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Abstract

This thesis studies three classes of randomized numerical linear algebra algorithms, namely: (i)
randomized matrix sparsification algorithms, (ii) low-rank approximation algorithms that use
randomized unitary transformations, and (iii) low-rank approximation algorithms for positive-
semidefinite (PSD) matrices.

Randomized matrix sparsification algorithms set randomly chosen entries of the input matrix
to zero. When the approximant is substituted for the original matrix in computations, its sparsity
allows one to employ faster sparsity-exploiting algorithms. This thesis contributes bounds on
the approximation error of nonuniform randomized sparsification schemes, measured in the
spectral norm and two NP-hard norms that are of interest in computational graph theory and
subset selection applications.

Low-rank approximations based on randomized unitary transformations have several desir-
able properties: they have low communication costs, are amenable to parallel implementation,
and exploit the existence of fast transform algorithms. This thesis investigates the tradeoff
between the accuracy and cost of generating such approximations. State-of-the-art spectral and
Frobenius-norm error bounds are provided.

The last class of algorithms considered are SPSD “sketching” algorithms. Such sketches can
be computed faster than approximations based on projecting onto mixtures of the columns of

the matrix. The performance of several such sketching schemes is empirically evaluated using a



A%

suite of canonical matrices drawn from machine learning and data analysis applications, and a
framework is developed for establishing theoretical error bounds.

In addition to studying these algorithms, this thesis extends the Matrix Laplace Transform
framework to derive Chernoff and Bernstein inequalities that apply to all the eigenvalues of
certain classes of random matrices. These inequalities are used to investigate the behavior of the
singular values of a matrix under random sampling, and to derive convergence rates for each

individual eigenvalue of a sample covariance matrix.
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Chapter 1

Introduction and contributions

Massive datasets are common: among other places, they arise in data-analysis and machine
learning applications. These datasets are often represented as matrices, so the fundamental
tools of linear algebra are indispensable in their analysis. For instance, modeling and data
analysis methods based on low-rank approximation have become popular because they capture
the low-dimensional structure implicit in massive high-dimensional modern datasets. Low-rank
approximations are also used for their noise-elimination and regularization properties [Han90].
Among many applications, we mention PCA [HTF08], multidimensional scaling [CC00], collabo-
rative filtering [SAJ10], manifold learning [HLMS04], and latent semantic indexing [DDF*90].

The truncated singular value decomposition (SVD) and the rank-revealing QR decomposition
are classical decompositions used to construct low-rank approximants. However, the construction
of both of these decompositions costs O(n“) operations for an n x n matrix [CH92] (where w
is the exponent for matrix multiplication). For small k and large n, Krylov space methods can
potentially provide truncated SVDs in much less time. In practice, the number of operations
required varies considerably depending upon the specifics of the method and the spectral
properties of the matrix, but since one must perform at least k dense matrix—vector multiplies
(assuming the matrix is unstructured), computing the rank-k truncated SVD using a Krylov

method requires at least 2(kn?) operations. Further, iterative schemes like Krylov methods
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require multiple passes over the matrix, which may incur high communication costs if the matrix
is stored in a distributed fashion, or if the data has to percolate through a hierarchical memory
architecture [CWO09].

Much interest has been expressed in finding o(kn?) low-rank approximation schemes that
offer approximation guarantees comparable with those of the truncated SVD. Randomized
numerical linear algebra (RNLA) refers to a field of research that arose in the early 2000s at the
intersection of several research communities, including the theoretical computer science and
numerical linear algebra communities, in response to the desire for fast, efficient algorithms
for manipulating large matrices. RNLA algorithms for matrix approximation focus on reducing
the number of arithmetic operations and the communications costs of algorithms by judiciously
exploiting randomness. Typically, these algorithms take one of two approaches. The sampling
approach advocates using information obtained by randomly sampling the columns, rows, or
entries of the matrix to form an approximation to the matrix. The random projection approach
randomly mixes the entries of the matrix before employing the sampling approach. The analysis
of both classes of algorithms requires the use of tools from the nonasymptotic theory of random
matrices.

This thesis contributes to both approaches to forming randomized matrix approximants, and

it extends the toolset available to researchers working in the field of RNLA.

e Chapter 2 builds upon the matrix Laplace transform originated by Ahlswede and Winter to
provide eigenvalue analogs of classical exponential tail bounds for all eigenvalues of a sum

of random Hermitian matrices. Such sums arise often in the analysis of RNLA algorithms.

e Chapter 3 develops bounds on the norms of random matrices with independent mean-

zero entries, and it applies these bounds to investigate the performance of randomized



entry-wise sparsification algorithms.

e Chapter 5 provides guarantees on the quality of low-rank approximations generated using

a class of random projections that exploit fast unitary transformations.

e Chapter 6 concludes by providing a framework for the analysis of a diverse class of low-
rank approximations to positive-semidefinite matrices, as well as empirical evidence of the
efficacy of these approximations over a wide range of matrices. The class of approximations
considered includes both sampling-based approximations as well as projection-based

approximations.

In the remainder of this introductory chapter, we survey the sampling and projection-based
approaches to randomized matrix approximation and the tools currently available to researchers
for the interrogation of the properties of random matrices. We conclude with an overview of the

contributions of this thesis.

1.1 The sampling approach to matrix approximation

Sparse approximants are of interest because they be used in lieu of the original matrix to
reduce the cost of calculations. Randomized sparsified approximations to matrices have found
applications in approximate eigenvector computations [AM01, AHK06, AM07] and semidefinite
optimization algorithms [AHKO5, d’A11].

The first randomized element-wise matrix sparsification algorithms are due to Achlioptas
and McSherry [AMO1, AMO07], who considered schemes in which a matrix is replaced with a
randomized approximant that has far fewer nonzero entries. Their motivation for considering
randomized sparsification was the desire to use the fast algorithms available for computing the

SVDs of large sparse matrices to approximate the SVDs of large dense matrices. In the same



4

work, they presented a scheme that randomly quantizes the entries of the matrix to £ max;; |A;;].
Such quantization schemes are of interest because they reduce the cost of storing and working
with the matrix. Note that this quantization scheme requires two passes over the matrix: one to
compute b, then another to quantize. The bounds given in [AMO07] for both schemes guarantee
that the spectral norm error of the approximations to a matrix A € R™*" remain on the order
of \/max{m, n} max;; |A;;| with high probability. If each entry in the matrix is replaced by zero
with probability 1 — p, the expected number of nonzeros in the approximant is shown to be at
most p||A||§ / max;; |A; j|2 +4096mlog*(n). These bounds are quite weak: the algorithms perform
much better on average.

Arora et al. presented an alternative quantization and sparsification scheme in [AHKO6] that
has the advantage of requiring only one pass over the input matrix. The schemes of both Arora et.
al and Achlioptas and McSherry involve entrywise calculations on the matrix being approximated,
and have the property that the entries in the random approximant are independent of each
other. Succeeding works on entry-wise matrix sparsification include [NDT10, DZ11, AKL13];
the algorithms given in these works also produce approximants with independent entries. The
sharpest available bound on randomized element-wise sparsification is satisfied by the algorithm
given in [DZ11]: given an accuracy parameter € > 0, this algorithm produces an approximant
that satisfies ||A — Al|, < e with high probability and has at most 28¢2nlog(v/2n)||Al|? nonzero
entries; the approximant can be calculated in one pass. The paper [NDT10] goes beyond matrix
sparsification, addressing randomized element-wise tensor sparsification.

The natural next step after entry-wise sampling is the sampling of entire columns and rows.
An influential portion of the first wave of RNLA algorithms employed such a sampling approach,
in the form of Monte Carlo approximation algorithms. In [FKV98], Frieze, Kannan, and Vempala

introduce the first algorithm of this type for calculating approximate SVDs of large matrices. They
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propose judiciously sampling a submatrix from A and using the SVD of this submatrix to find an
approximation of the top singular spaces of A. The projection of A onto this subspace is then used
as the low-rank approximation. This algorithm of course requires two passes over the matrix.
The original idea in [FKV98] was refined in a series of papers providing increasingly strong
guarantees on the quality of the approximation [DKO1, DK03, FKV04, DKM06a, DKMO06b].

Rudelson and Vershynin take a different approach to the analysis of the Monte Carlo
methodology for low-rank approximation in [RV07]. They consider A as a linear operator
between finite-dimensional Banach spaces and apply techniques of probability in Banach spaces:
decoupling, symmetrization, Slepian’s lemma for Rademacher random variables, and a law
of large numbers for operator-valued random variables. They show that, if A has numerical
rank close to k, then it is possible to obtain an accurate rank-k approximation to A by sampling
O(klogk) rows of A. Specifically, if one projects A onto the span of £ = O(e*klogk) of its
rows, then the approximant satisfies ||A — A, < ||A — A¢||5 + €||Al|, with high probability. Here
A, denotes the optimal rank-k approximation to A, obtainable as the rank-k truncated SVD of A.

Other researchers forwent the SVD entirely, considering instead alternative column and row-
based matrix decompositions. In one popular class of approximations, the matrix is approximated
with a product CUR, where C and R are respectively small subsets of the columns and rows
of the matrix and U, the coupling matrix, is computed from C and R [DKMO06¢c]. Accordingly,
these schemes are known as CUR decompositions. Nystrom extensions, introduced by Williams
and Seeger in [WS01], are a similar class of low-rank approximations to positive-semidefinite
matrices. They can be thought of as CUR decompositions constructed with the additional
constraint that C = R7, to preserve the positive-semidefiniteness of the approximant. Both CUR
and Nystrom decompositions can be constructed in one pass over the matrix.

The paper [DMMO8] introduced a “subspace sampling” method of sampling the columns and
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rows to form C and R and showed that approximations formed with O(k log k) columns and rows
in this manner achieve Frobenius norm errors close to the optimal rank-k approximation error:
||[A— CUR|lg < (1+ ¢)||A— Aillg. The leverage scores of the columns of A are used to generate
the probability distribution used for column sampling: given P, a projection onto the dominant
k-dimensional right singular space of A, the leverage score of the jth column of A is proportional
to (P);;. The intuition is that the magnitude of the leverage score of a particular column reflects
its influence in determining the dominant k-dimensional singular spaces of A [DM10].

In [MRTO06, MRT11], Tygert et al. introduced randomized Interpolative Decompositions (ID)
as an alternative low-rank factorization to the SVD. In IDs, the columns of A are represented
as linear combinations of some small subset of the columns of A. The algorithm of [MRT06]
is accelerated in [WLRTO08]. With high probability, it constructs matrices B and IT such that
B consists of k columns sampled from A, some subset of the columns of IT make up the k X k
identity matrix, and ||A — BII||, = O(vVkmn||A — A¢||5).

The works of Har-Peled [HP0O6], and Deshpande et al. [DRVWO06] use more intricate ap-
proaches based on column sampling to produce low-rank approximations with relative-error
Frobenius norm guarantees. These algorithms require, respectively, O(k?log k) and O(k) column
samples.

Boutsidis et al. develop a general framework for analyzing the error of matrix approximation
schemes based on column sampling in [BDMI11], where they establish optimal bounds on the
errors of approximants produced by projecting a matrix onto the span of some subset of its
columns. In particular, they show that there are matrices that cannot be efficiently approximated

in the spectral norm using the sampling paradigm; specifically, given positive integers k < { < n,
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they demonstrate the existence of a matrix A such that

. n?+a
A=Al > | 1+ ta |A — Aglly

when A is any approximation obtained by projecting A onto the span of £ of its columns. Because
this bound holds regardless of how the columns are selected, it is clear that, at least in the
spectral norm, the sampling paradigm is not sufficient to obtain near optimal approximation
errors. Stronger spectral norm guarantees can be obtained using the random projection approach

to matrix approximation.

1.2 The random-projection approach to matrix approximation

A wide range of results in RNLA have been inspired by the work of Johnson and Lindenstrauss
in geometric functional analysis, who showed that embeddings into random low-dimensional
spaces can preserve the geometry of point sets. The celebrated Johnson-Lindenstrauss lemma
states that, given n points in a high-dimensional space, a random projection into a space of
dimension (logn) preserves the distance between the points. Such geometry-preserving,
dimension-reducing maps are known as Johnson-Lindenstrauss transforms (JLT).

The work of Papadimitriou et al. in [PRTV00] on the algorithmic application of randomness
to facilitate information retrieval popularized the use of JLTs in RNLA. Unlike sample-based
methods like the CUR decomposition that project the matrix onto the span of a subset of its
columns (and/or rows), random projection methods produce approximations to the matrix by
projecting it onto some subspace of its entire range. The intuition behind these methods is similar
to that behind the power method, or orthogonal iteration: one can approximately capture the

top left singular space of a matrix by applying it to a sufficiently large number of random vectors.
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One then obtains a low-rank approximation of the matrix by projecting it onto this approximate
singular space. Projection-based matrix approximation algorithms require at least two passes
over the matrix: one to form an approximate basis for the top left singular space of the matrix,
and one to project the matrix onto that basis.

In the influential paper [Sar06], Sarlés developed fast approximation algorithms for SVDs,
least squares, and matrix multiplication under the randomized projection paradigm. His algo-
rithms take advantage of Ailon and Chazelle’s work, which establish that certain structured
randomized transformations can be used to quickly compute dimension reductions [AC06]. At
around the same time, Martinsson, Rohklin, and Tygert introduced a randomized projection-
based algorithm for the calculation of approximate SVDs [MRT06, MRT11]. In this algorithm,
to obtain an approximate rank-k SVD of A, one applies k + p gaussian vectors to A then projects
A onto the resulting subspace. Here, p is a small integer known as the oversampling parameter.
The approximation returned by the algorithm can be written as A = P5gA, where S is a Gaussian
matrix and the notation Py; denotes the projection onto the range of the matrix M. The spectral
norm error of the approximant is guaranteed to be at most /maxm, n||A — Ay||, with high
probability, and if A is unstructured and dense, the algorithm costs O(mnk) time. Despite the
fact that its runtime is asymptotically the same as those of classical Krylov iteration schemes
(e.g. the Lanczos method), this algorithm is of interest because it requires only two passes over
the matrix. Moreover, the algorithm performs well in the presence of degenerate singular values,
a situation which often causes Lanczos methods to stagnate [MRT11]. Finally, this algorithm is
more readily parallelizable than iterative schemes.

In [WLRTO8], inspired by Sarlds’s work in [Sar06], Woolfe et al. observed that the runtime of
the algorithm of [MRT06, MRT11] could be reduced to O(mnlog(k)+k*(m+n)) by substituting

a structured random matrix for the Gaussian matrix used in the original algorithm. Specifically,
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they show that if the “sampling matrix” S consists of O(k?) uniformly randomly selected columns
of the product of the discrete Fourier transform matrix and a diagonal matrix of random signs,
then the error guarantees of the algorithm remain unchanged while the worst-case runtime
decreases. Nguyen et al. consider the same approximation in [NDT09], A = P,sA, and obtain
improved results: if S has O(klog k) columns constructed as in the algorithm of [WLRT08], then
with constant probability ||A — A||, < \/Wlogk)HA —Agll,.

The paper [BDMI11] and the survey article [HMT11] constituted a significant step forward
in the analysis of random projection-based matrix approximation algorithms, because they
provided a framework for the analysis of the Frobenius and spectral norm errors of approximants
of the form PagA using arbitrary sampling matrices S. In [HMT11], this framework is used to
provide guarantees on the errors of approximants of the form A = P,¢A for S Gaussian and for
S consisting of uniformly randomly selected columns of the product of the Walsh—-Hadamard

transform matrix and a diagonal matrix of random signs.

1.3 Nonasymptotic random matrix theory

The behavior of RNLA algorithms can often be analyzed in terms of the behavior of a sum
of random matrices. As an example, consider the entry-wise sparsification schemes described
earlier in the chapter: there, the approximants can be considered to be a sum of random matrices,
where each term in the sum contributes one entry to the approximant. In each of the works
cited, the design of the sparsification algorithm was crucially influenced by the particular tool
used to analyze its performance. Achlioptas and McSherry used a concentration inequality due
to Talagrand [AMO1, AMO7], Arora et al. used scalar Chernoff bounds [AHKO06], Drineas et
al. used the non-commutative Khintchine inequalities [NDT10], and Drineas and Zouzias used

matrix Bernstein inequalities [DZ11]. As the tools available to researchers increased in their
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generality, the sparsification algorithms became more sophisticated, and the analysis of their
errors became sharper.

The study of the spectra of random matrices is naturally divided into two subfields: the
nonasymptotic theory, which gives probability bounds that hold for finite-dimensional matrices
but may not be sharp, and the asymptotic theory, which precisely describes the behavior of
certain families of matrices as their dimensions go to infinity. Unfortunately, the strength of
the asymptotic techniques lies in the determination of convergence and the development of
asymptotically sharp bounds, rather than the development of tail bounds which hold at a fixed
dimension. Accordingly, the nonasymptotic theory is of most relevance in RNLA applications.

The sharpest and most comprehensive results available in the nonasymptotic theory concern
the behavior of Gaussian matrices. The amenability of the Gaussian distribution makes it possible
to obtain results such as Szarek’s nonasymptotic analog of the Wigner semicircle theorem for
Gaussian matrices [Sza90] and Chen and Dongarra’s bounds on the condition number of
Gaussian matrices [CDO5]. The properties of less well-behaved random matrices can sometimes
be related back to those of Gaussian matrices using probabilistic tools, such as symmetrization;
see, e.g., the derivation of Latata’s bound on the norms of zero-mean random matrices [Lat05].

More generally, bounds on extremal eigenvalues can be obtained from knowledge of the
moments of the entries. For example, the smallest singular value of a square matrix with
i.i.d. zero-mean subgaussian entries is O(n~'/2) with high probability [RV08]. Concentration
of measure results, such as Talagrand’s concentration inequality for product spaces [Tal95],
have also contributed greatly to the nonasymptotic theory. We mention in particular the work
of Achlioptas and McSherry on randomized sparsification of matrices [AM01, AM07], that of
Meckes on the norms of random matrices [Mec04], and that of Alon, Krivelevich and Vu [AKV02]

on the concentration of the largest eigenvalues of random symmetric matrices, all of which are
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applications of Talagrand’s inequality. In cases where geometric information on the distribution
of the random matrices is available, the tools of empirical process theory—such as generic
chaining, also due to Talagrand [Tal05]—can be used to convert this geometric information into
information on the spectra. One natural example of such a case consists of matrices whose rows
are independently drawn from a log-concave distribution [MP06, ALPTJ11].

One of the most general tools in the nonasymptotic theory toolbox is the Noncommutative
Khintchine Inequality (NCKI), which bounds the moments of the norm of a sum of randomly
signed matrices [LPP91]. Despite its power and generality, the NCKI is unwieldy. To use it,
one must reduce the problem to a suitable form by applying symmetrization and decoupling
arguments and exploiting the equivalence between moments and tail bounds. It is often more
convenient to apply the NCKI in the guise of a lemma, due to Rudelson [Rud99], that provides
an analog of the law of large numbers for sums of rank-one matrices. This result has found
many applications, including column-subset selection [RV07] and the fast approximate solution
of least-squares problems [DMMS11]. The NCKI and its corollaries do not always yield sharp
results because parasitic logarithmic factors arise in many settings.

Classical exponential tail bounds for sums of independent random variables can be developed
using the machinery of moment-generating functions (mgfs), by exploiting the fact that the
mgf of a sum of independent random variables is the product of the mgfs of the summands.
Ahlswede and Winter [AW02] extended this technique to produce tail bounds for the eigenvalues
of sums of independent Hermitian random variables. Because matrices are non-commutative,
the matrix mgf of a sum of independent random matrices does not factor nicely as in the
scalar case. The influential work of Ahlswede and Winter, as well as the immediately following
works developing exponential matrix probability inequalities, relied upon trace inequalities

to circument the difficulty of noncommutativity [CMO08, Rec11, 0li09, 0li10, Grol1l]. Tropp
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showed that these matrix probability inequalities can be sharpened considerably by working
with cumulant generating functions instead of mgfs [Tro12, Trollc, Trolla].

Chatterjee established that in the scalar case, powerful concentration inequalities could be
recovered from arguments based on the method of exchangeable pairs [Cha07]. Mackey and
collaborators extended the method of exchangeable pairs to matrix-valued functions [MJC*12].
The resulting bounds are sufficiently sharp to recover the NCKI, and can even be used to
interrogate the behavior of matrix-valued functions of dependent random variables. Most
recently, Paulin et al. have further extended the matrix method of exchangeable pairs to apply
to an even larger class of matrix-valued functions [PMT13].

Despite the diversity of the tools mentioned here, all share a common limitation: they

provide bounds only on the extremal eigenvalues of the relevant classes of random matrices.

1.4 Contributions

We conclude with a summary of the main contributions of this thesis.

1.4.1 Nonasymptotic random matrix theory

The matrix Laplace transform technique pioneered by Ahlswede and Winter, which applies to
sums of independent random matrices [AW02, Tro12], is one of the most generally applicable
techniques in the arsenal of nonasymptotic random matrix theory.

However, the matrix Laplace transform technique yields bounds on only the extremal
eigenvalues of Hermitian random matrices. Chapter 2 describes an extension of the matrix
Laplace transform technique, based upon the variational characterization of the eigenvalues of
Hermitian matrices, for bounding all eigenvalues of sums of independent random Hermitian

matrices. This is the first general purpose tool for bounding interior eigenvalues of such a wide
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class of random matrices.
The minimax Laplace transform introduced in Chapter 2 relates the behavior of the k-th

eigenvalue of a random self-adjoint matrix to the behavior of its compressions to subspaces:
P{A(Y) >t} < inf min{e % -Etrexp (e?V'YV
Nz }_9>0V p( )

where the minimization is taken over an appropriate set of matrices V with orthonormal columns.
We show that when one has sufficiently strong semidefinite bounds on the matrix cumulant

generating functions log Ee?V XV

of the compressions of the summands X;, the minimax Laplace
transform technique yields exponential probability bounds for all the eigenvalues of Y =) . X;.

We employ the minimax Laplace transform to produce eigenvalue Chernoff, Bennett, and
Bernstein bounds. As an example of the efficacy of this technique, we use the Chernoff bounds
to find new bounds on the interior eigenvalues of matrices formed by sampling columns from
matrices with orthonormal rows. We also demonstrate that our Bernstein bounds are powerful
enough to recover known estimates on the number of samples needed to accurately estimate
the eigenvalues of the covariance matrix of a Gaussian process by the eigenvalues of the sample

covariance matrix. In the process of doing so, we provide novel results on the convergence rate

of the individual eigenvalues of Gaussian sample covariance matrices.

1.4.2 Matrix sparsification

Chapter 3 analyzes the approximation errors of randomized schemes that approximate a fixed
m X n matrix A with a random matrix X having the properties that the entries of X are inde-
pendent and average to the corresponding entries of A. This investigation was initiated by the

observation that several algorithms for random matrix quantization and sparsification are based
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on approximations that have these properties [AM01, AHKO6, AMO07]. A generic framework for
the analysis of such approximation schemes is established, and this essentially recapitulates the
known guarantees for the referenced algorithms.

We show that the spectral norm approximation error of such schemes can be controlled in

terms of the variances and fourth moments of the entries of X as follows:

1/2
EJJA—X|, < C | max (ZVar(Xjk))
J k
1/4

1/2
+max (ZVar(Xjk)) (ZE(Xjk - ajk)4) . (1.4.0)
j ik

where C is a universal constant. This expectation bound is obtained by leveraging work done
by Latata on the spectral norm of random matrices with zero mean entries [Lat05]. When the
entries of A are bounded (so that the variances of the entries of X are small), an argument based
on a bounded difference inequality shows that the approximation error does not exceed this
expectation by much.

Inequality (1.4.1) identifies properties desirable in randomized approximation schemes:
namely, that they minimize the maximum column and row norms of the variances of the entries,
as well as the fourth moments of all entries. Thus our results supply guidance in the design of
future approximation schemes. The results also yield comparable analyses of the quantization
and sparsification schemes introduced in [AMO1, AMO07] and recover error bounds for the
quantization/sparsification scheme proposed by Arora, Hazan, and Kale in [AHKO6] that are
comparable to those supplied in [AHKO6]. However, for the more recent sparsification schemes
presented in [NDT10, DZ11, AKL13], our results do not provide sparsification guarantees as
strong as those offered in the originating papers.

Chapter 3 also analyzes the performance of randomized matrix approximation schemes as
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measured using non-unitary invariant norms. The literature on randomized matrix approxima-
tion has, with few exceptions, focused on the behavior of the spectral and Frobenius norms.
However, depending on the application, other norms are of more interest; for instance, the
p — q norms naturally arise when one considers A as a map from £,(R") to £,(R™). Consider, in
particular, the co — 1 and co — 2 norms, both of which are NP-hard to compute. The co — 1
norm has applications in graph theory and combinatorics. The co — 2 norm has applications in
numerical linear algebra. In particular, it is a useful tool in the column subset selection problem:
that of, given a matrix A with unit norm columns, choosing a large subset of the columns of A so
that the resulting submatrix has a norm smaller than some fixed constant (larger than one).

In a similar way that sparsification can assist in applications where the spectral norm is
relevant, we believe it can be of assistance in applications such as these where the norm of
interest is a p — ¢ norm. Our main result is a bound on the expected co — p norm of random

matrices whose entries are independent and have mean zero:

B2y < 28| 3, et

+2 max EY ‘Z] &7kl

p llully=1

Here ¢ is a vector of i.i.d. random signs, z; is the kth column of Z, and p~* +¢q~! = 1. This

implies the following bounds on the co — 1 and co — 2 norms:

E(1Zlloo—1 < 2E(/|Zllco1 + ||2"]|,) and

col)

E|Zllso-2 < 2E|1Zlly +2minE||zD7",

where the minimization is taken over the set of positive diagonal matrices satisfying Tr(D?) = 1.
The norm ||Z||,_,, is the largest of the Euclidean norms of the rows of the matrix, ||Z|| is the

Frobenius norm, and the column norm ||Z||, is the sum of the Euclidean norms of the columns
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of the matrix. As in the case of the spectral norm, a bounded differences inequality guarantees
that if the entries of A are bounded, then the errors ||A — X|| .z for & € {1,2} concentrate about
these expectations. Thus we have bounds on norms which are NP-hard to compute, in terms
of much simpler quantities. Both these bounds are optimal in the sense that each term in the
bound can be shown to be necessary. In the case of the co — 1 norm, a matching lower bound

establishes the sharpness of the bound.

1.4.3 Low-rank approximation using fast unitary transformations

Chapter 5 offers a new analysis of the subsampled randomized Hadamard transform (SRHT)
approach to low-rank approximation. This is a specific instance of a class of low-rank approxima-
tion algorithms based on fast unitary transformations, and the analysis provided applies, mutatis
mutandis, to other low-rank approximation algorithms which use fast unitary transformations.

Let { > k be a positive integer and let S € R™¢ be a matrix whose columns are random
vectors, then projection methods approximate A with PagA, which has rank at most £. Here,
the notation Py; denotes the projection onto the range of M. One can reduce the cost of the
algorithm by using random matrices S whose structure allows for fast multiplication. Specifically,
one can reduce the cost of forming the product AS from O(mnf) to O(mnlog{). One choice of a

structured random matrix is the transpose of the subsampled randomized Hadamard transform

n
S= \/;DHTRT.

Here, D is a diagonal matrix whose entries are independent random uniformly distributed signs,

(SRHT),

H is a normalized Walsh-Hadamard matrix (a particular kind of orthogonal matrix, each of
whose entries has modulus n~%/ 2), and R is a matrix that restricts an n-dimensional vector to

a random size £ subset of its coordinates. It is not necessary that H be a normalized Walsh—
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2 can be

Hadamard matrix; other orthogonal transforms whose entries are on the order of n="/
used as well, such as the discrete cosine transform or the discrete Hartley transform.

The previous tightest bound on the spectral-norm error of SRHT-based low-rank approxima-

tions is given in [HMT11], where it is shown that

7
-l < (147 ) Ja-al,

with probability at least 1 — O(1/k) when £ is at least on the order of klogk. In some situations,
this bound is close to optimal. But when A is rank-deficient or has fast spectral decay, this result

does not reflect the correct behavior. In Chapter 5 we establish that

log(n)log(rank(A)) log(rank(A))
R R ) L R e [P

with constant failure probability. The factor in front of the optimal error has been reduced at

the cost of the introduction of a Frobenius term. This Frobenius term is small when A has fast

spectral decay. We also find Frobenius-norm error bounds.

1.4.4 Randomized SPSD sketches

Chapter 6 considers the problem of forming a low-rank approximation to a symmetric positive-
semidefinite matrix A € R™*" using “SPSD sketches.” Let S be a matrix of size n X £, where

¢ < n. Then the SPSD sketch of A corresponding to S is CW'CT, where

C=AS and W=STAS.

Sketches formed according to this model have rank at most £ and are also symmetric positive-
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semidefinite. The simplest such SPSD sketches are formed by taking S to contain random
columns sampled uniformly without replacement from the appropriate identity matrix. These
sketches, known as Nystrom extensions, are popular in applications where it is expensive or
undesirable to have full access to A : Nystrom extensions require only knowledge of £ columns
of A.

The accuracy of SPSD sketches can be increased using the so-called power method, wherein
one takes the sketching matrix to be S = APS,, for some integer p > 2 and S, is a sketching
matrix. The corresponding SPSD sketch is APSy(STAZP~1S,) STAP.

Chapter 6 establishes a framework for the analysis of SPSD sketches, and supplies spectral,
Frobenius, and trace-norm error bounds for SPSD sketches corresponding to random S sampled
from several distributions. The error bounds obtained are asymptotically smaller than the other
bounds available in the literature for SPSD sketching schemes. Our bounds apply to sketches
constructed using the power method, and we see that the errors of these sketches decrease like
(Ak+1(A)/ A (A)P.

In particular, our framework supplies an optimal spectral-norm error bound for Nystrom
extensions. Because they are based on uniform column sampling, Nystrom extensions perform
best when the information in the top k-dimensional eigenspace is distributed evenly throughout
the columns of A. One way to quantify this idea uses the concept of coherence, taken from the
matrix completion literature [CR09]. Let ¥ be a k-dimensional subspace of R". The coherence
of & is

u) = %maxi(Psf’)ii-
The coherence of the dominant k-dimensional eigenspace of A is a measure of how much

comparative influence the individual columns of A have on this subspace: if u is small, then all
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columns have essentially the same influence; if u is large, then it is possible that there is a single
column in A which alone determines one of the top k eigenvectors of A.

Talwalkar and Rostamizadeh were the first to use coherence in the analysis of Nystrom
extensions. Let A be exactly rank-k and u denote the coherence of its top k-dimensional
eigenspace. In [TR10], they show that if one samples on the order of uklog(k/6) columns to
form a Nystrom extension, then with probability at least 1 — 6 the Nystrom extension is exactly
A. The framework provided in Chapter 6 allows us to expand this result to apply to matrices

with arbitrary rank. Specifically, we show that when £ = O(uklogk), then
. n
Ja-ewierl, = (1+7) Ja- .

with constant probability. This bound is shown to be optimal in the worst case.

Low-rank approximations computed using the SPSD sketching model are not guaranteed
to be numerically stable: if W is ill-conditioned, then instabilities may arise in forming the
product CW'CT. A regularization scheme proposed in [WS01] suggests avoiding numerical
ill-conditioning issues by using an SPSD sketch constructed from the matrix A + pI, where
p > 0 is a regularization parameter. In Chapter 6, we provide the first error analysis of this
regularization scheme, and compare it empirically to another regularization scheme introduced
in [CD11].

Finally, in addition to theoretical results, Chapter 6 provides a detailed suite of empirical
results on the performance of SPSD sketching schemes applied to matrices culled from data

analysis and machine learning applications.



20

Chapter 2

Bounds for all eigenvalues of sums of
Hermitian random matrices

2.1 Introduction

The classical tools of nonasymptotic random matrix theory can sometimes give quite sharp
estimates of the extreme eigenvalues of a Hermitian random matrix, but they are not readily
adapted to the study of the interior eigenvalues. This is because, while the extremal eigenvalues
are the maxima and minima of a random process, more delicate and challenging minimax
problems must be solved to obtain the interior eigenvalues.

This chapter introduces a simple method, based upon the variational characterization of
eigenvalues, that parlays bounds on the extreme eigenvalues of sums of random Hermitian
matrices into bounds that apply to all the eigenvalues®. This technique extends the matrix
Laplace transform method detailed in [Tro12]. We combine these ideas to extend several of
the inequalities in [Tro12] to address the fluctuations of interior eigenvalues. Specifically, we
provide eigenvalue analogs of the classical multiplicative Chernoff bounds and Bennett and
Bernstein inequalities.

In this technique, the delicacy of the minimax problems which implicitly define the eigenval-

The content of this chapter is adapted from the technical report [GT09] co-authored with Joel Tropp.
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ues of Hermitian matrices is encapsulated in terms that reflect the fluctuations of the summands
in the appropriate eigenspaces. In particular, we see that the fluctuations of the kth eigenvalue of
the sum above and below the kth eigenvalue of the expected sum are controlled by two different
quantities. This satisfies intuition: for instance, given samples from a nondegenerate stationary
random process with finite covariance matrix, one expects that the smallest eigenvalue of the
sample covariance matrix is more likely to be an underestimate of the smallest eigenvalue of the
covariance matrix than it is to be an overestimate.

We provide two illustrative applications of our eigenvalue tail bounds: Theorem 2.14
quantifies the behavior of the singular values of matrices obtained by sampling columns from a
short, fat matrix; and Theorem 2.15 quantifies the convergence of the eigenvalues of Wishart

matrices.

2.2 Notation

We define M, to be the set of Hermitian matrices with dimension n. We often compare Hermitian
matrices using the semidefinite ordering. In this ordering, A is greater than or equal to B, written
A = Bor B=A, when A — B is positive semidefinite.

The eigenvalues of a matrix A in M, are arranged in weakly decreasing order: A, (A) =
A(A) = Ay(A) = -+ > A, (A) = A (A). Likewise, the singular values of a rectangular matrix A
with rank p are ordered 04 (A) = 01(A) = 05(A) = - -+ = 0,(A) = Oyin(A). The spectral norm

of a matrix B is written ||B||, .
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2.3 The Courant-Fisher Theorem

In this chapter, we work over the complex field C. One of our central tools is the variational
characterization of the eigenvalues of a Hermitian matrix given by the Courant-Fischer Theorem.

For integers d and n satisfying 1 < d < n, the complex Stiefel manifold

Vi={veCc™ :v'v=1}

is the collection of orthonormal bases for the d-dimensional subspaces of C", or, equivalently,
the collection of all isometric embeddings of C¢ into C". Let A be a Hermitian matrix with
dimension n, and let V € V}; be an orthonormal basis for a subspace of C". Then the matrix

V*AV can be interpreted as the compression of A to the space spanned by V.

Proposition 2.1 (Courant-Fischer ([HJ85, Theorem 4.2.11])). Let A be a Hermitian matrix with

dimension n. Then

A(A)= min Ay, (V'AV) and (2.3.1)
Vkt1
Ar(A) = max A, (VFAV). (2.3.2)
vevy

A matrix V_ € V; achieves equality in (2.3.2) if and only if its columns span a top k-dimensional

n

invariant subspace of A. Likewise, a matrix V, € VI |

achieves equality in (2.3.1) if and only if

its columns span a bottom (n — k + 1)-dimensional invariant subspace of A.

The =+ subscripts in Proposition 2.1 are chosen to reflect the fact that A;(A) is the minimum
eigenvalue of V* AV_ and the maximum eigenvalue of V} AV, . As a consequence of Propo-

sition 2.1, when A is Hermitian, A (—A) = —A,_;,1(A). This fact allows us to use the same
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techniques we develop for bounding the eigenvalues from above to bound them from below.

2.4 Tail bounds for interior eigenvalues

In this section we develop a generic bound on the tail probabilities of eigenvalues of sums of
independent, random, Hermitian matrices. We establish this bound by supplementing the matrix
Laplace transform methodology of [Tro12] with Proposition 2.1 and a result, due to Lieb and
Seiringer [LS05], on the concavity of a certain trace function on the cone of positive-definite
matrices.

First we observe that the Courant-Fischer Theorem allows us to relate the behavior of the kth
eigenvalue of a matrix to the behavior of the largest eigenvalue of an appropriate compression

of the matrix.

Theorem 2.2. Let Y be a random Hermitian matrix with dimension n, and let k < n be an integer.

