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Abstract: We establish tightness of graph-based stochastic processes in
the space D[0 + ¢,1 — €] with e > 0 that allows for discontinuities of the
first kind. The graph-based stochastic processes are based on statistics con-
structed from similarity graphs. In this non-parametric setting, the classic
characterization of tightness is intractable, making it difficult to obtain con-
vergence of the limiting distributions for graph-based stochastic processes.
We take an alternative approach and study the behavior of the higher
moments of the graph-based test statistics. We show that, under mild con-
ditions of the graph, tightness of the stochastic process can be established
by obtaining upper bounds on the graph-based statistics’ higher moments.
Explicit analytical expressions for these moments are provided. The results
are applicable to generic graphs, including dense graphs where the number
of edges can be of higher order than the number of observations. Numerical
studies are presented to provide insight as to when tightness holds, and
potential extensions to other scenarios are explored.
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1. Introduction

Change-point detection aims to estimate and test for the presence of change-
points, locations where the distribution abruptly changes, in a sequence of obser-
vations. Research interest in change-point problems has surged in recent years
and substantial contributions by the statistics community have resulted in a
range of works [1, 21, 12, 13, 20, 23, 19, 17, 16]. In particular, an area of emphasis
has been given to handling complex data types such as high-dimensional data or
non-Fuclidean data objects, including networks and images. Most change-point
methods targeting complex data types are non-parametric and aim to make
minimal assumptions on the underlying data generating mechanism in order to
be widely applicable without restrictive assumptions (see [14, 15, 18, 11] and
references therein). An obstacle for non-parametric works is that theoretical
guarantees can pose immense challenges. For example, fast type I error con-
trol via analytical p-value approximations are generally difficult to work out in
the non-parametric setting. The increasing complexity and volume of modern
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datasets call for methods that can offer fast ways to assess changes while con-
trolling type I error. However, most non-parametric approaches still depend on
re-sampling techniques to obtain p-value approximations.

Recently, a graph-based framework for change-point detection was proposed
in [7] and further studied in [9] that aims to address the needs of modern change-
point applications by offering power, flexibility, and fast type I error control.
The framework is a non-parametric approach that utilizes test statistics con-
structed from similarity graphs and is applicable to any data type, including
high-dimensional and object data, as long as a similarity measure can be de-
fined on the sample space. The similarity graph can be provided by domain
knowledge or it can be generated according to some criteria, such as the min-
imum spanning tree or the nearest neighbor graph. No distributional form or
family needs to be specified and the approach is powerful for detecting general
changes (mean, variance, covariance, higher moments etc.) without needing to
directly estimate the parameters of interest. This flexibility makes the approach
applicable to a broad range of problems. Moreover, simulation studies and real
data applications demonstrate that the approach is powerful under many set-
tings involving high-dimensional and non-Euclidean data types [7, 9].

The graph-based framework is also equipped with analytical p-value approx-
imations for testing the significance of change-points. This extends the graph-
based frameworks applicability to settings where the volume or complexity of
the observations make it computationally infeasible to assess significance via
re-sampling techniques. A key step in obtaining these analytical p-value ap-
proximations is proving, under certain regularity conditions, that the stochastic
processes of the graph-based test statistics converge to Gaussian processes in
finite dimensional distribution (see Theorem 3.1 in [7] and Theorem 4.1 in [9]).
These asymptotic results kick in even for relatively moderate sample sizes (in
the hundreds) and do not require the number of observations to grow rapidly
with dimensions. The p-value approximations given in [9] are also asymptoti-
cally distribution-free, meaning they do not depend on the underlying similarity
graph. More details are provided in Section 2.

While the existing asymptotic theory perform well for finite samples, notably,
the current theory given in [7] and [9] do not imply convergence in distribution
to Gaussian processes since tightness of the processes is not established. Since
the analytical p-value approximations necessitate that the graph-based processes
converge in distribution to a Gaussian process, it is crucial to establish tightness
of the graph-based processes. Tightness guarantees the existence of limit points
for weak convergence and it ensures that intervals between the time points con-
sidered in the finite-dimensional distribution are well-behaved. This is essential
for the type of test statistic, the maximum scan statistic, used in this framework
(see (6) below).

In this paper, we establish tightness of the stochastic processes for non-
parametric graph-based test statistics under mild conditions on the graph. In
terms of theoretical work, our proof provides the final piece in establishing the
limiting distribution of these graph-based processes, which is distinctly chal-
lenging to establish for non-parametric methods. To do so, we derive explicit
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expressions for higher product moments of graph-based test statistics; these are
obtained by studying configurations of the graph and combinatorial analysis.
Importantly, our results hold for any generic graph, including dense graphs,
and can be generalized to other graph-based stochastic processes to establish
weak convergence. In terms of practical applications, our results provide further
confidence in utilizing the asymptotic p-value approximations for modern data
applications and the testing of change-points.

The paper is organized as follows: Section 2 provides a brief overview of the
graph-based framework. The main results are given in Section 3 and the proof is
provided in Section 4, with additional details in the Appendix. Section 5 presents
numerical studies and discusses the conditions required in the theorems. Section
6 concludes with remarks on potential applications to other scenarios.

2. Review of the graph-based framework

Let {y;i : ¢ = 1,...,n} be a data sequence indexed by time or some other
meaningful ordering, where y; could be a high-dimensional observation or non-
Euclidean object. In the single change-point setting, there possibly exists a
change-point 7 such that y; follows some unknown distribution for ¢ < 7 and
follows a different (unknown) distribution for ¢ > 7. Consider that each time ¢
divides the sequence of observations into two samples: those observations before
time ¢ and those observations after time ¢. The graph-based framework utilizes
graph-based two-sample test statistics to test whether or not these two samples
are from the same distribution. By graph-based two-sample tests we refer to
tests that are based on graphs with the observations {y,} as nodes. The graph,
G, is constructed from all observations in the sequence and is usually derived
from a distance or a generalized dissimilarity on the sample space, with edges in
the graph connecting observations that are “close” in some sense. For example,
G could be the minimum spanning tree (MST), which is a tree connecting all
observations such that the sum of the distances of edges in the tree is minimized;
G could also be the nearest neighbor graph (NNG) where each observation con-
nects to its nearest neighbors. Four statistics are considered in [7] and [9]. These
are based on 3 quantities of the graph which we briefly discuss below.

For any event x let I, be the indicator function that takes 1 if = is true and
0 otherwise. We define g¢;(t) as an indicator function for the event that y; is
observed after ¢, g;(t) = I;>+. For an edge e = (i, j), we define

0 if gi(t) # g;(1),
Je(t) =1 ifgi(t) = g;(t) =0,
2 ifgi(t) =g;(t) = 1.

For any candidate value t of 7, the three quantities are:

Ro(t) =Y Ij—00 Rit)=> Is-1, Re(t)=> Iy = (1)

ecG ecG ecG
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Then Ry(t) is the number of edges connecting observations before and after
t, Ry (t) is the number of edges connecting observations prior to ¢, and Ra(t) is
the number of edges that connect observations after ¢.

