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Abstract: We propose a novel class of separable multilayer network mod-
els to capture cross-layer dependencies in multilayer networks, enabling the
analysis of how interactions in one or more layers may influence interac-
tions in other layers. Our approach separates the network formation process
from the layer formation process, and is able to extend existing single-layer
network models to multilayer network models that accommodate cross-
layer dependence. We establish non-asymptotic and minimax-optimal error
bounds for maximum likelihood estimators and demonstrate the conver-
gence rate in scenarios of increasing parameter dimension. Additionally, we
establish non-asymptotic error bounds for multivariate normal approxima-
tions and propose a model selection method that controls the false discovery
rate. Simulation studies and an application to the Lazega lawyers network
show that our framework and method perform well in realistic settings.
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1. Introduction

Multilayer networks have become a recent focal point of research in the field of
statistical network analysis [e.g., 26, 9, 2, 24, 30, 11, 37, 19], arising in applica-
tions where a common set of elements in a population interact through multiple
modes or relationships with other elements in the population. A prototypical
example in the literature might be the Lazega law firm network [25], in which
attorneys are linked through various forms of interaction, such as advice seek-
ing, friendship, collaboration, etc., each of which would form a distinct layer
in the multilayer network [24]. In essence, a multilayer network is a composite
structure, where each layer captures a specific type of interaction or relationship
between the same set of elements.

Edges in one layer of the multilayer network may depend on edges in other
layers, creating what is known as cross-layer dependence. Understanding the
drivers of edge formation in multilayer networks requires learning the depen-
dence structures across these layers. A key challenge lies in the fact that the
cross-layer dependence can be highly varied and complex, and the development
of statistical models with theoretical guarantees for network data with depen-
dent edges is challenging. Current methodological frameworks for multilayer
networks can be broadly categorized into two main groups:
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1. Statistical models equipped with theoretical guarantees often rely on la-
tent variable constructions [e.g., 30, 2, 19]. These models typically assume
conditional independence of edges given the latent variables, following
standard practices within the field.

2. Statistical models that do not provide formal theoretical guarantees [e.g.,
9, 24]. Instead, these methods extend existing approaches by explicitly
allowing for edge dependencies, thereby relaxing the conditional indepen-
dence assumptions present in the first class of models.

In this work, we address a critical gap in the literature by introducing a separable
multilayer network modeling framework for multilayer networks. Our approach
not only accommodates dependent edges but also provides theoretical guaran-
tees for both estimation and inference without relying on any latent variables.
Specifically, we extend single-layer network models to the multilayer setting,
with a central focus on identifying and understanding cross-layer dependence
structures. A key advantage of our proposed framework is that we are able
to distinguish the network formation process from the layer formation process.
This allows us to create a wide range of novel multilayer network models de-
rived from established single-layer network models, such as exponential-family
random graph models, stochastic block models, and latent space models. By
employing Markov random field specifications, we develop adaptable and com-
prehensive models to capture cross-layer dependencies in multilayer networks.
As a result, our framework jointly models both network structures and cross-
layer dependence, thus enabling any single-layer network model to be extended
to the multilayer setting. Our main contributions in this work include:

1. Introducing a novel framework for modeling cross-layer dependence in
multilayer networks that synchronizes with current network models in the
literature.

2. Deriving non-asymptotic theoretical guarantees in scenarios where the
number of parameters tends to infinity, which establishes bounds on the:

(a) Statistical error of maximum likelihood estimators.
(b) Error of the multivariate normal approximation of estimators.

3. Elaborating a model selection algorithm which controls the false discovery
rate.

The rest of the paper is organized as follows. Section 2 introduces our mod-
eling framework and includes illustrative examples. The consistency and the
minimax optimal results are contained in Section 3. The multivariate normal
approximation theory is presented in Section 4. The results of simulation studies
are provided in Section 5, together with different testing procedures for model
selection which control the false discovery rate. An application of our developed
framework and methodology is given in Section 6, concluding with a discussion
presented in Section 7. The code and data to reproduce the simulations and
analyses can be found in our package online.!

Thttps://github.com/jiaheng-1i/mlyrnetwork
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2. Modeling cross-layer dependence in multilayer networks

A multilayer network can be represented as a sequence of 1 < K < oo ran-
dom graphs XM, ...  X) each defined on a common set of N > 3 nodes,
which we take without loss to be the set N = {1,..., N}. We call the graphs
X® .., XK the layers of the network, and represent the multilayer network
as the quantity X = (X®, ... X)),

Connections between pairs of nodes {4, j} C N in each layer k € {1,..., K}
are modeled by random variables

k
x*)

1 mnodes ¢ and j are connected in layer k
0 otherwise '

We refer to all connections of a pair of nodes {i,j} C N across the K layers
as a dyad which we denote by X, ; = (XZ.(}].),...,XZ-(’;{)) € {0,1}%. A multi-
layer network can be represented by a collection of dyads as X = (X ;)i j1cn
alternatively.

For notational ease, we will consider undirected multilayer networks, which
imply that the network layers X ..., X are undirected random graphs;
extensions to directed multilayer networks or mixed multilayer networks with
both directed and undirected layers will typically be straightforward, involving
only notational adaptations in subscripts in most cases. We ad)opt the usual

(k

conventions for undirected networks, i.e., we assume that Xi,j =X ](lz) (all

{i,j} CN, 1<k < K)and X¥) =0 (alli € N, 1 < k < K). The sample
space of each layer X *) is therefore the product space X(*) := {0, 1}(1;) (k=
1,...,K), and the sample space X of X is the product space of the sample
spaces of the individual layers, i.e., X := X(1) x ... x X(5)| The sample space of
dyad {i,j} C N is the product space X; ; := {0, 1}%.

A challenge in the statistical modeling of network data lies in the fact that
networks have many distinguishing properties, including:

1. Sparsity. Many real-world networks are sparse, in the sense that the ex-
pected number of edges in the network grows at a rate slower than (];, )
The phenomena of network sparsity manifests in a variety of different ap-
plications, usually due to constraints, such as time or financial constraints,
which can limit the number of connections any node can maintain at a
given point in time [22, §].

2. Node heterogeneity. Different actors in a social network will have differ-
ent properties, called node covariates, which can lead to different propensi-
ties to form edges. A key example is assortative and disassortative mixing
patterns in networks [31, 23], as well as differences in structural patterns
in the network [1, 27].

3. Edge dependence. In addition to node-based effects that give rise to het-
erogeneity in propensities for nodes to form edges, scientific and statisti-
cal evidence suggests edges are dependent in many applications [18, 13, 6],
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and modeling a single system of multiple binary random variables without
replication is a challenging statistical problem inherent to many statistical
network analysis applications.

Each of the above gives rise to distinct challenges for modeling network data and
performing statistical inference in statistical network analysis applications, and
it is not straightforward to construct models that due justice to each of these
and more. To address these challenges, a plethora of statistical models have
been proposed to model network data, which for single-layer networks have in-
cluded exponential-families of random graph models [e.g., 28, 36], stochastic
block models [e.g., 17], latent metric space models [e.g., 16], random dot prod-
uct graphs [e.g., 3], exchangeable random graph models [e.g., 10, 12], and more.
In this work, we build upon the many classes of single-layer network data mod-
els by introducing a separable multilayer network modeling framework. This
framework enables existing single-layer network models to be extended to the
multilayer setting and simultaneously enables learning cross-layer dependence
and interactions across different layers in the multilayer network.

2.1. Separable multilayer network models

Multilayer networks are subject to the same forces and phenomena as single layer
networks, as multiple modes of relation or interaction do not remove constraints
or properties of nodes which are fundamental to network data applications. The
same set of nodes is defined across all layers in a multilayer network, and be-
cause all layers share the same set of nodes, the dyadic connections among
these nodes fundamentally define the network formation process. By specifying
a single-layer network as the foundational structure reference, we can separate
the network formation process from the layer formation process. In doing so,
the single-layer network serves as the baseline for establishing dyadic relation-
ships that represent the relational structure across all layers of the multilayer
network. As a result, the network formation process determines which dyads
have the potential to form connections, i.e., which pair of nodes may exhibit
at least one edge in any of the layers. In contrast, The layer formation pro-
cess dictates the particular layers in which these connections appear. To learn
the effects of cross-layer dependence in multilayer networks, we propose the
class of separable multilayer network models, which extend the broad litera-
ture on single-layer network models into the multilayer realm. These models
can incorporate an arbitrary single-layer network structure as the foundational
baseline and ensures that the underlying single-layer network can be recovered
from observations of the multilayer network. We illustrate this approach and
its advantages through our proposed modeling framework. We specify probabil-
ity distributions on a double of networks (X,Y), where Y will represent the
network formation process, which we will call the basis network, and X will

represent the realized multilayer network. We assume that Y € Y := {0, 1}(1;,)
is an undirected, single-layer network defined on the set of nodes N where, for
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all {i,j} C N,

)

V.. 1 mnodes i and j are connected in the basis network
! 0 otherwise

making the usual conventions for undirected networks mentioned previously.
For (X,Y), we consider semi-parametric families of probability distributions
F = {Pg : 0 € RP} which are absolutely continuous with respect to a o-finite
measure v defined on P(X x Y), where P(X x Y) is the power set of X x Y.
Typically, v will be the counting measure. We say the probability mass function
Py € F defines a separable multilayer network model if Py admits the form:

Po({(z,y)}) = f(=,0)g(y) h(z,y)(0,y), (x,y)ecXxY, (1)
where

o f:XxRP— (0,1) is given by

K K
f(xz,0) = H exp (Z 05, xi’“j) + Z Or. xgkj) xglj) T
k=1

{i,7yCN k<l

K

(k1) (kn)

+ E Oky k... ks Lijg T )
k1<...<kmg

where H < K is the highest order of cross-layer interactions included in the
model. We write 0y, r,,. ..k, to reference the h-order interaction parameter
for the interaction term among layers {ki,...,kp} C {1,...,K}.

e g:Y — (0,1) is the marginal probability mass function of Y and is
assumed to be strictly positive on Y.

e h:XxYw~ {0,1} is given by

Ma,y) =[] ezl > 0)% 1(lai = 0)' v,
{i,j}CN

where x; ; = (x(l) x(K)) eX;; ({i,4} CN).

(VR Vi,

e :0 x Y (0,00) is defined by

-1
¢(97y) = [Z f(xvg) h(m’y)‘| )

zeX

ensuring (1) will be a valid probability mass function for (X,Y).

The notation Po({(x,y)}) is well-defined for each pair (z,y) € X x Y, as
Py is a probability measure defined on P(X x Y). Frequently, we will write the
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Layer 1 Layer 2 Layer 3

LSM Basis

ERGM Basis

SBM Basis

Fig 1: Multilayer networks specified by three different basis network structures:
the latent space model (LSM), the exponential random graph model (ERGM),
and the stochastic block model (SBM).

probability expressions Pg(X = x,Y = y) for the joint probability of {(x,y)},
and Pg(X = x|Y = y) for the conditional probability of the event X = x
conditional on the event ¥ = y. We denote the data-generating parameter
vector by 8* € RP, and the corresponding probability measure and expectation
operator by P = Pg« and E = Eg«, respectively.

The specification in equation (1) separates the network formation process
Y, specified by g(y), from the layer formation process, specified by f(x,8).
The two are joined by the function h(z,y), which ensures |z; ;|1 = 0 whenever
Y;; = 0 and |x; ;|1 > O whenever Y; ; = 1, as we allow edges between nodes
i € Nand j € Nin X if and only if ¥; ; = 1. We call dyads {7,j} C N with
Yi; = 1 activated dyads, and a pair (x,y) € X x Y that satisfies h(z,y) = 1
is said to be a concordant pair. We will only focus on concordant pairs of mul-
tilayer networks since our modeling framework guarantees the recovery of the
basis network Y given an observation of X, a point that will be made clear
shortly in Proposition 1. The function (8, vy) ensures the resulting product of
functions will be a valid probability mass function, and it has less of a direct
role in modeling the cross-layer dependence, essentially fulfilling the role of a
normalizing constant for the conditional probability distribution of X given Y,
as derived in Proposition 1. Such specifications have the advantage of being able
to specify the network formation process separately from the process that pop-
ulates the layers of activated dyads, thus modeling the cross-layer dependence
conditional on Y. To illustrate the flexibility and generality of (1), observe that
g(y) is allowed to be any probability mass function for a single-layer network
Y (e.g., exponential-family random graph model, stochastic block model, latent
space model), provided g(y) > 0 for all y € Y. To illustrate this point, Figure
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1 displays various multilayer networks with K = 3 layers where the basis net-
work is specified via three different models, demonstrating that our modeling
framework is capable of ensuring that the multilayer network respects structural
properties of the underlying basis network. We view our framework as semi-
parametric as g(y) need not assume a specific parametric form. Moreover, our
framework can be viewed as non-parametric when the maximal possible order
of interaction terms are included in (1), a point on which we further elaborate
later. An important feature of our framework lies in the fact that the choice of
the probability distribution for the network formation process does not directly
influence the estimation for the cross-layer dependence structure, i.e., the choice
of g(y) does not directly influence estimation for 8*. Proposition 1 demonstrates
this point in the case of likelihood-based inference.

