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We consider the problem of testing whether two independent finite-dimensional random dot product graphs
have generating latent positions that are drawn from the same distribution, or distributions that are related
via scaling or projection. We propose a test statistic that is a kernel-based function of the estimated latent
positions obtained from the adjacency spectral embedding for each graph. We show that our test statistic
using the estimated latent positions converges to the test statistic obtained using the true but unknown latent
positions and hence that our proposed test procedure is consistent across a broad range of alternatives. Our
proof of consistency hinges upon a novel concentration inequality for the suprema of an empirical process
in the estimated latent positions setting.
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1. Introduction

The nonparametric two-sample hypothesis testing problem involves

Xy M E MG, HeF=G  against Hy:F #G,
where F and G are two distributions taking values in R¢. This is a classical problem and there
exist a large number of test statistics T ({X;}"_, {Yx};,) that are consistent for any arbitrary
distributions F and G.

In this paper, we consider a related problem that arises naturally in the context of inference
on random graphs. That is, suppose that the {X;}}_; and {Y;}{_, are unobserved, and we ob-
serve instead adjacency matrices A and B corresponding to random dot product graphs on n
and m vertices with latent positions {X;}?_, and {Yk}k’"zl, respectively. Denoting by {)A( i}l’le
and {)A’k}}c": | the adjacency spectral embedding of A and B (see Definition 2), we construct test
statistics T({}A( Y {IA/k}k’"zl) for testing F' = G (and related hypotheses) that are consistent for a
broad collection of distributions.

In other words, we construct a test for the hypothesis that two random dot product graphs have
the same underlying distribution of latent positions, or underlying distributions that are related via
scaling or projection. This problem may be viewed as the nonparametric analogue of the semi-
parametric inference problem considered in [32], in which a valid test is given for the hypothesis
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that two random dot product graphs have the same fixed latent positions. This formulation also
includes, as a special case, a test for the parametric problem of whether two graphs come from
the same stochastic blockmodel (where the block probability matrix is positive semidefinite) or
from the same degree-corrected stochastic blockmodel. Determining whether two random graphs
are “similar” in an appropriate sense is a problem that arises naturally in neuroscience, network
analysis, and machine learning. Examples include the comparison of graphs in a time series, such
as email correspondence among a group over time, the comparison of neuroimaging scans of pa-
tients under varying conditions, or the comparison of user behavior on different social media
platforms.

While it might seem like there are only minor differences between the nonparametric setting of
the current paper and the semiparametric setting of [32], the implications with regard to inference
are quite significant. Indeed, in the semiparametric setting, the graphs are on the same vertex set
with known vertex alignment; in the nonparametric setting we consider herein, the graphs need
not be on the same vertex set or even have the same number of vertices. This difference implies
that the nonparametric testing procedure of the current paper is applicable in more general and
diverse settings; on the other hand, when the vertex correspondences exist and are known, the
semiparametric testing procedure has more power. Second, in the semiparametric setting, the
dimensionality of the hypotheses (the number of parameters) increases with n, the number of
vertices, while in the current setup the hypotheses are fixed for all n. As such, the notion of
a consistent test procedure in [32] is considerably more subtle. Finally, while rejection regions
can be theoretically derived for the test procedures in both the nonparametric setting and the
semiparametric setting, in practice they are usually estimated via some bootstrap resampling
procedure. For the nonparametric setting wherein the null hypothesis is fixed as the size of the
graphs changes, bootstrap resampling is straightforward. A feasible bootstrapping procedure in
the semiparametric setting is much more involved.

The test statistic we construct is an empirical estimate of the maximum mean discrepancy of
[11]. The maximum mean discrepancy in this context is equivalent to an L;-distance between
kernel density estimates of distributions of the latent positions (see, e.g., [3]). The test statistic can
also be framed as a weighted L,-distance between empirical estimates of characteristic functions
similar to those of [2,4,12]. Indeed, techniques for the estimation and comparison of densities or
characteristic functions given i.i.d. data are well-known. We strongly emphasize, however, that in
our case, the observed data are not the true latent positions — which are themselves random and
drawn from the unknown distributions whose equality we wish to test — but rather the adjacency
matrices of the resulting random dot product graphs. Thus, one of our main technical contribu-
tions is the demonstration that functions of the true latent positions are well-approximated by
functions of the adjacency spectral embeddings.

The results of this paper are mainly for dense graphs, that is, those graphs for which the average
degree scale linearly with the number of vertices. Analogous results for non-dense graphs, for
example, those for which the average degree of the vertices grows at order 2 (log* n) — n being
the number of vertices in the graph — are more subtle and we touch upon this briefly in Section 5.

We organize the paper as follows. In Section 2, we recall the definition of a random dot product
graph and the adjacency spectral embedding; we review the relevant background in kernel-based
hypothesis testing; and we formulate a nonparametric two-sample test of equality of distribu-
tions for the latent positions of a pair of random dot product graphs. In Section 3, we propose
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a test procedure for the two-sample test of equality up to orthogonal transformation in which
the test statistics are a function of the adjacency spectral embedding. We note that our hypothe-
ses of equality are purely a function of the non-identifiability of the random dot product graph
model. This non-identifiability also restricts our consideration of kernel-based hypothesis testing
to radial kernels. We establish the consistency of our test procedure by deriving a novel concen-
tration inequality for the suprema of an empirical process using the estimated latent positions. In
Section 4, we illustrate our test procedure with experimental results on simulated and real data.
Section 5 extends the test procedure in Section 3 to consider looser notions of equality between
the two distributions as well as sparsity in the underlying graphs model.

2. Background and setting
We first recall the notion of a random dot product graph [37].

Definition 1. Let 2 be a subset ofR‘l such that, for all w1, wy € 2, the inner product (w1, wy) =
wira)g is contained in the interval [0, 1]. For any given n > 1, let X = [X1, X2, ..., X,17 be a
n X d matrix whose rows are arbitrary elements of Q2. Given X, suppose A is a random n X n

adjacency matrix with probability

LA ] = TT0rT ) (1= XTx) ™,

i<j

A is then said to be the adjacency matrix of a random dot product graph (RDPG) with latent
positions X and we denote this by A ~ RDPG(X). Now suppose that the rows of X are not fixed,
but are instead independent random variables sampled according to some distribution F on Q.
Then A is said to be the adjacency matrix of a random dot product graph with latent positions X
sampled according to F and we denote this by writing (X, A) ~ RDPG(F'). We shall also write
A ~ RDPG(F) when the dependency of A on X is integrated out.

As an example of random dot product graphs, one could take €2 to be the unit simplex in R¢
and let F be a mixture of Dirichlet distributions. Given a matrix of latent positions X, the ran-
dom dot product model generates a symmetric adjacency matrix A whose edges {A;;};~; are
independent Bernoulli random variables with parameters {P;;};;, where P = XX”. Random
dot product graphs are a specific example of latent position graphs [14], in which each vertex
is associated with a latent position and, conditioned on the latent positions, the presence or ab-
sence of the edges in the graph are independent. The edge presence probability between two
vertices is given by a symmetric link function of the latent positions of the associated vertices.
A random dot product graph with i.i.d. latent positions on n vertices is also, when viewed as an
induced subgraph of an infinite graph, an example of an exchangeable random graph [7]. Ran-
dom dot product graphs are related to stochastic block model graphs [15] and degree-corrected
stochastic block model graphs [16], as well as mixed membership block models [1]; for exam-
ple, a stochastic block model graph with K blocks and a positive semidefinite block probability
matrix B corresponds to a random dot product graph whose latent positions are drawn from a
mixture of K point masses.
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Remark. We note that non-identifiability is a property of nearly all exchangeable random graph
models, and specifically, it is an intrinsic property of random dot product graphs. Indeed, for
any matrix X and any orthogonal matrix W, the inner product between any rows i, j of X is
identical to that between the rows i, j of XW. Hence, for any probability distribution F on €2 and
unitary operator U, the adjacency matrices A ~ RDPG(F) and B ~ RDPG(F o U) are identically
distributed (here, for a random variable X ~ F, we write F' o U to denote the distribution of
Y =UTX).

We now define the notion of adjacency spectral embedding; this is the key intermediate step
in our subsequent two-sample hypothesis testing procedures.

Definition 2. Let A be a n x n adjacency matrix. Suppose the eigendecomposition of |A| =
(ATA)/2 is given by

n

.

Al=) ruy,
i=1

with Ay > Ay > -+ > Ay, being the eigenvalues of |A| and uy, ..., u, the corresponding eigen-
vectors. Given a positive integer d < n, denote by Sy = diag(ry, ..., g) the diagonal matrix
whose diagonal entries are L1, ..., g and denote by Up the n x d matrix whose columns are
the corresponding eigenvectors ay, . .., ug. The adjacency spectral embedding A into R? is then

the n x d matrix X = UASL/Z.

