AIMS Mathematics, 10(4): 7721-7766.
DOI: 10.3934/math.2025355
ATMS Mathematics Received: 25 June 2024

Revised: 18 February 2025

Accepted: 19 February 2025
https://www.aimspress.com/journal/Math Published: 01 April 2025

Research article

Testing for correlation in Gaussian databases via local decision making

Ran Tamir*
Signal and Information Processing Laboratory, ETH Zurich, 8092 Zurich, Switzerland
* Correspondence: Email: tamir@isi.ee.ethz.ch; Tel: +41766034012.

Abstract: We propose a computationally efficient statistical test for detecting correlation between
two Gaussian databases. The problem is formulated as a hypothesis test: under the null hypothesis,
the databases are independent; under the alternative hypothesis, they are correlated but subject to
an unknown row permutation. We derive bounds on both type I and type II error probabilities and
demonstrate that the proposed test outperforms a recently introduced method across a broad range
of parameter settings. The test statistic is based on a sum of dependent indicator random variables.
To effectively bound the type I error probability, we introduce a novel graph-theoretic technique for
bounding the k-th moments of such statistics.

Keywords: correlation detection; data privacy; de-anonymization; Gaussian database; hypothesis
testing
Mathematics Subject Classification: 60F10, 62F03, 62F05, 62H20, 62H22, 68P15, 68P27

1. Introduction

With the thriving use of smart devices and the growing popularity of big data, various institutions
have been collecting more and more personal data from users, which are then either published or sold
for research or profit-making purposes. Although the published data are typically anonymized (i.e., the
explicit attributes of the users, such as names and dates of birth are erased), there has been increasing
concern about potential privacy leakage from anonymized data, approached from juridical [1] and
corporate [2] points of view. These concerns are also expressed in the literature regarding successful
practical de-anonymization attacks on real data; the reader is referred to [3—7] for a non-exhaustive list.
We briefly elaborate on some of these studies. In [4], the task of identifying users from the statistics
of their behavioral patterns, based on call data records, web browsing histories, or GPS trajectories,
has been studied. It was demonstrated that a large fraction of users can be easily identified, given only
histograms of their data; hence, these histograms can act as users’ fingerprints. In [6], the authors
presented a class of statistical de-anonymization attacks against high-dimensional micro-data, such as
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individual preferences, recommendations, transaction records, and so on. Their techniques are robust
to perturbation in the data and tolerate some mistakes in the adversary’s background knowledge. More
studies regarding practical de-anonymization attacks on real data have been conducted with a specific
focus on social networks; in this case, the reader is referred to [8—12] and to the references therein.
For example, in [8], a novel de-anonymization attack that exploits group membership information
that is available on social networking sites was introduced. The authors showed that information
about the group memberships of a user (i.e., the groups of a social network to which a user belongs)
is sufficient to uniquely identify this person or at least to significantly reduce the set of possible
candidates. Although being extremely valuable, these lines of work does not provide a complete
rigorous understanding of the conditions under which anonymized databases are inclined to privacy
attacks; thus, more fundamental research is currently missing around these topics.

Two fundamental problems of statistical inference in database models are correlation detection and
alignment recovery. Correlation detection between two databases is basically a hypothesis testing
problem; under the null hypothesis, the databases are independent, and under the alternative hypothesis,
a permutation exists, for which the databases are correlated. In this task, the main objective is to achieve
the best trade-off between type I and type Il error probabilities. In the problem of database alignment
recovery, one assumes that the two databases are correlated and wants to estimate the underlying
permutation. While these two problems are intimately related, this paper is devoted solely to correlation
detection.

Correlation detection of databases with n sequences, each containing d independent Gaussian
entries, has recently been studied in [13, 14], while correlation detection of databases with independent
entries and general distributions has lately been explored in [15]. In the present manuscript, we
continue along this line of work and analyze a simple statistical test that solves the problem of
correlation detection between two Gaussian databases relatively efficiently’. The tester first calculates a
statistic which is based on local decisions for all n? pairs of sequences and then makes a final decision
in favor of one of the hypotheses based on this statistic. Since the proposed statistical test is based
on a sum of indicator random variables which are weakly dependent, the analysis of the two error
probabilities, especially the type I probability of error, turns out to be highly non-trivial, and this is the
main technical contribution of this work.

We compare the performances of the proposed statistical test with those of [13]. The main problem
in [13] was to identify the smallest possible correlation coefficient between each consecutive entries of
the databases, as a function of n and d, such that the sum of the type I and type Il error probabilities
can be driven to zero as n and d tend to infinity. While the detector that was proposed in [13] can
also be used for non-asymptotic correlation values, we show that for a wide range of parameter
choices, its performance is inferior to that of the new proposed statistical test. In addition to the
comparison between the analytically derived theoretical guarantees, we also present Monte—Carlo
simulation results for specific parameter values, which also demonstrate that the proposed statistical
test outperforms the previous one.

IThe proposed statistical test has a computational complexity of O(n?), while the generalized likelihood ratio (GLR) test has a
computational complexity of O(n*). More on the GLR test can be found in Section 4.2.
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1.1. Related work

Alignment recovery of correlated databases has been investigated from an information-theoretic
point of view. The database alignment problem was originally introduced by Cullina et al. [16].
The discrete setting was studied in [16], which derived achievability and converse bounds in terms
of a newly introduced measure of correlation, called the cycle mutual information. Exact recovery
of the underlying permutation for correlated Gaussian databases was studied in [17], and a follow-
up work extended the results to partial recovery [18]. A typicality-based framework for permutation
estimation was investigated in [19]. Database matching under random column deletions and adversarial
column deletions were researched, respectively, in [20] and [21]. Theoretical guarantees for the de-
anonymization of random correlated databases without prior knowledge of the data distribution were
proposed in [22]. The problem of database matching under noisy synchronization errors was recently
studied in [23]. The Gaussian database alignment recovery problem is equivalent to a certain idealized
tracking problem studied in [24,25]. The recovery problem with two correlated random graphs has
also been investigated in the past few years. A starting point of this problem proposed the correlated
Erdds—Rényi graph model with dependent Bernoulli edge pairs [26]. A subsequent work studied the
recovery problem in the Gaussian setting [27]. More recent papers investigated the corresponding
detection problem for correlation between graphs [28, 29]. It has lately been proved [30, 31] that
detecting whether Gaussian graphs are correlated is as difficult as recovering the node labels.

1.2. Organization of this paper

The continuation of this paper is organized as follows. In Section 2, we establish the notation
conventions. In Section 3, we formalize the model and formulate our main objectives. In Section 4,
we state some results from previous work and discuss the GLR test. In Section 5, we state the new
proposed statistical test and then provide and discuss the main results of this work. In Section 6, we
introduce the novel graph-theoretic concepts that have paved the way to handling the type I probability
of error of the proposed test. In Section 7, we compare the performances of the proposed test and an
existing one. Section 8 concludes the work and suggests some open avenues for future research. All
the results of this work are proved in the appendices.

2. Notation conventions

Throughout the paper, random variables will be denoted by capital letters, and the specific values
they take will be denoted by the corresponding lower case letters. Random vectors and their realizations
will be denoted, respectively, by capital letters and the corresponding lowercase letters, both in bold
font. For example, the random vector X = (X, X>, ..., X,) (d-positive integer) may take a specific
vector value x = (xy, X2, ..., x;) in R%. When used in the linear-algebraic context, these vectors should
be thought of as column vectors, so when they appear with the superscript T, they will be transformed
into row vectors by transposition. Thus, x'y is the inner product of x and y. The notation ||x|| will
stand for the Euclidean norm of the vector x. As is customary in probability theory, we write X =
(X1,...,X9) ~ N0y, 1,;) (with 0, being a vector of d zeros and I, being the d X d identity matrix) to
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denote that the probability density function of X is
1
Px(x) = 2r)™ 9 . exp (—§||x||2), x e R .1)

For X = (X;,...,Xp)and Y = (Yy,...,Y,), we write

=[O |1 P
e 2

to denote the fact that X and Y are jointly Gaussian with independent and identically distributed (IID)
pairs, where each pair (X;,Y;), i € {1,...,d}, is a Gaussian vector with a zero mean and the specified
correlation p. Logarithms are taken to the natural base. The probability of an event & will be denoted
by P{&} and the indicator function by 1{&}. The expectation operator will be denoted by E[-]. The set
of all permutations of {1,2,...,n}is denoted by S,

3. Settings and problem formulation

Let X" be a database comprising the n feature vectors {X1, ..., X,,} and let Y" be a second database
comprising the n feature vectors {Y, ..., Y,}. Each feature vector contains d entries. We consider the

following binary hypothesis testing problem. Under the null hypothesis Hy, the Gaussian databases X"

and Y" are generated independently with X,..., X, PN 0y4,1)and Yy,...,Y, PN (04,1,) (Figure

1). Let us use Py to denote the probability distribution that governs (X", Y") under Hy. Under the
alternative hypothesis Hy, the databases X" and Y" are correlated with some unknown permutation
o =(0y,0,...,0,) €S, and some known correlation coefficient p € (0, 1) (Figure 2). If p € (-1, 0),
then one considers the negation of Y". Let us use Py, to denote the probability distribution that governs
(X", Y") under H;, for some permutation o € §,,. In summary,

Ho : (XI,YI),...,(Xn,Yn)Il‘?N®d([0],[l OD

01”10 1
ol [1 (3.1
1D P
Hl : (X17Y0'1)’-"’(Xn’ YO',,) ~ N®d(|:0:|’|:p 1:|)7
for some permutation o € S,,.
) d features . ) d features .
N | Xl Yl N
X2 Y2

5 5
2 X5 Ys &
S S

L 2 X’l Y” L 2

Database X" Database Y"

Figure 1. Under the null hypothesis Hy in the detection problem, the feature vectors {X;}
and {Y;}!_ | are generated independently according to N(0y, 1,).
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Figure 2. Under the alternative hypothesis H; in the detection problem, the collection of
pairs (X, Y,,),...,(X,,Y,, ) is independent. Each pair of feature vectors (X;, Y,,) is jointly
Gaussian with a known correlation p € (0, 1), under an unknown permutation o € S,,.

We would like to consider a problem of correlation detection. Given the databases X" and Y" (and
not the permutation o), a statistical test ¢ : R x R®>" — {0, 1} decides whether the null hypothesis
or the alternative hypothesis occurred.

