forecaster is shown a context X; € X, where
X is some arbitrary ‘feature space’. The set of contexts (X)L, are i.i.d. with X; ~ D, a probability
distribution over X" that is known to the forecaster. Subsequently, the forecaster chooses an action
A; € A, where the set A := {1,--- , K} are the K possible actions chosen by the forecaster. The
forecaster then receives a reward Y; := (0%, o™ (X, A;)) + ;. Here (n;)]_; is an i.i.d. sequence of 0
mean sub-gaussian random variables with sub-gaussian parameter o that is known to the forecaster.
The function| " : X x A — R? is a known feature map, and #* € R? is an unknown vector. The
goal of the forecaster is to minimize its regret, namely R(7") = Zthl E [(A}; — Ay, 6%)], where at
any time ¢, conditional on the context X;, A} € argmax, 4(0*, " (X}, a)). Thus, A} is a random
variable as X, is random.

To describe the model selection, we consider a sequence of M dimensions 1 < d; < ds,--- <
dy; = d and an associated set of feature maps (¢™)_,, where for any m € [M], ¢™(-,-) :

X x A — R is a feature map embedding into d,, dimensions. Moreover, these feature maps
are nested, namely, for all m € [M — 1], for all x € X and a € A, the first d,,, coordinates of
¢™ Yz, a) equals ™ (z, a). The forecaster is assumed to have knowledge of these feature maps.
The unknown vector 6* is such that its first d,,,» coordinates are non-zero, while the rest are 0. The
forecaster does not know the true dimension d,,«. If this were known, than standard contextual
bandit algorithms such as LinUCB [64] can guarantee a regret scaling as O(~/d,,,+T"). In this section,
we provide an algorithm in which, even when the forecaster is unaware of d,,, the regret scales
as O(\/d,,»T). However, this result is non uniform over all §* as, we will show, depends on the
minimum non-zero coordinate value in 6*.

Model Assumptions We will require some assumptions identical to the ones stated in [70]. Let
160%|l2 < 1, which is known to the forecaster. The distribution D is assumed to be known to the
forecaster. Associated with the distribution D is a matrix Xy == = > E [¢M (2, a)¢™ (z,a)"]
(where = ~ D), where we assume its minimum eigen value \,,;,(257) > 0 is strictly positive.
Further, we assume that, for all a € A, the random variable ¢ (z, a) (where = ~ D is random) is a
sub-gaussian random variable with (known) parameter 72.

8.5.2 ALB-Dim Algorithm

The algorithm in this case is identical to that of Algorithm[I2] except with the difference that in
place of OFUL, we use SupLinRel of [246] as the black-box. The full details of the Algorithm
are provided in Appendix [8.8.6]

4Superscript M will become clear shortly
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8.5.3 Main Result

For brevity, we only state the Corollary of our main Theorem (Theorem [22)) which is stated in
Appendix [8.8.6]

Corollary 5. Suppose Algorithmis run with input parameters § € (0, 1), and Ty = 9] (d2 In? (%))
given in Equation , then with probability at-least 1 — 6, the regret after T' times satisfies

2

Ry <O (% In%(d/8)r? In (?)) +O(J/Tdx),

where v = min{|07| : 6} # 0} and d* the sparsity of 0*.

Discussion - Our regret scaling (in time) matches that of an oracle that knows the true problem
complexity and thus obtains a regret scaling of O(\/d,,~T). This, thus improves on the rate
compared to that obtained in [70], whose regret scaling is sub-optimal compared to the oracle. On
the other hand however, our regret bound depends on v and is thus not uniform over all §*, unlike
the bound in [70] that is uniform over ¢*. Thus, in general, our results are not directly comparable
to that of [[70]]. It is an interesting future work to close the gap and in particular, obtain the regret
matching that of an oracle to hold uniformly over all 6*.

8.6 Simulations

Synthetic Experiments We compare ALB-Norm with the (non-adaptive) OFUL™ and an oracle
that knows the problem complexity apriori. The oracle just runs OFUL™ with the known problem
complexity. We choose the bias ~ U[—1, 1], and the additive noise to be zero-mean Gaussian
random variable with variance 0.5. At each round of the learning algorithm, we sample the context
vectors from a d-dimensional standard Gaussian, N (0, I;). We select d = 50, the number of arms,
K = 75, and the initial epoch length as 100. In particular, we generate the true ¢* in 2 different
ways: (i) ||0*|| = 0.1, but the initial estimate b; = 10, and (ii) ||6*|| = 1, with the initial estimate
b1 = 10.

In panel (a) and (b) of Figure (8.1, we observe that, in setting (i), OFUL™ performs poorly owing
to the gap between ||6*|| and b;. On the other hand, ALB—Norm is sandwiched between the OFUL™"
and the oracle. Similar things happen in setting (ii). In panel (c), we show that the norm estimates
of ALB-Norm improves over epochs, and converges to the true norm very quickly.

In panel (d)-(f) of Figure we compare the performance of ALB-Dim with the OFUL ([66]])
algorithm and an oracle who knows the true support of §* apriori. For computational ease, we set
g; = 27" in simulations. We select §* to be d* = 20-sparse, with the smallest non-zero component,
v = 0.12. We have 2 settings: (i) d = 500 and (ii) d = 200. In panel (d) and (e), we observe a
huge gap in cumulative regret between ALB-Dim and OFUL, thus showing the effectiveness of
dimension adaptation. In panel (f), we plot the successive dimension refinement over epochs. We
observe that within 4 — 5 epochs, ALB-Dim finds the sparsity of 6*.
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Figure 8.1: Synthetic and real-data experiments, validating the effectiveness of Algorithm (1|and
All the results are averaged over 25 trials.

Real-data experiment Here, we evaluate the performance of ALB-Norm on Yahoo! ‘Learning
to Rank Challenge’ dataset ([247]]). In particular, we use the file set2.test .txt, which consists
of 103174 rows and 702 columns. The first column denotes the rating, {0, 1,.,4} given by the
user (which is taken as reward); the second column denotes the user id, and the rest 700 columns
denote the context of the user. After selecting 20, 000 rows and 50 columns at random (several
other random selections yield similar results), we cluster the data by running k£ means algorithm
with & = 500. We treat each cluster as a bandit arm with mean reward as the empirical mean of the
individual rating in the cluster, and the context as the centroid of the cluster. This way, we obtain a
bandit setting with A = 500 and d = 50.

Assuming (reward, context) coming from a linear model (with bias, see Section @ WeE use
ALB-Norm to estimate the bias and 6* simultaneously. In panel (g), we plot the cumulative reward
accumulated over time. We observe that the reward is accumulated over time in an almost linear
fashion. We also plot the norm estimate, ||6*|| over epochs in panel (h), starting with an initial
estimate of 25. We observe that within 6 epochs the estimate stabilizes to a value of 11.1. This
shows that ALB—Norm adapts to the actual ||6*||.

Comparison of ALB (dim): When 0* is sparse, we compare ALB-Dim with 3 baselines: (i) the
ModCB algorithm of [70] (i1) the Stochastic Corral algorithm of [248]] and (ii1) an oracle which
knows the support of 6*. We select 8* to be d* = 20 sparse, with dimension d = 200 and d = 500.
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Figure 8.2: Comparison with Stochastic Corral and ModCB

The smallest non-zero component of #* is 0.12. For ModCB, we use ILOVETOCONBANDITS
algorithm, similar to [[70]. We select the cardinality of action set as 2 and select the sub-Gaussian
parameter of the embedding as unity. In Figure[8.2] we observe that, the regret of ALB (dim) is better
than ModCB and Stochastic Corral. The theoretical regret bound for ModCB scales as O(T2/3)
(which is much larger than the ALB-Dim algorithm we propose), and Figure 1(c), validates this.
The Stochastic Corral algorithm treats the base algorithms as bandit arms (with bandit feedback), as
opposed to ALB-Dim which, at each arm-pull, updates the information about all the base algorithms.
Thus, (Figs 1(d), 1(e)), ALB-Dim has a superior performance compared to Stochastic Corral.

8.7 Conclusion

In this paper, we considered refined model selection for linear bandits, by defining new notions of
complexity. We gave two novel algorithms ALB-Norm and ALB-Dim that successively refines the
hypothesis class and achieves model selection guarantees; regret scaling in the complexity of the
smallest class containing the true model. This is the first such algorithm to achieve regret scaling
similar to an oracle that knew the problem complexity. An interesting direction of future work
is to derive regret bounds for the case when the dimension is a measure of complexity, that hold
uniformly over all %, i.e., have no explicit dependence on ~.

8.8 Proofs

8.8.1 Detailed Description of OFUL™

We now discuss the algorithm OFUL™. A variation of this was proposed in [67]] in the context
of model selection between linear and standard multi-armed bandits. As seen in the OFUL™ sub-
routine of Algorithm@, we use [i; ; to address the bias term in the observation, which we define
shortly. The parameters b and § appears in the construction of the confidence set and the regret
guarantee. Furthermore, assume that the algorithm OFUL™ is run for T rounds.
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Let A, be the arm index played at time instant s and 7;(¢) be the number of times we play arm
i until time ¢. Hence T;(t) = Y°'_, 1{A, = i}. Also, let b be the current estimate of ||6*|. Also
define,

1 t
Git = 7~ isl As =1ty.
Git Tl(t) ;_1:97 { }

With this, we have

o 1+ Tt K(1+T,)/2\\1"" 2d 1
Mi,tzgi,mLU[in(tg)(1+210g( ( 5<>) ))} +b T(t)bg<g> (8.2)

In order to specify the confidence interval C;, we first talk about the least squares estimate 0 first.
Using the notation of [[67]], we define

~

T -1.7
0, = (O‘K+1:taK+1:t + ]) g 114Gt

where a1, is a matrix withrows ay oy, @), and
Gri1:t = [gAK%KH — P A KA1y At — ﬂAt’t]T. With this, the confidence interval is defined
as
J . N
C, = {QGR 16— éy ng;(b,aT)}, (8.3)

and Lemma 2 of [67] shows that 6" € C; with probability at least 1 — 4.
We now define the quantity KCs(b, t, 7). Note that we track the dependence on the complexity
parameter ||0*||. We have

- 16 8 2dT
Toin(8, 1) = 1 — 1,
( ) (pIZnin + 3pmin> Og ( 5 >

M;s(b,t) =b+ \/202 (g log (1 + é) + log (%)), (8.4)

1 2KT
Ts(b,t,T) = 30 b+2+o,|1+4+2log (T)

x |log (¥> + 4| tlog <¥> + log? <¥> , (8.5)

5,079 Ms(b,t) + Ts(b,t, T) if 1 <t < T,
Ks(b,t,T) = M (b,t) Tsbt,T)
/14 Pmin /2 - 1+pmin /2 if ¢ > Tonin.

(8.6)
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8.8.2 Proofs of the main results

In this section, we collect the proof of our main results. We start with the norm-based complexity
measure.

8.8.3 Proof of Theorem

We first take Lemma [54] for granted and conclude the proof of Theorem [20| using the lemma.
Suppose we play Algorithm[IT]for NV epochs. The cumulative regret is given by

R(T) < Cy(2r + K)|0°]| + > R(0;, b:)(T)),

=1

where R(d;,b;)(T;) is the cumulative regret of the OFUL; (b;) in the i-th epoch. As seen (by
tracking the dependence on [|¢*[|) in [67], the cumulative regret of OFUL] (b;) scales linearly with
b;. Hence, we obtain

R(T) < Z b R(6;, 1)(T7).

Using Lemma 1, we obtain, with probability at least 1 — 891,

N

R(T) < C\(27 + K)|I67|| + (el + c2) Y R(6:, 1)(T)

i=1
Theorem 3 of [67] gives,
) (8.7)

R(8;,1)(T}) < C(WK + Vd)\/T;log <K(;T

%
)

with probability exceeding 1 — 54;. With the doubling trick, we have

, )
i—1
T,=27'T,  6=gr

Substituting, we obtain

R(8;,1)(T}) < C,(VK + Vd)\/T;log (ﬁT) [(m —2)log <f;T1>}

with probability at least 1 — 56;.
Using the above expression, we obtain

N

R(T) < Cy(2r + K)|I0°]| + (Gl + C) Y (VE + V)T, {@z ) log (Kf)}
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with probability

1
Z 1-— 8(51 - 5(51 (]. + 5 + ..N-th term)

1
>1—860; — 56 (1+§+...)