Proposition 1 Let {Pg : 0 € RP} satisfy (1). Then the following hold:
1. For each x € X, Y =1y (Pg-a.s.) for one and only one y € Y.

2.'Y is predictable via X, i.e., for ecach x € X, Pe(Y = y|X =) =1
where
vij = Llzigl >0, {ij}cN
3. For all (xz,y) € X x Y with h(x,y) =1,

logPo(X =, Y =y) = logPg(X = | Y =y) +log g(y),

where Po(X = x|Y = y) belongs to a minimal exponential family with
natural parameter vector @ € RP and is given by

Po(X =z |Y =y) = exp(log f(z,0) +logy(0,y)).

Proposition 1 establishes a few key facts for the inference of cross-layer de-
pendence structures in multilayer networks. First, we are able to observe Y
through X, as given any observation & € X of the multilayer network X,
Po(Y =y|X = x) =1 for one, and only one, y € Y. In other words, through
the observation of @, we can infer with probability 1 the corresponding y due to
the form of (1). The significance of this result is that we do not need to treat the
basis network Y as a latent network, which would require additional statistical
and computational methodology to handle the latent missing network data. Sec-
ond, we see that the inference for * is unaffected by the choice of g(y); although,
the statistical guarantees for estimators of 8* will be indirectly influenced by
the choice of ¢g(y), a point which we discuss in later sections. Moreover, the
above choice for f(x,0) and the functional form of Pe(X = x|Y = y) derived
in Proposition 1 establishes that log Pg(X = x|Y = y) corresponds to the
log-likelihood of a minimal exponential family, accessing a broad literature of
statistical methodology and theory [e.g., 41]. We note that other specifications
for f(x, @) are possible, but that Markov random field specifications provide a
powerful class of models for dependent data [e.g., 44], and in the case of the sat-
urated model with maximal interaction term H = K, it completely specifies all
possible probabilities of outcomes x; ; € {0, 1}X, presenting a non-parametric
model class for multilayer networks.
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2.2. Example of a multilayer network with pairwise interactions

We illustrate cross-layer dependence among layers in our modeling framework by
considering a separable multilayer network model using the Markov random field
specification for f(x,0) given in the previous section and maximal interaction
term H = 2:

K
f(z,0) = H exp(Zka —&-Z@mw ) (2)
k=1

{1,j}CN k<l

The dimension of the parameter vector 0 is dim(0) = K + (12( ), with K param-

eters governing the single-layer effects for the K layers and (12< ) combinations of
layers to form the pairwise interactions for the cross-layer dependence effects.
Define the (K-1)-dimensional vector X( = (X(l e {l,...,K}\{k}) to

be the vector of edge variables in X ; Wthh excludes the edge variable X Z( j),
excluding the edge variable between nodes ¢ and j in layer k. The condltlonal

log-odds of edge Xi(,];) takes the form:

Px®) =11xY =2 P v =1 |6 +Z Oz, iV > 0

1,77
k —k k l#k
RO =01 X[ = )Y’J‘” 4oor E -’f>|| =0
) i, 1 —

log

A primary advantage and motivation of using a parametric Markov random
field specification for f(x, @) lies in the interpretability of the model. An effec-
tive approach to analyzing and understanding marginal network effects in such
specifications is to study conditional log-odds of edges under different condi-
tioning statements [e.g., 39]. By the form of h(x,y), when Y; ; = 1, we require
|zi ;1 > 0, meaning nodes ¢ and j must have at least one connection in X. This
is seen through the log-odds formula above, where the log-odds of edge Xi(”;) is

(- k)”l

equal to +00 when |z; = 0. In contrast, when ||a:( k)Hl > 0, the constraint

| ;|1 > 0 is already satlsﬁed and the log-odds of edge X; (k ) depends on the
layer specific parameter 6y, as well as the pairwise interaction effects where edges
present 1n other layers [ € {1,..., K} \ {k} can influence the likelihood of the

edge X dependmg on the signs and magnitudes of the pairwise interaction
parameters Oy ({k, 1} C{1,...K}).

3. Estimation of cross-layer dependence structure

For separable multilayer network models satisfying (1), Proposition 1 establishes
that the log-likelihood function takes the form

(O;x,y) = logPe(X =2,Y =1y)

(3)
= logPe(X =z|Y =1y) +log g(y).
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Given an observation * € X of the multilayer network X, and therefore an
observation y € Y of Y by Proposition 1, we denote the set of maximum
likelihood estimators by

e = {OERP : 4(0;x,y) = sup E(O’;w,y)},
0’cRp

and reference individual elements of the set by 6cO. As Proposition 1 estab-
lishes log Po(X = x|Y = y) to be a minimal, and by construction regular,
exponential family, |(:)| € {0,1}, i.e., when the maximum likelihood estimator
exists, the set © will contain a unique element when non-empty [Proposition
3.11, pp. 32-33, 41]. As seen from the forms of £(0; x,y) given above, the gradi-
ents and Hessians of the log-likelihood equations do not directly depend on g(y).
However, the following lemma shows how theoretical guarantees for estimators
of 8* will be indirectly influenced by the choice of g(y).

Lemma 1. Consider a family {Pg : @ € RP} of separable multilayer network
models satisfying (1) and an observation * € X of X. Let (x,y) be the con-
cordant pair where y is given by Proposition 1. Define, for each pair of nodes

{i,j} C N,
LM(O, mi,j, y) = log ]PQ(XZ'J' = .’131'7]' |Y = y)

Then there exists a p X p matriz 1(0) such that

10) v, =1
E [_ngl,](07 Xi7j7 Y) | Y = y] — ( ) 1,7
0pp Yi;=0,

for all {i,7} C N, where 0, is the p X p matriz with all 0 entries, and

Amin(“EV£(0; X, Y)) = Auin(1(0))E|Y s
AmaX(_Evge(&XvY)) = Amax(1(0)) E[Y]1,

where Amin(A) and Apax(A) are the smallest and the largest eigenvalue of matriz
A € RP*P regpectively.

In classical settings with independent and identically distributed observa-
tions, the expected negative Hessian of the log-likelihood function is the Fisher
information matrix and is expected to scale with the number of observations.
In such cases, standard matrix theory indicates that the smallest eigenvalue of
this expected negative Hessian matrix will scale with the sample size, provided
the smallest eigenvalue of the Fisher information matrix is bounded from below.
Lemma 1 extends this notion by establishing similar scaling behavior concerning
the expected number of activated dyads E |Y |1, proxying as an effective sample
size. Analogously, I(0) can be seen as the Fisher information of the popula-
tion distribution governing individual activated dyads in Y, mirroring the role
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of Fisher information for population distributions in classical independent and
identically distributed scenarios.

Before we present our theoretical guarantees for maximum likelihood esti-
mators in Theorem 1, we define some notations and outline some regularity
assumptions for our theorem to follow. As we will show in Theorem 1, the
choice of ¢g(y) influences the estimation error through the expected number of
edges in Y and through the covariances of edge variables in Y. Define

Dg = Z C(}/i,jv Yu,w)v
{i,j}<{v,w}CN

where {4, j} < {v, w} implies the sum is taken with respect to the lexicographical
ordering of pairs of nodes. Define [Dgy|* := max{0, Dy} to be the positive part
of Dy. Let € > 0 be fixed independent of N and p, and denote the e-ball of the
data-generating parameter 8* by Bo(0*,¢) = {0 € RP : |6* — 0|2 < €}. Define

e = inf min (L ~*. = Amax({(0% )
Ko = o1 (10 and T = Anae(1(6%)

where Apin(A) and A\pax(A) are the smallest and the largest eigenvalue of ma-
trix A € RP*P_ respectively.

Assumption 1. Assume there exists a Cy > 0 such that E|Y|; > 1 and

for all network sizes N.

Assumption 2. Assume the parameter dimension p satisfies

p < \/ X;(naxE”Y”la

for all network sizes N.

Assumption 3. Assume that X;]ax and Xﬁnn satisfy, as a function of the net-
work size IV,

Amax ( ]E||Y||1>
— = o0 .
A p

min

Assumptions 1-3 provide a foundation for Theorem 1 to establish the con-
sistency result of the maximum likelihood estimator in large network settings.
Assumption 1 imposes a lower bound on the expected number of activated dyads
relative to the covariance as the network size N grows. Assumption 2 restricts
the growth rate of p in relation to the network size and the largest eigenvalue
of the Fisher information I(6*). Finally, Assumption 3 sets a constraint on the

ratio between /A% and A€ balancing eigenvalue magnitudes in a way that

max min’

preserves estimator consistency under increasing network size.
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Theorem 1. Consider a multilayer network model following the form of equa-
tion (1) and is defined on a set of N > 3 nodes. If Assumptions 1, 2, and 3 are
satisfied, there exists No > 3 such that, for all N > Ny, with probability at least
1—exp(=2p) — (E|Y|1)7!, the set © is non-empty and the unique element

0 € © satisfies
N V Mo
166", < €Y [P _ (4)
PX: E[Y]

min

where C' > 0 is a constant independent of N and p.

The results of Theorem 1 establish a few key facts concerning statistical
estimation of the data-generating parameter vector 8*. First, we can view the

quantity anin E|Y |1/ M., as the effective sample size in order to compare
our results to classical settings with independent and identically distributed
data. The effective sample size, together with the dimension of the model p, helps
to determine the rate of convergence (with respect to the Euclidean distance) of
maximum likelihood estimators. As previously mentioned, the quantity E|Y |,
is determined by properties of g(y), the marginal probability mass function
of Y. While the specification of g(y) does not directly influence the estimation
algorithm, the statistical guarantees of estimators will depend on ¢(y) producing
enough activated dyads and not possessing overly strong dependence among
edges in the single-layer basis network Y (Assumption 1). The requirement
(Assumption 3) that the right-hand side of the bounds in Theorem 1 tends to 0
as N — oo ensures that all regularity assumptions remain valid. Namely, key to
our approach lies in the ability to control minimum eigenvalues of matrices 1(8)
in a neighborhood of the data-generating parameter vector 8*. The condition
that the bounds tend to 0 ensures that it is sufficient to control the smallest
eigenvalue in a bounded set, i.e., we may let € be fixed independent of N and
p, and moreover, to ensure consistency in the sense that |6 — 8%y — 0 with
probability approaching 1 as IV, p — oo.

Corollary 1. Under the assumptions of Theorem 1, and in the case that the
parameter dimension p is fived, there exists No > 3 such that, for all N > Ny
and any € (2(E|Y|1)~t, 1/2), with probability at least 1 — ax, the set © is
non-empty and the unique element 6cO satisfies

6-6: < C [l ()] \/x:m

where C' > 0 is a constant independent of N.

The corollary builds on the consistency result established in Theorem 1 by
providing a similar bound in the situation that the parameter dimension p re-
mains fixed. This simplifies the convergence rate by removing the dependence
of p in the error term, which can yield sharper asymptotic guarantees. The
introduction of the probability bound « offers an explicit control over the con-
fidence level for the estimate’s accuracy, which improves interpretability and
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practical applicability in finite samples. The bound on H§ — 0*|2 in Corollary 1
now depends logarithmically on «ap, introducing a trade-off between the confi-
dence level and the convergence rate. While the key dependencies remain on the

effective sample size )\mm \VE|Y |1/ M. as in Theorem 1, Corollary 1 provides

a useful refinement of the consistency result when the model’s dimensionality is
constrained.

We next present that the upper bound in Theorem 1 is minimax optimal up
to a constant. Define the minimax risk to be

Ry = inf sup Eg ||§—9||27
6 O¢eRr
and
None = SUp  Amax (1(0)),
0B, (0% ¢€)

where Apax(A) is the largest eigenvalue of matrix A € RP*P,

Theorem 2. Consider a separable multilayer network model following the form
of equation (1) and is defined on a set of N > 3 nodes. If Assumptions 1, 2 and
8 are satisfied, there exists a constant C > 0 independent of N and p, such that,
the lower bound of the minimazx risk R satisfies

RN C m1n \/ max /
)‘max min E || Y |1

Theorem 2 establishes a lower bound for the minimax risk Ry, differing
from the upper bound of the f;-error for the maximum likelihood estimator
in Theorem 1 by a factor of )\mm / /\max Building on this result, we establish
conditions for the minimax optimality of the maximum likelihood estimators in
Corollary 2.

Corollary 2. Under the assumptions of Theorem 2 and the assumption that
max - O ( mm) ’ (5)

the mazimum likelihood estimator @ achieves the minimaz rate of convergence,
in the semse that the upper bound on the {s-error of @ given in Theorem 1
matches the lower bound of the minimax risk R in Theorem 2, up to a constant.