Then, for all t € R,

P{A()Z t} < inf min e ¥ Etre®V V] (2.4.1)

n
= VeankJrl

Proof. Let 6 be a fixed positive number. Then

P{2(Y) > t} = P{A(0Y) > Ot} = P {M(V) > &0t}

<e 0. g0V = o0t ~]Eexp{ min Ay (QV*YV)} .
vev"

n—k+1

The first identity follows from the positive homogeneity of eigenvalue maps and the second

from the monotonicity of the scalar exponential function. The final two relations are Markov’s
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inequality and (2.3.1).
To continue, we need to bound the expectation. Use monotonicity to interchange the order

of the exponential and the minimum; then apply the spectral mapping theorem to see that

Eexp{ y min A, (OVYV) } = EV min A, (exp(6VYV))
n (S n

n—k+1 n—k+1

< min EA,. (exp(6V*YV))

n
VEVn—k-H

< min Etrexp(6V*YV).

VEVn—k-H

The first inequality is Jensen’s. The second inequality follows because the exponential of a
Hermitian matrix is positive definite, so its largest eigenvalue is smaller than its trace.
Combine these observations and take the infimum over all positive 8 to complete the

argument. O

In most cases it is prohibitively difficult to compute the quantity Etre?V YV

exactly. The
main contribution of [Tro12] is a bound on this quantity, when V =1, in terms of the cumulant

generating functions of the summands. The main tool in the proof is a classical result due to

Lieb [Lie73, Thm. 6] that establishes the concavity of the function
A —> trexp (H+log(A)) (2.4.2)

on the positive-definite cone, where H is Hermitian.
We are interested in the case where V # I and the matrix Y in Theorem 2.2 can be expressed
as a sum of independent random matrices. In this case, we use the following result to develop

the right-hand side of the Laplace transform bound (2.4.1).

Theorem 2.3. Consider a finite sequence {X;} of independent, random, Hermitian matrices with



25

dimension n and a sequence {A;} of fixed Hermitian matrices with dimension n that satisfy the
relations

EeX < eh, (2.4.3)

Let V € V. be an isometric embedding of Ck into C" for some k < n. Then

E trexp {Z] V*xjv} < trexp {ZJ V*Ajv} : (2.4.4)

In particular,

Etrexp{zjxj} <trexp {ZjAj}' (2.4.5)

Theorem 2.3 is an extension of Lemma 3.4 of [Trol12], which establishes the special
case (2.4.5). The proof depends upon a result due to Lieb and Seiringer [LS05, Thm. 3]
that extends Lieb’s earlier result (2.4.2) by showing that the functional remains concave when

the log(A) term is compressed.

Proposition 2.4 (Lieb-Seiringer 2005). Let H be a Hermitian matrix with dimension k. Let

V € V] be an isometric embedding of Ck into C™ for some k < n. Then the function
A — trexp (H+ V*(logA)V)

is concave on the cone of positive-definite matrices in ML, .

Proof of Theorem 2.3. First, note that (2.4.3) and the operator monotonicity of the matrix loga-

rithm yield the following inequality for each k:

logEeXx < A,. (2.4.6)
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Let E;, denote expectation conditioned on the first k summands, X; through X;.. Then

/

Etrexp ZV*XJV =FEE,; ---E,_; trexp Z VX, V+V* (logexf) \'
j<t \jse—1

(

<EE;---E;_,trexp Z VX,V +V* (log]Eexf)V

\Jjst-1

<EE, ---Ej_,trexp Z VX;V+V* (logeA/f)V
\Jjst-1

/

=EE; - Eq_ytrexp | > VX;V+VAV
\Jjst-1

The first inequality follows from Proposition 2.4 and Jensen’s inequality, and the second depends
on (2.4.6) and the monotonicity of the trace exponential. Iterate this argument to complete the

proof. O
Our main result follows from combining Theorem 2.2 and Theorem 2.3.

Theorem 2.5 (Minimax Laplace Transform). Consider a finite sequence {X;} of independent,

random, Hermitian matrices with dimension n, and let k < n be an integer.

(i) Let {A;} be a sequence of Hermitian matrices that satisfy the semidefinite relations

Ee%%i < es(0)A;

where g : (0,00) — [0,00). Then, forall t € R,

> < i : -0t , -
P{Ak (ijj) > t} < ér;g Veglgl_l’}t(ﬂ [e trexp{g(@)zjv A]V} }
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(i) Let {A;: V], | — Mg} be a sequence of functions that satisfy the semidefinite relations

EefVEV < o8(0)A,(V)

forall VeV where g : (0,00) — [0,00). Then, forall t € R,

—k+1°

P{?Lk (ijj) > t} < gr;g Ver{)lﬁin [e_et -trexp{g(O)ZjAj(V)} }

—k+1

The first bound in Theorem 2.5 requires less detailed information on how compression
affects the summands but correspondingly does not give as sharp results as the second. For
most cases we consider, we use the second inequality because it is straightforward to obtain
semidefinite bounds for the compressed summands. The exception occurs in the proof of the
subexponential Bernstein inequality (Theorem 2.12 in Section 2.6); here we use the first bound,
because in this case there are no nontrivial semidefinite bounds for the compressed summands.

In the following two sections, we use the minimax Laplace transform method to derive
Chernoff and Bernstein inequalities for the interior eigenvalues of a sum of independent random
matrices. Tail bounds for the eigenvalues of matrix Rademacher and Gaussian series, eigenvalue
Hoeffding, and matrix martingale eigenvalue tail bounds can all be derived in a similar manner;
see [Trol2] for the details of the arguments leading to such tail bounds for the maximum

eigenvalue.
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2.5 Chernoff bounds

Classical Chernoff bounds establish that the tails of a sum of independent nonnegative random
variables decay subexponentially. [Tro12] develops Chernoff bounds for the maximum and
minimum eigenvalues of a sum of independent positive semidefinite matrices. We extend this
analysis to study the interior eigenvalues.

Intuitively, the eigenvalue tail bounds should depend on how concentrated the summands
are; e.g., the maximum eigenvalue of a sum of operators whose ranges are aligned is likely
to vary more than that of a sum of operators whose ranges are orthogonal. To measure how
much a finite sequence of random summands {X;} concentrates in a given subspace, we define a

function ¥ : (_; ., Vi — R that satisfies

max; Apax (V*XjV) <Y(V) almost surely for each V € U V. (2.5.1)

1<k<n

The sequence {X;} associated with ¥ will always be clear from context. We have the following

result.

Theorem 2.6 (Eigenvalue Chernoff Bounds). Consider a finite sequence {X;} of independent,

random, positive-semidefinite matrices with dimension n. Given an integer k < n, define

e = Ak (Zl EX]') :

and let V. € V7 and V_ € V] be isometric embeddings that satisfy

—k+1

b= e (D, VAEX)V, ) = A (D, VECEX V. ).
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Then

b e/ ¥(Vy)
} for 6 >0, and

P{/xk (ijj) z(1+5)uk} <(n—k+1)- [m
- }uk/ww)

]P{/lk (ijj) <(1- 5)uk} <k- [m

for 6 €[0,1),

where W is a function that satisfies (2.5.1).

Theorem 2.6 tells us how the tails of the kth eigenvalue are controlled by the variation
of the random summands in the top and bottom invariant subspaces of Y ;EX;. Up to the
dimensional factors k and n — k + 1, the eigenvalues exhibit binomial-type tails. When k =1
(respectively, k = n) Theorem 2.6 controls the probability that the largest eigenvalue of the sum
is small (respectively, the probability that the smallest eigenvalue of the sum is large), thereby

complementing the one-sided Chernoff bounds of [Tro12].

Remark 2.7. The results in Theorem 2.6 have the following standard simplifications:

et/ ¥(V,)
P{lk (Z].Xj) Zt.uk}f(n—k—l—l)- [E} for t > e, and

IP’{)Lk (Zl Xj) < t,uk} <k-e -Pm/QYOV)) forp e [0,1].

Remark 2.8. If it is difficult to estimate ¥(V,) or ¥(V_) and the summands are uniformly

bounded, one can resort to the weaker estimates

UV < max ma, V] = 5| and

¥(V_) < maxmax; |
vevy

VX,V = max; |%;]].

Theorem 2.6 follows from Theorem 2.5 using an appropriate bound on the matrix moment-
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generating functions. The following lemma is due to Ahlswede and Winter [AW02]; see

also [Tro12, Lem. 5.8].

Lemma 2.9. Suppose that X is a random positive-semidefinite matrix that satisfies A, (X) < 1.
Then

Ee%X < exp ((ee — 1)(EX)) for 6 €R.

Proof of Theorem 2.6, upper bound. We consider the case where W(V, ) = 1; the general case

follows by homogeneity. Define
Aj(V)=Vi(EX;V, and g(0)=e’—1.
Theorem 2.5(ii) and Lemma 2.9 imply that
P {Ak (Z] xj) > (14 5)uk} < inf e~/ rexp {g(G)Zj Vi(EXj)V+} -

Bound the trace by the maximum eigenvalue, taking into account the reduced dimension of the

summands:

trexp {g(@)zj V’;(Exj)v+} <(m—k+1) Apax (exp {g(Q)Zj V”;(Exj)w})

— (n- k4 1) -exp {800) A (3, ViRV }.

The equality follows from the spectral mapping theorem. Identify the quantity u,; then combine
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the last two inequalities to obtain
) > <(n— i [g(6)—60(1+8)Tuy
P{Ak (ijl) _(1—|—5),uk}_(n k+1) 5r>1f)e .

The right-hand side is minimized when 6 = log(1 + &), which gives the desired upper tail

bound. O

Proof of Theorem 2.6, lower bound. As before, we consider the case where ¥(V_) = 1. Clearly,

P{Ak (Z] xj) <(1- 5)uk} =P {An_kﬂ (Z] —xj) > —(1- 5)uk}. (2.5.2)

Apply Lemma 2.9 to see that, for 6 > 0,
Ee?CV-XV-) = Eel-OV-XV- < exp(g(0) - VI (—EX;)V_),

where g(6) = 1 — e 9. Theorem 2.5(ii) thus implies that the latter probability in (2.5.2) is

bounded by

. 0(1-6)uy . * .
égge M . trexp (g(Q)ZjV_( ]EXJ)V_).

Using reasoning analogous to that in the proof of the upper bound, we justify the first of the

following inequalities:

trexp (g(@)ZjV*_(—EXj)V_) <k-exp {Amax (g(e)zjvi(—Exj)V_)}

= k- exp{ =g(6)- 2w (2, V2 (EXV_ )}

=k-exp {—g(0)uc} .
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The remaining equalities follow from the fact that —g(8) < 0 and the definition of uy.

This argument establishes the bound

P{lk (ZJ Xj) <(1- 5)uk} <k- eiggew(l—é)—g(e)]uk.

The right-hand side is minimized when 6 = —1log(1 — &), which gives the desired lower tail

bound. O

2.6 Bennett and Bernstein inequalities

The classical Bennett and Bernstein inequalities use the variance or knowledge of the moments
of the summands to control the probability that a sum of independent random variables deviates
from its mean. In [Trol2], matrix Bennett and Bernstein inequalities are developed for the
extreme eigenvalues of Hermitian random matrix sums. We establish that the interior eigenvalues
satisfy analogous inequalities.

As in the derivation of the Chernoff inequalities of Section 2.5, we need a measure of
how concentrated the random summands are in a given subspace. Recall that the function

W sy <p<n Vi — R satisfies

Max; Amax (V*XjV) <y(V) almost surely for each Ve U V- (2.6.1)

1<k<n
The sequence {X;} associated with ¥ will always be clear from context.

Theorem 2.10 (Eigenvalue Bennett Inequality). Consider a finite sequence {X;} of independent,

random, Hermitian matrices with dimension n, all of which have zero mean. Given an integer
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k < n, define

o2 =2 (ZJ E(x]?)) :
Choose V, € VI, . to satisfy
02 = A (Z] vjE(xf)w) .

Then, for all t > 0,

2
o {2 (X,0) 2 ¢} sk emp -2t (M2 o

k

<(n—k+1)-ex v (if)
=\ xp o +W(V,)t/3

(n—k+1)-exp{—§t2/0£} fortSU,%/\P(VJF)
< (iii)

(n—k+1)-exp{-2t/9(V)} for e = 02/ B(V,),

where the function h(u) = (1 + u)log(1 + u) — u for u > 0. The function ¥ satisfies (2.6.1) above.

Results (i) and (ii) are, respectively, matrix analogs of the classical Bennett and Bernstein
inequalities. As in the scalar case, the Bennett inequality reflects a Poisson-type decay in the tails
of the eigenvalues. The Bernstein inequality states that small deviations from the eigenvalues of
the expected matrix are roughly normally distributed while larger deviations are subexponential.
The split Bernstein inequalities (iii) make explicit the division between these two regimes.

As stated, Theorem 2.10 controls the probability that the eigenvalues of a sum are large.

Using the identity
A ( - ij) = —An-k+1 (ij) >
J J

Theorem 2.10 can also be applied to control the probability that eigenvalues of a sum are small.
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To prove Theorem 2.10, we use the following lemma (Lemma 6.7 in [Tro12]) to control the

moment-generating function of a random matrix with bounded maximum eigenvalue.

Lemma 2.11. Let X be a random Hermitian matrix satisfying EX = 0 and A, (X) < 1 almost

surely. Then

EefX < exp((e? — 6 —1)-E(X?)) for 6 > 0.

Proof of Theorem 2.10. Using homogeneity, we assume without loss that ¥(V, ) = 1. This implies

that A« (Xj) <1 almost surely for all the summands. By Lemma 2.11,
Ee”™ < exp(g(0) - E(X})),

with g(8)=e? —6 —1.

Theorem 2.5(i) then implies

IP’{)Lk (Z) Xj) = t} < ggge_gt -trexp (g(@)zj ViE(XJz.)VJF)
<=k 1) fnf e Ay (exp{g(0) Y, VIEGEW, })

ce -0
=(n—-k+1)- euige f.exp {g(@) * Amax (Z] V“:LIE(XJZ.)VJr) } .
The maximum eigenvalue in this expression equals oi, thus

]P’{lk (Z] Xj) > t} <(n—-k+1)- gggeg(e)oi—er,

The Bennett inequality (i) follows by substituting 8 = log(1 + t/ a%) into the right-hand side

and simplifying.



35

The Bernstein inequality (ii) is a consequence of (i) and the fact that

2

us/2
M) > —'2 foru>0
W=z 73 foruzo,

which can be established by comparing derivatives.
The subgaussian and subexponential portions of the split Bernstein inequalities (iii) are

verified through algebraic comparisons on the relevant intervals. O

Occasionally, as in the application in Section 2.8 to the problem of covariance matrix
estimation, one desires a Bernstein-type tail bound that applies to summands that do not have
bounded maximum eigenvalues. In this case, if the moments of the summands satisfy sufficiently
strong growth restrictions, one can extend classical scalar arguments to obtain results such as

the following Bernstein bound for subexponential matrices.

Theorem 2.12 (Eigenvalue Bernstein Inequality for Subexponential Matrices). Consider a finite
sequence {X;} of independent, random, Hermitian matrices with dimension n, all of which satisfy

the subexponential moment growth condition
m!
E(XT') = ?Bm—zzf. form=2,3,4,...,
where B is a positive constant and 212. are positive-semidefinite matrices. Given an integer k < n, set

Wi = Ag (Z] IEXj) .

n e
Choose V, € V7 _, | that satisfies

Pk = Amax (Zl Vj_(EXj)V+) >
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and define

2 _ 2
02 = Amax (Z].ViEjW) .

Then, for any t > 0,

]P’{Ak (ijj)Zuk-l-t}S(n—k+1)~exp{—o_§2_|{zt} 0

(n—k+1)-exp{—%t2/ai} fort < U%/B
< (ii)

(n—k+1)-exp{—}‘t/B} fortZUi/B.

This result is an extension of [Tro12, Theorem 6.2], which, in turn, generalizes a classical
scalar argument [DG98].

As with the other matrix inequalities, Theorem 2.12 follows from an application of The-
orem 2.5 and appropriate semidefinite bounds on the moment-generating functions of the
summands. Thus, the key to the proof lies in exploiting the moment growth conditions of
the summands to majorize their moment-generating functions. The following lemma, a trivial

extension of Lemma 6.8 in [Tro12], provides what we need.

Lemma 2.13. Let X be a random Hermitian matrix satisfying the subexponential moment growth
conditions

m!
E(X™) = ?22 form=2,3,4,....

Then, for any 0 in [0, 1),

62
< y2
Eexp(0X) = exp (QIEX—I— 20 9)2 ) .
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Proof of Theorem 2.12. We note that X; satisfies the growth condition

E(X]") = 5 Bm 222 form>2

if and only if the scaled matrix X;/B satisfies
X\"_ m %
E (—) 2 form > 2.

Thus, by rescaling, it suffices to consider the case B =1.

By Lemma 2.13, the moment-generating functions of the summands satisfy
Eexp(0X;) = exp (QEXj + g(e)zf) ,

where g(6) = 62/(2 — 26). Now we apply Theorem 2.5(i):

P{A" (ijf) Z“k“} inf e”furt). U’eXP( > VHEXV, +5(0) ) ViEV )

6<[0,1)

< inf (n—k+1): exp{ — O(u+ )+ 6 A (ZJ v+(Exj)v+)

+9(0) - Ama (Z},V”;)}fw) }

= i f — 1 . — 2 .
96%,1)01 k+1) exp( 9t+g(0)0k)

To achieve the final simplification, we identified u; and o%. Now, select 8 = t/(t + 0%). Then

simplication gives the Bernstein inequality (i).

Algebraic comparisons on the relevant intervals yield the split Bernstein inequalities (ii). [
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2.7 An application to column subsampling

As an application of our Chernoff bounds, we examine how sampling columns from a matrix
with orthonormal rows affects the spectrum. This question has applications in numerical linear
algebra and compressed sensing. The special cases of the maximum and minimum eigenvalues
have been studied in the literature [Tro08, RV07]. The limiting spectral distributions of matrices
formed by sampling columns from similarly structured matrices have also been studied: the
results of [GHO8] apply to matrices formed by sampling columns from any fixed orthogonal
matrix, and [Far10] studies matrices formed by sampling columns and rows from the discrete
Fourier transform matrix.

Let U be an n X r matrix with orthonormal rows. We model the sampling operation using a
random diagonal matrix D whose entries are independent Bern(p) random variables. Then the

random matrix

)
Il

UD 2.7.1)

can be interpreted as a random column submatrix of U with an average of pr nonzero columns.
Our goal is to study the behavior of the spectrum of U.

Recall that the decay of the Chernoff tail bounds is influenced by the variation of the random
summands when compressed to invariant subspaces of the expected sum, as measured by ¥(V).
In this application, the choice of invariant subspace is arbitrary, so we choose that which gives
the smallest variations and hence the fastest decay. This gives rise to a coherence-like quantity

associated with the matrix U : Recall that the jth column of U is written u;. Consider the
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following coherence-like quantity associated with U :
Ty = min max; HV*uj“2 fork=1,...,n. (2.7.2)
Vevy

There does not seem to be a simple expression for 7,. However, by choosing V* to be the
restriction to an appropriate k-dimensional coordinate subspace, we see that 7; always satisfies
T < minrnax»i]u2

) l]'
<

The following theorem shows that the behavior of ak(ﬁ), the kth singular value of U, can be

explained in terms of 7.

Theorem 2.14 (Column Subsampling of Matrices with Orthonormal Rows). Let Ube ann X r
matrix with orthonormal rows, and let p be a sampling probability. Define the sampled matrix U

according to (2.7.1), and the numbers {7} according to (2.7.2). Then, for each k =1,...,n,

I} P/Tnks1
P{ak(ﬁ)z \/(1+5)p}5(n—k+1)~ [m] for 6 >0, and
-5 p/Tk
P{ak(ﬁ)s \/(1—5)p}5k- [JW} for 6 €[0,1).

Proof. Observe, using (2.7.1), that
o (0)? = 1, (UD?UY) = A, Z djujuj ,
J
where u; is the jth column of U and d; ~ Bern(p). Compute

pi = Ay (ZJ Edjujuj) =p - 4(UU") =p- A (D =p.
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It follows that, forany Ve v?'_, .,

Amax (Z] V*(Edjujuj)v) =D Amax (V*V) =D = Uk,

so the choice of V, € V' , . is arbitrary. Similarly, the choice of V_ € V! is arbitrary. We select

1

V. to be an isometric embedding that achieves 7,,_,,; and V_ to be an isometric embedding

that achieves 7. Accordingly,

2
¥(V,) = max; ||V*+u]~u3’.‘V+|| = max; [[Viu;||* = 7,41, and

¥(V_) = max; ||Viujuij_|| = max; IIVfu]-II2 = Tp.

Theorem 2.6 delivers the upper bound

P{on@ = VA +8)p} =P{ | D djuyu; | =(1+6)p
J

e5 :| p/Tn—k+1

<(n—-k+1)- [m

for 6 > 0, and the lower bound

-5 /7K
P{o@) = V/A-0)p}=P{ 4 | Yduu | <@-8)p Sk-[e—}
j

(1-6)°

for 6 € [0,1). O

To illustrate the discriminatory power of these bounds, let U be an n X n? matrix consisting

of n rows of the n? x n? Fourier matrix and choose p = (logn)/n so that, on average, sampling
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Figure 2.1: SPECTRUM OF A RANDOM SUBMATRIX OF A UNITARY DFT MATRIX. The matrix U is a
102 x 10* submatrix of the unitary DFT matrix with dimension 104, and the sampling probability
p= 1074 log(104). The kth vertical bar, calculated using Theorem 2.14, describes an interval
containing the median value of the kth singular value of the sampled matrix U. The black circles

denote the empirical medians of the singular values of U, calculated from 500 trials. The gray
circles represent the singular values of EU.

reduces the aspect ratio from n to logn. For n = 100, we determine upper and lower bounds for
the median value of o' (U) by numerically finding the value of § where the probability bounds
in Theorem 2.14 equal one-half. Figure 2.1 plots the empirical median value along with the
computed interval. We see that these ranges reflect the behavior of the singular values more

faithfully than the simple estimates o (EU) = p.

2.8 Covariance estimation

We conclude with an extended example that illustrates how this circle of ideas allows one
to answer interesting statistical questions. Specifically, we investigate the convergence of the
individual eigenvalues of sample covariance matrices. Our results establish conditions under
which the eigenvalues can be recovered to relative precision, and furthermore reflect the
difference in the probabilities of the kth eigenvalue of the sample covariance matrix over- or

underestimating that of the covariance matrix.
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Covariance estimation is a basic and ubiquitious problem that arises in signal processing,
graphical modeling, machine learning, and genomics, among other areas. Let {n; };?:1 C RP be
i.i.d. samples drawn from some distribution with zero mean and covariance matrix C. Define the

sample covariance matrix
—~ 1
— *
Ch=- E n;n;-
n j
j=1

An important challenge is to determine how many samples are needed to ensure that the
empirical covariance estimator has a fixed relative accuracy in the spectral norm. That is, given

a fixed ¢, how large must n be so that

C,— ¢, <elicl,? (2.8.1)

This estimation problem has been studied extensively. It is now known that for distributions
with a finite second moment, Q(plogp) samples suffice [Rud99], and for log-concave distri-
butions, Q(p) samples suffice [ALPTJ11]. More broadly, Vershynin [Ver11b] conjectures that,
for distributions with finite fourth moment, Q(p) samples suffice; he establishes this result to
within iterated log factors. In [SV], Srivastava and Vershynin establish that Q(p) samples suffice
for distributions which have finite 2 4+ ¢ moments, for some ¢ > 0, and satisfy an additional
regularity condition.

Inequality (2.8.1) ensures that the difference between the kth eigenvalues of C, and C
is small, but it requires O(p) samples to obtain estimates of even a few of the eigenvalues.
Specifically, letting k, = A;(C)/A,(C), we see that O(S_ZKip) samples are required to obtain
relative error estimates of the largest £ eigenvalues of C using the results of [ALPTJ11, Ver11b,
SV]. However, it is reasonable to expect that when the spectrum of C exhibits decay and £ < p,

far fewer than O(p) samples should suffice to ensure relative error recovery of the largest £
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eigenvalues.

In fact, Vershynin shows this is the case when the random vector is subgaussian: in [Verlla],
he defines the effective rank of C to be r = (Zle 2;(C))/2,(C) and uses r to provide bounds
of the form (2.8.1). It follow from his arguments that, with high probability, the largest ¢
eigenvalues of C are estimated to relative precision when n = O(e‘er? log p) samples are taken.
Clearly this result is most of interest when the effective rank is small: e.g. when r is O(1), we see
that O(e_zxf log p) samples suffice to give relative error accuracy in the largest £ eigenvalues
of C. Note, however, that this result does not supply the rates of convergence of the individual
eigenvalues, and it requires the effective rank to be small. To the best of the author’s knowledge,
there are no nonasymptotic estimates of the relative errors of individual eigenvalues that do not
require the assumption that C has low effective rank.

In this section, we derive a relative approximation bound for each eigenvalue of C. For
simplicity, we assume the samples are drawn from a A4'(0, C) distribution where C is full-rank,

but we expect that the arguments can be extended to cover other subgaussian distributions.

Theorem 2.15. Assume that C € M, is positive definite. Let {n j ;7:1 C R? be i.i.d. samples drawn

from a (0, C) distribution. Define

—~ 1 n
Cn = ;Zj:l ;-

Write A for the kth eigenvalue of C, and write A, for the kth eigenvalue of En. Thenfork =1,...,p,

—nt?

P{il > A+t <(p—k+1)-exp| ———
{k k } (p ) P(lek ?:kki

) for t <4ni,,
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and

—3nt?

k
P{d, <A —t} <k-exp fort <n(A+ > A;).
{ } (811(11 +30, )Li)) ;

The following corollary provides an answer to our question about relative error estimates.

Corollary 2.16. Let A, and A, be as in Theorem 2.15. Then

—cn€2

pA
i=k 72

P{ik2(1+e)7nk}§(p—k+1)-exp for e <4n,

and

—Cn82

P{A (A=) <k-exp | 5———— | forec(0,1],
Ti(zi:l A_Il{)

where the constant c is at least 1/32.

The first bound in Corollary 2.16 tells us how many samples are needed to ensure that A
does not overestimate A. Likewise, the second bound tells us how many samples ensure that A,
does not underestimate Ay.

Corollary 2.16 suggests that the relationship of A, to A is determined by the spectrum of
C in the following manner. When the eigenvalues below A, are small compared with A;, the

quantity
P
D il A
i=k

is small (viz., it is no larger than p — k + 1), and so A is not likely to overestimate A,. Similarly,



45

when the eigenvalues above A; are comparable with A;, the quantity

A&
T D Al

i=1

is small (viz., it is no larger than k - K‘i), and so ik is not likely to underestimate Ay.

Remark 2.17. The results in Theorem 2.15 and Corollary 2.16 also apply when C is rank-deficient:
simply replace each occurence of the dimension p in the bounds with rank(C).

Indeed, assume that C is rank-deficient and take its truncated eigenvalue decomposition to
be C=UAU". If n; ~ A4(0, C), then n; lies in the span of C. It follows that Ax = A, = 0 for all

k > rank(C). When k < rank(C), we observe that

M@ =2(A) and A | Yommi | =A | DLEET
j j

where &; = U*n; is distributed 4(0, A). Thus,

A | 2omimy | = 24(Q)] = A | DOEES | — ).
j J

Consequently, the problem of estimating the eigenvalues of C to relative error using the samples
{n;} is equivalent to that of estimating the eigenvalues of the full-rank covariance matrix A to

relative error using the samples {&;}.

It is reasonable to expect that one should be able to use Corollary 2.16 to recover Vershynin’s
result in [Verlla] for Wishart matrices: that Q(¢ *r«7logp) samples suffice to estimate the
eigenvalues of the covariance matrix of a Gaussian random variable to within a relative precision

of 1+ ¢. Indeed, this result follows from Corollary 2.16 and a simple union bound argument.

Corollary 2.18. Assume C is positive semidefinite. Let {n; };.1:1 C R? be i.i.d. samples drawn from
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a (0, C) distribution. If n = Q(e_zrkf log p), then with high probability

12(C,) = A(C)| < eAr(C) fork=1,...,L.

Proof. From Corollary 2.16, we see that

. A A
]P’{lk(cn) <(Q1- s)kk} <p~P? whenn>32¢72 (A—i Zigk A_,i) (logk + Blogp).

Recall that . = 1,(C)/2A,(C) and r = (D_; 2;(€))/A,(C), so

)Ll Ai 2
(3 Zaiy) =i

Clearly, taking n = Q(s_zrkf log p) samples ensures that, with high probability, each of the top ¢
eigenvalues of the sample covariance matrix satisfies A (C,) > (1 — £)A4.

Likewise,

. A
P {Ak(Cn) >(1- E)Ak} <p P whenn>32¢72 (Zizk A_,l() (log(p —k+ 1)+ Blogp)

and

KT,

)

A A (s M) (X 2)
Z — = < Kk A =

iZk A A A 1

so we see that taking n = Q(e~2rk, log p) samples ensures that, with high probability, each of
the top { eigenvalues of the sample covariance matrix satisfies Ak(an) <1+ &)A.
Combining these two results, we conclude that n = Q(e_erf log p) ensures that the top

¢ eigenvalues of C are estimated to within relative precision 1 % ¢ with probability at least
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2.8.1 Proof of Theorem 2.15

We now prove Theorem 2.15. This result requires a number of supporting lemmas; we defer
their proofs until after a discussion of extensions to Theorem 2.15.

We study the error |1, (C,,) — A(C)|. To apply the methods developed in this chapter, we pass
to a question about the eigenvalues of a difference of two matrices. The first lemma accomplishes
this goal by compressing both the population covariance matrix and the sample covariance

matrix to a fixed invariant subspace of the population covariance matrix.

Lemma 2.19. Let X be a random Hermitian matrix with dimension p, and let A be a fixed

Hermitian matrix with dimension p. Choose W, € V¥

k1 and W_ € Vi for which

A(A) = Aoy (wiAw+) = Amin (wi Aw_) )

Then, for all t > 0,

P{2k(X) = A (A) + t} < P{ Ao (WXW,, ) > 24(A) +t} (2.8.2)

and

P{24(X) < A(A) = t} S P { Ay (WEA-X)W_) >t} (2.8.3)

We apply this result with A = C and X = C,,. The first estimate (2.8.2) and the second

estimate (2.8.3) are handled using different arguments. The second estimate is easier because
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the maximum eigenvalue of the matrix C — C,, is bounded. Indeed,

A'max (Wj_(c - an)w-i-) = Amax (W):_CW_,_) :

Thus, we may use Theorem 2.10 to complete the second estimate. The next lemma gives the

matrix variances that we need to apply this theorem.

Lemma 2.20. Let & ~ A4(0,G). Then

E(EE* —G)? =G24+ tr(G) - G.

The first inequality (2.8.2) is harder because En is unbounded. In this case, we may apply
Theorem 2.12. To use this theorem, we need the following moment growth estimate for rank-one

Wishart matrices.

Lemma 2.21. Let § ~ A(0,G). Then for any integer m > 2,

E(EE)™ 22™"m!(rG)™ ! - G.

With these preliminaries addressed, we prove Theorem 2.15.

Proof of lower estimate in Theorem 2.15. First we consider the probability that A, underesti-

p .
mates A,. Let W_ €V} satisfy

A(C) = Ay (WECW_) .
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Then Lemma 2.19 implies

P{2(C) < A(€) = t} S P{ Ao (WE(C—CIW_) > ¢}

]P’{Amax (Z; W*(C— njn;f)W_) > nt} .

The factor n comes from the normalization of the sample covariance matrix. Each term in the
sum is zero mean and bounded above by W* CW_ in the semidefinite order, so Theorem 2.10
applies. As we desire a bound on the maximum eigenvalue of the sum, we take V, =1 when we

invoke Theorem 2.10. Then
2 2
2 _ _
02 = Armax (ZE (W (c—nmpw_] ) = e (E [W(C—mym)W_]").
The covariance matrix of 1, is C, so that of W* 1, is W* CW_. It follows from Lemma 2.20 that
E [W*(C—ny0)W_]" = (W CW_) + tr(W" CW_) - W' CW_.
Observe that W* CW_ is the restriction of C to its top k-dimensional invariant subspace, so
) k
Gf = N pax (E [Wi(C - nlnT)W_] ) =nA,(C) (M(C) + Z Ai(c))
i=1

and we can take W(V,) = A, (C).

The subgaussian branch of the split Bernstein inequality of Theorem 2.10 shows that

—3nt?
]P){)'max (iji(c - nﬂﬁ)W-) Z Tlt} S k +exXp

81,(C)(11(C) + XX, 1,(C)

when t <n(1,(C)+ 25;1 A;(C)). This inequality provides the desired bound on the probability
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that Ak(an) underestimates A;(C). O

Proof of upper estimate in Theorem 2.15. Now we consider the probability that A, overestimates
Ar. Let W, € Vi—k+1 satisfy

Ak(C) = Aax (Wj_CW+) .
Then Lemma 2.19 implies

P {24(C) 2 24(C) + t} <P {Apa (WEC, W, ) 2 24(C) + ]

_p {/xmax (Z] w:(njnj)m) > 2, (C) + nt} L @284

The factor n comes from the normalization of the sample covariance matrix.

*

The covariance matrix of 7; is G, so that of W7,

n; is W, CW,. Apply Lemma 2.21 to verify

that WY, n; satisfies the subexponential moment growth bound required by Theorem 2.12 with
B=2u(W;CW,) and 3?=_8u(W,CW) W\ CW,.

In fact, W} CW, is the compression of C to the invariant subspace corresponding with its bottom

p — k+ 1 eigenvalues, so
p p
B=2>" 2(C) and Ay (2]2) =82,(Q)> 1 A(C).

We are concerned with the maximum eigenvalue of the sum in (2.8.4), so we take V. =1 in the
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statement of Theorem 2.12 to find that

P
0% = Amax (ZJ zf) = MAmax (33) =8n24(€) Y, 4(C) and

U1 = )Lmax ZWiE(njn;()W+ = nxmax (W*.;.CW+) = nkk(c)-
j

It follows from the subgaussian branch of the split Bernstein inequality of Theorem 2.12 that

P{A (Z W, (n;n7)W ) = ni (C)+”t} <(p—-k+1)-exp L
k\ Ly T+ ) = Ak - 322,(C) Y7, 4(C)

when t < 4nA,(C). This provides the desired bound on the probability that Ak(an) overestimates

A (C). O

2.8.2 Extensions of Theorem 2.15

Results analogous to Theorem 2.15 can be established for other distributions. If the distribution
is bounded, the possibility that A, deviates above or below A, can be controlled using the
Bernstein inequality of Theorem 2.10. If the distribution is unbounded but has matrix moments
that satisfy a sufficiently nice growth condition, the probability that A, deviates below A, can be
controlled with the Bernstein inequality of Theorem 2.10 and the probability that it deviates
above A, can be bounded using a Bernstein inequality analogous to that in Theorem 2.12.

We established Theorem 2.15 using this technique to demonstrate the simplicity of the
Laplace transform machinery. However, the results of [ALPTJ11] on the convergence of empirical
covariance matrices of isotropic log-concave random vectors lead to tighter bounds on the
probability that A, overestimates A,. There does not seem to be an analogous reduction for

handling the probability that A, is an underestimate.
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To see the relevance of the results in [ALPTJ11], first observe the following consequence of

the subadditivity of the maximum eigenvalue mapping:

Amax (Wj_(X - A)W+) z Amax (Wj_XW_,_) - Amax (WiAW+)

= A'max (WiXW+) - Ak(A)-

In conjunction with (2.8.2), this gives us the following control on the probability that A;(X)

overestimates A (A) :

P{2k(X) 2 A4 (A) + t} < P{ A (Wi (X~ A)W, ) > £}

In our application, X is the empirical covariance matrix and A is the actual covariance matrix.

The spectral norm dominates the maximum eigenvalue, so

P{2(C) = 2(C) + t} S P{ Ao (W(C, —OOW, ) > ¢}

< P{IW(C, — OW, || > t} =P {|WC,W, —§%|| > ¢},

where S is the square root of W CW.,.. Now factor out $2 and identify A,(C) = ||S?|| to obtain

P{2(C) = A (CQ)+t} <P{IsT'W;C, W s~ —1]|||s?| > t}

=P{IsT'W,C,W, S —1|| > t/2,(C)}.

Note that if 1) is drawn from a 4(0, C) distribution, then the covariance matrix of the transformed
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sample S_1Win is the identity:
E(ST'Winn*W, S =sT'WiCw, s =1.

Thus S_1W*+EInW+S_1 is the empirical covariance matrix of a standard Gaussian vector in
RP~k+1 By Theorem 1 of [ALPTJ11], it follows that A, is unlikely to overestimate A, in relative
error when the number n of samples is Q(p — k + 1).

Similarly, for more general distributions, the bounds on the probability of A, exceeding A
can be tightened beyond those suggested in Theorem 2.15 by using the results in [ALPTJ11] or
[Verllb].

Finally, we note that the techniques developed in the proof of Theorem 2.15 can be used to

investigate the spectrum of the error matrices C, — C.

2.8.3 Proofs of the supporting lemmas

We now establish the lemmas used in the proof of Theorem 2.15.

