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SUMMARY

We consider the testing of mutual independence among all entries in a d-dimensional random
vector based on n independent observations. We study two families of distribution-free test
statistics, which include Kendall’s tau and Spearman’s rho as important examples. We show that
under the null hypothesis the test statistics of these two families converge weakly to Gumbel
distributions, and we propose tests that control the Type I error in the high-dimensional setting
where d > n. We further show that the two tests are rate-optimal in terms of power against sparse
alternatives and that they outperform competitors in simulations, especially when d is large.

Some key words: Gumbel distribution; Kendall’s tau; Linear rank statistic; Mutual independence; Rank-type U -statistic;
Spearman’s rho.

1. INTRODUCTION
1-1. Literature review

Consider a d-dimensional continuous random vector X, where X = (X1,...,X;)" € R4,
Given n samples, we aim to test the null hypothesis Hy : X1, ..., Xy are mutually independent.
This problem has been studied intensively in the case where X is multivariate Gaussian. When
d < n, methods proposed include the likelihood ratio test (Anderson, 2003), Roy’s (1957) largest
root test and Nagao’s (1973) test, which test the identity of the Pearson’s covariance matrix
Y or the correlation matrix R using their sample counterparts. When d and n both grow and
the ratio d/n does not converge to zero, classic likelihood ratio tests perform poorly since the
sample eigenvalues do not converge to their population counterparts (Bai & Yin, 1993). This has
motivated work in high-dimensional settings.

In what follows, let y denote the limit of d/n as n and d diverge to infinity. When 0 < y < 1,
Bai et al. (2009) and Jiang & Yang (2013) proposed, and established the asymptotic normality
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814 F. HaN, S. CuEN AND H. L1u

of, corrected likelihood ratio test statistics. Specifically, Bai et al. (2009) considered the regime
y € (0,1), and Jiang et al. (2012) extended it to the y = 1 case. Johnstone (2001) and Bao
et al. (2012) proved the Tracy—Widom law for the null limiting distributions of Roy’s largest
root test statistics. The result of Bao et al. (2012) is only valid for y € (0, 1), while the result of
Johnstone (2001) applies to the case of y = 1. These results are further generalized to y > 1
in Péché (2009) and in Pillai & Yin (2012), with possibly non-Gaussian observations. When y
can be arbitrarily large but remains bounded, Ledoit & Wolf (2002) and Schott (2005) developed
and established asymptotic normality of corrected Nagao test statistics. Jiang (2004) proposed a
test statistic based on the largest sample correlation coefficient and showed that it converges to a
Gumbel distribution, also known as an extreme-value Type I distribution. With some adjustments,
Birke & Dette (2005) and Cai & Jiang (2012) proved that the tests of Ledoit & Wolf (2002) and
Jiang (2004) extend to the case of ¥y = oo. To the best of our knowledge, there is no result
generalizing the test of Schott (2005) to the regime y = ooc.

When y can be infinity, Srivastava (2006) proposed a corrected likelihood ratio test using only
nonzero sample eigenvalues. Srivastava (2005) introduced a test that uses unbiased estimators of
the traces of powers of the covariance matrix. Cai & Ma (2013) showed that the test of Chen et al.
(2010) uniformly dominates the corrected likelihood ratio tests of Bai et al. (2009) and Jiang &
Yang (2013); the three test statistics are asymptotically normal. Zhou (2007) modified the test of
Jiang (2004) and showed that the null limiting distribution of the test statistic is Gumbel.

Most of the aforementioned tests are valid only under normality. For non-Gaussian data, testing
Hj in high dimensions is not as well studied: Péché (2009) and Pillai & Yin (2012) considered
Roy’s largest root test for sub-Gaussian data; Bao et al. (2015) looked at the Spearman rho
statistic; and Jiang (2004) examined the largest off-diagonal entry in the sample correlation
matrix. In particular, Jiang (2004) showed that, for testing a simplified version of Hy, the normality
assumption can be relaxed to £(].X|") < oo for some r > 30. Later, Zhou (2007) modified Jiang’s
(2004) test to require only » > 6. See also Li & Rosalsky (2006), Zhou (2007), Liu et al. (2008),
Lietal. (2010), Cai & Jiang (2011, 2012), Shao & Zhou (2014) and Han et al. (2017).

This paper investigates testing Hp in high dimensions. The asymptotic regime of interest is
where d and n both grow and d/n can diverge or converge to any nonnegative value. Our main
focus is on nonparametric rank-based tests and their optimality. We consider two families of rank-
based test statistics, which include Spearman’s rho (Spearman, 1904) and Kendall’s tau (Kendall,
1938), and prove that under the null hypothesis they converge weakly to Gumbel distributions.
We also perform power analysis and establish optimality of the proposed tests against sparse
alternatives, explicitly defined in § 4. In particular, we show that the tests based on Spearman’s
rho and Kendall’s tau are rate-optimal against sparse alternatives.

