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Limiting distributions of graph-based test
statistics on sparse and dense graphs
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Two-sample tests utilizing a similarity graph on observations are useful for high-dimensional and non-Euclidean
data due to their flexibility and good performance under a wide range of alternatives. Existing works mainly
focused on sparse graphs, such as graphs with the number of edges in the order of the number of observations,
and their asymptotic results imposed strong conditions on the graph that can easily be violated by commonly
constructed graphs they suggested. Moreover, the graph-based tests have better performance with denser graphs
under many settings. In this work, we establish the theoretical ground for graph-based tests with graphs ranging
from those recommended in current literature to much denser ones.
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1. Introduction

Given two random samples, X1, -+, X;, iid Fx.,Y,---, Y, iid Fy, we consider the hypothesis testing prob-
lem Hy : Fx = Fy against H, : Fx # Fy. This two-sample testing problem is a fundamental problem
in statistics and has been extensively studied for univariate and low-dimensional data. Nowadays, it is
common that observations are in high dimensions (Feigenson et al., 2014, Network et al., 2012, Zhang
et al., 2020), or non-Euclidean, such as networks (Beckmann et al., 2021, Biswal et al., 2010, Bull-
more and Sporns, 2009). In many of these applications, one has little knowledge on Fy or Fy, making
parametric tests unapproachable.

Nonparametric methods play important roles in solving two-sample testing problems and have a
long history. For univariate data, some common choices are the Kolmogorov—Smirnov test (Smirnov,
1939), the Wald—Wolfowitz runs test (Wald and Wolfowitz, 1940) and the Mann—Whitney rank-sum test
(Mann and Whitney, 1947). Since the middle of the 20th century, researchers have tried to extend these
methods to multivariate data (Bickel, 1968, Weiss, 1960). The first practical test that can be applied to
data in an arbitrary dimension or non-Euclidean data was proposed by Friedman and Rafsky (1979),
which is based on a similarity graph and is the start of graph-based tests. Over the years, graph-based
tests evolved a lot and showed good power for a variety of alternatives and different kinds of data (Chen,
Chen and Su, 2018, Chen and Friedman, 2017, Chen and Zhang, 2013, Chu and Chen, 2019, Henze and
Penrose, 1999, Rosenbaum, 2005, Schilling, 1986, Zhang and Chen, 2022). In the following, we give a
brief review of the graph-based tests and discuss their limitations.

1.1. A review of graph-based tests

Friedman and Rafsky (1979) proposed to pool all observations from both samples to construct the
minimum spanning tree (MST), which is a tree connecting all observations such that the sum of edge
lengths that are measured by the distance between two endpoints is minimized. They then count the
number of edges that connect observations from different samples and reject Hy when this count is
significantly small. The rationale is that when two samples are from the same distribution, they are
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well mixed and this count shall be relatively large, so a small count suggests separation of the two
samples and rejection of Hy. We refer this test to be the original edge-count test (OET). This test is
not limited to the MST. Friedman and Rafsky (1979) also applied it to the K-MST!. Later, Schilling
(1986) and Henze (1988) applied it to the K-nearest neighbor graphs (K-NNG), and Rosenbaum (2005)
applied it to the cross-match graph. Zhang and Chen (2022) extended the test to accommodate data with
repeated observations.

Recently, Chen and Friedman (2017) noticed an issue of OET caused by the curse of dimension-
ality. They made use of a common pattern under moderate to high dimensions and proposed the
generalized edge-count test (GET), which exhibits substantial power improvements over OET under
a wide range of alternatives. Later, two more edge-count tests were proposed, the weighted edge-count
test (WET) (Chen, Chen and Su, 2018) and the max-type edge-count test (MET) (Chu and Chen, 2019).
WET addresses an issue of OET under unequal sample sizes, but it focuses on the locational alterna-
tives. MET performs similarly to GET while it has some advantages under change-point settings.

In the following, we express the four graph-based test statistics with rigorous notations. The two
samples Xi,---, X, and Y1, - -, ¥}, are pooled together and indexed by 1,---, N (N =m + n). Let G be
the set of all edges in the similarity graph, such as the K-MST. For an edge ¢ € G, let e*,e” be two
endpoints of the edge e, i.e. e = (e*,e7). Let g; be the group label of i-th observation with

1 if observation i is from sample X
8i =
' 2 if observation i is from sample Y,

and Ry, R, be the numbers of within-sample edges of sample X and sample Y, respectively, formally
defined as

R; = Z le=jy J=12,
eeG

where 1{ A} is the indicator function that takes value 1 if event A occurs and takes value 0 otherwise,
and

0 ifge #ge
Jo=91 ifger =ge-=1
2 ifget =g =2.

Since no distributional assumption was made for Fx and Fy, we use the permutation null distribution,
which places probability 1/ (%) on each selection of m observations among pooled observations as
sample X. Let Ep, Varp,Covp be the expectation, variance and covariance under the permutation null
distribution.

The four graph-based test statistics mentioned above can be expressed as follows:

1. OET: ZF = (Ry + Ry — Ep(R; + Ry)) /y/Varp(R; + Ra);

2. GET: S = (Ri —Ep(R)) R»—Ep(Ry)) =5 (R1 —Ep(Ry)

, where g = Varp(R, )T ;
Rz—EP(Rz)) R p(R1,Ry)

LA K-MST is the union of the 1st, - - -, Kth MSTs, where the 1st MST is the MST and the kth (k > 1) MST is a tree connecting
all observations that minimizes the sum of distance across edges subject to the constraint that this tree does not contain any edge
in the Ist, - - -, k — 1th MST(s).
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3. WET: ZVF‘: = (Rw — Ep(Ry))/+/Varp(R,,), where R, = Ri(n—1)/(N =2) + Ry(m—1)/(N - 2);
4. MET: maX{Z‘,P;,Zgiff}, where ZcI;iff = (Rdiff - EP(Rdiff)) /~+/Varp(Rgigr) with Rgier = R1 — Ro.

The analytic formulas for the expectations and variances of R| + Ry, (R1,R2)T, R, Rgisr can be found
in Chen, Chen and Su (2018), Chen and Friedman (2017), Chu and Chen (2019). It was also shown in
Chu and Chen (2019) that the statistic S can be decomposed as

S=(Z8 Y +(Z8)? (D

and CovP(ZvPV, Z(li)iff) =0.

1.2. Limitations of existing theorems on graph-based test statistics

Since the computation of p-values by drawing random permutations is time-consuming, approximated
p-values from the asymptotic null distributions of the graph-based test statistics are useful in practice.
Some existing theorems provide sufficient conditions for the validity of the asymptotic distributions.
Before stating these results, we first define some essential notations.

For each node i e N £ {L,---, N}, let G; be the set of edges with one endpoint node i, nodeg, be
the set of nodes connected by G; excluding node i, G; > be the set of edges with at least one endpoint
in nodeg,, and noale(;l.’2 be the set of nodes connected by G; > excluding node i. For each edge e =
(e*,e7) € G, define A, = Go+ U Ge-, Be = G+ 2 U G- 5 and C, be the set of edges that share at least
one common node with an edge in B.. We use | - | to denote the cardinarity of a set. Then |G;| is the
degree of the node i. Figure 1 plots the quantities related to a node i and an edge e, respectively.

We also define d; = |G;| — 2|G|/N to be the centered degree of node i and Vg = ,111‘112 =
Zl{il |Gi|?> — 4|G|>/N that measures the variability of |G;|’s. Besides, a, = o(b,) or a, < b, means
that a,, is dominated by b,, asymptotically, i.e. lim;, . a,, /b, =0, a, = b, means that a,, is bounded

~

above by b, (up to a constant factor) asymptotically, and a, = O(b,) or a, < b, means that a, is

Figure 1. The left panel is an illustration of notations related to a node i: G; = {blue edges}, G;, =
{sky blue edges} U {blue edges}; j € nodeg,,k € nodeg; , \nodeg;,l ¢ nodeg; ,, and the right panel is an il-
lustration of notations related to an edge e: A, = {dark blue edges}, Bo\Ae = {sky blue edges}, Co\B, = {light
steel blue edges}; f] € Ae, fo> € Be\Ae, f3 € Ce\Be, f4 ¢ Ce. Both graphs are plotted by the ‘ggnet2’ function in R.
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Table 1. Major existing works on graph-based tests and their conditions on the graph for asymptotic distributions.

