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! Univ. Lille, CNRS, Centrale Lille, UMR 9189 - CRIStAL, 59651 Villeneuve d’Ascq, France

Abstract

Dimensionality reduction is a first step of many machine learning pipelines.
Two popular approaches are principal component analysis, which projects onto
a small number of well chosen but non-interpretable directions, and feature se-
lection, which selects a small number of the original features. Feature selection
can be abstracted as a numerical linear algebra problem called the column sub-
set selection problem (CSSP). CSSP corresponds to selecting the best subset of
columns of a matrix X € R¥*? where best is often meant in the sense of min-
imizing the approximation error, i.e., the norm of the residual after projection
of X onto the space spanned by the selected columns. Such an optimization
over subsets of {1,...,d} is usually impractical. One workaround that has been
vastly explored is to resort to polynomial-cost, random subset selection algo-
rithms that favor small values of this approximation error. We propose such
a randomized algorithm, based on sampling from a projection determinantal
point process (DPP), a repulsive distribution over a fixed number & of indices
{1,...,d} that favors diversity among the selected columns. We give bounds
on the ratio of the expected approximation error for this DPP over the opti-
mal error of PCA. These bounds improve over the state-of-the-art bounds of
volume sampling when some realistic structural assumptions are satisfied for
X. Numerical experiments suggest that our bounds are tight, and that our al-
gorithms have comparable performance with the double phase algorithm, often
considered to be the practical state-of-the-art. Column subset selection with
DPPs thus inherits the best of both worlds: good empirical performance and
tight error bounds.
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Introduction

Datasets come in always larger dimensions, and dimension reduction is thus often one
the first steps in any machine learning pipeline. Two of the most widespread strate-



gies are principal component analysis (PCA) and feature selection. PCA projects the
data in directions of large variance, called principal components. While the initial
features (the canonical coordinates) generally have a direct interpretation, principal
components are linear combinations of these original variables, which makes them
hard to interpret. On the contrary, using a selection of original features will preserve
interpretability when it is desirable. Once the data are gathered in an N X d matrix,
of which each row is an observation encoded by d features, feature selection boils
down to selecting columns of X. Independently of what comes after feature selec-
tion in the machine learning pipeline, a common performance criterion for feature
selection is the approximation error in some norm, that is, the norm of the residual
after projecting X onto the subspace spanned by the selected columns. Optimizing
such a criterion over subsets of {1,...,d} requires exhaustive enumeration of all
possible subsets, which is prohibitive in high dimension. One alternative is to use
a polynomial-cost, random subset selection strategy that favors small values of the
criterion.

This rationale corresponds to a rich literature on randomized algorithms for col-
umn subset selection (Deshpande and Vempala, 2006; Drineas et al., 2008; Boutsidis
et al., 2011). A prototypal example corresponds to sampling s columns of X i.i.d.
from a multinomial distribution of parameter p € R%. This parameter p can be the
squared norms of each column (Drineas et al., 2004), for instance, or the more subtle
k-leverage scores (Drineas et al., 2008). While the former only takes O(dN?) time
to evaluate, it comes with loose guarantees; see Section 3.2. The k-leverage scores
are more expensive to evaluate, since they call for a truncated SVD of order k, but
they come with tight bounds on the ratio of their expected approximation error over
that of PCA.

To minimize approximation error, the subspace spanned by the selected columns
should be as large as possible. Simultaneously, the number of selected columns
should be as small as possible, so that intuitively, diversity among the selected
columns is desirable. The column subset selection problem (CSSP) then becomes a
question of designing a discrete point process over the column indices {1,...,d} that
favors diversity in terms of directions covered by the corresponding columns of X.
Beyond the problem of designing such a point process, guarantees on the resulting
approximation error are desirable. Since, given a target dimension k < d after
projection, PCA provides the best approximation in Frobenius or spectral norm, it
is often used a reference: a good CSS algorithm preserves interpretability of the ¢
selected features while guaranteeing an approximation error not much worse than
that of rank-k PCA, all of this with ¢ not much larger than k.

In this paper, we introduce and analyze a new randomized algorithm for selecting
k diverse columns. Diversity is ensured using a determinantal point process (DPP).
DPPs can be viewed as the kernel machine of point processes; they were introduced
by Macchi (1975) in quantum optics, and their use widely spread after the 2000s in
random matrix theory (Johansson, 2005), machine learning (Kulesza et al., 2012),
spatial statistics (Lavancier et al., 2015), and Monte Carlo methods (Bardenet and
Hardy, 2016), among others. In a sense, the DPP we propose is a nonindependent
generalization of the multinomial sampling with k-leverage scores of (Boutsidis et al.,
2009). It further naturally connects to volume sampling, the CSS algorithm that
has the best error bounds (Deshpande et al., 2006). We give error bounds for DPP



sampling that exploit sparsity and decay properties of the k-leverage scores, and
outperform volume sampling when these properties hold. Our claim is backed up
by experiments on toy and real datasets.

The paper is organized as follows. Section 2 introduces our notation. Section 3
is a survey of column subset selection, up to the state of the art to which we later
compare. In Section 4, we discuss determinantal point processes and their connection
to volume sampling. Section 5 contains our main results, in the form of both classical
bounds on the approximation error and risk bounds when CSS is a prelude to linear
regression. In Section 6, we numerically compare CSS algorithms, using in particular
a routine that samples random matrices with prescibed k-leverage scores.

2 Notation

We use [n] to denote the set {1,...,n}, and [n : m| for {n,...,m}. We use bold
capitals A, X,... to denote matrices . For a matrix A € R™*™ and subsets of
indices I C [m] and J C [n], we denote by A ; the submatrix of A obtained
by keeping only the rows indexed by I and the columns indexed by J. When we
mean to take all rows or A, we write A. ;, and similarly for all columns. We write
rk(A) for the rank of A, and 0;(A), i =1,...,rk(A) for its singular values, ordered
decreasingly. Sometimes, we will need the vectors X(A) and ¥(A)? the vectors of
R? with respective entries 0;(A) and 0?(A), i = 1,...,1k(A). Similarly, when A
can be diagonalized, A(A) (and A(A)?) are vectors with the decreasing eigenvalues
(squared eigenvalues) of A as entries.

The spectral norm of A is ||All2 = 01(A), while the Frobenius norm of A is
defined by

For ¢ € N, we need to introduce the /-th elementary symmetric polynomial on L € N

variables, that is
eo( X1, X)) = > [ X (1)

TC[L] jeT
|T|=¢

Finally, we follow Ben-Israel (1992) and denote spanned volumes by

Voly(A) = \Jeg (1(A)2 o (A)2), g =1.....1k(A).

Throughout the paper, X will always denote an N X d matrix that we think
of as the original data matrix, of which we want to select £k < d columns. Unless
otherwise specified, r is the rank of X, and matrices U, 3,V are reserved for the
SVD of X, that is,

X =Uxv"’ (2)
=[O U ] [P0 {%@Tk—] | 3)

where U € RV*" and V' € R¥" are orthogonal, and ¥ € R™" is diagonal. The
diagonal entries of ¥ are denoted by o; = 0;(X), i = 1,...,7, and we assume they



are in decreasing order. We will also need the blocks given in (3), where we separate
blocks of size k corresponding to the largest k singular values. To simplify notation,
we abusively write Uy, for U, ) and Vj, for V, ;) in (3), among others. Though they
will be introduced and discussed at length in Section 3.3, we also recall here that
we note £F = [ Vikyil13 the so-called k-leverage score of the i-th column of X.

We need some notation for the selection of columns. Let S C [d] be such that
|S| = k, and let S € {0,1}?%* be the corresponding sampling matrix: S is defined
by VM € RN*4 MS = M. 5. In the context of column selection, it is often referred
to XS = X. g as C. We set for convenience Y s = (Y. 5)T.

The result of column subset selection will ﬁsually be compared to the result of
PCA. We denote by II; X the best rank-k approximation to X. The sense of best
can be understood either in Frobenius or spectral norm, as both give the same result.
On the other side, for a given subset S C [d] of size |S| = s and v € {2,Fr}, let

Mg, X = argmjn | X — Al

where the minimum is taken over all matrices A = X. ¢ B such that B € R® *d and
rk B < k; in words, the minimum is taken over matrices of rank at most & that lie in
the column space of C = X, g. When |S| = k, we simply write II{X = 1§, X. In
practice, the Frobenius projection can be computed as HEYX = CCTX, yet there

is no simple expression for H%X . However, ngX can be used as an approximation
of H%X since

1X — TEX |2 < [|X — TG X2 < V2| X — TIEX |2, (4)

see (Boutsidis et al., 2011, Lemma 2.3).

3 Related Work

In this section, we review the main results about column subset selection.

3.1 Rank revealing QR decompositions

The first k-CSSP algorithm can be traced back to the article of Golub (1965) on
pivoted QR factorization. This work introduced the concept of Rank Revealing QR
factorization (RRQR). The original motivation was to calculate a well-conditioned
QR factorization of a matrix X that reveals its numerical rank.

Definition 1 Let X € RV*? gnd k € N (k < d). A RRQR factorization of X is
a 3-tuple (I, Q, R) with TI € R g permutation matriz, Q@ € RN*? an orthogonal
matriz, and R € R™4 q triangular matriz, such that XII = QR,

o (X)
<o <
led) = Tmin (R w) < ok(X), (5)
and
0k+1(X) < Omaz (Rt 1:d) k1:) < P2k, d)og1(X), (6)

where p1(k,d) and pa(k,d) are controlled.



In practice, a RRQR factorization algorithm interchanges pairs of columns and
updates or builds a QR decomposition on the fly. The link between RRQR factor-
ization and k-CSSP was first discussed by Boutsidis, Mahoney, and Drineas (2009).
The structure of a RRQR factorization indeed gives a deterministic selection of a
subset of k columns of X. More precisely, if we take C' to be the first k£ columns
of XTI, C is a subset of columns of X and || X — ngXHQ = | Rpps1:0], [f41:0] [[2- By
(6), any RRQR algorithm thus provides provable guarantees in spectral norm for
k-CSSP.

Following (Golub, 1965), many papers gave algorithms that improved on p; (k, d)
and pa(k, d) in Definition 1. Table 1 sums up the guarantees of the original algorithm
of (Golub, 1965) and the state-of-the-art algorithms of Gu and Eisenstat (1996).
Note the dependency of pa(k,d) on the dimension d through the term v/d — k; this
term is common for guarantees in spectral norm for k-CSSP. We refer to (Boutsidis
et al., 2009) for an exhaustive survey on RRQR factorization.

3.2 Length square importance sampling and additive bounds

Drineas, Frieze, Kannan, Vempala, and Vinay (2004) proposed a randomized CSS
algorithm based on i.i.d. sampling s indices S = {i1,...,is} from a multinomial
distribution of parameter p, where

X515
b = ’ »J € [d] (7)
TIXR

Let C = X. s be the corresponding submatrix. First, we note that some columns
of X may appear more than once in C. Second, (Drineas et al., 2004, Theorem 3)
states that

2 k
P (ux - T X < (X — X +201 + \/810g<5>>\ﬁuxuﬁr> >1-6 (8)

Equation (8) is a high-probability additive upper bound for | X — II5' X||%. The
drawback of such bounds is that they can be very loose if the first k& singular values
of X are large compared to or4;. For this reason, multiplicative approximation
bounds have been considered.