1-2. Other related work

Testing Hy is related to testing bivariate independence. To test the independence between two
random variables taking scalar values, Hotelling & Pabst (1936) and Kendall (1938) proposed
using the Spearman’s rho and Kendall’s tau statistics, and Hoeffding (1948b) suggested the D
statistic. To test the independence of two random vectors of possibly very high dimensions,
Bakirov et al. (2006), Székely & Rizzo (2013) and Jiang et al. (2013) proposed tests based on
normalized distance between characteristic functions, distance correlations and modified likeli-
hood ratios. However, we cannot directly apply these results to test Hy without multiple testing
adjustments.

A notable alternative to Pearson’s correlation coefficient is Spearman’s rho. Zhou (2007) estab-
lished the limiting distribution of the largest off-diagonal entry of the Spearman’s rho correlation
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matrix, but did not provide a power analysis of the corresponding test. This paper includes the
result of Zhou (2007) as a special case.

Many researchers have considered testing independence based on kernel methods (Gretton
etal.,2007; Fukumizu etal., 2008; Poczos et al., 2012; Reddi & Pdczos, 2013). They have focused
on kernel dependence measures, the Hilbert—Schmidt norm of the cross-covariance operator
(Gretton et al., 2007), or the normalized cross-covariance operator (Fukumizu et al., 2008).
Using these dependence measures, early works concerned testing independence between two
random variables (Gretton et al., 2007; Fukumizu et al., 2008) that might live in arbitrary sample
spaces. Recently, Reddi & Poczos (2013) generalized the proposal in Fukumizu et al. (2008)
and developed a copula-based kernel dependence measure for testing mutual independence.
Poczos et al. (2012) offer an alternative kernel-based test using the maximum mean discrepancy
(Borgwardt et al., 2006) between the empirical copula and the joint distribution of d independent
uniform random variables. However, existing kernel-based tests were developed in the low-
dimensional setting; Ramdas et al. (2015) have shown that such tests have low power in high
dimensions.

During the preparation of this paper, it came to our attention that Mao (2017) and Leung
& Drton (2017) also considered testing Hp for non-Gaussian data in high dimensions. These
authors have proposed tests based on sums of rank correlations, such as Kendall’s tau (Leung &
Drton, 2017) and Spearman’s rho (Mao, 2017; Leung & Drton, 2017). They further established
asymptotic normality of the proposed test statistics in the case where y can be arbitrarily large
but is bounded. In particular, the theory in Mao (2017) follows from the procedure developed in
Schott (2005), and the theory in Leung & Drton (2017) relies on U-statistics theory.

2. TESTING PROCEDURES

2-1. Two families of tests
Let {X;. = (Xi1,...,Xia)", i = 1,...,n} be n independent replicates of a d-dimensional
random vector X € RY. To avoid discussion of possible ties, we consider continuous random
vectors. For any two entries j &= k € {1,...,d}, let Qiu. be the rank of X;; in {X},...,X,,} and
let R/n]j be the relative rank of the kth entry compared to the jth entry; that is, Rlnlj = Q,];./ subject

to the constraint that Qiu., =ifori=1,...,n.
We propose two families of nonparametric tests based on the relative ranks. The first family
includes tests based on simple linear rank statistics of the form

n

V=Y cuglRy/(n+ 1) GEke(l,....d), (1)

i=1

where {c,;, i = 1,...,n} form an array of constants called the regression constants and g(-) is
a Lipschitz function called the score function. We assume Y 7, ¢2, > 0 to avoid triviality. It is
immediately clear that Spearman’s rho belongs to the family of simple linear rank statistics. To
accommodate tests of independence, we further pose the alignment assumption

e =n" fli/(n+ 1D}, 2

where f'(-) is a Lipschitz function. Under this assumption, the simple linear rank statistic is a
general measure of the agreement between the ranks of two sequences. It will be made clear
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in § §3 and 4 that the alignment assumption (2) is not required in deriving the null limiting
distribution, but is crucial in the power analysis.

The second family includes tests based on rank-type U-statistics, i.e., U-statistics of order
m < n that depend only on the relative ranks {R’ k

.o 1 = 1,...,n}. In other words, a rank-type
U -statistic takes the form

1
Ui, = h(Xi, tidys - Xi, (G i+ kell,...,d}), @3
= D e mt D) E | Xiy k) Wik F k€ { D, 3
i1y

and Uj; depends only on {Rfﬁ}l’;l. Here, for any vector X; . and some index set A C {1, ...,d},let
Xi;..4 be the subvector of X; . with entries in the index set 4. The kernel function /(-) is assumed to
be bounded but not necessarily symmetric. The boundedness assumption is mild since correlation
is the object of interest.