=1-86 — 106
=1-— 183,

where the term 80; comes from Lemma[54] Also, from the doubling principle, we obtain

T
Zz“T T = N = log2(1+ )
T

=1

Using the above expression, we obtain

R(T) < Cu2r + K)6°| + (Callo" | + o) D \/R+\/E>f[2z—2 log (KTN

01
e
Pgv
Bve() S

=1

o (1) 7

5

< (21 + K)||60*]] + 2(Co||6* || + C3) (VK 4+ Vd) log <

~

< 01(27- + K)HH*H + Q(CQHQ*H + 03)(\/>+ \/_ <

< Ci(27 + K)[[0°]| + 2(Ca|67]| + Co) (VE + V) lo (

<01(2T+K>||e*|y+0(\|9*|y+1)(f+f1og(

where the last inequality follows from the fact that

N
Z \/i = /Ty (1 + L + 1 + ..N-th term)
i=1

23
TN(1+%+%+...)
f

h 2—1\/E
V2
51

The above regret bound holds with probability at least 1 — 186;.
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8.8.4 Proof of Lemma 54

Let us consider the i-th epoch, and let HA&. be the least square estimate of 6* at the end of epoch 1.
From the above section, the confidence interval at the end of epoch ¢, is given by

Ce, = {0 € RY: 10 = e, < K5, (b, T3, T1) }

where we play OFUL;; (b;) during the i-th epoch, and T; is the number of total rounds in the i-th
epoch. By choosing 77 > T1,in (9, T'), we ensure that T; > T,:,(0, T;). From equation (8.6), and
ignoring the non-dominant terms, we obtain

M(Sl(bzaﬂ) T(Sl(blaﬂyﬂ)

]C- bz,ﬂ,frz - ’
61( ) 1+pm1nﬂ/2 1+pm1nﬂ/2

with
T;
M, (b;, T}) < b; + crov/dlog (ch)

and

2K'T; 2K'T;
T(;i(bi,ﬂ,ﬂ)zélbi\/ilog( 5 )+C2Uflog< 5 >

Substituting the values, considering the dominating terms, and for a sufficiently large 7;, we obtain

IC5i(bi7 j—lia 7_;)

7b; log (2KT) Y og (2Kﬂ>
\/pmin ; meinﬂ 52

7b; log (zm) oV log: <2Kﬂ)
S5

< +C

(0]
V pmin 7 V Pmin E

where C'is an universal constant. From Lemma 2 of [67]], we know that 8* € Cg¢, with probability at
least 1 — 4¢;. Hence, we obtain

||égz

| + 2KCs, (bs, Ty, ;) < ||07] + +2C

\/pmin 7 mem 7

Recall from Algorithm 1 1]that at the end of the i-th epoch, we set the length 7;; = 27}, and the
estimate of ||0*|| is set to

146 1og (462 oV <2KT)

biy1 = pax 161]-
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From the definition of C¢,, we obtain

7bilog (2 Tl) oV KT,
bies = e | + s (0. T T) € ——— 1o ( )
! pmln V pmm
Re-writing the above expression, with probability at least 1 — 44;, we obtain
7log QKT b Colog (2KT ) va
biy1 < [|07] + e
' Vo VL O\ Vo ) VT
<1071 +ip—= + zq
f \/_

<167 + ipot 4 ig— Y
272 T1 272 T}
where we use the fact that §; = 21 Aand T, = 25 T1, and we have
141og (QKT1>
W

p:

and

Hence, we obtain

b;.

d 1
biy1 —b; < HQ*H + ZQL - (1 - 2p?>
272 T} 272 /T

From the construction of b;, we have —b; < —||6*||. Hence provided

Z’2p2

i—1"

T >

\)

252

(8.8)

which is equivalent to the condition 77 > 3p? (using the fact that 5=t < 3 fori > 1), we obtain

f
f

1
i1 —b; < <Zp17

)
s Il i

From the above expression, we obtain

sup b; < o0.

%
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with probability

11
>1—46 (142 +-+..
> 51(+2+4+ >

=1—86;.

Invoking Equation (8.8) and using the above fact in conjunction yield (with probability at least
1 —8d1)

lim b, < 6]
71— 00
However, from construction b; > ||0*||. Using this, along with the above equation, we obtain
lim by = [0°].
1— 00

with probability exceeding 1 — 83;. So, the sequence {by, by, ...} converges to ||#*|| with high
probability, and hence our successive refinement algorithm is consistent.

Rate of Convergence: Since

bi— b =0 (21) , (8.9)

with probability greater than 1 — 44;, the rate of convergence of the sequence {b; }3°, is exponential
in the number of epochs.

Uniform upper bound on b; for all :: We now compute a uniform upper bound on b; for all <.

o0
Consider the sequence i } , and let ¢; denote the j-th term of the sequence. It is easy to
272

=1
check that sup, t; = 1.5, and that the sequence {¢;}:°, is convergent. With this new notation, we
have

\/_
by < 0% + 12 221 4 4, VY

VI VT

with probability exceeding 1 — 46;. Similarly, for b3, we have

) b Vd
by < |67 +t25—TL HQ?/Tl

(1+t2\/T) \|9*|y+(t1t2f¢t ) (t@\/%%HQ%?).
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with probability at least 1 — 4, — 49, = 1 — 6. Similarly, we write expressions for by, b5, .... Now,
provided 7} > C} (max{p, q} b1)2 d, where C > 9 is a sufficiently large constant, the expression
for b; can be upper-bounded as

bi < (61H9*H + Cg) s (810)
with probability
1 1 .
>1—46 (1 + 5 + 1 + ...upto ¢-th term)
1 1
>1 -4 [ 1+=4+-+..
2 1 ( + 5 + 1 + )

=1—86;.

Here ¢; and ¢, are constants, and are obtained from summing an infinite geometric series with

decaying step size. We also use the fact that b; > 1, and the fact that §; = 2?1

T

8.8.5 Proof of Theorem 21

We shall need the following lemma from [249], on the behaviour of linear regression estimates.

Lemma 55. If M > d and satisfies M = O ((Ei2 + d) In (%)), and O™ is the least-squares
estimate of 0, using the M random samples for feature, where each feature is chosen uniformly
and independently on the unit sphere in d dimensions, then with probability 1, 0 is well defined (the
least squares regression has an unique solution). Furthermore,

P[0 — 0[]0 > €] < 0.

We shall now apply the theorem as follows. Denote by @ to be the estimate of #* at the beginning
of any phase 7, using all the samples from random explorations in all phases less than or equal to
1 — 1.

Remark 37. The choice Ty := O (d2 In? (%)) in Equation lb is chosen such that from Lemma
we have that

~ 1
P [HQ(NW) — 0|0 > 5} )

Lemma 56. Suppose T, = O (d2 In? (%)) is set according to Equation . Then, for all phases
1 >4,

P16 - 0"l > 27| < g (8.11)
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where 0; is the estimate of 0* obtained by solving the least squares estimate using all random
exploration samples until the beginning of phase 1.

Proof. The above lemma follows directly from Lemma Lemma [55| gives that if 51 is formed
by solving the least squares estimate with at-least M; := O ( (4° + d) In <%> samples, then the
guarantee in Equation (8.11)) holds. However, as Ty = O ((d + 1) In (2)), we have naturally that
M; < 4%+/Ty. The proof is concluded if we show that at the beginning of phase i > 4, the total

number of random explorations performed by the algorithm exceeds i4'[+/Tp|. Notice that at the
beginning of any phase 7 > 4, the total number of random explorations that have been performed is

S sV = VI
> 'V,

where the last inequality holds for all © > 4. O
The following corollary follows from a straightforward union bound.

Corollary 6.

P

all {97 — 0"l < 2-i}] >1-04.

i>4

Proof. This follows from a simple union bound as follows.

P [ﬂ{H@ || < z—i}] =1-P [U{H@- || 2—2‘}] ,

i>4 i>4
>1-Y PG -0l 227

i>4

o

>1- —

S
>4

>1-% 2

>1- 2
1>2
)
=1—-.
2

We are now ready to conclude the proof of Theorem 21]



CHAPTER 8. PROBLEM-COMPLEXITY ADAPTIVE MODEL SELECTION FOR
STOCHASTIC LINEAR BANDITS 256

Proof of Theorem 21} We know from Corollary [0} that with probability at-least 1 — ¢, for all
phases i > 4, we have ||0; — 0*||.c < 27°. Call this event £. Now, consider the phase i(7) :=
max (4, log, (%) ) Now, when event £ holds, then for all phases ¢ > i(~y), D; is the correct set of

d* non-zero coordinates of #*. Thus, with probability at-least 1 — 9, the total regret upto time 7" can
be upper bounded as follows

} ()|

Ry < (25iT0 45 \/TTﬂ) + > Regret(OFUL(L,6;25'T)

.
—~
=2

=

=0 >i(y)
()|
+ Y PVl (8.12)
J=i()

The term Regret(OFUL(L, §, T') denotes the regret of the OFUL algorithm [66], when run with
parameters L € R, such that ||¢*|| < L, and 6 € (0, 1) denotes the probability slack and 7" is the

time horizon. Equation (8.12)) follows, since the total number of phases is at-most [log25 (Tlo) -‘ .

Standard result from [|66]] give us that, with probability at-least 1 — §, we have

Regret(OFUL(1,§;T) < 4\/Td* In (1 + %) <1 + a\/Z In (%) +d*In (1 + %)) i

Thus, we know that with probability at-least 1 — Ziz 400> 1— %, for all phases i > i(7y), the regret
in the exploration phase satisfies

. . 25T
Regret(OFUL(1, d;;25"Ty) < 4\/d*25’T0 In (1 + pE 0)

X (1 +U\/21n (%) + d*In (1 + 25;;?(])) . (8.13)

In particular, for all phases i € [i(7), [logys (%)] with probability at-least 1 — 2, we have

. . 25T
Regret(OFUL(1, 6;; 25'T) < 4\/d*25’T0 In (1 + ?)

T 25T

= C(T, 8,d*)\/25Ty, (8.14)
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where the constant captures all the terms that only depend on 7’, 6 and d*. We can write that constant

as
25T T 25T
T =44 |d*In |14+ — 1 2In | — *In( 1+ — .
C(T,,d") \/d n( + )( +a\/ H(T05>+d n( +— ))

Equation (8.14) follows, by substituting © < log, <Tlo> in all terms except the first 25° term in

Equation (8.13). As Equations (]8.14[) and (]8.12[) each hold with probability at-least 1 — g, we can
combine them to get that with probability at-least 1 — ¢,

togas () +1
Rr <2T50) + Y C(T,6,d") /35Ty + 25[/Ty]5% (),
=0

o (7)1
<2250 4 25VT + C(T,6,d7) Y /25Ty,
=0
(a) p
< 50Ty—— + 25V/T + 25V TC(T, 6, d*),
r‘)/

4.65

o (5)) o (e 7))

Step (a) follows from 25 < 2465,

8.8.6 ALB-Dim for Stochastic Contextual Bandits with Finite Arms

8.8.7 ALB-Dim Algorithm for the Finite Armed Case

The algorithm given in Algorithm|13|is identical to the earlier Algorithm |12} except in Line 8, this
algorithm uses SupLinRel [246] as opposed to OFUL used in the previous algorithm. In practice,
one could also use LinUCB [64] in place of SupLinRel. However, we choose to present the
theoretical argument using SupLinRel, as unlike LinUCB, has an explicit closed form regret
bound [246]. The pseudocode is provided in Algorithm [I3]

In phase 7 € N, the SupLinRe1l algorithm is instantiated with input parameter 25T, denoting
the time horizon, slack parameter d; € (0, 1), dimension d 4, and feature scaling b(5). We explain
the role of these input parameters. The dimension ensures that SupLinRel plays from the restricted
dimension d 4,. The feature scaling implies that when a context x € X is presented to the algorithm,

M) oMK e

the set of K feature vectors, each of which is d, dimensional are o) 0
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Algorithm 13: Adaptive Linear Bandit (Dimension) with Finitely Many arms
1: Input: Initial Phase length Tj and slack § > 0.
2: Bozl,T_l :0
3: for Each epochi € {0,1,2,---} do
4 T, =25T), &+ 2, 0+ =
6: M, =inf{m:d,, > maxD,}.
7.
8

for Timest € {T;_1+1,--- ,T;} do
Play according to SupLinRel of [246] with time horizon of 25T}, with parameters

d; € (0,1), dimension d 4, and feature scaling b(9) := O (7’, /log (%))

9:  end for
10:  for Timest € {T;+1,--- ,T; + 5T} do
11: Play an arm from the action set .4 chosen uniformly and independently at random.
12:  end for
13:  «a; € R%*9 with each row being the arm played during all random explorations in the past.
14 y; € R with i-th entry being the observed reward at the i-th random exploration in the past
15 Biy1 + (ol o) tayys, is a d dimensional vector
16: end for

constant b(d) == O (7‘, /log (%)) is chosen such that

IP’[ [sup ™ (24, a)|2 > b(8) | <

0,T],ac A

= >

Such a constant exists since (z;)¢c[o,7) are i.i.d. and ¢* (z, a) is a sub-gaussian random variable
with parameter 472, for all a € A. Similar idea was used in [70]].