Remark. The intuition behind the notion of adjacency spectral embedding is as follows. We note
that if (A, X) ~ RDPG(F), then the upper triangular entries of A — XX ' are independent random
variables. Let || - || denote the spectral norm of a matrix. Then one can show that [|A — XX || =
O(IX|) = o(JIXXT|)) with high probability [22]. That is to say, A can be viewed as a “small”
perturbation of XX . If we now assume that X is of rank d for some d — an assumption that is
justified in the random dot product graphs model — then the Davis—Kahan theorem [6] implies that
the subspace spanned by the top d eigenvectors of XX is well-approximated by the subspace
spanned by the top d eigenvectors of A. In particular, the eigendecomposition of XX recovers
the matrix X up to an orthogonal transformation; hence the adjacency spectral embedding of A is
expected to yield a consistent estimate of X up to an orthogonal transformation (see Lemma 2).

2.1. Two-sample hypothesis testing

In this paper, we propose a nonparametric version of the two-sample hypothesis test examined in
[32]. To wit, [32] presents a two-sample random dot product graph hypothesis test as follows. Let
X, and Y, be n x d matrices of fixed (non-random) latent positions, and O(d) the collection of
orthogonal matrices in R?*?. Suppose A ~ RDPG(X,,) and B ~ RDPG(Y,,) are the adjacency
matrices of random dot product graphs with latent positions X,, and Y,,, respectively. Consider
the sequence of hypothesis tests

H):X,LY, aganst H}:X,#+Y,,
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where == denotes that there exists an W € O(d) such that X,, = Y,,W. In [32], it is shown that
rejecting for large values of the test statistic 7;, defined by

T, = min ”XnW - Yl’l”Fv
WeO(d)

yields a consistent test procedure for any sequence of latent positions {X,}, {Y,} for which

minweo ) 1Xn — Y, W]|| diverges as n — oo.

Our main point of departure in this work is the assumption that, for each n, the rows of the
latent positions X,, and Y,, are independent samples from some fixed distributions F' and G,
respectively. The corresponding tests are therefore tests of equality between F' and G. More
formally, we consider the following two-sample nonparametric testing problems for random dot
product graphs. Let F and G be probability distributions on  C R? for some d. Given A ~
RDPG(F) and B ~ RDPG(G), we consider the tests:

1. Equality, up to orthogonal transformation
Hy: F=G against Hu: F£G,

where F =G denotes that there exists a unitary operator U on R? such that F = GoU and F£G
denotes that F # G o U for any unitary operator U on R?.
2. Equality, up to scaling

Hy:FL=Goc for some ¢ >0 against Hy:F£Goc for any ¢ > 0,

where Y ~ FocifcY ~F.
3. Equality, up to projection

Hy:For 'LGon! against HA:Fon_I#éGOJT_l,

where 7 is the projection x > x/||x||; hence ¥ ~ F o~ lif 7= 1(Y) ~ F.

We note that the above null hypothesis are nested; F =G implies F =G o ¢ for ¢ = 1 while

F=G oc for some ¢ > 0 implies For 'L Gom ™!

2.2. Maximum mean discrepancy

We now introduce the notion of the maximum mean discrepancy between two distribution [11].
The maximum mean discrepancy is a distance measure for probability distributions and hence
can be used to construct a non-parametric two-sample hypothesis testing procedure (see Theo-
rem 1 below). The maximum mean discrepancy is just one of several examples of kernel-based
testing procedures; see [13] for a recent survey of the literature and for a more detailed discus-
sion.

Let ©2 be a compact metric space and «: 2 x €+ R a continuous, symmetric, and positive
definite kernel on 2. Denote by H the reproducing kernel Hilbert space associated with k. Now
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let F be a probability distribution on 2. Under mild conditions on «, the map u[F] defined by
piF1= [ k. dF@
Q

belongs to H. Now, for given probability distributions F and G on 2, the maximum mean dis-
crepancy between F and G with respect to H is the measure

MMD(F, G; H) := | u[F] — G|,

We summarize some important properties of the maximum mean discrepancy from [11]. In par-
ticular, if « is chosen so that u is an injective map, then ||u[F] — n[G]||% yields a consistent test
for testing the hypothesis Hy: F' = G against the hypothesis H 4: F' # G for any two arbitrary but
fixed distributions F and G on €.

Theorem 1. Let k: X x X — R be a positive definite kernel and denote by ‘H the reproducing
kernel Hilbert space associated with k. Let F and G be probability distributions on Q; X and
X' independent random variables with distribution F, Y and Y’ independent random variables
with distribution G, and X is independent of Y . Then

|ulF1=plGl|3,=  sup  [Eplh]—Eglh]]®
heH:||h||n =<1

(2.1)
=E[x(X,X')] = 2E[x (X, V)] +E[«(Y.Y")].

Given X = {X;}]_| and Y = {Yi}}_| with {X; } X "F and {Y} x "G, the quantity Uy, , (X, Y)
defined by

Unin(X.Y) = o3 Zx(x,,x ) — —ZZK(XI,YIC)

i=1 k=1
(2.2)

Y, Y
m(m Dz;ssz( (0]

is an unbiased consistent estimate of ||u[F] — n[G] ”%—l Denote by ik the kernel
K, y)=k(x,y) —Ex(x,2) —Eyk(, y) + E; yx(z, 2),

where the expectation is taken with respect to z,7' ~ F. Suppose that
m,n — 00. Then under the null hypothesis of F = G,

— p€(0,1) as

m +n

o0

(m + 1)U (X, Y) i> Z O - 23)
l
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where { Xlzl}?il is a sequence of independent x* random variables with one degree of freedom,
and {A} are the eigenvalues of the integral operator Ly i : H — H defined as

1F,;2(¢)(X)=/Q¢(y)lz(x,y)dF(y)-

Finally, if k is a universal or characteristic kernel [25,26], then u is an injective map, that is,
ulFl=ulGlifand only if F =G.

Remark. A kernel k: X x X — R is universal if « is a continuous function of both its arguments
and if the reproducing kernel Hilbert space ‘H induced by « is dense in the space of continuous
functions on X with respect to the supremum norm. Let M be a family of Borel probability
measures on X. A kernel « is characteristic for M if the map u € M+ [k (-, 2)u(dz) is
injective. If k is universal, then « is characteristic for any M [25]. As an example, let X be a finite
dimensional Euclidean space and define, for any g € (0, 2), k;(x, y) = %(||x||q + Iyll? — |lx —
v1I9). The kernels k, are then characteristic for the collection of probability distributions with
finite second moments [19,24]. In addition, by equation (2.1), the maximum mean discrepancy
with reproducing kernel k, can be written as

MMD?*(F, Q; k;) =2E|X = Y| —E|X - X'|! —E|y —¥'|",

where X, X’ are independent with distribution F, Y, Y’ are independent with distribution G, and
X, Y are independent. This coincides with the notion of the energy distances of [31], or, when
q =1, a special case of the one-dimensional interpoint comparisons of [21].

Remark. The limiting distribution of (m + n)U, ,, (X, Y) under the null hypothesis of F = G in
Theorem 1 depends on the {X;} which, in turn, depend on the distribution F'; thus the limiting
distribution is not distribution-free. Moreover, the eigenvalues {A;} can, at best, be estimated;
for finite n, they cannot be explicitly determined when F is unknown. In practice, generally the
critical values are estimated through a bootstrap resampling or permutation test.

3. Main results

We now address the nonparametric two-sample hypothesis tests of Section 2.1 using the method-
ology described in Section 2.2. Throughout, we shall always assume that the distributions of
the latent positions satisfy the following distinct eigenvalues assumption. The assumption im-
plies that the estimates of the latent position obtained by the adjacency spectral embedding in
Definition 2 will, in the limit, be uniquely determined.

Assumption 1. The distribution F for the latent positions X1, X2, ..., ~ F is such that the sec-
ond moment matrix E[ X1 X 1'—] has d distinct eigenvalues and d is known.

The motivation behind this assumption is as follows: the matrix E[X| X 1T] is of rank d with d
known so that given a graph A ~ RDPG(F), one can construct the adjacency spectral embedding
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of A into the “right” Euclidean space. The requirement that E[ X X ;r] has d distinct eigenvalues
is due to the intrinsic property of non-identifiability of random dot product graphs, that is, for any
random dot product graph A, the latent position X associated with A can only be estimated up to
some true but unknown orthogonal transformation. Because we are concerned with two-sample
hypothesis testing, we must guard against the scenario in which we have two graphs A and B

with latent positions X = {X;}7_, L Fand Y = (Y }]L, b F but their estimates X and Y

lie in different, incommensurate subspaces of R?. That is to say, the estimates Xand Y satisfy
X~ XW; and Y~ YW,, but ||W; — W»|| ¢ does not converge to 0 as n, m — oo. See also [10]
for exposition of a related so-called “incommensurability phenomenon.”

Indeed, we recognize that Assumption 1 is restrictive; in particular, it is not satisfied by the
stochastic block model with K > 2 blocks of equal size and edge probabilities p within commu-
nities and g between communities. However, we are not aware of any two-sample nonparametric
inference procedure in which the incommensurability problem is resolved, and Assumption 1
still permits two-sample nonparametric inference on a wide class of random graphs.

