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Summary. We introduce a new method for sparse principal component analysis, based on
the aggregation of eigenvector information from carefully selected axis-aligned random pro-
jections of the sample covariance matrix. Unlike most alternative approaches, our algorithm
is non-iterative, so it is not vulnerable to a bad choice of initialization. We provide theoretical
guarantees under which our principal subspace estimator can attain the minimax optimal rate of
convergence in polynomial time. In addition, our theory provides a more refined understanding of
the statistical and computational trade-off in the problem of sparse principal component estima-
tion, revealing a subtle interplay between the effective sample size and the number of random
projections that are required to achieve the minimax optimal rate. Numerical studies provide
further insight into the procedure and confirm its highly competitive finite sample performance.
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Statistical and computational trade-offs

1. Introduction

Principal component analysis (PCA) is one of the most widely used techniques for dimension-
ality reduction in statistics, image processing and many other fields. The aim is to project the
data along directions that explain the greatest proportion of the variance in the population. In
the simplest setting where we seek a single, univariate projection of our data, we may estimate
this optimal direction by computing the leading eigenvector of the sample covariance matrix.

Despite its successes and enormous popularity, it has been well known for a decade or more
that PCA breaks down as soon as the dimensionality p of the data is of the same order as
the sample size n. More precisely, suppose that X,..., X, ~"P Np(0,3), with p>2, are ob-
servations from a Gaussian distribution with a spiked covariance matrix ¥ = I, + vjv] whose
leading eigenvector is v} e P~ :={ve RP || vl2= 1}, and let v, denote the leading unit length
eigenvector of the sample covariance matrix 3. :=n 12" XX T Then Johnstone and Lu (2009)
and Paul (2007) showed that 0; is a consistent estlmator of v, i.e. |v1 vi| —P 1, if and only if
p = py satisfies p/n — 0 as n — oo. It is also worth noting that the principal component v; may
be a linear combination of all elements of the canonical basis in R?, which can often make it
difficult to interpret the estimated projected directions (Jolliffe ez al., 2003).

To remedy this situation, and to provide additional interpretability to the principal compo-
nents in high dimensional settings, Jolliffe ez al. (2003) and Zou et al. (2006) proposed sparse
principal component analysis (SPCA). Here it is assumed that the leading population eigenvec-
tors belong to the k-sparse unit ball
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for some k€ {1,..., p}. In addition to the easier interpretability, a large amount of research
effort has shown that such an assumption facilitates improved estimation performance (e.g.
Johnstone and Lu (2009), Paul and Johnstone (2012), Vu and Lei (2013), Cai et al. (2013), Ma
(2013) and Wang et al. (2016)). To give a flavour of these results, let V,, denote the set of all
estimators of vy, i.e. the class of Borel measurable functions from R"*? to SP~!. Vu and Lei
(2013) mtroduced a class Q of sub-Gaussian distributions whose first principal component vy
belongs to BO (k) and showed that

kl
1nf sup Eg{1—(01v )Z}XM,
01 € "QEQ n

(D

where a,, < b, means that 0 <liminf,_, « |a,/b,| <limsup,_, o, |a,/bn| < 0o. Thus, consistent
estimation is possible in this framework provided only that k =k, and p = p, satisfy klog(p)/n —
0. Vuand Lei (2013) showed further that this estimation rate is achieved by the natural estimator

U] € arg max v . 2)
veBY ! (k)

However, results such as expression (1) do not complete the story of SPCA. Indeed, comput-
ing the estimator defined in expression (2) turns out to be an ‘NP hard’ problem (e.g. Tillmann
and Pfetsch (2014)): the naive approach would require searching through all ( ) of the k x k
symmetric submatrices of 3, which takes exponential time in k. Therefore, in parallel with the
theoretical developments that were described above, numerous alternative algorithms for SPCA
have been proposed in recent years. For instance, several references have introduced techniques
based on solving the non-convex optimization problem (2) by invoking an /;-penalty (e.g. Jol-
liffe et al. (2003), Zou et al. (2006), Shen and Huang (2008) and Witten et al. (2009)). Typically,
these methods are fast but lack theoretical performance guarantees. In contrast d’Aspremont
et al. (2007) proposed to compute problem (2) via semidefinite relaxation. This approach and
its variants were analysed by Amini and Wainwright (2009), Vu et al. (2013) and Wang et al.
(2014, 2016) and have been proved to achieve the minimax rate of convergence under certain
assumptions on the underlying distribution and asymptotic regime, but the algorithm is slow
compared with other approaches. In a separate, recent development, it is now understood that,
conditionally on a planted clique hypothesis from theoretical computer science, there is an
asymptotic regime in which no randomized polynomial time algorithm can attain the minimax
optimal rate (Wang et al., 2016). Various fast iterative algorithms were introduced by Johnstone
and Lu (2009), Paul and Johnstone (2012) and Ma (2013); the last of these was shown to attain
the minimax rate under a Gaussian spiked covariance model. We also mention the computa-
tionally efficient combinatorial approaches that were proposed by Moghaddam et al. (2006) and
d’Aspremont ef al. (2008) that aim to find solutions to the optimization problem (2) by using
greedy methods.

A common feature to all of the computationally efficient algorithms mentioned above is that
they are iterative, in the sense that, starting from an initial guess 9/ € R?, they refine their guess
by producing a finite sequence of iterates 9!, ..., o7l € R?, with the estimator defined to be
the final iterate. A major drawback of such iterative methods is that a bad initialization may
yield a disastrous final estimate. To illustrate this point, we ran a simple simulation in which the
underlying distribution is N4 (0, X), with
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where J, := lqqur /q € R?*? denotes the matrix with each entry equal to 1/4. In this example,
v = (11T0,0§90)T/\/10, so k=10. Fig. 1 shows, for several SPCA algorithms, different sample
sizes and different initialization methods, the average values of the loss function

L(u,v):=sin £ (u,v) = {1 — uTv)?}1/2, (4)

over 100 repetitions of the experiment. In Figs 1(a) and 1(b), the initialization methods that were
used were the default recommendations of the respective authors, namely diagonal thresholding
(d’Aspremont et al., 2008; Ma, 2013) and classical PCA (Zou et al., 2006; Shen and Huang,
2008; Witten et al., 2009). We note that the consistency of diagonal thresholding relies on a
spiked covariance structure, which is violated in this example. In Figs 1(c) and 1(d), we ran the
same algorithms with 10 independent initializing vectors chosen uniformly at random on S?~!,
and we selected the solution o from these 10 that maximizes v+ v! %v. The main observation is
that each of the previously proposed algorithms that were mentioned above produces very poor
estimates, with some almost orthogonal to the true principal component! The reason for this is
that all the default initialization procedures are unsuccessful in finding a good starting point. For
some methods, this problem may be fixed by increasing the number of random initializations, but
it may take an enormous number of such random restarts (and consequently a very long time) to
achieve this. We demonstrate this in Figs 1(e) and 1(f), where, for n =350 (Fig. 1(e)) and n =2000
(Fig. 1(f)), we plot the logarithm of the average loss as time increases through the number of
random restarts. As an alternative method, in Figs 1(a)-1(d), we also present the corresponding
results for the variants of Wang et al. (2016) of the semidefinite programming algorithm that
was introduced by d’Aspremont et al. (2007). This method is guaranteed to converge from any
initialization and so does not suffer the same poor performance as mentioned above. However,
the semidefinite programming algorithm took even longer to reach algorithmic convergence
than any of the alternative approaches, so, in the setting of Figs 1(e) and 1(f), it finally reached
a logarithmic average loss of around —4 (Fig. 1(e)) and —5.9 (Fig. 1(f)) after an average time
of exp(8) ~ 3000 s (Fig. 1(e)) and exp(9.25) ~ 10000 s (Fig. 1(f)); this slow running time means
that it does not appear in Figs 1(e) and 1(f). We refer to Section 4.2 for further comparisons
using different examples.