For a given n and d, the type I probability of error of a test ¢ is

Peu(¢) = Po {p(X", Y") = 1), (3.2)
and the type II probability of error is

Pun(¢) = max Py {¢(X", ¥") = 0} (3.3)

where in (3.2), FA stands for false alarm, and in (3.3), MD stands for missed detection.

For the specific statistical test that is proposed in Section 5, which solves the testing problem defined
above, our main objective is to find theoretical guarantees on the two error probabilities as functions of
the parameters p, n, and d.

4. The sum and GLR tests

4.1. The sum test

The testing problem between databases with IID Gaussian entries has already been considered
in [13, 14]. For this specific testing problem, the following statistical test was proposed in [13]. The
statistic is defined by

T2Y N Xy, (4.1
i=1 j=1
and the sum test is defined by comparing 7" with a threshold

0 T <t

¢Sum(Xn’ Yn) = { 1 T > 1. (42)

The following result was proved in [13, Section IV].
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Proposition 1. (Sum test) Lett = \/?d—zn with y € (0,4p?). The error probabilities of the sum test ¢s,,
for the binary hypothesis testing problem (3.1) are upper-bounded by

d

Py (hs.n) < €xXp (_EGFA()/)) (4.3)
d

PMD(¢Smn) S exp (_EGMD(Y)) s (44)

where,

Gu(y)= J1+y—-1-1In (H— “1”) (4.5)

2

a1 1 =02+ /(1 =p2)2
GMDm:l_pz(\/<1—p2>2+y—Jp%)—l—ln( i (2 PYYY e

4.2. The structure and complexity of the GLR test

The GLR test is known to be an asymptotically uniformly most powerful (UMP)! test among all
invariant tests [32, Section 6.4.2]. Although there are no general results regarding non-asymptotic
properties of the GLR test, it is known to be optimal in special cases [33]. Since the sum test from
Section 4.1, as well as the count test (which will be presented in the following section) can be proved
to be invariant tests, it makes sense to also briefly present the GLR test and discuss its computational
complexity. We first derive a simplified statistic for the GLR test. Since only the alternative hypothesis
is composite, the GLR test is given by

maxges, P1o(X",y") > @7
Po(x", ym) ’

for some A € R, or, more explicitly, by

1
maxges, [Tji €1 exp {~ 57 (el = 207y, + Iy, 1)

1 = A (4.8)
[Ti-1 coexp {3l + lly )}
By simple manipulations,
1 n n ,
max {—1 5 2 (el = 207y, + ||y(,k||2>} + > bl + Dy P = 4, (4.9)
" k=1 k=1
which is equivalent to
max > 20x1¥,, = > (0ldl +plllnidl) = 47, (4.10)
" k=1 k=1

TA UMP test minimizes the type II probability of error among all tests with a constrained type I probability of error. For example,
the Neyman-Pearson test is UMP when testing between two simple hypotheses.
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Thus, the GLR test requires us to find the solution of an assignment problem of size n with the scores
given by the empirical correlations. Relying on the Kuhn—Munkres algorithm [34-36] (also known
as the Hungarian algorithm) and its modifications [37], this assignment problem can be solved with a
running time of O(n?). It is important to note that this computational complexity holds in general, but
when the optimal assignment is relatively easy to find (e.g., for a diagonal score matrix), the running
time of the Hungarian algorithm is reduced to O(n?). In our settings, this holds when p is close to 1.
While the GLR test has high chances of performing well in the studied testing problem, it has
two main disadvantages. First, as explained above, its computational complexity grows cubically in
n, which is discouraging from a practical point of view; second, the GLR test does not lend itself
to a tractable analytical analysis (specifically, the type I error event). These facts motivate us to
propose an alternative statistical test that will be computationally efficient (relative to the GLR test)
and analytically tractable, on the one hand, and perform at least as well as the existing sum test, on the
other hand. The count test, which is the main theme of the next section, fulfills all these requirements.

5. The count test

5.1. Motivation

In order to motivate the new proposed statistical test, let us shortly consider the sum test in
Section 4.1. Note that its statistic can also be written as follows:

T = (Z X,»)T [Z Yj], 5.1)

i=1 j=1

which means that one has to first sum up all the n feature vectors in each database to get the vectors
X and ¥, and then test whether these vectors are correlated or not. The meaning of transforming
each database into a single vector is obvious; one wastes the original structure of the problem and, as
a consequence, valuable information is lost. One has to note that, nonetheless there is a significant
advantage to such a procedure: The computational complexity of the sum test is linear in n. As
opposed to the sum test, we would like to take advantage of the fact that each database comprises n
sequences. We note the following simple observation: The inner product between two independent
vectors X, Y ~ N(04,1,) is typically close to zero, while the inner product between the vectors

=[O |1 P
ene(f)

concentrates around pd. This means that one can first test in a local manner for each pair of feature
vectors and in a second step, count how many of them seem to be correlated. Ideally, under the
null hypothesis, the number of detected correlated pairs is close to zero, while under the alternative
hypothesis, this number should be close to n times the probability of local detection, which, in turn,
should be close to one. Thus, on the basis of the count of local detections, one should be able to
distinguish very well between the two hypotheses. It should be noted that the computational complexity
of this testing procedure is O(n?), which is higher than that of the sum test, but still much lower than
the complexity of the GLR test (O(n?)).
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5.2. The proposed statistical test

According to the explanation above, an appropriate statistic is given by

M) 2 Z Z L{X]Y; > ¢, (5.3)

i=1 j=1

where ¢ is some predefined threshold. While a test based on M(£) can be analyzed, it turns out that
by first normalizing the feature vectors before calculating the inner products, one can propose a test
which lends itself to a much tighter analysis. We will elaborate more on this point in Section 6. In the
meanwhile, we continue as follows. Denote the normalized vectors

X, = % i€{l,2,...,n}, (5.4)
and
- Y, |
;= v jel{l,2,...,n}, (5.5
and define the statistic
N@) 2 Z Z 1{X;¥, >4, (5.6)

i=1 j=I

where 0 € (0, 1) is the local threshold.
In order to present our statistical test, we need some definitions. For two feature vectors X and Y,
correlated according to a given p € (0, 1), the local detection probability is defined by

P=Pd.p.0)=P{X'¥ >0, (5.7)
while for two independent feature vectors (i.e., p = 0), the local false-alarm probability is defined by
Q = 0(d,6) = P(d,0,0). (5.8)

Under H;, note that the expectation of N(0) is given by

n n T

Ava = Eig[N©)] = By 1{X;¥; > 0} (5.9)
i=1 j=1
=> > Py (X7, > 6) (5.10)
i=1 j=1

=nP+nn-1)Q. (5.11)

Thus, the proposed test compares N(6) with a threshold as follows:

n ny _ 0 N(@) < ﬁAn,d

¢C0unt(X H Y ) - { 1 N(Q) ZﬂAn’d’ (512)
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where S € (0, 1) is the global threshold.

Our proposed statistical test may be presented in a simple graphical way. One has to draw a table
with n rows and 7 columns. In this table, Row i stands for X; and Column j for Y ;. The cell (i, j) is
filled with a dot only if X lT Y j = 0. The dots are then counted and one rejects the null if the total number
of dots exceeds a threshold of S[nP + n(n — 1)Q]. Typical tables for n = 10 under Hy and under H; with
the identity permutation are given in Figure 3.

X0 o Xio o
Xy Xy o
X X o o
X7 X; o
X, Xs o
X; Xs o
X, o X, o
X3 X3 o
X> o X>
X X @ o
Y Y, Y3Y,Ys Y Y; Yg YoYyg Y i Y, Y3Y,Ys Yg Y7 Yg YoYq

Figure 3. Examples of typical tables under Hy (left) and H; with the identity permutation.

5.3. Theoretical guarantees

While the two error probabilities of the sum test (4.1)-(4.2) were upper-bounded using standard
large deviation techniques, i.e., Chernoff’s bound, this cannot be similarly done with the new proposed
test, since calculating the moment-generating function of the double summation in (5.6) seems to be
hopeless. Thus, alternative tools from large deviation theory have to be invoked. We start with the
type II probability of error, which is given explicitly by

Pyp($con) = Pijo {Z Z L{X/¥; > 6} < flnP +n(n - I)Q]} . (5.13)

i=1 j=1

The main difficulty in analyzing this lower tail probability is the statistical dependencies between the
indicator random variables. Nevertheless, an existing large deviation result by Janson [38, Theorem 10]
provides the appropriate tool to handle the situation at hand. Other recently treated settings where tools
from [38] proved useful can be found in [39, Appendixes B and I] and [40, Appendix A.10].

Regarding the type I probability of error, the situation is somewhat more complicated, since no
general large deviation bounds exist to assess upper tail probabilities of the form

Per(@com) = By {Z D XY, > 0} > BinP + n(n - I)Q]} : (5.14)

i=1 j=1
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Hence, the best we could do is to upper-bound this probability using a generalization of Chebyshev’s
inequality as follows:

Bo| (S 21 1{X]T, > o)) |
(BnP +n(n—-1)ON*

where @ > 0 may be optimized to yield the tightest bound. In order to derive (or at least, to upper-
bound) the a-th moment in (5.15), we consider two different cases. On the one hand, when « € (0, 1],
we are able to upper-bound the a-th moment using similar techniques as in the proof of the lower bound
on the error exponent of the typical random code [41, p. 6229, right column]. On the other hand, for
a general @ > 1, we are not able to handle the a-th moment; hence, instead, we have considered only
the k-th integer moments of orders k > 2. For the special case k = 2, the calculation is relatively
straightforward, but for a general k > 3, the situation is somewhat more complicated. Thus, new
techniques that rely on graph-counting considerations are developed in Appendix C to prove Theorem 2
(which is stated in Section 6).

