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dependent or not. A comprehensive simulation study exhibits the benefit of considering
this approach, illustrates the robustness of the clustering and highlights the reliability of
the criterion used for model selection. This approach is applied on a sociological dataset
collected during a television program trade fair, the inter-organizational level being the
economic network between companies and the inter-individual level being the informal
network between their representatives. It brings a synthetic representation of the two
networks unraveling their intertwined structure and confirms the coopetition at stake.
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1. Introduction

The statistical analysis of network data has been a hot topic for the last decade. The last few years witnessed a growing
interest for multilayer networks (see Kiveld et al., 2014; Bianconi, 2018; Giordano et al., 2019). A particular case of
multilayer networks is multilevel networks where each level is a layer and an affiliation relationship represents the inter-
layer. Multilevel networks are used across many fields such as sociology (Lazega and Snijders, 2015) or environmental
science (Hileman and Lubell, 2018). In particular they arise in the sociology of organizations and collective action when
willing to study jointly the social network of individuals and the interaction network of organizations the individuals
belong to. Indeed, the individuals not only interact with each others but are also members of interacting organizations.
This approach is quite generic in the social sciences and all the phenomena of coopetition and the maintenance of social
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inequalities can fall within the scope of this approach (Lazega and Jourda, 2016). It is also gaining attention as a way to
articulate social network analysis and the life course studies (Vacchiano et al., 2020). Following Lazega and Snijders (2015),
one might think that these two types of interactions (between individuals and between organizations) are interdependent,
the individuals shaping their organizations and the organizations having an influence on the individuals. We aim to
propose a statistical model for multilevel networks in order to understand how the two levels are intertwined and how
one level impacts the other.

In what follows, a multilevel network is defined as the collection of an inter-individual network, an inter-organizational
network and the affiliation of the individuals to the organizations. Besides, we assume that the individuals belong to
a unique organization. Such a dataset is studied by Lazega et al. (2008), some researchers in cancerology being the
individuals and their laboratories the organizations. Brailly et al. (2016) deal with another dataset concerned with the
economic network of audiovisual firms and the informal network of their sales representatives during a trade fair. This
latter dataset will be analyzed in this paper.

In the last years, the Stochastic Block Model (SBM developed by Holland et al., 1983; Snijders and Nowicki, 1997) has
become a popular tool to model the heterogeneity of connection in a network, assuming that the actors at stake are divided
into blocks (clusters) and that the members of a same block share a similar profile of connectivity. Compared to other
graph clustering methods such as modularity maximization, hierarchical clustering or spectral clustering (see Kolaczyk,
2009, and references therein), the SBM is a generative model, it shares with the generalized blockmodeling (Doreian et al.,
2005) that they can both fit to a wide range of topologies since they gather into blocks the nodes that are structurally
equivalent. However, contrary to the generalized blockmodeling which seeks a pre-specified structure in the network
with given ideal blocks, the SBM is agnostic and is aimed to unravel any kind of block structure which may shape the
data. This includes but is not restricted to the detection of assortative communities where the probability of connection
within a block is higher than the probability of connection between the blocks. Moreover, the probabilistic generative
model allows the modeler to have a unified framework for model selection and natural extensions such as dealing with
non binary dyads and link prediction. The SBMs have been extended to particular types of multilayer networks: Barbillon
et al. (2017) propose an SBM for multiplex networks and Matias and Miele (2017) an SBM for time-evolving networks. In
this paper, we propose an SBM suited to multilevel networks (MLVSBM).

Our contribution. In a few words, we model the heterogeneity in the inter-individual and inter-organizational connections
by introducing blocks of individuals and blocks of organizations, the blocks containing homogeneous groups of actors
(individuals or organizations) with respect to their connectivity. The two levels are assumed to be interdependent through
their latent blocks. More specifically, the latent blocks of the inter-individual level depend on the latent blocks of the inter-
organizational level and the affiliation. This bi-clustering approach allows us to determine how groups of organizations
influence the connectivity patterns of their individuals. Note that the hierarchical model does not assume a causal effect
of the blocks of organizations on the blocks of individuals but an interdependence between the two sets of blocks.

Due to the latent variables, the estimation of the parameters is a complex task. We resort to a variational version
of the Expectation-Maximization (EM) algorithm. For the SBM, the variational approach (Jordan et al., 1999; Blei et al.,
2017) has proven its efficiency for deriving maximum likelihood estimates (Daudin et al., 2008; Mariadassou et al., 2010;
Barbillon et al., 2017) and for Bayesian inference (Latouche et al., 2012; Come and Latouche, 2015). In the latent block
model which is suited for bipartite network, the variational estimates have also been successfully applied (Govaert and
Nadif, 2008). In this paper, we obtain approximate maximum likelihood estimates by an ad-hoc version of the variational
EM algorithm.

Another important task is the choice of the number of blocks. We propose an adapted version of the Integrated
Complete Likelihood (ICL) criterion. First developed by Biernacki et al. (2000) for mixture models as an alternative to
the Bayesian Information Criterion (BIC), it was then adapted by Daudin et al. (2008) to the SBM. The ICL has since
illustrated its efficiency and relevance for various SBMs and their extensions such as multiplex network (Barbillon et al.,
2017), dynamic SBM (Matias and Miele, 2017) or degree corrected SBM (Yan, 2016). A further reference for dynamic SBMs
is Bartolucci et al. (2018). Besides, a critical issue in sociology is to verify the multilevel interdependence hypothesis in
a multilevel network, i.e. if the two levels (inter-individual and inter-organizational) should be analyzed jointly or if a
separate analysis is sufficient. We thus propose a criterion to decide whether the two levels are independent or not.

Related works. The term multilevel network arises in the statistical literature for a wide variety of complex networks. For
instance, Zijlstra et al. (2006) adapt the p2-model to handle multiple observations of a network, Sweet et al. (2014) extend
the Mixed Membership Stochastic Block Model (Airoldi et al., 2008) to the hierarchical network model framework (Sweet
et al., 2013) for the same type of data. Snijders (2017) discusses the use of the stochastic actor-oriented model (Snijders,
2001) for temporal and multivariate networks.

When dealing with the multilevel networks we defined before, Wang et al. (2013) adopt an exponential random graph
model (ERGM) strategy that is used in applications across many fields such as environmental science (Hileman and Lubell,
2018) or sociology (Lazega and Snijders, 2015, chapters 10-11, 13-14). When focusing on a clustering approach, Ziberna
(2014) develops three general approaches for blockmodeling multilevel networks. First, the separate analysis consists in
clustering the levels separately or using the clustering of one level on the other. Second, the conversion approach converts
the level of the organizations into a new kind of interaction between individuals, the interactions are then aggregated into
a single layer network; this is close to the approach taken by Barbillon et al. (2017) who transform the inter-organizational
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network into an inter-individual network thus adopting a multiplex network approach (the individuals interconnect
directly or through the organizations they belong to). The third approach is called the true multilevel approach and is
the closest to the one we propose on this paper.

Ziberna (2014) and the extensions in Ziberna (2019, 2020) to a more general set of multilayer networks (called linked
networks) use a generalized blockmodeling framework (Doreian et al., 2005). Contrary to this deterministic approach, we
resort to a probabilistic generative model for all the reasons stated above. The MLVSBM additionally provides us with a
natural criterion for detecting the interdependence between the two levels. Furthermore, we explicitly take into account
the constraint of having a unique affiliation per individual inherent to these multilevel datasets and do not consider the
affiliation as a bipartite network.

Also, note that the multiplex SBM approach applied to a multilevel network suggested by Barbillon et al. (2017) is
only applicable when the numbers of individuals and organizations are close. Indeed it requires to duplicate the data of
the inter-organizational level to fit the size of the inter-individual level. Furthermore, it only provides a clustering of the
individuals and not two clusterings, one of the individuals and one of the organizations. In contrast, our MLVSBM does
not need to transform the data into a multiplex network and is able to obtain a clustering of the nodes within each level.

If we release the constraint of the unique affiliation, then the inter-level can be modeled by a latent block model and
we obtain a particular case of the multipartite SBM of Bar-Hen et al. (2020). However, the interactions between individuals
and organizations are considered at the same level as the affiliations, and the clustering might be strongly influenced by
the number of individuals in each organization.

Finally, our work is also different from the SBM with edges covariates (Mariadassou et al., 2010) with the individuals
as nodes and the inter-organizational network as edges covariates. Indeed, in that case, the clustering obtained for the
individuals is the remaining structure of the inter-individual level once the effect of the covariates has been taken into
account. In addition, this model does not provide a clustering of the organizations.

Outline of the paper. The paper is organized as follows. The SBM adapted to multilevel networks (MLVSBM) is defined in
Section 2. We also give conditions guaranteeing the independence between levels and the identifiability of the parameters.
The inference strategy and the model selection criterion are provided in Section 3. The proof of the independence between
levels, of the identifiability and the details on the variational EM and the ICL criterion are postponed to the Appendix
sections. In Section 4, we present an extensive simulation study illustrating the relevance of our inference method, model
selection criterion and procedure. Section 5 is dedicated to the analysis of a sociological dataset by our MLVSBM. Finally
we discuss our contribution and future works in Section 6.

2. A multilevel stochastic block model (MLVSBM)

Dataset. Let us consider n; individuals involved in ng organizations. We encode the networks into adjacency matrices as

follows. Let X! be the binary n; xn; matrix representing the inter-individual network. X' is such that : ¥(i, ') € {1, ..., n;}%:
Xl — 1 if there is an interaction from individual i to individual 7', (1)
"~ 10 otherwise.
X9 is the binary ny x no matrix representing the inter-organizational network, V(j,j) € {1, ..., np}?:
X0 1 if there is an interaction from organization j to organization j’, 2)
77 10 otherwise.

Remark. In general, no self-loop is considered in the network, thus the interactions are defined for i # i’ and j # j'.
Moreover, if the interactions are undirected then

Xy =Xy V(,i) orfand Xy =Xp V(.J).
In what follows, we present the methodology for undirected networks. However, all the results can be adapted to directed
networks without any difficulty.

Let A be the affiliation matrix. A is a n; X np matrix such that:

A — 1 if individual i belongs to organization j,
Y710 otherwise.

Ais such that Vi = 1,...,n, Zj';o] Aj = 1 since we assume that any individual belongs to a unique organization. A
synthetic view of a generic dataset is provided in Fig. 1.

We propose a joint modeling of the inter-individual and inter-organizational networks based on an extension of the
SBM. More precisely, assume that the ng organizations are divided into Qg blocks and that the n; individuals are divided
into Q blocks. Let Z% = (29, .. . Zy)and Z' = (Z},...,Z, ) be such that ZjO = [ if organization j belongs to block I
(Ief{l,...,Qo})and Zi’ = k if individual i belongs to block k (k € {1, ..., Q/}).
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Fig. 1. Matrix representation of a multilevel network.

Given these clusterings, we assume that the interactions between organizations and the interactions between individ-
uals are independent and distributed as follows:

0o _ 0 o) _ (0]
PXy; =127, Z;) = “z;’z]s?’ 5
Pl =1Z.z)) = a;,z,/.
L

As a consequence, the blocks gather nodes (blocks of individuals on the one hand and blocks of organizations on the other
hand) sharing the same profiles of connectivity.

