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Abstract

We consider statistical as well as algorithmic aspects of solving large-scale least-squares
(LS) problems using randomized sketching algorithms. For a LS problem with input data
(X,Y) € R"*P x R"™, sketching algorithms use a “sketching matrix,” S € R"™*"  where
r < n. Then, rather than solving the LS problem using the full data (X,Y’), sketching
algorithms solve the LS problem using only the “sketched data” (SX,SY). Prior work has
typically adopted an algorithmic perspective, in that it has made no statistical assumptions
on the input X and Y, and instead it has been assumed that the data (X,Y") are fixed and
worst-case (WC). Prior results show that, when using sketching matrices such as random
projections and leverage-score sampling algorithms, with p < r <« n, the WC error is the
same as solving the original problem, up to a small constant. From a statistical perspective,
we typically consider the mean-squared error performance of randomized sketching algo-
rithms, when data (X,Y) are generated according to a statistical linear model Y = X+,
where € is a noise process. In this paper, we provide a rigorous comparison of both perspec-
tives leading to insights on how they differ. To do this, we first develop a framework for
assessing, in a unified manner, algorithmic and statistical aspects of randomized sketching
methods. We then consider the statistical prediction efficiency (PE) and the statistical
residual efficiency (RE) of the sketched LS estimator; and we use our framework to provide
upper bounds for several types of random projection and random sampling sketching algo-
rithms. Among other results, we show that the RE can be upper bounded when p < r < n
while the PE typically requires the sample size r to be substantially larger. Lower bounds
developed in subsequent results show that our upper bounds on PE can not be improved.*

Keywords: algorithmic leveraging, randomized linear algebra, sketching, random pro-
jection, statistical leverage, statistical efficiency
1. Introduction

Recent work in large-scale data analysis has focused on developing so-called sketching al-
gorithms: given a data set and an objective function of interest, construct a small “sketch”

1. A preliminary version of this paper appeared as Raskutti and Mahoney (2014, 2015).
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of the full data set, e.g., by using random sampling or random projection methods, and use
that sketch as a surrogate to perform computations of interest for the full data set (see Ma-
honey (2011) for a review). Most effort in this area has adopted an algorithmic perspective,
whereby one shows that, when the sketches are constructed appropriately, one can obtain
answers that are approximately as good as the exact answer for the input data at hand,
in less time than would be required to compute an exact answer for the data at hand. In
statistics, however, one is often more interested in how well a procedure performs relative
to an hypothesized model than how well it performs on the particular data set at hand.
Thus an important to question to consider is whether the insights from the algorithmic
perspective of sketching carry over to the statistical setting.

Thus, in this paper, we develop a unified approach that considers both the statistical
perspective as well as algorithmic perspective on recently-developed randomized sketching
algorithms, and we provide bounds on two statistical objectives for several types of random
projection and random sampling sketching algorithms.

1.1 Overview of the Problem

The problem we consider in this paper is the ordinary least-squares (LS or OLS) problem:
given as input a matrix X € R™"*P of observed features or covariates and a vector Y € R” of
observed responses, return as output a vector Sorg that solves the following optimization
problem:

Bos = arg min [[Y — X5 (1)

We will assume that n and p are both very large, with n > p, and for simplicity we will
assume rank(X) = p, e.g., to ensure a unique full-dimensional solution. The OLS solution,
Bors = (XTX)71XTY, has a number of well-known desirable statistical properties (Chat-
terjee and Hadi, 1988); and it is also well-known that the running time or computational
complexity for this problem is O(np?) (Golub and Loan, 1996).? For many modern applica-
tions, however, n may be on the order of 10° — 10 and p may be on the order of 103 — 10,
and thus computing the exact LS solution with traditional O(np?) methods can be compu-
tationally challenging. This, coupled with the observation that approximate answers often
suffice for downstream applications, has led to a large body of work on developing fast
approximation algorithms to the LS problem (Mahoney, 2011).

One very popular approach to reducing computation is to perform LS on a carefully-
constructed “sketch” of the full data set. That is, rather than computing a LS estimator
from Problem (1) from the full data (X,Y’), generate “sketched data” (SX,SY) where
S € R™*" with r < n, is a “sketching matrix,” and then compute a LS estimator from the
following sketched problem:

. 2
s € arg win |SY — X3 (2)

2. That is, O(np?) time suffices to compute the LS solution from Problem (1) for arbitrary or worst-case
input, with, e.g., the Cholesky Decomposition on the normal equations, with a QR decomposition, or
with the Singular Value Decomposition (Golub and Loan, 1996).
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Once the sketching operation has been performed, the additional computational complexity
of Bs is O(rp?), i.e., simply call a traditional LS solver on the sketched problem. Thus,
when using a sketching algorithm, two criteria are important: first, ensure the accuracy of
the sketched LS estimator is comparable to, e.g., not much worse, than the performance of
the original LS estimator; and second, ensure that computing and applying the sketching
matrix S is not too computationally intensive, e.g., that is faster than solving the original
problem exactly.

1.2 Prior Results

Random sampling and random projections provide two approaches to construct sketching
matrices S that satisfy both of these criteria and that have received attention recently in
the computer science community. Very loosely speaking, a random projection matrix S is a
dense matrix,? where each entry is a mean-zero bounded-variance Gaussian or Rademacher
random variable, although other constructions based on randomized Hadamard transfor-
mations are also of interest; and a random sampling matrix .S is a very sparse matrix that
has exactly 1 non-zero entry (which typically equals one multiplied by a rescaling factor)
in each row, where that one non-zero can be chosen uniformly, non-uniformly based on
hypotheses about the data, or non-uniformly based on empirical statistics of the data such
as the leverage scores of the matrix X. In particular, note that a sketch constructed from
an r x n random projection matrix S consists of r linear combinations of most or all of the
rows of (X,Y), and a sketch constructed from a random sampling matrix S consists of r
typically-rescaled rows of (X,Y). Random projection algorithms have received a great deal
of attention more generally, largely due to their connections with the Johnson-Lindenstrauss
lemma (Johnson and Lindenstrauss, 1984) and its extensions; and random sampling algo-
rithms have received a great deal of attention, largely due to their applications in large-scale
data analysis applications (Mahoney and Drineas, 2009). A detailed overview of random
projection and random sampling algorithms for matrix problems may be found in the recent
monograph of Mahoney (2011). Here, we briefly summarize the most relevant aspects of
the theory.

In terms of running time guarantees, the running time bottleneck for random projec-
tion algorithms for the LS problem is the application of the projection to the input data,
i.e., actually performing the matrix-matrix multiplication to implement the projection and
compute the sketch. By using fast Hadamard-based random projections, however, Drineas
et al. (2011) developed a random projection algorithm that runs on arbitrary or worst-case
input in o(np?) time. (See Drineas et al. (2011) for a precise statement of the running time.)
As for random sampling, it is trivial to implement uniform random sampling, but it is very
easy to show examples of input data on which uniform sampling performs very poorly. On
the other hand, Drineas et al. (2006b, 2012) have shown that if the random sampling is
performed with respect to nonuniform importance sampling probabilities that depend on
the empirical statistical leverage scores of the input matrix X, i.e., the diagonal entries of
the hat matriz H = X(XTX)71 X7, then one obtains a random sampling algorithm that
achieves much better results for arbitrary or worst-case input.

3. The reader should, however, be aware of recently-developed input-sparsity time random projection meth-
ods (Clarkson and Woodruff, 2013; Meng and Mahoney, 2013; Nelson and Huy, 2013).
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Leverage scores have a long history in robust statistics and experimental design. In
the robust statistics community, samples with high leverage scores are typically flagged as
potential outliers (see, e.g., Chatterjee and Hadi (2006, 1988); Hampel et al. (1986); Hoaglin
and Welsch (1978); Huber and Ronchetti (1981)). In the experimental design community,
samples with high leverage have been shown to improve overall efficiency, provided that the
underlying statistical model is accurate (see, e.g., Royall (1970); Zavlavsky et al. (2008)).
This should be contrasted with their use in theoretical computer science. From the al-
gorithmic perspective of worst-case analysis, that was adopted by Drineas et al. (2011)
and Drineas et al. (2012), samples with high leverage tend to contain the most important
information for subsampling/sketching, and thus it is beneficial for worst-case analysis to
bias the random sample to include samples with large statistical leverage scores or to rotate
to a random basis where the leverage scores are approximately uniformized.

The running-time bottleneck for this leverage-based random sampling algorithm is the
computation of the leverage scores of the input data; and the obvious well-known algorithm
for this involves O(np?) time to perform a QR decomposition to compute an orthogonal basis
for X (Golub and Loan, 1996). By using fast Hadamard-based random projections, however,
Drineas et al. (2012) showed that one can compute approximate QR decompositions and
thus approximate leverage scores in o(np?) time, and (based on previous work (Drineas et al.,
2006b)) this immediately implies a leverage-based random sampling algorithm that runs on
arbitrary or worst-case input in o(np?) time (Drineas et al., 2012). Readers interested in the
practical performance of these randomized algorithms should consult BENDENPIK (Avron
et al., 2010) or LSRN (Meng et al., 2014).