In the following result, which is proved in Appendix B, we present upper bounds on the type I and
type II error probabilities for a general set of parameters. Let us denote the Stirling numbers of the
second kind as follows:

PFA(¢Coum) < (515)

R 4
Stk = 7 Z(—l)’(l.)w - if, (5.16)
T =0

and define the numbers

2¢

7k (5.17)

k
B(k) = Z S(k, ¢) -
=1

Theorem 1. (Type I and type II probability bounds) Let n,d € N and p € (0,1) be given. Let
P = P(d,p,0)and Q = Q(d, 0) as defined above. Then, for any 8 € (0,1) and 8 € (0, 1)

n?0)* - 1{n*Q > 1} + n?Q - 1{n*Q < 1} n*(n* - 1)Q?> + n*Q

PFA(¢C0unt) S mln{ min

ael0,1] (BnP + n(n — 1)Q)* ’ (B[nP + n(n — I)Q])z’
k(k + 1)B(k) [(nZQ)k 20 > 1) +n2Q - 1{n20 < 1}]}
inf . : (5.18)
k23 (B[nP + n(n - 1)Q])
and,
. ,nP+n(n-1)0 n
Puin(Pcoun) < €XP {— min ((1 -B) 6ont2 (1 _ﬂ)ﬁ)} ) (5.19)

Regarding the asymptotic behavior of the bounds. One benefit of Proposition 1 (Section 4.1) with
respect to Theorem 1 is the clear conclusion that when d tends to infinity, the error probabilities vanish
exponentially. In order to understand the asymptotic behavior of the upper bounds in Theorem 1, we
first have to handle the quantities Q(d, #) and P(d, p,6). Q(d,0) is the probability of an independent
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pair of Gaussian vectors having an angle larger than 6, and thus, thanks to symmetry, Q(d, 6) equals the
probability that a uniformly distributed vector on a d-dimensional hyper-sphere of a unit norm will fall
within a d-dimensional hyper-spherical cap with a half-angle ¢ = arccos(#). This probability is given
by the expression [44]

0d.0) = 5 m =3 e %2) : (5.20)
where the complete beta function is defined by
B(a,b) = fol 1 -0""dt, a,b>0, (5.21)
and the incomplete beta function by
B(x;a,b) = fo (1 -0"dr, x€[0,1], a,b> 0. (5.22)

The following result, which is proved in Appendix D, shows that Q(d, #) converges exponentially fast
to zero.

Lemma 1. Letd e Nand 6 € (0,1). Let

o ([0] [1 0
(X, ¥) ~ N ([OHO 1]) (523)
and
. X . Y
X=°", ¥=—. 5.4
11 XT| I1Y1] (5:24)
Then,
T~ 1 d-1
PIXV>0l<—  (1-6)" . 525
W20z (1) 529

In addition, one can prove that P(d, p, 8) converges to one as d — oo for any 8 € (0, p). Since the
proof of this result is quite long and relatively technical, we refrain from presenting it here. Going
back to the bounds in Theorem 1, we conclude the following. Regarding the bound in (5.18), it can be
further upper-bounded as

n*(n* = 1)0(d, 6)* + n*Q(d, )
(BInP(d, p, ) + n(n - DO(d, )))*
which vanishes exponentially fast for any fixed n as d — oo. Regarding the bound in (5.19), the
situation is different, because when d — oo, we find that

Prup(@com) < exp{-n-min {(1 - §°/2,(1 - B)/12}}, (5.27)

Pes(Peoum) < (5.26)

which is exponentially small but fixed in 7.
Several remarks are now in order.
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Remark 1. The threshold 8 € (0, 1) trades-off between the two error probabilities. When £ is relatively
low, then relatively few “dots” are required to reject Hy, hence the type I error probability is high and
the type Il error probability is low. When 8 grows towards 1, an increasing number of dots are needed to
reject Hy; the type I error probability gradually decreases while the type II error probability increases.

Remark 2. The relatively interesting fact (at least to the writer of these lines) is the apparent dichotomy
between two regions in the parameter space {(n,d)}. On the one hand, if n’>Q(d, 6), which is the
expected number of dots under Hy, is smaller than 1, then the a-th moment in (5.15) is proportional
to n*Q(d, ) for any @ € (0,1] U {2,3,...}. In this case, the type I error probability is relatively
small, since the typical number of “correlated” pairs of vectors is zero. On the other hand, if (n, d)
are such that n’Q(d, #) > 1, then the a-th moment in (5.15) is proportional to [n>Q(d, #)]%. In this
case, any increment in n*>Q(d, #) (due to an increasing n or a decreasing d) causes a relatively sharp
increment in the type I error probability. Such phenomena, where moments of enumerators (i.e., sums
of IID or weakly dependent indicator random variables) undergo phase transitions have already been
encountered multiple times, e.g., in information theory [39, Appendix B, Lemma 3], [42, p. 168], [43,
Appendix A, Lemma 1.1].

Remark 3. In this manuscript, we only consider a noiseless setup. Regarding noisy setups where the
data are affected by additive white Gaussian noise', consider the following. Let

(X,Y) ~ N®d([8],[; ’I’D (5.28)
and
X-= % (5.29)
o
Y= % (5.30)
g

where U,V DN (0,4, 0*1,;) are independent of (X,Y). We can immediately see that (X , 17) are jointly
Gaussian with a correlation coeflicient of #, and thus, the count test and its theoretical guarantees
can be relied on also for this extended case.

Remark 4. Both the sum test and the count test assume perfect knowledge of p in order to choose
desired trade-offs between the type I and type II error probabilities. In practice, the value of p may
be unknown a-priori or only known to be in an interval of possible values. In the latter case, where
0 € [po,p1], and this range is relatively narrow, the sum/count tests can still be applied with any p in
this range, with some degraded performance due to the expected mismatch between the true p and the
chosen one. Choosing p closer to p, has a preference towards lower type II error probabilities, and
vice versa. The general case where p is unknown and may take any value in (0, 1) seems to be more
complicated and will not be discussed here in detail; we just mention that a possible solution may be
in the spirit of the GLR test (as in (4.7)), where the likelihood under H; is now also maximized over
p € (0, 1), in addition to the maximization over the permutations of the rows.

MQObfuscation, which refers to the deliberate addition of noise to the database entries, has been suggested as an additional measure to
protect privacy [3].
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5.4. On the type I probability bound

Let us begin by presenting an explicit expression for P(d, p, 6), which is the probability that the angle
between a pair of correlated Gaussian vectors crosses a threshold. We first make a few definitions. For

p €(0,1)and 6 € (0, 1), define the constants

1= 2
alp) = —L-,
P
__1-p
B0 = Sy

and the functions

_ p( -6 P21 = 62)
Fl(u) = —1—_p2\/ﬁ—9\/1 - 1_—p21/t,

p(l =6 p(1-6%)
Fr(u) = —ﬁ\/ﬁ+9\/l —1_—p21/t.

Moreover, for any d € N, we define the two probability density functions

fu)= —u A +w)™, u>0,
B

(5:5)

NI |
I

b

and

d-3

(-7
g(S)——B(dTl’%)

The following lemma is proved in Appendix E.

Lemma 2. Letd e N, p e (0,1), and 6 € (0,1). Let
ol [T p
NG
EN~N (lO] ’ [P D’

. X .Y
==, v=—.
11 X1l Y]]

and

Then,

1. a(p) 1
Pd.p.0) =P{X'¥ >0} = f f g(s)ds] F(u)du
0 Fa(u)

B(p,6) Fi(u) 1
+f f g(s)ds+f g(s)ds]f(u)du
a(p) -1 Fa(u)

+ f(w)du.
Bp,6)

(5.31)

(5.32)

(5.33)

(5.34)

(5.35)

(5.36)

(5.37)

(5.38)

(5.39)
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Regarding the bound on the type I error probability, which appears in (5.18), and is given as a
minimization between three competing terms, it is definitely not obvious that all of these terms are
required to achieve the best performance. In order to show that all of them are indeed required, let us
compare

_ (RO - L{nPQ > 1} +n?Q - 1{n*Q < 1}

Ew(B) = ~log (Jer%éﬂ] BInP + n(n - HON" ) ’ (540)

n*(n*> - 1)0* + n*Q )

E.(B) =-1 , 5.41
and
( k(k + DB(K) [ Q) - Lin*Q > 1} + n?Q - 1{n?Q < 1}])

E.(B) = —log|inf - . (5.42)

k=3 (BInP + n(n — 1)Q])

In Figure 4 below, we present plots of Ey,.(8) (solid line) and E..(8) (dashed line) for the parameters
n =200,d = 50, p = 0.4, and 6 = 0.6. The quantity Q(d, 0) is calculated numerically using (5.20), and
P(d, p, 0) is calculated using (5.39) in Lemma 2. As can be seen in Figure 4, at relatively low Ss, E..(8)
is a constant and it strictly improves upon E...(5). In this range, the optimizer is @* = 0. At higher 8
values, the optimizer is @* = 1, and E,.(8) is actually related to Markov’s inequality. In the range of
relatively high S values, E..(8) outperforms E;..(8), which is not very surprising, since Chebyshev’s
inequality is usually tighter than Markov’s inequality.

ST
611 E.8 |
41 i
17 |
0 | | | |

0 02 04 06 08 1
B

Figure 4. Comparison between E,.(58) and E..(58) for p = 0.4 and 6 = 0.6.

With respect to the bound in E, (), the situation is somewhat more complicated and depends on the
model’s parameters. For E;, () to be higher than E..(8), we have two contradictory conditions. On the
one hand, we need n>Q(d, 0) < 1, which holds for relatively high 6 values, but, on the other hand, we
require nP(d, p, 0) relatively large, which holds for relatively low 6 values. Thus, E;,(58) improves on
E,..(B) only in some cases but not generally. To capture this fact, we present plots of the three bounds
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in Figure 5 for the parameters n = 200 and d = 50, but for two different pairs of (p,#) for which
n*Q(d, 6) < 1. Since the numbers B(k) in (5.17) grow quite rapidly with k, when calculating the bound
in E,,(B), we switched the infimum over {3, 4, ...} with a minimization over {3, 4, ..., 30}. For p = 0.6
and 6 = 0.7, it turns out that nP(d, p, ) ~ 24.2; in this case, E.(8) uniformly outperforms E,(5) for
all B € [0, 1]. For p = 0.7 and 6 = 0.6, we find that nP(d, p, ) ~ 179.3. In this alternative case, E,,(53)
is higher than E..(8) for relatively high S values.

5 ‘ '
PP Efrac(ﬁ) 7 z
’1”” 15 (| === Esec(ﬂ) P 7/ B
o - = E.(B) PR ai——
10 - // - _a== ;_/_
/, - -
II _ - - 10 [ ,”f’ _ 7 |
I - ’
I’ P d - - /'/ 7 - -
5 } // 1 ll ” <
P Eie(B) S o l
1 ; R %ec((g)) 'll //
0 I | | | | - 0 I | | | |
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
B B
(@ p=06and 8 =0.7 (b)p=0.7and 6 = 0.6

Figure 5. Comparison among E;..(8), E...(8), and E,,(5).

By comparing among E;..(8), E..(8), and E,(B) for specific parameter values, and showing that
none of them uniformly dominates the others, we can safely conclude that, generally, all three bounds
are needed in order to achieve the best guarantee for the type I error probability.