In Section 2 of this paper, we propose a novel algorithm for SPCA that aggregates estimates
over carefully chosen axis-aligned random projections of the data into a lower dimensional
space. In contrast with the other algorithms that were mentioned above, it is non-iterative and
does not depend on a choice of initialization, so it has no difficulty with the simulation example
above. Indeed, from the blue curve in Fig. 1, we see that it outperforms even the semidefinite
programming algorithm, compared with which it was over 7000 times faster in the n =2000
case.

Our algorithm, which we refer to as SPCAvVRP, turns out to be attractive for both theoretical
and computational reasons. From a theoretical point of view, our algorithm provides a new
perspective on the statistical and computational trade-off that is involved in the SPCA problem.
As we show in Section 3, when the effective sample size is large, the SPCAvVRP procedure can
attain the minimax optimal rate with a number of projections that grows only polynomially
in the problem parameters. In contrast, if one were to use a number of random projections
exponentially large in k, SPCAvVRP could even achieve this minimax rate in a much smaller
effective sample size regime. Although this exponentially large number of projections may seem
discouraging, we emphasize that it is in fact not a drawback of the SPCAVRP algorithm but
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Fig. 1. Comparison of various approaches by using covariance model (3) (O, Zou et al. (2006); 7, Shen
and Huang (2008), /;-thresholding; A, Shen and Huang (2008), /y-thresholding; <, d’Aspremont et al. (2008);

, Witten et al. (2009); m, Ma (2013); %, semidefinite programming; @, SPCAVRP): in (a), (b), (c), (d) average
loss (4) for different sample sizes n;in (a), (c) the normal scale; in (b), (d) the log—log-scale; in (a), (b) default
initialization; in (c), (d) best of 10 random initializations; in (e), (f) average loss (4) against time in seconds
on the log—log-scale when n =350 in (e) and n=2000 in (f) (we vary the number of random projections
(A €(50,200) and B=[A/2]) for SPCAVRP and the number of random initializations (from 1 to 250) for the
other iterative competing methods)
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simply a reflection of the fundamental difficulty of the problem in this effective sample size
regime. Indeed, Wang et al. (2016) established a computational lower bound, which reveals
that no randomized polynomial time algorithm can attain the minimax rate of convergence
for these effective sample sizes. The elucidation of the transition from polynomial to exponen-
tially large number of projections is an illustration of the fascinating fundamental statistical
and computational trade-off in this problem. The computational attractions of the algorithm
proposed include the fact that it is highly scalable because of easy parallelization and does not
even require computation of ¥ € RP*P since it suffices to extract principal submatrices of 3,
which can be done by computing the sample covariance matrices of the projected data. This
may result in a significant computational saving if p is very large. Several numerical aspects
of the algorithm, including a finite sample simulation comparison with alternative methods
on both simulated and real data, are considered in Section 4. These reveal that our SPCAVRP
algorithm has very competitive performance and, furthermore, it enjoys robustness properties
that iterative algorithms do not share. The proofs of all of our results are given in Appendix A.

Algorithms based on random projections have recently been shown to be highly effective for
several different problems in high dimensional statistical inference. For instance, in the context
of high dimensional classification, Cannings and Samworth (2017) showed that their random
projection ensemble classifier that aggregates over projections that yield small estimates of the
test error can result in excellent performance. Marzetta et al. (2011) employed an ensemble of
random projections to construct an estimator of the population covariance matrix and its inverse
in the setting where n < p. Fowler (2009) introduced a so-called compressive projection PCA that
reconstructs the sample principal components from many low dimensional projections of the
data. Finally, to decrease the computational burden of classical PCA, Qi and Hughes (2012) and
Pourkamali-Anaraki and Hughes (2014) proposed estimating v;(X) by the leading eigenvector
of n~! o PiX ,~X,-T P;, where Py,..., P, are random projections of a particular form.

1.1. Notation
We conclude this introduction with some notation that is used throughout the paper. For r €

N, let [r]:= {1,...,r}. For a vector u € RP, we write u") for its jth component and |jul|, :=
{E;’:l(u(ﬂ)z}l/ 2 for its Euclidean norm. For a real symmetric matrix U € RP*P, let \{(U) >
A (U) >...2 A, (U) denoteits eigenvalues, arranged in decreasing order, and let vy (U), . . ., v, (U)

denote the corresponding eigenvectors. In addition, for m € [p], we write V,, (U) := (v; (U), ...,
v, (U)) for the p x m matrix whose columns are the m leading eigenvectors of U. In the special
case where U =3, we drop the argument and write A\, = A, (2), v, =v,(X) and V,, = V,,(%). For
a general U € RP*™ | we define UY+/) to be the (j, j)th entry of U, and UY-) the jth row of U,
regarded as a column vector. Given S C [p] and S’ C [m], we write US-5) for the | S| x || matrix
that is obtained by extracting the rows of U indexed by S and columns indexed by §’; we also
write US:) := USI) ' We write ||U||op :=sup,c gn-1 |Ux[l2and |U||F := (25?:12'}3:1 |UU-)2)1/2
for the operator and Frobenius norms of U respectively. We denote the set of real orthogonal
p x p matrices by O, and the set of real p x m matrices with orthonormal columns by O, ,,.
For matrices U, V € O, ,, we define the loss function

L(U,V):=|sin{®OWU, V}F,

where the sine function acts elementwise, and where © (U, V) is the m x m diagonal matrix whose

jth diagonal entry is the jth principal angle between U and V, i.e. cos~! (o 7), where o is the jth

singular value of UTV. Observe that this loss function reduces to expression (4) when m =1.
For any index set J C[p] we write P; to denote the projection onto the span of {e;:je J},
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where ey, ..., e, are the standard Euclidean basis vectors in R”, so that Py is a p x p diagonal
matrix whose jth diagonal entry is 1 ¢ ;1. Finally, for a, b € R, we write a < b to mean that there
is a universal constant C > 0 such that a < Cb.

2. Sparse principal component analysis via random projections

2.1. Single principal component estimation

In this section, we describe our algorithm for estimating a single principal component v; in detail;
more general estimation of multiple principal components vy, . .., vy, is treated in Section 2.2. Let
X1,...,Xx, be data points in R” and let Y= n_lE?ZIx,-xiT. We think of x1,...,x, as independent
realizations of a zero-mean random vector X, so a practitioner may choose to centre each
variable so that Ef‘zlxgj) =0 for each je[p]. Ford e[p], let Py:={Ps:S<[p], |S|=d} denote
the set of d-dimensional, axis-aligned projections. For fixed A, B € N, consider projections { P, p:
a €[A), b €[B]} independently and uniformly distributed on P;. We think of these projections
as consisting of A groups, each of cardinality B. For each a €[A], let

b*(a) :=sargmax A (Pyp> Pap)
be[B]

denote the index of the selected projection within the ath group, where sarg max denotes the
smallest element of the arg max in the lexicographic ordering. The idea is that the non-zero entries
of Pa,b*(a)flPa,b*(a) form a principal submatrix of 3 that should have a large leading eigenvalue,
so the non-zero entries of the corresponding leading eigenvector vy p+(4):1 of Pa,b*(u)iPa,b*(u)
should have some overlap with those of v;. Observe that, if d =k and {P,;:b €[B]} were to
contain all (§) projections, then the leading eigenvector of Pup ()% Pap (@) Would yield the
minimax optimal estimator in problem (2). Of course, it would typically be too computationally
expensive to compute all such projections, so instead we consider only B randomly chosen
projections.

The remaining challenge is to aggregate over the selected projections. For this, for each co-
ordinate j €[p], we compute an importance score W/, defined as an average over a € [A] of the
squared jth components of the selected eigenvectors U p+(q):1,

A .
W= % a;()\a,b*(a);l — Rabr @2 @y ) ®)
weighted by the eigengap A ( Pa,b*(a)iPajb*(a)) — Az(Pa,b*(a)ZAPajb*(a)). This means that we take
account, not just of the frequency with which each co-ordinate is chosen, but also their corre-
sponding magnitudes in the selected eigenvector, as well as an estimate of the signal strength.
Finally, we select the / indices $ corresponding to the largest values of w(, ..., and output
our estimate 01 as the leading eigenvector of PSin. Pseudocode for our SPCAvVRP algorithm
is given in algorithm 1 in Table 1.