In terms of accuracy guarantees, both Drineas et al. (2011) and Drineas et al. (2012)
prove that their respective random projection and leverage-based random sampling LS
sketching algorithms each achieve the following worst-case (WC) error guarantee: for any
arbitrary (X,Y),

1Y = XBsll} < (1 + W)Y — X Bors3 (3)

with high probability for some pre-specified error parameter x € (0,1). This 1+ & relative-
error guarantee® is extremely strong, and it is applicable to arbitrary or worst-case input.

That is, whereas in statistics one typically assumes a model, e.g., a standard linear model
onY,

Y = X3 +e, (4)
where € RP is the true parameter and € € R™ is a standardized noise vector, with E[e] = 0
and E[eel] = I,,xy, in Drineas et al. (2011) and Drineas et al. (2012) no statistical model

is assumed on X and Y, and thus the running time and quality-of-approximation bounds
apply to any arbitrary (X,Y") input data.

1.3 Our Approach and Main Results

In this paper, we adopt a statistical perspective on these randomized sketching algorithms,
and we address the following fundamental questions. First, under a standard linear model,
e.g., as given in Eqn. (4), what properties of a sketching matrix S are sufficient to ensure

4. The quantity ||8s — Bors||3 is also bounded by Drineas et al. (2011) and Drineas et al. (2012).
5. The nonstandard parameter k is used here for the error parameter since € is used below to refer to the
noise Or error process.
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low statistical error, e.g., mean-squared, error? Second, how do existing random projec-
tion algorithms and leverage-based random sampling algorithms perform by this statistical
measure? Third, how does this relate to the properties of a sketching matrix S that are
sufficient to ensure low worst-case error, e.g., of the form of Eqn. (3), as has been estab-
lished previously in Drineas et al. (2011, 2012); Mahoney (2011)7 We address these related
questions in a number of steps.

In Section 2, we will present a framework for evaluating the algorithmic and statistical
properties of randomized sketching methods in a unified manner; and we will show that
providing worst-case error bounds of the form of Eqn. (3) and providing bounds on two
related statistical objectives boil down to controlling different structural properties of how
the sketching matrix S interacts with the left singular subspace of the design matrix. In
particular, we will consider the oblique projection matrix, Hg = U(SU)'S, where ()T
denotes the Moore-Penrose pseudo-inverse of a matrix and U is the left singular matrix of
X. This framework will allow us to draw a comparison between the worst-case error and
two related statistical efficiency criteria, the statistical prediction efficiency (PE) (which is
based on the prediction error E[[| X (8 — B)||13] and which is given in Eqn. (7) below) and
the statistical residual efficiency (RE) (which is based on residual error E[||Y — X 3||2] and
which is given in Eqn. (8) below); and it will allow us to provide sufficient conditions that
any sketching matrix S must satisfy in order to achieve performance guarantees for these
two statistical objectives.

In Section 3, we will present our main theoretical results, which consist of bounds for
these two statistical quantities for variants of random sampling and random projection
sketching algorithms. In particular, we provide upper bounds on the PE and RE (as well as
the worst-case WC) for four sketching schemes: (1) an approximate leverage-based random
sampling algorithm, as is analyzed by Drineas et al. (2012); (2) a variant of leverage-based
random sampling, where the random samples are not re-scaled prior to their inclusion in the
sketch, as is considered by Ma et al. (2014, 2015); (3) a vanilla random projection algorithm,
where S is a random matrix containing i.i.d. Gaussian or Rademacher random variables,
as is popular in statistics and scientific computing; and (4) a random projection algorithm,
where S is a random Hadamard-based random projection, as analyzed in Boutsidis and
Gittens (2013). For sketching schemes (1), (3), and (4), our upper bounds for each of
the two measures of statistical efficiency are identical up to constants; and they show that
the RE scales as 1 4 2, while the PE scales as 2. In particular, this means that it is
possible to obtain good bounds for the RE when p < r < n (in a manner similar to the
sampling complexity of the WC bounds); but in order to obtain even near-constant bounds
for PE, r must be at least of constant order compared to n. We then present a lower
bound developed in subsequent work by Pilanci and Wainwright (2014) which shows that
under general conditions on S, our upper bound of % for PE can not be improved. For the
sketching scheme (2), we show, on the other hand, that under the strong assumption that
there are k “large” leverage scores and the remaining n — k are “small,” then the WC scales
as 1+ g, the RE scales as 1 + %, and the PE scales as é That is, sharper bounds are
possible for leverage-score sampling without re-scaling in the statistical setting, but much
stronger assumptions are needed on the input data.

In Section 4, we will supplement our theoretical results by presenting our main empirical
results, which consist of an evaluation of the complementary properties of random sampling
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versus random projection methods. Our empirical results support our theoretical results,
and they also show that for r larger than p but much closer to p than n, projection-based
methods tend to out-perform sampling-based methods, while for r significantly larger than
p, our leverage-based sampling methods perform slightly better. In Section 5, we will
provide a brief discussion and conclusion and we provide proofs of our main results in the
Appendix.

1.4 Additional Related Work

Very recently Ma et al. (2014) considered statistical aspects of leverage-based sampling algo-
rithms (called algorithmic leveraging in Ma et al. (2014)). Assuming a standard linear model
on Y of the form of Eqn. (4), the authors developed first-order Taylor approximations to the
statistical relative efficiency of different estimators computed with leverage-based sampling
algorithms, and they verified the quality of those approximations with computations on real
and synthetic data. Taken as a whole, their results suggest that, if one is interested in the
statistical performance of these randomized sketching algorithms, then there are nontrivial
trade-offs that are not taken into account by standard worst-case analysis. Their approach,
however, does not immediately apply to random projections or other more general sketching
matrices. Further, the realm of applicability of the first-order Taylor approximation was
not precisely quantified, and they left open the question of structural characterizations of
random sketching matrices that were sufficient to ensure good statistical properties on the
sketched data. We address these issues in this paper.

After the appearance of the original technical report version of this paper (Raskutti and
Mahoney, 2014), we were made aware of subsequent work by Pilanci and Wainwright (2014),
who also consider a statistical perspective on sketching. Amongst other results, they develop
a lower bound which confirms that using a single randomized sketching matrix S can not
achieve a PE better than 7. This lower bound complements our upper bounds developed in
this paper. Their main focus is to use this insight to develop an iterative sketching scheme
which yields bounds on the PE when an r x n sketch is applied repeatedly.

2. General Framework and Structural Results

In this section, we develop a framework that allows us to view the algorithmic and statistical
perspectives on LS problems from a common perspective. We then use this framework to
show that existing worst-case bounds as well as our novel statistical bounds for the mean-
squared errors can be expressed in terms of different structural conditions on how the
sketching matrix S interacts with the data (X,Y).

2.1 A Statistical-Algorithmic Framework

Recall that we are given as input a data set, (X,Y) € R"*P x R", and the objective function
of interest is the standard LS objective, as given in Eqn. (1). Since we are assuming, without
loss of generality, that rank(X) = p, we have that

Bors = XY = (XTx)"1xTy, (5)
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where ()| denotes the Moore-Penrose pseudo-inverse of a matrix, and where the second
equality follows since rank(X) = p.

To present our framework and objectives, let S € R™™ denote an arbitrary sketching
matrix. That is, although we will be most interested in sketches constructed from random
sampling or random projection operations, for now we let S be any r X n matrix. Then,
we are interested in analyzing the performance of objectives characterizing the quality of a
“sketched” LS objective, as given in Eqn (2), where again we are interested in solutions of
the form

Bs = (SX)TSY. (6)

(We emphasize that this does not in general equal ((SX)TSX)~1(SX)TSY, since the inverse
will not exist if the sketching process does not preserve rank.) Our goal here is to compare
the performance of S5 to Bors. We will do so by considering three related performance
criteria, two of a statistical flavor, and one of a more algorithmic or worst-case flavor.
From a statistical perspective, it is common to assume a standard linear model on Y,

Y =X0B+e¢,

where we remind the reader that 5 € RP is the true parameter and ¢ € R" is a standardized
noise vector, with Ele] = 0 and E[ee!] = I,x,,. From this statistical perspective, we will
consider the following two criteria.

e The first statistical criterion we consider is the prediction efficiency (PE), defined as

follows:
_ E[IX(8-89)3
Cpe(S) = E[| X (8 — Bors)|3]’

where the expectation E[] is taken over the random noise e.

(7)

e The second statistical criterion we consider is the residual efficiency (RE), defined as

follows: E[|Y — XBs]3]
Cre(S) = — 2 PSN2
w8 (5) = By~ XbouslZ) ®

where, again, the expectation E[-] is taken over the random noise e.