6. Bounding the moments of N(0)

As we explained before in Section 5.3, a feasible way to upper-bound the type I probability of error
is by using the generalized Chebyshev’s inequality, which, in turn, requires to evaluate (or bound) the

moments

Eq (Z Z X7, > e}ﬂ, 6.1)

i=1 j=1

where @ > 0. For a € (0, 1] we relied on existing techniques from [41]. The case @ > 1 seems to
be much more intricate; nonetheless, for k-th order integer moments, we were able to derive plausible
bounds by using some graph-theoretic concepts. In what follows, we present a slightly more general
result, which is the main theoretical contribution of this work.

Theorem 2. Let n,d € N. Let Xy,..., X, and ¥Y,,...,Y, be two sets of IID random variables taking
values in R%. Let J : RY x R? — {0, 1} and assume that

PUJ(x,Y)=1)<Q, VxR, (6.2)
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PJ(X,y)=1)< Q, VyeR’ (6.3)
PUJX,Y)=1)< 0, (6.4)

where Q € [0, 1] is independent of x and y. Let k € N. Then,

(Z Z J(X,, Ym)]k

=1 m=1

2 )k if n2 1
E R N A L B

A proof of Theorem 2 is given in Appendix C. Due to the three technical uniformity conditions
in (6.2)-(6.4), we can better understand the motivation for the initial normalization of the feature
vectors in (5.4) and (5.5). Thanks to these normalizations and the spherical symmetry of the Gaussian
distribution, we have the following for any x € R? and y € R%:

P(i'¥ >0 =P{X'5>06}=P{X'¥>0] = 0d.0). (6.6)

Thus, we can use Theorem 2 when deriving theoretical guarantees on the type I error probability of the
count test as defined with N(8). On the other hand, referring to the statistic in (5.3), which does not
involve data normalization, we see that the conditions in (6.2)—(6.4) are not satisfied. For example, the
probability P {xTY > 9} is given by a function of 6 and ||x||.

We now move to explaining the main proof concepts of Theorem 2 by referring to a slightly different
probabilistic problem. The main benefit of switching to a close problem is that its proof techniques
are very close to those required in the proof of Theorem 2, but they are still easy to understand from
simple diagrams.

Let Xy,..., X be aset of IID random variables taking values in R and let J : R x R? — {0, 1}.
Let us denote the indicator random variables J (m, m’) = J(X,,, X,») and the enumerator

N = Z T(m,m), (6.7)
(m,m’)e[M]?
where the set [M]? is an abbreviation for the set {(m, m’) : m,m’ € {1,2,...,M},m # m’}. The main

objective is to derive an upper bound for E[N*]. In what follows, we provide and explain only the
novel concepts in analyzing this k-th-order moment. We divide the analysis into three main steps:
Graph counting, graph pruning, and graph reduction.

6.1. Step I: Graph counting

For any k£ € N, let S(k,d) be the number of ways to partition a set of k labeled objects into d €
{1,2,...,k} nonempty unlabeled subsets, which is given by Stirling numbers of the second kind [45]:

IR i(d ~k
S(k,d) = EZ(—I)(i)(d— iy, (6.8)
T =0

We begin as follows:

k
[ Z I(m, m’)] ] (6.9)

(m,m")e[MT?

E[N*] = E
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= > > > B[Imy,m)) - Ly, m) - .- Tmg, m))] (6.10)
(my.m) e[ MP (myml))elMP  (mym e[ M2
k
= > E[I(mi,m))- T(my,m,) - ... I(my,m})] (6.11)
d=1 { (mim))EIM?, 1<i<k, }
divided into d subsets of identical pairs
k
= ) Sk,d) > E [Z(my,m)) - T(ma,ml) - ... - T(mg,m’)], (6.12)
d=1 (m;,m})e[M1?, 1<i<d,
{(mi,m;);&(mj,mfj) Vi#j}

where, in the inner summation in (6.11), we sum over all possible k pairs of vector indices, which are
divided in any possible way into exactly d subsets, and all pairs in each subset are identical'V. In (6.12),
we use the Stirling numbers of the second kind and sum over exactly d distinct pairs of vector indices,
where all the identical pairs of indices in (6.11) have been merged together, using the trivial fact that
multiplying any number of identical indicator random variables is equal to any one of them.

Let us handle the inner sum in (6.12). The idea is as follows. Instead of summing over the set
{(m;,m}) € M)?, 1 <i < d, (mj,m}) # (mj, m;.) Vi # j} of d distinct pairs of vector indices,
we represent each possible configuration of the indices in this set as a graph G, and sum over all
the different graphs with exactly d distinct edges. In our graph representation, each vector index
m; € {1,2,..., M} is denoted by a vertex, and each pair of indices (m;, m’), m; # m, is connected
by an edge’. Hence, the number of edges is fixed, but the numbers of vertices and subgraphs (i.e.,
disconnected parts of the graph) are variable.

Now, given d € {1,2,...,k}, we sum over the range of integers, which consists of all possible
numbers of vertices needed to support a graph with d different edges. At one extreme, if all of the d
edges are disconnected, then we must have 2d vertices. At the other extreme, let V(d) be the minimal
number of vertices that can support a graph of d edges.

Next, given d € {1,2,...,k} and v € [V(d),2d], we sum over the range of possible number of
subgraphs. Let S,,,(d, V) (S.«(d, v)) be the minimal (maximal) number of subgraphs that a graph with
d edges and v vertices can have. For a given triplet (d, v, s), where s € [S,in(d, V), Sna(d, V)] is the
number of subgraphs within G, note that one can create many different graphs (see Figure 6), and we
have to take all of them into account. Hence, let T(d, v, s) be the number of distinct ways (or topologies)
to connect a graph with d edges, v vertices, and s subgraphs. Finally, for any 1 < i < T(d, v, s), let

G;(d, v, s) be the set of different graphs with d edges, v vertices, s subgraphs, and the topology i, which
can be defined on the set of M vectors, as we explained before.

NTwo pairs (m;,m}) and (m,, m)) are called identical if and only if m; = m, and m| = m}, otherwise, they said to be distinct.
VIndices that belong to distinct pairs may be joined together, e.g., if (my, m}) and (m, n}) are distinct, then it may be that m; = m, or
m| = m}, but not both.

AIMS Mathematics Volume 10, Issue 4, 7721-7766.



7738

i

Figure 6. Examples of two different graphs withd = 17, v = 16, and s =

Let ®(G) be an indicator random variable that equals one if and only if all the indicator random
variables related to the pairs of vectors that are linked by the edges of G equals one. With the definitions
above, the inner sum in (6.12) can now be written as:

> E[Z(mi,m)- T(ma,mb) - ... - I(mg,m’)]

{(m;.m))e[M]?, 1<i<d, (m,-,ml’.);t(mj,m;.) Yi#j}

-y

{(mim))EIM1?, 1<i<d, (mi.m))#(mj.m’) Vi j}

d
Bl | J(Xmi,Xm;)} (6.13)

i=1

2d Smax(d,v) T(d,v,s)

_ Z Z Z Z E[OG)], (6.14)

v=V(d) s=Spin(d,v) =1 GeG;(d,v,s)

1e., for any d € {1,2,...,k}, we first sum over the number of vertices, then over the number of
subgraphs. Later, for a fixed triplet (d, v, 5), we sum over all possible T(d, v, s) topologies and finally
over all specific graphs G € G;(d, v, s) with a given topology.

6.2. Step II: Graph pruning

It turns out that the expectation of ®(G) can be easily evaluated if all subgraphs of G are trees (also
known as a forest in the terminology of graph theory). If at least one subgraph of G contains loops, we
apply a process of graph pruning, in which we cut out the minimal amount of edges"!, while keeping
all vertices intact, until we get a forest (for example, see Figure 7).

(a) The original graph (b) The pruned graph
Figure 7. Example of the process of graph pruning.

Denote by P(G) the pruned graph of G. Notice that the expectation of O(G) is upper-bounded "

V1n fact, this procedure is equivalent to upper-bounding some of the indicator functions in (6.13) by one.
VIt follows from the fact that ©(G) < ®(P(G)) with probability one.
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by the expectation of ®(P(G)), and equality holds between them if G is a tree. Before we proceed,
let us calculate the quantity &(G), which is the number of edges in P(G). Of course, if G is already
a forest, then &(G) = d. For any G € G;(d, v, s) which is not necessarily a forest, we find &(G) as
follows. Assume that vy, v,, ..., v are the number of vertices in each of the s subgraphs of G. Then,
in the process of graph pruning, each of the j € {1,2,..., s} subgraphs of G will transform into a tree
with exactly v; — 1 edges. Hence,

&EG) = Z(vj —-1)=v-s. (6.15)
j=1

6.3. Step I11: Graph reduction

The expectation of @(P(G)) can be upper-bounded in a simple iterative process of graph reduction.
In the first step, we take the expectation with respect to all vectors that are labels of leaf vertices
in P(G), while we condition on the realizations of all other vectors, namely those corresponding to
inner vertices in P(G); afterwards, we erase the leaf vector vertices and the corresponding edges. The
successive steps are identical to the first one on the remaining (unerased) graph, continuing until all
vectors that are attributed to G have been considered (for example, see Figure 8).

-

(a) The first step (b) The second step

(c¢) The last step

Figure 8. Example of the process of graph reduction.

In each step of graph reduction, the expectation with respect to each of the leaf vectors is upper-
bounded as P {J(x, X,..;) = 1} < Q, regardless of x, since we condition on the realizations of vectors
that are attributed to the inner vertices. For any graph G € G;(d, v, s), we conclude that the expectation
of @(P(G)) is upper-bounded by Q%©. Thus, for any G € G;(d, v, s), we prove the following upper
bound on the expectation of @(G) as follows:

E[O(G)] < E[O(P(G))] < 079 = 0" (6.16)
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This bound involves, in fact, the main conceptual steps in the derivation of an upper bound on E[N*];
after upper-bounding (6.14) using (6.16), the remaining steps are much more technical and will not be
presented here, as they resemble the second half of the proof of Theorem 2 (in Appendix C).

7. Comparison with the sum test

We now show that for some parameter choices, the new proposed statistical test in (5.12) achieves
lower type I and type II error probabilities than the sum test in (4.2), which was proposed in [13]. The
fact that we could prove that the new test has lower error probabilities is not trivial, since the analysis
in [13] is based on Chernoff’s bound, which is known to be relatively tight"!! in many cases, while the
analysis in the current manuscript follows other methods that are able to accommodate the statistical
dependencies between the indicator random variables in (5.6).

