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Abstract

Fast Randomized Algorithms for Convex Optimization
and Statistical Estimation

by

Mert Pilanci

Doctor of Philosophy in Engineering — Electrical Engineering and Computer
Sciences

University of California, Berkeley

Professor Martin J. Wainwright, Co-chair
Professor Laurent El Ghaoui, Co-chair

With the advent of massive datasets, statistical learning and information process-
ing techniques are expected to enable exceptional possibilities for engineering, data
intensive sciences and better decision making. Unfortunately, existing algorithms for
mathematical optimization, which is the core component in these techniques, often
prove ineffective for scaling to the extent of all available data. In recent years, ran-
domized dimension reduction has proven to be a very powerful tool for approximate
computations over large datasets. In this thesis, we consider random projection meth-
ods in the context of general convex optimization problems on massive datasets. We
explore many applications in machine learning, statistics and decision making and
analyze various forms of randomization in detail. The central contributions of this
thesis are as follows:

e We develop random projection methods for convex optimization problems and
establish fundamental trade-offs between the size of the projection and accuracy
of solution in convex optimization.

e We characterize information-theoretic limitations of methods that are based on
random projection, which surprisingly shows that the most widely used form of
random projection is, in fact, statistically sub-optimal.

e We present novel methods, which iteratively refine the solutions to achieve sta-
tistical optimality and enable solving large scale optimization and statistical
inference problems orders-of-magnitude faster than existing methods.



e We develop new randomized methodologies for relaxing cardinality constraints
in order to obtain checkable and more accurate approximations than the state
of the art approaches.
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Chapter 1

Introduction

1.1 Motivation and background

As a result of the rapid growth of information sources, today’s computing de-
vices face unprecedented volumes of data. In fact, 90% of all the data in the world
today has been generated within the last two years'. With the advent of massive
datasets, new possibilities for better decision making are unraveled via statistical
learning and information processing techniques. Unfortunately, existing algorithms
for mathematical optimization, which is the core component in these techniques, of-
ten prove ineffective for scaling to the extent of all available data. However, we can
address problems at much larger scales by considering fundamental changes in how
we access the data and design the underlying algorithms. For instance, we may pre-
fer non-deterministic algorithms for better computational and statistical trade-offs
compared to deterministic algorithms.

In this thesis we consider novel randomized algorithms and a theoretical frame-
work that enable faster mathematical optimization and statistical estimation for large
datasets. The key idea is to employ a carefully designed randomness in the data read-
ing process to gather the essence of data without accessing it in entirety. We consider
many applications in machine learning, data driven decision making and signal pro-
cessing, then discuss theoretical and practical implications of the developed methods
in detail.

I Big Data at the Speed of Business. IBM.com



1.1.1 Convex optimization

Mathematical optimization is a branch of applied mathematics focused on min-
imization or maximization of certain functions, potentially subject to given con-
straints. Convex optimization is a special class of mathematical optimization which
has found wide applications in many areas of engineering and sciences including esti-
mation, signal processing, control, data analysis and modeling, statistics and finance.
The most basic advantage of convex optimization compared to other optimization
problems is that any local minimum must be a global minimum. Hence the problems
can be solved efficiently using specialized numerical methods for convex optimization.
A very large class of inference, approximation, data analytics and engineering design
problems can be formulated as convex optimization.

A function f is convex if it satisfies the inequality

FOz+ (1 =XNy) <Af(z)+(1=XN)F(y)

for all z,y € R and X € [0, 1].

A convex optimization problem is written as

min f(x)
subject to g¢;(x) <0, i=1,...,n

where f and g; are convex functions. Note that we can replace an affine constraint
h(xz) = 0 by a pair of inequality constraints h(z) < 0 and h(z) > 0 which are both
convex constraints. Important examples are linear programs and quadratic programs
where the objective and constraint functions are affine and quadratic respectively. In
chapter 2 we describe how randomization can be used to solve quadratic programs
with constraints approximately and faster. We review existing numerical methods
and investigate novel fast randomized algorithms for solving general convex problems
in Chapter 4.

1.1.2 Empirical risk minimization

In many machine learning, statistical estimation and decision making tasks, we
frequently encounter the risk minimization problem

min B, [((6, w)]

where w is a random vector and ¢ is a loss function. The expected objective function
is usually referred as the population risk. In general, minimizing the expected risk



is often intractable and the empirical risk minimization (ERM) method considers
an empirical approximation of the risk using independent and identically distributed
(i.i.d.) samples of wy, ..., w, as follows

1 n
min — ZE(Q, w;) .
1=1

0c0 n 4

In big data applications, the number of samples n can be very large and solving the
above problem becomes a significant computational challenge. In the following three
chapters of the thesis we will explore and theoretically analyze novel randomized
algorithms in order to solve these problems faster than existing methods. In chapters
2, 3 and 4 we will consider instances of ERM including least-squares and logistic
regression, support-vector machines and portfolio optimization.

1.1.3 Minimax theory

Minimax theory studies fundamental limits in statistical estimation and hypothe-
sis testing problems. Here we only briefly review the basics of minimax theory which
will play an essential role in Chapter 3 for designing better randomized sketching
algorithms.

Suppose that we have samples wy, ..., w, i.i.d. from a distribution py € P where
6 is a parameter which belongs to a known set ©. In estimating 6 from samples, we
define the minimax risk as follows

M(P,O) : = inf sup Ey [0 - 03] .
0 6€o

where the infimum is taken over all estimators, i.e., functions of the observed data.
The minimax risk can be interpreted in a game-theoretical setting: the statistician
chooses an optimal estimator 6 based on the data, then the adversary chooses a
worst-case parameter # consistent with the observed data w ~ py.

In Chapter 3 we study the minimax risk in estimation problems when the data is
sketched, i.e., randomly projected and we consider all estimators that are functions of
the sketched data. Surprisingly, for most of the popular sketching matrices, we show
the existence of a gap in terms of statistical estimation performance. Consequently in
Chapter 3, we propose efficient iterative algorithms which obtain statistical minimax
estimation error.



1.1.4 Random projection

A fundamental component of randomized algorithms considered in this thesis is
randomized mechanisms for dimension reduction. Random projection is a mathemat-
ical technique to lower the dimensionality of a set of points lying in the Euclidean
space. Here we briefly describe this simple but extremely powerful technique. Con-
sider the set of points {z1, ..., xy } where each of which is an element of R"”. We would
like to obtain N points yi, ..., yn each of which is in R™ where m < n. The following
lemma provides a randomized way to obtain such an embedding.

Lemma 1 (The Johnson-Lindenstrauss (J-L) lemma [70, 139]). Given N points

{2}, let S™™ be a matriz such that Sy ~ \/%N(O,l) i.i.d.  for all k,l. De-

fine the points y; = Sx;. Then if m > %%(N) for some € € (0,1/2), then with

probability at least 1/2 it holds that
(1= )llw: — 25ll2 < llys —ysllz < 1+ )llws — a5)3,

for all v and j.

Note that, in order to store the original points we need O(Nn) space. The J-L
lemma allows us to store the embedded points which needs only O(N log(N)) space.
Instead of using a i.i.d. Gaussian embedding matrix S we can also use an i.i.d. £1
matrix [1] which has computational advantages. Computing the embedding takes
O(Nmn) time. Recently, faster random projections which employ the Fast Fourier
Transform (FFT) have been discovered which can reduce the embedding time to
O(Nnlog(m)). In the sequel we will describe these fast embeddings which play a
significant role in our development of fast optimization algorithms.

1.1.5 Sketching data streams and matrices

A sketch is a small data structure that is used to approximate high dimensional
data streams or large matrices for approximate computing, querying and updating.
Random projections provide a simple construction of linear sketches where we apply
the random projection matrix S € R™*" to a data vector x € R" to obtain the sketch
Sx. In this context, the matrix S is referred as a sketching matriz and the vector x
can be representing a data stream at a particular time instant.

One of the first uses of sketching in streaming algorithms have been approximating
frequency moments [8]. When the vector z € R"™ contains number of occurrences of
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objects and we would like to update z via 2’ = x + A, we can use the linearity
of the sketch Sz’ = Sz + SA to update our approximation. Most importantly, we
can approximate the second frequency moment (37, ?)1/ 2= ||| via the quantity

|Sz||2 using the J-L lemma without storing the entire data stream.

Sketching can also be used to obtain approximations of large data matrices. Con-
sider M € R™? and the sketch SM € R™*? where we can interpret it as randomly
projecting each column Me; of the matrix M. When m < n, the sketched matrix
provides computational advantages in linear algebraic operations such as Singular
Value Decomposition (SVD) or QR decomposition.

1.1.6 Different kinds of sketches

Given a sketching matrix S € R™*" we use {s;}", to denote the collection of
its n-dimensional rows. We restrict our attention to sketch matrices that are zero-
mean, and that are normalized so that E[ST.S/m] = I,,. Various types of randomized
sketches of matrices are possible, and we describe a few of them here.

1.1.6.0.1 Sub-Gaussian sketches The most classical sketch is based on a ran-
dom matrix S € R™*" with i.i.d. standard Gaussian entries, or somewhat more gen-
erally, sketch matrices based on i.i.d. sub-Gaussian rows. In particular, a zero-mean
random vector s € R" is 1-sub-Gaussian if for any v € R", we have

P[(s, u) > e|lulls] <e /% for all € > 0. (1.1)

For instance, a vector with ii.d. N(0,1) entries is 1-sub-Gaussian, as is a vector
with i.i.d. Rademacher entries (uniformly distributed over {—1,41}). We use the
terminology sub-Gaussian sketch to mean a random matrix S € R™*" with i.i.d. rows
that are zero-mean, 1-sub-Gaussian, and with cov(s) = I,,.

From a theoretical perspective, sub-Gaussian sketches are attractive because of
the well-known concentration properties of sub-Gaussian random matrices (e.g., [44,
140]). On the other hand, from a computational perspective, a disadvantage of sub-
Gaussian sketches is that they require matrix-vector multiplications with unstruc-
tured random matrices. In particular, given a data matrix A € R™¢, computing
its sketched version SA requires O(mnd) basic operations in general (using classical
matrix multiplication).

1.1.6.0.2 Sketches based on randomized orthonormal systems (ROS)
The second type of randomized sketch we consider is randomized orthonormal system
(ROS), for which matrix multiplication can be performed much more efficiently. In



order to define a ROS sketch, we first let H € C™*" be an orthonormal complex valued
matrix with unit magnitude entries, i.e., |H;;| € [—\/Lﬁ, \/LE] Standard classes of such
matrices are the Hadamard or Fourier bases, for which matrix-vector multiplication
can be performed in O(nlogn) time via the fast Hadamard or Fourier transforms,
respectively. Based on any such matrix, a sketching matrix S € C™*" from a ROS

ensemble is obtained by sampling i.i.d. rows of the form
st = \/ﬁe]THD with probability 1/n for j =1,... n,

where the random vector e; € R" is chosen uniformly at random from the set of all
n canonical basis vectors, and D = diag(v) is a diagonal matrix of i.i.d. Rademacher
variables v € {—1,+1}". Given a fast routine for matrix-vector multiplication, the
sketch SM for a data matrix M € R™? can be formed in O(ndlogm) time (for
instance, see the papers [5, 4, 55]). The fast matrix multiplication usually requires
n to be a power of 2 (or power of r for a radix-r construction). However, in order
to use the fast multiplication for an arbitrary n, we can augment the data matrix
with a block of zero rows and do the same for the square root of the Hessian without
changing the objective value.

1.1.6.0.3 Sketches based on random row sampling Given a probability dis-
tribution {p;}7_; over [n] = {1,...,n}, another choice of sketch is to randomly sample
the rows of a data matrix M a total of m times with replacement from the given prob-
ability distribution. Thus, the rows of S are independent and take on the values

6 .
st = —L with probability p; for 7 =1,...,n

Vi

where e; € R" is the j™ canonical basis vector. Different choices of the weights
{p;}}_, are possible, including those based on the row £ norms p; o |[Me;||3 and
leverage values of M—i.e., p; o |Uejlla for j = 1,...,n, where U € R™? is the
matrix of left singular vectors of M (e.g., see the paper [52]). When the matrix
M € R™4 corresponds to the adjacency matrix of a graph with d vertices and n
edges, the leverage scores of M are also known as effective resistances which can be
used to sub-sample edges of a given graph by preserving its spectral properties [129].

1.1.6.0.4 Sparse JL Sketches For sparse data matrices, the sketching operation
can be done faster if the sketching matrix is chosen from a distribution over sparse
matrices. Several works developed sparse JL embeddings [1, 42, 74] and sparse sub-
space embeddings [103]. Here we describe a construction given by [103, 74]. Given
an integer s, each column of S is chosen to have exactly s non-zero entries in random
locations, each equal to +1/4/s uniformly at random. The column sparsity parame-
ter s can be chosen O(1/¢) for subspace embeddings and O(log(1/d)/e) for sparse JL
embeddings where ¢ is the failure probability.



1.2 Goals and contributions of this thesis

We can list the high level goals of this thesis as follows:

1. Developing random projection methods for convex optimization problems and
characterizing fundamental trade-offs between the size of the projection and
accuracy of solutions.

2. Analyzing information-theoretic limitations of random projection algorithms in
statistics and optimization.

3. Designing computationally and statistically efficient statistical estimation al-
gorithms when the sample size is very large. More precisely, the algorithm
should run in linear time in the input data size and achieve statistical minimax
optimality:.

4. Developing new randomized methodologies for relaxing cardinality constraints
in order to obtain better approximations than the state of the art approaches
(e.g., {1 heuristic).

More specifically we can list the central contributions of this thesis as follows:

e Novel randomized algorithms for convex optimization: We develop a novel
framework for general convex optimization problems which yields provably
faster algorithms than currently available methods for large sample sizes. Specif-
ically, the derived algorithms run in exactly linear time in the input data size.
The algorithms significantly outperform existing methods on real-world large
scale problems such as least-squares, logistic regression and linear, quadratic
and semidefinite programming.

e Information-theoretical sub-optimality of traditional random projection meth-
ods: Using an information theoretical argument which is analogous to commu-
nication systems, we showed that these methods are sub-optimal in terms of a
natural statistical error measure. Moreover, a novel alternative method is pro-
posed which is proven to be statistically optimal and at the same time enjoys
the same fast computation

e Novel convex relaxations with checkable optimality: We present a new frame-
work which has several advantages over the well-known convex relaxations. In
particular, the proposed approach produces bounds and checkable optimality
without any assumptions on the data in contrast to known methods, such as ¢,
relaxation. Moreover, in many fundamental problems, such as estimation of a
probability distribution, ¢; relaxations are inapplicable while our methods were
proven to be very effective in a variety of applications including data clustering.



e Privacy and accuracy trade-offs of random projections: We characterize a the-
oretical trade-off between the information theoretic amount of revealed data to
an optimization service and the quality of optimization. Our theoretical results
state that, privacy preserving optimization using a randomization method is
possible depending on the geometric properties of the optimization constraint
set. Interestingly, in many cases of interest, we need not know about the data
to be able to optimize over it.

1.2.1 Thesis organization and previously published work

Several portions of this thesis are based on the previously published joint work
with several collaborators. Chapter 2, 3 and 4 are based on joint work with Martin
Wainwright [114, 115, 113]. Chapter 5 is based on a joint work with Yun Yang
[151]. Chapter 6 is based on joint work with Laurent El Ghaoui [116] and Venkat
Chandrasekaran [111].

1.2.2 Notation

For sequences {a;}°, and {b:}$2,, we use the notation a; < b; to mean that there
is a constant (independent of t) such that a, < C'b; for all t. Equivalently, we write
by = a;. We write a; < b, if a; =< by and by < a,. We use £, to denote the usual
p-norms ||z, 1= (>, xf)l/p and ||z]|oc = max; |x;|. We use ¢; € R™, to denote the
1’th ordinary basis vector in R™. We use z; to denote the ¢’th index of a vector x and
M;; to denote the (7, 5)’th element of a matrix M. We use A\ (M) and Appar (M) to
denote the minimum and maximum eigenvalue of a matrix M € R™*"2 respectively.
For an integer i, 1 < ¢ < rank(M), o;(M) is the i’th largest singular value of a matrix
M. The Frobenius norm is defined by |M|p := />, 02(M) for a matrix. The (,

operator norm of a matrix M is defined by

|M]||2 := max ||[Mzx|s = o1.
[[z]l2<1
The nuclear norm of a matrix is defined by ||M|. := >, 0:(M). E denotes the

expectation of a random variable. The notation (), denotes the positive part of a
real scalar.



Chapter 2

Random projections of convex

quadratic programs

Optimizing a convex function subject to convex constraints is fundamental to
many disciplines in engineering, applied mathematics, and statistics [28, 104]. While
most convex programs can be solved in polynomial time, the computational cost can
still be prohibitive when the problem dimension and/or number of constraints are
large. For instance, although many quadratic programs can be solved in cubic time,
this scaling may be prohibitive when the dimension is on the order of millions. This
type of concern is only exacerbated for more sophisticated cone programs, such as
second-order cone and semidefinite programs. Consequently, it is of great interest
to develop methods for approximately solving such programs, along with rigorous
bounds on the quality of the resulting approximation.

In this section, we analyze a particular scheme for approximating a convex pro-
gram defined by minimizing a convex quadratic objective function over an arbitrary
convex set. The scheme is simple to describe and implement, as it is based on perform-
ing a random projection of the matrices and vectors defining the objective function.
Since the underlying constraint set may be arbitrary, our analysis encompasses many
problem classes including quadratic programs (with constrained or penalized least-
squares as a particular case), as well as second-order cone programs and semidefinite
programs (including low-rank matrix approximation as a particular case).

An interesting class of such optimization problems arise in the context of statistical
estimation. Many such problems can be formulated as estimating an unknown pa-
rameter based on noisy linear measurements, along with the side information that the



true parameter belongs to a low-dimensional space. Examples of such low-dimensional
structures include sparse vectors, low-rank matrices, discrete sets defined in a combi-
natorial manner, as well as algebraic sets, including norms for inducing shrinkage or
smoothness. Convex relaxations provide a principled way of deriving polynomial-time
methods for such problems [28], and their statistical performance has been extensively
studied over the past decade (see the sources [30, 35, 144] for overviews). For many
such problems, the ambient dimension of the parameter is very large, and the num-
ber of samples can also be large. In these contexts, convex programs may be difficult
to solve exactly, and reducing the dimension and sample size by sketching is a very
attractive option.

Our work is related to a line of work on sketching unconstrained least-squares
problems (e.g., see the papers [123, 55, 90, 27] and references therein). The results
given here generalize this line of work by providing guarantees for a broader class of
constrained quadratic programs. In addition, our techniques are convex-analytic in
nature, and by exploiting analytical tools from Banach space geometry and empirical
process theory [45, 85, 84|, lead to sharper bounds on the sketch size as well as
sharper probabilistic guarantees. Our work also provides a unified view of both least-
squares sketching [55, 90, 27] and compressed sensing [49, 51]. As we discuss in the
sequel, various results in compressed sensing can be understood as special cases of
sketched least-squares, in which the data matrix in the original quadratic program is
the identity.

In addition to reducing computation and storage, random projection is also useful
in the context of privacy preservation. Many types of modern data, including finan-
cial records and medical tests, have associated privacy concerns. Random projection
allows for a sketched version of the data set to be stored, but such that there is a
vanishingly small amount of information about any given data point. Our theory
shows that this is still possible, while still solving a convex program defined by the
data set up to d-accuracy. In this way, we sharpen some results by Zhou and Wasser-
man [158] on privacy-preserving random projections for sparse regression. Our theory
points to an interesting dichotomy in privacy-preserving optimization problems based
on the trade-off between the complexity of the constraint set and mutual information
between data and its sketch. We show that if the constraint set is simple enough
in terms of a statistical measure, privacy-preserving optimization can be done with
arbitrary accuracy.

2.1 Problem formulation

We begin by formulating the problem analyzed in this section, before turning to
a statement of our main results.
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Consider a convex program of the form

r* € argmin || Az — y||3, (2.1)
TEC e —
f(=)

where C is some convex subset of R? and y € R® A € R™? are a data vector and
data matrix, respectively. Our goal is to obtain an d-optimal solution to this problem
in a computationally simpler manner, and we do so by projecting the problem into
the lower dimensional space R™ for m < n. In particular, given a sketching matriz
S € R™™, consider the sketched problem

T e argmei(rleS(Ax—y)Hg. (2.2)
TEC e e’
9(z)

Note that by the optimality and feasibility of z* and Z, respectively, for the original
problem (2.1), we always have f(z*) < f(Z). Accordingly, we say that T is an J-
optimal approximation to the original problem (2.1) if

f@) < (143)" f(a"). (2.3)

Our main result characterizes the number of projections m required to achieve this
bound as a function of 9, and other problem parameters.

Our analysis involves a natural geometric object in convex analysis, namely the
tangent cone of the constraint set C at the optimum x*, given by

K :=cleconv{A € R? | A =t(z — z*) for some t > 0 and z € C}, (2.4)

where clconv denotes the closed convex hull. This set arises naturally in the convex
optimality conditions for the original problem (2.1): any vector A € I defines a
feasible direction at the optimal x*, and optimality means that it is impossible to
decrease the cost function by moving in directions belonging to the tangent cone.
Figure 2.1 depicts an example of a tangent cone.

We use AKX to denote the linearly transformed cone {AA € R" | A € K}.
Our main results involve measures of the “size” of this transformed cone when it is
intersected with the Euclidean sphere S"™' = {z € R" | ||z||2 = 1}. In particular, we
define Gaussian width of the set AKX N S™! via

W(AK) :=E,[ sup |{g, 2)|] (2.5)
2€AKNSP—1

where g € R™ is an i.i.d. sequence of N (0, 1) variables. This complexity measure plays
an important role in Banach space theory, learning theory and statistics (e.g., [117,
78, 85, 19]). As an example of a transformed tangent cone with small width, consider
a low-rank matrix A where r : = rank(A) < d, then the supremum in equation (2.5) is
taken in an r-dimensional subspace. In this case, it can be shown that W(AK) < /r—
see Corollary 2 for details.

11



Figure 2.1: Tangent cone at z*

2.1.1 Guarantees for sub-Gaussian sketches

Our first main result provides a relation between the sufficient sketch size and
Gaussian complexity in the case of sub-Gaussian sketches.

Theorem 1 (Guarantees for sub-Gaussian projections). Let S € R™*™ be drawn from
a o-sub-Gaussian ensemble. Then there are universal constants (co, c1,c2) such that,

for any tolerance parameter 6 € (0,1), given a sketch size lower bounded as
m > — W?(AK), (2.6)

the approzimate solution T is guaranteed to be §-optimal (2.3) for the original program

—comé?

with probability at least 1 — cie

As will be clarified in examples to follow, the squared width W?(AK) scales pro-
portionally to the effective dimension, or number of degrees of freedom in the set
AK NS 1. Consequently, up to constant factors, Theorem 1 guarantees that we can
project down to the effective dimension of the problem while preserving d-optimality
of the solution. Moreover, as we show in section 2.2-C, the sketch size lower-bound
in Theorem 1 can not be improved substantially for arbitrary A and C due to con-
nections with Compressed Sensing and denoising.

This fact has an interesting corollary in the context of privacy-preserving opti-
mization. Suppose that we model the data matrix A € R™*? as being random, and

12



our goal is to solve the original convex program (2.1) up to §-accuracy while revealing

as little as possible about the individual entries of A. By Theorem 1, whenever the

sketch dimension satisfies the lower bound (2.6), the sketched data matrix SA € R™*4

suffices to solve the original program up to d-accuracy. We can thus ask about how

much information per entry of A is retained by the sketched data matrix. One way

in which to do so is by computing the mutual information per symbol, namely
I(SA; A) 1

R %D(PSA,A | PsaPa)},

corresponding to the (renormalized) Kullback-Leibler divergence between the joint
distribution over (SA, A) and the product of the marginals. Here we have chosen
the renormalization (nd) since the matrix has dimensions n x d. This question was
studied by Zhou and Wasserman [158] in the context of privacy-preserving sparse
regression, in which C is an ¢;-ball, to be discussed more at length in Section 2.2.2.
In our setting, we have the following more generic corollary of Theorem 1:

Corollary 1. Let the entries of A be drawn i.i.d. from a distribution with finite
variance %, By using m = §—3W2(AIC) random Gaussian projections, we can ensure

that

I(SA;A) ¢

W2(AK
<
nd -

o

5 ) log(2mey?), (2.7)

=%}

and that the sketched solution is d-optimal with probability at least 1 — cre—c2md?

Note that the inequality W?(AK) < n always holds. However, for many problems,
we have the much stronger guarantee W?(AK) = o(n), in which case the bound (2.7)
guarantees that the mutual information per symbol is vanishing. There are various
concrete problems, as discussed in Section 2.2, for which this type of scaling is rea-
sonable. Thus, for any fixed § € (0,1), we are guaranteed a J-optimal solution with
a vanishing mutual information per symbol.!

Corollary 1 follows by a straightforward combination of past work with Theorem 1.
In particular, Zhou and Wasserman [158] show that under the stated conditions, for a
standard i.i.d. Gaussian sketching matrix S, the mutual information rate per symbol
is upper bounded as

I(SA; A)
nd
Substituting in the stated choice of m and applying Theorem 1 yields the claim.

< % log(2mer?).

"'While this is a reasonable guarantee, we note that there are stronger measures of privacy then
vanishing mutual information (e.g., differential privacy [56]).
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2.1.2 Guarantees for randomized orthogonal systems

Our main result for randomized orthonormal systems involves the S-Gaussian
width of the set AKX NS™!, given by

Ws(AK) : = EQ,S[ sup
z€AKNSn—1

Sz
220, 2.8
(9. )| (2.8
As will be clear in the corollaries to follow, in many cases, the S-Gaussian width is
equivalent to the ordinary Gaussian width (2.5) up to numerical constants. It also
involves the Rademacher width of the set AKX NS™ !, given by

R(AK) =E. [ EA%E)@A |<z, €>H, (2.9)

where ¢ € {—1,+1}" is an i.i.d. vector of Rademacher variables.

Theorem 2 (Guarantees for randomized orthonormal system). Let S € R™" be
drawn from a randomized orthonormal system (ROS). Then given a sample size m
lower bounded as

m

€0 (mp2 2
logm > 5 (R*(AK) + logn) WE(AK), (2.10)

the approzimate solution T is guaranteed to be §-optimal (2.3) for the original program

with probability at least 1 — —= me” )

(mn)2 — €1 6Xp ( — G2 R2(AK)+log(mn)

The required projection dimension (2.10) for ROS sketches is in general larger
than that required for sub-Gaussian sketches, due to the presence of the additional
pre-factor R?(AK) + logn. For certain types of cones, we can use more specialized
techniques to remove this pre-factor, so that it is not always required. The details of
these arguments are given in Section 2.4, and we provide some illustrative examples
of such sharpened results in the corollaries to follow. However, the potentially larger
projection dimension is offset by the much lower computational complexity of forming
matrix vector products using the ROS sketching matrix.

2.2 Applications

Our two main theorems are general results that apply to any choice of the convex
constraint set C. We now turn to some consequences of Theorems 1 and 2 for more
specific classes of problems, in which the geometry enters in different ways.
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2.2.1 Unconstrained least squares

We begin with the simplest possible choice, namely C = R¢, which leads to an
unconstrained least squares problem. This class of problems has been studied ex-
tensively in past work on least-square sketching [90]; our derivation here provides a
sharper result in a more direct manner. At least intuitively, given the data matrix
A € R™4 it should be possible to reduce the dimensionality to the rank of the
data matrix A, while preserving the accuracy of the solution. In many cases, the
quantity rank(A) is substantially smaller than min{n, d}. The following corollaries of
Theorem 1 and 2 confirm this intuition:

Corollary 2 (Approximation guarantee for unconstrained least squares). Con-

sider the case of unconstrained least squares with C = RY:

(a) Given a sub-Gaussian sketch with dimension m > cg ran;#, the sketched solu-

—comé?

tion is d-optimal (2.3) with probability at least 1 — ce

b) Given an ROS sketch with dimension m > cj=2sA) log*(n), the sketched solu-
0

tion is 6-optimal (2.3) with probability at least 1 — c;e=™".

This corollary improves known results both in the probability estimate and required
samples, in particular previous results hold only with constant probability; see the
paper [90] for an overview of such results. Note that the total computational com-
plexity of computing SA and solving the sketched least squares problem, for instance
via QR decomposition [62], is of the order O(ndm + md?) for sub-Gaussian sketches,
and of the order O(ndlog(m) + md?) for ROS sketches. Consequently, by using ROS
sketches, the overall complexity of computing a d-approximate least squares solution
with exponentially high probability is O(rank(A)d?log®(n)/6? 4+ ndlog(rank(A)/§?)).
In many cases, this complexity is substantially lower than direct computation of the
solution via QR decomposition, which would require O(nd?) operations. We also note
that the rank(A) may not be known in advance. However in many applications such
as polynomial and kernel regression, the matrix is approximately low rank. In such
cases, standard bounds from matrix perturbation theory [132] can be applied to ob-
tain an approximation bound via the decomposition A = A, + E, where rank(A4,) = r
and || E|2 is small.

Proof. Since C = RY, the tangent cone K is all of R?, and the set AK is the image of
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A. Thus, we have

W(AK) = E| sup %} < /rank(4), (2.11)

ueRd
where the inequality follows from the the fact that the image of A is at most rank(A)-
dimensional. Thus, the sub-Gaussian bound in part (a) is an immediate consequence

of Theorem 1.

Turning to part (b), an application of Theorem 2 will lead to a sub-optimal result
involving (rank(A))?. In Section 2.4.1, we show how a refined argument will lead to

bound stated here. O

In order to investigate the theoretical prediction of Corollary 2, we performed
some simple simulations on randomly generated problem instances. Fixing a dimen-
sion d = 500, we formed a random ensemble of least-squares problems by first gener-
ating a random data matrix A € R"*°% with i.i.d. standard Gaussian entries. For a
fixed random vector zy € R?, we then computed the data vector y = Az, + w, where
the noise vector w ~ N (0, %) where v = 1/0.2. Given this random ensemble of prob-
lems, we computed the projected data matrix-vector pairs (SA, Sy) using Gaussian,
Rademacher, and randomized Hadamard sketching matrices, and then solved the pro-
jected convex program. We performed this experiment for a range of different problem
sizes n € {1024, 2048,4096}. For any n in this set, we have rank(A) = d = 500, with
high probability over the choice of randomly sampled A. Suppose that we choose a
projection dimension of the form m = max{1.5ad, 1}, where the control parameter
« ranges over the interval [0,1]. Corollary 2 predicts that the approximation error
should converge to 1 under this scaling, for each choice of n.

Figure 2.2 shows the results of these experiments, plotting the approximation ratio
f()/ f(x*) versus the control parameter c. Consistent with Corollary 2, regardless of
the choice of n, once the projection dimension is a suitably large multiple of rank(A) =
500, the approximation quality becomes very good.

2.2.2 /(i-constrained least squares

We now turn to a constrained form of least-squares, in which the geometry of
the tangent cone enters in a more interesting way. In particular, consider the ¢-
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Unconstrained Least Squares : d = 500
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Figure 2.2: Comparison of Gaussian, Rademacher and randomized Hadamard
sketches for unconstrained least squares. Each curve plots the approximation ra-
tio f(Z)/f(x*) versus the control parameter «, averaged over T}, = 100 trials, for
projection dimensions m = max{1.5ad, 1} and for problem dimensions d = 500 and

n € {1024, 2048, 4096}

constrained least squares program, known as the Lasso [36, 134], given by

z* € arg min |Az — yl2. 2.12
min_[l4z — g} 212
It is is widely used in signal processing and statistics for sparse signal recovery and
approximation.

In this section, we show that as a corollary of Theorem 1, this quadratic program
can be sketched logarithmically in dimension d when the optimal solution to the
original problem is sparse. In particular, assuming that x* is unique, we let k£ denote
the number of non-zero coefficients of the unique solution to the above program.
(When z* is not unique, we let k£ denote the minimal cardinality among all optimal
vectors). Define the ¢;-restricted eigenvalues of the given data matrix A as

7. (A):= min ||Az|3, and (2.13)

l|z]l2=1
Iz <2vk
W) = max [Az]3, (214)

Izl <2V
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We note that our choice of introducing the factor of two in the the constraint ||z||; <
2k is for later theoretical convenience, due to the structure of the tangent cone
associated with the ¢;-norm. By rescaling as necessary, we may assume 7, (4) <1
without loss of generality.

Corollary 3 (Approximation guarantees for ¢;-constrained least squares). Consider

the (1-constrained least squares problem (2.12):

(a) For sub-Gaussian sketches, a sketch dimension lower bounded by

Co . e
m > 5 min{ rank(A),ng[%ﬁ] %C_ZA) klog(d) } (2.15)

guarantees that the sketched solution is d-optimal (2.3) with probability at least
1-— C16_62m62 .

(b) For ROS sketches, a sketch dimension lower bounded by

masx; [lag13 2
<o ( " (4) Flog(d)) i (A)+1

m > <3 log"(n) min{ rank(A) log?(n) . U (4)

)? klog(d)}
(2.16)

guarantees that the sketched solution is d-optimal (2.3) with probability at least

1-— 016_62’”‘52.

We note that part (a) of this corollary improves the result of Zhou et al. [158],
which establishes consistency of Lasso with a Gaussian sketch dimension of the order
k*log(dnk), in contrast to the klog(d) requirement in the bound (2.15). To be more
precise, these two results are slightly different, in that the result [158] focuses on
support recovery, whereas Corollary 3 guarantees a d-accurate approximation of the
cost function.

Let us consider the complexity of solving the sketched problem using different
methods. In the regime n > d, the complexity of solving the original Lasso problem
as a linearly constrained quadratic program via interior point solvers is O(nd?) per
iteration (e.g., see Nesterov and Nemirovski [107]). Thus, computing the sketched
data and solving the sketched Lasso problem requires O(ndm + md?) operations for
sub-Gaussian sketches, and O(ndlog(m) + md?) for ROS sketches.
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Another popular choice for solving the Lasso problem is to use a first-order al-
gorithm [106]; such algorithms require O(nd) operations per iteration, and yield a
solution that is O(1/T)-optimal within 7" iterations. If we apply such an algorithm
to the sketched version for T' steps, then we obtain a vector such that

FG) < (1+6)°f(z") + 0(%).

Overall, obtaining this guarantee requires O(ndm-+mdT") operations for sub-Gaussian
sketches, and O(ndlog(m) + mdT') operations for ROS sketches.

Proof. Let S denote the support of the optimal solution z*. The tangent cone to the

(1-norm constraint at the optimum z* takes the form
K= {A eR? | (Ag, Zs) + ||Ase|ls <0}, (2.17)

where Ag and Ag denote the restriction of the vector A to subsets S and S respec-
tively and Zg : = sign(x%) € {—1,+1}* is the sign vector of the optimal solution on

its support S. By the triangle inequality, any vector A € I satisfies the inequality
1Al < 2[As] < 2VE[Asle < 2VE[|A]2. (2.18)
If ||[AA||2 = 1, then by the definition (2.13), we also have the upper bound [|Alls <

1
Ve (A)

, whence

2/1S1|AT g|| oo
(A8, 0) < 2VIST 18Il < 278 219)
k

Note that ATg is a d-dimensional Gaussian vector, in which the j“-entry has vari-

ance |la;||3. Consequently, inequality (2.19) combined with standard Gaussian tail

bounds [85] imply that

Combined with the bound from Corollary 2, also applicable in this setting, the

claim (2.15) follows.
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Turning to part (b), the first lower bound involving rank(A) follows from Corol-
lary 2. The second lower bound follows as a corollary of Theorem 2 in application to
the Lasso; see Section 2.6.1 for the calculations. The third lower bound follows by a

specialized argument given in Section 2.4.3.

]

In order to investigate the prediction of Corollary 3, we generated a random
ensemble of sparse linear regression problems as follows. We first generated a data
matrix A € R96X590 by sampling i.i.d. standard Gaussian entries, and then a &'
sparse base vector 7y € R? by choosing a uniformly random subset S of size k' = d/10),
and setting its entries to in {—1,4+1} independent and equiprobably. Finally, we

formed the data vector y = Axg + w, where the noise vector w € R" has i.i.d.
N(0,v?) entries with v = v/0.2.

LASSO : d =500

Randomized Hadamard
Gaussian

—<— Rademacher

Approx. ratio f(x)/f(x*)

0.8

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Control parameter «

Figure 2.3: Comparison of Gaussian, Rademacher and randomized Hadamard
sketches for the Lasso program (2.12). FEach curve plots the approximation ra-
tio f(z)/f(z*) versus the control parameter «, averaged over Ti., = 100 trials,
for projection dimensions m = max{4«|/z*||ologd, 1}, problem dimensions (n,d) =

(4096, 500), and ¢;-constraint radius R € {1,5,10,20}.

In our experiments, we solved the Lasso (2.12) with a choice of radius param-
eter R € {1,5,10,20}, and set k& = ||z*||[p. We then set the projection dimension
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m = max{4aklogd, 1} where o € (0,1) is a control parameter, and solved the
sketched Lasso for Gaussian, Rademacher and randomized Hadamard sketching ma-
trices. Our theory predicts that the approximation ratio tends to one as the control
parameter « increases. The results are plotted in Figure 2.3, and confirm this quali-
tative prediction.

2.2.3 Compressed sensing and noise folding

It is worth noting that various compressed sensing results can be recovered as
a special case of Corollary 3—more precisely, one in which the “data matrix” A is
simply the identity (so that n = d). With this choice, the original problem (2.1)
corresponds to the classical denoising problem, namely

r* = arg min ||z — y||3, (2.21)

zeC
so that the cost function is simply f(z) = ||z — y||3. With the choice of constraint
set C = {||z|1 < R}, the optimal solution z* to the original problem is unique, and
can be obtained by performing a coordinate-wise soft-thresholding operation on the

data vector y. For this choice, the sketched version of the de-noising problem (2.21)
is given by

T = arg mi(rjl |Sz — Syl|3 (2.22)
xre

2.2.3.0.5 Noiseless version: In the noiseless version of compressed sensing, we
have y = € C, and hence the optimal solution to the original “denoising” prob-
lem (2.21) is given by z* = z, with optimal value

f(a*) = lo* — z]3 = 0.

Using the sketched data vector Sz € R™, we can solve the sketched program (2.22).
If doing so yields a d-approximation Z, then in this special case, we are guaranteed
that

Iz —zl; = f@) < (1+0)°f(a") = 0, (2.23)

which implies that we have exact recovery—that is, ¥ = Z.

2.2.3.0.6 Noisy versions: In a more general setting, we observe the vector y =
T + w, where £ € C and w € R" is some type of observation noise. The sketched
observation model then takes the form

Sy = Sz + Sw,
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so that the sketching matrix is applied to both the true vector  and the noise vector
w. This set-up corresponds to an instance of compressed sensing with “folded” noise
(e.g., see the papers [12, 2]), which some argue is a more realistic set-up for compressed
sensing. In this context, our results imply that the sketched version satisfies the bound

~ 2 %
17— yll5 < (1+6)" [l" = yll3. (2.24)

If we think of y as an approximately sparse vector and z* as the best approxi-
mation to y from the ¢;-ball, then this bound (2.24) guarantees that we recover a
d-approximation to the best sparse approximation. Moreover, this bound shows that
the compressed sensing error should be closely related to the error in denoising, as
has been made precise in recent work [51]. Moreover, this connection and information
theoretic lower-bounds for Compressed Sensing (see e.g., [2]) also imply that our
approximation results in Theorems 1 and 2 can not be improved substantially.

Let us summarize these conclusions in a corollary:

Corollary 4. Consider an instance of the denoising problem (2.21) when C = {x €
R™ [zl < R}

(a) For sub-Gaussian sketches with projection dimension m > 5§ ||z*|[ologd, we

are guaranteed exact recovery in the noiseless case (2.23), and §-approximate

—comd?

recovery (2.24) in the noisy case, both with probability at least 1 — cye

2

(b) For ROS sketches, the same conclusions hold with probability 1 —e™ ' togt using

a sketch dimension

m > % min {[|2*[}o log” d, ||2*[|2 log d}. (2.25)

Of course, a more general version of this corollary holds for any convex constraint
set C, involving the Gaussian/Rademacher width functions. In this more setting, the
corollary generalizes results by Chandrasekaran et al. [35], who studied randomized
Gaussian sketches in application to atomic norms, to other types of sketching matrices
and other types of constraints. They provide a number of calculations of widths for
various atomic norm constraint sets, including permutation and orthogonal matrices,
and cut polytopes, which can be used in conjunction with the more general form of
Corollary 4.
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2.2.4 Support vector machine classification

Our theory also has applications to learning linear classifiers based on labeled
samples. In the context of binary classification, a labeled sample is a pair (a;, 2;),
where the vector a; € R™ represents a collection of features, and z; € {—1,+1} is the
associated class label. A linear classifier is specified by a function a — sign({w, a)) €
{=1,+1}, where w € R" is a weight vector to be estimated.

Given a set of labelled patterns {a;, 2;}&,, the support vector machine [40, 131]
estimates the weight vector w* by minimizing the function

d
1 1
w* = arg z{;%lRI}L {% ;1 g(zi, (w, a;)) + §||w||§} (2.26)
In this formulation, the squared hinge loss g(w) : = (1—y;(w, a;))2 is used to measure

the performance of the classifier on sample i, and the quadratic penalty ||w||3 serves
as a form of regularization.

By considering the dual of this problem, we arrive at a least-squares problem that
is amenable to our sketching techniques. Let A € R™"*? be a matrix with a; € R”
as its i column, let D = diag(z) € R¢ be a diagonal matrix, and define BT =
[((AD)™ £I]. With this notation, the associated dual problem (e.g. see the paper [86])
takes the form

d
>oai=1. (2.27)

r* ;= arg min ||Bz|3 s.t. ¥ > 0 and
z€R4 i=1

The optimal solution z* € R corresponds to a vector of weights associated with the
samples: it specifies the optimal SVM weight vector via w* = Zle x}z;a;. 1t is often
the case that the dual solution x* has relatively few non-zero coefficients, correspond-
ing to samples that lie on the so-called margin of the support vector machine.

The sketched version is then given by
d
T := arg min |SBz||3 st. # > 0and > a; = 1. (2.28)
z€eR =1

The simplex constraint in the quadratic program (2.27), although not identical to an
(1-constraint, leads to similar scaling in terms of the sketch dimension.

Corollary 5 (Sketch dimensions for support vector machines). Given a collection of
labeled samples {(a;, z;)}L,, let ||z*|lo denote the number of samples on the margin in
the SVM solution (2.27). Then given a sub-Gaussian sketch with dimension

m> 2 |z*||o log(d) max o,z
= g2 1l logtd) max, 2= ay

(2.29)

23



the sketched solution (2.28) is d-optimal with probability at least 1 — cre—e2md’,

We omit the proof, as the calculations specializing from Theorem 1 are essentially
the same as those of Corollary 3. The computational complexity of solving the SVM
problem as a linearly constrained quadratic problem is same with the Lasso problem,
so that the same conclusions apply.

Support Vector Machine
30

—— Randomized Hadamard
Gaussian
—<o— Rademacher

N
o

n
o
T —

Approx. ratio f(x)/f(x*)

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Control parameter «

Figure 2.4: Comparison of Gaussian, Rademacher and randomized Hadamard
sketches for the support vector machine (2.27). Each curve plots the approxima-
tion ratio f(z)/f(z*) versus the control parameter «, averaged over Ty, = 100

trials, for projection dimensions m = max{5a||z*||ologd, 1}, and problem dimensions

d € {1024,2048, 4096}

In order to study the prediction of Corollary 5, we generated some classification
experiments, and tested the performance of the sketching procedure. Consider a two-
component Gaussian mixture model, based on the component distributions N (g, I)
and N(ug, 1), where po and py are uniformly distributed in [—3,3]. Placing equal
weights on each component, we draw d samples from this mixture distribution, and
then use the resulting data to solve the SVM dual program (2.27), thereby obtaining
an optimal linear decision boundary specified by the vector z*. The number of non-
zero entries ||z*||o corresponds to the number of examples on the decision boundary,
known as support vectors. We then solve the sketched version (2.28), using either
Gaussian, Rademacher or randomized Hadamard sketches, and using a projection
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dimension scaling as m = max{5 a||z*||plogd, 1}, where a € [0,1] is a control pa-
rameter. We repeat this experiment for problem dimensions d € {1024,2048, 4096},
performing 7}, = 100 trials for each choice of (v, d).