Besides the intuitive selection of the most important co-ordinates, the use of axis-aligned pro-
jections facilitates faster computation as opposed to the use of general orthogonal projections.
Indeed, the multiplication of 3 € RP*” by an axis-aligned projection P € P, from the left (or
right) can be recast as the selection of d rows (or columns) of ¥ corresponding to the indices of
the non-zero diagonal entries of P. Thus, instead of the typical O(p>d) matrix multiplication
complexity, only O(pd) operations are required. We also remark that, instead of storing P, it
suffices to store its non-zero indices.

More generally, the computational complexity of algorithm 1 can be analysed as follows.
Generating A B initial random projections takes O(A Bd) operations. Next, we need to compute
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Table 1. Algorithm 1: pseudocode for the SPCAVRP algorithm for a single principal
component

Input: x1,...,x, €RP, A,BeN, d,l€[p]
Generate { P, ; :a €[A],b[B]} independently and uniformly from P,
Compute { Py Y Py a€[Al,be[B]}, where X:=n~1%"_ xix]
fora=1,...,Ado
forb=1,...,Bdo
Compute Ay p;1 = A1 (Pap X Pap), Aa b2 = A2 (PapiPap) and Oy p) € 01 (Pap X Py p)

end
Compute
b*(a) :=sargmax Ay
be([B]
end
Compute w= (w“), e W))T, where

1A . <
W= 1 Zl()\a,b* (@l = Aa,b*(a);2)(U;{;,*(a);1)za
=

and let § C[p] be the index set of the / largest components of 1
Output: 9] :=sargmax, . gp-1 vl P¢XiPgv

Pa’bZAPa,b for all @ and b, which can be done in two ways. One option is to compute ¥, and
then for each projection P, to select the corresponding d x d principal submatrix of 3, which
requires O(n p? + A Bd?) operations. Alternatively, we can avoid computing ¥ by computing the
sample covariance matrix of the projected data { P, px1, ..., Py pxn:a €[A],b€[B]}, which has
O(ABnd?) complexity. If p> > ABd?, then the second option is preferable.

The rest of algorithm 1 entails computing an eigendecomposition of each d x d matrix, and
computing {b*(a) :a € [A]}, W, S and ¢;, which altogether amounts to O(ABd> + Ap + %)
operations. Thus, assuming that n > d, the overall computational complexity of the SPCAvVRP
algorithm is

Omin{np® +ABd> + Ap+13, ABnd* + Ap+1°}).

We also note that, because of the use of random projections, the algorithm is highly parallelizable.
In particular, both ‘for’ loops of algorithm 1 can be parallelized, and the selection of good
projections can easily be carried out by using different (up to A) machines.

Finally, we note that the numbers A and B of projections, the dimension d of those projections
and the sparsity [ of the final estimator need to be provided as inputs to algorithm 1. The effect of
these parameter choices on the theoretical guarantees of our SPCAVRP algorithm is elucidated
in our theory in Section 3, whereas their practical selection is discussed in Section 4.1.

2.2. Multiple principal component estimation

The estimation of higher order principal components is typically achieved via a deflation scheme.
Having computed estimates vy,...,0,_1 of the top r — 1 principal components, the aim of
such a procedure is to estimate the rth principal component based on modified observations,
which have had their correlation with these previously estimated components removed (e.g.
Mackey (2009)). For any matrix V € RP*" of full column rank, we define the projection onto
the orthogonal complement of the column space of V by Proj* (V) :=1 »—W( vIv)-lyvTifv=+0
and I, otherwise. Then, writing V,_1:=,...,0_1), one possibility to implement a deflation
scheme is to set X; :=Projl(\7r,1)x,- for i € [n]. Note that in sparse PCA, by contrast with
classical PCA, the estimated principal components from such a deflation scheme are typically
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Table 2. Algorithm 2: pseudocode of the modified deflation scheme

Input: x1,...,xp €RP, A,BeN, m,d,l},...,ln<[p]
Let 91 be the output of algorithm 1 with inputs x1,...,x,, A, B,d and [
forr=2,...,mdo
let H, := Proj (V, 1, where V,_1:=(01,...,0,_1)
let v, be the output of algorithm 1 with 1nputs Hyxy,...,Hexy, A, B, d and [,
let S, :={je[p]:0;” #0} and H~ :=Proj* (Pg V, )
Compute
ﬁr::UI(HSrPSrEPErHSr)
end
Output: 01,...,0p

Table 3. Algorithm 3: pseudocode of the SPCAVRP algorithm for eigenspace estimation

Input: x1,...,x, €RP, A,BeN, d,l€[p],me[d]
Generate { P, 5 :a €[A], b €[B]} independently and uniformly from P,
Compute {Pa,bePa,b :a€[Al,be[B]}, where 3 := n*IE?:lxixiT
fora=1,...,Ado
forb=1,...,Bdo
for r €[m + 1], compute Xu,b;, = )\r(Pu,;,EAPa’h) and the corresponding eigenvector Uy p;,
with the convention that A, p.441:=0

end

Compute b*(a) :=sarg maxe[p 2 f\a,b;r
end
Compute w= w1, .. W>)T with

W= K Z] Z ()\a b*(a)r — /\a ,b*(a); m+1)(Ua b*(a): ,)2
a=lr=

Let SC[ p] be the index set of the / largest components of
Output: V= (01,-..,0m), where 0y,..., U, are the principal eigenvectors of P EP

not orthogonal. In algorithm 2 in Table 2, we therefore propose a modified deflation scheme,
which in combination with algorithm 1 can be used to compute arbitrary m € [p] principal
components that are orthogonal (as well as sparse), as verified in lemma 1 below.

Lemma 1. For any m €[p], the outputs 0y, ..., 0, of algorithm 2 are mutually orthogonal.

We remark that, in fact, our proposed deflation method can be used in conjunction with any
SPCA algorithm.

Although algorithm 2 can conveniently be used to compute sparse principal components up
to order m, it requires algorithm 1 to be executed m times. Instead, we can modify algorithm
1 to estimate directly the leading eigenspace of dimension m—the subspace that is spanned
by the columns of matrix V,, = (vy,..., v,)—at a computational cost that is not much higher
than that of executing algorithm 1 only once. For this, we propose a generalization of the
SPCAVRP algorithm for eigenspace estimation in algorithm 3 in Table 3. In this generalization,
A projections are selected from a total of A x B random projections, by computing

m ~
b*(a) :=sargmax > A\ (PypX Pap)
be[B] r=1

for each a €[A]. We can regard 2;":1():“’# @ — Xa,b*(a);mﬂ)(ﬁ;{i* (a);r)2 as the contribution of
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the ath selected projection to the importance score of the jth co-ordinate, and, analogously to
the single-component-estimation case, we average these contributions over a € [A] to obtain a
vector of final importance scores. Again, similarly to the case m =1, we then threshold the top
[ importance scores to obtain a final projection and our m estimated principal components. A
notable difference, then, between algorithm 3 and the deflation scheme (algorithm 2) is that now
we estimate the union of the supports of the leading m eigenvectors of ¥ simultaneously rather
than one at a time. A consequence is that algorithm 3 is particularly well suited to a sparsity
setting known in the literature as ‘row sparsity’ (Vu and Lei, 2013), where leading eigenvectors
of interest may share common support, because it borrows strength regarding the estimation
of this support from the simultaneous nature of the multiple-component estimation. However,
algorithm 2 may have a slight advantage in cases where the leading eigenvectors have disjoint
supports; see Section 4.2.2 for further discussion.

Observe that, for m =1, both algorithm 2 and algorithm 3 reduce to algorithm 1. Further-
more, for any m, up to the step where W is computed, algorithm 3 has the same complexity
as algorithm 1, with the total complexity of algorithm 3 amounting to O(min{n P>+ ABd? +
Amp+13, ABnd* 4+ Amp+1°}), provided that n > d.