In order to take into account the fact that organizations may shape the individual behaviors, we assume that the
memberships of the individuals (Z') depend on the blocks of the organizations (Z°) they are affiliated to. More precisely,
we set:

P(Zl = KIZ°, Aj = 1) = Vizd Vie{l,...,n;} Vke{l,...,Q}, (4)

where y is a Q; x Qp matrix such that Z,?’zl v = 1Vle{1,...,Qp}. The (Zjo) are assumed to be independent random
variables distributed as

PZP=l)=n0, Vjie{l,....no} Vie(l,...,Q}, (5)

with Y% 70 = 1.

Egs. (4) and (5) state that the clustering of an individual is not completely driven by his/her behavior but is also shaped
by the clustering of the organization he/she belongs to. In particular, if Qo = Q; and y is equal to the identity matrix (up
to a reordering of the rows) then, the clustering of the individuals is completely determined by the clustering of the
organizations. At the opposite of the spectrum, if all the columns of y are equal, then the clustering of the individuals is
independent of the clustering of the organizations. This point will be developed hereafter.

Egs. (3), (4) and (5) define a joint modeling of X' and X°. In what follows, we set § = {n°, ¥, a®, '} the vector of
the unknown parameters, X = {X', X°} are the observed variables and Z = {Z', Z°} the latent variables. The DAG of the
MLVSBM is plotted in Fig. 2. An illustration of the MLVSBM for a small multilevel network is presented in Fig. 3.

Likelihood. From Egs. (3), (4) and (5), we derive the complete log-likelihood for an undirected MLVSBM:
log ¢y (X', X0, ZIA) = log €,0(Z°) + log €,(Z"1Z°, A) + log £, (X"1Z") + log £,0(X°|1Z°)

0
= Zl]lzjo:, log ;" + ;ﬂzi':k ZIA,-jILZ]p:, log yu (6)
J: i Ji

1 1 o o
+5 > 15141y log (X, b))+ 3 3 1204170y 108 (X et

i'i kK J# LY

where ¢(x, a) = a*(1 — a)' .
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Fig. 2. DAG of the stochastic block model for multilevel network (MLVSBM).
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Fig. 3. MLVSBM with inter-organizational level on the top and inter-individual level on the bottom. The various shades of blue depict the clustering
of the individuals and the various shades of red depict the clustering of the organizations. The parameters « over the plain links between nodes
are the probabilities of connections given the nodes colors (clustering/blocks). The outer circles around the nodes of the individuals represent the
blocks of the organizations they are affiliated to. The dashed links stand for the affiliations. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)

Remark. Note that the factors 1/2 in Eq. (6) derive from the fact that we consider undirected networks. If one or both
of the networks are directed, then the corresponding 1/2 disappears.

The log-likelihood of the observations £4(X|A) is obtained by integrating out the latent variables Z in Eq. (6). As soon
as ng, ny, Qo, or Q; increases, this summation over all the possible clusterings Z' and Z° cannot be performed within
a reasonable computational time. As a consequence, we will resort to the variational EM algorithm to maximize this
likelihood (see Section 3).

Independence. We now derive conditions for the structural independence between levels in terms of parameters equality.

Proposition 1. In the MLVSBM, the two following properties are equivalent:

1. Z' is independent on Z°,
2 yu=ve VLI e{l,...,Qo),

and imply that:
3. X" and X° are independent.

This proposition is proved in Appendix A. Proposition 1 can be interpreted as follows: in the case where the clustering
of the individuals does not depend on the clustering of the organizations, all column vectors of y are identical. Hence,
under this restriction on y, the model for multilevel network can be rewritten as the product of two independent SBMs,
one for each level. Conversely, in the case of a strong dependence between the levels, each column of y will have one
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coefficient close to one, the others being close to 0. Therefore, the individuals affiliated to organizations belonging to the
same block of organizations will be affiliated to one block of individuals. Even if the y’s imply a dependent relationship
between the two levels, the connections of the corresponding blocks at the two levels may have different connectivity
patterns since there is no constraint on the corresponding connection parameters «® and «'.

Identifiability. The identifiability conditions for the MLVSBM are given in the following proposition.

Proposition 2. The MLVSBM is identifiable up to label switching under the following assumptions:

Al. Al coefficients of ' -y - w9 are distinct and all coefficients of «° - n© are distinct.
A2. n; > 2Q; and ngp > max(2Qo, Qo + Q; — 1).
A3. At least 2Q; organizations contain one individual or more.

The set of parameters that do not verify assumption .41 has null Lebesgue measure.

Assumption .42 is very weak in practice. Assumption .43, on the affiliation, means that at least some organizations
must not be empty and enough individuals belong to different organizations. The proof of this proposition is provided in
Appendix B and results from an extension of the proof are given in Celisse et al. (2012).

3. Statistical inference
We now present a maximum likelihood procedure and a criterion for model selection.
3.1. Variational method for maximum likelihood estimation

As said before, ¢4(X]|A) is obtained by integrating out the latent variables Z in the complete data likelihood (6). However,
this calculus becomes not computationally tractable as the numbers of nodes and blocks increase.

The Expectation-Maximization algorithm (EM) (Dempster et al., 1977) is a popular solution to maximize the likelihood
of models with latent variables. However it requires the computation of P,(Z|X, A) which is also not tractable in our case.
The variational version of the EM algorithm is a powerful solution for such cases. It was first used for the SBM by Daudin
et al. (2008).

In a few words, the variational EM algorithm maximizes the so-called variational bound i.e. a lower bound of the
log-likelihood denoted Z4(R(Z|A)) and defined as follows:

Tp(R(ZIA)) = Er [£y (Z, X|A)] + H (R(Z|A)) (7)
= £y (X|A) — KL(R(Z|A) || Po(ZIX, A)) < £p(X|A),
where KL is the Kullback-Leibler divergence, # is the Shannon entropy: #(P) = Ep[—log(P)] and R(Z|A) is an

approximation of the true distribution P¢(Z|X, A). In our context, and following Daudin et al. (2008), we propose to choose
R(Z|A) in a family of factorized distributions, resulting in a mean field approximation R(Z|A) defined as:

n no

R(Z|A) = ]_[ ) 7= [1

i=1 k=1 j=1

:lg

(8)

II
-

where 7}, = P(Z] = k) and 0 = Pr(Z° = I).
Inputting Egs. (6) and (8) into Eq. (7), the variational bound for the MLVSBM can be written as follows:

R(Z|A)) = Z 7 lognl + Z Tik ZAU Tj; 10g yu
5 Z Z T Ty 108 ¢ (Xiy- ) Z Z 77y logd ( /0‘11/)

V£ kK 17&1 LI

Z 7 log T} — Z log 7.

ik

The variational EM algorithm consists in iterating two steps. Step VE maximizes the variational bound with respect to
the parameters of the approximate distribution defined in Eq. (8). This is equivalent to minimizing the Kullback-Leibler
divergence term. Step M maximizes the variational bound with respect to the model parameters 6. The procedure is given
in Algorithm 1 and details of the calculus and algorithm are developed in Appendix C. Algorithm 1 can be slightly modified
to handle missing data (dyads which are not observed in any of the two levels) by summing up on observed dyads only.
An interesting feature of the MLVSBM is to make use of one level to help the prediction of missing dyads of the other
level.
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Remark. Although the family of the variational distributions does not consider the affiliation matrix A, the minimization
of the Kullback-Leibler divergence between the variational distribution and P(Z|X, A) induces an indirect dependence on
A in the variational distribution. One may consider more complex distributions but the simulation studies show that the
inference algorithm is able to retrieve properly the dependence between the Z's and the Z%s in this family of distributions.

Algorithm 1: Variational EM algorithm
Data: {X, Z, A}, a multilevel network with an initial clustering of size (Q;, Qp).

Procedure:
e Set {t!, 7%} from the initial clustering.

while 74(R(Z|A)) is increasing do
e M step compute

U+ = arg max To(RED(Z!, Z0|A)),

by updating the model parameters as follows:

“0y0_0
-5 _ 1 3 ’B_ZJ#J ]’XJJ‘CJ’V
7T1 - ? le O["/ = ’l\i
0 2 ' ﬂ”/z’
T4.20 I
~ Zl} TtkAJtﬂ 1 Zl /i lqu rz’k’
Y= ———=— Qp = ——==~-
AT v ThTi
ij jl i #i lk 'K

e VE step compute
{r!, 29 = argmax 7, (R(Z', 2°14))
T, T

by updating the variational parameters with the following fixed points relationships:

~ = =
0 [0) il 0] OBy
T & | |)/kl | | | |¢>(ij,,ot”,)f

ik AT

1 Axl il

T | | Yu l_[ l_[ PXiy» e )"
gl i K

-~

return Z,(R(Z|A)), § and {rA 70}

3.2. Model selection

3.2.1. Selection of the number of blocks

Following Biernacki et al. (2000) and Daudin et al. (2008), we propose a model selection criterion to choose the
unknown number of blocks Q; and Q. The ICL criterion is an integrated version of BIC applied to the complete likelihood.
In other words, it is an asymptotic approximation of the complete likelihood integrated over its parameters and latent
variables, it values both goodness of fit and classification sharpness (Mariadassou et al., 2010).

Our criterion is equal to:

[CLvwvsem(Qr, Qo) = log €5(X", X°, Z1, Z0IA, Q. Qo) — Penyysem(Qr. Qo). (9)
where
1 +1 -1 -1
penyysem(Qr, Qo) =3 QI(Q; ) log n,(n,z ) + Qo(Q12 ) log n;+
1Qo(Qo + 1) no(np —1) Qo —1
5 > log 3 + 5 log ng, (10)

where Z0 and Z! are the imputed latent variables using the maximum a posteriori (MAP) of P4(Z|X, A; Q;, Qo). The calculus
is provided in Appendix D. As for the variational inference, P;(Z|X, A; Q;, Qo) is unknown and, in practice, we replace it
by its mean-field approximation R;(Z|A; Q;, Qo).
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Remark. Once again, note that the penalty (10) is adapted to undirected networks. For instance, the term M
log W would become Q7 log nj(n; — 1) if X' were not symmetric.

Remark. We recall that the penalty of the ICL for a (unilevel) SBM is given by

1 +1 -1 -1
penssm(Q)=§Q(Q2 )logn(nz )+Q2 logn. (11)

The penalty term in Eq. (10) for the inter-organizational level is the same as the one given in Eq. (11). For the inter-
individual network, the factor in front of log n; is Qp(Q; — 1) instead of Q; — 1 for the SBM as in Eq. (11), that is the penalty
term which corresponds to the degree of freedom of y.

3.2.2. Determining the independence between levels
The ICL criterion can also be used to assess whether the two levels of interactions are independent or not. If y is forced
to have all its columns identical, then the penalty term on y becomes %(Q, — 1)logn; and, as a consequence:

ICLina(Qr, Qo) = ICLgz(Q) + ICLG5 (Qo)- (12)
The ICL criterion favors independence if

max ICL , < max ICL! + max ICLY )
[max mLvsem(Qr, Qo) b5 sem(Qr) Qo sem(Qo)

If this is the case, then the gain in terms of likelihood does not compensate the gain %(Qo —1)(Q; —1)logn; in the penalty.
This criterion focuses on the dependence between levels given by the inter-level.