3.3 k-leverage scores sampling and multiplicative bounds

Drineas, Mahoney, and Muthukrishnan (2008) proposed an algorithm with provable
multiplicative upper bound using multinomial sampling, but this time according to
k-leverage scores.

Algorithm pa(k,d) Complexity References

Pivoted QR 28/d — k O(dNk) (Golub and Van Loan, 1996)

Strong RRQR (Alg. 3) | +/(d—k)k+1 | not polynomial (Gu and Eisenstat, 1996)

Strong RRQR (Alg. 4) | \/f2(d — k)k+1 | O(dNklog;(d)) (Gu and Eisenstat, 1996)

Table 1: Examples of some RRQR algorithms and their theoretical performances.



Definition 2 (k-leverage scores) Let X = UXVT € RNX? pe the SVD of X.
We note Vi, = V, i the first k columns of V.. For j € [d], the k-leverage score of
the j-th column of X is defined by

k 2
4 :ZEE:‘@J- )
In particular, it holds

S =S V)13 =TV V) =k, (10)

j€ld] j€ld]

since V is an orthogonal matrix. Therefore, one can consider the multinomial
distribution on [d] with parameters

ok

pj= - »J €ld). (11)

This multinomial is called the k-leverage scores distribution.

Theorem 3 (Drineas et al., 2008, Theorem 3) If the number s of sampled columns

satisfies
4000k 1
o> 20008 1o (5> , (12)
then, under the k-leverage scores distribution,
P (1 - I XU < (14 91X - LX) > 1 -6 (13)

Drineas et al. (2008) also considered replacing multinomial with Bernoulli sampling,
still using the k-leverage scores. The expected number of columns needed for (13)
to hold is then lowered to O(@). A natural question is then to understand how
low the number of columns can be, while still guaranteeing a multiplicative bound
like (13). A partial answer has been given by Deshpande and Vempala (2006).

Proposition 4 (Deshpande and Vempala, 2006, Proposition 4) Given ¢ >
0, k,d € N such that de > 2k, there exists a matriz X¢ € RFXEEA+D) gych that
for any S C [d],

1X© = T3, XNIE > (1+ )| X — Xl (14)

This suggests that the lower bound for the number of columns is k/e, at least in the
worst case sense of Proposition 4. Interestingly, the k-leverage scores distribution
of the matrix X°€ in the proof of Proposition 4 is uniform, so that k-leverage score
sampling boils down to simple uniform sampling.

To match the lower bound of Deshpande and Vempala (2006), Boutsidis, Drineas,
and Magdon-Ismail (2011) proposed a greedy algorithm to select columns. This
algorithm is inspired by the sparsification of orthogonal matrices proposed in (Batson
et al., 2009). The full description of this family of algorithms is beyond the scope of
this article. We only recall one of the results of the article.



Theorem 5 (Boutsidis et al., 2011, Theorem 1.5) There exists a randomized
algorithm A that select at most c = %(1 +0(1)) columns of X such that

EallX — I X[f < (1+ )| X — I X |- (15)

Finally, a deterministic algorithm based on k-leverage score sampling was pro-
posed by Papailiopoulos, Kyrillidis, and Boutsidis (2014). The algorithm selects the
¢(#) columns of X with the largest k-leverage scores, where

c(f) € arg min (i o> 9) , (16)

=1

and @ is a free parameter that controls the approximation error. To guarantee that
there exists a matrix of rank % in the subspace spanned by the selected columns,
Papailiopoulos et al. (2014) assume that

0<k—0<1. (17)

Loosely speaking, this condition is satisfied for a low value of ¢(0) if the k-leverage
scores (after ordering) are decreasing rapidly enough. The authors give empirical
evidence that this condition is satisfied by a large proportion of real datasets.

Theorem 6 (Papailiopoulos et al., 2014, Theorem 2) Let e =k — 60 € [0,1),
letting S index the columns with the c(6) largest k-leverage scores,

1
IX — T, Xy < —— | X Xy, v e {2,Fr) (18)

In particular, if € € [0, %],

1X =%, X ||, < (1+26)|X =T, X, v e {2Fr}. (19)

Furthermore, they proved that if the k-leverage scores decay like a power law,
the number of columns needed to obtain a multiplicative bound can actually be
smaller than %

Theorem 7 (Papailiopoulos et al., 2014, Theorem 3) Assume, forn >0,

= A (20)
t 1’

Lete =k —6¢€10,1), then
1

c(6) = max{ (4€k> o, G:y k} (21)

This complements the fact that the worst case example in Proposition 4 had uniform
k-leverage scores. Loosely speaking, matrices with fast decaying k-leverage scores
can be efficiently subsampled.



3.4 The geometric interpretation of the k-leverage scores

The k-leverage scores can be given a geometric interpretation, the generalization of
which serves as a first motivation for our work.

For i € [d], let e; be the i-th canonical basis vector of R%. Let further 6; be
the angle between e; and the subspace P, = Span(V}), and denote by Ilp, e; the
orthogonal projection of e; onto the subspace Pj. Then

i, Ip, e;)?
cos?(0;) :== (ei, ITp,ei)

2 _ gk
W (el,H'Pk el el,ZVJV ZV E 22)

A large k-leverage score /¥ thus indicates that e; is almost aligned with Py,. Selecting
columns with large k-leverage scores as in (Drineas et al., 2008) can thus be inter-
preted as replacing the principal eigenspace Py, by a subspace that must contain k of
the original coordinate axes. Intuitively, a closer subspace to the original P would
be obtained by selecting columns jointly rather than independently, considering the
angle with Py of the subspace spanned by these columns. More precisely, consider
S C [d],|S| = k, and denote Ps = Span(e;,j € S). A natural definition of the
cosine between Py and Pg is in terms of the so-called principal angles (Golub and
Van Loan, 1996, Section 6.4.4); see Appendix C. In particular, Proposition 27 in
Appendix C yields

cos?(Py, Ps) = Det(V57[k])2. (23)

This paper is about sampling k& columns proportionally to (23).
In Appendix A, we contribute a different interpretation of k-leverage scores and
volumes, which relates them to the length-square distribution of Section 3.2.

3.5 Negative correlation: volume sampling and the double phase
algorithm

In this section, we survey algorithms that randomly sample exactly k£ columns from
X, unlike the multinomial sampling schemes of Sections 3.2 and 3.3, which typically
require more than k& columns.

Deshpande, Rademacher, Vempala, and Wang (2006) obtained a multiplicative
bound on the expected approximation error, with only k& columns, using so-called
volume sampling.

Theorem 8 (Deshpande et al., 2006) Let S be a random subset of [d], chosen
with probability

va(S) = ZDet(XISX:,S)1{|S|:k}7 (24)
where Z = Det(X X. g)- Then
S|~k
Evs | X — g X [ < (k+ DX — I X (25)
and
Evs | X —TIEX |3 < (d — k) (k+ 1)[| X — T X [|5. (26)



Note that the bound for the spectral norm was proven in (Deshpande et al., 2006)
for the Frobenius projection, that is, they bound || X — II¥ X ||>. The bound (26)
easily follows from (4). Later, sampling according to (24) was shown to be doable in
polynomial time (Deshpande and Rademacher, 2010). Using a worst case example,
Deshpande et al. (2006) proved that the k + 1 factor in (25) cannot be improved.

Proposition 9 (Deshpande et al., 2006) Let ¢ > 0. There exists a (k+ 1) X
(k + 1) matriz X€ such that for every subset S of k columns of X,

1€ — IF XY > (1 —e)(k + )| X — I X . (27)

We note that there has been recent interest in a similar but different distribution
called dual volume sampling (Avron and Boutsidis, 2013; Li et al., 2017a; Derezinski
and Warmuth, 2018), sometimes also termed volume sampling. The main application
of dual VS is row subset selection of a matrix X for linear regression on label budget
constraints.

(Boutsidis et al., 2009) proposed a k-CSSP algorithm, called double phase, that
combines ideas from multinomial sampling and RRQR factorization. The motivating
idea is that the theoretical performance of RRQR factorizations depends on the
dimension through a factor v/d — k; see Table 1. To improve on that, the authors
propose to first reduce the dimension d to ¢ by preselecting a large number of columns
¢ > k using multinomial sampling from the k-leverage scores distribution, as in
Section 3.3. Then only, they perform a RRQR factorization of the reduced matrix
V,/S\1D; € RFX¢ where 81 € R¥*€ is the sampling matrix of the multinomial phase
and D € R*¢ is a scaling matrix.

Theorem 10 (Boutsidis et al., 2009) Let S be the output of the double phase
algorithm with ¢ = ©(klogk). Then

PDph (’X — Hgv‘rXHFr S @(kﬁ log% k})HX — HkXHFr) Z 0.8. (28)

P <||X—H%XHQ < O(klog? k)| X ~I; X [ +O (k1 log1 k)HX—HkXHFr> > 0.8,
(29)

Note that the spectral norm bound was proven for a slightly different distribu-
tion in the randomized phase. Furthermore this bound was proved in (Deshpande
et al., 2006) for | X — II5 X ||2 but using (4) the bound (29) follows. The constants
O(klog? k) and O(k1 log? k) in the bounds (28) and (29) depends on ¢ the number
of pre-selected columns in the randomized step. In practice, the choice of the pa-
rameter ¢ of the randomized pre-selection phase has an influence on the quality of
the approximation. We refer to (Boutsidis et al., 2009) for details.

3.6 Excess risk in sketched linear regression

So far, we have focused on approximation bounds in spectral or Frobenius norm for
X — II%, X. This is a reasonable measure of error as long as it is not known what

10



the practitioner wants to do with the submatrix X. g. In this section, we assume
that the ultimate goal is to perform linear regression of some y € RN onto X. Other
measures of performance then become of interest, such as the excess risk incurred by
regressing onto X. ¢ rather than X. We use here the framework of Slawski (2018),
further assuming well-specification for simplicity.

For every ¢ € [N], assume y; = X; w* + §;, where the noises &; are i.i.d. with
mean 0 and variance v. For a given estimator w = w(X, y), its excess risk is defined
as

Xw*— X 2

5(w)=E§[ N

In particular, it is easy to show that the ordinary least squares (OLS) estimator

w = X Ty has excess risk

() = v x XX

(31)

Selecting k columns indexed by S in X prior to performing linear regression yields
wg = (X8)Ty € R¥. We are interested in the excess risk of the corresponding
sparse vector

wg := Swg = S(XS)+y S Rd

which has all coordinates zero, except those indexed by S.