Next, we propose two tests based on the two families of statistics. We begin with a testing
procedure based on simple linear rank statistics. Under Hy, the distribution of Vj is irrelevant to
the specific distribution of X forall;j 4 & € {1,...,d}. Accordingly, the mean and variance of Vj;
are calculable without knowing the true distribution. Let Ep, (-) and varg, (-) be the expectation
and variance of a certain statistic under Hy. We have

n n n
_ 1 . ) _
Epy (Vi) = 2 X;Cm', vargy (Vi) = —— ;[g{z/(n + D)) — 2] E(cm- )
1= 1= 1=
5 — ,—1l\" . : ik .
where g, =n~" ) |, g{i/(n + 1)} is the sample mean ofg{R/ni/(n + 1)} @=1,...,n). Based
on {Vj,1 <j < k < d}, we propose the following statistic for testing Ho:

Ly = max |V — Egy (Vi) |- (5)
j<k

As with simple linear rank statistics, the expectation and variance of the rank-type U-statistics
Eny(Uj) and varg, (Ujy) can be calculated analytically. We can test Hy using

Ly = max |Uy — Epy (Up)|- (6)
Jj<k

Detailed studies of the null limiting distributions of L, and L, are deferred to § 3. Here we give
some intuition. Under certain conditions, the standardized version of Vj; or Uy is asymptotically
normal. Accordingly, the standardized version of L% or ]:fl is asymptotically close to the maximum
of d(d — 1)/2 independent chi-squared random variables with one degree of freedom. The latter
converges weakly to a Gumbel distribution after adjustment.

Let 05 and 0(2] be the variances of n!/2 Vik and n'/2 Ujr under Hy, i.e.,
op = nvary,(Vip), of = nvargy,(Uy). (7)

We propose the following size-« tests T,y and T, of Hy:

nL% ni,%
Ty =1 — —4logd +loglogd > g4 |, To=I1{— —4logd +loglogd > qq |. (8)
oy oy
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Here I(-) represents the indicator function and
go = —log(87) — 2loglog(l —a)~! 9)

is the 1 — o quantile of the Gumbel distribution function exp{—(87)~ /2 exp(—y/2)}. In what
follows, we consider a fixed nominal significance level, such as « = 0-05.

Alternatively, we can simulate the exact distribution of the studied statistic and choose g, to be
the 1 — « quantile of the corresponding empirical distribution. This simulation-based approach
is discussed in the Supplementary Material.

2-2. Examples

In this subsection, we present four distribution-free tests of independence that belong to the
two general families defined in § 2-1.

Example 1 (Spearman’s rho). Recall that Qfﬂ. and Qﬁi are the ranks of X;; and X;; among
{X1/,..., Xy} and {Xy, ..., X}, respectively. Spearman’s rho is defined as

YO = Ok — O
(30 (O — O Y (0 — 052} /?

n

:n(nz_'l)Z(i—n; )(Rlnli—n; > GFkefl,...,d},

i=1

Pik =

where QZ = Qn = (n+ 1)/2. This is a simple linear rank statistic, and we have

Epy(p) =0, varg,(op) = (n—D~" G +kefl,....d).

According to (8), the corresponding test statistic is
TP = [{(n — l)malgipjzk —4logd + loglogd > qa}.
Jj<
Example 2 (Kendall’s tau). Kendall’s tau is defined, forj & £ € {1,...,d}, by

2 ) . 2 . ik ik
-:—§ Xy — X Xir —X; :—§ R°, —R),
Tk nn—1) P sign( i'j IJ) sign( i’k l,k) nn—1) 4 sign( ni m)

i<i’

where the sign function sign(-) is defined as sign(x) = x/|x| with the convention 0/0 = 0.
This statistic is a function of the relative ranks {R’n];, i =1,...,n}and is also a U-statistic with
bounded kernel &(xy q12),X2,(1,2)) = sign(x1,;1 — x2,1) sign(x;2 — x2,2). Accordingly, Kendall’s
tau is a rank-type U-statistic. Moreover,

22n+5)

EHO(Tjk):O, VaI'HO(‘L'jk) = m (]:’:ke {1,,d})

According to (8), the proposed test statistic based on Kendall’s tau is

I9n(n — 1) 2
T o — p—
T"‘_[{2(2n+5) ijlflz(tjk 410gd+10g10gd>qa}.
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Example 3 (A major part of Spearman’s rho). Although Spearman’s rho is not a U-statistic,
by Hoeffding (1948a) we can write, forj &= k € {1,...,d},

n—2, 3tk
Iojk n + 1 /Ojk n+ 15
where
iy = s1gn i — Ay ) S1€n Y Vs S 14 .
Pjk n(n — 1)(}’1 — 2) 2 g ij i'j) S1g ik ik
iFi'Fi

Here pj;, is a U-statistic of degree three with an asymmetric bounded kernel. Moreover,

23
Epy(0jx) =0,  varg, (o) = m GFkell,....d}.

As in (8), the test based on {pjx, 1 <j < k < d}is

nn—1){n-2) R
—— 3 r}lfli(pﬁ‘ —4logd + loglogd > qa}.