Remark. If @ = 1 or Qo = 1, the MLVSBM is the product of two independents SBM, as such ICLj,q(Q;, Qo) =
ICLmLvsem(Qr, Qo).

3.2.3. Procedure for model selection

We now provide a procedure for model selection which seeks for the optimal number of blocks at a reasonable cost.
As a by-product, it states whether the two levels are independent or not.

The practical choice of the model and the estimation of its parameters are computationally intensive tasks. Indeed,
we should compare all the possible models - one model corresponding to a given (Q;, Qo) — through the ICL criterion.
Furthermore, for each model, the variational EM algorithm should be initialized at a large number of initialization points
(due to its sensitivity to the starting point), resulting in an unreasonable computational cost. Instead, we propose to
adopt a stepwise strategy, resulting in a faster exploration of the model space, combined with efficient initializations of
the variational EM algorithm. The procedure we suggest is given in Algorithm 2.

Algorithm 2: Model selection algorithm

Data: {X', X%, A}, a multilevel network.

Procedure:
o Infer independent SBMs on X' and X© for a respective range of Q; and Qp. Deduce
Q™ = argmax ICL{pu(Q)  and ™ = argmax ICL3,(Qo).

Q Q

Ind Ind

)+ 1CLGM( Qo -
o Start at @ = 0™ and Qp = O™

while ICL is increasing do
L - Fit an MLVSBM on every model of size (Q; &= 1, Qp & 1) initialized by merging 2 blocks or splitting a block with

Compute ICLing = ICLE,(Q

hierarchical clustering.
- Among all estimated models, keep the one with the highest ICL.

return (@, @o) = argmax ICL(Q;, Qo), 5@@0) and Z.

Each step of the algorithm requires O(max{Q;, Qo}?) variational EM algorithms which converge in a few iterations as
a result of the local initialization. Inferring an independent SBM on each level beforehand is a fast way to start with good
initialization and allows us to state on the independence of the model at the same time as we just need to compare the
sum of the ICL[nd and ICLMLVSBM(QIv Qo)

Package. All the codes are available as an R package at https://chabert-liddell.github.io/MLVSBM]/. It features the simu-
lation and inference of multilevel networks with symmetric and/or asymmetric adjacency matrices, model and indepen-
dence selection. It also handles missing at random data (Rubin, 1976) on the adjacency matrices of one or both levels
and link prediction.
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4. Illustration on simulated data

In this section, we study the performances of the inference procedure for the MLVSBM including the ability to recover
blocks, the selection of the numbers of blocks and the independence detection.

Remark. In order to evaluate the ability to recover blocks, we resort to the Adjusted Rand Index (ARI) (Hubert and Arabie,
1985) which is a comparison index between two clusterings with a correction for chance. This index is close to 0 when
the two clusterings are independent and is 1 when the clusterings are identical (up to label switching).

Remark. In our results, we focus on the ability to recover blocks rather than on the quality of the model parameter
estimates since it is the hardest task. Indeed, once the blocks are recovered (ARI=1), the estimation of the model
parameters boils down to the computation of the proportions of observed links between blocks which is a consistent
estimator in a Bernoulli i.i.d. model.

4.1. Experimental design

In what follows, we set Qp = Q; = 3. The networks are of sizes: nop = 60 and n; = 180.

Let d be a density parameter: the lower d, the sparser the network and the harder the inference. ¢ (> 1) is a parameter
tuning the strength of the communities; when ¢ is high, the communities are easily separable. In the simulation study,
we focus on the three following standard topologies.

e Assortative communities. The probability of connection within communities is higher than the probability of connec-

e 1 1
tion between communities: o' = d % |:1 € 1:|.
1 1 €

e Disassortative communities. The probability of connection within communities is lower than the probability of

1 € €
connection between communities: o/ = d [e 1 ei|.
€ € 1

e Core-periphery. A core block is highly connected to the whole network while the probability of connection in the

€ € 1
periphery is low: o/ =dx|e 1 1].
1 1 1

We fix the topology of the inter-organizational level X° to be an assortative communities with d = 0.1, ¢ = 5 and of
communities of equal size on average. We expect this topology to be easy to infer and to obtain a perfect recovery of the
clustering with high probability.

For the inter-individual level, d is set to 0.01, 0.05 or 0.1 while ¢ ranges from 1 to 10 by stepsize of 0.5. ¢ = 1
corresponds to an Erdés-Rényi graph and the communities should be indistinguishable.

The affiliation matrix A is generated from a power-law distribution in order to get different sizes of organizations.
Other distributions were tried but the results (not reported here) show that their impact on the inference is weak.

Finally, § is a parameter for the strength of the dependence between levels, ranging from 0 to 1. More precisely, we
set:

B 2(1=38) 3(1-19)
y=|501-9) s 5(1—18)
1(1-3) 1(1-19) )

where y has been defined in Eq. (4). § = 1/Q; corresponds to the case of independence between levels. The further § is
from 1/Q;, the stronger the dependence between levels. § = 1 implies a deterministic link between the clustering of the
two levels, i.e. the block of an individual is fully determined by the block of his/her organization. With this experimental
design we aim to exhibit how the inference is improved by applying the MLVSBM rather than the SBM when the two
levels are intertwined.

4.2. Simulation results

__ During the inference procedure, the number of blocks is unknown for both levels. We run the model selection for
Q ef{l,...,10}and Qo € {1, ..., 10}.

First, we fix § = 0.8 and make € vary. Each situation is simulated 50 times. We test the ability of our model to
recover the true clustering of Z! from (X', X°). We compare our performances to the ones obtained by applying a standard
(unilevel) SBM on X'. Because (Q;, Qp) are assumed to be unknown, two types of error may occur: one for not selecting
the right Q; and one for assigning nodes to the wrong blocks. The results are displayed in Fig. 4.
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Fig. 4. Clustering and model selection for 3 different topologies on the inter-individual level, varying € and density d. Each situation is simulated 50
times. A: ARI for the inter-individual level, comparing the model used for inference. B: Stacked frequency barplot of the selected number of blocks
for the inter-individual level in the MLVSBM (in blue). C: Stacked frequency barplot of the selected number of blocks for the inter-individual level
chosen in the SBM (in red). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this
article.)

In Fig. 4 A, we plot - for 3 values of density d and the 3 topologies (assortative, core-periphery and disassortative) - the
ARI when using MLVSBM (plain line) and SBM (dashed line) as ¢ varies. We observe that, for any topology, the MLVSBM
starts to recover perfectly the clustering for a lower value of € than the SBM because in the MLVSBM, the inter-individual
level benefits from the information held in the inter-organizational level through the dependence of their blocks. The
difficulty of the inference increases as € decreases: as can be seen in Fig. 4 A, MLVSBM still performs well (ARl > 0) for
small values of ¢ while the SBM is unable to recover the clustering.

In Fig. 4 B and C, we plot the number of blocks chosen by the MLVSBM (B) and the SBM (C) for 3 values of density
(rows) and 3 topologies (columns) (the true value being Q; = 3). We observe that using the MLVSBM allows to recover
more precisely Q; than using the SBM. Q; varies from 1, when no structure is detected to 3 which is the true number of
blocks. The procedure never selects more blocks than expected, which is coherent with prior knowledge that the ICL for
the SBM tends to select models of smaller size (Hayashi et al., 2016; Brault, 2014).

On the three topologies with € = 3, depending on the density d, MLVSBM and SBM supply Z' either a perfect recovery
of the clustering or a random clustering or something in between. In order to understand better this phenomenon, we fix
€ to 3 and make § - which quantifies the dependency between the two levels - vary. The results are reported in Fig. 5
for 50 simulations of each situation.

When § = 1/3 (yellow vertical line in Fig. 5 A), the two levels are independent and the results in terms of clustering
are the same for the MLVSBM and the SBM on X' (see ARI in Fig. 5 A). As soon as § departs from this value, the MLVSBM is
able to recover some of the structure of the inter-individual level thanks to the inter-organizational level and this ability
is observed even for very low density when & gets closer to 1 (see Fig. 5 A and B).

Fig. 5.C depicts the performances of the ICL criterion to state on the independence between the two levels. For d = 0.01,
X' is very sparse, Q; = 1 (no structure is detected on the inter-individual level) leading to ICLy;y = ICLyyysgw and
preventing us from detecting any dependency. For higher densities, we see as expected, that if § &~ 1/3, the independent
SBM will be preferred. On the contrary the further § departs from 1/3 the more the MLVSBM will be selected, even-though
the MLVSBM and the independent SBM may provide the same clusterings. This phenomenon occurs faster for higher
density d. In our simulation, the MLVSBM is never selected when § = 1/3. This is a consequence of the conservative
nature of ICL, requiring strong evidence from the likelihood to select a more complex model.
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Fig. 5. Clustering and model selection for 3 different topologies on the inter-individual level, as function of § and density d. Each situation is simulated
50 times. The yellow vertical lines represent a § = 1/3 (i.e. a ¥ with uniform coefficients, resulting in independence between the two levels). A:
ARI for the inter-individual level, comparing the model used for inference. B: Stacked frequency barplot of the selected number of blocks for the
inter-individual level in the MLVSBM. C: Stacked frequency barplot of the selected model with respect to inter-level dependence. (For interpretation
of the references to color in this figure legend, the reader is referred to the web version of this article.)

Table 1
Average running time for the inference of the MLVSBM for different network sizes and
different numbers of blocks.

Network Size Running time (mean =+ sd) in seconds

n no U=Q=2 U=Q=4 U=Q =8
150 50 9.87 £4.13 - -

600 200 443 + 205 1794 + 1287 -

1500 500 1093 £ 900 2583 + 1226 7050 + 2670

We chose not to present results concerning the inter-organizational level since its structure was selected to be “easy-
to-infer”. Hence, the SBM and the MLVSBM perform well for selecting the true number of blocks Qp and recovering the
block structure. Simulations gave similar results (not reported here) when we inverse the topologies on X' and X°, showing
that information on structure transits in both ways. Moreover, when the number of nodes of the “easy-to-infer” level
increases, it facilitates the recovering of the clustering on the “hard-to-infer” level. When both levels are “hard-to-infer”,
the inference of each level benefits from one another if the dependence between the two levels is strong enough. One can
exhibit cases where the unilevel SBM is unable to recover the clustering of any of the two levels but where the MLVSBM
succeeds in recovering the true blocks for both. Detailed results for such a simulation study are available on the MLVSBM
R package website https://chabert-liddell.github.io/MLVSBM/articles/hard_to_infer.html.

4.3. Computational costs

Inferring the blocks and the parameters of a multilevel network is a challenging task which can be time consuming. As
a guideline for readers, we present in Table 1 the average computation time using the R package MLVSBM on two cores
of a desktop computer with 32GB of RAM and a Intel® Xeon(R) CPU E5-1650 v4 @ 3.60 GHz x 12 processor running
on Ubuntu 18.04.5 LTS for the inference of simulated networks including model selection for different network sizes and
different numbers of blocks.
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5. Application to the multilevel network issued from a television programs trade fair

We apply our model to the data set (Brailly et al., 2016) described below.