8.8.8 Regret Guarantee for Algorithm

In order to specify a regret guarantee, we will need to specify the value of 7j. We do so as before.
For any N, denote by AN and Aﬁfjﬁl to be the maximum and minimum eigen values of the following
matrix: XV = E [% Z]K:l SOV M (h, )M (w4, 5 )T] , where the expectation is with respect to
(xt)tem which is an 1.i.d. sequence with distribution D. First, given the distribution of x ~ D, one

can (in principle) compute AN and A for any N > 1. Furthermore, from the assumption on D,

min

AN O (i) > ( for all N > 1. Choose T € N to be the smallest integer such that

— 3202 4 (6AS Y + ALYy (@ ATy

(8.15)
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As before, it is easy to see that

eofew () (1))

Furthermore, following the same reasoning as in Lemmas [56| and [55] one can verify that for all
i 24P ||B - Bl 227 < &

2t

Theorem 22. Suppose Algorithm|13|is run with input parameters § € (0, 1), and Ty as given in
Equation , then with probability at-least 1 — 6, the regret after a total of T' arm-pulls satisfies

Ry < 2T, max (254, ) +308(1 + In(2KTInT))*/%\/Td,,- + 100V/T.

4.65
r‘)/

The parameter v > 0 is the minimum magnitude of the non-zero coordinate of %, i.e., v =

min{|3}| : 57 # 0}.
In order to parse the above theorem, the following corollary is presented.

Corollary 7. Suppose Algorithmis run with input parameters § € (0, 1), and Ty = 9] (d2 In? (%))
given in Equation , then with probability at-least 1 — 6, the regret after T' times satisfies

2

Ry <O (fo_% In*(d/8)* In (?)) +O0(\/Td,).

Proof of Theorem The proof proceeds identical to that of Theorem Observe from Lemmas
and that the choice of T} is such that for all phases i > 1, the estimate P [H B\i_l — B le =27 <

7. Thus, from an union bound, we can conclude that

P [UallBr — 'l 2 27] <
Thus at this stage, with probability at-least 1 — g, the following events holds.
* SUDseporyaca |0 (2t @) |2 < B(0)
o [|Bis1 — B*||los < 277, forall i > 4.

Call these events as £. As before, let v > 0 be the smallest value of the non-zero coordinate of 5*.
Denote by the phase i(y) := max (4, log, (%) ) Thus, under the event &, for all phases i > i(7),
the dimension dy,, = d,, i.e., the SupLinRel is run with the correct set of dimensions.
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It thus remains to bound the error by summing over the phases, which is done identical to that
in Theorem With probability, at-least 1 — g — Ziz 40 >1—0,

(5]
Rr < (25jT0 +5 m> + Z Regret(SupLinRel)(25'Ty, ;, A, b(5))
J=0 J=i(7)
()]
+ Y BV,

J=i(7)

where Regret(SupLinRel)(25'Ty, 6;, dag, ns)) < 44(1 + In(2K25°T; In 257T3))3/2 /25 Tod v, +
24/25T;. This expression follows from Theorem 6 in [246]. We now use this to bound each of
the three terms in the display above. Notice from straightforward calculations that the first term is

bounded by 27;,25°") and the last term is bounded above by 25[+/T; ] 5lo82s (Tlo) respectively. We
now bound the middle term as

()|

Z Reg(SupLinRel) (257 Ty, &;, dz,, b(5))

J=i(v)

a5
< b(6) > 44(1+ (2K 25Ty In 25'T5))*2 /25 Tyd p, + 24/25'Ty

J=i(7)

The first summation can be bounded as

a5

44(1 + In(2K25'Ty In 25°T3))%/2\ /25 Ty d s,

J=i(7)
()|
< 44(1 + In(2KT InT))*?\ /25Ty d,,
J=i(7)

< 44(1 + In(2K T In T))¥/275% (%) VTodx
= 308(1 4+ In(2KTInT))*2\/Tdy,,
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s ()|
> 225, <50VT.

J=i(v)

and the second by

Thus, with probability at-least 1 — 0, the regret of Algorithm [I3]satisfies

Ry < 2T325') + 308(1 + In(2K T In T'))*/?\/Tdz, + 100V/T,

where i(7y) := max (4, log, (%)) Thus,

2 ) _
Ry < 2Ty max (254, —) +308(1 + In(2KT InT))*%\/Tdz, + 100V'T,
f)/

4.65

as 25 < 2465
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Chapter 9

Model Selection for Contextual Bandits
Beyond Linear Structure

In this chapter, we focus on a provable model selection guarantee for the (generic) stochastic
contextual bandit problem. The results of Chapter [§/holds only for linear contextual bandits. The
linear parameterization is quite restrictive. here, we remove the linear assumption and solve a
non parametric problem. In particular we assume that we are given a set of M nested function
classes and the reward function lies in one of them. Via careful exploration, we show that with high
probability the correct model class identification is possible with minimal cost 9an additive constant
in the regret term). We first discuss the contextual model selection problem.

9.1 Problem formulation

Let A be the set of K actions, and let X’ be the set of d dimensional contexts. At time ¢, Nature picks
(x¢,7¢) in an i.i.d fashion, where z; € X and a context dependent r; € [0, 1]%. Upon observing
the context, the agent takes action a; € A, and obtains the reward of r,(a;). Note that, the reward
r¢(a;) depends on the context x; and the action a,. Furthermore, we have the following realizibility
assumption:

Assumption 21. (Realizibility:) There exists a predictor f* € F, such that E[r,(a)|z] = f*(z,a),
for all x and a.

Note that the realizibility assumption is standard in the literature ([[70, 71]. Also, in the
contextual bandit literature ([[71,72]) it is assumed that the true regression function f* is unknown,
but we know the function class F where it belongs. Hence, we pay some price (denoted by the
regret) for this. To set up notation, for any f € F, we define a policy induced by the function,
7f(x) = argmin . 4 f(x, a). So, we need to compete with the policy induced by the true regressor
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7+ We define the regret over 7' rounds as the following:

T
R(T) = Z[Tt(ﬂf* (1)) = re(a)].
t=1

[71] proposed and analyzed a contextual bandit algorithm, namely FALCON (stands for 1 FAst Least-
squares-regression-oracle CONtextual bandits), which gives provable guarantees for contextual
bandits beyond linear structure. FALCON is an epoch based algorithm, and depends only on an
offline regression oracle, which outputs an estimate f of the regression function f* at the beginning
of each epoch. Using a randomization scheme, that depends on the inverse gap with respect to the
estimate of the best action, it is showed that under the realizibility assumption, with probability
1 — 6, FALCON yields a regret of

R(T) < O(/KT log([FIT/5).

Although the above result makes sense only for the finite /, an extension to the infinite  is possible
and was addressed in the same paper (see [[71]).

We study the problem of model selection for contextual bandits. Hence, in contrast to the
standard setting we do not know . Instead, we are given a nested class of M function classes,
F1 C Fy C ... C Fy. The smallest function class where the true regressor lies is denoted by
Fa, where d* € [M]. Hence, the regret of the contextual bandit algorithm should depend on F-.
However, we do not know d*, and our goal is to propose adaptive algorithms such that the regret
depends on the actual problem complexity JF «. First, let us rewrite the realizibility assumption
with the nested hypothesis class feature.

Assumption 22. There exists a predictor f;. € Fg-, such that E[ry(a)|z| = f;.(x,a), for all x and
a. Furthermore, the conditional variance of /(.) is bounded, i.e., given x € X,

E[ri(a) — fi. (2, a)]* = 0* < 0.
forall a € A.

Note that, the bounded second moment is also quite mild and is equivalent conditions appear in
the stochastic optimization (SGD) literature.

We also have a separability condition as given in the following assumption. As we will see
subsequently (in Section[9.4.1] this is equivalent to the condition on the minimum non-zero value of
the optimal parameter in the linear contextual bandit setting.

Assumption 23. For any f € Fg«_1, we have
0t Exf(0,0) = i (0 ) > A,

for all pairs (x,a) € X x A, where A > 0 is the minimum separation across the function classes.

Note that separability condition is quite standard in statistics, specially in the area of clustering
and latent variable modelling (see [99, 250]]). Model selection without separability condition is kept
as an interesting future work.
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Algorithm 14: Adaptive Conextual Bandits (ACB)

1: Imput: epochs 0 = 79 < 7y < 75 < ..., confidence parameter J, Function classes
F1 C Fy C ... C Fy, threshold vy

2: forepochm =1,2,...,do

3 O = 0/2™

4 for function classes 7 = 1,2,..., M do

5: Compute fjm = argmin . r ZZZT‘WZ 22 1 (f (2, a) — 14(a,))? via offline regression oracle

6 Construct Tj" = 5y Y0 o (] (24, 1) — 14(ay))?

7:  end for

8:  Model Selection: Find the minimum index ¢ € [M] such that T} < . Let this class be
denoted by F

9:  Set learning rate p,, = (1/30)\/K7y—1log(|Fe|(Ti—1 — Tin—2)/0m)

10: forroundt=171,_1+1,...,7,do

11: Observe context x; € X

12: Compute f7"(a) for all action a € A, set a; = argmax, . f;"(a)

13: Define p;(a) = K+pm(fg”(xt1,dt)—fg”(:m,a) Va # ar, pia) =13, ., pila).

14: Sample a; ~ p;(.) and observe reward r;(a;).

15:  end for

16: end for

9.2 Algorithm—Adaptive Contextual Bandits (ACB)

In this section, we provide a novel model selection algorithm that use successive refinements over
epochs. We use the FALCON algorithm of [71]], and add a model selection phase at the beginning of
each epoch. In other words, over multiple epochs, we successively refine our estimates of the proper
model class where the true regressor function f* lies. The details are provided in Algorithm[14]

We assume that epochs have doubling epoch length. Let 7y, 71, . . . be epoch instances, with
To = 0, and 7,,, = 2. Before the beginning of the m-th epoch, using all the data of the m — 1-th
epoch, we add a model selection module, as shown in Algorithm

Note that we feed the samples of the m — 1-th epoch to the offline regression oracle. Moreover,
we split the samples in 2 equal halves. We use the first half to compute the regression estimate
{ f]m jj‘/il, and then use the rest to construct 77". We do not use the same set of samples to remove
any dependence issues with f]m and the samples {xy, ar, 7, (ar)}," " o1

We compare 77" to a pre-calculated threshold, and pick the model class where 77" falls below
such threshold (with smallest j, see Algorithm [23]). After selecting the regressor function, the ran-
domization follows exactly that of FALCON, i.e., we follow the inverse gap probability distribution

pi(.), and sample action a; ~ p;(.) and henceforth observe reward r,(a;).
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9.2.1 Regret Guarantee

We now analyze the performance of the model selection procedure of Algorithm [[4 We have the
doubling epochs,i.e., 7, = 2"". Without loss of generality, we simply assume 7, = 2. Also, assume
that we are at the beginning of epoch m, and hence we have the samples from epoch m — 1. So, we
have total of 2! samples, out of which, we use 2™=2 to construct the regression functions and the
rest 2™ 2 to obtain the testing function T7". Furthermore, we want the model selection procedure to
succeed with probability at least 1 — §/2™, since the we want a guarantee that holds for all m, and a
simple application of the union bound yields that. We have the following Lemma.