. - max size
Test Statistic ~ Graph conditions of possible graphs
Friedman and Rafsky (1979)  Original MST with BN |G;|? = O(N) N-1
e . K-NNG, K =0(1)
Schilling (1986) Original for low-dimensional data ON)
L K-NNG, K =0(1)
Henze (1988) Original with bounded maximal indegrees ON)
Rosenbaum (2005) Original cross-match graph N/2or(N-1)/2
. |G| =0(N%),0<a<1.125
Chen and Zhang (2015 Original O(NY), @ < 1.125
g 20) : SeeG lAellBel = o5y O
|G| =O(N)
Chen and Friedman (2017) Generalized Zf\i | |G; |2 =O0(N) O(N)

YeeG | AellBel = o(N!)

|G| = O(N?), 1 <a <125
Chen, Chen and Su (2018) Weighted YeeG |Acl|Be| = o(N1-5) O(NY), @ < 1.25
ZeEG |Ae|2 — O(N(I+O,5)

|G| = O(N¥),1 <a <1.25

Generalized 1.5
Ac||Be| = o(N'-
Chu and Chen (2019) Weighted LeeG | 6”2 el = o 105 ) O(NY), a < 1.25
YeeG |Ael” = o(N¥TV-)
Max-type e

Ve =0(ZN,1Gil?)

*For the conditions in Chen, Chen and Su (2018) and Chu and Chen (2019), the size of the graph is bounded
by the condition on |Ae 2: YeeG |Ae |2 = o(N@t0-5) requires that @ < 1.25.

bounded both above and below by b, asymptotically. We use a A b for min{a, b}. For two sets S| and
S5, S1\5> is used for the set that contains elements in S; but not in S».

The major existing works that studied the asymptotic null distributions of the graph-based test statis-
tics are listed in Table 1. In general, these works put requirements on the graph such as the maximum
in-degree, 3 |Gi|?, Y. |Ae|? and 3 |Ac||Be|. The conditions in Friedman and Rafsky (1979) are lim-
ited to the MST, while K-MST with K > 1 has a better performance in general (Chen and Friedman,
2017). For those that are more relaxed on the graph and data, Henze (1988) requires a bounded max-
imal in-degree in K-NNG, Chen and Friedman (2017) requires 3 |G;|? to be of the same order as N,
and Chen, Chen and Su (2018) and Chu and Chen (2019) provide the current weakest conditions that
require 3 |A|? = o(|G|VN) and ¥ |A¢||Be| = o(|G|"-®). However, those conditions are often too strong
to hold under even simple scenarios. For example, we generate two samples with equal sample size
(m = n = N/2) from the 500-dimensional standard multivariate normal distribution, and construct the
5-MST and 5-NNG using the Euclidean distance. Figure 2 plots the maximum in-degree, Zf.\i 1 1Gi [>/N,

S Ae?/(IG|VN) and Y |A¢||Be|/|G|' with different N’s. We see that the conditions on them are
badly violated: the maximum in-degree goes up rather than bounded by a constant, Zl].\i ] |Gi|?/N in-

creases with N rather than bounded by a constant, and Y, |A¢|?/(IGIVN) and ¥, |Ac||Bel/1G|'
stay at a large value (in hundreds) as N increases rather than o(1) as required by the conditions. If we
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Figure 2. Key quantities with respect to N. Top-left: the maximum in-degree in the 5-NNG; top-right: the ratio of
YN IGi|* to N in the 5-MST; bottom-left: the ratio of ¥, |Ae|* to |G| VN in the 5-MST; bottom-right: the ratio of

3 |Ael|Be| to |G|'3 in the 5-MST.

make the graph denser, such as 10-MST, these conditions are even more badly violated. However, in
many settings, the graph-based tests work better under denser graphs (see Section 1.3).

1.3. The merits of denser graphs in improving power for graph-based tests

Friedman and Rafsky (1979) found that the original edge-count test in general had a higher power
under the 3-MST than that under the 1-MST. Similarly, Chen and Friedman (2017) found that the
generalized edge-count test in general had a higher power under the 5-MST than that under the 1-MST.
We here check the performance of these tests under even denser graphs. In particular, for m = n = 100,
we consider the generalized edge-count tests on the 5-MST (GETs) and on the 50-MST (GETs5), the
original edge-count tests on the 5-MST (OETs) and on the 50-MST (OET5). All K-MSTs here are
constructed under the Euclidean distance. We also include two other tests as baselines: the kernel two-
sample test in Gretton et al. (2012) with the p-value approximated by 10,000 bootstrap samples (Kernel)
and the Adaptable Regularized Hotelling’s T2 test (Li et al., 2020) (ARHT).
We consider different distributions in the comparison. Explicitly,

X;=%2Us i=1,--,100, Yj=(1+ad $)E2V;—bd 31y, j=1,--, 100,



Limiting distributions of graph-based test statistics 775

(i) Multivariate normal dist (ii) Multivariate normal dist
o | o ]
A POSPRPPPr PYT T 1] -
0®e®e0®® -+
Y LY L}
o _| P o _| .'E’l....o.."“ 000 0s°000%0000,0%0°,
o 0°5°00% ° L e
. oo 0,000500°0° © o = 1
[) 0p 000 0%0 ) L -
2 ° 00000 o = LI "L TN
5 ©_| ° 050°0° 5 © | T,
Q o o 5o ° o o -
el o kel
] ® oo o B o0ne8n, o 9900 . 600 0000009%500000%s
© < T < 0985608 96Cent,- 00
E S5 1° [ 0°0 B0pnoo 040 0 0 O
= © = © 070 0 0 00 0%00n,
g g 2
~ o GETs ~ © GETs
! o GET, : — * GET.
°© [ o OET:D © o OET:D
_DDQDD.DU“::DDQDDHDU;; = OETs = OETs
vyvyNSyntiniyg _aun Kernel Kernel
g _ SO arHT g - ARHT
T I T T T T T T T I I T
0 200 400 600 800 1000 0 200 400 600 800 1000
dimension dimension
(iii) Multivariate t dist (iv) Multivariate uniform dist
o | o ]
A o_0e000000%00 -
ce 000000 e . 00 00",
ce0®e®” ® coe0®e %0000 °°
© . © LR
S LI P R
o *° o %00 o evee®® o 0000000,
9] o 0 9600500 000 ~©0 9] . o 0 99%%%0 ©
% Qe o°<><:~°oooOOOOOOO ° g © ] o 000000000 °°
2o 00000 2o . oooo °©
o o 0
Q Q 090
T <« T <
E3- ES.,
3 3 Fallyu
~ o GETs ~ San M gm - © GETs
S g ; CETo S 7| P oPPoomnng o MR oal e - CETw
oo, N7 o () o
nllEEl:EE,Umuﬂ OnReN00 o - QET:n . OET;
L] 1
g N mmy [TL LT TP rees ﬁ;’:i' g a :;'::'
I I T T T T T T T I T T
0 200 400 600 800 1000 0 200 400 600 800 1000
dimension dimension

Figure 3. Estimated power of the generalized edge-count tests on the 5S-MST (GETj5) and on the 50-MST (GETj5()),
the original edge-count tests on the 5-MST (OET5) and on the 50-MST (OETj5)), the kernel test (Kernel), and the
Adaptable Regularized Hotelling’s T2 test (ARHT) under different simulation settings (i) - (iv).

with X = (0.51771),; <i,j<d» Where d is the dimension of the data, 14 is a d-length vector of all ones.
Let 04 be a d-length vector of all zeros and I; be a d-dimensional identity matrix. We consider four
different settings:

() Ui, Ui Vise oo, Ve SNy 1), a = b=0.17,

(i) Up- ) Upa Ve, Vo S N0, 1g), a=0.1,b=0.6,

{i)) Ut UmVi o, Va S 15(04.1g). a = b =0.25,

(v) Up-, Un Vi, -+, Vi "4 Uniform[—0.5,0.5]9, a = 0.12,b = 0.1.