5.1. Context and description of the data set

Promoshow East is a television programs trade fair for Eastern Europe. Sellers from Western Europe and the USA come
to sell audiovisual products to regional and local buyers such as broadcasting companies. The data gather observations
on one particular audiovisual product, namely animation and cartoons. From a sociological perspective, reconstituting
and analyzing multilevel (inter-individual and inter-organizational) networks in this industry are important. In economic
sociology, it helps redefine the nature of markets (Brailly et al., 2016, 2017; Lazega and Mounier, 2002). In the sociology
of culture, it helps understand, from a structural perspective, the mechanisms underlying contemporary globalization and
standardization of culture (Brailly et al., 2016; Favre et al,, 2016). In the sociology of organizations and collective action,
it helps understand the importance of multilevel relational infrastructures for the management of tense competition and
cooperation dilemmas by various categories of actors (Lazega, 2020), in this case the (sophisticated) sales representatives
of cultural industries.

The data were collected by face-to-face interviews. At the individual level, people were asked to select from a list
the individuals from whom they obtain advice or information during or before the trade fair. The level consists of 128
individuals and 710 directed interactions (density = 0.044). The individuals were affiliated to 109 organizations, each
one containing from one to six individuals. At the inter-organizational level, two kinds of interactions were collected: a
deal network (deals signed since the last trade fair) and a meeting network (derived from the aggregation at the inter-
organizational level of the meetings planned by individuals on the trade fair's website). Both networks are symmetric
with respective densities 0.067 and 0.059.

5.2. Statistical analysis

The MLVSBM is inferred on the two datasets (one dataset corresponding to the deal network at the inter-organizational
level, the other dataset to the meeting network at the inter-organizational level). In both cases the ICL criterion favors
dependence between the two levels and chooses Q, = 4 blocks of individuals. Qo is equal to 3 for the deal network and
4 for the meeting network.

In order to determine which is the most relevant inter-organizational network, we test the ability of the MLVSBM to
predict dyads or links in the inter-individual network when the deal or the meeting networks are considered. To do so,
we choose uniformly dyads and links to remove and try to predict them. More precisely, we set Xl,’i, = NA for a certain
percentage of (i, i') (this percentage ranging from 5% to 40% by step-size of 5%). We also propose to remove existing links
(i.e. forcing Xi’i, = 0 when Xi'i, = 1 was observed, for some randomly chosen (i, i’)). The percentage of removed existing
links varies from 5% to 95% (with step-size of 5%). We repeat the following procedure 100 times:

1. Remove dyads or links uniformly at random

2. Infer the newly obtained network from scratch in order to obtain the probability of a link P(Xi'i, 5) for each
missing dyad or for each dyad such that Xi’!., =0

3. Predict link among all missing dyads or among all dyads such that X,’., =0.

Mlssmg data are handled as Mlssmg At Random (Tabouy et al., 2019) and the probability of existence of an edge is given
by: P(X! =1 9 Zk_k, ttkaklti’k" Since the result of our procedure is equivalent to a binary classification problem, we
assess the performance through the area under the ROC curve (AUC) (a random classification corresponding to AUC = 0.5).

Fig. 6 shows that using the MLVSBM compared to a single level SBM improves a lot the recovery of the inter-individual
level for this dataset. This confirms the dependence between levels detected by the ICL. Moreover, using the deal network
gives better predictions for both missing dyads and missing links than the meeting network. We also considered a merged
network at the inter-organizational level by making the union of links of the deal and the meeting network, i.e. for all
J.J' € no, X; O.merged _ max{Xo deal X;), meetingy The improvement in terms of prediction over the deal network is not very
significant and this comp051te network is much harder to analyze sociologically.

Remark. Another way to simulate missing data is to consider actor non-response like in Znidarsic et al. (2012). In our case,
it corresponds to selecting a portion of the individuals at random and putting all their out-going dyads to NA (i.e. Xl.’i, = NA
for all i if individual i did not respond). Then we look at the stability of the clustering as in Znidarsic et al. (2012, 2019)
(the ARI between the clustering of the individuals with the full data and the one with the missing data). By doing so,
we notice in simulations (not reported here) that the clustering of the individuals is more stable when considering an
MLVSBM on (X', X994y than when considering a unilevel SBM on X'. This is one more clue in favor of the dependence
between the two levels.
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Fig. 6. AUC of the prediction for A: missing dyads, B: missing links, in function of the missing proportion for the inter-individual level. Colors
represent different network at the inter-organizational level. None (beige) is equivalent to a single layer SBM on the individuals. The confidence
interval is given by mean =+ stderror. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of
this article.)

Remark. Ziberna (2019, 2020) also deals with this dataset from Brailly et al. (2016). However, Ziberna (2019) uses the
dataset collected in 2012 and Ziberna (2020) gathers the datasets collected in 2011 and 2012 while we only use the 2011
dataset. Moreover, different choices were made on the individuals and organizations to include or not. Thus, a direct
comparison does not make sense. Applying Ziberna’s method on the dataset we consider provides us with clusterings
that somewhat agree on both levels (ARIs>0.6). We have checked that the difference derives from the fact that the two
methods do not seek the same patterns.

5.3. Analysis and comments

For the analysis, we use the MLVSBM inferred from the deal network. We select @o = 3 and @ = 4 blocks and the ICL
is in favor of a dependence between the two levels. This network is plotted in Fig. 7 B and we reordered the adjacency
matrices of both levels by blocks in Fig. 7 C. In Fig. 7 A, we plot a synthetic view of the blocks of this multilevel network.
The size of each node is proportional to the cardinal of each block. For the inter-organizational level, we link blocks
of organizations by o (plain black edges) and by the probability of interactions of their individuals IP’(Xl.’l., = 1|Zoi, Z/‘f_,)
(gradual blue edges). The donut charts around the nodes is the parameter y. For the inter-individual level, blocks of
individuals are linked by «! and the donut chart for a given block is the apportionment of each block of organizations in
the individuals’ affiliation.

We can now interpret the block with respect to the actors’ covariates shown in Table 2. At the inter-organizational
level, block 1 (in red) is a residual group composed of 61 organizations that are weakly connected to the rest of the
organizations. Block 2 (in orange) consists of customers: broadcasters that come to the trade fair to buy programs and
independent buyers who buy programs, planning to sell them later to broadcasters. We observe a non-null intra-block
connection, but deals are mainly done between organizations of the blocks 2 and 3 (block 3 in yellow), the latter mostly
containing distributors.

At the inter-individual level, blocks 1 and 2 consist of buyers (exclusively for block 1). They differ in their affiliations,
both are affiliated to the second block of organizations but a larger proportion of the individuals of block 2 are affiliated to
the residual block of organizations. They also differ in the way they connect to blocks 3 and 4. Block 4 is a residual group
consisting of roughly half of the individuals. It does not exhibit any particular pattern in its affiliations and is weakly
connected, mainly inward connection from block 2. Block 3 consists of sellers giving advice to individuals of block 2 and
has reciprocal relationship with individuals of block 1. They are mainly affiliated to producing and distributing companies
of block 3 of organizations. It is also the block that has the strongest intra-block connections.

The blue edges in Fig. 7 A show that the organizations of blocks 2 and 3 and their respective individuals follow the same
pattern for their inter-block connections but differ in their intra-block connections. Individuals affiliated to organizations
of block 3 have above average intra-block connections while few contracts are signed between their organizations (mainly
distributors).

These results confirm neo-structural insights into the functioning of markets. Competition between producers/
distributors is strong: they all need to find broadcasting companies and distributors on the buying side. However, most
of them arrive to the trade fair without updated information about the products in which buyers are interested in that
year, their available budgets for each category of product, their willingness to negotiate, etc. The value of multilevel
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Fig. 7. Multilevel network of the Promoshow East trade fair 2011. Above: the deal network for the organizations and below: the advice network for
the individuals. A: Mesoscopic view of the multilevel network. Nodes stand for the blocks, donut charts show the relation between Z° and Z'. Black
edges are the probabilities of connection o' and «, blue edges stand for IP’(Xi’i/ = 1|ZO;’ Zf"l_, ), i.e. the probability of interaction between organizations
through their individuals. For sake of clarity only edges with probabilities above the density are shown. B: View of the network. The size of a node
is proportional to its in-degree. Colors represent the clustering obtained with the MLVSBM. C: Matrix representation of the multilevel network. At
the bottom-left, the adjacency matrix of the advice network between individuals, at the top-right, the deal network between organizations, at the
top-left, the affiliation matrix of the individuals to the organizations. Entries are reordered by block from left to right and bottom to top. Blocks are
separated by thin lines and levels by thick lines. The entries of the bottom-right matrix are the parameters «', ¥ and «® multiplied by 100. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Contingency table of covariates and clustering for the organizations
(top) and the individuals (bottom).

Organizations Covariates
Block  Size Producer Distributor ~ Media group Independent buyer Broadcaster
1 61 14 16 9 14 8
2 20 1 0 2 7 10
3 28 3 19 5 1 0

Individuals Covariates Affiliation

Block Size Buyer Seller 1 2 3

1 18 18 0 6 12 0

2 22 16 6 13 8 1

3 25 2 23 7 0 18

4 63 15 48 42 8 13

network analysis that is used here is to show that inter-individual personal relationships between individuals affiliated
with competing organizations help manage the tensions between these directly competing organizations (Lazega et al.,
2016; Lazega, 2009). This is where personal ties between individuals affiliated in these companies - especially among
sellers and buyers, but also less visibly among sellers - are important: they help manage the strong tensions between
companies by creating coopetition, i.e. cooperation among their competing firms. Here, social/advice ties between buyers
(blocks 1 and 2 of individuals) affiliated to buying companies in block 2 of organizations (broadcasting companies and
distributors) exchange advice from sellers of block 3 representing production and distribution companies: this is the
normal, stabilized, overlapping, commercial ties between companies embedded in social ties between representatives.

As seen above, block 3 has strong intra-block connections which may signal discrete coordination efforts between
sellers as shown by Brailly (2016), Brailly et al. (2016). When a seller has closed a deal with a buyer, he/she can advise
and update another seller - i.e. a coopetitor in terms of affiliation to a competing company - about other products in
which this buyer is interested, what budget is left in his/her pocket, i.e. precious information for the next sellers. This
kind of personal service is expected to be reciprocated over the years; otherwise the relationship decays. This is the most
unexpected phenomenon from an orthodox economic perspective and should lead to new perspectives in neo-structural
economic sociology (Lazega and Mounier, 2002).

This cross-level interdependence between inter-organizational ties and inter-individual ties is strong enough for
companies to be unable to lay off its sales representatives. Having long tried to replace costly trade fairs with online
websites and catalogues, companies realized that they still need the service that real persons and their personal relational
capital provide in terms of multilevel management of coopetition (Lazega, 2020).