Figure 2.4 shows plots of the approximation ratio versus the control parameter.
Each bundle of curves corresponds to a different problem dimension, and has three
curves for the three different sketch types. Consistent with the theory, in all cases,
the approximation error approaches one as « scales upwards.

It is worthwhile noting that similar sketching techniques can be applied to other
optimization problems that involve the unit simplex as a constraint. Another instance
is the Markowitz formulation of the portfolio optimization problem [91]. Here the
goal is to estimate a vector x € R? in the unit simplex, corresponding to non-negative
weights associated with each of d possible assets, so as to minimize the variance of
the return subject to a lower bound on the expected return. More precisely, we let
i € R? denote a vector corresponding to mean return associated with the assets,
and we let ¥ € R%? be a symmetric, positive semidefinite matrix, corresponding to
the covariance of the returns. Typically, the mean vector and covariance matrix are
estimated from data. Given the pair (u,Y), the Markowitz allocation is given by

" = arg min 'Y such that (u, z) >, > 0 and ijl z; = 1. (2.30)
T€R

Note that this problem can be written in the same form as the SVM, since the
covariance matrix ¥ > 0 can be factorized as ¥ = AT A. Whenever the expected
return constraint (i, x) > «y is active at the solution, the tangent cone is given by

d
K={AeR" | (1 A)>0, > A;j=0, Ag >0}

where S is the support of z*. This tangent cone is a subset of the tangent cone for the
SVM, and hence the bounds of Corollary 5 also apply to the portfolio optimization
problem.

2.2.5 Matrix estimation with nuclear norm regularization

We now turn to the use of sketching for matrix estimation problems, and in
particular those that involve nuclear norm constraints. Let C C R%*% be a convex
subset of the space of all d; X dy matrices. Many matrix estimation problems can be
written in the general form

: _ 2
min [y — AX)|l2
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where y € R" is a data vector, and A is a linear operator from R%*% to R". Letting
vec denote the vectorized form of a matrix, we can write A(X) = Avec(X) for a
suitably defined matrix A € R"™P, where D = d;d,. Consequently, our general
sketching techniques are again applicable.

In many matrix estimation problems, of primary interest are matrices of relatively
low rank. Since rank constraints are typically computationally intractable, a standard
convex surrogate is the nuclear norm of matrix, given by the sum of its singular values

min{d;,d2}

IXI.= > (). (2.31)

j=1

As an illustrative example, let us consider the problem of weighted low-rank matrix
approximation, Suppose that we wish to approximate a given matrix Z € Ré1xd
by a low-rank matrix X of the same dimensions, where we measure the quality of
approximation using a weighted Frobenius norm

da
12 = X2 = willzy — 3, (2.32)
j=1

where z; and ; are the j columns of Z and X respectively, and w € R% is a vector
of non-negative weights. If the weight vector is uniform (w; = c for all j =1,...,d),
then the norm || - ||,, is simply the usual Frobenius norm, a low-rank minimizer can
be obtained by computing a partial singular value decomposition of the data ma-
trix Y. For non-uniform weights, it is no longer easy to solve the rank-constrained
minimization problem. Accordingly, it is natural to consider the convex relaxation

*:=arg min [|Z - X|3, 2.33

s min 17 - X| 23
in which the rank constraint is replaced by the nuclear norm constraint || X|. < R.
This program can be written in an equivalent vectorized form in dimension D = dyd,
by defining the block-diagonal matrix A = blkdiag(wi/,...,we,1), as well as the
vector y € RP whose j block is given by w;y;. We can then consider the equivalent

problem X* := arg | )gﬁinR ly — Avec(X)||3, as well as its sketched version
xS
X :=arg min ||Sy — SAvec(X)]3. 2.34
g i 1Sy~ SAvee(X) 234)

Suppose that the original optimum X* has rank r: it then be described using at
O(r(dy + dy)) real numbers. Intuitively, it should be possible to project the original
problem down to this dimension while still guaranteeing an accurate solution. The
following corollary provides a rigorous confirmation of this intuition:
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Corollary 6 (Sketch dimensions for weighted low-rank approximation). Consider

the weighted low-rank approximation problem (2.33) based on a weight vector with

= dwg, and suppose that the optimal solution has rank
j=1,...,d J

condition number k*(w) =

r = rank(X™*).
(a) For sub-Gaussian sketches, a sketch dimension lower bounded by

C
m > 5—‘; K2 (w) r (dy + ds) (2.35)

guarantees that the sketched solution (2.34) is §-optimal (2.3) with probability

_ 2
at least 1 — cpe—2m9”,

(b) For ROS sketches, a sketch dimension lower bounded by

/

c
m > 5—3/{2((,0)’/’ (dy + dy) log*(dyds). (2.36)

guarantees that the sketched solution (2.34) is d-optimal (2.3) with probability

2
at least 1 — cpe¢2™0"

For this particular application, the use of sketching is not likely to lead to substantial
computational savings, since the optimization space remains d;ds dimensional in both
the original and sketched versions. However, the lower dimensional nature of the
sketched data can be still very useful in reducing storage requirements and privacy-
preserving optimization.

Proof. We prove part (a) here, leaving the proof of part (b) to Section 2.4.4. Through-

out the proof, we adopt the shorthand notation wy,;, = ‘Hllindwj and Wypax = 'rriaxd wj.
J=15 J=L5

As shown in past work on nuclear norm regularization (see Lemma 1 in the pa-

per [101]), the tangent cone of the nuclear norm constraint | X|. < R at a rank r

matrix is contained within the cone

K'={AeR™® | AL < 2vr]|Alle}- (2.37)
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For any matrix A with ||Avec(A)|ls = 1, we must have ||[Allz = || vec(A)]]s <

— Wmin

By definition of the Gaussian width, we then have

E[ sup [(ATg, vec(A))l].
Winin Al <27

Since AT is a diagonal matrix, the vector AT ¢ has independent entries with maximal

variance w? Letting G € R®*% denote the matrix formed by segmenting the

max*

vector AT g into dy blocks of length d;, we have

! E[ sup [trace(GA)|]

N IN N

2T g 1cl.]

wmln

W(AK) <

IN

where we have used the duality between the operator and nuclear norms. By standard

results on operator norms of Gaussian random matrices [44], we have E[||G|2] <

wmax(\/a + \/@, and hence

W(AK) < 252 /5 (V/dy + /o).

Thus, the bound (2.35) follows as a corollary of Theorem 1. O

2.2.6 Group sparse regularization

As a final example, let us consider optimization problems that involve constraints
to enforce group sparsity. This notion is a generalization of elementwise sparsity,
defined in terms of a partition G of the index set [d] = {1,2,...,d} into a collection
of non-overlapping subsets, referred to as groups. Given a group g € G and a vector
r € RY, we use z, € RI9! to denote the sub-vector indexed by elements of g. A basic
form of the group Lasso norm [154] is given by

lzllg = > llagll>- (2.38)

geg

Note that in the special case that G consists of d groups, each of size 1, this norm
reduces to the usual /;-norm. More generally, with non-trivial grouping, it defines a
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second-order cone constraint [28]. Bach et al. [17] provide an overview of the group
Lasso norm (2.38), as well as more exotic choices for enforcing group sparsity.

Here let us consider the problem of sketching the second-order cone program

(SOCP)

¥ =arg min |[Az — vyl 2.39

5 min 142~ g3 (2:39)

We let k denote the number of active groups in the optimal solution x*—that

is, the number of groups for which z; # 0. For any group g € G, we use

A, to denote the n X |g| sub-matrix with columns indexed by ¢. In analogy to

the sparse RE condition (2.13), we define the group-sparse restricted eigenvalue
"yk_’g(A) ;= min ll2]l2=1 HAZH%

Izlg<2vk

Corollary 7 (Guarantees for group-sparse least-squares squares). For the group
Lasso program (2.39) with mazimum group size M = max,eg |g|, a projection di-

menston lower bounded as

m > % min{ rank(A), maXmA—g(mj) (klog|G| + kM) } (2.40)

geg 'Yk;,g

guarantees that the sketched solution is d-optimal (2.3) with probability at least 1 —

o 6702m52

Note that this is a generalization of Corollary 3 on sketching the ordinary Lasso.
Indeed, when we have |G| = d groups, each of size M = 1, then the lower bound (2.40)
reduces to the lower bound (2.15). As might be expected, the proof of Corollary 7 is
similar to that of Corollary 3. It makes use of some standard results on the expected
maxima of y?-variates to upper bound the Gaussian complexity; see the paper [100]
for more details on this calculation.

2.3 Proofs of main results

We now turn to the proofs of our main results, namely Theorem 1 on sub-Gaussian
sketching, and Theorem 2 on sketching with randomized orthogonal systems. At a
high level, the proofs consists of two parts. The first part is a deterministic argument,
using convex optimality conditions. The second step is probabilistic, and depends on
the particular choice of random sketching matrices.
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2.3.1 Main argument

Central to the proofs of both Theorem 1 and 2 are the following two variational
quantities:

Z1(AK) 1= £t —|S d 241
(AK):= b Ljsels an (2.412)
sTS
Zy(AK) : = sup  [{u, (— —I)v)|, (2.41b)
vEAKNST—1 m

where we recall that S"~! is the Euclidean unit sphere in R”, and in equation (2.41b),
the vector u € S"~! is fixed but arbitrary. These are deterministic quantities for any
fixed choice of sketching matrix S, but random variables for randomized sketches. As
it will be illustrated by our subsequent analysis, these quantities isolate the stochas-
tic nature of the random sketch S and are considerably easier to analyze owing to
connections with some well-studied sub-Gaussian empirical processes (e.g. see [97]).
The following lemma demonstrates the significance of these two quantities:

Lemma 2. For any sketching matriz S € R™ ", we have

1@< {1+2 %} fa) (2.42)

Consequently, we see that in order to establish that ¥ is d-optimal, we need to control
the ratio Zy(AK)/Z,(AK).

Proof. Define the error vector € : =7 — z*. We first assume f(z*) = ||Az* — y||2 > 0

and we shall return to this case later. By the triangle inequality, we have

AT = yll2 < [[Az" =yl + [ Ae]l2 (2.43)
A€l

= ||[Az" —yll2 11+
Ax" —yll {1+ g )

(2.44)

Squaring both sides yields
~ [Aella 2
f(x) < (1 + ) f(x").
@ = U e ) 1)

[ 4el2
[Az*—yll2”

Consequently, it suffices to control the ratio and we use convex optimality
conditions to do so. If ||Ae|| = 0, the claim (2.42) is trivially true, hence we assume

|Ae]|2 > 0 without loss of generality.
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Since T and z* are optimal and feasible, respectively, for the sketched prob-

lem (2.2), we have g(¥) < g(z*), or equivalently

1 . . 1 .
sS4+ Sz — Sy)|F < 5| SAx* — Syl

Expanding the left-hand-side and subtracting 5-||SAz* — Sy||3 from both sides yields
! |SAe||? < —(Ax* ! STS Ae)
om “ll2 = Tobh L ©

— (Aa" —y, (-STS — 1) A7) — (Ax" —y, A2),
m

where we have added and subtracted (Az* —y, Ae). Now by the optimality of z* for

the original problem (2.1), we have
(Az* —y), Ae) = (AT(Az" —y), T — ") >0,
and hence
L isagz < (A — g, (LTS — 1) 40y (2.45)
2m 2= Yl ' '

Letting {s;}!, correspond to the rows of S, note that the first term in the above

right-hand side contains the random matrix

m

1 1
—STS—T=—N 5" — 1.
— stsl

i=1
Since Esys] = I, this random matrix is zero-mean and it should be possible to control
its fluctuations as a function of m, and the two vectors Ax* —y and Ae that also arise
in the inequality (2.45). Whereas the vector Az* — y is non-random, the challenge
here is that € is a random vector that also depends on the sketch matrix. For this
reason, we need to prove a form of uniform law of large numbers of this term. In

this context, the previously defined quantities Z;(AK) and Z5(AK) play the role of
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uniform lower and upper bounds on appropriately scaled form of the left-hand-side
and right-hand side (respectively) of the inequality (2.45). Renormalizing the right-

hand side of inequality (2.45), we find that

1 Ax* —y 1 Ae
—||SAe|? < ||Az* — Age] =T (=STS —1)—)|.
SIS AP < 4~ 42, (e (878 = D) )

By the optimality of , we have Ae € AK and H,ﬁ‘;:zﬁ\? is a fixed unit-norm vector,
2

whence the basic inequality (2.46) and definitions (2.41a) and (2.41b) imply that

1 o~ ~ *
FZ1(AK) [ 42]l5 < [|4@]lz [[ A — yll> Zo(AK)

Cancelling terms yields the inequality

lAella 5 Zz(A’C).
|Az* —ylls = Z1(AK)

Combined with our earlier inequality (2.43), the claim (2.42) follows for | Az* —y||3 >

0.

Finally, consider the special case f(z*) = ||Az* —y||3 = 0, and show that f(Z) = 0.

Since inequality (2.45) still holds, we find that
L saez <o
—|SAe :
2m 2=

Combined with the definition (2.41a) of Z;(AK), we see that 17, (AK)||Ae]|3 < 0. As
long as Z;(AK) > 0, we are thus guaranteed that ||Ae]|s = 0. Since [|[AZ — y||2 <

| A€]|2, we conclude that f(Z) = ||AZ — y||2 = 0 as claimed. O

2.3.2 Proof of Theorem 1

In order to complete the proof of Theorem 1, we need to upper bound the ratio
Zy(AK)/Z1(AK). The following lemmas provide such control in the sub-Gaussian
case. As usual, we let S € R™*" denote the matrix with the vectors {s;}", as its
rOwWS.
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Lemma 3 (Lower bound on Z;(AK)). Under the conditions of Theorem 1, for i.i.d.

o-sub-Gaussian vectors {s;}",, we have

1
inf  —||Sv|l3>1-9 (2.46)
geAICﬁS"—l m

Z1(AK)

with probability at least 1 — exp ( — cl”;—‘f).

Lemma 4 (Upper bound on Z3(AK)). Under the conditions of Theorem 1, for i.i.d.

o-sub-Gaussian vectors {s;}™, and any fized vector u € 8", we have

1
sup  |(u, (—STS —1) v)) <4 (2.47)
veEAKNSn—1 m
72(AK)

with probability at least 1 — 6 exp ( — clri;—‘f).

Taking these two lemmas as given, we can complete the proof of Theorem 1. As
long as 0 € (0,1/2), they imply that
Zy(AK) 20

< < 46 (2.48)

2
Z(AK) =1-05 =

with probability at least 1 —4 exp (— 01”;—‘12). The rescaling 46 — J, with appropriate
changes of the universal constants, yields the result.

It remains to prove the two lemmas. In the sub-Gaussian case, both of these
results exploit a result due to Mendelson et al. [97]:

Proposition 1. Let {s;}*, be i.i.d. samples from a zero-mean o-sub-Gaussian dis-
tribution with cov(s;) = Inxn. Then there are universal constants such that for any
subset Y C 8"t we have

STs

sup ‘yT(_ - Inxn)y’ <
yey m

Wg ) 45 (2.49)

c2m62

with probability at least 1 — e~ o*

This claim follows from their Theorem D, using the linear functions f,(s) = (s, v).
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2.3.2.1 Proof of Lemma 3

Lemma 3 follows immediately from Proposition 1: in particular, the bound (2.49)
with the set Y = AKX NS™ ! ensures that

2
o ISUB L, W)
veEAKNS™1 M vm

where inequality (i) follows as long as m > $SW(AK) for a sufficiently large universal
constant.

2.3.2.2 Proof of Lemma 4

The proof of this claim is more involved. Let us partition the set ¥V = AKNS"!
into two disjoint subsets, namely

Vi={veV | (uv) >0}, and
V_o={veV | (u v) <0}

Introducing the shorthand ) = ims — I, we then have

Z(AK) < sup |u” Qu| + sup |u Qo

veEV L veEV_

and we bound each of these terms in turn.

Beginning with the first term, for any v € V., the triangle inequality implies that
1 1
[ Qu| < §|(u +0)"Q(u+v)| + éluTQu‘
1
+ 50" Qul. (2.50)

Defining the set U, := {m | v € V,}, we apply Proposition 1 three times in

succession, with the choices Y = U, Y =V, and Y = {u} respectively, which yields

[(u+ )" Qutv)| _ W)

su <ec + 0 2.51a
B T ol m (291

W(AK NS 1)

T
sup v Qu|l <c + 0, 2.51b
vEAKNS—1 | ‘ ! vm ( )
W(H{u

W Qu| < ¢ \(/{ﬁ}) + 4. (2.51¢)
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All three bounds hold with probability at least 1—3e~%™9*/7" Note that |ju-+v||2 < 4,
so that the bound (2.51a) implies that |(u+v)"Q(u+v)| < 4e;W(U) +46 for all v €
V.. Thus, when inequalities (2.51a) through (2.51c) hold, the decomposition (2.50)
implies that

" Qul
< %{4W(U+) + WAL NS + W({u})} + 36. (2.52)

It remains to simplify the sum of the three Gaussian complexity terms. An easy

calculation gives W({u}) < /2/7 < W(AK NS"1). In addition, we claim that
WU,) < W({u}) + WAL NS™ ). (2.53)

Given any v € V4, let II(v) denote its projection onto the subspace orthogonal to u.
We can then write v = au+II(v) for some scalar a € [0, 1], where ||II(v)]|2 = V1 — a?.
In terms of this decomposition, we have

lu+vll3 = 1(1 + a)u+II(v)|3
= (14+a)*+1—a?

= 24 2a.
Consequently, we have
‘< u+v ‘ (14 «) 1 (g, 11 ‘
|U+U||2 V2 1+a \/2(1+0z) g
< (g, !+| g, 11 ))\' (2.54)

For any pair v,v" € V,, note that

var ({g, 1(v)) = (g, I(v"))) = |1(v) = IL(@")]5 < [lv = '[I3
= var ((ga U> - <g’ UI>)'

where the inequality follows by the non-expansiveness of projection. Consequently,
by the Sudakov-Fernique comparison inequality [85], we have

E[ sup |{g, T(0))[] < E[ sup [{g, v)[] = W),

vEVL veEVL

Since V. C AKNS" !, we have W(V;) < W(AKLNS™ ). Combined with our earlier
inequality (2.54), we have shown that

W) < W({u}) + W(AK N S"1) < 2W(AK N S™Y).
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Substituting back into our original upper bound (2.52), we have established that

sup }UTQU‘
veEV

€1 n—1 n—1
< A 2W (A 2.
—2\/ﬁ{8w( KNS +2W(AKNS" 1)} + 36 (2.55)
_ 2% WAk A8 + 30 (2.56)

vm
with high probability.

As for the supremum over V_, in this case, we use the decomposition

u' Qu = %{UTQU +u'Qu — (v —u) Qv — u)}

The analogue of U, is the set U_ = {=%— | v € V_}. Since (—u, v) > 0 for all

llo—ull2
v € V_, the same argument as before can be applied to show that sup,, [u”Qu|
satisfies the same bound (2.55) with high probability.

Putting together the pieces, we have established that, with probability at least
1— 66_62m52/04, we have

Zy(AK) = sup  |u"Qu
veAKNSn—1

].001 1
< —WAKNS" ) +66
NG ( )

m

(@)
< 94,

where inequality (i) makes use of the assumed lower bound on the projection di-
mension. The claim follows by rescaling ¢ and redefining the universal constants
appropriately.

2.3.3 Proof of Theorem 2

We begin by stating two technical lemmas that provide control on the random
variables Z;(AK) and Z5(AK) for randomized orthogonal systems. These results
involve the S-Gaussian width previously defined in equation (2.8); we also recall the
Rademacher width

R(AIC)::EE[ s (e e)l]. (2.57)
= n—1
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Lemma 5 (Lower bound on Z;(AK)). Given a projection size m satisfying the

bound (2.10) for a sufficiently large universal constant ¢y, we have

1
inf  —||Sv|l3>1-9 (2.58)
geAICmsnfl m B
71(AK)
with probability at least 1 — (nfj—;)Q — 1 exp ( — C2Wig(mn))'

Lemma 6 (Upper bound on Z3(AK)). Given a projection size m satisfying the

bound (2.10) for a sufficiently large universal constant ¢y, we have

STS
sup [u, (— —=1Dv)| <46 (2.59)
veAKNS" 1 m !
72(AK)

with probability at least 1 — —= me? )

(mn)2 €1 6Xp ( — G R2(AK)+log(mn)

Taking them as given, the proof of Theorem 2 is easily completed. Based on a
combination of the two lemmas, for any 0 € [0,1/2], we have

Zy(AK) _ 2

220K S1=%

< 40,

with probability at least 1 — (mc?{b)z — ¢ exp ( — @W‘ig(mn)). The claimed form of

the bound follows via the rescaling  — 49, and suitable adjustments of the universal
constants.

In the following, we use B} = {z € R" | [|z]]2 < 1} to denote the Euclidean ball of
radius one in R".

Proposition 2. Let {s;}, be i.i.d. samples from a randomized orthogonal system.
Then for any subset Y C BY and any § € [0,1] and k > 0, we have

STS

sup " (S = 1)yl
< S{R(y) + 200+ R) 1og(mn)} W\jg) + g (2.60)

with probability at least 1 — —= mo” )

(mn)~ €1 6Xp ( —C2 R2(Y)+log(mn)
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2.3.3.1 Proof of Lemma 5

This lemma is an immediate consequence of Proposition 2 with ) = AKX N S"~!
and £ = 2. In particular, with a sufficiently large constant ¢y, the lower bound (2.10)

on the projection dimension ensures that 8{R(y) + /6 log(mn)} < 2, from which
the claim follows.

2.3.3.2 Proof of Lemma 6

We again introduce the convenient shorthand ) = — I. For any subset
Y C B3, define the random variable Zy(Y) = sup,cy |yTQy\ Note that Proposition 2
provides control on any such random variable. Now given the fixed unit-norm vector
u € R"™, define the set

1
Vzi{u—i—v | ve AKNS" .

Since ||u + v|l2 < JJullz + ||v|l2 = 2, we have the inclusion V C Bj. For any v €
AK NS™ 1 the triangle inequality implies that

|u” Qu|
= () et \+|v Qu| + [u” Qul

We now apply Proposition 2 in three times in succession with the sets Y =V, )Y =

AK NS ! and Y = {u}, thereby finding that

[u" Qul
1 n—1
< ﬁ{4q>(V)+<I>(AICmS )+<I>({u})} + 396,

where we have defined the set-based function

oY) = S{R(y) + /6 log(mn)} W ()

By inspection, we have R({u}) < 1 < 2R(AKNS"!) and We({u}) <1 < 2Wg(AK),
and hence ®({u}) < 20(AK N S™1). Moreover, by the triangle inequality, we have

R(V) < Ecl(e, u>‘+Es[ sup (e, v}

vEAKNS? 1
<14+ R(AKNS™) < 4R(AKNS™ ).
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A similar argument yields Wg(V) < 3Wg(AK), and putting together the pieces yields
(V)
< 8{3R(AK NS" ) + /6log(mn)} (3 Ws(AK))
< 9P(AK NS,

Putting together the pieces, we have shown that for any v € AK N S™ 1,

luTQu| < %@(AIC NS™ 1) + 34.

Using the lower bound (2.10) on the projection dimension, we are have %@(AIC N
S"1) <4, and hence Zy(AK) < 46 with probability at least 1 — gz — C1€XD (-

@W‘ig(mn)) A rescaling of , along with suitable modification of the numerical

constants, yields the claim.

2.3.3.3  Proof of Proposition 2

We first fix the diagonal matrix D = diag(v), and compute probabilities over
the randomness in the vectors 3; = /nHTp;, where the picking vector p; is chosen
uniformly at random from the canonical basis in R". Using Pp to denote probability
taken over these i.i.d. choices, we define an i.i.d. copy S’ of the sketching matrix S.
Then following the classical symmetrization argument (see [118], p. 14) yields

1 1
Pp[Zy > t] = Pp [sup Ea (—STS - —ES’TS’) z|}
z€Y m m

~ t
€z<5i7 DZ>2‘ 2 Z:|7

J/

Ms

S 4]P5,P [ sup ‘

1
z€AKNSn—1 T "=

N4

where {e;}/", is an i.i.d. sequence of Rademacher variables. Now define the function
g:{-1,1}¥ - R via

g(v): —IE‘,Ep[sup|—2:5Z 5i, diag(v)y)|]. (2.61)

yey m

Note that Elg(v)] = Wg()) by construction since the randomness in S consists of
the choice of v and the picking matrix P. For a truncation level 7 > 0 to be chosen,
define the events

—{ max Sup|(\/_h]7 diag(v)y)| ST}?
..... noyey
0

= {g(v) < Wg( )+37
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To be clear, the only randomness involved in either event is over the Rademacher
vector v € {—1,+1}". We then condition on the event G = G; NG, and its complement
to obtain

P..rw[Z 2 1] = E{11Z > )1[0] + 1[Z > 1)1[g"]}
< P.p[Zy>t|veg] PG +P,[G)

We bound each of these two terms in turn.

Lemma 7. For any ¢ € [0, 1], we have

ms2

P, » [Zg > 2rWe(Y) + % | g} Py [g] < e (2.62)

Lemma 8. With truncation level T = R(Y) + \/2(1 + k) log(mn) for some r > 0,

we have

1 _ms?_

P,[G°] < + e 100677, (2.63)

(mn)~

See Section 2.6.2 for the proof of these two claims.

Combining Lemmas 7 and 8, we conclude that

PrulZ > 8-Ws(Y) + 2]

o
< AP py (2 > 2rWs(V) + o]

mé2 1

< e T+

(mn)~’

as claimed.

2.4 Techniques for sharpening bounds

In this section, we provide some technique for obtaining sharper bounds for ran-
domized orthonormal systems when the underlying tangent cone has particular struc-
ture. In particular, this technique can be used to obtain sharper bounds for subspaces,
/1-induced cones, as well as nuclear norm cones.
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2.4.1 Sharpening bounds for a subspace

As a warm-up, we begin by showing how to obtain sharper bounds when K is a
subspace. For instance, this allows us to obtain the result stated in Corollary 2(b).
Consider the random variable

Z(AK) := sup ‘zTQz|

z€AKNB2
> sup ‘ZTQZ|, where Q = % —
z€AKNS™—1
For a parameter ¢ € (0,1) to be chosen, let {z!,..., 2™} be an e-cover of the set

AK NBy. For any 2z € AK N By, there is some j € [M] such that z = 2/ + A, where
|All2 < e. Consequently, we can write

27Qz| < 1()7Q="| + 21ATQ| + |ATQA.

Since AKX is a subspace, the difference vector A also belongs to AK. Consequently,
we have

[ATQ2|

<e sup [21Q7
2,2’ € AKNB2

AN /
=€ sup %‘4<Z—;z) Q(z—gz)—zTQz—(z’)TQz'

2,2/ € AKNB2

4
—‘ZTQZ‘ + € sup
2€AKNBy 2 2€AKNB,

ZTQZ‘.

ZTQZ‘ + € sup
z€AKNB2

<€ sup ZTQZ‘

=4e sup
2€AKNB2

Noting also that |[ATQA| < €2Z(AK), we have shown that
(1 —4e —€*)Z(AK) < max ()T Q7).

Jj=L..,
Setting € = 1/16 yields that Z(AK) < %

Having reduced the problem to a finite maximum, we can now make use of JL-
embedding property of a randomized orthogonal system proven in Theorem 3.1 of
Krahmer and Ward [80]: in particular, their theorem implies that for any collection

of M fixed points {z!,...,2M} and § € (0,1), an ROS sketching matrix S € R™*"
satisfies the bounds

. 1 ) .
1-a)[]5 < EIISZ]H% < (1+9)[12]3 (2.64)
forall j=1,..., M
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with probability 1 —n if m > %log*(n) log(%). For our chosen collection, we have
|127]]a = 1 for all j = 1,..., M, so that our discretization plus this bound implies that
Z(AK) < %6 . Setting n = e~e2m” for g sufficiently small constant ¢, yields that this
bound holds with probability 1 — e~¢2mé*,

The only remaining step is to relate log M to the Gaussian width of the set. By
the Sudakov minoration [85] and recalling that e = 1/16, there is a universal constant
¢ > 0 such that

(@)
Vieg M < ¢ W(AK) < cy/rank(A),

where the final inequality (i) follows from our previous calculation (2.11) in the proof
of Corollary 2.

2.4.2 Reduction to finite maximum

The preceding argument suggests a general scheme for obtaining sharper results,
namely by reducing to finite maxima. In this section, we provide a more general form
of this scheme. It applies to random variables of the form

ATSTSA
Z(Y) = sup ‘yT(— —

yey m

I)y , where ) C R%. (2.65)

For any set ), we define the first and second set differences as

oV :=Y-=Y ={y—vy |y, ¥y €Y}, and
O*[Y] := 00V
Note that Y C 9[Y] whenever 0 € ). Let II()) denote the projection of ) onto the
Euclidean sphere S !,

With this notation, the following lemma shows how to reduce bounding Z(Y) to
taking a finite maximum over a cover of a related set.

Lemma 9. Consider a pair of sets Vo and Y, such that 0 € )y, the set Yy is convex,

and for some constant o > 1, we have

(a) Y1 € cleonv(Yy), (2.66)
(b) O*[Vo] € ay, and (2.67)
() IL(8*[W)) C . (2.68)
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Let {z%,...,2M} be an e-covering of the set 0[Yy] in Euclidean norm for some € €

(0, 5=z]. Then for any symmetric matriz Q, we have
sup [27Qz| <3 max |(2/)TQ|. (2.69)
z€y1 j:]. ..... M

See Section 2.6.5 for the proof of this lemma. In the following subsections, we demon-
strate how this auxiliary result can be used to obtain sharper results for various
special cases.

2.4.3 Sharpening /;-based bounds
The sharpened bounds in Corollary 3 are based on the following lemma. It applies

to the tangent cone K of the /1-norm at a vector z* with £y-norm equal to k, as defined
in equation (2.17).

Lemma 10. For any 6 € (0,1), a projection dimension lower bounded as m >

9 (%)2 k10g5(d) quarantees that
k
STS
sup Ju(Z—=—T)| <6 (2.70)
vEAKNSn—1 m

—e ms2
with probability at least 1 — e los®n
Proof. Any v € AKX N 8" ! has the form v = Au for some u € K. Any u € K
satisfies the inequality ||ull; < 2v/k||ul|2, so that by definition of the ¢;-restricted

eigenvalue (2.13), we are guaranteed that v, (A)|ull3 < ||Au||3 = 1. Putting together

the pieces, we conclude that

sup [T (STS — D)o

vEAKNS—1
1 ATSTSA
< — sup |y(——— — AT A Y
Yk (A) yeEM ( m ) ’
1
i A y )
Sy SO
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where

Vi =By(1) N By (2Vk)
= {AeR| AL <2VE, [|AL <1},
Now consider the set
Yo = Bs(3) NBo(4k)
= {AeR!| Al <4k, [All; < 3},

We claim that the pair (), V1) satisfy the conditions of Lemma 9 with o = 24. The
inclusion (2.66)(a) follows from Lemma 11 in the paper [87]; it is also a consequence
of a more general result to be stated in the sequel as Lemma 14. Turning to the
inclusion (2.66)(b), any vector v € 9?[),] can be written as y — 3 — (z — 2’) with
z, 2, y,y € Vo, whence ||v]|o < 16k and ||v|]2 < 12. Consequently, we have ||v][; <
4v/k|[v]|2. Rescaling by 1/12 shows that 92[)] C 24)). A similar argument shows
that T1(9%[),]) satisfies the same containment.

Consequently, applying Lemma 9 with the symmetric matrix R = &;SA —ATA

implies that

Z(0) <3 _max |(=9)7 R,

7=1,...,

where {z',...,2M} is an 5= covering of the set 9[)p]. By the JL-embedding result
of Krahmer and Ward [80], taking m > & log" d log(M/n) samples suffices to ensure

that, with probability at least 1 — n, we have

T Rl < i
maXM|(z ) R <6 j:nll:c.t.)’(MHAz II5- (2.71)

By the Sudakov minoration [85] and recalling that ¢ = 5 is a fixed quantity, we

have
ViegM < W) < 'vklogd, (2.72)
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where the final step follows by an easy calculation. Since [|27|y = 1 for all j € [M],

-----

implies that as long as m > 55k log(d) log* n, we have

STS (A
sup  |v(—— —1)v| <36 %’i( )
veAKNS™ 1 m Ve (4)
with high probability. Applying the rescaling § — :’f: Ei;é yields the claim. O
k

Lemma 11. Let u € 8! be a fived vector. Under the conditions of Lemma 10, we

have

— =7 <9 2.73
e u(== —Dof < (273)

2
mo
—c
1 log4 n

with probability at least 1 — e

Proof. Throughout this proof, we make use of the convenient shorthand ) = % —1.

Choose the sets )y and ) as in Lemma 10. Any v € AKX NS™ ! can be written as

v = Az for some z € K, and for which ||z]|s < HAf‘(‘Z) Consequently, using the
Vi
definitions of ), and ), we have
T
e
1
< ———max [u' QAz| (2.74)
i (A) =N
1

——— max |uTQAz|
’Y]: (A) z€clconv(Vp)

1
= ———max |uTQAz}, (2.75)
T, (A) €0

where the last equality follows since the supremum is attained at an extreme point

of )}0.

For a parameter ¢ € (0, 1) to be chosen, let {z!,..., 2"} be a e-covering of the set
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Vo in the Euclidean norm. Using this covering, we can write

sup ‘UTQAZ‘

2€Mo

< max !uTQAzj‘ + sup ‘uTQAA|
je[M] A€dVol, [|A]l2<e

= max ‘uTQAzj‘ +¢e sup ‘uTQAA|
JE[M] A€TI(O[Vo])

< max {uTQAzj’ + ea sup ’uTQAA|.
JE[M] AeYy

Combined with equation (2.75), we conclude that
sup |uTQAZ}
z€AKNS™—1

1 .
< max [u" QAz|. (2.76)
(1 — ea)\/7y (A) 7€M]

For each j € [M], we have the upper bound
(W' QAZ | <|(AZ +u)"Q(AZ + u)|
+ (AT QAZ| + |u” Qul. (2.77)
Based on this decomposition, we apply the JL-embedding property [80] to ROS ma-

trices to the collection of 2M + 1 points given by Ujepnn{ Az, Az7 +u, } U{u}. Doing

so ensures that, for any fixed § € (0,1), we have

max " QAL < d(JlA2 +ullz + A3 + [lull2).

with probability 1 — 7 as long as m > $5 log*(n) log (WTH) Now observe that
| A2+ all + | A5 + [lull; < 3| AZ7[I5 + 3lull3

< 3(37(4) +1),
where the final inequality follows by noting

max ||Az]|2 < ma Az||2 < 3~ (A) .
max A2} < max [A2[} < 39 (4)
2 <6VE
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Consequently, we have max;epy) [u7 QA2 < 96 (’y,j(A) + 1). Setting € = 5, n =

_ mé?
e "1’ and with our earlier bound (2.76), we conclude that

r(5"8 1)) < 185 A+ Y
W = Dl < 18 2 279
(W (A) +1)
=@ 219

2

with probability 1 —e st where the last inequality follows from the assumption
Y (A) < 1. Combined with the covering number estimate from equation (2.72), the

claim follows.

2.4.4 Sharpening nuclear norm bounds

We now show how the same approach may also be used to derive sharper bounds
on the projection dimension for nuclear norm regularization. As shown in Lemma 1
in the paper [101], for the nuclear norm ball | X|. < R, the tangent cone at any rank
r matrix is contained within the set

K= {A e R"® | AL <2vrAlle}, (2.80)

and accordingly, our analysis focuses on the set AKX N S™ !, where A : R *xd _ R”
is a general linear operator.

In analogy with the sparse restricted eigenvalues (2.13), we define the rank-
constrained eigenvalues of the general operator A : R4*% — R™ as follows:
A= min JAZ) and (2.81)
12l <27
7 (A) = max [JA(Z)|;. (2.82)
I1Zllr=1
12l <2v/r

Lemma 12. Suppose that the optimum X* has rank at most r. For any é € (0,1), an

ROS sketch dimension lower bounded as m > 5§ (3%5“2;)2 r(dy + dy) log*(dydy) ensures

that

sup  |z(—— —=1)z| <6 (2.83)

ze AKNSn—1 m
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meé2
log4(dl dg) i

—c1

with probability at least 1 — e

Proof. For an integer » > 1, consider the sets

Vi(r) =Bp(1) NB.(2v/7) (2.84a)
= {A e R [ AL <2vr, Al <1},

yO(r) = {BF(?’) N Brank(4r)} (284b)

= {AeR™™ Al < 4r, Al < 3}

In order to apply Lemma 9 with this pair, we must first show that the inclusions (2.66)
hold. Inclusions (b) and (c) hold with aw = 12, as in the preceding proof of Lemma 10.
Moreover, inclusion (a) also holds, but this is a non-trivial claim stated and proved

separately as Lemma 14 in Section 2.6.6.

Consequently, an application of Lemma 9 with the symmetric matrix @ =

—A*SWTSA — A*A in dimension d;ds guarantees that
ZOh() <3 max, |()7Qx),
where {z',..., 2"} is a gzz-covering of the set Vy(r). By arguing as in the preced-

ing proof of Lemma 10, the proof is then reduced to upper bounding the Gaussian
complexity of Vy(r). Letting G € R®™*% denote a matrix of i.i.d. N(0,1) variates,

we have

W((r)) = E[ sup (G, A)]
AEYy(r)

< 6VrE[|G]2

< 6vr (Vi + V),

where the final line follows from standard results [44] on the operator norms of Gaus-

sian random matrices. 0
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Lemma 13. Let u € S" ! be a fived vector. Under the assumptions of Lemma 12,

we have

sup  Ju(—— —=1I)z| <0 (2.85)
zeAKNSn—1 m

e md?
with probability at least 1 —e  los?(d1dz)

The proof parallels the proof of Lemma 11, and hence is omitted. Finally the sharp-
ened bounds follow from the above lemmas and the deterministic bound (2.48).

2.5 Discussion

In this chapter, we have analyzed random projection methods for computing ap-
proximation solutions to convex programs. Our theory applies to any convex pro-
gram based on a linear /quadratic objective functions, and involving arbitrary convex
constraint set. Our main results provide lower bounds on the projection dimension
that suffice to ensure that the optimal solution to sketched problem provides a 9-
approximation to the original problem. In the sub-Gaussian case, this projection
dimension can be chosen proportional to the square of the Gaussian width of the
tangent cone, and in many cases, the same results hold (up to logarithmic factors) for
sketches based on randomized orthogonal systems. This width depends both on the
geometry of the constraint set, and the associated structure of the optimal solution
to the original convex program. We also provided numerical simulations to illustrate
the corollaries of our theorems in various concrete settings.

It is also worthwhile to make some comments about the practical uses of our
guarantees. In some cases, our lower bounds on the required projection dimension m
involve quantities of the unknown optimal solution xz*—for instance, its sparsity in an
¢1-constrained problem, or its rank as a matrix in nuclear norm constrained problem.
We note that it always suffices to choose m proportional to the dimension d, since
we always have W?(AK) < rank(A) < d for any constraint set and optimal solution.
However depending on the regularization parameters, i.e., radius of the constraint
set, or some additional information, a practitioner can choose a smaller value of m
depending on the application. In certain scenarios, it is known a priori that that
optimal solution z* has a bounded sparsity: for instance, this is the case in decoding
sparse least-squares superposition codes [10, 72], in which the sparsity ||z*||o relates
to the rate of the code. There is also a recent line of work in sparse learning literature
aimed towards bounding the support of the optimal solution z* before solving an
¢, penalized convex optimization problem. Such bounds can be computed in O(nd)
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time, and have been shown to be accurate for real datasets [58]. In conjunction with
such bounds, our theory provides practical choices for choosing m. Another possibility
is based on a form of cross-validation: over a sequence of projection dimensions, one
could solve a small subset of sketched problems, and choose a reliable dimension based
on the (lack of) variability in the subset. (Once the projection dimension satisfies our
bounds, our theory guarantees that the solutions from two independent sketches will
be extremely close with very high probability.) research.

2.6 Proofs of technical results

2.6.1 Technical details for Corollary 3

In this section, we show how the second term in the bound (2.16) follows as a
corollary of Theorem 2. From our previous calculations in the proof of Corollary 3(a),
we have

R(AK) < E.[  sup  [(u, AT¢)| (2.86)
l[ulls <2vE|ul]2
[[Aull2=1
2vk
< ———E[[|A"¢|l«] (2.87)
Ve (4)
a2

<6 k‘logd‘nqax (2.88)
J:

----- 4/ (A)

Turning to the S-Gaussian width, we have

SAu
Ws(AK) =Bys[  sup  [(g, o)
[l <2VE[ull2 m ]
[| Aull2=1
Wk AT ST
< —— Eys| g

Vi (A) vm .

Now the vector STg//m is zero-mean Gaussian with covariance STS/m. Conse-
quently

Sa.
|0 <4 max I5a;lla Vlogd.

Define the event £ = {% < 2[|ayll for j=1,...,d}. By the JL embedding

theorem of Krahmer and Ward [80], as long as m > cylog®(n)log(d), we can ensure
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that P[] < 1. Since we always have |Sa;|2/v/m < ||la;|l2v/n, we can condition on
& and its complement, thereby obtaining that

ATSTg
E |l
975[” \/E ” ]
<38 max. llajlle \/1ogd + 4P[E] v/n max |la;||2 v/1logd
J=4 7=1,...

<12 max. laj|l2 /logd.
j=1,...

Combined with our earlier calculation, we conclude that

Substituting this upper bound, along with our earlier upper bound on the Rademacher
width (2.86), yields the claim as a consequence of Theorem 2.

2.6.2 Technical lemmas for Proposition 2

In this section, we prove the two technical lemmas, namely Lemma 7 and 8, that
underlie the proof of Proposition 2.

2.6.3 Proof of Lemma 7

Fixing some D = diag(r) € G, we first bound the deviations of Z| above its
expectation using Talagrand’s theorem on empirical processes (e.g., see Massart [92]
for one version with reasonable constants). Define the random vector s = y/nh, where
h is a randomly selected row, as well as the functions g,(g,3) = (5, diag(v)y)?, we
have ||g.||c < 72 for all y € Y. Letting 5 = y/nh for a randomly chosen row h, we
have

var(g,) < 7°E[(5, diag(v)y)*] = 77,

also uniformly over y € ). Thus, for any v € G, Talagrand’s theorem [92] implies
that

5 ms?
P..p[Zy > EeplZ)) + 1] < cre % forall § € [0,1).
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It remains to bound the expectation. By the Ledoux-Talagrand contraction for
Rademacher processes [85], for any v € G, we have

EEP[Z](<) QTEEP[SUP —Zsz Siy Y >|]

yey m
2y {Ws(y 5
< 27{Wg( )‘1‘@
1)
_27—W5(y)+1_6a

where inequality (i) uses the inclusion v € Gy, and step (ii) relies on the inclusion
v € Gy. Putting together the pieces yields the claim (2.62).