Here, a and b are chosen so that the tests have moderate power in low dimensions. The dimension
d ranges from 25 to 1000 with an increment of 25. The power of tests are estimated through 1,000
simulation runs (Figure 3). We see that GETsy works well in these settings, either having the best
power or on par with the test of the best power. GET5 in general has a lower power than GETs.
For OET, it is only powerful under setting (ii). The worse performance of OET compared to GET is
expected as OET covers less alternatives than GET for high-dimensional data (Chen and Friedman,
2017). Under setting (ii) where OET is powerful, OETsg has a higher power than OETs.
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1.4. Our contribution

From Section 1.3, we see that the use of denser graphs has a promising effect in improving power
for graph-based tests. So far, the best theoretical results on dense graphs are in Chen, Chen and Su
(2018) and Chu and Chen (2019), which allow the maximum size of possible graphs to be of order
N%, 1 < @ < 1.25. But in the numerical studies in Section 1.3 where N = 200, the number of edges
in the 50-MST is 9950 (~ N'-™). Existing conditions cannot work for such dense graphs. In addition,
even for sparse graphs, current existing conditions usually do not hold (see Section 1.2). Therefore,
it is important to figure out whether the conditions on graphs can be weakened and to what extent.
Throughout the paper, we consider simple undirected graphs that contain no duplicate edges and no
loops.

Friedman and Rafsky (1979) applied the moment-based method in Daniels (1944) to derive suffi-
cient conditions for the asymptotic normality of ZE , and Chen, Chen and Su (2018), Chen and Friedman
(2017), Chu and Chen (2019) made use of the bootstrap null distribution and the second neighbor de-
pendent Stein’s method to show the asymptotic normality of (Ry,R»)” and ZVP; under the permutation
null distribution. In this paper, we seek improvements in both directions, especially the latter one. In
particular, we propose to use a “locSCB” (local Stein’s method on Conditioning Bootstrap) approach
that use Stein’s method to carefully deal with all the first neighbor dependency under the bootstrap null
distribution and link the permutation null distribution and bootstrap null distribution through condi-
tioning. By doing this, we are able to weaken the conditions on the graphs to a tremendous amount.
Under new conditions, the maximum size of possible graphs can be as large as M'~€ with an arbitrar-
ily small €, where M = (1;’ ) is the size of the complete graph. In addition, we also quantify the upper
bound of Stein’s inequality.

The “locSCB” approach is not limited to show the asymptotic properties of these four graph-based
test statistics listed in Section 1.1. It can be applied to some other nonparametric two-sample test statis-
tics and K-sample test statistics under the permutation null distribution, and to the change-point analy-
sis settings. The main theorems are provided in Section 2. We discuss the new conditions in Section 3
from various aspects. Section 4 provides detailed proof for the theorem on GET. The detailed proofs
for other edge-count tests are deferred to the Supplementary Material (Zhu and Chen, 2024).

2. Asymptotic distribution under denser graphs

We first state the main results for the four statistics. The discussion of new conditions are deferred to
Section 3. The proofs are provided in Section 4 and the Supplementary Material (Zhu and Chen, 2024).

We use 2, to denote convergence in distribution, and use ‘the usual limit regime’ to refer N — oo
and limy _,co m/N =r € (0,1). We define Ny, as the number of squares in the graph, N; ; as the number
of nodes connecting to nodes i and j simultaneously, and recall that d; = |G;| — 2|G|/N (defined in
Section 1.2). The conditions needed for the asymptotic results of the four statistics are listed below.

C1 IV, 1G> = o(IG|'), Nyg = o(|GI*);

~13 ~3 P ~ o~
C2 3N |4l = o), £Y, 4 = oVaIGD, B, S5 odes. didic = 0(IGIVG):
C.3 max(d;%) = o(Vg);
<13 j 5 5 .
C4 YN G2 = o), IV |di] = o(T"5), 2N, Zj‘fkkenodec‘ didy = o(T?), with T = |G| + V5.
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2.1. Generalized edge-count test

D
Theorem 1. Under Condition C.1 and C.2, in the usual limit regime, S — )(22 under the permutation
null distribution.

A detailed comparison of the conditions in Theorem 1 to the best existing conditions is provided in
Section 3.1. We will see that Theorem 1 provides much weaker conditions.

The conditions in Theorem 1 are not easily understandable for a graph. In the following, we provide
a set of conditions that only involve up to the second moment of the degree distribution, and are easier
to understand. Let Qg be a random variable generated from the degree distribution of a graph G built
on N nodes. Then it is not hard to see that E(Qg) = 2|G|/N and Var(Qg) = Vg /N.

Corollary 2. Suppose |G| = O(KN) with 1 < K < N, if max(1,K?/N) = VanQg) < K'>VN, and the
concentration inequality

P(|QG - E(Qg)| 21) < Zexp( ) ., >0, 2)

~~Na

. . oo . D
holds for all large N with some constants ¢ > 0 and 0 < a < 1, then, in the usual limit regime, S — )(%
under the permutation null distribution.

Remark 3. Corollary 2 is derived from Theorem 1 at the cost of sacrificing some of its generality. The
conditions in Corollary 2 could be further weakened when more information on the degree distribution
is available. For the K-MST constructed on multivariate data, the maximum degree of the MST has
been studied for fixed dimensions (Robins and Salowe, 1994), which is of O(1). Hence, under fixed
dimensions, the maximum degree of the K-MST has the order at most of K, which is sufficient for
the conditions in Corollary 2 to hold when K = O(NP), 8 < 0.5. Similarly, under fixed dimensions, the
maximum degree of the K-NNG also has the order of at most K, and thus the conditions in Corollary 2
also hold for the K-NNG when K = O(N#), 8 < 0.5. To further relax K and/or dimensions, the degree
distributions of the K-MST or the K-NNG is needed, which is nontrivial for both fixed and non-fixed
dimensions and will be explored in future research.

2.2. Weighted and max-type edge-count test

D
Theorem 4. Under Condition C.1, in the usual limiting regime, Zf, — N(0,1) under the permutation
null distribution.

Theorem 5. Under Condition C.3, in the usual limit regime, szf 2, N(0,1) under the permutation
null distribution.

Condition C.3 is equivalent to

Z]\i |(Z~|2+6
=m0

Vs’

for some 6 > 0, 3
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according to Hoeffding (1951). One condition in C.2 for Theorem 1 is actually setting ¢ to be 1 in (3).
Comparing conditions in Theorems 1, 4 and 5, it is not hard to see that the union of conditions for Zvlz
and Zfl)iff separately is less stringent than those in Theorem 1. This is reasonable as Theorem 1 needs
the asymptotic normality of the joint distribution of (ZF, Z(I;iff) while Theorem 4 and 5 only needs that
for one of the marginal distributions.

For the max-type edge-count test, the limiting distribution of test statistic still requires the conditions
in Theorem 1. However, if some techniques are used to conservatively estimate the p-value for the max-
type statistic, such as the Bonferroni correction, then the union of the conditions in Theorems 4 and 5
would be enough.

Corollary 6. For graphs with |G| = O(KN) and 1 3 K < N, if VarQg) < K' VN and E(Qz) =
D
o(K%N), then, in the usual limiting regime, Z{i —> N(0,1) under the permutation null distribution.