Proof of Lemma 2.19. The probability that A;(X) overestimates A;(A) is controlled with the

sequence of inequalities

P{(X) > A (A)+t} = ]P’{ inf  Amax (W'XW) > A.(A) + t}

p—k+1

< P{ Amax (WXW, ) > A (A) + £}

We use a related approach to study the probability that A;(X) underestimates A;(A). Our
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choice of W_ implies that

Ap—ii1(—A) = =Ak(A) = = Ay (WEAW_) = Ay (WE(-AIW_) .

It follows that

P {24(X) < 24(8) = t} = P{A, 441 (=X) 2 2p 11 (-A) + t]
IP’{ inf Amax (W (=X)W) = Aoy (W5 (ZAW_) +¢ }

< P{ Amax (WE(=XIW_) = Aoy (WE(-A)W_) > ¢}

{
{

< P{Anax (W-(A—X)W_) > t}.

The final inequality follows from the subadditivity of the maximum eigenvalue mapping. O

Proof of Lemma 2.20. We begin by taking S to be the positive-semidefinite square root of G.
Let S = UAU" be the eigenvalue decomposition of S, and let y be a 4/(0,1,) random variable.

Recalling that G is the covariance matrix of &, we see that £ and UAy are identically distributed.

Thus,

E(£E* — G)? = E(UAyy*AU* — UAU*)?

= UAE(yy*A%yy*)AU* — G2, (2.8.5)

Consider the (i, j) entry of the matrix being averaged:

E(ry* A*yy*); = ZE(meiMi.
k



55

The (i, j) entry of this matrix is zero because the entries of v are independent and symmetric.

Furthermore, the (i, 1) entry satisfies

E(ry A%y = E(rHA2 + Y E(rDAZ = 222 + (A?).
k#i

We have shown

E(yy*A%yy*) = 2A2 +tr(G) - L.

This equality and (2.8.5) imply the desired result. O

Proof of Lemma 2.21. Factor the covariance matrix of & as G = UAU* where U is orthogonal
and A = diag(A,,...,4,) is the matrix of eigenvalues of G. Let y be a 4/(0,1,) random variable.

Then & and UA'/?y are identically distributed, so

E(EE )" =E [(£ )" EE" | =E [(r*Ay)" TUA 2y AU ]

Consider the (i, j) entry of the bracketed matrix in (2.8.6):
% m— p m—1
E[(F*A)" iy ] =E [(ZH 2er?) m]} : (2.8.7)

From this expression, and the independence and symmetry of the Gaussian variables {y;}, we
see that this matrix is diagonal.

To bound the diagonal entries, use a multinomial expansion to further develop the sum in
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(2.8.7) for the (i,1) entry:

Bloani])= 2 (elr,n.i,lep)kil - AE [

Ly +-FL,=m—1

Now we use the generalized AM-GM inequality to replace the expectation of the product of
Gaussians with the 2mth moment of a single standard Gaussian g. Denote the L, norm of a

random variable X by

X1, = EX|DHY".

Since {4,...,{, are nonnegative integers summing to m — 1, the generalized AM-GM inequality

justifies the first of the following inequalities:

2m

Clyal+- -+ lypl+ Iyl ™
EY?ZI"'YIZ;EPYI-ZSE( 1171 mpr Yi

1 p
=lm |Yi|+2£j|}’j|
=1

2m

L2m

IA

1 p
m HYi“L2m+Z:€j”YJ‘||L2m
=

B (1+£1+...+£p

2m
) el et

The second inequality is the triangle inequality for L, norms. Now we reverse the multinomial

expansion to see that the diagonal terms satisfy the inequality

elowr]s 3 (7 Joaree
>%p

G+l =m—1 by,

=+ ...+ 2,)"E(g*™) = tr(G)"'E(g>™). (2.8.8)
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Estimate E(g%™) using the fact that I'(x) is increasing for x > 1:

m

2m 2m 2
—TI'(m+1/2)< —I'(m+1)=—m! form>1.
T

2mY\
2(e) = 7= N N

Combine this result with (2.8.8) to see that

m

2
E[(r'An)™ tyr] = ﬁm! r(G)™ 'L

Complete the proof by using this estimate in (2.8.6).
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Chapter 3

Randomized sparsification in NP-hard
norms

Massive matrices are ubiquitous in modern data processing. Classical dense matrix algorithms
are poorly suited to such problems because their running times scale superlinearly with the size
of the matrix. When the dataset is sparse, one prefers to use sparse matrix algorithms, whose
running times depend more on the sparsity of the matrix than on the size of the matrix. Of
course, in many applications the matrix is not sparse. Accordingly, one may wonder whether it is
possible to approximate a computation on a large dense matrix with a related computation on a
sparse approximant to the matrix.

Let || - || be a norm on matrices. Here is one way to frame this challenge mathematically:
Given a matrix A, how can one efficiently generate a sparse matrix X for which the approximation
error ||A — X|| is small?

The literature has concentrated on the behavior of the approximation error in the spectral
and Frobenius norms; however, these norms are not always the most natural choice. Sometimes
it is more appropriate to consider the matrix as an operator from a finite-dimensional £, space
to a finite-dimensional £, space, and investigate the behavior of the approximation error in the
associated p — g operator norm. As an example, the problem of graph sparsification is naturally

posed as a question of preserving the so-called cut norm of a matrix associated with the graph.
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The strong equivalency of the cut norm and the co —1 norm suggests that, for graph-theoretic
applications, it may be fruitful to consider the behavior of the co—1 norm under sparsification.
In other applications, e.g., the column subset selection algorithm in [Tro09], the co —2 norm is
the norm of interest.

This chapter investigates the errors incurred by approximating a fixed real matrix with a
random matrix'. Our results apply to any scheme in which the entries of the approximating
matrix are independent and average to the corresponding entries of the fixed matrix. Our main
contribution is a bound on the expected 0o — p norm error, which we specialize to the case of the
00 —1 and co—2 norms. We also use a result of Latata [Lat05] to bound the expected spectral
approximation error, and we establish the subgaussianity of the spectral approximation error.

Our methods are similar to those of Rudelson and Vershynin in [RV07] in that we treat A
as a linear operator between finite-dimensional Banach spaces and use some of the same tools
of probability in Banach spaces. Whereas Rudelson and Vershynin consider the behavior of the
norms of random submatrices of A, we consider the behavior of the norms of matrices formed
by randomly sparsifying (or quantizing) the entries of A. This yields error bounds applicable to
schemes that sparsify or quantize matrices entrywise. Since some graph algorithms depend more
on the number of edges in the graph than the number of vertices, such schemes may be useful
in developing algorithms for handling large graphs. In particular, the algorithm of [BSS09] is
not suitable for sparsifying graphs with a large number of vertices. Part of our motivation for
investigating the co—1 approximation error is the belief that the equivalence of the cut norm
with the oo —1 norm means that matrix sparsification in the co —1 norm might be useful for

efficiently constructing optimal sparsifiers for such graphs.

!The content of this chapter is adapted from the technical report [GT11] co-authored with Joel Tropp.
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3.1 Notation

We establish the notation particular to this chapter.

All quantities are real. For 1 < p < oo, the Z; norm of x € R" is written as ||x||,. Each space
E; has an associated dual space E;‘,, where p’, the conjugate exponent to p, is determined by the
relation p~! + (p’)~! = 1. The dual space of €7 (respectively, £ ) is £7_ (respectively, £7).

The kth column of the matrix A is denoted by Ay, and the (j, k)th element is denoted by
aji. We treat A as an operator from E; to Z(’]", and the p — q operator norm of A is written as
l|All,—q- The spectral norm, i.e. the 2 — 2 operator norm, is written [|Al|, . Recall that given an
operator A : Z; — E;", the associated adjoint operator (AT, in the case of a matrix) maps from EZ}

to E;,. Further, the p — q and ¢’ — p’ norms are dual in the sense that

I1All,—q = A7

q'—p"”

This chapter is concerned primarily with the spectral norm and the co—1 and co —2 norms.
The co—1 and co—2 norms are not unitarily invariant, so do not have simple interpretations
in terms of singular values; in fact, they are NP-hard to compute for general matrices [Roh00].
We remark that ||A||,—; = ||Ax]|; and [|Al|s—2 = HAy”2 for certain vectors x and y whose
components take values £1. An additional operator norm, the 2—00 norm, is of interest: it is

the largest £, norm achieved by a row of A. In the sequel we also encounter the column norm

IAllot = D, Aol

The variance of X is written VarX = E(X — EX)2. The expectation taken with respect to

one variable X, with all others fixed, is written Ey. The expression X ~ Y indicates the random
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variables X and Y are identically distributed. Given a random variable X, the symbol X’ denotes
a random variable independent of X such that X’ ~ X. The indicator variable of the event
X >Y is written 1y.y. The Bernoulli distribution with expectation p is written Bern(p) and the
binomial distribution of n independent trials each with success probability p is written Bin(n, p).

We write X ~ Bern(p) to indicate X is Bernoulli with mean p.

3.1.0.1 Graph sparsification

Graphs are often represented and fruitfully manipulated in terms of matrices, so the problems
of graph sparsification and matrix sparsification are strongly related. We now introduce the
relevant notation before surveying the literature.
Let G = (V,E, w) be a weighted simple undirected graph with n vertices, m edges, and
adjacency matrix A given by
wix (,k)E€E
aj =
0 otherwise
Orient the edges of G in an arbitrary manner. Then define the corresponding 2m x n oriented
incidence matrix B in the following manner: by;_; j = by, = w; and by;_; j = by; j = —w; if
edge i is oriented from vertex j to vertex k, and all other entries of B are identically zero.
A cut is a partition of the vertices of G into two blocks: V = SUS. The cost of a cut is the sum
of the weights of all edges in E which have one vertex in S and one vertex in S. Several problems
relating to cuts are of considerable practical interest. In particular, the MAXCUT problem, to

determine the cut of maximum cost in a graph, is common in computer science applications.

The cuts of maximum cost are exactly those that correspond to the cut-norm of the oriented
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incidence matrix B, which is defined as

IBllc =

Finding the cut-norm of a general matrix is NP-hard, but in [ANO4], the authors offer a
randomized polynomial-time algorithm which finds a submatrix B of B for which | >_ ik bil =
0.56 ||B||c. This algorithm thereby gives a feasible means of approximating the maxcuT value for
arbitrary graphs. A crucial point in the derivation of the algorithm is the fact that for general

matrices the oo —1 operator norm is strongly equivalent with the cut-norm:

Allc < [|Alloo—1 < 4lIAllc;

in fact, in the particular case of oriented incidence matrices, ||Bl|c = ||B||so—1 -

In his thesis [Kar95] and the sequence of papers [Kar94a, Kar94b, Kar96], Karger introduces
the idea of random sampling to increase the efficiency of calculations with graphs, with a focus
on cuts. In [Kar96], he shows that by picking each edge of the graph with a probability inversely
proportional to the density of edges in a neighborhood of that edge, one can construct a sparsifier,
i.e., a graph with the same vertex set and significantly fewer edges that preserves the value of
each cut to within a factor of (1 £ €).

In [SS08], Spielman and Srivastava improve upon this sampling scheme, instead keeping
an edge with probability proportional to its effective resistance—a measure of how likely it is
to appear in a random spanning tree of the graph. They provide an algorithm which produces
a sparsifier with O((nlog n)/ 62) edges, where n is the number of vertices in the graph. They
obtain this result by reducing the problem to the behavior of projection matrices Il; and I

associated with the original graph and the sparsifier, and then appealing to a spectral-norm
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concentration result.

The logn factor in [SS08] seems to be an unavoidable consequence of using spectral-norm
concentration. In [BSS09], Batson et al. prove that the logn factor is not intrinsic: they establish
that every graph has a sparsifier that has Q(n) edges. The existence proof is constructive and
provides a deterministic algorithm for constructing such sparsifiers in O(n®m) time, where m is

the number of edges in the original graph.

3.2 Preliminaries

Bounded differences inequalities are useful tools for establishing measure concentration for
functions of independent random variables that are insensitive to changes in a single argument.
In this chapter, we use a bounded differences inequality to show that the norms of the random
matrices that we encounter exhibit measure concentration.

Before stating the inequality of interest to us, we establish some notation. Let g : R — R be
a measurable function of n random variables. Let X, ...,X, be independent random variables,
and write W = g(X3,...,X,). Let W; denote the random variable obtained by replacing the ith
argument of g with an independent copy: W; = g(Xy,...,X],...,X,).

The following bounded differences inequality states that if g is insensitive to changes of a

single argument, then W does not deviate much from its mean.

Lemma 3.1 ([BLMO03, Corollary 3]). Let W and {W;} be random variables defined as above.

Assume that there exists a positive number C such that, almost surely,

n
Zi:l(w - M/i)Z]]-W>Wi <C.
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Then, for all t > 0,

P{W > EW + t} < e t/(40),

Rademacher random variables take the values +1 with equal probability. Rademacher
vectors are vectors of i.i.d. Rademacher random variables. We make use of Rademacher variables
in this chapter to simplify our analyses through the technique of Rademacher symmetrization.
Essentially, given a random variable Z, Rademacher symmetrization allows us to estimate the
behavior of Z in terms of that of the random variable Z,,, = e(Z — Z "), where Z’ is an i.i.d. copy
of Z and ¢ is a Rademacher random variable that is independent of the pair (Z, Z’). The variable
z

ym is often easier to manipulate than Z, since it is guaranteed to be symmetric (i.e., Zgy, and

—Zgym are identically distributed); in particular, EZ,,, = 0. The following basic symmetrization

result is drawn from [vW96, Lemma 2.3.1 et seq.].

Lemma 3.2. Let Zy,...,Z,,Z;, ..., Z, be independent random variables satisfying Z; ~ Z;, and let

€ be a Rademacher vector. Let & be a family of functions such that
n
su (f(Z) - F(Z)
feg Zkzl f(Z2i) = f(Z
is measurable. Then

Esup > @) - FZ)) = Esup > a2 - F(Z).

Since we work with finite-dimensional probability models and linear functions, measurability

concerns can be ignored in our applications of Lemma 3.2.
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While Lemma 3.2 allows us to replace certain random processes with Rademacher processes,
Talagrand’s Rademacher comparison theorem [LT91, Theorem 4.12 et seq.] shows that certain
complicated Rademacher processes are bounded by simpler Rademacher processes. Together,
these two results often allow us to reduce the analysis of complicated random processes to the

analysis of simpler Rademacher processes.

Lemma 3.3. Fix finite-dimensional vectors z,,...,Z, and let € be a Rademacher vector. Then

n n
E max &g l{zr,u)| < E max Z €1z, u).
”u”q:1 k=1 k|< k> >| Hu||q=1 k=1 k( k> )

Lemma 3.3 involves Rademacher sums, i.e. sums of the form )| x EkXx where ¢ is a Rademacher
vector and x is a fixed vector. One of the most basic tools for understanding Rademacher sums is
the Khintchine inequality [Sza76], which gives information on the moments of a Rademacher

sum; in particular, it tells us the expected value of the sum is equivalent with the £, norm of the

vector X.

Lemma 3.4 (Khintchine Inequality). Let x be a real vector, and let € be a Rademacher vector. Then

1
75l <[, e < el

In its more general form, which we do not use in this thesis, the Khintchine inequality implies

that Rademacher sums are subguassian random variables.
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3.3 The co—p norm of a random matrix

We are interested in schemes that approximate a given matrix A by means of a random matrix X
in such a way that the entries of X are independent and EX = A. It follows that the error matrix
Z = A — X has independent, zero-mean entries. Ultimately we aim to construct X so that it has
the property that, with high probability, many of its entries are identically zero, but this property
does not play a role at this stage of the analysis.

In this section, we derive a bound on the expected value of the co — p norm of a random
matrix with independent, zero-mean entries. We also study the tails of this error. In the next
two sections, we use the results of this section to reach more detailed conclusions on the co—1

and co—2 norms of Z.

3.3.1 The expected co— p norm

The main tools used to derive the bound on the expected norm of Z are Lemma 3.2, a result on
the Rademacher symmetrization of random processes, and Lemma 3.3, Talagrand’s Rademacher
comparison theorem.

We now state and prove the bound on the expected norm of Z.

Theorem 3.5. Let Z be a random matrix with independent, zero-mean entries and let € be a

Rademacher vector independent of Z. Then

BNy < 28|35, eigo|, +2 max EY, [ o2
q

where q is the conjugate exponent of p.
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Proof of Theorem 3.5. By duality;,

El|Zlloop = E [|27]| ., = E”gﬁgzk (Z i, w)l.

Center the terms in the sum and apply subadditivity of the maximum to get

E|Z|| o, <E max Zio,w)| —E'|(Z] ,,u)])+ max E Zo,u
1Zlloosp ”u”qzlzk(u (or ] = B2, wl) + max, D 1(Zgo, 0 .

=F+S.

Begin with the first term on the right-hand side of (3.3.1). Use Jensen’s inequality to draw

the expectation outside of the maximum:

/
F <E max D (Zgo, wl = (2, w)).

llullg=

Now apply Lemma 3.2 to symmetrize the random variable:

F<E max Y ex(|(Zgo,u)l = (Zy), w).

llullg=1

By the subadditivity of the maximum,

F<E ( max Y exl(Zgo, )l + max, > —ek|<z(k),u>|> =2E max Y ecl{Zgo,w)l,

llull;=1 llull;=1

where we have invoked the fact that —¢; has the Rademacher distribution. Apply Lemma 3.3 to

get the final estimate of F:

F < 2E max Zk ek(Z(k),u) = 2E max <Zk ekZ(k),u> =2E sz EkZ(k)Hp .

llullg=1 llullg=1
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Now consider the last term on the right-hand side of (3.3.1). Use Jensen’s inequality to

prepare for symmetrization:

S= max E ’ ZaU;
||11||q=1 Zk Z] Jk=j
VA u;

||u|| —1 ’Z( e~ 2

= max E ‘Z (Zjx—E ij)u

Apply Lemma 3.2 to the expectation of the inner sum to see

S < max E ei(Zay—Z0 )u;
‘||u||q=12k ‘Zl 2 = 2yt

The triangle inequality gives us the final expression:

S < max 2E ‘ €U .
I[ull,=1 Zk Z] Jegk®j

Introduce the bounds for F and S into (3.3.1) to complete the proof. O

3.3.2 A tail bound for the co—p norm

We now develop a deviation bound for the co — p approximation error. The argument is based
on Lemma 3.1, a bounded differences inequality.

To apply Lemma 3.1, we let Z = A — X be our error matrix, W = [|Z|,,_,,, and wik =
Hij“OO_m, where Z/¥ is a matrix obtained by replacing ajr. — X with an identically distributed

variable aj, — X % while keeping all other variables fixed. The co — p norms are sufficiently
j

insensitive to each entry of the matrix that Lemma 3.1 gives us a useful deviation bound.

Theorem 3.6. Fix an m X n matrix A, and let X be a random matrix with independent entries for
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which EX = A. Assume |X jk| < 2 almost surely for all j, k. Then, for all t >0,

_ 42 2 S
P{lIA = Xllogsp > ElIA = X[ ooy + £} < 70 /EP)

where s = max{0,1 — 2/q} and q is the conjugate exponent to p.

Proof. Let q be the conjugate exponent of p, and choose u, v such that W = u’ Zv and llull, =1

and ||v||,, = 1. Then
W =Wy <u” (Z—27F) VLo = (X = X i Ly yyie < Dlujvl.

This implies

k2 2 2 2 2
Do W= WPy i <D? D Jujwil” < nD?[Jull,

so we can apply Lemma 3.1 if we have an estimate for ||u||§. We have the bounds |[ul|, < ||ull,

forq € [1,2] and |Jul|; < ml/2-1/q ||lully for q € [2, 0]. Therefore,

. nm!=2/4, g€ [2,00]
Zj (W =W, < D?

n, ge[1,2].

It follows from Lemma 3.1 that
P{IA = Xlloop > ElIA=Xlloosy +c} =B {W > BW ¢} < &=/

where s = max {0,1—2/q}. O

It is often convenient to measure deviations on the scale of the mean. Taking t = OE ||A — X]| ),

in Theorem 3.6 gives the following result.
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Corollary 3.7. Under the conditions of Theorem 3.6, for all 6 > 0,

—52 _ 2 208
P{IA = Xlloop > (1 +E)E[IA ~Xllogp } < €77 (FIANlop V407,

3.4 Approximation in the co—1 norm

In this section, we develop the co—1 error bound as a consequence of Theorem 3.5. We then
prove that one form of the error bound is optimal, and we describe an example of its application

to matrix sparsification.

3.4.1 The expected co—1 norm
To derive the co—1 error bound, we first apply Theorem 3.5 with p = 1.

Theorem 3.8. Suppose that Z is a random matrix with independent, zero-mean entries. Then

E(1Zlloo—1 < 2E(|Zllcor + ||Z" || -

Proof. Apply Theorem 3.5 to get

. + 2 max EZk ‘Z] YARIE

llullo=1

E 2l < 28|, 21200
(3.4.1)

=F+S.
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Use Holder’s inequality to bound the first term in (3.4.1) with a sum of squares:

F= 2EZ}, ‘Zk &1 Zik
<2E, Zj (Es

= ZEZ Z] ]Es Zk ngjk
1/2
Zk Eijk 2) .

The inner expectation can be computed exactly by expanding the square and using the indepen-

dence of the Rademacher variables:

peay (5,4)" ~2le ],

We treat the second term in the same manner. Use Holder’s inequality to replace the sum

with a sum of squares and invoke the independence of the Rademacher variables to eliminate

Cross terms:

23\ 1/2 1/2
2 - § : 2.2
€U ) = ZIIIW:;E , ( ijkuj) .

S$<2 maxIE E
o= ZZk( ¢

Since ||u||,, = 1, it follows that u}z_ <1 forall j, and

2

1
s<2Ey (Z] zjzk) — 2B ||Zl|.o;.

Introduce these estimates for F and S into (3.4.1) to complete the proof. O

Taking Z = A — X in Theorem 3.8, we find

EllA—=X|lo1 < 2E [Zk (Zj(ajk—xjk)2)1/2+z (Z (aji = Xji) ) /2} .
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A simple application of Jensen’s inequality gives an error bound in terms of the variances of

the entries of X.

Corollary 3.9. Fix the matrix A, and let X be a random matrix with independent entries for which

EX i = aji. Then

E|A—X]lpo1 <2 |:Zk (21 Var(XJ'k))l/z +Zj (Zkvar(xfk))l/z} .

3.4.2 Optimality

A simple estimate using the Khintchine inequality shows that the bound on the expected value

of the co—1 norm given in Theorem 3.8 is in fact optimal up to constants.

Corollary 3.10. Suppose that Z is a random matrix with independent, zero-mean entries. Then

Lz +]127| o) < EllZll oo < 2EUNZlleor + |27 ]|
5 \/i col col/ = co—1 = col col’*

Proof. First we establish the inequality
||Z||col < \/E”Z”oo—d (342)

as a consequence of the Khintchine inequality, Lemma 3.4. Indeed, since

“Z”col = Zj ||Z(J)||2
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and the Khintchine inequality gives the estimate

J

170l = ‘@E’Zi £iZij

we see that

1Z|cor < \/EEZJ. ‘Zl €;Zij

= VE|te], < V2 sup |27,

lIxllo=1

- \/EHZT”OO—J = \/E“Z”oo—ﬂ .
Since the co—1 norms of Z and Z' are equal, it also follows that
127 ||y < V2127 oy = V21201

The lower bound on E ||Z||,,_,; is now a consequence of (3.4.2),

L B(IZll + |27 <E N2
2\/5 col col/ = 0o—1>

while the upper bound is given by Theorem 3.8. O

Remark 3.11. Using standard arguments, one can establish that the deterministic bounds

1
o /5 (”Z”CO1 + HZTHCOI) = ”ZHOO—’l = ”Z”COI + “ZT”col)

Ji
272 7(

hold for any square n x n matrix Z. Corollary 3.10 is a refinement of this equivalence relation

that holds when Z is a random, zero-mean matrix. In particular, the corollary tells us that when
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we assume this model for Z, the equivalence relation does not depend on the dimensions of Z,
and thus if what we care about is the expected co—1 norm of Z, we can work with the expected

column norm of Z without losing any sharpness.

3.4.3 An example application

In this section we provide an example illustrating the application of Corollary 3.9 to matrix
sparsification.

From Corollary 3.9 we infer that a good scheme for sparsifying a matrix A while minimizing
the expected relative co — 1 error is one which drastically increases the sparsity of X while

keeping the relative error

1/2

> (ZjVar(Xjk)) 2 +2; (ZkVar(Xjk))

1Alloo—1

small. Once a sparsification scheme is chosen, the hardest part of estimating this quantity
is probably estimating the co — 1 norm of A. The example shows, for a simple family of
approximation schemes, what kind of sparsification results can be obtained using Corollary 3.9
when we have a very good handle on this quantity.

Consider the case where A is an n X n matrix whose entries all lie within an interval bounded
away from zero; for definiteness, take them to be positive. Let v be a desired bound on the
expected relative oo —1 norm error. We choose the randomization strategy X ~ %k Bern(p)
and ask how small can p be without violating our bound on the expected error.

In this case,

1All1 =, aj=0(n),
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2
and Var(X ;) = % — a?k. Consequently, the first term in Corollary 3.9 satisfies

1/2 1/2 1— 1/2
Y (S ve0) =3, (Sladi-lal) = (5] 1Al
— /
:o((l_P) ﬁ)
b

and likewise the second term satisfies

> (Do vartx) oo ( (1%) v nﬁ) .

Therefore the relative oo —1 norm error satisfies

S (Zpvaen) " + 5 (Svar) ((1 - p)uz) |

lIAlloo—1 pn

It follows that E||A —X||,,_1 < y for p on the order of (1 + ny?)~! or larger. The expected
number of nonzero entries in X is pn?, so for matrices with this structure, we can sparsify with a

relative oo —1 norm error smaller than y while reducing the number of expected nonzero entries

2
1+ny?

to as few as O( )= O(Y%). Intuitively, this sparsification result is optimal in the dimension:
it seems we must keep on average at least one entry per row and column if we are to faithfully

approximate A.

3.5 Approximation in the co—2 norm

In this section, we develop the co —2 error bound stated in the introduction, establish the
optimality of a related bound, and provide examples of its application to matrix sparsification.

To derive the error bound, we first specialize Theorem 3.5 to the case of p = 2.
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Theorem 3.12. Suppose that Z is a random matrix with independent, zero-mean entries. Then

E|Zllooa < 2E||Z]ls + 2minE||zD |,

where D is a positive diagonal matrix that satisfies Tr(D?) = 1.

Proof. Apply Theorem 3.5 to get

B2l <28 |3,

& 7:U;
lully=1 k‘Z] JEIKT

(3.5.1)
=:F +S.

Expand the first term, and use Jensen’s inequality to move the expectation with respect to the

Rademacher variables inside the square root:

Zk €k

2) 1/2

The independence of the Rademacher variables implies that the cross terms cancel, so

1/2
F=2E (Z] ‘Zk e Zji 2) < 2E, (Z] E,

F <2E (Z > Jk) = 2E || Z|;.

We use the Cauchy-Schwarz inequality to replace the £; norm with an £, norm in the second
term of (3.5.1). A direct application would introduce a possibly suboptimal factor of v/n (where
n is the number of columns in Z), so instead we choose d; > 0 such that Zk d]f =1 and use the

corresponding weighted £, norm:

1/2

\z
dk<2 max E Z

[lull=1

S =2 max EZ ‘Z

[lull,=1
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Move the expectation with respect to the Rademacher variables inside the square root and

observe that the cross terms cancel:

2N\ 1/2

5 Ee |22 & Zjkt; 5 Z2u? 1/2
S<2 max E =2 max E ) .
llull,=1 z k d,f lull,=1 JAS df

Use Jensen’s inequality to pass the maximum through the expectation, and note that if ||ul|, =1

then the vector formed by elementwise squaring u lies on the £; unit ball, thus

1/2
S<2E (H{llﬁ?i(l Zj u; - (Xk:(zjk/dk)z)> )

Clearly this maximum is achieved when u is chosen so u; = 1 at an index j for which Zk(Z i/ d;)?
is maximal and u; = 0 otherwise. Consequently, the maximum is the largest of the £, norms
of the rows of ZD™!, where D = diag(dy,...,d,). Recall that this quantity is, by definition,
|ZD™Y||,_, . Therefore S < 2E||ZD™!||,_,,. The theorem follows by optimizing our choice of D

and introducing our estimates for F and S into (3.5.1). O

Taking Z = A — X in Theorem 3.12, we have

1/2
E|A—-X]| <2E Z (X —ain)? 1/z—i-ZminIEm X Z M (3.5.2)
00—2 = ik jk a]k D ]a k d]g . oI

We now derive a bound which depends only on the variances of the X .

Corollary 3.13. Fix the m x n matrix A and let X be a random matrix with independent entries so

that EX = A. Then

1/2 Var(X ;) 12
E|A—X|lpoms <2 (Z] kVar(Xjk)) + Zmngnmax (Zk —]k)

2
J dk
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where D is a positive diagonal matrix with Tr(D?) = 1.

Proof. Let F and S denote, respectively, the first and second term of (3.5.2). An application of
1/2
Jensen’s inequality shows that F < 2 (Z ik Var(X jk)) . A second application shows that

1/2
Xjk — aj)?
< 1
S_2rn[}n (Em}ax E r d]% .

Bound the maximum with a sum:

1/2
. (X ik _ajk)z
SSZI’I})III (ZJEde—’g .

The sum is controlled by a multiple of its largest term, so

) Var(X ;) 1/2
S SZMmDm (maxzk— ,

2
j dk
where m is the number of rows of A. O

3.5.1 Optimality

We now show that Theorem 3.12 gives an optimal bound, in the sense that each of its terms
is necessary. In the following, we reserve the letter D for a positive diagonal matrix with
Tr(D?) =1.

First, we establish the necessity of the Frobenius term by identifying a class of random
matrices whose oo —2 norms are larger than their weighted 2—o00 norms but comparable to their
Frobenius norms. Let Z be a random m X /m matrix such that the entries in the first column of Z
are equally likely to be positive or negative ones, and all other entries are zero. With this choice,

E|1Zllso—2 = E l|Z|ls = v/m. Meanwhile, EZD™"||,_, = dj'

11> S0 miny E||ZD}||5_o = 1, which
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is much smaller than E||Z||,,_». Clearly, the Frobenius term is necessary.

Similarly, to establish the necessity of the weighted 2—o00 norm term, we consider a class
of matrices whose co—2 norms are larger than their Frobenius norms but comparable to their
weighted 2—o00 norms. Consider a 4/n x n matrix Z whose entries are all equally likely to be
positive or negative ones. It is a simple task to confirm that E ||Z||_5 = n and E ||Z||z = n®/4; it

follows that the weighted 2—00 norm term is necessary. In fact,

n Zj2k 12 n 1 1/2
m”“mmf(zd_) - (Slg) -

so we see that E||Z||,_» and the weighted 2—00 norm term are comparable.

3.5.2 An example application

From Theorem 3.12 we infer that a good scheme for sparsifying a matrix A while minimizing
the expected relative co—2 norm error is one which drastically increases the sparsity of X while

keeping the relative error
E ||Z||g + miny E || ZD~
1Al o2

il
2—00

small, where Z=A — X.

As before, consider the case where A is an n X n matrix all of whose entries are positive and
in an interval bounded away from zero. Let y be a desired bound on the expected relative co —2
norm error. We choose the randomization strategy X ~ % Bern(p) and ask how much can
we sparsify while respecting our bound on the relative error. That is, how small can p be? We

appeal to Theorem 3.12. In this case,

Al g0z = (Z] DTt D ajgajm) 2 _ o((nz +n?(n—1)) 5) .
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By Jensen’s inequality,

1 1
Ellzllr <E[Allp +E[X]lp < (1 + ﬁ) llAllr = O(Tl (1 + ﬁ)) :

We bound the other term in the numerator, also using Jensen’s inequality:

1 1
: -1 —
min E |zD7Y|,_., < VAE(IZ]l3m00 < V7 (1 + —p) Al = O(n (1 + —p))

to get

E||Z||F+minDEHZD‘IIIM_O( L )—o( k )
I1Allsoz Vo J/pn vpn

We conclude that, for this class of matrices and this family of sparsification schemes, we can
reduce the number of expected nonzero terms to O ()%) while maintaining an expected co—2

norm relative error of y.

3.6 A spectral error bound

In this section we establish a bound on E||A — X|| as an immediate consequence of Latala’s result
[LatO5]. We then derive a deviation inequality for the spectral approximation error using a
log-Sobolev inequality from [BLMO03], and use it to compare our results to those of Achlioptas

and McSherry [AMO7] and Arora, Hazan, and Kale [AHKO06].

Theorem 3.14. Suppose A is a fixed matrix, and let X be a random matrix with independent entries

for which EX = A. Then

1/2

+ (ij E(Xjx — ajk)4) 1/4]

E||A-X| <C |:mjax (Zk Var(Xjk)) 12 + mkax (ZJ Var(Xjk))



81

where C is a universal constant.

In [Lat05], Latata considered the spectral norm of random matrices with independent,

zero-mean entries, and he showed that, for any such matrix Z,

1/2 1/2 1/4
2 2 4
E|Z]| <C |:rn]ax( E kEij) +1’1’1]le( E j]Eij) + ( E jkEij) i| ,

where C is some universal constant. Unfortunately, no estimate for C is available. Theorem 3.14
follows from Latala’s result, by taking Z = A — X.
The bounded differences argument from Section 3.3 establishes the correct (subgaussian)

tail behavior of E||A —X]|.

Theorem 3.15. Fix the matrix A, and let X be a random matrix with independent entries for which

EX = A. Assume }Xjk| < D/2 almost surely for all j, k. Then, for all t > 0,

P{|A—X|| > E||A—X]| +t} <e /4%,

Proof. The proof is exactly that of Theorem 3.6, except now u and v are both in the £, unit

sphere. O
We find it convenient to measure deviations on the scale of the mean.

Corollary 3.16. Under the conditions of Theorem 3.15, for all 6 > 0,

P{IA-X] > (1+8)E[|A—X||} < o= 0 IAXD /DY,
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3.6.1 Comparison with previous results

To demonstrate the applicability of our bound on the spectral norm error, we consider the
sparsification and quantization schemes used by Achlioptas and McSherry [AMO07], and the
quantization scheme proposed by Arora, Hazan, and Kale [AHKO06]. We show that our spectral
norm error bound and the associated concentration result give results of the same order, with
less effort. Throughout these comparisons, we take A to be a m x n matrix, with m < n, and we

define b = max; |ajy|.

3.6.1.1 A matrix quantization scheme

First we consider the scheme proposed by Achlioptas and McSherry for quantization of the

matrix entries:

b with probability % + Zj—g
Xjk =

—b  with probability  — 2&

With this choice Var(X ;) = b* — a]?k < b?, and E(Xj, — aj)* = b* — 3a* + 2a®b* < 3b*, so the

expected spectral error satisfies

E||A — X|| < C(v/nb + vmb + bV3mn) < 4Cb/n.

Applying Corollary 3.16, we find that the error satisfies

P{|IA—X|| > 4Cbvn(1+86)} <e oCn.
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In particular, with probability at least 1 — exp(—C?n),

|A—X]|| < 8Cb+v/n.

Achlioptas and McSherry proved that for n > n,, where n, is on the order of 10°, with probability
at least 1 — exp(—19(logn)*),

IA—X|| < 4bvn.

Thus, Theorem 3.15 provides a bound of the same order in n which holds with higher probability

and over a larger range of n.

3.6.1.2 A nonuniform sparsification scheme

Next we consider an analog to the nonuniform sparsification scheme proposed in the same paper.
Fix a number p in the range (0, 1) and sparsify entries with probabilities proportional to their

magnitudes:

g @i\ 2
Xjx ~ — Bern(pj), where pjy =max{p | —— | ,4/p

ajk)2 (8logn)*
—_— X —_—
Pk b

b

n

Achlioptas and McSherry determine that, with probability at least 1 — exp(—19(log n)*),
IA—X]|| < 4by/n/p.

Further, the expected number of nonzero entries in X is less than

pmn X Avg[(ajk/b)z] +m(8logn)*, (3.6.1)
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where the notation Avg(-) indicates the average of a quantity over all the entries of A.

Their choice of pj, in particular the insertion of the (81log n)*/n factor, is an artifact of their
method of proof. Instead, we consider a scheme which compares the magnitudes of aj. and b to
determine pj;. Introduce the quantity R = maxgy, 4o b/|a;i| to measure the spread of the entries
in A, and take

2

a;k _ pajk .
o Bern(pji), where pj; = PR ajx #0

0: ajk =0.