The four statistics considered are the edge-count test statistic (2), generalized
edge-count test statistic (3), weighted edge-count test statistic (4), and max-type
edge-count test statistic (5):

Ro(t) — E(Ro(t))

Zolt) =~ Var(Ro(t)) | @
_ (Rit) = ERi(1))\ w1,y (Bilt) = E(Ri(1))
S(t) = (Rl@) —E(Ri(t))) =) (Ri(t) —E(Rl(t))) T
Zw(t> _ Rw(t) - E(Rw(t))7 (4)
Var(R,(t))
with Ry, (t) = p(t)R1(t) + q(t)Ra(t),  p(t) = 215E,  q(t) = =4,
M (t) = max (| Zat(8)], Zu (1)) , (5)

where Zain(t) = W7 with Raier(t) = Ri(t) — Ra(t).

The expected value and variance of the four test statistics are computed under
the permutation null distribution and their explicit expressions can be found in
[7, 6, 4, 9]. Each of the test statistics has its own niche where it dominates; a
detailed discussion can be found in [9, 5].

The null hypothesis of no change-point is rejected when the maximum scan
statistic

Zol(t Zw(t t Mt
p2ox Zo(t), | max Zu(t), | max S(),  max M) (6)

is greater than a threshold with ng and n; being pre-specified constraints con-
trolling where we search for the change-point. When n is small, this threshold
can be obtained from permutation directly. However, this becomes computation-
ally expensive for large n and instead, [7] and [9] provide accurate analytical
formulas to approximate the p-values for these scan statistics.

To illustrate the accuracy of these p-value approximations, we compare the
critical values based on asymptotic theory (labeled ‘Asy’) to the permutation
critical values, obtained from implementing 10,000 permutations directly (la-
beled ‘Perm’). The results are shown in Tables 1 - 3. Sequences of length n = 500
were generated from multivariate normal (Table 1), multivariate ¢t with 5 degrees
of freedom (Table 2), or multivariate log-normal distributions (Table 3). We can
see even for finite sample sizes, the critical value approximations are performing
reasonably in the high-dimension setting (d > n) relative to the permutation
critical values. Our asymptotic results are reasonable even in the presence of
heavy tails or skewness. Additional tables comparing critical values for different
values of n, ng and n; can be found in Supplement A [10].
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TABLE 1
Critical values for the graph-based scan statistics at 0.05 significance level. Observations are
stmulated from d-dimensional normal distribution. n = 500, ng = 50, n1 =n — nyg.

max¢ Zo(t) max¢ Zuw (t) max¢ S(t) max¢ M (t)

Asy | Perm | Asy | Perm Asy Perm | Asy | Perm
d=500 | 2.69 | 272 | 3.00 | 2.99 12.90 | 13.20 | 3.25 | 3.27
d=1000 | 2.68 | 2.67 | 299 | 297 | 1290 | 12.92 | 3.24 | 3.22
d=2000 | 266 | 2.66 | 299 | 297 | 1290 | 13.28 | 3.24 | 3.25

TABLE 2
Critical values for the graph-based scan statistics at 0.05 significance level. Observations are
stmulated from d-dimensional ts distribution. n = 500, ng = 50, n1 =n — ng.

max¢ Zo(t) maxi Zy (t) max¢ S(t) max¢ M (t)
Asy | Perm | Asy | Perm Asy Perm | Asy | Perm
=500 | 256 | 2.55 | 2,99 | 3.00 | 12.90 | 13.33 | 3.26 | 3.27
d=1000 | 2.52 | 2.50 | 2.99 | 3.03 12.90 | 13.28 | 3.25 | 3.27
d=2000 | 251 | 249 | 2.99 | 3.05 12.90 | 13.30 | 3.28 | 3.21

TABLE 3
Critical values for the graph-based scan statistics at 0.05 significance level. Observations are
simulated from d-dimensional log-normal (u = 0,0 = 1) distribution. n = 500, ng = 50,
ny =mn-—ng.

max¢ Zo(t) max¢ Zy (t) max¢ S(t) max¢ M (t)

Asy | Perm | Asy | Perm Asy Perm | Asy | Perm
d=500 | 233 | 243 | 299 | 3.04 | 1290 | 13.70 | 3.21 | 3.35
d=1000 | 2.74 | 236 | 2.99 | 3.04 | 1290 | 13.99 | 3.21 | 3.36
d=2000 | 2.74 | 2.30 | 2.99 | 3.03 | 12.90 | 14.00 | 3.21 | 3.39

We also report the empirical size at the significance level of 0.05 based on the
asymptotic critical values. The setup is as follows: A sequence of length n = 500
was generated from one of three distributions: multivariate d-dimensional nor-
mal, ¢ with 5 degrees of freedom, or multivariate log-normal distribution. For
each sequence, the asymptotic critical value was calculated and used as the
threshold. Using this threshold, we performed 10,000 permutations and com-
puted the percentage of permutations with a maximum scan statistic exceeding
the threshold. The empirical size, averaged over 100 trials, is presented in Table
4. The results show that the empirical size is close to the nominal size across
different distributions.

3. Tightness of basic processes

3.1. Notation

Let f, = gn denote that f, is bounded above by g, (up to a constant) asymp-
totically and f,, = o(gy) denote that f,, is dominated by g,, asymptotically. We
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TABLE 4
Empirical size of graph-based scan statistics at 0.05 significance level. n = 500, ng = 50,
n|y =n—mng.

max Zo(t) max Zuw(t) max S(¢) max M(¢)
no<t<n; no<t<n; no<t<n, no<t<n;

normal, d = 500 0.0496 0.0496 0.0505 0.0505
normal, d = 1000 0.0504 0.0499 0.0532 0.0511
normal, d = 2000 0.0495 0.0504 0.0546 0.0510
ts, d = 500 0.0504 0.0491 0.0552 0.0516

ts, d = 1000 0.0504 0.0494 0.0557 0.0520

ts, d = 2000 0.0503 0.0502 0.0561 0.0536
log-normal d = 500 0.0509 0.0492 0.0557 0.0516
log-normal d = 1000 0.0496 0.0494 0.0551 0.0518
log-normal, d = 2000 0.0477 0.0526 0.0631 0.0613

also write f, = O(g,) to denote that f, is bounded above and below by gy,
asymptotically; this will also be notated as f, < g,.

3.2. Asymptotic null distributions of the basic processes

Given the scan statistics, we reject the null hypothesis of no change-point if the
scan statistic is larger than a threshold. Explicitly, we are interested in the fol-
lowing tail probabilities: P (max,,<t<n, Zo(t) > bz), P (max,,<i<n, S(t) > bs),
P (max,,<i<n, Zw(t) > bz, ), and P (max,,<i<n, M(t) > bur) .

To obtain analytical approximations of these tail probabilities, [7] and [9]
studied the properties of the stochastic processes {Zy(¢)}, {S(¢)}, {Zw(t)}, and
{M(t)} under the null hypothesis. Based on Lemma 3.1 in [9], S(f) can be
expressed as S(t) = Z2(t) + Zaig(t), where Z,,(t) and Zaigz(t) are uncorrelated.
Furthermore, Z(t) can be expressed as

Zo(t) = 20n, Zu(t) 4 00) — 9oy Zanlt)
0 - )
Vaok, + 00 —a(t)?o%,, [0k, + @) —at)oh,,

where 0, = Var(Ry(t)), o, . = Var(Ras(t)), and p(t) and ¢(t) are defined
as in (4). Therefore, these stochastic processes boil down to the basic processes:
{Zase(t)} and {Zu()}.