Remark 7. For the K-MST and the K-NNG on the multivariate data with a fixed dimension, the
maximum degree has the order of K. Then, Var(Qg) has the order at most K2/4, and E(Q3G) has the

order at most K3. Thus, the conditions in Corollary 6 hold for all K < N.
Corollary 8. For graphs with |G| = O(KN) and 1 3 K 2 N, if 1 2 VanQg) and the concentration
inequality

42
mwe—a@ﬂznszapté;),t>a

holds for all large N with some constants ¢ >0 and 0 < a < 1, then, in the usual limit regime, Zngf 2>
N(O,1).

Remark 9. For the K-MST and the K-NNG constructed on multivariate data with a fixed dimension,
conditions in Corollary 8 hold if K = O(N#), g < 0.5, because Vi has the order at least N when
1 3 Var(Qg).

2.3. Original edge-count test

Consider the usual limit region where limy o m/N =r € (0,1). When r = 0.5, the original edge-count
test is equivalent to the weighted edge-count test asymptotically. Thus, we here study the asymptotic
distribution of the original edge-count test statistic when r # 0.5.

Theorem 10. In the usual limit region and limy —co X =1 with r a constant and r # % under Condi-

D
tion C.4, ZE — N(0,1) under the permutation null distribution.

The condition C.4 in Theorem 10 are weaker than the conditions required in Theorem 1 as T has the
order of max{|G|,Vs}.

Corollary 11. For graphs with |G| = O(KN) and 1 3 K < N, in the usual limit regime and
limy 00 X7 =7 With r a constant and r # %, if either of the following conditions
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e |G| and Vg do not have the same order, and

P(|0c - E(Qq) ZI)SZGXP( ) 1>0,

S Te
e |G| =< Vg, and

ct?
P06 - EQ6)| > 1) < 2exp (—N—) 0

holds for all large N with some constants ¢ >0 and 0 < a < 1, then Zf 2, N(O,1).

Remark 12. For the K-MST and the K-NNG constructed on multivariate data with a fixed dimension,
conditions in Corollary 11 hold if K = O(NP) with B < 0.5 when |G| < V. When |G| and Vg do not
have the same order, these conditions hold as long as K < N.

2.4. Some brief comments on the conditions

The sufficient conditions in Theorem 1 are derived using Stein’s method with the first neighbor depen-
dency. One key step is to have the upper bound in the Stein’s inequality

2
,—EB
n

to go to zero, where Eg, &;, 17;, & and 7. are defined in Section 4. Condition Zf\i | |cf,-|3 = o(Vcl;'5 ) en-
sures that the quantity }};c o Ep |§,~77i2| goes to zero. Conditions 2;‘1\;1 Ji3 = o(VG\/@) and Zl{\il |G;|*> =
0(|G|') lead to the zero limit of the quantity Y ecG EB |§eng|. To ensure the first quantity in (4) to go to
zero, under the three previous mentioned conditions (Zf\i | |Ji|3 = 0(Vé'5 ), Z,Z | Ji3 = o(VG\/@) and

N, 1Gi? = o(IG|')), we need two additional conditions, %Y, 155 . djdi = o(|G|VG) and

+ ) Eslém|+ > Esléml @)

ieN eeG

Z {é&ni - EB(&m)} + Z {€ene —E(éeme)}

ieN eeG

Nyg = 0(]G|?). Conditions in Theorems 4 and 10 are derived in a similar way.

Theorem 5 is derived in a different way as the test statistic in this case can be expressed into a
weighted sum of independent random variables. Then the Lyapunov CLT can be applied.

The 1locSCB approach used in proving Theorems 1, 4, 10 will be detailed in Section 4. For the
moment-based method, it was first proposed in Daniels (1944). Later, Friedman and Rafsky (1983)
claimed that Daniels’ conditions can be weakened and provided their new conditions. However, they did
not give an explicit proof. Pham, Mocks and Sroka (1989) found that conditions in Friedman and Rafsky
(1983) are not sufficient, so they fixed this problem and proposed a new set of weaker conditions.
By using the conditions in Pham, Mocks and Sroka (1989), the conditions to ensure the asymptotic
distributions of the graph-based tests can be weakened. However, we found that our locSCB approach
could result in even weaker conditions. A discussion of the conditions from the moment-based method
is detailed in Section S2 of the Supplementary Material (Zhu and Chen, 2024).
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3. Discussions on the new conditions

3.1. A comparison to the best existing conditions

For the asymptotic distribution of the generalized edge-count test statistic, Chu and Chen (2019) had
the best result that required the following conditions:

Gl =0N"), 1<a <125 ) |AIBel=0(GI"), D 1A =0(IGIVN), Vi = o<Z|Gl|>

ecG eeG i=

We here compare our conditions in Theorem 1 with those in Chu and Chen (2019). We first state some
propositions with proofs deferred to Section S4 of the Supplementary Material (Zhu and Chen, 2024).
Pl TecilAc* =< ZY, 1G; I’
P2 Y. lAcllBel = TN IGil*IGinl + 2, |G, zl2
J#*k N 2, IG|? 2.
P.3 Z ZJ kenodec ddk j 2[21 |Gi,2| W i:l |Gil*;

P4 NYqN i=1 |G ||Gl2|-

The condition ZN 1 1Gi |> = 0(G|'®) in Theorem 1 can be easily obtained from Proposition P.1 and
under the condition Y, . |A¢||Be| = o(|G|') as

Z|G|2<Z|GP DA 3 D 1Al Bel.

eeG eeG

For conditions ZNI |d;|? = 0(V1 3) and Z N[ = 0(VG+/|G]) in Theorem 1, we have,

P LIRS TR e/ NP cls .

24 3D AP 3 ) 1GiF + =5 ) 1Gi + —o 5)
i=1 i=1 i=1 i=1

Under conditions in Chu and Chen (2019), the right-hand side in (5) is dominated by Vg+/|G|, so it is

also dominated by Vcl;'s. For the condition on Z Z’ 'k

jkenodeg, d /; dy., from Proposition P.3, we have

J#k

S LGP L, G|
§ § ddkiE |Gi 2l 7 § |Gil §§ |Gi 2l +VG|G|_N2- (6)
i=1 j,kenodeg i=1 i=1

i=1

Then, from Proposition P.2, we have ZN] |G, 21? 2 Y eei |Acl|Be|, which is dominated by |G|! under
Chu and Chen (2019)’s conditions. With the fact that |G|!3 < |G|V and |G| = N?, the conditions in
. .. k 7
Chu and Chen (2019) imply the condition Z Zj ik enode. d iy = o(|G|Vi).
For the condition on N4 in Theorem 1, from Propositions P.2 and P.4, we have that

Nyq52|6||clz|<Z|A l1Bel.

i=1 eeG

Hence, the condition Ny, = o(|G|?) is weaker than the condition Y, ¢ |A¢||Be| = 0(/G|') in Chu and
Chen (2019).
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In the above inequalities, many are significantly loosened that the right-hand side could be much
larger than the left-hand side. For a graph that satisfies the conditions in Chu and Chen (2019), its
maximum size needs to be smaller than the order of N!-2>. But for our new conditions, the size of
graph can be much larger.

For the weighted edge-count test, Chen, Chen and Su (2018) had the best result so far, and re-
quired that Y, cq |Ae||Be| = 0(|G|1 5) Yeei lAcl? = 0(|G|\/_) and |G| = o(N'?). Our conditions
in Theorem 4 only require Zl 1 1Gi I> = 0o(|G|') and N, sq 2 =< |G/|?, and they are much weaker as
SGi? 2 S eeq |AclBe| and Nog 3 Yee 1Al |Bel.

Existing works have not studied the conditions for Z" gige directly.