Remark. This issue of incommensurability is an intrinsic feature of many dimension reduction
techniques, and is not simply an artificial complication that arises in graph estimation. Consider,
for example, principal component analysis in the following setting. Let X, Y € R"*¢ and sup-
pose that the rows of X and Y are i.i.d. from some distribution F. Furthermore, suppose that X
and Y are unobserved, but instead X and Y are to be estimated or recovered from some higher
dimension data X* = [X | Z] e R"*P, and Y* =[Y | Z'] € R"*P, say via principal component
analysis, where Z and Z' are n x (D — d) matrices whose rows are i.i.d. from some other dis-
tribution H. That is to say, X is recovered via principal component analysis of X* into R¢ and
similarly for Y. Then depending on the covariance structure of F and H, the recovered X and Y
could lie in incommensurate subspaces.

3.1. Two technical lemmas

We now state two technical lemmas. The first lemma is the culmination of results from [20]
and [32]. The second lemma lays the foundation for an empirical process result and is also a
central ingredient for showing the convergence to zero of a suitably scaled version of our test
statistic in the two-sample setting.

Lemma 2. Let (X, A) ~ RDPG(F)be a d-dimensional random dot product graph on n vertices
with latent position distributions F satisfying the conditions in Assumption 1. Let ¢ > 0 be arbi-
trary but fixed. There exists no(c) such that if n > ng and n satisfies n=¢ < n < 1/4, then there
exists an orthogonal matrix W dependent on X such that, with probability at least 1 — 47,

IX —XW]|p < Cy, 3.1)

N log (n
1K = XWpoo0 < Cz,/w, (3.2)

where C| and C; are constants depending only on F and no(c).
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Lemma 2 bounds the difference between X and X namely the Frobenius norm || - || and
the maximum of the /; norms of the rows || - |[2—00. The norm || - |2 o is induced by the
vector norms || - |2 and || - | Via [|A[l2— o0 = maxx|,=1 [|AX||oc. Equation (3.2) follows from

Lemma 2.5 in [20] while equation (3.1) follows from Theorem 2.3 in [32].

As a quick application of Lemma 2, suppose (X, A) ~ RDPG(F) and (Y, B) ~ RDPG(G)
where the latent position distributions F* and G satisfy the distinct eigenvalues assumption and
consider the hypothesis test of Hp: F=G. Let « be a differentiable radial kernel and U, ,, (X, Y)
is defined as

n

A A 2
Unn X, Y) = o I)ZK(X,,X)—%ZZK(X“Yk)Jr( I)ZK(Yk,Yl)

JFi i=1 k=1 1#k

Then there exists a deterministic unitary matrix Wq such that
Unn X, Y) = Unm(X, YW0) — 0

almost surely as n, m — oo. This can be seen as follows. Let W,, and V,,, be orthogonal matrices
in the eigendecomposition W,S1W,, = XX, V,S:V,,=Y'Y, respectively. Then

A A 1 A A
Unn K. Y) = Unon XWo, YVi) = o D _(e(Ris X)) = K (Wa Xi, Wa X )

2 n m R )
=) > (kR YO — e (Wa Xi, Vi)

i=1 k=1

1 A A
Ye.Y)) — (Vi Y, Vi 1))
—i—m(m D ;(K( 6 YD) — k(VinYi, Vi Y1)

By differentiability of x and compactness of €2, we have
e (Xi X ) = 1 (Wa Xi, W X))
< Cmax{||X; = W, X[, IX; = W, X, |1} < CIX = XW, |22 o0,
for some constant C independent of i and j. Similarly
e (P, Y1) = € (Vi Yie, Vi YD| = CIY = YV ll2 o0,
e (Xi, Yo) = e (WaXi, Vin Y| = C(IX = XWalla—o0 + Y = YV ll2oc)-
Thus,
|Unan R Y) = U XWo, YVi) | < 2C (1K = XWoi 200 + 1Y = YViu 2-500)
which converges, by Lemma 2, to zero almost surely as n, m — oo. Furthermore,

Un,m (me YVm) = Un,m (Xs YVmW;zr)
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as « is a radial kernel. We have that
nIXTX =n"'W/S$W; and
m Y'Y =m™'W] S, W,

are /n-consistent and /m-consistent estimators of E[ XX lT] and E[Y; Yl—r ], respectively. Since
F and G satisfy the distinct eigenvalues condition, we can apply the Davis—Kahan theorem
to each individual eigenvectors of E[ XX lT] and E[Y Y lT ], thereby showing that W,, and V,,
are 4/n-consistent and /m-consistent estimator of the corresponding orthogonal matrices in the
eigendecomposition of E[XleT] and E[Y) YIT], respectively. If F G, thatis, F = G o Wy for
W orthogonal, then VmW;lr =Wy + O(max{n—"2,m~1/2}) and hence

|Un,m (X7 ?) - Un,m(Xv YW0)| = |Un,m(Xv ?) - Un,m (Xv vaw;ll—)|
+ O(max{n_l/z,m_l/z})

which also converges to zero almost surely. That is to say, the test statistic based on the estimated
latent position converges to the statistic based on the true but unknown latent positions. Thus one
can construct, using the test statistics Uy, (X, ?), a test procedure for Hy: F# G that is consistent
against all fixed alternatives F'Z£ G. This is in essence a first order result; in this regard, it is similar
in spirit to first order consistency results for spectral clustering [28] and vertex classification [29].
However, as we recall from Theorem 1, in order to obtain a non-degenerate limiting distribution,
we want to consider the scaled statistics (m + n)U,_,, (X, Y). Showing the convergence to zero
of (m + n)(U,,,m()A(, SA() —Upm(X, YVmW,I)) is much more involved and is the main impetus
behind the following lemma.

Lemma 3. Let k be a twice continuously differentiable kernel. Let Fo = (P (Z): Z € Q} where
®(Z) =« (-, Z) is the feature map of «, that is, f € Fo if f(X)=«(X, Z) for some Z. Sup-
pose (X, A,) ~RDPG(F) forn=1,2,...1is a sequence of d-dimensional random dot product
graphs and the latent positions distribution F satisfies the distinct eigenvalues condition in As-
sumption 1. Denote by W, the orthogonal matrix in the eigendecomposition W,S,, WI = X;Xn
Then as n — 00, the sequence W,, satisfies

sup
feFo

— .
T D (FWLXp) - f(Xi))| -0
i=1

almost surely, where f(n = {}A( iYi_, is the adjacency spectral embedding of A,.

Lemma 3 is the main technical result of this paper. Using the bound on ||)A( — XW||2- 0 from
Lemma 2 implies that for some class of continuous functions F, e.g., continuous functions of
the form ¢ (|| - —c||) for all ¢ in a compact subset of R? | there exists a sequence of orthogonal
matrices W,, such that

n

1 A
= W.X;) — f(X; 0
nggn;(f( )= fXD)| —
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almost surely as n — oo [20], Theorem 15. Lemma 3 improves upon this; for some special
class F, the above also holds with the factor 1/n replaced by a factor of 1//n.

The proof of Lemma 3 is given in the Appendix. A rough sketch of the proof is as follows. For
fixed f € Fg, a Taylor expansion allows one to write n—1/2 Z?:l (f(Wn)A(,-) — f(X;)) in terms
of > i A 1 ZVZT(A — P)u; for unit vectors v; depending on f and u; depending on {X;}; here
A; are the eigenvalues of P. Hoeffding’s inequality applied to the sum ) ; A, 1/ 2uiT (A — P)v;
provides an exponential tail bound for each f € F¢. A chaining argument similar to that in [33],
Section 3.2, and bounds for the so-called covering number of F¢ (again, see [33], Section 2.3,
for a precise definition) lead to an exponential tail bound that is uniform over all f € Fo.

The application of Lemma 3 to our nonparametric two-sample hypothesis testing problem is
presented in Section 3.3. Another interesting consequence of Lemma 3 is a functional central
limit theorem for X, which is the topic of the following subsection.

3.2. A functional central limit theorem for X

By replacing the class of functions F¢ in Lemma 3 with a more general class of functions F
whose covering numbers are still “small,” a similar chaining argument can be adapted to yield
the following functional central limit theorem. (For a comprehensive discussion of functional
central limit theorems, see, for example, [9,34] and the references therein.) We first recall certain
definitions, which we reproduce from [34]. Let X;, 1 <i < n be identically distributed random
variables on a measure space (X, B), and let IP,, be their associated empirical measure; that is,
P, is the discrete random measure defined, for any E € 5, by

1 n
Pu(E)=—3 1e(X).
i=1

Let P denote the common distribution of the random variables X;, and suppose that F is a class
of measurable, real-valued functions on X. The F-indexed empirical process Gy, is the stochastic
process

1 n
foGu(f)=vn@®y—P)f = NG > (F(X) —E[£(XD)]).
i=1

Under certain conditions, the empirical process {G,(f) : f € F} can be viewed as a map into
£%°(F), the collection of all uniformly bounded real-valued functionals on F. In particular, let 7
be a class of functions for which the empirical process G, = /n(P, — P) converges to a limiting
process G where G is a tight Borel-measurable element of £°°(F) (more specifically a Brownian
bridge). Then F is said to be a P-Donsker class, or for brevity, P-Donsker [34], Section 2.1.
A sufficient condition, albeit a rather strong one, for F to be P-Donsker is via the entropy for the
supremum norm. That is, let N (8, F) be the smallest value of N such that there exists { f° j}?lzl
with SUp reF min; || f — fjlloo <38. Then F is P-Donsker for any P if [34], Section 2.5.2,

/0 J10g Noo (5, 7) d8 < oc. (3.3)
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As an example, let F be the unit ball associated with a kernel ¥ on a compact  C RY. Then
F is P-Donsker provided « is m-times continuously differentiable on €2 for some m > 2d + 1
[34], Theorems 2.7.1 and 2.5.6. The unit ball associated with the Gaussian kernel on R is thus
P-Donsker for all d.