2.6.4 Proof of Lemma 8

It suffices to show that
1

(mn)~
We begin by bounding P[G{]. Recall s7 = /np! Hdiag(v), where v € {—1,+1}"

is a vector of ii.d. Rademacher variables. Consequently, we have (s;, y) =
> i (VnHij)vjy;. Since |y/nHy;| = 1 for all (i,7), the random variable (s;, y) is
equal in distribution to the random variable (v, y). Consequently, we have the equal-
ity in distribution

P[G¢] < and  P[GS] < ¢re” ™

Sup’ (v/np! Hdiag(v) |—sup| v,y ‘
yey yey
Fw)
Since this equality in distribution holds for each i = 1, ..., n, the union bound guar-

antees that
PIG{] < nP[f(v) > 7].

Accordingly, it suffices to obtain a tail bound on f. By inspection, the the function
f is convex in v, and moreover |f(v) — f(V')] < |[v — /||2, so that it is 1-Lipschitz.
Therefore, by standard concentration results [84], we have

2

Plf(v) > E[f(v)] +1] <e 7. (2.89)

By definition, E[f(v)] = ]R(y), so that setting ¢ = /2(1 + k) log(mn) yields the
bound tail bound P[G¢] i
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Next we control the probability of the event GS. The function g from equa-
tion (2.61) is clearly convex in the vector v; we now show that it is also Lipschitz
with constant 1/y/m. Indeed, for any two vectors v,/ € {—1,1}¢, we have

1 <& 1
9(0) = 90/)| < Bep | sup (-3 exding(v =/ )WiH o )| < Bpl(Gingly =) 23 e/
ye i=1 i=1

where the first inequality follows from triangle inequality and the definition (2.61)
and the second inequality follows from Cauchy-Schwartz inequality since ||y|2 < 1.
Introducing the shorthand A = diag(v — V') and 5; = \/nH”p;, Jensen’s inequality
yields

1 L
l9() =g( )P < —Eepl|A > el
i=1
1 o
= ﬁtrace<A Ep| Zsisi }A)
1 2 537
= —trace (A diag( Ep Z )
By construction, we have |s;;| = 1 for all (¢,5), whence diag(]Ep[ L SiS; D
Lyxn. Since trace(A?) = || — /|2, we have established that |g(v) — g(+/)[2 < =212

showing that g is a 1/y/m-Lipschitz function. By standard concentration results [8 ]
we conclude that

2
2

6 _ m62
—} < e 409672

P[Gs] = Plg(v) > Elg(v)] + o

as claimed.

2.6.5 Proof of Lemma 9

By the inclusion (2.66)(a), we have sup,cy, |27 Q2| < Sup,caconv(y) 127 Q2] Any

vector v € conv()y) can be written as a convex combination of the form v = "1, a;2;,
where the vectors {2;}X; belong to )y and the non-negative weights {co;}X, sum to
one, whence

T T
v’ Qu SZZ aj‘ziTQzA

—_

< 5 |G+ 5)"QC+ 2) - 703 - 103

w

<3 sup [27Qz].
2 2€9[Mo]
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Since this upper bound applies to any vector v € conv(})y), it also applies to any
vector in the closure, whence

sup |27Qz| < sup |2 Q2| (2.90)
2€MN z€&cleonv (o)
3
< = sup |27Qzl. (2.91)
z€0[)o]
Now for some € € (0,1] to be chosen, let {z!,...,2M} be an e-covering of the set

d[Vo] in Euclidean norm. Any vector z € 9[),] can be written as z = 27 + A for
some j € [M], and some vector with Euclidean norm at most e. Moreover, the vector
A € 9?[)y], whence

sup [27Qz]
Zea[yo}
< max |(2))7Q27|+2 sup max |ATQZ|
JjeM] A€d?[y,) J€IM]
lAllz<e
+ sup |ATQA. (2.92)
A€?[Vo]
lAll2<e
Since 27 € Yy C 9?[M], we have
sup |27 Qz|
z€0[Vo]
< max [()7Q +2  sup  |ATQA
]G[M] A,Aleaz[yo]
lAll2<e
+ sup |ATQA]
A€62D}0]
lAll2<e
< max |(2))7Q | +3  sup  |ATQA
ielM] AN €0V
|All2<e
< max |(2))TQ2|+ 3¢ sup |ATQA|
jelM] AETI(5*(Vo])
A/€32[y0]
< max |(2))TQ2| + 3¢ sup |ATQA|
Jje[M] AN €aYy

where the final inequality makes use of the inclusions (2.66)(b) and (c). Finally, we
observe that

sup  |ATQA'| =  sup 1|(A +ANTQ(A + AT — AQA — A'QA|
AN ea)r AN ea)r
< 1{4 +1+1} sup |ATQA]
2 Aca)y

= 3a? sup |27 Qz|,
ze€N
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where we have used the fact that A+TA, € a)1, by convexity of the set a).

Putting together the pieces, we have shown that
3 . .
sup |27 Qz| < —{ max |(27)7 Q27| + 9ea? sup |ATQA]}.
2N 2 Ujelm) Ay
Setting € = 5 ensures that 9ea? < 1/3, and hence the claim (2.69) follows after

some simple algebra.

2.6.6 A technical inclusion lemma

Recall the sets Vi (r) and Yy (r) previously defined in equations (2.84a) and (2.84b).
Lemma 14. We have the inclusion
Vi(r) C cleconv (yo(r)), (2.93)

where clconv denotes the closed convex hull.

Proof. Define the support functions ¢o(X) = supacy, (X, A)) and ¢ (X) =
Supacy, (X, A)) where (X, A)) := trace(X”A) stands for the standard inner prod-
uct. It suffices to show that ¢1(X) < 3¢y(X) for each X € S The Frobenius
norm, nuclear norm and rank are all invariant to unitary transformation, so we may
take X to be diagonal without loss of generality. In this case, we may restrict the

optimization to diagonal matrices A, and note that

d d
DAL and AL =) 1Al
j=1 j=1

Let S be the indices of the |r| diagonal elements that are largest in absolute value.

¢0(X) = ‘ /ZXJ%-
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It is easy to see that



On the other hand, for any index k ¢ S, we have |Xyx| < |

1
max | Xpp| < — X
kES ‘ kk| = U,J JEZS‘ JJ
Using this fact, we can write

f(X) < sup Y AGX

Z]ES AJ]— jES

+ sup Z Akakk
Digs | BkkISVT g

= /ZX2 +\/_maX|ka|
<0+ 5 S

S 3¢0(X)7

as claimed.
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Chapter 3

Iterative random projections and

information theoretical bounds

Randomized sketches are a well-established way of obtaining an approximate so-
lutions to a variety of problems, and there is a long line of work on their uses (e.g.,
see the books and papers by [139, 26, 90, 55, 73|, as well as references therein). In
application to the least-squares problem we considered in the previous chapter,

" 1= argmin f(z) where f(z) = 5-||Az — y|f3. (3.1)
zeC

sketching methods involves using a random matrix S € R"™*" to project the data ma-
trix A and/or data vector y to a lower dimensional space (m < n), and then solving
the approximated least-squares problem. In this chapter we explore alternative ap-
proximation properties of various sketches from a statistical perspective. There are
many choices of random sketching matrices; see Section 3.1.1 for discussion of a few
possibilities. Given some choice of random sketching matrix S, the most well-studied
form of sketched least-squares is based on solving the problem

~ .yl 2
x.—argglelél{%HSAx—SyHQ}, (3.2)

in which the data matrix-vector pair (A, y) are approximated by their sketched ver-
sions (SA, Sy). Note that the sketched program is an m-dimensional least-squares
problem, involving the new data matrix SA € R™*?. Thus, in the regime n > d,
this approach can lead to substantial computational savings as long as the projec-
tion dimension m can be chosen substantially less than n. A number of authors
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(e.g., [123, 26, 55, 90, 114]) have investigated the properties of this sketched solu-
tion (3.2), and accordingly, we refer to to it as the classical least-squares sketch.

There are various ways in which the quality of the approximate solution x can be
assessed. One standard way is in terms of the minimizing value of the quadratic cost
function f defining the original problem (3.1), which we refer to as cost approzimation.
In terms of f-cost, the approximate solution z is said to be d-optimal if

f@) < f(@) < (1+0)°f(2"). (3:3)

For example, in the case of unconstrained least-squares (C = R?) with n > d, it is
known that with Gaussian random sketches, a sketch size m %d suffices to guar-
antee that 7 is d-optimal with high probability (for instance, see the papers by [123]
and [90], as well as references therein). Similar guarantees can be established for
sketches based on sampling according to the statistical leverage scores [54, 52]. Sketch-
ing can also be applied to problems with constraints: [26] prove analogous results
for the case of non-negative least-squares considering the sketch in equation (3.2),
whereas our own past work [114] provides sufficient conditions for d-accurate cost
approximation of least-squares problems over arbitrary convex sets based also on the
form in (3.2).

It should be noted, however, that other notions of “approximation goodness” are
possible. In many applications, it is the least-squares minimizer " itself—as opposed
to the cost value f(x")—that is of primary interest. In such settings, a more suitable
measure of approximation quality would be the ¢y-norm ||z — "%, or the prediction
(semi)-norm

17 = 2[4 - = (Z =22 (3-4)

1
—=IlA
vn
We refer to these measures as solution approximation.

Now of course, a cost approximation bound (3.3) can be used to derive guarantees
on the solution approximation error. However, it is natural to wonder whether or not,
for a reasonable sketch size, the resulting guarantees are “good”. For instance, using

arguments from [55], for the problem of unconstrained least-squares, it can be shown
that the same conditions ensuring a d-accurate cost approximation also ensure that

|7 — 2™ |4 < 5/ f(as). (3.5)
Given lower bounds on the singular values of the data matrix A, this bound also

yields control of the ¢y-error.

In certain ways, the bound (3.5) is quite satisfactory: given our normalized def-
inition (3.1) of the least-squares cost f, the quantity f(z") remains an order one
quantity as the sample size n grows, and the multiplicative factor § can be reduced
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by increasing the sketch dimension m. But how small should ¢ be chosen? In many
applications of least-squares, each element of the response vector y € R™ corresponds
to an observation, and so as the sample size n increases, we expect that 2™ provides
a more accurate approximation to some underlying population quantity, say «* € R%.
As an illustrative example, in the special case of unconstrained least-squares, the accu-
racy of the least-squares solution z"* as an estimate of x* scales as ||z — x*||4 < %.
Consequently, in order for our sketched solution to have an accuracy of the same order
as the least-square estimate, we must set §% < %. Combined with our earlier bound
on the projection dimension, this calculation suggests that a projection dimension of
the order

d n

ms = =

—~

~ 62 o?
is required. This scaling is undesirable in the regime n > d, where the whole point
of sketching is to have the sketch dimension m much lower than n.

Now the alert reader will have observed that the preceding argument was only
rough and heuristic. However, the first result of this chapter (Theorem 3) provides
a rigorous confirmation of the conclusion: whenever m < n, the classical least-
squares sketch (3.2) is sub-optimal as a method for solution approximation. Figure 3.1
provides an empirical demonstration of the poor behavior of the classical least-squares
sketch for an unconstrained problem.

Mean-squared error vs. row dimension Mean-squared pred. error vs. row dimension
4
T T T T

Mean-squared error
Mean-squared prediction error

0.001
1

. ‘ 0.001 : :
0 10° 10* 10 10° 10*
Row dimension n Row dimension n

(a) (b)

Figure 3.1: Plots of mean-squared error versus the row dimension n €

{100, 200, 400, . .., 25600} for unconstrained least-squares in dimension d = 10.

This sub-optimality holds not only for unconstrained least-squares but also more
generally for a broad class of constrained problems. Actually, Theorem 3 is a more
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general claim: any estimator based only on the pair (SA, Sy)—an infinite family
of methods including the standard sketching algorithm as a particular case—is sub-
optimal relative to the original least-squares estimator in the regime m < n. We are
thus led to a natural question: can this sub-optimality be avoided by a different type
of sketch that is nonetheless computationally efficient? Motivated by this question,
our second main result (Theorem 4) is to propose an alternative method—known as
the iterative Hessian sketch—and prove that it yields optimal approximations to the
least-squares solution using a projection size that scales with the intrinsic dimension
of the underlying problem, along with a logarithmic number of iterations. The main
idea underlying iterative Hessian sketch is to obtain multiple sketches of the data
(STA, ..., SN A) and iteratively refine the solution where N can be chosen logarithmic
in n.

The remainder of this chapter is organized as follows. In Section 3.1, we begin
by introducing some background on classes of random sketching matrices, before
turning to the statement of our lower bound (Theorem 3) on the classical least-squares
sketch (3.2). We then introduce the Hessian sketch, and show that an iterative version
of it can be used to compute e-accurate solution approximations using log(1/¢)-steps
(Theorem 4). In Section 3.2, we illustrate the consequences of this general theorem for
various specific classes of least-squares problems, and we conclude with a discussion
in Section 3.3.

3.1 Main results and consequences

In this section, we begin with background on different classes of randomized
sketches, including those based on random matrices with sub-Gaussian entries, as
well as those based on randomized orthonormal systems and random sampling. In
Section 3.1.2, we prove a general lower bound on the solution approximation accu-
racy of any method that attempts to approximate the least-squares problem based
on observing only the pair (SA, Sy). This negative result motivates the investigation
of alternative sketching methods, and we begin this investigation by introducing the
Hessian sketch in Section 3.1.3. It serves as the basic building block of the iterative
Hessian sketch (IHS), which can be used to construct an iterative method that is
optimal up to logarithmic factors.

3.1.1 Types of randomized sketches

In the following section, we present a lower bound that applies to all the three
kinds of sketching matrices described in this thesis including Sub-Gaussian sketches,
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ROS sketches and random row sampling. For sketches based on random row sampling,
we assume that the weights are a-balanced, meaning that

max p; < 2 (3.6)
n

j=1,...n

for some constant o independent of n.

3.1.2 Information-theoretical sub-optimality of the classical
sketch

We begin by proving a lower bound on any estimator that is a function of the
pair (SA, Sy). In order to do so, we consider an ensemble of least-squares problems,
namely those generated by a noisy observation model of the form

y = Ar* + w, where w ~ N(0,0%1,), (3.7)

the data matrix A € R™ 9 is fixed, and the unknown vector z* belongs to some
set Cy that is star-shaped around zero.! In this case, the constrained least-squares
estimate 2 from equation (3.1) corresponds to a constrained form of maximum-
likelihood for estimating the unknown regression vector z*. In Section 3.7, we provide
a general upper bound on the error E[||2*® — z*||%] in the least-squares solution as
an estimate of x*. This result provides a baseline against which to measure the
performance of a sketching method: in particular, our goal is to characterize the
minimal projection dimension m required in order to return an estimate x with an
error guarantee || — z"5||4 ~ ||z™ — 2*||4. The result to follow shows that unless
m > n, then any method based on observing only the pair (SA, Sy) necessarily has
a substantially larger error than the least-squares estimate. In particular, our result
applies to an arbitrary measurable function (SA, Sy) — ', which we refer to as an
estimator.

More precisely, our lower bound applies to any random matrix S € R™*" for
which

IE|ST(SST) Sl < 7 = (3.8)

where 7 is a constant independent of n and m, and ||A|s denotes the ¢s-operator
norm (maximum eigenvalue for a symmetric matrix). In Section 3.4.1, we show that
these conditions hold for various standard choices, including most of those discussed
in the previous section. Letting B (1) denote the unit ball defined by the semi-norm

Explicitly, this star-shaped condition means that for any z € Cy and scalar ¢ € [0, 1], the point
tx also belongs to Cp.
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|| - |4, our lower bound also involves the complexity of the set Co N B4 (1), which we
measure in terms of its metric entropy. In particular, for a given tolerance > 0, the
d-packing number Mj of the set CoNB4(1) with respect to || - || 4 is the largest number
of vectors {27}}1, € CoNB4(1) such that |27 — 2*| 4 > ¢ for all distinct pairs j # k.

With this set-up, we have the following result:

Theorem 3 (Sub-optimality). For any random sketching matriz S € R™ ™ satisfying

condition (3.8), any estimator (SA, Sy) — x' has MSE lower bounded as

. o2 log(2 M)
sup E57w[|\ﬂ —x H,%J > 2 7Y

2*eCo ~ 1287 min{m,n} (3.9)

where Mo is the 1/2-packing number of Co NB4(1) in the semi-norm || - || .

The proof, given in Section 3.4, is based on a reduction from statistical minimax
theory combined with information-theoretic bounds. The lower bound is best under-
stood by considering some concrete examples:

Example 1 (Sub-optimality for ordinary least-squares). We begin with the simplest
case—namely, in which C = R?. With this choice and for any data matrix A with
rank(A) = d, it is straightforward to show that the least-squares solution ™ has its
prediction mean-squared error at most

o2d

E[||lz" — z*||3] 3 — (3.10a)

On the other hand, with the choice Cy = By(1), we can construct a 1/2-packing with
M = 2% elements, so that Theorem 3 implies that any estimator x' based on (SA4, Sy)
has its prediction MSE lower bounded as

o2d

Esw[IZ — z*|4] = min{m,n}’
)

~

(3.10b)

Consequently, the sketch dimension m must grow proportionally to n in order

for the sketched solution to have a mean-squared error comparable to the original
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least-squares estimate. This is highly undesirable for least-squares problems in which
n > d, since it should be possible to sketch down to a dimension proportional to
rank(A) = d. Thus, Theorem 3 this reveals a surprising gap between the classical

least-squares sketch (3.2) and the accuracy of the original least-squares estimate.

In contrast, the sketching method we describe now, known as iterative Hessian
sketching (IHS), matches the optimal mean-squared error using a sketch of size d +
log(n) in each round, and a total of log(n) rounds; see Corollary 9 for a precise
statement. The red curves in Figure 3.1 show that the mean-squared errors (|7 —z*||
in panel (a), and | Z—x*||4 in panel (b)) of the THS method using this sketch dimension
closely track the associated errors of the full least-squares solution (blue curves).

Consistent with our previous discussion, both curves drop off at the n=! rate.

Since the IHS method with log(n) rounds uses a total of T = log(n){d + log(n)}
sketches, a fair comparison is to implement the classical method with T sketches in
total. The black curves show the MSE of the resulting sketch: as predicted by our
theory, these curves are relatively flat as a function of sample size n. Indeed, in this
particular case, the lower bound (3.9)

. o%d o?
ES,w[H-r—x H,QLJ z m Z logQ(n)’

showing we can expect (at best) an inverse logarithmic drop-off.

This sub-optimality can be extended to other forms of constrained least-squares esti-
mates as well, such as those involving sparsity constraints.

Example 2 (Sub-optimality for sparse linear models). We now consider the sparse

variant of the linear regression problem, which involves the £,-“ball”

Bo(k) :={z € R!| > T[a; # 0] < k},
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corresponding to the set of all vectors with at most k& non-zero entries. Fixing some
radius R > vk, consider a vector z* € Cy : = By(k) N {||z|, = R}, and suppose that

we make noisy observations of the form y = Az* + w.

Given this set-up, one way in which to estimate x* is by by computing the least-
squares estimate 2" constrained® to the ¢;-ball C = {x € R™ | ||z||; < R}. This
estimator is a form of the Lasso [134]: as shown in Section 3.7.2, when the design
matrix A satisfies the restricted isometry property (see [34] for a definition), then it
has MSE at most

- o?klog (<)

E[Jle" - o"l3) 3 T

. (3.11a)

On the other hand, the %—packing number M of the set Cy can be lower bounded as
log M 7 klog (%d); see Section 3.7.2 for the details of this calculation. Consequently,
in application to this particular problem, Theorem 3 implies that any estimator z
based on the pair (SA, Sy) has mean-squared error lower bounded as

. o’klog (<)

E |l :
w,S[HCB x ”A} ~ min{m,n}

(3.11b)

Again, we see that the projection dimension m must be of the order of n in order
to match the mean-squared error of the constrained least-squares estimate =" up to
constant factors. By contrast, in this special case, the sketching method we describe
in this section matches the error ||z —2*||5 using a sketch dimension that scales only

as klog (%l) + log(n); see Corollary 10 for the details of a more general result. <

Example 3 (Sub-optimality for low-rank matrix estimation). In the problem of mul-

tivariate regression, the goal is to estimate a matrix X* € R%*% model based on

2This set-up is slightly unrealistic, since the estimator is assumed to know the radius R = ||z*||;.
In practice, one solves the least-squares problem with a Lagrangian constraint, but the underlying
arguments are basically the same.
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observations of the form
Y = AX"+ W, (3.12)

where Y € R™*% is a matrix of observed responses, A € R**% is a data matrix, and
W € R™% is a matrix of noise variables. One interpretation of this model is as a
collection of dy regression problems, each involving a d;-dimensional regression vector,
namely a particular column of X*. In many applications, among them reduced rank
regression, multi-task learning and recommender systems (e.g., [130, 154, 101, 31]), it
is reasonable to model the matrix X* as having a low-rank. Note a rank constraint on
matrix X be written as an {y- “norm” constraint on its singular values: in particular,

we have
min{d;,d2}
rank(X) <r if and only if Z I[y;(X) > 0] <,

j=1
where 7;(X) denotes the j™ singular value of X. This observation motivates
a standard relaxation of the rank constraint using the nuclear norm [ X|. :=

min{dy,d
Zj:l{ vz} V3 (X).

Accordingly, let us consider the constrained least-squares problem

1
X' = arg min {-|||y - AXH@} such that [|X]|, < R, (3.13)
X cRd1 xdg 2
where || - || denotes the Frobenius norm on matrices, or equivalently the Euclidean

norm on its vectorized version. Let Cy denote the set of matrices with rank r <
1 min{d;,d>}, and Frobenius norm at most one. In this case, we show in Section 3.7

that the constrained least-squares solution X™ satisfies the bound

2 (dy + d
E[HXLS—X*Hi < or(ditdy) (3.14a)

n
On the other hand, the %—packing number of the set Cy is lower bounded as

log M -, T(dl + dQ), so that Theorem 3 implies that any estimator X based on the
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pair (SA, SY') has MSE lower bounded as

. O'2T(d1 + dg)

~Y

E,s[| X" = X*|%] (3.14b)

min{m,n}
As with the previous examples, we see the sub-optimality of the sketched approach
in the regime m < n. In contrast, for this class of problems, our sketching method
matches the error || X" — X*||4 using a sketch dimension that scales only as {r(d; +

dy) + log(n)} log(n). See Corollary 11 for further details.

3.1.3 Introducing the Hessian sketch

As will be revealed during the proof of Theorem 3, the sub-optimality is in part
due to sketching the response vector—i.e., observing Sy instead of y. It is thus natural
to consider instead methods that sketch only the data matrix A, as opposed to both
the data matrix and data vector y. In abstract terms, such methods are based on
observing the pair (SA, ATy) € R™*4 x R?. One such approach is what we refer to
as the Hessian sketch—namely, the sketched least-squares problem

1
o= argmeig { §HSA1’H§ —(ATy, x) } (3.15)

g

gs(z)

As with the classical least-squares sketch (3.2), the quadratic form is defined by the
matrix SA € R™*? which leads to computational savings. Although the Hessian
sketch on its own does not provide an optimal approximation to the least-squares
solution, it serves as the building block for an iterative method that can obtain an
e-accurate solution approximation in log(1/e) iterations.

In controlling the error with respect to the least-squares solution z™° the set of
possible descent directions {x — 2" | € C} plays an important role. In particular,
we now define the transformed tangent cone

K ={veR?!|v=tA(x—2") forsomet>0andzeC}. (3.16)

Note that the error vector v : = A(Z — 2) of interest belongs to this cone. Our
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approximation bound is a function of the quantities

) 1
Z(AK)(S) - = ve/cl;isnmfswl EHSU”% and (3.17a)
sSTS
Zy(AK)(S) : = sup (u, (—— —I,) v)|, (3.17b)
veKSnsn-1 m

where u is a fixed unit-norm vector. These variables played an important role in our
previous analysis [114] of the classical sketch (3.2). The following bound applies in a
deterministic fashion to any sketching matrix.

Proposition 3 (Bounds on Hessian sketch). For any convex set C and any sketching
matriz S € R™*", the Hessian sketch solution T satisfies the bound

Z5(AK)
Z,(AK)

17— 2[4 < [[2*][ a- (3.18)

For random sketching matrices, Proposition 3 can be combined with probabilistic
analysis to obtain high probability error bounds. For a given tolerance parameter
p € (0, 3], consider the “good event”

Ep) ::{Zl(AlC) >1—p, and Z5(AK) < g} (3.19a)
Conditioned on this event, Proposition 3 implies that
o~ P
T—a2" 4 < ———||2"||a < pll2"®]| 4, 3.19b
| | 20 =) [l el (3.19b)

where the final inequality holds for all p € (0,1/2].

Thus, for a given family of random sketch matrices, we need to choose the projec-
tion dimension m so as to ensure the event £p holds for some p. For future reference,
let us state some known results for the cases of sub-Gaussian and ROS sketching
matrices. We use (co, ¢1,¢2) to refer to numerical constants, and we let D = dim(C)
denote the dimension of the space C. In particular, we have D = d for vector-valued
estimation, and D = d;ds for matrix problems.

Our bounds involve the “size” of the cone K% previously defined (3.16), as mea-
sured in terms of its Gaussian width

W(KE) :=E,[ s [{g, v)]], (3.20)

veEKSSNB2(1)

where g ~ N(0,I,,) is a standard Gaussian vector. With this notation, we have the
following;:
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Lemma 15 (Sufficient conditions on sketch dimension [114]).

(a) For sub-Gaussian sketch matrices, given a sketch size m > f}—%WZ(/Cf), we have

P[E(p)] > 1 — cremem, (3.21a)

(b) For randomized orthogonal system (ROS) sketches (sampled with replacement)
over the class of self-bounding cones, giwen a sketch size m > < log WQ(ICLS)

we have

2

P[E(p)] > 1 — cre PistD). (3.21b)

The class of self-bounding cones is described more precisely in Lemma 8 of [114].
It includes among other special cases the cones generated by unconstrained least-
squares (Example 1), ¢;-constrained least squares (Example 2), and least squares
with nuclear norm constraints (Example 3). For these cones, given a sketch size
m > 2 lopg JW2(KLS), the Hessian sketch applied with ROS matrices is guaranteed
to return an estimate x such that

17 = 2[4 < plla™ ][4 (3.22)

with high probability. More recent work by [25] has established sharp bounds for
various forms of sparse Johnson-Lindenstrauss transforms [73]. As a corollary of
their results, a form of the guarantee (3.22) also holds for such random projections.

Returning to the main thread, the bound (3.22) is an analogue of our earlier
bound (3.5) for the classical sketch with +/ f (") replaced by ||z"%|| 4. For this reason,
we see that the Hessian sketch alone suffers from the same deficiency as the classical
sketch: namely, it will require a sketch size m =< n in order to mimic the O(n™1)
accuracy of the least-squares solution.

3.1.4 Iterative Hessian sketch

Despite the deficiency of the Hessian sketch itself, it serves as the building block for
an novel scheme—known as the iterative Hessian sketch—that can be used to match
the accuracy of the least-squares solution using a reasonable sketch dimension. Let
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begin by describing the underlying intuition. As summarized by the bound (3.19b),
conditioned on the good event &(p), the Hessian sketch returns an estimate with
error within a p-factor of ||2"%]| 4, where 2™ is the solution to the original unsketched
problem. As show by Lemma 15, as long as the projection dimension m is sufficiently
large, we can ensure that £(p) holds for some p € (0,1/2) with high probability.
Accordingly, given the current iterate z‘, suppose that we can construct a new least-
squares problem for which the optimal solution is " — 2. Applying the Hessian
sketch to this problem will then produce a new iterate '™ whose distance to z'®
has been reduced by a factor of p. Repeating this procedure N times will reduce the
initial approximation error by a factor p¥.

With this intuition in place, we now turn a precise formulation of the iterative
Hessian sketch. Consider the optimization problem

u = arg min {EHAuH% — (AT (y — A, u)}, (3.23)
ueC—zt L2

where ! is the iterate at step t. By construction, the optimum to this problem
is given by u = 2™ — 2'. We then apply to Hessian sketch to this optimization
problem (3.23) in order to obtain an approximation z'*! = 2! + 4 to the original
least-squares solution z that is more accurate than z' by a factor p € (0,1/2). Re-
cursing this procedure yields a sequence of iterates whose error decays geometrically
in p.

Formally, the iterative Hessian sketch algorithm takes the following form:

Iterative Hessian sketch (IHS): Given an iteration number N > 1:
(1) Initialize at 2 = 0.

(2) For iterations t =0,1,2,..., N — 1, generate an independent sketch matrix
St € R™*" and perform the update

1
1 _ - t+1 V2 (AT () At
' = arg mln{2 IS A(x — a")||5 — (A" (y — Ax'), x)} (3.24)

zeC

(3) Return the estimate 7 = 2.

The following theorem summarizes the key properties of this algorithm. It involves the
sequence {Z;(AK)(S?), Zo(AK)(S*)}Y,, where the quantities Z;(AK) and Z,(AK)
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were previously defined in equations (3.17a) and (3.17b). In addition, as a general-
ization of the event (3.19a), we define the sequence of “good” events

Ep) ::{Zl(AIC)(St) > 1—p, and Zy(AK)(S") < g} fort=1,...,N. (3.25)
With this notation, we have the following guarantee:

Theorem 4 (Guarantees for iterative Hessian sketch). The final solution T = x™¥

satisfies the bound

17— 2*a < {H%} TN (3.26a)

Consequently, conditioned on the event NY_E(p) for some p € (0,1/2), we have
17— 2" a < p™ [l (3.26b)

Note that for any p € (0,1/2), then event £'(p) implies that % < p, so that

the bound (3.26b) is an immediate consequence of the product bound (3.26a).

Remark. For unconstrained problems, S; = S can be generated once and fixed for
all iterations and the guarantees of the theorem still hold. This follows from a simple
modification of the proof of Theorem 4.

Lemma 15 can be combined with the union bound in order to ensure that the
compound event NI, E¥(p) holds with high probability over a sequence of N iterates,
as long as the sketch size is lower bounded as m > %WZ(ICII;‘S) log*(D) +log N. Based

on the bound (3.26b), we then expect to observe geometric convergence of the iterates.

In order to test this prediction, we implemented the IHS algorithm using Gaussian
sketch matrices, and applied it to an unconstrained least-squares problem based on a
data matrix with dimensions (d,n) = (200, 6000) and noise variance 02 = 1. As shown
in Section 3.7.2, the Gaussian width of £ is proportional to d, so that Lemma 15
shows that it suffices to choose a projection dimension m - ~d for a sufficiently
large constant . Panel (a) of Figure 3.2 illustrates the resulting convergence rate of
the THS algorithm, measured in terms of the error ||z' — || 4, for different values
v € {4,6,8}. As predicted by Theorem 4, the convergence rate is geometric (linear
on the log scale shown), with the rate increasing as the parameter v is increased.

Assuming that the sketch dimension has been chosen to ensure geometric con-
vergence, Theorem 4 allows us to specify, for a given target accuracy € € (0,1), the
number of iterations required.
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Figure 3.2: Simulations of the IHS algorithm for an unconstrained least-squares prob-

lem with noise variance o2 = 1, and of dimensions (d, n) = (200, 6000).

Corollary 8. Fiz some p € (0,1/2), and choose a sketch dimension m >

%;(D)W%Kff). If we apply the IHS algorithm for N(p,e) := 1+ % steps,

then the output T = zV satisfies the bound

17 — 24

<e (3.27)

5]

2

with probability at least 1 — c;N(p,e)e og1(D) |

This corollary is an immediate consequence of Theorem 4 combined with Lemma 15,
and it holds for both ROS and sub-Gaussian sketches. (In the latter case, the addi-
tional log(D) terms may be omitted.) Combined with bounds on the width function
W(KY), it leads to a number of concrete consequences for different statistical models,
as we illustrate in the following section.

One way to understand the improvement of the IHS algorithm over the classical
sketch is as follows. Fix some error tolerance ¢ € (0,1). Disregarding logarithmic
factors, our previous results [114] on the classical sketch then imply that a sketch size
m 7 e 2 W3K'$) is sufficient to produce a e-accurate solution approximation. In
contrast, Corollary 8 guarantees that a sketch size m = log(1/e) W?(K'¥) is sufficient.
Thus, the benefit is the reduction from 72 to log(1/e) scaling of the required sketch
size.
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It is worth noting that in the absence of constraints, the least-squares problem
reduces to solving a linear system, so that alternative approaches are available. For
instance, one can use a randomized sketch to obtain a preconditioner, which can then
be used within the conjugate gradient method. As shown in past work [122, 14], two-
step methods of this type can lead to same reduction of e dependence to log(1/e).
However, a method of this type is very specific to unconstrained least-squares, whereas
the procedure described here is generally applicable to least-squares over any compact,
convex constraint set.

3.1.5 Computational and space complexity

Let us now make a few comments about the computational and space complex-
ity of implementing the THS algorithm using the fast Johnson-Lindenstrauss (ROS)
sketches, such as those based on the fast Hadamard transform. For a given sketch
size m, the IHS algorithm requires O(ndlog(m)) basic operations to compute the
data sketch S**1 A at iteration ¢; in addition, it requires O(nd) operations to compute
AT (y — Axt). Consequently, if we run the algorithm for N iterations, then the overall
complexity scales as

O(N (ndlog(m) + C(m, d))), (3.28)

where C'(m,d) is the complexity of solving the m x d dimensional problem in the
update (3.24). Also note that, in problems where the data matrix A is sparse, S A
can be computed in time proportional to the number of non-zero elements in A
using Gaussian sketching matrices. The space used by the sketches SA scales as
O(md). To be clear, note that the IHS algorithm also requires access to the data via
matrix-vector multiplies for forming A% (y — Az?). In limited memory environments,
computing matrix-vector multiplies is considerably easier via distributed or interactive
computation. For example, they can be efficiently implemented for multiple large
datasets which can be loaded to memory only one at a time.

If we want to obtain estimates with accuracy e, then we need to perform N =<
log(1/e) iterations in total. Moreover, for ROS sketches, we need to choose m -
W2(K%) log*(d). Consequently, it only remains to bound the Gaussian width W in
order to specify complexities that depend only on the pair (n,d), and properties of
the solution z"*.

For an unconstrained problem with n > d, the Gaussian width can be bounded
as W2(K%) < d, and the complexity of the solving the sub-problem (3.24) can be
bounded as d3. Thus, the overall complexity of computing an e-accurate solution
scales as O(ndlog(d) 4+ d*)log(1/¢), and the space required is O(d?).
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As will be shown in Section 3.2.2, in certain cases, the cone K%’ can have sub-
stantially lower complexity than the unconstrained case. For instance, if the solution
is sparse, say with k non-zero entries and the least-squares program involves an /;-
constraint, then we have W?(K%¥) < klogd. Using a standard interior point method
to solve the sketched problem, the total complexity for obtaining an e-accurate solu-
tion is upper bounded by O((ndlog(k)+ k*dlog?(d))log(1/¢)). Although the sparsity
k is not known a priori, there are bounds on it that can be computed in O(nd) time
(for instance, see [58]).

3.2 Consequences for concrete models

In this section, we derive some consequences of Corollary 8 for particular classes of
least-squares problems. Our goal is to provide empirical confirmation of the sharpness
of our theoretical predictions, namely the minimal sketch dimension required in order
to match the accuracy of the original least-squares solution.

3.2.1 Unconstrained least squares

We begin with the simplest case, namely the unconstrained least-squares problem
(C = RY). For a given pair (n,d) with n > d, we generated a random ensemble of
least-square problems according to the following procedure:

e first, generate a random data matrix A € R™*¢ with i.i.d. N(0,1) entries
e second, choose a regression vector z* uniformly at random from the sphere S%1

e third, form the response vector y = Ax* + w, where w ~ N(0,021I,) is observa-
tion noise with ¢ = 1.

As discussed following Lemma 15, for this class of problems, taking a sketch di-
mension m - % guarantees p-contractivity of the THS iterates with high probability.
Consequently, we can obtain a e-accurate approximation to the original least-squares
solution by running roughly log(1/¢)/log(1/p) iterations.

Now how should the tolerance € be chosen? Recall that the underlying reason for
solving the least-squares problem is to approximate x*. Given this goal, it is natural
to measure the approximation quality in terms of ||z* — 2*|| 4. Panel (b) of Figure 3.2
shows the convergence of the iterates to z*. As would be expected, this measure of
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error levels off at the ordinary least-squares error

o%d

LS * |12
z HA n

|

2d

n’?

Consequently, it is reasonable to set the tolerance parameter proportional to o

and then perform roughly 1 + iﬁiﬁﬁ;

properties of the resulting procedure:

steps. The following corollary summarizes the

Corollary 9. For some given p € (0,1/2), suppose that we run the IHS algorithm
for

“la

log /n 17712
log(1/p)

iterations using m = Z—gd projections per round. Then the output T satisfies the bounds

, 2q 2
|8 -2 </ 2= and oY — ot < /T4 2 et (329)

N=1+] 1

mp2

with probability greater than 1 — ¢y N e “lesl(@

In order to confirm the predicted bound (3.29) on the error ||z — 25| 4, we per-
formed a second experiment. Fixing n = 100d, we generated 7" = 20 random least
squares problems from the ensemble described above with dimension d ranging over
{32,64,128,256,512}. By our previous choices, the least-squares estimate should

have error ||z™ — z*||; ~ \/% = 0.1 with high probability, independently of the
dimension d. This predicted behavior is confirmed by the blue bars in Figure 3.3; the
bar height corresponds to the average over T' = 20 trials, with the standard errors
also marked. On these same problem instances, we also ran the IHS algorithm using
m = 6d samples per iteration, and for a total of

N:1+(M} =4

1terations.
log 2

Since ||z —2*||4 =< "nﬁl ~ 0.10, Corollary 9 implies that with high probability, the
sketched solution 7 = ¥ satisfies the error bound

N . , |o2d

17— 2l2 < co /=
for some constant ¢, > 0. This prediction is confirmed by the green bars in Figure 3.3,
showing that ||z — 2*||4 ~ 0.11 across all dimensions. Finally, the red bars show the
results of running the classical sketch with a sketch dimension of (6 x 4)d = 24d

sketches, corresponding to the total number of sketches used by the IHS algorithm.
Note that the error is roughly twice as large.
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Figure 3.3: Simulations of the IHS algorithm for unconstrained least-squares.

3.2.2 Sparse least-squares

We now turn to a study of an /¢;-constrained form of least-squares, referred to
as the Lasso or relaxed basis pursuit program [36, 134]. In particular, consider the
convex program

1
2 =arg min {=|ly — Az|]*}, 3.30
g min, {5y - Asl3} (3:30
where R > 0 is a user-defined radius. This estimator is well-suited to the problem of
sparse linear regression, based on the observation model y = Az* + w, where x* has
at most k non-zero entries, and A € R"*¢ has i.i.d. N(0,1) entries. For the purposes
of this illustration, we assume® that the radius is chosen such that R = ||z*||;.

Under these conditions, the proof of Corollary 10 shows that a sketch size m >
v klog (%d) suffices to guarantee geometric convergence of the IHS updates. Panel
(a) of Figure 3.4 illustrates the accuracy of this prediction, showing the resulting
convergence rate of the the IHS algorithm, measured in terms of the error ||a* —2%|| 4,
for different values v € {2,5,25}. As predicted by Theorem 4, the convergence rate is
geometric (linear on the log scale shown), with the rate increasing as the parameter
v is increased.

3In practice, this unrealistic assumption of exactly knowing ||z*||; is avoided by instead con-
sidering the ¢;-penalized form of least-squares, but we focus on the constrained case to keep this
illustration as simple as possible.
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Figure 3.4: Plots of the log error ||z —z"%||5 (a) and ||z* —x*||2 (b) versus the iteration

number ¢.

As long as n 7 klog (%l), it also follows as a corollary of Proposition 4 that

o’k log (<)

ot — 23 3 T

(3.31)

with high probability. This bound suggests an appropriate choice for the tolerance
parameter € in Theorem 4, and leads us to the following guarantee.

Corollary 10. For the stated random ensemble of sparse linear regression prob-

e o/ 125514
lems, suppose that we run the IHS algorithm for N = 1 + (lgl\(/:T/p‘)’w iterations
using m = ;—gklog (%l) projections per round. Then with probability greater than

mp

1 —cy Ne “ie@ | the output T satisfies the bounds

o2k log (%l)

n

o2k log (%d)

|7 — 2|4 < and |2 — 2|4 <

+ [J2" = 2*|| 4.

(3.32) I

In order to verify the predicted bound (3.32) on the error |7 —x"%|| 4, we performed
a second experiment. Fixing n = 100k log (%1) we generated 7' = 20 random least
squares problems (as described above) with the regression dimension ranging as d €
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Figure 3.5: Simulations of the ITHS algorithm for ¢;-constrained least-squares

{32,64,128,256}, and sparsity k = [2v/d]. Based on these choices, the least-squares

o2klog (%)

estimate should have error ||z — 2|4 =~ -

= 0.1 with high probability,
independently of the pair (k,d). This predicted behavior is confirmed by the blue
bars in Figure 3.5; the bar height corresponds to the average over T = 20 trials, with
the standard errors also marked.

On these same problem instances, we also ran the THS algorithm using N = 4
iterations with a sketch size m = 4k log (%d) Together with our earlier calculation
of ||z — x*|| 4, Corollary 9 implies that with high probability, the sketched solution
7 = oV satisfies the error bound

o2k log (%d)

17— 24 < co
n

(3.33)

for some constant ¢y € (1,2]. This prediction is confirmed by the green bars in
Figure 3.5, showing that ||z — *||4 75 0.11 across all dimensions. Finally, the green
bars in Figure 3.5 show the error based on using the naive sketch estimate with a total
of M = Nm random projections in total; as with the case of ordinary least-squares,
the resulting error is roughly twice as large. We also note that a similar bound also
applies to problems where a parameter constrained to unit simplex is estimated, such
as in portfolio analysis and density estimation [91, 111].
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3.2.3 Some larger-scale experiments

In order to further explore the computational gains guaranteed by IHS, we per-
formed some larger scale experiments on sparse regression problems, with the sample
size n ranging over the set {212,213 .. 219} with a fixed input dimension d = 500. As
before, we generate observations from the linear model y = Ax* + w, where z* has
at most k non-zero entries, and each row of the data matrix A € R™*? is distributed
i.i.d. according to a N (14, %) distribution. Here the d-dimensional covariance matrix
> has entries X, = 2% 0.9V =%l so that the columns of the matrix A will be correlated.
Setting a sparsity k = [3log(d)], we chose the unknown regression vector z* with its
support uniformly random with entries j:\/LE with equal probability.

Baseline: In order to provide a baseline for comparison, we used the homotopy
algorithm—that is, the Lasso modification of the LARS updates [110, 57]—to solve
the original ¢; constrained problem with ¢;-ball radius R = v/k. The homotopy algo-
rithm is especially efficient when the Lasso solution x™° is sparse. Since the columns
of A are correlated in our ensemble, standard first-order algorithms—among them
iterative soft-thresholding, FISTA, spectral projected gradient methods, as well as
(block) coordinate descent methods, see, e.g., [20, 149]—performed poorly relative to
the homotopy algorithm in terms of computation time; see [18] for observations of
this phenomenon in past work.

IHS implementation: For comparison, we implemented the IHS algorithm with a
projection dimension m = |4klog(d)]|. After projecting the data, we then used the
homotopy method to solve the projected sub-problem at each step. In each trial, we
ran the THS algorithm for N = [logn] iterations.

Table 3.1 provides a summary comparison of the running times for the baseline
method (homotopy method on the original problem), versus the IHS method (running
time for computing the iterates using the homotopy method), and ITHS method plus
sketching time. Note that with the exception of the smallest problem size (n = 4096),
the THS method including sketching time is the fastest, and it is more than two times
faster for large problems. The gains are somewhat more significant if we remove the
sketching time from the comparison.