Tgle{

Example 4 (Projection of Kendall’s tau to simple linear rank statistics). Kendall’s tau does
not belong to the family of simple linear rank statistics. However, by the projection argument in
Hajek (1968), jx can be approximated by

A 8 N, nt1\(pk_ntl1)
rjk:mZQ— 5 )(Ii”m.— 2) G*kell,...d.

i=1

Using the variance of pj; and the relationship between pj; and Ty, it is easy to obtain that

4(n+ 1)?

EH() (‘E]k) =0, varg, (fjk) =

We observe that varp, (Zjr) /vary, (Tjx) goes to unity as n grows, indicating that Tj; is asymptoti-
cally equivalent to 7j; under Hy. The proposed test statistic is

a —

R 9% (n—1) =
Tt —[{Wl}ljl]?(fjk —4logd + loglogd > qa}.

Remark 1. We have considered two families of test statistics: a family of simple linear rank
statistics and a family of rank-type U-statistics. Waerden (1957) and Woodworth (1970) studied
the performance of Spearman’s tho and Kendall’s tau in testing bivariate independence under
normality, and showed that Spearman’s rho is more efficient than Kendall’s tau when 7 is small,
while the reverse is true if 7 is large. Although the threshold point is theoretically calculable, in
practice it is very difficult to approximate.
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3. LIMITING NULL DISTRIBUTIONS

In this section we characterize the limiting distributions of L, and L, under Hy. We first
introduce some necessary notation. Let v = (v,...,v4)" € R? be a d-vector and let M =
[Mj] € R9%d be a d x d matrix. For index sets [,J C {1,...,d}, let v; be the subvector of
v with entries indexed by 7, and let M; ; be the submatrix of M with rows indexed by / and
columns indexed by J. Let Ani, (M) denote the smallest eigenvalue of M. For two sequences
{ai,ap,...} and {by, by, ...}, we write a, = O(b,) if there exists some constant C such that for
any sufficiently large n, |a,| < C|by|. We write a, = o(by,) if for any positive constant ¢ and any
sufficiently large n, |a,| < c|b,|. We write a, = 0, (b,) if the constant depends on some scalar
¥, 1., |ay| < ¢,|b,|. We study the asymptotics of triangular arrays (Greenshtein & Ritov, 2004),
allowing the dimension d = d,, to grow with #. In the following ¢ and C will represent generic
positive constants, whose values may vary at different locations.

We first consider the simple linear rank statistic Vj;. The following theorem shows that under Hy
and some regularity conditions on the regression constants {c,1, . . . , ¢un}, the statistic nL% / 05 —
4logd + log log d converges weakly to a Gumbel distribution.

THEOREM 1. Suppose that the simple linear rank statistics {Vy,, 1 <j < k < d} take the form
(1) with regression constants {cy1, . - . , Cun} Satisfying

n 2

> (eni — @n)?

1<i<n 4
i=1

2 (& ’
2 R
< 7 { § (Cni — Cn) } . (10)

i=1

C? &

_apc -2

max |cui — Cnl <= (Cni —Cn)s
i=1

where ¢, = Y i Cpi represents the sample mean of the regression constants and Cy and C,
are two constants. Further suppose that the score function g(-) is differentiable with bounded
Lipschitz constant. Then under Hy, iflogd = o(n'/3) as n grows, for any y € R we have

|pr(nL2/of — 4logd + loglogd < y) — exp{—(8m) /2 exp(—y/2)}| = 0y(1),
where L, and 05 are defined in (5) and (7).

It is common to have conditions of the form (10) in Theorem 1 for the simple linear rank statis-
tics to be asymptotically normal or to deviate moderately from normality; see Hajek et al. (1999)
and Kallenberg (1982). Seoh et al. (1985) gave similar conditions for {c,;, i = 1, ...,n}. The Lip-
schitz condition rules out the Fisher—Yates statistic, where g(-) is proportional to ®~'{-/(n+ 1)}
and ®~!(.) represents the quantile function of the standard Gaussian.