In order to show that the limiting distributions of the basic processes converge
to Gaussian processes, the classic approach as presented in [3] is to establish:

1. The convergence of {Z,(|nu]) : 0 < u < 1}, and {Zaig(|nu]) : 0 < u <
1} to multivariate Gaussian in finite dimensional distributions.
2. The tightness of {Z,,(|nu]) : 0 < u < 1} and {Zaig(|nu]) : 0 <u < 1}.

The first point has been proven in 7] and [9]. We prove here that the second
point, tightness of the graph-based stochastic processes, does indeed hold under
mild conditions on the graph.

IThroughout the paper, we use |« to denote the largest integer that is no larger than x.
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3.3. Main results

We first state our main results and then give an outline of the proof. We use
G to denote both the graph and its sets of edges. Let G; be the subgraph of G
containing all the edges that connect to node y;. Then, |G;| is the number of
edges in G; or the node degree of y; in G. These results hold for generic similarity
graphs, including dense graphs. We refer to a graph as dense if the number of
edges is of higher order than the number of observations, i.e. if |G| = O(kn)
such that k = O(n®).

Theorem 3.1. Under the condition that k is at least O(1) and Y i, |Gi|* =
o(kn?), the stochastic process {Z,(|nu|) : 0 < u < 1} is tight on the space
DI[0+€,1 — €], where € is a positive constant.

Theorem 3.2. Under the condition that k is at least O(1) and ", |G;|* — @
is at least O(k?), the stochastic process { Zaqi(|nu)) : 0 < u < 1} is tight on the
space D[0 + €,1 — €], where € is a positive constant.

These conditions are more relaxed than the conditions in [7] and [9] when
obtaining convergence in finite dimensional distributions. A comparison of the
conditions is provided in Section 5.1.

Let D = DJ0,1] be the space of real functions z on [0, 1] that are right-
continuous and have left-hand limits:

(i) For 0 <t < 1, z(t+) = limg¢ x(t) exists and z(t+) = x(t),
(if) For 0 <t <1, z(t—) = limgpe ().

Functions satisfying these two properties are known as cadlag functions. A func-
tion x is said to have a discontinuity of the first kind at t if the left and right
limits exist but differ and x(¢) lies between them. Any discontinuities of a cadlag
function, an element of D, are of the first kind. Since

lim Z,,(|nu]) = Zy([ncl]), lim Z,(|nu]) = Z,(|nu)),

ule ute
lim Zar([nu]) = Zaw(|ne])  lim Zag([nu)) = Zan([nu)),

it follows that Z,,(|nu]) and Zgig(|nu]) are right-continuous and have left-hand
limits and therefore belong to the space D.

The classical characterization of tightness on the space D is given by Theorem
13.2 in [3], a version of which is presented here:

Definition 3.3. A sequence of stochastic processes {X"™(u) : 0 <u <1} in D
is tight if and only if:

(i) The sequence {X"(u): 0 < u < 1} is stochastically bounded in D,
(ii) For each e > 0,

lim lim sup P(w'(X™,§) > €) = 0,
6—0

n
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where
W'(z,6) =infmax sup |z(s) — x(t)]
bl gteltig,t)

and the infimum extends over all sets of {t;} satisfying minj<;<,(t; —t;—1) > 9,
with0<d<landt;,,i=1,...,v

In general these conditions are difficult to verify, since they involve under-
standing the limit supremum of a sequence. We instead take an alternative ap-
proach and use the tightness criterion proposed by Kolmogorov-Chentsov (8],
Theorem 1); a variant can also be found in [3]. The criterion is as follows:

Definition 3.4. A sequence of stochastic processes X™(u), n = 1,2,..., right
continuous with left-hand limits, is tight if there are positive constants C, 3, «
not depending on n such that for any 0 < u <v <w <1,

E(|X"(v) = X" (u)[?/| X" (w) = X" (0) ") < C(w —u)'*.
We set a = 1,5 = 1 so the criterion becomes:
E ((Z3(v) = Zy(w)*(Z}(w) = Z33(v))?) < Co(w — u)? (7)

E (Zgin(v) — Ziig(u)* (Ziig(w) — Z§a(v))?) < Cain(w — u)® (8)
where the notation Z] (v) = Z,,(|nu]) and Z35(u) = Zgg(|nu]). Both inequal-
ities automatically hold when (w — u) < % since at least one of the following is
true: (i) |nu] = [nv], (ii) [nv] = |nw]. In what follows, we focus on the case
when (w —u) > 1. Observe that Z(u) and ZZ4(u) are not well-defined at the
boundaries, when v = 0 or uw = 1. We further assume that u,v,w = O(1) and
therefore, cannot be too close to the boundaries. As such, we establish tightness
on the domain [0 + €,1 — €], where € is a positive constant.

An outline of our proof for Theorems 3.1 and 3.2 is as follows: we obtain
explicit expressions for the 4th moments and product moments of Z,, and Zgig
using combinatorial analysis. This involves determining the different graph con-
figurations for 4 edges to be randomly selected (with replacement) from the
graph and obtaining the probabilities that each configuration will occur for the
graph. Focusing on the leading terms of each configuration, we show these are
bounded by C(w — u)?.

4. Proof of Theorems 3.1 and 3.2

For simplicity, let |nu] = r, |[nv] = s, and [nw]| =t and r < s < t. Then,
expanding (7), we have
E(Z(0)=Z3y(w)*(Zyy(w) — Z3,(v))*) =
E(Z3,(r) Zu(s)) — 2E(Z3,(r) Zw(3) Zw (1) + B(Z5(r) Z3,(1))
—QE(Z (1) Z3,(5)) + B(Z3,(5) Z3, () — 2B(Zu Zy,
E(Zy(s)) = 2E(Z3(8) Zw(t)) + 4B(Zu(r) Z3,(5) Z
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and similarly for E ((Z}4(v) — Z54(u)*(Z3g(w) — Z54(v))?) (8).
For the two basic processes, the following analytical expressions are needed
for Z,,:

E(Z;(r) Zu(s) Zu (1)), (9) E(Z;(s)Z3 (1)), (14)
E(Zu(r)Zu(5)Z5(1),  (10) E(Zy(r)Z3(5)), (15)
E(Zy(r)Z5(5)Zu(1),  (11) E(Z;,(5)Zu (1)), (16)
E(Z;,(r)Z3(5)), (12) E(Z,(s)), (17)
E(Z;,(r)Z3(1)), (13)
and the following analytical expressions are needed for Zg;g:
E(Zia(r) Zain(s) Zaia(t)),  (18) E(Ziia(s)Z3a(t)), (23)
E(Zain(r) Zain(s) Z3ia(t)), (19 E(Zain(r) Zgia(s)), (24)
E(Zain(r) Ziig(s) Zaia(t)),  (20) E(Zjia(s) Zain(t)), (25)
E(Ziia(r) Z3ia(s)), (21) E(Zjia(s))- (26)
E(Zia(r)Z3s(t)), (22)

It is straightforward to see that all the expressions can be decomposed as
combinations of Ry and Rs. Since explicit expressions for the expectation, vari-
ance, and third moments of R, (-), Rag(-), and R(-) can be found in [7] and
[9], the remaining unknown quantities to be derived are the product moments
of Ry(-) and Ry(-), which can be expressed as

E(R; (t]) Ry (t5) RS (t5) R3 (t5))

where a,b,¢,d =0,1,2,3,4 such that a + b+ c+d =4 and t7,t5,¢5,t; =r,s,t.
The full list of product moments can be found in Supplement C [10].
To derive the analytical expressions for the product moments we need to:

1. Determine different configurations for 4 edges to be randomly selected
(with replacement) from the graph,
2. Derive probabilities separately for each configuration.