With this scheme, Var(Xj;,) = 0 when aj = 0, otherwise Var(X ;) = b%/p. Likewise, E(X ik~

4_ 0 _ .
a;i)* =0 if aj, = 0, otherwise

2 2 2
E(X * < Var(X ) ||x L Pt <P
Xk — aji)" < Var( jk)” jk_aijOO—?maX il laji] 2 < 5R%
ik

SO

EJA-X||<C (b\/ﬁ—l— b\/E-l- b\/gﬁ/ﬁ) <C(2+ «/Tz)b\/z
p p p p

Applying Corollary 3.16, we find that the error satisfies
P { A —X]|| > C(2 + VR)b \E(e + 1)} < =’ C*(2+VRpn/16
with probability at least 1 — exp(—C?(2 + +vR)?*pn/16),
|A—X]|| <2C(2+ vVR)b \/g.

Thus, Theorem 3.14 and Achlioptas and McSherry’s scheme-specific analysis yield results of the

same order in n and p. As before, we see that our bound holds with higher probability and over
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a larger range of n. Furthermore, since the expected number of nonzero entries in X satisfies

2
pajk Cljk 2
o= —_— < X A -
ji Pik Z:J'kpa?k—l-b2 = prim x Ave [( b ) ’

we have established a smaller limit on the expected number of nonzero entries.

3.6.1.3 A scheme which simultaneously sparsifies and quantizes

Finally, we use Theorem 3.15 to estimate the error of the scheme from [AHKO06] which simulta-

neously quantizes and sparsifies. Fix 6 > 0 and consider

lajilvn
sgn(ajk)\/iﬁ Bern ( J"a ) »lajel < %
Xjk ==

Ajs otherwise.
Then Var(X ;) = 0 if |aj | = 6/+/n, otherwise

vn 52
Var(X j) = |aﬂ<|3? — 2a]2k +laj|l—= < —.

Jn~ n

The fourth moment term is zero when |a;| > 6/+/n, and when |a; | < 6/+/n,

Jn 5 52 5§\ &4
E(X]k - a]‘k)4 = |ajk|5? - 4a]‘f'k +6|alk|3ﬁ - 4(1]2](? + |ajk| (ﬁ) S 8;

This gives the estimates

E|A—X]|| sc(ﬁ%+m%+2%i‘/ﬁ) <4Cs
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and

P{|A—-X|| > 4C5(y + 1} <e7°C",

Taking y = 1, we see that with probability at least 1 — exp(—C?n),
A —X]|| < 8C&.

LetS =), ik |Ajx |, then appealing to Lemma 1 in [AHK06], we find that X has O (@) nonzero

entries with probability at least 1 — exp (—Q (@) )
Arora, Hazan, and Kale establish that this scheme guarantees ||A — X|| = O(§) with proba-

bility at least 1 — exp(—Q(n)), so we see that our general bound recovers a bound of the same

order.

3.7 Comparison with later bounds

The papers [NDT10, DZ11, AKL13], written after the results in this chapter were obtained,
present alternative schemes for sparsification and quantization.

The scheme presented in [NDT10] sparsifies a matrix by zeroing out all sufficiently small
entries of A, keeping all sufficiently large entries, and randomly sampling the remaining entries of
the matrix with a probability depending on their magnitudes. More precisely, given a parameter

s > 0, it generates an approximation whose entries are distributed as

0, a2, < (log?(n)/m)lIAlIZ /s

Xjie =\ aj a2 > ||Al2/s

(ajx/pji)Bern(pjr), otherwise, where pj; :sa?k/IIAII%.
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The analysis offered guarantees that if s = Q(e “2nlog® n), then with probability at least 1 —n 7,

||A —X]|, < € and, in expectation, X has less than 2s nonzero entries. It is not clear whether
or not this scheme can be analyzed using Theorem 3.14. It is straightforward to establish that
Var(X ;) < €2/(nlog® n) for this scheme, but obtaining a sufficiently small upper bound on the

fourth moment E(X . — a]-k)4 is challenging. In particular, the estimate
E(Xjr — aji)* < VarQGollX e — ajlle

gives an upper bound on the order of ea]zkn /log® n, which is sufficient only to establish a much
weaker guarantee on the error E||A — X||, than the guarantee given in [NDT10].

The scheme introduced in [DZ11] first zeroes out all entries of A € R™*" of sufficiently small
magnitude, then samples elements from A in s i.i.d. trials with replacement. The elements are
selected with probabilities proportional to their squared magnitudes. Thus, the approximant can

be written in the form

1 s Ak
X= _thl n [ejtelzl’
$ Pjik,

where (ji, k;) is the index of the element of A selected in the tth trial, p;; = an.k / ||A||% is the
probability that the entry aj is selected, and e; denotes the jth standard basis vector in n.
Clearly X has at most s nonzero entries. Let s = Q(e_2nlog(n)||A||}%). Then the authors show
that, with probability at least 1 —n™!, the error of the approximation satisfies ||[A — X||, < €. This
scheme is not easily analyzable using our Theorem 3.14. Since the approximant X is a sum of
rank-one matrices, it is most natural to analyze its approximation error using tail bounds for
sums of independent random matrices. Indeed, the authors of [DZ11] use a matrix Bernstein
inequality to provide their results.

Finally, the scheme presented in [AKL13] computes an approximation of the same form as
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the scheme introduced in [DZ11], but samples entries of A with probabilities proportional their

absolute values. That is,

1 s Ak
J
X= _thl t [ejtelzwz’
$ Pjik,

where pji = |ajil|/ Zp q lapq|- Again, this scheme is not amenable to analysis using Theorem 3.14.

Recall that A% denotes the kth row of A. The authors establish that, when

s=0Q (e‘z log(n/&) (ij |Ajk|) m}?X||A(k)||1) ,

the error bound ||A — X||, < € is satisfied with probability at least 1 — §. The approximant X has,
in expectation, at most 2s nonzero entries.

Comparing the extents to which we were able to reproduce the guarantees of the spar-
sification schemes introduced in [AMO01, AHK06, AM07, NDT10, DZ11, AKL13], we see that
Theorem 3.14 sometimes can recover competitive guarantees on the approximation errors of
element-wise sparsification schemes in which X is directly related to aj, through a simple
expression. When X is more naturally represented as a sum of rank-1 matrices, Theorem 3.14 is

not easily applicable.
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Chapter 4

Preliminaries for the investigation of
low-rank approximation algorithms

This chapter consolidates probabilistic and linear algebraic tools used in Chapters 5 and 6. We
also establish two lemmas of independent interest: the first, Lemma 4.3, is an exponential tail
bound on the Frobenius-norm error incurred when approximating the product of two matrices
using randomized column and row sampling without replacement; the second, Lemma 4.9, is a

deterministic bound on the forward errors of column-based low-rank approximations.

4.1 Probabilistic tools

In this section, we review several tools that are used to deal with random matrices and more

generally, random processes.

4.1.1 Concentration of convex functions of Rademacher variables

Rademacher random variables take the values £1 with equal probability. Rademacher vectors are
vectors of i.i.d. Rademacher random variables. Rademacher vectors often play a crucial role in
the construction of dimension reduction maps, an area where the strong measure concentration

properties of Rademacher sums are often exploited. The following result states a large-deviation
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property of convex Lipschitz functions of Rademacher vectors: namely, these functions tend to

be not much larger than their expectations.

Lemma 4.1 (A large deviation result for convex Lipschitz functions of Rademacher random
variables [Corollary 1.3 ff. in [Led96]] ). Suppose f : R™ — R is a convex function that satisfies
the Lipschitz bound

F)—fFWI<L|x—y|, foralxy.

Let ¢ € R™ be a Rademacher vector. For all t > 0,

P{f(e)>E[f(e)] +Lt} <e */8,

4.1.2 Chernoff bounds for sums of random matrices sampled without replace-

ment

Classical Chernoff bounds provide tail bounds for sums of nonnegative random variables. Their
matrix analogs provide tail bounds on the eigenvalues and singular values of sums of positive-
semidefinite random matrices. Matrix Chernoff bounds are particularly useful for analyzing
algorithms involving randomized column-sampling. Most matrix Chernoff bounds available in
the literature require the summands to be independent. Indeed, the Chernoff bounds developed
in Chapter 2 bound the eigenvalues of a sum of independent random Hermitian matrices.
However, occasionally one desires Chernoff bounds that do not require the summands to be
independent. The following Chernoff bounds are useful in the case where the summands are

drawn without replacement from a set of bounded random matrices.

Lemma 4.2 (Matrix Chernoff Bounds, Theorem 2.2 in [Trol1b]). Let & be a finite set of
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positive-semidefinite matrices with dimension k, and suppose that
max Amax (X) < B.
Sample {Xy,...,X;} uniformly at random from & without replacement. Compute
Pmax =€ A1(EXy)  and  pyip = £ - A (EXy).
Then

eV Umax/B
P{Al (Zij) Z(l—l—v)umax} <k- [m} forv >0, and

P{Ak (ijj) <(1- v),umin} <k- [%Tmm forv e[0,1).

We also use the following standard simplification of the lower Chernoff bound, which holds

under the setup of Lemma 4.2:
P {Ak (Z] Xj) < e,umin} <k-e = Mna/(2B)  for ¢ € [0, 1]. (4.1.1)

4.1.3 Frobenius-norm error bounds for matrix multiplication

We now establish a tail bound on the Frobenius-norm error of a simple approximate matrix mul-
tiplication scheme based upon randomized column and row sampling. This simple approximate
multiplication scheme is a staple in randomized numerical linear algebra, and variants have
been analyzed multiple times [DKO1, DKMO06a, Sar06]. The result derived here differs in that it
applies to the sampling without replacement model, and it provides bounds on the error that

hold with high probability, rather than simply an estimate of the expected error.



92

Lemma 4.3 (Matrix Multiplication). Let X € R™" and Y € R"*P. Fix { < n. Select uniformly
at random and without replacement £ columns from X and the corresponding rows from Y and
multiply the selected columns and rows with \/n_/f Let X € R™*¢ and Y € R™P contain the scaled
columns and rows, respectively. Choose

4n n . 2n .
02— > 0 IXIBINOIE and B> = max X o[Vl

Thenif 0 <t < 0?/B,
- t2
P{|XY-XY||; > t+0} <exp (_@) :

To prove Lemma 4.3, we use the following vector Bernstein inequality for sampling without
replacement in Banach spaces; this result follows directly from a similar inequality for sampling
with replacement established by Gross in [Grol1]. Again, vector Bernstein inequalities have
been derived by multiple authors [LT91, BLMO03, Recl1, Trol2, CP11, Grol1]; the value of this

specific result is that it applies to the sampling without replacement model.

Lemma 4.4. Let ¥ be a collection of n vectors in a Hilbert space with norm ||-||, . Choose V1,...,V,
from ¥ uniformly at random without replacement. Choose V-, ... ’V2 from ¥ uniformly at random

with replacement. Let

/4
u= E"Zizl(vl’. —EV))

2

and set

o2 > #E||V)|; and B> 2max [V]l,.
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If0<t <0?/B, then

4
IP{HZiZlvi — (EV,

£2
> tb < - .
zwe)zon(-2)

Proof. We proceed by developing a bound on the moment generating function (mgf) of

i
HZizl Vi —LEV,

_‘u“
2

This mgf is controlled by the mgf of a similar sum where the vectors are sampled with replace-

ment. That is, for A > 0,

14
Eexp (A- HZilei —(EV,

—Au ) <Eexp(A- Ze V. —(EV,| — A (4.1.2)
, M) < Eexp Vi fl, = A ) 1.

This follows from a classical observation due to Hoeffding [Hoe63] that for any convex real-

valued function g,
¢ e,
Eg (Zi:l Vi) =Eg (Zi:l Vi)'

The paper [GN10] provides an alternate exposition of this fact. Specifically, take g(V) =
exp (A HV —({EV, H2 — A,u) to obtain the inequality of mgfs asserted in (4.1.2).
In the proof of Theorem 12 in [Gro11], Gross establishes that any random variable Z whose

mgf is less than the righthand side of (4.1.2) satisfies a tail inequality of the form

tZ
PiZzu+ty< - 4.1.3
=nrazon(-2) o

when t < s?/M, where

223 BV BV
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and ||V: —EV; “ , < M almost surely for all i = 1,...,{. To apply this result, note that for all
i=1,...,¢,

Vi — BV ]|, < 2max||V]l, = B.

Take VY to be an i.i.d. copy of V] and observe that, by Jensen’s inequality,

ST E|v/- BV = e5|v] - BV |
< B|[V; vy |2 < €= (Vi |, + |V2],)?
< 24B|[V; 2+ V22

= #E||V; | < o>

The bound given in the statement of Lemma 4.4 when we take s?=c0%and M =Bin (4.1.3). O

With this Bernstein bound in hand, we proceed to the proof of Lemma 4.3. Let vec : R™*" —
R™" denote the operation of vectorization, which stacks the columns of a matrix A € R™" to

form the vector vec(A).

Proof of Lemma 4.3. Let ¥ be the collection of vectorized rank-one products of columns of

v/n/l -X and rows of y/n/{f - Y. That is, take

n

i=1

V= {Evec(X ; Y(i))}
- ! (i)

Sample V,...,V, uniformly at random from ¥ without replacement, and observe that EV; =

¢~ 1vec(XY). With this notation,

[ =], ~ [ 35, v~ Ev
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where ~ refers to identical distributions. Therefore any probabilistic bound developed for the
right-hand side quantity holds for the left-hand side quantity. The conclusion of the lemma
follows when we apply Lemma 4.4 to bound the right-hand side quantity.

We calculate the variance-like term in Lemma 4.4,
4|V, 2 = e Z X IO = 4" Z XISV < o2
1|2 — ni=1£2 (D2 2 €i=1 L) 2 — .
Now we consider the expectation

4
w=E HZizl(Vl{ ~EV)

2.

In doing so, we will use the notation E [C |A,B,...] to denote the conditional expectation of
a random variable C with respect to the random variables A, B, .... Recall that a Rademacher
vector is a random vector whose entries are independent and take the values £1 with equal
probability. Let £ be a Rademacher vector of length £ and sample V3,...,V, and V{,...,V]

uniformly at random from ¥ with replacement. Now u can be bounded as follows:

u = EHZ;(VQ—EVQ)
< B[ Xw-vo, [ ]
= E[Hz;si(vg—vg’)

2R [HZ; evi|| |{V§},8}

25 [ |2,

- 2\/]E []E [Zf,j:figivaﬁ' |s] |{V§}}

= 2y/EY, Vil

2

VL v/ |

IA

IA

2
, {{vg},s}
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The first inequality is Jensen’s, and the following equality holds because the components of the
sequence {V; —V/'} are symmetric and independent. The next two manipulations are the triangle
inequality and Jensen’s inequality. This stage of the estimate is concluded by conditioning and
using the orthogonality of the Rademacher variables. Next, the triangle inequality and the fact

that IET,”V’1 ||§ = EHV1 H; allow us to further simplify the estimate of u :

¢ 2 2
p<2/EY [VIE=2y/m|wi <o
We also calculate the quantity
2max|[Vll, = 2 max [Xo [ /IYO]l, < B
vy Vll2 = = Maxiifa iz 2=

The tail bound given in the statement of the lemma follows from applying Lemma 4.4 with our

estimates for B, o2, and u. O

4.2 Linear Algebra notation and results

In subsequent chapters, we use the following partitioned compact SVD to state results for
rectangular matrices A with rank(A) = p :

k p—k vT

A=UxV' = [ (4.2.1)

U; U, } \'
Here, X; contains the k largest singular values of A and the columns of U; and V; respec-
tively span top k-dimensional left and right singular spaces of A. The matrix A; = U12}1VI is

the optimal rank-k approximation to A, and A,_ = A— A, = UZZZVZT . The Moore-Penrose
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pseudoinverse of A is denoted by A'.
When A is a positive-semidefinite matrix, U =V and (4.2.1) becomes the following parti-

tioned eigenvalue decomposition:

k p—k uT

A=UxU" = [ (4.2.2)
The eigenvalues of an n X n symmetric matrix A are ordered A;(A) >--- > A,(A).

The orthoprojector onto the column space of a matrix A is written P, and satisfies
P, =AA" = A(ATA)'AT,

Let & be a k-dimensional subspace of R" and P, denote the projection onto . Then the
coherence of & is
n
w) = A max; (P );;.
The coherence of a matrix U € R™¥ with orthonormal columns is the coherence of the subspace

& which it spans:

u(U0) == u(&) = %maxi(Py)ii = %maxi(UUT)ii-

The kth column of the matrix A is denoted by A); the jth row is denoted by AY). The vector
e; is the ith element of the standard Euclidean basis (whose dimensionality will be clear from
the context).

We often compare SPSD matrices using the semidefinite ordering. In this ordering, A is
greater than or equal to B, written A = B or B X A, when A — B is positive semidefinite. Each

SPSD matrix A has a unique square root A'/? that is also SPSD, has the same eigenspaces as



98

A, and satisfies A = (Al/ 2)2. The eigenvalues of an SPSD matrix A are arranged in weakly
decreasing order: A, (A) = A;(A) > A5(A) > --- > A,(A) = A, (A). Likewise, the singular
values of a rectangular matrix A with rank p are ordered 0,.4(A) = 0,(A) = 05,(A) > --- >
0, (A) = 0 yin(A). The spectral norm of a matrix B is written ||B||, ; its Frobenius norm and trace
are written ||B|| and Tr(B), respectively. The notation || - || indicates that an expression holds

for both £ =2 and £ =F.

4.2.1 Column-based low-rank approximation

The remainder of this thesis concerns low-rank matrix approximation algorithms: Chapter 5
provides bounds on the approximation errors of low-rank approximations that are formed using
fast orthonormal transformations, and Chapter 6 provides bounds on the approximation errors
of a class of low-rank approximations to SPSD matrices.

Both of these low-rank approximation schemes are amenable to interpretation as schemes
wherein a matrix is projected onto a subspace spanned by some linear combination of its columns.
The problem of providing a general framework for studying the error of these projection schemes
is well studied [BMDO09, HMT11, BDMI11]. The authors of these works have provided a set of so-
called structural results: deterministic bounds on the spectral and Frobenius-norm approximation
errors incurred by these projection schemes. Structural results allow us to relate the errors of
low-rank approximations formed using projection schemes to the optimal errors ||A — A || for
£=2,F.

Before stating the specific structural results that are used in the sequel, we review the
necessary background material on low-rank matrix approximations that are restricted to lie

within a particular subspace.
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4.2.1.1 Matrix Pythagoras and generalized least-squares regression

Lemma 4.5 is the analog of Pythagoras’ theorem in the matrix setting. A proof of this lemma can
be found in [BDMI11]. Lemma 4.6 is an immediate corollary that generalizes the Eckart-Young

theorem.

Lemma 4.5. If XY =0 or XY =0, then

X+ YIZ = IXIIE + Y12

and

2 2 2 2 2
max{|[X|ly, [Yll5} < [IX+ Y5 < [IXIl5 + [[YIl5.

Lemma 4.6. Given A € R™" and C € R™¢, for all X € R™*"

IA—PcA|Z < ||A - CX|?

forboth § =2 and £ =F.

Proof. Write

A—CX=(I—Pc)A+ (PcA—CX)

and observe that

(I-P)A)"(PcA—CX) =0,

so by Lemma 4.5,

IA—CX|I > [(1-P)A]Z.
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4.2.1.2 Low-rank approximations restricted to subspaces

Given A € R™"; a target rank k < n; another matrix Y € R™¢, where £ > k; and a choice of
norm & (§ = 2 or £ = F), we use the notation Hf{ «(A) to refer to the matrix that lies in the
column span of Y, has rank k or less, and minimizes the £-norm error in approximating A. More

concisely, Hf{ ((A)= YX¢, where

Xt = arg min ||A—YX||§.
XeR*M:rank(X)<k

The approximation 1'[5 «(A) can be computed using the following three-step procedure:

1: Orthonormalize the columns of Y to construct a matrix Q € R™*¢.
— : T
2: Compute X, = arg MiNyepexn rank(x)<k ||Q A— X”F.

3: Compute and return IT{ , (A) = QX,,,, € R™".

There does not seem to be a similarly efficient algorithm for computing l'I% L (A).
The following result, which appeared as Lemma 18 in [BDMI11], both verifies the claim that
this algorithm computes l'[f( «(A) and shows that l'[f{ «(A) is a constant factor approximation to

H%’k(A).

Lemma 4.7. [Lemma 18 in [BDMI11]] Given A € R™" Y € R™, and an integer k < {, the
matrix QX € R™*" described above satisfies o, (A) = QXpt, can be computed in O(mné + (m +
n)t?) time, and satisfies

2 2
F 2
|- @], =2,
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4.2.2 Structural results for low-rank approximation

The following result, which appears as Lemma 7 in [BMDO09], provides an upper bound on the
residual error of the low-rank matrix approximation obtained via projections onto subspaces.

The paper [HMT11] also supplies an equivalent result.

Lemma 4.8. [Lemma 7 in [BMDO9]] Let A € R™ " have rank p. Fix k satisfying 0 < k < p.

Given a matrix S € R™¢, with £ > k, construct Y = AS. If VlT S has full row-rank, then, for & = 2,F,
1A —PyAll2 < [|A—TI5 (A2 < [|A — Al + (13,5 S(VT ) |12, (4.2.3)

In addition to this bound on the residual error, we use the following novel structural bound

on the forward errors of low-rank approximants.

Lemma 4.9. Let A € R™" have rank p. Fix k satisfying 0 < k < p. Given a matrix § € R,

where £ > k, construct Y = AS. If VlTS has full row-rank, then, for £ = 2,F,
1Ak = PyAllZ < 1A — AglIZ + 112,V S(VI ). (4.2.4)

Proof. Observe that

(A —PyA) (PyA, ;) =0,

so Lemma 4.5 implies that

1Ak = PyAllZ = [|Ax — PyAr — PyA, 12 < [|Ax — PyAllZ + 114, 12
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Applying Lemma 4.6 with X = (VI S)’VT, we see that

A — PyAl2 < [|A, — YCVTS) VT2 + 1A, 2
= 1A, — A SVTS)VT + A, SVTS)VT |2+ 1A, 12

= ||Ax — U; =, VIS(VTs)vT +Ap_ks(vfs)”fv{||§ + 1Ay _il13.

Since V] S has full row rank, (V] S)(V] S)" =1I;. Recall that Ay = U;%,V] and A,_; = U,%,V;.

Consequently, the above inequality reduces neatly to the desired inequality

1A, = PyAllZ < [|Ax — Uy, V] + A, SV S VI + 1A, 12
= {14, SV )V 17 + 1A, _ilI?

= 1A — Al + 1122V5 SV S)IIZ.

4.2.2.1 A geometric interpretation of the sampling interaction matrix

Let 2, = VlTS and Q, = Vg S denote the interaction of the sampling matrix S with the top and
bottom right-singular spaces of A. It is evident from Lemmas 4.8 and 4.9 that the quality of the

low-rank approximations depend upon the norm of the sampling interaction matrix

vIs(vTs)" = a,al.

The smaller the spectral norm of the QZQ'{ the more effective S is as a sampling matrix. To give

the sampling interaction matrix a geometric interpretation, we first recall the definition of the
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sine between the range spaces of two matrices M; and M, :
sinZ(Ml,Mz) = [|I— PMl)PMZHZ-

Note that this quantity is not symmetric: it measures how well the range of M; captures that of

M, [GV96, Chapter 12].

Lemma 4.10. Fix A € R™" a target rank k, and S € R™¢ where £ > k. Assume S has orthonor-

mal columns. Define

Q,=V{S and Q,=V,S.

Then, if @, has full row-rank,

||9291||2 = tan’(S, Vy).
Proof. Since V; and S have orthonormal columns, we see that

2

sin®(S, V;) = ||(1— ssT)V, Vi ||;

= ||V1T(I—SST)V1||2
= 1-vissv,
=1-2,(V]ss"V))

=1- i)

The second to last equality holds because VfS has k rows and we assumed it has full row-rank.

Accordingly,

.2
sin“(S,V;) .
=[5 - 1.

2
tan®(S,V;) = ——— 1= —
(8,V1) 1—sin%(S,V;)
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Now observe that

= sV a-svivis)visy|,
- “(STVQTHE -1

= tan?(S, Vy).
The second to last equality holds because of the fact that, for any matrix M,
o - wanayca "', = [ -

this identity can be established with a routine SVD argument. O

Thus, when S has orthonormal columns and V{S has full row-rank, ||QZQ“'1'|| 5 is the tangent
of the largest angle between the range of S and the top right singular space spanned by V;. If
V{S does not have full row-rank, then our derivation above shows that sin?(S,V;) = 1, meaning
that there is a vector in the eigenspace spanned by V; which has no component in the space
spanned by the sketching matrix S.

We note that tan(S,V;) also arises in the classical bounds on the convergence of the orthogo-
nal iteration algorithm for approximating the top k-dimensional singular spaces of a matrix (see,

e.g. [GV96, Theorem 8.2.2]).
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Chapter 5

Low-rank approximation with
subsampled unitary transformations

5.1 Introduction

In this chapter, we analyze the theoretical performance of a randomized low-rank approximation
algorithm introduced in [WLRTO08] and analyzed in [WLRT08, HMT11, NDT09]. Our analysis
often provides sharper approximation bounds than those in [WLRT08, HMT11, NDT09]. We
provide bounds on the residual and forward errors of this approximation algorithm in the spectral
and Frobenius norms, and provide experimental evidence that this low-rank approximation
algorithm performs as well as a more expensive low-rank approximation algorithm based upon
projections onto uniformly distributed random subspaces'. Further, we provide approximation
bounds for a variant of the algorithm that returns approximations with even lower rank.

The setting is as follows: fix A € R™*" and a target rank k < min{m, n}. We would like to
approximate A with a matrix X that has rank close to k, and we would like ||A —X]||; to be within
a small multiplicative factor of the smallest error achievable when approximating A; with a
rank-k matrix, for £ =2, F.

It is well-known that the rank-k matrix A; that minimizes both the Frobenius and the

!The content of this chapter is adapted from the article [GB12] co-authored with Christos Boutsidis.
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spectral-norm approximation errors can be calculated using the singular value decomposition
(SVD) in O(mn min{m, n}) arithmetic operations, using classical so-called direct algorithms such
as QR iteration or Jacobi iteration [GV96]. Computing the full SVD is expensive when A is a
large matrix. In this case, it is often more efficient to use iterative projection methods (e.g. Krylov
subspace methods) to obtain approximations to A. It is difficult to state a precise guarantee
for the number of arithmetic operations carried out by Krylov methods, but one iteration of a
Krylov method requires Q(mnk) operations (assuming A has no special structure which can be
exploited to speed up the computation of matrix—vector products). To obtain even an accurate
rank-1 approximation requires O(logn) iterations [KW92]. Thus, an optimistic estimate for the
number of operations required to compute approximate rank-k truncated SVDs using a Krylov
method is Q(mnklogn).

Our discussion thus far has concerned only the arithmetic cost of computing truncated SVDs,
but an equally or more important issue is that of the communication costs: bandwidth costs
(proportional to the amount of times storage is accessed) and latency costs (proportional to
the cost of transferring the information over a network or through the levels of a hierarchical
memory system) [BDHS11]. If the algorithm is to be parallelized, then the complexity of the
required information interchange must also be taken into account.

The randomized algorithms considered in this chapter, Algorithms 5.1 and 5.2, are of
interest because they yield low-rank approximations after Q(mnk max{logn,logk}) arithmetic
operations and have low communication costs. In particular, each element of A is accessed
only twice, and the algorithms are simple enough that they are amenable to straightforward
parallelization. The guarantees provided are probabilistic, and allow one to trade off between the
operation count of the algorithms and the accuracy and failure probabilities of the algorithms.

Both of the algorithms considered in this chapter are based on the intuition that, when
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Algorithm 5.1: Randomized approximate truncated SVD

Input: an m X n matrix A and an n x £ matrix S, where £ is an integer in [1,n].
Output: matrices U, £,V constituting the SVD of PygA = USVT.

: Let Y =AS.

: Compute the QR decomposition Y = QR.
: Compute the SVD of QTA =WZVT,

. Set U= QW.

AW N

Algorithm 5.2: Rank-k randomized approximate truncated SVD
Input: an m x n matrix A, integers £ and k that satisfy £ > k and k € [1,n], and an n x £ matrix
S.
Output: matrices U, %,V constituting the SVD of I , (A) = UZV”.

: Let Y=AS.

: Compute the QR decomposition Y = QR.

: Compute the rank-k truncated SVD of QT A to obtain (QTA), = WEVT.
. Set U= QW.

AW N =

S € R™! is randomly selected and ¢ is sufficiently larger than k, the range of the matrix AS
“captures” the top k-dimensional left singular space of A. When this phenomenon occurs, the
low-rank matrix formed by projecting A onto the range of AS should be almost as accurate an

approximation of A as is the optimal approximation Ay, :

|A—PagAlls ~ [|A— Al for & =2,F.

Algorithm 5.1 computes exactly this approximation, P,gA. Note that this approximation may have
rank up to £, which may be much larger than k. Algorithm 5.2 instead returns the approximation
His,k(A), which is guaranteed to have rank at most k.

Unlike classical iterative methods for approximating the trucated SVD, which use as many
iterations as necessary to satisfy some convergence condition, Algorithms 5.1 and 5.2 use only
one matrix—-matrix product AS to generate an approximate basis for the top left singular space

of A. Accordingly, the quality of approximations obtained using either of these algorithms is
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more dependent on the properties of A itself and the sampling matrix S than is the quality
of approximations derived from classical iterative methods. Thus it is important to supply
theoretical guarantees on the errors of the algorithms that identify which properties of A affect
the quality of the approximations, as well as to carry to empirical studies investigating the
influence of the choice of S.

Recent years have produced a large body of research on designing random sampling matrices
S. Some proposals for S include: (i) every entry of S takes the values +1,—1 with equal
probability [CW09, MZ11]; (ii) the entries of S are i.i.d. Gaussian random variables with zero
mean and unit variance [HMT11]; (iii) the columns of S are chosen independently from the
columns of the m X m identity matrix with probabilities that are proportional to the Euclidean
length of the columns of A [FKV98, DKMO06b]; and (iv) S is designed carefully such that AS can
be computed in at most O(nnz(A)) arithmetic operations, where nnz(A) denotes the number of
non-zero entries in A [CW12].

In this chapter we take S to be a subsampled randomized Hadamard transform (SRHT)
matrix, i.e. S comprises a subset of the columns of a randomized Hadamard matrix (see

Definitions 5.1 and 5.2 below). This choice for S was introduced in [AC06].

Definition 5.1 (Normalized Walsh-Hadamard Matrix). Fix an integer n =2P, forp =1,2,3,....

The (non-normalized) n X n matrix of the Hadamard-Walsh transform is defined recursively as,

Hn/2 Hn/Z +1 41

n >

Hn/2 _Hn/2 +1 -1

The n X n normalized matrix of the Walsh-Hadamard transform is equal to H = n_%Hn e R,

Definition 5.2 (Subsampled Randomized Hadamard Transform (SRHT) matrix). Fix integers £
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and n=2P with{ <nand p=1,2,3,.... An SRHT matrix is an £ X n matrix of the form

n
G-)Z\/;-RHD;

e D € R™" is a random diagonal matrix whose entries are independent random signs, i.e.

random variables uniformly distributed on {£1}.
e H e R™" is a normalized Walsh-Hadamard matrix.

e R e R is a subset of £ rows from the n x n identity matrix, where the rows are chosen

uniformly at random and without replacement.

The choice of S as an SRHT matrix is particularly practical because the highly structured

nature of S can be exploited to reduce the time of computing AS from O(mn{) to O(mnlog,¢).

Lemma 5.3 (Fast Matrix—Vector Multiplication, Theorem 2.1 in [ALO8]). Given x € R" and

€ < n, one can construct ® € R**" and compute ©x in at most 2nlog, (¢ + 1)) operations.

Beyond the SRHT. The SRHT is defined only when the matrix dimension is a power of two. An
alternative option is to use other structured orthonormal randomized transforms such as the real
Fourier transform (DFT), the discrete cosine transform (DCT) or the discrete Hartley transform
(DHT) [WLRT08, NDT09, RT08, AMT10], whose entries are on the order of n~*/2. None of
these transforms place restrictions on the size of the matrix being approximated. With minimal
effort, the results of this chapter can be extended to encompass these transforms. Specifically,
the statements of Lemma 5.5 and Lemma 5.8 in this chapter would need to be modified slightly
to account for the difference in the transform; essentially, the constants present in the statements

of the Lemmas would change. These two lemmas isolate the effects of the particular choice of
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S from the remainder of the arguments used in this chapter, so the changes would propagate,
mutatis mutandis, throughout the remaining results in this chapter.

We note, further, that Algorithms 5.1 and 5.2 can be modified to use Y = (AAT)PAS, where
p = 1is an integer, as an approximate basis for the top left singular space of A. Approximations
to A, generated using this choice of Y are more accurate than those generated using our choice
of AS, but one loses the speed conferred by taking S to be an SRHT matrix: after the first

multiplication AS, all the matrix multiplications required to form Y are dense and unstructured.

Outline. In Section 5.2, we present a portion of our results on the quality of SRHT low-
rank approximations and compare them to prior results in the literature. Section 5.3 presents
new results on the application of SRHTs to general matrices and the approximation of matrix
multiplication using SRHTs under the Frobenius norm. Section 5.4 contains the statements and
proofs of our main results. We conclude the chapter with an experimental evaluation of the

SRHT low-rank approximation algorithms in Section 5.5.

5.2 Low-rank matrix approximation using SRHTs

Using an SRHT matrix (see Definition 5.2), one can quickly construct low-rank approximations of
a given matrix A using Algorithms 5.1 and 5.2. Our main results, Theorems 5.13 and 5.14, given
in Section 5.4, respectively provide theoretical guarantees on the spectral and Frobenius-norm
residual and forward errors of these approximations. To facilitate the comparison of our results

with prior work, we highlight our residual error guarantees for Algorithm 5.1.

Theorem 5.4. Assume n is a power of 2. Let A € R™ ™ have rank p and fix an integer k satisfying

2<k<p. Let 0 < € < 1/3 be an accuracy parameter, 0 < § < 1 be a failure probability, and
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C > 1 be any specified constant. If ® € R**" is an SRHT matrix and { satisfies
6C2e! [\/Z+ \/m] *log(k/8) <€ <n, (5.2.1)
then the approximation A generated by Algorithm 5.1 with S = @ satisfies
1A —Pagrall < (1+116) [A— A,

with probability at least 1 — §5C”log(k/5)/4 _ 76, and

3log(n/6)log(p/6) 3log(p/6)
e e B R (S

with probability at least 1 — 56.

The Frobenius-norm bound in this theorem is slightly stronger than the best bound appearing
in prior efforts [NDT09]. The spectral-norm bound on the residual error is often much smaller
than the bounds presented in prior work and sheds light on an open question mentioned
in [NDT09] and [HMT11]. We do not, however, claim that the error bounds provided are the
tightest possible. Certainly the specific constants (11,4, etc.) in the error estimates are not
optimized.

We now present a detailed comparison of the guarantees given in Theorem 5.4 with those

available in the existing literature.

5.2.1 Detailed comparison with prior work

The subsampled randomized Fourier transform (SRFT). The algorithm in Section 5.2 of

[WLRTO08], which was the first to use the idea of employing subsampled randomized orthogonal



112

transforms to compute low-rank approximations to matrices, provides a spectral-norm error
bound but replaces the SRHT with an SRFT, i.e. the matrix H of Definition 5.2 is replaced
by a matrix where the (p,q)th entry is H,, = e~ 2m(p-D@-D/n where i = /—1, i.e. H is the
unnormalized discrete Fourier transform. Woolfe et al. [WLRTO08, Equation 190] argue that, for
anya>1,#>1,if

(> a?B(a—1)"1(2k)?,

then with probability at least 1 — 3/ (w = max{m,n}),

A - 0807 ||, <2 (\/Za— 1+1) : (\/aw+1+ m) A=A,

Here, U, € R™* contains orthonormal columns, as does V, € Rk while %, € RF*¢ is
diagonal with nonegative entries. These matrices can be computed deterministically from A@
in O (kz(m +n) + k£? logﬁ) time. Also, computing Y = A®7 takes O (mnlog{) time.

The analysis of [WLRT08] applies when ¢ = Q(k?), while the spectral-norm guarantee of

Theorem 5.4 applies for potentially much smaller values of { = Q(max{klogk,log(n)logk}).

Nguyen et al. [NDT09]. An analysis of the Frobenius-norm error of an SRHT-based low-rank
matrix approximation algorithm appeared in Nguyen et al. [NDT09]. Let 6 be a probability
parameter with O < 6 < 1 and € be an accuracy parameter with 0 < € < 1. Then, Nguyen et al.

show that in order to get a rank-k matrix A, satisfying
A= Aclle < 1+ €)-f|A— Al

and

oA, = (2+v20/¢) -[la-adl,
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with probability of success at least 1 — 56, one requires
L=Q (e‘l max{k, \/Zlog(Zn/(S)} - max{logk, log(3/5)}) .