3. Theoretical guarantees

In this section, we focus on the general algorithm 3. We assume that X1, .. ., X, are independently
sampled from a distribution Q satisfying a restricted covariance concentration (RCC) condition
that was introduced in Wang et al. (2016). Recall that, for K >0, we say that a zero-mean
distribution Q on R” satisfies an RCC condition with parameter K, and write Q € RCC,(K),
if, for all 6 >0, n € N and r €[ p], we have

(6)

rlog(p/é)} rlOg(p/é)D <6

n n

P( sup  |ul (X —D)u| > K max N{

ueBl ()

In particular, if Q =N,(0,%), then Q e RCC,[8A;{1+9/log(p)}]; and if Q is sub-Gaussian
with parameter o2, in the sense that i RP exp(uTx)dQ(x) < exp(02||u||§ /2) for all u € R”, then
0 € RCC[160%{1+9/1og(p)}] (Wang et al. (2016), proposition 1).

As mentioned in Section 2.2, our theoretical justification of algorithm 3 does not require that
the leading eigenvectors enjoy disjoint supports. Instead, we ask for V,, to have not too many
non-zero rows, and for these non-zero rows to have comparable Euclidean norms (i.e. to satisfy
an incoherence condition). More precisely, writing nnzr(V) for the number of non-zero rows of
amatrix V, for ;> 1, we consider the setting where V,,, belongs to the set

max ;. y (. y,20 V9 ll2

O,, ,k(u):z{VeG) m, nzr(V) <k, — -
b o h min ;. (. |,£0 VG2
Writing S :={j €[p]: ,ﬁ,] ) #0} for the set of indices of the non-zero rows of V,,, since
by jeS()”ij : ||§ = ||Vm||2F =m, a consequence of our incoherence parameter definition is that,
for Vi, € Op 1k (1), we have
1/2 12
m : m
<IVEl < E0 2,
kl/z,u m k1/2

The following theorem is our main result on the performance of our SPCAvRP algorithm.

Y jeS. ®)

Theorem 1. Suppose that Q € RCC,(K) has an associated covariance matrix ¥ =1, +
VOV where V,, € 0 (1) and © =diag(0y,...,0), with 61 >... >0, >0. Let X1,...,
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X, ~1'P 0 and let V,, be the output of algorithm 3 with input Xi,..., X,, A, B, m, d and L.
Suppose that d > max{m + 1,k}, >k, and

dlog(p) Om
32K\/{n}<kﬂ2’ )

Then, with probability at least 1 —2p—3 — pexp{—Aé’,zn/(SOpz,ugﬁf)}, we have
mllog(p) }

2
nbz

An immediate consequence of theorem 1 is that, provided that A > p? ugé%é’;z log(p) and

_ llog(p)
3¢k miiogip)

our SPCAvRP algorithm achieves the bound

E{L(Vm,vm>}51</{

LV, Vin) <4K\/{

mllog(p) } (10)

2
néz,

under the conditions of theorem 1. The salient observation here is that this choice of A, together
with the algorithmic complexity analysis given in Section 2.2, ensures that algorithm 3 achieves
the rate in bound (10) in polynomial time (provided that we consider p, #; and 6,, as constants).
The minimax lower bound that is given in proposition 1 below complements theorem 1 by
showing that this rate is minimax optimal, up to logarithmic factors, over all possible estimation
procedures, provided that I <k, that m <log(p/k) <log(p) and that we regard K and pu as
constants (as well as other regularity conditions). It is important to note that this does not
contradict the fundamental statistical and computational trade-off for this problem that was
established in Wang ez al. (2016), because condition (9) ensures that we are in the high effective
sample size regime defined in that work. Assuming the planted clique hypothesis from theoretical
computer science, this is the only setting in which any (randomized) polynomial time algorithm
can be consistent.

The following proposition establishes a minimax lower bound for principal subspace esti-
mation. It is similar to existing minimax lower bounds in the literature for SPCA under row
sparsity, e.g. Vu and Lei (2013), theorem 3.1. The main difference is that we show that imposing
an incoherence condition on the eigenspace does not make the problem any easier from this
minimax perspective. For any Ve O, ,, and § >0, we write Py g:=N,(0, I, + ovvT), and recall
the definition of O, x (1) from expression (7).

Proposition 1. Assume that p > 5k, k > 4m, klog{(p —m)/k} > 17 and nm262 >
k?>max{m, log(p/k)}. Then

. - k{m+1lo k
il swp B, (L7, 0) 2 [ A)
v Ve@p,m,k(3) ' n9
where the infimum is taken over all estimators V = V(X1,...,X,) and the expectation is with
respect to X1,..., X, ~1D Py 9.

An interesting aspect of theorem 1 is that the same conclusion holds for every B e N. It is
attractive that we do not need to make any restrictions here; however, we would also expect
the statistical performance of the algorithm to improve as B increases. Indeed, this is what we
observe empirically; see Fig. 2 in Section 4.1.1. It turns out that we can demonstrate the effect of
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increasing B theoretically in the special setting where all signal co-ordinates have homogeneous
signal strength, i.e. V;, € O, £ (1). As illustrated by the following corollary (to theorem 1) and
its proof, as B increases, signal co-ordinates are selected with increasing probability by the best
projection within each group of B projections, and this significantly reduces the number of
groups A that are required for rate optimal estimation.

Recall that the hypergeometric distribution HyperGeom(d, k, p) models the number of white
balls that are obtained when drawing d balls uniformly and without replacement from an urn
containing p balls, k of which are white. We write Fg(-;d, k, p) for its distribution function.

Corollary 1. In addition to the conditions of theorem 1, assume that u=1, ; =...=6,, and
that B= (2_1{1 — Fug(t—1;d,k, p)}_l] for some ¢ € [k]. Then

. mllog(p) 3 Ar?
L 4K [ —=2 4 ) <2 - ).
P|: Vs Vin) > \/{ narzn P "+ pexp 300k2

Since, in this corollary, we use lemma 4 in Appendix A.5 instead of expression (16) in Appendix
A.2 to control the inclusion probability of signal co-ordinates, the condition d > k from theorem
1 is in fact no longer needed. We note that, for any fixed ¢, the function Fyg(t — 1;d,k, p) is
decreasing with respect to d € [p]. Thus, corollary 1 also illustrates a computational trade-off
between the choice of d and B. This trade-off is also demonstrated numerically in Fig. 6 in
Section 4.1.2.

Finally, we remark that our algorithm enables us to understand the statistical and computa-
tional trade-off in SPCA in a more refined way. Recall that, in the limiting case when B =00, the
estimator that is produced by algorithm 3 (with d ==k and, for the simplicity of discussion,
m =1) is equal to the estimator 0; given in problem (2), i.e. the leading k-sparse eigenvector
of 3. In fact, this is already true with high probability for B> ( Z ). Hence, for B exponentially
large, the SPCAVRP estimator is minimax rate optimal as long as n > mk6;,%log(p), which
corresponds to the intermediate effective sample size regime that was defined in Wang et al.
(2016). For such a choice of B, however, algorithm 3 will not run in polynomial time, which is
in agreement with the conclusion of Wang et al. (2016) that there is no randomized polynomial
time algorithm that can attain the minimax rate of convergence in this intermediate effective
sample size regime. In contrast, as mentioned above, SPCAvRP is minimax rate optimal, using
only a polynomial number of projections, in the high effective sample size regime as discussed
after theorem 1. Therefore, the flexibility in varying the number of projections in our algorithm
enables us to analyse its performance in a continuum of scenarios ranging from where consistent
estimation is barely possible, through to high effective sample size regimes where the estimation
problem is much easier.

4. Numerical experiments

In this section we demonstrate the performance of our proposed method in different examples
and discuss the practical choice of its input parameters. We also compare our method with several
existing sparse principal component estimation algorithms on both simulated and experimental
data. All experiments were carried out using the R package SPCAVRP (Gataric et al., 2018).

4.1. Choice of input parameters
4.1.1. Choice of A and B
In Fig. 2, we show that choosing B > 1, which ensures that we make a non-trivial selection within
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each group of projections, considerably improves the statistical performance of the SPCAvVRP
algorithm. Specifically, we see that, using the same total number of random projections, our
two-stage procedure has superior performance over the naive aggregation over all projections,
which corresponds to setting B=1 in the SPCAVRP algorithm. Interestingly, Fig. 2 shows
that simply increasing the number of projections, without performing a selection step, does
not noticeably improve the performance of the basic aggregation. We note that, even for the
relatively small choices A =50 and B =25, the SPCAVRP algorithm does significantly better
than the naive aggregation over 180000 projections.