For each specific p, the trade-off between the two error probabilities varies significantly with the
choices of the thresholds 8 and 6; hence, these parameters should be tuned accordingly to achieve the
desired trade-off. Let us denote the right-hand sides of (5.18) and (5.19) as Pg,(B,60) and Py, (B, 60),
respectively, where the dependence on (n,d, p) is made implicit. We define a unique performance
curve for the count test by minimizing the type II error probability while constraining the type I error
probability to a desired level. More specifically,

Eyn"(n,d,p, Ery) = max —log Pun(B, ). (7.1)
((BO)(O.17: —log Pra(B.6)2Era)

In Figure 9 below, we present a plot of the trade-off between %GFA(y) and %GMD()/) fory € (0, 4p?) (solid
line) together with a plot of ES%"(n, d, p, Eg,) as a function of Eg, (scattered points) for the parameters
n = 200, d = 50, and for two values of p. The quantity Q(d, 0) is calculated numerically using (5.20)
and P(d, p,0) is calculated using (5.39) in Lemma 2. Since the numbers B(k) in (5.17) grow quite
rapidly with k, when calculating the bound in (5.42), we switched the infimum over {3,4,5,...} with a
minimization over {3,4,...,30}. As can be seen in Figure 9, the new proposed statistical test achieves
lower error probabilities for both p = 0.7 and p = 0.4.

In the comparison aboove, we see that the count test uniformly outperforms the sum test for specific
choices of the parameter triplet n, d, p. We now show that the range of parameter choices for which the
count test is better than the sum test is relatively wide. To compare between the two tests, let us define

ESN(d, p, Epy) = max 4Gun(y). (7.2)
{ye(04p%): 5 Gra(Y)2EFa}

We let d vary while fixing the parameter values n = 200 and Eg, = 3, such that the type I error
probabilities are upper-bounded by approximately 0.05 for any value of d. In Figure 10 below, we
present plots of EL%"(n,d, p, Ery) and EY(d, p, Egy,) as functions of d for two values of p. As can be
seen in Figure 10, the count test outperforms the sum test for relatively low d values, while the sum
test performs better otherwise. One should note that for lower values of p, the range of d in which the
count test outperforms the sum test increases.

VI the sense that a lower bound with a matching exponent function can be derived.

AIMS Mathematics Volume 10, Issue 4, 7721-7766.



7741

20
15
g
]
E) 10
[
5
0

— ¢Sum

¢Coum

5 10 15 20
—log P,

@) p=07

25

15

10

— ¢Sum |
¢Coum
| |
2 4 6 8
—log P,
(b) p = 0.4

Figure 9. Plots of the trade-offs between the exponential rates of decay of the two error
probabilities for the sum test (4.2) (solid line) and for the count test (5.12) (scattered points).
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Figure 10. Plots of the exponential rates of decay of the type II error probabilities versus d,
maximized under the constraint that the type I error probabilities do not exceed 0.05.

It may be somewhat surprising to some readers that the sum test was found to perform worse
than the count test in the Gaussian setup. Moreover, it is possible that the sum test may actually
perform better in practice, but the (Chernoff-based) bounds for its error probabilities may not be tight
enough to show this. In order to reject this hypothesis, we computed the type I and type II error
probabilities of both tests via Monte—Carlo simulations. In Figure 11 below, we present points of the
form (- log ) - log PMD) for some threshold values ¢ in the sum test and for some threshold pairs
(6,P) in the count test for the parameters n = 200, d = 50, and p = 0.3. In order to facilitate the
simulations for the count test, we fixed the local threshold as § = 0.4 and picked a few values for S in
(0, 1). The error probabilities of the sum test have been estimated on the basis of 20,000 samples at
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each point, while for the count test we increased the sample size to 200,000 at each point. As can be
seen in Figure 11, the estimated error probabilities of the sum test are higher than those of the count
test, thus the latter performs better also in practice, at least for the specific chosen parameter values.
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Figure 11. Plots of the trade-offs between the exponential rates of decay of the two error
probabilities estimated via Monte—Carlo simulations for the sum test and the count test.

8. Summary and future research

In this manuscript, we propose the count test, which is a new statistical test that solves the
correlation detection problem between two Gaussian databases. The proposed test has a reduced
computational complexity in comparison with the GLR test, which makes it more desirable from a
practical point of view. The count test relies on a statistic given by a sum of weakly dependent indicator
random variables. Therefore, novel graph-theoretic techniques have been developed in order to derive
theoretical guarantees on the type I probability of error. We compared the count test with the sum test,
which was recently proposed as a valid solution for the same statistical problem. By comparing the
analytical bounds of the two error probabilities, it is realized that the count test outperforms the sum
test for a relatively wide range of system parameters. In principle, the probability bounds may not
reflect the true performance of the tests, and thus we also present a comparison between the estimated
error probabilities that result from Monte—Carlo simulations of both tests. In this comparison as well,
the count test outperforms the sum test. Further possible directions for future research are suggested
as follows.

(1) A goal for future research is to analyze the GLR test for the correlation detection problem and
compare its performance with those of the sum test and the count test. Bounding the type II error
probability of the GLR test should be relatively straightforward, but deriving a plausible bound for
its type 1 error probability seems to be more challenging and may require new probabilistic tools.
In addition, one can also propose a generalization of the simplified form of the GLR test in (4.10),
which trades-off between computational complexity and reliability; we suggest a statistical test with a
running time of O(n°) for some ¢ € (1,3). Specifically, we suggest the following test. For two given
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databases X" and Y” and a predefined @ € [0, 1], we consider the first n* rows in X" and solve the

partial assignment problem between {X1, ..., X,»} and Y", i.e., we calculate the statistic
W(@)= max max Z Xl.TYfi, (8.1)
i=1

{AC[n] | Al=n?} €S,

where Y7 is a database that contains only the rows from Y”, with indices as given by the set A C [n].
The proposed test then compares W(a) to a threshold as follows:

0 W)<¢

P X", Y") = { 1 W) > &, (8.2)

where & € (Eo[W(@)], E{[W(@)]) is a global threshold.

Concerning the running time of the test ¢ (X", Y"), it is directly connected to the computational
complexity of the partial assignment problem between J jobs and W workers (/ < W). Such an
assignment problem can be solved sequentially; one can add the j-th job and update the total cost in
time O(jW), yielding an overall time complexity of O(ZJJ-:l jW) = O(J*W). In our case, the time
complexity is given by O(n'*2?). It may be of special interest to compare this test at @ = 0 with the
sum test (whose computational complexity scales like O(n)) and, additionally, to compare this test at
@ = 1/2 with the count test (whose computational complexity scales like O(n?)).

(2) In the current manuscript, we have considered a relatively simplified model, in which the
components of every feature vector are I[ID and Gaussian. In practice, both of these assumptions may
not be valid. In the first step towards more general settings, one should consists a model where each
feature vector is still Gaussian but with a general covariance matrix. In a second step, a model with non-
Gaussian feature vectors may be considered as well. It is of great interest to explore statistical tests for
more general models, which are characterized by high reliability and low computational complexity.
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Appendix A

Preliminaries

The main purpose of this appendix is to provide the general setting and the main result borrowed

from [38].

Let {Uy}rexc be a family of Bernoulli random variables, where K is a set of multidimensional
indexes. Let G be a dependency graph for {Uj}iex, 1.€., a graph with a vertex set K such that if
A and B are two disjoint subsets of K, and G contains no edge between A and B, then the families
{Uk}ken and {Uy}ies are independent. Let S = ) ;4 Ur and A = E[S]. Moreover, we write i ~ j if

(i, j) is an edge in the dependency graph G. Let

Q= :
2 B
JeK . j~i

and
1
i€k jeK j~i
The following result will be used in the proof of Theorem 1 in Appendix B:

Theorem 3. ([38], Theorem 10) With the notation as given above, then for any 0 < < 1,

A? A
< < — mi - B)? - B)—
P{S < BA} _exp{ mm((l B) 8®+2A’(1 ’8)69)}'
Appendix B - Proof of Theorem 1

Analysis of false alarms

For a > 0, consider the following:

Pra(@couw) = Po {N(0) = B[nP + n(n — 1)Q]}

(BInP +n(n—1HOD*

where (B.4) is due to Markov’s inequality. Since a > 0 is arbitrary, it holds that

' Eo [(Z?:l ?:1 1 {XiTYj z 9})0]
Pra(@coum) < (lygg (B[P + n(n — HQOD"
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(e (52 6)]
= min<{ min ;
2€l0.1] (B[nP + n(n — 1)QN*

m|(zn 1 (X 2 0|
N BP + i = DOIF 5
. . Eo [(Z?:l 2 1 {XiTYJ' 2 9})"
< min<{ min =
a€l0,1] (B[nP + n(n — 1HOD*
B (21 2 1{X Y 2 0)) |
inf B.7)

kel (BInP +n(n - HOD'

so the main tasks are to evaluate the fractional a-th moment and the integer k-th moment of N(6).
We start with the fractional @-th moment of N(6) and proceed as follows. For a given a € [0, 1], let
¢ € a, 1]. In this case,

i=1 j=1
T £ra/é
= Eo{ [ 1{X¥,> 6 } (B.8)
i=1 j=1 |
¥ In £1e
< ]Eo{ 1{X/¥, > 6 } (B.9)
=1 \j=1
[ 0 1) ¥/¢
< {EO 1{X,7,> 6 } (B.10)
i=1 =1
. ]n )"
:{ZEO 1{X;7,> 6 } , (B.11)
i=1 j=1

where the first inequality is based on the fact that (3, a;)' < }}; al whenever {q;} are non-negative and
t € [0, 1], and the second inequality follows from Jensen’s inequality and the concavity of the function
f(u) = u®¢ whenu > 0 and 0 < a/& < 1. In order to proceed, we use the following modification
of [43, Appendix A, Lemma 1.1].

Lemma 3. Let 1,,...,1, be IID Bernoulli random variables with success probability bounded as:

p=PU;=1)=1-P(U;=0) <0, (B.12)
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where n € Nand Q € [0,1]. Let £ € (0, 1). In this case,

n 3
nQ ifnQ <1,
[Z Ii] ] - { nQ¥  ifnQ > 1. (B.13)

i=1

E

Proof. We distinguish between two cases. If nQ < 1, then we rely on the result in [43, Equation (149)]
with (J€1)?[€] = 1 to conclude that

E

n 3
[Z 1,-) ] <nQ. (B.14)

i=1

Conversely, if nQ > 1, Jensen’s inequality and the concavity of the function f(u) = u* when u > 0 and
0 < ¢ < 1yields

n &
< (E[ I,D < (nQy. (B.15)

P

Note that, conditioned on X; = x, the random variables {ﬂ{in/ > 9}} ,are IID Bernoulli, and thus

n
j_

x| < { nQ ifnQ <1, (B.16)

(nQ)* ifnQ > 1.