Theorem 5.4 gives a tighter spectral-norm error bound when HA— AkHF < (n/log(p/ sNY2.
HA — A Hz . It also provides an equivalent Frobenius-norm error bound with a comparable failure

probability for a smaller number of samples. Specifically, if

¢ > 5286 [k + 1/8log(8n/5)]1* log(8k/5)

=0 (e_l max{k,log(n/6)} - max{logk, log(1/5)}) ,

then the Frobenius-norm bound in Theorem 5.4 ensures that, with probability at least 1 — 85,
the approximation satisfies ||A - A”F <(+e€)- ||A - Ak”F.

In [HMT11] and [NDT09], the authors left as a subject for future research the explanation
of a curious experimental phenomenon: when the singular values decay according to power
laws, the SRHT low-rank approximation algorithm empirically achieves relative-error spectral
norm approximations. Our spectral norm result provides an explanation of this phenomenon:
when the singular values of A decay fast enough, as in power law decay, one has ||A - Ak”F =

e(1)- HA — A, H2 In this case, when £ is chosen to satisfy

24¢7! [\/Z+ m}zlog(kmnog(n/& <¢<n

our spectral-norm bound assures us that ||A — A” , <0(1)- ||A — Ak” , with probability of at
least 1 — 86, thus predicting the observed empirical behavior of the algorithm.

The approximation scheme addressed in [NDT09] generates low-rank approximations with
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rank at most k, while the bounds in Theorem 5.4 are for approximations using Algorithm 5.2,
which may result in an approximation with a rank larger than k. However, the comparisons
above also hold, as stated, for approximations A generated using Algorithm 5.2, as can be

verified directly from Theorems 5.13 and 5.14.

Halko et al. [HMT11]. Halko et al. [HMT11] consider the performance of Algorithm 5.1

when S = ©7 is an SRHT matrix, and conclude that if ¢ satisfies

4 [\/Z—I— Vi 810g(kn)} 2log(k) <{<n, (5.2.2)

then, for both £ = 2,F,

A=Al < (14 /7n/) - 1A= Adll,

with probability at least 1 — O(1/k). Our Frobenius-norm bound is always tighter than the
Frobenius-norm bound given here. To compare the spectral-norm bounds, note that our spectral-

norm bound is on the order of

[la-ad

{ \/ log(p/8)log(n/5)
ax

log(p/6)
; —. HA—AkHF}. (5.2.3)

22 {

If the residual spectrum A (the set of singular values smaller than 0 (A)) is constant, or more
generally decays slowly, then the spectral-norm result in [HMT11] is perhaps optimal. But when
A is rank-deficient or the singular values of A decay fast, the spectral-norm bound in Theorem 5.4

is more useful. Specifically, if

A - A < A

L'HA
log(p/5) 2’
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then when /£ is chosen according to Theorem 5.4, the quantity in (5.2.3) is much smaller than
N

We were able to obtain this improved bound by using the results in Section 5.3.1, which
allow one to take into account decay in the spectrum of A. Finally, notice that our theorem
makes explicit the intuition that the probability of failure can be driven to zero independently of

the target rank k by increasing /.

Two alternative approximate SVD algorithms. Instead of an SRHT matrix, one can take S
in Algorithms 5.1 and 5.2 to be a matrix of i.i.d. standard Gaussian random variables. One gains
theoretically and often empirically better worse-case tradeoffs between the number of samples
taken, the failure probability, and the error guarantees. The SRHT algorithms are still faster,
since a matrix multiplication with a Gaussian matrix requires O(mn{) time (assuming A is dense
and unstructured). One can also take S to be a matrix of i.i.d. random signs (+1 with equal
probability). In many ways, this is analogous to the Gaussian algorithm: in both cases S is a
matrix of i.i.d. subgaussian random variables. Consequently, we expect this algorithm to have
the same advantages and disadvantages relative to the SRHT algorithm. We now compare the
best available performance bounds for these schemes to our SRHT performance bounds.

We use the notion of the stable rank of a matrix,

st(A) = [IAllZ / IAII3,

to capture the decay of the singular values of A. As can be seen by considering a matrix with a
flat singular spectrum, in general the stable rank is no smaller than the rank.

When ¢ > k + 4, Theorem 10.7 and Corollary 10.9 in [HMT11] imply that, when using
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—(f—k+1)

Gaussian sampling in Algorithm 5.1, with probability at least 1 —2-327¢=0 —e™ 2

zx/ﬁ+ew/7

HA—AHF§(1+3 m)-HA—AkHF

and with probability at least 1 — 3e~(¢=K),

- k 8Vi
|a-4], < (1+16\/1+m) -||A—Ak||2+m ||a = Ay -

Comparing to the guarantees of Theorem 5.4 we see that the two bounds just stated suggest
that with the same number of samples, Gaussian low-rank approximations outperform SRHT-
based low-rank approximations. In particular, the spectral-norm bound guarantees that if

st (A—Ay) <k, that is,

A=, < VE[A- A

,» then the Gaussian version of Algorithm 5.1
requires O(k/e?) samples to return a 17 + € constant factor spectral-norm error approximation
with high probability. Similarly, the Frobenius-norm bound guarantees that the same number
of samples returns a 1 + 32¢ constant factor Frobenius-norm error approximation with high
probability. Neither the spectral nor Frobenius bounds given in Theorem 5.4 for SRHT-based
low-rank approximations apply for this few samples.

The paper [MZ11] does not consider the Frobenius-norm error of the random sign low-rank
approximation algorithm, but Remark 4 in [MZ11] shows that when £ = O(k/e*log(1/5)), for

0< 6 <1, and sr (A—Ay) <k, Algorithm 5.1 ensures that with probability at least 1 — &,

[a—All, < @ +ella-ad,-

To compare our results with those stated in [HMT11, MZ11] we assume that k > log(n/&)

so that £ > klogk suffices for Theorem 5.4 to apply. Then, in order to acquire a 4 + € relative
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error bound from Theorem 5.4, it suffices that

€>C'e%klog(p/5) and sr(A—Ag) <Ck,

where C’ is an explicit constant no larger than 6.

We see, therefore, that the Gaussian and random sign approximation versions of Algo-
rithm 5.1 return 17 4+ € and 1 + € relative spectral error approximations, respectively, when £ is
on the order of k and the relatively weak spectral decay condition sr (A — A;) < k is satisfied,
while our bound for the SRHT version of Algorithm 5.1 requires £ > klog(p/6) and the spectral
decay condition

st (A—A,) <Ck

to ensure a 6 + € relative spectral error approximation. We note that the SRHT algorithm can be
used to obtain relative spectral error approximations of matrices with arbitrary stable rank at
the cost of increasing ¢; the same is of course true for the Gaussian and random sign algorithms.

The bounds for the SRHT, Gaussian, and random sign low-rank approximation algorithms
differ in two significant ways. First, there are logarithmic factors in the spectral-norm error
bound for the SRHT algorithm that are absent from the corresponding bounds for the Gaussian
and random sign algorithms. Second, the spectral-norm bound for the SRHT algorithm applies
only when £ > klog(p /&), while the corresponding bounds for the Gaussian and random sign
algorithms apply when £ is on the order of k. These disparities may reflect a fundamental
tradeoff between the structure and randomness of the sampling matrix S. Assuming A is dense
and unstructured, the highly structured nature of SRHT matrices makes it possible to calculate
AS much faster than when Gaussian or random sign sampling matrices are used, but this moves

us away from the very nice isotropic randomness present in the Gaussian S and the similarly nice
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properties of a matrix of i.i.d subgaussian random variables, thus resulting in slacker bounds

which require more samples.

5.3 Matrix computations with SRHT matrices

An important ingredient in analyzing the performance of Algorithms 5.1 and 5.2 is understanding
how an SRHT changes the spectrum of a matrix after postmultiplication: given a matrix A and
an SRHT matrix ©, how are the singular values of A and A® related?

To be more precise, Lemma 4.8 suggests that one path towards establishing the efficacy of
SRHT-based low-rank approximations lies in understanding how the SRHT perturbs the singular
values of matrices. To see this, we repeat the statement of the lemma here. Let A € R™*" have

rank p and recall the following partitioning of its SVD:

(5.3.1)

Fix k satisfying 0 < k < p. Given a matrix S € R"*{, with £ > k, Lemma 4.8 states that if VIS

has full row-rank, then for £ = 2, F,
;
1A —PasAllZ < A — A2+ 12,V S (V]'S) ' IIZ.

Note that P,gA is exactly the low-rank approximation of A returned by Algorithm 5.1.
Now take S = © to be an SRHT matrix and observe that if the product %,V " (VITG)T) '

has small norm, then the residual error of the approximant P,grA is small. The norm of this
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product is small when the norm of the perturbed matrix (VI@T)Jr is small, because
2
I1Zv3 07 (V] ©)|I2 < %,/ Iv; e I3[ vi ey, (5.3.2)

The matrix (VI ©®7) has small norm precisely when the singular values of VI @ are close to
those of V;. This strategy is developed in [HMT11] to supply bounds for the SRHT low-rank
approximation algorithm, and relies upon knowledge of how multiplication with SRHT matrices
perturbs the singular values of matrices with orthonormal rows.

The main contribution of this chapter is the realization that one can take advantage of the

decay in the singular values of A encoded in X, to obtain sharper results. In view of the fact that

2
1Z,v; 07 (vie)|2 < |[5,v; e ||(vie")|,, (5.3.3)

we can additionally consider the behavior of the singular values of Z2V§ @T. It is clear that

(5.3.3) provides a tighter bound than (5.3.2): for example, when £ =F,

2.V, 07117 < 2l lIV; 07113,

and the quantity on the left-hand side is potentially much smaller than that on the right-hand
side.
In the remainder of this section, we refer to matrices with more columns than rows as “fat”;

similarly, we refer to matrices with more rows than columns as “tall.”
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5.3.1 SRHTs applied to orthonormal matrices

In this subsection, we collect known results on how the singular values of a matrix with
orthonormal rows are affected by postmultiplication by an SRHT matrix. These results will be
used to control the quantity “(V{@T)'*‘Hz in (5.3.3).

It has recently been shown by Tropp [Tro11b] that, if the SRHT matrix is of sufficiently large
dimensions, post-multiplying a fat matrix with orthonormal rows by an SRHT matrix preserves
the singular values of the orthonormal matrix, with high probability, up to a small multiplicative
factor. The following lemma is essentially a reparametrization of Theorem 3.1 in [Tro11b], but

we include a full proof for completeness.

Lemma 5.5 (The SRHT preserves geometry). Assume n is a power of 2. Let VI € R¥*" have
orthonormal rows. Choose parameters 0 < € < 1/3 and 0 < § < 1. Construct an SRHT matrix

© € R™™ with { satisfying

6e 1 [\/Z+ v/ 8log(n/5)} 2log(k/6) <{<n. (5.3.4)

Then, with probability at least 1 — 36, foralli=1,...,k,
Vi-Ve<o,(V'e")<v1+ /e

and

|(vieTy — (vTe")T|, < 1.54ve.

By the definition of an SRHT matrix, V' ©7 = 1/n/¢ - (RHDV)’. Tropp [Tro11b] argues that

the above lemma follows from a more fundamental fact: if V has orthonormal columns, then
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the rows of the product HDV all have roughly the same norm. That is, premultiplication by HD

equalizes the row norms of an orthonormal matrix. See also [AC06].

Lemma 5.6 (Row norms, Lemma 3.3 in [Trol1b]). Assume n is a power of 2. Let V € R™k
have orthonormal columns; let H € R™" be a normalized Hadamard matrix; and let D € R™"
be a diagonal matrix of independent Rademacher random variables. Choose a failure probability

0 < 6 < 1. Then, with probability at least 1 — &,

< \/E—l— /810g(n/5)'
2 n n

Recall that (HDV)(i) denotes the ith row of the matrix HDV € R™k,

max;_; _, |[(HDV)®

To prove Lemma 5.5 we need one more result on uniform random sampling (without
replacement) of rows from thin matrices with orthonormal columns. The following lemma is a

reparameterization of Lemma 3.4 of [Tro11b].

Lemma 5.7 (Uniform sampling without replacement from an orthonormal matrix). Let W €
Let £ be an integer such that

6e2Mlog(k/8) < { <n. (5.3.5)

Let R € RY™"™ be a matrix which consists of a subset of £ rows from I, where the rows are chosen

uniformly at random and without replacement. Then, with probability at least 1 — 26, for i € [k]:

\/g-\/l—efai(RW)S\/lﬁLe\/g.

Proof. Apply Lemma 3.4 of [Trol1b] with the following choice of parameters: £ = aM log(k/5),

a =6/, and § =1 = €. Here, {, a, M, k, n are the variables named in Lemma 3.4

tropp
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of [Tro11b], and &pp, Plays the role of an error parameter named 6 in Lemma 3.4 of [Tro11b].
The variables € and & are from our Lemma. The choice of £ proportional to log(k/&) rather than
proportional to log(k), as in the original statement of Lemma 3.4, is what results in a probability
proportional to é instead of k; this can easily be seen by tracing the modified choice of £ through

the proof of Lemma 3.4. O

Proof of Lemma 5.5. To obtain the bounds on the singular values, we combine Lemmas 5.6
and 5.7. More specifically, apply Lemma 5.7 with W = HDV and use the bound for M from
Lemma 5.6. Then, the bound on £ in (5.3.5), the bound on the singular values in Lemma 5.7,

and a union bound together establish that, with probability at least 1 — 39,
14 ¢
\/g- V1—€e<o;(RHDV)<+y/1+e€- \/; for all i € [k].
Now, multiply this inequality with 4/n/f and recall the definition ® = y/n/{ - RHD to obtain

V1—-e<0;(OV)<+y1+¢€ foralliel[k]. (5.3.6)

Replacing e with /€ and using the bound on ¢ given in (5.3.4) concludes the proof of the
first inequality in Lemma 5.5.
The second bound in the lemma follows from the first bound after a simple algebraic

manipulation. Let X = V7 ©7 € R¥*! have SVD X = Uy =4 VL where Zx € R**¥ is invertible, then

orory 0oy, = [uemi vtk = e - Bkl = [ -2

27

by unitary invariance of the spectral norm. Let Y = Xy o3y e RK*K . Then, foralli=1,...,k,
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Y, =(1- ol.z(X)) /0 (X). We conclude the proof with the series of estimates

1-0(X)
oi(X)

B [1-02(%)| [1-02(X)]
TN T T o

Y]z = max; <;<k |Yii| = max; <<k

< _ve <1.54//c.

1-e

The second to last inequality follows from the lower bound in (5.3.6). O

5.3.2 SRHTs applied to general matrices

Recall our observation that the inequality

2
1=,v;07 (Vien) ||z < |Is,v; 07|12 [[(vie) |, (5.3.7)

together with Lemma 4.8, allows us to bound the errors of SRHT-based low-rank approximations.

. . 112
In the previous subsection, we collected the results necessary to bound the term ||(V1T®T)’ 5

In this subsection, we present new results on the perturbative effects of SRHT multiplication.
These allow us to bound the quantities ||,V ®T||§.

Our main tool is a generalization of Lemma 5.6 that states that the maximum column norm
of a matrix to which an SRHT has been applied is, with high probability, not much larger than

the root mean square of the column norms of the original matrix.

Lemma 5.8 (SRHT equalization of column norms). Suppose that A is a matrix with n columns,

where n is a power of 2. Let H € R™" be a normalized Walsh-Hadamard matrix, and D € R™" a
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diagonal matrix of Rademacher random variables. Then for every t > 0,

1
NG

t

p {ma;s, o IGADH )l < b

_ 42
IAll + ||A||2} S

Recall that (ADHT)(j) denotes the jth column of ADH .

Proof. Our proof of Lemma 5.8 is essentially that of Lemma 5.6 in [Trol1b], with attention paid
to the fact that A is no longer assumed to have orthonormal columns.

Lemma 5.8 follows immediately from the observation that the norm of any one column of
ADH! is a convex Lipschitz function of a Rademacher vector. Consider the norm of the jth
column of ADH as a function of £, where D = diag(¢) :

fi(e) = |ADH" e;|| = ||Adiag(e)h;]|, = ||Adiag(h,)e|

2

where h; denotes the jth column of HT. Evidently fj is convex. Furthermore,

1
£;(x) — £;(¥)| < ||Adiag(h)) (x—y)||, < |IAll, ||diag(h)]|, [|x—v]|, = 7z 1Al x|

21

where we used the triangle inequality and the fact that Hdiag(hj)” , = Ihjlle = n~12, Thus fjis
convex and Lipschitz with Lipschitz constant of at most n~'/2[|A||, .

We calculate

E [fj(g)] <E [fj(g)z] V2o [Tr (Adiag(hj)IE [ee"] diag(hj)ATH

- [o(to))”

1/2
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It now follows from Lemma 4.1 that, for all j =1,2,...,n, the norm of the jth column of

ADH! satisfies the tail bound

1
P{HADHTesz > Al + ||A||2} <e 8,

vn vn

Taking a union bound over all columns of ADH”, we conclude that

1 t e
(ADH" )y, = —= 1Al + —= ||A||2} <n.e .

P{ max;_
{ )—1,..‘,n »\/ﬁ \/—

Our next lemma shows that the SRHT does not substantially increase the spectral norm of a

matrix.

Lemma 5.9 (SRHT-based subsampling in the spectral norm). Let A € R™*" have rank p, and
assume that n is a power of 2. For some r < n, let ® € R**" be an SRHT matrix. Fix a failure

probability 0 < § < 1. Then,

log(p /5
P{HA@)THZ <s5|Al2 + %/) (11alls + v/810g(n/8) ||A||2)2} >1-25.

To establish Lemma 5.9, we use the upper Chernoff bound for sums of matrices stated in

Lemma 4.2.

Proof of Lemma 5.9. Write the SVD of A as USV’, where & € RP*P, and observe that the
spectral norm of A@ is the same as that of 1/n/{ - ZV @7,
We control the norm of XV @ by considering the maximum singular value of its Gram

matrix. Define M = XV DH, so that =V’ @! = /n/¢ - MR!, and let G be the p x p Gram
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matrix of MR :

G=MR"(MRT)T.

Evidently

Amax (G) = % |=ve’|;. (5.3.8)

Recall that M(;, denotes the jth column of M. If we denote by C the random set of r

coordinates to which R restricts, then

_ T
G= Zjec MMy

Thus G is a sum of r random matrices Xy, ..., X, sampled without replacement from the set
X = {MU)M(TJ.) : j=1,2,...,n}. There are two sources of randomness in G: the subsampling
matrix R and the Rademacher random variables on the diagonal of D.

Set

1
B =1 (Il + VElogw/) 1zl

and let E be the event

2
max;_; _,|[Mjll; < B.

By Lemma 5.8, E occurs with probability at least 1 — 6. When E holds, for all j =1,2,...,n,
A M MZ, ) =M/ 5?2 <B
max )R §)) (M2 =P>

so G is a sum of random positive-semidefinite matrices each of whose norms is bounded by
B. Note that the event E is entirely determined by the random matrix D; in particular E is

independent of R.
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Conditioning on E, the randomness in R allows us to use the upper matrix Chernoff bound

of Lemma 4.2 to control the maximum eigenvalue of G. We observe that

1 n L
Umax = A'max (E [Xl]) = Hkmax (Zj:l M(j)M(Tj)) = ; ”2”3 .

Take the parameter v in Lemma 4.2 to be

v =4+

log(p /)

max

to obtain the relation

P { Amax (G) = Siimax +Blog(p/5) | E} < (p — k) - el0~(H1og()](imar/5)

<p . e(1=(5/4)10g 5)8 (timax/B)

<p . e(=(5/4)log5-1)log(p/6) - 5. (5.3.9)

The second inequality holds because v > 4 implies that (1 ++v)log(1++v) > v -(5/4)log5.
We have conditioned on E, the event that the squared norms of the columns of M are all

smaller than B. Thus, substituting the values of B and u,,, into (5.3.9), we find that

l 1 o
(@)= 1 (S131+ 5022 (3l + VBlogn/0) 1))} < 25,

n
Use equation (5.3.8) to wrap up. O

Similarly, the SRHT is unlikely to substantially increase the Frobenius norm of a matrix.

Lemma 5.10 (SRHT-based subsampling in the Frobenius norm). Assume n is a power of 2. Let

A €R™" and let ©® € R**" be an SRHT matrix for some £ < n. Fix a failure probability 0 < § < 1.
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Then, for any n > 0,

o } 0/ (1+/8logn/5))”
- 0.

IP{||A9T|\§ <(1+mn) IIAII§} z1- [W

Proof. Let ¢; = (n/)- H(ADHT)(DHE denote the squared norm of the jth column of /n/¢ -
ADHT. Then, since right multiplication by R’ samples columns uniformly at random without

replacement,

14

¢ (5.3.10)

a6} = 7 lapHTR" <

where the random variables X; are chosen randomly without replacement from the set {c; };.1:1.
There are two independent sources of randomness in this sum: the choice of summands, which
is determined by R, and the magnitudes of the {c;}, which are determined by D.

To bound this sum, we first condition on the event E that each c; is bounded by a quantity B

which depends only on the random matrix D. Then

P{Z;Xi > (1+ n)ZleEXi} < P{Z;Xi >(1+ n)ZleEXi | E} +P(E).

To select B, we observe that Lemma 5.8 implies that with probability 1 — &, the entries of D are

such that

n 1 1
max; ¢; < 7 - ;(HA“F + 1/8log(n/8)|IAll)* < ?(1 + 1/8log(n/5))* ||AllZ.

Accordingly, we take

1
B=(1+/8log(n/5))° Al
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thereby arriving at the bound

P{Z;Xi =+ ")Z;Exi} = P{Z;Xi >+ EX; | E} +5. (5.3.11)

After conditioning on D, we observe that the randomness remaining on the right-hand side
of (5.3.11) is due to the choice of the summands X;, which is determined by R. We address this
randomness by applying a scalar Chernoff bound (Lemma 4.2 with k = 1). To do so, we need

Umax> the expected value of the sum; this is an elementary calculation:

J— 1o
EXy=n"' ) o =7IAlZ

SO Umax = ZEXl = ||A||12: .

Applying Lemma 4.2 conditioned on E, we conclude that

el :|f/(1+\/810g(n/5))2
+0

p{[lae [z = 1+ A2 | B} < [W

forn > 0. O
Finally, we prove a novel result on approximate matrix multiplication involving SRHT matrices.

Lemma 5.11 (SRHT for approximate matrix multiplication). Assume n is a power of 2. Let
A €R™" and B € R™P. For some { < n, let © € R“™ be an SRHT matrix. Fix a failure probability

0 < & < 1. Assume R satisfies 0 <R < v/£/(1 + 1/8log(n/5)). Then,

|Allg [IBllr + /8log(n/5) ||All [IBI|,

>1 —e_R2/4—25.
i3

P+ ||[A@"@B — AB||, < 2(R+1)
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Remark 5.12. Recall that the stable rank sr(A) = ||A||§ / ||A||§ reflects the decay of the spectrum
of the matrix A. The event under consideration in Lemma 5.11 can be rewritten as a bound on

the relative error of the approximation A®” @B to the product AB :

|AB|| ~ |ABlle V2 sr(B)

|ae7eB - AB]l, _ [l IBl; R+2 (1+ ,/81og(n/5))

In this form, we see that the relative error is controlled by the deterministic condition number
for the matrix multiplication problem as well as the stable rank of B and the number of column
samples {. Since the roles of A and B in this bound can be interchanged, in fact we have the

bound

|ae7eB - ABl, _ [l IBl: R+2 (1+ \/8log(n/5) )

I AB|| ~ lIABllr V2 max(sr (B),sr(A))

To prove the lemma, we use Lemma 4.3, our result for approximate matrix multiplication
via uniform sampling (without replacement) of the columns and the rows of the two matrices
involved in the product. Lemma 5.11 is simply a specific application of this generic result. We
mention that Lemma 3.2.8 in [Dri02] gives a similar result for approximate matrix multiplication
which, however, gives a bound on the expected value of the error term, while our Lemma 5.11

gives a comparable bound that holds with high probability.

Proof of Lemma 5.11. Let X=ADH’ and Y = HDB and form X and Y according to Lemma 4.3.
Then, XY = AB and

|a6"©B - B[, = |%¥ - xY].

To apply Lemma 4.3, we first condition on the event that the SRHT equalizes the column norms
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of our matrices. Namely, we observe that, from Lemma 5.8, with probability at least 1 — 26,

1
max; | X2 < ﬁ(“A”F + v/8log(n/5) |All2), and

, 1
max; [[YO], < ﬁ(”B“F + v/8log(n/5) |IB|l,).

We choose the parameters o and B in Lemma 4.3. Set

4
0 = Z(IBlls + v/810g(n/8) Bl1.)? A1

In view of (5.3.12),

o2 (IYlls + +/8log(n/8) [IYll,)?
n

n n .
=4, IXIE > 45 > IKlI3IY©3

so this choice of ¢ satisfies the inequality condition of Lemma 4.3. Next we choose

2
B = S (llAlle + v/ 81og(n/5) ||All)([[Blle + v/ 810g(n/5) [IBll,)-

Again, because of (5.3.12), B satisfies the requirement B > 27” max; ||X(i)||2||Y(i)||2.

For simplicity, abbreviate y = 81log(n/&). With these choices for o and B,

a? 2 [|AlIg (IIBllz + /7 1IBllo)?
B (Al + v7 IAII)IBIE + 7 IIBIl)
S 2 [|AlIg (IBlls + v/7 1Bl
— ([lAlle + 7 llAlBllE + 7 IBll2)
_ 2[Alle (Bl + 7 1IBll2)

1+ /7

(5.3.12)

(5.3.13)
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Now, referring to (5.3.13), identify the numerator as v/£o to see that

o o
B 1+\/810g(n/5).

Apply Lemma 4.3 to see that, when (5.3.12) holds and 0 <Ro < o?/B,

2
IP’{”A@)T@B —AB||F >(R+ 1)0} <exp (_RZ) .

From our lower bound on o?/B, we know that the condition Ro < 0%/B is satisfied when

R < /1/(1+ /8log(n/5)).

We established above that (5.3.12) holds with probability at least 1 — 26. From these two facts,

it follows that when 0 <R < V£/(1 + 4/8log(n/5)),
R2
P{HAGTGB _AB“F > (R+ 1)0} <exp (—?) + 26.

The tail bound given in the statement of Lemma 5.11 follows when we substitute our estimate

of o. O

5.4 Proof of the quality of approximation guarantees

With the necessary preliminaries in hand, we now proceed to the proof of our main results:
bounds on the spectral and Frobenius-norm residual and forward errors of low-rank approxima-
tions generated using Algorithms 5.1 and 5.2 with SRHT sampling matrices. We note that prior

works have provided only residual error bounds [WLRT08, HMT11, NDTO09].
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Our first result bounds the spectral-norm errors.

Theorem 5.13. Assume n is a power of 2. Let A € R™ ™ have rank p and fix an integer k satisfying
2<k<p. Let 0 < € < 1/3 be an accuracy parameter, 0 < § < 1 be a failure probability, and

C > 1 be any specified constant. If ® € R“*™ is an SRHT matrix and { satisfies

6C2e! [\/Z+ \/810g(n/5)} *log(k/5) < ( <n, (5.4.1)

then the approximation P,gr A generated by Algorithm 5.1 with S = @ satisfies the residual error

bound

31 o)l o 31 o
||A_pA@TA||2§(4+¢ oB(n/0)lox(p ))-||A—Ak||z+ ZE Ja-ny @

and the forward error bound

31 o)1 o 31 o
Il = (4SO oy ST o o

simultaneously, with probability at least 1 — 56.
Likewise, the approximation His «(A) generated by Algorithm 5.2 with § = 07 satisfies the

residual error bound

61 o)1 19) 61 19)
HA_His,k(A)HZS (6+\/ og(n/ z og(p/ )) 'HA_AkH2+ %'HA_AkHF

(iii)
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and the forward error bound

61 0)l1 o 61 o
HAk—HIF\S,k(A)HzS (7+\/ og(n/ zog(P/ ))'HA_AkHz"' %.HA_AI(HF

(@iv)
simultaneously, with probability at least 1 — 56.

Proof. First we derive the residual error bounds. Lemma 5.5 implies that, when ¢ satisfies (5.4.1),
[ovien|; <@ -ve!

with probability at least 1 — 35. Consequently, VlTOT has full row-rank and Lemma 4.8 with
S =0T e R™! and £ = 2 applies with the same probability, yielding a bound on the residual

error of the approximation PygA:

[a=Paoral; < [|a - A, + I2:v; 07 (ViOT)'I

< |a-Adf; + I vE@T IV |12

<|a-ads+a-vert|svieT|s;. (5.4.2)
We now provide an upper bound for the quantity
2= |- AfE+ (- ver mvieTE.

. . 2 .
After applying Lemma 5.9 to estimate the term HZZVzT ®T| ,» we see that the estimate

5 log(p/6) 2
2= (10722 ) Ia- i+ 22 (A Acl + VSTostn/a) [a- A
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holds with probability at least 1 — 55. Our assumption that € < 1/3 ensures that (1 — /€)™ <3,

SO

3log(p /6
Z<16-|A-Ac;+ #” (”A—Ak”F ++/8log(n/5) ||A—Ak||2)2. (5.4.3)

Introduce this estimate for Z into (5.4.2), use the subadditivity of the square-root function, and

rearrange the spectral and Frobenius norm terms to arrive at Eqn. (i) in the theorem:

3log(n/6)1og(p/6) 3log(p/6)
R e N R

We now establish the residual error bound for the approximation Hf\s «(A). We begin by

recalling that Lemma 4.7 states that
A — T (A3 < 2]|A — g (A)]I3.
Lemma 4.8 can be used to bound the right-hand side quantity:
2)lA - 12, (A2 < 2]|A - A[; + 21z, VI 0T (VIeT)|2.

We have already encountered the right-hand side of this expression, without the factor of two,
in (5.4.2). It follows that

IA—Tyg (A5 < 2Z.

Introduce our earlier estimate for Z, given in (5.4.3), into this inequality; apply the submulti-
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plicativity of the square-root function; and rearrange terms to obtain Eqn. (iii) in the theorem:

6log(n/5)log(p/6 6log(p/5
HA—HIF\S,,{(A)st (6+\/ o8(n/ zog(p/ )) |- A, + #.HA—A,(HF.

Once again, this bound holds with probability at least 1 — 56.
The forward error bounds follow in a similar manner. To establish Eqn. (ii) in the theorem,

observe that Lemma 4.9 gives the bound
|Ax — PaorAll; < ||A— A+ IZ,VI 0T (VIOT)|I2.

Once again, we observe that we encountered the right-hand side of this expression in (5.4.2),

where we argued that it is bounded by Z, so
2
||k = PaorAlf; < Z.

Introduce into this inequality the estimate for Z given in (5.4.3), apply the submultiplicativity of

the square-root function, and rearrange terms to obtain Eqn. (ii) in the theorem:

31 o)l 19) 31 19)
HAk_PA@)TAHZS (44_\/ og(n/ zog(P/ )) ||A - A, + %'“A_Ak“r

To establish Eqn. (iv) in the theorem, observe that

1A, — g, (A2 < llAk + Ay — Mgg (A + A, il
<A —Tg (Al + 1A, I

= [|A =g (Al + 1A= Ay _ill-
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The first term on the right-hand side of this inequality is simply the forward error of the
approximation Hf\s «(A). Introduce our bound on this error, given by Eqn. (iii) of the theorem,

into this inequality to obtain the desired bound:

61 o)l 19) 61 19)
1A~ T ), < (7# osn/lostp )) = A, + 4 T2 a

This bound holds with probability at least 1 — 56. O

Our second result bounds the Frobenius-norm errors of the SRHT-based low-rank approxima-

tion algorithms.

Theorem 5.14. Assume n is a power of 2. Let A € R™* "™ have rank p and fix an integer k satisfying
2<k<p. Let 0 < € < 1/3 be an accuracy parameter, 0 < § < 1 be a failure probability, and

C > 1 be any specified constant. If ©® € R™*" is an SRHT matrix and { satisfies

602 [\/E + \/810g(n/5)] *log(k/8) < £ <n, (5.4.4)

then the approximation Ppgr A generated by Algorithm 5.1 with S = @7 satisfies the residual error

bound

|A—ProrA||; < (1+11€)- [A— AL, 0
and the forward error bound

||Ax — ProrAl|, < @ +11€)- |[A—A|; (i)

simultaneously, with probability at least 1 — & C*log(k/8)/4 _ 75
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Likewise, the approximation His «(A) generated by Algorithm 5.2 with § = 07 satisfies the
residual error bound
HA— Hf\s,k(A)HF <(1+11e)- [|A- Ay, (iii)
and the forward error bound

HAk _His,k(A)HF <(2+11€)-||A- Ay (iv)

simultaneously, with probability at least 1 — 5C° logk/0)/4 _ 75

Proof. We first establish the residual error bounds. Because { satisfies (5.4.4), Lemma 5.5

implies that with probability at least 1 — 35,
rank(V]; ©") = k;
s0, Lemma 4.8 applies with the same probability, yielding
[~ Puorall < A~ Mg W2 < A~ A + VIO 0O 2 545)

We complete the estimate by bounding the second term in the right hand side of the above
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inequality. Justifications appear below.

s = ||mvieT(vie") |
< 2|mvieTev; |l +2|z,vieT(vie) — (vie) | (5.4.6)
< 2|z vieTev, |k + 2|z, vie | ||vie") — ven)|;
< 8e-|BVI|r+2- (% szvg”ﬁ) -(2.38¢) (5.4.7)
< 22 |[Bf5- (5.4.8)

In (5.4.6) we used the fact that || X + Y||§ <2 ||X||§ +2 ||Y||§ for any two matrices X and Y. The
first estimate in (5.4.7) is justified by an application of Lemma 5.11 on SRHT-based approximate
matrix multiplication; the second estimate is an application of Lemma 5.10, which predicts the
effect that postmultiplication by an SRHT matrix has upon the Frobenius norm of a matrix; and
the third estimate is an application of Lemma 5.5, which predicts the effect of postmultiplication
by an SRHT matrix on the singular values of a matrix with orthonormal rows. We postpone
a detailed discussion of the calculations involved in these estimations until after we have
established the residual error bounds.

Combining (5.4.5) with the bound on S, we obtain
2 F 9 2
||A—PasAl|; < 1A —TI5g (A7 < (1+22€) - ||A— A|;.- (5.4.9)

Since 1+ 2x < (1 + x)? when x is positive, it follows that +/1 + 2x < 1+ x when x is positive.

In particular, /14 22€ < 1+ 11e. Introduce this observation into (5.4.9) to conclude that

|A—PysA||; < A —TIg  (A)llp < (1+116€) - ||A — Agf.-
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Thus we have established Eqns. (i) and (iii) in the theorem.
We now supply the details of the manipulations in (5.4.7). To justify the first estimate, notice
that V%Vl = 0. Next use Lemma 5.11 with R = C+/log(k/&). From the lower bound (5.4.4) on

£, we have that

G Rt )
1+ 4/8log(n/o) B 1+ 4/8log(n/o)

-C+/log(k/6)>R >0,

so this choice of R satisfies the requirements of Lemma 5.11. Apply Lemma 5.11 to obtain

P{ ||z vieTev; |} < 4®+ 1)

(Vk + 1/8log(n/8))?
1)

[ZoVE|2 t 21— R4~ 26.

Recall that R = C4/log(k/&). Use the lower bound (5.4.4) on £ to justify the estimate

[VE + /8log(n/8)]?
6C%e 1 [Vk+ \/810g(n/5)]210g(k/5)
_ 2 (Cy/log(k/8)+ 1)?

3 C2%log(k/5)

2¢ ( 1 )2
<— |1+ —] .
3 C+/log(k/5)

4(R+1)? <4(R+1)?

[VE + /8log(n/8)]*
¢

This estimate implies that

2
Py |z.vie’ev|; < 236 (1+ )) [ZoVE |2 b = 1— 5 esk/a)/4 _ o5,

C+/log(k/6

Since C > 1 and k > 2, a simple numerical bound allows us to state that, more simply,

P{|)ZZV£®T®V1||12: < 4e ”22‘15”12:} >1— 5C210g(k/6)/4 —925.
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This bound on HZZVZT @T9V1H§ is used to estimate the first term in (5.4.7). The remaining
estimates in (5.4.7) follow from applying Lemma 5.5 (keeping in mind the lower bound (5.4.4)

on {) to obtain

p{[|(vie") - (vie")|[; <2.38¢} = 1-35.

and Lemma 5.10 with n = 7/4 to obtain

o7/4 )13/(1+ +/8log(n/8))?
- 0.

11
e{lmterli < G IV =1 s

We have the estimate
e7/4 1

—_— < _’
(1+7/4)1+7/4 e

so in fact

{Imvier < 2 g} 2 - e T s
>1— e—6C26_1 log(k/&) __ 5
>1—e logk/o) _ 5

>1-20.