Proposition 11 (Theorem 9, Mor-Yosef and Avron, 2018) Let S C [d], such
that |S| = k. Let (0;(S))ieix) be the principal angles between Span S and Span Vi,
see Appendix C. Then

. 1 N vk
E(wg) < N <1 + grelz[%{tanz 9¢(S)> |w* %ot + N (32)
Compared to the excess risk (31) of the OLS estimator, the second term of the
right-hand side of (32) replaces rkX by k. But the price is the first term of the
right-hand side of (32), which we loosely term bias. To interpret this bias term, we
first look at the excess risk of the principal component regressor (PCR)

wj, € argmin E¢ [[ly — Xw|?*/N]. (33)
wESpan V,

Proposition 12 (Corollary 11, Mor-Yosef and Avron, 2018)

lw*Po?,, ok

E(wy) < T L 4 2

(34)
The right-hand side of (34) is almost that of (32), except that the bias term in the
CSS risk (32) is larger by a factor that measures how well the subspace spanned
by S is aligned with the principal eigenspace V. This makes intuitive sense: the
performance of CSS will match PCR if selecting columns yields almost the same
eigenspace.

The excess risk (32) is yet another motivation to investigate DPPs for column
subset selection. We shall see in Section 5.2 that the expectation of (32) under a
well-chosen DPP for S has a particularly simple bias term.

11



4 Determinantal Point Processes

In this section, we introduce discrete determinantal point processes (DPPs) and the
related k-DPPs, of which volume sampling is an example. DPPs were introduced by
Macchi (1975) as probabilistic models for beams of fermions in quantum optics. Since
then, DPPs have been thoroughly studied in random matrix theory (Johansson,
2005), and have more recently been adopted in machine learning (Kulesza et al.,
2012), spatial statistics Lavancier et al. (2015), and Monte Carlo methods (Bardenet
and Hardy, 2016).

4.1 Definitions

For all the definitions in this section, we refer the reader to (Kulesza et al., 2012).
Recall that [d] ={1,...,d}.

Definition 13 (DPP) Let K € R¥™? be a positive semi-definite matriz. A random
subset Y C [d] is drawn from a DPP of marginal kernel K if and only if

VS Cld], P(ScCY)=Det(Kg), (35)
where Kg = [K; jl; jes. We take as a convention Det(Kp) = 1.

For a given matrix K, it is not obvious that (35) consistently defines a point process.
One sufficient condition is that K is symmetric and its spectrum is in [0, 1]; see
(Macchi, 1975) and (Soshnikov, 2000)[Theorem 3]. In particular, when the spectrum
of K isincluded in {0, 1}, we call K a projection kernel and the corresponding DPP a
projection DPP!. Letting r be the number of unit eigenvalues of its kernel, samples
from a projection DPP have fixed cardinality r with probability 1 (Hough et al.,
2005, Lemma 17).

For symmetric kernels K, a DPP can be seen as a repulsive distribution, in the
sense that for all ¢, 5 € [d],

P({i,j} CY)=K;,K;; - K}; (36)
=P({i} CY)P({j} C V) - K2, (37)
<P({i} CY)P({j} CY). (38)

Besides projection DPPs, there is another natural way of using a kernel matrix
to define a random subset of [d] with prespecified cardinality k.

Definition 14 (k-DPP) Let L € R™? be a positive semi-definite matriz. A ran-
dom subset Y C [d] is drawn from a k-DPP of kernel L if and only if

where Lg = [L; jl; jes.

DPPs and k-DPPs are closely related but different objects. For starters, k-DPPs
are always well defined, provided L has a nonzero minor of size k.

LAll projection DPPs in this paper have symmetric kernels
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4.2 Sampling from a DPP and a k-DPP

Let K € R¥? be a symmetric, positive semi-definite matrix, with eigenvalues in
[0,1], so that K is the marginal kernel of a DPP on [d]. Let us diagonalize it as
K = VDiag(\;)VT. Hough et al. (2005) established that sampling from the DPP
with kernel K can be done by (i) sampling independent Bernoullis B;,i =1,...,d,
with respective parameters \;, (i7) forming the submatrix V. g of V' corresponding
to columns ¢ such that that B; = 1, and (74) sampling from the projection DPP
with kernel

Kpnoj = Vo5V,

The only nontrivial step is sampling from a projection DPP, for which we give
pseudocode in Figure 1; see (Hough et al., 2005, Theorem 7) or (Kulesza et al.,
2012, Theorem 2.3) for a proof. For a survey of variants of the algorithm, we
also refer to (Tremblay et al., 2018) and the documentation of the DPPy toolbox?
(Gautier et al., 2018). For our purposes, it is enough to remark that general DPPs
are mixtures of projection DPPs of different ranks, and that the cardinality of a
general DPP is a sum of independent Bernoulli random variables.

PROJECTIONDPP (K 0; = VVT)

Y0

W<—V

while rk(W) > 0
Sample i from € with probability o ||W;.||3 > Chain rule
Y «—YU({i}
V <— V| an orthonormal basis of Span(V N e;")

N O Ot e W N =

return Y

Figure 1: Pseudocode for sampling from a DPP of marginal kernel K.

The next proposition establishes that k-DPPs also are mixtures of projection
DPPs.

Proposition 15 (Kulesza et al. (2012, Section 5.2.2)) Let Y be a random subset of
[d] sampled from a k-DPP with kernel L. We further assume that L is symmetric,

we denote its rank by r and its diagonalization by L = VAVT. Finally, let k < r.
It holds

1
PV =5 = ur [k' Det (Vs Vy S)} (40)
TC|r]
T|=k
where
Hz‘eT Ai
P = == 41
Z HieU Ai ( )
UcC|r]
U=k

Zhttp://github.com/guilgautier/DPPy
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Each mixture component in square brackets in (40) is a projection DPP with car-
dinality k. Sampling a k-DPP can thus be done by (i) sampling a multinomial
distribution with parameters (41), and (i) sampling from the corresponding pro-
jection DPP using the algorithm in Figure 1. The main difference between k-DPPs
and DPPs is that all mixture components in (40) have the same cardinality k. In
particular, projection DPPs are the only DPPs that are also k-DPPs.

X U

b \Al

) SVD of X

Step Bi

(b) Sampling k columns according to VS and our DPP

Figure 2: A graphical depiction of the sampling algorithms for volume sampling
(VS) and the DPP with marginal kernel V, V;I. (a) Both algorithms start with an
SVD. (b) In Step 1, VS randomly selects k rows of VT, while the DPP always picks
the first k£ rows. Step 2 is the same for both algorithms: jointly sample k£ columns
of the subsampled VT, proportionally to their squared volume. Step 3 is simply the
extraction of the corresponding columns of X.

A fundamental example of k-DPP is volume sampling, as defined in Section 3.5.
Its kernel is the Gram matrix of the data L = XTX. In general, L is not an
orthogonal projection, so that volume sampling is not a DPP.

4.3 Motivations for column subset selection using projection DPPs

volume sampling has been successfully used for column subset selection, see Sec-
tion 3.5. Our motivation to investigate projection DPPs instead of volume sampling
is twofold.

Following (40), volume sampling can be seen as a mixture of projection DPPs
indexed by T' C [d],|T| = k, with marginal kernels K7 = V, V7. and mixture
weights pr o [[ier 01-2. The component with the highest weight thus corresponds
to the k largest singular values, that is, the projection DPP with marginal kernel
K = VkaT. This paper is about column subset selection using precisely this DPP.
Alternately, we could motivate the study of this DPP by remarking that its marginals
P(i C Y) are the k-leverage scores introduced in Section 3.3. Since K is symmetric,
this DPP can be seen as a repulsive generalization of leverage score sampling.

Finally, we recap the difference between volume sampling and the DPP with
kernel K with a graphical depiction in Figure 2 of the two procedures to sample
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from them that we introduced in Section 4.2. Figure 2 is another illustration of the
decomposition of volume sampling as a mixture of projection DPPs.

5 Main Results

In this section, we prove bounds for Eppp || X — II% X, under the projection DPP
of marginal kernel K = VkaT presented in Section 4. Throughout, we compare our
bounds to the state-of-the-art bounds of volume sampling obtained by Deshpande
et al. (2006); see Theorem 8 and Section 3.5. For clarity, we defer the proofs of our
results from this section to Appendix D.

5.1 Multiplicative bounds in spectral and Frobenius norm

Let S be a random subset of k& columns of X chosen with probability:
PDPP(S) = Det(VS7[k])2. (42)
First, without any further assumption, we have the following result.

Proposition 16 Under the projection DPP of marginal kernel V,V,], it holds
Eppp || X —TI4X |2 < k(d+1—-k)|X - X2, ve{2F}. (43)

For the spectral norm, the bound is practically the same as that of volume sampling
(26). However, our bound for the Frobenius norm is worse than (25) by a factor
(d — k). In the rest of this section, we sharpen our bounds by taking into account
the sparsity level of the k-leverage scores and the decay of singular values.

In terms of sparsity, we first replace the dimension d in (43) by the number
p € [d] of nonzero k-leverage scores

p={i€[d,V, #0}. (44)
To quantify the decay of the singular values, we define the flatness parameter
~1

1
Jj=k+1

In words, 8 € [1,d — k] measures the flatness of the spectrum of X above the cut-off
at k. Indeed, (45) is the ratio of the largest term in a sum to that sum. The closer
B is to 1, the more similar the terms in the sum in the denominator of (45). At the
extreme, 8 = d — k when UI%H > 0 while 0]2- =0,V) > k+2

Proposition 17 Under the projection DPP of marginal kernel VkaT, it holds
Eppp | X —IEX |3 < k(p — k)| X — I X |3 (46)
and

—k
Eorr X - IS X < (14657 k) 1X - X, (47)
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The bound in (46) compares favorably with volume sampling (26) since the dimen-
sion d has been replaced by the sparsity level p. For /3 close to 1, the bound in (47)
is better than the bound (25) of volume sampling since (p — k)/(d — k) < 1. Again,
the sparser the k-leverage scores, the smaller the bounds.

Now, one could argue that, in practice, sparsity is never exact: it can well be
that p = d while there still are a lot of small k-leverage scores. We will demonstrate
in Section 6 that the DPP still performs better than volume sampling in this setting,
which Proposition 17 doesn’t reflect. We introduce two ideas to further tighten the
bounds of Proposition 17. First, we define an effective sparsity level in the vein of
Papailiopoulos et al. (2014), see Section 3.3. Second, we condition the DPP on a
favourable event with controlled probability.

Theorem 18 Let m be a permutation of [d] such that leverage scores are reordered
k k k
bo, > ln, > o > (48)

For § € [d], let Ts = [ns,...,mq]. Let 6 > 1 and

Per(f) = min qe[d]/Zd‘;izk—lJr; : (49)

1<q

Finally, let Ag be the event {S NT, .9 = 0}. Then, on the one hand,

Popp (Ag) > (50)

1
67
and, on the other hand,

Eppp [[|X —TIEX[[3 | Ag] < (per(6) =k +1)(k =1+ 0) | X —ILX|3  (51)

and

(pef‘f(e) +1 - k)

1
d—k

Eppp [ X — X2 | Ao < (1 L8 (k—1+ 9>) IX — T, X%

(52)

In Theorem 18, the effective sparsity level peg(#) replaces the sparsity level p of
Proposition 17. The key is to condition on S not containing any index of column
with too small a k-leverage score, that is, the event Ag. In practice, this is achieved
by rejection sampling: we repeatedly and independently sample S ~ DPP(K) until
SNTp.(0)=0.