Recall that the standard relative statistical efficiency for two estimators 51 and s is de-

fined as eff(f1, f2) = Xgiég;i, where Var(-) denotes the variance of the estimator (see e.g.,

Lehmann (1998)). For the PE, we have replaced the variance of each estimator by the mean-
squared prediction error. For the RE, we use the term residual since for any estimator S,
Y -X [/i’\ are the residuals for estimating Y.

From an algorithmic perspective, there is no noise process €. Instead, X and Y are
arbitrary, and f is simply computed from Eqn (5). To draw a parallel with the usual
statistical generative process, however, and to understand better the relationship between
various objectives, consider “defining” Y in terms of X by the following “linear model”:

Y =XG+e,

where 8 € RP and ¢ € R". Importantly, 5 and ¢ here represent different quantities than in
the usual statistical setting. Rather than e representing a noise process and S representing



RASKUTTI AND MAHONEY

a “true parameter” that is observed through a noisy Y, here in the algorithmic setting,
we will take advantage of the rank-nullity theorem in linear algebra to relate X and Y.6
To define a “worst case model” Y = X3 + € for the algorithmic setting, one can view the
“noise” process € to consist of any vector that lies in the null-space of X”. Then, since the
choice of 8 € R? is arbitrary, one can construct any arbitrary or worst-case input data Y.
From this algorithmic case, we will consider the following criterion.

e The algorithmic criterion we consider is the worst-case (WC) error, defined as follows:

Cwc(S) =sup .
( ) Y ||) _/YB()LSH%

9)

This criterion is worst-case since we take a supremum Y, and it is the performance criterion
that is analyzed in Drineas et al. (2011) and Drineas et al. (2012), as bounded in Eqn. (3).
Writing Y as X3 + €, where X”e = 0, the WC error can be re-expressed as:

Y — XBsl
Cwe(S) = sup )
Y=XpB+e, XTe=0 HY - XﬁOLSH%

Hence, in the worst-case algorithmic setup, we take a supremum over ¢, where X7e = 0,
whereas in the statistical setup, we take an expectation over € where E[e] = 0.

Before proceeding, several other comments about this algorithmic-statistical framework
and our objectives are worth mentioning.

e The most important distinction between the algorithmic approach and the statistical
approach is how the data is assumed to be generated. For the statistical approach,
(X,Y) are assumed to be generated by a standard Gaussian linear model and the
goal is to estimate a true paramter 5 while for the algorithmic approach (X,Y") are
not assumed to follow any statistical model and the goal is to do prediction on Y
rather than estimate a true parameter 8. Since ordinary least-squares is often run
in the context of solving a statistical inference problem, we believe this distrinction
is important and focus in this article more on the implications for the statistical
perpsective.

e From the perspective of our two linear models, we have that Bors = S+(XTX) 1 X e.
In the statistical setting, since E[ee’] = I,,xy, it follows that Bors is a random variable
with E[Bors] = 8 and E[(8 — Bors)(B — Bors)'] = (XTX)~!. In the algorithmic
setting, on the other hand, since X”e = 0, it follows that Bors = f3.

o Crp(S) is a statistical analogue of the worst-case algorithmic objective Cyy¢(.S), since
Iy —XBsll3
Y -XBorsllz
in the algorithmic setting is replaced by an expectation over noise € in the statistical

both consider the ratio of the metrics The difference is that a sup over Y’

6. The rank-nullity theorem asserts that given any matrix X € R™*? and vector Y € R”, there exists a
unique decomposition Y = X3 + ¢, where 8 is the projection of Y on to the range space of X7 and
e =Y — X§ lies in the null-space of X7 (Meyer, 2000).
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setting. A natural question is whether there is an algorithmic analogue of Cpg(5).
Such a performance metric would be:

sup | X(8 - B3s)II3
y |1 X(8—Bows)|3’

(10)

where 3 is the projection of Y on to the range space of X©. However, since Sors =
B+ (XTX)"1XTe and since XTe = 0, Bors = f in the algorithmic setting, the
denominator of Eqn. (10) equals zero, and thus the objective in Eqn. (10) is not well-
defined. The “difficulty” of computing or approximating this objective parallels our
results below that show that approximating Cpg(S) is much more challenging (in
terms of the number of samples needed) than approximating Crg(S).

e In the algorithmic setting, the sketching matrix S and the objective Cyyc(.S) can de-
pend on X and Y in any arbitrary way, but in the following we consider only sketching
matrices that are either independent of both X and Y or depend only on X (e.g., via
the statistical leverage scores of X). In the statistical setting, S is allowed to depend
on X, but not on Y, as any dependence of S on Y might introduce correlation between
the sketching matrix and the noise variable e. Removing this restriction is of interest,
especially since one can obtain WC bounds of the form Eqn. (3) by constructing S by
randomly sampling according to an importance sampling distribution that depends
on the influence scores—essentially the leverage scores of the matrix X augmented
with —Y as an additional column—of the (X,Y") pair.

e Both Cpg(S) and Crg(S) are qualitatively related to quantities analyzed by Ma
et al. (2014, 2015). In addition, Cyyc(S) is qualitatively similar to Cov(3]Y) in Ma
et al. (2014, 2015), since in the algorithmic setting Y is treated as fixed; and Crg(95)
is qualitatively similar to Cov(8) in Ma et al. (2014, 2015), since in the statistical
setting Y is treated as random and coming from a linear model. That being said, the
metrics and results we present in this paper are not directly comparable to those of
Ma et al. (2014, 2015) since, e.g., they had a slightly different setup than we have

here, and since they used a first-order Taylor approximation while we do not.

2.2 Structural Results on Sketching Matrices

We are now ready to develop structural conditions characterizing how the sketching matrix
S interacts with the data matrix X that will allow us to provide upper bounds for the
quantities Cyc(95),Cpr(S), and Cre(S). To do so, recall that given the data matrix X,
we can express the singular value decomposition of X as X = ULV”, where U € R™*P ig
an orthogonal matrix, i.e., UTU = pxp- In addition, we can define the oblique projection
matrix

g .= U(SuU)s. (11)

Note that if rank(SX) = p, then I1§ can be expressed as 11§ = U(UTSTSU)~1UTSTS,
since UTSTSU is invertible. Importantly however, depending on the properties of X and
how S is constructed, it can easily happen that rank(SX) < p, even if rank(X) = p.
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Given this setup, we can now state the following lemma, the proof of which may be found
in Section A.1. This lemma characterizes how Cyc(S), Cpr(S), and Crg(S) depend on
different structural properties of Hg and SU.

Lemma 1 For the algorithmic setting,

I —(SU)T(SUNSII2 Y el12
Cwe(S)=1+  sup | (Lpxp — ( 3 (SU))d|I3 n I 562H2 .
§€RP,UT =0 H6”2 ”6”2

For the statistical setting,

and

|y = (SUST)ZVTBIE | IS |7

c S) =
PE(S) ) )

Uy = (V) SU)EVTBI3 | )3 —p _ | Cra(S)-1

=1
Cre(S) + p— — njp—1

Several points are worth making about Lemma 1.

e For all 3 criteria, the term which involves (SU)TSU is a “bias” term that is non-zero in

the case that rank(SU) < p. For Cpg(S) and Crp(S), the term corresponds exactly
to the statistical bias; and if rank(SU) = p, meaning that S is a rank-preserving
sketching matrix, then the bias term equals 0, since (SU)TSU = Ipxp. In practice,
if r is chosen smaller than p or larger than but very close to p, it may happen that
rank(SU) < p, in which case this bias is incurred.

The final equality Crg(S) = 1 + %

difficult (in terms of the number of samples needed) to obtain bounds on Cpg(5)
than Crp(S)—since Crg(S) re-scales Cpg(S) by p/n, which is much less than 1.
This will be reflected in the main results below, where the scaling of Crg(S) will be
a factor of p/n smaller than Cpg(S). In general, it is significantly more difficult to
bound Cpg(S), since | X (8 — Bors)||3 is p, whereas ||Y — X Bors||3 is n — p, and so
there is much less margin for error in approximating Cpg(.5).

shows that in general it is much more

In the algorithmic or worst-case setting, sup.cgn {0} 117 e=0 Hlﬁ% is the relevant quan-
tity, whereas in the statistical setting ||IIZ||% is the relevant quantity. The Frobe-
nius norm enters in the statistical setting because we are taking an average over ho-
moscedastic noise, and so the £ norm of the eigenvalues of Hg need to be controlled.
On the other hand, in the algorithmic or worst-case setting, the worst direction in the

null-space of U needs to be controlled, and thus the spectral norm enters.

3. Main Theoretical Results

In this section, we provide upper bounds for Cy¢(S), Cpgr(5), and Crg(S), where S corre-
spond to random sampling and random projection matrices. In particular, we provide upper
bounds for 4 sketching matrices: (1) a vanilla leverage-based random sampling algorithm

10
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from Drineas et al. (2012); (2) a variant of leverage-based random sampling, where the ran-
dom samples are not re-scaled prior to their inclusion in the sketch; (3) a vanilla random
projection algorithm, where S is a random matrix containing i.i.d. sub-Gaussian random
variables; and (4) a random projection algorithm, where S is a random Hadamard-based
random projection, as analyzed in Boutsidis and Gittens (2013).