For the original edge-count test, Chen and Zhang (2015) had the best result so far. They require
e |Acl|Be| = o(min{N'3,|G|'}) and |G| = O(N?),a < 1.125, which are more stringent than con-
ditions in Theorem 10. For the condition ZN ! |d;|? = o(T") in Theorem 10, we have

Gl G
<Z|Gl|3 ZlG P+

where the right-hand side is dominated by |G|!'- from Proposition P.2 and under Chen and Zhang

(2015)’s conditions. For the condition ZNl |Gi|? = o(T') in Theorem 10, we have val |Gi|* =2
Yeci |Acl|Be| < |G|, For the condition on 3N Zj ;&kkeno dec, d;d;, from Propositions P.2 and P.3

and under Chen and Zhang (2015)’s condition on },,cg |Ae||Be | we have

yog L, & |G| 2 2 g2
§ § didjj§ |Gl-,2| V2 § |G;|> < |G]* I T°.
Jkenodeg; i=1 i=1

Mz

:1

i=1j

For condition Ny, = 0(T12), we have Nyg < Ycei |Ael|Be| from Proposition P.2 and P.4. Under Chen
and Zhang (2015)’s condition, 3, |Ae||Be| is dominated by |G|'-3, so it is also dominated by T?.

3.2. How far are the new conditions from being necessary?

The conditions in Theorems 1, 4, 5 and 10 are sufficient conditions. One question is how far the new
conditions are from being necessary. Here, we focus on the generalized edge-count test and check
the validity of the asymptotic )(22 under some synthetic graphs. We repeatedly generate graphs from
particular generating rules, obtain the approximate distribution of the test statistic through random
permutations, and compare the approximate distribution with the /\(22 distribution via Kolmogorov—
Smirnov (KS) test. For each simulation setting, we repeat 100 times, the proportion of rejection of the
KS test is plotted in Figure 4. We try to construct graphs that violate the conditions in Theorem 1. The
following six graph generating rules are considered:

(1) Fix N (N =2000) nodes indexing from 1,---, N. Connect the first node to N nodes that are
randomly selected from nodes 2,---, N. Next, randomly select N edges from all pairwise edges
of nodes 2,---, N.

(i) Fix N (N =2000) nodes indexing from 1,---, N. Connect the first node to N% nodes that are
randomly selected from nodes 2,---, N. Next, connect node i to node i + 1 fori € {2,---, N — 1}
and finally connect nodes N and 2.

(iii) Fix N (N = 2000) nodes indexing from 1,---, N. Build the complete graph over the first
M = [N?] nodes. Next, randomly select 2(N — M) edges from all pairwise edges of nodes
M +1,---, N. Connect the above two subgraphs by adding one edge.
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Figure 4. Proportion of rejections from the )(22 distribution under different graph generating rules.

(iv) Fix N (N =1000) nodes indexing from 1,- - -, N, and arrange them to be a circle in the sequence
of increasing number. Connect the node i to the next [N®] nodes. Then connect the node 1 to
node 2 + [N?].

(v) Randomly sample N (N = 2500) observations from the 2-dimensional standard Gaussian distri-
bution. Build the K-MST on the observations with K = [N?] and «@ ranging from 0.2 to 0.7.

(vi) Randomly sample N (N = 2500) observations from the 50-dimensional standard Gaussian dis-
tribution. Build the K-MST on the observations with K = [N®] and « ranging from 0.2 to 0.7.

Under the graph-generating rule (i), the condition Zf\i ] |Gi]? = o(|G|*®) holds if 0 < & < 0.75, the
conditions Zl].\il |d;|? = O(V(l;'S) and Zﬁl J,-3 = o(VG\/ﬁ) hold if @ < 0.5. The top-left panel in Fig-
ure 4 shows that the )(% distribution approximation starts to be violated at @ = 0.5, which is consis-
tent with the analytical result. Under the graph-generating rule (ii), the second sufficient condition
Zg\i | |d;|? = o(V(ly'5 ) does not hold for any 0 < & < 1, which is consistent with the simulation results.
Under the graph-generating rule (iii), the condition Zf\i 1 1Gi > = o(|G|'-3) holds if a < 0.5, the condi-
tion TN, |d;® = o(V%) holds with 0 < @ < 1, the condition S | d;° = o(V/IGI) holds if 0 < @ < 0.5
and the condition Ny, = o(]G|?) holds if @ < 0.5, which is consistent with the simulation results. Un-
der the graph-generating rule (iv), the condition Z,N ! |d;|? = o(V(l;'5 ) does not hold for any 0 < @ < 1,
which is also consistent with the simulation results in bottom-left panel.

Under the graph-generating rules (v) and (vi), the K-MST is considered. Remark 3 states that the
sufficient conditions in Theorem 1 hold for the K-MST if K = O(N®) with 8 < 0.5 under fixed dimen-
sions. We can see that the )(% approximation works well for § < 0.5. When d = 2, the approximation
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Figure 5. Relationship between the maximum degree of the K-MST and K under both dimensions, d = 2 (Scenario
(v)) and d = 50 (Scenario (vi)).

starts to deviate when « is bigger than 0.55. Interestingly, when the dimension is larger (d = 50), the
/\/22 approximation still works well when « reaches 0.7. One plausible reason is that Remark 3 considers
the asymptotics under fixed dimensions, under which the maximum degree of the K-MST is of order
K. However, when d is large, the maximum degree of the K-MST is limited to be below the order of
K due to the insufficient sample size N. This can be seen from Figure 5 where the maximum degree
of K-MST are plotted over K. When d = 50, if we approximate the maximum degree by cK?”, then the
estimated value of y is 0.70. Assume K = O(N#), the conditions in Corollary 6 hold as long as 28y < 1
that leads to 8 < 1/(2y) = 0.713. This result shows that using the X22 distribution to approximate the
distribution of the generalized edge-count statistic on K-MST for data with a relatively large dimension
is still a viable option even for K’s larger than the upper bound in Remark 3.

The densities of empirical distributions under these scenarios with specific choices of a’s such that
the asymptotic )(22 distribution is violated are plotted in Figure 6. When the asymptotic )(g distribution
is violated, the asymptotic distribution of test statistics under different scenarios can be quite different.
However, it seems that the tail probability (on the right) is lighter than the X22 distribution, which allows
us to still use the critical value obtained from the X22 distribution to control the type I error. Here, the
study is through simulations. More systematical investigations will be done in future research.

3.3. Upper bounds of the difference to the limiting distribution

Since Stein’s method is used, we could compute the upper bound of the difference between the quantity
of interest and the standard normal distribution evaluated by Lipschitz-1 functions for finite samples.
Here we focus on Theorem 1. Figure 7 plots this upper bound (to be more specific, the right-hand side
of (12) in Section 4) for data in different dimensions and graphs in different densities. We consider
three settings: (i) d = 100, 5-MST; (ii) d = 100, VN-MST; (iii) d = N, VN-MST; where data are all
generated from the multivariate Gaussian distribution. We see that the upper bound decreases as N
increases.
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Figure 6. Densities of empirical distributions under scenarios (i) - (v) with specific choices of a’s so that the
conditions in Theorem 1 are violated. We set N = 2000, = 0.8 for scenarios (i), (ii), (iii), N = 1000, = 0.5 for
scenario (iv), and N =2500,a = 0.7 for scenario (v). The red line is the density of the X22 distribution.

upper bound of the difference

:\\

log(N)
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Figure 7. The upper bound under three settings. Each value in the plot takes the average among 100 simulation runs
with the setting. The red line is under the setting (i) with N ranging from 100 to 20000. The blue and green lines
are under settings (ii) and (iii), respectively, with N only ranging from 100 to 3000 due to their high computation

complexity at large N.
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3.4. Is a denser graph always more preferable?