The condition in (5) ensures that the rate of convergence for the maximum
likelihood estimator achieves the minimax optimality by imposing a more direct
and stringent relationship between the minimum and maximum eigenvalues than
that required by Assumption 3. The control on the minimum and maximum
eigenvalues for high-dimensional graphical models are common [e.g., 35, 45,
34], ensuring that the minimum and maximum eigenvalues of the information
matrices within a neighborhood of the data-generating parameter are bounded
away from 0 and bounded from above, respectively, and do not diverge relative
to one another.
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4. Error of the normal approximation and model selection

In this section, we establish the asymptotic multivariate normality of the max-
imum likelihood estimator (MLE) for the data-generating parameter vector 6*
as its dimension grows. Specifically, we derive a non-asymptotic bound on the
quality of the multivariate normal approximation and exhibit scaling condi-
tions on both the model dimension p and the expected number of activated
dyads E |Y|;—under which the approximation error vanishes as the network
size tends to infinity. Based on this result, we present a model selection method
using multiple hypothesis testing procedures that control the false discovery
rate. The main result is presented in Theorem 3, the proof of which is based on
a Taylor expansion of the log-likelihood function and through the application of
a Lyapunov type bound presented in Rai¢ [33].

In the following, Z will denote a standard multivariate normal random vector,
i.e., with mean vector equal to the zero vector and covariance matrix equal to
the identity matrix (each of appropriate dimension), and ® will denote the
corresponding probability measure.

Theorem 3. Consider a separable multilayer network model following the form
of equation (1) and is defined on a set of N > 3 nodes. There exists Ny > 3
such that, for all N > Ny and any measurable convex set A C RP, the error of
the multivariate normal approrimation

P((I(6*)|Y]1)'/2 (6 —6) — A € A) — B(Z € A)
18 bounded above by

83 e 4 8 [Dy]"
— + + 2
o VEIPE T EIVR ' ® vl

and A satisfies

V20252 N\x 5+8C,
PlAf2 < =i > 1—exp(-2p) — —<1
( E[Y 1 (A&n)>/2 E|Y |

where C' > 0 is the constant given in Theorem 1 and Cy > 0 is the constant
given in Assumption 1, both independent of N and p.

Theorem 3 serves as a foundation for establishing the asymptotic normality
of the maximum likelihood estimator 8. If

7/2 +
o l 83 P 4 8 [Dy] ] _

- + +
e 32 VE[Y  EfY - (E|Y]h)?

N—oc0

Theorem 3 implies (I(6*) |Y];)"/? (5— 6*) — A will converge in distribution
to a standard multivariate normal random vector, as the error bound on the
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multivariate normal approximation will vanish in this case. The term A can
be viewed as an error term, resulting from the fact that the normal approxi-
mation in Theorem 3 is obtained via a multivariate Taylor approximation in
order to bridge the distributional gap between key statistics which admit forms
amenable to existing theorems for the normal approximation and the parameter
vectors of interest, thus introducing an additional source of error in the normal
approximation.

While involved, the above condition for asymptotic multivariate normality
essentially places restrictions on the dependence induced through the single-layer
basis network Y measured by [D,]*, as well as the smallest eigenvalue of the
dyad-based information matrix I(0) in a neighborhood of the data-generating

€

parameter vector 8* as measured by A and the model dimension p. As a

min’
result, if the information matrix (@) is nearly singular at 6*, in which case Xemin
will be small, the error of the normal approximation will be uniformly larger
(all else equal). Likewise, if the edge dependence in Y is large as measured by
[D,4]*, we may not have sufficient activated dyads to ensure the error bound is
small, as | Y |; may not be tightly concentrated around E | Y |;. The dependence
of the error approximation on the dimension of the random vector is a known
challenge in establishing multivariate normality [e.g., 33]. All quantities which
are not explicit constants can increase or decrease with N, with the rates of
these increases or decreases having implications for the rate of convergence in
distribution. Theorem 3 demonstrates that the allowable scaling for most of
quantities is with respect to the expected number of activated dyads E |Y|;.

We further examine Theorem 3 through an example where Y is a Bernoulli
random graph model, which assumes edge variables are independent Bernoulli
random variables with probability 7 € (0, 1). Under this model, [D,]* = 0 owing
to the independence of edge variables and E|Y |, =7 (1;[ ). Under this scenario,
we can show that

[P(I(6%) Y 11)1/2(8 — 6) ~ A € A) — B(Z € A)|

is bounded above by

166 pMT 16
e E N TN2’

min

7 (

with the additional bound

V2O PP A

() O

54+ 8Ch
T(3)

where C' > 0 is the constant given in Theorem 1 and Cy > 0 is the constant given
in Assumption 1, both independent of N and p. If \¢ . and 7 are both bounded

min
away from 0, then the error of the normal approximation will convergence to
0 provided (p*®\f..)/ N — 0 as N — oo, which is sufficient to ensure |A|2

max
converges in probability to 0. Under the fully saturated model specification for

Pl]Al2 < > 1—exp(—2p) —
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(1) (H = K), the Binomial theorem shows that p = 2% — 1 < 2K, Hence, the
dimension restriction on p in turn implies a restriction on the allowable rate
of growth of the number of layers K with N, where a sufficient condition for
(%5 Nopax) / N = 0 is for K < .5 log N. In other words, the number of layers K
can grow at most logarithmically with V in the fully saturated model. In cases
when the number of interaction terms included in the cross-layer dependence

probability model is fixed, K may admit a sublinear scaling with N.

4.1. Model selection via univariate testing with FDR control

We outline a procedure for model selection that controls the false discovery rate,
leveraging the results of Theorems 1 and 3. Hotelling’s T-squared statistic can
be used to conduct a global test for Hy : 8* = u versus Hy : 8* # u, where
p € RP is the value of 8 we want to test. We will mostly be interested in the case
when p = 0y, i.e., the zero vector of dimension p. If the global test is rejected, or
is not of interest, we can perform model selection by leveraging the multivariate
normal approximation to obtain univariate normal approximation results for
the components of 8 and proceed to test each component: H;  : 8 = p; versus
H;1 : 07 # p;, fori =1,...p and p; € R. In general, p; = 0 will allow us
to test whether the estimated effect 6; is present in the model (i.e., whether
0r # 0). One challenge in this approach lies in the fact that the model selection
procedure is sensitive to multiple testing error.

To ensure a more reliable procedure for identifying cross-layer dependence
effects in multilayer networks while mitigating the risk of spurious discoveries,
we elaborate a model selection algorithm that employs suitable multiple testing
adjustments to control the false discovery rate. We provide simulation examples
of four different univariate testing procedures including Bonferroni, Benjamini-
Hochberg, Hochberg, and Holm procedures in Section 5.2. In simulation studies,
all four univariate testing procedures exhibit strong statistical power for detect-
ing non-zero parameters, while controlling the false discovery rate at a preset
family-wise significance level.

5. Simulation studies

Directly simulating maximum likelihood estimators for network data with de-
pendent edges is challenging because the normalizing constants are often com-
putationally intractable. Computing the normalizing constant requires enumer-
ating all 2(2) possible edge combinations for each layer to maximize the true
likelihood function. Additionally, dependencies among network dyads prevent
factorization of the likelihood, which further complicates direct maximization.
As a result, direct maximization of likelihood functions is generally infeasible in
these cases. Two predominant methods of approximating the maximum likeli-
hood estimator 8* when the likelihood function is computationally intractable
have emerged in the literature. Monte Carlo maximum likelihood estimation
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(MCMLE) [15], which constructs a simulation-based approximation to the like-
lihood function in order to approximate the maximum likelihood estimator, is
an established method for approximating maximum likelihood estimators in the
statistical network analysis literature [21]. While able to provide accurate es-
timates of maximum likelihood estimators for complex models [e.g., 39, 36],
a drawback of MCMLE, and other simulation-based estimation methodology,
is the computational burden which can scale with both the complexity of the
model and the size of the network [5]. In settings where the computation of
the MCMLE is impractical, a computationally efficient alternative is provided
via the maximum pseudolikelihood estimator (MPLE) [4], whose application to
social network analysis and to statistical network analysis dates back to Strauss
and Tkeda [40]. Pseudolikelihood-based estimators have the following computa-
tional advantages:

1. Algorithms are generally deterministic and do not require simulation-
based approximation schemes, which aids in reproducibility of results;

2. Algorithms are generally more scalable, relative to alternatives such as
MCMLE and other simulation-based approximations, and are able to be
parallelized to take advantage of larger multicore computing infrastruc-
tures which are becoming increasingly common.

In this simulation, we consider the maximum pseudolikelihood estimator, de-
noted by 6. We conduct simulation studies to investigate the performance of the
maximum pseudolikelihood estimator & (MPLE), supplementing the theoretical
results established in Sections 3 and 4 for maximum likelihood estimators. As
will be discussed later in Section 6, we successfully reproduced the sufficient
statistics using the MPLE in the application, suggesting that the MPLE for the
multilayer network model solves a score equation similar to that of the MLE.
This indicates that the MPLE serves as a close approximation and can be a
good proxy for the MLE. In section 5.1, we demonstrate the consistency results
of Theorem 1 in settings of different data-generating parameters and increasing
model dimensions. We conduct simulation studies of the multivariate normal
approximation established by Theorem 3 in Section 5.2. Lastly, we discuss sev-
eral testing procedures for selecting non-zero effects while controlling the false
discovery rate (FDR) at a given family-wise significance level «.

In all simulation studies, we sample concordant multilayer networks (X,Y)
from (1) with the maximum order of corss-layer interaction H = 2:

K K
fw.6)— [ e (Zakngg)+z ek,lng;)ng;>. ©
{1,j}CN k=1 k<l

Unless otherwise specified, the basis network Y is generated from the Bernoulli
random graph model.
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Relative {,-error between 8 and 6* for different number of layers

Three-layer multilayer networks Four-layer multilayer networks
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Fig 2: The relative fs-errors between 0 and 6* decrease as the number of ac-
tivated dyads increases. Each box is created by 250 replicates of multilayer
networks.

5.1. Consistency

The consistency is demonstrated through the decay of the relative fz-errors
between 6 and the data-generating parameter 6* as the expected number of
activated dyads E|Y|; increases. We generated M = 250 multilayer networks
with N = 300 nodes, using M different data-generating parameters. We created
these networks for each of ten evenly spaced numbers of activated dyads increas-
ing from 3000 to 30000, and for four different numbers of layers increasing from
K = 3 to 6. The model dimension increases from 6 to 21 as K increases from
3 to 6. For each number of activated dyads, number of layers K, and replicate,
we sample a multilayer network X from (1) using the specification in (6) with
the data-generating parameter vector 8* populated by randomly selecting each
component from the uniform distribution on (—1,1). We make the exception
that components 65 and 607 ; are set to 0. In each replicate, we compute the
maximum pseudolikelihood estimator. The results of this simulation study are
given in Figure 2, which shows the decay of the relative £s-errors between 6 and
0* as the number of activated dyads increases in networks with different number
of layers. The broad selection of data-generating parameter values on networks
with increasing number of layers verifies that Theorem 1 holds in many practical
settings with increasing model dimensions.

5.2. Multivariate normality and model selection

As stated in Section 4 and Theorem 3, the distribution of the maximum likeli-
hood estimator @ converges in distribution to a multivariate normal distribution
asymptotically. In order to study the quality of the normal approximation—
especially for univariate testing which would be used for the false discovery rate
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Q-Q plots of each component of the MPLE (dense Bernoulli basis network)
84, pval: 0.406 815, pval: 0.705 815, pval: 0.441

0.02
0.01
0.00

-0.01

0.02|

8,, pval: 0.818 8,3, pval: 0.739 8, pval: 0.601
=1 0.06

0.04

0.02

Fig 3: Q-Q plots and p-values of six components of 6 estimated from 250 mul-
tilayer network samples at size 1000 on the dense Bernoulli basis network.

TABLE 1
False discovery rates of four procedures for detecting non-zero effects of 6 data-generating
parameters (07, 05, 03, 0}, 0%, 0F ) estimated from 250 multilayer network samples at size
1000 on the dense Bernoulli basis network. All FDRs are smaller than .05.