Adding up the failure probabilities of the three estimates used in (5.4.7), we conclude that the
bound on S given in (5.4.8) holds with probability at least 1 — C*log(k/5)/4 _ 75 Thus Eqgns. (i)
and (iii) hold with this probability.

Next we establish the forward error bounds. Lemma 4.9 with S = @7 € R™¢ gives

o P o e
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Identify the second term on the right-hand side as S and introduce the estimate for S given

in (5.4.8) to see that
A — PasA|l? < [|A — A2 +226 - [A— AJF = (1 +226) - [|A— A2

This bound holds with probability at least 1 — 6 Clog(k/8)/4 _ 75 Taking the square-roots of both
sides and using the fact that v/1 + 22e < 1 4 22¢ gives Eqn. (iii).

Finally, we prove Eqn. (iv):

[ = Magr | = [~ A — (A~ Mg (AN

<la—Adlp +[la-Mgr W) < @ +110) [a-Ay

F)

where the first inequality follows by the triangle inequality and the second follows from Eqn. (ii)

in the theorem. This bound holds with probability at least 1 — & C*log(k/8)/4 _ 75

5.5 Experiments

In this section, we experimentally investigate the tightness of the residual and forward error
bounds provided in Theorems 5.13 and 5.14 for the spectral and Frobenius-norm approximation
errors of SRHT low-rank approximations of the forms PpgrA and HieT k(A). Additionally, we

experimentally verify that the SRHT algorithms are not significantly less accurate than the

Gaussian low-rank approximation algorithms.
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5.5.1 The test matrices
Let n = 1024, and consider the following three test matrices:

1. Matrix A € R+ jg given by

A= [100e1 + €y, 10061 + €s,..., 100e1 + en+1],

where e; € R"™! are the standard basis vectors.
2. Matrix B € R™" is diagonal with entries (B);; = 100(1 — (i — 1)/n).

3. Matrix C € R™" has the same singular values as B, but its singular spaces are sampled
from the uniform measure on the set of orthogonal matrices. More precisely, C = UBV',
where G = UXVT is the SVD of an n x n matrix whose entries are standard Gaussian random

variables.

These three matrices exhibit properties that, judging from the bounds in Theorems 5.13
and 5.14, could challenge the SRHT approximation algorithm. Matrix A is approximately rank
one—there is a large spectral gap after the first singular value—but the residual spectrum is flat,
so for k > 1, the ||A - Ak”F terms in the spectral norm bounds of Theorem 5.13 are quite large
compared to the HA — A H2 terms. Matrices B and C both have slowly decaying spectrums, so
one again has a large Frobenius term present in the spectral norm error bound.

Matrices B and C were chosen to have the same singular values but different singular spaces
to reveal any effect that the structure of the singular spaces of the matrix has on the quality
of SRHT approximations. The coherence of their right singular spaces provides a summary

of the relevant difference in the singular spaces of B and C. Recall that the coherence of a
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k-dimensional subspace .7 is defined as
n
w&) = 7 maxPy,

where P is the projection onto %/; the coherence of & is always between 1 and n/k [CR09]. It
is clear that all the right singular spaces of B are maximally coherent, and it is known that with
high probability the dominant right k-dimensional singular space of C is quite incoherent, with
coherence on the order of klogn [CR09].

To gain an intuition for the potential significance of this difference in coherence, consider
a randomized column sampling approach to forming low-rank approximants; that is, consider
approximating M; with a matrix PyM where Y comprises randomly sampled columns of M. It is
known that such approximations are quite inaccurate unless the dominant k-dimensional right
singular space of M is incoherent (see, e.g., Chapter 6 or [TR10]). One could interpret SRHT
approximation algorithms as consisting of a rotation of the right singular spaces of M by multi-
plying from the right with DH” followed by forming a column sample-based approximation. The
rotation lowers the coherence of the right singular spaces and thereby increases the probability
of obtaining an accurate low-rank approximation. One expects that if M has highly coherent
right singular spaces then the right singular spaces of MDH” will be less coherent. Thus we
compare the performance of the SRHT approximations on B, which has maximally coherent
right singular spaces, to their performance on C, which has almost maximally incoherent right

singular spaces.
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Figure 5.1: RESIDUAL ERRORS OF LOW-RANK APPROXIMATION ALGORITHMS. Relative spectral and
Frobenius-norm residual errors of the SRHT and Gaussian low-rank approximation algorithms
(IM — PygM|| /[[M — My ||z and |[M — Hi,[s’k(M)Hg/llM — M| for £ = 2,F) as a function of the
target rank k for the three matrices M = A, B, C. Each point is the average error observed over
30 trials. In each trial, { = [2klogn]| column samples were used.
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5.5.2 Empirical comparison of the SRHT and Gaussian algorithms

Figure 5.1 depicts the relative residual errors of the Gaussian and SRHT algorithms for ap-
proximations generated using Algorithms 5.1 and 5.2: PygM and HFMS’k(M), which we shall
hereafter refer to respectively as the non-rank-restricted and rank-restricted approximations.
Here the matrix M is used to refer interchangeably to A, B, and C. The relative residual errors
(IIM — PysM| - /[[M — My ||z and ||M — H&S’k(M)Hg/”M — Mg || for & = 2,F) shown in this figure
for each value of k were obtained by taking the average of the relative residual errors observed
over 30 trials of low-rank approximations, each formed using ¢ = [2k logn] samples.

With the exception of the residual spectral errors on A, which range from between two and
nine times the size of the optimal rank-k spectral residual error for k < 20, we see that the
residual errors for all three matrices are less than 1.1 times the residual error of My, if not
significantly smaller. Specifically, the relative residual errors of the restricted-rank approximations
remain less than 1.1 over the entire range of k while the relative residual errors of the non-rank-
restricted approximations actually decrease as k increases. Note that, because £ > k, the relative
errors of the non-rank-restricted approximations are often smaller than 1, while those of the
restricted-rank approximations are never smaller than 1.

Since the matrices B and C have the same singular values, but the singular spaces of C are
less coherent, the difference in the residual errors of the approximations of B and C is evidence
that the spectral-norm accuracy of the SRHT approximations is increased on less coherent
datasets; the same is true for the Frobenius norm accuracy to a lesser extent. The Gaussian
approximations seem insensitive to the level of coherence. Only on the highly coherent matrix
B do we see a notable decrease in the residual errors when Gaussian sampling is used rather

than an SRHT; however, even in this case the residual errors of the SRHT approximations are
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comparable with that of B;. In all, Figure 5.1 suggests that the gain in computational efficiency
provided by the SRHT does not come at the cost of a significant loss in accuracy and that taking
¢ = [2klogn] samples suffices to obtain approximations with small residual errors relative to
those of the optimal rank-k approximations. Up to the specific value of the constant, this latter
observation coincides with the conclusions of Theorems 5.13 and 5.14.

Figure 5.2 depicts the relative forward errors of the Gaussian and SRHT algorithms (||M; —
PysM|| ¢ /[[M— M|z and [|[M; — H&S,k(M)”g/HM— M || for € = 2,F) for the non-rank-restricted
and rank-restricted approximations. The error shown for each k is the average relative forward
error observed over 30 trials of low-rank approximations each formed using £ = [2klogn] sam-
ples. We observe that the forward errors of both algorithms for both choices of sampling matrices
are on the scale of the norm of M;. By looking at the relative spectral-norm forward errors we
see that in this norm, perhaps contrary to intuition, the rank-restricted approximation does not
provide a more accurate approximation to M, than does the non-rank-restricted approximation.
However the rank-restricted approximation clearly provides a more accurate approximation to
M, than the non-rank-restricted approximation in the Frobenius norm. A rather unexpected
observation is that the rank-restricted approximations are more accurate in the spectral norm
for highly coherent matrices (B) than they are for matrices which are almost minimally coherent
(C). Overall, Figure 5.2 suggests that the SRHT low-rank approximation algorithms provide

accurate approximations to M, when £ is in the regime suggested by Theorems 5.13 and 5.14.

5.5.3 Empirical evaluation of our error bounds

Figures 5.1 and 5.2 show that when ¢ = [2klogn] samples are taken, the SRHT low-rank
approximation algorithms both provide approximations to M that are within a factor of 1+ ¢

as accurate in the Frobenius norm as My, as Theorem 5.14 suggests should be the case. More
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Figure 5.2: FORWARD ERRORS OF LOW-RANK APPROXIMATION ALGORITHMS. The relative spectral and
Frobenius-norm forward errors of the SRHT and Gaussian low-rank approximation algorithms
([IMy —PysM|| /M — M ||z and ||M; — Hi/[s,k(M)”g/”M—Mk”g for & = 2,F) as a function of the
target rank k for the three matrices M = A, B, C. Each point is the average of the errors observed
over 30 trials. In each trial, £ = [2klogn] column samples were used.
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Figure 5.3: THE NUMBER OF COLUMN SAMPLES REQUIRED FOR RELATIVE ERROR FROBENIUS-NORM
APPROXIMATIONS. The value of £ empirically necessary to ensure that, with probability at
M= Puorm] <

least one-half, approximations generated by the SRHT algorithms satisfy
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precisely, Theorem 5.14 assures us that 528¢ ™' [Vk+ \/W]Z log(8k/&) column samples
are sufficient to ensure that, with at least probability 1 — 6, PyerM and H;[@T’k(M) have
Frobenius norm residual and forward error within 1 + € of that of M. The factor 528 can
certainly be reduced by optimizing the numerical constants given in Theorem 5.14. But what
is the smallest ¢ that ensures the Frobenius norm residual error bounds HM - PM@TMHF <

(1+¢€) ||M — Mk“F and HM — 1'[;[ (M)HF <(1+e) ||M — Mk”F are satisfied with some fixed

o7 k
probability? To investigate, in Figure 5.3 we plot the values of £ determined empirically to
be sufficient to obtain (1 + ¢) Frobenius norm residual errors relative to the optimal rank-k
approximation; we fix the failure probability &6 = 1/2 and vary €. Specifically, the £ plotted for
each k is the smallest number of samples for which HM - PM@rMHF <(1+e) ||M - Mk”F or
HM — HFMeT,k(M)HF <(1+4+¢) ||M — Mk“F in at least 15 out of 30 trials.

It is clear that, for fixed k and €, the number of samples { required to form a non-rank-
restricted approximation to M with 1 4 € relative residual error is smaller than the ¢ required
to form a rank-restricted approximation with 1 4 € relative residual error. Note that for small
values of k, the £ necessary for relative residual error to be achieved is actually smaller than
k for all three datasets. This is a reflection of the fact that when k; < k, are small, the ratio
HM - M, HF / HM — My, “F is very close to one. Outside of the initial flat regions, the empirically
determined value of r seems to grow linearly with k; this matches with the observation of Woolfe
et al. that taking £ = k + 8 suffices to consistently form accurate low-rank approximations using
the SRFT scheme, which is very similar to the SRHT scheme [WLRTO08]. We also note that this
matches with Theorem 5.14, which predicts that the necessary £ grows at most linearly with k
with a slope like logn.

Finally, Theorem 5.13 does not guarantee that 14 € spectral-norm relative residual errors can

be achieved. Instead, it provides bounds on the spectral-norm residual errors achieved in terms of
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HM - M, ||2 and HM — M, ||F that are guaranteed to hold when ¢ is sufficiently large. In Figure 5.4
we compare the spectral-norm residual error guarantees of Theorem 5.13 to what is achieved in
practice. To do so, we take the optimistic viewpoint that the constants in Theorem 5.13 can be
optimized to unity. Under this view, if more columns than £, = e ' [vVk + \/m]z log(k/5)
are used to construct the SRHT approximations, then the spectral-norm residual error is no

larger than

F7

1 o)1 o 1 o
- (1+\/og(n/ )eog(p/ )) M=, + 08(29/ ).”M_Mk|

where p is the rank of M, with probability greater than 1 — 6. Our comparison consists of using
¢, samples to construct the SRHT approximations and then comparing the predicted upper
bound on the spectral-norm residual error, b,, to the empirically observed spectral-norm residual
errors. Figure 5.4 shows, for several values of k, the upper bound b, and the observed relative
spectral-norm residual errors, with precision parameter € = 1/2 and failure parameter 6 = 1/2.
For each value of k, the empirical spectral-norm residual error plotted is the average of the
errors over 30 trials of low-rank approximations. Note from Figure 5.4 that with this choice
of ¢, the spectral-norm residual errors of the rank-restricted and non-rank-restricted SRHT
approximations are essentially the same.

Judging from Figures 5.3 and 5.4, even when we assume the constants present can be
optimized away, the bounds given in Theorems 5.13 and 5.14 are pessimistic: it seems that in
fact approximations with Frobenius-norm residual error within 1 + € of the error of the optimal
rank-k approximation can be obtained with £ linear in k, and the spectral-norm residual errors
are smaller than the supplied upper bounds. Thus there is still room for improvement in our

understanding of the SRHT low-rank approximation algorithm, but as explained in Section 5.2.1,
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Guaranteed vs observed spectral errors for A Guaranteed vs observed spectral errors for B Guaranteed vs observed spectral errors for C
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Figure 5.4: EMPIRICAL VERSUS PREDICTED SPECTRAL-NORM RESIDUAL ERRORS OF LOW-RANK APPROXIMA-
TIoNS. The empirical spectral-norm residual errors relative to those of the optimal rank-k approx-

imants (|| M — PygrM||, /IM — M|, and M —IIE, ;. (M)||,/[[M — My]|,) plotted alongside the

same ratio for the bounds given in Theorem 5.13, when £ = [2[ vk + 1/log(2n)]?1og(2k)] (for
M = A,B, C). On the scale shown, the errors of the two SRHT-based approximation algorithms
are essentially identical.

ignoring constants, the bounds of Theorem 5.13 are often tighter than those obtained in earlier
works.

To bring perspective to this discussion, consider that even if one limits consideration to
deterministic algorithms, the known error bounds for the Gu-Eisenstat rank-revealing QR—a
popular and widely used algorithm for low-rank approximation—are quite pessimistic and
do not reflect the excellent accuracy that is seen in practice [GE96]. Regardless, we do not
advocate using these approximation schemes for applications in which highly accurate low-rank
approximations are needed. Rather, Theorems 5.13 and 5.14 and our numerical experiments
suggest that they are appropriate in situations where one is willing to trade some accuracy for a

gain in computational efficiency.
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Chapter 6

Theoretical and empirical aspects of
SPSD sketches

6.1 Introduction

In this chapter we consider the accuracy of randomized low-rank approximations of symmetric

positive-semidefinite matrices conforming to the following general model®.

SPSD Sketching Model. Let A be an n X n SPSD matrix, and let S be matrix of size n x £,
where ¢ < n. Form

C=AS and W=STAS.

We call CW'C” the SPSD sketch of A associated with the sketching matrix S. Note that this sketch

is also SPSD, and has rank at most £.

These sketches can be computed quickly, and as we see in Section 6.9, are accurate low-rank
approximations for several classes of matrices that arise in machine learning and data analysis
applications. This model subsumes both projection-based sketches (here, S mixes the columns

and rows of A), and sampling-based sketches (here, S selects columns and rows of A).

!The content of this chapter is redacted from the technical report [Git11] and the technical report [GM13a]
coauthored with Michael Mahoney. A preliminary version of some of these results appear in the conference
paper [GM13b], also coauthored with Michael Mahoney.
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The computation of an SPSD sketch requires only one pass over A, because the matrix
C = AS uniquely determines the sketch. One should contrast this to the natural extension of the
low-rank approximations considered in Chapter 5, namely P,gAP,g, which requires two passes
over A : one to construct a basis for the range of AS, and one to project A onto this basis.

In addition to one-pass sketches, low-rank approximations formed using the so-called power
method [HMT11] fit the SPSD sketching model. For such sketches, C = A7S; and W = Sg A%1s,
for some integer g > 2 and sketching matrix S;. To see that these models fit the SPSD sketching
model, simply consider the sketching matrix to be S = A9~'S,,. The approximation errors of these
sketches decrease as p increases. The two-pass sketch is particularly of interest: we relate it to
a low-rank approximation proposed in [HMT11]. As well, we show empirically that two-pass
SPSD sketches are empirically significantly more accurate than the projection-based low-rank
approximant PygAP,g.

When S comprises columns selected uniformly at random without replacement from the
n X n identity matrix, the resulting SPSD sketch is called a Nystrom extension. To form a Nystrom
extension, one needs only to be able to sample columns from A. Further, the cost of forming
the factored form of a Nystrom extension is Q(¢3 + n¢), linear in the size of A! For these two
reasons, NystrOm extensions are attractive in settings where it is costly or unreasonable to access
all the elements of A. However, as we see in this chapter, the use of Nystrom extensions is only
theoretically justified when the top k-dimensional eigenspace of A has low coherence. Recall

from Chapter 4 that the coherence of this eigenspace is defined as

2
27

,,,,,

where U, is a basis for the eigenspace. This dependence on the coherence is not simply a
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theoretical consideration: it is empirically observable. This motivates looking at the wider class
of SPSD sketches, where, depending on the choice of S, potentially all the columns of the matrix
contribute to the approximation.

This chapter presents theoretical and empirical results for different choices of S. Empirically,
we find that the Nystrom extension performs well in practice, but not as well as sketches that
mix the columns of A before sampling or sketches that sample the columns according to a
specific importance sampling distribution. Our theoretical bounds bear out this comparison, and
are asymptotically superior to the bounds present in the literature for low-rank approximation
schemes which fit into our SPSD sketching model. However, a large gap still remains between
our bounds and the observed errors of SPSD sketches.

We develop a framework for the analysis of SPSD sketches that parallels the framework
Lemma 4.8 provides for the analysis of projection-based low-rank approximations. Applied to
Nystrom extensions, our framework exposes a natural connection between Nystrom extensions
and the column subset selection problem that leads to an optimal worse-case bound for the
spectral error of Nystrom extensions. This is the first truly relative-error spectral norm bound
available for Nystrom extensions; the contemporaneous work [CD11] independently establishes
this same bound in the broader context of CUR decompositions. More generally, we provide
theoretical worst-case bounds for several sketches based on random column sampling and
random projections. These bounds apply to both one-pass and multiple-pass sketches. In the
case of multiple-pass sketches, we find that the errors of the sketches decrease proportionally to
Aiq1(A)/ A (A) with each additional pass.

In general, the process of computing SPSD sketches is not numerically stable: if W is ill-
conditioned, then instabilities may arise in solving the linear system W'C”. This is of particular

concern with Nystrom extensions, since the particular submatrix of A selected may be quite
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ill-conditioned. With other sketching schemes, the fact that W is formed as a mixture of
the columns of A tends to provide implicit protection against W being poorly conditioned.
The seminal paper on the use of Nystrom extensions for low-rank approximation, [WS01],
suggested regularizing Nystrom extensions to avoid ill-conditioning. This algorithm can be used
to regularize the computation of any SPSD sketch; we provide the first error bounds for these
regularized sketches. Another regularization scheme is introduced in [CD11]. We compare the
empirical performance of these two regularization schemes.

We supplement our theoretical results with a collection of empirical results intended to
illustrate the performance of the considered SPSD sketches on matrices that arise in machine
learning applications. We also provide empirical results for the rank-restricted sketches obtained
by replacing W with Wy, in the definition of an SPSD sketch. That is, we also consider sketches of
the form CWZCT. These sketches do not fit into our SPSD sketching model, but are the natural
way to ensure that the rank of the low-rank approximation does not exceed the target rank k.
Further, since W) has a smaller condition number than W, the rank-restricted sketches can be

computed more stably than the non-rank-restricted sketches.

6.1.1 Outline

In Section 6.2, we introduce the specific randomized SPSD sketches analyzed in this chapter
and summarize the spectral, Frobenius, and trace-norm error bounds for the one-pass variants
of these sketches. In Section 6.3, we compare our results with prior work on SPSD sketches,
in particular Nystrom extensions. In Section 6.4 we prove the deterministic error bounds that
form the basis of our analyses. In Sections 6.5 and 6.6 we apply the deterministic bounds to the
Nystrom extension and several randomized mixture-based sketches. In Section 6.7, we recall

two algorithms for computing regularized SPSD sketches; a novel error analysis is presented for
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one of these algorithms. In Section 6.8 we provide experimental evidence of the efficacy of the
two algorithms for computing regularized SPSD sketches. We provide a set of empirical results
on the application of SPSD sketches to matrices drawn from data analysis and machine-learning
applications in Section 6.9. Finally, we conclude in Section 6.10 with an empirical comparison
of two-pass SPSD sketches with the low-rank approximation P,gAP,s. In the same section, we
show that a certain low-rank approximation introduced in [HMT11] is in fact a two-pass SPSD

sketch.

6.2 Deterministic bounds on the errors of SPSD sketches

Recall the following partitioning of the eigenvalue decomposition of A, which we use to state

our results:

2
A= . 6.2.1
[Ul UJ 1044 621
%)

The matrix [U; U,] is orthogonal, ¥, contains the k largest eigenvalues of A, and the columns
of U; and U, respectively span a top k-dimensional eigenspace of A and the corresponding
bottom (n — k)-dimensional eigenspace of A. The interaction of the sketching matrix S with the

eigenspaces spanned by U; and U, is captured by the matrices
Q, =Us, Q,=U;S. (6.2.2)

We now introduce the randomized sketching procedures considered in this chapter and
summarize the bounds obtained on the spectral, Frobenius, and trace-norm approximation errors
of each of these sketches. Our results bound the additional error of SPSD sketches. That is,

they bound the amount by which the approximation errors of the SPSD sketches exceed the
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approximation errors of A;, the optimal rank-k low-rank approximation.

Nystrom extensions These sketches are formed by sampling columns from A uniformly at
random, without replacement. The sketching matrix S comprises a set of columns sampled

uniformly at random without replacement from the identity matrix.

Empirically, as we see in Section 6.9, Nystrom extensions have surprisingly low error
across a range of matrices with diverse properties. This is perhaps surprising, given that
the column-sampling process does not take into consideration any properties of A other

than its size.

Fix parameters € and 6 in (0, 1). Theorem 6.9 finds that when £ > 2ue2klog(k/5), the

approximation errors of NystrOm extensions satisfy

n
lIA—cw'cT|, < (1 + —) IA = Agllz,

(1—e)
V2 N 1
5J/1—€¢ (1—-¢€)52

A —CW'CT||p < [|A— Agllr + ( ) Tr (A—Ay), and

) 1
Tr(A-cw'c’) < (1 + m) Tr (A — Ay)

simultaneously, with probability at least 1 — 45.

Leverage-based sketches Similarly to Nystrom extensions, these sketches are formed by sam-
pling columns from A. However, the columns are sampled, with replacement, according to
a nonuniform distribution based on their statistical leverage scores filtered through the top
k-dimensional eigenspace of A. Recall that U; € R™¥ is a basis for the top k-dimensional

eigenspace of A. The leverage score of the jth column of A is defined as the squared
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Euclidean norm of the jth row of U; :
ej = ||(U1)(j)||§-

Since U; has orthonormal columns, the leverage scores of the columns of A sum to k, so

the quantities

1 )
pj= EH(Ul)(])H%

define a nonuniform probability distribution over the columns of A. This distribution is

used in the construction of leverage-based sketches.

Previous work has established that the leverage scores reflect the nonuniformity properties
of the top k-dimensional eigenspace of A [DM10]. The fact that the resulting sketch is
expressed in terms of columns from the matrix rather than mixtures of columns, as in
the case with truncated SVDs or mixture-based sketches, means that in data analysis
applications, leverage-based sketches often lead to models with superior interpretabil-

ity [PZBT07, DM09, Mah11, YMS™13].

The tradeoff for this interpretability is that it is expensive to compute the exact leverage
score distribution. However, the leverage scores can be approximated in roughly the time
it takes to apply a random projection to A [DMIMW12]. The error bounds we provide

allow for sampling from approximate leverage score distributions.

The sketching matrix S associated with leverage-based sketches is factored into the product
of a column selection matrix and a rescaling matrix, S = RD. Here R € R™‘ samples
columns of A according to the exact or approximate leverage score distribution, that is,

R;; = 1 if and only if the ith column of A is the jth column selected; and D € R is a
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diagonal matrix satisfying D;; =1/ \/E .

In Section 6.9, we see that when £ is small, i.e. when { ~ k, leverage-based sketches
consistently have the lowest error of all non-rank-restricted sketches considered. The
errors of the restricted-rank leverage-based sketches are also usually lower, for all values
of £, than the errors of any other restricted-rank sketches considered. Both these facts
match with the intuition that the leverage scores capture the nonuniformity properties of

A that are relevant to forming an accurate rank-k approximation by sampling columns.

Fix parameters € and & in (0, 1). Theorem 6.12 guarantees that if £ > 3200e 2k log(4k/5),

then leverage-based sketches satisfy

|A—CW'CT|l, < [A—All, + &2 Tr (A—Ay),
A —CWTCT[|p < [|A— Agllp + (V2e + £2) Tr (A— Ag) , and

Tr (A—CW'CT) < (1+€*)Tr (A—Ay)

simultaneously, with probability at least 1 — 66 — 0.6.

SRFT-based sketches These sketches are formed by mixing the columns of A using a subsam-
pled fast transformation. Here S = \/n_/K DFR, where D is a diagonal matrix of Rademacher
random variables, F is the normalized real Fourier transform matrix, and R restricts to
£ columns. Of course, one could consider a slew of similar sketches where the Fourier

transform is replaced with another unitary transform associated with a fast algorithm.

Fix parameters € and 6 in (0, 1). Theorem 6.16 implies that when

¢ > 246 [Vk + 1/8log(8n/5)]2 log(8k/5),
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the approximation errors of SRFT-based sketches satisfy

. 1 16log(n/&)?
|lA—cw'cT|, < (1+ = (5+# 1A — Al

IA—CW'CT|lp < |A— Aglls +29v€Tr (A—Ay), and

Tr (A— CW'C") < (1+22€)Tr (A—Ay)

simultaneously, with probability at least 1 — 26.

Gaussian sketches These sketches are formed by sampling with an n x £ matrix of i.i.d. Gaussian
entries. As we see in Section 6.9, for large £, when the ranks of the sketches are not
restricted, Gaussian sketches usually have the lowest error of all sketches considered in

this chapter.
Fix an accuracy parameter € € (0,1] and choose £ > (1 + €2)k. Theorem 6.17 implies the

following:

2
€
IA—CW'CT ||, < (14 963€)||A— Al + 219--Tr (A-Ay),

IA—CW'CT|lp < [|A— Aglle + (11e +544€?) V/||A — All, Tr (A— Ay)
€
vk
log(k)

Tr (A—CW'CT) < (14456 Tr (A—Ay) + 87462T||A— Al

+815€(|A — Agll, + 91—=Tr (A—A,), and

simultaneously, with probability at least 1 — 2k~! — 4e~*/ &,
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6.3 Comparison with prior work

Our bounds on the errors of the sketches just introduced are summarized in Table 6.1. They
exhibit a common structure: for the spectral and Frobenius norms, we see that the additional
error is on a larger scale than the optimal error, and the trace-norm bounds all guarantee
relative error approximations. This follows from, as detailed in Section 6.4, the fact that
the SPSD sketching procedure can be understood as forming column-sample/projection-based
approximations to the square root of A, then squaring this approximation to obtain the resulting
approximation to A. The squaring process results in potentially large additional errors in the
case of the spectral and Frobenius norms. Whether or not the additional errors are large in
practice depends upon the properties of the matrix and the form of stochasticity used in the
sampling process. For instance, from our bounds it is clear that Gaussian-based SPSD sketches
are expected to have a lower additional error in the spectral norm than any of the other sketches
considered.

We also see, in the case of Nystrom extensions, a necessary dependence on the coherence
of the input matrix, since columns are sampled uniformly at random. However, we also see
that the scales of the additional error of the Frobenius and trace-norm bounds are substantially
improved over those in prior results. The large additional error in the spectral-norm error
bound is necessary in the worst case (Section 6.8). The additional spectral-norm errors of the
sketching methods which use more information about the matrix, namely the leverage-based,

Fourier-based, and Gaussian-based sketches, are on a substantially smaller scale.



source

| ¢ (column samples) |

Spectral error

Frobenius error

Trace error

Prior works

[DMO5] column sampling Q(e*k) opty+ey._AZ opty + ey, A2 -
[BW09] Nystrém Q(1) - - (n—£)/nTr(A)
[TR10] Nystrom Q(u,rlogr) 0 0 0
[KMT12] Nystrém Q(1) opt, +n/vVE||All, opty +n(k/0)Y4||All, -

This work
Nystrém, Thm. 6.9 Q((1 — e)uklogk) opt,(1+n/(el)) optp + € Topt,, opt,(1+e€7 1)

Leverage-based,

Thm. 6.12

SRFT-based, Thm. 6.16
Gaussian-based,

Thm. 6.17

Q(e2klogk)

Q(etklogn)
Qe k)

opt, + e?opt,,

(1 - €)7'(1 + k" logn)opt, + eopt,, /((1 - V€)k)

(1+ €*)opt, + (e2/k)opt,,

opty + eopty,

opt + +/€opt,,
opty + €opt,,

1+ ez)opttr

(1+€)opt,
(1+ e®)opt,,

Table 6.1: ASYMPTOTIC COMPARISON OF OUR BOUNDS ON SPSD SKETCHES WITH PRIOR WORK. Here, £ is the number of column samples sufficient for
the stated bounds to hold, u4 indicates the coherence of the top d-dimensional eigenspace, opt; with & € {2,F, tr} is the smallest £-norm error
possible when approximating A with a rank-k matrix, r = rank(A), and k is the target rank. The sketch analyzed in [DMO05] samples columns
with probabilities proportional to their Euclidean norms. All bounds hold with constant probability.

€91
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6.4 Proof of the deterministic error bounds

In this section, we develop deterministic spectral, Frobenius, and trace norm error bounds for
SPSD sketches. Along the way, we establish a connection between the accuracy of SPSD sketches
and the performance of randomized column subset selection.

Our results are based on the observation that approximations which satisfy our SPSD
sketching model can be written in terms of a projection onto a subspace of the range of the

square root of the matrix being approximated.

Lemma 6.1. Let A be an SPSD matrix and S be a conformal sketching matrix. Then when C = AS

and W = ST AS, the corresponding SPSD sketch satisfies

cw'cl = AY2p,, A2,

Proof. The orthoprojector onto the range of any matrix X satisfies Py = X(X”X)"XT. It follows

that

CW'CT = AS(S"AS)'S"A

= Al/ZPAuzsAl/z.
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6.4.1 Spectral-norm bounds

Our first theorem bounds the spectral-norm error of multiple-pass SPSD sketches.

Theorem 6.2. Let A be an SPSD matrix of size n, and let S be an n X £ matrix. Fix an integer
p = 1. Partition A as in (6.2.1) and define Q; and Q, as in (6.2.2).
Assume 2, has full row-rank. Then when C = APS and W = STA?P™1S, the corresponding

SPSD sketch satisfies

-1/2 in2/(2p—1
1A= CW'CT ||y = [| (T~ Pap112) A2 < |||, + 1125 2] 1/, 6.4.1)

If Q has full row-rank and, additionally, rank(A) < k, then in fact

A=Ccw'c’.

Remark 6.3. We emphasize that the first relation in (6.4.1) is an equality. This equality holds
when A'/2 is replaced with any generalized Cholesky factorization of A: by appropriately
modifying the proof of Theorem 6.2, it can be seen that if IIAII” = B B where II is a permutation
matrix, then

|A — CW'CT||, = |I(I— Ppegrpy-1ns)BIl3

as well. We take I =1 and B = A2 in this chapter, but other factorizations may be of interest.

Remark 6.4. Given a matrix M, the goal of column subset selection is to choose a small but
informative subset C of the columns of M. Informativity can be defined in many ways; in our

context, C is informative if, after approximating M with the matrix obtained by projecting
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M onto the span of C, the residual (I — P¢)M is small in the spectral norm. In randomized
column subset selection, the columns C are chosen randomly, either uniformly or according
to some data-dependent distribution. Column subset selection has important applications in
statistical data analysis and has been investigated by both the numerical linear algebra and the
theoretical computer science communities. For an introduction to the column subset selection
literature biased towards approaches involving randomization, we refer the interested reader to
the surveys [Mah12, Mah11].

To see the connection of SPSD sketching to the column subset selection problem, model the
column sampling operation as follows: let S be a random matrix with £ columns, each of which
has exactly one nonzero element. Then right multiplication by S selects £ columns from A. The
distribution of S reflects the type of randomized column sampling being performed. In the case
of the Nystrom extension, S is distributed as the first £ columns of a matrix sampled uniformly
at random from the set of all permutation matrices.

Let p =1, then (6.4.1) states that

IA—CW'CT I, = [I(T— Pyi26)All3.

That is, the spectral-norm error of a Nystrom extension is exactly the square of the spectral-norm
error in approximating A'/? with a projection onto its corresponding columns. Thus, the problem
of constructing high-quality Nystrom extensions of A is equivalent to the randomized column

subset selection problem for A2,

To establish Theorem 6.2, we use the following bound on the error incurred by projecting a
matrix onto a random subspace of its range (an immediate corollary of [HMT11, Theorems 9.1

and 9.2]). This result is similar to Lemma 4.8, but is better adapted to investigating multiple-pass
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sketches, and it provides a guarantee of exact recovery when M is sufficiently low-rank.

Lemma 6.5. Let M be an SPSD matrix of size n, and let ¢ > 0 be an integer. Fix integers k and {
satisfying 1 <k <{ <n.

Let U, and U, be matrices with orthonormal columns spanning, respectively, a top k-dimensional
eigenspace of M and the corresponding bottom (n — k)-dimensional eigenspace of M. Let 3, and
3, be the diagonal matrices of eigenvalues corresponding, respectively, to the top k-dimensional
eigenspace of M and the bottom (n — k)-dimensional eigenspace of M.

Given a matrix S of size n X {, define Q; = U{S and Q, = Ug S. Assume that 2, has full

row-rank. Then

2/(2q+1)

2g+1
11— Praig M3 < (112 + || 257 2,01 ||

If Q, has full row-rank and, additionally, %, is singular; then

M - PM2q+1 SM'

Proof of Theorem 6.2. Define a sketching matrix S’ = AP~!S, then

C=AS" and W=(S)7AS".

Apply Lemma 6.1 with the sketching matrix S’ to see that

CW'CT = AY2P 1o pp1)AY2 = AY2P 10 AT 2,
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It follows that the spectral error of the Nystrom extension satisfies

A — CWTCT |y = |AY2(1 = Ppp-1/2g)AY2 ||, = ||AY2(1 = Pppo1i2g)?AY2 |
= [|(T = Pap-1/25)AY 2|12 = || (T = Pp1/20-15)AY |13

= [|(1 = Pi1/2y26-015)A2][2.

The second equality holds because orthogonal projections are idempotent. The third follows
from the fact that |[MMT ||, = |[M]|2 for any matrix M. Partition A as in (6.2.1). Equation (6.4.1)

and the following assertion hold by Lemma 6.5 with M= A2 and g =p — 1. O

6.4.2 Frobenius-norm bounds

Next, we prove a bound on the Frobenius norm of the residual error of SPSD sketches. The proof
parallels that for the spectral-norm bound, in that we use the connection between SPSD sketches
and column-based approximations to A'/2, but the analysis is more involved. The starting point
of our proof is the perturbation argument used in the proof of [HMT11, Theorem 9.1], which

was in turn inspired by Stewart’s work on the perturbation of projections [Ste77].

Theorem 6.6. Let A be an SPSD matrix of size n, and let S be an n X £ matrix. Fix an integer

p = 1. Partition A as in (6.2.1) and let ©; and 2, be as defined in (6.2.2). Define

_ Ars1(A)
A(A)

Assume 2, has full row-rank. Then when C = APS and W = STA?P~1S, the corresponding

SPSD sketch satisfies

— 1/2 T — 1/2 T
1A = CW'CT [y < [1Bsllp + 7711320200l - (V2T () + 77713 2.9 I )
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If Q4 has full row-rank and, additionally, rank(A) < k, then in fact

A=CW'cT.

Proof. First, we observe that if rank(A) < k and Q, has full row-rank, then by Theorem 6.2,
A=cw'cT.

To establish the claimed inequality, apply Lemma 6.1 with the sketching matrix AP~!S to see
that

CW'CT = Al2p,, 1 0AV2.

From this it follows that
|A— CW'CT |l = [|AY2(1 = Ppp-1/26)AY?| .