Theorem 4. Let (X, A,) forn=1,2,..., be a sequence of d-dimensional RDPG(P) where

the latent position distribution P satisfies the distinct eigenvalues condition in Assumption 1. Let

F be a collection of (at least) twice continuously differentiable functions on Q2 with

sup (@)X < o0 sup (azf)(X)” < 00.
,XeQ feF,Xe

feF QH

Furthermore, suppose F satisfies equation (3.3) so that G, = \/n(P, — P) convergesto G, a P-
Brownian bridge on £°°(F). Denote by W,, the orthogonal matrices in the eigendecomposition
W, S, W =XTX,. Then as n — oo, the F-indexed empirical process

. 1 & .
feFrGuf= NG i;(f(wnxi) —E[f(X)]) (3.4)

also converges to G on £°°(F).

Theorem 4 is in essence a functional central limit theorem for the estimated latent positions
{)A( i} in the random dot product graph setting. We emphasize that for any n, the {)A( i}i_, are not
jointly independent random variables, that is, Theorem 4 is a functional central limit theorem for
dependent data. Due to the non-identifiability of random dot product graphs, there is an explicit
dependency on the sequence of orthogonal matrices W, ; note, however, that W,, depends solely

on X;, and not on the {X;}.

3.3. Consistent testing

We now consider testing the hypothesis Hy: F &= G using the kernel-based framework of Sec-
tion 2.2. For our purpose, we shall assume henceforth that « is a twice continuously-differentiable
radial kernel and that « is also universal. Examples of such kernels are the Gaussian kernels and
the inverse multiquadric kernels « (x, y) = (c? + ||x — y||?)# for ¢, 8 > 0.

To justify this assumption on our kernel, we remark that in Theorem 5 below, we show that
the test statistic U, , (X, SA() based on the estimated latent positions converges to the correspond-
ing statistic U, ,, (X, Y) for the true but unknown latent positions. Due to the non-identifiability
of the random dot product graph under unitary transformation, any estimate of the latent posi-
tions is close, only up to an appropriate orthogonal transformations, to X and Y. We have seen
in Section 3.1 that for a radial kernel, this implies the approximations K(X i) X DX, X)),
K()?k, 1?1) ~ i (Yy, Y;) and the convergence of U, ()A(, SA() to Uy ;m (X, Y). If  is not a radial ker-
nel, the above approximations might not hold and U, ;, (f(, SA() need not converge to Uy, (X, Y).
The assumption that « is twice continuously-differentiable is for the technical conditions of
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Lemma 3. Finally, the assumption that « is universal allows the test procedure to be consistent
against a large class of alternatives.

Theorem 5. Let (X, A) ~ RDPG(F) and (Y, B) ~ RDPG(G) be independent random dot prod-
uct graphs with latent position distributions F and G. Furthermore, suppose that both F and G
satisfies the distinct eigenvalues condition in Assumption 1. Consider the hypothesis test

Hy: FLG against Ha: FEG.

Denote by X = {)A(l, ey )2',1} and Y = {)A’l, e, )A’m} the adjacency spectral embedding of A
and B, respectively. Let W1 and Wy be d x d orthogonal matrices in the eigendecomposition
W]S]WlT =X"X, WS$,Wr,=Y'Y, respectively. Suppose that m,n — oo and m/(m + n) —
p € (0, 1). Then under the null hypothesis of F =G, the sequence of matrices W, = WQWI
satisfies

A1) (Upn X, Y) = Up (X, YW, 1)) =5 0. (3.5)
Under the alternative hypothesis of F# G, the sequence of matrices Wy, ,, satisfies
m—+n PRI .
z—(Un,m (X’ Y) - Un,m(Xv Ywn,m)) 2) 0 (36)
log” (m +n)

Proof. We first define the statistic V,, ,, (X, Y)

2
1 & l &
Ve (X, Y) = H; Zcb(xg — = e
i=1 k=1 H
3.7
1 n n 2 n m ] m m
=52 D KX XD =3 Y wXi Yo+ — 3 Y (Ve V).
i=1 j=1 i=1 k=1 k=1 I1=1
We shall prove that the difference
m 4+ 1) (Vi X, Y) = Vi X, YW, 1)) —> 0 (3.8)

under the hypothesis F = G. The claim (m + n)(Up.m (X, Y) = Up.m (X, YW, 1)) —> 0 in The-
orem 5 follows from equation (3.8) and the following expression
(m+n) (Vn,m (Xs ?) - Vn,m X, Ywn,m))
=(m+ n)(Un,m(Xa ?) - Un,m(Xv Ywn,m)) +r+r,

where r| and r, are defined as (recall that « is a radial kernel)
n m
A A m-+n A A
D (e (Xi X)) =k (Xi, X)) + ———— > (k(Ve. Ya) — k (Vi, i),
i=1 m(m —1) k=1

m-+n

= =)



1612 M. Tang et al.

3

m

py= N ZZ K(Xi, X)) — k(R X)) + m+" Ty 2 2 (Y YD) — (B F).

2 —
(n D i=1 j=1 k=11=1

As k is twice continuously differentiable, we can show, by the compactness of €2 and the bounds
in Lemma 2 that both 71 and r, converges to 0 almost surely. In particular, there exists a constant
L such that both |r1| and |r;]| is bounded from above by

IX = XWil2meo 1Y —YWal2too
+ .
n—1 m—1

L(m +n){

We thus proceed to establishing equation (3.8). Define &y, EcH by

e =TS e Wixs ) = S e (War,
i=1 k=1
E= VNN Ry - YIS (.

Note that

|+ 1) (Vi X, Y) = Vi X, YW )| = [1Ew 13, — 16113,
< léw — Elln CEw I3 + 16w — Ell3)-

We now bound the terms ||Ew — é ll3¢ and ||Ew ||7¢. We first bound || ||;. Let Ty and T» be the
orthogonal matrices in the eigendecomposition of E[ X1 X IT] and E[Y] YlT ]. The distinct eigenval-

ues condition in Assumption 1 implies, by the Davis—Kahan theorem, that Wi = T; 4+ O (n~1/?)
and Wy =T, + O(m_l/z). When F LG, F oT| = G o T, and hence by adding and subtracting
terms, we have

/m+nZK(T1X,,~ U[F oTq] /m—l—nZK(TzYk, ulG o 2]+0(1)’

That is, &y — O(1) is a sum of independent mean zero random elements of . In addition
lk(Z,) — ulFllly <2 forany Z € R4, Using a Hilbert space concentration inequality [23],
Theorem 3.5, we obtain that

P[ll6wll2 = v/m + n(s//n +1/4/m)] < 2(exp(—(1 +m/n)s?/8) + exp(—(1 +n/m)i*/8)),

which implies that ||€w || is bounded in probability. We now bound || &y — é‘ [l4¢. We have

_ /m+niK(W1Xi,')—K()A(iw)_ /m+niK(W2Yk,-)—K(?k,~)
oo Vn (L Vm
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and Lemma 3 implies (as « is radial)

[m+n i k(W1 X;, ) —«(Xi, ) a5, [m+n i K (WaYe, ) — & (Y, ) as
no= Jn no = Jm

asm,n — oo, m/n— p € (0, 1). Thus ||Ew —§||H — 0 and equations (3.8) and (3.5) are estab-
lished.
We now derive equation (3.6). We note that in the case when FZ G, one still has

| 4+ 1) (Vi X, Y) = Vi X, YWo)) | < Nl6w — Ell2 (21Ew N3¢ + 16w — Ell%¢),

where é and &y are defined identically to the case when F' = G. However, when F=£ G, the bound
IlEw ll4x = O(1) with high probability no longer holds. Indeed, when F#G,

VRSN (X, — S ey,

n m
i=1 k=1

Ew—0(1) =

is not a sum of mean O random variables. We thus bound ||&w | = O(y/nlogn) with high
probability. The proof of Lemma 3 yields ||§ — &w |y = O(n~/?logn) with high probability
(see equation (A.7) in the Appendix). Hence, |(m + n)(V,,,m(f(, f() — Vam X, YW, )] is of
order log®? n with high probability and equation (3.6) follows. (]

Equations (3.5) and (3.6) state that the test statistic U, (X, SA() using the estimated latent
positions is almost identical to the statistic Uy, (X, YW, ;) defined in equation (2.2) using the
true latent positions, under both the null and alternative hypothesis. Because « is a universal
kernel, Uy, (X, YW,,,») converges to O under the null and converges to a positive number under
the alternative. The test statistic U,,,m(f(, SA() therefore yields a test procedure that is consistent
against any alternative, provided that both F' and G satisfy Assumption 1, namely that the second
moment matrices have d distinct eigenvalues.