6. Discussion

In this paper, we propose an SBM for multilevel networks. We develop variational methods for the inference of the
model and a criterion that allows us to choose the number of blocks and to state on the independence between the levels
at the same time. There are clear advantages at considering a joint modeling of the two levels over an independent model
for each level. Indeed, we show on some simulation studies that when we detect dependence between levels, it helps us
to recover the block structure of a level with low signal thanks to the structure of the other level and also to improve the
prediction of missing links or dyads. On the trade fair dataset, this joint modeling brought us a synthetic representation
of the two networks unraveling their intertwined structure and provide new insights on the social organization.

In lieu of a Bernoulli distribution, the edge distribution of any level may be extended to a valued distribution and/or
to include edge covariates in a similar way as for the SBM (Mariadassou et al., 2010). One way to account for the degree
distribution would be to use nodes degrees as covariates, another would be to rewrite the edge distribution as the Degree
Corrected SBM (Karrer and Newman, 2011). Our choice to model the interaction levels given the affiliations (A being
fixed) is driven by the fact that, in a lot of applications, these affiliations are known and the object of the analysis is the
interactions. We choose to consider a unique affiliation per individual since this was the case on the datasets available
to us, but this approach could be extended to a less restricted number of affiliations (this model is implemented in our R
package). We could even consider any hierarchical structure such as multi-scale networks to model the levels given the
hierarchy or more generally multilayer networks by modeling the layers given the inter-layers.

Furthermore, our model is able to decide about the independence of the structure of connections of the two levels.
This is done by a model selection criterion. It would be interesting to test (in a statistical meaning) this independence but
we know that the variance of our estimators is underestimated because of the variational approach (see Blei et al., 2017
for a review). Besides, sociological studies stated that some individuals benefit more than others from their organization’s
interactions (Lazega and Snijders, 2015), which could lead us to consider more local independence between levels.

For multiplex networks, De Bacco et al. (2017) use dyad predictions as a way to define interdependence between layers
while (Stanley et al.,, 2016) make a clustering of layer by aggregating the most similar. Our work considers multilevel
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networks where each level has nodes of different natures and Fig. 6 shows that the dependence between levels leads to
a better recovery of missing information. This can be used to help data collection or to correct spurious information on
existing data as suggested in Clauset et al. (2008) or Guimera and Sales-Pardo (2009). Indeed, one might imagine that the
data of one level may be easier to collect or to verify than the other one (for instance because it is public, already exists
or is cheaper to collect). Thus, we think that this approach could be used to leverage the interdependence in a multilevel
network in order to compensate for some missing or spurious information on a given level which is known to be difficult
to observe.
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Appendix A. Proof of Proposition 1

Proposition 1. In the MLVSBM, the two following properties are equivalent:

1. Z' is independent of Z°,
2 =y VLI e€{1,...,Qo}

and imply that:

3. X' and X° are independent.
Proof. We first derive an expression for ¢, (Z') = ¢,(Z'|A):
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Li_Aj Aji i _
= (-
Il J ik i1 ik

where A; = {j : Aj = 1}.
2. = 1.: Assume that yy =y VLI € {1,..., Qo}, then:

ZIJAU ZI k ZO I ZIJAU ZI kZI ZO I

,(Z'12°, A HVkl = Hykl

k1
I’Z{:k
= H Ve
ik
and

€,(Z'1A) = HZHVHU K ”10

ik
Aj ZI =k
=117 Z n=Tni ™
Jj ik i,k
hence ¢,(Z'1Z°, A) = ¢,(Z'|A).
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1. = 2.: Assume that ¢,(Z'|Z°, A) = ¢,(Z'|A) for any values of Z', Z° then in particular ¢,(Z}|Z°, A) = ¢,(Z}]A).
Assuming that individual 1 belongs to organization j, we can write, for any k:

P(Zy = k|Z, Ay =1) = Vio-

However, this quantity does not depend on ZjO SO Y,z0 = ¥k for any value of k and Zjo. And so we have yy, = ye for any
]

e, ).
1.= 3.

Ly go(X', XOIA) = /

Z1,7

Ly o(X',XO|A, 2! =21,7° = 20)P(Z' = 7', 20 = 2%)dZ'dz°
, ol
= / . a(XNZ = Z2Ye(Z' = 2'1A, 20 = 2°),0(X°|2° = 20)P(Z° = 2°)dZ'dz°
z',z

= / L, (XNZ" = ez = 2')dZ! / £,0(X°|2° = 20)P(2° = 2°)dz°
z’

ZO
= £,1(X"),0(X°)

which is the definition of the independence. O

Appendix B. Proof of Proposition 2

Proposition 2. The stochastic block model for multilevel networks is identifiable up to label switching under the following
assumptions:

Al. All coefficients of ' -y - w9 are distinct and all coefficients of «° - n© are distinct.
A2. n; > 2Q; and ng > max(2Qo, Qo + Q; — 1).
A3. At least 2Q; organizations contain one individual or more.

Proof. Let & = {79, y, ', «®} be the set of parameters and Px the distribution of the observed data. We will prove
that there is a unique 6 corresponding to Px. More precisely, in what follows, we will compute the probabilities of some
particular events, from which we will derive a unique expression for the unknown parameters. The beginning of the proof
- identifiability of 79 and «© - is mimicking the one given in Celisse et al. (2012). The last steps of the proof are original
work.

Notations. For the sake of simplicity, in what follows, we use the following shortened notation:
Xik = Xiy .., %), Xk = Xjiy - - -, Xi)-
Moreover, {X;;x = 1} stands for {X; =1, ..., X = 1}.
Identifiability of m°. Forany I =1,..., Qp, let ; be the following probability:
0=PX) =120 =D)= afr) = (7). Wij) (B.1)
I
Moreover, a quick computation proves that
P(Xy iy = 1120 = 1) = 7/ (B.2)
According to Assumption .41, the coordinates of vector (71, ..., 7q,) are all different. Hence, the Vandermonde matrix RO
of size Qp x Qo such that
Rl=(n)"", 1<i<Q. 1=<1<Q
is invertible. We define uf as follows:

u = Pxe(X{pun=1 for1<i<2Qy—1

1
0 _
u; = 1

the marginal distribution Pyx. We will use these quantities to identify the parameters (79, a°).
First we have, for 1 <i <2Qp — 1:
Qo Qo )
w) = PX{y 0y = 1120 = DPZ) =) =) t/x),
=1 I=1
17
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using Eq. (B.2). Now, let us define M° a (Qo + 1) x Qp matrix such that:

Mo—ulﬂz_Zr; 7odTh, 1<i<Q+1, 1<j<0Qo. (B.3)
For k € {1, ..., Qo + 1}, we define §; as §; = Det(Mfk) where Mfk is the square matrix corresponding to M° without the
kth row. Let BY be the polynomial function defined as:
Qo
BOx) = ) (= 1) @5x" (B4)
k=0

e B?is of degree Qo. Indeed, 8o, +1 = det(M°, ,;)) and Mgy 1) = R°D_oR% where Do = diag(7°). As a consequence,
ME’(QOH) is the product of invertible matrices then 8q,+1 # 0 and we can conclude.

e Moreover,VI=1, .. Qo B°(7) = 0. Indeed, B(7;) = det(N{) where N is the concatenated matrix N? = (M°|V))
with V; = [1,7,..., 1 ]’ (computation of the determinant development against the last column). However,
from Eq. (B.3), we have M?j =Y rlj*ln,OVl, i.e. each column vector of M? is a linear combination of Vi, ..., Vio- As
a consequence, VI = 1, ..., Qo, N? is of rank < Qo + 1, and so B(t;) = 0.

The (7;)i=1,..,q, being the roots of B, they can be expressed in a unique way (up to label switching) as functions of
(8k)k=0,....0o» Which themselves are derived from Px 4. As a consequence, the identifiability of RO is derived from the

identifiability of (7;)—1

Qo- Using the fact that Do = RO_1M9QORO’_1, we can identify 7° in a unique way.
Identifiability of «°. For 1 <i,j < Qp, we define Uj as follows:
0 0 0
U" = P(X1 2:(i4+1) = ]’XZ,(no—j+2):no =1)

with Ul_]P’( 12:0+1) =1).

Zfl ey, T (Y™, V1<ij<Qo,

I1,lp
and as consequence U° = R°D_0a®D,0R%’. D0 and R being invertible, we get: a® = D;;RO”UORO qD;g. And so Up is
uniquely derived from Py, so «© is identified.

Identifiability of . To identify o, we have to take into account the affiliation matrix A. Without loss of generality, we
reorder the entries of both levels such that the affiliation matrix A has its 2Q; x 2Q; top left block being an identity matrix
(Assumption .43).

e Forany k = 1...,Q and for i = 2,...,2Q, let oy be the probability P(X!; = 1|z} = k, A), A being such that
Aj=1.¥=1,....20.

or = P(X}; = 112} =k, A)
=Y P(X} =11z = k. Zl = K)P(Z = K|Z} =k, A).

Moreover,

Pzl =Kz} =k A) = Y Pzl =K |20 =1.Z} = k. AP(Z = 1|Z} = k. A)
1

=Y WPz’ =1z =k A). (B.5)
1

However, by Bayes’ formula
P(Z} = k|Z? = 1, A)P(Z° = 1)
P(Z! =k, A) '

Taking into the fact that i # 1 and A is such that 1 belongs to organization 1 and i to organization i, we have:
P(Z! = k|z° = I, A) = P(Z} = k|A). And so

PP =12} =k, A) = P(Z° = I|A) = .
Consequently, from Eq. (B.5), we have:

PZ =K|Z) =k A) =Y pml

P(ZP = 1|Z} = k, A) =

18
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and so:
ov=Y PXy=1Z{ =k.Z/ =K))_ yirr{
14 1

I 0 I 0
= E vy = -y )
k'l

= (o' 7", where 7' = y - 7°.
e Now, we prove thatVi=1,...,2Q, — 1,
P(X{,zz(z‘ﬂ) = 1|Z§ =kA)= Gli' (B.6)

Indeed,
P(X{,z:(m) = 1|Z{ =k A)
= Z P(X{,z;(i_m) = 1|Z{:(i+1) = (k, ka(i41))s Z{ = k)P(Zé;(H_U = k2:i+1|Z{ =k, A)
ka:(i+1)

aien) = UZipn) = (ke Kaion))P(Zhi 1) = Kais1]A)

1
1
1

I I 0
1,2:(i4+1) = 1|Zl:(i+1) = (k, ka:(i+1))) Z P(ZZ:(H—l) = kZ:(i+l)»Zz:(i+1) = byit1), A).