The caveat of any rejection sampling procedure is a potentially large number of
samples required before acceptance. But in the present case, Equation (50) guar-
antees that the expectation of that number of samples is less than 6. The free
parameter 6 thus interestingly controls both the “energy” threshold in (49), and the
complexity of the rejection sampling. The approximation bounds suggest picking 6
close to 1, which implies a compromise with the value of peg(#) that should not be
too large either. We have empirically observed that the performance of the DPP is
relatively insensitive to the choice of 6.
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5.2 Bounds for the excess risk in sketched linear regression

In Section 3.6, we surveyed bounds on the excess risk of ordinary least squares
estimators that relied on a subsample of the columns of X. Importantly, the generic
bound (32) of Mor-Yosef and Avron (2018) has a bias term that depends on the
maximum squared tangent of the principal angles between Span(S) and Span(Vj).
When |S| = k, this quantity is hard to control without making strong assumptions
on the matrix V;. But it turns out that, in expectation under the same DPP as in
Section 5.1, this bias term drastically simplifies.

Proposition 19 We use the notation of Section 3.6. Under the projection DPP
with marginal kernel VkaT, it holds

lw* 2o,y vk

EDPP [E(UJS)] S (1 + ]{Z(p - k)) N N

(53)
The sparsity level p appears again in the bound (53): The sparser the k-leverage
scores distribution, the smaller the bias term. The bound (53) only features an
additional (14 k(p — k)) factor in the bias term, compared to the bound obtained
by Mor-Yosef and Avron (2018) for PCR, see Proposition 12. Loosely speaking, this
factor is to be seen as the price we accept to pay in order to get more interpretable
features than principal components in the linear regression problem. Finally, a
natural question is to investigate the choice of k to minimize the bound in (53), but
this is out of the scope of this paper.

As in Theorem 18, for practical purposes, it can be desirable to bypass the need
for the exact sparsity level p in Proposition 19. We give a bound that replaces p
with the effective sparsity level peg(#) introduced in (49).

Theorem 20 Using the notation of Section 3.6 for linear regression, and of Theo-
rem 18 for leverage scores and their indices, it holds

w* 20_2 k

Eppp [5(1135) ‘ ./49] < [1 + (k’ -1+ 9) (peﬁ“((g) —k+ 1)] N N

In practice, the same rejection sampling routine as in Theorem 18 can be used to
sample conditionally on Ay. Finally, to the best of our knowledge, bounding the
excess risk in linear regression has not been investigated under volume sampling.

In summary, we have obtained two sets of results. We have proven a set of
multiplicative bounds in spectral and Frobenius norm for Eppp || X — I X, v €
{2, Fr}, under the projection DPP of marginal kernel K = V| V,T, see Propositions 16
& 17 and Theorem 18. As far as the linear regression problem is concerned, we have
proven bounds for the excess risk in sketched linear regression, see Proposition 19
and Theorem 20.

6 Numerical experiments

In this section, we empirically compare our algorithm to the state of the art in column
subset selection. In Section 6.1, the projection DPP with kernel K = VkaT and
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volume sampling are compared on toy datasets. In Section 6.2, several column subset
selection algorithms are compared to the projection DPP on four real datasets from
genomics and text processing. In particular, the numerical simulations demonstrate
the favorable influence of the sparsity of the k-leverage scores on the performance of
our algorithm both on toy datasets and real datasets. Finally, we packaged all CSS
algorithms in this section in a Python toolbox®.

6.1 Toy datasets

This section is devoted to comparing the expected approximation error E||X —
ITEr X ||, for the projection DPP and volume sampling. We focus on the Frobenius
norm to avoid effects to due different choices of the projection TI, see (4).

In order to be able to evaluate the expected errors exactly, we generate matrices
of low dimension (d = 20) so that the subsets of [d] can be exhaustively enumerated.
Furthermore, to investigate the role of leverage scores and singular values on the
performance of CSS algorithms, we need to generate datasets X with prescribed
spectra and k-leverage scores.

6.1.1 Generating toy datasets

Recall that the SVD of X € RV*? reads X = UXVT, where ¥ is a diagonal
matrix and U and V are orthogonal matrices. To sample a matrix X, U is first
drawn from the Haar measure of Ox(R), then ¥ is chosen among a few deterministic
diagonal matrices that illustrate various spectral properties. Sampling the matrix
V is trickier. The first k£ columns of V are structured as follows: the number of
non vanishing rows of V}, is equal to p and the norms of the nonvanishing rows are
prescribed by a vector £. By considering the matrix K = V,V;I, generating V
boils down to the simulation of an Hermitian matrix with prescribed diagonal and
spectrum (in this particular case the spectrum is included in {0, 1}). For this reason,
we propose an algorithm that takes as input a leverage scores profile £ and a spectrum
o2, and outputs a corresponding random orthogonal matrix X; see Appendix E. This
algorithm is a randomization? of the algorithm proposed by Fickus, Mixon, Poteet,
and Strawn (2011b). Finally, the matrix V;, € R¥¥ is completed by applying the
Gram-Schmidt procedure to d — k additional i.i.d. unit Gaussian vectors, resulting
in a matrix V'€ R¥? Figure 3 summarizes the algorithm proposed to generate
matrices X with a k-leverage scores profile £ and a sparsity level p.

6.1.2 volume sampling vs projection DPP

This section sums up the results of numerical simulations on toy datasets. The
number of observations is fixed to N = 100, the dimension to d = 20, and the
number of selected columns to k € {3,5}. Singular values of are chosen from the
following profiles: a spectrum with a cutoff called the projection spectrum,

3 20
Th—3,pr0j = 100> _eje] +0.1) eje],
i=1 i=4

3http://github.com/AyoubBelhadji/CSSPy
‘http://github.com/AyoubBelhadji/FrameBuilder
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MATRIXGENERATOR (€, )

Sample U from the Haar measure Oy (R).

Pick 3 a diagonal matrix.

Pick pe [k +1:d].

Pick a k-leverage-scores profile £ € Ri with a sparsity level p.
Generate a matrix Vi, with the k-leverage-scores profile £.
Extend the matrix Vj, to an orthogonal matrix V.

return X «+— UXVT

N O Ot =W N

Figure 3: The pseudocode of the algorithm generating a matrix X with prescribed
profile of k-leverage scores.

5 20
Sh—5.proj = 100 Y _e;e] + 0.1 e;e].
i=1 i=6
and a smooth spectrum
20
3k=3smooth = 100e1e] + 10esel + eze] + 0.1 Z eie],
i=4
20
=5 smooth = 10000e1e] + 1000eze] + 100ese] + 10e4e] + esel +0.1) _ ejel.
i=6

Note that all profiles satisfy 8 = 1; see (45). In each experiment, for each spec-
trum, we sample 200 independent leverage scores profiles that satisfy the sparsity
constraints from a Dirichlet distribution with concentration parameter 1 and equal
means. For each leverage scores profile, we sample a matrix X from the algorithm
in Appendix E.

Figure 4 compares, on the one hand, the theoretical bounds in Theorem 8 for
volume sampling and Proposition 17 for the projection DPP, to the numerical eval-
uation of the expected error for sampled toy datasets on the other hand. The x-axis
indicates various sparsity levels p. The unit on the y-axis is the error of PCA. There
are 400 crosses on each subplot: each of the 200 matrices appears once for both
algorithms. The 200 matrices are spread evenly across the values of p.

The VS bounds in (k + 1) are independent of p. They appear to be tight for
projection spectra, and looser for smooth spectra. For the projection DPP, the
bound (k + I)S%k is linear in p, and can be much lower than the bound of VS. The
numerical evaluations of the error also suggest that this DPP bound is tight for a
projection spectrum, and looser in the smooth case. In both cases, the bound is
representative of the actual behavior of the algorithm.

The bottom row of Figure 4 displays the same results for identity spectra, again
for K = 3 and £ = 5. This setting is extremely nonsparse and represents an arbi-
trarily bad scenario where even PCA would not make much practical sense. Both
VS and DPP sampling perform constantly badly, and all crosses superimpose at
y = 1, which indicates the PCA error. In this particular case, our linear bound in

19



4.0 6
3.5 _ —_—
J— 51 =
= 3.0 — —_— JR—
> x
= = S -
2.5 =
| 3 | —_—
x % X 3 -
— 2.0 = —
w Ea — V.S. bound w — V.S. bound
- V.S. V.S,
1.5 - Py
—— —— P. DPP bound —— P. DPP bound
—e P. DPP P. DPP
1.0 1

456 7 8 91011121314151617181920 6 7 8 9 1011 12 13 14 15 16 17 18 19 20
p p
(a) Xs,proj, k=3 (d) Es,proj, k=5
4.0 4 6
3.51 _— 54 J—
i — i —
X< 307 — <, —
O _— O I
= _ IS _
123 — I —
x — x 3 —
— 2.0_ _ — —
w -_— —— V.S. bound W . —— V.S. bound
=5 Vs, N - Vs,
151 _x — P. DPP bound _ — P. DPP bound
. P. DPP o P. DPP
456 7 8 91011121314151617 181920 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
p p
(b) EB,smoothy k=3 (e) ES,smoothy k=5
4.0 4 6
35 - 5 -
LT e ~ID -
— 3.0 - o —
x R X 44 —_
O O
E 25 - = -
I - I —
_ N _
X 20 - x -
w J— —— V.S. bound W - —— V.S. bound
1.5 —_ V.S. 21 — VS,
— —— P. DPP bound _ —— P. DPP bound
104 P. DPP 1] P. DPP
4567 8 91011121314151617181920 6 7 8 9 1011 12 13 14 15 16 17 18 19 20
p p
(d) Iz, k=3 (f) Iz0, k=5

Figure 4: Realizations and bounds for E[| X —IIE X |4 as a function of the sparsity
level p.
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Figure 5: Realizations and bounds for E|| X —II¥" X ||?, as a function of the effective
sparsity level peﬁ(%).
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Figure 6: Realizations and bounds for the avoiding probability P(SN T, @) = 0) in
Theorem 18 as a function of 4.

p is not representative of the actual behavior of the error. This observation can be
explained for volume sampling using Theorem 25, which states that the expected
squared error under VS is Schur-concave, and is thus minimized for flat spectra. We
have no similar result for the projection DPP.

Figure 5 provides a similar comparison for the two smooth spectra X3 ¢mooth
and X5 smooth, but this time using the effective sparsity level peg(#) introduced in
Theorem 18. We use § = 1/2; qualitatively, we have observed the results to be robust
to the choice of . The 200 sampled matrices are now unevenly spread across the
x-axis, since we do not control peg (). Note finally that the DPP here is conditioned
on the event {SNT, Dot (0) = 0}, and sampled using an additional rejection sampling
routine as detailed below Theorem 18.