Procedure 07 63 03 0 A A
Bonferroni .004 .002 .001 .002 .001 .005
Benjamini-Hochberg .014 .014 .014 .011 .017 .020
Hochberg .012 .008 .009 .008 .011 .016
Holm .010 .008 .006 .008 .007 .013

control and model selection—we randomly select 6 of the 250 data-generating
parameter vectors 8* used to study the consistency results of Theorem 1 in the
simulation study conducted in Section 5.1. We then generate 250 replicates of
multilayer network samples by each of these 6 parameter vectors, using specifi-
cation (6) on four basis network structures with the number of layers K = 3: the
Bernoulli random graph model (dense and sparse), the stochastic block model,
and the latent space model. _

The multivariate normality of @ passed Zhou-Shao’s multivariate normal test
[46], with p-values provided in the Appendix H.1 in the supplement to this
paper. We visualize the marginal normality of individual component in 0 with
a dense Bernoulli basis network in Figure 3, through Q-Q plots of the simulated
maximum pseudolikelihood estimators. Univariate tests for normality failed to
reject the null hypothesis that each component of 8 is marginally normal at a
significance level of .05. Additional results studying the multivariate normality
of @ on different basis network structures are provided in Appendix H.1 in the
supplement to this paper.

We then implement the multiple testing correction procedures of Bonferroni,
Benjamini-Hochberg, Hochberg, and Holm, for the 6 selected data-generating
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TABLE 2
Summary of Lazega’s corporate law partnership data with 71 lawyers (nodes).

Average Node Degree  Number of Edges

Co-Worker Layer 11 378
Advice Layer 5 175
Friendship Layer 5 176

parameter vectors 8* with 250 replicates to detect components that are signif-
icantly different from 0 while controlling the false discovery rate (FDR) at a
family-wise significance level of o = .05—recall that 67 5 and 63 of 8* are set
to 0 in each simulation replicate. We estimate the FDR of the four procedures
by averaging the false discovery proportions from 250 replicates of each of the
6 randomly selected data-generating parameters 8*. We provide the estimated
FDRs for 6* on a dense Bernoulli basis network in Table 1. In addition, we
show the receiver operating characteristic (ROC) curves for 6 estimating the
6 selected data-generating parameters in each of the subplot of Figure 10, on
four basis network structures in Appendix H.2 in the supplement to the paper.
Simulation results suggest that the false discovery rate is controlled below the
preset threshold «. Different data-generating parameter values affect the trade-
off between the sensitivity and the specificity of the model selection. In general,
multilayer networks with a larger effective sample size lead to a larger area under
the ROC curve which offers a tool to choose appropriate correction procedures
and thresholds for model selection in different scenarios. Additional results on
the false discovery rate with different basis network structures are provided in
Appendix H.2 in the supplement to the paper.

6. Application

We present a case study using a dataset on corporate law partnership among a
Northeastern US corporate law firm in New England collected by Lazega [25].
The dataset collected information about three types of cooperation among 71
lawyers in the corporate law firm, resulting in three networks including the
strong-coworker network, the advice network, and the friendship network. Since
the cooperation relationship collected are not symmetric, we only consider a
connection to be present when both sides acknowledged their cooperation. We
treat these three types of networks as a three-layer multilayer network embedded
among the 71 lawyers. A summary of this multilayer network is provided in Table
2. We apply the separable multilayer network model in (1) with the specification
in (6) to Lazega’s lawyer network, i.e., @ = (01, 02, 03, 019, 013, 023). The
maximum pseudolikelihood estimator 0is computed from the observed network,
the results of which are provided in Table 3. o

_ As shown in Table 3, the maximum pseudolikelihood estimates 01, 02, and
03 correspond to the estimated single-layer effects of the coworker layer, the
advice layer, and the friendship layer, respectively, whereas 01 2, 013, and 633
correspond to the layer interaction effects. We can calculate the conditional log-
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Coworker Layer Advice Layer Friendship Layer

Fig 4: The coworker layer, the advice layer and the friendship layer of Lazega’s
corporate law partnership network.

TABLE 3
MPLEs (and standard errors) of the separable multilayer network model for the Lazega’s
lawyer network.

01 02 03 01,2 01,3 02,3
Z1.450 (.263) —3.334 (244)  —2.695 (.256)  1.801 (.244) 0.218 (.247)  2.458 (.231)
Coworker (C) Advice (A) Friendship (F) Cx A CxF AXF

odds of each edge being present in the multilayer network given the rest of the
network. For example, if lawyer ¢ and lawyer j are observed to be coworkers and
are friends at the same time, the odds of these two lawyers to have an advice
relationship is given by

A c F
P(Xi(,j) = 1|Xi(,j) =1, Xi(,j) = 1)
PYY =01 X[ =1, X7 =1)

= exp (52 + 51’2 .’EES) + 52’3 LL’ES))

= oxp (33344 1.8010(T +24582(0)) = 2522,
providing interpretation of the interaction and influence among the different
layers.

Next, we use the MPLE to reproduce multilayer networks of the same size
and compare the sufficient statistics of the simulated networks and the Lazega’s
lawyer network. We recover the basis network according to Proposition 1, i.e.,
a dyad is activated if and only if at least one of its layers has a present edge in
the Lazega’s lawyer multilayer network. We then populate layers of all activated
dyads according to equation (6) by the MPLEs obtained in Table 3. Comparisons
of the sufficient statistics between the observed Lazega’s lawyer network and
the simulated networks with 10 replications are provided in Figure 5. Such
comparisons serve two key purposes. First, such comparisons are an established
method of diagnosing model fit in the statistical network analysis literature [20],
and second, provide a check on the approximate solution to the score equation.
Note that MPLEs are not guaranteed to reproduce (on average) observed values

of sufficient statistics in exponential families—in contrast to MLEs. The relative
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Box-plot of the reproduced sufficient statistic
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Fig 5: Box-plot of reproduced statistics from 10 simulated samples using the
MPLE obtained from the Lazega’s lawyer network. Red dots are values of the
observed sufficient statistics of Lazega’s lawyer network.

lo-error of the sufficient statistics between the observed and the average of the
10 simulated networks is 0.09, suggesting a successful re-construction of the
observed network statistics.

7. Discussion

In this work, we introduced a flexible class of statistical models for multilayer
networks. Key to our approach lies in the integrative nature by which we es-
tablish our framework, extending arbitrary strictly positive probability distri-
butions for single-layer networks to multilayer-network models through a novel
separable framework with Markov random field specifications. We established
the foundations for statistical inference through consistency and multivariate
normality results, the results of which have been demonstrated in simulation
studies and in an application. The key assumption to our approach lies in the
network separability assumption, which necessitates network dyads be condi-
tionally independent given the basis network. This assumption may or may not
be valid in practice, which would necessitate the development of generalizations
of the framework we established in this work through the relaxation of the condi-
tional independence assumption. Such relaxations would result in more complex
dependence structures, requiring new and careful theoretical treatment in or-
der to establish similar statistical foundations of models to the ones we have
developed here, representing potential avenues for future research.
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Appendix A: Proof of Proposition 1

We prove Proposition 1 from Section 2. For the first and second results, define
the set
Ar = {(z,y) eXxY : h(xz,y) =1},

and the vector-valued map ¢ : X — Y by defining its components to be
pij(®) = Lzl >0), {ij}CN,

populating the vector ¢ () in the lexicographical ordering of the dyad indices
{i,7} C N. By the definition of h : X xY — {0,1} and ¢ : X —= Y, ¢o(x) = y for
each pair (x,vy) € Ay. Furthermore, the element y is unique for a given € X,
because if there would exists some ¢y’ € Y such that y # y’ with the property
that {(x,vy), (z,y’)} C A, then there would exist a pair {i,j} C N such that
Yij = 1 —y;; which implies 1(|x; ;|1 > 0) # y; ;. In this case, h(z,y') = 0
is contradicting the assumption that {(x,y)} € A4. By (1), the functions f
and g are assumed to be strictly positive in their respective domains. Hence,
(X xY)\ Ay is the largest null set of X x Y, i.e., Pg(A) = 0 if and only if
A C(XxY)\ Ap. Thus, the first and second results are established.
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For the third result, note that ¢ is assumed to be strictly positive on its
domain Y. Hence, g(y) =Pg(Y =y) >0forallye Yand Po(X =z |Y =y)
is therefore well-defined. By definition,

]P)O (X =, Y = y)
PG(Y = y) '

Po(X =2 |Y =)
where Pg(Y = y) is the marginal probability of event Y = y and is assumed to

be equal to g(y). The model form for Py given in (1) implies

Po(X =2, Y=y)  f(x,0)9(y)9v(0,y)
Po(Y =y) 9(y)

= exp(log f(w,0) +log (6, y)),
under the assumption that h(x,y) = 1. Hence,
Po(X =2, Y =y) = Po(X=X|Y =y)Pe(Y =vy)

so that
logPe(X =2, Y =y) = logPe(X =X|Y =y)+log g(y),

as ¢g(y) is the marginal probability mass function of Y, i.e., Pg(Y = y) = g(y).
Lemma 3 establishes that Pg(X = X | Y = y) belongs to a minimal exponential
family, completing the proof of the third and last result of the proposition.

O

Appendix B: Proof of Lemma 1

We prove Lemma 1 from Section 2. Using (1),

—EVRU0; XY) = Y Y -Vil0iz,y)Pe(X =z|Y =y)g(y)
yeY xzeX
= D 9> -Velbiz,y)Pe(X =x|Y =1y)
yeyY xzeX
SN > 1(6)
yeY {1,j}CN:y; ;=1
= 1(6) Y 9(v) |yl
yey
= I(0)E[Y];.

The above follows by exploiting the conditional independence of vectors x; ;
({i,7} C N) given Y = y under (1), which implies

6(97 z, y) = Z lOg PO(XL] = xi,j | Y = y)7
{1,j}CN
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and from the fact that the conditional probability distribution of X ; given Y’
is a degenerate point mass at 0 when Y; ; = 0 so that —Vg £(0;x,y) is a sum
of |y|1 matrices each equal to I(0), i.e., given y € Y, we have

> —Vil(0m,y)Pe(X =z |Y =y)

xzeX
= Y E[-ViLi(6.X,;Y)|Y =y] = > 1(8).
ligpeN (i,J}CNyi =1

The fact that I(0) is constant for all pairs {i, j} C N satisfying Y; ; = 1 follows
from the form of (1), which assumes each vector X; ; ({4,j} C N) is condition-
ally independent and identically distributed, conditional on Y. Hence,

E[-Vgl(0: X,Y)] = I@O)E|Y],
which in turn implies
Amin(“EVE £(0; X, Y)) = Anin(1(0)) E[Y |1
Amax(—EV3 £(60; X,Y)) = Anax(1(0)) E|Y |1

Appendix C: Concentration inequalities for multilayer networks

We establish the concentration inequality of gradients of log-likelihood functions
of multilayer networks in Lemma 2. Recall the definition [Dy|* := max{0, D},

where
Dg = Z C(}/i,jv v,w)v
{i,j}<{v,w}CN

with {4,7} < {v,w} implying the sum is taken with respect to the lexicograph-
ical ordering of pairs of nodes, and where ¢ : Y + (0,1) is the marginal proba-
bility mass function of Y.

Lemma 2. Consider a multilayer network model following the form of equation
(1) and is defined on a set of N > 3 nodes and K > 1 layers. Define Vo(x,y) =
—Ve l(0;x,y), where £(0;x,y) is the log-likelihood function. Then, for allt > 0
and 0 € RP, the probability

P([Vo(X,Y) ~ EV(X,Y)|2 > 1)

s bounded above by

t2
exp | ———= +logp| + .
( 36 Moyax (E|Y |1 + [Dg]*) +2 /Pt ) ElY]:
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Proor or LEMMA 2. By Proposition 1,
UO;x,y) = logPe(X =x|Y =y)+log g(y).
Thus,
—Vo(z,y) = VglogPe(X =x|Y =y)+ Ve log g(y) o
= s(x) —Egs(X),

as g(y) = Po(Y = y) is assumed to not be a function of 8. The last equation in
(7) follows from Lemma 3, which showed that Pg(X = x|Y = y) is a minimal
exponential family with the natural parameter vector 8 € RP and the sufficient
statistic vector s(x) defined in Lemma 3, inserting the familiar form of the score
equation of an exponential family with respect to the natural parameter vector
[e.g., Proposition 3.10, p. 32, 41]. Thus,

—(Vo(X,Y) —EVe(X,Y)) = s(X)—-Eos(X)—-E[s(X)—Egs(X)]
= 3(X)—-Es(X).

Let t > 0 and 0 € R? be arbitrary and fixed and define D5(0,t) to be the event
that [Ve(X,Y) —EVe(X,Y)|2 >t ie.,

Dy(0,t) = {xeX:|s(x) —Es(X)|2 >t}.
Let € > 0 and define E(¢) to be the event that ||[Y |1 — E|Y 1| <, i.e.,
&€ = {yeY:|lyl —E|Y|i| <e}.