Theorem 1 gives a distribution-free result for testing Hy (see Kendall & Stuart, 1961, Ch. 31).
In contrast, tests based on sample covariance and correlation matrices (e.g., Jiang, 2004; Li et al.,
2010; Cai & Jiang, 2011; Shao & Zhou, 2014) are not distribution-free; for instance, Li et al.
(2010) and Shao & Zhou (2014) impose moment requirements on X .

Spearman’s rho is a simple linear rank statistic, and it satisfies the conditions (10). Therefore,
Theorem 1 is a strict generalization of Theorem 1.2 in Zhou (2007).

We now turn to rank-type U -statistics. The next theorem is the analogue of Theorem 1.

THEOREM 2. Suppose that the rank-type U-statistics {Uy,, 1 <j < k < d} are of the form (3)
and of degree m, and that the kernel function h(-) is bounded and nondegenerate. Then under Hy,
iflogd = o(n'/3) as n grows, for any y € R we have

|pr(nl2/oZ — 4logd + loglogd < y) — exp{—(87) "2 exp(—y/2)}| = 0,(1),
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where L, and 0[2] are defined in (6) and (7).

The assumption on 4(-) requires that the rank-type U-statistic be nondegenerate; hence it rules
out Hoeffding’s D statistic.
Corollary 1 says that the tests T,, and T, can effectively control the size.

COROLLARY 1. Suppose that the conditions in Theorem 1 or Theorem 2 hold; then, respectively,
pr(Ty = 1| Hy) =a+o(l), pr(Ty, =1 | Hy) = o+ o(l). Furthermore, all test statistics in
Examples 1-4 converge weakly to a Gumbel distribution.

COROLLARY 2. Under the regime where logd = o(n'/3) as n grows, pr(T5 = 1| Hy) = a +
o(l) (L ef{p,1,0,7}), where T (f corresponds to the test statistics introduced in Examples 1—4
forte{p,t,p,T}

4. POWER ANALYSIS AND OPTIMALITY PROPERTIES

4-1. Sparse alternatives

Let U (c) be a set of matrices indexed by a constant c,

Ue) = {M e R4 : diag(M) = Iy, M =M™, max |My]| > c(log d/n)l/z} , (1D
I<k<d

where /; denotes the d x d identity matrix and diag(M) represents a matrix with diagonal elements
equal to the diagonal elements of M and with all off-diagonal elements equal to zero.
We define the random matrix V' = [Vj] € RAxd by

Vie=Viy =0, Vi —Eny(Vit)), Vee=1 (1<j<k<d;1<<d),

where oy is defined in (7) and {Vj, 1 <j < k < d} are the simple linear rank statistics. Let the
population version of VbeV =EWV). We study the power of tests against the alternative

H) (¢) = (F(X) : VIF(X)} € U(0))}, (12)

where F(X) 1is tpe joint distribution function of X and we write V{F(X)} to emphasize that
V=EWV)= [VdF(X) is a function of F(X).

Similarly, we define the random matrix U= [Ujk] € Rixd by

Uik — Eny(Ujr) — ~

ou
where {Uj, 1 <j < k < d} are the rank-type U-statistics and
&3 = m? vary, [Eroth(X1 4123 - - - Xmg12) | X121} (13)

We define the population version of U to be U = E(U). Then we study the power of tests against
the alternative

HaU(c) ={FWX) : U{FX)} elU(o)}. (14)
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When studying rate-optimality, we consider the alternative
H(¢) = {F(X) : RIF(X)} € U(0)}, (15)

where R is the population correlation matrix; § 4-3 clarifies why we use Hf (¢) in (15).

All three alternatives are based on the set of matrices {/(c), of which at least one entry has
magnitude greater than C(logd/n)!/? for some large constant C; so we call (12), (14) and (15)
the sparse alternatives.

The three alternatives may not be equivalent. For instance, max<j<x<a |Vjx| = c(logd/ n)l/?
does not imply max¢;jx<a |Ujx| = c(logd /n)l/ 2 The exact relationship between HaV and HaU
is intriguing. Taking Kendall’s tau and Spearman’s rho as examples, Fredricks & Nelsen (2007)
have shown that for a bivariate random vector, the ratio between the population analogues of
the two statistics converges to 3/2 as the joint distribution approaches independence. Under a
fixed alternative, however, the relationship between the population analogues of Kendall’s tau
and Spearman’s rho remains unclear and probably depends heavily on the specific distribution.
Hence, we do not pursue a theoretical comparison of the powers of the tests.

4.2. Power analysis

The following theorem characterizes the conditions under which the power of 7, tends to unity
as n grows, under the alternative HaV in (12).