There are in total nineteen different configurations for four edges randomly
chosen (with replacement) from the graph; see Figure 1 for an illustration of
each configuration. Let G be the similarity graph and G; be the subgraph of G
containing all edges that connect to node y,. Then |G;| is the degree of node
y; in G. Among all |G|* possible ways of randomly selecting the four edges, the
number of occurrences for each of the configuration are:

D |G|
2) 71’1
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Fic 1. Nineteen configurations of 4 edges randomly chosen, with replacement, from the graph.

3) MGGl =1) = Tz,
4) 61’2
5) 36as
6) 12.’1?5
7) 18x4 — T2x3 + 365
8) 6|G|(IG] — 1)(IG] — 2) — 1225 — 184 + 3625 — 622
9) Tg
10) 1227 — 24ag
11) 61‘8
12) 24z
13) 12$10 - 48379
14) 41’11 — 12I10 + 24569
15) 24x19 — 24x7 + 24ag
16) 81‘13 — 241'9
17) 3x14 — 1227 + 1223
18) 6x15 + 3617 — 24xs + T2x9 — 12219 — 48212 — 24713 — 614
19) 121‘10 - 12I7 — T — 4.111 + 241712 + 3I14 - 61‘15 + 6138 + 16I13 + ‘G|(‘G| -

D(a] =2)(6] = 3)

with z1,...,z15 defined as:
zy =Y |G —2/G,
i=1

2y =Y |G’ =3 |G + 4G,
=1 =1
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z= 3 (G- 1)(G] - 1),

(2,7)€G
2 =[G |G+ ) IGiIP =D 16 - 2GP,
=1 i=1 i=1
w5 =Y [{l:(,0),(j.1) € G},
(i-4)
vg =Y |Gil* =6 |GiP + 11> |Gi|* - 12/G],
=1 =1 =1

= Y (G- D(GI - 1),
(4,5),(3,0) il
g = Z {m : (i,m), (I,m) € G}||,

(4,9),(3,1) il

wo=y. >, (G]-2),

(1) L(0.0), (D EC
zo=) Y, (Gl-1%(GI-1)~2 Y (G| -1)(IG;| — 1),

i JEG;;jF#u i,j€G

1 =4G]> = 3|G Y |G+ 1G> |Gif?
i=1 i=1

—2Z|Gi|2+3ZIGiI3—ZIGiI4,
I12—|G|Z|G|—1 (1G] = 1) Z > (G- 1)%(G,1 - 1)

(4,5) i jEG;jF#
=) (1G] = 1D)(G,] - 1),
(4.9)
Il?yzz Z |G\{i’j7l€Gl}|7
(i) (0, EG
ria = > (1G:\{j € G}(G:i\ {j € Gi}| - D(IG; \ {i € G;}])x
i i
(1G;\{i e G;} = 1),

v1s =Y |Gil* = 21G1 Y |GilP + G2 D |G + 1G] |Gl
=1 i=1 i=1 i=1

=Y 1G] = 2|G]* +2|G .

=1

Observe that the sum of these occurrences add up to |G|*. Each occurrence
represents the number of possible ways that configuration can occur. For exam-
ple, for configuration 2, there are 7 ways that the 4 edges can selected (with
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F1G 2. llustration of number of occurrences (Tx1) for configuration 2. The 4 randomly selected
edges are labelled e1,e2,e3, and ey.

replacement) to obtain configuration 2. The multiplication by z; accounts for
the number of ways two edges can share a node. See Figure 2 for an illustration
for configuration 2. Two illustrative examples are presented in Supplement B
[10], which provide combinatorial details on how to derive the probability for
each configuration.

4.1. Ezxpression for Z,,

The similarity graph G can be a generic graph constructed from a similarity
measure, such as the Euclidean distance. Without loss of generality, |G| = O(kn)
with £ = O(n®),0 < o < 1. We assume that u,v,w = O(1). To establish (7),
we focus on the leading terms on the left-hand side of the inequality. After
extensive simplification, the leading term for the denominator of E((Z”(v) —

Z(w)*(Z3y(w) — Zj(v))?) is

deny, 2 v?w?(kn? —Z|G| (1 —u)?(1 —v)% (27)

i=1

The leading term for the numerator is

numy, = (w—v)(v—u) (k’zn‘lC’w,l +214Cy 2+ Cy 3 Z |Gi\4

i=1
+ncw4Z|G| +Cusy Y (G =131, - 1)
i JGGUJ#
+kn?Cus Z Gi|* +n°Cop 7 Z G
i=1 1=1
+knCugs Y (1Gil = 1)(G;| = 1) +nCus Y (IGi] = 1)(|G5] = 1)
i,jEG i,jeG

+ nx7Cy 10 + nxgCy1 + nngCw,u)
with
Cupi =4vw(l —v)(1 —u)+2(v —u)(w —v),
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Cu,2 =8vw(v —u)(1 —u)(1 —v),
Cuws=—2v—u)(w—v)+2v(1 —u)(l+v)+ovwbdu—T7)(1-0v),
Cy,a =8v(w —v) — 8w + 2v(2 + Jw)(1 — u)(1 —v),
Cuws =8(w — uv) + (48 — 56v) (w — v) + 16(3v* + w)(1 — u)
— 4ow(49 — 37u)(1 — v),
Cupe=—4v—u)(w—v) —8vw(l —v)(l —u),
Cwr =2(w — uv) + 2(1 — 20)(w — v) + vw(9u — 11)(1 — v) + 20*(1 — u),
Cu,s =16(v — u)(w —v) + 320w (1 — v)(1 — u),
Cuuo =2(28v — 23)(w — v) — 2(23v% + 9w)(1 — u)
— 20w(72u — 95)(1 — v) + 10(uv — w),
Cwi0=—8vw(l—u)(1l—v)—4(w—v)(v—u),
Cuwi11 =tvw(l —u)(1 —v)+ 2(w —v)(v — u),
Cwi2 =8v(50(1 —v) — (1 —u)(120% — Tv + 2))
—(w—=2v)(24(1 — u) + 8(1 — v)(12uv — 17v + 4)).
Since u, v, w = O(1), the terms Cy 1, ..., Cy,12 can be bounded asymptotically
by a constant. Then the expression numz, /denyz, can be bounded by C(w —wu)?
as long as the ratio of graph configurations in the numerator and denominator

can be bounded asymptotically by O(1). The terms in the numerator involving
graph configurations that need to be bounded are:

1. k%n?,

2. T4,

3. Z?:l ‘Gi‘47

4. nZ?:l |Gi|3a

5. Zi ZjeG,i;j7éi(|Gi| - 1)2(|Gj| - 1)7

6. kn® 370 |Gil?, n® 300, |Gil?,

T kY, seq(Gil - DG, — 1), n T, jea (G - DG - 1),
8. nx7,

9. nxg,

10. nxyg.

Since (w —v)(v —u) < (w —u)? for u < v < w, if the ratio of each term to the
denominator (kn? — Y"1, |G;|*)? is bounded by O(1), the entire expression can
be asymptotically bounded by a constant C,, x (w — u)?.