We note that a subtle point in the statement and argument of the theorem is that W, ,, is
a random quantity depending on X,, and Y,,. There does exist a deterministic matrix Wy de-
pending only on F and G such that W, ,, — Wy almost surely as m,n — oo. Indeed, from
the proof of the theorem, we have that Wy is a 4/n-consistent estimator of T1 where T; is the
orthogonal matrix in the eigendecomposition of E[X X IT] and that W, is a /m-consistent es-
timator of T, where T, is the orthogonal matrix in the eigendecomposition of E[Y] Y]—r ]. Under
the null hypothesis, F o T1 = G o T»; hence if we define Wy as T,T/, then W2W1T is a  /n-
consistent estimator of Wy. This convergence of order O (n~'?) is, however, not sufficiently
fast to guarantee that (m + n)(Uy, X,Y) — Un.m (X, YWy)) converges to zero almost surely
when F = G. For example, let F' be a mixture of two multivariate logit-normal distributions with
mean parameters (0, 0), (4, 4), identity covariance matrices and mixture components (0.4, 0.6);
let G be a multivariate logit-normal distribution with mean parameter (2, 2) and identity covari-



1614 M. Tang et al.

o

B 0.50 N
2-
1- 0.25-
2 2
‘@ 04 T 0T EE WL 00T 0 O 1 1111 0 WU ‘@ 0.00 1l | 10UT 1A 000 M 1 | 11111 Wo
S 5 W, & Wi
< m 5 1.00- X
4-
0.75-
3-
= 0.50 - N
2-
1 0.25-
0 I I I 1 - | 0.00 | I 11— |
-6 -4 -2 0 2 -12 -8 -4 0
value value
(a) (X,A) ~RDPG(F), (Y,B) ~RDPG(F) (b) (X,A) ~RDPG(F), (Y,B) ~RDPG(G)

Figure 1. Comparison between the random W, ;; and fixed but unknown Wy. The empirical distribu-
tions of (m + n)(Up.m (X, Y) — Up.m (X, YW()) (in red) and (m + 1) (Up.m (X, Y) — Up.im (X, YW, 1)
(in blue) under (a) the null setting of (X,A) ~ F,(Y,B) ~ F and (b) the alternative setting of
X,A)~F,(Y,B)~G.

ance matrix. Figure 1 illustrates that the difference (m +n) (U, (X, f() —Upm X, YW, ,»)) isin
general smaller compared to the difference (m +n) Uy, X, Y)-U, n.m (X, YWp)), thereby com-
plicating the derivation of the exact nondegenerate limiting distribution for (m + n)Um’n()A(, SA().
Nevertheless, since the nondegenerate limiting distribution for (m + n)Um,n()A(, \A() will not be
distribution-free, the fact that it is currently unknown is, for all practical purposes, irrelevant.
Indeed, the proposed test statistic still yields a consistent test procedure whose critical values can
be obtained through a simple bootstrapping procedure.

Remark. The computational cost for implementing the test procedure in Theorem 5 consist
mainly of two parts, namely computing the adjacency spectral embedding of the graphs A and B,
and computing the test statistic Uy , X, Y). Assuming n > m, the adjacency spectral embedding
of A and B into R is a (partial) singular value decomposition of A and B and thus can be
computed in O (n%d) time. The test statistic Un.m (X, SA() can be evaluated in O (n?) time.

Remark. The proof of Theorem 5 can be adapted to show that data-adaptive bandwidth selec-
tions behave similarly for X and Y as for X and Y. That is to say, we can show that under the null
hypothesis, Ag = (m +n) (U, m (X, SA() —Upm (X, YW, ,)) converges to 0 uniformly over some
family of kernels {xg: 0 € ®}. For example, {kg: 60 € ®} could be the set of Gaussian kernels with
bandwidth 6 € ® for some bounded set ® C R.
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4. Experimental results

In this section, we illustrate our test statistic and procedure with two examples. The first example
investigates the comparison of distinct two-block stochastic blockmodels. The second example
considers graphs from a protein network dataset and uses our proposed test statistic to build a
classifier.

4.1. Stochastic blockmodel example

We illustrate the hypothesis tests through several simulated and real data examples. For our first
example, let F, for a given ¢ > 0 be mixture of point masses corresponding to a two-block

stochastic block model with block membership probabilities (0.4, 0.6) and block probabilities
_(05+¢ 02

B =1 02 05+¢

alternative H4: Fo# F using the kernel-based testing procedure of Section 3. The kernel is cho-

sen to be the Gaussian kernel with bandwidth o = 0.5. We first evaluate the performance through
simulation using 1000 Monte Carlo replicates; in each replicate we sample two graphs on n ver-
tices from RDPG(Fj) and one graph on n vertices from RPDG(F;). We then perform an adja-
cency spectral embedding on the graphs, in which we embed the graphs into R?, and we proceed
to compute the kernel-based test statistic. We evaluate the performance of the test procedures for
both U, ,»(X,Y) and U, (X, Y) by estimating the power of the test statistic for various choices
of n € {100, 200, 500, 1000} and ¢ € {0.02, 0.05, 0.1} through Monte Carlo simulation. The sig-
nificance level is set to « = 0.05 and the rejection regions are specified via B = 200 bootstrap
permutation using either the true latent positions X and Y or the estimated latent positions X
and Y. These estimates are given in Table 1.

]. We then test, for a given ¢ > 0, the hypothesis Hy: Fo= F; against the

4.2. Classification of protein networks

For our last example, we show how the statistics U, ,, ()A(, SA() can also be adapted for use in graphs
classification. More concretely, we consider the problem of classifying proteins network into en-

Table 1. Power estimates for testing the null hypothesis F =G at a significance level of & = 0.05 using
bootstrap permutation tests for the U-statistics Uy, m(f(, SA() and Uy, (X,Y). In each bootstrap test, B =
200 bootstrap samples were generated. Each estimate of power is based on 1000 Monte Carlo replicates of
the corresponding bootstrap test

£=0.02 £ =0.05 e=0.1
n {X,Y) {X,Y) {X,Y} X, Y) {X,Y) {X,Y)
100 0.07 0.06 0.07 0.09 0.21 0.27
200 0.06 0.09 0.11 0.17 0.89 0.83
500 0.08 0.1 0.37 0.43 1 1

1000 0.1 0.14 1 1 1 1
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Table 2. Classification accuracy on the enzyme dataset

Classifier Accuracy (%)
SVM with optimized feature vector kernel [8] 80.17
SVM with random walk kernel with secondary structure [5] 77.30
k-NN with dissimilarities based on Uy, 1, 78.20

zyme versus non-enzymes. We use the dataset of [8], which consists of 1178 protein networks
labeled as enzymes (691 networks) and non-enzymes (487 networks). For our classification pro-
cedure, we first embed each of the protein networks into R> using adjacency spectral embedding.
The choice of d =5 is chosen from among the choices of embedding dimensions ranging from
d =2 through d = 15 to minimize the classification error rate. We then compute a 1178 x 1178
matrix S of pairwise dissimilarity between the adjacency spectral embedding of the protein net-
works using a Gaussian kernel with bandwidth & = 1. The classifier is a k-NN classifier using
the dissimilarities in S in place of the Euclidean distance. We evaluate the classification accuracy
using a 10-fold cross validation. The results are presented in Table 2. For the purpose of com-
parison, we also include the accuracy of several other classifiers that were previously applied
on this data set, see [5,8]. The results of [8] are based on modeling the proteins using various
features such as secondary-structure content, surface properties, ligands, and amino acid propen-
sities, and then training a SVM using a radial basis kernel on these feature vectors. The results of
[5] are based on representing the proteins as graphs, using their secondary-structure content, and
then training a SVM classifier using a random walk kernel on the result graphs. The accuracy
of our straightforward classifier, which does not use any information about associated secondary
structure, is comparable to that obtained from using SVM with a well-designed features kernel
or well-designed graph kernels.

5. Extensions

In this section, we will consider extensions to alternative hypothesis tests that consider looser
notions of equality between the two distributions. These notions may be quite useful in practice
due to variations in graph properties that one may want to ignore in a comparison of the graphs.
We do not formally state results for these extensions but we note that they can be derived in a
similar manner to Theorem 5; see Sections A.1 and A.2 in the Appendix.