[Z L{X ¥, > H}T

Since the right-hand side of (B.16) does not depend on X}, it also holds that

n ¢ _
o1 s nQ ifnQ <1,
E, []Z:;IL{X,. sze}} s{ O ifngo 1L (B.17)
Upper-bounding (B.11) using (B.17) yields
e 1 (& no iftno<1 |
~ T~ <
Eo [;;H{Xi sze}) S[,-=1 { 0¥ ifno > 1 ) (B.18)
nQ itng <1\
_ | *0)" ifnQ <1
= { n(1/&+ba ga ifno>1 " (B.20)
Finally, minimizing over ¢ € [a, 1] yields
n o n 1. a . (n2Q)a//§ if I’lQ <1
]EO (Z} Z]: 1 {Xl Yj > 0}] < fggéﬁ]{ n(1/§+l)aQa lan > 1 (le)
=1 j=
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(n*Q)*/¢ ifnQ<1,n’0 <1
= min { (n*Q)¥/¢ ifnQ<1,n”Q0>1
gelall | (/er e Ha . 2
n Q ifnQ > 1,n°Q > 1
(n*Q) ifnQ<1,n*0<1
=4 (*Q)/! ifnQ < 1,n’Q > 1
p/1+hae g itnQ>1,n°Q > 1
n*Q ifnQ<1,n’0 <1
={ (*Q)" ifnQ <1,n’Q0 > 1
(n*Q)” ifnQ>1,n0>1
_ n*Q ifn’Q <1
(n*Q)® if n’Q > 1

It then follows that the first term inside the minimum in (B.7) is upper-bounded by

. (PO - L{n’Q > 1)
min

+n?Q-1{n*Q <1}

a€l0,1]

(BlnP + n(n — HOD"

(B.22)

(B.23)

(B.24)

(B.25)

(B.26)

Moving to upper-bounding the k-th integer moments of N(6), let us start with the case of k = 2.

+ 3 SRR 2 0)

i=1 j=1
=n’(n-1D*0Q*+n*(n—-1)
=n’(n* - NQ* + n?Q,

where (B.29) is due to

/7!
:fp{xTsze}~P{

AIMS Mathematics

0% +n*(n—- DO* + n*Q

¢ 2 0} dFy,(x)

'Y, > 0} dFy,(x)

(B.27)

(B.28)

(B.29)
(B.30)

(B.31)

(B.32)
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= f Q*dFy,(x) (B.33)
= Q> (B.34)

The resulting second-order bound is given by

n*(n®> - 1)0* + n*Q
(B[nP + n(n — 1)Q*

For the general case of k > 3, we use the result of Theorem 2 (which appears in Section 6). It
follows that the second term inside the minimum in (B.7) is upper-bounded by

(B.35)

k(k + 1)B(k) [(an)k C1n20 > 1} +n2Q - 1{n20 < 1}]
inf X . (B.36)
k=3 BInP + n(n—-1)Q0])

Upper-bounding (B.7) with (B.26), (B.35), and (B.36) proves (5.18) in Theorem 1.

Analysis of missed detection

Consider the following:

Pyp(@coum) = Piio {N(0) < B[nP + n(n — 1)Q1} (B.37)
=Py {Z > 1{X]¥; 26 < ﬁAmd}. (B.38)
=1 =1
Let us abbreviate the indicator random variables as 7(i,j) = 1 {XZ.TYJ > 9}. In order to upper-

bound (B.38), we use the result of Theorem 3, which appears in Appendix A. In our case, we have
A = A, 4, and it only remains to assess the quantities ® and Q. One can easily check that the indicator
random variables 7 (i, j) and 7 (k,{) are independent as long as i # k and j # {. Thus, we define our
dependency graph so that each vertex (i, j) is connected exactly to 2n — 2 vertices of the form (i, £),
€ # jor (k, j), k #i. If the vertices (i, j) and (k, {) are connected, we write (i, j) ~ (k, {).

Let us denote the set ¥, = {(m,m") : m,m’ € {1,2,...,n}}. Concerning ® and Q, we get
1 .
0=5 D, D, EIG)I*O] (B.39)
@,)eY, (kOe¥,
(k,O)~(.J)
1< . 1< .
=52, 2, BUIGHIKOI+5 ) > D> EIGHIKOL (B.40)
i=1 (k,0)e¥, i=1 j#i (k,O)e¥,

(k,O)~(i) (k,O)~(.j)

Regarding the summands in the left-hand term of (B.40), we derive them as follows:

ELIG, DIk O] =P(X¥;>0,X¥, >

D

| (B.41)

- f P{'¥; > 0,%"Y, > 6] dFy,(x) (B.42)
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= f P{x'¥; > 0] - P{"¥, > 0} dFy,(x) (B.43)
_ f POAF,(x) (B.44)
= PQ. (B.45)

Deriving the summands in the right-hand term of (B.40) in a similar way, we eventually arrive at

0< %PQ(Zn -+ %[2Q2(n - 2)+2PQ0ln(n—1) (B.46)
= PO(n - Dn+[Q*(n—2) + POln(n - 1) (B.47)
=2P0n(n - 1) + O°n(n — D(n - 2). (B.48)
In addition
Q = max B[ (k, )] (B.49)
(i, )€Y (k;\m
(k,0)~(, )
= max Z E[Z(k, 0)], Z E[Z(k, £)] (B.50)
(k,0)e¥, (k,0)e¥,
(k,0)~(i,i) kO~ j), i#]
= max {(2n —2)Q,2P + 2n — 4)Q} (B.51)
=2P + (2n—4)Q. (B.52)
Then
Avag  nP+nn-10
6Q  6[2P + (2n—4)0] (B.53)
_ n[P+(n-10]
T 12[P+ (n-2)0] (B.54)
n[P + (n—2)0]
2 12[P + (n - 2)0] .55
n
= (B.56)
and
2
A 5 [nP + n(n — 1)Q)? (B.57)
80 +2A,4 ~ 8[2P0n(n — 1) + @?n(n — 1)(n — 2)] + 2[nP + n(n — 1)Q]
[nP + n(n — 1QOJ?
= 8[2POn2 + 20%n%(n — D] + 2[nP + n(n — 1)Q] (B-58)
3 [nP + n(n — 1)0]?
~ 160n[Pn + On(n — 1)] + 2[nP + n(n — 1)Q] (B.59)
_nP+nn-1)Q0
o 160n+2 (B.60)
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Hence

n n

Prp(Dcoun) = Pl|o‘{ 1 { N;I-Yj > 9} SﬁAn,d} (B.61)

<e { mm((l 8®+2And ,(1 - ]} (B.62)

Pnn—1
<exp{ min (1 = g)*2 ;S”JFZ)Q (1—5)%)}, (B.63)

i=1 j=

which completes the proof of Theorem 1.
Appendix C - Proof of Theorem 2
For any k € N, let S(k,d) be the number of ways to partition a set of k labeled objects into d €

{1,2,...,k} nonempty unlabeled subsets, which is given by Stirling numbers of the second kind [45],
i.e.,

1< i(4 K
S(k,d) = Il E (_1)(i)(d_ 0)". (C.1)
" =0

Obviously, S(k, 1) = S(k,k) = 1. As before, we denote ¥, = {(m,m’) : m,m’ € {1,2,...,n}}. In this
case,

k
E[N'|=E [ > J(Xm,Ym,)) (C2)
(m,m")e¥y,
= D B[ Ya) - T X Yo (C.3)
(my,m)eY, (myemy )y,
k
= > | E[J(X Yor) - T V)] (C.4)
- {divided in(t’:: 1;15135;25’ (:t"sil(isca]rc{tical pairs}
k
= S(k.d) > E[J(Xo Yor) - T (X Y. (C.5)

QU
]
—

(m,-,ml’.)e‘I’,l, 1<i<d,
(i) Vit

where, in the inner summation in (C.4), we sum over all possible k pairs of vectors indices, which are
divided in any possible way into exactly d subsets, and all pairs in each subset are identical. In (C.5),
we use the Stirling numbers of the second kind and sum over exactly d distinct pairs of vector indices,
where all the identical pairs of indices in (C.4) have been merged together, using the trivial fact that
multiplying any number of identical indicator random variables is equal to any one of them.

Let us handle the inner sum of (C.5). The idea is as follows. Instead of summing over the set
{my,m)) e ¥,, 1 <i <d, (mj,m)) # (mj,m;.) Vi # j} of d distinct pairs of indices of vectors, we
represent each possible configuration of indices in this set as a graph G and sum over all different
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graphs with exactly d distinct edges. In our graph representation, each vector index m; € {1,2,...,n}
and m] € {1,2,...,n} is denoted by a vertex, and each pair of indices (m;, m}), m; # m;, is connected
by an edge. Hence, the number of edges is fixed, but the numbers of vertices and subgraphs (i.e.,
disconnected parts of the graph) are variable.

Givend € {1,2,...,k}, we sum over the set V(d) = {(v,,vy)} of pairs of integers, which consists
of all possible pairs of vertices needed in order to support a graph with d different edges. Next,
given d € {1,2,...,k} and (vy,vy) € V(d), we sum over the range of the possible number of

subgraphs. Let S,i.(d, vy, Vy) (Swnu(d, vy, vy)) be the minimal (maximal) number of subgraphs that
a graph with d edges and (v,,v,) vertices can have. For a given quadruplet (d,v,, vy, s), where
§ € [Suin(d, vy, ), Suax(d, v, vy)] is the number of subgraphs within G, note that one can create many
different graphs (see Figure 12), and we have to take all of them into account. Hence, let T(d, v, vy)
(T(d, vy, vy, 5)) be the number of distinct ways to connect a graph with d edges and (v,, v,) vertices (and
s subgraphs). Finally, for any 1 <i < T(d, vy, vy, 5), let Gi(d, vy, vy, 5) be the set of different graphs with
d edges, (v,,v,) vertices, and s subgraph, that can be defined on the set ¥, of pairs of vectors, as we
explained before.

A A

Ys 000 Ys o

Y, 000 . ®© 00 0O

Y; ® ©o ;] @€ @& @

| @@ Y, ® O [

Il X X . Y, |@ .
X, X, Xz Xo Xs X X0 Xg Xo X X, Xs Xy Xs Xo X7 Xs Xo

Figure 12. Examples of two different graphs withd = 13, v, =9, v, =5, and s = 3.