In the following, we assume that >, |G;|* = o(kn?) and check each config-
uration in their order of appearance. Technical details are deferred to Appendix

A. Key results and properties are summarized as follows:
o 214 3 (X |Gil*)?,
o S0 GITS K, n T (Gl 3 K, and kn? ST [GHf? 3 k2,
o 3 Y icaz(Gil = DG = 1) < 2|G| X0, |Gl 3 2|Glkn® < k*n?,
o > ipeclGil = D(G;| = 1) < 32 |Gl(IG] = |Gi]) = |G >2,2; |Gil —
S |Gl < 2|G? < 2k%n?,
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o nry < ”Ez GG = 1Gi]) < 2n|G|* < k*n?,
o nrg 3 knt
o nwg 3 kn 3( = k*n?).

Based on these inequalities, we can bound the graph configurations with the
denominator’s (kn® — Y7 |G;|?)?. Since we assume Y ., |G;|* = o(kn?), it
2 4
follows that k*n* =< (kn? 72;1 |G;|?)?, which implies m =< O(1).
9 :
Since w14 =X k?n?, we have M‘W 2 0(1).
Similarly, from the key results >.7_, |Gi|* 2 k*n* and n>"]_, |Gi|? 2 k?*n?,

KENTeA ;L: et
we have gt Y X 0(1) and st ey 3 0(1).

It follows that all remaining terms can be asymptotically bounded by k2?n?.
Therefore, the ratio of the graph configurations to (kn*—3_7_, |G;|*)? is asymp-

totically bounded by O(1).

4.2. Expression for Z g

We adopt a similar approach for Zgg and study the analytical expression
for E ((Z3g(v) — Z4g(w)?(Zhg(w) — Z(v))?). This expression can be writ-
ten as the combination of terms involving u,v, and w and terms involving
graph configurations. We first show that the expressions involving u, v, and w
(K7 (u,v,w), ...,
Kg(u,v,w)) can be bounded by C'(w —u)? or C(w — u). We then show that the
graph-configurations are bounded asymptotically by O(1) or O(1/n). It follows
then that the entire expression can be bounded by a constant Cgig X (w — u)?.
Let e, = v(1 —v), e, = w(1l — w), and e, = u(1 — u). The leading term for
the denominator of E ((Z54(v) — Z3g(w))?(Z3g(w) — Ziig(v))?) is:

deng,, = (nVg)*w(l — u)e,ede,

with Vg = >, |Gi|? — 4|G|?/n.

For the numerator of E ((Z34(v) — Z5g(u))?(Z5g(w) — Zig(v))?), we group
the leading terms by their graph configurations. The numerator can be expressed
as

Ky (u,v,w) x k*n? 4+ Ko(u,v,w) x k*n( Z|G| + K3(u,v,w) x Z|G|4

=1

+ Ky(u,v,w) x kZ|G»|3—|—K5(u vV, W) X 14

+ Kg(u, v, w) x Z > (1G] - 1264 - ).

i JEGj#

We can establish that the coefficients K (u,v,w), Ko(u,v,w), K3(u,v,w),
Ky(u,v,w), Ks(u,v,w), and Kg(u, v, w) are bounded by C(w—u)? or C(w—u).
The technical details, being long and complex, are deferred to Appendix B.
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In order for the entire expression to be bounded by C(w — u)? we need
the graph configurations in the numerator and denominator to be bounded by
O(1) or O(1/n). Recall that the leading term is the denominator is (nVg)2. Let
d; = |Gi|— @, then Vg = >0, cZiQ. The graph configurations in the numerator
involve:

1. k*n?,
k2”§:lﬂ|0ﬂ27
Z'?:l ‘Gi‘4a
k Z?:l |Gi|37
214,

i Y jecua(IGil = D2(1G5] = 1).

Let k = O(n®),0 < a < 1. Suppose the largest (centered) degree d; < O(n?),
where 0 < 5 < 1.
We first focus on the second configuration 2 in the numerator, we have:

SR

n

Z ‘G ‘2 Z 7 2|G| 2 i 2 _< n?,@-‘rl +n2a+1

i=1 =1

Since k*n 3 O(n***!), it follows that the entire expression kn®> " | |G;|* 3
n2,6’+2(x+2 + n4a+2
’ ~2
In the denominator, if a < 3, then Vg = Y1, d;” 5 n?#, and (nVg)?
n*#*+2_ Then the ratio of the numerator 2 and denominator gives us

n2a+2ﬁ+2 4 n4a+2

300,

If « > 8, then k?n "1 | |G;|*> 3 n***2. With the assumption that Vg 7 k? <
n%® we have (nVg)? = n*®*2. Other terms can be done in a similar way. Notice

that:
1. k4n2 :5 O(n4a+2)
3. Yy |Gl = 0L (d + 2EN 33 (0 4 n)t 3 et et
4. kY G Zne Y (n n? +n )‘3 =2 n‘“”"”r1 + niotl
5. wra =32 051G\ {7 € G )(IGi\ {7 € Gi}| = )(|G; \{i € G} (G5 \
{i e G;}| - 1)
NI 1|G 2301 GGP 3300 (nP + no)t 3 ntiH? 4 a2,
6. 321 Xjeciyzi(Gil = D(IG; -1
DI ZjeGi;j;&i |Gi|2|Gj| 3 ndftIte u
Therefore, the ratio of the first 5 configurations can be bounded by O(1)
and the 6th configuration can be bounded by O(1/n). To see that the 6th
configuration can be bounded by O(1/n), consider that if a < B, then (nVg)? =
n**2 and the ratio of the numerator and denominator is m If a > 8,
then (nVg)? = n**2 and the ratio becomes —zt57. Recall that expression
for Zgig can be expressed as the linear combination of the leading coefficients
Ki(u,v,w),..., Ke¢(u,v, w) multiplied by their respective graph configurations.
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We have established that K (u,v,w), ..., K5(u,v,w) are bounded by C(w —u)?
and Kg(u,v,w) is bounded by C(w — u). Combining these results, and that we
are considering the case that (w—wu) > %, it follows that the expression for Zyig
can be bounded by C(w — u)?.

5. Discussion
5.1. Comparison of conditions

The conditions for tightness in Theorems 3.1 and 3.2 are much more relaxed than
the conditions needed to establish convergence of finite-dimensional distribution
in Theorem 4.1 in [9]. To see this, we first define some notations used in [9]. For
an edge e = (e7,e") € G, define A, := G+ UG,- as the subgraph in G that
connects to either node e~ or node e*. Define B, := Ugye 4, Aex as the subgraph
in G that connects to any node in A.. Let &k = O(n®), where 0 < o < 1. The
sufficient conditions in Theorem 4.1 from [9] are as follows:

1. |G| =0(n?),1 < B < 1.25;

- Yeeeq [Ael|Be| = o(|GI"?);

- Yeea |Ae? = o(|GlVn);

c i G = 4GP n = O, |Gif).

The conditions in Theorem 3.1 require k to be at least O(1) and >°,_,. |G;|? =
o(kn?). The requirement that k is at least O(1) is automatically satisfied by the
first condition in [9], as the number of edges in the graph must be at least O(n).
Moreover, unlike the first condition in [9], our condition does not impose the
additional restriction that k < n%?. The condition Y ,_,. |G;|* = o(kn?) fol-
lows naturally from the third condition in [9]. Specifically, since Y1 ; |G;|* <
23" .cq |Acl?, and the third condition in [9] is >° . |Ae|* = o(|G]y/n), it follows
that > | |G;|*> = o(kn'®) = o(kn?). Thus, the condition },_,. |G;|* = o(kn?)
is much less restrictive than the third condition in Theorem 4.1 of [9].