THEOREM 3. Assume that the alignment assumption in (2) holds, and that O'[% = A1{l1 +0(1)}
and max{|f (0)], |g(0)|} < A3 for some positive constants A\ and Ay. Further assume that f (-)
and g(-) have bounded Lipschitz constants. Then, for some large scalar B| depending only on
A1, A and the Lipschitz constants of f () and g(-),

inf pr(7y =1)=1—-o0(1),
F(X)eH] (B1)

where the infimum is taken over all distributions F (X) such that V{F (X)} € U(By).
Similarly, 7, has the property of the power tending to unity under the alternative HaU in (14).

THEOREM 4. Suppose that the kernel function h(-) in (3) is bounded with |h(-)| < A3 and
m? var g [Eny (h(X1 1.2}, - - - Xm1.2) | X120} = {1 + 0(1)}44

for some positive constants A3z and Ag. Then, for some large scalar By depending only on A3, Ay
and m,

inf  pr(Ty, =1)=1-o0(),
F(X)eHY (By)

where the infimum is taken over all distributions F (X) such that U{F (X)} € U(B3).

Here HaV (B1) and HaU (B2) are both sparse alternatives, which can be very close to the null
in the sense that all but a small number of entries in /' or U can be exactly zero. The above
theorems show that the proposed tests are sensitive to small perturbations to the null. For the
examples discussed in § 2, Theorems 3 and 4 show that their powers tend to unity under the
sparse alternative.
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4-3. Optimality
We now establish the optimality of the proposed tests in the following sense. Recall that 7, and
T, can correctly reject the null hypothesis provided that at least one entry of V" or U has magnitude
greater than C(log d/n)'/? for some constant C. We show that such a bound is rate-optimal, i.e.,
that the rate of the signal gap, (logd/n)'/?, cannot be relaxed further.
For each n, define 7, to be the set of all measurable size-« tests. In other words, 7, = {7, :
pr(Te = 1| Ho) < o).

THEOREM 5. Assume that c¢o < 1 is a positive constant, and let B be a positive constant
satisfying o + B < 1. Under the regime where logd/n = o(1) as n grows, for large n and d we
have

inf sup pr(7y,=0)>=>1—a—8,
Ta€Ta p(x)eHR(co)

where the supremum is taken over the distribution family Hf (co) defined in (15).

Theorem 5 shows that any measurable size-« test cannot differentiate between the null hypoth-
esis Hy and the sparse alternative when max;_; [Rjx| < co(logd /n)l/ 2 for some constant
co < 1.

In the Supplementary Material we give the detailed proof of Theorem 5. It begins with the
observation that the family of alternative distributions Hf (co) includes some Gaussian distribu-
tions as a subset, since one can construct a Gaussian distribution given any R € U (cg). Therefore,
the supremum over Hf(co) is no smaller than the supremum over the Gaussian subset. The rest of
the proof follows from the general framework in Baraud (2002). In particular, the proof technique
is relevant to the argument used in deriving the lower bound in two-sample covariance tests (Cai
etal., 2013).

Due to technical constraints, the alternative considered in Theorem 5 is defined with the
Pearson’s population correlation matrix R. As mentioned in § 4-1, it is unclear whether there exist
equivalences between V', U and R. Therefore, in order to apply Theorem 5 to the alternatives
used in Theorems 3 and 4, we make the following assumptions.

Assumption 1. When X is Gaussian, the matrices V' and R are such that for large » and d,
cVik < Rjp < CVy forj + k € {1,...,d}, where c and C are two constants.

Assumption 2. When X is Gaussian, the matrices U and R are such that for large n and d,
cUp < Rjy < CUy forj & k € {1,...,d}, where ¢ and C are two constants.

In the proof of Theorem 5, we obtain a lower bound by considering the Gaussian subset of
Hf (co). This is why we require Assumptions 1 and 2 to hold at least for the Gaussian distributions.
Theorem 5 then justifies the rate-optimality of the proposed tests, summarized as follows.

THEOREM 6.

(a) Suppose that the simple linear rank statistics {Vi, 1 < j < k < d} satisfy all the conditions
in Theorems 1 and 3. Suppose also that Assumption 1 holds. Then, under the regime where
logd = o(n'3) as n grows, the corresponding size-o test Ty, is rate-optimal. In other
words, there exist two constants D1 < Dy such that:

(1) supr(xyen) (py) PrTe = 0) = o(1);
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(i1) for any B > 0 satisfying o + B < 1, for large n and d we have

inf sup prily =0)21—a—p.
Ta€Ta px)yer) (D)

(b) Forall rank-type U -statistics satisfying the conditions in Theorems 2 and 4, if Assumption 2
holds, then the same rate-optimality property holds.