Lemma 57. Suppose we run Algorithmwith the threshold v = 02 + ¢, where cy is a universal
(small) constant. Then, provided

2m > max{%, %max{logﬂfm/(s)a log(1/0)}},

~

and A > ¢y, Algorithm|I4|identifies the correct model class Fy-, with probability exceeding
1= MY 35/2™ >1—6Ms.
m=1

With the above lemma, we obtain the following regret bound for Algorithm

Theorem 23. Suppose Assumptions 2 and 3 hold and A > co. Then with probability at least
1 — 6M6 — 6, running Algorithm [I4|for T iterations yield

log(1/5) 1
(A — cp)?’ 2

max{log(|Fy|/6), log(1/8)}} + O(\/KT log(| o

R(T) < C'max{ T/9).
Remark 38. The first term of the regret does not scale with 7. Hence, the regret scaling (with
respect to 1) is O(\/ KT log(|F4+|T/5), with high probability, which is exactly the model selection
guarantee.

Remark 39. The first term can be interpreted as the cost of model selection. Hence, the model
selection procedure only adds an additive constant to the regret performance of FALCON.

Remark 40. Note that the first term is a problem dependent quantity and implies the complexity of
the problem. If A is small, the model selection problem is hard, and the regret will be worse. Note
that this is reflected via ~ 1/A? dependence.

Remark 41. Note that the constant ¢ in the threshold can be chosen as a small enough constant,
and so the condition on the gap, given by A > ¢, is a mild condition. Since we do not know the
gap A, from an implementation point of view, the value of ¢, should be kept sufficiently small. Of
course, this results in a cost of O(1/c3) in the constant (independent of T) term in the regret.

Remark 42. Note that if an oracle provides an estimate of the gap A, one can avoid the condition
A > ¢y by choosing the threshold v as a function of A.
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Algorithm 15: ETC for Model Selection for Contextual Bandits
1: Input: Action set A, Function classes F; C JF» C ... C Fy, time horizon 7', confidence

parameter ¢, threshold ~
Explore:
fort =1,2,...,C\/T do

Observe context reward pair (z, ;)

Select action a; uniformly at random from .4, independent of x;

Observe reward r(a;)
end for
Compute regression estimator f; = argmin fex, c%/:T Ztcz ‘{T[ [z, ar) — ri(ar))? (via offline

regression oracle) for all j € [M]

9: Model Selection test:

10: Obtain another set of Cv/T fresh samples of (z;, 7, a;) via pure exploration (similar to line 4-6
)

11: Construct the test statistic 7; = C%/T Zg{f(f](xt, ar) — ri(az))? for all j € [M]

12: Thresholding: Find the minimum index ¢ € [M] such that 7; < ~. We obtain the regressor
Je € Fu

13: Commit:

14: fort =2CVT +1,...,T do

15:  Observe context reward pair (¢, 7¢)

16:  Select action a; according to FALCON algorithm of [[71] with the function class F,

17 Observe reward 7,(a;)

18: end for

9.3 Explore-then-Commit algorithm for model selection

In the previous section, we analyze FALCON with model selection, and obtain high probability
regret bounds. Here, instead, we use a simple explore-then-commit (ETC) algorithm for selecting
the correct model, and then commit to it during the exploitation phase. After a round of exploration,
we do a (one-time) threshold based testing to estimate the function class, and after that, exploit the
estimated function class for the rest of the iterations. We show that this simple strategy finds the
optimal function class F,« with high probability. The details are given in Algorithm[I5] We now
explain the exploration and exploitation phases of this algorithm.

Exploration: Let the time horizon be 7'. For now, we assume that we know the value of 7. We
keep 2Cv/T time for exploration, where C' is a universal constant. The exploration works in 2
phases.

Collect samples For 2C/T time epochs, we sample from the Nature randomly. Precisely, the
context-reward pair (z;, ;) is being sampled by Nature in an i.i.d fashion, and the action the agent
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takes is chosen uniformly at random from the action set .A. In particular, the action is chose
independent of the context z;. Hence, this is a pure exploration strategy.

Obtain regression gstimate Based on the samples of the first C VT rounds, we estimate the
regression function f for all the (hypothesis) function classes JFi, . .., Fy;. More precisely, we call
the offline regression oracle (as mentioned in [71]) and compute the following function estimate:

R CVT
fi =argmingcz (> flwr,ar) — re(ar))”

t=1

forall j € [M].

Testing on fresh samples To remove dependence issues, we use the remaining C'v/T samples
obtained form the sampling phase. Here we actually compute the following test statistic for all
hypothesis classes:

CcVT

1 2 2
T; = C—\/T Z(fj(%t,%) —ri(ar))

forall j € [M]. The idea is to perform a thresholding on {7} 72, . Intuitively, since the (conditional)
expectation of (a) is f}.(z, a), we can expect T} to be small for hypothesis classes that contain f;..
Otherwise, thanks to the separation condition, we expect 7 to be large. So, a simple thresholding
on Tj is sufficient to identify the smallest hypothesis class where f]. lies and we show that this
procedure succeeds with high probability.

As mentioned earlier, we provide guarantees with ETC under 2 settings—(a) gap constrained
and (b) long horizon.

ETC with (large) Gap constraint

Recall from Assumption 23[that, A is the minimum separation across the function classes. Here,
we analyze Algorithm 15| with the following assumption on the gap A.

Assumption 24. We assume that gap satisfies

A>o?+C (T—1/2 log(|Farl/8) + T4\ /log(1 /5))
where T is the time horizon, § € (0, 1) and C'is a universal constant.

Note that the above assumption suggests that for large 7', the gap satisfies A > ¢ + small-term.
Armed with the above assumption, we have the following result:
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Lemma 58. Suppose we set the threshold in Algorithm|15|as

=024 (T’”Q log(|Fu|/8) + T~/4/log(1 /5)) ,

for a universal constant C'. Then, with probability at least 1 — 2M$§, Algorithm[15]identifies the
correct model class F .

Regret Guarantee We now analyze the regret performance of Algorithm The regret R(T") is
comprised of 2 stages; (a) exploration and (b) commit (exploitation). We have the following result.

Theorem 24. Suppose Assumptions 2 and 3 hold. Then with probability at least 1 — (2M + 1)0,
running Algorithm|[I5|for T iterations yield

R(T) < O(V KT log(|Fa

T7/5).

ETC with long horizon

One of the potential issues of the previous section is the assumption on the gap. In this section,
we remove this restriction. In other words, we trade off the requirement on the gap with the time
horizon 7. We show that for any gap A (as long as A > ¢, for some small constant ¢;), our
proposed model selection procedure succeeds provided 7' > 1/A%,

Guarantee We have the following result.
Theorem 25. Suppose we choose the threshold v = 02 + ¢ in Algorithm The model selection
procedure succeeds with probability exceeding 1 — 2(M + 1)d provided,

log?(1/9) l41Og2(’]:M|/5),log2(1/5)}v

T 2 C max{m, B

and running Algorithm|15|for T' iterations yield

R(T) < O(y/KTlog([Fa

T/6).
Remark 43. Note that if the separation A 2 o2 (high SNR regime), the first condition is equivalent
toT" 2 O(1), and we get the setting with large gap.

Remark 44. Note that the we still require a gap constraint, A > ¢y. But this is a mild condition
compared to Assumption [24] as one can choose ¢, sufficiently small constant.
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9.4 Model Selection with infinite function classes

The results in Section [9] holds for finite function classes, since the regret bound depends on the
cardinality of the function class. However, as shown in [[71], it can be easily extended to the infinite
function class setting. Exploiting the notion of the complexity of infinite function classes, the
reduction is done.

Like before, we consider a nested sequence of M function classes F; C ... C Fy. The
reward is sampled from an unknown function f}. lying in the (smallest) function class indexed by
d* € [M], which is unknown. Given the function classes, our job is to find the function class Fs,
and subsequently exploit the class to obtain sub-linear regret. Let us first rewrite the separability
assumption.

We assume that the function classes F; C ... C JFj, are compact. This, in conjunction with the
extreme value theorem ensures the existence of the following minimizers: for 7 < d*, we define

fi = arginf By o[ f (2, 0) — [ (2, 0))? 9.1)

for all pairs (x,a). For j > d*, we know that this minimizer is indeed f}.. This comes directly

from the realizibility assumption. Note that we require the existence of the minimizer (regression

function) in order to use it for selecting actions in the contextual bandit framework (see [71]])
Having defined the minimizers, we have the following separability assumption.

Assumption 25. For any fj, where j < d*, we have
EI,a[fj(x?a) - f;*(x>a)]2 = A?

for all pairs (x,a) € X x A. Here we interpret A as the minimum separation across function
classes.

Similar to [[71], here, we are not worried about the explicit form of the regression functions
f;. Rather, we assume the following performance guarantee of the offline regressor. For j > d*
(meaning, the class containing the true regressor f;.), we have the following assumption.

Assumption 26. Given n i.i.d data samples (1, ar,r1(a1)), (T2, az,72(a2)), . . ., (Tn, @ny To(an)),
the offline regression oracle returns a function f;, such that for 6 > 0, with probability at least
1—-9,

Ex,a[fj(xa Cl) - f;lk* ([I), CL)] S 5.7'},5(”)

This assumption is taken from [[71]], and it is used to obtain the regret guarantee of the FALCON
algorithm. As discussed in the above-mentioned paper, the quantity & )(n) is a decreasing function
of n,e.g.,{(n) = O(1/n). As an instance, consider the class of all linear regressors in R%. In that
case, {()(n) ~ @(d /n). For function classes with finite VC dimension (or related quantities like
VC-sub graph or fat-shattering dimension; pseudo dimension in general, denoted by d), we have
§()(n) ~ O(d/n).

Here, to avoid repetition, we do not present all our previous results in the infinite function class
setting. We consider two instances:
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1. The ETC algorithm with large gap condition
2. The adaptive contextual bandit (ACB) algorithm

The model-selection algorithm remains more-or-less the same overall. For Option I, we explore
for the first 2C'v/T rounds. The first C+/T rounds are used to collect samples (x, ry, a;) via pure
exploration. Feeding this samples to the offline regression oracle, and focusing on the individual
function classes {F;}}Z, separately, we obtain ( £ € 7.5(C VT)) for all j € [M]. Thereafter, we
perform another round of pure exploration, and obtain C'/T fresh samples. Like in the finite case,
we construct statistic 7; for all j € [M].

For Option II, we collect all the samples from the previous epoch of the FALCON algorithm,
split the samples, to obtain the regression estimate f]m and similarly construct test statistic 7;" for
all j € [M].

Similar to Algorithm [I5|and[14] we choose the correct model based on a threshold on the test
statistic 7} (for Option I, it is 73"). Let us assume that the threshold is 7. We show that for all
Jj=>d*,T; <+, andforall j <d*,T; >~ with high probability. We also obtain an explicit form of
~. Once this is shown, the model selection procedure follows exactly as Algorithm|15] i.e., we find
the smallest index ¢ € [M], for which T, < ~. With high probability, we show that ¢ = d*.

Regret Guarantee We first show the guarantee for Option I, and then Option II.

Theorem 26. (ETC) Suppose Assumptions 2, 6 and 5 hold and the gap satisfies

A>o?+ () (gﬂ,,g(cﬁ) + T*WW) |
Then running Algorithm|l5|for T iterations with threshold
7 =02+ C' (&, s (CVT) + T4/ l0g(175))
yields, with probability at least 1 — (2M + 1)6, the regret
R(T) < O (\/ K&z, s (TT).