The conditions in Theorem 3.2 require k to be at least O(1) and >, |G;|*—
4|G|?/n to be at least O(k?). According to the fourth condition in [9], >"" | |G;|*—
41G]?/n = O3, |Gi]?). Since >, |Gi* > 4|G|?/n = 4k?*n and 4k?n is way
larger than O(k?), it follows that > 1" | |G;|> — 4|G|*/n is at least O(k?). Thus,
the condition in Theorem 3.2 is much less restrictive than the fourth condition
in Theorem 4.1 of [9].

It follows that the conditions for tightness are significantly less restrictive
than those provided in [9] for establishing convergence of finite-dimensional
distributions. Consequently, if the conditions in [9] are satisfied, the tightness
conditions will automatically hold, allowing us to confidently use the asymptotic
properties of the maximum scan statistic for change-point detection.

=N

5.2. Implications of conditions on tightness

To illustrate the sufficiency of our conditions, we construct similarity graphs
that intentionally violate the conditions in Theorems 3.1 and 3.2 and examine
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how Billingsley’s tightness criterion (defined in [3]) behaves when the graph
conditions are not met. The modulus of continuity in D is defined as

W'(z,6) =infmax  sup |z(s) — z(¢)].
ti g S,tG[ti_l,ti)

If the stochastic process x(-) is tight, then asymptotically, when ¢t and s are
close, the values of z(t) and z(s) should also be close. We assess this for a
finite sample size by evaluating the maximum jump in the process for sequential
time points #;_1; and t;. The simulation setup is as follows: we construct a
similarity graph, calculate the graph-based stochastic process, and then evaluate
sup | Zy (ti—1) — Zw(t;)| and sup | Zaig(ti—1) — Zaig(t;)| for i € [ng,n1]. We let
n = 500, ng = 0.05 xn, and ny = n — ng. We repeat this process 100 times.
We consider two types of graphs that violate the conditions in Theorem 3.1 and
Theorem 3.2, respectively.

In Theorem 3.1, we require that > | |G;|?> = o(kn?) in order for the stochas-
tic process {Z,,(|nu)) : 0 < u < 1} to be tight. Consider that > | |G;|> <
S max(|G;|)|Gi|. Then even if max(|G;|) = n, we have Y i | |Gi|* 2 kn?.
Therefore, to violate this condition, we must consider a complete graph where
|G| = n(n —1)/2. Tt follows that, if max(|G;|) = n, we have Y. | |G;|* <
S max(|Gy))|Gi| = nYo, |Gi| = 2n|G| < n3, which violates our condition
in Theorem 3.1. In Figure 3, we evaluate the tightness criterion for Z,(t) for
graphs generated from a complete graph with varying number of random edges
deleted from the graph. Since n = 500, the complete graph has np = 124,749
edges. We remove an increasing proportion of edges (from a single edge to 90%).
We see that when the condition is violated (for example, the complete graph
with only 1 edge removed), the jumps between Z,(t;—1) and Z,(t;) tend to
be larger. As we progressively delete more edges, the severity of the condition
violation decreases and we observe that difference in jumps also begins to de-
crease. In Figure 4, it is clear that as the similarity graph moves away from
the complete graph (i.e. the number of edges deleted increases), the value of
St |Gil?/kn? begins to decrease as well.

In Theorem 3.2, we require y, |G;|* — ﬁ to be at least O(k?) in order

for the stochastic process { Zaig(|nu]) : 0 < w < 1} to be tight. This condition
can be violated when the similarity graph is very flat. For example, if every

node degree is k, then |G;| = k, for all i = 1,...,n and >, |G;|* — % =
nk? — nk? = 0. This violates our condition in Theorem 3.2. In Figure 5, we
evaluate w’ for the graph-based stochastic process Zgg(t) constructed from a
k-MDP (minimum distance pairing) similarity graph [6]. The MDP graph is
constructed such that n nodes are divided into n/2 non-overlapping pairs in
such a way as to minimize the total of n/2 distances between the pairs. The
MDP can be extended to k-MDPs as well, where a k-MDP is defined similarly
to a k-MST. By construction, the k-MDP constrains the node-degrees to be
exactly k. In this setting, we set k = y/n. We then randomly add an increasing
number of edges to the k-MDP, gradually making the graph less flat. As shown
in Figure 5, as the graph becomes less flat and the condition is less violated,
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F1c 3. Bozplots of sup | Zw (ti—1) — Zw(t;)| for graphs under different settings. 100 simulations
are conducted for each setting. For each simulation, the graph is constructed from a complete
graph, with a varying proportion of edges randomly deleted.
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FIG 4. Bozplots of 3. |G;|?/kn? for graphs under the same settings as in Figure 3.
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Fic 5. Bowplots of sup |Zaig(ti—1) — Zaig(ti))| for graphs under different settings. 100 simu-
lations are conducted for each setting. For each simulation, the graph is constructed from a
k-MDP, with a varying number of edges randomly added.
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F1G 6. Bozplots of (3, |G;|? — %)/k2 for graphs under the same settings as in Figure 5.
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the modulus of continuity w’ becomes smaller and the magnitude of the jumps
decreases. Moreover, as we increase the number of edges, Figure 6 shows that

iti 12 _ 4G /g2 :
the condition ), |G| ——/k* also improves.

6. Conclusion

We demonstrate that the graph-based stochastic processes are tight under mild
conditions on the graph. To establish this, we utilize the Kolmogorov-Chentsov
tightness criterion, which requires bounding higher moments. These moments
are derived using combinatorial analysis, with their leading terms bounded by
studying the graph configurations. This completes the framework for establish-
ing the limiting distribution of these graph-based processes, facilitating p-value
approximations for real applications. Our framework for establishing tightness
can be applied to other scenarios where higher moments can be derived and
bounded. For example, the rank-based change-point setting studied in [22] ex-
tends the existing graph-based framework by applying weights, in the form of
ranks, to each edge in the similarity graph. For illustration, consider the 5-NN
graph, where each observation is connected by edges to its five nearest neigh-
bors. Each edge is then weighted by importance, with the first nearest neighbor
(which contains the most relevant similarity information) assigned the high-
est rank. Based on these graph-induced ranks, the (weighted) graph-based test
statistics Z,,(t) and Zgig(t) are constructed. The explicit first and second mo-
ments of these rank-based test statistics are derived in [22]. Using combinatorial
analysis, higher product moments can also be derived, following a similar ap-
proach to what we outline in this manuscript, albeit with more careful treatment
of the ranks. To establish tightness for the rank-based stochastic processes, one
can demonstrate that the higher moments are bounded, though this may require
a different set of conditions on the graph.

We also conjecture that the corresponding stochastic random field under the
changed-interval alternative is tight. Bickel and Wichura [2] provide a multidi-
mensional analogue of Billingsley’s definition of tightness for multi-parameter
stochastic process. Specifically, let T' = T} x T, and let block B in T' be of the
form (s1,t1] X (82, t2]. Similarly, let block C' in T be of the form (¢1, u1] X (s2, ta],
where s; < t; < uy. For block B, define

X(B) = X(s1,82) — X(t1,82) — X(s1,t2) + X (t1,12),
and for block C
X(C) = X(t1,s2) — X(u1,82) — X(t1,t2) + X (u1, t2).
A sufficient condition for tightness is
E(X(B)|™|X(C)) < w(B)* u(C)™,

where 1,2, 81, and B2 satisfy v1 +v2 > 0 and 81 + B2 > 1, and p is a finite
nonnegative measure of T
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We conjecture that the tightness of the graph-based scan statistics under
the changed-interval alternative setting also hold. However, proving this is not
straightforward due to the complexity of bounding the higher moments in this
version, as the two-dimensional process introduces additional challenges. This
line of research, which involves studying the increments of X around B, is
reserved for future work.