Lyiv1)

-y
k(1)

- Y
ka:(i+1)

Note that, to go from line 2 to line 3, we used the fact that P(Z},;, ;) = kai411Z] = k, A) = P(Z};, 1) = ka:i11|A), which

is due the particular structure of A (left diagonal block of size at least 2Q, i.e. for any i’ = 1, ..., 2Q,, individual i’
belongs to organization i’). Moreover, we can write:

P(Zé:(i_,_]) = kz:(i+1), ZZO;(H_U = 12:i+l |A)

[ [ P@ =kiz? =1Lz = l)\):|
A=2 i

..... i+1

I
-1
~
I

S
=
=
3
N~
L 1

Moreover, by conditional independence of the entries of the matrix X' given the clustering we have:

1 1 1 1
PX iy = UZy =k, Zy 44y = koirn)) = 1_[ i, -

As a consequence,

I I I 0
P(X3 2141y = 12y = k. A) = Z 1_[ Xk, Vi 1h 70
+1

kai(it1)l2:(i4+1) A=2, sl

- I o_ i
= 1_[ E ek, Virh 7Ty = O

A=2,..., i+1 k1
e Then we define (1)io... 29,1, such that uy = 1and V1 <i < 2Q — 1:
u; = P(X’

1,2:(+1) — 11A)
=Y P(X{ pny = 11Z] = KP(Z} = kIZ{ = L AY(Z) = 1)

k.l

i 0

= E O E YT
k I

~———

I
_§ : il
= [y 8
k

=Tk
Note that the (u')’s can be defined because n; > 2Q; (assumption .42).
e To conclude we use the same arguments as the ones used for the identifiability of «°, i.e. we define M' a (Q;+1)x Q

matrix such that Mi’j =ul +j_, together with the matrices M", and the polynomial function B' (see Eq. (B.4)). Let R!
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be a Q; x Q matrix such that R, = o/ ~'. R is an invertible Vandermonde matrix because of assumption .41 on

o' -y - 9. As before, R' can be identified in unique way from B'. Then, noting that Mi<Q’+1) = R'D_iR" where
D, = diag(n') = diag(y - n°), we obtain: D,; = (R )*‘MiQ’(R’ ~, which is uniquely defined by Px. Now, let us
introduce

Ui =PX] 501 = 1.X3, (o jim = 1)
with U} = P(X] ;1) = 1). Then we have U' = R'D,;/D,;R"" and so

ol = D;,](R’)‘1U’(R’)"1D;,1. As a consequence, ¢! is uniquely identified from Py.

Identifiability of y. Forany 2 <i < Q and 2 <j < Qp, let Ui’j’ be the probability that X] ,; = 1 and Xlo,(i+1):(i+jfl) =1
Note that the Ui’? can be defined because ngp > Q; + Qo — 1 and n; > Q; (assumption .A2).
e Then, forall2 <i<Q and 2 <j < Qy,
Uiljo = P(X{,Z:i = 1’Xlo,(i+1):(i+j—l) = 1|A)
= ZP(X{,Z:i = 1’X]o,(i+l):(i+jfl) =1A,21 =k Z =1)
k.l
xP(Z! =k, 20 = 1,A). (B.7)
e We first prove that :
P(X| 5 = 1.X0 iy = A Z =k Z0 =) =0} ' . (B.8)
Indeed,
P(X1 25 = L. X ipayaony = WA Zy =k 27 = 1) =
= Z P(X{,z;i =1, Xlo,(i+1):(i+j—1) = ‘1|Z{:,~ = (ks k2:i)7 ZO = (la IZ:no)»A)
ki o:n,
X P(Zy; = ki, Zgy, = bano |2y =k, 20 =1, A)
= > Py =112}, = (k ka)
k2:i712:n0
x P(Xﬁ(i+1):(i+j—1) = 1|Z1o =1 Z(?+l):(i+j—1) = Lt ti-1)
X P(Zy; = kais 25y, = long|Zy =k, Z0 =1, A). (B.9)

Moreover, let us have a look at P(Z}; = ka.i, Z0 = byn, |Z}) = k, Z0 = I, A):
P(Zy,; = kyis Zyy, = lang|Zy =k, 27 = 1 A)
= P(Zy; = kailZ3ny = lomgs 21 = K, 20 = LA) X P(Z3) = lano |21 =k, 20 =1, A).
Because A has a diagonal block of size > Q;, we have, foranyi=1,...,Q;, A; = 1if j =i, 0 otherwise, we have
o P(Zy; = kailZg,, = lang, 21 = k. Z7 = |, A) = P(Z},; = kzi|Z3); = L),
o P(Zy,, = lanolZi =k, Z0 = 1, A) = P(Z],, = bny).
As a consequence,
P(Zy,; = kais Zyy, = lang|Zy =k, 20 = 1, A) =
P(Zy; = kailZ5; = Li)P(Z3; = ba)P(Z3 1y 4-1) = Lit1isi-1)
x IED(Z(Ci)ﬂuj):no = litjyno) -
Going back to Eq. (B.9) and decomposing the summation we obtain:
P(X{,Z:i = Xg(iﬂ);(m‘q) = 114, Z{ =k, Z? =1
= Y PXi,=11Z1; = (k ko)
ki lung
X BXD ayiag—1y = W27 = L 2G4 ayijor) = lien-1)
X P(Zh; = kailZ9; = ba)P(Z5; = b YP(Z0, 1yinjo1) = kis1xiti-1)
X P(Z(?+j):no = Litjyno)
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= ZP(X{,Z;,‘ =1z}, = (k, k2:i))Z]P(Z£;i = koi|Z9; = L)P(Z; = boy)

ka:i L:i
0 o 0
Z P(X1,(i+1);(i+j71) = 1|21 =1, Z(H]);(qu) = 1(i+1):(i+j—1))
li+1)(i+j-1)
0 0
X Py 1yijon) = kisxii—n) D P jmg = litirno)

Litjyng

0 0
:P(Z(i+1);(i+j_1):l(i+l):(H—j—l)‘Zl =0
=1

= Y PXi 5 =112} = k. Z; = kai)P(Z3; = kail A) x XD iy 11y = 1120 = 1)
ka:i
= ZP(X{,Z:i = ”Z{ =k, Zé;,‘ = kz:i)[P’(Zé:i = kz;i|Z{ =k, A)
ka:i
X POXY s tyiagony = 127 = 1)
= P(X{ 5 = 12} = k, APXY 4 1y14j-1) = 1120 =1).
Finally, we have :
P(X] o = 11Z] = k. A) = o', from Eq. (B.6)
j—1
PXY iy = 120 =D =7,
and so, we have proved equality (B.8).
e Now, Ay; = 1 implies P(Z] = k,Z{ = I|A) = yun and combining this result with Egs. (B.7) and (B.8) leads to:
Uy = Zk’,a,i_lyklnlorf]. Setting

4_1 .
UP =PXPy =1, X0 = 1A) =) ', forj>1
k1

UY = PXjy = =X{; =1A)= Y _yur, fori>1

k,l
10 __
Ul =1

we obtain the following matrix expression for U': U'® = R'yD_oR® where U is completely defined by Py 4 and
the other terms have been identified before. Thus y = (R )*]U’O(RO/)*]D;J) and y is identified. O

Appendix C. Details of the variational EM

The variational bound for the stochastic block model for multilevel network can be written as follows:

To(R(Z', Z°|1A)) = Z ‘L'j? log n'lo + Z ‘L',-Ik ZAUT]? log v
I ik I

1 1
+ 5 Z Z TicTie 108 @ (X, ) + 5 Z Z tj(l)tj(’)l’ log ¢ (Xj](‘)’al(l)’)

i'i kK J# LY

1 1 (0] (0]
- E Ty log 7 — § 7 log 7
il

ik

The variational EM algorithm then consists of iterating the two following steps. At iteration (t + 1):

VE step compute

{r, %)Y = argmax 7,0 (R(Z', Z°|A))
T

= argmin KL (R(Z', Z°1A) || Py (2", 2°1X", X°, A)) .

ot

M step compute

U = arg max To(RED(Z!, Z0|A)).
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The variational parameters are sought by solving the equation:
Ao (To(R(Z, Z1A) + L(z', %) = 0,

where L(z!, t9) are the Lagrange multipliers for r,.’, ‘L'jo foralli € {1,...,m},j € {1,...,m}. There is no closed-
form formula but when computing the derivatives, we obtain that the variational parameters follow the fixed point
relationships:

O
Uzk Ty
£ ocr HV: HH¢ G i)Y

J#T

UJI ,,
f;ko‘nykl l_[n¢ i g )7

i'#i K

which are used in the VE step to update the /s and °'s

On each update, the variational parameters of a certain level depend on both the parameter y and the variational
parameters of the other level, which emphasizes the dependency structure of this multilevel model and the role of y as
the dependency parameter of the model. Notice also that when yy = yr = n,i for all I, I', that is the case of independence
between the two levels then we can rewrite the fixed point relationships as follows:

/,/ 1 r//
O(J'rlnnfi) ,,oc”, and rlkankl_[nfb “,,otkk, K,

J# U i'#i kK

which is exactly the expression of the fixed point relationship of two independent SBMs. Then, for the M step, we derive
the following closed-form formulae:

0.0
5 1 ) ’B_ZJ#JTJIXJJTJ’I’
7T’ = ;O tﬂ = ﬁ
j ZJ #j Jlr’l’
TTa .70
—~ Zi,j Ty ATy ~ i ' 4i TIan’T’k’
Ykl = 7’6 akk/ == 7,\,’-\
ZUAU‘ Til Zi’;&i Tikafkf

for which the gradient
Ao (Ze(R(Z', Z°1A) + L=, ) ,

is null. The term L(7°, y) contains the Lagrange multipliers for 7° and y;. for all k € {1, ..., Q}.

Model parameters have natural interpretations. nlo is the mean of the posterior probabilities for the organizations to
belong to block L a,’(k, (resp. al‘,),) is the ratio of existing links over possible links between blocks k and k' (resp. [ and I').
v is the ratio of the number of individuals in block k that are affiliated to any organization of block I on the number of
individuals that are affiliated to any organization of block L If y is such that the levels are independent, then any column
of y represents the proportion of individuals in the different blocks:

] o~
nlﬁ =Yk1 = — Zfilk-
ny :
Appendix D. Details of the ICL criterion

We now derive an expression for the Integrated Complete Likelihood (ICL) model selection criterion. Following Daudin
et al. (2008), the ICL is based on the integrated complete likelihood i.e. the likelihood of the observations and the latent
variables where the parameters have been integrating out against a prior distribution. The latent variables (Z', 2%) being
unobserved, they are imputed using the maximum a posteriori (MAP) or 7. We denote by Z° and Z! the imputed latent
variables. After imputation of the latent variables, an asymptotic approximation of this quantity leads to the ICL criterion
given in the paper (Eq. (9)) and recalled here:

ICL(Qr, Qo) = log £3(X", X°, Z1, Z0|A, Q1. Qo)
1Q(Q+1) n(n—1) Qo(Q —1)

- = lo — 1
2 2 %7 2 o8t
1Qo(Qo + 1) no(no—1) Qo—1

- = log - log np.
2 2 2 2

Let ® = IT° x A" x A% x I' be the space of the model parameters. We set a prior distribution on 6:

p(01Q1, Qo) = P(¥1Q:, Qo)p(°|Qo)p(er' [Q)p(e®|Qo)
22
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where p(7°|Qp) is a Dirichlet distribution of hyper-parameter (1/2, ..., 1/2) and p(e'|Q;) and p(«®|Qo) are independent

Beta distributions.
The marginal complete likelihood is written as follows:

Ingﬁ(X» Z|A7 Q17 QO) = IOg (/ ZH(X17XO7 ZI,ZO|9,A, Qla Qo)p(9|le Q())d9>
2]

= log ¢, (X"12", Q) (D.1)
+1log¢,(Z"1A,2°, @1, Qo) (D.2)
+1log €40 0(X°, Z°|Qo). (D.3)