Theorem 27. (ACB) Suppose Assumptions 2 and 3 hold, and A > c,. Then with probability at least
1 —6M§ — 6, running Algorithm|[I4for T iterations yield

R(T) < Cmax{%, 6—1(2) max{log(| Fu|/9), log(1/0)}} + O (\/ K&z, o2 (T)T) .

Remark 45. The proof of these theorems parallels exactly similar to the finite function class setting.
The only difference is that instead of upper-bounding the prediction error using [[72]], we use the the
definition of £(.) to accomplish this.
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9.4.1 Special Case—Stochastic Linear Bandits

Here we consider the specific instance of the above-discussed generic contextual bandits—the linear
setup. We see that order-wise, the generic Algorithm [I4]recovers the regret guarantees of the linear
bandit setup (with finite number of arms).

Recall the problem setup of Chapter [§| for finite set of actions. Furthermore, assume that the
context embeddings ¢’ (z, a) is a unit d; dimensional Gaussian random variable. Note that this is
stronger than the sub-Gaussian assumption.

Rewriting the nested hypothesis class, this corresponds to setting the function classes F; to be
the linear class as the following:

Fi=A{(z,a) = (0;,¢' (x,a))|0; € RY, ||0]| < 1}.
Also, m™ is the smallest index such that the optimal regressor is realized, i.e.,

frne(w,a) = (07, 9™ (2, 0)).

So, this can be cast-ed as a model selection problem in our framework.
Let us look at the separability assumption of 23] For j < m*, we first compute

fj = arginffe]—‘jEx,a[f(xv CL) - f;:@* (l’, a)]27

and then compute the quantity
Eyalfj(z,a) = fr-(2,0)].
Substituting f.(z,a) = (6*,¢™ (z,a)) and optimizing over §;, we obtain
Esalfj(z,a) = fr-(2,0)]* = T*(dm — j) > T2,

where Y is the minimum magnitude of the non-zero coordinate of 6*, i.e., T = min{|0}| : 67 # 0}.
Note that we exploit the Gaussian distribution of ¢(.) to obtain the above calculation.
Hence for linear stochastic bandits, one may take

A=T2

where T is the minimum magnitude of the non-zero coordinate of 6*, i.e., T = min{|0;] : 6 # 0}.
Substituting in the regret expression of Theorem with &z,  (T) = O(d-/T) (linear class of
d,,» dimensional functions, VC-dimension is d,,,- + 1), we obtain

~. d
R (T) < O(W +

KTd,,").
with high probability. Several remarks are in order:

Remark 46. If the number of actions KX = O(1), the above regret scaling matches to that of
Theorem [22] Hence, in this setting we recover the performance of Algorithm[13]
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Remark 47. Note that in general, the performance of Algorithm [14{specialized to the linear setting
is worse than Theorem In particular, there is no K dependence in Theorem 22} but we have a
VK term in the leading factor here. This matches our intuition. Algorithm is applicable for any
generic contextual bandit problem, whereas Algorithm [I3]is specialized to the linear case only. The
price in regret can be viewed as the cost of generalization.

Remark 48. Let us now focus on the additive (minor) term with no 7" dependence. It scales as 1/ T4
here, whereas in Theoremit scales as 1/7%%_ Note that, we remarked (after Theorem that
via carefully choosing the problem constants, the dependence in Theorem[22]can be made arbitrarily
close to 1/T%. So, we have the same dependence on Y in both the settings.

Remark 49. Finally, note that the additive term is linearly dependent (d) here, whereas it has a
quadratic dependence (d?) in Theorem 22 We believe this stems from the analysis of Algorithm
In Algorithm[I3] we are successively estimating the support of the underlying true parameter, and it
is not clear whether support recovery is indeed required to ensure low regret.

9.5 Proofs
9.5.1 Proof of Lemma

Let us first show that T} concentrates around its expectation. We show it via a simple application of
the Hoeffdings inequality. R
Fix a particular m and j € [M]. Note that f/* is computed based on 2"~* samples. Also, in

the testing phase, we use a fresh set of 22 samples, and so fjm is independent of the second
set of samples, used in constructing 7j. Since we have r(.) € [0,1]. Furthermore, we have
f]m( .) € [0,1]. Note that this assumption is justified since our goal is obtain an estimate of the
reward function via regression function, and this assumption also features in [71]. So the random
variable ( fjm(xt, at) — r¢(a;))? is upper-bounded by 4, and hence sub-Gaussian with a constant
parameter.

Note that we are using only the samples from the previous epoch. In the, FALCON algorithm,
the regression estimate actually remains fixed over an entire epoch. Hence, conditioning on the
filtration consisting of (context, action, reward) triplet upto the end of the m — 2-th epoch, the
random variables {(f;(x;,a;) — r(a;))? ot Joy (a total of 2m=2 samples) are independent.
Note that similar argument is given in [71, Section 4.1] (the FALCON+ algorithm) to argue the
independence of the (context, action, reward) triplet, accumulated over just the previous epoch.

Hence using Hoeffdings inequality for sub-Gaussian random variables, we have

P (T; — ET; > () < exp(—nf?/32).

Let us look at the expression ET};.
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Realizable classes: Fix m and consider j € [M] such that j > d*. So, for this realizable setting,
we obtain the excess risk as:

Ex,r,a[f;‘n(ma a) - T(CL)} - flél}f: ]E:cra[f(x’ CL) - 7"(&)]2

= EwTa[f (z,a) — r(a)]Q - Ez,r,a[f;* (z,a) — r(a)]Q
= Em,a[fj (IL‘, a) - fd* (ZE, a)]Q'

So, we have, for the realizable function class,

2m—2
m 1 Fm
BT = s Benreae )" (2 a0) = mafan)]?
t=1
gm— 2 om— 2

2m 2 Z Eﬂct Tt,at fd (l't’a't) Tt (a't) 2m 2 Z ]El‘t at fm Z, a) f;*(JT,(Z)]Q
<o +01 log(2mlﬁl/5)/(2m Y,

with probability at least 1 — §/2™. Here, the first term comes from the second moment bound of
o2, and the second term comes from [72, Lemma 4.1]. So, by applying Hoeffding’s inequaity, we
finally have.

log(|F;l/8) ., m log(1/9)

Ci— +C
om + 12m+ 3 om/2

/i

04 om/2

" < o+ C
with probability at least 1 — 26/2™. Note that, provided
1
2m > = max{log(|Fa|/0),log(1/)}, (9.2)

0

with carefully chosen constants, we have
ij <o 2 + ¢

with probability at least 1 — 20/2™, where ¢y is a small universal constant.

Non-Realizable classes: For the non realizable classes, we have the following calculation. For
any f € F;, where j < d*, we have

Eyralf(z,a) —r(a )] E;ralr(a) — f;*(:v,a)]Q

= Eoarl(f(2,0) = for (x a))(f(z,a) + fi.(z,a) — 2r(a)]

= Eooria[(f (2, a) = fo: (2, 0))(f (2, a) + f3. (2, a) — 2r(a)]
= Eool(f(z,a) — fd*(ff a))(f(z,a) + fg.(z,a) — 2B o7 (a)]
=E,olf(z,a) = fi(2,0)],
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where the third inequality follows from the fact that given context x, the distribution of r in
independent of a (see [72, Lemma 4.1]).
So, we have

Eipralf(z,a) — r(a)]Q > By ralr(a) — fo(z, a)]Q + By ol f(7,a) — fi(z, a)]2
> A+o0?

where the last inequality comes from the separability assumption along with the assumption on the
second moment. Since the regressor fjm € F;, we have

~

Ex,,«,a[f;”(x, a) —r(a)]* > By alr(a) — fi(x,a0))* + Epo[f(z,a) — fi(x,a)]?
> A+ o2

Now, using 22 samples, we obtain

\/log(1
T > A 4ot - o VB VI

2m/2 42m/2

with probability at least 1 — §/2™. Now, suppose m is such that

Vis(1/®) | Vi _

oam/2 oam/2 ~

— Cp.

where ¢ is a small universal constant (see equation (9.2)) such that A > ¢;. Observe that, provided

o~ Log(1/6)
~ (A — 00)2
and with appropriately chosen constants, we have

Y}m 202+Co.

with probability at least 1 — §/2™.
Based on the above calculation, we choose the threshold v = 02 + ¢,. Finally, we say that
provided

log(1/9) ’%max{log(|fM|/5),10g(1/5)}},

om > maX{m 2

[l

the model selection procedure succeeds with probability exceeding

1—) 36/2m>1-60.

m=1
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9.5.2 Proof of Theorem

The above calculation shows that as soon as

log(1/0) %max{log(|}—M|/5),10%(1/5)}}a

om > maX{(A — )2 3

Y

the model selection procedure will succeed with high probability. Until the above condition is
satisfied, we do not have any handle on the regret and hence the regret in that phase will be linear.
This corresponds the first term in the regret expression. After the condition is satisfied, the regret is
given by (see [71])

Z @) (\/K(Tm — Tin—1) log (| Fas

(F = Tn1)/3) < O (VETIog(F[T}5)
with probability exceeding 1 — d. Finally, a union bound on the error probability yields the theorem.

9.5.3 Proof of Lemma

Since, we have samples from pure exploration, let us first show that 7’; concentrates around its
expectation. We show it via a simple application of the Hoeffdings inequality.

Fix a particular j € [M]. Note that fj is computed based on the first set of C'v/T samples. Also,
in the testing phase, we again sample C'v/T samples, and so f is independent of the second set
of C'v/T samples, used in constructing 7. Note that we have r(.) € [0, 1]. Furthermore, we have
f (.) € [0,1]. Note that this assumption is justified since our goal is obtain an estimate of the reward
function via regression function. This assumption also features in [[71]. So the random variable
( fj(:z:t, at) — 1¢(az))? is upper-bounded by 4, and hence sub-Gaussian with a constant parameter.
Also, note that since we are choosing an action independent of the context, the random variables
{(fi (e, a0) — r4(ay))? CVT are independent. Hence using Hoeffdings inequality for sub-Gaussian
random variables, we have

P (T} — ET; > £) < exp(—nf*/32).

Re-writing the above, we obtain

321log(1/6)
T, — BT, < /2228079
J Jj= C'\/T

with probability at least 1 — J. Let us look at the expression ET};.

1 VT X
ET; =E C'—\/T tzl(fj(l’t;at) - Tt(at))z
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Case I: Realizable Class First consider the case that j > d*, meaning that f. € F;. So, for this
realizable setting, we obtain the excess risk as (using [[72]])

EmAﬂ@ﬂ%—de—ggEmAﬂ%M—wwW

J

:Emwmumw—M@P—EmAﬁ4u@—rmW
- E%a[fj(l’, a) - f;* (‘7;7 a>]2'

So, we have, for the realizable function class,

1 cVT
ET; = —=Es.ria0 i ) - 2
J CVT ; [fi (e, ar) — ri(ar)]
1 CvT 1 CVT
R — ]E[L't Tt,a¢ ** 9 - 2 + D — Eiﬂt at f 9 - ** I 2
s ;é; rvsar[fae (T ar) — re(ay)] Nis ;;; awlf(x,a) = fi.(z,a)]

< o® + Cy log(|F;|/8)/(CVT),

with probability at least 1 — 9§, where (' is a known universal constant. Here, we also use the fact
that the second moment bound is 2. So, we finally have.

Ty < 0% + CyT~*1og(|F;| /) + CsT~ 4 /log(1/6)
with probability at least 1 — 2.
Case II: Non-realizable class We now consider the case when j < d*, meaning that f. does not
lie in F;. We have
E.alfj(x,a) — r(a)]? — inf E,,.[f(z,a) —r(a)]* > 0.

fE]'—j
Continuing, we obtain
1 CcvT
ET; = C—\/TExm,at ;[fj(l"t»at) —ri(ar)]?
> ] f E - ** 2
= flenfj af,a[f(x:a) fd (x,a)] )
> A.
So, in this setting,
321log(1/6
T, > BT — (| 22108l/0)

CVT

321og(1/6)
AN TovT

with probability at least 1 — 9.
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Choice of threshold If we can ensure the lower bound (on 7)) in the non-realizable setting is
larger than the upper bound in the realizable case, we can ensure identifiability. Based on the above
calculation, we fix the following threshold on the test statistic 77,

0? + O (T og(|F51/0) + T4 /10g(1/9))
< 0® + O (T2 10g(| Ful /8) + T4 /10g(1/3) ) = 7
For all j € [M], we compare T; with this threshold . From the above calculation, it is clear that
T; <~

with high probability for all j < d*. Furthermore, recall that from Assumption [24). For sufficiently
large 7', it is ensured that

Tj >~

for all 7 < d* (with high probability). This implies that we can identify whether a function class is
realizable or not simply based on the threshold ~y. Finally, a simple union bound yields the result.