As an example, the next corollary justifies the test statistics in Examples 1-4.

COROLLARY 3. The four test statistics in Examples 1-4 are all rate-optimal against the
corresponding sparse alternatives.

Corollary 3 is a direct consequence of Theorem 6 and Lemma C8 in the Supplementary
Material. Its proof is therefore omitted.

5. NUMERICAL EXPERIMENTS
5-1. Tests

We compare the performances of our proposed tests and several competitors on various syn-
thetic datasets in both low-dimensional and high-dimensional settings. Additional numerical
results are reported in the Supplementary Material, which includes comparisons with other tests
of Hy, testings with simulation-based rejection thresholds, and an application.

We propose a test based on Spearman’s rho statistic, outlined in Example 1, using the result in
Theorem 1. We also propose a test based on Kendall’s tau statistic, outlined in Example 2, using
the result in Theorem 2. We use the theoretical rejection threshold g4 in (9) for both tests. Below
we will refer to these tests as the Spearman test and the Kendall test.

As a competitor, we consider the test of Zhou (2007), which rejects the null hypothesis if

nmalgir]%{ —4logd + loglogd > qq,
J<

where ¢4 is the theoretical threshold defined in (9).
Another competitor is the test of Mao (2014), which rejects the null hypothesis if

2

Z Tik dd—1) {(n—4)2(n—6)

-2 20-4) | ldd D -3)

1/2
} > o7 (1 —a),

where ®~!1(-) is the quantile function of the standard Gaussian. The test statistic in Mao (2014)
has guaranteed size control only under normality.

A further two competitors are the kernel-based tests of Reddi & Poczos (2013) and Poczos
et al. (2012). Briefly, Reddi & Péczos (2013) propose to calculate the Hilbert—Schmidt norm of
the normalized cross-covariance operators after a copula transformation, and Poczos et al. (2012)
propose using the estimated maximum mean discrepancy after a copula transformation. In both
kernel-based tests, we use the Gaussian kernel with standard deviation being the median distance
heuristic as in Reddi & P6czos (2013) and Poczos et al. (2012). We use simulation to determine
the rejection thresholds for both tests, since the null distribution of F'(X) is uniform. Although
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a theoretical rejection threshold is proposed in Péczos et al. (2012), it becomes too conservative
in high dimensions.

In total, we apply six tests in the numerical experiments, namely the Spearman test outlined
in Example 1, the Kendall test outlined in Example 2, and the tests of Zhou (2007), Mao (2014),
Reddi & P6czos (2013) and Poczos et al. (2012). In the following experiments, we set the nominal
significance level to @ = 0-05 for all tests.

We also compared the performance of our procedures with that of two more rank-based statis-
tics proposed by Mao (2017) and Leung & Drton (2017). Due to space limitations, these additional
results are presented in the Supplementary Material.

5-2. Synthetic data analysis

We now perform size and power comparisons between the competing tests describedin § 5-1. In
this simulation, we generate synthetic data from five different types of distribution: the Gaussian
distribution, the light-tailed Gaussian copula, the heavy-tailed Gaussian copula, the multivariate
t distribution, and the multivariate exponential distribution. To evaluate the sizes of the tests, we
generate data from the five types of distribution under the null, where all entries in X are mutually
independent. For evaluating the powers of the tests, we generate different sets of data from the
five types of distribution under sparse alternatives. For instance, for the Gaussian distribution, we
draw our data from N;(0, ;) to evaluate the size, and generate data from N, (0, R*) to evaluate
the power. Here R* € RY* is a positive-definite matrix whose off-diagonal entries are all zero
except for eight randomly chosen entries. Details of the data-generating mechanism are given in
the Supplementary Material.

In summary, we generate data from ten distributions: one set under the null and one set
under the sparse alternative for each of the five types of distribution. For each distribution, we
draw n independent replicates of the d-dimensional random vector X € R?. To examine the
effects of increasing the sample size and dimension, we take the sample size # to be 60 or 100
and the dimension d to be 50, 200 or 800. Results from 5000 simulated datasets are shown
in Fig. 1.

Under the Gaussian distribution, most tests can effectively control the size under all combi-
nations of 7 and d. Our proposed method and that of Zhou (2007) attain higher power than the
other competitors. In contrast, the test of Mao (2014) has relatively low power; this is as expected
because, under the sparse alternative, the correlation matrix has only eight nonzero entries. By
averaging over all entries in the correlation matrix, the test of Mao (2014) is less sensitive to the
sparse alternative. For similar reasons, the test of Pdczos et al. (2012) has low power against the
sparse alternative. The test of Reddi & Poczos (2013) has decreasing power as d grows, which
corroborates the findings of Ramdas et al. (2015).