5.1. Scaling case

We now consider the case of testing the hypothesis that the distributions F and G are equal up
to scaling. In particular, the test

Hy:FL+Goc for some ¢ >0 against Hp:F£Goc for any ¢ > 0,
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Table 3. Power estimates for testing the null hypothesis F'&=G o ¢ at a significance level of o = 0.05
using bootstrap permutation tests for the U -statistics Un,m(f(/fx, f(/fy) and Uy n (X/sx,Y/sy). In each
bootstrap test, B =200 bootstrap samples were generated. Each estimate of power is based on 1000 Monte
Carlo replicates of the corresponding bootstrap test. The entries for ¢ = 0 coincides with bootstrap estimate
for the size of the test

e=0 e =0.05 e=0.1 e=0.2
n X, Y} X, Y} X, Y} (X, Y} {X,Y) X, Y} {X,Y} X, Y}
100 0.05 0.04 0.184 0.02 0.79 0.16 1 091
200 0.06 0.1 0.39 0.11 0.98 0.7 1 1
500 0.07 0.07 0.83 0.66 1 1 1 1
1000 0.06 0.03 1 0.98 1 1 1 1

where Y ~ F o ¢ if cY ~ F. The test statistic is now a simple modification of the one in The-
orem 5, that is, we first scale the adjacency spectral embeddings by the norm of the empirical
means before computing the kernel test statistic. In particular, if we let

A —1/2 1w N —1/2 1% —1/2 —1/2
Sx=n""21Xllp,  Sy=m YHY)E, sx=n"YHX|E sy =m"V2|Y||F,

then the conclusions of Theorem 5 hold where we use Uy, (f( /5x, Y /8y) as the test statistic in
comparison to Uy, (X/sx, YW, /sy). Note that we must restrict ¢ so that G o c is still a valid
distribution for an RDPG.

As an example let F; be the uniform distribution on [e, 1/ «/5]2 where ¢ > 0 and let G be
the uniform distribution on [0, 1/ «/5]2. For a given ¢, we test the hypothesis Hy: F. =G o ¢ for
some constant ¢ > 0 against the alternative H4: Fr# G o ¢ for any constant ¢ > 0. The testing
procedure is based on the test statistic (m + n)Uy ,,(X/5x, Y/Sy) using a Gaussian kernel with
bandwidth o = 0.5. Table 3 is the analogue of Table 1 and presents estimates of the size and
power for Uy, ,,,(X/sx, Y /sy) and Un,m(f(/bex, f(/&y) for various choices of n and &.

5.2. Projection case

We next consider the case of testing
Hy:For 'LGon™! against HA:Fon_I:}éG om~ !,

where 7 is the projection x — x/||x|| that maps x onto the unit sphere in R¢. In an abuse of
notation, we will also write 7 (X) to denote the row-wise projection of the rows of X onto the
unit sphere.

We shall assume that 0 is not an atom of either F' or G, that is, F(0) = G (0) = 0, for otherwise
the problem is possibly ill-posed: specifically, 7 (0) is undefined. In addition, for simplicity in the
proof, we shall also assume that the support of F' and G is bounded away from 0, that is, there
exists some ¢ > 0 such that F({x: ||x|| <e}) = G({x: ||x|| <e¢}) =0. A truncation argument with
& — 0 allows us to handle the general case of distributions on €2 where 0 is not an atom.
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To contextualize the test of equality up to projection, consider the very specific case of the
degree-corrected stochastic blockmodel [16]. A degree-corrected stochastic blockmodel can be
view as a random dot product graph whose latent position X, for an arbitrary vertex v is of
the form X, = 6, v, where v, is sampled from a mixture of point masses and 6, (the degree-
correction factor) is sampled from a distribution on (0, 1]. Thus, given two degree-corrected
stochastic blockmodel graphs, equality up to projection tests whether the underlying mixture
of point masses (that is, the distribution of the v,) are the same modulo the distribution of the
degree-correction factors 6,,.

For this test, under the assumption that both F' and G have supports bounded away from the
origin, the conclusions of Theorem 5 hold where we use U, , (7 ()A(), n(f()) as the test statistic
and compare it to Uy, (7 (X), 7 (Y)Wy ).

5.3. Local alternatives and sparsity

We now consider the test procedure of Theorem 5 in the context of (1) local alternatives and (2)
sparsity. It is not hard to show that the test statistic Un,m(f(, ?) is also consistent against lo-
cal alternatives, in particular the setting (X, A,) ~ RDPG(F},), (Y,,B,) ~ RDPG(G,) with
|l Fy] — ulGnlllg — 0. In this setting, the accuracy of X,, and ?,, as estimates for X,, and
Y, is unchanged; the only difference is that the distance between F;, and G, is shrinking. Thus
equations (3.5) and (3.6) continue to hold and the test procedure is consistent against all local
alternatives for which |u[F] — u[G1lly = w(n~""?logk (n)) for some integer K > 2 (cf. [11],
Theorem 13).

Another related setting is that of sparsity, in which (X, A;) ~ RDPG(al/ ’F ), (Y, B,) ~
RDPG((xn G), with F and G being fixed distributions but the sparsity factor o;, — 0. That is
to say, (X,,A,) ~ RDPG(a,i/ZF) for o, < 1 if the rows of X, are sampled i.i.d. from F and,
conditioned on X,, A, is a random n X n adjacency matrix with probability

PANX Y] = [T(ow X7 X ;)% (1 — X[ X,)' 40,

i<j

Now the accuracy of Xn and SA(,I as estimates for X,, and Y,, decreases with «,, due to increas-
ing sparsity. More specifically, if X, denotes the adjacency spectral embedding of A, where
(X, A;) ~ RDPG(«, F), then Lemma 2 can be extended to yield that, with probability at least
1 — 45, there exists an orthogonal matrix W,, such that

—1/2%

o 2Ky = Xy W || < 20 (5.1)

for some constant C;. We note that there are n rows in X and hence, on average, we have that
for each index i, |a, 1/2X - W, X;| < (nan) 1/2¢; with high probability. Thus, if na, —
oo, we have that, on average, each «, 172 X; is a consistent estimate of the corresponding X;.
Thus we should expect that there exists some sequence of orthogonal matrices V, such that
|Up.m (aty 2% n,(x;l/z Y,) — Upn(X,, Y, V)| — 0 as n — oco. More formally, we have the
following.
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Proposition 6. Let (X,, A,) ~ RDPG(ar/*F) and (Yo, Bi) ~ RDPG(B./>G) be independent
random dot product graphs with latent position distributions F and G and sparsity factor oy
and B, respectively. Furthermore, suppose that both F and G satisfies the distinct eigenvalues
condition in Assumption 1 and that o, and B, are known. Consider the hypothesis test

Hy: FLG against Hj: FEG.

Denote by Xn = {)2'1, el )A(,,} and ?m = {)A’l, el I?m} the adjacency spectral embedding of
A, and B,,, respectively. Let W1 and W, be d x d orthogonal matrices in the eigende-
composition W SW! = XnTX,,, WS, W, = Y;ner, respectively. Suppose that m,n — 00,
m’_”m — p € (0, 1) and furthermore that na,, = a)(log4 n) and mp,, = a)(log4m). Then the se-
quence of matrices Wy, = WZWI'— satisfies

—1/2

Un m( Xna/gml/z ) - Un,m(Xn»men,m) i>0 (52)

Proof Sketch. Let v = Uy (et /*Xo, B/ Yom) = Upon X, Yo Wi ). We have

1 a1 a
W = m Z(K(an 1/2X,',0[n I/ZXI) _K(WlxivW]Xl/’))
J#

2 n m B A - .
= YD e K R — (WX, WaYi)

i=1 k=1

1

- 22T B PV — k(Wa Y, WaY,
+m(m_1)l§k( (B B 1) — kK (WaYi, WaY)).

LetSxy Cc{1,2,...,n} and Sy C {1,2, ..., m} be defined by

Sy = {i: Han_l/zf(,' ~WiX;| < Cl(nan)_l/zlogn},
Sy = {k: | Bu'* Tk = WaXi| < Co(mB) ™" logm).

From equation (5.1), the number of indices i ¢ Sx is of order o(n), with high probability. Simi-
larly, the number of indices k ¢ Sy is of order o(m) with high probability. Therefore,

Z Z X,,Otn /25?]') —K(WIXi,WIXj))
IESXJESX
2 _ _
- — Z Z (K I/ZXI,,B 1/2Yk) —K(W1X,,W2Yk))
’nniESxkESy

S k(B PP B2 H) =k (WaYe, WaX)) + 0(1).
m(m— D

keSy leSy
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We consider the term 1/(n(n — 1)) ZieSX ZjGSX(K(ot,Tl/Z}A(i,a;Uz)A(j) — k(W1 X;, Wi X))).

By the differentiability of x and compactness of €2, we have

1/2 1/2

X,’,Oln_ )A(j)—K(Wlxi’WlXj”

< Cmax{”cx,,_l/zf(i —WiXi|, |«

e (et

w PR - Wi}

for some constant C independent of i and j. Thus,

1 1A _1/aA
D Z Z(K(an 1/2Xi,oz,, 1/2Xj)—K(W1X,',W,1Xj))‘
n(n— )ieSXjeSX

< rnaxCHotn_l/z)A(i - WiX; H

ieSx

Similar reasoning yields
-1/2 % —-1/2¢
vl =20 (max|ar 2% = Wi X | + max || 825 = WaYe ) + o ()
ieSx keSy
~1/2 ~1/2
< 2C(C1(nan) logn + Ca(mpBy,) logm) +o(1)

with high probability. As na, = w(log*n) and mpB, = w(log*m), we have 2% 0 as
m,n — oo. O

We assume in the statement of Proposition 6 that the sparsity factors «,, and 8, are known. If
on and B, are unknown, then they can be estimated from the adjacency spectral embedding of
A,, and B,,, but only up to some constant factor. Hence the hypothesis test of

Hy: F=G against Hu: FEG

is no longer meaningful (as the sparsity factors o, and B,, cannot be determined uniquely) and
one should consider instead the hypothesis test of equality up to scaling of Section 5.1.