3.1 Random Sampling Methods

Here, we consider random sampling algorithms. To do so, first define a random sampling
matrix S € R™ as follows: S;; € {0,1} for all (i,5) and > i1 S;; = 1, where each row has
an independent multinomial distribution with probabilities (p;);;. The matrix of cross-
leverage scores is defined as L = UU T ¢ R and ¢; = Lj; denotes the leverage score
corresponding to the ¥ sample. Note that the leverage scores satisfy Yo b =trace(L) =
pand 0 < /4; <1.

The sampling probability distribution we consider (p;);~; is of the form p; = (1 —
9)% + 0g;, where {g;}7_, satisfies 0 < ¢; < 1 and >, ¢; = 1 is an arbitrary probability
distribution, and 0 < 6 < 1. In other words, it is a convex combination of a leverage-based
distribution and another arbitrary distribution. Note that for 8 = 0, the probabilities are
proportional to the leverage scores, whereas for § = 1, the probabilities follow {g;}" ;.

We consider two sampling matrices, one where the random sampling matrix is re-scaled,
as in Drineas et al. (2011), and one in which no re-scaling takes place. In particular, let
Syr = S denote the random sampling matrix (where the subscript NR denotes the fact
that no re-scaling takes place). The re-scaled sampling matrix is Sp € R™" = S W, where

W € R" ™ is a diagonal re-scaling matrix, where [W}];; = \/% and Wj; = 0 for j # i. The

quantity I% is the re-scaling factor. In this case, we have the following result, the proof of
which may be found in Section B.1.

Theorem 1 For S = Sg, there exists constants C' and C' such that if r > (10%9) log ((lclg)),
rank(SRU) = p and:

Cwc(Sr)
Cpe(SRr)

CRE(SR) < 1+ 442;),

IN

1+ 127
T

IN

442
T

with probability at least 0.7.

Several things are worth noting about this result. First, note that both Cyc(Sg) — 1 and
Cre(Sr)—1scale as 2; thus, it is possible to obtain high-quality performance guarantees for
ordinary least squares, as long as £ — 0, e.g., if r is only slightly larger than p. On the other
hand, Cpg(Sg) scales as , meaning r needs to be close to n to provide similar performance
guarantees. Next, note that all of the upper bounds apply to any data matrix X, without
assuming any additional structure on X. Finally, note that when 6§ = 1, which corresponds
to sampling the rows based on {¢;}}, all the upper bounds are co. Our simulations also
reveal that uniform sampling generally performs more poorly than leverage-score based
approaches under the linear models we consider.

11
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An important practical point is the following: the distribution {¢;}?_; does not enter
the results. This allows us to consider different distributions. An obvious choice is uniform,
ie., g =1 (seee.g, Maet al. (2014, 2015)). Another important example is that of approa-
imate leverage-score sampling, as developed in Drineas et al. (2012). (The running time of
the main algorithm of Drineas et al. (2012) is o(np?), and thus this reduces computation
compared with the use of exact leverage scores, which take O(np?) time to compute). Let
(E)?:l denote the approximate leverage scores developed by the procedure in Drineas et al.
(2012). Based on Theorem 2 in Drineas et al. (2012), |¢; — /;| < e where 0 < € < 1 for r
appropriately chosen. Now, using p; = %, p; can be re-expressed as p; = (1—6)% +€q; where
(gi)i— is a distribution (unknown since we only have a bound on the approximate leverage
scores). Hence, the performance bounds achieved by approximate leveraging are analogous
to those achieved by adding e multiplied by a uniform or other arbitrary distribution.

Next, we consider the leverage-score estimator without re-scaling Sygr. In order to
develop nontrivial bounds on Cywc(Syr), Cpe(Snvr), and Cre(Snr), we need to make a
strong assumption on the leverage-score distribution on X. To do so, we define the following.

Definition 1 (k-heavy hitter leverage distribution) A sequence of leverage scores (¢;)7_,
is a k-heavy hitter leverage score distribution if there exist constants ¢, C > 0 such that for
1<t <k, % </ < % and for the remaining n — k leverage scores, Zf:k—&—l l; < %.

The interpretation of a k-heavy hitter leverage distribution is one in which only & samples
in X contain the majority of the leverage score mass. In the simulations below, we provide
examples of synthetic matrices X where the majority of the mass is in the largest leverage
scores. The parameter k acts as a measure of non-uniformity, in that the smaller the k, the
more non-uniform are the leverage scores. The k-heavy hitter leverage distribution allows
us to model highly non-uniform leverage scores. In this case, we have the following result,
the proof of which may be found in Section B.2.

Theorem 2 For S = Sygr, with 0 = 0 and assuming a k-heavy hitter leverage distribution
and, there exist constants c1 and r > c1plog (CQp), such that rank(Snygr) = p and:

44C*
Cwe(Svr) < 14— g
44C* k
Cpr(S < -
PE(SNR) =~
44C* pk
Cre(Snr) < 14— L
C nr

with probability at least 0.6.

Notice that when k < n, bounds in Theorem 2 on Cpg(Syg) and Crg(Syg) are signifi-
cantly sharper than bounds in Theorem 1 on Cpg(Sg) and Crg(Sg). Hence not re-scaling
has the potential to provide sharper bound in the statistical setting. However a stronger
assumption on X is needed for this result.

12
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3.2 Random Projection Methods

Here, we consider two random projection algorithms, one based on a sub-Gaussian pro-
jection matrix and the other based on a Hadamard projection matrix. To do so, define
[Ssarlij = #Xij, where (Xj;)i1<i<ri<j<n are i.i.d. sub-Gaussian random variables with
E[X;;] = 0, variance E[ij] = 02 and sub-Gaussian paramater 1. In this case, we have the
following result, the proof of which may be found in Section B.3.

Theorem 3 For any matriz X, there exists a constant ¢ such that if r > clogn, then with
probability greater than 0.7, it holds that rank(Ssap) = p and that:

Cwc(Ssap) < 1+11§

Cpre(Ssgp) < 44(1+;)

Cre(Ssap) < 1+44$-

Notice that the bounds in Theorem 3 for Sggp are equivalent to the bounds in Theorem 1
for Sk, except that r is required only to be larger than O(log n) rather than O(plog p). Hence
for smaller values of p, random sub-Gaussian projections are more stable than leverage-
score sampling based approaches. This reflects the fact that to a first-order approximation,
leverage-score sampling performs as well as performing a smooth projection.

Next, we consider the randomized Hadamard projection matrix. In particular, Sg.q =
SunigHD, where H € R"*™ is the standard Hadamard matrix (see e.g., Hedayat and Wallis
(1978)), Sunif € R™™ is an r x n uniform sampling matrix, and D € R"*" is a diagonal
matrix with random equiprobable 41 entries. In this case, we have the following result, the
proof of which may be found in Section B.4.

Theorem 4 For any matriz X, there exists a constant ¢ such that if r > cplogn(logp +
loglogn), then with probability greater than 0.8, it holds that rank(Sg.q) = p and that:

IN

Cwec(SHad)
CrE(SHad) < 4010g(np)(1+%)
D
)

Cpe(SHaa) < 14 40log(np)(1+ 2

1440 log(np)]Z
T

Notice that the bounds in Theorem 4 for Sgqq are equivalent to the bounds in Theorem 1
for Sr, up to a constant and log(np) factor. As discussed in Drineas et al. (2011), the
Hadamard transformation makes the leverage scores of X approximately uniform (up to
a log(np) factor), which is why the performance is similar to the sub-Gaussian projection
(which also tends to make the leverage scores of X approximately uniform). We suspect
that the additional log(np) factor is an artifact of the analysis since we use an entry-wise
concentration bound; using more sophisticated techniques, we believe that the log(np) can
be removed. The probabilities of 0.6,0.7, and 0.8 for which the upper bounds hold in the
four Theorems above is an artifact of the concentration bounds used the proof and can be
improved at the expense of weaker constants (e.g. 40) in front of the efficiency bounds. As

13
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we show in the next section, the upper bound of % on Cpg(S) for S = Sg, Ssgp and Sgaa
can not be improved up to constant while for S = Sygr the upper bound of % can not be
improved.

3.3 Lower Bounds

Subsequent to the dissemination of the original version of this paper (Raskutti and Mahoney,
2014), Pilanci and Wainwright (2014) amongst other results develop lower bounds on the
numerator in Cpg(.S). This proves that our upper bounds on Cpg(S) can not be improved.
We re-state Theorem 1 (Example 1) in Pilanci and Wainwright (2014) in a way that makes
it most comparable to our results.