For the DPP, the bound is again linear on the effective sparsity level peg(%),
and can again be much lower than the VS bound. The behavior of both VS and
the projection DPP are similar to the exact sparsity setting of Figure 4: the DPP
has uniformly better bounds and actual errors, and the bound reflects the actual
behavior, if relatively loosely when peg(1/2) is large.
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Figure 6 compares the theoretical bound in Theorem 18 for the avoiding proba-
bility P(S'NT, .9y = 0) with 200 realizations, as a function of §. More precisely, we
drew 200 matrices X, and then for each X, we computed exactly — by enumeration —
the value P(S N T, .9 = 0) for all values of . The only randomness is thus in the
sampling of X, not the evaluation of the probability. The results suggest again that
the bound is relatively tight.

6.2 Real datasets

This section compares the empirical performances of several column subset selection
algorithms on the datasets in Table 2.

Dataset | Application domain N xd References
Colon genomics 62 x 2000 (Alon et al., 1999)
Leukemia genomics 72 x 7129 | (Golub et al., 1999)

Basehock text processing 1993 x 4862 | (Li et al., 2017b)
Relathe text processing 1427 x 4322 | (Li et al., 2017b)

Table 2: Datasets used in the experimental section.

These datasets are illustrative of two extreme situations regarding the sparsity
of the k-leverage scores. For instance, the dataset Basehock has a very sparse profile
of k-leverage scores, while the dataset Colon has a quasi-uniform distribution of
k-leverage scores, see Figures 7 (a) & (b).

We consider the following algorithms presented in Section 3: 1) the projection
DPP with marginal kernel K = VkaT, 2) volume sampling, using the implementa-
tion proposed by Kulesza and Taskar (2011), 3) deterministically picking the largest
k-leverage scores, 4) pivoted QR as in (Golub, 1965), although the only known
bounds for this algorithm are for the spectral norm, and 5) double phase, with ¢
manually tuned to optimize the performance, usually around ¢ ~ 10k.

The rest of Figure 7 sums up the empirical results of the previously described
algorithms on the Colon and Basehock datasets. Figures 7 (c¢) & (d) illustrate the
results of the five algorithms in the following setting. An ensemble of 50 subsets are
sampled from each algorithm. We give the corresponding boxplots for the Frobenius
errors, on Colon and Basehock respectively. We observe that the increase in perfor-
mance using projection DPP compared to volume sampling is more important for
the Basehock dataset than for the Colon dataset: this improvement can be explained
by the sparsity of the k-leverage scores as predicted by our approximation bounds.
Deterministic methods (largest leverage scores and pivoted QR) perform well com-
pared with other algorithms on the Basehock dataset; in contrast, they display very
bad performances on the Colon dataset. The double phase algorithm has the best
results on both datasets. However its theoretical guarantees cannot predict such
an improvement, as noted in Section 3. The performance of the projection DPP
is comparable to those Double Phase and makes it a close second, with a slightly
larger gap on the Colon dataset. We emphasize that our approximation bounds are
sharp compared to numerical observations.

Figures 7 (e) & (f) show results obtained using a classical boosting technique
for randomized algorithms. We repeat 20 times: sample 50 subsets and take the
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best subset selection. Displayed boxplots are for these 20 best results. The same
comments apply as without boosting.

Figure 8 calls for similar comments, comparing this time the datasets Relathe
(with concentrated profile of k-leverage scores) and Leukemia (with almost uniform
profile of k-leverage scores).

6.3 Discussion

The performance of our algorithm has been compared to state-of-the-art column
subset selection algorithms. We emphasize that the theoretical performances of
the proposed approach take into account the sparsity of the k-leverage scores as in
Proposition 17 or their fast decrease as in Proposition 18, and that the bounds are in
good agreement with the actual behavior of the algorithm. In contrast, state-of-the-
art algorithms like volume sampling have looser bounds and worse performances, or
like double phase display great performance but have overly pessimistic theoretical
bounds.

7 Conclusion

We have proposed, analyzed, and empirically investigated a new randomized column
subset selection (CSS) algorithm. The crux of our algorithm is a discrete determi-
nantal point process (DPP) that selects a diverse set of k& columns of a matrix X.
This DPP is tailored to CSS through its parametrization by the marginal kernel
K = V,V}, where Vj, are the first k right singular vectors of the matrix X. This
specific kernel is related to volume sampling, the state-of-the-art for CSS guarantees
in Frobenius and spectral norm.

We have identified generic conditions on the matrix X under which our algorithm
has bounds that improve on volume sampling. In particular, our bounds highlight
the importance of the sparsity and the decay of the k-leverage scores on the approx-
imation performance of our algorithm. This resonates with the compressed sensing
literature. We have further numerically illustrated this relation to the sparsity and
decay of the k-leverage scores using toy and real datasets. In these experiments, our
algorithm performs comparably to the so-called double phase algorithm, which is the
empirical state-of-the-art for CSS despite more conservative theoretical guarantees
than volume sampling. Thus, our DPP sampling inherits both favorable bounds
and increased empirical performance under sparsity or fast decay of the k-leverage
scores.

In terms of computational cost, our algorithms scale with the cost of finding the
k first right singular vectors, which is currently the main bottleneck. In the line
of (Drineas et al., 2012) and (Boutsidis et al., 2011), where the authors estimates
the k-leverage scores using random projections, we plan to investigate the impact of
random projections to estimate the full matrix K on the approximation guarantees
of our algorithms.

Although often studied as an independent task, in practice CSS is often a prelude
to a learning algorithm. We have considered linear regression and we have given a
bound on the excess risk of a regression performed on the selected columns only. In
particular, sparsity and decay of the k-leverage scores are again involved: the more
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(d) Boxplots of | X — I X ||r on a batch of 50
samples for the five algorithms on the dataset
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Figure 7: Comparison of several column subset selection algorithms for two datasets:

Basehock and Colon.
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Figure 8: Comparison of several column subset selection algorithms for two datasets:
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localized the k-leverage scores, the smaller the excess risk bounds. Such an analysis
of the excess risk in regression highlights the interest of the proposed approach
since it would be difficult to conduct for both volume sampling or the double phase
algorithms. Future work in this direction includes investigating the importance of
the sparsity of the k-leverage scores on the performance of other learning algorithms
such as spectral clustering or support vector machines.

Finally, in our experimental section, we used an adhoc randomized algorithm
inspired by (Fickus et al., 2011b) to sample toy datasets with a prescribed profile of
k-leverage scores. An interesting question would be to characterize the distribution
of the output of our algorithm. In particular, sampling from the uniform measure
on the set of symmetric matrices with prescribed spectrum and leverage scores is
still an open problem (Dhillon et al., 2005).
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A Another interpretation of the k-leverage scores

For i € [d], the SVD of X yields
X.i=Y Viefo, (55)
(=1

where fy = ooU. 4, { € [r], are orthogonal. Thus

X f5 = Vigllfill? = Vijos. (56)
Then
1 Xl o1 Xl 5] oj

where 7; ; € [0,7/2] is the angle formed by X.; and f;. Finally, (56) also yields

k 2
Cos” 1; ;
o =1Xal?y —5 (58)

j=1 J

Compared to the length-square distribution in Section 3.2, k-leverage scores thus
favour columns that are aligned with the principal features. The weight 1/ 032- corrects
the fact that features associated with large singular values are typically aligned with
more columns. One could also imagine more arbitrary weights w;/ O‘JQ- in lieu of 1/ UJZ,
or, equivalently, modified k-leverage scores

k
ff(’w) = ijvi?j'
j=1

However, the projection DPP with marginal kernel K = VkV}J that we study in this
paper is invariant to such reweightings. Indeed, for any S C [d] of cardinality k,

Det | Vg Diag(wyy) Vi) o| = Det(Vs )? 1'[[] w? oc Det (V)2 (59)
JEk

Such a scaling is thus not a free parameter in K.

B Majorization and Schur convexity

This section recalls some definitions and results from the theory of majorization
and the notions of Schur-convexity and Schur-concavity. We refer to (Marshall
et al., 2011) for further details. In this section, a subset D C R is a symmetric
domain if D is stable under coordinate permutations. Furthermore, a function f
defined on a symmetric domain D is called symmetric if it is stable under coordinate
permutations.
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Definition 21 Let p,q € Ri. p is said to majorize q according to Schur order and
we note q <g p if

qiy < DPjq

Qiy + Giy < Djy + Pja

d—1

60

<Y (60)
k=1

i
d
i Z Py,
\ k=1

where p, q are reordered so that p;, < ... < p;; and qj, < ... < qjy-

a1
> q
k=1
d
> q
k=1

The majorization order has an algebraic characterization using doubly stochastic
matrices first proven by Hardy, Littlewood, and Polya in 1929.

Proposition 22 (Theorem B.2. Marshall et al., 2011) The vector p majorizes
the vector q if and only if there exists a d X d doubly stochastic matriz 11 such that

q = pll.

Example 1 Let p = (3,0,0) and g = (1,1,1). We check easily that p majorizes q.
Note that we can ’‘redistribute’ p over q as follows: q = %Jp, where J is a 3 X 3
matriz of ones. The matriz T = %J 1s a doubly stochastic matriz.

Schur order compares two vectors using multiple inequalities. To avoid such cum-
bersome calculations, a scalar metric of inequality in a vector is desired. This is
possible using the notion of Schur-convex/concave function.

Definition 23 Let f be a function on a symmetric domain D C R‘j_.
f is said to be Schur convex if

Vp,q €RY, g <sp = f(q) < f(p). (61)
f is said to be Schur concave if
vp,g €RY, g <sp = f(a) > f(p). (62)

Proposition 24 (Theorem A.3, Marshall et al., 2011) Let f be a symmetric
function defined on Ri, let D be a permutation-symmetric domain in Ri and suppose

that of of
Vag, x; € Ry, (x; — xj)( ——)>0 (63)
J + J 89@1 833‘j
then
Vp,q € D,q<sp = f(q) < f(p), (64)

and f is Schur conver.

We get a similar result for Schur concavity by switching the orders in the previous
proposition.

Theorem 25 (Theorem 3.1, Guruswami and Sinop, 2012) Let X € RN*4,
and let o € R? the vector containing the squares of the singular values of X. The
function

o Evs|| X — T X |3, = (k+1) (65)

ex(o)
ex—1(0o)
18 Schur-concave.
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C Principal angles and the Cosine Sine decomposition

C.1 Principal angles

This section surveys the notion of principal angles between subspaces, see (Golub
and Van Loan, 1996, Section 6.4.3) for details.

Definition 26 Let P, Q be two subspaces in R%. Let p = dim P and ¢ = dim Q and
assume that ¢ < p. To define the vector of principal angles 6 € [0,7/2]1 between P

and Q, let
2T

cos(fq) = max{ xeP,yce Q} (66)

el

be the cosine of the smallest angle between a vector of P and a vector of Q, and let
(x1,y1) € P x Q be a pair of vectors realizing the mazimum. For i € [2,q|, define
successively

mT

cos(6;) :max{ zrePyeQrlx,yly;,Vje [13i—1]} (67)

[l
and denote (x;,y;) € P x Q such that cos(6;) = x]y; .