We note that the conclusion of Proposition 6, namely equation (5.2), is weaker than that of
Theorem 5 due to the lack of the m + n factor in equation (5.2) as compared to equations (3.5)
and (3.6). The more difficult question, and one which we will not address in this paper, is to refine
the rate of convergence to zero of equation (5.2) in the sparse setting. We suspect, however, that
equation (3.5) will not hold in the case where o, = o(n~Y%) and B = o(m—1/2). Nevertheless,
Proposition 6 still yields a test procedure that is consistent against any alternative, provided that
both F and G satisfy Assumption 1, and that the sparsity factors «, and S, do not converge to 0
too quickly.

6. Discussion

In summary, we show in this paper that the adjacency spectral embedding can be used to generate
simple and intuitive test statistics for the nonparametric inference problem of testing whether two
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random dot product graphs have the same or related distribution of latent positions. The two-
sample formulations presented here and the corresponding test statistics are intimately related.
Indeed, for random dot product graphs, the adjacency spectral embedding yields a consistent
estimate of the latent positions as points in R?; there then exist a wide variety of classical and
well-studied testing procedures for data in Euclidean spaces.

New results on stochastic blockmodels suggest that they can be regarded as a universal ap-
proximation to graphons in exchangeable random graphs, see, for example, [35,36]. There is
thus potential theoretical value in the formulation of two-sample hypothesis testing for latent
position models in terms of a random dot product graph model on R? with possibly varying d.
However, because the link function and the distribution of latent positions are intertwined in the
context of latent position graphs, any proposed test procedure that is sufficiently general might
also possess little to no power.

The two-sample hypothesis testing we consider here is also closely related to the problem
of testing goodness-of-fit; the results in this paper can be easily adapted to address the latter
question. In particular, we can test, for a given graph, whether the graph is generated from some
specified stochastic blockmodel. A more general problem is that of testing whether a given graph
is generated according to a latent position model with a specific link function. This problem has
been recently studied; see [36] for a brief discussion, but much remains to be investigated. For
example, the limiting distribution of the test statistic in [36] is not known.

Finally, two-sample hypothesis testing is also closely related to testing for independence; given
a random sample {(X;, ¥;)} with joint distribution Fxy and marginal distributions Fx and Fy,
X and Y are independent if the Fyy differs from the product Fy Fy. For example, the Hilbert—
Schmidt independence criterion is a measure for statistical dependence in terms of the Hilbert—
Schmidt norm of a cross-covariance operator. It is based on the maximum mean discrepancy
between Fyy and Fy Fy. Another example is Brownian distance covariance of [30], a measure
of dependence based on the energy distance between Fyy and Fy Fy. In particular, consider the
test of whether two given two random dot product graphs (X, A) ~ RDPG(Fyx) and (Y,B) ~
RDPG(Fy) on the same vertex set have independent latent position distributions Fx and Fy.
While we surmise that it may be possible to adapt our present results to this question, we stress
that the conditional independence of A given X and of B given Y suggests that independence
testing may merit a more intricate approach.

Appendix: Additional proofs

Proof of Lemma 3. As « is twice continuously differentiable, F is also twice continuously

differentiable [27], Corollary 4.36. Denote by W the orthogonal matrix such that X = UpSll,/ w.
Let f € Fo, a Taylor expansion of f then yields

Zf(WX) FXD) = Z(afo) (WX — X))

+ WE Xixwfn — X)) T (0° ) (X7)(WX; — X)),
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where, for any i, X} € R is such that X7 — Xl < ||W)A(,~ — X;||. We first bound the quadratic
terms, i.e. those depending on 32 f. We note that since « is twice continuously differentiable,
SUP fe Fy XeQ (3% £)(X)| is bounded (the norm under consideration is the spectral norm on
matrices). Therefore,

3 (WX — X)T@*N)XHWE; = Xi) | _ 1G> CONIXW — X[
i=1 \/ﬁ - feF . XeQ \/ﬁ -

sup
feFo

Hence, by applying Lemma 2 to bound ||XW - X||%r in the above expression, we have

(WX; — X)) (0 H(XHWX; — X)) as,
NG

sup
feFo

i=1

asn — oQ.

We now bound the linear terms, i.e., those depending on df. For any f € Fo, and any
X1,..oy Xn, let M(Of) =M@Of; X1,...,Xn) € R"*4 pe the matrix whose rows are the vectors
(0f)(X;). We then have

1 < .
=—» @NHX)TWX; - X;
¢(f) ﬁ;‘( NEDT( )
e I
- (XKW —X)[M@/)]") = 7 tr((UaSY? — UpSY 2 )W[M@N)] ).

Now A =U,S AUI + E where, as we recall in Definition 2, S4 is the diagonal matrix containing
the d largest eigenvalues of |A| (which coincides, with high probability, with the eigenvalues
of A) and U, is the matrix whose columns are the corresponding eigenvectors. The eigendecom-
position of E can be written in terms of the eigenvalues and eigenvectors that are not included

in S5 and Ua. Thus EUp = 0 and UxS)> = UsSAULUaS, /% = (UsSAU] + E)UaS, /% =
AUAS, /. Similarly, P = UpSpUJ (because P is rank d) and UpSy/*> = PUpSp /2. Thus,

1 . .
= tr((AUAS,"/* — PUpS, ) W[M@0/)] ")

_%tr((A(UA Up)S, 2+ AUp(S,'* =S 7%) + (A — P)UpS, ) W[M@)] ).

We therefore have

sup ez, IM@F)1I
<
R AR NT

L sup (M@ (A — PYURS;2W)).
\/_fe]-'q)

172

(|A@s ~Up)S "W + [AUR (S, ~ 8" W] )

(A.1)
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We bound the first two terms on the right-hand side of equation (A.1) using the following result
from [20]. [l

Lemma 7. Let (X, A) ~RDPG(F) and let ¢ > 0 be arbitrary but fixed. There exists no(c) such
that if n > ng and n satisfies n=¢ < n < 1/2, then with probability at least 1 — 2n, the following
bounds hold simultaneously

12y 24./2d1og (n/n)

AU —Up)S, A2
|A(Ua — Up) = Sy (A.2)
AUw(S—1/2 _g=1/2 48dlog (n/n) 7 A3

Jave(sy" - = e a3

where y (F) is the minimum gap between the distinct eigenvalues of the matrix E[X1 X Ir] with
X~ F.

Equation (A.2) in the above lemma is a restatement of Lemma 3.4 in [20] where we have used
the fact that the maximum row sum of A is n. Equation (A.3) follows from Lemma 3.2 in [20] and
the fact that |[M M3 |2 00 < [I[M1 200 l|M2]| for any matrices M and Mj. As the individual
bound in equations (A.2) and (A.3) holds with probabilty 1 — 5, they hold simultaneously with
probability 1 — 2n.

Lemma 7 then yields

sup re 7, IM@f)l F
NG

with probability at least 1 — n~2, where C(F) is a constant depending only on F.

We next show that the last term on the right-hand side of equation (A.1) is also of order
n~12(logn) with probability at least 1 — n~2. To control this supremum, we use a chaining
argument. Denote by 3 Fg the space of functions . Fp = {3f: f € Fo} from R? to R¥. For a
given df € 0Fo let [|0f ||« denote the quantity supy.q [[(df)(X)]l2, where || - || is the Euclidean
norm in R¥. Similarly, for given 0f, 0g € 0F ¢, let [|0f —dg|loo denote supyq [1(0f —3g) (X)|l2.
As k is twice continuously differentiable and €2 is compact, d.F ¢ is totally bounded with respect
to || - lloo. Put 8 = supyreyF, 10 lloo. Then for any j € N, we can find a finite subset S; =
{af1, sz,...,afnj} of 0F¢ such that for any df € d.Fg, there exists a df; € §; with [|[9f —
0filloo <6 := =27/8. We shall assume that S j is minimal among all sets with the above property.

