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ABSTRACT. We study an equilibrium model of sequential network formation with heteroge-
neous players. The payoffs depend on the number and composition of direct connections, but
also the number of indirect links. We show that the network formation process is a potential
game and in the long run the model converges to an exponential random graph (ERGM).
Since standard simulation-based inference methods for ERGMs could have exponentially
slow convergence, we propose an alternative deterministic method, based on a variational
approximation of the likelihood. We compute bounds for the approximation error for a given
network size and we prove that our variational method is asymptotically exact, extending
results from the large deviations and graph limits literature to allow for covariates in the
ERGM. A simple Monte Carlo shows that our deterministic method provides more robust
estimates than standard simulation based inference.

Keywords: Networks, Microeconometrics, Large networks, Variational Inference, Large
deviations, Graph limits, Mean-Field Approximations

1. INTRODUCTION

In this paper we study an equilibrium model of network formation with heterogeneous
agents, and provide variational methods to approximate the likelihood. We contribute to the
literature on the formation and evolution of social and economic networks, whose structure
and composition has been shown to have important implications for economic performance,
health outcomes, social mobility, the diffusion of information, criminal behavior and other
socioeconomic outcomes. The spread of online social media has increased the availability
of network data, however, the estimation and identification of structural models of network
formation pose formidable econometric challenges (Jackson (2008), Sheng (2012), Graham
(2014), Leung (2014), Menzel (2016), Chandrasekhar (2016), Mele (2017), dePaula (forth-
coming)).

We develop a game theoretical equilibrium model of network formation, where individuals’
make sequential decisions to form or delete ties, weighing benefits and costs of each link.!
Players are heterogeneous: each individual is characterized by a set of characteristics, e.g.
race, gender, income, etc. Players’ payoffs depend on the number and composition of their
links. In addition, players receive utility from the number of links formed by their direct

Date: First version: June 15, 2015. This version: September 20, 2017.
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Leung and Demian Pouzo for comments and suggestions. The second author is partially supported by NSF
Grant DMS-1613164.
'For a survey of strategic models of network formation, see Jackson (2008).
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neighbors. We can easily generalize this payoff function to include additional link external-
ities, like common friends, or cliques of four or more people: most of our results will hold
without much modification in the proofs. While similar payoff functions have been used in
the network economics literature (e.g. DePaula et al. (2014), Sheng (2012), Leung (2014),
Chandrasekhar and Jackson (2014), Menzel (2016), Mele (2017)), in our model the network
is formed sequentially: in each period two random players meet and receive a logistic match-
ing shock. Conditional on the meeting and the value of the matching shock, they decide
whether to form a link (or delete it) by maximizing the sum of their payoffs.” This network
formation protocol is consistent with a standard pairwise stable equilibrium with transfers.”

We show that this network formation model is a potential game: all the incentives of the
players can be summarized by an aggregate function of the state of the network, called a
potential.* We prove that the sequence of networks generated through the random matching
and the endogenous linking decisions converges to a unique stationary equilibrium. That is,
in the long-run, the likelihood of observing a specific network configuration follows a discrete
exponential distribution. As a consequence, our model converges to an Exponential Ran-
dom Graph model (ERGM) (Wasserman and Pattison (1996), Wasserman and Faust (1994),
Frank and Strauss (1986), Snijders (2002)). The latter is a random network formation model
that assumes the probability of observing a specific network configuration is proportional
to an exponential function of network statistics. Such model is a workhorse for empirical
applications in statistics and social sciences, perhaps due to its extreme flexibility and the
availability of estimation packages in open source software (Snijders (2002), Moody (2001),
Goodreau et al. (2009), Wimmer and Lewis (2010)).

Our likelihood depends on an intractable normalizing constant that is impossible to com-
pute exactly. The ERGM literature bypasses this problem and computes an approximate
likelihood using Markov Chain Monte Carlo simulations.” However, it can be shown that
for many models of interest, these simulations may converge very slowly, making estimation
infeasible. Bhamidi et al. (2011) show that the standard Gibbs sampler used for simulation
of ERGMs may converge exponentially slow.” Chatterjee and Diaconis (2013) and Mele
(2017) show that this is the case even when the ERGM is asymptotically equivalent to a
model with independent links.

To overcome these computational challenges, we develop alternative deterministic methods
of approximations for the intractable likelihood of the ERGM. We focus on the case where
the number of types (covariates) is finite, but is allowed to increase with the size of the

2See also Mele (2017), Badev (2013), Butts (2009), Christakis et al. (2010) for models of sequential network
formation in the economics literature.

3See Jackson (2008) for several notions of equilibrium in the economic network literature.

“Monderer and Shapley (1996) define potential games and their equilibria. In the network literature, there
is a relationship between potential games and network equilibria, as described in Butts (2009), Mele (2017),
Chandrasekhar and Jackson (2014), and Badev (2013).