Note that although the so-called principal vectors (x;,yi)ic[q are not uniquely de-
fined by (66) and (67), the principal angles @ are uniquely defined, see (Bjorck and
Golub, 1973). The following result confirms this, while also providing a way to
compute 6.

Proposition 27 (Bjorck and Golub, 1973, Ben-Israel, 1992) LetP and Q and
0 be as in Definition 26. Let P € R¥™*P, Q € R¥*? be two orthogonal matrices, whose
columns are orthonormal bases of P and Q, respectively. Then

Vi e [q], cos(0;) =0i(QTP). (68)
In particular
Vol2(QTP) = [] cos?(6:). (69)
i€[q]

An important case for our work arises when ¢ =k, Q =V € R™>* and P =S ¢
Rk is a sampling matrix. The left-hand side of (69) then equals Det(V: g)2.
C.2 The Cosine Sine decomposition

The Cosine Sine (CS) decomposition is useful for the study of the relative position
of two subspaces. It generalizes the notion of cosine, sine and tangent to subspaces.

Proposition 28 (Golub and Van Loan, 1996) Let g < d/2 and Q = { gl ]
2

be a d x q orthogonal matriz, where Q1 € R”*Y and Qg € RU—DX4. Assume that Q;
is non singular, then there exist orthogonal matrices Y € R™4 and

(Wi o dxd
W—[O W2] € R (70)
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and a matrix

C
T = | 8| eRr, (71)
0
such that
Q=wxY7T, (72)

where Wi € RY*Y and Wy € R¥9%4=4  qnd C,S € RI*? are diagonal matrices
satisfying the identity C*> +S? = ly. In particular, each block Q; factorizes as

Q, =w,cYy”
B S or (73)
Q2 =Ws [0] Y".

The CS decomposition is defined for every orthogonal matrix. An important case
is when Q is the product of an orthogonal matrix V'€ R*?¢ and a sampling matrix
S € R¥™* thatis Q = VT8S.

Corollary 29 Let V € R¥™ be an orthogonal matriz and S € R¥™* be a sampling
matrix. Let .
V'S
Q=VTS— {k} (74)
VLS
be a dxk orthogonal matriz, with Det(V, S)? > 0. Let further Zg = V] , S(V;1S)~'.
Then
Tr(ZsZ]) < ) tan®(6,(9)). (75)
1€[k]
Proof In the case k < d/2, Proposition 28 applied to the matrix Q = VTS with
Q,=V,/S and Q, =V | S yields

Q=W cY”’ (76)
Q2 =W> [ﬁ] YT (77)

Thus, the diagonal matrix C contains the singular values of the matrix VkTS that are
cosines of the principal angles (0;(S));cx) between Span(V;) and Span(S) thanks to
Proposition 27.

The identity C*+ 8% = I, and the fact that 6;(S) € [0, 3] imply that the (diagonal)
elements of S are equal to the sines of the principal angles between Span(Vj) and
Span(S). Let T = SC~. T € R¥** is a diagonal matrix containing the tangents of

the principal angles (0;(S));ec[r- Using (76), we get

T Ta\-1 S 1T R P p— sc! T
Zs =V S(VIS) =W || YTY CI W] = Wy || CTH W] = Wy |-—=—| W

(78)

Then,
Te(ZsZTL) = Tr(W, 7|0 W) =) tan®(6:(9)) (79)
S<8 00| 2 w2
1€[k]
|
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D Proofs

D.1 Technical lemmas

We start with two useful emmas borrowed from the literature.

Lemma 30 (Lemma 3.1, Boutsidis et al., 2011) Let S C [d], then

IX — 15, X7 < |E(I - Ps)lly, ve{2Fr}, (80)
where E = X — I X and Ps = S(V,JS)_leT. Furthermore,
v 2
1 X —IIg . X[, < 2 (Ve )
The following lemma was first proven by Deshpande et al., 2006, and later rephrased.
Lemma 31 (Lemma 11, Deshpande and Rademacher, 2010) Let V € RF*4,
r=1k(V) and £ € [1:7]. Then

S aBVis)?) = aS(V)?) (82)

Scldl],|S|=¢

|X — X2, ve{2Fr}. (81)

where ey is the £-th elementary symmetric polynomial on v variables, see Section 2.

Elementary symmetric polynomials play an important role in the proof of Propo-
sition 18, in particular their interplay with the Schur order; see Appendix B for
definitions.

Lemma 32 Let ¢, : Ri — Ry be defined by

ex—1(0)
¢:0— 83
ex(o) (83)
and
Vo ep(o). (84)
Then both functions are symmetric, ¢ is Schur-convex, and v is Schur-concave.
Proof [of Lemma 32| Let 4,5 € [r],i # j. Let 04,05 € R, it holds
1 1
(0i — 05)(0ig(e) — 9j¢(0)) = (07 — 05)(— = + )
o7 0;
_(oi—o0j 22(;71' +9) S,
0;0;
so that ¢ is Schur-convex by Proposition 24. Similarly,
(07 — 03)(9b(a) = 9j1(9)) = (0 = 7;)([ [ e = [ [ o)
(+i 04
= —(0; — 0j)? H op >0,
0#ij
so that ¢ is Schur-concave by Proposition 24. |
Elementary symmetric polynomials also interact nicely with “marginalizing”

sums.
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Lemma 33 Let V be a real k x d matriz and let r = tk(V'). Denote by p the number
of non zero columns of V.. Then for all k <r+1,

) Y e (E(Vie)?) < (p—k+ Derr(S(V)?).  (85)
Scld],|S|=k TC[S]
Vol (Vi,5)?>0  |T|=k—1

A fortiori,
Y Y anBVa) <@kt DaaSVR).  (50)

scld,|Sl=k  TC[S]
Voly(Vi,5)?>0  |T|=k—1

Proof [of Lemma 33| For T' C [d], |T| =k — 1,
WM(T)={Scd:|S|=kTCS, VieSs, V.;#0}
W(T)={SC[d:|S|=kTcC S Volg(V.5)*> >0} .

Note that Q2(7") C ©Q1(T) so that

Z Z ee-1(S(Vir)®) = Z Z er-1(2(V,r)?)

Scldl,|S|=k TCS TCld]  SeQa(T)
Vol (V. 5)?>0  [TI=k—1 T|=k—1

3 Z)em r)%)

Tc[d] Se (T
IT|=k

The set (T has at most (p — k + 1) elements so that

Z Yo aaEVir))<p-k+1) > e (S(Vir)d). (87
Se (T) TC[d]
\T| |T|=k—1

Lemma 31 for £ = k — 1 further yields

(P—k+1) > e 1(S(Vir)?) < (p—k+1) e1(S(V)?). (88)
Tk
m

D.2 Proof of Proposition 16
First, Lemma 30 yields

v 1
Z Det(Vs,[k])zﬂX—stHz Z Ve

( ] Det(V,)? |1 X — I X |7
Scld],|S|=k scl,Is=k Tk\VS[k]

k1
=X -mX|2 > J[et(Vsw), (89)

Scld],|S|=k £=1

35



where the last equality follows from

Det (Vi x))” Hag Vs, w)- (90)

By definition of the polynomial ej_1, it further holds

1:[ o7 (Vs,m) < er—1(Z(Vs,)?), (91)

so that (89) leads to

> Det(Vau)IX —TEX |7 < [ X —TLX[} Y e 1(S(Vap)®):
Scldl,|S|=k Scld],|S|=k

Now, Lemma 31 applied to the matrix VST k] gives
en-1(2(Vep)?) = Z er-1(Z(Vrw)?), (93)
TCS,|T|=k—1

Therefore, Lemma 33 yields

Y anaEWVep)) < d—-k+1) > a1 (S(Vrp)?). (94)

Scldl,|S|=k TC[d],|T|=k—-1

Using Lemma 31 and the fact that Vj is orthogonal, we finally write

Y a1V = e a(S(Vi)?) = k. (95)

TCld),|T|=k-1

Plugging (95) into (94), and then into (92) concludes the proof of Proposition 16.

D.3 Proof of Proposition 17
We first prove the Frobenius norm bound, which requires more work. The spectral

bound is easier and uses a subset of the arguments for the Frobenius norm.

D.3.1 Frobenius norm bound
Recall that F = X — II;, X. We start with Lemma 30:
IX —TI¢ X || < [|E(I — Ps)|lf,

- 96
< |E|}} + Tx(ETEPsP]) — 2 Tr(PIETE). (96)
Since ETE=V, %2 VT, and Ps=S(V]S)'V],
Tr(PJETE) = Tr (Vk ((‘/}CTS)T)_lsT‘/;,_kET_kKLk)
~ 1 (VLY (85T, 2, ) o
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where the last equality follows from VT, Vj, = 0. Therefore, (96) becomes
IX —IF X |f < | E|f + Te(ETEPgPY). (98)
Taking expectations,

Eppp | X ~ IS X |5 < IEIf + Y Det(Vip)® Tr(ETEPgPJ).  (99)
scld,|S|=k

Proposition 27 expresses Det(Vg )? as a function of the principal angles (6;(S5))
between Span(Vj) and Span(S), namely

Det (Vs i)® = ] cos®(6:(S)). (100)

The remainder of the proof is in two steps. First, we bound the second factor in

the sum in the right-hand side of (99) with a similar geometric expression. This

allows trigonometric manipulations. Second, we work our way back to elementary

symmetric polynomials of spectra, and we conclude after some simple algebra.
First, for S C [d], |S| =k, let

Zs =V}, S(V]S)" = V], PVi.
It allows us to write
Tr(ETEPgPY) = Te(Vyix B3, V] (PsP§) = Te(E}_, Zs Z)). (101)

However, for real symmetric matrices A and B with the same size, a simple diago-
nalization argument yields

Tr(AB) < || Al]2 Tr(B), (102)
so that
Te(ETEPyPl) = Tv(2?_,Z,Z]) < o}, Tr(Z4ZY). (103)

In Appendix C, we characterize Tr(Z¢Z]) using principal angles, see (75). This
reads
Tr(Z4Z%) = Y | tan’( (104)
JElk]
Combining (99), (103), (100), and (104), we obtain the following intermediate bound

Eppp | X-TI§ X [[f < [|Elf+oiy Y, ] cos®@:(S)| | D tan’(8;(S)
Scld],|S|=k |i€lk]
(105)
Distributing the sum and using trigonometric identities, the general term of the sum
n (105) becomes

I cos®0:()) | | D tan®( =Y (1—cos?(6:(5))) [ cos®(0;(5))
i€(k] jelk] i€[k] jelk],j#i
= Z H cos?(6;( Z H cos?
i€(k] jElk]. i i€(k] jElk]
(106)
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The (cos(0;(95)))jelx) are the singular values of the matrix Vg so that

S T cos65(9) = ewr(B(Viw)?), (107)
i€[k] je[k],j#i
and
[T cos(6;(9)) = en(S(Vsm)?). (108)
JEK]

Back to (106), one gets

{H 0082(92'(5))] {Z taﬂz(%’(s))] = er1(B(Vs)?) — D en(S(Vap)?)
i€ k] JE[K] i€ k]

= er—1(S(Vs)?) — ker(S(Vew)?). (109)
Thus, plugging (109) back into the intermediate bound (105), it comes

Eppp || X — I X |5,

<IEIR+ 07 | Y a1 (E(Vew)?) —k Y ex(S(Va)?)