Theorem 5 (Theorem 1 in Pilanci and Wainwright (2014)) For any sketching ma-
triz satisfying ||[E[ST(SST)™1S]|lop < 0L, any estimator based on (SX,SY) satisfies the
lower bound with probability greater than 1/2:

n
128nr

Cpe(S)

Pilanci and Wainwright (2014) show that for S = Sg, Ssgp and Sgaq, |E[ST (SST)~1S] llop <
c,- where c is a constant and hence 7 = ¢ and the lower bound matches our upper bounds
up to constant. On the other hand, for S = Syg, it is straightforward to show that
[E[ST(SST)™1S]lop < ¢} for some constant ¢ and hence n = ¢ and the lower bound scales
as %, to match the upper bound on Cpg(Sygr) from Theorem 2. This is why we are able
to prove a tighter upper bound when the matrix X has highly non-uniform leverage scores.

Importantly, this proves that Cpg(S) is a quantity that is more challenging to control
than Crg(S) and Cwc(S) when only a single sketch is used. Using this insight, Pilanci
and Wainwright (2014) show that by using a particular iterative Hessian sketch, Cpg(S)
can be controlled up to constant. In addition to providing a lower bound on the PE
using a sketching matrix just once, Pilanci and Wainwright (2014) also develop a new
iterative sketching scheme where sketching matrices are used repeatedly can reduce the PE
significantly. Once again the probability of 0.5 can be improved by making the constant of
1—%8 less tight.

Finally in prior related work, Lu and Foster (2014); Lu et al. (2013) show that the
rate 1+ £ may be achieved for the PE using the estimator B=((SX)T(SX))"'XTY. This
estimator is related to the ridge regression estimator since sketches or random projections are
applied only in the computation of the X7 X matrix and not X7Y. Since both XY and
(SX)T(SX) have small dimension, this estimator has significant computational benefits.
However this estimator does not violate the lower bound in Pilanci and Wainwright (2014)
since it is not based on the sketches (SX, SY) but instead uses (SX, XTY).

4. Empirical Results

In this section, we present the results of an empirical evaluation, illustrating the results of
our theory. We will compare the following 6 sketching matrices.

(1) S = Sg - random leverage-score sampling with re-scaling.
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(2) S = Syg - random leverage-score sampling without re-scaling.

(3) S = Sunif - random uniform sampling (each sample drawn independently with prob-
ability 1/n).

(4) S = Sgp, - random leverage-score sampling with re-scaling and with 6 = 0.1.
(5) S = Sgp - Gaussian projection matrices.
(6) S = Spaq - Hadamard projections.

To compare the methods and see how they perform on inputs with different leverage scores,
we generate test matrices using a method outlined in Ma et al. (2014, 2015). Set n = 1024
(to ensure, for simplicity, an integer power of 2 for the Hadamard transform) and p = 50,
and let the number of samples drawn with replacement, r, be varied. X is then generated
based on a t-distribution with different choices of v to reflect different uniformity of leverage
scores. Each row of X is selected independently with distribution X; ~ ¢,(X), where X
corresponds to an auto-regressive model with v the degrees of freedom. The 3 values of
v presented here are v = 1 (highly non-uniform), v = 2 (moderately non-uniform), and
v =10 (very uniform). See Figure 1 for a plot to see how v influences the uniformity of the
leverage scores. For each setting, the simulation is repeated 100 times in order to average
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Figure 1: Ordered leverage scores for different values of v (a) and cumulative sum of ordered
leverage scores for different values of v (b).

over both the randomness in the sampling, and in the statistical setting, the randomness
over y.

Note that a natural comparison can be drawn between the parameter v and the param-
eter k in the k-heavy hitter definition. If we want to find the value k& such that 90% of the
leverage mass is captured, for v = 1, k ~ 100, for v = 2, k ~ 700 and for v = 10, k ~ 900,
according to Figure 1 (b). Hence the smaller v, the smaller k since the leverage-scores are
more non-uniform.
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We first compare the sketching methods in the statistical setting by comparing Cpg/(S).
In Figure 2, we plot the average Cpg(S) for the 6 subsampling approaches outlined above,
averaged over 100 samples for larger values of r between 300 and 1000. In addition, in
Figure 3, we include a table for results on smaller values of r between 80 and 200, to get a
sense of the performance when 7 is close to p. Observe that in the large r setting, Syg is
clearly the best approach, out-performing Sg, especially for v = 1. For small r, projection-
based methods work better, especially for v = 1, since they tend to uniformize the leverage
scores. In addition, Sgp, is superior compared to Sygr, when r is small, especially when
v = 1. We do not plot Crg(9S) as it is simply a re-scaled Cpg(S) to Lemma 1.

Crpe(S)

1
300 400 500 600 700 800 900 1000
r

(a) v =10

(b) V': 2

Figure 2: Relative prediction efficiency Cpg(S) for large r.

r Sr | SNR | Sunif | Sshr | Sap | SHad
80 |39.8 387 [37.3 [39.8 |355 |40.0
90 | 278|272 |27.2 [272 261 | 274
100 | 224 | 22.1 [ 227 |22.2 | 21.3 | 23.1
200 | 8.33 | 7.88 | 851 | 7.62 [ 820 |8.14
(a) v=10
r Sk | SNR | Sunif Ssnr | Sap | SHad
80 | 70.7 [ 60.1 | 1.05 x 10 | 73.3 | 36.5 | 39.8
90 | 45.6 | 34.6 | 66.2 44.7 1 26.7 | 28.2
100 | 35.1 [ 25.9 | 52.8 33.8 | 22.1 | 225
200 | 9.82 | 5.54 | 15.3 9.17 | 7.59 | 7.81
(b)y v=2
r Sr SNR Sunif Sshr Sap | SHad
80 |4.4x10%[3.1x10*[7.0x10% | 1.4x10* | 34.2 | 40.0
90 | 1.5x10* [ 7.0x10% | 5.2 x 103 | 1.0 x 10% | 26.0 | 28.7
100 | 1.8 x 10* | 3.6 x 10% | 3.9 x 10% | 3.4 x 10% | 22.7 | 24.8
200 | 2.0 x 10% | 34.0 5.2 x 10% | 3.6 x 10% | 7.94 | 7.84
(c)v=1

Figure 3: Relative prediction efficiency Cpg/(S) for small r.

Overall, Sygr, Sgr, and Sgyp, compare very favorably to Si,;r, which is consistent with
Theorem 2, since samples with higher leverage scores tend to reduce the mean-squared
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error. Furthermore, Sr (which recall involves re-scaling) only increases the mean-squared
error, which is again consistent with the theoretical results. The effects are more apparent
as the leverage score distiribution is more non-uniform (i.e., for v = 1).

The theoretical upper bound in Theorems 1- 4 suggests that Cpg(S) is of the order 7,
independent of the leverage scores of X, for S = Sp as well as S = Spqq and Sgp. On the
other hand, the simulations suggest that for highly non-uniform leverage scores, Cpgr(Sg)
is higher than when the leverage scores are uniform, whereas for S = Sg.q and Sgp, the
non-uniformity of the leverage scores does not significantly affect the bounds. The reason
that Sp.q and Sgp are not significantly affected by the leverage-score distribution is that
the Hadamard and Gaussian projection has the effect of making the leverage scores of any
matrix uniform Drineas et al. (2011). The reason for the apparent disparity when S = S is
that the theoretical bounds use Markov’s inequality which is a crude concentration bound.
We suspect that a more refined analysis involving the bounded difference inequality would
reflect that non-uniform leverage scores result in a larger Cpgr(Sg).

Pt

o000 o
» 0 00 o

do a0 500 600 700 800 900 1000 doo 400 500 600 700 800 900 1000 doo 400 500 600 700 800 900 1000
r r

(a) v =10 (b)yr=2 (c)r=1
Figure 4: Worst-case relative error Cyy ¢ (S) for large r.

Finally, Figures 4 and 5 provide a comparison of the worst-case relative error Cyycg(S)
for large and small (r > 200 and r < 200, respectively) values of 7. Observe that, in general,
Cwc(S) are much closer to 1 than Cpg(S) for all choices of S. This reflects the scaling of
B difference between the bounds. Interestingly, Figures 4 and 5 indicates that Syp still
tends to out-perform Sg in general, however the difference is not as significant as in the
statistical setting.

5. Discussion and Conclusion

In this paper, we developed a framework for analyzing algorithmic and statistical criteria for
general sketching matrices S € R™*™ applied to the least-squares objective. As our analysis
makes clear, our framework reveals that the algorithmic and statistical criteria depend on
different properties of the oblique projection matrix IIY = U(SU)'U, where U is the left

singular matrix for X. In particular, the algorithmic criteria (WC) depends on the quantity
[T e
SUPUTe=0 i,

two statistical criteria (RE and PE) depends on ||[IIZ ||, since in that case the data follow
a linear model with homogenous noise variance.