We now prove that the cardinality of the set G;(d, v., vy, 5) is upper-bounded by an expression that
depends only on the numbers of vertices (v,, v,). First, let N(v,) be the number of options to choose v,
different vectors from a set of cardinality . In this case,

Nv)=n-n-1)-n-2)-...-(n—v,+1)<n™ (C.6)

Thus
1Gi(d, v, vy, )l = N(vy) - N(vy) (C.7)
<n™-n". (C.8)

Let ®(G) be an indicator random variable that equals one if and only if all pairs of feature vectors that
are linked by the edges of G have J(X,Y) = 1. With the definitions above, the inner sum of (C.5) can
now be written as

E|J(Xon Yi) o+ I Xy Vo)

{mim)e¥y, 1<i<d, (mim))#(mjm)) Vi)

= Z E

{Onim)eW¥,, 1<i<d, (mi,m)#(mjm}) Vi)

d
| [/, Ym;>} (C9)

i=1
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Smax(davx,"y) T(d.vx,vy,s)

= > > > > EeG), €.10)

(anvy)e(v(d) S=Smin(d’v,hvy) i=1 GEGi(dthVyvs)

1e., for any d € {1,2,...,k}, we first sum over the numbers of vertices, then over the number of
subgraphs, then, for a fixed quadruplet (d,v,, vy, s), over all possible T(d,v,, vy, s) topologies, and,
finally, over all specific graphs G € Gi(d,v,, vy, s) with a given topology. One should note that all
limits of the three outer sums in (C.10) depend only on k, while |G;(d, vy, vy, s)| is the only one that
depends also on n. Similarly to the procedure described in Section 6.2, also here, the expectation of
O(G) can be easily evaluated if all subgraphs of G are trees (i.e., G is a forest). If at least one subgraph
of G contains loops, we apply a process of graph pruning, in which we cut out the minimal amount of
edges'®, while keeping all vertices intact, until we get a forest (for example, see Figure 13).

A A

;@ @ o0 O ;@ @ ®

V.| @ o ® Y, ® [

0 00 e Y; (@ o O

[ @ o o0 . @ ® [

/0 & 6 & o Y o o
X, X X3 Xy X5 Xo X7 Xs Xo X, X, X3 Xy X5 Xo X7 Xs Xo

(a) The original graph (b) The pruned graph

Figure 13. Example of the process of graph pruning.

We use P(G) to denote the pruned graph of G. Notice that the expectation of @(G) is upper-
bounded® by the expectation of ®(P(G)), which can be evaluated in a simple iterative process of
graph reduction, similarly to the procedure described in Section 6.3. In the first step, we take the
expectation with respect to all vectors that are the labels of leaf vertices in (G), while we condition on
the realizations of all other vectors, namely those corresponding to inner vertices in P(G); afterwards,
we erase leaf vector vertices and corresponding edges. The successive steps are identical to the first
one on the remaining (unerased) graph, continuing until all vectors that are attributed to G have been
considered (for example, see Figure 14).

XIn fact, this procedure is equivalent to upper-bounding some of the indicator functions in (C.9) by one.
X1t follows from the fact that ®(G) < ®(P(G)) with probability one.
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;@ @ o ;@ @
Y, o Y,
Y; Y;
Y, o ® Y, o o
Y, o ® Y, o o
Xi Xo X5 X Xs Xo X7 Xs Xo X Xo X5 Xo Xs Xo X7 Xs Xo
(a) The first step (b) The second step
Y5 o Ys
Y, Y,
Y; Y;
Y, o Y,
Y, o o Y, o o
Xi Xo X3 X4 Xs Xo X7 Xs Xo X Xo X5 X4 Xs Xo X7 Xs Xo
(c) The third step (d) The fourth step
Ys
Y,
Y;
Y,
Y,

»
>

X, X, X X4 Xs Xo X7 Xz Xo

(e) The last step

Figure 14. Example of the process of graph reduction.

In each step of graph reduction, the expectation with respect to each of the leaf vectors is given by
P{J(x,Y ) = 1} < Q, since we condition on the realizations of vectors that are attributed to the inner
vertices. For any graph G € Gi(d, vy, vy, s), we conclude that the expectation of O(P(G)) is upper-
bounded by Q% where &(G) is the number of edges in P(G). Of course, if G is already a forest, then
&(G) = d. For any G € Gi(d, vy, vy, s) which is not a forest, we find E(G) as follows. Assume that
Ve(1),v(2), ..., v(s) and vy(1),v,(2), ..., v,(s) are the number of vertices in each of the s subgraphs of
G. In the process of graph pruning, each of the j € {1,2,..., s} subgraphs of G will transform into a
tree with exactly v,(j) + v,(j) — 1 edges. Hence

EG) = Z(vx(j)+vy(j)— D) =vy+vy,—s. (C.11)
j=1
The innermost sum of (C.10) can be treated as follows:
> E@GI< ), E[O®PG)) (C.12)
GeGi(d,vy,Vy,s) GeGi(d,vx,vy,s)
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< 0@ (C.13)
GEeGi(d,vy,vy,s)

— Z QVX'*'Vy_S (C 14)
GeGi(d,vx,vy,s)

= |Gi(d. v, vy, $)] - Q7 (C.15)

S nvx N nvy . QVX-H/)-—S’ (C.16)

where (C.14) follows from (C.11), and (C.16) is due to (C.8). Next, we substitute (C.16) back into
(C.10) and get

Smax(dvx,vy) T(d,vy,y,s)
Z Z nx.on". QVX+Vy_S
5=Smin(dvy,vy)  i=1
Smax(dvx,vy)
= Z T(d, vy, vy, 8) -0’ - n" - QY C.17)
5=Smin(d,vx,vy)
Smax(d,vy,vy)
< Z T, vy, Vy, $)|-n"on" - QVX‘FV_V—Smax(d,Vx,Vy) (C.18)

S:Slnin(d7vx!v}')
= T(d, vy, vy) - 0 - p™ - QU Sma(dven), (C.19)

where (C.18) is true since Q € [0, 1], such that replacing s by its maximal value S,,.(d, v«, v,) provides
an upper bound. The passage (C.19) follows from the definitions of T(d,v,,vy,) and T(d, vy, vy, s).
Before we substitute it back into (C.10) and then into (C.5), we summarize some minor results that
will be needed in the sequel. Let us define d* = max{v,, v,}.

Lemma 4. We have the following:

1. For fixed (vy,Vy), S,u(d, vy, vy) is a non-increasing sequence of d.
2. For any (vy,vy), we have S,,..(d", vy, vy) = min{v,, v,}.

Proof. We prove each of the two arguments separately.

1. For fixed (v,, vy), if we add to the graph an edge, we have only two options. On the one hand, we
may connect vertices that belong to the same subgraph so the number of subgraphs remains the
same. On the other hand, we can connect vertices that belong to different subgraphs, in which
case, the number of subgraphs decreases.

2. Without loss of generality, assume that v, < v,. Then d* = v,, and hence it follows by definition
that each column contains exactly one edge, such that the set of edges in each row provides a
subgraph. Thus, the number of subgraphs equals exactly v,.

Now we have

k
E[N]< D Sthkid) Y Tdovevy) - n-n . @Sl (C.20)
d=1

(Vx,vy)EV(d)
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k
Z Z Stk,d) - T(d, vy vy) - 0 - ¥ - Qe+~ Smax(dvny) (C.21)
d=1 (v, 0,)EV(d)

k k min{k,vyvy

g
= ZZ D Sld) - T(d, vy, vy) - - - QU S (C.22)

+=1 vy=1 d=max{v,,vy}

kK k [ min{k,v,-vy}

<22

=1 v=1

S(k,d) - T(d, vy, vy)] R QU Smax(dvey) (C.23)
d=max{vy,vy}

In (C.22) we changed the order of summation, and (C.23) is true since Q € [0, 1], and thus, according
to the first point in Lemma 4, we reach an upper bound by substituting d = d*. Moving forward, we
use the trivial bound

(Vavy)?

T (C.24)

T(d, vy, vy) < (Vi;y) <

and arrive at

min{k,v,-vy}
E [Nk] < Zk: Zk: Z S(k d) - (Vs y) ] nx .’ . QVX+V}'_min{szv}'} (C.25)
vy=1vy=1 \d=max{vy,vy}
shulfv (v
< ZZ ZS(k, d)-— ]nn . Qraxiven) (C.26)
vi=1n=1\d=1 :
k k k k2d
<> 3D stk E) st . Qmaxtvens) (C.27)
ve=1ny=1 \d=1 .
= Zk: Zk: B(k) - n" - n' - Qe (C.28)

where (C.25) follows from the second point in Lemma 4 and (C.28) follows from the definition
in (5.17). Finally,

ZZB(k) n'*-n" Qmax{vx,v).}

ve=1v,=1
+ Z Z B(k) - n - n - Qs (C.29)
vy=1v,=1
= Z;B(k) n'n - QY
+ZZ B(k) - n" - n” - Q" (C.30)
=1v,=1
< Z vy - B(k) - (n* Q)" + Z vy - Bk) - (n* Q)" (C.31)
V=1 =1
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k
= 2B(k) Z - (1*0).
=1
Now, if n2Q > 1, then

E|N| < (2B(k) zk] f} Q)
=1
< k(k + I;B(k) -(n* Q)
otherwise, if n*Q < 1, then
E |[N*| < k(k + DB(K) - nQ,
which completes the proof of Theorem 2.

Appendix D - Proof of Lemma 1

We upper-bound the expression in (5.20), which is given by

B(1-¢%L, 1
Q(d,9)=% ( )

As for the numerator, we have

d-1 1 -
Bll-¢——,=|=
( 2 2) 0

Il
| =
(=)

2

|

Sy

~
~
‘k‘..
o |
95}

o

~

|
(S}
—~
|
SN
5
N—"
U
o

In order to bound the beta function, we use the following identity:

_TI'y)
CT(x+y)’

B(x,y)

where I'(+) is the gamma function:

I'(s) = f x e dx.
0
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(C.32)

(C.33)

(C.34)

(C.35)

(D.1)

(D.2)

(D.3)

(D.4)
(D.5)

(D.6)

D.7)

(D.8)
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In general

In order to bound the ratio of gamma functions, let us invoke Gautschi’s inequality.