One way in which to measure the quality of the least-squares solution z** as an
estimate of z* is via its mean-squared (in-sample) prediction error ||z — z*||% =
”A(mLS—)HQ For the random ensemble of problems that we have generated, the
bound (3.33) guarantees that the squared error should decay at the rate 1/n as
the sample size n is increased with the dimension d and sparsity k fixed. Figure 3.6
compares the prediction MSE of 2" versus the analogous quantity ||z — x*||} for the

sketched solution. Note that the two curves are essentially indistinguishable, showing
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Samples n 4096 8192 | 16384 | 32768 | 65536 | 131072 | 262144 | 524288

Baseline 0.0840 | 0.1701 | 0.3387 | 0.6779 | 1.4083 | 2.9052 | 6.0163 | 12.0969

IHS 0.0783 | 0.0993 | 0.1468 | 0.2174 | 0.3601 | 0.6846 | 1.4748 | 3.1593

[HS+Sketch | 0.0877 | 0.1184 | 0.1887 | 0.3222 | 0.5814 | 1.1685 | 2.5967 | 5.5792

Table 3.1: Running time comparison in seconds of the Baseline (homotopy method
applied to original problem), THS (homotopy method applied to sketched subprob-
lems), and IHS plus sketching time. Each running time estimate corresponds to an
average over 300 independent trials of the random sparse regression model described

in the main text.

that the sketched solution provides an estimate of z* that is as good as the original
least-squares estimate.

3.2.4 Matrix estimation with nuclear norm constraints

We now turn to the study of nuclear-norm constrained form of least-squares matrix
regression. This class of problems has proven useful in many different application
areas, among them matrix completion, collaborative filtering, multi-task learning and
control theory (e.g., [59, 153, 15, 121, 102]). In particular, let us consider the convex
program

1
X" =arg min {§|||Y — AXH@} such that || X . < R, (3.34)

XE]Rdl Xdo

where R > 0 is a user-defined radius as a regularization parameter.

3.2.4.1 Simulated data

Recall the linear observation model previously introduced in Example 3: we ob-
serve the pair (Y, A) linked according to the linear Y = AX*+ W where the unknown
matrix X* € R“*% is an unknown matrix of rank r. The matrix W is observation
noise, formed with i.i.d. N(0,0?) entries. This model is a special case of the more
general class of matrix regression problems [102]. As shown in Section 3.7.2, if we
solve the nuclear-norm constrained problem with R = || X*||., then it produces a so-
lution such that E[| X — X*||2] 3 0?2@%)  The following corollary characterizes
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Figure 3.6: Plots of the mean-squared prediction errors

A(F—x* 2
M versus the sample

{9,10,...,

size n € 2 19} for the original least-squares solution (Z = £ in blue) versus the
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the sketch dimension and iteration number required for the THS algorithm to match
this scaling up to a constant factor.

Corollary 11 (THS for nuclear-norm constrained least squares). Suppose that we run
IXE5) 4

the 1HS algorithm for N = 1 + f%} iterations using m = copzr(dl + dQ)
2

_ mp
projections per round. Then with probability greater than 1 — ¢; N e “log?dida) | the

output XV satisfies the bound

XY = X7l <

2r(d; +d
fli{;—iﬁ—+wxw—uwa. (3.35)

We have also performed simulations for low-rank matrix estimation, and observed
that the THS algorithm exhibits convergence behavior qualitatively similar to that
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shown in Figures 3.3 and 3.5. Similarly, panel (a) of Figure 3.8 compares the per-
formance of the IHS and classical methods for sketching the optimal solution over a
range of row sizes n. As with the unconstrained least-squares results from Figure 3.1,
the classical sketch is very poor compared to the original solution whereas the THS
algorithm exhibits near optimal performance.

3.2.4.2 Application to multi-task learning

To conclude, let us illustrate the use of the THS algorithm in speeding up the
training of a classifier for facial expressions. In particular, suppose that our goal is
to separate a collection of facial images into different groups, corresponding either
to distinct individuals or to different facial expressions. One approach would be
to learn a different linear classifier (a — (a, x)) for each separate task, but since
the classification problems are so closely related, the optimal classifiers are likely
to share structure. One way of capturing this shared structure is by concatenating
all the different linear classifiers into a matrix, and then estimating this matrix in
conjunction with a nuclear norm penalty [9, 11].

Dlzgust Faar

Figure 3.7: Japanese Female Facial Expression (JAFFE) Database: The JAFFE
database consists of 213 images of 7 different emotional facial expressions (6 basic

facial expressions + 1 neutral) posed by 10 Japanese female models.

In more detail, we performed a simulation study using the The Japanese Female
Facial Expression (JAFFE) database [89]. It consists of N = 213 images of 7 facial
expressions (6 basic facial expressions + 1 neutral) posed by 10 different Japanese
female models; see Figure 3.7 for a few example images. We performed an approx-
imately 80 : 20 split of the data set into Ny, = 170 training and niest = 43 test
images respectively. Then we consider classifying each facial expression and each
female model as a separate task which gives a total of d,, = 17 tasks. For each
task j = 1,...,d,.q, We construct a linear classifier of the form a — sign({(a, z;)),
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where a € R? denotes the vectorized image features given by Local Phase Quantiza-
tion [108]. In our implementation, we fixed the number of features d = 32. Given
this set-up, we train the classifiers in a joint manner, by optimizing simultaneously
over the matrix X € R%%uesc with the classifier vector z; € R? as its 5 column.
The image data is loaded into the matrix A € R™rain*? with image feature vector
a; € R in column i for i = 1,... nyqiy. Finally, the matrix Y € {—1, 41} train*dask
encodes class labels for the different classification problems. These instantiations of
the pair (Y, X) give us an optimization problem of the form (3.34), and we solve it
over a range of regularization radii R.

More specifically, in order to verify the classification accuracy of the classifier
obtained by ITHT algorithm, we solved the original convex program, the classical
sketch based on ROS sketches of dimension m = 100, and also the corresponding IHS
algorithm using ROS sketches of size 20 in each of 5 iterations. In this way, both the
classical and THS procedures use the same total number of sketches, making for a fair
comparison. We repeated each of these three procedures for all choices of the radius
R € {1,2,3,...,12}, and then applied the resulting classifiers to classify images in
the test dataset. For each of the three procedures, we calculated the classification
error rate, defined as the total number of mis-classified images divided by ntest X dacc-
Panel (b) of Figure 3.8 plots the resulting classification errors versus the regularization
parameter. The error bars correspond to one standard deviation calculated over the
randomness in generating sketching matrices. The plots show that the IHS algorithm
yields classifiers with performance close to that given by the original solution over
a range of regularizer parameters, and is superior to the classification sketch. The
error bars also show that the THS algorithm has less variability in its outputs than
the classical sketch.

3.3 Discussion

In chapter, we focused on the problem of solution approximation (as opposed
to cost approximation) for a broad class of constrained least-squares problem. We
began by showing that the classical sketching methods are sub-optimal, from an
information-theoretic point of view, for the purposes of solution approximation. We
then proposed a novel iterative scheme, known as the iterative Hessian sketch, for
deriving e-accurate solution approximations. We proved a general theorem on the
properties of this algorithm, showing that the sketch dimension per iteration need
grow only proportionally to the statistical dimension of the optimal solution, as mea-
sured by the Gaussian width of the tangent cone at the optimum. By taking log(1/¢)
iterations, the IHS algorithm is guaranteed to return an e-accurate solution approxi-
mation with exponentially high probability.
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Figure 3.8: Simulations of the IHS algorithm for nuclear-norm constrained problems
on the JAFFE dataset: Mean-squared error versus the row dimension n € [10, 100]
for recovering a 20 x 20 matrix of rank 72, using a sketch dimension m = 60 (a).
Classification error rate versus regularization parameter R € {1,...,12}, with error

bars corresponding to one standard deviation over the test set (b).

In addition to these theoretical results, we also provided empirical evaluations that
reveal the sub-optimality of the classical sketch, and show that the THS algorithm pro-
duces near-optimal estimators. Finally, we applied our methods to a problem of facial
expression using a multi-task learning model applied to the JAFFE face database.
We showed that THS algorithm applied to a nuclear-norm constrained program pro-
duces classifiers with considerably better classification accuracy compared to the naive
sketch.

There are many directions for further research, but we only list here some of
them. The idea behind iterative sketching can also be applied to problems beyond
minimizing a least-squares objective function subject to convex constraints. Examples
include penalized forms of regression, e.g., see the recent work [151], and various other
cost functions. An important class of such problems are £,-norm forms of regression,
based on the convex program

ireli{% |Az —y|lb for some p € [1, oq].

The case of ¢;-regression (p = 1) is an important special case, known as robust
regression; it is especially effective for data sets containing outliers [69]. Recent
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work [37] has proposed to find faster solutions of the ¢;-regression problem using the
classical sketch (i.e., based on (S A, Sy)) but with sketching matrices based on Cauchy
random vectors. Our iterative technique might be useful in obtaining sharper bounds
for solution approximation in this setting as well. In the following section we will
show how these result can be generalized to sketching for general convex objective
functions.

3.4 Proof of lower bounds

This section is devoted to the verification of condition (3.8) for different model
classes, followed by the proof of Theorem 3.

3.4.1 Verification of condition (3.8)

We verify the condition for three different types of sketches.

3.4.1.1 Gaussian sketches:
First, let S € R™*" be a random matrix with i.i.d. Gaussian entries. We use the
singular value decomposition to write S = UAVT where both U and V are orthonor-

mal matrices of left and right singular vectors. By rotation invariance, the columns
{v;}™, are uniformly distributed over the sphere S"~'. Consequently, we have

— i m
Es[ST(SST)71S] = E;W? = —In, (3.36)

showing that condition (3.8) holds with n = 1.

3.4.1.2 ROS sketches (sampled without replacement):

In this case, we have S = \/nPHD, where P € R™*" is a random picking matrix
with each row being a standard basis vector sampled without replacement. We then
have SST = nl,, and also Ep[P"P] = I, so that

Es[ST(SST)"'S] = Ep p|DHT PTPHD) = Ep|DHT (‘“1,)HD] = "1,
n n
showing that the condition holds with n = 1.

84



3.4.1.3 Weighted row sampling:

Finally, suppose that we sample m rows independently using a distribution {p; }?:1
on the rows of the data matrix that is a-balanced (3.6). Letting R C {1,2,...,n} be
the subset of rows that are sampled, and let N; be the number of times each row is
sampled. We then have

E[ST(SsT)—ls] = Y Eleye]] = D,

where D € R"*" is a diagonal matrix with entries D;; = P[j € R]. Since the trials
are independent, the j* row is sampled at least once in m trials with probability
¢; =1—(1—p;)™, and hence

Eg[ST(S57) 18] = diag({L— (L= p)™}%) = (1= (1= pu)™)u < mipic,

where po, = max;cp, p;- Consequently, as long as the row weights are a-balanced (3.6)
so that ps < %, we have

IEs[S7(557)'S]]l. < o=

showing that condition (3.8) holds with 7 = «, as claimed.

3.4.2 Proof of Theorem 3

Let {z/}}, be a 1/2-packing of Co N B4(1) in the semi-norm || - ||4, and for a
fixed § € (0,1/4), define 27 = 4§z7. Sine 4§ € (0,1), the star-shaped assumption
guarantees that each 2/ belongs to Cy. We thus obtain a collection of M vectors in
Co such that

1 .
20 < %HA(Q:J —a")s <85  forall j # k.

(. J/
-~

[l —a¥||

Letting J be a random index uniformly distributed over {1,..., M}, suppose that
conditionally on J = j, we observe the sketched observation vector Sy = SAx’ + Sw,
as well as the sketched matrix SA. Conditioned on J = j, the random vector Sy
follows a N (SAz7, 02SS™) distribution, denoted by P,;. We let Y denote the resulting
mixture variable, with distribution 1 ZJJV; P,

Consider the multiway testing problem of determining the index J based on
observing Y. With this set-up, a standard reduction in statistical minimax
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(e.g., [23, 152]) implies that, for any estimator x', the worst-case mean-squared error
is lower bounded as

sup Eg,||lz" — 2% > 621an[ (Y) # J], (3.37)

x*eC

where the infimum ranges over all testing functions 1. Consequently, it suffices to
show that the testing error is lower bounded by 1/2.

In order to do so, we first apply Fano’s inequality [39] conditionally on the sketch-
ing matrix S to see that
]ES [15(17, J)] + log 2
log M ’

Pu(Y) # ] = Es{P(Y) £ 8]} > 1- (3.38)

where I5(Y;.J) denotes the mutual information between Y and J with S fixed. Our
next step is to upper bound the expectation Eg[I(Y"; J)].

Letting D(P,; || P,+) denote the Kullback-Leibler divergence between the distri-
butions P,; and P, the convexity of Kullback-Leibler divergence implies that

DO YR < 55 3 e 1)
7,k=1
Computing the KL divergence for Gaussian vectors yields
j )T AT ST (55T) L j k
Is(V; ) € ];1 202 A [s ($57)" S}A(mﬂ — M),

Thus, using condition (3.8), we have

32m7752

k 2
ES[I(7; )] < 11 Z AT -2} <

where the final inequality uses the fact that |27 — 2%||4 < 8§ for all pairs.
Combined with our previous bounds (3.37) and (3.38), we find that

32mad” —1—10g2}

sup E|l|z — «* 2>52{1—
x*EIZ || “2— lgM

Setting 0 = M yields the lower bound (3.9).
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3.5 Proof of Proposition 3

Since T and 2™ are optimal and feasible, respectively, for the Hessian sketch
program (3.15), we have

(ATST(SAT —y), 2" —=Z) >0 (3.39a)

Similarly, since x5 and I are optimal and feasible, respectively, for the original least
squares program

(AT(Ax™ — ), T — 2™) > 0. (3.39b)

Adding these two inequalities and performing some algebra yields the basic inequality
1 STS

—||SAA < ‘(AxLS) A AA‘ (3.40)

Since Az™ is independent of the sketching matrix and AA € K'j, we have
1
—||SAAJR > Z(AK) |AAR, and |(A2)T (L, - 5TS) AA| < Z,(AK) A2 [ A g

using the definitions (3.17a) and (3.17b) of the random variables Z; (AK) and Zy(AK)
respectively. Combining the pieces yields the claim.

3.6 Proof of Theorem 4

It suffices to show that, for each iteration ¢t =0,1,2,..., we have
Zy(AK) (ST
t+1 LS 2 t LS
— —_—- — . 3.41
o1 — a2 < A G e = % (3.41)

The claimed bounds (3.26a) and (3.26b) then follow by applying the bound (3.41)
successively to iterates 1 through N.

For simplicity in notation, we abbreviate S™™! to S and z'*! to Z. Define the error
vector A = ¥ — z"5. With some simple algebra, the optimization problem (3.24) that
underlies the update ¢ + 1 can be re-written as

1
& . A 2 ATN }
z argra{lelg{—zm\ls zll; = (A%y, @) ¢,

where y : =y — [I ]Axt Since T and 2™ are optimal and feasible respectively,

the usual first-order optlmahty conditions imply that

T
<ATQA:L‘ — ATy, 25 —F) > 0.
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As before, since x"® is optimal for the original program, we have

<AT(A1,LS

[1 - %]Ax ), T —2%) > 0.

Adding together these two inequalities and introducing the shorthand A =z — z'8

yields

T
%HSAAH%g‘(A(a:LS )T [1—g AA( (3.42)

Note that the vector A(z**—z') is independent of the randomness in the sketch matrix
St Moreover, the vector AA belongs to the cone K, so that by the definition of
Z5(AK)(S™), we have

(A =ty 1= 5

I— —] AA‘ < |JA(z™ — 2|2 [JAA|l2 Zo(AK)(S™).  (3.43a)
Similarly, note the lower bound
%HSAAH% > [[AA]; Zi(AK)(S™). (3.43b)

Combining the two bounds (3.43a) and (3.43b) with the earlier bound (3.42) yields
the claim (3.41).

3.7 Maximum likelihood estimator and examples

In this section, we a general upper bound on the error of the constrained least-
squares estimate. We then use it (and other results) to work through the calculations
underlying Examples 1 through 3 from Section 3.1.2.

3.7.1 Upper bound on MLE

The accuracy of ™ as an estimate of * depends on the “size” of the star-shaped
set

K*)={veR’ |v= % A(x —z*) forsomete[0,1] and z € C}.  (3.44)
n

When the vector z* is clear from context, we use the shorthand notation K* for this

set. By taking a union over all possible 2* € Cy, we obtain the set £ := (J K(z*),
z*€Co
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which plays an important role in our bounds. The complexity of these sets can be
measured of their localized Gaussian widths. For any radius € > 0 and set © C R",
the Gaussian width of the set © N By(e) is given by

W.(0) ;:Eg[ sup. |(uw, 6] (3.45a)
10la<e

where g ~ N(0, I,,x,) is a standard Gaussian vector. Whenever the set © is star-
shaped, then it can be shown that, for any o > 0 and positive integer ¢, the inequality

W.(O)
eI

has a smallest positive solution, which we denote by €,(©;0). We refer the reader
to [19] for further discussion of such localized complexity measures and their proper-
ties.

< (3.45b)

Qo

The following result bounds the mean-squared error associated with the constrained
least-squares estimate:

Proposition 4. For any set C containing x*, the constrained least-squares esti-

mate (3.1) has mean-squared error upper bounded as

B [le — o' [3] < oK) + T} < af2(@)+ %) (340

We provide the proof of this claim in Section 3.7.3.

3.7.2 Detailed calculations for illustrative examples

In this section, we collect together the details of calculations used in our illustrative
examples from Section 3.1.2. In all cases, we make use tof the convenient shorthand

A=A/n.

3.7.2.1 Unconstrained least squares: Example 1

By definition of the Gaussian width, we have

Ws(K*) =E,[ sup  |{g, A(z —a*))|] < 6Vd

1A (2—a*)l|2<6

since the vector A(z — z*) belongs to a subspace of dimension rank(A) = d. The
claimed upper bound (3.10a) thus follows as a consequence of Proposition 4.

89



3.7.2.2 Sparse vectors: Example 2
The RIP property of order 8k implies that

AlZ G0~ (i)
% < |1AAlZ3 < 2||Al3 for all vectors with ||Allp < 8k,

a fact which we use throughout the proof. By definition of the Gaussian width, we
have

Ws(K7) = B, | e Mo Al - )]
| A(z—a*)||2<8

Since z* € By(k), it can be shown (e.g., see the proof of Corollary 3 in [114]) that
for any vector ||z, < ||z*||1, we have ||z — 2*|; < 2vk|z — 2*||o. Thus, it suffices to
bound the quantity

F(5;k):=Fy[ sup  |(g, AA)|].
1AL <2VRIAlL
BN

By Lemma 11 in [87], we have
B,(v/5) N By(1) C 3cleony {IB%O(s) N 1532(1>},

where clconv denotes the closed convex hull. Applying this lemma with s = 4k, we
have

P(5;k) <3[ sup (g, AA)[] < 3E[ sup (g, AA)[],
lAllo<4k lA]lo<4k
|AA2<6 A[l2<26

using the lower RIP property (i). By the upper RIP property, for any pair of vectors
A, A" with fy-norms at most 4k, we have

var ({g, AA) — (g, AN)) < 2|A — A3 = 2var (g, A — A))

Consequently, by the Sudakov-Fernique comparison [85], we have

e ed

E[ sup (g, AA)[] < 2E[ sup (g, A)] < cdy/klog(T),
|Allo<4k [Allo<4k
lAll2<20 |All2<25

where the final inequality standard results on Gaussian widths [63]. All together, we
conclude that

K log (<2
ei(lC*;J) < claz—og(k).
n

Combined with Proposition 4, the claimed upper bound (3.11a) follows.

In the other direction, a straightforward argument (e.g., [119]) shows that there is
ed)
k

a universal constant ¢ > 0 such that log M;/, > cklog (<), so that the stated lower
bound follows from Theorem 3.
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3.7.2.3 Low rank matrices: Example 3:

By definition of the Gaussian width, we have width, we have

Ws(K*)=Ey|  swp  [(A7G, (X = X)),
JA (XX )l <s
IXI-<IX°1-

where G € R™*%2 is a Gaussian random matrix, and (C, D)) denotes the trace inner
product between matrices C' and D. Since X* has rank at most r, it can be shown
that || X — X*||. < 2/7]|X — X*||¢; for instance, see Lemma 1 in [101]. Recalling that

Ymin(A) denotes the minimum singular value, we have

X = X"l < = [[A(X = X[ < =

“Ymin “Ymin ( A)

Thus, by duality between the nuclear and operator norms, we have

E, sup (@, AKX - X))| < 270 E[JA"G]l).

A (X—X*)[r<d min (A)
IX [ < I Xl
Now consider the matrix ATG € R%1xdz, For any fixed pair of vectors

(u,v) € 8T~ x 821 the random variable Z = uTATGv is zero-mean Gaussian
with variance at most 72 (A). Consequently, by a standard covering argument in

random matrix theory [140], we have E[[|ATG|l2] 3 Ymax(4)(V/di + d3). Putting
together the pieces, we conclude that

2 Jimax (4)
712111n(A)

so that the upper bound (3.14a) follows from Proposition 4.

e =<0 r(dy + dy),

3.7.3 Proof of Proposition 4

Throughout this proof, we adopt the shorthand e, = £,(K*). Our strategy is to
prove the following more general claim: for any t > ¢, we have

nte

Pou([[lz™ —2*[[% > 16te,] < cre” . (3.47)

A simple integration argument applied to this tail bound implies the claimed
bound (3.46) on the expected mean-squared error.
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Since z* and x"° are feasible and optimal, respectively, for the optimization prob-
lem (3.1), we have the basic inequality

1 1 1
. o A LS||2 < . A * - 2.
5y — Azl; < oy — Aatlls = o flwll;

Introducing the shorthand A = z™ — z* and re-arranging terms yields
LIAI = 4l < 213 (e Aa) (3.9
2 A 2n S — ’ ’ '

where g ~ N(0, I,) is a standard normal vector.

For a given u > ¢,, define the “bad” event
B(u):={3 zeC—a" with|z]a>u, and |23, g:i(A2);| > 2u|z][a}
The following lemma controls the probability of this event:

Lemma 16. For all u > ,, we have P[B(u)] < e 22 .

Returning to prove this lemma momentarily, let us prove the bound (3.47). For
any t > &,, we can apply Lemma 16 with u = \/te,, to find that

nten

P[B*(Vie,)] > 1 —e 2.

If ||Alja < V/Tey, then the claim is immediate. Otherwise, we have ||Alj4 > /te,.
Since A € C — z*, we may condition on B(y/te,,) so as to obtain the bound

125" (AL < 2A1L V.
i=1
Combined with the basic inequality (3.48), we see that
SIA% < 20ALa VI, or equivalently A < 16e,,
a bound that holds with probability greater than 1 — ¢ 5% as claimed.

It remains to prove Lemma 16. Our proof involves the auxiliary random variable

o n
Vo(u) = sup — gi (Az);],
( ) zestar(C—a*) |n ; ( ) |
[zl a<u
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Inclusion of events: We first claim that B(u) C {V,(u) > 2u?}. Indeed, if B(u)
occurs, then there exists some z € C — z* with [|z||4 > u and

o n
- D6 (Az)i| > 2u ||z 4. (3.49)

=1

Define the rescaled vector z = ——z. Since z € C — x* and —— < 1, the vector

lI=1la ll2]]a
z € star(C — x*). Moreover, by construction, we have ||Z||4 = u. When the inequal-
ity (3.49) holds, the vector Z thus satisfies |2 3" | g; (AZ);| > 2u?, which certifies

that V,,(u) > 2u?, as claimed.

Controlling the tail probability: The final step is to control the probability of
the event {V,(u) > 2u*}. Viewed as a function of the standard Gaussian vector
(g1,---,9n), it is easy to see that V,(u) is Lipschitz with constant L = . Conse-
quently, by concentration of measure for Lipschitz Gaussian functions, we have

w2

PV, (u) > E[V,(u)] +u?] < e 27, (3.50)

In order to complete the proof, it suffices to show that E[V,(u)] < u?. By definition,
we have E[V,(u)] = -“=W,(K*). Since K* is a star-shaped set, the function v —

vn
W, (K*) /v is non-increasing [19]. Since u > &,,, we have

W) W ()

< e

"
U En

where the final step follows from the definition of &,. Putting together the pieces, we
conclude that E[V,(u)] < e,u < u? as claimed.
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Chapter 4

Random projections for nonlinear
optimization

Relative to first-order methods, second-order methods for convex optimization en-
joy superior convergence in both theory and practice. For instance, Newton’s method
converges at a quadratic rate for strongly convex and smooth problems. Even for func-
tions that are weakly convex—that is, convex but not strongly convex—modifications
of Newton’s method have super-linear convergence (for instance, see the paper [150]
for an analysis of the Levenberg-Marquardt Method). This rate is faster than the
1/T? convergence rate that can be achieved by a first-order method like accelerated
gradient descent, with the latter rate known to be unimprovable (in general) for
first-order methods [104]. Yet another issue in first-order methods is the tuning of
step size, whose optimal choice depends on the strong convexity parameter and/or
smoothness of the underlying problem. For example, consider the problem of opti-
mizing a function of the form z — g(Ax), where A € R™*4 is a “data matrix”, and
g : R" — R is a twice-differentiable function. Here the performance of first-order
methods will depend on both the convexity /smoothness of ¢, as well as the condi-
tioning of the data matrix. In contrast, whenever the function g is self-concordant,
then Newton’s method with suitably damped steps has a global complexity guarantee
that is provably independent of such problem-dependent parameters.

On the other hand, each step of Newton’s method requires solving a linear system
defined by the Hessian matrix. For instance, in application to the problem family just
described involving an n x d data matrix, each of these steps has complexity scaling
as O(nd?). For this reason, both forming the Hessian and solving the corresponding
linear system pose a tremendous numerical challenge for large values of (n, d)— for in-
stance, values of thousands to millions, as is common in big data applications. In order
to address this issue, a wide variety of different approximations to Newton’s method
have been proposed and studied. The general class of quasi-Newton methods are
based on estimating the inverse Hessian using successive evaluations of the gradient
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vectors. Examples of such quasi-Newton methods include DFP and BFGS schemes
as well their limited memory versions; see the book by Wright and Nocedal [148] and
references therein for further details. A disadvantage of such first-order Hessian ap-
proximations is that the associated convergence guarantees are typically weaker than
those of Newton’s method and require stronger assumptions.

In this chapter, we propose and analyze a randomized approximation of Newton’s
method, known as the Newton Sketch. Instead of explicitly computing the Hessian,
the Newton Sketch method approximates it via a random projection of dimension
m. When these projections are carried out using the fast Johnson-Lindenstrauss
(JL) transform, say based on Hadamard matrices, each iteration has complexity
O(ndlog(m) + dm?). Our results show that it is always sufficient to choose m pro-
portional to min{d,n}, and moreover, that the sketch dimension m can be much
smaller for certain types of constrained problems. Thus, in the regime n > d and
with m =< d, the complexity per iteration can be substantially lower than the O(nd?)
complexity of each Newton step. For instance, for an objective function of the form
f(z) = g(Az) in the regime n > d?, the complexity of Newton Sketch per iteration is
O(ndlogd), which (modulo the logarithm) is linear in the input data size nd. Thus,
the computational complexity per iteration is comparable to first-order methods that
have access only to the gradient A”¢(Az). In contrast to first-order methods, we
show that for self-concordant functions, the total complexity of obtaining a -optimal
solution is O (nd(log d) log(1/6)), and without any dependence on constants such as
strong convexity or smoothness parameters. Moreover, for problems with d > n, we
provide a dual strategy that effectively has the same guarantees with roles of d and
n exchanged.

We also consider other random projection matrices and sub-sampling strategies,
including partial forms of random projection that exploit known structure in the
Hessian. For self-concordant functions, we provide an affine invariant analysis proving
that the convergence is linear-quadratic and the guarantees are independent of various
problem parameters, such as condition numbers of matrices involved in the objective
function. Finally, we describe an interior point method to deal with arbitrary convex
constraints, which combines the Newton sketch with the barrier method. We provide
an upper bound on the total number of iterations required to obtain a solution with
a pre-specified target accuracy.

The remainder of this chapter is organized as follows. We begin in Section 4.1
with some background on the classical form of Newton’s method, past work on ap-
proximate forms of Newton’s method, random matrices for sketching, and Gaussian
widths as a measure of the size of a set. In Section 4.2, we formally introduce the
Newton Sketch, including both fully and partially sketched versions for unconstrained
and constrained problems. We provide some illustrative examples in Section 4.2.3 be-
fore turning to local convergence theory in Section 4.2.4. Section 4.3 is devoted to
global convergence results for self-concordant functions, in both the constrained and
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unconstrained settings. In Section 4.4, we consider a number of applications and pro-
vide additional numerical results. The bulk of our proofs are in given in Section 4.5,
with some more technical aspects deferred to later sections.

4.1 Background

We begin with some background material on the standard form of Newton’s
method, past work on approximate or stochastic forms of Newton’s method, the basics
of random sketching, and the notion of Gaussian width as a complexity measure.

4.1.1 Classical version of Newton’s method

In this section, we briefly review the convergence properties and complexity of
the classical form of Newton’s method; see the sources [148, 28, 104] for further
background. Let f : R? — R be a closed, convex and twice-differentiable function that
is bounded below. Given a convex and closed set C, we assume that the constrained
minimizer

x* = arg Ig{lelél f(z) (4.1)

exists and is uniquely defined. We define the minimum and maximum eigenvalues
Y = Amin(V2f(2*)) and 8 = Aoz (V2 f(2%)) of the Hessian evaluated at the minimum.

We assume moreover that the Hessian map x + V?f(z) is Lipschitz continuous
with modulus L, meaning that

IV2f(z + A) = VA (@)ll2 < LI A]l2. (4.2)

Under these conditions and given an initial point Z° € C such that [|2° — 2*||; < &,
the Newton updates are guaranteed to converge quadratically—viz.

_ . 2L . .
177 = 27l < — (13" — 273,

g

This result is classical: for instance, see Boyd and Vandenberghe [28] for a proof.
Newton’s method can be slightly modified to be globally convergent by choosing the

step sizes via a simple backtracking line-search procedure.

The following result characterizes the complexity of Newton’s method when ap-
plied to self-concordant functions and is central in the development of interior point
methods (for instance, see the books [107, 28]). We defer the definitions of self-
concordance and the line-search procedure in the following sections. The number
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of iterations needed to obtain a § approximate minimizer of a strictly convex self-
concordant function f is bounded by

% (F(%) = £(27)) + loga loga(1/9)

where a, b are constants in the line-search procedure.!

4.1.2 Approximate Newton methods

Given the complexity of the exact Newton updates, various forms of approximate
and stochastic variants of Newton’s method have been proposed, which we discuss
here. In general, inexact solutions of the Newton updates can be used to guaran-
tee convergence while reducing overall computational complexity [47, 48]. In the
unconstrained setting, the Newton update corresponds to solving a linear system of
equations, and one approximate approach is truncated Newton’s method: it involves
applying the conjugate gradient (CG) method for a specified number of iterations,
and then using the solution as an approximate Newton step [48]. In applying this
method, the Hessian need not be formed since the CG updates only need access to
matrix-vector products with the Hessian. While this strategy is popular, theoretical
analysis of inexact Newton methods typically need strong assumptions on the eigen-
values of the Hessian [47]. Since the number of steps of CG for reaching a certain
residual error necessarily depends on the condition number, the overall complexity
of truncated Newton’s Method is problem-dependent; the condition numbers can be
arbitrarily large, and in general are unknown a priori. Ill-conditioned Hessian sys-
tem are common in applications of Newton’s method within interior point methods.
Consequently, software toolboxes typically perform approximate Newton steps using
CG updates in earlier iterations, but then shift to exact Newton steps via Cholesky
or QR decompositions in later iterations.

A more recent line of work, inspired by the success of stochastic first-order algo-
rithms for large scale machine learning applications, has focused on stochastic forms of
second-order optimization algorithms (e.g., [126, 24, 32, 33]). Schraudolph et al. [126]
use online limited memory BFGS-like updates to maintain an inverse Hessian approx-
imation. Byrd et al. [33, 32] propose stochastic second-order methods that use batch
sub-sampling in order to obtain curvature information in a computationally inexpen-
sive manner. These methods are numerically effective in problems in which objective
consists of a sum of a large number of individual terms; however, their theoretical
analysis again involves strong assumptions on the eigenvalues of the Hessian. More-
over, such second-order methods do not retain the affine invariance of the original
Newton’s method, which guarantees iterates are independent of the coordinate sys-
tem and conditioning. When simple stochastic schemes like sub-sampling are used

! Typical values of these constants are a = 0.1 and b = 0.5 in practice.
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to approximate the Hessian, affine invariance is lost, since subsampling is coordinate
and conditioning dependent. In contrast, the stochastic form of Newton’s method we
proposed is constructed so as to retain this affine invariance property, and thus not
depend on the problem conditioning.

4.2 Newton Sketch and local convergence

With the basic background in place, let us now introduce the Newton sketch
algorithm, and then develop a number of convergence guarantees associated with it.
It applies to an optimization problem of the form mingec f(z), where f : R? — R is
a twice-differentiable convex function, and C C R? is a closed and convex constraint
set.

4.2.1 Newton Sketch algorithm

In order to motivate the Newton Sketch algorithm, recall the standard form of
Newton’s algorithm: given a current iterate 7' € C, it generates the new iterate 7'**
by performing a constrained minimization of the second order Taylor expansion—viz.

a~jt+1 _ argmin{%(x . jt’ VQf([ft) ($ _ Zi't)> + <Vf(ft), T — jt>} (43&)

zeC

In the unconstrained case—that is, when C = R%—it takes the simpler form

FH =3 - [V2F(EY] TV (4.3b)

Now suppose that we have available a Hessian matrix square root V2 f(x)'/2—that
is, a matrix V2f(2)"/? of dimensions n x d such that

(V2 ()Y TV f(2)Y? = V2 f(x) for some integer n > rank(V?2f(z)).

In many cases, such a matrix square root can be computed efficiently. For in-
stance, consider a function of the form f(z) = g(Ax) where A € R™¢ and
the function g : R” — R has the separable form g(Az) = >  ¢:({a;, z)). In
this case, a suitable Hessian matrix square root is given by the n X d matrix
V2 f(x)Y? = diag{g/({a;, x))"/?}._| A. In Section 4.2.3, we discuss various concrete
instantiations of such functions.

In terms of this notation, the ordinary Newton update can be re-written as

1
e : o2 eat\/20,. A2 ~t At
i = argmin { S[V2F(@)2 (0 = 3+ (VA@), 2 =) |,

®(z)
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and the Newton Sketch algorithm is most easily understood based on this form of
the updates. More precisely, for a sketch dimension m to be chosen, let S € R™*"
be a sub-Gaussian, ROS, sparse-JL sketch or subspace embedding (when C is a sub-
space), satisfying the relation E[STS]| = I,,. The Newton Sketch algorithm generates
a sequence of iterates {a'}°, according to the recursion

1
2"t € arg min { §|IStV2f(xt)”2(rv — 2|3 +(V ("), z — ") } (4.4)
xe
B(2:51)

where S* € R™*4 is an independent realization of a sketching matrix. When the
problem is unconstrained, i.e., C = R? and the matrix V2f(x*)/2(SH)TS*V2 f(2t)!/?
is invertible, the Newton Sketch update takes the simpler form

2= 2t — (V2 () 2SSV F () ) TV (). (4.5)

The intuition underlying the Newton Sketch updates is as follows: the iterate x!*!
corresponds to the constrained minimizer of the random objective function ®(x;S?)
whose expectation E[®(z;S?)], taking averages over the isotropic sketch matrix S,
is equal to the original Newton objective CiD(x) Consequently, it can be seen as a
stochastic form of the Newton update, which minimizes a random quadratic approx-
imation at each iteration.

We also analyze a partially sketched Newton update, which takes the following
form. Given an additive decomposition of the form f = fy+ g, we perform a sketch of
of the Hessian V2 f; while retaining the exact form of the Hessian V2g. This splitting
leads to the partially sketched update

" = argmin {%(m — 2T Q (x — ) + (Vf(ah), v — xt>}, (4.6)

zeC
where Q* : = (S'V2 fo(2)V/2)TSIV2 fo (a1) /2 + V2g(at).

For either the fully sketched (4.4) or partially sketched updates (4.6), our analysis
shows that there are many settings in which the sketch dimension m can be chosen
to be substantially smaller than n, in which cases the sketched Newton updates will
be much cheaper than a standard Newton update. For instance, the unconstrained
update (4.5) can be computed in at most O(md?) time, as opposed to the O(nd?)
time of the standard Newton update. In constrained settings, we show that the sketch

dimension m can often be chosen even smaller—even m < d—which leads to further
savings.
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4.2.2 Affine invariance of the Newton Sketch and sketched
KKT systems

A desirable feature of the Newton Sketch is that, similar to the original Newton’s
method, both of its forms remain (statistically) invariant under an affine transfor-
mation. In other words, if we apply Newton Sketch on an affine transformation of
a particular function, the statistics of the iterates are related by the same trans-
formation. As a concrete example, consider the problem of minimizing a function
f : R? — R subject to equality constraints Cz = e, for some matrix C € R™*? and
vector e € R™. For this particular problem, the Newton Sketch update takes the form

o= arg puin {8V 2w — B+ (TG, o -} (A7)

Equivalently, by introducing Lagrangian dual variables for the linear constraints, it
is equivalent to solve the following sketched KKT system

{(VQf(wt)1/2)T(S£)T5tvzf(xt)l/2 Cﬂ {AxNSK} _ {Vféxt)]

Wnsk

where Azyex = 2! — 2t € R? is the sketched Newton step where z is assumed

feasible, and wysx € R™ is the optimal dual variable for the stochastic quadratic
approximation.

Now fix the random sketching matrix St and consider the transformed objective
function f(y) : = f(By), where B € R™?is an invertible matrix. If we apply the New-
ton Sketch algorithm to the transformed problem involving f, the sketched Newton
step Aynsk 1s given by the solution to the system

BT(V2f(xt)1/2)T(St)TStV2f(:Et)1/QB BTCT AyNSK _ BTVf(It)
o e R

which shows that BAywsk = Awysk. Note that the upper-left block in the above
matrix is has rank at most m, and consequently the above 2 x 2 block matrix has
rank at most m + rank(C).

4.2.3 Some examples
In order to provide some intuition, let us provide some simple examples to which
the sketched Newton updates can be applied.

Example: Newton Sketch for LP solving
Consider a linear program (LP) in the standard form

min (¢, ) (4.8)
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where A € R™? is a given constraint matrix. We assume that the polytope {z €
R? | Az < b} is bounded so that the minimum achieved. A barrier method approach
to this LP is based on solving a sequence of problems of the form

r€R

N J/

min { 7 {c, x) — ilog(bi — (ai, 7)) }7

f(@)

where a; € R? denotes the i row of A, and 7 > 0 is a weight parameter that is
adjusted during the algorithm. By inspection, the function f : R — R U {+occ} is
twice-differentiable, and its Hessian is given by V?f(x) = ATdiag{m}A. A

Hessian square root is given by V2f(x)Y/? : = diag <m> A, which allows us to

compute the sketched version

SV2f(x)/? = S diag ( A

)
|bi — {ai, 2)]|
With a ROS sketch matrix, computing this matrix requires O(ndlog(m)) basic op-
erations. The complexity of each Newton Sketch iteration scales as O(md?), where
m is at most O(d). In contrast, the standard unsketched form of the Newton up-
date has complexity O(nd?), so that the sketched method is computationally cheaper
whenever there are many more constraints than dimensions (n > d).

By increasing the barrier parameter 7, we obtain a sequence of solutions that
approach the optimum to the LP, which we refer to as the central path. As a simple
illustration, Figure 4.1 compares the central paths generated by the ordinary and
sketched Newton updates for a polytope defined by n = 32 constraints in dimension
d = 2. Fach row shows three independent trials of the method for a given sketch
dimension m; the top, middle and bottom rows correspond to sketch dimensions
m € {d, 4d, 16d} respectively. Note that as the sketch dimension m is increased, the
central path taken by the sketched updates converges to the standard central path.

As a second example, we consider the problem of maximum likelihood estimation
for generalized linear models.

Example: Newton Sketch for maximum likelihood estimation

The class of generalized linear models (GLMs) is used to model a wide variety of
prediction and classification problems, in which the goal is to predict some output
variable y € ) on the basis of a covariate vector a € R?. it includes as special cases
the standard linear Gaussian model (in which ) = R), as well as logistic models for
classification (in which ) = {—1,+1}), as well as as Poisson models for count-valued
responses (in which Y = {0,1,2,...}). See the book [94] for further details and
applications.
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Given a collection of n observations {(y;, a;)}!, of response-covariate pairs from
some GLM, the problem of constrained maximum likelihood estimation be written in
the form

zeC

min {Z:L:@b((a,-, ), ;) } (4.9)

J/

/(@)
where 1) : Rx) — R is a given convex function, and C C R is a convex constraint set,
chosen by the user to enforce a certain type of structure in the solution. Important
special cases of GLMs include the linear Gaussian model, in which ¢ (u, y) = 1(y—u)?,
and the problem (4.9) corresponds to a regularized form of least-squares, as well as
the problem of logistic regression, obtained by setting ¢ (u, y) = log(1 + exp(—yu)).

Letting A € R™*? denote the data matrix with a; € R? as its i"" row, the Hessian
of the objective (4.9) takes the form

V2 f(z) = ATdiag (¢v"(af z)),_ A

i i=1
Since the function 1) is convex, we are guaranteed that 1”(alz) > 0, and hence the

n x d matrix diag (w”(a;fryc))l/2 A can be used as a matrix square-root. We return to
explore this class of examples in more depth in Section 4.4.1.

4.2.4 Local convergence analysis using strong convexity

Returning now to the general setting, we begin by proving a local convergence
guarantee for the sketched Newton updates. In particular, this theorem provides
insight into how large the sketch dimension m must be in order to guarantee good
local behavior of the sketched Newton algorithm.

Our analysis involves the geometry of the tangent cone of the optimal vector z*
which was first introduced in Section 2. Let us recall the definition in this context:
Given a constraint set C and the minimizer z* : = arg migl f(z) the tangent cone at

xre

x* is given by
K={AeR!|2*+tAeC forsomet>0}. (4.10)

The local analysis to be given in this section involves the cone-constrained eigenvalues
of the Hessian V2 f(z*), defined as

v= inf (z, V2f(z%))2), and B= sup (z, V2f(2*))z). (4.11)

zeKNSd—1 zekNSd—1

In the unconstrained case (C = R?), we have K = R?, and so that v and 3 reduce to the
minimum and maximum eigenvalues of the Hessian V2 f(2*). In the classical analysis
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of Newton’s method, these quantities measure the strong convexity and smoothness
parameters of the function f. Note that the condition v > 0 much weaker than strong
convexity as it can hold for Hessian matrices that are rank-deficient, as long as the
tangent cone K is suitably small.

Recalling the definition of the Gaussian width from Section 2, our choice of the
sketch dimension m depends on the width of the renormalized tangent cone. In
particular, for the following theorem, we require it to be lower bounded as

m > % max W2(V2f(z)/2K), (4.12)

€4 zeC

where € € (0, %) is a user-defined tolerance, and c is a universal constant. Since the
Hessian square-root V2 f(x)'/? has dimensions n x d, this squared Gaussian width
is at at most min{n,d}. This worst-case bound is achieved for an unconstrained
problem (in which case K = R?), but the Gaussian width can be substantially smaller
for constrained problems. For instance, consider an equality constrained problem
with affine constraint Cx = b. For such a problem, the tangent cone lies within
the nullspace of the matrix C—say it is do-dimensional. It then follows that the
squared Gaussian width (4.12) is also bounded by d¢; see the example following
Theorem 5 for a concrete illustration. Other examples in which the Gaussian width
can be substantially smaller include problems involving simplex constraints (portfolio
optimization), or ¢;-constraints (sparse regression).