Appendix A: Proof of Theorem 3.1

Under the condition for Theorem 3.1, we have k*n? < (kn? — Y"1 | |G;|*)?, and
k2 4

then Gy ey = O(1):
For x4, we have

z1=» Y (1Gi\{j € G}N(Gi\ {j € Gi}| - 1)x
i i
(IG5 \{i € G;})(G; \ {i € G;} - 1)
<> ) lailie)?

i i
=GP Y IGP +1Gal* D> |G+ +[Gnl? D Gl
i 72 j#n

=|G1[? Z|G 2 —1G1]?)
+ |Gz|2<Z Gil? = 1G2?) + ...+ [GaP O 1G? — |Gl
) =1

Z|G| Z|G 1* > 0.

Then z14 < (31, |G4]?)? and m 2 O(1). Following similar ar-

s n Gy
guments, since Y, |Gi|* = o(kn?), we have sziﬂ—l‘cl;‘ 3 O(1) and

nY " L |G?
F Tome S 00,

For 37,3 icq.zi(|Gil — 1)2(|G;| — 1), we have

Yo D> (Gl =16, -1) <261 |G

i jEG;jF# i=1

Since the the largest |G;| can be is n—1 (every other observation connects to node

y:), it follows that 2|G| X7, |Gif* 2 2|Glkn® = k*n* and m—fﬁ N
o(1).

Similarly, since kn? "7, |G;|* 3 k?n?, we have % 2 0(1).
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We have Y, e (IGil=1)(1Gs1 1) < S0, |GH(GI-1Gil) = 1G] S0, |Gl -

n 2ijec(Gil=D(G;1-1)
S 1Gi? < 2|G|* < 2k?n?, and so i iamr ~ O0W).

Finally, since

z7 < > _|Gi|(IG] - |G;il) < 2|GI* =< k*n?,

ze= S {m:Gm) (m) € G} 3 kn?,

(4,5),(3,1) il

o= Y. (IG]-2) =<kn’

(4,4) 1:(3,1),(4,1)€G

it follows that the ratio of the these configurations with (kn*— """, |G;|*)? are
bounded asymptotically by O(1).

Appendix B: Proof of Theorem 3.2

1. Ki(u,v,w): The leading coefficient for k*n? can be expanded as

Ky (u,v,w) = Cq1(w —v)? + Cya(v —u)(w — v)
+ Cazv/eu(Veuw — Veu)(w —v)
+ Cyav/er(vVey — \/a<\/u1—v \/ 1—w) \/ul—v

~ 2T = ) (VT —w) ~ Vu(l - v))

with

Can = 64v(1 — v)y/e, (u(l —v) + 2v(1 — u) — 3y/eyey),
Cuaa = 32v/eu(12u — 8) (v — u)?
+ 192y/e,,(8u® — Yu + 2 + /e, (2/€y — vew)) (v — u)?
+ 32(2y/eq (36u® — 5Tu? + 24u — 2) — 18ur/e, (1 — u)(1 — 2u)
+ 2uy/ew (1 —u) (5 — Ju) + 2v/eur/evv/ew(Bu — 2)) (v — u)
— 64uy/ey (24u® — 25u + 5)(1 — u) + 192ur/ey (1 — u)(6u? — 6u + 1)
— 64uy/ey (1 — u)(9u? — 10u + 2) + 32y/ey\/ery/Ew (12u? — 14u + 3),
Ca,3 = 64ey(Vew(3u — 2) = 3V/eu(1 - 2u)),
Caa = 64e,\/ey.
It is clear that Cy1(w — v)? + Cy2(v — u)(w — v) < C(w — u)? since
Cia(w—v)2+ Cy2(v —u)(w—v) < (Cy1+ Ca2)(w —u)? and C can be

chosen to be large enough such that Cy 1 4+ Cg2 < C. In the following we
focus on the next two terms. For the third term, we need to show that

Veu(yew —/ey) < (v —u). Let 6 = v —u and define
9(0) = Veu(Veu — Ve
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= Vu(l— ) <\/u(1 —u) -Vt o)1 —u-— 5))

which is continuous everywhere on 0 < § <1 —w.

If g(9) is convex for 0 < ¢ < 1 —w, it follows that g(d) < 4. Since g(0) =0
and g(1 —u) = u(1l — u) < 1(—u), what remains is to check its second
derivative is non-negative:

, _—(1—2u—2(5) u(l —u)
g0 = o /(ut 0)(1—u_0)

nesy _ Vu(l—u) 2 (1 —2u — 26)2
SO (x/(u+5)(1—u—5)+2\/(u+5)(1—u—5)3>’

and it follows that ¢”(4) > 0. Since we have established that g(d) =
Veu(y/eu — \/ey) is convex, it follows that /e, (\/e. — /€y) < (v —u) and
Veo(yves — ew) < (w — v). Moreover, the minimum of g(d) is achieved
when § = 0.5 — u and —g(0.5 — u) = /€, (5 — eu) < 1 —u, for u < 3.
Therefore |\/e, (/e — v/€v)| < (v —u).

Following a similar argument, we can establish that/u(1 — v)(y/v(1 — u)—

u(l —v)) < (v—u).

Leth(é):\/(u—i—é)(l—u)(\/(u—i—é )1 —u) — u(l —u—9) ) We have
h(0) =0 and h(1 —u) =1 — u. Its first and second derivatives are

9

(1—2u—20)/u(l—u)

WOy =1 -u)- o /(1 —u—08)(uro)

3

" (1—w) 2 (1 — 2u — 26)
h"(8) = ,
) 2 <\/(1_U_5>(U+5)+2\/(1u5)(u+5)3>

and since h”(8) > 0, therefore y/v(1 — u)(y/v(1 — u) — /u(l —v)) < (v

u). Since /u(1 —v) < /v(1 — u), it follows that \/u(1 —v)(y/v(1 —
u(1 —v)) < (v—u). Note that /v(1 —u) — /u(l —v) > 0.

Therefore, K1 (u,v,w) < C(w — u)? for some constant C.

. Ks(u,v,w): The leading coefficient for k*n(}""_, |G;i[?) is

)

Ks(u,v,w) :\/a\/a\/a{cd,g,(v —u)? + Cue(w —u)(v — u)
+ Ca7(Vew — Vew) (v —u)
+Cas(Veu — vew) (v —u) + Cagve Ve, — ve,)?
+ Ca10(vVew — vew)( Y(Vu(l —w)(yVwd —u) — Vu(l —w
—2v/w(l —u)(y/w(l —u) — Vu(l —w }

with

Ca5 =16(—6uw + 4w + 2u — 1)
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Cae =16(—12u” + 14u — 6\/e,\/e, — 3)
Carz =16(—2/ey(2 — 3u) — 2y/e, (1 — 3u))
Cas =32(3u — 2)\/e,

Cd,9 = - 96\/ Cw
Ca0 =32¢/ey

Since u < v < w, we have Cys(vy)? + Cap(w — u)(v —u) < Clw —
u)? for some constant C. In order to show that remaining terms can
also be bounded by C(w — u)?, we follow that same argument detailed
above for Ki(u,v,w). Observe that |/e,(\/en — /€»)| < (v — u) and
IVeu(vew — Vew)| < (w —u). It follows that terms with Cq 7, Cy s, and
Cy.9 of Ka(u,v,w) can be by bounded by C(w — u)? as well.