To bound the quantity on the right-hand side, we first recall the fact [HMT11, Proposition 8.4]

that for an arbitrary matrix M, when U is a unitary matrix, Py = UPy,UT. Then we use the

unitary invariance of the Frobenius norm to obtain

AV2(1—P,, 1 )A?|| = ’
F

E= ’ SVY2(1 = Pgp1/2yrg) B2

F‘

Then we take

I
Z=3r"120,0in PV = || (6.4.2)

F

where I € R¥** and F € R" %>k is given by F = 2‘2’_1/292912;@_1/2). The last equality in 6.4.2
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holds because of our assumption that Q; has full row-rank. Since the range of Z is contained in
the range of xP~1/2uTs,

i<

sY2(1-p,)x!/?
F

1/2

By construction, Z has full column rank, thus Z(ZZ)~!/2 is an orthonormal basis for the span of

Z, and

I
I-P,=1-2(2"2)" 12" =1—- (I+F'F)! (1 FT)
F

I-(I+F'F)!  —(I+FTF)~'FT

- : (6.4.3)
~F(I+F'F)™! I-FI+F'F)'F’
This implies that
2
I-(I+F'F)™  —I+F'F)IF
E*< »1/2 $11/2
~F(I+F'F)™' 1-FI+F'F)'F’
F
2 2
= 21/2(1—(I+FTF)—1)21/2 +2’ 21/2(I+FTF)—1FTE;/2 (6.4.4)
F F
1/2 Tey—1pTys1/2]|
+||2,°(I-FA+F'F)'F)X%, ]
- Tl + TZ + T3.

Next, we provide bounds for Ty, T,, and T5. Using the fact that 0 < I — F(I+F'F)"'F! <1

(easily seen with an SVD), we can bound T with
2
T < 2|

Likewise, the fact that I — (I+ F'F)~! < F'F (easily seen with an SVD) implies that we can
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bound T; with

2
%/ 2FTFzL/

!
IA

2 2
< HFZ}/Z
F 2

1/2
Fz,

F

2 2

_ ||sp—1/2 Fs—(p-1) p—1/2 Fs—(p-1)
=%, 929’12}1 %, 929’12}1

2 ‘ F

4 4

<{[=7H| =07V (=0l |20,

2
2 ‘

2
F

2
2

2 2

=zl =5 2200 2200

Mea Y0 o 2 a2 o2
= — %, 0,0] ‘): 2,0
(Ak(A)) 2 T T e
40-1 |[s220_af I Is2/20. 07 I
=Y 22 ﬂznl ) 22 QZQ]_ .
We proceed to bound T, by using the estimate
1201 1 wTe-1g7 || |52z
TZSZ‘Z}l (I+F'F)"'F 2‘22 g (6.4.5)

To develop the spectral norm term, observe that for any SPSD matrix M with eigenvalue

decomposition M = VDV’

aT+m)Ma+m) ! =l +vovh)-tvovi (vw! +vpv!)!
=V(I+D) 'D(I+D) VT

<VDV! =M.
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It follows that

2
’z}/Z(HFTF)—lFT = 21+ FF)'FTE(I+ FTF) '3/ )
2
1/2.Tesl/2|| 1/2
< ||=/°F'Fx, 2_Hle ,
2
_ |[sp—1/2 Ty—(p—1)
= (|=5 7,00 x] ,
2 2 2
p—1 (-1 1/2
=|=, |1 | =2 e
2(p-1
_ A1 (A)) 2P~V sl/2q qf 2
Ar(A) 2 72,
Identifying y and using this estimate in (6.4.5), we conclude that
1, < 27200 | 5120 i |I* [ 52
2=4Y 2 2L, 1% |
Combining our estimates for T;, T, and T in (6.4.4) gives
2
E2=||AY2 (1—Ppp112g) AL/2 ]
2, 2p-1 |ls1/20 ot |2 12|12 20-1) ||s1/20, |1
<2z +7 00| (2| +r %, 0 .

Establish the claimed bound by applying the subadditivity of the square-root function:

)

E<||%|,+ 77t |25/ 20,9] %/20,0!

2(\/@7%’”

Remark. The quality of approximation guarantee provided by Theorem 6.6 depends on two

quantities, ||2};/ 20291”2 and ||2§/ ZQZQI |lg, that depend in two slightly different ways on how

the eigenstructure of A interacts with the sketching matrix. As we see in Sections 6.5 and 6.6,
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the extent to which we can bound each of these for different sketching procedures is slightly
different.
6.4.3 Trace-norm bounds

Finally, we prove a bound on the trace norm of the residual error of SPSD sketches. The proof

method is analogous to that for the spectral and Frobenius norm bounds.

Theorem 6.7. Let A be an SPSD matrix of size n, and let S be an n X £ matrix. Fix an integer

p = 1. Partition A as in (6.2.1), and let ©; and Q, be as defined in (6.2.2). Define

_ Ars1(A)
Ae(A)

Assume Q has full row-rank. Then when C = APS and W = STA?P~1S, the corresponding

SPSD sketch satisfies

2
F

Tr (A— CW'CT) < Tr () + 120 V||=y 0,0 |

If Q, has full row-rank and, additionally, rank(A) < k, then in fact

A=cw'c’.

Proof. First, we observe that if rank(A) < k and Q; has full row-rank, then by Theorem 6.2,

A=CW'CT,
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Now observe that

Tr (A—CW'C") =Tr (A— CW'CT) = Tr (B2 (1 - Pygp-1125) B'/?)

<Tr (zV2(1-Py)x"?),
where Z is defined in (6.4.2). The expression for I — P given in (6.4.3) implies that
Tt (821 - PEY?) = Tr (z}/z(l 1+ FTF)—l)E}/Z) +Tr (2;/2(1 CF(I4+ FTF)_IFT)Z;/Z) .

Recall the estimate I — (I4+FTF)~! < FTF and the basic estimate I — F(I+F'F)"'FT < I. Together

these imply that

Tr (212(1-P)Z?) < Tr (z}/ZFTFz}/z) +7Tr (%)

2

=Tr (3,) + ‘ » 2 aln 07

F
2
—(p-1)
PN
!

STr(ZZ)+‘

2
w1
2 2

2
/26 of
% 0,0

2
- 1/2
=Tr (3,) + 2P~V |21 *,0] -

The first equality follows from substituting the definition of F and identifying the squared
Frobenius norm. The last equality follows from identifying y. We have established the claimed

bound.
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6.5 Error bounds for Nystrom extensions

In this section, we use the structural results from Section 6.4 to bound the approximation errors
of Nystrom extensions. To obtain our results, we use Theorems 6.2, 6.6, and 6.7 in conjunction

with the estimate of ||QJ'1' |I§ provided by the following lemma.

Lemma 6.8. Let U be an n X k matrix with orthonormal columns. Take u to be the coherence of U.
Select € € (0, 1) and a nongero failure probability 6. Let S be a random matrix distributed as the

first £ columns of a uniformly random permutation matrix of size n, where
{> 24 ——kl k
0
“a-e2 %%

Then with probability exceeding 1 — &, the matrix U''S has full row rank and satisfies

T2«
jwsyfi< 2

Proof of Lemma 6.8. Note that UT'S has full row rank if A, (U?SS”U) > 0. Furthermore,
[T S)T|[; = A (U ssTv).
Thus to obtain both conclusions of the lemma, it is sufficient to verify that
A (UTssTu) > %

when /£ is as stated.
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We apply the lower Chernoff bound given as (4.1.1) to bound the probability that this

inequality is not satisfied. Let u; denote the ith column of U? and & = {u; u; ., ..Then

TeaTT) — ¢
A (UTSSTU) = 2, (Zizl X; ),
where the X; are chosen uniformly at random, without replacement, from &'. Clearly
, k 14 T !
B=maxllul®=~p and ppp =0 2(EX) =~ (UT0) = .
The Chernoff bound yields
14 C(1—e)2
P{ A (UTSSTU) < e~ bt <k-e (m /R,
n
We require enough samples that
TeeT ¢
A (U'SS'U) > e—
n
with probability greater than 1 — &, so we set

k. e~(1-e2/Ck) <

and solve for £, finding

k
> klog—

Q@ —6)2

Thus, for values of ¢ satisfying this inequality, we achieve the stated spectral error bound

and ensure that U”'S has full row rank. O
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Theorem 6.9 establishes that the error incurred by the simple Nystrém extension process is
small when an appropriate number of columns is sampled. Specifically, if the number of columns
sampled is proportional to the coherence of the top eigenspace of the matrix, and grows with
the desired target rank as klog k, then the bounds provided in the theorem hold.

Note that the theorem provides two spectral norm error bounds. The first is a relative-
error bound which compares the spectral norm error with the smallest error achievable when
approximating A with a rank-k matrix. It does not use any information about the spectrum of
A other than the value of the (k + 1)st eigenvalue. The second bound uses information about
the entire tail of the spectrum of A. If the spectrum of A decays fast, the second bound is much

tighter than the first. If the spectrum of A is flat, then the first bound is tighter.

Theorem 6.9. Let A be an SPSD matrix of size n, and p > 1 be an integer. Given an integer k < n,
partition A as in (6.2.1). Let u denote the coherence of Uy . Fix a failure probability 6 € (0,1) and

accuracy factor € € (0,1). If S comprises

€ > 2ue*klog(k/5)

columns of the identity matrix, sampled uniformly at random without replacement, and C = A”S

and W = STA?P~1S, then the corresponding SPSD sketch satisfies

|aA—cwicT|, < |1+ _ Ve |A— A
s (1—e) kll2>

1 o1y @D
——Tr ((A— AP
oA )

|a—cwicT||, < ||a— A+ Yp_l\/ 2, e Tr (A—Ay), and
F= kllF 5 1—¢ 6&6%(1-¢) ko

2p—2
) Tr(A—Ay),

Ja-cwier], < a-ac,+

Y

Tr (A— CWTCT) S (1 + m
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simultaneously, with probability at least 1 — 45.
If, additionally, k > rank(A), then

A=Ccw'c’

with probability exceeding 1 — 6.

Remark 6.10. Theorem 6.9, like the main result of [TR10], promises exact recovery with
probability at least 1 — & when A is exactly rank k and has small coherence, with a sample of
O(klog(k/6)) columns. Unlike the result in [TR10], Theorem 6.9 is applicable in the case that

A is full-rank but has a sufficiently fastly decaying spectrum.

Remark 6.11. Let p = 1. The first spectral-norm error bound in Theorem 6.9 simplifies to

Ja-cwier], < (1+ 5 2a ) A

The multiplicative factor in this relative error bound is optimal in terms of its dependence
on n and £. This fact follows from the connection between Nystrom extensions and the column
subset selection problem.

Indeed, [BDMI11] establishes the following lower bound for the column subset selection
problem: for any a > O there exist matrices M,, such that for any k > 1 and any £ > 1, the error

of approximating M, with PyM,, where D may be any subset of £ columns of M, satisfies

n+ a?

Mo = PoM, [, 2 /7=

M, — Mo, »

where (M, )y is the rank-k matrix that best approximates M, in the spectral norm. We get a
lower bound on the error of the Nystrom extension by taking A, = MgMa : it follows from the

remark following Theorem 6.2 that for any k > 1 and ¢ > 1, any Nystrom extension formed
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using C = A, S consisting of £ columns sampled from A, satisfies
HA _CwTCTH >Lazk (A)
a 2= P4 o2 k+1\aq ).

Proof of Theorem 6.9. The sketching matrix S is formed by taking the first £ columns of a uni-
formly sampled random permutation matrix. Recall that ; = U{S and Q, = Ug S. By Lemma 6.8,
Q; has full row-rank with probability at least 1 — &, so the bounds in Theorems 6.2, 6.6, and 6.7
are applicable. In particular, if k > rank(A) then A= CW'CT.

First we use Theorems 6.2 and 6.7 to develop the first spectral-norm error bound and the

trace-norm error bound. To apply these theorems, we need estimates of the quantities

Applying Lemma 6.8, we see that ||QJ{||§ < n/((1 — e)¢) with probability exceeding 1 — 5.

2
p—1/2 T 1/2 ¥
% 2,0, , and ’2}2 2,04

F

Observe that Hﬂsz < HU2H2 ISIl, <1, so

2 2 n

2
p—1/2 i p—1/2 T 2p—-1
’22 0,0! 25‘22 e zsmﬂzznz : (6.5.1)
Likewise,
1/2 + 1/2 + n 1/2
.22 0,0! Fg‘zz Q, F||n I, < ’/—(1—e)e ’22 1 (6.5.2)

These estimates hold simultaneously with probability at least 1 — §.

To further develop (6.5.2), observe that since S selects £ columns uniformly at random,

2
1/2 1/2¢:T
E‘ P 1 5 : %, U, S

2 . ¢ B 5
=D Bl

:E’
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1/2

where the summands x; are distributed uniformly at random over the columns of X, UT. The

summands all have the same expectation:

2
21/2U2 _ 2 ;/2
F

2 n

1 1
Bl = = > I = - |

=Tr (Z,).

Consequently;,

2 ¥
/20, = (),

d

so by Jensen’s inequality

1/2 )
;/2 2 F) == Tr (Z,).

n

2
< (]EHZ%/ZQZ
F

Now applying Markov’s inequality to (6.5.2), we see that

with probability at least 1 — 26. Clearly one can similarly show that

1/2 1 2
/20,00 / 2,0] |

1
= EE‘ Tr ()

1
(1-e)

_ 1 1 _
o], <5 g m ()

with probability at least 1 — 25.

Thus far, we have established that Q, has full row-rank and the estimates

ZP 1/ZQZQF

%] a (6.5.4)

<
(1 —e)€

»/%0,00

! Tr (X 6.5.5
S5\ a—e (%) (6:5:5)
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hold simultaneously with probability at least 1 — 2.

These estimates used in Theorems 6.2 and 6.7 yield the trace-norm error bound and the first
spectral-norm error bound.

To develop the second spectral-norm error bound, observe that by (6.5.3), we also have the
estimate
»~1%q,0f »2q,0

2
S ’
2

which holds with probability at least 1 —26. This estimate used in Theorem 6.2 yields the second

12: < mﬁ (=)

spectral-norm bound.
To develop the Frobenius-norm bound, observe that Theorem 6.6 can be weakened to the

assertion that, when Q; has full row-rank, the estimate

|a—cW'cT||, < |[Ba]|; + 271 || 252 0,9] =/20,0] i (6.5.6)

] V2Tr (%,) +y*P2

holds. Recall that with probability at least 1 — 2§, the estimate (6.5.5) holds and 2 has full
row-rank. Insert the estimate (6.5.5) into (6.5.6) to establish the claimed Frobenius-norm error

bound.

6.6 Error bounds for random mixture-based SPSD sketches

In this section, we apply Theorems 6.2, 6.6, and 6.7 to bound the reconstruction errors for
several random mixture-based sketches that conform to our SPSD sketching model. In particular,

we consider the following schemes, corresponding to different choices of the sketching matrix:

e sketches formed by sampling columns according to an importance sampling distribution
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that depends on the statistical leverage scores (in Section 6.6.1);

e sketches formed from mixtures of the columns formed using subsampled randomized

Fourier transformations (in Section 6.6.2); and

e sketches formed from Gaussian mixtures of the columns (in Section 6.6.3).

6.6.1 Sampling with leverage-based importance sampling probabilities

We first consider a Nystrom-like scheme that approximates A using column sampling. Specifically,
we consider sketches where the columns of A are sampled with replacement according to a
nonuniform probability distribution determined by the (exact or approximate) statistical leverage
scores of A relative to the best rank-k approximation to A. Previous work has highlighted the fact
that the leverage scores reflect the nonuniformity properties of the top k-dimensional eigenspace
of A [PZBT07, DM09, Mah11, YMS"13]. Thus it is reasonable to expect that sketches formed in
this manner should better approximate A than Nystrém extensions.

Fix B in (0, 1]. A probability distribution on the columns of A is considered to be f3-close to

the leverage score distribution if it satisfies

ijgH(Ul)sz forj=1,...,n and Z::lpjzl-

Our bounds apply to probability distributions that are -close to the leverage score distribution.

The sketching matrices associated with a fixed 3-close leverage-based probability distribution
are factored into the product of two random matrices, § = RD. Here R € R is a column
selection matrix that samples columns of A according to the given distribution. That is, R;; = 1 if
and only if the ith column of A is the jth column selected. The matrix D is a diagonal rescaling

matrix with entries satisfying D;; = 1/4/£p; if and only if R;; = 1. We have the following bounds
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on the error of approximations formed using these sketching matrices.

Theorem 6.12. Let A be an SPSD matrix of size n, and let p > 1 be an integer. Given an
integer k < n, partition A as in (6.2.1). Let S be a sketching matrix of size n X £ corresponding
to a leverage-based probability distribution derived from the top k-dimensional eigenspace of A,
satisfying

bz Ll fri=tn and 3 g1

for some 3 € (0, 1]. Fix a failure probability 6 € (0, 1] and approximation factor € € (0, 1], and let

_ A (A)
Ae(A)

If £ > 3200(Be?) 'klog(4k/(BS)), then, when C = APS and W = STA?P~1S, the correspond-

ing low-rank SPSD approximation satisfies

A—-CW'CT|, < [[A=A|l, + (€2 Tr ((A—A)*P1 , (6.6.1)
[ fer, = fla—al,+ (e ( )"

HA—CWTCTHF < ||A—Ak||F+ (\/Eeypfl +62y2(p’1)) Tr (A—Ay), and (6.6.2)
Tr (A—CW'CT) < (1+ 2P Ve’ Tr (A—Ay), (6.6.3)

simultaneously, with probability at least 1 — 66 — 0.6.

Proof. Recall that ; = U{S and Q, = UZT S. To apply our deterministic error bounds, we need

estimates for the quantities

In [MTJ12, proof of Proposition 22] it is shown that if ¢ satisfies the given bound and the

1/2

2

£[12/@p-D) ’ .

Q,0!
1 F 1

-1/2
»1%0,0

,and‘
2

1/2 4
0,05 |
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samples are drawn from an approximate subspace probability distribution, then for any SPSD

diagonal matrix D,

D2, |lp < € [IDIf

with probability at least 1 — 2§ — 0.2; further, 2, has full row-rank when this estimate holds.

Thus, the estimates

1/2

= e/Tr (3,) = eV/Tr (A—Ay),

1/2929,

Se

and

1/2
zp /QZ

IA

)2/(21) D )2/(2p—1)

-1/2
» 0,0

(

F

)1/(213 D)
( 2P~ 1))1/(217—1)

2p—-1Y\) 1/2p-1)
((8-A0)

IA

(
(<
(e
- (e

each hold, individually, with probability at least 1 — 26 — 0.2. Taking p = 1 in this last estimate,
we see that

S eV Tr(A—Ay)

1/2929,

also holds with probability at least 1 — 26 — 0.2. Thus these three estimates hold and Q; has full

row-rank, simultaneously, with probability at least 1 — 66 — 0.6. These three estimates used in

Theorems 6.2, 6.6, and 6.7 yield the bounds given in the statement of the theorem. O

Remark 6.13. The additive scale factors for the spectral and Frobenius norm bounds are much

improved relative to the prior results of [DMO05]. At root, this is because the leverage score
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importance sampling probabilities expose the structure of the data, e.g., which columns to
select so that £2; has full row rank, in a more refined way than the sampling probabilities used

in [DMO5].

Remark 6.14. These improvements come at additional computational expense, but leverage-
based sampling probabilities of the form used by Theorem 6.12 can sometimes be computed
faster than the time needed to compute the basis U;. In [DMIMW12], for example, it is shown
that the leverage scores of A can be approximated; the cost of this computation is determined by

the time required to perform a random projection-based low-rank approximation to the matrix.

Remark 6.15. Not surprisingly, constant factors such as 3200 (as well as other similarly large
factors below) and a failure probability bounded away from zero are artifacts of the analy-
sis; the empirical behavior of this sampling method is much better. This has been observed

previously [DMMO08, DM09] and is seen in the experimental results presented in this chapter.

6.6.2 Random projections with subsampled randomized Fourier transforms

We now consider sketches in which the columns of A are randomly mixed using a subsampled
randomized Fourier transform before sampling. That is, S = \/n_/ﬂ DFR, where D is a diagonal
matrix of Rademacher random variables, F is the normalized Fourier transform matrix, and R
restricts to £ columns. We prove the following bounds on the errors of approximations formed

using such sketching matrices.

Theorem 6.16. Let A be an SPSD matrix of size n, and let p > 1 be an integer. Given an integer
k satisfying 4 < k < n, partition A as in (6.2.1). Let S = 1/n/{DFR be a sketching matrix of
size n X £, where D is a diagonal matrix of Rademacher random variables, F is a normalized

Fourier matrix of size n x n, and R restricts to £ columns. Fix a failure probability 6 € (0,1) and
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approximation factor € € (0, 1), and define

_ Ar1(A)
A(A)

If £ > 24e 1 [Vk + 1/8log(8n/5)]%log(8k/ &), then, when C = APS and W = STA?P~1S, the

corresponding low-rank SPSD approximation satisfies

, 1 161og(n/6)>? 1/@p=1)
h-awerl,< 1o (2 (54 2N ) T g,

(?io_g(;g;e)) 1/(2p-1) . ((A B Ak)zp_l) 1/(2p—1) ,

= OWICT], < A=A, + (5177 Ve 11722) (A~ &) and

(6.6.4)

Tr (A—CW'CT) < (1+11ey* %) Tr (A— Ay)
simultaneously, with probability at least 1 — 26.

Proof. Recall that ; = UIS and Q, = Ug S.
In Chapter 5 (cf. the proof of Theorem 5.13), it is shown that for this choice of S and number

of samples /,

2
p—1/2
z:2

—-1/2 -
»1%0,0 )

2 1 (5’
H2 = 1- e
+10g(g/5)(‘

2
J)
1
- =7 (sl

S0 (0 (520) 1 Voo ) )

p—1/2 p—1/2
X X

+ \/810g(n/5)‘

{

1 .((5+1610g(n/5) )H 2H2p 1 210g(n/5) (zip_l))

IA

B
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and

1/2 + 1/2
5,2 0,00 < V1le||3;

F

.= V11leTr (%,)

|

each hold, individually, with probability at least 1 — 6. When either estimate holds, 2, has full

row-rank. These estimates used in Theorems 6.2 and 6.7 yield the stated bounds for the spectral
and trace-norm errors.
The Frobenius-norm bound follows from the same estimates and a simplification of the

bound stated in Theorem 6.6:

- ewicr | < [, + 7 |2 0]

V2Tr (T Pl )
2( (%) +v ;

|12
< (1%l + 7t 230001 | V2T (B + 200 |1 200 |

< ||Zale+ (P V22e + 1177 %€) Tr (3,) .

The stated failure probability comes from the fact that the two estimates used hold simultaneously

with probability at least 1 — 265. O

Remark. Suppressing the dependence on 6 and e, the spectral norm bound ensures that when

p =1, k=0Q(logn) and £ = Q(klogk), then

logn

1
HA—chcTHz:o( HA—AkH2+1—Tr(A—Ak)).

logk ogk

This should be compared to the guarantee established in Theorem 6.17 below for Gaussian-based

SPSD sketches constructed using just £ = O(k):

A 1
|a—cwicT|,=0 (||A—Ak||2+ L Te (A—Ak)) :
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Theorem 6.16 guarantees that errors on this order can be achieved by SRFT sketches if one
increases the number of samples by a logarithm factor in the dimension: specifically, such
a bound is achieved when k = Q(logn) and £ = Q(klogklogn). The difference between the
number of samples necessary for Fourier-based sketches and Gaussian-based sketches is reflective
of the difference in our understanding of the relevant random projections: the geometry of
any k-dimensional subspace is preserved under projection onto the span of £ = O(k) Gaussian
random vectors [HMT11], but the sharpest analysis available suggests that to preserve the
geometry of such a subspace under projection onto the span of £ SRFT vectors, £ must satisfy
¢ = Q(max{k,logn}logk) [Trol11b]. We note, however, that in practice the Fourier-based and

Gaussian-based SPSD sketches have similar reconstruction errors.

6.6.3 Random projections with i.i.d. Gaussian random matrices

The final class of SPSD sketches we consider are mixture-based sketches in which the columns
of A are randomly mixed using Gaussian random variables before sampling. That is, the entries
of the sketching matrix S € R"*! are i.i.d. standard Gaussian random variables. We consider the
case where the number of column samples is comparable to and only slightly larger than the

desired rank, i.e., £ = O(k).

Theorem 6.17. Let A be an SPSD matrix of size n, and let p > 1 be an integer. Given an integer k
satisfying 4 < k < n, partition A as in (6.2.1). Let S € R™ be a sketching matrix of i.i.d standard

Gaussians. Define

_ Aks1(A)
A(A)

Assume £ = (1 + e ?)k, where € € (0,1]. Then, when C = APS and W = STA?~1S the
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corresponding low-rank SPSD approximation satisfies

1/(2p—-1)
la—cwicT||, < (1+ (8962+874621°§") ! )”A—Ak”Z
€ 1/p=1) 1/(2p-1)
+ (219?) - Tr ((A—Ak)ZP—l) ,

|a—cwie” ||, < ||a—Adl; + [yf’ ! (5+6 lolfk)

Jlogk
4 y22¢2 (45+190ﬁ1 fk+309 Zg H VA=A, T (A=)

€ 62
+ (Zlyp_lﬁ + 70Y2p_2ﬁ Tr (A — Ak)

logk logk
+ P2 2(197 If 618i)|

X logk
Tr (A—CW'CT) < (144577 2e*) Tr (A — Ay) + 874y %€ Olf A,

simultaneously, with probability at least 1 — 2k~ — 4e =~/ €

Proof. Asbefore, this result is established by bounding the quantities involved in the deterministic
error bounds of Theorems 6.2, 6.6, and 6.7. Recall that ; = U{S and Q, = UZT S. We need to

develop bounds on the quantities

The following deviation bounds, established in [HMT11, Section 10], are useful in that

»1/2

2/(2p-1)
»~1%q,0f , ‘
F

1/2 +
2,/%0,0!

,and‘
2

nzn'

regard: if D is a diagonal matrix, £ = k +s with s > 4 and u,t > 1, then

P{HDQZQ{

> |ID| 3k t+eﬂ tu | +|D| eVt tt <2t 4+e /2 and
—_— — - tu . e , an
2 2\ Vs+1 s+1 Fs+1 =

3k
DR, > 1p “t+]|D
{H o821 > Il yf = -+ Dl

evi
ot <2t +e¥/2. (6.6.5)
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Define s = ke ™2, so that £ = k + s. Estimate the terms in (6.6.5) with

[ 3k [ 3k
< —=\/§e and
s+1

\/k(1+1/e \/>

s+1

p—1/2

2

and take t = e and u = 4/2logk in (6.6.5) to obtain that

. 2e%e
-1/2

» 20,0 ‘

2
25 |:(\/_e+2e \/1 ik)e-‘ﬁ W 22_1/2 F:|
logk ’ 2p-1 4ete? 2p—1

(fe+2 2,/ = ) 2|z > -Tr(Zzp )

4.2
s(u&m&%) s e (527)

with probability at least 1 — k™ — 2™/ ¢ and

1/2

|8logk
2¢ i.’gz

= Vice- VTR (%) +eeq] T8k 3,

1/2 + 1/2
22 ﬂzﬂ'l 2

< V3ee- ||
F

with the same probability. Likewise,

!/ 2929'

2
(\/§ee- VTr(2,) +e%e 8lc;<gk ||22H2)

< 6e%e?-Tr(3,) + 16e462$ : HZZHZ

with the same probability.

These estimates used in Theorems 6.2 and 6.7 yield the stated spectral and trace-norm
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bounds. To obtain the corresponding Frobenius-norm bound, define the quantities

logk
Fy (12e + 16e* If )62, F; = 3e2e?,
2
€ 4logk
F, =4e4?, F,=8e %e

for notational convenience. By Theorem 6.6 and our estimates for the quantities

1/2 4
0,0

and ’

1/2 +
22 ﬂzﬂi .

e I A

(V@) o2 ]
<[ B ||p + yP | B, + Fa Tr (22))12x
(M+ P VE T (3) +17 7 Ry ||zz||2)
< |[Zaflp + (¥ V2R + P A+ VEED) ][ B, T (32)
+ (V2R R RS ) T (22)
2 R 3],

(6.6.6)

The following estimates hold for the coefficients in this inequality:

log k logk | ,
2F; <[ 5+6 | € F1F3 < | 45+140 = |

+/logk
FyF, <309 kg €2, V2F, < 21

€2 log k logk \
F2F3 S 70_, F1F4 S 197 +618 E™.

N k k

The Frobenius norm bound follows from using these estimates in (6.6.6) and grouping terms
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appropriately:

Y e e
222 (45+ 1904/ ? +309- lzgkﬂ 12, ], T (=)

62

€
+ (21yp—1ﬁ + 70y2P2 ﬁ) Tr (2,)

2 2e2 (197\/ lolfk + 618lo§k) |22][, -

Remark 6.18. The way we have parameterized these bounds for Gaussian-based projections
makes explicit the dependence on various parameters, but obscures the structural simplicity of
these bounds. In particular, since ||:||5 < ||:||g < Tr(:), note that the Frobenius norm bounds are
upper bounded by a term that depends on the Frobenius norm of A—A;, and a term that depends
on the trace norm of A — A;; and that, similarly, the trace norm bounds are upper bounded by
a multiplicative factor times the optimal rank-k approximation error. This factor can be set to

1+ v with v arbitrarily small.

6.7 Stable algorithms for computing regularized SPSD sketches

The error bounds we have provided for SPSD sketches assume that the calculations are carried
out in exact arithmetic. In reality, since the formation of SPSD sketches requires the computation
of a linear system, i.e. the computation of W'CT, a direct application of the SPSD sketching
procedure may not produce a result that is close to a valid SPSD approximation. Specifically, if

W is ill-conditioned, the product W'CT may not be computed accurately.
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Algorithm 6.1: SPSD sketch, regularized via additive perturbation [WS01]
Input: an n X n SPSD matrix A; a regularization parameter p > 0; and an n X £ sketching
matrix S.

Output: an n x £ matrix C,; an £ x £ SPSD matrix W; and the sketch A= CPW; Cg.

Let A, =A+pl

Form the matrix C, =A,S.
Form the matrix W, =S"C,,.
Compute Y = W;g Cg.

Form the matrix A = ~CPY.
Return C,, W,,, and A.

A T o A

In the seminal paper [WS01], the authors propose Algorithm 6.1, an algorithm for computing
regularized SPSD sketches. Algorithm 6.1 returns the SPSD sketch of the matrix A, = A+ p],
where p > 0 is a regularization parameter. Note that A, and A have the same eigenvectors, so
the eigenvectors of the sketch returned by Algorithm 6.1 approximate those of A. This suggests
that the sketch returned by Algorithm 6.1 may be relevant in applications where the goal is to
approximate the eigenvectors of A with those of an SPSD sketch [FBCMO04, FNL*09, BF12]. In
this section, we provide the first theoretical analysis of Algorithm 6.2.

The paper [CD11] investigates the performance of the column and row sampling-based CUR
decomposition, an approximate matrix decomposition for rectangular matrices that is analogous
to the Nystrom extension. The results apply immediately to the Nystrom extension, because
Nystrom extensions are simply CUR decompositions of SPSD matrices, where the columns and
rows sampled are constrained to be the same. In particular, [CD11] introduces an algorithm for
computing CUR decompositions stably; in the context of SPSD sketches, this algorithm becomes
Algorithm 6.2. Algorithm 6.2 replaces W with a regularized matrix W, in which all eigenvalues
of W smaller than the regularization parameter p are set to zero. We compare Algorithms 6.1
and 6.2 empirically in Section 6.8.

We begin our analysis of Algorithm 6.1 by observing that the product W; Cg can be computed
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Algorithm 6.2: SPSD sketch, regularized via a truncated eigendecomposition [CD11,
Algorithm 1]
Input: an n x n SPSD matrix A; a regularization parameter p > 0; and an n x £ sketching
matrix S.
Output: an n X £ matrix C; an £ X £ SPSD matrix W,; and the SPSD sketch A = CWLCT.

1: Form the matrix C = AS.

2: Form the matrix W= ST C.

3: Compute the SVD of W. Set all components with eigenvalues smaller than p to zero to
obtain W,,.

4: Compute Y = W;CT.

5: Form the matrix A = CY.

6: Return C, W, and A.

stably if the two-norm condition number

A'l(wp)

2(W,) = IW, W = 5= e

is small [GV96]. Here, A,i,(W,) denotes the smallest nonzero eigenvalue of W,,. It follows
that Algorithm 6.1 will stably compute a regularized SPSD sketch when k,(W,) is small. The

following lemma relates k,(W,,) to the regularization parameter p and the sketching matrix S.

Lemma 6.19. Let A be an SPSD matrix of size n, and let S € R™¢ be a sketching matrix. Fix a
regularization parameter p > 0. The two-norm condition number of the matrix W, returned by

Algorithm 6.1 satisfies

A1(A)
o

Ko(W,) < ( + 1) K5(8)2.

Proof. Observe that, because A, = A+ pl is full rank, rank(A})/ 28) = rank(S). It follows that

rank(S"A,S) = rank(S”S). Let r denote this common rank. Then, because A, = A+ pI = pl,
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we have

Amin(Wp) = Anin(STA,8) = 2,.(STA,8) > 2, (pS"S)

= Amin(pSTS) = p”ST”£2-

Similarly, from the observation that A, = A+ pI X (1;(A) + p)I, we argue

(W) =2,(S"A,S) < (A,(A) + p)lISII3.

We reach the claimed bound on x,(W,) by combining these estimates of A,;,(W,) and

A]_(Wp):

Ko(W) =

2 (W '
MWy) p YA (A) + p)IISIZIIST|IZ = (

A1(A)
A’min (Wp ) - P

+ 1) K5(8)2.

Remark 6.20. Let 04(-) and o,,;,(-) denote, respectively, the largest singular value and the

smallest nonzero singular value of their arguments. Then

24(STA,S)  o1(STAY?)?
Amin(STAp S) O'min(STAll)/z)z ’

KZ(wp) =

so good bounds on al(STA})/ 2) and amin(STAllj/ %) would lead to a sharper estimate of k(W)
than the one stated in Lemma 6.19. Such bounds could be developed for the sketches considered

in this chapter.

Lemma 6.19 shows that the condition number of W, is small when the sketching matrix has

small condition number, and when the regularization parameter is large. However, it is clear
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that taking p too large will result in a sketch which does a poor job of approximating A. The

following lemma quantifies this observation.

Lemma 6.21. Let A be an SPSD matrix of size n, and let S € R™*! be a sketching matrix. Fix a
regularization parameter p > 0. Let A, = A+ pl, C, =A,S, and W, = STApS. Then the SPSD

sketch A returned by Algorithm 6.1 satisfies

|a—A|, < HAp —CW.Cl +p,
|a-&l, < |[a, — cowich|| +vip, ana

Tr(A-A) <Tr (A, —C,WiCT) +np.

This lemma relates the errors of the regularized sketch of A to the error of an SPSD sketch of
A+ pl Therefore, given a particular sketching model, this lemma can be used in conjunction with
the results of Sections 6.5 and 6.6 to predict the errors of the regularized sketch. Concurrently,

Lemma 6.19 can be used to quantify the stability of the sketch.

Proof. Recall that A = pr; Cg. By the triangle inequality,

IA—Alls <[IA—A,llz + 1A, — C,WIClll- = A, — C,W/CTlls + pllTlle.

Calculate [|I|| to reach the stated error bounds. O
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6.8 Computational investigations of the spectral-norm bound for

Nystrom extensions

In this section we demonstrate the tightness of the relative-error spectral-norm bound pro-
vided for the Nystrom extension in Theorem 6.9 and compare Algorithms 6.1 and 6.2 for the

computation of regularized Nystrém extensions.

6.8.1 Optimality

In the first experiment, we use a matrix introduced in [BDMI11] to demonstrate the worst-case
optimality of the dependence on n and ¢ in the relative-error spectral-norm bound provided in

Theorem 6.9. Let A € R1000%1000 be defined by

A:MTM where M= [e2+e1, es +e17 cee L, €1001 +e1]; (6.81)

here e; denotes the ith standard basis vector in R'%°!. By construction A,,;, (A) = 1, so Nystrom
extensions of A are always stably computable.

Figure 6.1 plots the ratio of the spectral-norm error of the Nystrom extensions to the optimal
rank-10 approximation error, as a function of the number of column samples £. The ratio n// is
provided for comparison. To capture the worst-case behavior of the Nystrom extension, each
point in the plot is the worst ratio observed in 60 trials. It is clear that the n/{ term present in

the error bound is necessary.
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Figure 6.1: EMPIRICAL DEMONSTRATION OF THE OPTIMALITY OF THEOREM 6.9. The empirical
spectral-norm error of Nystrom extensions of A, the matrix defined in (6.8.1), relative to the
spectral-norm error of the optimal rank-10 approximation of A. Each point is the worst relative

error observed in 60 trials. The ratio n/{ is plotted; this is the dependence on n and £ of the
bound given in Theorem 6.9.