With this set-up, the following theorem is applicable to any twice-differentiable
objective f with cone-constrained eigenvalues (v, 3) defined in equation (4.11), and
with Hessian that is L-Lipschitz continuous, as defined in equation (4.2).

Theorem 5 (Local convergence of Newton Sketch). For a given tolerance € € (0, 3%),

consider the Newton Sketch updates (4.4) based on an initialization z° such that

|2° — 2*[]; < g, and a sketch dimension m satisfying the lower bound (4.12). Then

with probability at least 1 — ¢y Ne™ "™ the Fuclidean error satisfies the bound
4L

|l — 2¥||y < eéth — 2|y + — |2 — 2|3, for iterations t =0,..., N — 1.
gl g

(4.13)

The bound (4.13) shows that when ¢ is small enough—say € = (/4y—then the
optimization error A! = 2t — z* decays at a linear-quadratic convergence rate. More
specifically, the rate is initially quadratic—that is, [|A ||y &~ %HA"‘H% when ||Af]5 is
large. However, as the iterations progress and ||A’||s becomes substantially less than
1, then the rate becomes linear—meaning that [|A"]], ~ 6§||At|]2—since the term

%HA’*H% becomes negligible compared to €§||At”2. Unwrapping the recursion for all
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N steps, the linear rate guarantees the conservative error bounds

1 N 1 N
|2 — 2*||y < 8%(5 —|—e§> . and  f(2) = f(z*) < §_Z<§ +€§) . (4.14)

A notable feature of Theorem 5 is that, depending on the structure of the problem,
the linear-quadratic convergence can be obtained using a sketch dimension m that
is substantially smaller than min{n,d}. As an illustrative example, we performed
simulations for some instantiations of a portfolio optimization problem: it is a linearly-
constrained quadratic program of the form

min {%xTATAx — (¢, x)}, (4.15)

where A € R™? and ¢ € R? are matrices and vectors that arise from data (see
Section 4.4.3 for more details). We used the Newton Sketch to solve different sizes of
this problem d € {10, 20, 30, 40, 50, 60}, and with n = d* in each case. Each problem
was constructed so that the optimal vector z* € R? had at most k = [21og(d)] non-
zero entries. A calculation of the Gaussian width for this problem (see Section 4.7.3
for the details) shows that it suffices to take a sketch dimension m 7~ slogd, and we
implemented the algorithm with this choice. Figure 4.2 shows the convergence rate of
the Newton Sketch algorithm for the six different problem sizes: consistent with our
theory, the sketch dimension m < min{d, n} suffices to guarantee linear convergence
in all cases.

It is also possible obtain an asymptotically super-linear rate by using an iteration-
dependent sketching accuracy € = €(t). The following corollary summarizes one such
possible guarantee:

Corollary 12. Consider the Newton Sketch iterates using the iteration-dependent

sketching accuracy €(t) = m. Then with the same probability as in Theorem 5,
we have
o™ = a"[ls < = la = @l + — 2" = 2",
log(1+1)~ v
and consequently, super-linear convergence is obtained—namely, lim;_, . Hg‘”‘:l_—;f‘w =

0.

Note that the price for this super-linear convergence is that the sketch size is inflated
by the factor e 2(t) = log®(1 + t), so it is only logarithmic in the iteration number.
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4.3 Newton Sketch for self-concordant functions

The analysis and complexity estimates given in the previous section involve the
curvature constants (v, ) and the Lipschitz constant L, which are seldom known in
practice. Moreover, as with the analysis of classical Newton method, the theory is
local, in that the linear-quadratic convergence takes place once the iterates enter a
suitable basin of the origin.

In this section, we seek to obtain global convergence results that do not depend on
unknown problem parameters. As in the classical analysis, the appropriate setting in
which to seek such results is for self-concordant functions, and using an appropriate
form of backtracking line search. We begin by analyzing the unconstrained case,
and then discuss extensions to constrained problems with self-concordant barriers. In
each case, we show that given a suitable lower bound on the sketch dimension, the
sketched Newton updates can be equipped with global convergence guarantees that
hold with exponentially high probability. Moreover, the total number of iterations
does not depend on any unknown constants such as strong convexity and Lipschitz
parameters.

4.3.1 Unconstrained case

In this section, we consider the unconstrained optimization problem min,cga f(x),
where f is a closed convex self-concordant function that is bounded below. A closed
convex function ¢ : R — R is said to be self-concordant if

0" ()] < 2(¢"(x))**. (4.16)

This definition can be extended to a function f : R¢ — R by imposing this requirement
on the univariate functions ¢, ,(t) : = f(xz+ty), for all choices of z, y in the domain of
f. Examples of self-concordant functions include linear and quadratic functions and
negative logarithm. Moreover, the property of self-concordance is preserved under
addition and affine transformations.

Our main result provide a bound on the total number of Newton Sketch iterations
required to obtain a d-accurate solution without imposing any sort of initialization
condition, as was done in our previous analysis. This bound scales proportionally to
log(1/4) and inversely in a parameter v that depends on sketching accuracy € € (0, 1)
and backtracking parameters (a,b) via

772

1+ ()9

v =ab where 7 = (4.17)

With this set-up, we have the following guarantee:
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Algorithm 1 Unconstrained Newton Sketch with backtracking line search

Require: Starting point x°, tolerance § > 0, (a,b) line-search parameters, sketching matrices {S? 2o ERMXT,
1: Compute approximate Newton step Az! and approximate Newton decrement A(z)

. 1
Ag':=argmin (Vf(2"), A) + Z[IS" (V2 ()2 A5

Ap(zh) = V()T Azt

2: Quit if A(2?)2/2 < 6.
3: Line search: choose  : while f(z! + pAxt) > f(xt) + apA(xt), p« by
4: Update: ztt! = 2t + pAxt

Ensure: minimizer z!, optimality gap A(z?)

Theorem 6. Let f be a strictly convex self-concordant function. Given a sketching
matriz S € R™™ with m = i—gmag( rank(V?f(x)), the number of total iterations T
fAS

for obtaining an & approrimate solution in function value via Algorithm 1 is bounded

by

M +0.65 logQ(li&s),

with probability at least 1 — ¢y Ne™ ™,

N = (4.18)

The iteration bound (4.18) shows that the convergence of the Newton Sketch is in-
dependent of the properties of the function f and problem parameters, similar to
classical Newton’s method. Note that for problems with n > d, the complexity of
each Newton Sketch step is at most O(d® + ndlogd), which is smaller than that of
Newton’s Method (O(nd?)), and also smaller than typical first-order optimization
methods (O(nd)) whenever n > d?.

4.3.1.1 Rank-deficient Hessians

As stated, Theorem 6 requires the function to be strictly convex. However, by
exploiting the affine invariance of the Newton Sketch updates, we can also obtain guar-
antees of the form (4.18) for the Newton sketch applied to problems with singular
Hessians. As a concrete example, given a matrix A € R™*? that is rank-deficient—
that is, with rank(A) = r < min{n, d}—consider a function of the form f(x) = g(Ax),
where g : R” — R is strictly convex and self-concordant. Due to the rank-deficiency
of A, the Hessian of f will also be rank-deficient, so that Theorem 6 does not directly
apply. However, suppose that we let let A = UXVT be the full singular value decom-
position of A, where X is a diagonal matrix with 3,; = 0 for all indices j > r. With

-~

this notation, define the function f(y) = g(AVy), corresponding to the intervertible
transformation x = Vy. We then have

fy) = g(USy) = g(US1,u1.),
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where y1., € R" denotes the subvector of the first 7 entries of y. Hence, viewed as a
function on R", the transformed function f is strictly convex and self-concordant, so
that Theorem 6 can be applied. By the affine invariance property, the Newton Sketch
applied to the original function f has the same convergence guarantees (and trans-
formed iterates) as the reduced strictly convex function. Consequently, the sketch size
choice m = § rank(A) is sufficient. Note that in many applications, the rank of A can
be much smaller than min(n, d), and so that the Newton Sketch complexity O(m?d)
is correspondingly smaller, relative to other schemes that do not exploit the low-rank
structure. Some optimization methods can exploit low-rankness when a factorization
of the form A = LR is available. However, note that the cost of computing such a
low rank factorization scales as O(nd?), which dominates the overall complexity of
Newton Sketch, including sketching time.

4.3.2 Newton Sketch with self-concordant barriers

We now turn to the more general constrained case. Given a closed, convex self-
concordant function f; : R¢ — R, let C be a convex subset of R?, and consider
the constrained optimization problem mingcc fo(z). If we are given a convex self-
concordant barrier function g(x) for the constraint set C, it is customary to consider
the unconstrained and penalized problem

min { fo(z) + g(x) },

z€Rd
f(=)

which approximates the original problem. One way in which to solve this uncon-
strained problem is by sketching the Hessian of both fy and g, in which case the
theory of the previous section is applicable. However, there are many cases in which
the constraints describing C are relatively simple, and so the Hessian of g is highly-
structured. For instance, if the constraint set is the usual simplex (i.e., x > 0 and
(1, x) < 1), then the Hessian of the associated log barrier function is a diagonal
matrix plus a rank one matrix. Other examples include problems for which ¢ has
a separable structure; such functions frequently arise as regularizers for ill-posed in-
1

verse problems. Examples of such regularizers include ¢5 regularization g(z) = 1||z|[3,

graph regularization g(z) = %ZweE(xl — z;)? induced by an edge set E (e.g., finite
1/p
differences) and also other differentiable norms g(x) = <Zf:1 b ) for 1 <p < oc.

In all such cases, an attractive strategy is to apply a partial Newton Sketch, in
which we sketch the Hessian term V?2fo(z) and retain the exact Hessian VZg(x),
as in the previously described updates (4.6). More formally, Algorithm 2 provides
a summary of the steps, including the choice of the line search parameters. The
main result of this section provides a guarantee on this algorithm, assuming that the
sequence of sketch dimensions {m!}?°, is appropriately chosen.
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Algorithm 2 Newton Sketch with self-concordant barriers

Require: Starting point z°, constraint C, corresponding barrier function g such that f = fo + g, tolerance § > 0,
(a, B) line-search parameters, sketching matrices St € Rm*".

1: Compute approximate Newton step Az! and approximate Newton decrement Ar.
f

1 1
Azt :i=arg min (V/(z'), A) + =[S (V2 fo(2")2A)5 + - AT Vg(ah)A;
xt+AeC 2 2

A(zh) = V()T Act

2: Quit if A(2?)2/2 < 6.
3: Line search: choose p : while f(zt + pAxt) > f(at) + auA(zt), p<+ Bu.
4: Update: ztt! = 2t + pAxt.

Ensure: minimizer z!, optimality gap A(z?).

The choice of sketch dimensions depends on the tangent cones defined by the
iterates, namely the sets

K':={AeR*|2'+aA eC forsome a > 0}.

For a given sketch accuracy € € (0, 1), we require that the sequence of sketch dimen-
sions satisfies the lower bound
m' > 2 max W2(V2f (2)'/2K"). (4.19)
€“ x€
Finally, the reader should recall the parameter v was defined in equation (4.17), which

depends only on the sketching accuracy € and the line search parameters. Given this
set-up, we have the following guarantee:

Theorem 7. Let f : R — R be a convex and self-concordant function, and let
g:RY— RU{+o0} be a convex and self-concordant barrier for the convex set C.
Suppose that we implement Algorithm 2 with sketch dimensions {m'}>o satisfying
the lower bound (4.19). Then performing

f(@%) — f(a)

14

1
N = + 0.651og, (—) iterations

169

suffices to obtain d-approximate solution in function value with probability at least
1 —cNe @™,

Thus, we see that the Newton Sketch method can also be used with self-concordant
barrier functions, which considerably extends its scope. In the above theorem, note
that we can isolate affine constraints from C and enforce them at each Newton step.
Section 4.4.6 provides a numerical illustration of its performance in this context. As
we discuss in the next section, there is a flexibility in choosing the decomposition
fo and g corresponding to objective and barrier, which enables us to also sketch the
constraints.
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4.3.3 Sketching with interior point methods

In this section, we discuss the application of Newton Sketch to a form of barrier
or interior point methods. In particular we discuss two different strategies and pro-
vide rigorous worst-case complexity results when the functions in the objective and
constraints are self-concordant. More precisely, let us consider a problem of the form

min fo(x) subject to g;(z) <0 forj=1,...,r, (4.20)
zeR

where fy and {g;}7_, are twice-differentiable convex functions. We assume that there
exists a unique solution z* to the above problem.

The barrier method for computing z* is based on solving a sequence of problems
of the form

#(7) = arg min {7fo(x) = Y log(~g,()) }. (4.21)

for increasing values of the parameter 7 > 1. The family of solutions {Z(7)},>;
trace out what is known as the central path. A standard bound (e.g., [28]) on the
sub-optimality of Z(7) is given by

fo@(7)) = folz™) <

S

The barrier method successively updates the penalty parameter 7 and also the starting
points supplied to Newton’s method using previous solutions.

Since Newton’s method lies at the heart of the barrier method, we can obtain a
fast version by replacing the exact Newton minimization with the Newton Sketch.
Algorithm 3 provides a precise description of this strategy. As noted in Step 1,
there are two different strategies in dealing with the convex constraints g;(x) < 0 for
g=1,...,7

o Full sketch: Sketch the full Hessian of the objective function (4.21) using Algo-
rithm 1,

e Partial sketch: Sketch only the Hessians corresponding to a subset of the func-
tions { fo, 95,7 = 1,...,7}, and use exact Hessians for the other functions. Apply
Algorithm 2.

As shown by our theory, either approach leads to the same convergence guarantees,
but the associated computational complexity can vary depending both on how data
enters the objective and constraints, as well as the Hessian structure arising from
particular functions. The following theorem is an application of the classical results
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Algorithm 3 Interior point methods using Newton Sketch

Require: Strictly feasible starting point z9, initial parameter 70 s.t. 7:= 79 > 0, u > 1, tolerance § > 0.
1: Centering step: Compute Z(7) by Newton Sketch with backtracking line-search initialized at x
using Algorithm 1 or Algorithm 2.
2: Update z := Z(7).
31 Quit if /7 < 6.
4: Increase T by T := ur.
Ensure: minimizer Z(7).

on the barrier method tailored for Newton Sketch using any of the above strategies
(e.g., see Boyd and Vandenberghe [28]). As before, the key parameter v was defined
in Theorem 6.

Theorem 8 (Newton Sketch complexity for interior point methods). For a given
target accuracy § € (0,1) and any p > 1, the total number of Newton Sketch iterations
required to obtain a d-accurate solution using Algorithm 3 is at most

log (r/(7°%9) (r(pn—1—logp) 1
log /s ( > +0.65 log2(1—65)> : (4.22)

If the parameter u is set to minimize the above upper-bound, the choice up = 1 + %
yields O(y/r) iterations. However, this “optimal” choice is typically not used in
practice when applying the standard Newton method; instead, it is common to use
a fixed value of u € [2,100]. In experiments, experience suggests that the number
of Newton iterations needed is a constant independent of r and other parameters.
Theorem 8 allows us to obtain faster interior point solvers with rigorous worst-case
complexity results. We show different applications of Algorithm 3 in the following
section.

4.4 Applications and numerical results

In this section, we discuss some applications of the Newton Sketch to different
optimization problems. In particular, we show various forms of Hessian structure
that arise in applications, and how the Newton sketch can be computed. When the
objective and/or the constraints contain more than one term, the barrier method
with Newton Sketch has some flexibility in sketching. We discuss the choices of
partial Hessian sketching strategy in the barrier method. It is also possible to apply
the sketch in the primal or dual form, and we provide illustrations of both strategies
here.
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4.4.1 Estimation in generalized linear models

Recall the problem of (constrained) maximum likelihood estimation for a general-
ized linear model, as previously introduced in Example 4.2.3. It leads to the family of
optimization problems (4.9): here ¢ : R — R is a given convex function arising from
the probabilistic model, and C C R? is a closed convex set that is used to enforce a
certain type of structure in the solution, Popular choices of such constraints include
¢1-balls (for enforcing sparsity in a vector), nuclear norms (for enforcing low-rank
structure in a matrix), and other non-differentiable semi-norms based on total varia-
tion (e.g., Z?: |41 —x;|), useful for enforcing smoothness or clustering constraints.

Suppose that we apply the Newton Sketch algorithm to the optimization prob-
lem (4.9). Given the current iterate z!, computing the next iterate z'™! requires
solving the constrained quadratic program

min {%nsmagw«ai,xt>,y,~>> (o =o' ||2+Z yz>>}. (423)

When the constraint C is a scaled version of the ¢;-ball—that is, C = {z € R? | ||z||; <
R} for some radius R > 0—the convex program (4.23) is an instance of the Lasso
program [134], for which there is a very large body of work. For small values of R,
where the cardinality of the solution x is very small, an effective strategy is to apply a
homotopy type algorithm, also known as LARS [57, 66], which solves the optimality
conditions starting from R = 0. For other sets C, another popular choice is projected
gradient descent, which is efficient when projection onto C is computationally simple.

Focusing on the ¢;-constrained case, let us consider the problem of choosing a
suitable sketch dimension m. Our choice involves the ¢;-restricted minimal eigenvalue
of the data matrix A, which is defined by (2.13) in Section 2. Note that we are always
guaranteed that v, (A) > Apin(ATA). Our result also involves certain quantities that
depend on the function 1, namely

Pl o= min mln V" ((aiy, x),y;), and . :=max max ¢’ ({a;, z),y),
zeC i=1,...,n zeC i=1,...,n
where a; € R? is the i row of A. With this set-up, supposing that the optimal
solution z* has cardinality at most ||z*||o < k, then it can be shown (see Lemma 25
in Section 4.7.3) that it suffices to take a sketch size

" max HAJH%

.]_1) 7d
m=cy—== ~ klogd, (4.24)
min 7k (A)

where ¢( is a universal constant. Let us consider some examples to illustrate:

e Least-Squares regression: ¢(u) = su?, ¢"(u) = 1 and ¢, = ¥, =
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e Poisson regression: ¢ (u) = e*, ¥"(u) = e* and % = :_R;f;mx
min

min

e Logistic regression: ¢ (u) = log(l + €%), ¥"(u) = ﬁ and % =
eBAmin (e—RAmax+1)2 -
e—RAmax (eRAminJrl)Q )

where Apax i = max |ai||oo, and Apin 1= ZA:rrllinn I @] oo-

[ARR)

For typical distributions of the data matrices, the sketch size choice given in
equation (4.24) scales as O(klogd). As an example, consider data matrices A €
R™*? where each row is independently sampled from a sub-Gaussian distribution with
parameter one (see equation (1.1)). Then standard results on random matrices [140]
show that v, (A) > 1/2 with high probability as long as n > ¢,k log d for a sufficiently

large constant ¢;. In addition, we have 'I_riadeAng = O(n), as well as Ypas —

Yrnin
O(log(n)). For such problems, the per iteration complexity of Newton Sketch update
scales as O(kdlog®(d)) using standard Lasso solvers (e.g., [75]) or as O(kdlog(d))
using projected gradient descent. Both of these scalings are substantially smaller
than conventional algorithms that fail to exploit the small intrinsic dimension of the
tangent cone.

4.4.2 Semidefinite programs

The Newton Sketch can also be applied to semidefinite programs. As one illustra-
tion, let us consider a metric learning problem studied in machine learning. Suppose
that we are given d-dimensional feature vectors {a;}!; and a collection of (g) binary
indicator variables y;; € {—1,+1}" given by

{+1 if a; and a; belong to the same class
Yij =

—1 otherwise,

defined for all distinct indices i,7 € {1,...,n}. The task is to estimate
a positive semidefinite matrix X such that the semi-norm [[(a; — a;)||x :=
V{a; —aj, X(a; —a;)) is a good predictor of whether or not vectors i and j be-
long to the same class. Using the least-squares loss, one way in which to do so is by
solving the semidefinite program (SDP)

(2)
min { Z (X, (a; — a;)(a; — a))") — yij)2 + )\trace(X)}.

X0 —
i#]

Here the term trace(X), along with its multiplicative pre-factor A > 0 that can be
adjusted by the user, is a regularization term for encouraging a relatively low-rank
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solution. Using the standard self-concordant barrier X +— logdet(X) for the PSD
cone, the barrier method involves solving a sequence of sub-problems of the form

n

min { T Z (X, a;al) — y;)* + TAtraceX — logdet (X) }

XcRdxd
=1
A

f(vee(X))

Now the Hessian of the function vec(X) — f(vec(X)) is a d* x d? matrix given by

(3)
V2 f(vec(X)) =7 Zvec(Aij) vec(A )T + Xt X
i#]

where A;; := (a; — a;j)(a; — a;)". Then we can apply the barrier method with
partial Hessian sketch on the first term, {S;; vec(A;;)}iz; and exact Hessian for the
second term. Since the vectorized decision variable is vec(X) € R% the complexity
of Newton Sketch is O(m?d?) while the complexity of a classical SDP interior-point
solver is O(nd") in practice.

4.4.3 Portfolio optimization and SVMs

Here we consider the Markowitz formulation of the portfolio optimization prob-
lem [91]. The objective is to find a vector x € R¢ belonging to the unit simplex,
corresponding to non-negative weights associated with each of d possible assets, so as
to maximize the expected return minus a coefficient times the variance of the return.
Letting 1 € R? denote a vector corresponding to mean return of the assets, and we
let ¥ € R¥™? be a symmetric, positive semidefinite matrix, covariance of the returns.
The optimization problem is given by

max {(u, x) — )\% xTEx}. (4.25)

220,30, ;<1

The covariance of returns is often estimated from past stock data via an empirical co-
variance matrix of the form 3 = AT A; here columns of A are time series corresponding
to assets normalized by /n, where n is the length of the observation window.

The barrier method can be used solve the above problem by solving penalized
problems of the form

d
1
- T Loy, 4 _ _
3211@{ T x4+ TA 5% A" Ax ;:1 log({e;, =)) — log(1 — (1, x))},

J/

1)
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where e; € R?is the i** element of the canonical basis and 1 is a row vector of all-ones.
Then the Hessian of the above barrier penalized formulation can be written as

V2 f(z) = TAAT A+ (diag{z] le)_l + 117,

Consequently, we can sketch the data dependent part of the Hessian via 7AS A which
has at most rank m and keep the remaining terms in the Hessian exact. Since the
matrix 117 is rank one, the resulting sketched estimate is therefore diagonal plus rank
(m+1) where the matrix inversion lemma [62] can be applied for efficient computation
of the Newton Sketch update. Therefore, as long as m < d, the complexity per
iteration scales as O(md?), which is cheaper than the O(nd?) per step complexity
associated with classical interior point methods. We also note that support vector
machine classification problems with squared hinge loss also has the same form as in
equation (4.25), so that the same same strategy can be applied.

4.4.4 Unconstrained logistic regression with d < n

Let us now turn to some numerical comparisons of the Newton Sketch with other
popular optimization methods for large-scale instances of logistic regression. More
specifically, we generated a data matrix A € R™*? with d = 100 features and n =
65536 observations. Each row a; € R? was generated from the d-variate Gaussian
distribution N (0, X) where the covariance matrix 3 has 1 on diagonals and p on off-
diagonals. As shown in Figures 4.3 and 4.3, the convergence of the algorithm per
iteration is very similar to Newton’s method. Besides the original Newton’s method,
the other algorithms compared are

e Gradient Descent (GD) with backtracking line search
e Stochastic Average Gradient (SAG) with line search

e Broyden-Fletcher-Goldfarb-Shanno algorithm (BFGS) (MATLAB R2015a im-

plementation)

e Truncated Newton’s Method (trunNewt)

We ran the Newton Sketch algorithm with ROS sketch and sketch size m =
4d and plot iterates over 10 independent trials. The gradient method is us-
ing backtracking line search. For the Truncated Newton’s Method, we first per-
formed experiments by setting the maximum CG iteration number in the range
{log(d), 21og(d), 3log(d)...,101log(d)}, and then also implemented the residual stop-
ping rule with accuracy 1/t as suggested in [48]. The best choice among these param-
eters is shown as trunNewt in the plots. All algorithms are implemented in MATLAB
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(R2015a). In the plots, each iteration of the SAG algorithm corresponds to a pass
over the data, which is of comparable complexity to a single iteration of GD. In or-
der to keep the plots relatively uncluttered, we have excluded Stochastic Gradient
Descent since it is dominated by another stochastic first-order method (SAG), and
Accelerated Gradient Method as it is quite similar to Gradient Descent. In Figure 4.3,
panels (a) and (b) show the case with no correlation (p = 0), panels (c) and (d) show
the case with correlation p = 0.5 and panels (e) and (f) shows the case with corre-
lation p = 0.9. Plots on the left in Figure 4.3—that is panels (a), (c¢) and (e)—show
the log duality gap versus the number of iterations: as expected, on this scale, the
classical form of Newton’s method is the fastest. However, when the log optimality
gap is plotted versus the wall-clock time (right-side panels (b), (d) and (e)), we now
see that the Newton sketch is the fastest.

On the other hand, Figure 4.4 reveals the sensitivity of first order methods to data
conditioning. For these experiments, we generated a feature matrix A with d = 100
features and n = 65536 observations where each row a; € R? was generated from
the Student’s t-distribution with covariance . The covariance matrix 3 has 1 on
diagonals and p on off-diagonals. In Figure 4.4, panels (a) and (b) show the case
with no correlation (p = 0), panels (c) and (d) show the case with correlation p = 0.5
and panels (e) and (f) shows the case with correlation p = 0.9. As it can be seen
in Figure 4.4, SAG and GD perform quite poor. As predicted by theory, Newton
Sketch performs well even with high correlations and non-Gaussian data while first
order algorithms perform poorly.

4.4.5 [(1-constrained logistic regression and data conditioning

Next we provide some numerical comparisons of Newton Sketch, Newton’s Method
and Projected Gradient Descent when applied to an ¢;-constrained form of logistic
regression. More specifically, we first generate a feature matrix A € R™*¢ based on
d = 100 features and n = 1000 observations. Each row a; € R¢ is drawn from the
d-variate Gaussian distribution N (0, X); the covariance matrix has entries of the form
3 = 2|p|"7, where p € [0,1) is a parameter controlling the correlation, and hence the
condition number of the data. For 10 different values of p we solved the ¢;-constrained
problem (||z||; < 0.1), performing 200 independent trials (regenerating the data and
sketching matrices randomly each time). The Newton and sketched Newton steps are
solved exactly using the homotopy algorithm—that is, the Lasso modification of the
LARS updates [110, 57]. The homotopy method is very effective when the solution
is very sparse. The ROS sketch with a sketch size of m = [4 x 10logd] is used where
10 is the estimated cardinality of solution. As shown in Figure 4.5, Newton Sketch
converges in about 6 (% 2) iterations independent of data conditioning while the exact
Newton’s method converges in 3 (£ 1) iterations. However the number of iterations
needed for projected gradient with line search increases steeply as p increases. Note
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that, ignoring logarithmic terms, the projected gradient and Newton Sketch have
similar computational complexity (O(nd)) per iteration while the Newton’s method
has higher computational complexity (O(nd?)).

4.4.6 A dual example: Lasso with d > n

The regularized Lasso problem takes the form min {1 |Az — y|l3 + A||z||: }, where
T€R

A > 0 is a user-specified regularization parameter. In this section, we consider efficient
sketching strategies for this class of problems in the regime d > n. In particular, let
us consider the corresponding dual program, given by

1 2
ma. —_ = —w .
||Aij§9{ 2 Iy Hz}

By construction, the number of constraints d in the dual program is larger than the
number of optimization variables n. If we apply the barrier method to solve this dual
formulation, then we need to solve a sequence of problems of the form

weR™

min { 7lly —w]} 3" log(A — (4, w)) = D" log(A + {4, w)) }.

/

f(z)

where A; € R™ denotes the j™ column of A. The Hessian of the above barrier
penalized formulation can be written as

V2 f(w) :T[n~|—Adiag(()\_ . w>)2) AT+Adiag(()\+ i w>)2> AT,

Consequently we can keep the first term in the Hessian, 7/ exact and apply partial
sketching to the Hessians of the last two terms via

1 1
di AT
5 1ag(u—<Aj,w>r+|A+<Aj, w>|>

Since the partially sketched Hessian is of the form ¢I, + VV7T, where V is rank at
most m, we can use matrix inversion lemma for efficiently calculating Newton Sketch
updates. The complexity of the above strategy for d > n is O(nm?), where m is at
most n, whereas traditional interior point solvers are typically O(dn?) per iteration.

In order to test this algorithm, we generated a feature matrix A € R™ ¢ with
d = 4096 features and n = 50 observations. Each row a; € R? was generated from
the multivariate Gaussian distribution N(0,%) with 3;; = 2 % [0.5]""7. For a given
problem instance, we ran 10 independent trials of the sketched barrier method with
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m = 4d and ROS sketch, and compared the results to the original barrier method.
Figure 4.6 shows the the duality gap versus iteration number (top panel) and versus
the wall-clock time (bottom panel) for the original barrier method (blue) and sketched
barrier method (red): although the sketched algorithm requires more iterations, these
iterations are cheaper, leading to a smaller wall-clock time. This point is reinforced by
Figure 4.7, where we plot the wall-clock time required to reach a duality gap of 107°
versus the number of features n in problem families of increasing size. Note that the
sketched barrier method outperforms the original barrier method, with significantly
less computation time for obtaining similar accuracy.

4.5 Proofs of main results

We now turn to the proofs of our theorems, with more technical details deferred
to later sections.

4.5.1 Proof of Theorem 5

For any = € dom (f), and r € R%\{0}, we define the following pair of random
variables

Zu(S; xyr) 1= sup (w, (STS — I)L>7
weV2 f(x)l/2KNSn—1 7|2
Zy(S; ) 1= inf | Swl|3.

weV2f(z)l/2KNSn—1

Of particular interest to us in analyzing the sketched Newton updates are the sequence
of random variables

7t = 7Z,(S% o', V2 F(a)Y2AY),  and  Z!:= Z,(S% o).

For a given tolerance parameter € € (0, g—g], we define the “good event”

g ::{Zl(AIC)t <

< %, and Zo(AK)" > 1 — 6}. (4.26)

The following result gives sufficient conditions on the sketch dimension for this event
to hold with high probability:

Lemma 17 (Sufficient conditions on sketch dimension [114]). (a) For sub-
Gaussian sketch matrices, given a sketch size m > 4 maX,ec W2(V2f(2)2K),
we have

P[EY > 1 — cre—eme, (4.27)
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(b) For randomized orthogonal system (ROS) sketches and JL embed-
dings, over the class of self-bounding cones, given a sketch size m >
4
18 " maxgee WAH(V2f(2)V2K), we have

m€2

P[E] > 1 — ¢ Plos™n. (4.28)

The remainder of our proof is based on showing that given any initialization x°

such that |20 — 2*|| < &, then whenever the event NY ,£! holds, the error vectors

8L’
Al = ' — x* satisfy the recursion
Zy(AK)! B 1 8L
HAt+1H2 S m ﬂHAtHQ =+ mﬂ“AtHg fOI' all t = O, 1, e ,N — 1.

(4.29)
Since we have % < € and m < 2 whenever the event ﬂf;lgt holds, the

bound (4.13) stated in the theorem then follows. Applying Lemma 17 yields the
stated probability bound.

Accordingly, it remains to prove the recursion (4.29), and we do so via a basic
inequality argument. Recall the function x — ®(z;S?) that underlies the sketch New-
ton update (4.4) in moving from iterate x! to iterate x'*!. Since the vectors z'*! and
x* are optimal and feasible, respectively, for the constrained optimization problem,
the error vector A : = 1 — z* satisfies the inequality (V®(z!*1; St), —A1) > 0,
or equivalently

<(Stv2f(xt)1/2)TStv2f(xt)l/2<At+1 _ At) + Vf(xt), _At+1> > (.

Similarly, since z* and 2*! are optimal and feasible, respectively, for the minimization
of f, we have

(f(z®), A1) > 0.
Adding these two inequalities and re-arranging leads to the basic inequality

Hstv2f<l,t)1/2At+1“§ < \(StVQf(xt)l/QAt“, Stv2f(l’t)1/2At> . <Vf($t) . Vf(l‘*), At+1>/

LIS RHS

(4.30) |

This inequality forms the core of our argument: in particular, the bulk of our proof
is devoted to establishing the following bounds:
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Lemma 18 (Upper and lower bounds). We have

LHS > Z,(AK)! {7 - L||At||2}|yAt+l||§, and (4.31a)
RHS < Z5(AK)' {5 + LI Ao HIA o [JATH 2 + LAY AT, (4.31b)

Taking this lemma as given for the moment, let us complete the proof of the
recursion (4.29). Our proof consists of two steps:

e we first show that bound (4.29) holds for A"*! whenever [|A’]l; < g

e we then show by induction that, conditioned on the event NY & the bound
|A*]|2 < gF holds for all iterations t = 0,1,..., N.

Assuming that [|Af||; < g5, then our basic inequality (4.30) combined with Lemma 18
implies that

< Z(AK)HS + LI A5} L

At+1 At +
1A% = 2 G = 2iaar 2 1z < AL

1A"]5.

We have L||A"|]; < /8 < /8, and (y — L||A"[[2)~! < 7 hence

Zy(AK) 9
A, < 2 221+

1 8L

———||AY2 4.32
Zl(AIC)t 77” ”27 ( )

thereby verifying the claim (4.29).

Now we need to check for any iteration ¢, the bound [|A*||; < g& holds. We do so
by induction. The base case is trivial since [|A%]; < 2= by assumption. Supposing
that the bound holds at time ¢, by our argument above, inequality (4.32) holds, and
hence

HAt—i—lH < 3 522(AK:)t + 16L 72 _ ZQ(AIC)tgﬁ + ; i 1
=56 L2 (AK) T TyZi(AK) 642~ Z(AK)'28L ' Z,(AK)! 28 L
Whenever £ holds, we have gigﬁg: < g—g and m < %, whence [|[A*|, <
<% + ﬁ)% < g, as claimed.

The final remaining detail is to prove Lemma 18.
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4.5.1.0.1 Proof of Lemma 18: We first prove the lower bound (4.31a) on the
LHS. Since V2f(2!)/2A! € V2 f(2*)'/2KC, the definition of Z;(AK)! ensures that

LHS = [[S'V2f(a") 2A3 > 2y (AK)Y [V f ()2 A3
@) Zl(A]C)t<At+1)Tv2f(xt)At+1
— Zl(A,C>t{(At+1>Tv2f<x*>At+l 4 (AtJrl)T(VQf(xt) . VQf(l’*))AtJr:
()
> Zi(AK) {y|ATH5 — LAY G A2 }

where step (i) follows since (V2f(2)Y2)TV2f(z)/? = V2f(x), and step (ii) follows
from the definitions of v and L.

Next we prove the upper bound (4.31b) on the RHS. Throughout this proof, we
write S instead of S* so as to simplify notation. By the integral form of Taylor series,
we have

RHS = /O 1(N)T [(SV2F(a") ) TSV f(a")'? = V2 f (' + u(a” — 2"))] A du
=T+ T
where
Ty := (A)T [(SV2f(a")H)TSV2 f(2")'/? = V2 f(a")] A™,  and (4.33a)
Ty:= /0 1(At)T [-V?f(a" + u(z* —2") + V2 f(2")] AT du. (4.33D)

Here the decomposition into T} and T, follows by adding and subtracting the term
(At)TVQf(:L’t)At'H.
We begin by upper bounding the term 7. By the definition of Z5(AK)!, we have

i< |y |52  d] e pyears

< ZzHVQf(xt)”ZNHzHVQf(xt)”QN“Hz-l

By adding and subtracting terms, we have

V2 f (@) /2ATE = (A)TV2f(2") A" = (A2 f (") A" + (AT [V2f(ah) = V2f(2")] Af
< BIAYZ + LIA"? = [|AT5(8 + LIA"), |

where the final step follows from the definitions of § and L. A similar argument yields
V2 f (") AR5 < A58 + LIA).
Overall, we have shown that

Ty < Zo(AK) (B + LI A" DA 2 [|A™ . (4.34)
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Turning to the quantity 75, we have

v,0ELNSI—1

1
Ty S{/ sup [T [V2f(a! +u(z® — ') — V2f(a")] ﬁ|du} 1Al A5
0
< LJAY3IAT,, )

where the final step uses the local Lipschitz property again. Combining the
bound (4.34) with the bound (4.35) yields the bound (4.31b) on the RHS.

4.5.2 Proof of Theorem 6

Recall that in this case, we assume that f is a self-concordant strictly convex
function. We adopt the following notation and conventions from the book [107]. For
a given = € R, we define the pair of dual norms

lulle == (V2f(@)u, w)'?, and |o[l; := (V*f(z)" o, 0)"/?,
as well as the Newton decrement
A(@) = (V2 f(2) 'V f (), V@) = V2 f(2) ' V@)l = [V2f(2) 2V f(@)]:2 ]

Note that VZf(x)~! is well-defined for strictly convex self-concordant functions. In
terms of this notation, the exact Newton update is given by x — xys : = x + v, where

e = arg min { V2 () 223 + (2, VF () . (4.36)

zeC—zx

-~

D(z)

whereas the Newton Sketch update is given by o — Tysk : = & + Unsk, Where
. 1
Uxsi 1= arg min {éHSVQf(;E)l/QzHg + (2, Vf(x)>} : (4.37)

The proof of Theorem 6 given in this section involves the unconstrained case (C = R?),
whereas the proofs of later theorems involve the more general constrained case. In
the unconstrained case, the two updates take the simpler forms

e = — (V2 f(2)) 'V £(2), and  ayex =z — (V2f(2)2STSV2f(2)?) 'V f(2) ]

For a self-concordant function, the sub-optimality of the Newton iterate xyg in
function value satisfies the bound

fane) — min f(z) < [Ap(2ye)]

r€R4

2

f(z*)



This classical bound is not directly applicable to the Newton Sketch update, since
it involves the approzimate Newton decrement \;(z)? = —(V f(x), vysk), as opposed
to the exact one \f(x)? = —(V f(z), vxe). Thus, our strategy is to prove that with
high probability over the randomness in the sketch matrix, the approximate Newton
decrement can be used as an exit condition.

Recall the definitions (4.36) and (4.37) of the exact vy and sketched Newton vyex
update directions, as well as the definition of the tangent cone K at x € C. Let K¢ be
the tangent cone at z'. The following lemma provides a high probability bound on
their difference:

Lemma 19. Let S € R™*" be a sub-Gaussian, ROS or JL sketching matriz and con-
sider any fived vector x € C independent of the sketch matriz. If m > COW(VQf(f—Q)I/QW,
then

||V2f(37)1/2(vzvsx - UNE)H2 <e HVQf(x)I/QUNEH2 (4.38)

come?

with probability at least 1 — cre”

Similar to the standard analysis of Newton’s method, our analysis of the Newton
Sketch algorithm is split into two phases defined by the magnitude of the decrement
A¢(z). In particular, the following lemma constitute the core of our proof:

Lemma 20. Fore € (0,1/2), there exist constants v > 0 and n € (0,1/16) such that:
(a) If Xf(x) >, then f(zysk) — f(z) < —v with probability at least 1 — c;e=™.

(b) Conversely, if Xf(l') <, then

N (2ysi) < Ap(x),  and (4.39a)
M (@) < (;—E)Af(x), (4.39D)

where both bounds hold with probability 1 — cree2me.

Using this lemma, let us now complete the proof of the theorem, dividing our analysis
into the two phases of the algorithm.

4.5.2.0.2 First phase analysis: By Lemma 20(a) each iteration in the first phase
decreases the function value by at least ¥ > 0, the number of first phase iterations
Nj is at most

com

with probability at least 1 — Nycie™
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4.5.2.0.3 Second phase analysis: Next, let us suppose that at some iteration
t, the condition Af(z') < n holds, so that part (b) of Lemma 20 can be applied. In

fact, the bound (4.39a) then guarantees that A\;(z*') < 5, so that we may apply the
contraction bound (4.39b) repeatedly for N, rounds so as to obtain that

)\f(l’t+N2) < (_)N2)\f(xt)

with probability 1 — Nocie®™.
Since Af(z') < n < 1/16 by assumption, the self-concordance of f then implies

that
16\" 1
Therefore, in order to ensure that and consequently for achieving f(z!**) — f(z*)

€, it suffices to the number of second phase iterations lower bounded as Ns
0.65log2(1i65).

<
>

Putting together the two phases, we conclude that the total number of iterations
N required to achieve e- accuracy is at most

f@") = fa) + 0.65 log, ( ! )

N =N+ Ny, < —
1+ Ny S 5 T6e

and moreover, this guarantee holds with probability at least 1 — N cre—eme’,

The final step in our proof of the theorem is to establish Lemma 20, and we do
in the next two subsections.

4.5.2.1 Proof of Lemma 20(a)

Our proof of this part is performed conditionally on the event D : = {\ 7(x) > n}.
Our strategy is to show that the backtracking line search leads to a stepsize s > 0 such
that function decrement in moving from the current iterate x to the new sketched
iterate rysx = & + SvUnsk 1S at least

f(zysk) — f(x) < —v with probability at least 1 — cie™. (4.40)

The outline of our proof is as follows. Defining the univariate function g(u) : =

r_ 2e 1= —>"_ i
f(z + uvysk) and € = %%, we first show that u = TR g satisfies the bound

9(@) < g(0) — alirg(x)?, (4.41a)
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which implies that @ satisfies the exit condition of backtracking line search. Therefore,
the stepsize s must be lower bounded as s > bu, which then implies that the updated
solution xysx = & + Svnsk Satisfies the decrement bound

Ap()?

Tloo) = I = = aos oy

(4.41D)

Since Xf(x) > 1 by assumption and the function u — is monotone increas-

N
1+(1+2%)u
2

ing, this bound implies that inequality (4.40) holds with v = ab- e TE

It remains to prove the claims (4.41a) and (4.41b), for which we make use of the
following auxiliary lemma:

Lemma 21. For u € dom g NR™, we have the decrement bound

g(u) < 9(0) + u(V f(2), vnse) — ull [V ()] *opsidll2 — log (1 = ull [V f ()] 2oxsella)-
(4.42)}

provided that ul|[V2f(2)]" ?vysx|l2 < 1.

Lemma 22. With probability at least 1 — cie™"™, we have

92 @ ol < (155) Brtal)” (4.43)

The proof of these lemmas are provided in Sections 4.7.1.2 and 4.7.1.3. Using them, let

us prove the claims (4.41a) and (4.41b). Recalling our shorthand ¢’ : = £ —1 = 2=

substituting inequality (4.43) into the decrement formula (4.42) yields
g(u) < g(0) — udp(x)® — u(l +¢) Ap(z) —log(1 — u(l+€) A(z)) (4.44)
9(0) = {u(l + €)2Xp (@) + u1 +€) Xs(@) +log(1 — u(l +€) A()) }
+u((1+€) = DAs(a)’

where we added and subtracted u(1 + ¢/)2\ 7(2)? so as to obtain the final equality.

. . . o~ L 1 _ .
We now prove inequality (4.41a). Now setting u = u := IR et which

satisfies the conditions of Lemma 21 yields

(€2 4 2¢)X s ()2

9@ < 9(0) = (1) Ay(o) +log(1+ (14 &) A@) + 170
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Making use of the standard inequality —u + log(1 + u) < — ( (for instance, see

the book [28]), we find that

1+u)

(1+e/)2”x£(x)2 . (ef2+2€')X£(x)2
+(14+e)A(x) 1+ (1+€)A(x)

where the final inequality follows from our assumption a < 3 — 1€ 2 _ ¢, This

€
completes the proof of the bound (4.41a). Finally, the lower bound (4.41b) follows
by setting u = bu into the decrement inequality (4.42).

4.5.2.2 Proof of Lemma 20(b)

The proof of this part hinges on the following auxiliary lemma:
Lemma 23. For all € € (0,1/2), we have
14+ e)A%(x) + eXp(x
( A @) 4 2), and (4.45a)
(1= 1+ @)

(1—e)Ap(z) < M) < (1+e)Af(a), (4.45b)

)\f (INSK) <

—come?

where all bounds hold with probability at least 1 — cqe

See Section 4.7.1.4 for the proof.