We assume that ¢ > 0 is chosen so that £(e) is not empty, which implies
P(E(e)) > 0 as g(y) is assumed to be strictly positive on Y. By the law of
total probability,

P(D2(8,1)) P(D2(0,1) [ £(€)) P(E(€)) + P (D2(8,1) | €(e)%) P (E(€))

< P(D2(6,6)|E(0)) +B(E(0)°).
(8)
Note that we have not necessarily guaranteed that P (E(€)¢) > 0. However, if
P (E(e)¢) = 0 the non-conditional form of the law of total probability would
yield the bound
B(Dy(0,8) < B(Dy(6,1)]E(c),

which is strictly sharper than the bound we give in (8). We will use a divide-
and-conquer strategy to bound each probability in (8) in turn.

To bound the first term in (8), let U := {u € R? : |u|z < 1} be a closed unit
ball in RP. Define an e-net V. of U C RP. By Corollary 4.2.13 of [42], there exists
an e-net V. C U such that its cardinality satisfies log |V.| < plog(2¢7! + 1).
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Taking € = 1/2, for each u € U, there exists a v € V; /5 such that [u—v[s < 1/2,
and by the Cauchy-Schwarz inequality,

<'U/,Vg£(9,$,y)> = <’U,Vg€(0,$,y)> + <'U:—'U,VQ£(0;$,y)>
< {u, Vol(6;2,y)) + [u—v|2[Vo l(B;z. )2 (g

1

If |[Ve £(0;x,y)|2 # 0, we can choose

Ve l(0;x,y);
Vo £(6; 2, y)]2’

U; =

so that |uls <1 and u € U. Next, re-write

1 p
(. Volloiz ) = [ e g 2 (om0

Vo £(0;2,y)|2,

and together with (9), we have

[Vo £(6;2,y)l2 < 2 max (v, Vel(8;z,y)). (10)

1/2

If |Vg £(0;x,y)|2 = 0, the inequality (10) holds trivially. As a result of (10),
for any t > 0,

P(D2(6,t)|E(e)) < IE”(2 vrg€§2<v7v‘9€(0;w,y)> > t)
< Y p((o Velltiew) > 1)
veEV1)2
_ ¢

exp (p log 5) max P((v, Vo l(0;w,y)) > ) :
vEV1 /2 2

The last inequality is true because log |V; /5| < p log 5. Note that

(v, Vol(O;m,y)) = > ulVel(iz,y)

=1

(11)
v [si(x) — E s1(X)].

[
M=

=1

The form of (1) implies, through factorization principles, that the dyad-based
vectors X; ; ({#,j} C N) are conditionally independent given Y [e.g., 29, p.
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11-13]. Hence, using Lemma 3, the components of the sufficient statistic vector
decompose into the sum

si(X) = Z 514, (X 5), le{l,...,p},
{i,j}CN

so that the components of s(X) are sums of bounded conditionally independent
random variables given Y. As a result, equation (11) can be further decomposed
into sums of independent random variables:

(v, Vel(0;z,y)) = Z Z v [81,0,5(®i ;) — Esri (X )]

{i,j}CN =1

Using the forms for s;; ;(X; ;) given in Lemma 3, we have 0 < s;; ;(X; ;) <Y ;
P-almost surely, because s;, ;(X; ;) € {0,1} and s, ;(X; ;) =0ifY; ; =0 IP’—
almost surely. Then for each {7, j} C N, we have

p
E Y orlsnig(@iy) — Esig(Xiy)] = 0,
=1

and by the Cauchy-Schwarz inequality, we obtain

IN

P
> vilsiig(@ig) — Esii(Xij)] lol2 B lsi(@is) — Esiij(Xi)loo
=1

3
< SVP

The last inequality follows from

1 3
ol < Jule+lu=vle < 14+5 < 3.

The inequality is true because the construction of the e-net V,,, C U with
e = 1/2 ensures that such a u € U exists. We next bound the variance by

p
VoY wilsig(@ig) — By (X))

{i,j}CN =1

p p
Z Z Z C(Um sm,i,j(Xi,j) Un Sn, 7,j(X,j))

(i )N m=1 n=1

p P
Z Z Z U Un C(8m i 5 (X ) Snii (X 5))

{i7j}c’N m=1 n=1
= (v, |yl 1(6")v)

[o13 1yl Ao

IN

N

< 2 N
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rax 1s the largest eigenvalue of the Fisher information of individual
activated dyad defined in Lemma 1 evaluated at the data-generating parameter
0*. We then apply the one-sided Bernstein’s inequality to obtain the upper
bound for the conditional probability of Ds(0,t) as follows: [e.g., 42, Theorem
2.8.4]

where \*

t
P(D2(0,t)|Y =y) < exp (plogh) max P((v,Vgé(B;w,y)) > 5)
vEVy)2

_(#/2)?
2

1 3
HyHI max g § \/ﬁ

—t2
= exp + p log 5).
<18 "y"1 )‘mix + 2\/ﬁt

Using the law of total probability, we bound P (D2(0,t) | E(¢)) as follows:

IN

exp + plog b (12)

DO | =+

P(Dy(0,1)[E(e) = D P(D2(0,1)N[Y =y]|E(e))
yevY
= ) P(Dy(6,)N[Y =y][E(e))
ye&(e
(e) (13)
= ) P(Dy(6,1)|[Y =ylneE(e) P(Y =y|E(e))
ye&(e)

= D PDa(0.t)|Y =y)

ye&(e)

noting that [Y = y] N &(e) = [Y = y] whenever y € €(€) and in the case when
y & E(e), the intersection is empty, implying

BY = y)
P(Y =yl N &(e) y € &(e)
PY =y[&(e) = = P(&(e)) :
P(E(e)) 0 y & &(e)
We now bound (13) using the bound in (12):

_ P =y

—t? P(Y =y)
< exp +plogh | ——-
2 (18 911 N + 2 51 ) P(E(9)

ye&(

exp —t + plog b PY =y)
- 18E|Y 1 + €) Moax + 2 /B vegl P(E()

—t2
= exp + plog 5|,
18(E[Y |1 + €) Moax + 2,/pt
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showing
—¢2
E”Y"1 + 6) max + 2\/>t

P(D2(0,t)[E(e)) < exp (18( + p log 5) :

The replacement of |y|; by E|Y|; + € follows because |y|1 < E|Y |1 + ¢ for
y € &(e), resulting in the upper bound above. We bound the second term in the
inequality (8) using Chebyshev’s inequality:

PEE) = PV -EY]| > e
P(IY ] ~E[Y]| >
V(Y]

= 62

IN

We bound the variance V(|Y||;) as follows:
V(Y = Y vyvi+2 Y Ciy, Yew)

{i,j}CN {i,5}<{v,w}CN

E|Y[ +2 > C(Yijs You),
{i,j}<{v,w}CN

noting Y; ; € {0,1} so that VY; ; =P(Y; ; =1)P(Y; ; =0) < EY; ;. Hence,
ENY T +2 36 < qowpen €, Yow)

IN

PE()) < .
(14)
_ E|Y|+2 (D)
2
Taking ¢ = E Y|, 4+ 2 [D,]* > 0 shows that P(&(¢)¢) < (E|Y ;)" and
—¢2
P(D2(0,1)[E(c)) < exp +plogh|.
36 \yax (B |Y1 + [Dy]*) + 2/pt

Combining all results shows that
P(|Ve(X,Y)—EVe(X,Y)|2 > 1)

is bounded above by

—t2
+plogb | + .
(36)\;nax (E|Y |1 + [Dy]+) + 2Bt ) E|Y 4

As a final matter, note that this choice of € > 0 ensures £(¢) contains all y € Y
with |y[1 € [0, 2(E Y| + [D,y]1)] as the empty graph is an element of Y with 0
edges.

O
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C.1. Auziliary results

Lemma 3. Consider a multilayer network model following the form of equation
(1) with mazimum interaction term H < K and is defined on a set of N > 3
nodes and K > 1 layers. Then the following hold:

1. The conditional probability mass function of X given'Y is an exponential
family:

Po( X =2 |Y =y) x h(z, y) exp((0, s(x))),
where

Wz y) = [ lwigl > 09 1wyl = 0)%,
{i,j}CN

the sufficient statistic vector s : X — RP and the natural parameter vector
0 c RP.

2. For each 1 € {1,...,p}, there exists h € {1,...,H} and {k1,...,kn} C
{1,...,K} such that the 1" component of the sufficient statistic vector
s(x) can be written as

h
si(x) = Z siig(x) = Hmfkf) (15)

{i,j}CN

3. The exponential family outlined above is minimal, full, and regular.

PROOF OF LEMMA 3. First, the form of the conditional probability distribu-
tion of X given Y derived in Proposition 1 is given by

Po(X =x|Y =y) = exp(log f(z,0) +log ¢(0,y)), (16)

provided h(x,y) = 1. The form of (1) suggests that (16) will be a minimal
exponential family in canonical form due to the form of the Markov random
field specification for f(0,x) and the definition of (0, y). From the form of

f(x,0) in (1),

K K K
logf(2.6) = 3 (Eekng“j)+Zekﬁlz§§>m§2+‘..+ 3 9<’”<“)
k=1

{ij}CN \k= k<l k1 <...<km

where H < K is the highest order of cross-layer interactions included in the
model. We write 0y, ,.... %, to reference the h-order interaction parameter for
the interaction term among layers {ki,...,kn} C {1,...,K}. As specified,
(60, y) is the normalizing constant for the exponential family. As such, the nat-
ural parameter space of the exponential family is RP as the support of X is finite,
which implies (0, y) < oo for all @ € RP and y € Y. We establish minimality by
noting that the components of the parameter vector 6 satisfy no linear or affine



J. Li et al./Learning cross-layer dependence structure in multilayer networks 10

constraints. Attached to each parameter 6y, ., ({k1,...,kn} C {1,... K},
h e {l,...,H}) is the sufficient statistic

Skyk () = Z xgkjl)xgkjh)
{i,5}CN

Each statistic s, ... i, is a function of distinct, non-degenerate random variables,
provided |y|1 > 0, and so none of the statistics sy, .k, satisfy any linear or
affine constraints. Hence, (1) specifies a minimal and full exponential family with

natural parameter space RP of dimension p = Zthl (IZ ) and sufficient statis-
tic vector s(x) with components sk, g, (®) ({k1,...,kn} € {1,...,K},h =
1,...,H). Regularity follows trivially [e.g., Proposition 3.7, pp. 28, 41]. The
form of (15) outlines this for a linear indexing of the components of the suffi-
cient statistic vector.

O

Appendix D: Proof of Theorem 1

We prove Theorem 1 from Section 3. By Proposition 1, observing X = x implies
we observe Y = y, as for each given € X, Y = y (P-a.s.) for one and only
one y € Y given by

yij = Lzl >0), {ij}cN
Denote the gradient of —¢(6;x,y) by
Vo(z,y) = —Vgl(0;z,y)
and the expected Hessian matrix of the negative log-likelihood by
H() = -EV3(6;X,Y).
Theorem 6.3.4 of Ortega and Rheinboldt [32] states that if
(6—06")" Vo(z,y) > 0
for all 6 € 0 By(0*,€), where 0 B2(0*,¢) is the boundary of the set
By0%6) = {BERY: |00, <el,

then Vg(xz,y) has a root in B2(6*,€) U 0B2(6%,¢), ie., 6 exists and satisfies
||§— 0" |2 < e. Note that a root of Vg(x,y) is also a root of —Vg(x,y); in what
follows, we consider finding a maximizer of £(0;x,y) by finding a minimizer
of —¢(6;x,y). The classification of roots as maximizers/minimizers is justified
from the fact that that ¢(0;x,vy) is concave in 8, a fact which follows from
Proposition 1, as ¢g(y) is constant in @ and log Pg(X = x|Y = y) is the
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log-likelihood of a minimal, full, and regular exponential family with natural
parameter vector 8 and thus is strictly concave in 6 [Proposition 3.10, p. 32,
41]. By the multivariate mean-value theorem [14, Theorem 5],

(0—0*)TEVe(X,Y) = (0—60*)EVe.(X,Y)+(0—0")TH(6)6 — 0"
= (0-6")TH(6)(6 -6,

where @ =t + (1 —t) 8* (some t € [0,1]) and by invoking Lemma 2 of Stewart

and Schweinberger [38], which shows that both the expected log-likelihood and

log-pseudolikelihood of a minimal exponential family is uniquely maximized

at the data-generating parameter vector 6*, implying EVg«(X,Y) = 0. Let
v € (0,¢) and arbitrarily take 8 € 9B2(6*,v). Then

(0 —61)"H(0)(6 - 6")
(0-6)7(0-06)

Z ’72 )\min(H(é))a

(60— 6%)"H(0)(6 - 6%) |6 — 613

since |6 — 6*|2 = v as 6 € 0B,(0*,~) and because the Rayleigh quotient of a
matrix is bounded below by the smallest eigenvalue of that matrix so that

(6 6°) H(6)(0 - 6°) ~ |
6 —67)7(0— 6% > Amin(H(0)) > ee'Blz)n(fe*,e) Amin (H (9)),

where Amin (H (6)) is the smallest eigenvalue of H(6), noting that
16—, = [10+(1-00—0", = 1]0-0 < «
since ¢ € [0,1]. Lemma 1 showed that
Amin(H(0)) = Amin(1(6)) E|Y |1,

which in turn implies

f AminHe :XE'EY7
063129*,6) ( ( )) min " ”1
where ~
)‘emin = inf Amin (1(0)),

0cB,(0*¢€)

with I(0) defined in Lemma 1. Hence, for 8 € 9B2(6*,7) (v € (0,¢)),

(0-0)TEVH(X,Y) > 2 XnE|Y] > 0. (17)

min

We next turn to showing

p( inf (00*)TVG(X,Y)20) > 1— exp(-2p) — E]Y]),
0cB1(6* )
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by showing that the event

sup (0 —09)T (EVe(X,Y) - Vg(X,Y))| < 12 X¢

min E ||YH1
0cB2(6*,y)

occurs with probability at least 1 — exp (=2p) — (E|Y|1)~!. This will in turn

imply that the event that ||§ — 0*|2 < ~ will happen with probability at
least 1— exp (—2p) — (E|Y|1)~!. Applying the Cauchy-Schwarz inequality and
utilizing standard vector norm inequalities, for 8 € B4 (0*, ), we have

(6 —0*)T (EVe(X,Y) - Vo(X,Y))|
<[0—-6"2]Ve(X,Y) - EVe(X,Y)]2
=7 [Ve(X,Y) —EVe(X,Y)]a.