SC[d] SCld]
|S|=Fk |S|=Fk
(110)
Using Lemma 31 twice, it comes
Eppp || X — I1§" X ||,
<IEIR+oia | Y. D, e1(S(Vrp)?) — kee(B(Viw)?)
Scld] TCS
|S|=k ITI=
(111)

Lemmas 33 and the identities e;_1(5(V.1)?) = k and ex(3(V.5)?) = 1 allow
us to conclude

Eppp | X — I§ X|[f < [|BIIf + ofs [(0 =k + Derr (S(Vow)?) — k] (112)

= 1Bl + o741 (p — k). (113)

By definition of 5 (45), we have proven (47), i.e.,
Fr v 1|2 2 p—k
Eppp X ~ T X3, < B, (1455
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D.3.2 Spectral norm bound
The bound in spectral norm is easier to derive. We start from Lemma 30:

Eppp | X —IEX[3= ) Det(Veu)?|X — s X3 (114)
scld,|S|=k

k—1
<|BlE > Jle(Vsw) (115)
scld],|s|=k ¢=1
Det(VS7[k])2>0

By definition of eg_1, it comes
Eppp [ X —TEX3<[IEI5 > e 1(S(Vau)?)

Scldl,|S|=k
Det(VS’[k])2>0

<(p—k+1)er1(E(Vi)?) | El3
=(p-k+1)k|E|3,

where we again used the double sum trick of (111) and Lemma 33.

D.4 Proof of Theorem 18

We start with a lemma on evaluations of elementary symmetric polynomials on
specific sequences.

Lemma 34 Let X € [0,1]* such that
AL 2> > A,

k
A=Y AN>k—1+3.
i=1

(116)

Then, with the functions ¢, introduced in Lemma 32,
A) > !
vAA) =4, (117)
<k

Proof Let A = (1,..,1,A —k +1) € R*. Then

A<M
A+ A2 <A+ Ao

k=1 k=1 (118)

\ =1 =1

A <g A (119)



Lemma 32 ensures the Schur-convexity of ¢ and the Schur-concavity of v, so that

< 1
¢(>‘)§¢(/\):k_1+m§k—l+9;
and )
w(A)Zw(X):A—k—FlZa.

D.4.1 Frobenius norm bound

Let K = V, V], and 7 be a permutation of [d] that reorders the leverage scores

decreasingly,
o>k > >k (120)

By construction, T}, ; = [Tp.q, ..., T4| thus collects the indices of the smallest leverage
scores. Finally, denoting by IT = (Ji.x;)(ij)e[dx[4) the matricial representation of
permutation 7, we let

K™ =TIKII" = (K, ,))1<ij<d-
The goal of the proof is to bound

> Det(V )1 X — ITE X |3,
Eppp ||| X — o x 2r SN Te = (Z):| = : , (121)
X — X3S 0 T S eV
where both sums run over subsets S C [d] such that |S| = k and SN T, ) = 0.
For simplicity, let us write

Zypes(0) = Z Det(Vs,5)%, (122)
Scld|S|=k
Sr‘ITpeHw):@

Yipw@ = D Det(Vau)?Tr(ZsZ}). (123)
Sc[d],|S|=k
SﬂTpeﬂr((’):@

Following steps (99) to (103) of the previous proof, one obtains

Yi pes (6
Eopr [1X ~ T X 15017y, = 0] < 1X = Xy + of 5220 (120
yPeff

By definition (45) of the flatness parameter 3,

1 1
‘71%+1 = 5m Z 012' = BmHX — I X |3 (125)
j>k+1

Then, it remains to upper bound the ratio Y}, .(6)/Zk p.s(6) in (124), which is the
important part of the proof. We first evaluate Zj, , .9) and then bound Yy ;, -(9)-
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_ The matrix IV, € R4*F has its rows ordered by decreasing leverage scores. Let
vr o € RPei(9)%k he the submatrix corresponding to the first Pest(0) rows of IIV.

Pefr

Let also

. v
v~ Vava® >
pert (6) <0d—peg(9),k

be padded with zeros. Then

s Vﬁapc (9)‘77: 0 0 O O dxd
pcﬁ'(e) = ! . 0 7peﬂ( ) 0 = ‘/pcf‘f(g)(‘/pcﬁ'(a))-r € R - : (126)

The nonzero block of K;reﬁ(e) is a submatrix of K™, and rk K™ = rk K = k. Hence
K;H ) has at most k nonzero eigenvalues

M2>2X2> 2 X 20=Xy1 =+ = A (127)
Therefore,
(MK o))=Y [[N=]]N (128)
TCld] €T 1€[k]
IT|=k

Note moreover that

VL€ [k, eo(E(Vap)?) = e MK 5))- (129)

Peft

By construction,

2
Zipwy = D, Det(Vap)’= D Dm[(%’gﬁ(@))&] (130)

Scld],|S|=k Scld],|S|=k
SﬁTpeH(g):@
Then, Lemma 31 yields

A

Zrpesn(0) = t(E(Vrpa(0)”) = er(MET o)) = [ Mo (131)
1€[k]

Now we bound Y, - (9). We use again principal angles and trigonometric identities.
Using (104) and (109) above, it holds

Y per(6) = Z Det(Vs, ) Tr(Z5 ZY)

Scldl,|S|=k
SmTch(‘”:@

= > I cos?0:(5)) > tan(6;(S))

Scld],|S|=k i€[k] JE[k]
SmTpeff(e):@

= Z €r—_1 (E<V57[k])2) — kek (Z(VS,[H)Q (132)
Scld],|S|=k

SmTpeg(Q) =0

= 2. e (E <[‘§Zg(e>]57:>2> —kex (Z <[‘A/}Zg(e>}s7:>2> (133)

Scldl,|S|=k

41



By Lemma 33 applied to the matrix f/;r7peﬁ(9) combined to (130), we get

Yiper(0) < (Pest(0) — k + 1)6k—1(2(‘>}£ﬁ(9))2) — ker(B(V] @)

Peft

< (per(0) — k + Der—1 (MK 5)) — kex(AK] )

< (a0~ £+ 1068 = k) Zuyiaco. (134)

where X = (1,..., 1,Tr(K;H(9)) —k+1) € R¥, see Lemma 34. Now, as in the proof
of Lemma 34,

. 1
=k — <k —
d(N) =k L+ TR (6))_k+1_k 146

Deft

by (49). Thus (134) yields

kapeﬁ(e) _ — — — -
“BPeil® < (peg () —k+ 1) (k=14 6) — k < (peir(0) — k +1)(k—1+6). (135)
2k pest (0)

Finally, plugging (135) and (125) in (124) concludes the proof of (52).

D.4.2 Spectral norm bound

We proceed as for the Frobenius norm, using the notation of Section D.3.1. Lemma 30,
Equations (132) and (135) yield

Enpp || X — IBX 3| SN T, = @]

=Zit o Y, Det(Vsp?|X — X3,
Scldl,|S|=k

E—1
-1
< Zp ol X ~TX[3 H a7 (Vs uy)
Scld),|S|=k t=
SOT,, o (6)=0,
Det(VS’[k])2>0

<Zo oI X X3 Y e a(B(Vaw)?)

Scld],|S|=k
SﬁTpeH(Q)Zm
Det(VS’[k])2>0

Y,
A2l X - X
Zke pess (0)

< (per(0) — k+1)(k — 1+ 0)]| X — I X3,

IN

which is the claimed spectral bound.
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D.4.3 Bounding the probability of rejection
Still with the notation of Section D.3.1, (130) yields

P(S M Tpeﬂ(g) = @) = Z Det(Vs,[k])Z
Scld),|S|=k
SQT ot (0)= =0
= ex(K, .0) (136)
— H \;
i€[k]
= ¥(N), (137)

Lemma 34 concludes the proof since

o 1
P(A) > A (138)
D.5 Proof of Proposition 20
First, Proposition 11 gives
1 t 2‘91' S *(|2 12
) < ( +5I61%€>]< an= 0;(5)) [w* ||*o 44 +£ (130
5) < N NV
Now (75) further gives
max tan? 6;(S Ztan 0;(S) = Tr(Z4ZY]). (140)

i€[k] ey

The proof now follows the same lines as for the approximation bounds. First, fol-
lowing the lines of Section D.3, , we straightforwardly bound

Eprp Z tan®(6;(S)) = Z H cos? Z tan?( (141)
1€[k]

Scld],|S|=k i€[k] jE[k]

and obtain (53). In a similar vein, the same lines as in Section D.4 allow bounding

Eppp [ Z tan?(0;(S))|SNT e = (ZJ] Z H cos? Z tan?(

i€[k] dl,|S|=k i€k JE[K]
SﬂT o (0) = =0

(142)
and yield (54).

E Generating orthogonal matrices with prescribed lever-

age scores

In this section, we describe an algorithm that samples a random orthonormal matrix
with a prescribed profile of k-leverage scores. This algorithm was used to generate
the matrices F = VT € RF*? for the toy datasets of Section 6. The orthogonality
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constraint can be expressed as a condition on the spectrum of the matrix K =
V. V[, namely Sp(K) C {0,1}. On the other hand, the constraint on the k-leverage
scores can be expressed as a condition on the diagonal of K. Thus, the problem of
generating an orthogonal matrix with a given profile of k-leverage scores boils down
to enforcing conditions on the spectrum and the diagonal of a symmetric matrix K.

E.1 Definitions and statement of the problem

We denote by (fi)ic[qg the columns of the matrix F. For n € N, we write 1, the
vector containing ones living in R", and 0,, the vector containing zeros living in R™.
We say that the vector u € R™ interlaces on v € R® and we denote

ul v

if u, <wvpand Vi € [1:n — 1], vip1 < u; < v,

" U422 Uil Vi4l U U Ui—1 Vi—1"""
Figure 9: Illustration of the interlacing of u on wv.

Definition 35 Let k,d € N, with k < d. Let F € R¥? be a full rank matrid®.

Within this section, we denote o = (0%, 0'%, e ,O']%) the squares of the nonvanishing
singular values of the matriz F, and £ = ({1 = || f1]|?, b2 = || f21|?, - - ., 4a = || fal|?) are

the squared norms of the columns of F', which we assume to be ordered decreasingly:
b2 ly > > Ay
When F is orthogonal, we can think of £ as a vector of leverage scores.