We now use Lemma 23 to prove the two claims in the lemma statement.

4.5.2.2.1 Proof of the bound (4.39a): Recall from the theorem statement that

_1l/1+4€ 2701
n:= é % By examining the roots of a polynomial in €, it can be seen that
n < 14:5 16 By applying the inequalities (4.45b), we have
14 e~ 1+4+€ 1
(1 () < TEAye) <105 < (1.46)

whence inequality (4.45a) implies that

I (z) + eXp(z) 16 256 16
A < 1877 P2 < (=2 + 226 ) Mla) < =X s(a). 4.47
F(Tnsk) < - 1) < |59z + 595 ¢ 7(x) () (4.47)
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Here the final inequality holds for all € € (0,1/2). Combining the bound (4.45b) with
inequality (4.47) yields

Xrnon) < (1+ A sne) < (14 (52) @) < Xy(a),

where the final inequality again uses the condition ¢ € (0, %) This completes the
proof of the bound (4.39a).

4.5.2.2.2 Proof of the bound (4.39b): This inequality has been established as
a consequence of proving the bound (4.47).

4.5.3 Proof of Theorem 7

Given the proof of Theorem 6, it remains only to prove the following modi-
fied version of Lemma 19. It applies to the exact and sketched Newton directions
Uni, Unsk € R? that are defined as follows

vne = arg min {2V (@) 2R + (2, V@) + 5l Vi) ), (4480)
Unsk = arg Zreréiflx { %||Sv2f(x)1/22”§ +(z, Vf(z)) + %(z, V2g(r)z2) } (4.48b)

-~

U(2;5)

Thus, the only difference is that the Hessian V?f(z) is sketched, whereas the term
V2g(z) remains unsketched. Also note that since the function g is a self-concordant
barrier for the set C, we can safely omit the constraint C in the definitions of sketched
and original Newton steps.

Lemma 24. Let S € R™" be a sub-Gaussian, ROS or JL sketching matriz,

and let x € R? be a (possibly random) vector independent of S. If m >

2 1/25)\2
Co MaXzce w, then

||V2f(17)1/2(vzvsx - UNE)H2 <e HV2f(x)1/2vNEH2 (4.49)

—come?

with probability at least 1 — cie

4.6 Discussion

In this chapter we introduced and analyzed the Newton Sketch, a randomized
approximation to the classical Newton updates. This algorithm is a natural general-
ization of the Iterative Hessian Sketch (IHS) updates analyzed in the previous chapter.
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The THS applies only to constrained least-squares problems (for which the Hessian
is independent of the iteration number), whereas the Newton Sketch applies to twice
differentiable convex functions, minimized over a closed and convex set. We described
various applications of the Newton Sketch, including its use with barrier methods to
solve various forms of constrained problems. For the minimization of self-concordant
functions, the combination of the Newton Sketch within interior point updates leads
to much faster algorithms for an extensive body of convex optimization problems.

Each iteration of the Newton Sketch has lower computational complexity than
classical Newton’s method. Moreover, ignoring logarithmic factors, it has lower overall
computational complexity than first-order methods when either n > d?, when applied
in the primal form, or d > n?, when applied in the dual form; here n and d denote the
dimensions of the data matrix A. In the context of barrier methods, the parameters
n and d typically correspond to the number of constraints and number of variables,
respectively. In many “big data” problems, one of the dimensions is much larger than
the other, in which case the Newton Sketch is advantageous. Moreover, sketches based
on the randomized Hadamard transform are well-suited to in parallel environments:
in this case, the sketching step can be done in O(log m) time with O(nd) processors.
This scheme significantly decreases the amount of central computation—namely, from

O(m?*d + ndlogm) to O(m?d + logd).

There are a number of open problems associated with the Newton Sketch. Here
we focused our analysis on the cases of sub-Gaussian, randomized orthogonal system
(ROS) sketches and JL. embeddings. It would also be interesting to analyze sketches
based on row sampling and leverage scores. Such techniques preserve the sparsity
of the Hessian, and can be used in conjunction with sparse KKT system solvers.
Finally, it would be interesting to explore the problem of lower bounds on the sketch
dimension m. In particular, is there a threshold below which any algorithm that
has access only to gradients and m-sketched Hessians must necessarily converge at
a sub-linear rate, or in a way that depends on the strong convexity and smoothness
parameters? Such a result would clarify whether or not the guarantees we obtained
are improvable.

4.7 Proofs of technical results

4.7.1 Technical results for Theorem 6

In this section, we collect together various technical results and proofs that are
required in the proof of Theorem 6.
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4.7.1.1 Proof of Lemma 19

Let u be a unit-norm vector independent of S, and consider the random quantities
Z(AK)(S,x) : = inf |Sv]|3 and (4.50a)
vEV2f(x)l/2KtNSn—1

Zy(AK) (S, x) : = sup (u, (STS — I,,))v)|. (4.50Db)

veV2f(z)1/2KtNS—1

By the optimality and feasibility of vysx and vy (respectively) for the sketched New-
ton update (4.37), we have

SISV () ol — oo, VI@) < 5 IV7F @) 0} — (o, V(@)

Defining the difference vector € : = vygx — Ung, some algebra leads to the basic
inequality

%HSVQf(I)”Q?H% < —(V2f(2)Pogs, STSVAf(2)V%€) + (€, Vf(x)).  (4.51)

Moreover, by the optimality and feasibility of vyy and wvyek for the exact Newton
update (4.36), we have

(V2f(z)oxe — Vf(2),8) = (V2f(2)vge — VI (), Unsk — Ung) > 0. (4.52)
Consequently, by adding and subtracting (V2 f(z)vss, €), we find that
1
SISVEF(@) V2803 < [(V2 £ (2) 20ns, (I — STS) V2 (2)20)|. (4.53)
By definition, the error vector € belongs to the cone K! and the vector V2 f(x)/?

is fixed and independent of the sketch. Consequently, invoking definitions (4.50a)
and (4.50b) of the random variables Z;(AK) and Z5(AK) yields

> 20 g pay e,

(V2 F(2) 2, (I = STS) V2 £ (@)"/28)| < Zo(AK)|IV2F (2) 20 |2 (@) /2]

UneE

1
SISV2f (@) %e]3 >

Putting together the pieces, we find that

2Z2(AIC)(S )
2= Z1(AK)(S,
Finally, for any 6 € (0,1), let us define the event £(6) = {Z1(AK) > 1 —
J, and Zy(AK) < ¢}. By Lemma 4 and Lemma 5 of [114], we are guaranteed
that P[E(6)] > 1 — cie~™. Conditioned on the event £(9), the bound (4.54) im-
plies that

V2 f () (vnsic — )|, < HVQ )2 (0ns) ||, - (4.54)

20
IV27 @) (oxsc = o), < =5 V2 F @) (0w, -

By setting 0 = {, the claim follows.
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4.7.1.2 Proof of Lemma 21

By construction, the function g(u) = f(x + uvysk) is strictly convex and self-
concordant. Consequently, it satisfies the bound % (g” (u)~Y 2) < 1, whence

*d
967 =g O = [ @ ) du < s
0 Uu

or equivalently ¢”(s) < (1391/% for s € dom g N [0,¢"(0)7'/?). Integrating this
inequality twice yields the bound
9(u) < g(0) + ug'(0) — ug"(0)/* —log(1 — ug"(0)"/?). (4.55)

Since ¢'(u) = (Vf(x + uvysk), vnsx) and g”(u) = (vnsk, V(T + Ubysk )Unsk), the
decrement bound (4.42) follows.

4.7.1.3 Proof of Lemma 22

We perform this analysis conditional on the bound (4.38) from Lemma 19. We
begin by observing that

||[V2f(x)]1/21)NSK||2 < ||[V2f($)]1/2UNE||2 + ||[V2f(x)]1/2(vNSK - UNE)||2
= M (@) + [I[V?F(@)] (vnsc — i) |2 (4.56)
Lemma 19 implies that ||V2[f(x)]1/2(vNSK —Ung) 2 < e||V2[f(x)]1/2vNE||2 =eAf(z). In
conjunction with the bound (4.56), we see that
IV f ()] Possicll2 < (14 €)Ap(x) . (4.57)

Our next step is to lower bound the term (V f(x), vysk): in particular, by adding and
subtracting a factor of the original Newton step vyg, we find that

(VF(@), vasi) = (V2 ()] 72V f (@), V2[f ()] Pons)
I~

= (V2 ()] "2V f(x), V2[f(@)]Pose) + (V2 (2)] 72V f(2), V2[f ()] (vnsc = 0)
= IV Lf(@)] 2V (@) + (V2 f (@) 2V f (), V2[F ()] (xsk — vsn))

< IVPLf @] 2V @) + (V£ (@)) 2V f ()2 V21 (@) (vxsic = vss) 2

= =p(@)? + Ap (@) [ V2[f (@) (vxsic = vne) 2

< —Ap(@)*(1—e), (4.58)

where the final step again makes use of Lemma 19. Repeating the above argument in
the reverse direction yields the lower bound (V f(x), vysk) > —Af(2)?(1 + €), so that
we may conclude that

Ar(@) = A(@)] < edg(a). (4.59)
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Finally, by squaring both sides of the inequality (4.56) and combining with the above
bounds gives

1+e¢

“UE D 9 h ), vre) = (@) < (1—6) Ny

1—

I [VQf(x)}l/%NSKHg <

as claimed.

4.7.1.4 Proof of Lemma 23

We have already proved the bound (4.45b) during our proof of Lemma 22—in
particular, see equation (4.59). Accordingly, it remains only to prove the inequal-
ity (4.45a).

Introducing the shorthand X := (1 + €)Af(x), we first claim that the Hessian
satisfies the sandwich relation

1
(1 —5a)’V2f(z) X V2 f(2 + svgsx) = ———= V2 f(1), (4.60)
(1 — sa)?
for |1 — sa| < 1 where v = (1 4 €)Az(z), with probability at least 1 — c;e=™. Let
us recall Theorem 4.1.6 of Nesterov [104]: it guarantees that

1

iz SHUNSKHJL')QV f(z) . (4.61)

(1- SHUNSKHx>2v2f(5C> = VQf(x + SUnsk) =

Now recall the bound (4.38) from Lemma 19: combining it with an application of the
triangle inequality (in terms of the semi-norm ||v||, = ||V2f(x)"?v||s) yields

||V2f(gv)1/2vl\ISKH2 (1+¢) HV2 1/2vNEH2 = (14 €¢)||vxele

with probability at least 1 — e—ame and substituting this inequality into the
bound (4.61) yields the sandwich relation (4.60) for the Hessian.

Using this sandwich relation (4.60), the Newton decrement can be bounded as

A(Tnsk) = ||V2f($NSK)_1/2Vf($NSK)||2

1
v? V2V f (2nsx
< T gy V@ el
1 2¢ /2 2
(1_(1+6)\f HV -1 (Vf / Ve f(x + svunsk)VUnsk ds) 2
1 /
(1_(1+€)\f HV2 12<Vf /V2 x—irstSK)vNEds—i—A) 2,I
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where we have defined A = fol V2f(x + svnsk) (Unsk — Une) ds. By the triangle in-

. . 1
equality, we can write Af(aysx) < W(Ml + Mg), where

M, := HVQf(x)l/z (Vf(:c) + /01 V2f(x +tvNSK)vNEdt)

, and Mg:szzf(:c)’l/QAHQ.l

2
In order to complete the proof, it suffices to show that

eAs(z)
(14 e)As(z)

and My < 1

4.7.1.4.1 Bound on M;: Re-arranging and then invoking the Hessian sandwich
relation (4.60) yields

M, = H/l (V2f(x)7l/2v2f(l' + SUNSK)VZf(x)il/2 - [) ds (VQf(x)l/QUNE)
0

/01 ((1 —s(1 +1 (@) 1) ds

_ (A +e)A(a) 2 () 20
1 —(14+e)As(z) HV 1) NE”
(14 €)A3(x)
(

L= (1+e)As(2)

2

(VQf(x)lvaE) ||2

2

4.7.1.4.2 Bound on Ms: We have

e = / V() VOV (o 4 s V2 (@)Y 25V ()2 (s — )
0 2
! 1
/ _
<\ Tmsr AT @ e 0|
1
T 11+ (2) V25 @) (s = v
(%)
ST anm Y0 e,
eAr(z)

T 11+ M)

where the inequality in step (i) follows from Lemma 19.
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4.7.2 Proof of Lemma 24

The proof follows the basic inequality argument of the proof of Lemma 19.
Since vygx and vyp are optimal and feasible (respectively) for the sketched New-
ton problem (4.48b), we have U(uvygi; S) < W(vyg; S). Defining the difference vector
€ := vysk — U, some algebra leads to the basic inequality

LISV (@) 005 + 2 VEg(a)e) < —(VRF(@) Pn, STV (0)15)
+ (€, (Vf(z) — V?g(x))vxe)-

On the other hand since vy and vyg are optimal and feasible (respectively) for the
Newton step (4.48a), we have

(V2 f(z)oxs + Vig(2)vgs — Vf(2), ) > 0.

Consequently, by adding and subtracting (V2 f(z)vxg, €), we find that

SISV )23 + e, Vg(ahune) < | (V27 (@) o, (1~ 578) V£ (o)

(4.62)

V2 f(x)2

e (/2 . —
We next define the matrix H(z)"? : [ V2g(z) V2

} and the augmented sketching

matrix S : = { g ? } where ¢ = 2n. Then we can rewrite the inequality (4.62) as
q
follows
1 - N _
SISH@) 2213 < [(H(@) 2vus, (1, - 578 H(x)")|.

Note that the modified sketching matrix S also satisfies the conditions (4.50a) and
(4.50b). Consequently the remainder of the proof follows as in the proof of Lemma 19.

4.7.3 (Gaussian widths with /;-constraints
In this section, we state and prove an elementary lemma that bounds for the
Gaussian width for a broad class of /;-constrained problems. In particular, given a

twice-differentiable convex function v, a vector ¢ € R%, a radius R and a collection
of d-vectors {a;}! ;, consider a convex program of the form

min{zw((ai, z)) + {c, a:>}, where C = {z € R? | |z, < R}. (4.63)
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Lemma 25. Suppose that the (,-constrained program (4.63) has a unique optimal
solution x* such that ||x*||o < s for some integer k. Then denoting the tangent cone
at x* by IC, then

1" maX ”A ||2

max W(V2f(2)/2K) < 61/klogd [ —max 1=

zeC min V ’Yk

where

Pl —Inlél min " ({a;, z),y;), and ... = max max " ({a;, ), y;).
eC i=1,...n eC i=1,..n
Proof. 1t is well-known (e.g., [67, 114]) that the tangent cone of the ¢;-norm at any
k-sparse solution is a subset of the cone {z € R? | ||z|l; < 2v/k||z||2}. Using this fact,
we have the following sequence of upper bounds

W(V2f(z)?K) =K, max (w, Vif(z)"/%z2)

2TV f(z)2=1,

zeK

—E, max (w, diag (V" ((as, z),y;))"* Az)

2T ATdiag(y” ((ai, z)z,yi)) Az=1,

zeK

<E, max (w, diag (V" ({a;, z), yi))l/2 Az)

ZTAT Az<1/9"

zeK

<K, max - (w, diag (" (0, 2),9)"” A2)

|zl <—F2E=

2k 1
~ V!
2./s 1 § o
T (A E, max ‘i:;mwiAiﬂ? ((ai, ), yi) /= |-

J/

AT diag (4" ({as, z),1:))"* W] so

NV
Qj
Here the random variables (); are zero-mean Gaussians with variance at most

Z A al? >7yz>— max’A ”2

i=1,...,n

Consequently, applying standard bounds on the suprema of Gaussian variates [85],
we obtain

B, max ‘ Z wi A" ((as, x), i)'/

j=1,...d

< 3+/logd max max | A2

7 ’

When combined with the previous inequality, the claim follows. O
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Trial 1 Trial 2 Trial 3

90O

) Sketch size m = d

Trial 1 Trial 2 Trial 3

CQQ

) Sketch size m = 4d

Trial 1 Trial 2 Trial 3

QQQ

) Sketch size m = 16d

Figure 4.1: Comparisons of central paths for a simple linear program in two dimen-
sions. Each row shows three independent trials for a given sketch dimension: across
the rows, the sketch dimension ranges as m € {d,4d,16d}. The black arrows show
Newton steps taken by the standard interior point method, whereas red arrows show
the steps taken by the sketched version. The green point at the vertex represents the
optimum. In all cases, the sketched algorithm converges to the optimum, and as the
sketch dimension m increases, the sketched central path converges to the standard
central path.
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| | —n=1000 N

Log Optimality Gap
>

~ n=8000 LETN
N
" n=27000 \
——Nn=64000
ol | n=125000
n=216000
L e e T R R T R

Tteration

Figure 4.2: Empirical illustration of the linear convergence of the Newton Sketch
algorithm for an ensemble of portfolio optimization problems (4.15). In all cases, the
algorithm was implemented using a sketch dimension m = [4slogd], where s is an
upper bound on the number of non-zeros in the optimal solution z*; this quantity
satisfies the required lower bound (4.12), and consistent with the theory, the algorithm
displays linear convergence.
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Figure 4.3: Comparison of Newton Sketch with various other algorithms in the logistic

regression problem with Gaussian data.
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Figure 4.4: Comparison of Newton Sketch with other algorithms in the logistic re-
gression problem with Student’s t-distributed data
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Figure 4.5: The performance of Newton Sketch is independent of condition num-
bers and problem related quantities. Plots of the number of iterations required to
reach 1079 accuracy in ¢;-constrained logistic regression using Newton’s Method and
Projected Gradient Descent using line search.
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Figure 4.6: Plots of the duality gap versus iteration number (top panel) and duality
gap versus wall-clock time (bottom panel) for the original barrier method (blue) and
sketched barrier method (red). The sketched interior point method is run 10 times
independently yielding slightly different curves in red. While the sketched method
requires more iterations, its overall wall-clock time is much smaller.
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sketched interior point method has significantly lower computation time compared to
the original method.
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Chapter 5

Random projection, effective
dimension and nonparametric
regression

The goal of non-parametric regression is to make predictions of a response variable
Y € R based on observing a covariate vector X € X. In practice, we are given a
collection of n samples, say {(z;,y;)}, of covariate-response pairs and our goal is to
estimate the regression function f*(z) = E[Y | X = z|. In the standard Gaussian
model, it is assumed that the covariate-response pairs are related via the model

vi = [ (x;) +ow;, fori=1,...,n (5.1)

where the sequence {w; } | consists of i.i.d. standard Gaussian variates. It is typical
to assume that the regression function f* has some regularity properties, and one way
of enforcing such structure is to require f* to belong to a reproducing kernel Hilbert
space, or RKHS for short [13, 141, 65]). Given such an assumption, it is natural
to estimate f* by minimizing a combination of the least-squares fit to the data and
a penalty term involving the squared Hilbert norm, leading to an estimator known
kernel ridge regression, or KRR for short [68, 127]). From a statistical point of view,
the behavior of KRR can be characterized using existing results on M-estimation
and empirical processes (e.g. [79, 96, 138]). When the regularization parameter is set
appropriately, it is known to yield a function estimate with minimax prediction error
for various classes of kernels.

Despite these attractive statistical properties, the computational complexity of
computing the KRR estimate prevents it from being routinely used in large-scale
problems. More precisely, in a standard implementation [124], the time complexity
and space complexity of KRR scales as O(n?) and O(n?), respectively, where n refers
to the number of samples. As a consequence, it becomes important to design methods
for computing approximate forms of the KRR estimate, while retaining guarantees
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of optimality in terms of statistical minimaxity. Various authors have taken different
approaches to this problem. Zhang et al. [155] analyze a distributed implementation
of KRR, in which a set of ¢ machines each compute a separate estimate based on a
random t-way partition of the full data set, and combine it into a global estimate by
averaging. This divide-and-conquer approach has time complexity and space com-
plexity O(n?/t?) and O(n?/t?), respectively. Zhang et al. [155] give conditions on the
number of splits ¢, as a function of the kernel, under which minimax optimality of
the resulting estimator can be guaranteed. More closely related to our methods that
are based on forming a low-rank approximation to the n-dimensional kernel matrix,
such as the Nystrom methods (e.g. [53, 61]). The time complexity by using a low-
rank approximation is either O(nr?) or O(n*r), depending on the specific approach
(excluding the time for factorization), where r is the maintained rank, and the space
complexity is O(nr). Some recent work [16, 7] analyzes the tradeoff between the rank
r and the resulting statistical performance of the estimator, and we discuss this line
of work at more length in Section 5.2.3.

We will consider approximations to KRR based on random projections, also known
as sketches, of the data. Random projections are a classical way of performing di-
mensionality reduction, and are widely used in many algorithmic contexts (e.g., see
the book [139] and references therein). Our proposal is to approximate n-dimensional
kernel matrix by projecting its row and column subspaces to a randomly chosen m-
dimensional subspace with m < n. By doing so, an approximate form of the KRR
estimate can be obtained by solving an m-dimensional quadratic program, which in-
volves time and space complexity O(m?) and O(m?). Computing the approximate
kernel matrix is a pre-processing step that has time complexity O(n?log(m)) for suit-
ably chosen projections; this pre-processing step is trivially parallelizable, meaning it
can be reduced to to O(n?log(m)/t) by using t < n clusters.

Given such an approximation, we pose the following question: how small can
the projection dimension m be chosen while still retaining minimax optimality of
the approximate KRR estimate? We answer this question by connecting it to the
statistical dimension d,, of the n-dimensional kernel matrix, a quantity that measures
the effective number of degrees of freedom. (See Section 5.1.3 for a precise definition.)
From the results of earlier work on random projections for constrained Least Squares
estimators (e.g., see [114, 112]), it is natural to conjecture that it should be possible to
project the kernel matrix down to the statistical dimension while preserving minimax
optimality of the resulting estimator. The main contribution of this chapter is to
confirm this conjecture for several classes of random projection matrices.

It is worth mentioning that our sketching approach is radically different from the
classical least-squares sketch—the former applies random projection to reduce the
parameter dimension while the latter reduce the number of observations. As shown
in [112], although the classical least-squares sketch approximates the value of the
quadratic objective function, it is sub-optimal for approximating the solution in terms
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of some distance measure between the approximate minimizer and the true minimizer.
However, our sketching approach retains minimax optimality of the approximate KRR
estimate.

The remainder of this chapter is organized as follows. Section 5.1 is devoted to
further background on non-parametric regression, reproducing kernel Hilbert spaces
and associated measures of complexity, as well as the notion of statistical dimension
of a kernel. In Section 5.2, we turn to statements of our main results. Theorem 10
provides a general sufficient condition on a random sketch for the associated approx-
imate form of KRR to achieve the minimax risk. In Corollary 13, we derive some
consequences of this general result for particular classes of random sketch matrices,
and confirm these theoretical predictions with some simulations. We also compare at
more length to methods based on the Nystrom approximation in Section 5.2.3. Sec-
tion 5.3 is devoted to the proofs of our main results. We conclude with a discussion
in Section 5.4.

5.1 Problem formulation and background

We begin by introducing some background on nonparametric regression and re-
producing kernel Hilbert spaces, before formulating the main problem.

5.1.1 Regression in reproducing kernel Hilbert spaces

Given n samples {(z;,y;)}, from the non-parametric regression model (5.1), our
goal is to estimate the unknown regression function f*. The quality of an estimate
f can be measured in different ways: for consistency with our earlier results, we will
focus on the squared L*(P,) error

I1F =71 e= 2 3 (o) = ()™ (52
i=1
Naturally, the difficulty of non-parametric regression is controlled by the structure
in the function f*, and one way of modeling such structure is within the framework
of a reproducing kernel Hilbert space (or RKHS for short). Here we provide a very
brief introduction referring the reader to the books [21, 65, 141] for more details and
background.

Given a space X endowed with a probability distribution P, the space L?*(P)
consists of all functions that are square-integrable with respect to P. In abstract
terms, a space H C L?*(P) is an RKHS if for each x € X, the evaluation function
f — f(z) is a bounded linear functional. In more concrete terms, any RKHS is
generated by a positive semidefinite (PSD) kernel function in the following way. A
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PSD kernel function is a symmetric function £ : X x X — R such that, for any
positive integer N, collections of points {vy,..., vy} and weight vector w € R, the
sum ijzl w;w;K(v;,v;) is non-negative. Suppose moreover that for each fixed v € X,
the function u — K(u, v) belongs to L?(IP). We can then consider the vector space of
all functions g : X — R of the form

g9(-) = ZMK(WW)

for some integer N, points {vy,...,vx} C X and weight vector w € RY. By taking
the closure of all such linear combinations, it can be shown [13] that we generate
an RKHS, and one that is uniquely associated with the kernel K. We provide some
examples of various kernels and the associated function classes in Section 5.1.3 to
follow.

5.1.2 Kernel ridge regression and its sketched form

Given the dataset {(z;,y;)};, a natural method for estimating unknown function
f* € H is known as kernel ridge regression (KRR): it is based on the convex program

1 n
1o :zarg%ig{%z:(yi—f(xi))2+/\n||f||3f¢}a (5.3)

i=1
where ), is a regularization parameter corresponding to the Hilbert space norm ||-||%.

As stated, this optimization problem can be infinite-dimensional in nature, since it
takes place over the Hilbert space. However, as a straightforward consequence of the
representer theorem [76], the solution to this optimization problem can be obtained by
solving the n-dimensional convex program. In particular, let us define the empirical
kernel matriz, namely the n-dimensional symmetric matrix K with entries K;; =
n 'K (xi,z;). Here we adopt the n~' scaling for later theoretical convenience. In
terms of this matrix, the KRR estimate can be obtained by first solving the quadratic
program

1 K
w! = arg min {—wTsz Lt S )\anKw}, (5.4a)
weRn L2 \/ﬁ

and then outputting the function
1 n
FO0) === ) wik(, ). (5.4b)

In principle, the original KRR optimization problem (5.4a) is simple to solve: it
is an n dimensional quadratic program, and can be solved exactly using O(n?) via a
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QR decomposition. However, in many applications, the number of samples may be
large, so that this type of cubic scaling is prohibitive. In addition, the n-dimensional
kernel matrix K is dense in general, and so requires storage of order n? numbers,
which can also be problematic in practice.

We consider an approximation based on limiting the original parameter w € R"
to an m-dimensional subspace of R", where m < n is the projection dimension. We
define this approximation via a sketch matrix S € R™*" such that the m-dimensional
subspace is generated by the row span of S. More precisely, the sketched kernel ridge
regression estimate is given by first solving

1 K
a = arg ergﬂi%rﬂlm {§aT(SK)(KST)a —a’'s \/_r_yl + )\naTSKSTa}, (5.5a)

and then outputting the function
~ 1 &
fO) === (STa)k(,zi). (5.5b)

Note that the sketched program (5.5a) is a quadratic program in m dimensions: it
takes as input the m-dimensional matrices (SK2ST, SKST) and the m-dimensional
vector SKy. Consequently, it can be solved efficiently via QR decomposition with
computational complexity O(m?). Moreover, the computation of the sketched kernel
matrix SK = [SKj,...,SK,] in the input can be parallellized across its columns.

In this section, we analyze various forms of randomized sketching matrices. In
section 5.5, we show that the sketched KRR estimate (5.5a) based on a sub-sampling
sketch matrix is equivalent to the Nystrom approximation.

5.1.3 Kernel complexity measures and statistical guarantees

So as to set the stage for later results, let us characterize an appropriate choice
of the regularization parameter A, and the resulting bound on the prediction error
|/ = f*|ln. Recall the empirical kernel matrix K defined in the previous section:
since it is symmetric and positive definite, it has an eigendecomposition of the form
K =UDU”, where U € R™" is an orthonormal matrix, and D € R™ " is diagonal
with elements 1y > fis > ... > 11, > 0. Using these eigenvalues, consider the kernel
complezity function

R(5) = % > min{oe, 7} (5.6)

corresponding to a rescaled sum of the eigenvalues, truncated at level 62. This function
arises via analysis of the local Rademacher complexity of the kernel class (e.g., [19,
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79, 96, 120]). For a given kernel matrix and noise variance o > 0, the critical radius
is defined to be the smallest positive solution 9,, > 0 to the inequality
R(S) 6
— < -, 5.7
5 S o (5.7)
Note that the existence and uniqueness of this critical radius is guaranteed for any
kernel class [19].

5.1.3.0.3 Bounds on ordinary KRR: The significance of the critical radius is
that it can be used to specify bounds on the prediction error in kernel ridge regres-
sion. More precisely suppose that we compute the KRR estimate (5.3) with any
regularization parameter A > 2§2. Then with probability at least 1 — cre~e2nn e
are guaranteed that

1FO = £112 < cu {Mn + 021, (5.8)

where ¢, > 0 is a universal constant (independent of n, o and the kernel). This known
result follows from standard techniques in empirical process theory (e.g., [138, 19]);
we also note that it can be obtained as a corollary of our more general theorem on
sketched KRR estimates to follow (viz. Theorem 10).

To illustrate, let us consider a few examples of reproducing kernel Hilbert spaces,
and compute the critical radius in different cases. In working through these examples,
so as to determine explicit rates, we assume that the design points {z;}!; are sampled
i.i.d. from some underlying distribution P, and we make use of the useful fact that, up
to constant factors, we can always work with the population-level kernel complexity
function

R(5) = % > minga, s} (5.9)

where {y;}%2, are the eigenvalues of the kernel integral operator (assumed to be
uniformly bounded). This equivalence follows from standard results on the population
and empirical Rademacher complexities [96, 19].

Example 4 (Polynomial kernel). For some integer D > 1, consider the kernel func-
tion on [0, 1] x [0, 1] given by Kpory (u, v) = (1 + (u, v))D. For D =1, it generates the
class of all linear functions of the form f(z) = ag + a1z for some scalars (ag, a;), and
corresponds to a linear kernel. More generally, for larger integers D, it generates the
class of all polynomial functions of degree at most D—that is, functions of the form
f(z) = Z]D:O a;z’.

Let us now compute a bound on the critical radius §,,. It is straightforward to show
that the polynomial kernel is of finite rank at most D + 1, meaning that the kernel
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matrix K always has at most min{D + 1,n} non-zero eigenvalues. Consequently, as
long n > D + 1, there is a universal constant ¢ such that

ﬁ(é)gc D+1

0,

n

which implies that 02 3 0?2+, Consequently, we conclude that the KRR estimate

satisifes the bound Hf— f7112 2 0?2+, with high probability. Note that this bound
is intuitive, since a polynomial of degree D has D + 1 free parameters.

Example 5 (Gaussian kernel). The Gaussian kernel with bandwidth & > 0 takes the

form Kgan(u,v) = ¢~ 22 When defined with respect to Lebesgue measure on the
real line, the eigenvalues of the kernel integral operator scale as p; =< exp(—mh?j?)
as j — oo. Based on this fact, it can be shown that the critical radius scales as

62 = 0—2, /log ((%) Thus, even though the Gaussian kernel is non-parametric (since

n
it cannot be specified by a fixed number of parametrers), it is still a relatively small
function class.

Example 6 (First-order Sobolev space). As a final example, consider the kernel
defined on the unit square [0, 1] x [0, 1] given by Kb (u, v) = min{u,v}. It generates
the function class

HO={ /0,1 >R | f(0)=0,

(5.10)
and f is abs. cts. with fol[f’(x)]Qd:c < oo},

a class that contains all Lipschitz functions on the unit interval [0, 1]. Roughly speak-
ing, we can think of the first-order Sobolev class as functions that are almost every-
where differentiable with derivative in L?[0, 1]. Note that this is a much larger kernel
class than the Gaussian kernel class. The first-order Sobolev space can be generalized
to higher order Sobolev spaces, in which functions have additional smoothness. See
the book [65] for further details on these and other reproducing kernel Hilbert spaces.

If the kernel integral operator is defined with respect to Lebesgue measure on the
unit interval, then the population level eigenvalues are given by p; = (ﬁ)z for
7 =1,2,.... Given this relation, some calculation shows that the critical radius scales
as 02 =< (%2)2/3. This is the familiar minimax risk for estimating Lipschitz functions
in one dimension [133].

5.1.3.0.4 Lower bounds for non-parametric regression: For future refer-
ence, it is also convenient to provide a lower bound on the prediction error achievable
by any estimator. In order to do so, we first define the statistical dimension of the
kernel as

dy, :=min{j € [n] : [; <2}, (5.11)
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and d,, = n if no such index j exists. By definition, we are guaranteed that fi; > 62

for all j € {1,2,...,d,}. In terms of this statistical dimension, we have
N d 1 « 1/2
R(6,) = [—” 24 = A}
( ) n 571 + n Z Hj )

showing that the statistical dimension controls a type of bias-variance tradeoff.

It is reasonable to expect that the critical rate 6,, should be related to the statisti-
cal dimension as 62 =< =% This scaling relation holds whenever the tail sum satisfies
a bound of the form 3°7 , ., 7i; 3 d,0;. Although it is possible to construct patho-

~

logical examples in which this scaling relation does not hold, it is true for most kernels
of interest, including all examples considered in this section. For any such regular
kernel, the critical radius provides a fundamental lower bound on the performance of
any estimator, as summarized in the following theorem:

Theorem 9 (Critical radius and minimax risk). Given n i.i.d. samples {(y;,z;)},
from the standard non-parametric regression model over any reqular kernel class, any
estimator f has prediction error lower bounded as

sup E|f — f*]2 > cd?, (5.12)

1f*[l2 <1

where ¢ > 0 is a numerical constant, and 0, is the critical radius (5.7).

The proof of this claim, provided in Section 5.6.1, is based on a standard applicaton of
Fano’s inequality, combined with a random packing argument. It establishes that the
critical radius is a fundamental quantity, corresponding to the appropriate benchmark
to which sketched kernel regression estimates should be compared.

5.2 Main results and their consequences

We now turn to statements of our main theorems on kernel sketching, as well
as a discussion of some of their consequences. We first introduce the notion of a
K-satisfiable sketch matrix, and then show (in Theorem 10) that any sketched KRR
estimate based on a K-satisfiable sketch also achieves the minimax risk. We illus-
trate this achievable result with several corollaries for different types of randomized
sketches. For Gaussian and ROS sketches, we show that choosing the sketch di-
mension proportional to the statistical dimension of the kernel (with additional log
factors in the ROS case) is sufficient to guarantee that the resulting sketch will be
K-satisfiable with high probability. In addition, we illustrate the sharpness of our
theoretical predictions via some experimental simulations.
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5.2.1 General conditions for sketched kernel optimality

Recall the definition (5.11) of the statistical dimension d,,, and consider the eigen-
decomposition K = UDUT of the kernel matrix, where U € R™*" is an orthonormal
matrix of eigenvectors, and D = diag{ji, ..., 1, } is a diagonal matrix of eigenval-
ues. Let U; € R™% denote the left block of U, and similarly, U, € R™*(=dn)
denote the right block. Note that the columns of the left block U; correspond to the
eigenvectors of K associated with the leading d, eigenvalues, whereas the columns
of the right block U, correspond to the eigenvectors associated with the remaining
n — d, smallest eigenvalues. Intuitively, a sketch matrix S € R"*" is “good” if the
sub-matrix SU; € R™*% ig relatively close to an isometry, whereas the sub-matrix
SU, € R™*(=dn) hag a relatively small operator norm.

This intuition can be formalized in the following way. For a given kernel matrix
K, a sketch matrix S is said to be K -satisfiable if there is a universal constant ¢ such
that

I(SUNTSU, — Iy |l < 1/2, and  ||SU DY, < ¢ 6, (5.13)

where Dy = diag{ﬁdn+1a s 7ﬁn}

Given this definition, the following theorem shows that any sketched KRR esti-
mate based on a K-satisfiable matrix achieves the minimax risk (with high probability
over the noise in the observation model):

Theorem 10 (Upper bound). Given n i.i.d. samples {(y;, z;)}, from the standard
non-parametric regression model, consider the sketched KRR problem (5.5a) based
on a K-satisfiable sketch matriz S. Then any for A, > 252, the sketched regression
estimate ffrom equation (5.5b) satisfies the bound

1f = £71% < e {An + 07}
with probability greater than 1 — cre—e2ndn,

We emphasize that in the case of fixed design regression and for a fixed sketch
matrix, the K-satisfiable condition on the sketch matrix S is a deterministic state-
ment: apart from the sketch matrix, it only depends on the properties of the kernel
function IC and design variables {x;}! ;. Thus, when using randomized sketches, the
algorithmic randomness can be completely decoupled from the randomness in the
noisy observation model (5.1).

5.2.1.0.5 Proof intuition: The proof of Theorem 10 is given in Section 5.3.1.
At a high-level, it is based on an upper bound on the prediction error ||f — f*||2
that involves two sources of error: the approximation error associated with solving
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a zero-noise version of the KRR problem in the projected m-dimensional space, and
the estimation error between the noiseless and noisy versions of the projected prob-
lem. In more detail, letting 2* : = (f*(x1),..., f*(z,)) denote the vector of function
evaluations defined by f*, consider the quadratic program

1
ol 1= arg min {%Hz* —nKSTalj3 + )\n||K1/QSTa||§}, (5.14)

aeR™

as well as the associated fitted function fT = %Z?zl(SaT)ilC(-,a:i). The vector

al € R™ is the solution of the sketched problem in the case of zero noise, whereas the
fitted function f' corresponds to the best penalized approximation of f* within the
range space of S7.

Given this definition, we then have the elementary inequality

R VAol A T | SN AT
—_—— —_——

Approximation error Estimation error

For a fixed sketch matrix, the approximation error term is deterministic: it corre-
sponds to the error induced by approximating f* over the range space of ST. On
the other hand, the estimation error depends both on the sketch matrix and the ob-
servation noise. In Section 5.3.1, we state and prove two lemmas that control the
approximation and error terms respectively.

As a corollary, Theorem 10 implies the stated upper bound (5.8) on the prediction
error of the original (unsketched) KRR estimate (5.3). Indeed, this estimator can be
obtained using the “sketch matrix” S = I,,«,, which is easily seen to be K-satisfiable.
In practice, however, we are interested in m x n sketch matrices with m < n, so as
to achieve computational savings. In particular, a natural conjecture is that it should
be possible to efficiently generate K-satisfiable sketch matrices with the projection
dimension m proportional to the statistical dimension d,, of the kernel. Of course,
one such K-satisfiable matrix is given by S = UL € R%*" but it is not easy to
generate, since it requires computing the eigendecomposition of K. Nonetheless, as
we now show, there are various randomized constructions that lead to K-satisfiable
sketch matrices with high probability.

5.2.2 Corollaries for randomized sketches

When combined with additional probabilistic analysis, Theorem 10 implies that
various forms of randomized sketches achieve the minimax risk using a sketch dimen-
sion proportional to the statistical dimension d,,. Here we analyze the Gaussian and
ROS families of random sketches, as previously defined in Section 5.1.2. Throughout
our analysis, we require that the sketch dimension satisfies a lower obund of the form
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(5.16a)

S e d, for Gaussian sketches, and
m
cdy,log*(n) for ROS sketches,

where d,, is the statistical dimension as previously defined in equation (5.11). Here it
should be understood that the constant ¢ can be chosen sufficiently large (but finite).
In addition, for the purposes of stating high probability results, we define the function

Cle—CQm

m, dm n):= —cg——y —
# ) c [e 23n10s2(m 4 e—c2dnlog’™) | for ROS sketches,

for Gaussian sketches, and

(5.16b)

where ¢y, ¢ are universal constants. With this notation, the following result provides
a high probability guarantee for both Gaussian and ROS sketches:

Corollary 13 (Guarantees for Gaussian and ROS sketches). Given n i.i.d. samples
{(ys, z:) Yy from the standard non-parametric regression model (5.1), consider the
sketched KRR problem (5.5a) based on a sketch dimension m satisfying the lower
bound (5.16a). Then there is a universal constant ¢, such that for any \, > 262, the
sketched regression estimate (5.5b) satisfies the bound

1f = I < & {Aa + 07}
with probability greater than 1 — ¢(m, d,,n) — Ccae Ao

In order to illustrate Corollary 13, let us return to the three examples previously
discussed in Section 5.1.3. To be concrete, we derive the consequences for Gaussian
sketches, noting that ROS sketches incur only an additional log*(n) overhead.

e for the D'-order polynomial kernel from Example 4, the statistical dimension
d,, for any sample size n is at most D + 1, so that a sketch size of order D + 1 is
sufficient. This is a very special case, since the kernel is finite rank and so the
required sketch dimension has no dependence on the sample size.

e for the Gaussian kernel from Example 5, the statistical dimension satisfies the
scaling d,, < /logn, so that it suffices to take a sketch dimension scaling loga-
rithmically with the sample size.

e for the first-order Sobolev kernel from Example 6 , the statistical dimension
scales as d, =< n'/3, so that a sketch dimension scaling as the cube root of the
sample size is required.
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Remark. In practice, the target sketch dimension m is only known up to a mul-
tiplicative constant. To determine this multiplicative constant, one can implement
the randomized algorithm in an adaptive fashion where the multiplicative constant is
increased until the squared L?*(P,,) norm of the change in the fitted function f falls
below a desired tolerance. This adaptive procedure only slightly increases the time
complexity—when increasing the sketch dimension from m to m/, we only need to
sample additional m’ —m rows to form the new sketch matrix S’ for any of the three
random sketch schemes described in Section 5.1.2. Correspondingly, to form the new
sketched kernel matrix S’K, we only need to compute the product of the new rows
of §" and the kernel matrix K. Fig. 5.1(d) and Fig. 5.2(d) below show that the rela-
tive approximation error H]?— U2/ £° = £*]1? has a rapid decay as the projection
dimension m grows, which justifies the validity of the adaptive procedure.

In order to illustrate these theoretical predictions, we performed some simulations.
Beginning with the Sobolev kernel Kgon(u,v) = min{u,v} on the unit square, as
introduced in Example 6, we generated n i.i.d. samples from the model (5.1) with
noise standard deviation o = 0.5, the unknown regression function

Fr(@) = 1.6 |(z — 0.4)(z — 0.6)] — 0.3, (5.17)

and uniformly spaced design points z; = % for © = 1,...,n. By construction, the
function f* belongs to the first-order Sobolev space with ||f*||% ~ 1.3. As suggested
by our theory for the Sobolev kernel, we set the projection dimension m = [n'/?], and
then solved the sketched version of kernel ridge regression, for both Gaussian sketches
and ROS sketches based on the fast Hadamard transform. We performed simulations
for n in the set {32,64,128,...,16384} so as to study scaling with the sample size.
As noted above, our theory predicts that the squared prediction loss || f — f*||2 should
tend to zero at the same rate n=2/3 as that of the unsketched estimator f°. Figure 5.1
confirms this theoretical prediction. In panel (a), we plot the squared prediction error
versus the sample size, showing that all three curves (original, Gaussian sketch and
ROS sketch) tend to zero. Panel (b) plots the rescaled prediction error n?/3|| f — f*||2
versus the sample size, with the relative flatness of these curves confirming the n=2/3
decay predicted by our theory. Panel (c) plots the running time versus the sample size
and the squared prediction error, showing that kernel sketching considerably speeds
up KRR.