, since in that case the data may be arbitrary and worst-case, whereas the
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r Sr | SNR | Sunif | Ssnr | Sap | SHad
80 [2.82 278 [ 294 |[282 |2.74 |2.89
90 [2.34]232 [240 |[237 |224]233
100 | 2.04 | 2.01 | 2.09 | 2.06 | 2.02 | 2.03
200 [ 1.33 1131 [ 136 [1.32]1.34 134
(a) v=10
r Sr | SNR | Sunif | Ssnr | ScP | SHad
80 |4.46 | 3.69 | 5.71 | 4.33 | 2.81 | 2.99
90 [3.25]285 [429 |[3.18 | 227|228
100 | 2.70 [ 2.20 | 3.52 | 2.61 | 2.06 | 2.10
200 | 143 122 [ 1.70 | 1.42 |1.34 | 1.36
(b)) v=2
r Sr SNR Strnif Sshr Sap | SHad
80 | 6.0 x10” | 6.0 x 10'0 | 2.1 x 10° | 6.9 x 10% | 2.64 | 2.85
90 | 1.7 x10° | 3.7 x 10* | 2.4 x10° | 5.0 x 10% | 2.35 | 2.35
100 [ 9.1 x 10* [ 45 x10* [ 1.3x10° | 1.8 x 102 | 2.07 | 2.12
200 | 2.1 x 102 | 70.0 1.6 x 10* | 18.0 1.34 | 1.35
(c)v=1

Figure 5: Worst-case relative error Cyy¢(.S) for large r.

Using our framework, we develop upper bounds for 3 performance criteria applied to
4 sketching schemes. Our upper bounds reveal that in the regime where p < r < n, our
sketching schemes achieve optimal performance up to constants, in terms of WC and RE.
On the other hand, the PE scales as & meaning r needs to be close to (or greater than) n for
good performance. Subsequent lower bounds in Pilanci and Wainwright (2014) show that
this upper bound can not be improved, but subsequent work by Pilanci and Wainwright
(2014) as well as Lu and Foster (2014); Lu et al. (2013) provide alternate more sophisticated
sketching approaches to deal with these challenges. Our simulation results reveal that for
when r is very close to p, projection-based approaches tend to out-perform sampling-based
approaches since projection-based approaches tend to be more stable in that regime.

There are numerous ways in which the framework and results from this paper can be ex-
tended. Firstly, there is a large literature that presents a number of different approaches to
sketching. Since our framework provides general conditions to assess the statistical and algo-
rithmic performance for sketching matrices, a natural and straightforward extension would
be to use our framework to compare other sketching matrices. Another natural extension is
to determine whether aspects of the framework can be adapted to other statistical models
and problems of interest (e.g., generalized linear models, covariance estimation, PCA, etc.).
Finally, another important direction is to compare the stability and robustness properties
of different sketching matrices. Our current analysis assumes a known linear model, and it
is unclear how the sketching matrices behave under model mis-specification.
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Appendix A. Auxiliary Results

In this section, we provide proofs of Lemma 1 and an intermediate result we will later use
to prove the main theorems.

A.1 Proof of Lemma 1

Recall that X = ULV, where U € R"*P, ¥ € RP*P and V € RP*P denote the left singular
matrix, diagonal singular value matrix and right singular matrix respectively.
First we show that |Y — XBors||3 = ||€]|3. To do so, observe that

IV = Xporslz = IV —USV" Borsl3,
and set dor.s = V7T Bors. It follows that dors = UTY. Hence
IY — XBors|3 = Y —HuY |3,

where II;; = UUT. For every Y € R”, there exists a unique 6 € RP and € € R” such that
UTe =0and Y = U§ + €. Hence

1Y — XBorsllz = ||(Inxn — Hu)el3 = |l€ll3,

where the final equality holds since II;e = 0.
Now we analyze ||Y — X Bs||3. Observe that

IY — XBsl3 = Y - Ig Y13,
where 11 = U(SU)'S. Since Y = U§ + ¢, it follows that

1Y = XBsl3 = IIUUpxp — (SUY'SU)S + (Tnsen — I el
= pxp — (SUYSUYSIZ + || (Inxn — I )ell3
= | pxp — (SU)'SU)SIZ + llell3 + I[TLell3.

Therefore for all Y:

Cvo(S) = IV = XBslE _ . Upxp = (SUY'SU)SS + [I1Tgell3
Y — XBorsl3 lel13 ’

where UTe = 0. Taking a supremum over Y and consequently over € and & completes the
proof for Cy ¢ (S5).
Now we turn to the proof for Cpg(S). First note that

E[| X (Bors — A)I3] = E[|lUUTY — USVTB]3].
Under the linear model Y = UXVT 3 + ¢,

E[|X (Bors — B)I3] = E[l|Tyell3].
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Since E[ee’] = I,,xn, it follows that
E[||X (Bors — B)|3] = EllTyel3] = TMy|F = p
For Bg, we have that

E[| X (8s — B)II3] = E[IISY —USVTB[3] = E[|(UI — (SU)'SU)SVT 5 + Igel3]
1(Tpxp — (SU)'STYZVT B3 + E[| TG el|3]
1(Tpxp — (SU)' STV B3 + T3

Hence Cpg(S) = 1/p(||(Iyxp — (SU)TSU)SVT |3 + |T19]12) as stated.
For Crp(S), the mean-sqaured error for dprs and dg are

E[|Y — XBorsll3] = E[I(I —1Y)e|]3]

and
E[|Y — XBsl3] = (Ipxp — (SU)'SU)SVTBI5 + E[|| (I — 1 )el|3]
= ||[(Ipxp — (SU)ISU)SVT B3 + trace((I — TIs)T (I — Tlg))
= |(Ipxp — (SU)TSU)EVTﬁH% + trace(I) — 2trace(Ilg) + HHSH%
= Iy — (SU)'SU)SVTBII5 + n — 2p + | Ts| %
= ||(pxp — (SUISU)SVT B3 + 1 — p + ||Ts|3 — p.
Hence,

n =+ [|pxp — (SO SU)RVT B[S + |||} — p

Cre(S) = p—
WU = (S SUYSVT BB + 1153~ p
n—p
|, Cre(8) =1

n/p—1

A.2 Intermediate Result

In order to provide a convenient way to parameterize our upper bounds for Cwc(S),
Cpg(9), and Crg(S), we introduce the following three structural conditions on S. Let
Fmin(A) denote the minimum non-zero singular value of a matrix A.

e The first condition is that there exists an «(S) > 0 such that
anin(ST) 2 a(S). (12)

e The second condition is that there exists a §(S) such that

|UTST Se||o

e, UTe=0 H€”2

< B(9). (13)

20



STATISTICAL PERSPECTIVE ON RANDOMIZED SKETCHING ALGORITHMS

e The third condition is that there exists a y(S) such that

IUTSTS|F < A(S). (14)

Note that the structural conditions defined by «a(S) and $(S) have been defined previously
as Eqn. (8) and Eqn. (9) in Drineas et al. (2011).

Given these quantities, we can state the following lemma, the proof of which may be
found in Section A.2. This lemma provides upper bounds for Cyy¢(S), Cpgr(S), and Crg(S)
in terms of the parameters «(S), 5(S5), and v(.5).

Lemma 2 For «(S) and B(S), as defined in Eqn. (12) and (13),

Ny — (SUYH(SUNSIE . B2(S)
Cwe(S) <1+ sup + .
) S el a1(S)

For a(S) and v(S), as defined in Eqn. (12) and (14),

I(Zpxp = (SU)SU)EVIBI | 7*(S)

Cre(s) = » a1(S)

Furthermore,

I _ T by T 3112 2

Crp(S) <14+ [y (SUZ)) SURV Bl 14% .

Again, the terms involving (SU)TSU are a “bias” that equal zero for rank-preserving sketch-
ing matrices. In addition, we emphasize that the results of Lemma 1 and Lemma 2 hold
for arbitrary sketching matrices S. In Appendix A.3, we bound «(S5), 5(S) and ~(S) for
several different randomized sketching matrices, and this will permit us to obtain bounds
on Cwe(S), Cpe(S), and Crp(S). For the sketching matrices we analyze, we prove that
the bias term is 0 with high probability.

A.3 Proof of Lemma 2

Note that Ijg =U(SU )jS . Let rank(SU) = k < p, and the singular value decomposition
is SU = UXVT, where ¥ € R¥** is a diagonal matrix with non-zero singular values of SU.
Then,

IYel3 _ (U(ST)S (ST Sell3
lel3 lel3 el
HVS”(?TSeH%
Bk
[ VETTET S|
el ’
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where we have ignored the bias term which remains unchanged. Note that ve2yT -
a™2(S)I,xp and VEUT = (SU)T = UTST. Hence,

ey _ VEVIVEDT S
lell3 llell3
[UTST Sell3
= aA(9)ell3
B
at(S)|le|l3’

and the upper bound on Cy¢(S) follows.
Similarly,

I (% = 1U(SU) |5 = [(SU)'S|F = [VEVIVETTS|F < o= H(S)[UTST S|
and the upper bound on Cpg(S) follows.