6.8.2 Dependence on coherence

In the following experiments, we use 500 x 500 matrices A with eigendecompositions of the

form
b u?
A=y, U,] (6.8.2)
», | | UL
where U is a 500 x 10 matrix with orthonormal columns and specified coherence and the matrix

U, is chosen so that [U1 Uz] is an orthogonal matrix. The 20 largest eigenvalues of A range

logarithmically from 10 to 103, and the remaining eigenvalues are identically 10~°. Routines
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from the kappaSQ Matlab package introduced in [IW12] are used to generate U; with specified
coherences. For each value of coherence, we consider two types of matrices U; achieving this
coherence: dense Uy, in which many rows of U; are nonzero, and sparse U;, in which many
rows of U; are zero. Dense U; are generated using the mtxGenMethod1 routine, and sparse U;
are generated using the mtxGenMethod3 routine.

We compare the accuracies of regularized Nystrom extensions constructed using Algo-
rithm 6.1, to those of regularized Nystrom extensions constructed using Algorithm 6.2. In
Figure 6.2 we plot the ratio of the approximation errors of the two regularized Nystrom exten-
sions to the approximation error of the optimal rank-10 approximant, as the coherence and
sparsity of U; vary. The regularization parameter p is assigned the value A;;(A).

Both algorithms perform as suggested by Theorem 6.9: as the coherence of the top k-
dimensional eigenspace increases, the number of samples needed to obtain a small relative error
increases. Additionally, Figure 6.2 shows that the structure of the eigenvectors is as important
as the coherence of the eigenspace: when the eigenvectors are dense, the number of samples
needed to obtain a small relative error is much less sensitive to the coherence than when the
eigenvectors are sparse. That is, for a fixed coherence and number of column samples, the
Nystrom extensions give lower errors when the eigenvectors are dense than they do when the

eigenvectors are sparse.

Dependence on the regularization parameter

Both algorithms require the choice of a regularization parameter p. In Figure 6.3, we observe

the effect of the regularization parameter p on the errors of the Nystrom extensions. Here the
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(b) Relative spectral-norm errors of Algorithm 6.2

Figure 6.2: SPECTRAL-NORM ERRORS OF REGULARIZED NYSTROM EXTENSIONS AS COHERENCE VARIES.
The relative spectral-norm errors of Nystrom extensions of A, the matrix defined in (6.8.2),
generated using Algorithms 6.1 and 6.2, as a function of the coherence of the dominant 10-
dimensional eigenspace. The errors are measured relative to the error of the optimal rank-10
approximation, and averaged over 60 runs for each value of £. The eigenvectors spanning the
dominant eigenspace of the matrices used in the experiments on the left-hand side are dense,
and the corresponding eigenvectors of the matrices used in the experiments on the right-hand
side are sparse. The coherences range from the minimum possible, 1, to the maximum of 50.

matrix A is again a 500 x 500 matrix with eigendecomposition

N Ul
A=[y; U, ; (6.8.3)
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where U; is a 500 x 20 matrix with orthonormal columns and U, is chosen so that [U1 Uz] is
an orthogonal matrix. The 40 dominant eigenvalues of A range logarithmically from 1 to 1071°
and all remaining eigenvalues are identically 107°. The mtxGenMethod1 routine is used to
construct U; with coherence 1.

Figure 6.3 shows the ratios of the spectral-norm errors of the Nystrom extension and the
regularized extensions computed by Algorithms 6.1 and 6.2 to the optimal rank-20 approximation
error. The number of columns used to form the extensions is fixed at £ = 200, and the
regularization parameter is varied from the minimum possible value of 1 to the maximum
possible value of 50. We see that both regularization algorithms exhibit the same behavior: for
large values of p, they have higher error than the Nystrom extension; as p decreases, their errors
become orders of magnitude smaller than that of the Nystrom extension, and as p continues
to decrease, their errors once again approach that of the Nystrom extension. This behavior
highlights the importance of choosing an appropriate regularization parameter: if p is too
small then there is no benefit gained from the regularization, and if it is too large then the
regularization has a deliterious effect. We also observe that Algorithm 6.2 can be orders of

magnitude more accurate than Algorithm 6.1.

6.9 Empirical aspects of SPSD low-rank approximation

In this section, we examine the empirical performance of the SPSD sketches for which theoretical

bounds were provided in Sections 6.5 and 6.6, on a diverse set of SPSD matrices.
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Figure 6.3: SPECTRAL-NORM ERROR OF REGULARIZED NYSTROM EXTENSIONS AS REGULARIZATION
PARAMETER VARIES. For the matrix A defined in (6.8.3), the spectral-norm errors of the Nystrom
extension and the extensions generated using Algorithms 6.1 and 6.2, as a function of the
regularization parameter p. The errors are averaged over 60 runs for each value of p and plotted
relative to the optimal spectral-norm rank-10 approximation error.

6.9.1 Test matrices

Table 6.2 provides summary statistics for the test matrices used in our computational experiments.
In order to illustrate the strengths and weaknesses of encountered in machine learning and data

analysis applications, we drawn our test matrices from the following classes of matrices:

e normalized Laplacians of very sparse graphs drawn from “informatics graph” applications;

e dense matrices corresponding to linear kernels from machine learning applications;

e dense matrices constructed from a Gaussian radial basis function kernel (RBFK); and
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Name Description | n | d | %nnz
Laplacian kernels

HEP arXiv High Energy Physics collaboration graph | 9877 | NA 0.06

GR arXiv General Relativity collaboration graph | 5242 | NA 0.12

Enron subgraph of the Enron email graph 10000 | NA 0.22

Gnutella | Gnutella peer to peer network on Aug. 6, 2002 | 8717 | NA 0.09

Linear kernels

Dexter bag of words 2000 | 20000 | 83.8

Protein derived feature matrix for S. cerevisiae 6621 | 357 99.7

SNPs DNA microarray data from cancer patients 5520 | 43 100

Gisette images of handwritten digits 6000 | 5000 | 100
Dense RBF kernels

AbaloneD physical measurements of abalones 4177 | 8 100

WineD chemical measurements of wine 4898 | 12 100
Sparse RBF kernels

AbaloneS physical measurements of abalones 4177 | 8 82.9/48.1

WineS chemical measurements of wine 4898 12 11.1/88.0

Table 6.2: INFORMATION ON THE SPSD MATRICES USED IN OUR EMPIRICAL EVALUATIONS. The ma-

trices used in our empirical evaluation ([LKF07], [KYO4], [GGBHDO5], [GSPT06], [NWL102],
[Cor96], [BL13]). Here, n is the number of data points, and d is the number of features in the
input space before kernelization. For Laplacian “kernels,” n is the number of nodes in the graph
(and thus there is no d since the graph is “given” rather than “constructed”). The %nnz for the

Sparse RBF kernels depends on the o parameter; see Table 6.3.

e sparse RBFK matrices constructed using Gaussian radial basis functions, truncated to be

nonzero only for nearest neighbors.

We briefly review the construction of normalized graph Laplacians, linear kernel matrices,

RBFK matrices, and sparse RBFK matrices.

Given a graph with weighted adjacency matrix W, its normalized graph Laplacian is

where D is the diagonal matrix of weighted degrees of the nodes of the graph, i.e., D;; = Y.

A=1-D12wDp 12,

W,

i Vije
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The remaining classes of matrices are constructed using a set of data points Xy, ..., X, € R%.

The linear kernel matrix A corresponding to those points is given by
Ajj = (X;, Xg)-

A Gaussian RBFK matrix A corresponding to these same points is given by

1% — x>
o _ _l—_JHZ
Al.j—exp( 2 )

where o, a nonnegative number, determines the scale of the kernel. Informally, o defines the
“size scale” over which pairs of points x; and x; “see” each other. Typically o is determined by
a global cross-validation criterion, as AY is generated for some specific machine learning task.
Thus, one may have no a priori knowledge of the behavior of the spectrum or leverage scores of
A? as o is varied. Accordingly, we consider Gaussian RBFK matrices with different values of o.
Finally, given the same data points, one can construct sparse Gaussian RBFK matrices using the

formula
+

(o.0) ki =l )" ~ % =[5
Aij = ].—T 'CXP(T);

where [x]" = max{0, x}. When v is larger than (d + 1)/2, this matrix is positive semidefinite;
and as the cutoff point C decreases this matrix becomes more sparse [Gen02]. For simplicity, in
our experiments we fix v = [(d +1)/2] and C = 30 and we vary o. As with the effect of varying
o, the effect of varying the sparsity parameter C is not obvious a priori. The parameter C is
typically chosen according to a global criterion to ensure good performance at a specific machine

learning task, without consideration for its effect on the spectrum or leverage scores of A(i?’v’c).
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lal? A A—A, kth-largest
Name Yonnz [IIAHE—I k ;_kl 100 : IIAIIF||F leverage score
HEP 0.06 3078 20 | 0.998 | 7.8 0.261
HEP 0.06 3078 60 | 0.998 | 13.2 0.278
GR 0.12 1679 20 | 0.999 | 10.5 0.286
GR 0.12 1679 60 |1 17.9 0.289
Enron 0.22 2588 20 | 0.997 | 7.77 0.492
Enron 0.22 2588 60 | 0.999 | 12.0 0.298
Gnutella 0.09 2757 20 | 1 8.1 0.381
Gnutella 0.09 2757 60 | 0.999 | 13.7 0.340
Dexter 83.8 176 8 0.963 | 14.5 0.067
Protein 99.7 24 10 | 0.987 | 42.6 0.008
SNPs 100 3 5 0.928 | 85.5 0.002
Gisette 100 4 12 | 0.90 90.1 0.005
AbaloneD (dense, o =.15) | 100 41 20 | 0.992 | 42.1 0.087
AbaloneD (dense, o = 1) 100 4 20 | 0.935 | 97.8 0.012
WineD (dense, o = 1) 100 31 20 | 0.99 43.1 0.107
WineD (dense, o = 2.1) 100 3 20 | 0.936 | 94.8 0.009
AbaloneS (sparse, o =.15) | 82.9 400 20 | 0.989 | 154 0.232
AbaloneS (sparse, o = 1) 48.1 5 20 | 0.982 | 90.6 0.017
WineS (sparse, 0 = 1) 11.1 116 20 | 0.995 | 29.5 0.200
WineS (sparse, o = 2.1) 88.0 39 20 | 0.992 | 41.6 0.098

Table 6.3: STATISTICS OF OUR TEST MATRICES. Summary statistics for the matrices from Table 6.2
used in our computational experiments.

To illustrate the diverse range of properties exhibited by these four classes of matrices,

consider Table 6.3. Several observations are particularly relevant to our discussion below.

e All of the Laplacian kernels drawn from informatics graph applications are extremely
sparse in terms of number of nonzeros, and tend to have very slow spectral decay, as
illustrated both by the quantity [ ||A||§ / ||A||§ | (this is the stable rank, a numerically stable
(under)estimate of the rank of A also utilized in Chaper 5) as well as by the relatively small
fraction of the Frobenius norm that is captured by the best rank-k approximation to A. For
the Laplacian kernels we considered two values of the rank parameter k that were chosen
(somewhat) arbitrarily; many of the results we report continue to hold qualitatively if k is

chosen to be (say) an order of magnitude larger.

e Both the linear kernels and the dense RBF kernels are much denser and are much more
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well-approximated by moderate to very low-rank matrices. In addition, both the linear
kernels and the dense RBF kernels have statistical leverage scores that are much more
uniform—there are several ways to illustrate this, none of them perfect, and here, we
illustrate this by considering the kth largest leverage score. For the linear kernels and the
dense RBF kernels, this quantity is one to two orders of magnitude smaller than for the

Laplacian kernels.

For the dense RBF kernels, we consider two values of the o parameter, again chosen
(somewhat) arbitrarily. For both AbaloneD and WineD, we see that decreasing o from
1 to 0.15, i.e., letting data points “see” fewer nearby points, has two important effects:
first, it results in matrices that are much less well-approximated by low-rank matrices; and
second, it results in matrices that have much more heterogeneous leverage scores. For
example, for AbaloneD, the fraction of the Frobenius norm that is captured decreases from

97.8 to 42.1 and the kth largest leverage score increases from 0.012 to 0.087.

For the sparse RBF kernels, there are a range of sparsities, ranging from above the sparsity
of the sparsest linear kernel, but all are denser than the Laplacian kernels. Changing the
o parameter has the same effect (although it is even more pronounced) for sparse RBF
kernels as it has for dense RBF kernels. In addition, “sparsifying” a dense RBF kernel also
has the effect of making the matrix less well approximated by a low-rank matrix and of
making the leverage scores more nonuniform. For example, for AbaloneD with o =1
(respectively, o = 0.15), the fraction of the Frobenius norm that is captured decreases
from 97.8 (respectively, 42.1) to 90.6 (respectively, 15.4), and the kth largest leverage

score increases from 0.012 (respectively, 0.087) to 0.017 (respectively, 0.232).
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As we see below, when we consider the RBF kernels as the width parameter and sparsity are
varied, we observe a range of intermediate cases between the extremes of linear kernels and

Laplacian kernels.

6.9.2 A comparison of empirical errors with the theoretical error bounds

Table 6.4 illustrates the gap between the theoretical results currently available in the literature,
the bounds derived in this chapter, and what is observed in practice: it depicts the ratio between
the error bounds summarized in Table 6.1 and the average errors observed over 10 trials of SPSD
sketching. The error bound from [TR10] is not considered in the table, as it does not apply at
the number of samples ¢ used in the experiments.

Several trends can be identified; among them, we note that the bounds provided in this
chapter for Gaussian-based sketches come quite close to capturing the errors seen in practice,
and the Frobenius and trace-norm error guarantees of the leverage-based and Fourier-based
sketches tend to more closely reflect the empirical behavior than the error guarantees provided
in prior work for Nystrom sketches. Overall, the trace-norm error bounds are quite accurate. On
the other hand, prior bounds are sometimes more informative in the case of the spectral norm
(with the notable exception of the Gaussian sketches). Several important points can be gleaned
from these observations.

First, the accuracy of the Gaussian error bounds suggests that the main theoretical contri-
bution of this work, the deterministic structural results given as Theorems 6.2, 6.6, and 6.7,
captures the underlying behavior of the SPSD sketching process. This supports our belief that
our deterministic framework provides a foundation for truly informative error bounds. Second,
it is clear that the analysis of the stochastic elements of the SPSD sketching process is much

sharper in the Gaussian case than in the leverage-score, Fourier, and Nystrom cases. We expect
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that, at least in the case of leverage and Fourier-based sketches, the stochastic analysis can
and will be sharpened to produce error guarantees almost as informative as the ones we have

provided for Gaussian-based sketches.

source, sketch pred./obs. pred./obs. pred./obs.
spec. error Frob. error trace error
Enron, k = 60
[BW09], Nystréom - - 2.0
[KMT12], Nystrém 331.2 77.7 -
Thm 6.12, leverage-based | 12888 21 1.2
Thm 6.16, Fourier-based 201.0 42.7 1.6
Thm 6.17, Gaussian-based | 10.1 5.6 1.2
Thm 6.9, Nystrém 9.4 385.2 5.4
Protein, k =10
[BW09], Nystréom - - 3.6
[KMT12], Nystrém 33.4 20.5 -
Thm 6.12, leverage-based | 42.5 6.9 2.0
Thm 6.16, Fourier-based 297.5 21.7 3.1
Thm 6.17, Gaussian-based | 3.8 3.3 1.8
Thm 6.9, Nystrém 86.3 91.3 8
AbaloneD, o = .15,k =20
[BWO09], Nystrom - - 2.0
[KMT12], Nystrom 62.9 46.7 -
Thm 6.12, leverage-based | 235.3 14.6 1.3
Thm 6.16, Fourier-based 139.4 36.9 1.7
Thm 6.17, Gaussian-based | 5.2 4.7 1.1
Thm 6.9, Nystrém 12.9 228.3 5.1
WineS, 0 =1,k =20

[BW09], Nystrom - - 2.1
[KMT12], Nystrém 72.8 44.2 -
Thm 6.12, leverage-based | 244.9 13.4 1.2
Thm 6.16, Fourier-based 186.7 36.8 1.7
Thm 6.17, Gaussian-based | 6.6 4.7 1.2
Thm 6.9, Nystrém 13.7 222.6 5.1

Table 6.4: COMPARISON OF EMPIRICAL ERRORS OF SPSD SKETCHES WITH PREDICTED ERRORS. We
compare the empirically observed approximation errors to the guarantees provided in this and
other works, for several matrices. Each approximation was formed using £ = 6k log k samples.
To evaluate the error guarantees, & = 1/2 was taken and all constants present in the statements
of the bounds were replaced with ones. The observed errors were taken to be the average
errors over 10 runs of the approximation algorithms. The matrices, described in Table 6.2, are
representative of several classes of matrices prevalent in machine learning applications.
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6.9.3 Reconstruction accuracy of sampling and projection-based sketches

Here, we describe the performances of the various SPSD sketches in terms of reconstruction
accuracy on the matrices described in Section 6.9.1. Recall that the sketches considered are
Nystrom extensions, leverage-based sketches, and sketches formed using Gaussian and SRFT
mixtures of columns.

We describe general observations we have made about each class of matrices in turn, and
then we summarize our observations. We present results for both the rank-restricted and

non-rank-restricted sketches. That is, we plot the errors

1A —CWICTlg/llA - Aglle (6.9.1)

for the non-rank-restricted sketches, and the errors

IA— CWCT lle/IIA = Alle (6.9.2)

for the rank-restricted sketches.

6.9.3.1 Graph Laplacians

Figures 6.4-6.7 show the reconstruction error results for sampling and mixture methods applied
to several normalized graph Laplacians. Figures 6.4 and 6.6 show GR and HEB each for two
values of the rank parameter. The remaining two show Enron and Gnutella, again each for two
values of the rank parameter. The first two figures show the ratios of the spectral, Frobenius,
and trace-norm approximation errors of non-rank-restricted sketches to the optimal rank-k

approximation errors, as a function of the number of column samples £. The remaining two
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Figure 6.4: RELATIVE ERRORS OF NON-RANK-RESTRICTED SPSD SKETCHES OF THE GR aND HEP
LAPLACIAN MATRICES. The relative spectral, Frobenius, and trace-norm errors (6.9.1) of several
non-rank-restricted SPSD sketches, as a function of the number of columns samples £, for the
GR and HEP Laplacian matrices, with two choices of the rank parameter k.
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Figure 6.5: RELATIVE ERRORS OF NON-RANK-RESTRICTED SPSD SKETCHES OF THE ENRON AND GNUTELLA
LAPLACIAN MATRICES. The relative spectral, Frobenius, and trace-norm errors (6.9.1) of several
non-rank-restricted SPSD sketches, as a function of the number of columns samples ¢, for the
Enron and Gnutella Laplacian matrices, with two choices of the rank parameter k.
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Figure 6.6: RELATIVE ERRORS OF RANK-RESTRICTED SPSD SKETCHES OF THE GR AND HEP LAPLACIAN
MATRICES. The relative spectral, Frobenius, and trace-norm errors (6.9.2) of several rank-
restricted SPSD sketches, as a function of the number of columns samples £, for the GR and HEP
Laplacian matrices, with two choices of the rank parameter k.
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Figure 6.7: RELATIVE ERRORS OF RANK-RESTRICTED SPSD SKETCHES OF THE ENRON AND GNUTELLA
LAPLACIAN MATRICES. The relative spectral, Frobenius, and trace-norm errors (6.9.2) of several
rank-restricted SPSD sketches, as a function of the number of columns samples £, for the Enron
and Gnutella Laplacian matrices, with two choices of the rank parameter k.
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similarly show the errors of the rank-restricted sketches.
These and subsequent figures contain a lot of information, some of which is peculiar to the
given matrices and some of which is more general. In light of subsequent discussion, several

observations are worth making about the results presented in these figures.

o All of the SPSD sketches provide quite accurate approximations even with only k column
samples (or in the case of the Gaussian and SRFT mixtures, with only k linear combinations
of vectors). Upon examination, this is partly due to the extreme sparsity and extremely
slow spectral decay of these matrices which means, as shown in Table 6.2, that only a
small fraction of the (spectral or Frobenius or trace) mass is captured by the optimal rank
20 or 60 approximation. Thus although an SPSD sketch constructed from 20 or 60 vectors

also only captures a small portion of the mass of the matrix, the relative error is small.

e The scale of the vertical axes is different between different figures and subfigures. This
is to highlight properties within a given plot, but it can hide several things. In particular,
note that the scale for the spectral norm is generally larger than for the Frobenius norm,
which is generally larger than for the trace norm, consistent with the size of those norms;
and that the scale is larger for higher-rank approximations, e.g. compare GR k = 20
with GR k = 60, also consistent with the larger amount of mass captured by higher-rank

approximations.

e Both the non-rank-restricted and rank-restricted results are the same for £ = k. For £ > k,
the non-rank-restricted errors tend to decrease (or at least not increase, as for GR and
HEP the spectral norm error is flat as a function of £), which is intuitive. While the
rank-restricted errors also tend to decrease for £ > k, the decrease is much less (since

the rank-restricted plots are bounded below by unity) and the behavior is much more



215

complicated as a function of increasing £.

The horizontal axes range from k to 9k for the k = 20 plots and to 3k for the k = 60 plots.
As a practical matter, choosing ¢ between k and (say) 2k or 3k is probably of greatest
interest. In this regime, there is an interesting tradeoff for the non-rank-restricted plots:
for moderately large values of £ in this regime, the error for leverage-based sampling is
moderately better than for uniform sampling or random mixtures, while if one chooses ¢
to be much larger then the improvements from leverage-based sampling saturate and the
uniform sampling and random mixture methods are better. This is most obvious in the
Frobenius-norm plots, although it is also seen in the trace norm plots, and it suggests that

some combination of leverage-based sampling and uniform sampling might be best.

For the rank-restricted plots, in some cases, e.g., with GR and HEB the errors for leverage-
based sampling are much better than for the other methods and quickly improve with
increasing ¢ until they saturate; while in other cases, e.g., with Enron and Gnutella, the
errors for leverage-based sampling improve quickly and then degrade with increasing
¢. Upon examination, the former phenomenon is similar to what was observed in the
non-rank-restricted case and is due to the strong “bias” provided by the leverage score
importance sampling distribution to the top part of the spectrum, allowing the sampling
process to focus very quickly on the low-rank part of the input matrix. (In some cases,
this is due to the fact that the heterogeneity of the leverage score importance sampling
distribution means that one is likely to choose the same high leverage columns multiple
times, rather than increasing the accuracy of the extension by adding new columns whose
leverage scores are lower.) The latter phenomenon of degrading error quality as £ is

increased is more complex and seems to be due to some sort of “overfitting” caused by
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this strong bias and by choosing many more than k columns.

e The behavior of the approximations with respect to the spectral norm is quite different
from the behavior in the Frobenius and trace norms. In the latter, as the number of
samples { increases, the errors tend to decrease, although in an erratic manner for some
of the rank-restricted plots; while for the former, the errors tend to be much flatter as a
function of increasing ¢ for at least the Gaussian, SRFT, and uniformly column sampled

(i.e., Nystrom) sketches.

All in all, there seems to be quite complicated behavior for low-rank sketches for these Laplacian
matrices. Several of these observations can also be made for subsequent figures; but in some
other cases the (very sparse and not very low rank) structural properties of the data are primarily

responsible.

6.9.3.2 Linear kernels

Figures 6.8 and 6.9 show the reconstruction error results for sampling and mixture methods
applied to several linear kernels. The matrices (Dexter, Protein, SNPs, and Gisette) are all quite
low-rank and have fairly uniform leverage scores. Several observations are worth making about

the results presented in these figures.

e All of the methods perform quite similarly for the non-rank-restricted case: all have errors
that decrease smoothly with increasing ¢, and in this case there is little advantage to
using methods other than uniform sampling (since they perform similarly and are more
expensive). Also, since the ranks are so low and the leverage scores are so uniform, the
leverage score extension is no longer significantly distinguished by its tendency to saturate

quickly.
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Figure 6.8: RELATIVE ERRORS OF NON-RANK-RESTRICTED SPSD SKETCHES OF THE LINEAR KERNEL
MATRICES. The relative spectral, Frobenius, and trace-norm errors (6.9.1) of several non-rank-
restricted SPSD sketches, as a function of the number of columns samples £, for the linear kernel
matrices.
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Figure 6.9: RELATIVE ERRORS OF RANK-RESTRICTED SPSD SKETCHES OF THE LINEAR KERNEL MATRICES.
The relative spectral, Frobenius, and trace-norm errors (6.9.2) of several rank-restricted SPSD
sketches, as a function of the number of columns samples ¢, for the linear kernel matrices.
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e The scale of the vertical axes is much larger than for the Laplacian matrices, mostly since
the matrices are much better approximated by low-rank matrices, although the scale

decreases as one goes from spectral to Frobenius to trace reconstruction error, as before.

e For SNPs and Gisette, the rank-restricted reconstruction results are very similar for all
four methods, with a smooth decrease in error as £ is increased, although interestingly
using leverage scores is slightly worse for Gisette. For Dexter and Protein, the situation
is more complicated: using the SRFT always leads to smooth decrease as £ is increased,
and uniform sampling generally behaves the same way also; Gaussian mixtures behave
this way for Protein, but for Dexter Gaussian mixtures are noticably worse than SRFT and
uniform sampling; and, except for very small values of £, leverage-based sampling is worse
still and gets noticably worse as £ is increased. Even this poor behavior of leverage score
sampling on the linear kernels is notably worse than for the rank-restricted Laplacians,
where there was a range of moderately small £ where leverage score sampling was much

superior to other methods.

These linear kernels (and also to some extent the dense RBF kernels below that have larger
o parameter) are examples of relatively “nice” machine learning matrices that are similar to
matrices where uniform sampling has been shown to perform well previously [TKR08, KMT09a,

KMT09b, KMT12]; and for these matrices our empirical results agree with these prior works.

6.9.3.3 Dense and sparse RBF kernels

Figures 6.10-6.13 present the reconstruction error results for sampling and mixture methods
applied to several dense RBF and sparse RBF kernels. Several observations are worth making

about the results presented in these figures.



A~ CWICT|lo/[|A - A,

220

A - CWIC|r/|A — Allr

A — CWIC|./|[A - Ag.

26 1.04
—— nystron|
24F —0—gft
—¥— gaussial) 103
22F —4— levscore|
N 1.021
2r 1051
J J
180 101t
160 s
14 1+
0.99-
12r <]
o098t
s
b 4
08| . . 095! . . 097
(] 50 100 150 0 50 100 150 0 50 100 150
£ (column samples) £ (column samples) £ (column samples)
(a) AbaloneD, o =.15,k =20
E A — CWICT|o/||A — Agl . A - CWICT|r/|A ~ Al R A - CWICT|./|A - Al
N —— nystrol N
—@—gft 18
5r —¥— gaussiar 25
—4— levscord 16
4t 2
14
3 15 12|
1
2F 1
0.8
1t 05 b oo \
00 50 100 150 GO 50 100 150 0'40 50 100 150
£ (column samples) ¢ (column samples) £ (column samples)
(b) AbaloneD, o =1,k =20
’e A — CWICT|o/|A — Al |A - CWICT|r/||A — Axllr Lo A - CWICTIL/IIA - Al
8 oo 05
26 —@—sift 1.04f
—¥— gaussial]
2.4r —4— levscorgy 1.03r
22 1.05f 1.02r
2F " 101t
.
18f P > 1r
16r 1r 0.99-
L4F 098t
3
12} > » 097F >
1 0.95 0.96
0 50 100 150 0 50 100 150 0 50 100 150
£ (column samples) £ (column samples) £ (column samples)
(c) WineD, 0 =1,k =20
. |A— CWICT |,/ - A, L lA-CWICTI /A Adr . |A— CWICT|./|A - Al
5 — . 3
5F —o— gt P 1.25F
—#— gaussia
45 —4— levscore 18 12
ar 115¢
35 16 11f
3 L4F 1.05¢
25 12r 1
2r 0.95-
s
15t 09|
9 J
1t 08 p o085 :
05! 038
() 100 15 0 15 0 50 100 150

50
£ (column samples)

50 100
£ (column samples)

(d) WineD, o0 =2.1,k =20

£ (column samples)

Figure 6.10: RELATIVE ERRORS OF NON-RANK-RESTRICTED SPSD SKETCHES OF THE DENSE RBFK
MATRICES. The relative spectral, Frobenius, and trace-norm errors (6.9.1) of several non-rank-
restricted SPSD sketches, as a function of the number of columns samples ¢, for the dense RBFK
matrices.
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Figure 6.12: RELATIVE ERRORS OF NON-RANK-RESTRICTED SPSD SKETCHES OF THE SPARSE RBFK
MATRICES. The relative spectral, Frobenius, and trace-norm errors (6.9.1) of several non-rank-
restricted SPSD sketches, as a function of the number of columns samples £, for the sparse RBFK

matrices.
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Figure 6.13: RELATIVE ERRORS OF RANK-RESTRICTED SPSD SKETCHES OF THE SPARSE RBFK MATRICES.
The relative spectral, Frobenius, and trace-norm errors (6.9.2) of several rank-restricted SPSD
sketches, as a function of the number of columns samples £, for the sparse RBFK matrices.
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e For the non-rank-restricted results, all of the methods have errors that decrease with
increasing £. In particular, for larger values of o and for denser matrices, the decrease is
somewhat more regular, and the four methods tend to perform similarly. For larger values
of o and sparser matrices, leverage score sampling is somewhat better. This parallels
what we observed with the linear kernels, except that here the leverage score sampling is

somewhat better for all values of £.

e For the non-rank-restricted results for the smaller values of o, leverage score sampling
tends to be much better than uniform sampling and mixture-based methods. For the
sparse matrices, however, this effect saturates. We again observe (especially when o is
smaller in AbaloneS and WineS) the tradeoff we observed previously with the Laplacian
matrices: leverage score sampling is better when ¢ is moderately larger than k, while

uniform sampling and random mixtures are better when £ is much larger than k.

e For the rank-restricted results, we see that when o is large, all of the results tend to
perform similarly. (The exception to this is WineS, for which leverage score sampling starts
out much better than other methods and then gets worse as £ is increased.) On the other
hand, when ¢ is small, the results are more complex. Leverage score sampling is typically
much better than other methods, although the results are quite choppy as a function of £,

and in some cases the effect diminishes as ¢ is increased.

Recall from Table 6.3 that for smaller values of o and for sparser kernels, the SPSD matrices
are less well-approximated by low-rank matrices, and they have more heterogeneous leverage
scores. Thus, they are more similar to the Laplacian matrices than the linear kernel matrices;
and this suggests (as we have observed) that leverage score sampling should perform better

than uniform column sampling and mixture-based schemes in these two cases. In particular,
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nowhere do we see that leverage score sampling performs much worse than other methods, as

we saw with the rank-restricted linear kernel results.

6.9.3.4 Summary of comparison of sampling and mixture-based SPSD Sketches

Several summary observations can be made about sampling versus mixture-based SPSD sketches

for the matrices we have considered.

e Linear kernels and to a lesser extent dense RBF kernels with larger o parameter have
relatively low rank and relatively uniform leverage scores, and in these cases uniform
sampling does quite well. These matrices correspond most closely with those that have
been studied previously in the machine learning literature, and for these matrices our

results are in agreement with that prior work.

e Sparsifying RBF kernels and/or choosing a smaller o parameter tends to make these
kernels worse approximated by low-rank matrices and to have more heterogeneous
leverage scores. In general, these two properties need not be directly related: the spectrum
is a property of eigenvalues, while the leverage scores are determined by the eigenvectors.
However, in the matrices we examined they are related, in that matrices with more slowly

decaying spectra also often have more heterogeneous leverage scores.

e For dense RBF kernels with smaller o and sparse RBF kernels, leverage score sampling
tends to do much better than other methods. Interestingly, the sparse RBF kernels have
many properties of very sparse Laplacian kernels corresponding to relatively unstructured

informatics graphs.

e Reconstruction quality under leverage score sampling saturates, as a function of choosing

more samples ¢; this is seen both for non-rank-restricted and rank-restricted situations.
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As a consequence, there is often a transition between leverage score sampling or other

methods being better as £ increases.

e Although they are potentially ill-conditioned, non-rank-restricted approximations behave
better in terms of reconstruction quality. Rank-constrained approximations tend to have
much more complicated behavior as a function of increasing the number of samples ¢,
including choppier and non-monotonic behavior. This is particularly severe for leverage
score sampling, but it occurs with other methods. Other forms of regularization might be

appropriate.

In general, all of the sampling and mixture-based sketches we considered perform much better
on the SPSD matrices we considered than both the previous worst-case bounds (e.g., [DMO5,
KMT12]) and the bounds derived in this chapter would suggest. Even the worst results corre-

spond to single-digit approximation factors in relative scale.

6.10 A comparison with projection-based low-rank approximations

Finally, we consider the performance of two projection-based SPSD sketches proposed in [HMT11].
Recall from Chapter 5 that these low-rank approximations are constructed by forming an ap-
proximate basis Q for the top k-dimensional eigenspace of A and then restricting A to that
eigenspace.

Given a sampling matrix S, form the matrix Y = AS and take the QR decomposition of
Y to obtain Q, a matrix with orthonormal columns. The first projection-based approximant

mentioned in [HMT11], which we eponymously refer to as the pinched approximant, is simply A
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pinched to the space spanned by Q :

PxsAPxs = Q(Q"AQT)Q.

Note that this approximant requires two passes over A. The second approximant, which we refer

to as the prolonged approximant, is

AQ(Q"AQ)'QTA.

The computation of a prolonged approximant also requires two passes over A.
It is clear that the prolonged approximant can be constructed using our SPSD sketching
model by taking Q as the sketching matrix. In fact, a stronger statement can be made. Recall,

from Lemma 6.1, that for any sketching matrix X, when C = AX and W = XTAX,

cwW'cl = AY2p,,n, A2,

By considering the two choices X = AS and X = Q, we see that in fact the prolonged approximant

is exactly the two-pass SPSD sketch:

AQ(Q"AQ)'AQ =A!2P,120A 2
= AP0 55 AT

= A%S(STA3S)"STAZ.

It follows that the bounds we provide in Section 6.4 on the performance of multi-pass sketches

pertain also to prolonged approximants. In particular, the additional errors of these approximants
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are expected to be at least a factor of A, ;(A)/A,(A) smaller than the additional errors of one-
pass sketches.

In Figure 6.14, we compare the empirical performances of several of the SPSD sketches
considered earlier with pinched and prolonged approximants constructed using the same matrix
S. Specifically, we plot the errors of pinched and prolonged approximants for choices of sketching
matrices corresponding to uniform column sampling, gaussian column mixtures, and SRFT-based
column mixtures, along with the errors of one-pass SPSD sketches constructed using the same
choices of S. In the interest of brevity, we provide results only for a subset of the matrices listed
in Table 6.2 and consider only the nonfixed-rank variants of the sketches.

Some trends are clear from Figure 6.14.

e In the spectral norm, the prolonged approximants are considerably more accurate than
the pinched approximants and one-pass sketches for all the matrices considered. Without
exception, the prolonged Gaussian and SRFT column-mixture approximants are the most
accurate in the spectral norm, of all the schemes considered. Only in the case of the Dexter
linear kernel is the prolonged uniformly column-sampled approximant nearly as accurate
in the spectral norm as the prolonged Gaussian and SRFT approximants. To a lesser extent,
the prolonged approximants are also more accurate in the Frobenius and trace norms
than the other schemes considered. The increased Frobenius and trace norm accuracy
is particularly notable for the two RBF kernel matrices; again, the prolonged Gaussian
and SRFT approximants are considerably more accurate than the prolonged uniformly

column-sampled approximants.

o After the prolonged approximants, the pinched Gaussian and SRFT column-mixture

approximants have the smallest spectral, Frobenius, and trace-norm errors. Again however,
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we see that the pinched uniformly column-sampled approximants are considerably less
accurate than the pinched Gaussian and SRFT column-mixture approximants. Particularly
in the spectral and Frobenius norms, the pinched uniformly column-sampled approximants

are not any more accurate than the uniformly column-sampled sketches.

It is evident that the benefits of pinched and prolonged approximants are most dramatic when
the spectral norm is the error metric, and that Nystrom extensions do not benefit as much from
multiple passes as do other sketching schemes.

It is also evident that the pinched approximants often yield a much slighter increase in
accuracy over the one-pass sketches than do the prolonged approximants. Recall that the
prolonged approximants are simply two-pass sketches. Our investigations point to the conclusion
that two-pass sketches are significantly more accurate than the projection-based low-rank
approximations that also require two passes over A. Of course, one should temper this comparison
with the knowledge that projection-based low-rank approximations, unlike SPSD sketches, are

stably computable.
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Figure 6.14: COMPARISON OF PROJECTION-BASED LOW-RANK APPROXIMATIONS WITH ONE-PASS SPSD
SKETCHES. The relative spectral, Frobenius, and trace-norm errors (6.9.1) of several non-rank-
restricted SPSD sketches, including the pinched and prolonged low-rank approximants, as a
function of the number of columns samples ¢, for several matrices from Table 6.2.
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