In our second experiment, we repeated the same set of simulations this time for the

3-d Gaussian kernel Kgay(u,v) = e~ 2213 with bandwidth b = 1, and the function
f*(z) = 0.5e 112 — poxg. In this case, as suggested by our theory, we choose the
sketch dimension m = [1.25(logn)%?]. Figure 5.2 shows the same types of plots
with the prediction error. In this case, we expect that the squared prediction error

(log n)?

will decay at the rate = ”  This prediction is confirmed by the plot in panel (b),
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Figure 5.1: Prediction error versus sample size for original KRR, Gaussian sketch, and
ROS sketches for the Sobolev one kernel for the function f*(z) = 1.6 |(z — 0.4)(x —
0.6)| — 0.3. In all cases, each point corresponds to the average of 100 trials, with
standard errors also shown. (a) Squared prediction error || f — f*||2 versus the sample
size n € {32,64,128,...,16384} for projection dimension m = [n'/3]. (b) Rescaled
prediction error n?/ 3H]/”\— f*|I? versus the sample size. (c) Runtime versus the sample

size. (d) Relative approximation error || f — f° 12/11£0 = £*||? versus scaling parameter
c for n = 1024 and m = [en'/?] with ¢ € {0.5,1,2,...,7}. The original KRR under
n = 8192 and 16384 are not computed due to out-of-memory failures.

2

showing that the rescaled error WWA— 2.

when plotted versus the sample
size, remains relatively constant over a wide range.

5.2.3 Comparison with Nystrom-based approaches

It is interesting to compare the convergence rate and computational complexity
of our methods with guarantees based on the Nystrom approximation. As shown in

153



Pred. error for Gaussian kernel Pred. error for Gaussian kernel

0.05 0.4
——Original KRR —o—Original KRR
®» ——Gaussian Sketch @« ——Gaussian Sketch
©0.04 ¢ —e—ROS Sketch 3 03l —e— ROS Sketch
c c
2 o
©0.03¢ g
3 02} ]
o
S 2041} ]
$0.01 ¢ ke
0 . . 0 . . .
10° 10° 10* 10? 10° 10*
Sample size Sample size
(a) (b)
30 Runtime for Gaussian kernel Approx. error for Gaussian kernel

—— Gaussian Sketch
—o— ROS Sketch

—o—Original KRR
25 | | ——Gaussian Sketch

S
—e—ROS Sketch © 0.8}
c
T20¢t 2
3] =1
2 £ 0.6}
£ S
= Qo
c L
210} & 04
2
L ® 0.27
5 g 0.2
O & & .; 5 3 7 0 - - o
10 10 10 0 2 4 6 8
Sample size Scaling parameter

(c) (d)

Figure 5.2: Prediction error versus sample size for original KRR, Gaussian sketch, and
ROS sketches for the Gaussian kernel with the function f*(z) = 0.5e7*17%2 — zqx3.
In all cases, each point corresponds to the average of 100 trials, with standard errors
also shown. (a) Squared prediction error ||f — f*||? versus the sample size n €
{32,64,128,...,16384} for projection dimension m = [1.25(logn)*?]. (b) Rescaled
prediction error WH]‘A— f*||? versus the sample size. (c) Runtime versus the

sample size. (d) Relative approximation error H]?— N2/ = f|? versus scaling
parameter ¢ for n = 1024 and m = [c(logn)*?] with ¢ € {0.5,1,2,...,7}. The
original KRR under n = 8192 and 16384 are not computed due to out-of-memory
failures.

Section 5.5, this Nystrom approximation approach can be understood as a particular
form of our sketched estimate, one in which the sketch corresponds to a random
row-sampling matrix.

Bach [16] analyzed the prediction error of the Nystrom approximation to KRR
based on uniformly sampling a subset of p-columns of the kernel matrix K, leading
to an overall computational complexity of O(np?). In order for the approximation
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to match the performance of KRR, the number of sampled columns must be lower
bounded as

p 7 n||diag(K (K + )\n[)_l)Hoo logn,

a quantity which can be substantially larger than the statistical dimension required
by our methods. Moreover, as shown in the following example, there are many classes
of kernel matrices for which the performance of the Nystrom approximation will be
poor.

Example 7 (Failure of Nystrom approximation). Given a sketch dimension m <
nlog2, consider an empirical kernel matrix K that has a block diagonal form
diag(K7, K»), where Ky € R"=H*(=F and K, € R** for any integer k < 2 log 2.
Then the probability of not sampling any of the last k columns/rows is at least
1—(1—k/n)™>1—e*m/">1/2 This means that with probability at least 1/2,
the sub-sampling sketch matrix can be expressed as S = (S1,0), where §; € R™* (k)
Under such an event, the sketched KRR (5.5a) takes on a degenerate form, namely

Ky,
Vn
and objective that depends only on the first n — k observations. Since the values of

the last k observations can be arbitrary, this degeneracy has the potential to lead to
substantial approximation error.

~ . 1
a = arg min {—aTlelelToz —al's,
ger™ L2

+ )\nozTSlKlSlToz},

The previous example suggests that the Nystrom approximation is likely to be
very sensitive to non-inhomogeneity in the sampling of covariates. In order to explore
this conjecture, we performed some additional simulations, this time comparing both
Gaussian and ROS sketches with the uniform Nystrom approximation sketch. Return-
ing again to the Gaussian kernel Kqay(u,v) = ¢~ 22 with bandwidth h = 0.25,
and the function f*(z)= —1+ 2z?%, we first generated n i.i.d. samples that were
uniform on the unit interval [0,1]. We then implemented sketches of various types
(Gaussian, ROS or Nystrom) using a sketch dimension m = [44/logn]. As shown in
the top row (panels (a) and (b)) of Figure 5.3, all three sketch types perform very
well for this regular design, with prediction error that is essentially indistiguishable
from the original KRR estimate. Keeping the same kernel and function, we then
considered an irregular form of design, namely with & = [\/n] samples perturbed as
follows:

Unif[0,1/2] ifi=1,....n—k
XT; ~
1+ 2 fori=k+1,...,n

where each z; ~ N(0,1/n). The performance of the sketched estimators in this case
are shown in the bottom row (panels (¢) and (d)) of Figure 5.3. As before, both
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Figure 5.3: Prediction error versus sample size for original KRR, Gaussian sketch,
ROS sketch and Nystrom approximation. Left panels (a) and (c) shows |[f — f*|?
versus the sample size n € {32, 64,128,256, 512,1024} for projection dimension m =
[4y/logn]. In all cases, each point corresponds to the average of 100 trials, with
standard errors also shown. Right panels (b) and (d) show the rescaled prediction
error \/ﬁﬁ I f— f*||? versus the sample size. Top row correspond to covariates arranged
uniformly on the unit interval, whereas bottom row corresponds to an irregular design

(see text for details).

the Gaussian and ROS sketches track the performance of the original KRR estimate
very closely; in contrast, the Nystrom approximation behaves very poorly for this
regression problem, consistent with the intuition suggested by the preceding example.

As is known from general theory on the Nystrom approximation, its performance
can be improved by knowledge of the so-called leverage scores of the underlying ma-
trix. In this vein, recent work by Alaoui and Mahoney [7] suggests a Nystrom approx-
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imation non-uniform sampling of the columns of kernel matrix involving the leverage
scores. Assuming that the leverage scores are known, they show that their method
matches the performance of original KRR using a non-uniform sub-sample of the
order trace(K (K + A\,1)"')logn) columns. When the regularization parameter A,
is set optimally—that is, proportional to 6>—then apart from the extra logarithmic
factor, this sketch size scales with the statistical dimension, as defined here. How-
ever, the leverage scores are not known, and their method for obtaining a sufficiently
approximation requires sampling p columns of the kernel matrix K, where

P = At trace(K) log n.

For a typical (normalized) kernel matrix K, we have trace(K) - 1; moreover, in
order to achieve the minimax rate, the regularization parameter A, should scale with
62. Putting together the pieces, we see that the sampling parameter p must satisfy
the lower bound p = 6, 2logn. This requirement is much larger than the statistical
dimension, and prohibitive in many cases:
e for the Gaussian kernel, we have 02 < k;g(n), and so p = nlog?(n), meaning
that all rows of the kernel matrix are sampled. In contrast, the statistical
dimension scales as v/log n.

e for the first-order Sobolev kernel, we have 62 < n~%3, so that j =~ n*3logn. In
contrast, the statistical dimension for this kernel scales as n'/3.

It remains an open question as to whether a more efficient procedure for approximat-
ing the leverage scores might be devised, which would allow a method of this type to
be statistically optimal in terms of the sampling dimension.

5.3 Proofs of technical results

In this section, we provide the proofs of our main theorems. Some technical proofs
of the intermediate results are provided in later sections.

5.3.1 Proof of Theorem 10

Recall the definition (5.14) of the estimate fT, as well as the upper bound (5.15)
in terms of approximation and estimation error terms. The remainder of our proof
consists of two technical lemmas used to control these two terms.

Lemma 26 (Control of estimation error). Under the conditions of Theorem 10, we
have

11— FlI?2 < ca? (5.18)

157



fczné,zl

with probability at least 1 — cie

Lemma 27 (Control of approximation error). For any K-satisfiable sketch matriz
S, we have

2

=P <e ) and (<t =l sa9)

n

These two lemmas, in conjunction with the upper bound (5.15), yield the claim in
the theorem statement. Accordingly, it remains to prove the two lemmas.

5.3.1.1 Proof of Lemma 26

So as to simplify notation, we assume throughout the proof that o = 1. (A simple
rescaling argument can be used to recover the general statement). Since o is optimal
for the quadratic program (5.14), it must satisfy the zero gradient condition

1
NG

By the optimality of @ and feasibility of o' for the sketched problem (5.5a), we have

—SK(—=f*— KSTa') +2),SKS"al = 0. (5.20)

1 N 1 - ~
§||KST04H§ — —nyTKSToz + )\n||K1/2SToz||§

\/_
1 1
< §||KST04TH§ - %ZJTKST@T + Al K287 a3
Defining the error vector A = ST(@ — af), some algebra leads to the following
inequality
1 ~ ~ 1 ~
5||KA\|§ < (KA, KSTal) + TyTKA + M| KV2ST M2 — N, | KV2ST a2,
n
(5.21)

Consequently, by plugging in y = z*+w and applying the optimality condition (5.20),
we obtain the basic inequality

1 ~ 1 —~ -
SIEAJ3 < ]%me\ — | KY2A)2, (5.22)

The following lemma provides control on the right-hand side:

Lemma 28. With probability at least 1 — 016_62”55, we have

60, || KA||2 + 262 for all ||[K'Y2A|, <1,

0.23

’%U)TKA‘ < {
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See Section 5.6.2 for the proof of this lemma.

Based on this auxiliary result, we divide the remainder of our analysis into two cases:

5.3.1.1.1 Case 1: If ||[KY2A||, < 1, then the basic inequality (5.22) and the top
inequality in Lemma 28 imply

1 ~ 1 ~ —~
SIKAIE < )%wTKA‘ < 66, || KAl + 262 (5.24)

with probability at least 1 — cre~e™ . Note that we have used that fact that the ran-
domness in the sketch matrix S is independent of the randomness in the noise vector
w. The quadratic inequality (5.24) implies that [|[KAlls < ¢6, for some universal
constant c.

5.3.1.1.2 Case 2: If |[KY/2A||, > 1, then the basic inequality (5.22) and the
bottom inequality in Lemma 28 imply

1~ ~ ~ 1 ~
SIEAIS < 20| KAl + 263 KAl + 07 = Al KA

with probability at least 1 — cre=emdn If )\, > 262, then under the assumed condition
|KY2All; > 1, the above inequality gives

1, -~ ~ 1 1, .~ 1
SRR < 26, KA + =62 < 2 KAJZ +462 + —o2

By rearranging terms in the above, we obtain || KA||2 < ¢62 for a universal constant,
which completes the proof.

5.3.1.2 Proof of Lemma 27

Our goal is to show that the bound

1
o2 = VK STal|l + M| K128 ol < e{A + 07}
n

In fact, since af is a minimizer, it suffices to exhibit some o € R™ for which this
inequality holds. Recalling the eigendecomposition K = UDU?”, it is equivalent to
exhibit some a € R™ such that

1 -~ -~
510" = DS a3 + A,a"SDS a < ¢ {)\n + 53}, (5.25)
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where S = SU is the transformed sketch matrix, and the vector §* = n=/2Uz* € R”
satisfies the ellipse constraint ||[D~1/20*||, < 1.

We do so via a constructive procedure. First, we partition the vector 8* € R" into
two sub-vectors, namely 07 € R% and 5 € R" 9. Similarly, we partition the diagonal
matrix D into two blocks, Dy and Dj, with dimensions d,, and n — d,, respectively.
Under the condition m > d,, we may let S; € R™*4 denote the left block of the
transformed sketch matrix, and similarly, let Sy, € R™*("=d=) denote the right block.
In terms of this notation, the assumption that S is K-satisfiable corresponds to the
inequalities

o~ 1 ~
15751 = Lo 1o < 5, and [|S2v/ Dafla < 6. (5.26)

As a consequence, we are guarantee that the matrix §1T §1 is invertible, so that we
may define the m-dimensional vector
a=S(SIS)~ (D) 'p; e R™,
Recalling the disjoint partition of our vectors and matrices, we have
6" — DS"al3 = |07 — D1ST@ls+ 103 — D287 S1(S{S) ' Di0;|l;  (5.27a)

=0 T12

By the triangle inequality, we have
Ty < |65l + [ D255 51 (S{S1) ™ Dy 612
< 1163 ll2 + 10255 W2l S o (ST S0) 1Dy 2 11Dy 263 1>
« S S ST \— ~1/2 —1/2 px
< 163112 + IV DallaI1S2 v/ Dalla IS Il (ST S1) ™ 2l DT 2| DT /265 o

Since | D~/20%||, < 1, we have \|D1_1/20ﬂ|2 < 1 and moreover

o= er<e S U op
j=dn+1 jednt1 M

since fi; < 62 for all j > d,, + 1. Similarly, we have ||[v/Dall2 < \/fla,+1 < 0n, and
|||D1_1/2 lo < &L Putting together the pieces, we have

- ~ . 3 )
Ty < 0n + 192/ D2l S1 2l (51 S1) M2 < (cdn) \@ 2 = oy, (5.27b)

where we have invoked the K-satisfiability of the sketch matrix to guarantee the
bounds [|Sifla < +/3/2, (STS)|l2 > 1/2 and ||So v/ Dz < ¢d,. Bounds (5.27a)

and (5.27b) in conjunction guarantee that

16* — DSTa|? < ¢ 62, (5.28a)
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where the value of the universal constant ¢ may change from line to line.

Turning to the remaining term on the left-side of inequality (5.25), applying the
triangle inequality and the previously stated bounds leads to

NT N~ T~ —1/2 hx 1/2 % =~
aTSDSTa < ||Dy V%6112 + 1Dy 2 ST 12051 s
T\ — —1/2 —1/2 hx
NSTS) Yol D 2Nl Dy 265

<1+ (cda) V/3/2 % 5,1 (1) < . (5.28b)

Combining the two bounds (5.28a) and (5.28b) yields the claim (5.25).

5.4 Discussion

In this chapter, we have analyzed randomized sketching methods for kernel ridge
regression. Our main theorem gives sufficient conditions on any sketch matrix for
the sketched estimate to achieve the minimax risk for non-parametric regression over
the underlying kernel class. We specialized this general result to two broad classes
of sketches, namely those based on Gaussian random matrices and randomized or-
thogonal systems (ROS), for which we proved that a sketch size proportional to the
statistical dimension is sufficient to achieve the minimax risk. More broadly, we sus-
pect that sketching methods of the type analyzed here have the potential to save time
and space in other forms of statistical computation, and we hope that the results given
here are useful for such explorations.

5.5 Subsampling sketches yield Nystrom approxi-
mation

In this section, we show that the the sub-sampling sketch matrix described at
the end of Section 5.1.2 coincides with applying Nystrom approximation [147] to the
kernel matrix.

We begin by observing that the original KRR quadratic program (5.4a) can be

written in the equivalent form _min {5=[Jul*+Aw” Kw} such that y—/nKw = u.
weR™, ueR™

The dual of this constrained quadratic program (QP) is given by

n 1

The KRR estimate fT and the original solution w' can be recovered from the dual
solution ¢T via the relation fT(-) = \/Lﬁ S WK 2;) and wh = %5*.
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Now turning to the the sketched KRR program (5.5a), note that it can be written

in the equivalent form  min _ {5-||ul|? + M\,a? SKSTa} subject to the constraint
a€R™ ueRn * 47"

y — /nKSTa = u. The dual of this constrained QP is given by

¢ = wgmax { — S-€TRe+&7y - €7¢), (530

EER™

where K = KST(SKST) ™ SK is a rank-m matrix in R™™. In addition, the sketched

~

KRR estimate f, the original solution @ and the dual solution & are related by
F(0) = 2= S, (ST@)K (- a) and @ = 35~ (SKST) IS K¢

When S is the sub-sampling sketch matrix, the matrix K = KST(SKST)™! SK
is known as the Nystrom approximation [147]. Consequently, the dual formulation
of sketched KRR based on a sub-sampling matrix can be viewed as the Nystrom ap-
proximation as applied to the dual formulation of the original KRR problem.

5.6 Proofs of technical results

5.6.1 Proof of Theorem 9

We begin by converting the problem to an instance of the normal sequence
model [71]. Recall that the kernel matrix can be decomposed as K = U? DU, where
U € R™" is orthonormal, and D = diag{fi1, ..., i,}. Any function f* € H can be
decomposed as

fr= % ;Kc,x»w%*)j tg (5.31)

for some vector §* € R", and some function g € H is orthogonal to span{ (-, z;),j =
1,...,n}. Consequently, the inequality ||f*|% < 1 implies that

= W) UTDUWT ) = VDS <1

5= Sk,

Moreover, we have f*(z7) = \/nUT DB*, and so the original observation model (5.1)
has the equivalent form y = /nUT0* + w, where 6* = Dj3*. In fact, due to the
rotation invariance of the Gaussian, it is equivalent to consider the normal sequence
model

y=0"+—. (5.32)
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Any estimate 6 of §* defines the function estimate f(-) = \/Lﬁ Yo K( ) (UTDflg)i,

and by construction, we have || f — f*||2 = ||# — 6*||2. Finally, the original constraint
v DB*||2 < 1is equivalent to |[D~'/26*||, < 1. Thus, we have a version of the normal
sequence model subject to an ellipse constraint.

After this reduction, we can assume that we are given n i.i.d. observations y}" =

{71, ..., Un}, and our goal is to lower bound the Euclidean error ||§ — 6*|2 of any
estimate of #*. In order to do so, we first construct a ¢/2-packing of the set B = {6 €
R™ | ||D7Y20]|, < 1}, say {6,...,...,0M}. Now consider the random ensemble of

regression problems in which we first draw an index A uniformly at random from
the index set [M], and then conditioned on A = a, we observe n i.i.d. samples from
the non-parametric regression model with f* = f% Given this set-up, a standard
argument using Fano’s inequality implies that

I(y7; A) + log 2
log M ’
where I(y7; A) is the mutual information between the samples g} and the random

index A. It remains to construct the desired packing and to upper bound the mutual
information.

- 52
PIf =il =] 21~

For a given 0 > 0, define the ellipse

R n J <
() = {9 eR™ | ;1 ] S 1}. (5.33)

~
o112

By construction, observe that £(d) is contained within Hilbert ball of unit radius.
Consequently, it suffices to construct a ¢/2-packing of this ellipse in the Euclidean
norm.
Lemma 29. For any § € (0,0,], there is a §/2-packing of the ellipse E(8) with
cardinality

1

log M = —d,,. 34
0g ol (5.34)

Taking this packing as given, note that by construction, we have

n 0& 2
16°]]3 = o° Z (5—2] < &% and hence [|6° — 0°||3 < 40°.

j=1

In conjunction with concavity of the KL diveregence, we have

1 U 1 n < on
n. a by a b2 2
I(?h,J)SWZD(P ||P)—W27gz 1% =075 < —20

a,b=1 a,b=1
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For any 0 such that log2 < 3—72‘52 and 0 < 9, we have
~ 52 4né?/o?
P||f— 2>_]>1_—.
Moreover, since the kernel is regular, we have od,, > cnd? for some positive constant
2
c. Thus, setting §% = géT"Q yields the claim.

5.6.1.0.1 Proof of Lemma 29: It remains to prove the lemma, and we do so
via the probabilistic method. Consider a random vector § € R™ of the form

5 5 s
o S O R R
where w = (wy, ..., wg, )" ~ N(0,1;,) is a standard Gaussian vector. We claim that
a collection of M such random vectors {6,... 6™}, generated in an i.i.d. manner,

defines the required packing with high probability.
On one hand, for each index a € [M], since 6* < 62 < i, for each j < d,,, we

all2
have [|6%]|2 = IIZde, corresponding to a normalized y2-variate. Consequently, by a

combination of standard tail bounds and the union bound, we have

IP’[HH“”‘% <1 forallace [M]] >1— Me 55

Now consider the difference vector #% — 6°. Since the underlying Gaussian noise
vectors w® and w® are independent, the difference vector w® — w® follows a N(0, 21,,)
s

distribution. Consequently, the event [|0* — 6°|; > £ is equivalent to the event

V2[|6l2 > 2, where 6 is a random vector drawn from the original ensemble. Note
2
that ||0||3 = 62%. Then a combination of standard tail bounds for y2-distributions

and the union bound argument yields

2

IP’[||9“—66||§25Z for all a, b € [M]| > 1 — M?e %,

Combining the last two display together, we obtain

52
P[Hea”g < Land 6" — 63 > 5 for alla, b [M]

Zl—Me*%—MQe*ﬁ.

This probability is positive for log M = d,,/64.
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5.6.2 Proof of Lemma 28

For use in the proof, for each § > 0, let us define the random variable

|
Zo(8) =  sup —wTKA‘. (5.36)
IK/2A)2<1 v
INPESS

5.6.2.0.2 Top inequality in the bound (5.23): If the top inequality is violated,
then we claim that we must have Z,(d,) > 262. On one hand, if the bound (5.23) is
violated by some vector A € R™ with ||KAlls < 6, then we have

262 < ‘%wTKA‘ < Z,(6,).

On the other hand, if the bound is violated by some function with || KA||y > 6, then

we can define the rescaled vector A = 2=

KA A, for which we have

On

IKA|y =0,, and ||[KY2A|, =
| KA

IKY2A] <1

showing that Z,(d,) > 262 as well.

When viewed as a function of the standard Gaussian vector w € R", it is easy to
see that Z,(0,) is Lipschitz with parameter 9,,/y/n. Consequently, by concentration
of measure for Lipschitz functions of Gaussians [84], we have

P[Z,(5,) > E[Z,(8,)] +] < ¢ 5% (5.37)
Moreover, we claim that
E[Z,(5,)] © 1i {02 i} £ o2 (5.38)
n\n/] = ﬁ vt min nmu’] — n .

-

R(6n)

where inequality (ii) follows by definition of the critical radius (recalling that we have
set 0 = 1 by a rescaling argument). Setting ¢ = 62 in the tail bound (5.37), we see
that P[Z,(0,) > 262] < e"2/2_ which completes the proof of the top bound.

It only remains to prove inequality (i) in equation (5.38). The kernel matrix K
can be decomposed as K = UL DU, where D = diag{Ji1, ..., s}, and U is a unitary
matrix. Defining the vector f§ = DUA, the two constraints on A can be expressed as
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|D~128|l3 < 1 and ||B]|; < 6. Note that any vector satisfying these two constraints
must belong to the ellipse

n 2

E:z{BGR” | Z—jSQ where Vj:max{ég,ﬁj}}.
U.
j=1 "/
Consequently, we have

B(Z,(6.)] < E[sup [ (07w, 9)]] = E[sup

since UTw also follows a standard normal distribution. By the Cauchy-Schwarz in-
equality, we have

where the final step follows from Jensen’s inequality.

5.6.2.0.3 Bottom inequality in the bound (5.23): We now turn to the proof
of the bottom inequality. We claim that it suffices to show that

1 .~ ~ 1, ~
= KA| <28, KAJls +262 + — | KAJ3 5.39
T KA < 20, KAl + 28 + (6 IKA; (5.39)

for all A € R" such that |[KY2Al, = 1. Indeed, for any vector A € R" with
|KY2All; > 1, we can define the rescaled vector A = A/||KY2Al|y, for which we

have || KY/2A||, = 1. Applying the bound (5.39) to this choice and then multiplying
both sides by ||K'/2Al|,, we obtain

1 . 1 KA
— KA‘ <26, || KAl + 28| KY2Ally + — 2
| TR KA S 26 KA + 28 KA + femam

1
<26, || KA|o + 202 || KY2A ||, + 1—6||KA”37

as required.

Recall the family of random variables Z,, previously defined (5.36). For any u > §,,
we have

R o R @)
R(u) R(0,) 2w,
U On

E[Z,(u)] = R(u) = u




where inequality (i) follows since the function u +— (u) is non-increasing, and step

u

(ii) follows by our choice of §,,. Setting t = 3—; in the concentration bound (5.37), we
conclude that

2

P[Z, (1) > u, + —

64] < e ™ for each u >4, (5.40)

We are now equipped to prove the bound (5.39) via a “peeling” argument. Let &£
denote the event that the bound (5.39) is violated for some vector A with || K/2A||, =
1. For real numbers 0 < a < b, let £(a,b) denote the event that it is violated for some
vector with |[KY2A|l; = 1 and |KA||; € [a,b]. Form = 0,1,2,.. ., define u,, = 24,.
We then have the decomposition & = £(0,ug) U (Upr_o & (tm, Un1)) and hence by
union bound,

P[E] < PE(0, uo)] + Y P[E(thn, )] (5.41)

m=0

The final step is to bound each of the terms in this summation, Since uy = 6, we
have

P[E(0, ug)] < P[Z,(6,) > 262] < e ", (5.42)

On the other hand, suppose that € (um, Um+1) holds, meaning that there exists some
vector A with |]K1/2A||2 — 1 and || KAl|y € [tiy, tim1] such that

1 . o~ ~ 1, .~
—=wKA| > 26, KAl + 202 + — | KAJ;
T KA 2 20, KAl + 28, + G IKAE

1
> 20,0 + 202 + —u?
> Uy, + "+16um
1

> 5 nUm+1 + — 64 m—l—la

where the second inequality follows since |[KAls > wun; and the third inequality

follows since w11 = 2u,,. This lower bound implies that Z, (tm+1) > Optmi1 + ’gf,
whence the bound (5.40) implies that

P[‘g(um»umﬂ)] < €_Cnu%’b+l < e—cn22m5721.

Combining this tail bound with our earlier bound (5.42) and substituting into the
union bound (5.41) yields

P[E] < e~ + Z exp (—en2°"5;) < cre e,

m=0

as claimed.
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5.6.3 Proof of Corollary 13

Based on Theorem 10, we need to verify that the stated lower bound (5.16a) on
the projection dimension is sufficient to guarantee that that a random sketch matrix
is K-satisfiable is high probability. In particular, let us state this guarantee as a
formal claim:

Lemma 30. Under the lower bound (5.16a) on the sketch dimension, a {Gaussian,
ROS} random sketch is K -satisfiable with probability at least ¢(m,d,,n).

We split our proof into two parts, one for each inequality in the definition (5.13) of

K-satisfiability.

5.6.3.1 Proof of inequality (i):

We need to bound the operator norm of the matrix Q = U] STSU; — I,;,, where
the matrix U; € R™*% has orthonormal columns. Let {v!,..., vV} be a 1/2-cover of
the Euclidean sphere S ~!; by standard arguments [93], we can find such a set with
N < 2% elements. Using this cover, a straightforward discretization argument yields

j ky _ ~ifara ~F
,,,,, N(v , Q) 4j,kglﬁ}f,N(U) {S S ]n}v ’

where 7 1= Ujpd € ™1, and Q = STS — I,. In the Gaussian case, standard sub-
exponential bounds imply that P[('&)j QuF > 1 /8} < cie~?™ and consequently, by
the union bound, we have

PIQlz > 1/2] < e b < o™,

where the second and third steps uses the assumed lower bound on m. In the ROS
case, results of Krahmer and Ward [80] imply that

PIQll> > 1/2] < cre” st

where the final step uses the assumed lower bound on m.

5.6.3.2 Proof of inequality (ii):

We split this claim into two sub-parts: one for Gaussian sketches, and the other
for ROS sketches. Throughout the proof, we make use of the n x n diagonal matrix
D = diag(0y, , D5), with which we have SU,D}/* = SUD'?2.
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5.6.3.2.1 Gaussian case: By the definition of the matrix spectral norm, we know
ISUDY?|y := sup (u, Sv), (5.43)

ueS™—1
vel

where £ = {v € R" | ||[UDvl| < 1}, and S™ ' = {u € R™ | |Jul] = 1}.

We may choose a 1/2-cover {u!,... uM} of the set S™~1 of the set with log M <
2m elements. We then have

1
|HSUD1/2|H2<maxsup(uJ Sv) + = sup (u, Sv)
J€M] vee ueSdn—1
veE

1 —
= max sup(«’, Sv) 4+ =||[SUDY?|,,
~ maxsup(ul, S0) + 7| SUD

and re-arranging implies that
|SUDY?||, < 2 mﬁ\? sup(u?, Sv) .

| vee
-

Z

For each fixed v/ € 8% =1 consider the random variable Z7 : = sup,c¢(u/, Sv). It is
equal in distribution to the random variable V(g) = \/Lm Sup,ce(g, v), where g € R™
is a standard Gaussian vector. For g, ¢’ € R", we have
2
V(g) = V()| < N (g — 9, v)|
”Dmmu Jle < 22 fg— ol
Vi = Um
where we have used the fact that fi; < 62 for all j > d, + 1. Consequently, by

concentration of measure for Lipschitz functions of Gaussian random variables [84],
we have

mt2

P[V(g) > E[V(g)] +t] <e 7. (5.44)

Turning to the expectation, we have

E[V( :—E||D1/2 , <24/ fd“+1“3_2,/ —/ Jd"““j<25 (5.45)

where the last inequality follows since m > nd? and 4/ w < §2. Combining

the pieces, we have shown have shown that P[Z7 > co(1 + e)(Sn] < e~ for each
j=1,..., M. Finally, setting t = ¢d,, in the tail bound (5.44) for a constant ¢ > 1
large enough to ensure that <* > 2log M. Taking the union bound over all j € [M]
yields

P[|SUD"?||y > 8¢6,] < cre™ 5 T1o8M < ¢jemchm

which completes the proof.
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5.6.3.2.2 ROS case: Here we pursue a matrix Chernoff argument analogous to
that in the paper [137]. Letting r € {—1,1}" denote an i.i.d. sequence of Rademacher
variables, the ROS sketch can be written in the form S = PHdiag(r), where P is a
partial identity matrix scaled by n/m, and the matrix H is orthonormal with elements
bounded as |H;;| < ¢/y/n for some constant c¢. With this notation, we can write

. — 1 m
|PHdiag(r) D21 = |- 3 vt Iz,

i=1
where v; € R are random vectors of the form /nD'/?diag(r)He, where e € R" is
chosen uniformly at random from the standard Euclidean basis.
We first show that the vectors {v; }7, are uniformly bounded with high probability.
Note that we certainly have max;cpm ||vs2 < maxjcp, Fj(r), where

Fi(r) = \/ﬁHEl/Qdiag(r)Heng = \/ﬁHEl/Qdiag(Hej)ng.

Begining with the expectation, define the vector 7 = diag(He;)r, and note that it has
entries bounded in absolute value by ¢/v/n. Thus we have,

E[F(r)] < [nE[ D7) i

For any two vectors r, " € R", we have

[F(r) ~ F)| < Vallr = 7l D2 diag(Hey)lo < .

Consequently, by concentration results for convex Lipschitz functions of Rademacher
variables [84], we have

P |:P} (T) > CO\/E&Z log n| < 616—02715,% log? n
Taking the union bound over all n rows, we see that

max [[uilly < max F(r) < 4v/nd;, log(n)
i€n Jj€n

with probabablity at least 1 — cpe—czndnlog*(n), Finally, a simple calculation shows that
IE[v1vf]]ls < 62. Consequently, by standard matrix Chernoff bounds [135, 137], we
have

]_ m _ mé%
P |:‘H E Z ’UZ"UiT H|2 > 252] < ce 2 5% log2 (n) + 016*62715% log? (n)7 (546)
i=1

from which the claim follows.
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Chapter 6

Relaxations of combinatorial
optimization problems

Over the past several decades, the rapid increase of data dimensionality and com-
plexity has led a tremendous surge of interest of models for high-dimensional data
that incorporate some type of low-dimensional structure. Sparsity is a canonical
way of imposing low-dimensional structure, and has received considerable attention
in many fields, including statistics, signal processing, machine learning and applied
mathematics [49, 134, 144]. Sparse models often typically more interpretable from the
scientific standpoint, and they are also desirable from a computational perspective.

The most direct approach to enforcing sparsity in a learning problem is by con-
trolling the fy-“norm” of the solution, which counts the number of non-zero entries
in a vector. Unfortunately, at least in general, optimization problems involving such
an fp-constraint are known to be computationally intractable. The classical approach
of circumventing this difficulty while still promoting sparisty in the solution is to
replace the fy-constraint with an /;-constraint, or alternatively to augment the objec-
tive function with an ¢;-penalty. This approach is well-known and analyzed various
assumptions on the data generating mechanisms (e.g., [34, 49, 30, 144]). However, in
a typical statistical setting, these mechanisms are not under the user’s control, and
it is difficult to verify post hoc that an ¢;-based solution is of suitably high quality.

The main contribution of this chapter is to provide novel frameworks for obtain-
ing approximate solutions to cardinality-constrained problems, and one in which the
quality can be easily verified. Our first approach is based on showing a broad class
of cardinality-constrained (or penalized) problems can be expressed equivalently as
convex programs involving Boolean variables. This reformulation allows us to ap-
ply various standard hierarchies of relaxations for Boolean programs, among them
Sherali-Adams or Lasserre hierarchies [128, 82, 83, 145]. When the solution of any
such relaxation is integral—i.e., belongs to the Boolean hypercube—then it must be
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an optimal solution to the original problem. Otherwise, any non-integral solution still
provides a lower bound on the minimum over all Boolean solutions.

The simplest relaxation is the first-order one, based on relaxing each Boolean
variable to the unit interval [0, 1]. We provide an in-depth analysis of the necessary
and sufficient conditions for this first-order relaxation to have an integral solution.
In the case of least-squares regression, and for a random ensemble of problems of the
compressed sensing type [34, 49], we show that the relaxed solution is integral with
high probability once the sample size exceeds a critical threshold. In this regime, like
(1-relaxations, our first-order method recovers the support of sparse vector exactly,
but unlike ¢1-relaxations, the integral solution also certifies that it has recovered the
sparest solution. Finally, there are many settings in which the first-order relaxation
might not be integral. For such cases, we study a form of randomized rounding for
generating feasible solutions, and we prove a result that controls the approximation
ratio. Our framework also allows to specify a target cardinality unlike methods based
on ¢ regularization. This feature is desirable for many applications including portfolio
optimization [91], machine learning [46, 111] and control theory [28].

The remainder of this chapter is organized as follows. We begin in Section 6.1 by
introducing the problem of sparse learning, and then showing how the constrained
version can be reformulated as a convex program in Boolean variables. In Section 6.2,
we study the first-order relaxation in some detail, including conditions for exactness
as well as analysis of randomized rounding procedures. Section 6.3 is devoted to dis-
cuss of the penalized form of sparse learning problems, whereas Section 6.4 discusses
numerical issues and applications to real-world data sets. In Section 6.5, we describe
a novel relaxation approach for optimization problems with simplex constraints and
present applications and numerical simulations.

6.1 (General Sparse Learning as a Boolean Prob-
lem

We consider a learning problem based on samples of the form (z,y) € R¥x ). This
set-up is flexible enough to model various problems, including regression problems
(output space Y = R), binary classification problems (output space Y = {—1,+1}),
and so on. Given a collection of n samples {(z;,y;)}", our goal is to learn a linear
function = +— (x, w) that can be used to predict or classify future (unseen) outputs.
In order to learn the weight vector w € RY, we consider a cardinality-constrained
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program of the form

n

% . 1
Pri= min {37 (e whiv) + ollwl} (6.1)
Jeflo<k =2 g .
F(w)

As will be clarified, the additional regularization term 1pllwl|3 is useful for convex-
analytic reasons, in particular in ensuring strong convexity and coercivity of the
objective, and thereby the existence of a unique optimal solution w* € R% Our
results also involve the Legendre-Fenchel conjugate of the function t — f(¢;y), given
by (for each fixed y € ))

[ (s;y) i=sup{st— f(t;y)}. (6.2)

teR

Let us consider some examples to illustrate.

Example 8 (Least-squares regression). In the problem of least-squares regression, the

outputs are real-valued (see e.g., [28]). Adopting the cost function f(t,y) = 1 (¢t — y)2
leads to fy-constrained problem

weR?
llwllo<k

P*:= min {52 iy W 2y p||w||} (6.3)

FL;?w )

This formulation, while close in spirit to elastic net [159], is based on imposing the
cardinality constraint exactly, as opposed to in a relaxed form via ¢;-regularization.
However, in contrast to the elastic net, it is a nonconvex problem, so that we need
to study relaxations of it. A straightforward calculation yields the conjugate dual
function

52

fi(siy) = 5 +sy, (6.4)

which will play a role in our relaxations of the nonconvex problem (6.3). [

The preceding example has a natural extension in terms of generalized linear models:

Example 9 (Generalized linear models). In a generalized linear model, the output
y € Y is related to the covariate x € R? via a conditional distribution in the expo-
nential form (see e.g. [94, 99])

Pu(y | ) = h(y)exp (y (z, w) — ¥({z, w))). (6.5)
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Here h : R? — R, is some fixed function, and ¢ : R — R is the cumulant generating
function, given by ¥ (t) = log f eh(y)dy. Letting f({x, w);y) be the negative log-
likelihood associated with this famlly, we obtain the general family of cardinality-
constrained likelihood estimates

min {Z{w vi, w)) — il w)} + golwl3} (6.6)

||w||o<k =1 ,

-

Fgr(w)

Specifically, least-squares regression is a particular case of the problem (6.6), corre-
sponding to the choice ¢(t) = t?/2. Similarly, logistic regression for binary responses
y € {0,1} can be obtained by setting 1(t) = log(1 + ).

In the likelihood formulation (6.6), we have f(t;y) = 1(t) — yt, whence conjugate
dual takes the form

[ (s;9) :Stlelﬂg{st—l/}(t) +yt} = V(s +y), (6.7)

where ¢* denotes the conjugate dual of 1. As particular examples, in the case of
logistic regression, the dual of the logistic function 1 (t) = log(1 + €') takes the form
¥*(s) = slog s+ (1—s)log(1—s) for s € [0, 1], and takes the value infinity otherwise.
|

As a final example, let us consider a cardinality-constrained version of the support
vector machine:

Example 10 (Support vector machine classification). In this case, the outputs are bi-
nary y € {—1, 1}, and our goal is to learn a linear classifier = — sign((z, w)) € {—1,1}
[40]. The cardinality-constrained version of the support vector machine (SVM) is
based on minimizing the objective function

min {Z¢ yi i w)) + ol ), (6.8)
lwlo<k =1 .

-~

Fsvm(w)

where ¢(t) = max{l — ¢,0} is known as the hinge loss function. The conjugate dual
of the hinge loss takes the form

b (s) = {s if s € ['—1,0]

oo otherwise.

Having considered various examples of sparse learning, we now turn to developing an
exact Boolean representation that is amenable to various relaxations.
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6.1.1 Exact representation as a Boolean convex program

Let us now show how the cardinality-constrained program (6.1) can be represented
exactly as a convex program in Boolean variables. This representation, while still
nonconvex, is useful because it immediately leads to a hierarchy of relaxations. Given
the collection of covariates {z;}7, we let X € R™ % denote the design matrix with
! € R? as its i row.

Theorem 11 (Exact representation). Suppose that for each y € Y, the function
t — f(t;y) is closed and convex. Then for any p > 0, the cardinality-constrained
program (6.1) can be represented exactly as the Boolean convex program

1 n
P*= min max{——vTXDuXTU— “(vi; v }, 6.9
i { = XD =Y ) (6:9)
sS4y uj<k ~ — .
G(u)
where D(u) : = diag(u) € R™? is a diagonal matriz.

The function u +— G(u)—in particular, defined by maximizing over v € R"—is a
maximum of a family of functions that are linear in the vector u, and hence is convex.
Thus, apart from the Boolean constraint, all other quantities in the program (6.9)
are relatively simple: a linear constraint and a convex objective function. Conse-
quently, we can obtain tractable approximations by relaxing the Boolean constraint.
The simplest such approach is to replace the Boolean hypercube {0,1}? with the
unit hypercube [0,1]%. Doing so leads the interval relazation of the exact Boolean
representation, namely the convex relaxation

1 n
Pp= mi {——TXD XTy— S } 6.10
W= mingomaxy - oov (u) X v Z;f (vi; vi) (6.10)
PURRTECIN ~ — .

G(u)

Note that this is a convex program, and so can be solved by standard methods. In
particular the sub-gradient descent method (e.g., see [105]) can be applied directly if
a closed form solution, or a solver for the inner maximization problem is available.
In Section 6.2, we return to analyze when the interval relaxation is tight—that is,
when P = P*.

In the case of least-squares regression, Theorem 11 and the interval relaxation
take an especially simple form, which we state as a corollary.

Corollary 14. The cardinality constrained problem is equivalent to the Boolean SDP
1x X7
P = min t such that In+ P :,l?(u) 4

(u,t)€{0,1}4xR Y t
E;’i=1 Uj Sk

= 0. (6.11)
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Thus, the interval relazation (6.10) is an ordinary SDP in variables (u,t) € [0,1]% x
R, .

Proof. As discussed in Example 8, the conjugate dual of the least-squares loss t +—
f(t;y) = 3(t —y)? is given by f*(s;y) = % + sy. Substituting this dual function into
equation (6.9), we find that

G(u) = max{ - lvT(M

veR™ 2 p )=, y>}’

where we have defined the diagonal matrix D(u) : = diag(u) € R??. Taking deriva-
tives shows that the optimum is achieved at

1

XD(u) X" +1)7 'y, (6.12)

= (=

and substituting back into equation (6.9) and applying Theorem 11 yield the repre-
sentation

1
P = min {yT(—XD(u)XT + In)_ly}. (6.13)
ue{0,1}4 p
Z?:l uj<k

By introducing a slack variable ¢ € R, and using the Schur complement formula
(see e.g. [28]), some further calculation shows that this Boolean problem (6.13) is
equivalent to the Boolean SDP (6.11), as claimed. O

We now present the proof of Theorem 11.

Proof. Recalling that D(u) : = diag(u) is a diagonal matrix, for each fixed u € {0, 1},
consider the change of variable w — D(u)w. With this notation, the original prob-
lem (6.1) is equivalent to

n

1
P*= min { D(u)x;, w);y;) + = Duw2}. 6.14
i {32 F(D@m i) + glD@ul) 01a)
Noting that we can take w; = 0 when u; = 0 and vice-versa, the original problem (6.1)
becomes

- 1
P* = min min { D(u Ty W)3Ys + Zpllw 2}' 6.15
i i {32 5D whi) + goll (6.15
Zj:1uj§k =
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It remains to prove that, for each fixed Boolean vector u € {0,1}%, we have

i { D2 5D vy + golul} = max { = 5-ID@XTol - >}
(6.16) ||

1=

From the conjugate representation of f, we find that

n

min max { sz(D(u)xi, w) — f*(vi;y) + %prHg}

weRd vER™ N
=1

Under the stated assumptions, strong duality must hold, so that it is permissible to
exchange the order of the minimum and maximum. Doing so yields

n

max min { 3" (D), w) — £ (v w) + sollwl )

vER™ weRd -
=1

Finally, strong convexity ensures that the minimum over w is unique: more specif-
ically, it is given by w* = %Z?:lD(U)ini- Substituting this optimum yields the
claimed equality (6.16). O

6.2 Convex-analytic conditions for IR exactness

We now turn to analysis of the interval relaxation (6.10), and in particular, de-
termining when it is exact. Note that by strong convexity, the original cardinality-
constrained problem (6.1) has a unique solution, say w* € R% Let S denote the
support set of w*, and let u* be a Boolean indicator vector for membership in S—
that is, u; = 1 if j € S and zero otherwise.