9.5.4 Proof of Theorem 24

The regret R(T") can be decomposed in 2 stages, namely exploration and exploitation.
R(T) = Reapiore + Reaploit
Since we spend 2C/T time steps in exploration, and r(.) € [0, 1], the regret incurred in this stage
Reapiore < C\VT.

Now, at the end of the explore stage, provided Assumptions 2 and 3, we know, with probability at
least 1 — 29, we obtain the true function class F,+. The threshold is set in such a way that we obtain
the above result. Now, we would just commit to the function class and use the contextual bandit
algorithm, namely FALCON. From [[71], the regret guarantee of FALCON is

Reapioir < O (% K(T = 2CVT) log(|Fa-|(T — 20@/6)

< 0 (VETlog([71T/5)

with probability exceeding 1 — §. Combining the above expressions yield the result.

9.5.5 Proof of Lemma

As usual, we consider 2 cases:



CHAPTER 9. MODEL SELECTION FOR CONTEXTUAL BANDITS BEYOND LINEAR
STRUCTURE 278

Relizable class: The calculation here remains the same as before,

T; < 0 4+ C,T V2 1og(|F;|/6) + CsT~ 4\ /log(1/6)

with probability at least 1 — 25. We now choose 7" such that

CoT 2 1og(|F;1/6) 4+ CsT~*/1og(1/8) < ¢y

1
=T2 . max{log®(| Fa|/9),log*(1/5)},

for appropriate choice of constants. Using this, we get
T; < o’ + ¢

with probability at least 1 — 2.

Non-realizable class For any f € F;, where j < d*, we have

Eo ol f(2,0) = 7(a)]® = Eqppalr(a) — fi(z,a)]”
= Epar[(f(z,0) - h(xwﬂﬂ%®+¢}@ﬂ%—WWH
= Booalr[(f (2, 0) = f3-(x,0))(f (2, 0) + fo: (2, a) — 2r(a)]
= Eeol(f(z,a) — fd*(x a))(f(z,a) + fg: (2, a) = 2Erpr(a)]
=E,q[f(z,a) = fi(2,0)]%,
where the third inequality follows from the fact that given context z, the distribution of r in

independent of a. This comes from the basic model of contextual bandits.
So, we have

Ex,r,a[f(x: a) — r(a)]Q > Ex,r,a[r(a) — fo(z, a)]Q + Ema[f(xv a) — fo (2, a)]Q
> A+ o2,

where the last inequality comes from the separability assumption along with the assumption on the
variance. Since the regressor f; € F;, we have

Ex,r,a[fj (z,a) — T(a>]2 > By ralr(a) — fo-(z, a)}z +Eeulf(r,a) — fi.(x, a)]2
> A+ o2

Now, using C'v/T samples, we obtain
T; > A+ 0® — CsT~ 4 /log(1/0)
with high probability. Note that, provided A > ¢, and

log®(1/9)

T A S
> (C B o)’
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for a sufficiently large constant C', we have
T; > 0 + co,
So we have
T; > %+ ¢
with high probability.

Choice of threshold: Based on the above calculation, we choose the threshold v = o2 + ¢.
Finally we can say that out model selection procedure succeeds with high probability provided,

log?(1/6) 1

T>C max{——,—
- {(A—co)4 s

log®(|Fa|/9),log*(1/6)}.

9.5.6 Proof of Theorem 26

Case I: Realizable Class Consider j > d*. Using calculations similar to the finite cardinality
setting, we obtain

ET; < 0% + &7, 6(CVT).
Hence, invoking Hoeffding’s inequality, we obtain
T; < 0+ &5, 5(CVT) + CLT Y4\ /1og(1/5)
with probability at least 1 — 2.

Case II: Non-realizable Class We now consider the setting where j < d*, meaning that fJ. does
not lie in ;. In this case, we have

Exma[fj (z,a) — T(a)]Q - fien]_f; E;pralf(z,a) — 7’((1)]2 > 0.

Continuing, we obtain
VT
1 VT

ET; = —Efﬂt Tt,at i 5 - 2
J CVT ;[f](:ct a) — ri(a)]

Z flél]f'] Em,a[f(xv a’) - f;* (Q?, CL)]Q’

> A,
and hence
321log(1/6)
CVT
321log(1/6)
CVT

T; > ET; -

> A -
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Fixing a Threshold: Based on the above calculation, if we select the threshold

v = 0%+ Ex, 5 (CVT) + 20,74 /log(1/9).

With the gap condition

A > 0%+ Oy (&, 5(CVT) + T4 l0g(175))

we are guaranteed that 7 > v for the non realizable classes and 7; < v for the realizable classes
with high probability. Hence exploiting the nested hypothesis class structure, the smallest index
where T < «y corresponds to selecting the correct model with high probability.

After obtaining the correct model class, the regret expression comes directly from [[71]] in the
infinite function class setting.

9.5.7 Proof of Theorem
The proof directly follows by combining the proof of Theorem [23|and [26] and hence omitted.
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Chapter 10

Model Selection for Reinforcement
Learning with Function Approximation

We study the problem of model selection in Reinforcement Learning with function approximation.
We restrict our attention to the framework of model based episodic /inear MDP. In particular, similar
to Chapter 8, we study both the norm and sparsity/dimension of the problem parameter as problem
complexity and obtain model selection guarantees, meaning that the performance (regret) of our
algorithm depends on the complexity of the problem instance, as compared to some predefined
upper-bound on the complexity parameters. We first set the problem up, in the next section, and in
the subsequent sections, take norm and sparsity as complexity measures and propose algorithms
with regret guarantee.

10.1 Formulation and Linear Model

In this chapter, we consider an heterogeneous, episodic Markov decision process denoted by a tuple
M(S, A, H {P,}HL, {r,}_|), where S is the state space, A is the action space, H is the length
of each episode, PP}, is the transition probability at step & such that P, (+|s, a) is the distribution over
states provided action a is taken for state s at step h, and 7, : S X A — [0, 1] is the deterministic
reward function at step h. A policy 7 is is collection of H functions {7, : S — A},c[u), where
each of them maps a state s to an action a.

In each episode, an initial state s; is first picked by the environment. Then, at each step
h € [H], the agent observes the state s, picks an action a;, according a certain policy 7, receives a
reward 7,(sy, ap,), and then transitions to the next state s, 1, which is drawn from the distribution
Py (- | sn,an). The episode ends when 44 is reached. For each (s,a) € S x A, we define action
values Q7 (s, a) and and state values V,"(s) as

H

Qp(s,a) :=rp(s,a) + E Z (s, e (sw)) | sn = s,an = a
h'=h+1

Vir(s) := Qp(s,ma(s))



CHAPTER 10. MODEL SELECTION FOR REINFORCEMENT LEARNING WITH
FUNCTION APPROXIMATION 282

with V7, ,(s) = 0. The optimal value function V}*(-) and the optimal action-value function
Q; (-, -) are given by V;*(s) = sup, V;7(s) and Q; (s,a) = sup, Q7 (s, a). For brevity, we denote
PpViia](s,a) == Egp(sa)Vas1(s"). With this notation, Bellman equations for policy 7 can be
written as

Qr(s,a) = (Th + IP’th’Zrl) (s,a)

and the Bellman optimality equation is given by

Qr(s,a) = (rh + IP’hV,fH) (s,a)

In the online learning setting, the agent interacts with the environment for KX episodes to learn the
unknown transition kernels {I’,} and hence to improve its policy. For each k > 1, the environment
picks a starting state s%, and the agent chooses a policy 7* that will be followed through the whole
k-th episode. The objective is to design a learning algorithm that constructs a sequence {7*} that
minimizes the total regret

RK) = Vi) = v sh]

In this chapter, we consider a special class of MDPs called linear kernel MDPs (a.k.a., linear
mixture MDPs) [73]]. Roughly speaking, it means that the transition kernel {IP;,} can be represented
as a linear function of a given feature map ¢ : S x A x S — R<. Formally, we have the following
definition.

Definition 13 (Linear kernel MDP). M (S, A, H,{P,}}_,, {ry}_,) is called an heterogeneous,
episodic B-bounded linear kernel MDP if there exists a known feature mapping ¢ : Sx Ax S — R4
and an unknown vector ), € R? with |0, ||, < B such that

(i) For any state-action-state triplet (s,a,s’) € & x A x S and step h € [H], P(s|s,a) =
<¢<3/ ’ S,Cl), 9h>'

(ii) For any bounded function V' : S — [0,1] and any tuple (s,a) € S x A, we have
I6v(5, )l < 1, where oy(s, ) i= Xyes S(s'ls, V()

In the learning problem, the vectors {65 }/._ are unknown to the learner. The episodic MDP is
parameterized by ©* = {0; }/L_ and we denote the MDP by Mg-. In what follows, we define two
natural complexity measure of Mg-: (a) ||0;|| for all h € [H], and (b) ||6;:||o for all b € [H].

Notation We keep the notation consistent with the previous chapters. For positive integer r, by
[r], we denote the set of integers {1,2,...,7}. Also ||.|| denotes {5 norm unless otherwise specified.
Moreover, Yyin(A) denotes the minimum eigenvalue of the matrix A.
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Algorithm 16: Adaptive Reinforcement Learning (norm)-ARL—-Norm
1: Imput: Over estimate of norm B, the initial phase length K, Slack 9y = > 0
2: Initial estimates: bgl) = max{B, 1}, forall h € [H].
3: for epochst=1,2..., N do
4:  Play UCRL-VTR" with norm estimates {bgf)}thl, until the end of epoch 7 (denoted by &;)
5
6
7

At k = &, refine estimate of || 65 || as, bgﬂ) = maxyce. 5 |0l

Set K/L'Jrl = 2Kl, 6i+1 = %Z
: end for

10.2 Norm as Complexity measure

In this section, we define {||0; ]|}/, as a natural measure of complexity of the problem. Recall that
the transition kernel is parameterized by 67, i.e., P(s'|s,a) = (¢(s' | s,a), 65). Hence, if 0} is close
to 0 (hence ||05 || is very small), the set of states s’ for the next step will have a small cardinality.
Similarly, when 6} is high (with ||0; || is large), the above-mentioned cardinality will be quite large.
We mention here that, via the same set of arguments the sparsity (number of non-zero coordinates)
of 0; also serves a natural measure of complexity. We consider this in the subsequent section.

Here, we propose and analyze an algorithm, that adapts to the problem complexity |6} ||, and
as a result, the regret obtained will dependent on ||05||. In prior works, usually it is assumed that
{07 }H_ lies in a norm ball with known radius, i.e., ||0;|| < B (see [73]). This is a non-adaptive
algorithm and the algorithm uses B as a proxy for the problem complexity, which can be a huge
over-estimate. In sharp contrast, we start with this over estimate of ||#} ||, and successively refine this
estimate over multiple epochs. We show that this refinement strategy yields a consistent sequence
of estimates of |0} ||, and as a consequence, our regret bound depends on ||6; ||, not B.

Our idea: We take the UCRL-VTR™ of [74] as a blackbox, and successively refine the estimates
of {03}, over epochs. Note that we take UCRL-VTR™ as our baseline algorithm since the regret
of the same is near optimal. In particular UCRL-VTR™ tracks the variance of the value function
(via updating a parameter oy, ;) along with a careful estimation of covariance matrix corresponding
to the embeddings ¢(.).