Under the light-tailed Gaussian copula, the performances of all six tests are similar to their
performances under the Gaussian distribution. Notably, our proposed tests achieve higher power
than the test of Zhou (2007), especially when the ratio d/n is large.

Under the heavy-tailed Gaussian copula, only our proposed tests correctly control the size
while attaining high power. The tests of Zhou (2007) and Mao (2014) have very high power
under the alternative, but their sizes are severely inflated under the null. The kernel-based tests
of Reddi & Péczos (2013) and Pdczos et al. (2012) correctly control the size but have very low
power.

Under the multivariate ¢ distribution, the performances are similar to those under the heavy-
tailed Gaussian copula.
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Fig. 1. Empirical sizes and powers of six tests under five types of distribution averaged over 5000 replicates at the 0-05
nominal significance level, shown by the horizontal dotted line in each panel. The vertical axis represents the proportion
of rejected tests in the 5000 replicates. The vertical dotted lines separate six different data-generating schemes, for
which (n,d) ranges from (60, 50) to (100, 800). Only the pairs (60,50) and (100, 50) are in the low-dimensional
setting. The six tests considered in the simulation are represented by: o and e, the Spearman test; ¢- and -+, the Kendall
test; ¢ and ¢, the test of Zhou (2007); [ and M, the test of Mao (2014); § and A, the test of Reddi & Pdczos (2013); V
and Vv, the test of Pdczos et al. (2012). Hollow shapes, e.g.,4, represent empirical sizes under the null, and solid shapes,
e.g.,+, represent empirical powers under the alternative. A grey symbol, e.g., § and §, indicates that the corresponding
test fails to control the size at the 0-05 nominal significance level in the corresponding null model. In this simulation,
we say that a test fails to control the size at 0-05 if its empirical size exceeds 0-05 4+ 1.96(0-05 x 0-95/5000)'/2.

Under the multivariate exponential distribution, our proposed tests and the test of Reddi &
Poczos (2013) achieve high power while correctly controlling the size across all settings. The
tests of Mao (2014) and Zhou (2007) fail to control the size in high dimensions. The test of
Poczos et al. (2012) has low power compared with the others.

In summary, our proposed tests correctly control the size and achieve high power across all
types of distributions regardless of the sample size and dimension. The Kendall test performs
slightly better than the Spearman test in terms of power. This is consistent with the observations
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in Woodworth (1970), which show that Kendall’s tau is asymptotically more powerful than
Spearman’s rho in testing independence in terms of having the Bahadur efficiency bounded
within (1, 1-05] under the Gaussian distribution. For the relationship between Spearman’s rho
and Kendall’s tau under different alternatives, we refer to Fredricks & Nelsen (2007) for details.
The performances of the tests of Zhou (2007) and Mao (2014) are strongly influenced by the data
structure, and these tests cannot effectively control the size under heavy-tailed distributions. This
is as expected because the validity of Mao’s (2014) test relies heavily on the Gaussian assumption,
and the performance of Zhou’s (2007) test is related to the moments. The kernel-based tests of
Reddi & Pdczos (2013) and Pdczos et al. (2012) control the size correctly in most cases, but their
power suffers in high dimensions, as observed by Ramdas et al. (2015).

6. DISCUSSION

The regression constants {c,;}?_,, the score function g(-) in (1), and the kernel function
h(-) in (3) are assumed to be identical across different pairs of entries; this condition can be
straightforwardly relaxed, but for clarity of presentation we do not give further details in this
direction.

The problem studied in this paper is related to one-sample and two-sample tests of equality of
covariance or correlation matrices and to sphericity tests in high dimensions. There exist extensive
studies along these lines of research; see, among others, Ledoit & Wolf (2002), Chen et al. (2010),
Fisher et al. (2010), Srivastava & Yanagihara (2010), Fisher (2012), Li & Chen (2012), Cai et al.
(2013), Zhanget al. (2013) and Han et al. (2017). For equity and sphericity tests, existing methods
mostly focus on Pearson’s sample covariance matrix. Corresponding tests are based on statistics
characterizing the difference between two-sample covariance matrices under different norms,
such as the Frobenius norm or the maximum norm. As an alternative, Zou et al. (2014) proposed
a sphericity test using the multivariate signs; however, the theoretical results in their paper are
valid only under the regime where d = O(n?).

Testing equality of covariance or correlation matrices is challenging since the random vari-
ables are not mutually independent. In the Supplementary Material, focusing on the one-sample
test, we test the bandedness of the latent correlation matrix under the semiparametric Gaussian
copula model. We show that the test built on Kendall’s tau statistic can asymptotically con-
trol the size and is rate-optimal against the sparse alternative. See the Supplementary Material
for details.
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