We are interested in the problem of constructing an orthogonal matrix given its
leverage scores.

d
Problem 1 Let k,d € N, with k < d, and let £ € Ri such that > ¢; = k. Build a
i=1
matriz F € RF*? such that
Sp(FTF) = [1k, 0a—k], (143)

and
Diag(FTF) = ¢. (144)

We actually consider here the generalization of Problem 2 to an arbitrary spectrum.
d k
Problem 2 Letk,d € N, with k < d, and let £ € R% such that 3" ¢; = Y o?. Build

=1 =1
a matriz F € R¥>*4 gych that

Sp(FTF) = [62,04_;] =: 62 (145)

and
Diag(FTF) = £. (146)
A frame, using the definitions of (Fickus et al., 2011a) and (Fickus et al., 2011b).
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Denote by
M) = {M € R”? symmetric / Diag(M) = £, Sp(M) = &°}. (147)

The non-emptiness of My ;) is determined by a majorization condition between
£ and &, see Appendix B for definitions. More precisely, we have the following
theorem.

Theorem 36 (Schur-Horn) Let k,d € N, with k < d, and let £ € R‘i. We have
M(e,a) +#0) =L <g0. (148)

The proof by Horn (1954) of the reciprocal in Theorem 36 is non constructive. In
the next section, we survey algorithms that output an element of Mg ).

E.2 Related work

Several articles (Raskutti and Mahoney, 2016, Ma et al., 2015) in the randomized
linear algebra community propose the use of non Gaussian random matrices to
generate matrices with a fast decreasing profile of leverage scores (so-called heavy
hitters) without controlling the exact profile of the leverage scores.

Dhillon et al. (2005) showed how to generate matrices from Mg 5 using Givens
rotations; see the algorithm in Figure 10. The idea of the algorithm is to start with
a frame with the exact spectrum and repeatedly apply orthogonal matrices (Lines
4 and 6 of Figure 10) that preserve the spectrum while changing the leverage scores
of only two columns, setting one of their leverage scores to the desired value. The
orthogonal matrices are the so-called Givens rotations.

Definition 37 Let 6 € [0,27[ and i,j € [d]. The Givens rotation G; j(6) € R4 is
defined by

cos(6)

sin ()

—sin(6)

cos(6)

1

(149)

Figure 11 shows the output of the algorithm in Figure 10, for the input (¢,0) =
(£,1) for three different values of £. The main drawbacks of this algorithm are first
that it is deterministic, so that it outputs a unique matrix F' for a given input (£, o),
and second that the output is a highly structured matrix, as observed on Figure 11.

We propose an algorithm that outputs random, more “generic” matrices belong-
ing to Mg). This algorithm is based on a parametrization of M, ;) using the
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GIVENSALGORITHM (¢, o)
1 F «— [ Diag(co) | 0 ] € R**4
2 while Ji,j, k € [d], i <k < j: | fill® < i, | Fell® = e, | Fi1* > ¢
3 if £ — | fill* < 15517 = 4
4 F + G, ;(0)F, where ||(G;;(0)F);||* = ¢;.
) else
6 F + G, ;(0)F, where |[(G;;(0)F);|*> = ¢;,
7 return F € RF*9,

Figure 10: The pseudocode of the algorithm proposed by Dhillon et al. (2005) for
generating a matrix given its leverage scores and spectrum by successively applying
Givens rotations.

collection of spectra of all minors of F' € Mg ). This parametrization was intro-
duced by Fickus et al. (2011b), and we recall it in Section E.3. For now, let us simply
look at Figure 12, which displays a few outputs of our algorithm for the same input
as in Figure 11a. We now obtain different matrices for the same input (¢, o), and
these matrices are less structured than the output of Algorithm 10, as required.

E.3 The restricted Gelfand-Tsetlin polytope

Definition 38 Recall that (fi)icja) are the columns of the matriz F € RFxd For
r € [d], we further define

F.=F ) € R", (150)
C. =) fif] eR¥F, (151)
i€[r]
G, = FTF. € R™". (152)
Furthermore, we note for r € [d],
(/\r,i)ie[k} = A(Cr)v (153)
(Ari)iep) = MGr). (154)

The ()\r,i)ie[k], r € [d], are called the outer eigensteps of F, and we group them in
the matrix
APYF) = (Ari)icirerg € R

Similarly, the (Ar;i)ier) are called inner eigensteps of F.

Example 2 For k=2, d =4, consider the full-rank matriz

10 -1 0
F_[O Lo _J, (155)

Then
(156)



0.6 0.6+ 0.6
0.4 0.4+ 0.4
0.2 0.2 0.2
0.0 @ 0.04 @ 0.0 @
-0.2 —0.2 -0.2
-0.4 —0.4+ -0.4
-0.6 —0.6 -0.6
—0.6-0.4-0.20.0 0.2 0.4 0.6 —0.6-0.4-0.20.0 0.2 0.4 0.6 —0.6-0.4-0.20.0 0.2 0.4 0.6
(a) (b) ()

Figure 11: The output of the algorithm in Figure 10 for k = 2, d = 10, o = (1, 1),
and three different values of £ that each add to k. Each red dot has coordinates a
column of F. The blue circles have for radii the prescribed (v/7;).

0.6 0.6 0.6 0.6
0.4 0.44 0.4 0.4
0.2 0.2 0.2 0.2
0.0 @ 0.01 @ 0.0 @ 0.0 @
-0.2 —-0.2 -0.2 -0.2
-0.4 —0.4+ -0.4 -0.4
-0.6 —0.6 -0.6 -0.6
—0.6-0.4-0.20.0 0.2 0.4 0.6 —0.6-0.4-0.20.0 0.2 0.4 0.6 —0.6-0.4-0.20.0 0.2 0.4 0.6 —0.6-0.4-0.20.0 0.2 0.4 0.6
(a) (b) (c) (d)
0.6 0.6 0.6 0.6
0.4 0.4+ 0.4 0.4
0.2 0.2 0.2 0.2
0.0 @ 0.01 @ 0.0 @ 0.0 @
-0.2 —-0.24 -0.2 -0.2
-0.4 —0.4+ -0.4 -0.4
-0.6 —0.6 -0.6 -0.6
—0.6-0.4-0.20.0 0.2 0.4 0.6 —0.6-0.4-0.20.0 0.2 0.4 0.6 —0.6-0.4-0.20.0 0.2 0.4 0.6 —0.6-0.4-0.20.0 0.2 0.4 0.6
(e) (f) (8) (h)

Figure 12: The output of our algorithm for £ = 2, d = 10, an input o = (1,1), and
¢ as in Figure 11a. Each red dot has coordinates a column of F'. The blue circles
have for radii the prescribed (v/7;).

Proposition 39 The outer eigensteps satisfy the following constraints:

Vi € [k], )\072' =0
Vi e [k]v )‘d,i = 012

vreld, (A:) E Argr:) (157)
Vreld, Y Mi= >4
i€[d] i€lr]

In other words, the outer eigensteps are constrained to live in a polytope. We de-
fine the restricted Gelfand-Tsetlin polytope G}, 4) (o, £) to be the subset of R¥*? de-
fined by the equations (157). A more graphical summary of the interlacing and sum
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lh=MAj1 —= D31 —=  A31 -+ A1 —= Ag1 =01
+ N + ~ + . + ~ +
O0=MX2 —= Ago —=  A3o Ad—12 —=a Ag2 =02
+ N + ~ + . + ~ +
0=A3 = A3 —= A3 -+ A1z —= A3 =03
O0=XA)p —= Aoy —=  A3p Ni—1)k —= Aij = 0%
I >l R4 > b RZ
i<2 i<3 i<d—1 i<d

Figure 13: The interlacing relationships (157) satisfied by the outer eigensteps of a
frame. Thick triangles are used in place of < for improved readability.

constraints is given in Figure 13. The restricted GT polytope® allows a parametriza-
tion of M ) by the following reconstruction result.

Theorem 40 (Theorem 3, Fickus et al., 2011a) Every matriz F € Mg o) can
be constructed as follows:

— pick a valid sequence of outer eigensteps noted A°“ € GT(k,d)(a,E),

— pick fi € RF such that
If11* = 41, (158)

— for r € [d], consider the polynomial p,(x) = [ (x — A\n;), and for each r €
i€[d]

[d — 1], choose fr11 € R¥ such that

2 _ 5 Pro1(A)
VA e {)‘M}ie[d]a | Prafritl” = —;;Hi\(x - )\)W, (159)
where P, \ denotes the orthogonal projection onto the eigenspace Ker(Alj —

E.FT).
Conversely, any matriz F' constructed by this process is in Mg o).

Fickus et al. (2011a) propose an algorithm to construct a vector f, satisfying Equa-
tion (159). Finally, an algorithm for the construction of a valid sequence of eigensteps
A" € GT\y, 4)(0,£) was proposed in (Fickus et al., 2011b). This yields the following
constructive result.

Theorem 41 (Theorem 4.1, Fickus et al., 2011b) Every matriz F € M(o, )
can be constructed as follows:

— Set Vi € [K], 5\d,i =07,

— Forr e {d—1,...,1}, construct {\..} as follows. For each i € {k,...,1},
pick .
Ar—1,i € [Biy(£,0), Air(£, )],

5Note the difference with the Gelfand-Tsetlin polytope in the random matrix literature (Barysh-
nikov, 2001), where only the spectrum is constrained, not the diagonal.
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RANDOMEIGENSTEPS (£, o)

Aout «—0c¢ kad
Vi € [k], Aai <— oi
forre{d—-1,...,1}
for i e {k,...,1}
Pick A1, ~ U([Bi (£, 0), Ai (£, 0)))

UL W N =

return A°U

Figure 14: The pseudocode of the generator of random valid eigensteps taking as
input (£, 0).

where
k k
Air(£,0) = max {5\7«+1,i+1, Z A1 — Z Art — €r+1}
T =i i t=it1 ) (160)
Bi (£, 0) = min {Arﬂm Zirilnl {;& - t=§1 Arg1t — t:ZZH )\r,t}} .

Furthermore, any sequence constructed by this algorithm is a valid sequence of inner
etgensteps.

Based on these results we propose an algorithm for the generation of orthogonal
random matrices with a given profile of leverage scores.

E.4 Our algorithm

We consider a randomization of the algorithm given in Theorem 41. First, we
generate a random sequence of valid inner eigensteps A™ using Algorithm 14. Then
we proceed to the reconstruction a frame that admits A" as a sequence of eigensteps
using the Algorithm proposed in (Fickus et al., 2011a).

Note that Equations (158) and (159) admit several solutions. For example, for
r € [d], and if f,41 satisfies (159), —f,41 satisfies this equation too. Fickus et al.
(2011a) actually prove that the set of solutions of these equations is invariant under
a specific action of the orthogonal group O(p(r, k)) where p(r,k) € N nontrivially
depends on the eigensteps. In the reconstruction step of our algorithm, we apply a
random Haar-distributed orthogonal matrix as soon as such an invariance is prov-
able. Namely, we a random orthogonal matrix sampled from the Haar measure on
O(d) to the vector fi and, then, we apply an independent random orthogonal matrix
sampled from the Haar measure on O(p(r, k)) to each reconstructed vector f,.

Figure 12 displays a few samples from our algorithm, which display diversity
and no apparent structure, as required for a generator of toy datasets. The question
of fully characterizing the distribution of the output of our algorithm is an open
question.
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