We now proceed for the successive model refinement based model selection algorithm. The
details are given in Algorithm[I6] In particular we choose the doubling epoch. As mentioned, we
use the model based RL algorithm of [74]], namely UCRL-VTR ™. We begin with some over estimate
of {05 }Z, (in particular, we assume ||0;|| < B for all h € [H]), and over epochs, we refine this
estimate. In particular, as seen in Algorithm[I6] at the end of the epoch, based on the confidence set
built, we choose the new estimate of {6} }/Z,. We argue that this sequence of estimates is indeed
consistent, and as a result, the regret depends on {67} .

Let us have a look how UCRL-VTR™ constructs the confidence ellipsoid CAM for episode k.
From [74]], we obtain the following

ék,h = {9 2|0 — ék,h“ik,h < Bkh} ,
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where ékvh is an estimate of 8 (a regularized least square estimator with adjusted variance) computed
by UCRL-VTR™, and

Brn = 8y/dlog(1 + k/\) log(4k2H8) + 4v/d log(4k2H/5) + VX by,

where by, is the current estimate of ||¢; || and ) is the regularization in the least squares problem.
Also, we have

k
S ——2 t t T t t
Ypp =AM+ Z Oth ¢Vt,h+1(5hv ahWVt,hH(Sm ay,)

t=1

Then, [74] shows that
P (0; € Cip) > 136,

Now, let us present the main result of this section. We show that the sequence of estimators
build via Algorithm[I6]actually converges to the true norm estimates. We first make the following
assumption on the embeddings:

Assumption 27. We have, for all h € [H|,

——2 k kN T k _k
Er— [Gk,h ¢Vk,h+1(sh7 ah)(bvk,h_,_l(sh? ah) = Xc %% Pmin 1,

where, pyin > 0, and E_1[.] is a conditional expectation, conditioned on the observation upto
episode k — 1.

We emphasize that similar assumptions have featured in existing literature, e.g., see [[67, 70].
Note that we had similar assumptions in Chapter[§] In fact removing such spectral assumption is
an interesting open problem (see COLT open problem, [251]). Model selection without the above
assumption is an interesting future direction.

Armed with the above assumption, we obtain the following result, which is crucial in under-
standing the rate at which the confidence ellipsoid of {65 }/7_, shrinks.

Lemma 59. Consider the matrix My, = M\ + S1_, Tiit Oinas (Shs 05OV, s (ko af) T For all
k€ {Tmin(9),..., K} and all h € [H], we have

k
Vmin<Mk,h> =\ + (Z 51;}? ¢V§s,h+1 (Sl;w a2)¢%,h+1 (S;tw QZ)T> > A+ pmink/zv

t=1

with probability at least 1 — 9, where

Tmm(d):< 16 8Vd >log(2dK/5).

Prin®  3H prin
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We now show that the norm estimates produced by ARL-norm indeed converges to the true
norm {0} ||}, at an exponential rate with high probability.

Lemma 60. With probability exceeding 1 — 8H4, the sequence {b,(f) 2, converges to ||0;|| at a

rate O (%), and we obtain bg) < (e1|0*|| + c2) for all i, provided the length of the initial episode
K satisfies the following

K 2
Kl Z maX{Tmin(é) 10g2(1 + ?)7 Cl <maX{p’ q} bél)) d}
1

where Cy, andp = 3,/ pm% and q = \/% <\/10g(K1/)\) log(K1H/01) + log(KlH/61)>

Hence, the sequence converges to ||#*|| at an exponential rate. Armed with the above lemma,
we finally focus on the regret of ARL (norm). We have the following:

Theorem 28. Suppose the initial epoch length K satisfies,

K 2
Ky > max{Tmuin(0) logy(1 + ?), C (max{p, q} bé”) d}
1

Then, with probability exceeding 1 — 8H — 20, we have

1

R(K) < (c1n/ 0% + 02)@ (\/(d2H3 + dH*)\1/2 ponIog(Kl/é)) polylog(}]({ )\/E,

where ||0*|| = maxye(m |10 -

Remark 50. If the algorithm is run for 7" rounds, with 7' = K H, we have

~ - K
R(T)<O (\/HH*H\/(dQH2 + dH3)\1/? ponIog(Kl/é)polylog(F)\/T)
1
with probability at least 1 — 8 Hd — 20.

Remark 51. The regret depends on {||0;||}Z,, instead of an upper-bound on the norm. Hence, our
algorithm adapts to the problem complexity.

Remark 52. (Cost of model selection) Note that the regret bound here matches to that of the
near-optimal regret of UCRL-VTR™, and so the model selection is (order-wise) free, in terms of
regret.

10.3 Dimension as complexity measure

In this section, we consider the linear MDP, with dimension as a measure of complexity. We propose
and analyze an adaptive algorithm that tailors to the sparsity of {7 }/7_,. We denote the sparsity of
the parameters as {d; }/’_, and define d* = max;, d;. In what follows, we consider estimating the
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Algorithm 17: Adaptive Reinforcement Learning (dim)-ARL-Dim
1: !\nput: Initial Phase length kg, slack 6 > 0.

2: 90 == ]_, T_1 ==

3: for epochs?=0,1,2...do

4 ki =4ko, 0
D; = {i:|6;] > (0.9)7+1}
for times t € {ki—l + 1, ey k’z} do

Play UCRL-VTR™ (1, 6/2") only restricted to (Dj,) e[ co-ordinates. Here, 6,/2" is the

slack parameter and 1 represents ||0;| < 1 forall h € [H].
8: end for
9: fortimest e {k;+1,... k +2\/ko} do

AN

10: Play UCRL-VTR"(1,§/2") starting from where we left of in epoch 7 — 1.
11:  end for
12: end for

sparsity parameter, d; of the h-th parameter ¢;. For notational convenience, we drop the subscript h
from d} and 0;.

As seen in Algorithm our proposed scheme works over multiple epochs, and we use
diminishing thresholds to estimate the support of #*. The algorithm is parameterized by k,, and
the slack 0 € (0, 1). ARL-Dim proceeds in phases numbered 0, 1, - - -, increasing with time. Each
phase starts with a support estimation routine of 6%, and is kept fixed throughout the phase.

Each phase i is divided into two blocks - (i) a regret minimization block lasting 4°k, time slots,
(ii) followed by a support estimation phase lasting 2¢[/k] time slots. Thus, each phase i lasts for a
total of 4%ky + 2[/ko] time slots.

At the beginning of phase i > 0, D; C [d] denotes the set of ‘active coordinates’, namely the
estimate of the non-zero coordinates of §*, and by notation, Dy = [d]. In the regret minimization
block of phase 7, a fresh instance of UCRL-VTR™ is spawned, with the dimensions restricted only
to the set D; and probability parameter ¢§; := 21

On the other hand, in the support estimation phase, we continue running the UCRL-VTR™
algorithm in full d dimension, from the point where we left of in epoch 7 — 1. Concretely, one
should think of the support estimation phases over epochs as a single run of UCRL-VTR™ in the
full d dimension. We choose the support estimation phases length in such a way that this does not
affect the final regret of ARL-Dim. Furthermore, choosing the error (slack) probability halving
over epochs, we ensure that final regret bound holds with high probability. At the end of each
phase i > 0, ARL-Dim forms an estimate 6;,, of #*. The active coordinate set D, 1, is then the
coordinates of 6, with magnitude exceeding (0.9)("*1). The pseudo-code is provided in Algorithm
By this careful choice of exploration periods and thresholds, we show that the estimated support
of 6* is equal to the true support, for all but finitely many phases. Thus after a finite number of
epochs, the true support of 6* locks-in, and thereafter the agent incurs the optimal regret that an
oracle knowing the true support would incur. Hence, the extra regret we incur with respect to an the
oracle (which knows the support of 6*) is the additive constant independent of time (depending on
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the smallest non-zero value of 6*).

10.3.1 Regret Guarantee

Suppose we choose the parameter

d?log* (K?H /o)
Pruin(0.9)

This ensures that the estimate of 6 after the 0-th epoch, 0, satisfy

]{?0 = 2Tr%1in(6) + O (

P Wl ] > (0.9)] <26
Furthermore, for all epochs 7 > 2, we have

P [||02 — 0|0 > (0.9>’} < 22—5

where @ is the estimate of 6* obtained by collecting all samples of the support estimation phase of
UCRL-VTR™ algorithm until the beginning of phase 7. A formal statement of the above is deferred
to the proof section.

We are now ready to present the main theorem of this section. Recall that d* = max;, d;.

Theorem 29. Suppose Algorithm|l7|is run with parameter ko chosen above and with slack > 0
for K episodes. Then, with probability at least 1 — 30, the regret upper bound is given by

1/, d?log*(K?H/0)

+ (\/(J*)QHS + J*H‘*polylog([(%ﬂ) polylog(K/6)) VK

where = mine(p { min{|0;(5)| : 05:(7) # O}} where 05 (j) denotes the j-th coordinate of 0.

Remark 53. Note that we maintain a v/ K regret dependence, which is near optimal (see [[74]).
However, the regret depends on 7, and hence it is a problem instance dependent bound.

Remark 54. (Dependence on 7:) In the above regret bound, we haven’t optimized over the de-
pendence on 7. Note that the 1/5'® dependence can be improved significantly by choosing an
aggressive growing epoch length. For example, if we choose the support estimation period as
6'[v/ko |, the regret minimization period as 36°k, and the threshold as (0.5)’, the dependence on 7
can be significantly reduced to 1/7°12. The support estimation period, regret minimization period
and threshold selection may be kept as tuning parameters.

Remark 55. (Cost of model selection:) Note that the cost of model selection is the first term in the
regret expression, which is independent of /', and hence a constant term.
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10.4 Conclusion

We address the model selection problem for episodic MDP with linear function approximation. In
particular, similar to the contextual bandits, we take norm and dimension as complexity parameter
and propose algorithms that adapts to these. An immediate future work is to relax the linearity
structure for RL, and obtain model selection for classes beyond linearity.

10.5 Proofs

10.5.1 Proof of Lemma

We use matrix Freedman inequality, and we critically use the bounded ness of ¢v, , ., (s},, a;,). Note
that a similar proof technique is used in [67]] in the problem of contextual linear bandits.

For notational simplicity, we denote ¢y, , . (s}, aj,) by ¢v,. In particular we have the bound
|ov; || < 1 for all ¢, and from construction & j, > % for all ¢ and h. With this, similar to [67]], we
construct the following matrix martingale,

k
Zp =Y 6,7 dvdy, — kS,
t=1

with Z, = 0, and consider the martingale difference sequence, Y), = Z — Z;,_. Since, ||7, ﬁgbvt | <

Vd

~7, we have

=5

”ECHOP = “Ek—lﬁk_ﬁ(b\/ﬁﬁen <

and as a result
Yillop <
Furthermore, a simple calculation yields
d
B Y5V Hop = 11 [¥5 Yillop < 2

Now, applying matrix Freedman inequality (Theorem 13 of [67]) with R = 2\/8/ H, w? =
2td/H?,u = pmint/2, we obtain

pmink d
P || Zk| = < —

for all k satisfying k > <p216‘f,{2 + 3 8Vd ) log(2dK /4). Finally, using Weyl’s inequality, we obtain

min Hpmm
the result.
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10.5.2 Proof of Lemma

We consider doubling epochs, with initial epoch length K and K; = 271K fori € {1,..., N}.
The number of epochs is N.

Let us consider the ¢-th epoch, and let égi’h be the least square estimate of 6} at the end of epoch
1. The confidence interval at the end of epoch 7, is given by

C&',h = {0 € Rd . ||9 — égiﬁ”ﬁ)gi N S B&:,h} .