Therefore, it suffices to demonstrate, for all 8 € 9B4(0*,7),

P (IVo(X,Y) — EVo(X,Y)l2 < 7 Xy EIY1 )

min
is bounded below by
1—exp(=2p) — (E[Y]) "
For ease of presentation, we define Dy ~ , to be the event

[Vo(X,Y) —EVe(X,Y)|» > vAy E[Y]:.

min

Applying Lemma 2, the probability P (Dy ,,,) is bounded above by

X E(|Y )2
N — (Y A EIY]2)° L plogs) 4 s
36 Mpax (ENY |1 + [Dg] ) +2 /Py A EIY 1 E|Y .

max min

recalling A%ae = Amax(1(6%)), [Dy]™ == max{0, D,}, and
Dy = ) Ciy Yow),
{t,j}={v,w}CN
where {i,j} < {v, w} implies the sum is taken with respect to the lexicographical

ordering of pairs of nodes. Choose

pX* 1

max

E[Y(: X,

v = B

where 8 > 0 is a positive constant independent of N and p whose value will be
determined later. If
P A 1

lim = = 0,
N%ooﬂ E|Y |1 e

min
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then for N sufficiently large, we will have v < €, which ensures ¢ may be chosen
independent of N and p. While € can be chosen independent of NV and p, note
that p is expected to be a function of N and thus A, will not (in general) be
independent of IV, possibly holding implications for how fast p may grow with
N for certain 8* and e. This choice of v in turn implies that the first term of

the exponent in (18) becomes

BQ S‘/ElaxE "YHlp

exp | — . (19)

max (E ”Y”1 + [Dg]+) + Qﬁp E ”Yul ‘)\V;nax

36 \*

Canceling E[Y'|; in (19) gives

B2 Moo P

exp | —

Y [Dg]+ A
A* 1 2 ax
5 m“( el ) TP\ EYL

By Assumption 2,

Y [Dg]+
p < A ElY ], (1+ ,
| E[Y],

and by Assumption 1,
[Dg]*
S 007
E|Y]:

where Cy > 0 is a positive constant independent of N and p, we have

| A 5 [Dg]* 5
max < * g9 < * .
p E ||Y||1 = )‘max <1 + E ”Y"1 = )‘max (1 + CO)

As a result, the upper bound in (18) reduces to

_52 1
P = o (e varrem *°)7) “ v )

To obtain the desired convergence rate, require

_ g2

AN N S 91
8C1Cp o8 ’ (21)

where C' = 2(1 + Cj). The constant [ can be solved by using the quadratic
formula and the positive root is given by

5 — Clog5 —2C + /(Clogh —2C)2 + 72(Clog 5—20C)
— 5 :
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which ensures P(Dy ) < exp(—2p) + (E[Y]1)~*. We have thus shown, for
all 8 € 0B,(0*,7), that

P (IVo(X,Y) = EVo(X,Y)l> < 7 Xy EIYT1 )

is bounded below by
1—exp(=2p) — (E[Y]1)7,

under the above conditions. As a result, there exists No > 3 such that, for all
N > Ny and with probability at least 1 — exp (=2p) — (E|Y 1)1, the set ©

is non-empty and the unique element of the set § € © satisfies (uniqueness
following from minimality, as discussed in Section 3)

~ V Moo
1064, < ¢ P
AE E[Y

min

D.1. Proof of Corollary 1

We prove Corollary 1 from Section 3. Under the same assumptions as Theorem 1
and in the case that the parameter dimension p is fixed, the proof of Corollary 1
remains unchanged from that of Theorem 1 except that the exponent in equation
(20) scales with N as opposed to p in Theorem 1. Following the same notations
in the proof of Theorem 1, we rewrite equation (21) as

52

- - 22
180+Cﬂ+log5 n(N), (22)

where n : Nt — R7T is an increasing function of N. For the ease of nota-
tion, we write ny instead of n(N) in the rest of the proof. For any ay €
CEIY )", 1/2), let

aN

exp (—nnp) = 5

Note that as IV goes to infinity, ay is allowed to approach 0 through the in-
creasing of 7). Then the upper bound of P (Dy ;) given in (20) becomes

]P)(DNA,%p) < w !

+ = I S an,
2 E|Y| N

where the last inequality follows from a > 2 (E |Y|1)~!. To obtain the desired
result, solve the positive root of S in terms of ny from (22):

5 = Clogh5 + nyC + /(Clog5 + nnC)2 + 72(C log 5 + nn C)
— . ,
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and write ny in terms of oy, where ay — 0 and ny — co as N — oc:

_ log(an/2)
o= - — .
p
Let o
A1 = Clogh, Ay = —.
p
Then for ay € (2(E[Y]1)"1,1/2),
ﬁ — A1 — Ag lOg(O[N/Q) + \/(Al - A2 log(aN/Q))2 + 72(A1 - A2 log(aN/Z))
2

ay A A 2 A
1%U>Qm%m@*ﬂwdm>Aﬁ*"Qmﬁmvlmﬁm»

2

an Al Al 2 Al AQ
log (7) (log 025 A2t \/<1og 025 A2> T ((10g(().25))2 " log (0.25)>)

= Afes ()

IN

i

where

A] A] 2 Al A2
log 0.25 Az + \/<log 0.25 A2> o ((log (0.25))2  log(0.25)

2

A:

As a result, when p is fixed, we showed that for ax € (2(E|Y[1)~1,1/2), with
probability at least 1 — ay,

~ X?nax T
66, < A |log(an/2)| Lo [T
2 v /2)] igh

e

min

where A" = A /p is a positive constant independent of .

Appendix E: Proof of Theorem 2 and Corollary 2

We prove Theorem 2 and Corollary 2 from Section 3 in one chapter. We first use
Fano’s method outlined in Chapter 15.3 of Wainwright [43] and the Kullback-
Leibler divergence to derive the lower bound of the minimax risk for multilayer
network models specified in (1). Let ¢ > 0 be fixed and consider v € (0,¢).
For M > 2 and some § > 0, let {601,...,05} C By(0*,7) be a 20-separated
set. We then have |6; — 6;]2 > 26 for any pair {i,j} C {1,...,M}. Define the
Kullback-Leibler divergence of 8; and 6; by

KL©:.6) = Y vo@)log 22405 (1) € (10,0,
zeX J
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where @g(x) belongs to a minimal exponential family defined in Proposition 1:
po(x) = Po(X =w|Y =y) = exp(logf(z,0)+logy(6,y)),

recalling f(x, 0) and ¢ (0, y) follow the same form of (1). For 8 € RP, denote by
s(X) € RP the sufficient statistic vector of the exponential family g (x). Then
the Kullback-Leibler divergence can be written as

KL(0:,0;) = Y wo,(x) [(0:—6;, s(x)) +log ¢(6;,y) —log ¥(6;,y)]
xeX
= Bo, (0~ 0, s(X)) +log ¥(0,,y) ~ log ¥(0;.) (23)
= (6 —6;, u(6:)) +log ¥(0;,y) —log ¥(6;,y),
where (0) = Eg s(X) is the mean-value parameter map of the exponential
family. By Corollary 2.3 of Brown [7],
1 .
log ¥(8;) = log ¥(6:)+(8; —0;, —pu(6;)) — 3 (0, —0;, Ix(6)(6; — 6;))
(24)

1 .
= log 9(6;) + (6 = 6;, u(6:)) — 5 (6i = 05, Ix(0) (6; = 6;)),

where 8 = t0;+ (1—1)8; for some t € (0,1), and Ix (8) is the Fisher information
matrix at 6 for X € X. For a fixed € > 0 such that v € (0,¢) and {01,...,0,} C
Bo(0*,7), define

sup M = sup )\max (I(G) ) P

}v\e
ocBy (04,0 E|Y|: 0€B4(6%,¢)

max
where Apax(A) is the maximum eigenvalue of matrix A and 1(0) is the Fisher
information matrix for an activated dyad defined in Lemma 1. Combining (23)
and (24) and using the standard matrix norm inequality and the triangle in-
equality, we have

KL(6;,0;) = (60;,—06;, Ix(0)(6;—06;))

E[Y 1 Afyax [6: — 6513

max

INA
N~ N~ N

< SENY A (10: — 672 + 6 — 67]2)?

max

< 2eE|Y|1 A

€
max*

Note that the size M of the largest possible 2 §-separated set {61,...,0)} C
Bo(6*,7) C R? is the packing number of B,(0*,v). By Lemma 4.2.8 and Corol-
lary 4.2.13 of Vershynin [42], we have

Moo= (L)
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and

log M > plog (216)

By Proposition 15.12 of Wainwright [43], the minimax risk R has the lower
bound

Ry > 5[1_5““%2},

log M
where
= max KL(6;,0,).
{i,j}C{1,....M}

Since v € (0, €), the lower bound for Ry can be written as

292 E |V |1 Xy + log 2
Ra > 5[_ VE|Y]; maﬁog]

p log (v/20)

To obtain the desired lower bound Ry > §/2, we need

2’)/2E||Y‘|1X16nax+10g2 E
plog (v/20) c 2
which implies
APE|Y]1 Mae | 2108(2) log(7/2) — log ().
P p -

Exponentiating both sides we have

AV EY |1 XS 2 log (2 2
eXp(v Y11 Mo, og()) < v

p P )

This leads us to the following inequality

42 E Y |1 N6 2 log (2
5 < Texp X2 [¥]1 Arax  2108(2) )
2 D D

Choosing
p
v = —
)‘fnax E ”Y" 1

for some C > 0, we obtain the bound

2 log (2
5 o< C’exp(—1602— Og()> [—L . (25)
p )‘fnaxE”Y"l

As long as p = O (A5, E[Y[1), we can choose C' to ensure € (0,¢). Finally,
for all 6 > 0 satisfying (25), we have R lower bounded by

1
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Note that as p > 1,

exp (16 C? — p(2)) > exp (716 C? —2log (2)) ,

we may choose

p
§ = Cexp(-16C*—21og(2))  |=———
max]E”Y”1
- A /7]’

where A’ = C exp (—16 C* — 2 log (2)). Then we obtain the desired lower bound
for the minimax risk

) A’ D
Ry 2 5 = G fz— (26)
2 2 maxE"Yul

Next, we show the lower bound in (26) matches with the upper bound of the

lo-error of the maximum likelihood estimator 0 provided in Theorem 1. Let
A = A’/2 be an unknown constant independent of N and p. We have

Ry > A /#
max E ”Y” 1
= P (A;m> I
/\:nax min \/ )\e I ”Y |1
1 \/ max \/7
- A mm
Y /\fnax * mm ]E”Y ‘1

IIl

<@w> VMWh

> X

X max"*

N = O (M)

we showed that the lower bound of the minimax risk Ry and the upper bound
of the fy-error of the maximum likelihood estimator presented in Theorem 1
match up to an unknown constant independent of N and p. O

Y

where the last inequality holds because )\ma
that

Under the assumption
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Appendix F: Proposition 2 and proof

In order to establish a bound on the error of the multivariate normal approxi-
mation for estimators of data-generating parameters, we first establish an error
bound on the multivariate normal approximation of a standardization of the suf-
ficient statistic vector s(X) of the exponential family distribution of X given
Y, derived in Lemma 3, in Proposition 2 using a Lyapunov type bound pre-
sented in Rai¢ [33]. Proposition 2 provides the basis for our normality proof for
estimators which we present in Theorem 3.