Finally, for the last term in Ko (u, v, w), we see that \/u 1-— \/w —u)
u(l —w)) < (w—u) and Jw(l —u)(y/wl —u) — \/u 1—w)) <
(w — u).

It follows that Ks(u,v,w) < C(w — u)? for some constant C.
3. K3(u,v,w): The leading coefficient for > | |G;|* is

Ks(u,v,w) =Cg11(w — v)? + Ca2(v —u)(w —v)

+ Casvew(Veuw — ey)(w —v)
+ Capav/en(Vew — Veu)(w —v)
Ve = Vew)veu(Vew — vew)

—~ o~ o~ —~

+ Ca,15v/e0 (Ve )
+ Ca16vew (Ve — Vew)(v —u)

with

Ca11 = — 2vy/eq(3u + 5v — Suv + 6uv? — 4v? — 2)
—deyr/ey (307 — 3v 4 1),
Ca12 =8v/eu(2 — 3u) (v — u)?(w — v),
— (4y/en (24u? — 2Tu + T7) + 24e,/ey + 12eu1/e0) (v — u)* (w — v),
+ (—2v/eu(72u® — 114u* + 56u — 9) + 36u /e, (2u* — 3u + 1),
— duy/ey (9u? — 1du + 5) — dy/eny/eny/ew (3u — 2)) (v — u)(w — v),
— 2\/en (48u* — 98u® + T0u? — 21u + 2)
+ 4ur/e, (18u® — 36u? + 23u — 5),
— 2u\/ey (18u® — 38u? + 25u — 5)
— Veu/eu/ew(24u® — 28u + T7),
—2y/ew (1 —u —v)(6u® — 10u? + 5u — 1),
Caiz = — dy/en(14u? — (6u — 1) (v + u + 1)),
Ca1a =2v/ey (6u® — 10u? + 5u — 1),
Ca1s =4v/ey (30% — 3v + 1),
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Ca16 =20./ey (60 — 8v + 3).

Again, the first two terms involving Cy 11 and Cg 12 can be bounded by
C(w — u)?. Repeating the convexity argument, |\/€,(\/€» — /€u)| < (v —
u), which allow us to bound the remaining terms by C(w — u)? as well.

Therefore, the entire expression K3(u, v, w) can also be bounded by C(w—
u)?.
4. Ky(u,v,w): The leading coefficient for k> ;" | |G;|? is

Caa7(w — v)? + Cais(w —v)(v —u) + Cgi9vew(vVew — vew)(w —v)
+ Cao0(v — u)* + Capiv/eu(ve, — Vew)(v —u)
+ Ca22eu(Vew — Ve (Vew — vew)

with

Ca17 =v/€u(16uv(120* — 160 + 5) — 16v(8v* — v + 2))
+ 32e,/€y (607 — 60 + 1),
Cua1s =(128y/e, (3u — 2)) (v — u)?
+ (32v/€4 (48u? — Bdu + 13) + 384e,\/e, — 192e,1/e4) (v — u)?
+ (164/ey (144u® — 228u? + 104u — 13) — 576 /eyu(2u® — 3u + 1)
+ 64\/euu(9u? — 14u + 5) + 64/ey/en/Cw(3u — 2)) (v — u)
+ 16+/e4 (96u* — 196u> + 130u? — 31u + 2),
Ca1o0 =8(v/eu(1 — 2u)(4(1 — 6u(l — u))) + 2¢/ew (1 — u)(1 — 8u + 3u?)),
Cazo =(v/e, = vew) (=192, (v — u)?
+ 64(6u — 2\/eqy/€y — 18u? + 12u> + 3\/eq /epu) (v — u)
— 326, (7 — 36u(l — u)) + 16y/ey\/, (9 — 40u + 36u?)),
Cao1 =32y/eq(1 — 2u)(1 — 12u + 12u?)
+ 161/, (u(36u? — 56u 4+ 23) — 2 + 5u — 14u* + 9u®)
Cua.22 =32v/eu(1 — 6u + 6u?)

The first two terms involving Cg 17, Cq,18, and Cg29 can be bounded by
C(w — u)?. Repeating a combination of the convexity arguments from
above, the remaining terms can also be bounded by C(w — u)?2. It follows
that Ky(u,v,w) < C(w — u)?.

5. Ks(u,v,w): The leading coefficient for x4 is

Ks(u,v,w) =Cya3(w —v)* + Ca 2av/eu(/eu — veu) (w — )
+ Cyo5(v —u)(w —v)
+ Ca26vew(Vew — Vew) (v — u)
+ Caorves(Ver — Vew)Veu(Vew — Vew).
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with

Ca23 =4v(1 — v)((u + 2v — 3uv)/e, — 3v/e,u(l —u))

Ca24 = — 2¢/€y ((6ur/ey — 6y/Ey +12/E,0)(Ve, — /ey)
—2(1 = 2v)(u + 2v — 3uv) + 12u(l — u)(1 — 2v)
+ 2\/eyv/ew(—6u + 3v — 2))

Ca25 = — 2v/eyv/eo (4w — 8v/ey + 12y/eu) (v — u)
+2¢/eu(2u — 1)(3u — 2) + /ey, (8u — 3)
—6v/e” Vew)

Cao6 =— 4y/ey ((—3u® 4 3u) (v — u) + 2y/eur/e0

— 3u + 9u? — 6u® — Buy/e /ey)
Caor =12/eyu(l — u).

and utilizing the arguments above, this term is also bounded by C(w—u)?.
6. Kg(u,v,w): The leading coefficient for 7, 3. ., (|Gi| = 1)*(|G4] — 1)
is

K(;(U,’U,w) = Cdgg(?} - u) + Od,29\/a(\/a — \/a)

with

Cua28 =16y/€ur/Cw(/Cu + 2v/€w — 3y/Enu — 3y/eqw)(v — u)?
— 8v/euvew(—24/e,(3u + bw — Yuw — 1)
+ /€y (2u + 4w — 6uw — 1)
+ 2v/€0 (9u? — 10U + 2) + 6y/€yr/Cor/Cw )V — 1)
— 8y/ew(—2u(l — u)w(—9u® + 10u — 2) + 2u*(1 — u)(2 — 3u)
— Veuy/en(3u + 3w — lduw + 120w — 4u?)
+ 2v/Cur/Cnu(9u? — 14u + 5)
— 6y/enr/euu(2u® — 3u + 1)),
Ca29 = — Ve, (48uw(l — u)(1 — w) + 16y/eyv/ew(u(l — w) + 2w(1 — w))).

We have that Cg28(v — u) can be bounded by a constant C(w — u) and

by convexity, Cq20v/€u(v/€u — v/€0) < Clw — u).

Therefore, the leading coeflicient K¢(u, v, w) is bounded by C'(w — u).
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supplement illustrates the derivation of the probability for each of the 19 con-
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moments of Ry and Rsy. This supplement provides analytical expressions for all
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