Using Lemma [59} one can rewrite Cs, j, as

Con=30€R:||0—0s,| < P ,

1 + pmmf(z/2
with probability at least 1 —§; = 1—¢§/2'~1. Here we use the fact that Y (Mg, , h) > 1+ puin K, /2,
provided K; > 7,n(6/2%). To ensure this condition, we take (the sufficient condition) K; >

Tmin(0) N, where N is the number of epochs. Also, from the doubling principle, we obtain

al K
Y 2Ky =K = N=log, (1+—].
i=1 Ky

Hence, with K satisfying K; > 7pin(0) log, (1 + K%), we ensure that V(Mg h) > 1 +

pminKi/2-
Also, we know that 0; € Cg, , with probability at least 1 — 39,. Hence, we obtain

A

Be.n
1 + pminKi/2

10 nll < 16311 + 2
with probability at least 1 — 49;. Recall from Algorithm [16]that at the end of the ¢-th epoch, we set
the length K;,; = 2K, and the estimate of ||6*|| is set to

B = max ||6]].
0€Cs. 1

From the definition of Cg, 5, we obtain

~

B e I Beih
" el 1+ pmin i /2
* B&',h
<165l +3

1+ pmin /2
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with probability exceeding 1 — 46;. Let us look at

Beon = 8\/d log(1 + K;/\) log(4K2H/8;) + 4Vdlog(4K2H /6;) + VA b,

We now substitute K; = 271K, and §; = 21 —°_. We obtain
1 puinki/2 > 2% v/ prm K1,
and
Be.n \/_b(i)
+ C%m (V/dlog(K: /3 Tog (K H/8y) + Vdlog (K H/4)))

Using this, we obtain

VAL

pmanl

(v/dlog(K /) log (K H/61) + Vdlog (K1 H/o1))

bt < 163 + 3= ———

i

7,'—2—
27 Vv pmm

. d
= il + 8+

with probability at least 1 — 49;, where

p =34/ pim and ¢ = Znin <\/log(Kl/)\) log(K1H/6,) + log(KlH/51)> :

Hence, we obtain,

i+1 i ¥ P 1 u iq d
b =0 S0+ (= sy ey

By construction, bg) > ||0;||. Hence, provided K, > 2

; ; 1 g | d
b(H‘l) _ b(l) < p 0| + —
h h —= 21;2 Kl || h“ 2% K1

From the above expression,

+C

sup b;f) < 00

%

290
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with probability greater than or equal to
1= 46 =1-) 46/27" > 1-80.

. From the expression of b;f) and using the above fact in conjunction yield
lim b\ < |167]].
1—00 -
However, from construction bg) > ||05||. Using this, along with the above equation, we obtain
: (4) *
lim b,” = [|6].
71— 00

with probability exceeding 1 —84. So, the sequence {bh : h , ...} converges to || 65 || with probability
at least 1 — 8H¢ for all h € [H], and hence our successive refinement algorithm is consistent.

Rate of Convergence: Since

B — iV = 0 (21) , (10.1)

with high probability, the rate of convergence of the sequence {bgf) 20, 1s exponential in the number
of epochs.

Uniform upper bound on bg) for all i: We now compute a uniform upper bound on b;f) for all 7.

Consider the sequences {—’—g} and {—1;} , and let ¢; and u; denote the j-th term of the
272

272
i=1 i=1
sequences respectively. It is easy to check that sup, t; = v/2 and sup, u; = 2, and that the sequences

{t;}52, and {u; }$2, are convergent. With this new notation, we have

(1) \/_
@D < 10%) + u P 4, 2

i TR

with probability exceeding 1 — 49. Similarly, for b,(f), we have

( f
3)< 0* h tq
< ||0*]] + u 2W+2¢K

PP p qVd qVd
< (1) i1+ (v ) + <t”¢7 VK TR )
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with probability at least 1 — 40 — 20 = 1 — 6. Similarly, we write expressions for bgf), bf’), .... Now,
2
provided K; > (4 (max{p, q} bé”) d, where (] is a sufficiently large constant, the expression

for b;f) can be upper-bounded as

by < (c1|Op ]l + c2) (10.2)
with probability
1 1 .
>1—-49 (1 + 5 + 1 + ...upto ¢-th term)
1 1
>1—46(1+ =+ -+ ..
> ( ot )

=1 — 8J.

Here c; and ¢, are constants, and are obtained from summing an infinite geometric series with
decaying step size. We also use the fact that b; > 1, and the fact that §;, = 2?11 .

10.5.3 Proof of Theorem
Suppose we play Algorithm |16|for NV epochs. The cumulative regret is given by

N
Z (6;,6D)

where R(8;, b)) (K;) is the cumulative regret of the UCRL-VTR™ in the i-th epoch. As seen (by
tracking the dependence on {||0;||}_,) in UCRL-VTR™, the cumulative regret of UCRL-VTR™ is
given by

R(6;,b")(K;) = O (\/ (d2H? + dH*)M\/2b0) \/K; polylog(K; /@))

with probability at least 1 — ¢;, where bl = maxXpe|g] b;f). Hence, we have

| N

Z R(5:,1)(K,).

Using Lemma [60] we obtain, with probability at least 1 — 8H,

N

R(T) < (exny/116[| +¢2) Y R(8i, 1)(K),

=1
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where ||0*|| = maxye(m ||6; || With the doubling trick, we have

Ki - 2i_1K1, 51 ==

Substituting, we obtain

R(6;, 1)(K;) <O (\/ (d2H? + dH3)A/2 \/K; poly(i) polylog(K, /5))

with probability greater than 1 — ;.
Using the above expression, we obtain

N

R(K) < (cia/ 0] + c2 Z (\/ (d2H? + dH3)A/2 \/K; poly(i) ponIog(Kl/é))

=1

with probability at least 1 — 8Hd — 20.
Also, from the doubling principle, we obtain

al K
2K =K = N=log, 1+ —
i=1 I

Using the above expression, we obtain

R(K) < (er\/110"]| + c2)

Mz

(\/ (2H? + dHYA/2 /K, poly(i) polylog(K: /5))

=1

<( |0* | 4+ ¢2) (\/ d>H?3 + dH*)\/? ponIog(Kl/é)) poly(i) v/ K;
< (e HQ* | + ¢2) <\/ (d?H3 + dH*)\'/? polylog(K1/d) ) poly(N Z VK
X
< (o ||(9* |+ c2) (\/ (d2H?* + dH*)AV/? polylog(Kl/é)) polylog(+-) > V/Ki
S
< (e \0* | + co) (\/ (d2H3 + dH*)\Y/2 polylog(K; /5)) polylog(%)\/?,
1
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where the last inequality follows from the fact that

Zf F( LI Nthterm)

N
gﬂ<1+%+%+...>
NG
B 2—1\/7
V2
S\/g_lx/ﬁ

The above regret bound holds with probability greater than or equal to 1 — 8 H§ — 29.

10.5.4 Proof of Theorem 29

First, we need the following set of results. Throughout the calculation, we take A = O(1).

Lemma 61. Suppose UCRL VTR" is run for M episodes, where Ty,in(0) < M < K. If M =
O <M> and O™) is the estimate of 0%, then we have

pmlne

P[||6™) — 6*||.c > €] < 26.

Proof. The proof of this comes from the analysis of UCRL-VTR™. Note that with Assumption
(and effectively Lemma 1), if we let UCRL-VTR™ run for M episodes, we obtain

_ 8V/dlog(1 + M/ 1og(4K2H/5) + 4Vdlog(4K*H/0) + VA
o A+ pmmM/2

I

(10.3)

with probability at least 1 — 2J. Here 7y, (6) = (p 10d_ + - Hp ) log(2dK/0). Hence, with the

choice of M, and using the fact that M < K, we get the lemma. O

We shall now apply the lemma as follows. Denote by é\, to be the estimate of 6* at the beginning
of any phase 7, using all the samples from random explorations in all phases less than or equal to
1 — 1.

Remark 56. The choice kg = Tiin(6) + O (%) (we have added the 7,1, (6) to make the
calculations easier), ensures that

P [||§WW> | > 0.9] <26
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Lemma 62. Suppose ky = 272, (8) + O (W). Then, for all phases i > 2,
P (116 — 6"l1oe = (0.9] < 2, (10.4)

where é\l is the estimate of 0* obtained by collecting all samples of the support estimation phase of
UCRL-VTR™" algorithm until the beginning of phase 1.

Proof. The above lemma follows directly from Lemma Lemma gives that if 671 is computed
by considering the samples of UCRL-VTR™ over at least M; episodes, where 7, (0) < M; <

O <%> episodes, then we have equation [10.4, However, note that Vko = Tmin(0) +

O (%) , and that we require M; < i(1.2)"\/ko. The proof is concluded if we show that at

the beginning of phase ¢ > 2, the total number of support estimation episodes performed by the
algorithm exceeds i(1.2)"[v/ko|. Notice that at the beginning of any phase i > 2, the total number
of support estimation episodes

> 21Vl = Vi@ - 1),
> (L2 TV,

where the last inequality holds for all 7 > 2. U

We now calculate the probability of the following event, which follows from a straightforward
union bound.

Corollary 8.

P [ﬁ {H@ e < (0.9)@'}] >1-4.

i>2

Proof. This follows from a simple union bound as follows.

P [ﬂ {H@- 0| < (0.9)’}] —1-P [U {Hej. || > (0.9)i}] ,

i>2 i>2
> 1= 3P (10— 0'l| = (09)]
1>2
20
>1-— —
Z i’
1>2
>1-Y 2
>1-) 2
1>2
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O
Proof of Theorem We know from Corollary [§] that with probability at-least 1 — 9, for all phases
i > 2, we have ||0; — 6*||c < (0.9)". Call this event £. Now, consider the phase i(7) :=

max (2, 1081 /0.9 (%) ) Now, when event £ holds, then for all phases i > i(y), D; is the correct

set of d* non-zero coordinates of §*. Thus, with probability at-least 1 — 4, the total regret upto time
K episodes can be upper bounded as follows

i) -1 [b&(’ﬁ;ﬂ
RK)< Y <4ik0+2i[ \/1?0}) + 3" Regret(UCRL-VIR(1,4; 4'ko))

i=0 i=i(y)

s ()]

+ ) Regret(UCRL-VTR™(1,6;;2'[v/ko])). (10.5)

J=i(7)

The term Regret(UCRL-VTR™ (1,6, 7)) denotes the regret of the UCRL-VTR™ algorithm, when
run with ||6*|| < L, and ¢ € (0, 1) denotes the probability slack and K is the time horizon. Equation

10.5) follows, since the total number of phases is at-most O ( [log4 (%) —‘ . Also, note that the

third term in Equation (10.5) is dominated by the second term, and hence handling the first two
terms is sufficient.
We now use the near optimal regret bound of [74]] to upper bound the second term of Equation

10.5). In particular, for all phases i € [i(7), [log, (%)], we have, with probability at-least 1 — 4,

Regret(UCRL-VTR™ (1,4, K)) < O <\/(d*)2H3 + d*H? polylog(K/5) VE) .

Thus, we know that with probability at-least 1 — > i>2 d; > 1 — 4, for all phases i > i(~y), the regret
in the exploration phase satisfies

Regret(UCRL-VTR* (1,8, 4'ko)) < O <\/(d*)2H3 d Hiv/4ikq poly (i) po|y|og(K/5))

<0 (wd*)?m - H1 T oty oy (1 )] polylog(K/5>)

< C(H, K, 6,d")\/4kq (10.6)

C(H, K,6,d")

0

0

0 (¢<d*>2H3 & H poly( o, () polylog(K/6>)

V@ P+ F T pobiog([(2)) polylog(K/6>)
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Equation the above follows, by substituting i < O(log, (%) ). We have with high probability,

the (order-wise) regret is

log4(%)+l
R(K) < 2kd"@ +2 Y~ C(H,K,5,d")\/ 4k,
j=0
log4(%>+1

< 2hod' 4 C(H, K, 6,d7) > Wk,

=0
@ 1
< 2ky—z + VK +4VEK C(H, K,5,d"),
v

d?log*(K*H/9)
< — (72 (6
= <T“““( ) oy

1 [, d?log*(K*H/6) — K
< v (vl + Y o (VTS T pobiog([()1) pobiog(K/5) ) VE

Step (a) follows from 4 < 1.116,

Let us now compute the probability with which the above holds. Note that the support estimation
procedure succeeds with probability at least 1 — . Furthermore, we have 2 parallel runs of
UCRL-VTRT, each of which succeeds with probability at least 1 — > .., §; > 1 — §. Hence, with
probability at least 1 — 39, the above regret bound holds. -

—_

) + C(H,K,6,d) VK

O
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