Proposition 2 Consider a separable multilayer network model following the
form of equation (1) and is defined on a set of N > 3 nodes and K > 1 layers.
Denote by s(X) € RP the sufficient statistic vector of the exponential family
P(X =z |Y = 1y) as defined in Lemma 3. Let EY be the random conditional
expectation operator for the distribution of X conditional on'Y , and define

Sx = (I(O)[Y]) " (s(X) -~ EY s(X))
= Y IO Y]) TV (505(X) - EY 5i5(X)).
{i,j}CN

For any measurable convex set A C RP,

83 E 4 8 [Dy]"
S — —|— + g 2
oo VEIVE TEIVE T ®jY )

|P(Sy€EA)—®(Z € A)|

where ® is the standard multivariate normal measure and Z ~ MvtNorm(0,, I,,),
where 0, is the p-dimensional vector of zeros and I, is the p x p identity matriz.

Before we prove Proposition 2, we introduce a Lyapunov type bound in
Lemma 4 provided by Theorem 1 of Raic [33].

Lemma 4. Consider a sequence of n > 1 independent random vectors W; € RP.
Assume that EW; = 0, and Z?:l VW, = I, where 0, is the p-dimensional
vector of zeros and I,, is the p X p identity matriz. Define

n

S, = Y W

i=1

and let Z be the standard multivariate normal random variable, i.e., Z ~
MuvtNorm(0,, I,). Then, for all measurable convex sets A C RP,

B(S, € A)~B(Z € A) < (42pV/4+16) Y E|WiI3,
=1

where ® is the standard multivariate normal measure.

We now turn to proving Proposition 2.
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PRrROOF OF PROPOSITION 2. By Proposition 1 and Lemma 3, the conditional
distribution of the multilayer network X given Y follows an exponential family
with sufficient statistic vector that can be decomposed into the sum of condi-
tionally independent dyad-based statistics:

s(X) = Y sii(X),

{i,j}CN

with the precise formula for s; ;(X) given in Lemma 3. Define

Sx = (I(6M)[Y )2 (s(X) —EYs(X))
= > TO)[Y]) VA (505(X) - EYsi5(X)),
{i,j}CN

where I(0*) is the Fisher information matrix of an activated dyad X;; for
{i,j} C N satisfying Y; ; = 1 evaluated at 6* per Lemma 1 and where EY is the
random conditional expectation operator with respect to the distribution of X
conditional on Y. For v > 0 satisfying v < E|Y|1, define the event &(~) by

() = {yeY: |y 2E|Y]|1—~}.

In words, €(7) is the subset of configurations of the single-layer network Y which
have the number of edges equal to at least the expected number of activated
dyads E |Y'||; minus v > 0. The restrictions placed on «y ensure that E |[Y |, —v >
0 which implies that £(y) will not contain the empty graph which has no edges
and that &(y) will contain the complete graph with (J;) edges as E|Y|; < (g)
(strict inequality following from the fact that g(y), the marginal probability
mass function of Y, is assumed to be strictly positive on Y). Hence, P(E(y)) > 0
and P(E(7)¢) > 0. Let A C RP be a measurable convex set. By the law of total
probability and the triangle inequality, we have

[P(Sy € A)—B(Z € A)| < [B(S, € A[E(Y) ~ B(Z € A)| BER))
+ [B(S, € A|€9(7)) — B(Z € A)| B(EX(y))
(27)

< sup |P(SyeA|Y =y)-P(ZcA)
ye&(v)

+P(E(7)),
noting [P(S,, € A|€%(y)) — ®(Z € A)| <1 and P(E(y)) < 1. Taking
Wi; = IOV ) (s15(X) —EY s:,(X)),

we have
E[Wi’j|Y:y] = O7

a result of the tower property of conditional expectation, and

A\ [E{i,j}cj\r W, ; Y = y} = I,
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which follows from Lemma 1 which establishes that V[s; ;(X)|Y = y] = 1(6*)
when Y; ; = 1, recalling the form of the Fisher information matrix of exponen-
tial families to be the covariance matrix of the sufficient statistic vector [e.g.,
Proposition 3.10, pp. 32, 41], and due to the fact that Vis; ;(X)|Y =y] =0,,
when Y; ; = 0. Applying Lemma 4 to the first term of the summation of (27),
for any measurable convex set A C RP,

P(Sx €AY = y) — B(Z € A)
is bounded above by

(2p/44+16) Y E[|[W,l3|Y =y].
{i,j}CN
Given Y = y, using standard matrix and vector norm inequalities,
[(1(07) [yl) =2 (50,5(X) = E 5i5(X))]2
—1/2

lyly = 11(0%) 212 [s:,5(X) — Esi (X))l

<yl M) "2 0 2 44,

Wi jl2

IN

where || - |2 denotes the spectral norm of a p X p matrix. From the proof of
Lemma 2, for all l € {1,...,p}, we have

0 < spigle) < 1, {i,j}CN,

P-almost surely. Hence,

P(lsi;(X) —EYs8ij(X)|oo <wij | Y =y) = 1

implying (conditional on Y = y)
Isij(X) —EY si5(X)|2 < (0wi)"> = "y,
P-almost surely. As a result,

E[IWi31Y =y] < (lyhNow) /20" yss

min »J)

noting that yf’] =y, ; € {0,1}. Using the fact that 42p'/4+16 < 58 p/* (p > 1),
we have
p 1,512 =
(42p4+416) > E [[Wi,l3]Y =y

{i,j}CN
< 58pT Y i (lyl M) 72
{i,j}CN
= 58pT Ayl (M) 32
< B8PTH(E|Y L — )72 () /2,
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as the conditioning event €(vy) and choice of «y ensure that |y|1 > E|Y |, —~ > 0.
We bound the second term in (27) by Chebyshev’s inequality using equation (14)
in the proof of Lemma 2:

E[Y]: +2 (D]

PE(y)) < ~

Taking v =2"'E|Y|; > 0, we have

4 8 [Dy] "
E|Y]: (E|Y|)*

Combining terms, we obtain the bound

P(&c())

83 p/? 4 8 [Dy]"
_ + + 2"
Gon? VEVT T EIVE T )

O

IP(Sx € A) — ®(Z € A)|

Note that the asymptotic multivariate normality can be established provided

7/2 4 D +
N —o0

= + + -
Qe 32 VEIY] "E[Y]  (E|Y])?
resulting in the following asymptotic convergence in distribution:

S 2 zZ ~ MvtNorm (0, I,,) .

Appendix G: Proof of Theorem 3

In order to demonstrate the feasibility of the normal approximation for maxi-
mum likelihood estimators 8 of 8*, we first start with a standard Taylor expan-
sion of the negative score equation:

Ve l(B;z,y) = —Vel(0*x,y)—V3i(05z,y)(0—6%)—R, (28

where R € R? is the vector of remainders given in the Lagrange form. Denoting
by R, (0 —6*);, and (Vg £(0;x,y)); the ith component of R, (6 —0*), and the
score function Vg (6;x,y), respectively. The remainder term R; (i =1,...,p)
is given by

21 0% (Ve l(0i2.9)i 5 pivo
R o= > 5 062 0 -6

0* (Vol(0i; T, 9)i o oo 5 ax
+ Z agj&ok (a_e)j(e_e)/ﬁ
1<j<k<p
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where 6; = t; 6 + (1 —t;)0* (for some t; € [0,1]). By Proposition 1,
(0;x,y) = log Po(X =z |Y =y)+log g(y).

By Lemma 3, the probability mass function Pe(X = x|Y = y) belongs to
a minimal exponential family with the sufficient statistic vector s(x) given by
equation (15) in Lemma 3. We then have,

—Vol(0;z,y) = —(s(x)—Efs(X))
Ve lOimy) = Vgs(X) = 1(6")]yl,

where EY and V} are the conditional expectation and variance operators, respec-
tively, of the conditional distribution of X given Y = y, and by using standard
formulas for exponential families [e.g., Proposition 3.8, pp. 29, 41] and the re-
sults of Lemma 1. Note Vg ¢ (é\, x,y) = 0, as the maximum likelihood estimator

6 solves the score equation by definition. We re-arrange (28) and multiply both
sides by (1(6*) |Y|1)~/? to obtain
(1(6") Y1)/ (0~ 6%) — (1(6")|Y],)"/* R )
= (18" |Y]1)7/* (s(X) — EY s(X)).

Define A == (I(6*) |Y]1)~"/? R. Let A C R? be any measurable convex subset
of R? and Z ~ MvtNorm(0,, I,). We are interested in bounding the quantity
BT 1Y ]1)"2 (B~ 0) — A € A) — (Z € A)|.

Then from (29),
P((167) 1Y )/2 (0~ 67~ Ac A)
= P((L(0)Y])7/? (s(X) — EY s(X)) € A).
Applying Proposition 2, for all measurable convex sets A C RP?,
[P ((L(0%)[Y]1)""2 (s(X) —EY 5(X)) € A) — ©(Z € A)|
is bounded above by

83 P2 4 8 [Dy]"
_ + + 2"
(e . )3/2 ElY[: EIY]L (E|Y]h)

Hence,
P((1(6%)[Y]1)'/? (0 — 67) — A € A)— 0(Z € A)

is bounded above by

83 "/ 4 8 [Dy]"
" + + 3
(e 32 VE[Y]  EJY  (E|Y))




J. Li et al./Learning cross-layer dependence structure in multilayer networks 24

We lastly handle the term A by showing that |A|s is small with high probability.

We first use standard vector/matrix norm inequalities to bound

[HCE
1Y

IR, < —Bl2

|Al: = (IO |Y])" 2Rl < <
1Y

mm

noting that the spectral norm [|1(8*)~/2||5 is equal to the largest eigenvalue
of I(6*)~'/2 which will be the reciprocal of the smallest eigenvalue of I(8*)'/2,

min"*
theorem for functions with multiple variables, if for each ¢ = 1,...,p, there

exists constants M; > 0 such that
(Ve l(6;2,y)):
00,00

which is bounded below by \/)\5 Using a standard result from the Taylor

sup M;, 1<j<k<p,

OER? : |0—6*|1<[6-6*;

then the Lagrange remainder is bounded above by
M ~ .
R; < 7”9*9 I3

on the set {8 € R? : | —8*|; < |@—6*|,}. By Lemma 5, conditional on Y = y,
we have, for all : = 1,...,p, the bound M; < 2|y|;. Hence,

HA”2 < \jzny"l@ 0*”1
\/W J N
1 = Blyli 16 — 6*[3
< ——bllile- el < e A (30)
Mo Iyl VA Tyl
_ VIshel0 -0 p2/Iyli]6 - 673

VAo - VAo

By Chebyshev’s inequality—as in the proof of Lemma 2—we can establish that

1 8D

el T ELe Y

1
P(IIY1-EIYL > SEIVL) <

Under Assumptions 1, 2 and 3, Theorem 1 established that there exist constants
C > 0 and Ny > 3 such that, for all N > Ny, the event

0 0 < c \/ max / (32)
” ”2 mln E”Y‘l

occurs with probability at least 1 — exp (—2p) — (E|Y|1)~!. Define &; to be
the event

1
1Yl -EY]:] < EIY]
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and €5 to be the event in (32), and define R to be the corresponding values of
A in the event (X,Y) € € N €y, under which we have the bound

”A”Q < p3/2 V "y"l CQ X:(nax p

N Aein)? EIY Ty
C2p 2 \V2ETY L Mo (33)

- ElY]: (X .. )5/2

\/502 p5/2 X*

max
VEIY 1 (Af)772

The first inequality in (33) is obtained by combining the bounds in (30) and
(32). The second inequality in (33) is using the fact that

1
Iyl < EYh+5E[Y]L < 2E|Y|:

in the event y € £;. Moreover, a union bound shows that

P(AER) < P(&]) + P(&5)

5 8 [Dy]*
< -2 ]
< exp(—2p) + E|Y], + (E|Y]1)?
5+8C
< exp(—2p) + Wynlo’

where the constant Cjy and the last inequality follow from Assumption 1. Hence,

V2C2ps/2 X 5+8C,
PllAfz < e > l—exp(-2p) — ————.
( EIY [ (Ain)®/? E[Y],

Taken together, we have shown under the assumptions of Theorem 1 that there
exists Ny > 3 such that, for all N > Ny, the error of the multivariate normal
approximation

[P((1(67) Y 11)!/2 (0~ 6%) ~ A € A) ~ B(Z € A)
is bounded above by

83 E 4 8 [D,y]"
— + + 2
Gowr VEIVI T EIVE T ®IY )

where A satisfies

V2C2ps/2 X 5+8C)
PllA]z < ~—m > l—exp(-2p) — ——7
< VE[Y 1 (A5,,)57/2 E|Y |
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G.1. Auziliary results for proof of Theorem 3
Lemma 5. Consider a separable multilayer network model following the form

of equation (1) and is defined on a set of N > 3 and K > 1 layers and denote
by £(0;x,y) the log-likelihood function. Then, for eachi=1,...,p and € > 0,

9% (Vo £(0;2,y));
sup < 9 7
OCRP : |0—0*|2<e 00; 00y Iyl

where (Vo £(0;x,y)); is the it" component of the score function Ve £(0;x,y).