Fig. 3 demonstrates the effect of increasing either A or B while keeping the other fixed. We
can see from Fig. 3(a) that increasing A steadily improves the quality of estimation, especially
in the medium effective sample size regime and when A is relatively small. This agrees with
the result in theorem 1, where the bound on the probability of attaining the minimax optimal
rate improves as A increases. Thus, in practice, we should choose A to be as large as possible
subject to our computational budget. The choice of B, however, is a little more delicate. In some
settings, such as the single-spiked homogeneous model in Fig. 3(b), the performance appears to
improve as B increases, though the effect is only really noticeable in the intermediate effective
sample size regime. In contrast, we can also construct examples where, as B increases, some
signal co-ordinates will have increasingly high probability of inclusion compared with other
signal co-ordinates, making the latter less easily distinguishable from the noise co-ordinates.
Hence the performance does not necessarily improve as B increases; Fig. 4.

In general, we find that A and B should increase with p. On the basis of our numerical
experiments, we suggest using B=[A /3] with A =300 when p~ 100, and A =800 when p~1000.

4.1.2. Choice of d

So far in our simulations we have assumed that the true sparsity level k is known and we took
the dimension d of the random projections to be equal to &, but in practice k may not be known
in advance. In Fig. 5, however, we see that, for a wide range of values of d, the loss curves are
relatively close to each other, indicating the robustness of the SPCAvVRP algorithm to the choice
of d. For the homogeneous signal case, the loss curves for different choices of d merge in the
high effective sample size regime, whereas, in the intermediate effective sample size regime, we
may in fact see improved performance when d exceeds k. In the inhomogeneous case, the loss
curves improve as d increases up to k and then exhibit little dependence on d when d > k.

Although decreasing d reduces computational time, for a smaller choice of d it is then less
likely that each signal co-ordinate will be selected in a given random projection. This means that
a smaller d will require a larger number of projections A and B to achieve the desired accuracy,
thereby increasing computational time. To illustrate this computational trade-off, in Fig. 6, for
a single-spiked homogeneous model, we plot the trajectories of the average loss as a function
of time (characterized by the choices of A and B), for various choices of d. Broadly speaking,
the figures reveal that choosing d < k needs to be compensated by a very large choice of A and
B to achieve similar statistical performance to that which can be obtained with d equal to, or
even somewhat larger than, k.

In practice, we suggest using d =k where k is known but, when k is not given in advance,
we would advocate erring on the side of projecting into a subspace of dimension slightly larger
than the level of sparsity of the true eigenvectors, as this enables a significantly smaller choice
of A and B, which results in an overall time saving.

4.1.3.  Choice of |
The parameter [ corresponds to the sparsity of the computed estimator; large values of / increase
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the chance that signal co-ordinates are discovered but also increase the probability of including
noise co-ordinates. This statistical trade-off is typical for any algorithm that aims to estimate the
support of a sparse eigenvector. It is worth noting that many of the SPCA algorithms that are
proposed in the literature have a tuning parameter corresponding to the level of sparsity, and
thus cross-validation techniques have been proposed in earlier works (e.g. Witten et al. (2009)).

A particularly popular approach in the SPCA literature (e.g. Shen and Huang (2008)) is to
choose [ by inspecting the total variance. More precisely, for each / on a grid of plausible values,
we can compute an estimate 01 € Bg - (1) and its explained variance var; := ﬁlTj lf]ﬁ]’l, and then
plot var; against [. As can be seen from Fig. 7, var; increases with /, but plateaus off for [ > k.
An attractive feature of our algorithm is that this procedure does not significantly increase the
total computational time, since there is no need to rerun the entire algorithm for each value of
1. Recall that w in expression (5) ranks the co-ordinates by their importance. Therefore, we need
to compute W only once and then to calculate var; by selecting the top [ co-ordinates in w for
each value of /.
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Fig. 7. Selecting / by inspecting the total variance var, (observations are generated from N (0, /p +5v4 v1'r )
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Fig. 8. Comparison of various principal component estimators (average loss against sample size n, on the
log—log-scale, using two different covariance structures from expression (11) (O, Zou et al. (2006) with given
k; V, Shen and Huang (2008), /4-thresholding; &, Shen and Huang (2008), /y-thresholding; <, d’Aspremont
et al. (2008); ©, Witten et al. (2009) with parameters chosen by their default cross-validation; M, Ma (2013)
with the default parameters; ¥, semidefinite programming; ®, SPCAVRP with (a), (b) A=300 and B =150 or
(c), (d) A=800 and B =300): (a) X(y) with p =100 and k =10; (b) X5 with p =200 and k =10; (c) X1y with
p=1000 and k =30 (d) Xy with p=2000, k =30

In cases where higher order principal components need to be computed, namely when m > 1,
we can choose [ =nnzr(V,,) in algorithm 3, and [, = ||v||o, 7 € [m], in algorithm 2, when these
quantities are known. If this is not so, we can choose [ in algorithm 3 in a similar fashion to
that described above, by replacing v;; with VmJ where nnzr(VmJ) <, or we can choose I, by
inspecting the total variance at each iteration r of algorithm 2.

4.2. Comparison with existing methods

In this subsection, we compare our method with several existing approaches for SPCA. We
first present examples where only the first principal component is computed, followed by
examples of higher order principal component estimation and an illustration on some genetic
data.
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Table 4. Comparison of various subspace estimators when m =27

Estimator L(V2,Vs) L(d1,v1) L(0y,v3) 0] 0,
SINS,#0

Algorithm 2 8511072 9.18x 1072  9.58 x 102 <10713
Algorithm 3 6.72x1072  1.59x 1071 1.68x 107! <10~15
Ma (2013) 7.89x1072  151x 1071 1.61x107! <10713
Witten ef al. (2009) 926 x 1072 1.50x 107! 1.52x10"! 5.04x 107
Zou et al. (2006) 1.80x 1071 2.06x10°!  223x1071  2.59x 104
SINS,=0

Algorithm 2 542x1072  4.18x1072 532x107%2  <10713
Algorithm 3 8.03x1072 1.64x107! 1.75x 107! <10713
Ma (2013) 891x 1072 143x107!1 1.53x 107! <1015
Witten et al. (2009) 897 x 1072  1.11x107!  1.09x107! 1.36x1073
Zou et al. (2006) 9.97x 1072  7.13x1072  9.62x 1072 <1015

tObservations are generated from N,(0,%), X=1), + 2 Pl 9rvrv =50, 0, =30,
p 200 and n =150, where v; and v, have homogeneous s1gnal strengths with

={1,...,14},and S ={7,...,20} (top) and S, ={15,...,28} (bottom). The SP-
CAVRP estimators computed by algorithms 2 and 3, With A= 300, B=150, m =2,
d=Ily =)=k and [ =|S] U S,|, are compared with estimators computed by algo-
rithms proposed by Zou et al. (2006), Witten et al. (2009) and Ma (2013), which are
used with their default parameters.

4.2.1.  First principal component

In addition to the example that was presented in Fig. 1 in Section 1, we consider four further
examples with data generated from an N,(0,%) distribution, where X takes one of the two
following forms:

ki (1n
Yoy= ( 0.99% J3y, ) +0.0117,,

Tip—ap)

with various choices of p e {100,200,1000,2000} and k € {10,30}. Observe that v =
k=l 2(1T OT_k)T in all of these examples. The covariance matrix Xy is double spiked with
0=2, 0, _1 and vy =k~ V 2(Ok,lT,OT 2k)T We compare the empirical performance of our
algorithm with methods proposed by Zou et al. (2006), Shen and Huang (2008), d’Aspremont
et al. (2008), Witten et al. (2009) and Ma (2013), as well as the semidefinite programming method
that was mentioned in Section 1, by computing the average loss for each algorithm over 100
repetitions on the same set of data. We note that these are all iterative methods, whose success,
with the exception of the semidefinite programming method, depends on good initialization, so
we recall their default choices. The methods by Zou et al. (2006), Shen and Huang (2008) and
Witten et al. (2009) use eigendecomposition of the sample covariance matrix, i.e. classical PCA,
to compute their initial point, whereas d’Aspremont et al. (2008) and Ma (2013) selected their
initialization according to the largest diagonal entries of 3.