An attractive feature of the IR relaxation is that integrality of an optimal solution
u to the relaxed problem provides a certificate of exactness—that is, if the interval
relaxation (6.10) has an optimal solution @ € {0,1}%, then it must be the case that
u = u* (so that we recover the support set of w*), and moreover that

Py = P*. (6.17)

In this case, we are guaranteed to recover the optimal solution w* of the original
problem (6.1) by solving the constrained problem with w; = 0 for all j ¢ S.

In contrast, methods based on /;-relaxations do not provide such certificates of
exactness. In the least-squares regression, the use of ¢;-relaxation is known as the
Lasso [134], and there is an extensive literature devoted to conditions on the design
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matrix X € R™? under which the ¢;-relaxation provides a “good” solution. Unfortu-
nately, these conditions are either computationally infeasible to check (e.g., restricted
eigenvalue, isometry and nullspace conditions [22, 43] and the related irrepresentabil-
ity conditions for support recovery [60, 95, 157]). Although polynomial-time checkable
conditions do exist (such as pairwise incoherence conditions [136, 50, 60]), they pro-
vide weak guarantees, only holding for sample sizes much larger than the threshold
at which the ¢;-relaxation begins to work. In addition, most of the previous work on
analyzing /¢ relaxations considered a statistical data model where there exists a true
sparse coefficient generating the response. However in many applications such as-
sumptions do not necessarily hold and it is unclear whether ¢; regularization provides
a good optimization heuristic for an arbitrary input data.

It is thus of interest to investigate conditions under which the relaxation (IR)
is guaranteed to have an integer solution and hence be tight. The following result
provides an if-and-only if characterization.

Proposition 5. The interval relazation is tight—that is, Py, = P*—if and only if
there ezist a pair (A\,0) € Ry x R" such that

veR”

1 n
U € arg max{ — Q—UTXSX§U — Z 1 (vs; yi)}, and (6.18a)
P i=1
(X;, 0)| > forallje S, and (X, 0)| <A foralljé¢s, (6.18b)

where X; € R™ denotes the 3" column of the design matriz, S denotes the support of
the unique optimal solution w* to the original problem (6.1).

Proof. Beginning with the saddle-point representation from equation (6.10), we ap-
ply the first-order convex optimality condition for constrained minimization. More
precisely, the relaxed solution u is optimal if and only if the following inclusion holds:

0e {8u max{ — ZLUTXD(U)XTU - if*(vi;yi)} —i—N} :
i=1

veER”? P

where N denotes the normal cone of the constraint set {u € [0,1]¢ | Z?Zl u; < k‘}

Note that the subgradient with respect to u; is given by —((Xj, 0))?, where the
vector v was defined in equation (6.18a). Using representation of the normal cone at
the integral point u* and associating A > 0 as the dual parameter corresponding to
constraint 2?21 u;, we arrive at the stated condition (6.18b). O

In the case of least-squares regression, the conditions of Proposition 5 can be
simplified substantially. Recall that interval relaxation for least-squares regression is
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given by

1
Prr= min {yT(—XD(u)XT + In)’ly}. (6.19)
u€0,1]¢ P
Z?:1 u;<k

Let S denote the support of the unique optimal solution w* to the original least-
squares problem (6.3), say of cardinality k, and define the n x n matrix

M= (I, + p7' XsXT) ™ (6.20)

With this notation, we have:
Corollary 15. The interval relazation of cardinality-constrained least-squares is exact
(P, = P*) if and only there exists a scalar A € Ry such that
‘XjTMy| > A\ forall 7 €S, and (6.21a)
| XTMy| <X forallj¢s, (6.21Db)

where X; € R"™ denotes the j™ column of X.

Proof. From the proof of Corollary 14, recall the Boolean convex program (6.13). As
shown in equation (6.12), its optimum is achieved at 0 = —(I,, + X D(u*) X7 )y, where

*

u* is a Boolean indicator for membership in S. Applying Proposition 5 with this
choice of v yields the necessary and sufficient conditions

ly"(pI, + XD(u)X")'X;| > A forall j €S, and
ly"(pl, + XD(u")X")'X;| <A forall j €S5S¢,
and completes the proof. n
In order to gain an understanding of the above corollary consider an example where
the rows of Xg are orthonormal and n = k, hence M = (I,,+p'—1)L,)"" = p/(14p) 1.

Then the conditions for integrality reduce to checking whether there exists X' € R,
such that

Xyl >N foralljeS, and
|X]Ty| <X for all j ¢ 5.

Intuitively the above condition basically checks if the columns in the correct support
are more aligned to the response y compared to the columns outside the support.

Also note that by the matrix inversion formula, we have the alternative represen-
tation,

M = (I, + p ' XeX%) ™" = I, — Xs(ply + XTXs) ' X7,
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For random ensembles, Corollary 15 allows the use of a primal witness method
to certify exactness of the IR method. In particular, if we can construct a scalar A
for which the two bounds (6.21a) and (6.21b) hold with high probability, then we
can certify exactness of the relaxation. We illustrate this approach in the following
subsection.

6.2.1 Sufficient conditions for random ensembles

In order to assess the performance of the interval relaxation (6.10), we performed
some simple experiments for the least squares case, first generating a design matrix
X € R™ with i.i.d. N(0,1) entries, and then forming the response vector y =
Xw* + €, where the noise vector ¢ € R™ has i.i.d. N(0,7) entries. The unknown
regression vector w* was k-sparse, with absolute entries of the order 1/ Vk on its
support. Each such problem can be characterized by the triple (n,d, k) of sample
size, dimension and sparsity, and the question of interest is to understand how large
the sample size should be in order to ensure exactness of a method. For instance, for
this random ensemble, the Lasso is known [143] to perform exact support recovery
once n Zklog(d — k), and this scaling is information-theoretically optimal [142]. Does
the interval relaxation also satisfy this same scaling?

In order to test the IR relaxation, we performed simulations with sample size
n = aklogd for a control parameter o € [2, 8], for three different problem sizes d €
{64,128,256} and sparsity k = [V/d]. Figure 6.1 shows the probability of successful
recovery versus the control parameter « for these different problem sizes, for both the
Lasso and the IR method. Note that both methods undergo a phase transition once
the sample size n is larger than some constant multiple of klog(d — k).

The following result provides theoretical justification for the phase transition behavior
exhibited in Figure 6.1:

2 * (12
Theorem 12. Suppose that we are given a sample size n > 00% logd, and that

min

we solve the interval relazation with p = \/n. Then with probability at least 1 —2e~ ™,
the interval relaxation is integral, so that P, = P*.

For a typical k-sparse vector, we have ”wg—*”% = k, so that Theorem 12 predicts that
w.

the interval relaxation should succeed with 1 >~ klog(d — k) samples, as confirmed
by the plots in Figure 6.1.

6.2.2 Analysis of randomized rounding

In this section, we describe a method to improve the interval relaxation scheme
introduced earlier. The convex relaxation of the Boolean hypercube constraint u €
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Figure 6.1: Problem of exact support recovery for the Lasso and the interval relaxation
for different problem sizes d € {64,128,256}. As predicted by theory, both methods
undergo a phase transition from failure to success once the control parameter « : =
m is sufficiently large. This behavior is confirmed for the interval relaxation in
Theorem 12.

{0,1}? to the standard hypercube constraint u € [0, 1]¢ might produce an integral
solution—in particular, when the conditions in Proposition 5 are not satisfied. In this
case, it is natural to consider how to use the fractional solution @ € [0, 1]¢ to produce
a feasible Boolean solution u € {0, 1}¢. By construction, the objective function values
(G(u),G(w)) defined by this pair will sandwich the optimal value—viz

G@) < P* < G(1).

Here G is the objective function from the original Boolean problem (6.9).

Randomized rounding is a classical technique for converting fractional solutions
into integer solutions with provable approximation guarantees [98]. Here we consider
the simplest possible form of randomized rounding in application to our relaxation.
Given the fractional solution 7 € [0, 1]¢, suppose that we generate a feasible Boolean
solution u € {0, 1}¢ as follows

By construction, this random Boolean vector matches the fractional solution in
expectation—that is, E[u] = @, and moreover its expected fp-norm is given by

d d
Elflallo] = ) Pl =1] = Y @ <k,
i=1 i=1
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where the final inequality uses the feasibility of the fractional solution u. The random
Boolean solution % can be used to define a randomized solution w € R? of the original
problem via

@ = arg min F(D(u)w), (6.23)

weR?
where the function F' was defined in equation (6.1).

Without loss of generality, consider the least squares problem and assume the
columns are normalized, i.e., ||z]ls = 1 for j =1,...,d and ||y||2 = 1, then we have
the following result. Let R C {1,...,d} be the subset of coordinates on which u takes
fractional values (i.e., u; € (0,1) for all j € R) and let r = |R| be the cardinality of
this set.

Theorem 13. There are universal constants c; such that for any § € (0,1), with
probability at least 1 — cie=2k — m, the randomly rounded solution w has

lo-norm at most (14 )k, and has optimality gap at most

F(@) — P* < ¢ Vrlog “;m{’”’ n (6.24)

Note that the optimality gap in the preceding bound is negligible when the number
of fractional solutions are small enough, and vanishes when the solution is integral,
ie., r = 0. The optimality gap also decreases when p gets larger in which case
the objective of the original problem is heavily regularized by £|lw[|3. The bound
in Theorem 13 uses concentration bounds from random matrix theory [3] which are
known to be sharp estimates of the statistical deviation in random sampling.

In our simulations, in order to be sure that we compare with a feasible integral
solution (i.e., with at most k entries), we generate T realizations—say {a',...,u’ } of
the rounding procedure—and then pick the one u* that has smallest objective value
G(u) among the feasible solutions. (Note that u* will exist with high probability
for reasonable choices of T'.) Finally, we define w* = argmin,, F(D(u*)). Denoting
this procedure as randomized rounding of order T', we study its empirical behavior in
Section 6.4 in the sequel.

The computational complexity of the randomized rounding procedure is domi-
nated by evaluating F’ (D(ﬂ)w) a total of T times. However since u are sparse vectors
this procedure is very efficient. For the least squares problem with target cardinality
k the complexity becomes O(T'k*n) since evaluating (D(#)w) can be done in O(k?n)
time using QR decomposition.

We note that in some other applications there might be additional constraints
imposed on the vector u such as block sparsity or graphical structure. In such cases the
randomized rounding process needs to be altered accordingly, or variants of rejection
sampling can be used to generate vectors until constraints are satisfied.
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6.3 Penalized forms of cardinality

Up to this point, we have consider the cardinality-constrained versions of sparse
learning problems. If we instead enforce sparsity by augmenting the objective with
some multiple of the {y-norm, this penalized objective can also be reformulated as
Boolean program with a convex objective.

6.3.1 Reformulation as Boolean program

More precisely, suppose that we begin with the cardinality-penalized program

P*() :—mm{zf ri, w)i) + golwl + Mwllo} (6.25)

wERY

As before, we suppose that for each y € ), the function t — f(¢;y) is closed and
convex. Under this condition, the following result provides an equivalent formulation
as a convex program in Boolean variables:

Theorem 14. For any p > 0 and X\ > 0, the cardinality-penalized program (6.25) can
be represented exactly as the Boolean convex program

P*(A) = min max{ — ZLUTXD Ty — Zf Vi3 Yi) Zu,}, (6.26)

ue{0,1}4 veER™ P
where D(u) : = diag(u) € R™? is a diagonal matrix.

The proof is very similar to that of Theorem 11, and so we omit it.

As a consequence of the equivalent Boolean form (6.26), we can also obtain various
convex relaxations of the cardinality-penalized program. For instance, the first-order
relaxation takes the form

Pr(A) = min max{ — QLUTXD Ty — Zf Vi Yi) + /\ZUZ}’ (6.27)

u€l0,1]¢ veR™ P
which is the analogue of our first-order relaxation (6.13) for the constrained version
of sparse learning.

As with our previous analysis, it is possible to eliminate the minimization over u
from this saddle point expression. Strong duality holds, so that the maximum and

minimum may be exchanged. In order to evaluate the minimum over u, we observe
that Lo” XD(u)XTv =30 u;(5 (2T v)?), and moreover that
0 1= 2p 2

d 1 d 1
ug[lolrf]{ = 2wz (afv)? - } Z — A

i=1 P =1
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Putting together the pieces, we can write the interval relaxation in the penalized case
as the following convex (but non-differentiable) program

d n
Pr(A) = %%X{ Z 1 A)+—Zf*(vi;yz-)}- (6.28)

i=1

6.3.2 Least-squares regression

As before, the relaxation (6.28) takes an especially simple form for the special but
important case of least-squares regression. In particular, in the least-squares case,
we have f(t,y) = %(t — y)z, along with the corresponding conjugate dual function

f(s;y) = % + sy. Consequently, the general relaxation (6.28) reduces to

Pa(3) = max{ - Z (Gleror=a) —omy=3liz}  620)

2p

As we now show, this convex program is equivalent to minimizing the least-squares
objective using a form of regularization that combines the ¢; and f;-norms. In par-
ticular, let us define

B(t) = L nin {z + ﬁ} = {'“ <1 (6.30)

2 .
2 z¢[0,1] 2 % otherwise

This function combines the ¢; and ¢, norms in the way that is the opposite Huber’s
robust penalty; consequently, we call it the reverse Huber penalty.
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Corollary 16. The interval relaxzation (6.29) for the cardinality-penalized least-
squares problem has the equivalent form

(1 d \/PW;
Pu(V) = min { 5| Xw —y||§+2A;B( 7 )} (6.31)

where B denotes the reverse Huber penalty.

A plot of the reverse Huber penalty is displayed in Figure 6.2 and compared with the
{1-norm ¢t — A|t], as well as the fy-based penalty ¢ — A||t][o + 5¢°.

Proof. Consider the representation (6.29) for the least-squares case. We can represent
the coordinatewise functions (-) function using a vector p € R? of auxiliary variables
as follows

1
Pr(\) = max{ —1Tp - §||v||% — (v, y)} subject to p > 0, and p; > (<xl, v))2—Afori=1,.
v?p

Making use of rotated second order cone constraints, we have the equivalence

1 x;,

piE%(@i,U)) -\ = H( Z_|_>\_1)H<pz—i-)\+1 fori=1,...,d.

Thus, the relaxation (6.29) has the equivalent representation

Lo Vi, v)

- . — ) = > i < p;

Pir(N) {)g%j{ (L p) = S lvll2 <v7y>} subject to p >0, H( A1 <pit A+
peER

which is a second order cone program (SOCP) in variables (v,p) € R* x R?.

Introducing Lagrange vectors for the constraints, we have

d

: 1 |

Pul) = maxmin { = (1, ) = Sl = (0, 9)+ > (0 + A = 1) = Vo T, v) = Bilpi+ A+
=1

vp @B,y

o
subject to p >0, H(BmL/\_l)H_%, 1=1

Since A > 0, strong duality holds by primal strict feasibility (see e.g., [28]), we may
exchange the order of the minimum and the maximum. Making the substitutions
w=a/p,u=y+p,z=y—[, and then eliminating v = y — Xw yields the equivalent
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Figure 6.3: Objective value versus cardinality trade-off in a real dataset from cancer
research. The proposed randomized rounding method considerably outperforms other
methods by achieving lower objective value with smaller cardinality.

expression

1 )
Pr()\) = min max {—||Xw —ylla+(p, z — 1)+ (1, Az + y)} subject to H( VP )H <y tz

w,u,z pZO 2 yl — ZZ

1
= min {§||Xw — 9yl + (p, )\z+y>} subject to 0< 2 <1, y; >0, pw? < vz, i=1,.

1 d w?
—min {SIXw -yl + > (a2} 0ga<1i=1 0,
’ i=1 ¢

n}ﬂin{%HXw—yH% +2/\ii3(\/\//_);)i>}’

which completes the proof. O]
We note that the alternative reverse Huber representation of the least squares

problem can potentially be used to apply convex optimization toolboxes (e.g., [41, 64])
where the reverse Huber function is readily available.

6.4 Numerical Results

In this section, we discuss some numerical aspects of solving the relaxations that
we have introduced, and illustrate their behavior on some real-world problems of
sparse learning.
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6.4.1 Optimization techniques

Although efficient polynomial-time methods exist for solving semi-definite pro-
grams, solving large-scale problems remains challenging using current computers and
algorithms. For the SDP problems of interest here, one attractive alternative is to
instead develop algorithms to solve the saddle-point problem in equation (6.10). For
instance, in the least-squares case, the gradients of the relaxed objective in equa-
tion (6.19) are given by

0,6(u) = —(x(1 + XD()X" /) 'y) "

Computing such a gradient requires the solution of a rank-||ul|o linear system of size
n, which can be done exactly in time O(||u||3) + O(nd) via the QR decomposition.
Therefore, the overall complexity of using first-order and quasi-Newton methods is
comparable to the Lasso when the sparsity level £ is relatively small. We then employ
a projected quasi-Newton method [125] to numerically optimize the convex objective.
The randomized rounding procedure requires T evaluations of function value, which
takes additional O(T||u||3) time.

6.4.2 Experiments on real datasets

We consider two well known high-dimensional datasets studied in cancer research,
the 62 x 2000 Colon cancer dataset! and 216 x 4000 Ovarian cancer dataset? which
contain ion intensity levels corresponding to related proteins and corresponding cancer
or normal output labels.. We consider classical £3-regularized least lquares classifica-
tion using the mapping —1 for cancer label and +1 for normal label. We numerically
implemented the proposed randomized rounding procedure of 7" = 1000 trials based
on the relaxed solution. For other methods we identify their support and predict
using regularized least squares solution constrained to that support where regulariza-
tion parameter is optimized for each method on the training set. Figure 6.3 depicts
optimization error (training error) as a function of the cardinality of the solution for
both of the datasets. It is observed that the randomized rounding approach provides
a considerable improvement in the optimal value for any fixed cardinality. In order
to assess the learning and generalization performance of the trained model, we then
split the dataset into two halves for training and testing. We present the plots of the
test error as a function of cardinality over 1000 realizations of data splits and show
the corresponding error-bars calculated for 1.50 in Figure 6.4. The proposed algo-
rithm also shows a considerable improvement in both training and test error compared

!Taken from the Princeton University Gene Expression Project; for original source and further
details please see the references therein.

2Taken from FDA-NCI Clinical Proteomics Program Databank; for original source and further
details please see the references therein.
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Figure 6.4: Classification accuracy versus cardinality in a real dataset from cancer
research. The proposed method has considerably higher classification accuracy for a
fixed cardinality.

to the other methods, as can be seen from the figures. We observed that choosing
T € [100,1000] gave satisfactory results however T' can be chosen larger for higher
dimensional problems without any computational difficulty.

We also note that in many applications choosing a target cardinality & with good
predictive accuracy is an important problem. For a range of cardinality values the
proposed approach can be combined with cross-validation and other model selection
methodologies such as the Bayesian information criterion (BIC) or Akaike information
criterion (AIC) [6, 146]. However there are also machine learning applications where
the target cardinality is specified due to computational complexity requirements at
runtime (see e.g. [46]). In these applications the cardinality directly effects the
number of features that needs to be checked for classifying a new sample.

6.5 Simplex Constrained Problems

In this section we consider optimization problems of the following form,
Pt = mig f(z) + Acard(x)
re

where f is a convex function, C' is a convex set, card(x) denotes the number of
nonzero elements of x and A > 0 is a given tradeoff parameter for adjusting desired
sparsity. Since the cardinality penalty is inherently of combinatorial nature, these
problems are in general not solvable in polynomial-time. In recent years ¢; norm
penalization as a proxy for penalizing cardinality has attracted a great deal of atten-
tion in machine learning, statistics, engineering and applied mathematics [34], [36],
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[29], [35]. However the aforementioned types of sparse probability optimization prob-
lems are not amenable to the ¢; heuristic since ||z||, = 172 = 1 is constant on the
probability simplex. Numerous problems in machine learning, statistics, finance and
signal processing fall into this category however to the authors’ knowledge there is
no known general convex optimization strategy for such problems constrained on the
probability simplex. We claim that the reciprocal of the infinity-norm, i.e., maIXi oo s
the correct convex heuristic for penalizing cardinality on the probability simplex and
the resulting relaxations can be solved via convex optimization. Figure 6.5 depicts
an example of a sparse probability measure which also has maximal infinity norm. In
the following sections we expand our discussion by exploring two specific problems:
recovering a measure from given moments where f = 0 and C' is affine, and convex
clustering where f is a log-likelihood and C' = R. For the former case we give a
sufficient condition for this convex relaxation to exactly recover the minimal cardi-
nality solution of p*. We then present numerical simulations for the both problems
which suggest that the proposed scheme offers a very efficient convex relaxation for
penalizing cardinality on the probability simplex.

6.6 Optimizing over sparse probability measures

We begin the discussion by first taking an alternative approach to the cardinality
penalized optimization by directly lower-bounding the original hard problem using
the following relation

n
lzll, =Y || < card(x) max|z,| < card(z) ||«
i=1

which is essentially one of the core motivations of using ¢, penalty as a proxy for
cardinality. When constrained to the probability simplex, the lower-bound for the

cardinality simply becomes —L-— < card(z). Using this bound on the cardinality,

()

we immediately have a lower-bound on our original NP-hard problem which we denote
by pZ.:

1
P> ph = min flz) + \—— (6.32)
zeC, 1Tz=1, >0 max; r;

1

The function — is concave and hence the above lower-bounding problem is not
a convex optimization problem. However below we show that the above problem can

be exactly solved using convex programming.

Proposition 1. The lower-bounding problem defined by p%_  can be globally solved
using the following n convex programs in n + 1 dimensions:

p* > pi, = min { min flx)y+t : z;> /\/t} : (6.33)

i=l,..n | zeC, 1Tz=1, >0, t>0
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Figure 6.5: Probability simplex and the reciprocal of the infinity norm . The sparsest
probability distribution on the set C'is z* (green) which also minimizes ma;_ - on the
intersection (red)

Note that the constraint x; > A/t is jointly convex since 1/t is convex in t € R™,
and they can be handled in most of the general purpose convex optimizers, e.g. cvx,
using either the positive inverse function or rotated cone constraints.

Proof.
: n (@) + min 2 (6.34)
= min ) 4+ min — )

Poo zeC, 1Tz=1, >0 i T;

A
= ' i — 6.35
Iniln zeC, 1@521, x>0 f(x) + Z; ( )

A

= min min flx)+t st. —<t (6.36)

i zeC, 1Tz=1, £>0,t>0

The above formulation can be used to efficiently approximate the original cardi-
nality constrained problem by lower-bounding for arbitrary convex f and C. In the
next section we show how to compute the quality of approximation.

6.6.1 Computing a bound on the quality of approximation
By the virtue of being a relaxation to the original cardinality problem, we have the

following remarkable property. Let Z be an optimal solution to the convex program
P, then we have the following relation

J(#) + Acard(#) > p* > pl (6.37)
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Since the left-hand side and right-hand side of the above bound are readily available
when p? defined in (6.33) is solved, we immediately have a bound on the quality of
relaxation. More specifically the relaxation is exact, i.e., we find a solution for the
original cardinality penalized problem, if the following holds:

f(z) 4+ Acard(z) = p-,

It should be noted that for general cardinality penalized problems, using ¢; heuris-
tic does not yield such a quality bound, since it is not a lower or upper bound in
general. Moreover most of the known equivalence conditions for ¢; heuristics such
as Restricted Isometry Property and variants are NP-hard to check. Therefore a re-
markable property of the proposed scheme is that it comes with a simple computable
bound on the quality of approximation.

6.7 Recovering a Sparse Measure

Suppose that p is a discrete probability measure and we would like to know the
sparsest measure satisfying some arbitrary moment constraints:

p" =mincard(p) : E,[X;|=0b, i=1,....m
m
where X;’s are random variables and £, denotes expectation with respect to the
measure p. One motivation for the above problem is the fact that it upper-bounds
the minimum entropy power problem:

p*>minexpH(p) : E,[Xi]=0b, i=1,....m
m

where H(p) := — >, pilog p; is the Shannon entropy. Both of the above problems
are non-convex and in general very hard to solve.

When viewed as a finite dimensional optimization problem the minimum cardi-
nality problem can be cast as a linear sparse recovery problem:

p*= min card(z) : Ar =10 (6.38)
1Tz=1, >0
As noted previously, applying the ¢; heuristic doesn’t work and it does not even
yield a unique solution when the problem is underdetermined since it simply solves a
feasibility problem:

P = 1T:cr:n1i,nxzo |zll, : Az=10 (6.39)
= min 1 : Ax =0 (6.40)
172=1, ©>0
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and recovers the true minimum cardinality solution if and only if the set 172 = 1, o >
0, Ax = b is a singleton. This condition may hold in some cases, i.e. when the first
2k — 1 moments are available, i.e., A is a Vandermonde matrix where k = card(z)
[38]. However in general this set is a polyhedron containing dense vectors. Below we
show how the proposed scheme applies to this problem.

Using general form in (6.33), the proposed relaxation is given by the following,
DT <) = i o Ar=by. 6.41
(P)7 < (ps)™ = max {mmff)i o x (6.41)

which can be solved very efficiently by solving n linear programs in n variables. The
total complexity is at most O(n?) using a primal-dual LP solver.

It’s easy to check that strong duality holds and the dual problems are given by
the following:

(p2.)"' = max {Iur}m; wib+ X - ATw+ A1 > ei} ) (6.42)

i=1,...,n

where 1 is the all ones vector and e; is all zeros with a one in only 7’th coordinate.

6.7.1 An alternative minimal cardinality selection scheme

When the desired criteria is to find a minimum cardinality probability vector sat-
isfying Az = b, the following alternative selection scheme offers a further refinement,

by picking the lowest cardinality solution among the n linear programming solutions.
Define

T;: = arg max x; : Ar=D> (6.43)
1Tz=1, >0
Tmin 1 = arg min card(i;) (6.44)

i=1,..,n

The following theorem gives a sufficient condition for the recovery of a sparse measure
using the above method.

Theorem 2. Assume that the solution to p* in (6.38) is unique and given by z*. If
the following condition holds
min x; st. Asr = Agcy >0
1Tz=1, y>0, 1Ty=1
where b = Az* and Ag is the submatrix containing columns of A corresponding to
non-zero elements of zx and Age is the submatrix of remaining columns, then the
convex linear program

max x; : Az =25b
1Tz=1, 2>0

has a unique solution given by z*.
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Let Conv(ay, ..., a,) denote the convex hull of the m vectors {ay,...,a,}. The
following corollary depicts a geometric condition for recovery.

Corollary 3. If Conv(Age) does not intersect an extreme point of Conv(Ag) then
Tmin = T*, 1.e. we recover the minimum cardinality solution using n linear programs.

Proof. Consider k’'th inner linear program defined in the problem p’ . Using the
optimality conditions of the primal-dual linear program pairs in (6.41) and (6.42), it
can be shown that the existence of a pair (w, \) satisfying

Aflw+ Al = ¢ (6.45)
ALew +21 > 0 (6.46)

implies that the support of solution of the linear program is exactly equal to the
support of x*, and in particular they have the same cardinality. Since the solution of
p* is unique and has minimum cardinality, we conclude that x* is indeed the unique
solution to the k’th linear program. Applying Farkas’ lemma and duality theory we
arrive at the conditions defined in Theorem 2. The corollary follows by first observing
that the condition of Theorem 2 is satisfied if Conv(Ag.) does not intersect an extreme
point of Conv(Ag). Finally observe that if any of the n linear programs recover the
minimal cardinality solution then Z,,;, = «*, since card(Z,,;,) < card(zy), Vk.

6.7.2 Noisy measure recovery

When the data contains noise and inaccuracies, such as the case when using
empirical moments instead of exact moments, we propose the following noise-aware
robust version, which follows from the general recipe given in the first section:

1Tg=1, £>0,t>0

“min { min | Az —blj5+t - xiz)\/t}. (6.47)

where A > 0 is a penalty parameter for encouraging sparsity. The above problem can
be solved using n second-order cone programs in n + 1 variables, hence has O(n*)
worst, case complexity.

The proposed measure recovery algorithms are investigated and compared with a
known suboptimal heuristic in Section 6.10.

6.8 Convex Clustering

In this section we base our discussion on the exemplar based convex clustering
framework of [81]. Given a set of data points {z1, ..., z,} of d-dimensional vectors, the
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task of clustering is to fit a mixture probability model to maximize the log likelihood

function
1 n k
D [Zf( mj>]

where f(z;m) is an exponential family distribution on Z with parameter m, and
x is a k-dimensional vector on the probability simplex denoting the mixture weights.
For the standard multivariate Normal distribution we have f(z;;m;) = e Alz—m [
for some parameter 5 > 0. As in [81] we’ll further assume that the mean parameter
m; is one of the examples z; which is unknown a-priori. This assumption helps to
simply the log-likelihood whose data dependence is now only through a kernel matrix

K;; = e=Blz=%ll3 ag follows
1<, [ 2

L = = Z]Og ijeﬁzz'Zng] (6.48)

nia Lj=1

1 n [k
- Eng ijKij] (6.49)

i=1 Lj=1
Partitioning the data {z1,...,z2,} into few clusters is equivalent to have a sparse

mixture x, i.e., each example is assigned to few centers (which are some other ex-
amples). Therefore to cluster the data we propose to approximate the following
cardinality penalized problem,

pri= 1Txm1aXx>oZlOg [Z T, ,]] — Acardz (6.50)

As hinted previously, the above problem can be seen as a lower-bound for the entropy
penalized problem

n k
i < lTme);ZOiZ;log LZ; JCsz'j] — Aexp H(z) (6.51)

where H(x) is the Shannon entropy of the mixture probability vector.

Applying our convexification strategy, we arrive at another upper-bound which
can be computed via convex optimization

A
f 1 = 6.52
Pe = Pos 1Txm1a}§c>oz o8 [Z i j] max; x; ( )

We investigate the above approach in a numerical example in Section 6.10 and
compare with the well-known soft k-means algorithm.
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6.9 Algorithms

6.9.1 Exponentiated Gradient

Exponentiated gradient [77] is a proximal algorithm to optimize over the probabil-
ity simplex which uses the Kullback-Leibler divergence D(x,y) = >, x; log % between
two probability distributions as a proximal map. For minimizing a convex function
1) the exponentiated gradient updates are given by the following:

P argmin o(zb) + Vo) (z — ) + éD(:):, )

When applied to the general form of 6.33 it yields the following updates to solve the

1'th problem of p%_
k1l _ ko k ko k
it =it/ (er:cj>
J

where the weights r; are exponentiated gradients:
r¥ = exp (a(Vif(xk) — )\/:1:22))

We also note that the above updates can be done in parallel for the n convex programs,
and they are guaranteed to converge to the optimum.

6.10 Numerical Results

6.10.1 Recovering a Measure from Gaussian Measurements

Here we show that the proposed recovery scheme is able to recover a sparse mea-
sure exactly with overwhelming probability, when the matrix A € R™*" is chosen
from the independent Gaussian ensemble, i.e, 4;; ~ N(0,1) i.i.d.

As an alternative method we consider a commonly employed simple heuristic to
optimize over a probability measure which first drops the constraint 172z = 1 and
solves the corresponding ¢; penalized problem. And finally rescales the optimal x
such that 172 = 1. This procedure is clearly suboptimal and we will refer it as the
rescaling heuristic. We set n = 50 and randomly pick a 2-sparse probability vector z*
which is k sparse, let b = Ax* be m noiseless measurements, then check the probability
of recovery, i.e. & = x* where Z is the solution to,

max { max  x; A:c:b}. (6.53)

i=1,...,n 1Tz=1, >0
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Figure 6.6: A comparison of the exact recovery probability in the noiseless setting
(top) and estimation error in the noisy setting (bottom) of the proposed approach
and the rescaled ¢; heuristic

Figure 6.6(a) shows the probability of ezact recovery as a function of m, the number

of measurements, in 100 independent realizations of A for the proposed LP formu-
lation and the rescaling heuristic. As it can be seen in Figure 6.6(a), the proposed
method recovers the correct measure with probability almost 1 when m > 5. Quite
interestingly the rescaling heuristic doesn’t succeed to recover the true measure with
high probability even for a cardinality 2 vector.

We then add normal distributed noise with standard deviation 0.1 on the obser-
vations and solve,

‘min { min |Az — bl +t - xiZ)\/t}. (6.54)

i=1,...,n 1Tz=1, £>0,t>0

We compare the above approach by the corresponding rescaling heuristic, which first
solves a nonnegative Lasso,

min || Az — b2+ 2], (6.55)
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(c) A =50 (d) A = 1000

Figure 6.7: Proposed convex clustering scheme

then rescales & such that 172 = 1. For each realization of A and measurement noise
we run both methods using a primal-dual interior point solver for 30 equally spaced
values of A € [0, 10] and record the minimum error ||z — x*||,. The average error over
100 realizations are shown in Figure 6.6(b). Is it can be seen in the figure the proposed
scheme clearly outperforms the rescaling heuristic since it can utilize the fact that x
is on the probability simplex, without trivializing it’s complexity regularizer.

6.10.2 Convex Clustering

We generate synthetic data using a Gaussian mixture of 4 components with iden-
tity covariances and cluster the data using the proposed method, the resulting clusters
given by the mixture density is presented in Figure 6.7. The centers of the circles
represent the means of the mixture components and the radii are proportional to the
respective mixture weights. We then repeat the clustering procedure using the well
known soft k-means algorithm and present the results in Figure 6.8.

As it can be seen from the figures the proposed convex relaxation is able to penalize
the cardinality on the mixture probability vector and produce clusters close to the
soft k-means algorithm. Note that soft k-means is a non-convex procedure whose
performance depends heavily on the initialization. The proposed approach is convex
hence insensitive to the initializations. Note that in [81] the number of clusters are
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(c) k=2 (d) k=1

Figure 6.8: Soft k-means algorithm

adjusted indirectly by varying the [ parameter of the distribution. In contrast our
approach tries to implicitly optimizes the likelihood/cardinality tradeoff by varying
A

6.11 Discussion

We first showed how a broad class of cardinality-constrained (or penalized) sparse
learning problems can be reformulated exactly as Boolean programs involving convex
objective functions. The utility of this reformulation is in permitting the application
of various types of relaxation hierarchies, such as the Sherali-Adams and Lasserre hi-
erarchies for Boolean programs. The simplest such relaxation is the first-order interval
relaxation, and we analyzed the conditions for its exactness in detail. In contrast to
the classical ¢; heuristic, the presented method provides a lower bound on the so-
lution value, and moreover a certificate of optimality when the solution is integral.
We provided sufficient conditions for the solution to be integral for linear regression
problems with random Gaussian design matrices. For problems in which the solution
is not integral, we proposed an efficient randomized rounding procedure, and showed
that its approximation accuracy can be controlled in terms of the number of fractional
entries, and a regularization parameter in the algorithm, In our experiments with real
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data sets, the output of this randomized rounding procedure provided considerably
better solutions than standard competitors such as the Lasso or orthogonal matching
pursuit.

We also presented a convex cardinality penalization scheme for problems con-
strained on the probability simplex. We then derived a sufficient condition for recov-
ering the sparsest probability measure in an affine space using the proposed method.
The geometric interpretation suggests that it holds for a large class of matrices. An
interesting direction is to extend the recovery analysis to the noisy setting and ar-
bitrary functions such as the log-likelihood in the clustering example. There might
also be other problems where proposed approach could be practically useful such
as portfolio optimization, or sparse multiple kernel learning where a sparse convex
combination of assets is sought.

There are a range of interesting open problem suggested by our developments.
In particular, we have studied only the most naive first-order relaxation for the
problem: it would be interesting to see whether one quantify how quickly the
performance improves (relative to the exact cardinality-constrained solution) as
the level of relaxation—say in one of the standard hierarchies for Boolean prob-
lems [128, 88, 82, 83, 145]—is increased. This question is particularly interesting
in light of recent work [156] showing that, under a standard conjecture in computa-
tional complexity, there are fundamental gaps between the performance of cardinality-
constrained estimators and polynomial-time methods for the prediction error in sparse
regression.

6.12 Proofs of technical results

In this section, we provide the proofs of Theorems 12 and Theorem 13.

6.12.1 Proof of Theorem 12

Recalling the definition (6.20) of the matrix M, for each j € {1,...,d}, define the

. XM . L
rescaled random variable U; : = Jp—ny. In terms of this notation, it suffices to find a
scalar A such that

min [U;| > A and max|U;| < A (6.56)
jes jese

By definition, we have y = Xgw§ + €, whence
X]-TMXSwg XjTMe
=74 > 4 ,

on omn
—_—— ~——
Aj B;

J
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Based on this decomposition, we then make the following claims:

Lemma 31. There are numerical constants ci, co such that
_eomt?
P[ max |Bj| > 1] <cie Flogd, (6.57)
]: ARG

Lemma 32. There are numerical constants ci,co such that

2
—con w"”ﬁg +log(2k)

P[mig\Aﬂ < wi"} <ce sl and (6.58a)
Je
2
; —cqn—min tlog(d—k
P[max|4;| > S < e ™ gy ToER (6.58b)

Using these two lemmas, we can now complete the proof. Recall that Theorem 12
2 * (|2
assumes a lower bound of the form n > CO% log d, where ¢y is a sufficiently
large constant. Thus, setting ¢ = “= in Lemma 31 ensures that max [B;| < =z
j=1,...,d

with high probability. Combined with the bound (6.58a) from Lemma 32, we are
guaranteed that

. . 3w
rjneigl \U;| > wZ’" - ui'é = lfé‘ with high probability.

Similarly, the bound (6.58b) guarantees that
max \U;| < wlné" + wlnén = Qfgn also with high probability.

Thus, setting A = 5“3% ensures that the condition (6.56) holds.

The only remaining detail is to prove the two lemmas.

6.12.1.0.3 Proof of Lemma 31: Define the event & = {||X;[l2/vn < 2}, and
observe that
P[|B;| > t] <P[|B;| >t | &] +PE°].

Since the variable || X||3 follows a y?-distribution with n degrees of freedom, we have

P[£°] < 2e72". Recalling the definition (6.20) of the matrix M, note that \,..(M) <

p~!, whence conditioned on &, we have |[MX;|l2 < || X[z < 2y/n. Consequently,
T

L . Xi Me . . . .
conditioned on &, the variable S isa Gaussian random vector with variance at
2,2

t
most 492 /p?, and hence P[|B;| >t | ] < 2 8377 .

Finally, by union bound, we have

2,2

t 2,2
]P’['H}axd|Bj| >t] <dP[|B;| > t] < d{2e_§27 +2e*czfm} < e T Tloed,
J=L5

as claimed.
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6.12.1.0.4 Proof of Lemma 32: We split the proof into two parts.

6.12.1.0.5 (1) Proof of the bound (6.58a): Note that

1
;Xg“MXS = X2 (pl, + XsX2) ' Xg

We now write Xg = UDV7T for singular value decomposition of \/iﬁX s in compact
form. We thus have

1 _
“XEMXg =V (pl, +nD?) " D*VT.

P

We will prove that for a fixed vector z, the following holds with high probability

| (AXEMXs — 1) 2]l

<e. (6.59)

12l

Applying the above bound to wg, which is a fixed vector we obtain
1 T * *
| ;XSMXS — 1) willeo < €elwifloo (6.60)
Then by triangle inequality the above statement implies that

1
min |- X& M Xgw]| > (1 — €) min |w]].
€S P €S

and setting € = 3/4 yields the claim.

Next we let £ XM Xg—1 = VDV where we defined D : = ((pI,, + D*)7'D* — I).
By standard results on operator norm of Gaussian random matrices (e.g., see David-
son and Szarek [44]), the minimum singular valyue

1
Umin(—nXS) = ,Hllink D;;

\/_
of the matrix Xg/+/n can be bounded as

1 k 2
. | < < cint .
P[ﬁ z_—Hlunk: |D“’ L \/; ﬂ 2e ’ (6 61)

where ¢ is a numerical constant (independent of (n, k)).

201



Now define Y; := eiTVDVTz = zivif)vi + v;‘FD Zl# zv;. Then note that,

V| < ||D||2|2’1| +U,1FDZZM

I#i
: 21l + ()
p+minl 1,..., ’DuP
where we defined F(v,) := oI DY, 2z and vy is uniformly distributed over a

sphere in k£ — 1 dimensions and hence EF (v;) = 0. Observe that F' is a Lipschitz map

satisfying
[F(01) = F(o)] < 1Dllos, D Izl = vil2
l;éi

PW 1[llsollvr = 1]z

p -+ min; ]D“

Applying concentration of measure for Lipschitz functions on the sphere (e.g., see
[84]) the function F'(v;) we get that for all £ > 0 we have,

—ea(k—1) 2

P[F(v1) > t]|z]|s] < 26 (p+minj\Dm2)

2
(k—=1)

(6.62)

Conditioning on the high probability event {min; |D;;|*

tail bound (6.61) yields

< 5} and then applying the

n2t2 t2
P[F(v1) > t]]z]|oc] < 2exp (—64—) + 2P
p?

n2t2

< de (6.63)

Combining the pieces in (6.63) and (6.62), we take a union bound over 2k coordinates,
P |min|Y;| > tHzHoo} < 2k 3exp (—csn’t?/p?)
jes
< 2k 3exp (—c5nt2) )

where the final line follows from our choice p = y/n. Finally setting ¢ = € we obtain
the statement in (6.59) and hence complete the proof.

6.12.1.0.6 Proof of the bound (6.58b): A similar calculation yields

1 —
A= ;chMXswg = Xl (pl, + XsXY) 1Xsw:‘;,
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for each j € S¢. Defining the event & = {\,..(Xs)/ < 2y/n}, standard bounds in
random matrix theory [44] imply that P[£¢] < 2e~". Conditioned on &, we have

-1 . 2,
(oL + XsX§)  Xawella < ;stﬂzj

so that the variable A; is conditionally Gaussian with variance at most ;%ij‘qu
Consequently, we have

5242 o2

P Aj] > 1] SP[A)| > ¢ | €] +PE]] = 2¢ PIWETE 4 2e72 < e METE,

Setting ¢ = *=i», p = /n and taking union bound over all d — & indices in S yields
the claim (6.58b).

6.12.2 Proof of Theorem 13

The vector u € {0,1}? consists of independent Bernoulli trials, and we have
E[Z?zl u;] < k. Consequently, by the Chernoff bound for Bernoulli sums, we have

d
P[5 = (1+0)k| < e,
j=1

as claimed.

It remains to establish the high-probability bound on the optimal value. As shown
previously, the Boolean problem admits the saddle point representation

1
P = min { max ——a’ XD(u) X a — |Ja|; — 22Ty } (6.64)
ue{0,1}4, S ui<k L @€R™ P

/

G(u)

Since the optimal value is non-negative, the optimal dual parameter a € R™ must
have its fo-norm bounded as ||a|2 < 2||y||2 < 2. Using this fact, we have

1 1
G(u) — G(u) = max { — =o' XD@) X a — |la|; - 2aTy} — max { — " XD) X a — |3 -

llof[2<2 p llofl2<2 p
1 ~
< max { — ~a'X(D(@) — D(u))XTa}
ella<2 P

< (X(D(@) — D(@)X"),

where /\max( . ) denotes the maximum eigenvalue of a symmetric matrix.
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It remains to establish a high probability bound on this maximum eigenvalue.
Recall that R is the subset of indices associated with fractional elements of u, and
moreover that E[u;] = 4;. Using these facts, we can write

X(D(@) - D@)X" =) (u; — Efa;]) X; X}

JER A

where X; € R" denotes the j™ column of X. Since ||Xj|ls < 1 by assumption
and u; is Bernoulli, the matrix A; has operator norm at most 1, and is zero mean.
Consequently, by the Ahlswede-Winter matrix bound [3, 109], we have

e (540 2 ] 52t 107

JER

where r = |R| is the number of fractional components. Setting ¢* = clogmin{n,r}
for a sufficiently large constant ¢ yields the claim.
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