Appendix B. Proof of Main Theorems

The proof techniques for all of four theorems are similar, in that we use the intermediate
result Lemma 2 and bound the expectations of «(S), 5(5), and ~(S) for each S, then apply
Markov’s inequality to develop high probability bounds.

B.1 Proof of Theorem 1

First we bound a?(Sg) by using existing results in Drineas et al. (2011). In particular
applying Theorem 4 in Drineas et al. (2011) with 3 =1—-0, A=U"T, e = % and § = 0.1
provides the desired lower bound on «(Sg) and ensures that the ”bias” term in Lemma 2
is 0 since rank(SrU) = p.

To upper bound [(Sg), we first upper bound its expectation, then apply Markov’s
inequality. Using the result of Table 1 (second row) of Drineas et al. (2006a) with 5 = 1—0:

p
E[|U" SkSrel3] < U N Fllell3 = 55 lells-

1
(1-6) (1—0)r
Applying Markov’s inequality,

11p

"UTS£SR€||% < mlléllg,

with probability at least 0.9.
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Finally we bound ~(Sg):

1
JUTSESR|%] = , [trace(UT (S%SR)2U)]

D n n
= 3 UL ((SES)
j=1i=1 k=1
P n
= I3y U2 (shsa)

PiDa

1
b

1 n
= =) L[SkSRIE,
p =1

where the second last equality follows since [S}%SR]zi = 0 for k # i and the final equality
follows since ¢; = ?7?:1 Ufj. First we upper bound E[y(Sg)] and then apply Markov’s

inequality. Recall that [Sg]x; = \/%pi(fki where P(og; = +1) = p;. Then,

n n 67/ T T
U E(SESARE) = o> Y0 D Elohuod]

i=1 im1 Pi 1 =1

1 n g I8 T
= 5.5 > Elomiou]
P33 Pi st =1
n

S Sh R

2 2
TP P
1 & l;
— TQPZ(&(TQ—T)—H"—Z)]
=1
1 1<
TP i

Substituting p; = (1 — 9)% + 0g; completes the upper bound on E[y(Sg)]:

1 1y 1 1< l;
APV A
i=1 " i=1 D qi
1 1< 1
< 1--4+2y
- r+r21—6
=1
1 n
< 1-=
- r+(1—9)r
< 1+-"
- (1—-0)r

Using Markov’s inequality,

P(|v(Sr) — E[y(Sr)]| = 10E[y(Sr)]) < 0.1,
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and consequently v(Sr) < 11(1 + ﬁ) with probability greater than 0.9. The final
probability of 0.7 arises since we simultaneously require all three bounds to hold which hold
with probability 0.9% > 0.7. Applying Lemma 2 in combination with our high probability

bounds for a(Sg), S(Sr) and v(Sr) completes the proof for Theorem 1.

B.2 Proof of Theorem 2

Define S = \/ESNR where Sygr is the sampling matrix without re-scaling. Recall the

k-heavy hitter leverage-score assumption. Since Y 1", 1 4 < 167, D iy Pi < %Or (recall

D = %). Hence the probability that a sample only contains the k samples with high leverage
score is:

1 1
1——)">1—-—=0.0.
( 10r) - 10 09
For the remainder of the proof, we condition on the event A that only the rows with the &
largest leverage scores are selected. Let U € R¥*P be the sub-matrix of U corresponding to
the top k leverage scores.
Let W = ]E[?T?] € RF*k_ Since T <pi < % for all 1 < i <k, clpxp, < W =< Clixs.
Furthermore since 37, 1 6 < 12, 0.9Ipxp 2 UTU < Ly
First we lower bound o?(Syr). Applying Theorem 4 in Drineas et al. (2011) with 8 = C,
A=UTW/2, ¢= ¢ and § = 0.1 ensures that as long as r > ¢/plog(p) for sufficiently large
/
c b
ST 17Tl or ¢
U WU —=U*S" SU|op < BYok
with probability at least 0.9. Since UTWU = %, 0TS 50 = £. Therefore with probability
at least 0.9,

cr

2 > I
« (SNR) = 4Ck3.

Next we bound S(Syg). Since S = \/ésNR, if we condition on A, only the leading k

leverage scores are selected and let U € RF*P be the sub-matrix of U corresponding to the
top k leverage scores. Using the result of Table 1 (second row) of Drineas et al. (2006a)
with g = 1:

2 —T— r2 T — r? - pr
B[UTSErSnrel}] = EIUTS Sel3] = EIOTS Sel3) < ST I3l < 2ol
Applying Markov’s inequality,

11pr?
U Sy rSvrells < —5—el3,

with probability at least 0.9 which completes the upper bound for 3(Syr).
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Finally we bound v(Sygr):

trace(ﬁT(ng)Qﬁ)/p = E [§T§]12’LZUZQ]

1 k
= > 4ls Sl
pi:l
k

Ch~1l,x=~ 5
< — — E )

where the last step follows since ¢; < % for 1 < i < k and 0 otherwise. Now taking
expectations:

k r r

k T
DS o] = 23S Elowomd]

i=1 m=1 i=1 ¢=1 m=1

k
C? r2—r r

< 4
- rizl( k2 +k)
-1
-+
< X,
< i+

Since Syr = \/EE Eftrace(UT(SL pSng)?U)/p] < C*(1+ £). Applying Markov’s inequal-
ity,
k
trace(UT (SL rSnRr)?U)/p < 11C3(1 + ;),

with probability at least 0.9. The probability of 0.6 arises since 0.9* > 0.6. Again, using
Lemma 2 completes the proof for Theorem 2.

B.3 Proof of Theorem 3

First we bound the smallest singular value of Sggp(U). Using standard results for bounds
on the eigenvalues of sub-Gaussian matrices (see Proposition 2.4 in Rudelson and Vershynin
(2009)), each entry of A € R™*™ is an i.i.d. zero-mean sub-Gaussian matrix:

1 1
P( inf —AwQS—Snexp—cr.
(,inf | =l 4x3 < —) < nexp(—er)

Hence, provided cr > 2logn,

1
Ssap) > ——,
o SGP)_\/i

with probability greater than 1 — cexp(—c'r).
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Next we bound 3(Ssgp). Since UTe =0, |UTSL,pSsapel3 = |UT (St pSsap — Inxn)ell3-
Therefore

n n 2
IUT S§apSsarells = Z(ZZUM'(SEGPSSGPInxn)ikfk)

7j=1 Mi=1 k=1

n n n n

p
= Z Z Z ZUZJUmJ SEapSsap — Inxn)ik(SsapSsapr — Inxn)meerer.

j=11i=1 k=1 m=1 /=1

First we bound E[|UTSE . »Sscpel3].

n n

p n n
E[lUTSEapSsapeld] =D D > > > UiUnEl(SéapSsar—Inxn)in(SsapSsar—Inxn)melerer.

j=1i=1 k=1 m=1 ¢=1

Recall that Ssgp € R™", [Ssgplsi = )\(/Sg where X,; are i.i.d. sub-Gaussian random vari-
ables with mean 0 and sub-Gaussian parameter 1. Hence

E[(SEGPSSGP - Inxn)ik(SEGPSSGP - Inxn)mé] = ;(H(l = k)]l(é = m) + E[XinXEXm])’

where X;, X, Xy and X, are i.i.d . sub-Gaussian random variables. Therefore

n n n

1 =
U S Ssape = — UiiUpi (1(i = B)I(f = m)+E[X; X X X)) ex€p.
E[lU" Sscp 13] r;zzm_l;; i Um; (102 = R)I( )+E[ y
First note that I(i = k)I(¢ = m) + E[X; X, X, X,,] = 0 unless ¢ = k and £ = m, or i = ¢
and k = £ or any other combination of two pairs of variables have the same index. When
i=k=L0=m,1(i=k)I(l=m)+EX; XX, Xn] =1+ E[X}] <2, since for sub-Gaussian
random variables with parameter 1, E[X}] <1 and

n

P n n n n p
% DD DD D UiUni(I = W)U = m) + E[X; Xp Xe Xpn)Jerer = % SN v+ Blx)
j=1 =1 k=1 m=1 ¢=1 j=1i=1

2 ¢ 2 2
oD Ui

j=1i=1

IN

9 p
< =) URllel3
r 4
7j=1
= 2y

When i =k and £ =m but k # ¢, I(i = k)I({ =m) + E[X; XX X,] = 2 and

p n n n p
DY DD UiUnmj (1 = B)I(L = m)+E[X X X Xm))erer =2 Y > UyiUnjciem =0,
=11 Jj=11 /=1

=1 1=1 k=1m=1 (=1 =1 (=
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since UTe = 0. Using similar logic when the two pairs of variables are not identical, the
sum is 0, and hence