In Fig. 8, we see that although the average losses of all algorithms decay appropriately with the
sample size n in the double-spiked X(1)-setting, most of them perform very poorly in the setting
of 32, where the spiked structure is absent. Indeed, only the SPCAvRP and SDP algorithms
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Fig.9. Comparison of various subspace estimators when m =3 (4, Zou et al. (2006); ©, Witten et al. (2009);
M, Ma (2013); ©, SPCAVRP, algorithm 2 (A=400, B=200and m=3,andd =/ =/, —/3_10) ®, SPCAVRP,
algorlthm 3(A= 400 B=200and m=3, and d =/=|S; US,US3|): average loss L V3, VSA is plotted against
sample size n, on the log-log-scale; observations are generated from Np(0, %), X =/p + > 7_ Orv,v ,91 =3,
0=2,03=1 and p =100, where vy, v» and v3 have homogeneous signals strengths with (a ( ) {1 ., 10},
S,={3,...,12} and S3={5,...,14} or (b) S; ={1,...,10}, S, ={11,...,20} and S = {21,.
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produce consistent estimators in both settings, but the empirical performance of the SPCAvVRP
algorithm is much better in both Fig. 8(a) and Fig. 8(b); moreover, since semidefinite program-
ming takes such a long time when p € {1000,2000}, we do not present it in Figs 8(c) and 8(d).

4.2.2. Higher order components

In Table 4 and Fig. 9 we compare algorithms 2 and 3 with existing SPCA algorithms for subspace
estimation, namely those proposed by Zou et al. (2006), Witten et al. (2009) and Ma (2013).
For this we simulate observations from a normal distribution with a covariance matrix which
is two and three spiked respectively. From Table 4 and Fig. 9, we observe that the SPCAvVRP
estimators computed by algorithms 2 and 3 perform well when compared with the alternative
approaches. When the supports of leading eigenvectors are disjoint, namely S, NS, =¥, r #q,
r,q €[m], where S, :={j€[p]: vr 75 0}, we observe that the deflation scheme that is proposed in
algorithm 2 may perform better than algorithm 3, since it estimates each support S, individually.
In contrast, if their supports are overlapping, algorithm 3 may perform better than algorithm

1500 -

1000 -

Var,

500 A

0 50 100 150 0 50 100 150

0.02 4

0.00 1

(©)

Fig.10. (a)var,, (b) Wasserstein distance W, between the empirical distributions of the two classes projected
along v ; and (c) p-value of Welch’s t-test for the two classes projected along v ;, where V4 ; is the estimator
of v4 for'varied sparsity level / (O, Zou et al. (2006); A, Shen and Huang, /y-thresholding; <, d’Aspremont
et al. (2008); ®, SPCAVRP (d =30, A=1200 and B= 200))
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2, since it directly estimates U | S,. From Table 4, we also see that only SPCAVRP algorithms
and the algorithm that was proposed by Ma (2013) compute components that are orthogonal
in both cases S; NS, =@ and S| NS 0.

4.2.3.  Microarray data

We test our SPCAVRP algorithm on the Alon ez al. (1999) gene expression data set, which con-
tains 40 colon tumour and 22 normal observations. A preprocessed data set can be downloaded
from the R package datamicroarray (Ramey, 2016), with a total of p =2000 features and
n =62 observations. For comparison with alternative SPCA approaches, we use algorithms that
accept the output sparsity / as an input parameter, namely those proposed by Zou et al. (2006),
d’Aspremont et al. (2008) and Shen and Huang (2008). For each [ considered, we computed the
estimator v ; of the first principal component, and in Fig. 10 we plot the explained variance
vary .= ﬁlT’ lf]ﬁ]’l as well as two different metrics for the separability of the two classes of observa-
tions projected along the first principal component 91 ;, namely the Wasserstein distance W; of
order 1 and the p-value of Welch’s r-test (Welch, 1947). Furthermore, in Fig. 11, we display their
corresponding values for / =20 together with the boxplots of the observations projected along
¥1,20. From Figs 10 and 11, we observe that the SPCAvRP algorithm performs similarly to those
proposed by d’Aspremont et al. (2008) and Shen and Huang (2008), all of which are superior
in this instance to the SPCA algorithm of Zou et al. (2006). In particular, for small values of
[, we observe a steep slope of the blue Wasserstein and p-value curves corresponding to the
SPCAVRP algorithm in Fig. 10, indicating that the two classes are well separated by projecting
the observations along the estimated principal component which contains expression levels of
only a few different genes.
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Appendix A: Proofs of theoretical results

A.1. Proof of lemma 1 _
To verify that 9, is orthogonal to vy,..., 0,_;, observe that, since the support of ¥, is contained in S,, we
have

O Hs Ps XP5 H; Ps V.,

OrV,_ =0" Ps V. + 0f PV, ~
! )\|(H§,P§72PS~,H§V)

s

where the final equality follows from the fact that Hj, is a projection onto the orthogonal complement of
the column space of Ps V.1, so Hs P5 V.1 =0.

A.2. Proof of theorem 1 i
For notational simplicity, we drop the subscript m from V and V in this proof, write X := (X, ..., X,,) and
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define (121):={S C[p]:|S|=d}. For any S e (1), we note that ©&9 =1, + VEIQ(VENT is a rank (at
most) m perturbation of the identity. Hence,

Z)\(E(”))—tr(E(“))—(d m)=m +tr{V& oWV} = m+2 > 0,(VU) (12)

r=1 r=1 jeSNSy

By the definition of RCC,(K) in expression (6), there is an event {2xcc with probability at least 1 —2p~3

such that, on Qrcc, we have
R dl
sup w5 —)u <2K\/{M}
n

ueB @)

sup uT(i—Z)ugzK\/{M}.
n

ueBE )

On Qgce, by equation (12), Weyl’s mequahty (Weyl (1912) and Stewart and Sun (1990), corollary 1V.4.9)
and expression (9), we have for any S e (1) that

SAEE) —m =3 ¥ 0,V
r=1

and

- i{ui“’”)—A,-(E“’S’)}'

r=1jeSNSy r=1
dl 0,
<2km [{ A0EP | om0 (13)
n 16kp?
By expression (8), we have X", 0,(VU)2 > 0, | VY13 > m6,,k~' u=2 for every j € Sp, which is more than

twice the right-hand s1de of 1nequa11ty (13). Thus, an important consequence of inequality (13) is that on
Qrce, forany S, 8’ e (
if S NSy C S NSy, then Y\ (EG9) < A (BE9). (14)
r=1 r=1
Fix a € [A], and for any j €[p] define q;:= P(j € S,.p+@|X). Now, fix some j€S) and j €[p]\ S;. We
claim that "
q, ql on QRCC- (15)

Before proving the claim, we first observe that, if result (15) holds, then, since the same inequality would
hold if we replace j’ by any other index in S§, we would have on Qgcc that

0> 2 jeamsouin 47 _ 4 Diesiin 9 d=k+ly 1 (16)
T p—k+1 p—k+1 p k+1 ’

To verify the claim, define for j e {;, j/} and b e[B] the following sets:

Sbj:z{(sa‘ls” ~,Sa‘B):b*(a)=b’ jesa,b}

and

Sp:={(Su1s---+Sap) :b" (@) =b}.