The quantity defined in (D.3) evaluated at Z° := 70 is approximated as in Daudin et al. (2008) by

log (,0(X°. 2%.Q) % nyronc 108 €5 5(X°, 2°1Qo) — pen(x°,a®, Qo)

(D.4)
pen(z®, a®, Q) = Qo— 110gn +;Q,(QI+1) log ny(n—1) ,,I 1

This approx1mat10n results from a BIC-type approximation of log ¢ (XO|ZO Qo) and a Stirling approximation of log

0(29, Qo).
The same BIC-type approximation on log €,(X'|Z!, Q;) (Eq. (D.1)) leads to:

10g 6 (X'|Z1, Q) = novoolog€a(X'|Z, Q)+ pen(e, Q)

(D.5)
with pen(a/, Q) = %% log w

For quantity (D.2) depending on y and Z' given (Q;, Qo), we have to adapt the calculus. Let us set independent
Dirichlet prior distributions of order Q; D(1/2, ..., 1/2) on the columns y.,.. We are able to derive an exact expression of
log £,(Z'1A, Z°, Q1. Qo):

0,(Z'1A. 2%, Q1, Qo) = fe(z’m,z",y,@,oo>p(y,@,qo)dy

= 1_[/1_[ kzu e ] PV )dyi

J.k,1

= 1_[/1_[)’;4 p(vk)dyw, where Ny = ZAusz
1—[/1—[ Ny+a— 1F 1{32)Q])d)/kl

_I(1/2Q)% 1—[ [T T(Nu+1/2)
T ray2)ete L a2+, Na)

Now, using the fact that log I"'(n + 1) e (n+ 1/2)logn + n, we obtain:
log €,(Z'|A, Z°, Q. Q) =~ (ng.m)—>o0 Dt /(Nki 10g N + Nig)

_ D.6
-2 (% + 2 Nkl) log (324 Nia) = X Na- (D)
The quantity (D.6) evaluated at (Z!, Z°) .= (2’ , ZAO) can be reformulated in the following way:
log€,(Z'1A,2°,Q1,Q0) &  (ng.m) 00 108 £5(Z'1A, 20, @, Qo) — 4+ 3" log X, AyZ)
with P _ P jZIkAUZ]l
ZUAU jl
Noticing that log ", A,]Zﬂ = logn; + log Z” Zig Aty = O(log n;) leads to
714 70 714 70 Q-1
log ¢, (Z'|A, 2%, Q1. Qo) Rng.n)—oc0 108 €5(Z'|A, Z°, Q1, Qo) — TQOIOEHI- (D.7)

Combining Egs. (D.4), (D.5) and (D.7) we obtain the given expression.

23



S.-C. Chabert-Liddell, P. Barbillon, S. Donnet et al. Computational Statistics and Data Analysis 158 (2021) 107179

References

Airoldi, E.M., Blei, D.M., Fienberg, S.E., Xing, E.P., 2008. Mixed membership stochastic blockmodels. J. Mach. Learn. Res. 9 (Sep), 1981-2014.

Bar-Hen, A., Barbillon, P., Donnet, S., 2020. Block models for generalized multipartite networks: applications in ecology and ethnobiology. Stat. Model.
1471082X20963254.

Barbillon, P., Donnet, S., Lazega, E., Bar-Hen, A., 2017. Stochastic block models for multiplex networks: an application to a multilevel network of
researchers. J. R. Stat. Soc. A 180 (1), 295-314.

Bartolucci, F., Marino, M.F., Pandolfi, S., 2018. Dealing with reciprocity in dynamic stochastic block models. Comput. Statist. Data Anal. 123, 86-100.

Bianconi, G., 2018. Multilayer Networks: Structure and Function. Oxford University Press.

Biernacki, C., Celeux, G., Govaert, G., 2000. Assessing a mixture model for clustering with the integrated completed likelihood. IEEE Trans. Pattern
Anal. Mach. Intell. 22 (7), 719-725.

Blei, D.M., Kucukelbir, A., McAuliffe, J.D., 2017. Variational inference: A review for statisticians. J. Amer. Statist. Assoc. 112 (518), 859-877.

Brailly, J., 2016. Dynamics of networks in trade fairs—A multilevel relational approach to the cooperation among competitors. ]J. Econ. Geogr. 16 (6),
1279-1301.

Brailly, J., Comet, C., Delarre, S., Eloire, F., Favre, G., Lazega, E., Mounier, L., Montes-Lihn, ]., Oubenal, M., Penalva-Icher, E., Pi-Stranger, A., 2017.
Neo-structural economic sociology beyond embeddedness. Econ. Sociol. Eur. Electron. Newslett. 19 (3), 36-49.

Brailly, J., Favre, G., Chatellet, ]., Lazega, E., 2016. Embeddedness as a multilevel problem: A case study in economic sociology. Social Networks 44,
319-333.

Brault, V., 2014. Estimation et sélection de modéle pour le modéle des blocs latents (Ph.D. thesis). Université Paris Sud-Paris XI.

Celisse, A., Daudin, J.-]., Pierre, L., 2012. Consistency of maximum-likelihood and variational estimators in the stochastic block model. Electron. ]. Stat.
6, 1847-1899.

Clauset, A., Moore, C., Newman, M.E., 2008. Hierarchical structure and the prediction of missing links in networks. Nature 453 (7191), 98.

Come, E., Latouche, P., 2015. Model selection and clustering in stochastic block models based on the exact integrated complete data likelihood. Stat.
Modell. 15 (6), 564-589.

Daudin, J.-J., Picard, F., Robin, S., 2008. A mixture model for random graphs. Stat. Comput. 18 (2), 173-183.

De Bacco, C., Power, E.A., Larremore, D.B., Moore, C., 2017. Community detection, link prediction, and layer interdependence in multilayer networks.
Phys. Rev. E 95 (4), 042317.

Dempster, A.P., Laird, N.M., Rubin, D.B., 1977. Maximum likelihood from incomplete data via the EM algorithm. J. R. Stat. Soc. Ser. B Stat. Methodol.
39 (1), 1-22.

Doreian, P., Batagelj, V., Ferligoj, A., 2005. Generalized Blockmodeling, Vol. 25. Cambridge University Press.

Favre, G., Brailly, J., Chatellet, J., Lazega, E., 2016. Inter-organizational network influence on long-term and short-term inter-individual relationships:
The case of a trade fair for TV programs distribution in sub-saharan africa. In: Multilevel Network Analysis for the Social Sciences. Springer, pp.
295-314.

Giordano, G., Ragozini, G., Vitale, M.P., 2019. Analyzing multiplex networks using factorial methods. Social Networks 59, 154-170.

Govaert, G., Nadif, M., 2008. Block clustering with Bernoulli mixture models: Comparison of different approaches. Comput. Statist. Data Anal. 52 (6),
3233-3245.

Guimera, R., Sales-Pardo, M., 2009. Missing and spurious interactions and the reconstruction of complex networks. Proc. Natl. Acad. Sci. 106 (52),
22073-22078.

Hayashi, K., Konishi, T., Kawamoto, T., 2016. A tractable fully bayesian method for the stochastic block model. arXiv preprint arXiv:1602.02256.

Hileman, J., Lubell, M., 2018. The network structure of multilevel water resources governance in Central America. Ecol. Soc. 23 (2).

Holland, P.W., Laskey, K.B., Leinhardt, S., 1983. Stochastic blockmodels: First steps. Soc. Netw. 5 (2), 109-137.

Hubert, L., Arabie, P., 1985. Comparing partitions. J. Classif. 2 (1), 193-218.

Jordan, M.L, Ghahramani, Z., Jaakkola, T.S., Saul, LK., 1999. An introduction to variational methods for graphical models. Mach. Learn. 37 (2), 183-233.

Karrer, B., Newman, M.E., 2011. Stochastic blockmodels and community structure in networks. Phys. Rev. E 83 (1), 016107.

Kiveld, M., Arenas, A., Barthelemy, M., Gleeson, ].P., Moreno, Y., Porter, M.A., 2014. Multilayer networks. ]J. Complex Netw. 2 (3), 203-271.

Kolaczyk, E.D., 2009. Statistical Analysis of Network Data: Methods and Models, first ed. Springer Publishing Company, Incorporated.

Latouche, P., Birmele, E., Ambroise, C., 2012. Variational Bayesian inference and complexity control for stochastic block models. Stat. Modell. 12 (1),
93-115.

Lazega, E., 2009. Theory of cooperation among competitors: A neo-structural approach. Sociologica 1, 1-34.

Lazega, E., 2020. Bureaucracy, Collegiality and Social Change: Redefining Organizations with Multilevel Relational Infrastructures. Edward Elgar
Publishing.

Lazega, E., Bar-Hen, A., Barbillon, P., Donnet, S., 2016. Effects of competition on collective learning in advice networks. Social Networks 47, 1-14.

Lazega, E., Jourda, M.-T., 2016. The structural wings of Matthew effects: The contribution of three-level network data to the analysis of cumulative
advantage. Methodol. Innov. 9, 2059799115622764.

Lazega, E., Jourda, M.-T., Mounier, L., Stofer, R., 2008. Catching up with big fish in the big pond? Multi-level network analysis through linked design.
Social Networks 30 (2), 159-176.

Lazega, E., Mounier, L., 2002. Interdependent entrepreneurs and the social discipline of their cooperation: a research programme for structural
economic sociology in a society of organizations. In: Conventions and Structures in Economic Organization: Markets, Networks, and Hierarchies.
Edward Elgar Publishing, Cheltenham.

Lazega, E., Snijders, T.A., 2015. Multilevel Network Analysis for the Social Sciences: Theory, Methods and Applications, Vol. 12. Springer.

Mariadassou, M., Robin, S., Vacher, C., 2010. Uncovering latent structure in valued graphs: a variational approach. Ann. Appl. Stat. 4 (2), 715-742.

Matias, C., Miele, V., 2017. Statistical clustering of temporal networks through a dynamic stochastic block model. ]. R. Stat. Soc. Ser. B Stat. Methodol.
79 (4), 1119-1141.

Rubin, D.B., 1976. Inference and missing data. Biometrika 63 (3), 581-592.

Snijders, T.A., 2001. The statistical evaluation of social network dynamics. Sociol. Methodol. 31 (1), 361-395.

Snijders, T.A., 2017. Stochastic Actor-Oriented Models for Network Dynamics. Annual Reviews.

Snijders, T.A., Nowicki, K., 1997. Estimation and prediction for stochastic blockmodels for graphs with latent block structure. ]. Classif. 14 (1), 75-100.

Stanley, N., Shai, S., Taylor, D., Mucha, PJ., 2016. Clustering network layers with the strata multilayer stochastic block model. IEEE Trans. Netw. Sci.
Eng. 3 (2), 95-105.

Sweet, T.M., Thomas, A.C., Junker, B.W., 2013. Hierarchical network models for education research: Hierarchical latent space models. ]. Educ. Behav.
Stat. 38 (3), 295-318.

Sweet, T.M., Thomas, A.C., Junker, BW., 2014. Hierarchical mixed membership stochastic blockmodels for multiple networks and experimental
interventions. In: Handbook on Mixed Membership Models and Their Applications. Chapman & Hall/CRC Boca Raton, FL, pp. 463-488.