2p
E[|UT SégpSsarel3) < 7IIEH§,

for all e such that UTe = 0. Applying Markov’s inequality,
22p
T oT 2 2
U SsapSsapellz < T||€||2>

with probability greater than 0.9. Therefore 5(Ssap) < % with probability at least 0.9.
Now we bound v(Ssap) = |UTSinpSsaprll% = trace(UT (SL,pSsap)?U) /p:

n n

p
> > > [(SEapSsar) Ui Uk
=1

=1 =1 k=1

trace(UT(S:‘gFGPSSGP)QU)/p =

"=

n T

Z Z Z Z Ui Upj XomoXmi Xeo X k-

j=11i=1 k=1 v=1m=1 /=1
First we bound the expectation:
1 P n n n T T
E[traCG(UT(SEGPSSGP)QU)/]?] = ? Z Z E[vaXminvXZk]
P S = =t v=t =1 =1
1 n n n
= > Y>> VUi Up B[ X0 X B[ X, X3] + rE[X2X; X4
L o
= 52> (= nUGEX] TQZZZTUQ
p =1 i=1 p 7=14i=1v=1
1 P n n
SO MR W N M
pr Jj=11i=1 Jj=11i=1v=1
1 n—1
= 1--+L2
r  oir r
3 -2
< 1+242
r r
1 (n+1)
N r
Applying Markov’s inequality,
(n+1)

Y(Ssap) < 11(1 + ),

r

with probability at least 0.9. This completes the proof for Theorem 3.
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B.4 Proof of Theorem 4

For S = Spaq we use existing results in Drineas et al. (2011) to lower bound a?(Sp.q) and
B(SHaq) and then upper bound v(Sg4q). Using Lemma 4 in Drineas et al. (2011) provides
the desired lower bound on a?(Sgaq).

To upper bound 3(Spqq), we use Lemma 5 in Drineas et al. (2011) which states that:

20d log(40nd) || ||?

U St aaSHaael3 < .

with probability at least 0.9.

Finally to bound v(SHaq) recall that Sgeq = SynifHD, where Syp;r is the uniform
sampling matrix, D is a diagonal matrix with £1 entries and H is the Hadamard matrix:

1 1
E[HUTSIEadSHadH%] = ;[tra@e(UT(SgadSHad)QU)}

1
= Z; [trace(UT(DTHTSEHifSUnifHD)QU)]

1
= ];[trace(UTDTHTngfSUmeDDTHTngfSUmeDU)]

1
— ;[trace(UTDTHT(ngfSUmf)zHDU)]

P n n
1

= 522 HDUIGHDU)G (S i Sumi) e
j=1i=1 k=1
1 o=

= - Z Z [HDU]?]' [Slem‘fSUnif]zzi-
pj:l i=1

Using Lemma 3 in Drineas et al. (2011), with probability greater than 0.95,

P
2log(4
1 [HDU]% < M_
P n
7=1
In addition, we have that
U107 ShaStradl3] = L3S (DU (88 St
D Had®HadllF] — D ij PUnifRPUnGf i
j=11i=1
2log(40np)
< ) [ShuigSumiflis

n
=1

Now we bound E[>"7 ; [ngfSUmf]%i].
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n

ZE([SgnifSUnif]?i]) = 1:22”: i XT:E[U%U%

i=1 i=1 m=1 /=1

n2 I I &
S S o
i=1 m=1¢=1
_ n2 & 7"2 -Tr T
= w2l )
=1

Using Markov’s inequality, with probability greater than 0.9,

- 2
n
i=1

which completes the proof.

References

H. Avron, P. Maymounkov, and S. Toledo. Blendenpik: Supercharging LAPACK’s least-
squares solver. SIAM Journal on Scientific Computing, 32:1217-1236, 2010.

C. Boutsidis and A. Gittens. Improved matrix algorithms via the subsampled randomized
Hadamard transform. SIAM Journal of Matriz Analysis and Applications, 34:1301-1340,
2013.

S. Chatterjee and A. S. Hadi. Influential observations, high leverage point, and outliers in
linear regression. Statistical Science, 1(3):379-416, 2006.

S. Chatterjee and A.S. Hadi. Sensitivity Analysis in Linear Regression. John Wiley & Sons,
New York, 1988.

K. L. Clarkson and D. P. Woodruff. Low rank approximation and regression in input sparsity
time. In Proceedings of the 45th Annual ACM Symposium on Theory of Computing, pages
81-90, 2013.

P. Drineas, R. Kannan, and M. W. Mahoney. Fast Monte Carlo algorithms for matrices I:
approximating matrix multiplication. SIAM J. Comput., 36:132-157, 2006a.

P. Drineas, M.W. Mahoney, and S. Muthukrishnan. Sampling algorithms for ¢s regression
and applications. In Proceedings of the 17th Annual ACM-SIAM Symposium on Discrete
Algorithms, pages 1127-1136, 2006b.

29



RASKUTTI AND MAHONEY

P. Drineas, M. W. Mahoney, S. Muthukrishnan, and T. Sarlos. Faster least squares approx-
imation. Numerical Mathematics, 117:219-249, 2011.

P. Drineas, M. Magdon-Ismail, M. W. Mahoney, and D. P. Woodruff. Fast approximation
of matrix coherence and statistical leverage. Journal of Machine Learning Research, 13:
3475-3506, 2012.

G. H. Golub and C. F. Van Loan. Matriz Computations. Johns Hopkins University Press,
Baltimore, 1996.

F. R. Hampel, E. M. Ronchetti, P. J. Roisseeuw, and W. A. Stahel. Robust Statisitcs: The
Approach Based on Influence Functions. John Wiley & Sons, New York, 1986.

A. Hedayat and W. D. Wallis. Hadamard matrices and their applications. Annals of
Statistics, 6(6):1184-1238, 1978.

D.C. Hoaglin and R.E. Welsch. The hat matrix in regression and ANOVA. The American
Statistician, 32(1):17-22, 1978.

P. J. Huber and E. M. Ronchetti. Robust Statisitcs. John Wiley & Sons, New York, 1981.

W. B. Johnson and J. Lindenstrauss. Extensions of Lipschitz mappings into a Hilbert space.
volume 26, pages 189-206, 1984.

E. L. Lehmann. Elements of Large-Sample Theory. Springer Verlag, New York, 1998.

Y. Lu and D. P. Foster. Fast ridge regression with randomized principal component analysis
and gradient descent. In Proceedings of NIPS 201/, 2014.

Y. Lu, P. S. Dhillon, D. P. Foster, and L. Ungar. Faster ridge regression via the subsampled
randomized Hadamard transform. In Proceedings of NIPS 2013, 2013.

P. Ma, M. W. Mahoney, and B. Yu. A statistical perspective on algorithmic leveraging. In
Proceedings of the 31st International Conference on Machine Learning, 2014.

P. Ma, M. W. Mahoney, and B. Yu. A statistical perspective on algorithmic leveraging.
Journal of Machine Learning Research, 16:861-911, 2015.

M. W. Mahoney. Randomized algorithms for matrices and data. Foundations and Trends in
Machine Learning. NOW Publishers, Boston, 2011. Also available at: arXiv:1104.5557.

M. W. Mahoney and P. Drineas. CUR matrix decompositions for improved data analysis.
Proc. Natl. Acad. Sci. USA, 106(3):697-702, 2009.

X. Meng and M. W. Mahoney. Low-distortion subspace embeddings in input-sparsity time
and applications to robust linear regression. In Proceedings of the 45th Annual ACM
Symposium on Theory of Computing, pages 91-100, 2013.

X. Meng, M. A. Saunders, and M. W. Mahoney. LSRN: A parallel iterative solver for
strongly over- or under-determined systems. SIAM Journal on Scientific Computing, 36
(2):C95-C118, 2014.

30



STATISTICAL PERSPECTIVE ON RANDOMIZED SKETCHING ALGORITHMS

Carl D. Meyer. Matriz Analysis and Applied Linear Algebra. STAM, 2000.

J. Nelson and N. L. Huy. OSNAP: Faster numerical linear algebra algorithms via sparser
subspace embeddings. In Proceedings of the 54th Annual IEEE Symposium on Founda-
tions of Computer Science, pages 117-126, 2013.

M. Pilanci and M. J. Wainwright. Iterative Hessian sketch: Fast and accurate solu-
tion approximation for constrained least-squares. Technical report, 2014. Preprint:
arXiv:1411.0347.

G. Raskutti and M. W. Mahoney. A statistical perspective on randomized sketching for
ordinary least-squares. Technical report, 2014. Preprint: arXiv:1406.5986.

G. Raskutti and M. W. Mahoney. Statistical and algorithmic perspectives on randomized
sketching for ordinary least-squares. In Proceedings of the 32nd International Conference
on Machine Learning, 2015.

R. M. Royall. On finite population sampling theory under certain linear regression models.
Biometrika, 57:377-387, 1970.

M. Rudelson and R. Vershynin. Smallest singular value of a random rectangular matrix.
Communications on Pure and Applied Mathematics, 62:1707-1739, 2009.

A. M. Zavlavsky, H. Zheng, and J. Adams. Optimal sample allocation for design-consistent
regression in a cancer services survey when design variables are known for aggregates.
Survey Mehodology, 34(1):65-78, 2008.

31