Let): ([”] ) — ([”]) be deﬁned such that ¢(8) ;= (S\{j/HU{,j}if j € S and j&S and ¥(S) := S otherwise.
Since, for every S e ( 1), we have either P(S) =S or SN Sy S ¥(S) N Sp, by result (14) we have on Qrcc
that Z”’ A(EG9) Z’” A(BWE-0)) Thus, for any b e[B] B and any fixed Y. satisfying Qgcc, the map 1
1nduces an injection ¥ : S,,‘/ — S, given by W (S, 1,...,848) = (Sa 15 s Sap—1-U(Sab), Sa,p+15 - -5 Sa,B)»
which in particular means that |S, | <|S, ;. Therefore, on Qgrcc, we have for all b € [B] that

P{j€Supw,b*(@=bIX} |Syl

P{je Sa,h*<a)|X, b*(a) :b} =

Po*@=bX} 1Sl
1Sp. 71 P{J €Sapr,b*(@=bIX} %, o
= |Sb| - [F"{b*(a):le} _P{] esm[;*(a)lxab (a)—b}»

and consequently ¢; > g, as claimed in expression (15).
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For b e[B] and r €[d], define v,y := v, (Pa,p X Pa,p) and Ay iy i= A (Pa,p 5 Pa ). Note that Ay pmy1 =
/\a,b;d =1. WI'itAC Va,b = (va,q;l PR Qa,b;m)’ Va,b = (ﬁa,b;l IR 6(1.[7;m)> 6(1,1) ::diag()\u,b;l - /\a,b;m+1 s /\a,b;m -
Aapm+1) and O, :=diag(Aa b1 — Aabyn+1s - - - » Aa,byn — Aa,bimt1)- By lemma 2 in Appendix A.5, on Qgcc, we
have for all je{j, j'} that

~ A AT T T T3
| (Va, b*(a) ea,b* (a) Va,[;* (a) ) G (Va,b* (a) @a,b* (a) Va,b* (a))(/’ 2 |

. dlog(p) mb,
<4mI|Pa,b*(u)(Z_E)le,h*(a) ”0p<8Km\/{ n g 4k'u27 (17)
where we used expression (9) in the last inequality. Observe that
T a T
Va,b* (a) ea,b* (a) Vﬂ)],* (a) = Z(/\u,b* (a)ir — l)va,b* (a);rvavb* (a)ir = La,b*(a) (2 - Ip)Pa,b*(a)~ (18)
r=1
Also, we have
N A AT T3 LN ~ AT A
(Va,b*(a)@a,b* (a) VaAb* (a))(']’ = Z(/\a,b*(a);r - )\u,b* (a);m+1)(vf(1{;;*(a);r)2 = Wi,j) . (19)
r=1
By expressions (8), (17), (18) and (19), we have on Qrcc N{j € Sap*@ } that
e BV~ T i O g
Akp? A2 4p? =
o O mb,, _ 5mé,u?
<uUD — 14 22 <y < . 20
+are SOV s <= (20)
Moreover, on Qrcc N{ )" € S }» We have
mo, o~ mb
_ m < ~ (D < m 21
Ak p? 4k p? @
Recall that for all je[p], if j ¢Sa »* @ then w =0. Combining the lower bound on w( in inequality (20)
and the upper bound on w” ) in inequality (21) we have by inequalities (15) and (16) that on Qgrce,
Ep — ) E0p91 i quem MmOy
(wa — Wy |X) = (“/a {jesu‘b*((l)} W {/'eS, b*(a)} |X) = z (22)

2kp? T 2pkp?’

Now, leta, jand j' be freely Varymg again, and define 2 := {mln/es W > max i2So W'}, Since inequality
(22) holds for arbitrary j e Sy and j' & Sy, and, since W = A~ S lw(” we have

mé p mb,,
c <0 0) m 02! ()
QgU{w’ EWY|1X)<— 4k2}U.U {w/ [E(w’lX)>4k2}
J€So J'#So
Observe that (W :a € [A]) are independent and identically distributed conditionally on X. By inequalities

(20) and (21), Y is bounded on Qrcc for all j €[ p]. Thus, we can use a union bound and apply Hoeffding’s
inequality conditionally on X to obtain that, on Qgcc,

. A mb, \* /[ 5m0 2\’ AQ2
rors<ree] -3 /(2 pereo- i)

Since [ >k, on §, we have § D Sy. Therefore, by Yu et al. (2015), theorem 2, on Qpcc NS,

12 Po(3 — ) Pe
2m 7| Py(X E)Psllop<4K\/{m110g(P)}.

gm n 6,2,,

The desired result follows from the fact that

L(V,")<

C C — Agrzn
P(QrccNQ) =1 - P(Qicc) — E{POQCIX) Tagec }=1-2p7° — pexp(—w)
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A.3. Proof of proposition 1
Let O, :={Ve0,,, nnzr(V) <k}. Writingk=gm+h forge Nand h € {0, ...,m — 1}, for r €[m], we
define

r:_{(ﬁ‘l) VA0 1)(,,+1)=1Z+1, priar) . .if1<’<h=
20511+ 0—n-g> 1> O g1y —g) ith+1<r<m,
and write U := (uy,...,u,) € R”". By construction, UTU = 1,,, so there exists U € O, whose first m
columns are U. Moreover, for j € [k], we have
4m m 1 l m 4m
— < —<——<uY? —. 23
Sk S k4+m g+l 1013 < Stem S 23)
Now, fix some € € (0, /{m/(16k)}] to be specified later. For any J € ©,_,, u t—m, define
- _ 2 - _ 2y -
V=0 (VOO vy ({“/(1 )Y v toa,
eJ eJ
For any matrix M € R”*", we define its two-to-infinity norm as
IMl2c0:= sup [IMv]loo = max MY,
veSMm— 1
Then, for J € Oy, 1, k—m, we have
1V = Ullasoo < 10 m o0 | Asllop = AT AN < /26 (24)

Combining inequalities (23) and (24), and, since € < /{m/(16k)}, we have |VV"’||, € [0.54(m/k)'/2,
1.51(m/k)!/?] for all j € [k], which implies that V,; € O, 1 (3).
Using the definition of V, and the triangle inequality, we have that, for any J, J' € O ,_ . t—m»

IVIVille =11 =)L, +ETTT e = A=) Lnlle — E/mllTT T |op = (1 —26%) /m. (25

Writing Dxp (P||Q) for the Kullback—Leibler divergence from a distribution P to a distribution Q and
¥,:=1,+0V,VT, we have for any J, J' € O ,_,, .- that

1 0
D {Ny(©0,5)[IN, (0,20} =3 ('S, —1,)= 5w, +0vy V})*I(VJVT —VyVi)}

0 0
=5 tr{(l,, - mv,/ V,T) (V,VI—v, V,T,)} 5 1 9 {m—tr(VpViv,vH}
62 o e 2meXf?
= —VIvel < 5—-. 2
2(1+0)(m 1V, Vrlle) 150 (26)

where we used inequality (25) in the final inequality. In contrast, we also have

1 ! !

L(Vy, V)= ﬁnVJVT VoVille={' L2 (L ) +EA =N = TR} >eL(. 0D, 2D
where we used Vu and Lei (2013), proposition 2.2, in the last inequality. Thus, if we can find some finite
subset J € O, mi—m such that 3 <|J| <exp(nm?6?/k) and min ycr.y2y L(J, J') = cm'/? for some
universal constant ¢ >0, then by expressions (26) and (27) and Fano’s lemma (see, for example, Yu (1997),
lemma 3), we have

inf  sup [EPVG{L(V V)}>1nfmax[Epv Q{L(V Vi}
V veD,,..0

>

cm'?e {1 2nme*0%/(1+6) +log(2) } S cm'?e (l 2nm52¢92)
= 2 - = o

log |71 2 3 loglJl
where we used the fact that | 7] > 3 in the final inequality. Choosing

_ [ log|J|
vV \16nm6?