Simulation results in Section 1.3 show that GET5( has a large power than GETs under multiple sce-
narios. Here, we study the power of the generalized edge-count test on K-MST in more detail by
increasing the order of K continuously from 0 to 0.85. In particular, we set m = n = 100 and K = [N8]
with S ranging from 0 to 0.85. We consider 8 different scenarios, among which scenarios (i)—(iv) are
the same as those in Section 1.3 with a fixed dimension d = 500 and scenarios (v)—(ix) are listed below
with T = (0.51771, <i,j<a and d = 500. Scenarios (i) and (ii) compare Gaussian distributions with both
mean and variance to be different; scenarios (iii) and (iv) compare non-Gaussian distributions with
both mean and variance to be different; scenarios (v)—(vii) further compare Gaussian distributions with
only mean difference, only scale difference, and only covariance difference, respectively; scenario (viii)
compares Gaussian and non-Gaussian distributions; and scenario (ix) compares extremely heavy-tailed
distributions with both location and scale to be different.

™) X, X N©04,E) and V1, -, Y, 2 N(0.6/d"*14,5).

vi) X1, Xm SN0LE) and Vi, Y S N0, (1+0.17/d/3)2 x 2).

i) X1, -+ Xm id N(@Og4,1;7)and Yy,-- Y, iid N(0g4,%2)) where X = (O.4‘i‘j|)1§[’j§d.

(viii) X1, Xon ™ NOg,1g) and ¥; = (V1 YT)T with ¥ 1 ~ NOapo. Lap2) Yi 2 ~ 130004 2. 1a ), and

i=1,---n.

(%) X1, Xm L 110, 1) and Y, - Yy < £(0.6/d"P14,(1 +0.17/d' 32 x 5).

For each scenario and each K, we run 1,000 trials and the power is estimated as the proportion of
trials that reject the null hypothesis at 0.05 significance level. Figure 8 plots the estimated power. We
see that, when S increases from 0 to 0.25, the power of the test increases for all scenarios. However,
the optimal value of S varies across different scenarios. For some scenarios, the power increases till
B reaches 0.8 and then decreases; while for some scenarios, the power begins to decrease at a much
smaller 3. Based on the observation, it is in general safe to consider graphs denser than O(N), while
the optimal density of the graph needs further investigation. One plausible way could be to choose a
few representative K’s to run the test and then use a multiple testing correction technique, such as the
Bonferroni correction, or a p-value combining technique, such as the harmonic mean p-value, to draw
the conclusion.

3.5. Checking empirical sizes

Theorems in Section 2 provide theoretical guarantees asymptotically. Here, we check empirical sizes
for finite samples under a few distributions. Let

X, =S2Uni=1-m Y=V j=1-n
with X = (0.5|i’j|)1si,j <a- Four distributions for U;’s and V;’s are considered:

@) Uty Un Vi, Vi ™ N(Og, L),

(i) Ut U Vi, Vi ™ 1504, 1),

(i) Uy, Up Vi, -, Vi "4 Uniform[-1,1]9,

@iv) Ui, Un,V1,- -, Vy are iid with coordinates of U;, V; id Exp(1).

Here, M = (1;/ ) and we use | s] to denote the largest integer that is not larger than s. We consider both
the equal sizes (m = n = 100) and unequal sizes (m = 50,n = 100) cases. Table 2 presents the proportion
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estimated power of GET on K-MST with different orders of K
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Figure 8. Estimated power at 0.05 significance level of GET on K-MST with K = [NP1, B €10,0.85].

of trials (out of 1,000) that the generalized edge-count test statistic is greater than the 95% quantile of
)(22 under the equal sizes case. We see that the empirical size is quite close to the nominal level for all
simulation settings. The results for the generalized edge-count test under the unequal sizes case, the
original edge-count test, the weighted edge-count test, and the max-type edge-count test are similar,
and are presented in Section S4 of the Supplementary Material (Zhu and Chen, 2024).

Table 2. Empirical size of the generalized edge-count test with m = n = 100.

distribution | GL m05) | 1a08) | (mOT) | (MO8 | | mO9) | 1m095] | | 099
0.5N 0.042 | 0046 | 0055 | 0052 | 0046 | 0054 | 0.045
(i) normal N 0.049 | 0.042 | 0052 | 0056 | 0.046 | 0042 | 0.059
15N 0.042 | 0047 | 0037 | 0041 | 0045 | 0056 | 0.052
2N 0.045 | 0.058 | 0.049 | 0.053 | 0.058 | 0.051 0.053
0.5N 0.043 | 0042 | 0055 | 0041 | 0052 | 0054 | 0.048
(i) 15 N 0.036 | 004 | 0035 | 0058 | 0055 | 0047 | 0.046
15N 0.034 | 0047 | 005 0.06 | 0.049 | 0055 0.047
2N 0.045 | 0.044 | 0045 | 0053 | 0039 | 0053 | 0.066
0.5N 0.046 | 0.047 | 0044 | 0059 | 0.048 | 0046 | 0.051
(iii) exp(1) N 0.042 | 0047 | 0053 | 0055 | 005 0.047 | 0.059
1.5N 0.047 | 0.049 | 0.045 | 0045 | 0055 | 0052 | 0.052
2N 005 | 0042 | 0051 | 0052 | 0042 | 0052 | 0.051
0.5N 0.049 | 0046 | 0048 | 0056 | 0043 | 0048 | 0.053
(iv) uniform N 0.045 | 0.043 | 0042 | 0046 | 0.049 | 0.047 0.047
15N 0.034 | 0056 | 0.038 | 0048 | 0.048 | 0.055 0.05
2N 005 | 0.047 | 0048 | 0044 | 0055 | 0049 | 0.058
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4. Proof of Theorem 1

To study the limiting distributions of ZVPV and Zgiff jointly, we need to deal with the linear combinations
of Yeeg 1{s,=1y and Yo e 1{7,=2). It is clear that the items in these summations are dependent. The
dependency comes from two sources. One is due to the permutation null distribution — given one node
from sample X, the probability of another node coming from sample X is no longer m/N. The other
is due to the nature of the graph-based methods that different edges could share one common node.
To conquer these two issues, we work under the bootstrap null distribution to remove the dependency
caused by the permutation null distribution first, and then link statistics under the bootstrap null distri-
bution and the permutation null distribution together. For the dependency caused by the nature of the
graph-based method, we use the following Stein’s method.

Theorem 13 (Chen, Goldstein and Shao (2011) Theorem 4.13). Let {&;,i € T} be a random field
with mean zero, W = ¥;c ¢ &; and Var(W) = 1, for each i € [J there exits K; C J such that & and éy.c

are independent, then

+ Z E‘fﬂhz‘,

sup |Ef(W) - Ef(2)| < \/g 4 > A& - EEmi)}
ied

where n; = 3 jek; &, Z is the standard normal.

The Stein’s method we rely on is different from that used in Chen and Friedman (2017), Chen and
Zhang (2015), Chu and Chen (2019). The main difference is that the theorem used in these earlier works
considers a second neighbor of the dependency that, for each i € 7, there exits K; C L; € J such that
&; is independent of fKic and &k, is independent of fLic. Then the upper bound involves };;c; . &;

that could easily expand under the graph structure especially when the graph is dense, causing the
conditions to be stringent. We here turn to the Stein’s theorem that only considers the first neighbor of
dependency and the resulting quantities can be strategically handled to not expand too much to obtain
much weaker conditions. One difficulty in using this version of Stein’s method rather than the second-
neighbor version is that the summation is inside the absolute value for the first term on the right-hand
side, so we need to manipulate the terms carefully to not relax too much; the detailed manipulations
are provided in Section S3 of the Supplementary Material (Zhu and Chen, 2024).