Given S}, define IT; as the mapping that maps any df € 0F¢ to an (arbitrary) 0f; € 0F ¢
satisfying the COIldlthIl l0fi — 0fllcc < &;. Denote by X1,..., X, the rows of the matrix

AUpS, 2W. Then by the separability of . F¢, we have

C(F)logn
Jn

(JAUA - UnS, W] - + [ AUp(S, =8, W] ) <

~ 1 _
(f)=—= sup [ut[M(@/)]" (A - P)UpS, ' /*W|
\/— feFo

= sup

ﬁFwaw>a.m
eFo



1624 M. Tang et al.

1 & i .
(ﬁ ZZ(HJHW —T,;0f)(X) " (X; — Xi)) n N

= sup
feFo i=1 j=0
1 o n . co
= — (Mj18f = TN XD T (Xi = X)) + —=
fseu]% (ﬁ;; j+19f jof ) N
.
< OfSEUJI._)q)\/—Z(H]Haf M;8f) (X" (Xi = X)| + ’ﬁ

where co = Y"1, (TTodf ) (X)) T (X; — X;).
The term n= /23" (T1;413f — I1;3f)(X;) T (X; — X;) can be written as sum of quadratic
form, i.e.,

1 < 3
e 2 Mndf = AN T (X = X
- (A.4)

QU

1

I’l

Z (Vo) A - P,

s=1

where 77T (@f) for s = 1,2,...,d are the columns of the n x d matrix with rows
W(II;10f —II;0f)(X;) fori = 1, ...,n and ug and A are the eigenvectors and corresponding
eigenvalues of P.

Now, for any vectors b= (b1, by, ...,b,) and ¢ = (c1, 2, ..., Cn),

b"(A—P)c=2) "bi(A-P)jcj+ ZPublcl

i<j

The sum over the indices i < j in the above display is a sum of independent random variables.
Therefore, Hoeffding’s inequality ensures that

12 2
P23 bi(A — P)c; Zt:|§Zexp<—7)<26xp(—7>.
H Z ! / 8Z,</bf§ 8lIbl12 el

i<j
In addition, ) ; P;;bjc; < |bllllc]. We apply the above argument to equation (A.4). First,
eV @f)lla < 3/28,4/n for all 3f € 3F. In addition, [luy|| = 1 for all s. Hence, for all

t> 28j)\d_1/2,
2
>dt | < 2dexp<—7l)
K83hy

d
Y (@) A - P

s=1

1
I
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for some universal constant K > 0. Let N; be the cardinality of {I1;y1df — I1;0f: f € Fo}.

Then by the union bound,
P ! >dt | <2dN; ( a )
sup exp{l —— |.
IS ANZE K&3hy'

Now N; < |Sj+1|2 and hence, for any #; > 0,
P| sup
feFo

where n; = d\/KS;)»Jl (’? +log|Sj11 |2). Summing equation (A.5) over all j > 0, and bounding
-1/2

Z(Hmaf ;9 (X" (X; — Xi)

Z(n,mf ;9 (X" (X; — Xi)

«/— > 17/:| <2d exp( ) (AS)

n co using another application of Hoeffding’s inequality, we arrive at

|: sup [£(f)] = ZK nj:| <2dZexp

Jj=0 Jj=0

for some constant K’ > 0. We now bound Y32 n; =372, d\/KSJZAJI (tjg +log|Sj+11?). To

bound |S;|, we use the covering number for 2, i.e., |S;| < (L/Bj)d [33], Lemma 2.5, for some
constant L independent of §;. Then by taking tjz =2(logj + logn),

2dC3
[ sup |Z(f)| = dag"2(Crlogn + Cz)] (A.6)
feFo
for some constants C1, Cy and C3. Equations (A.6) and (A.1) implies
C(F)logn
sup [¢(f)] = == 4 dry*(Crlogn + C) (A7)
feFo n

with probability at least 1 — (1 + 24 C3)n~2. Since there exists some constant ¢ > 0 for which
Adq/(cn) — 1 almost surely, an application of the Borel-Cantelli lemma to equation (A.7) yields
SUp ¢e 7, 1€ ()| — O almost surely. Lemma 3 is thus established.

A.1. Proof for the scaling case Section 5.1

The proof parallels that of Theorem 5. We sketch here the requisite modifications for the case
when the null hypothesis =G o ¢ holds. Namely, we show that when F=LG o ¢ for some
constant ¢ > 0,

(m + 1) (Vo X /5%, Y /8v) = Vi X/5x, YW [57) —> 0. (A.8)
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Define &y, € € H by

gy = YT Z (WiXi/sx,) — mrn ZK(WZYk/SY ),
= V’"}f" >k Rifix.) - ””m+” Sk (Bifir. ).

Define r and r, similar to that in the proof of Theorem 2, i.e.,

S )
= N K\ = =
nn—1) P Sx Sx Sx Sx
+m+niK?kYk_K§ﬁ
m(m — l) —l §y ’ fy Sy ’ Sy ’
m+n )A( X X; X;
2(’1—1)22{ (5 ) K<SX’SX>}

i=1j=1
m m
m+n Y Yl)}
z(m—l),;;{ (§Y’§Y> (SY sy )}

There exists an L depending only on « such that |rq| and |r2| is bounded from above by

IX=XWlaoo  Isx —8x| 1Y =YWlasoo sy — Syl
(n—1)sx (n — DsxSx (m — 1)Sy (m — 1)sySy

L(m —}—n){

Lemma 2 implies |r; + r2| — O almost surely. Now denote oy = (E[IX]I*)Y/? and oy =
(E[IY I*D /2. Then sy and sy are Jn- consistent and /m- consistent estimators of oy and oy,
respectively. When FLGoc, u[FoTiooy ] =pu[GoTroo0y ] Denote by S(X) and gé‘f) the
quantities

n

o _ m(Z «(T1Xi/ox.) = ulF o Ty 06;1])

i=1

(0 Jm_ﬂ(i k(T2¥; /oy, ) — ulG o Ty oa;1]>_

m
k=1

Then &y = §(X) + g(Y) + O(1) and hence &y — O (1) is once again a sum of independent mean
zero random elements of /. A Hilbert space concentration inequality similar to that of [23],
Theorem 3.5, yields that ||£ |3 is bounded in probability.
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We next bound ||§w — é”?—t- We mimic the proof of Lemma 3, paying attention to the terms
sx and sy. A Taylor expansion of « yields

1 « X; WX;
— o) -0
(o) 2 ())o
1 X; WX; X
_ L Sae(X .T<A_l__l)
\/ﬁ; (SX)() Sx  Sx

) (D)

The terms depending on 32® in the above display is bounded as

1 &/WX,  X; X; WX; X;
— —_ 3 D “) - —
Zﬁ o1 Sx SX Sx Sx

_ SUpzeq [922(2)] Z WX x|’
- 2/n =l sx  sx

_ Supzcq 1°@(Z)[IXW — X7

B Vn(Sx)?

which converges to 0 almost surely. For the terms depending on d®, we have

Zacp( )()T<WX Xi)—ii:acb(ﬁ)(fiw&_xi
sx)  nio sX §

Sx SX

(5o (55

The first sum on the right-hand side of the above display can be bounded using a chaining ar-
gument identical to that in the proof of Lemma 3 and an application of Slutsky’s theorem (for
Sx — (E[I X I*1)"/? almost surely). For the second sum on the right-hand side, we have

ie()omn(U) - e (o (m i)

\/_ SxSx (Sx +sx)Sxsx

SUpz. 71eq |@P2NZN T ZI IXI13 — I1XI13
Jn Sx +sx)8x

1/2,2 1/2,2

We note that X3 = (IS, * |13 and |[X|13. = Sy *II3. Thus [IXI3. — [X|3] < V/d(ISa — Sellr
by the Cauchy—Schwarz 1nequality. Lemma 3.2 in [20] can then be applied to ||Sa — Sp||F to
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show that |||)A(||%, — ||X||%,-| is of order O (logn) with probability at least 1 — n~2; note that this
bound for ||Sa — Sp||F is much stronger than that obtained from Weyl’s inequality and a con-
centration bound for ||A — P|| from [17,18,22]. Hence by the compactness of €2, smoothness of
® and Slutsky’s theorem, the second sum also converges to 0 almost surely, thereby establishing
equation (A.8).

A.2. Proof for the projection case Section 5.2

The proof of this result is almost identical to that of Theorem 5. We note here the requisite
modifications for the case when the null hypothesis of F o 7! £ G o 7! holds. Define &y, £ €
‘H by

Ew Vm}f” 3 k(Wi (X)) - mm+" Y ke (War (V) -)
= k=1
A~ AJm+n \/m—lrn “
£ = Z (m(Xi).- p” ;;K (Vi)
In addition, define r| =ry1 4 r12 and rp =21 + 122 by
+n o - 5
rp = % Z(K(T[(X,‘),]T(Xj)) — k(T (X)), (X)),
i=1
m4n o 5
Fp= ————— Z(K(]‘[(Yk), (Y1) — k(7 (Ye), 7 (Yp))),
m(m — 1) P
+ A A
rat = % > k(X0 (X)) — k(X (X)),
iJ
m-+n ~ A
= e kz;(x(n(yk), (YD) — k (x(Ye), T (1))

Using the assumption that || Z|| > co F-almost everywhere for some constant ¢y > 0, both |r|
and |r2| can be bounded from above by

2IX = XWl2noo  21Y = YW(2oo
(n—Deo (n—1Dco

L(m —l—n){

for some constant L depending only on «. To complete the proof, we adapt the argument in the
proof of Lemma 3 to the family of functions

F={f=0(@on)")(2):Ze}

to show that |&w — é Il — 0 almost surely as n — oo.
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