PROOF OF LEMMA 5. By Proposition 1, given the observation  of X (i.e.,
observation of the event X = x), Y is predictable with unique value y € Y given
by the formula in Proposition 1, and (z,y) is network concordant. Further, by
Proposition 1

(0;z,y) = logPe(X =2 |Y =y)+log g(y),

where log Pg(X = z|Y = y) is the log-likelihood of a minimal, full, and regular
exponential family. Thus, the second order derivative of ¢(0;x,y) with respect
to the i and ;" components of @ correspond to the variance (in the case i = j)
or covariance (in the case of ¢ # j) of corresponding sufficient statistic(s) of the
exponential family [e.g., Proposition 3.8, p. 29, 41], with sufficient statistics
given in Lemma 3. For {i,5} C {1,...,p},

0(Vel(0;x,y)); 0% 0(0;x,y)
90, 006,00,

Co(si(X),5;(X)|Y =y),

and when ¢ = j € {1,...,p},

0(Vel(0;x,y)); 0% ((0;z,y) B _ B
00, - 891-2 = Vo(s:(X)|Y =y).

As aresult, for {i,5} C {1,...,p} and k € {1,...,p},

)

9* (Ve l(0;z,y))
96,00y

_ ‘ 9Co(si(X),5;(X)|Y =y)
00

and when i =j € {1,...,p} and k € {1,...,p},

0% (Vo ((8:2,y)):
00;00

_ | 9Ve(si(X) Y = y)
0 Oy, '
By Lemma 3 equation (15), conditional on Y = y, each sufficient statistic s;(X)

(i € {1,...,p}) can be decomposed into the sum of conditionally independent
statistics of each dyad X, ., for {v,w} C N. We can then write

CG(Si(X)7 Sj(X) ‘ Y= y) = Z CG(Si,v,w(Xv,w)7 Sj,v,w(Xv,w) | Y= y)7
{v,w}CN
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noting that by conditional independence Cg (8 4w (Xv.w), Sjrt(Xrt) | Y =y) =
0 whenever {r,t} # {v,w}, and when i = j, we can write

VG(Sv(X) |Y = y) = Z VG(Si,v,w(Xv,w) | Y = y)a
{v,w}CN

again appealing to the conditional independence given Y of the random variables
Siww(Xvpw) {v,w} C N). As a result, for k € {1,...,p}, it suffices to show
that,

aCO(si,v,w(Xv,w)a Sj,v,w(Xv,w) |Y = y)
00y
and

< 1.

aVG(Si,U,w(XU,w) |Y = y)
00y

Recall that the sufficient statistic s; ,.,(X) (¢ =1,...,p) is defined in Lemma

3 by
h

si,v,w (X’U,w) = H X’L()],C’Ltl))7 {’U,’U)} - N7

t=1

for some h € {1,...,H} and {k1,...,kn} C {1,...,K}. Define the set S; yw
of components of the sufficient statistic vector s,.,(X) for {v,w} C N and
i1=1,...,p by

h/
Siwaw = [T X80+ {l, o} €k, k), B <oy,
t=1

where h € {1,...,H} and {k1,...,kn} C{L,...,K}. The set S; ,w is the set of
components of the sufficient statistic vector s, ., (X) of dyad {v,w} C N that
have a value of 1 when s;,..,(X) = 1. For the ease of notation, let Is,  , be
the set of dimension indices whose corresponding components of the sufficient
statistic vector s, .,(X) belong to the set S; y -

Is,,., = {7€{l,...;p} * $j0w(X) € Sivuw}

Define the conditional expectation of $;,.,(X) given Y = y for any i €
{1,...,p} and {v,w} C N by

Pi,v,w(GQ X;'y) = Pg (Si,v,w(X) =1 | Y = y)

Denote by L; the set of layer indices {ki,...,kp} C {1,..., K} that define the
ith component s; , (X, ) of the sufficient statistic vector s, .,(X) for any
{v,w} CN, 7€{l,...,p}, and some h € {1,..., H}. We then define

xE) = {X,S{i}), . ,Xé’f;,)} C XU = X0\ XD,
and the corresponding sample space

x) = {01y, XU = {0,135,

)
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for some h € {1,..., H}. Then we can write

Pryn(8: X,5) = m(n xf,lzu:w:y)

leL;

Z exp Z 0; + Z 05 8j0,w(T)

ngjz) jEIsiv“sw ]GI‘%L v,w
p
E exp E 0 8j,0,w(T)
Xy =1

Let
P
Z(0) = Zexp Zﬁjsjﬂ,,u,(a:) ,
Xo,w Jj=1

and take the derivative of P; , .,(8; x,y) with respect to 6y for k =1,...,p. We
have

8Pi,'u,w(0; X7 y)

00y

07Z(0
Do | DL O+ > Osiew(@) (Z(g)_ 69( ))
X ¥ €l 4 I8, 0 :

B Z(0)?

Z exp ( Z 0; + Z 0; sjyml,(m)> (Z exp (Z 0, s.,vyv_“,(m)> (1 sk‘vy“,(w))> (34)

x(E) JELs; JEIE, Xow
o Z(0)?
> exp >0+ > Oisjewl@) | Z(0)
x$ad) S ET TEIS,

= AGE
1.

IN

The first inequality is obtained because sy ., () < 1, and the last inequality is
due to the fact that

doep | D b+ DY bisuu@)
)

L. ; oTC
Xg;,wl TELS, 4 JEISi,'u.w

is bounded above by

p
Z exp Z 0; Sjv,w(T)
j=1

Xo,w
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Now we turn to show the derivative of the conditional variance and covariance
of the sufficient statistics of each dyad are bounded. Given Y = y, for all
{i} C {1,...,p}, Siww(X) are conditionally independent across {v,w} C N.
Then we have

(CB(Si,v,w(Xv,w)a Sjv,w (Xv,w) | Y = y)
= Elsipw(X)sj00w(X) Y =y —Elsiuw(X)|Y =y]Els;j0(X) [ Y =y
Pg (Si,v,w(X) =1, Sj,v,w(X) =1 ‘ Y = y) - Pi,v,w(a; X,y) Pj,v,w(e; X7y)

Py H qul,au =1Y=y]| - Pi,v,w(e; X,y) Pj,v,w(0§ X,y).
leL;UL;
Using the inequality derived in (34) and suppressing the notation of {v,w} and
(X,y) in P, ., (0; X,y), the derivative of the covariance with respect to 6,
k=1,...,pis given by
ace(si,v,w(Xv,w)a sj,v,w(Xv,w) |Y = y)
00y

lEL;UL; 0 P;(0)
_ — P
00y 00 (6) (6) 00

IN
Lo

Using the same inequality and notation in (34), the derivative of the variance
of a Bernoulli random variable s; ., ,(X) is given by

aVG(sivw(Xvw)‘Y:y) aPZ(H)
— ’ 1-2PF(0 1.
| - (1~ 2m(0)) 27
Finally, for {i,5} C {1,...,p} and k € {1,...,p}, we obtain
0% (Vo l(0:2,y))i | _ | 0Ce(si(X),s;(X)|Y =y)
90,00, a0
S Z ‘860(511,11,111()(1;,11;)7 Sj,v,w(Xv,w) | Y = y) ‘
00y
{v,w}CN
< 2y

due to the fact that Co(si v w(Xvw), $jvw(Xew)|Y =y) =0 when Y, , =0
for {v,w} C N. Similarly, Vg(s; p0(Xivw)|Y = y) = 0 when Y, , = 0 for
{v,w} CN, and when i = j € {1,...,p} and k € {1,...,p}, we have

0? (Ve l(0;2,y)); OVe(s:(X)|Y =y)
00,00, 00y

IA

Iyl
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TABLE 4 _
P-values of the Zhou-Shao’s test for multivariate normality of @ for 6 model-generating
parameters (07, 03, 03, 05, 0F, 0% ) estimated from 250 network samples at size 1000 on,
four basis network structures. All p-values are larger than .1.

Basis network model o7 03 03 05 CH 0
Dense Bernoulli 138 473 .053 .699 .587  .983
Sparse Bernoulli bb4 132 232 .634 904  .373
SBM 650 .891 982 975 .871 674
LSM 859  .831 500 .227 .613  .409

Appendix H: Additional simulation results

Additional simulation results that enhance those contained in Section 5 are
provided in this section.

H.1. Normal approximation with different basis networks

The multivariate normality of 6 is tested by Zhou-Shao’s multivariate normal
test [46], and the p-values are provided in tabel 4. Q-Q plots of 8 estimated from
6 different model-generating parameters with a dense Bernoulli basis network, a
sparse Bernoulli basis network, a stochastic block model (SBM) generated basis
network, and a latent space model (LSM) generated basis network are shown in
Figure 6, 7, 8 and 9, respectively.

Q-Q plots of each component of the MPLE (dense Bernoulli basis network)
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Fig 6: Q-Q plots and p-values of six components of 6 estimated from 250 mul-
tilayer network samples at size 1000 on the dense Bernoulli basis network for 6
model-generating parameters on each row.
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pval: 0.8169

Q-Q plots of each component of the MPLE (sparse Bernoulli basis network)
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Fig 7: Q-Q plots and p-values of six components of 0 estimated from 250 mul-
tilayer network samples at size 1000 on the sparse Bernoulli basis network for 6
model-generating parameters on each row.
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Q-Q plots of each component of the MPLE (SBM basis network)
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Fig 8: Q-Q plots and p-values of six components of 0 estimated from 250 mul-
tilayer network samples at size 1000 on the SBM generated basis network for 6
model-generating parameters on each row.
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TABLE 5
False discovery rates of four procedures for detecting non-zero effects of siz model-generating
parameters (07, 03, 03, 0, 0f, 0F) estimated from 250 multilayer network samples at size
1000 on the sparse Bernoulli basis network. All FDRs are smaller than 0.05.

Procedure 07 03 03 CH 0z 05
Bonferroni .002 .003 .003 .003 .003 .011
Benjamini-Hochberg  .020 .011 .022 022 .014 .017
Hochberg’s .009 .008 .012 .010 .010 .014
Holm’s .007 .008 .011 .009 .006 .014

Q-Q plots of each component of the MPLE (LSM basis network)
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Fig 9: Q-Q plots and p-values of six components of 0 estimated from 250 mul-
tilayer network samples at size 1000 on the LSM generated basis network for 6
model-generating parameters on each row.

H.2. Additional results on the false discovery rate

The false discovery rate (FDR) of the multiple testing correction procedures
of Bonferroni, Benjamini-Hochberg, Hochberg, and Holm to detect non-zero
components of 8* at a family-wise significance level of o = 0.05 with a sparse
Bernoulli basis network, an SBM generated basis network and an LSM gener-
ated basis network are provided in Table 5, 6 and 7, respectively (recall that
components 07 5 and 03 of 6* are set to 0). The receiver operating characteristic

(ROC) curves for 6 of 6 selected model-generating parameters on four basis
network structures are provided in each of the subplot of Figure 10.
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TABLE 6
False discovery rates of four procedures for detecting non-zero effects of siz model-generating
parameters (07, 03, 03, 0, 0f, 0F) estimated from 250 multilayer network samples at size
1000 on the SBM generated basis network. All FDRs are smaller than 0.05.

Procedure 07 03 03 CH 0z 05

Bonferroni .002 .002 .003 .001 .001 .004

Benjamini-Hochberg .022 .013 .014 .015 .015 .018

Hochberg’s .009 .014 .01 .008 .011 .014

Holm’s .009 .013 .005 .009 .009 .011
TABLE 7

False discovery rates of four procedures for detecting non-zero effects of siz model-generating
parameters (07, 03, 03, 0, 0%, 0% ) estimated from 250 multilayer network samples at size
1000 on the LSM generated basis network. All FDRs are smaller than 0.05.

Procedure 07 63 03 Ch 0z 05
Bonferroni .004 .006 .000 .005 .003 .004
Benjamini-Hochberg  .016 .013 .011 .015 .016 .017
Hochberg’s .009 .014 .009 .011 .010 .011
Holm’s .008 .014 .009 .011 .007 .010

Receiver operating characteristic curves for six model-generating parameters
1.00 — 1.00 =
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B 1.00——————— 1.00
c
Q
*
0.75 0.75
0.50 0.50
0.25 0.25 0.25
00000 075 050 025 000 09060 075 050 025 000 09060 075 050 025 000

Basis network: Dense Bernoulli Sparse Bernoulli LSM

Specificity

Fig 10: ROC curves for 6 estimated from 250 multilayer network samples at size
1000 of six model-generating parameters on four different basis networks.
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