The bootstrap null distribution places probability 1/2" on each of the 2"V assignments of N observa-
tions to either of the two samples, i.e., each observation is assigned to sample X with probability m/N
and to sample Y with probability n/N, independently from any other observations. Let Eg, Varg, Covg
be expectation, variance and covariance under the bootstrap null distribution. It is not hard to see
that the number of observations assigned to sample X may not be m. Let nx be this number and
Zx = (nx — m)/o® where o is the standard deviation of nx under the bootstrap null distribution.
Notice that the bootstrap null distribution becomes the permutation null distribution conditioning on
nx = m. We express (Z,, Z}..,) in the following way:

(Zpi) _ [cn‘i/aéi 0
Z it 0 N

(hZBE ,—)+( (o =)l ™)
TG Zgig/NVa (Hgigr = Maier)/ T gige

where Z)3 = (Rw = p3)/ 0. Zge = (Raite = i) /0 o8 = V(N = D/N. Tg = £, |Gi|* and

mnN — m? — n?

N2(N -2)

m-—n
~IGl

/’l\]?v =Eg(Ry) = |G, Mg,iff = Ep(Ruitf) =
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mn(m—n)2 N 5
N4m2‘|Gil ,
i=

mn
o = VVarg(Raifr) = V2 Z |Gil?, =+/Varg(Ry) = J

(n—1)(m —1)
(N-1)(N-2)

P m(m—1nn-1) m—-2 n-2 . _ﬂ
O-diff_\/N(N_ 1)(N 2)(N 3)(1’1—1 —1 +2)(Z|Gl|2 )

VP‘;:EP(RW): |G, :udlff Ep(Ruifr) = —|G|

RS 2 4GP
03_\/N(N‘1)(N—2><N—3> 51 w19~ o G- >).

Here we deal with ZB and /TG /V5 ZB i Tather than 7B and Z(]?ff directly to get rid of the condition
Vg = O(Z o1 1Gi |?) appeared in Chen and Friedman (2017) and Chu and Chen (2019). Since the dis-
tribution of (ZB, VTG /VeZ ft) under the permutation null distribution is equivalent to the distribution

of ( NG/ VeZ tf)|Z x = 0 under the bootstrap null distribution, we only need to show the following
two statements for proving Theorem 1:

S.1 (ZE, \/TG/VG( i~ V1 Vc;/TGZX), ZX) is asymptotically multivariate Gaussian dis-

tributed under the bootstrap null distribution and the covariance matrix of the limiting distri-
bution is of full rank.
S2 oB/ab — cw; (uB — b)) ob — 0; (B — 150/ oE . — 0 where ¢y, is a positive constant.

From statement S.1, the asymptotic distribution of (ZW, TGV (ZB aite — V1 — V6 /TG Zx)) conditioning
on Zx =0 is a bivariate Gaussian distribution under the bootstrap null distribution, which further im-

plied that the asymptotic distribution of (ZB,+/Tg /VsZ ff) under the permutation null distribution is a
bivariate Gaussian distribution. Then, with statement S.2, ¢y — 1 and equation (7), we have (ZF,Z lff)
asymptotically bivariate Gaussian distributed under the permutation null distribution. Finally, plus the
fact that Varp(ZF) = Varp(Z ff) =1 and Covp(ZF,Z di ff) 0, we have that S 2, Xz

The statement S.2 is easy to prove. It is clear that Jiff —ub gige = 0- Itis also not hard to see that, under
condition Zf\i 1 |G;|*> = o(|G|'), in the usual limit regime, o2, 0" are of the same order of \/ﬁ and
(B - pf)) /ol goes to zero as |G| = o(N?) and ZN1 |Gi|? = o(|G|N).

Next we prove the statement S.1. Let
[V
B G
Zaigr =1~ EZX

W=a1Z, +a
14y, 2\",

+a3”Zx

[T, IT
B G B G
=a1ZW+a2 %Zdiff-'— (a3—a2 % -1) Zx. (8)
Firstly we show that, in the usual limit regime,
I\iim Varg(W) > 0 when at least one of ay,ay, a3 is not zero. )
—00

Since g;’s are independent under the bootstrap null distribution, It is not hard to derive that

Covp(Ry.nx) =2|G|p>q, Covp(Ra.nx) = —2|G|pq”.
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Then we have,
(n m) val |G'|2
=) NoBoB =~

dff
2I%IIGI
— (@) =Npg.

2(n—-m) |G|

CovB(ZE,Zg’iff) =p CovB(ZE,, Zx)=

COVB( diff? Zx) =
dlff

where p=m/N,qg=n/N.
Then the variance of W under the bootstrap null distribution can be computed as

n—-m TG val |G'|2

Varg(W) = @® + a2 + a2 + 2a;a
B(W) 1 2 3 1 2qu_2 VG NO’W B

4 -m T |G|

a az—a ,

Pq lN S|B9 VG NoBoB

2 n-m |G| m Vg
al+a2+a3+4a1a3\/ v 2N15 — N-20BN’

Note that o2 < /|G, so
G G Wo _ [ZE1Gi?
_I6l |Bx—ll | 0 and o~ 5\/ i=1 | 2" 0.
NLSgB  N1S owN |G|N

lim Varg(W) = a? + a2 + a>.
N—oo (W) 1 2 3

Thus, we have

(N-2) NoBoB

789

10)

This implies that the covariance matrix of the joint limiting distribution is of full rank. Then by Cramér—
Wold device, statement S.1 holds if W is asymptotically Gaussian distributed under the bootstrap null

distribution for any combinations of aj,ap, a3 such that at least one of them is nonzero.
We reorganized W in the following way

W=

B B
Ow O gifr

T (nx —m)
+ — __1)—
(a3 aj B
_ (al N g Y ) ay 1y.=1y+1y,=2y — pz_qz)
= E ) 1 — _ar
SNohN-2 {ger=1} T PR Hgem =1} 7P/ 7 B N-2

+ Zaz\/%o_l (I{gg+ l}+]{ge —1}_2P) Z (613—[12 gz )(I{g’;;}_

a5 (R - 161 + BEL R - (614) JE (& &2 11p* + lGlg?)
+ax| ——
Ve
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Define a function & : N'— R and h(i) = I4,=1} — p,i € N. Then,
(Ig, =1y = P)U(g,-=1} = p) = h(e")h(e7),
Ige=1y + 1y, =2) = P* = 4 = 2h(e")h(e7) + (p = g)(h(e™) + h(eT)).
Iigo=1y + I{g.-=1y = 2p = h(e™) + h(e7).

Thus, W can be expressed as

N

— el S T_G_ ai(p—q) T _ T_G_ @

W_&ZG wh(e Yhe >+( Ve " mEN-2) ;w,m(m%(ag eNe )=
N

N A - @ 261\ _ap=qlGil | _as

_eezé Eh(e )h(e)+;(\/pqva (lGll N) TB(N -2) quN)h(l)'

Let & = boh(e*)h(e™) and & = b; h(i) with

_ _ 21Gl\  ailp- q)IGI a3
bo=t, bi=———|Gi|- :
fogrd quVc N oB(N -2) \/qu

WZZfe"'ZgL (1D

eeG ieN

fori=1,---,N. Then

Plugging in the expressions of 0'5, It is not hard to see that

Iol*— |bil 3

1
— |G
N\/— 1 N%h l|

Next, we apply the Stein’s method to W = W/~/Varg(W). Let 7 = GU N, K, = A, U {e*,e”} for
each edge e = (e*,¢”) € G and K; = G; U {i} for each node i € N. These K,’s and K;’s satisfy the
assumptions in Theorem 13 under the bootstrap null distribution. Then, we define 7.’s and n;’s as
follows:

2|G|’

Ne = o+ + € + Z &e, foreachedge e € G, and n; = &; + Z &, foreachnode i € N.
e€A, eeG;

By theorem 13, we have
sup |Egh(W) - Egh(2)| <\F 1 o| 2 éon ~Eatéin) + 3 (Eone ~ Enteon.)
heLiE(l) B B = nVarB(W) il — EB\GiTi P elle BlSelle

G S(W)(Z Esléim?l+ Y, Enléen?]). (12)

eeG

Our next goal is to find some conditions under which the RHS? of inequality (12) can go to zero.
Since the limit of Varg(W) is bounded above zero when a1, a»,as are not all zeros, the RHS of inequality
(12) goes to zero if the following three terms go to zero:

2RHS: right-hand side; LHS: left-hand side.
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(Al) Eg

Sien {€mi —Es(Emi)} + Teeg {Eeme - EB(é:ene)}',

(A2) YienEgl&EN7I,
(A3) Y.cGEBléenzl.