Tabouy, T., Barbillon, P., Chiquet, J., 2019. Variational inference for stochastic block models from sampled data. J. Amer. Statist. Assoc. 1-23.

24


http://refhub.elsevier.com/S0167-9473(21)00013-X/sb1
http://refhub.elsevier.com/S0167-9473(21)00013-X/sb2
http://refhub.elsevier.com/S0167-9473(21)00013-X/sb2
http://refhub.elsevier.com/S0167-9473(21)00013-X/sb2
http://refhub.elsevier.com/S0167-9473(21)00013-X/sb3
http://refhub.elsevier.com/S0167-9473(21)00013-X/sb3
http://refhub.elsevier.com/S0167-9473(21)00013-X/sb3
http://refhub.elsevier.com/S0167-9473(21)00013-X/sb4
http://refhub.elsevier.com/S0167-9473(21)00013-X/sb5
http://refhub.elsevier.com/S0167-9473(21)00013-X/sb6
http://refhub.elsevier.com/S0167-9473(21)00013-X/sb6
http://refhub.elsevier.com/S0167-9473(21)00013-X/sb6
http://refhub.elsevier.com/S0167-9473(21)00013-X/sb7
http://refhub.elsevier.com/S0167-9473(21)00013-X/sb8
http://refhub.elsevier.com/S0167-9473(21)00013-X/sb8
http://refhub.elsevier.com/S0167-9473(21)00013-X/sb8
http://refhub.elsevier.com/S0167-9473(21)00013-X/sb9
http://refhub.elsevier.com/S0167-9473(21)00013-X/sb9
http://refhub.elsevier.com/S0167-9473(21)00013-X/sb9
http://refhub.elsevier.com/S0167-9473(21)00013-X/sb10
http://refhub.elsevier.com/S0167-9473(21)00013-X/sb10
http://refhub.elsevier.com/S0167-9473(21)00013-X/sb10
http://refhub.elsevier.com/S0167-9473(21)00013-X/sb11
http://refhub.elsevier.com/S0167-9473(21)00013-X/sb12
http://refhub.elsevier.com/S0167-9473(21)00013-X/sb12
http://refhub.elsevier.com/S0167-9473(21)00013-X/sb12
http://refhub.elsevier.com/S0167-9473(21)00013-X/sb13
http://refhub.elsevier.com/S0167-9473(21)00013-X/sb14
http://refhub.elsevier.com/S0167-9473(21)00013-X/sb14
http://refhub.elsevier.com/S0167-9473(21)00013-X/sb14
http://refhub.elsevier.com/S0167-9473(21)00013-X/sb15
http://refhub.elsevier.com/S0167-9473(21)00013-X/sb16
http://refhub.elsevier.com/S0167-9473(21)00013-X/sb16
http://refhub.elsevier.com/S0167-9473(21)00013-X/sb16
http://refhub.elsevier.com/S0167-9473(21)00013-X/sb17
http://refhub.elsevier.com/S0167-9473(21)00013-X/sb17
http://refhub.elsevier.com/S0167-9473(21)00013-X/sb17
http://refhub.elsevier.com/S0167-9473(21)00013-X/sb18
http://refhub.elsevier.com/S0167-9473(21)00013-X/sb19
http://refhub.elsevier.com/S0167-9473(21)00013-X/sb19
http://refhub.elsevier.com/S0167-9473(21)00013-X/sb19
http://refhub.elsevier.com/S0167-9473(21)00013-X/sb19
http://refhub.elsevier.com/S0167-9473(21)00013-X/sb19
http://refhub.elsevier.com/S0167-9473(21)00013-X/sb20
http://refhub.elsevier.com/S0167-9473(21)00013-X/sb21
http://refhub.elsevier.com/S0167-9473(21)00013-X/sb21
http://refhub.elsevier.com/S0167-9473(21)00013-X/sb21
http://refhub.elsevier.com/S0167-9473(21)00013-X/sb22
http://refhub.elsevier.com/S0167-9473(21)00013-X/sb22
http://refhub.elsevier.com/S0167-9473(21)00013-X/sb22
http://arxiv.org/abs/1602.02256
http://refhub.elsevier.com/S0167-9473(21)00013-X/sb24
http://refhub.elsevier.com/S0167-9473(21)00013-X/sb25
http://refhub.elsevier.com/S0167-9473(21)00013-X/sb26
http://refhub.elsevier.com/S0167-9473(21)00013-X/sb27
http://refhub.elsevier.com/S0167-9473(21)00013-X/sb28
http://refhub.elsevier.com/S0167-9473(21)00013-X/sb29
http://refhub.elsevier.com/S0167-9473(21)00013-X/sb30
http://refhub.elsevier.com/S0167-9473(21)00013-X/sb31
http://refhub.elsevier.com/S0167-9473(21)00013-X/sb31
http://refhub.elsevier.com/S0167-9473(21)00013-X/sb31
http://refhub.elsevier.com/S0167-9473(21)00013-X/sb32
http://refhub.elsevier.com/S0167-9473(21)00013-X/sb33
http://refhub.elsevier.com/S0167-9473(21)00013-X/sb33
http://refhub.elsevier.com/S0167-9473(21)00013-X/sb33
http://refhub.elsevier.com/S0167-9473(21)00013-X/sb34
http://refhub.elsevier.com/S0167-9473(21)00013-X/sb35
http://refhub.elsevier.com/S0167-9473(21)00013-X/sb35
http://refhub.elsevier.com/S0167-9473(21)00013-X/sb35
http://refhub.elsevier.com/S0167-9473(21)00013-X/sb36
http://refhub.elsevier.com/S0167-9473(21)00013-X/sb36
http://refhub.elsevier.com/S0167-9473(21)00013-X/sb36
http://refhub.elsevier.com/S0167-9473(21)00013-X/sb37
http://refhub.elsevier.com/S0167-9473(21)00013-X/sb37
http://refhub.elsevier.com/S0167-9473(21)00013-X/sb37
http://refhub.elsevier.com/S0167-9473(21)00013-X/sb37
http://refhub.elsevier.com/S0167-9473(21)00013-X/sb37
http://refhub.elsevier.com/S0167-9473(21)00013-X/sb38
http://refhub.elsevier.com/S0167-9473(21)00013-X/sb39
http://refhub.elsevier.com/S0167-9473(21)00013-X/sb40
http://refhub.elsevier.com/S0167-9473(21)00013-X/sb40
http://refhub.elsevier.com/S0167-9473(21)00013-X/sb40
http://refhub.elsevier.com/S0167-9473(21)00013-X/sb41
http://refhub.elsevier.com/S0167-9473(21)00013-X/sb42
http://refhub.elsevier.com/S0167-9473(21)00013-X/sb43
http://refhub.elsevier.com/S0167-9473(21)00013-X/sb44
http://refhub.elsevier.com/S0167-9473(21)00013-X/sb45
http://refhub.elsevier.com/S0167-9473(21)00013-X/sb45
http://refhub.elsevier.com/S0167-9473(21)00013-X/sb45
http://refhub.elsevier.com/S0167-9473(21)00013-X/sb46
http://refhub.elsevier.com/S0167-9473(21)00013-X/sb46
http://refhub.elsevier.com/S0167-9473(21)00013-X/sb46
http://refhub.elsevier.com/S0167-9473(21)00013-X/sb47
http://refhub.elsevier.com/S0167-9473(21)00013-X/sb47
http://refhub.elsevier.com/S0167-9473(21)00013-X/sb47
http://refhub.elsevier.com/S0167-9473(21)00013-X/sb48

S.-C. Chabert-Liddell, P. Barbillon, S. Donnet et al. Computational Statistics and Data Analysis 158 (2021) 107179

Vacchiano, M., Lazega, E., Spini, D., 2020. What multilevel networks reveal about the life course: Insights on cumulative (dis)advantages (submitted
for publication).

Ziberna, A., 2014. Blockmodeling of multilevel networks. Soc. Netw. 39, 46-61.

Ziberna, A., 2019. Blockmodeling linked networks. In: Advances in Network Clustering and Blockmodeling. Wiley Online Library, pp. 267-287.

Ziberna, A., 2020. k-means-based algorithm for blockmodeling linked networks. Social Networks 61, 153-169.

Znidarsic, A., Doreian, P., Ferligoj, A., 2019. Treating missing network data before partitioning. In: Advances in Network Clustering and Blockmodeling.
Wiley Online Library, pp. 189-224.

Znidarsi¢, A., Ferligoj, A., Doreian, P., 2012. Non-response in social networks: The impact of different non-response treatments on the stability of
blockmodels. Social Networks 34 (4), 438-450.

Wang, P., Robins, G., Pattison, P., Lazega, E., 2013. Exponential random graph models for multilevel networks. Social Networks 35 (1), 96-115.

Yan, X., 2016. Bayesian model selection of stochastic block models. In: Proceedings of the 2016 IEEE/ACM International Conference on Advances in
Social Networks Analysis and Mining. IEEE Press, pp. 323-328.

Zijlstra, B.J., Van Duijn, M.A., Snijders, T.A., 2006. The multilevel p2 model. Methodology 2 (1), 42-47.

25


http://refhub.elsevier.com/S0167-9473(21)00013-X/sb49
http://refhub.elsevier.com/S0167-9473(21)00013-X/sb49
http://refhub.elsevier.com/S0167-9473(21)00013-X/sb49
http://refhub.elsevier.com/S0167-9473(21)00013-X/sb50
http://refhub.elsevier.com/S0167-9473(21)00013-X/sb51
http://refhub.elsevier.com/S0167-9473(21)00013-X/sb52
http://refhub.elsevier.com/S0167-9473(21)00013-X/sb53
http://refhub.elsevier.com/S0167-9473(21)00013-X/sb53
http://refhub.elsevier.com/S0167-9473(21)00013-X/sb53
http://refhub.elsevier.com/S0167-9473(21)00013-X/sb54
http://refhub.elsevier.com/S0167-9473(21)00013-X/sb54
http://refhub.elsevier.com/S0167-9473(21)00013-X/sb54
http://refhub.elsevier.com/S0167-9473(21)00013-X/sb55
http://refhub.elsevier.com/S0167-9473(21)00013-X/sb56
http://refhub.elsevier.com/S0167-9473(21)00013-X/sb56
http://refhub.elsevier.com/S0167-9473(21)00013-X/sb56
http://refhub.elsevier.com/S0167-9473(21)00013-X/sb57

	A stochastic block model approach for the analysis of multilevel networks: An application to the sociology of organizations
	Introduction
	A multilevel stochastic block model (MLVSBM)
	Statistical inference
	Variational method for maximum likelihood estimation
	Model selection
	Selection of the number of blocks
	Determining the independence between levels
	Procedure for model selection


	Illustration on simulated data
	Experimental design
	Simulation results
	Computational costs

	Application to the multilevel network issued from a television programs trade fair
	Context and description of the data set
	Statistical analysis
	Analysis and comments

	Discussion
	Acknowledgments
	Appendix A. Proof of Proposition 1 
	Appendix B. Proof of Proposition 2 
	Appendix C. Details of the Variational EM
	Appendix D. Details of the ICL criterion
	References