Lemma 5. Let x be a positive real number and let s € (0, 1). In this case,

< I'x+1)
I'(x+s)

1-s

<(x+ D,

For a lower bound

B(d;l 1)_ vaT (41)
27T
N
r(4-1+1)
r(-1+D)
N

z2 7T
¢-1+D'2

_ |
=\

(D.9)

(D.10)

(D.11)

(D.12)

(D.13)

(D.14)

(D.15)

where (D.14) is due to the upper bound in Lemma 5. Now, combining (D.6) and (D.15) yields the

upper bound

which completes the proof of Lemma 1.
Appendix E - Proof of Lemma 2

Observe that under the assumption of

sl 7).

(D.16)

(D.17)

(D.18)

(E.1)
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it holds that Y = pX + /1 — p?Z with Z ~ N (0,4, 1) and independent of X. Consider the following
for some 6 € (0, 1):

T X'y }

PX¥>60l=P]——__>¢ E2
{ } {uxu I (52

X" (pX + \1-pZ)
=P >0 (E.3)

XX + VT=p2Z|

2 — 2vyT

=P PIXIP + N1 -p?X'Z > gl (E.4)

X1l JO?IXIE + 20T =X "Z + (1 - p)I1ZIP
Since 6 > 0, the event in (E.4) can occur only if p|| X|* + \/1——/)2XTZ > 0. Let us denote the event
Fo(X.Z) = {plIXIF + V1 - p?X"Z > 0) (E.5)
and the angle between X and Z as ®x;. In this case,
P{X'Y > 6
_p PIXIP + T-p?X"Z
IXII\PPIXIE + 20 T=pPXZ + (1 - p)lZIF
PIXIF + 20T = PIXIPXTZ + (1 - o) (XZ)]
- {p2||X||4 +20\T=pAIXIPXTZ + (1 - p)IIXIPIZI?

=P {PZHXII4 +20 V1 = pIXIPIZI| - cos(Pxz) + (1 = pP)IXIPIIZIP - cos(Dxy)
PIIXI* + 20 1 = PPIIXIPIZ] - cos(Pxz) + (1 = p)IXIPIZIP

> 0,F,(X, Z) (E.6)

> 6%, (X, Z)} (E.7)

> 60, F, (X, Z)}
(E.8)

_ IP){/OZIIXIIZ +20 V1 = PIXIIZI| - cos(Pxz) + (1 = pPIZIP - cos? (D7)
PIIXIP +2p 1 = PIIXINZ]| - cos(Dxz) + (1 = p)IIZIP

Rearranging, we get

> 6%, F,(X, Z)} . (E9)

P{X'Y > 6
= P{(1 = pAIIZIP - cos’(@xz) + 20 V1 = p2(1 = P)IXIIIZI| - cos(Pxz)

+0*(1 = P)IXIP - (1 - pH)PIZI 2 0, F,(X. Z)] (E.10)
=P {(1 = p?) - €08’ (Dxz) + 20 V1 — p*(1 - 92)% - cos(Dxz)

2 o\ I1XIP 2\ 2
+p (1—9)W—(1—p)9 >0,F,(X,Z) (E.11)
_ Q2 201 _ 02

P {COSZ(CDXZ) - % VU - cos(®x,) + pl(l_—pf)U —- 6> > 0,F,(X, Z)} (E.12)
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2
1 -6 20°(1 - 62
:P{[COS(@XZ)+p(—\/_2) VU] +%U—92 ZO,fD(X,Z)} (E.13)
1-p -p
p1-) ) P~ 6)
= P{|cos(Pxy) + ——= VU| > |1 -——-—=U Fo(X,Z) ;. (E.14)
N r=p?
Note that p|| X|]> + /1 — szTZ > 0 is equivalent to
cos(Pyy) > ——L— VU, (E.15)
V1 —p?
and therefore
P{X'Y > 6
1 -6 1 -6
=P ﬁmq®u)+p( 9 vo ):>¢[1—p( )LﬂJDKQH)Z— L _ Vol (&16)
V1 -p? 1-p? V1 -p?
Now, the left-hand side event in (E.16) becomes trivial if and only if
2 2 02
p~(1-6%) 1 -
] -——U<0 = U>—— ,0), E.17

while the right-hand side event in (E.16) becomes trivial if and only if

1-
VU>1 & U>

= a'(p) (E.18)
vl—p
In addition, note that for any 8 € (0, 1), it holds that S(p, 6) > a(p). Define the functions
1 -6 (1 — 62
Fi = Fip.6) = 2D g 1 - 2020, (E.19)
V1 -p? I-p
1 -6 2(1 - 62
Fa) = Fau.p.0) = 2= Vi g 1 - 20200, (E.20)
V1 - p? 1-p
&@s&mm=—1pzﬁ, (E21)
-p

such that
P{XT? > 9} = P{cos(®x;) € [-1, F1(U,p,0)] U [F2(U,p,0), 1], cos(®x,) € [F5(U,p),11}. (E.22)

Note that both || X||? and || Z|? follow a y? distribution with d degrees of freedom. Hence, the random
variable defined by the ratio

X
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follows the F-distribution with (d, d) degrees of freedom. The probability density function of a general

F-distributed random variable with (d;, d,) degrees of freedom is given by

1 d d1/2 d —(d1+d2)/2
folu;dy,dy) = —) (—l) uh/21 (1 + —lu) , u>0,
B(4 &

We now have

[l

P{X'Y >0

oT
f P{cos(®xz) € [-1, F1(w)] U [Fa(u), 1], cos(Pxz) € [F3(u), 11} fu(u)du
0

a(p)
f P{cos(@xz) € [=1, F1(w)] U [F2(u), 1], cos(Pxz) € [F3(u), 11} fu(u)du
0

B(0,6)
+f P{cos(@xz) € [-1, F1(w)] U [F2(u), 1], cos(Pxz) € [F3(u), 11} fu(u)du
a(p)

+ . P{cos(@xz) € [-1, Fi1(u)] U [F2(w), 1], cos(Pxz) € [F3(w), 11} fu(u)du
Blp.6)

®)
= P{cos(Pxz) € [-1, F1(u)] U [F>(u), 1], cos(Pxz) € [F3(w), 11} fu(u)du

(=]

Bp.0)
+f P{cos(Pxz) € [-1, F1(u)] U [F2(w), 11} fu(u)du
a(p)

+ Ju(wdu,
Bo.0)

(E.24)

(E.25)

(E.26)

(E.27)

(E.28)

where (E.28) follows from the following considerations. For the second integral, we use the fact that
for any u > a(p), the second event is trivial, and for the last integral, we use the fact that for any
u > B(p, 6), both events become trivial. In order to facilitate the first integral in (E.28), we prove that
for any u € [0, a(p)], it holds that F';(u) < F5(u) < F»(u) (as can be seen in Figure 15 for two specific

choices of the pair (p, )).
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_FZ(u7p’9) _F2(uapa6)

0.5 .-..Fl(u’p’e) N 0.5 ---'Fl(l/t,p,g) ,
I F3(u’p) === F3(M’P)

0y 8 B
]
\
\
\
\\
_0.5 [ \\ B !
l\‘ \\\ ':
~~. \\ _4' PPS g
~aa Se et MY Nl e
-1 "=~ =ua S mmmm==" \
0 02 04 06 038 1
u u
(@ p=08andf =0.7 (b)p=0.5and 6 =0.8

Figure 15. Plots of F(u, p, 6), F»(u, p, ), and F3(u, p).

It immediately follows from the definitions of F{(u) and F,(u«) in (E.19) and (E.20) that for any u €
[0,8(0, 0], Fi(u) < F>(u). We start by proving that F(u) < F3(u). Note that F3(«) is monotonically
decreasing and F3(0) = 0. In addition, F(0) = —6 < F5(0). Furthermore, note that F(a(p)) =
F5(a(p)) = —1, so it only remains to show that F;(u) is also monotonically decreasing for any u €
[0, a(p)]. To this end, we show that F’(«) = 0 has a unique solution at u = a(p). The derivative F|(u)
is given by

-6 1 )
Fl(u) = -2 S+ S (E.29)
Vi-p? 2V Iy,
F{(u) = 0 is then equivalent to
2(1-6%) 0
\/1_,01 = u:\/%-\/ﬁ, (E.30)
- -p
or, in turn, to the linear equation
2 1= 02 262
1—pf Py = F—u, (E31)
-p -p
whose unique solution is given by
1= 2
W = pzp = a(p). (E.32)

Since F(0) = -0 > —1 = F(a(p)), this proves that F(u) is monotonically decreasing for any u €
[0, a(p)]. This completes the proof of F(u) < F5(u).
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We next prove that F3(u) < F»(u). The derivative of F,(u) is given by

*(1-6%)
T N

Ny 2\/_ 2 1_p2(1_;§2)u

1

Fyu) =

(E.33)

which is negative for any u € [0, 5(p, 8)], and thus F,(u) is a monotonically decreasing function on the
same interval. Note that F,(0) = § > 0 = F3(0) and, in addition

_ p(1-6%) 2(1—6’2) 1-p?
F>(B(p, 0)) = - N 2(1 = 92) \/1 - FoRT (E.34)
- V1-¢ (E.35)
> -1. (E.36)

Since F,(u) is monotonically decreasing and B(p, 6) > a(p), we get

Fay(a(p)) 2 F2(B(p, 0)) =2 —1 = F3(a(p)), (E.37)

which completes the proof of F5(u) < F,(u), since F3(u) is monotonically decreasing for any u > 0.
Using the double inequality F(u#) < F5(u) < F,(u), which holds for any u € [0, a(p)], we arrive at

T fa(p)
PIXT206)= |  Pleos(xz) € [Falu), 11} fu(u)du
0
B(p,0)
+ f P {cos(Pxz) € [~1, F1()] U [Fa(w), 11} fu(u)du

a(p)

+ ) Sfu(uw)du. (E.38)
B(p.0)

Regarding the probabilities inside the first two integrals in (E.38), consider the following result.

Lemma 6. Letd e Nand X,Y ~ N (04, 1,) be two independent random vectors. Let X = TXT X” , Y = IIYH’
and define S = cos(®) = X'Y. The probability density function of S is then given by
(1-s)7
gs(s) = ——>—. se[-1.1], (E39)
(543)
where the complete beta function is
1
B(a,b) = f A -0"'dt, a,b>0. (E.40)
0

Finally,

1
f 8s (s)ds] Sfu(uw)du
Fa(u)
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B(0.,0) Fy (u) 1
+ f [ f gs(s)ds + f gS(S)dS]fU(u)du
a(p) -1 Fa(u)

+ Su(uw)du, (E41)
Bp.6)

which completes the proof of Lemma 2.
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