For (A1), we have

Es

> {émi - EsEm} + > {€ene - EB(&%)}‘

ieN eeG

<EB Z {&mi —En(&mi)}| +EB Z {€eme - EB(&JIJ}‘
ieN eeG
i#j e#f
< \ Z Varg(&;m;) + Z Covg(&imiéjmj) + Z Varg(€ene) + Z Covg(éene.Erny)
ieN i,j eeG e.f

N
= \ Z Varg(&m;) + Z Z Covg(&imi,&im;)

ieN i=1 jenodeg, ,

+ Z Varg(é.1.) + Z Z COVB(fenesffnf)
eeG e€G feCe\{e}

The last equality holds as &mn; and {£;77;} j¢nodec. , are uncorrelated and &.ne and {£¢n7}rec, are
uncorrelated under the bootstrap null distribution. The covariance part of edges is a bit complicated to
handle directly, so we decompose it into three parts based on the relationship of e and f:

Z Z COVB(ere,ffnf) = Z Z COVB(feneaffnf)"' Z Z COVB(‘fene’ffnf)

eeG feCe\{e} eeG feA.\{e} eeG feB.\Ae

+Z Z Covg(&ete,Erny)-

e€G feC,\Be

By carefully examining these quantities, we can show the following inequalities (13)—(20). Here, we
only need to consider the worst case, i.e. by and b;’s take the largest possible orders, denoted by cp and
ci’s, i.e.

1 1
cog=——, and ¢; = ——

Vil Wo

The details of obtaining (13)—(20) are provided in Section S3 of the Supplementary Material (Zhu and
Chen, 2024).

| |_% +L
i N \/N

N N N
D Varg (&) 3 Y et + g ). G, (13)
i=1 i=1 i=1

N N N
D Varg (éene) 3¢ D c1Gil + ¢y Y cilGil + ¢ D 1Gil? (14)
eeG i=1 i=1 i=1
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N N
Z Z Cov(&imi&jmnj) 3 Z Z (cociej +ceicy) (15)
i=1 jenodeci’z i=1 jenodeg;
]enoch 2
+ |C, Z Z biiji,j
Jj#k
Z Z Covg(éene.ény) 3 Z Z (céc,- + CSCk + Cgcil{g,k) exists}) (16)
ecG feA.\{e} i=1j,kenodeg;
J#k
+C0N;q Z Z Cébjbk
i=1j,kenodeg;

D Covp(éene-r11y) 5 ciNsq (17)
ee€G feB.\Ae
D> Covsléene.épmy) =0, (18)
eeG feC,\Be
N N N
D EsllEm 1 3 ). ¢l + g ) cilGil, (19)
i=1 i=1 i=1
> Esllénz] 316l +coZ |Gile] +c32 Gl (20)
eeG

Based on facts that ¢; 3

<1 for all i’s, (Al), (A2) and (A3) going to zero as long as the following
conditions hold.

N N
Z Ci3 -0, (21) Z Z coc cj + coclcj) -0, (26)
i=1 i=1 jenodeg,
2 N
c ¢i|Gi]| — 0, (22)
0 ; ! ! CS Z Z biij,‘,j i O, (27)
i=1 jenodec;i’2
|Glcg — 0, (23)
N J#k
N 2
c bib; — 0, (28)
o Z |G1|C,2 -0, (24) 0 ;_} kenodeg . Y
i=1 '
N N
¢ 2 1Gil* =0, (25) G(Nsg + Y. 1GiI) >0, (29)
i=1 i=1
J#k
Z Z (CSC]' + cgck + CSC,‘ 1 {(.k) exists}) — 0. (30)

i=1j,kenodeg;
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Next, we show that the conditions in Theorem 1 can ensure (21)—(30).
For condition (21), we have

2\G||3

e R e

i=1 i=

so condition (21) holds when Zlf,\il ’jl|3 /Vcl;.s -0
For condition (22), we have

N
2|G| 1
2 2
cOZmG |—cOZ|G| ’|G| '+co—Z|Gi|.
i= N \/Nizl

It is easy to check that the second term has the order of 1/VN, so it goes to zero as N — co. The first
term is dominated by max |d;|/vVg, which goes to zero under condition ¥, |d; ‘3 VLS — 0 from
Theorem 1 in Hoeffding (1951) with r taking 3. Thus, condition (22) holds when ZN ! |dl\ / Vl 5 50.

Condition (23) holds trivially as |G|c0 =1/+/IG]|.
For condition (24), we have

Z\Gl)

N N
coz|Gl-|c%=coZ|Gi|(—L’w—M i) <coZ|G,( +co—Z|G|
i=1 i=1 Ve N

The second term has the order of \/|G|/N, so it goes to zero when |G| = o(N?). The first term can be
written as

2 3
o (6= s (6= g

G' = + s
co;h e co T 0=y

so it goes to zero under conditions Z d3 / (VG\/_ [) = 0 and |G| = o(N?).

For condition (25), it is d1rectly equlvalent to ZN 1 1Gi |2 = 0(|G|'). Note that condition |G| = o(N?)
also holds under condition Z 1 1Gi 12 = o(|G|') as Z 1 1Gi |> > 4|G|*/N.

For condition (26), we have W1th the fact ¢; = 1 for all i’s

~

N N N

2 2 2
ST adazdy T adzadid
i=1 jenodeg; i=1 jenodeg; i=1
N N N

2 2

Z Z cocici 3 Z Z €Ci = C |Gilci,
i=1 jenodeg, i=1 jenodeg,; i=1

where both the right-hand sides go to zero from (22) and (24).
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For condition (27), we have

N N N
Z Z biijij = Z Z bibj Z 1{k connects i, j simultaneously }
i=1 jenodeGi 5 i=1 jenodeci ) k=1
N N i#]
I DS S T
k=lienodeg, jenodeg, \{i} k=1i,jenodeg,

so the left-hand side of condition (27) is equal to the term in condition (28).
For condition (28), we have

j#k Jj*k
2|G]| 2|G]|
2
bib Gi| - —— | |IGk| = —
DIPLE NG s ICT:
G; 1 J,K€no €G;

le'\il |Gi|l'5 Zfi] IGi|2
+ +
|G|VN IGIN

It is not hard to see that the second and the third term would go to zero as N — oo under condition
S1Gi*/IGI' — 0 as

N .12
NG - VIGIZiZ, 1Gil >N G - SN G VG

IGIVN IGIN. " IGIN ™ |G| N

Thus condition (28) holds if conditions X 372 (|GJ- - %) (|Gk| - @) - o(|G|V) and
>N 1Gi|* = o(IG|'-®) hold.

For condition (29), it directly requires Ny, = o(|G?|) as cS >N IGi> = o0.

For condition (30), we have, by symmetry,

j#k Jj#k

N

e = 3
2 Z G5=) O de
i=1 j,kenodeg

i=1j,kenodeg;

Thus we only need to deal with two components Zj ;&kkeno deg, 3c,- L(j,k) existsy and
J*k N 2 _

Z ZJ kenodeq, Oc ;. It is not hard to see that they would go to zero under condition };* , |G;|* =
o(|G|') as

N jtk N N N

3 3 3 2 1.5
S S dysadiol Y sddielfal > azddiar
i=1j,kenodeg; i=1 Jenodeg; i=1 Jjenodeg,; i=1
J#k

N N
3 3 2.3 2
Z C()Cil{(j,k)exists}ScozcilGil i%ZlGil.

i=1j,kenodeg; i=1 i=1
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