(noting that the condition log | 7| < nm?0?/k ensures that e < /{m/(16k)}), we obtain
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1/2
inf sup  Ep (LT, V)}> z\/(log'zj'). 28)
P ot 10 n

It remains to construct a suitable J. By Szarek (1982) (see also Pajor (1998), proposition 8), there is a
finite subset J %@k mom such that | 7| = lexp{m(k —2m)}] and L(J, J Y > em'? for all distinct J,Jed.
Define 7 :={(J ,0(,_ k)xm)T JeJ}. Wehavemin, yicz.yzp L(J,J) = =min; y_7; 7L, J)>cm'/2 and
|71 =17]. Since k >4m and nm@? > k?, we have 3 < |7 | < exp(nm?6? /k) as desired. Hence by expression
(28),

inf sup  Ep, {L(V, V)}>\/<mk) 29)

2
V veD,,..0 o

Alternatively, We can also construct J as follows. Recall the definition of ( b ’"] ) from the proof of theorem
1. Forany S e ("), define Js € R”~"™" such that J&*) = U®-) and J&* —0 By the Gllbert Varshamov
lemma (see, for example Massart (2007), lemma 4. 10) and, since p > Sk there exists S C ( ” "1y such that

- { (52}

and, for any distinct S, S’ €S, |SNS'|<k/2. Let T :={Js:S€S}. Then |J|=|S| and

) ) k 1/2
min L(J,J)= min (m—||JTJ/||%>”2><”’_*) >/<ﬂ),
J,JeT:J#£T

LI eT Al 2q 3

where the final inequality uses inequality (23). Since klog{(p —m)/k} > 17 and nm?6> > k*log(p/k), we
have 3 <|J| < exp(nm?6?/k) as desired. Hence, by expression (28),

klog(p/k) }

oy 30)

inf sup Ep, {L(V,V)} 2\/{

V veQ,,40)

We complete the proof by combining expressions (29) and (30).

A.4. Proof of corollary 1

The proof of theorem 1 remains valid for the setting of corollary 1. Fixa spemﬁc ac[A].Since V,, €0, (1)
and 6, =...=4,,, we have by expressmn (13) that on Qgcc, forany S, 8’ € ( - 1), if SN Syl < |8 N Sy|, then
DLW (E(S S)) <3 A28, Thus, in particular, |S, @ N So| =MaXpers) |Sas N Sol 0n Qree.

Observe that |Su,h N So| ~P HyperGeom(d, k, p). Let M :=max,ep |Sq.» N Sol and R:=|{b€[B]:
[Sa.6 N So| = M}|. Conditionally on R=1 and X such that Qrcc holds, each signal co-ordinate j € S,
has the same probability of being included in S, ;» (4, Which is the unique subset of maximal intersection
with Sy. Thus, we have on Qgrcc that

P({jesa’b*(a)}ﬂ{RI 1}|X)= P({j’eSa’b*(a)}ﬂ{R: 1}|X) (31)

for j, j' € So. Recall the definition of ¢; from the proof of theorem 1. By equation (31), for any j € S, we
have on Qgrcc that

0> PUj S} NR= 110 = 3 B g Doy 10

/eSo

1 t t
=-FE(SipryNSollr=t1 | X) = -PM=t,R=1)> —, 32
k(|,b<> 0|{R1}|)k( )4k (32)
where the penultimate inequality uses Markov’s inequality and the fact that the pair (M, R) is indepen-
dent of X, and the final bound follows from lemma 4 below. Now, using expression (32) in place of
expression (16), we find that [E(w(’) w(’ )| X) > tmé,,/(8k?) instead of inequality (22). Thus, P(Q°X) <
pexp{—Ar?/(800k?)}. The desired result is then concluded in a similar fashion to that in theorem 1.
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A.5. Additional lemmas

Lemma?2. Suppose that T and 3 are symmetric d x d matrices. Forre[d],let \,:=A.(¥) and v, := v,(E)
be the eigenvalues and corresponding eigenvectors of 33, and let A=A () and 9, := v,(E) be the elgen—
values and correspondmg eigenvectors of 3. Also, for re [d] define V,:=(vy,...,v,), V, =0, ..., 0,),

O, :=diag(A\; — Aq1,..., A, — Ary1) and o, _dlag()\l Ardlseens X — )\,+1) (with the convention that
Ad+1=Ag+1:=0). Then, for any m €[d],

A~ A AT ~
”Vm@m Vm - Vmem V,};”op <4m”2 - E”Op~

Proof. By the Davis—Kahan theorem (see, for example Stewart and Sun (1990), theorem V.3.6) and
Weyl’s inequality, we have for any r € [d] that

A = Arst = 12 = Elop)IIn{OV,, Vo) Hiop 15 = Ellop-
After rearranging, while noting that || sm{@(V,, Vi) Hiop < 1, we obtain that
A = Al sin{O(V,, Vi) Hlep < 2IE - Zlop- (33)

Now, we can rewrite

m

V0, VI = Z(A A DV =3 (A = A DV, V],
r=1
and, similarly, V,, o, ‘7; =", A - ):H DV, V,T. Thus,

1VuOu V= VO VTllop<Z|l(>\ 5D VW, = O = A ) VeV lop
r=1

m

A AT
<Z{|>\ =X = Qo1 = AV, V lop + A = A DIV V, = ViV o}

<SS =M1t = At O = A D SIN{O W, Vo) Hlop] 415 = S,
r=1

where we used lemma 3 below in the penultimate inequality, and Weyl’s inequality and inequality (33) in
the final inequality.

Lemma 3. For U,V eQ,, with r<d, let \j,..., A, (where s <r) denote the non-zero eigenvalues of
sin{©(U, V)}. Then the non-zero eigenvalues of UUT — VVT are given by Aj,..., A, = A1,..., — . In
particular, |UUT — VVT|| o, = sin{OU, V}|op and [UUT — VVT||3 =2 sin{OU, V) }||}..

Proof. We need to prove only the first statement. First assume that 2r < d. By the first part of Stewart
and Sun (1990), theorem 1.5.2, there are Q € O, and G, H € O, such that

I,
u=0( 0. |G
O(d—Zr)xr

r
V:Q( 2 >H,
O(d—2r)><r

where I =diag(yy, ..., 7,), L =diag(o,...,0,), 0< ... <Y, 01 = ... >0, >0and I+ 32> =1,. Hence,
UTV =GT'T'H has singular values i, . .., , and sin{©(U, V) } =diag{/(1 = 43), ..., /(1 —v*) } has eigen-
values o1, ..., 0,. However, we compute that

2 O-TY 0
oTwuT—-vvhHo= (—2r —n? 0),
0 0 0

which after permuting rows and columns is a block diagonal matrix with diagonal blocks

2
2
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for je[r]. Each of these diagonal blocks has eigenvalues £o;. Thus, the eigenvalues of UUT — VVT are
+o4,..., +0,,0,...,0.

Now, assume that 2r > d instead. Then by the second part of Stewart and Sun (1990), theorem 1.5.2,
there are Q € O, and G, H € O, such that

Li, 0i—rx2r—a)
U= Q O(zlfr)x(dfr) O(zlfr)x(erd) Ga

002—dyx(@d—r byr_q
r 0(d—r)><(2r—d)
V=0 % 0u—nxer—a | H,
00 —dyx(d—n) by g

where ' =diag(71, ..., V), L =diag(oy,...,04_,) and > + X% =1,_.. We may assume that oy >... >0 _,.
Hence,

UTV=GT<F 0 )H

0 IZr—d
has singular values 1, ..., Y4, 1,..., 1 and sin{©®(U, V)} has eigenvalues oy, ..., 04,0, ...,0. However,
we again have
2 I 0
oTwuT—-vwho=( -3r -2 0
0 0 0
Thus, UUT — VVT has eigenvalues 01, ..., £04_,,0,...,0 as desired.

Lemma 4. Let Yy,...,Yp be independent and identically distributed on N U {0} with distribution
function F. Define M :=max,cp ¥, and R:=|{b:Y, = M}|. Then for B=[2"1{1 - Fit— 1}, we
have P(M >t, R=1) > 1.

Proof. For m e NU{0}, define p,, :==P(¥Y; =m) and g,, := P(Y; > m). By the definition of B, we have
(B—1)g, < % < Bg,. Also, observe that

B
P(M=m,R=1)=BP(X;=m) [] P(X, <m)=Bp, (1 —q,)*".
b=2
Therefore,

P(M>1, R=1)= > P(M=m.R=1)=3" Bp,(1 —g,)"*" > Bg, {1 — (B— g} >

m=t m=t

1
4

as desired.
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