5See Snijders (2002), Wasserman and Pattison (1996), Caimo and Friel (2011), Mele (2017) for examples.
6See also Chatterjee and Diaconis (2013) and Mele (2017) for similar results.
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network. The paper provides several contributions. First, we propose a variational mean-
field approximation for the discrete exponential family to approximates the likelihood.” Our
approximation is computationally feasible, scalable to large networks, and it is implemented
as a standard iterative algorithm to facilitate estimation. In addition, we compute bounds
to the error of approximation for a given size of the network, extending recent results in the
literature on large deviations for random graphs (Chatterjee and Varadhan (2011), Chat-
terjee and Diaconis (2013), Lovasz (2012), Aristoff and Zhu (2014), Radin and Yin (2013)).
Specifically our approach extends the nonlinear large deviations and graph limits results of
Chatterjee and Dembo (2014) and Chatterjee and Diaconis (2013) to include covariates in
the ERGM.

Second, we prove that the mean-field approximation is asymptotically exact, i.e. the ap-
proximation error approaches zero as the network grows large.”

Third, while the general variational approximation does not have a closed form solution,
we characterize the mean-field result in two important special cases, to show how the tech-
nique is implemented. The first special case is when there is extreme homophily, i.e. the cost
of forming links across groups is very high. We show that as the network grows large, the
variational approximation for this model is equivalent to the solution of independent uni-
variate maximization problems, one for each group. The solution is the fixed point of a logit
equation, studied in Chatterjee and Diaconis (2013). The second special case, two groups of
equal size, is more complicated. We prove that the variational problem is equivalent to the
maximization of a function with two variables. We study this maximization problem using
techniques developed first by Radin and Yin (2013) and Aristoff and Zhu (2014), showing
that when the payoff from indirect links is relatively small (or negative), there is a unique
solution. The solution provides the probabilities of links within-group and across groups.
We also find a phase transition: when the difference in costs of forming links within-group
and across groups is relatively small with respect to the payoff from indirect links, then
there are two solutions: either the network is very sparse, or it is very dense. In this phase
transition identification is problematic, because the same vector of parameters may generate
two completely different network datasets.

Fourth, we show that as the number of players grows large, the networks generated by our
model concentrate around the solution of the mean-field approximation. In other words, the
networks generated according to the approximated likelihood are arbitrarily close to the net-
works generate by our model in a large economy. In the special case of extreme homophily,
the networks generated by our model will resemble a block-diagonal network, while in the
special case of two groups with equal size the networks are similar to a stochastic block
model with two groups. The general solution is more complicated to characterize and we
leave that to future research.

"Wainwright and Jordan (2008) provide a self-contained introduction to variational approximations and
mean-field methods for estimation and approximation. See also Bishop (2006), Jaakkola (2000), Grimmer
(2011).

8See Lovasz (2012), Chatterjee and Varadhan (2011) and Chatterjee and Diaconis (2013) for an overview of
the graph limits and their use in the random graph literature. In appendix we also provide an alternative
approximation based on the graph limit of the ERGM.
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We conducted simple Monte Carlo experiments in small networks, to compare our approx-
imation with the standard simulation-based Monte Carlo Maximum Likelihood estimator
(MC-MLE) (Geyer and Thompson (1992)) and the simpler Maximum Pseudo-Likelihood
estimator (MPLE) (Besag (1974)) estimators for ERGMs. Our approach provides robust
estimates, while exhibiting a small bias, which is a well known property of the mean-field
approximation. In addition, the complexity of our algorithm is quadratic in the number of
players, while the Gibbs or Metropolis-Hastings samplers used in MC-MLE can converge
in a number of steps that is exponential in the number of players squared (the number of
links). Therefore, while for some parameter values the simulation is practically infeasible,
our mean-field approximation is guaranteed to converge to a local maximum. To improve
on the approximation we restart the iterative variational algorithm several times. This step
can easily be parallelized, preserving the quadratic time convergence, while the MCMC is
intrinsically a sequential algorithm and cannot exploit the parallel architecture of modern
computers. Finally, while our model can generate dense networks, all the results hold if we
allow some sparsity. Our technique is thus applicable to empirical applications where the
network is moderately sparse.

We contribute to the literature in several ways. First, we provide a structural equilibrium
model of network formation that allows estimation using only one (large) network. Sim-
ilar models have appeared in the economics literature, e.g. DePaula et al. (2014), Sheng
(2012), Leung (2014), Miyauchi (2012), Chandrasekhar and Jackson (2014), Menzel (2016),
Currarini et al. (2009), Christakis et al. (2010), Mele (2017). We add to this literature by
showing that our network formation model extends the potential game characterization of
Mele (2017) to undirected networks and in the long run behaves like an exponential random
graph model (Wasserman and Pattison (1996), Frank and Strauss (1986), Snijders (2002)).
As a consequence, our characterization of the equilibrium networks provides a bridge be-
tween the economics/strategic and statistical /random network literatures.”

Second, we provide an example of use of variational methods of inference in the economics
literature. Approximate variational inference has been used in several disciplines to provide
alternative approximations when Monte Carlo methods are infeasible or computationally too
burdensome. For example Braun and McAuliffe (2010) provides a mean-field approximation
for standard multinomial choice models used in economics and marketing, and Grimmer
(2011) show uses variational inference for a Bayesian logit model. However, these methods
have not been widely adopted by economists, perhaps because of the bias introduced in the
estimates.'” We prove that for our structural model, the variational approximation is asymp-
totically exact, and we provide Monte Carlo evidence that the estimates are comparable to
standard simulation-based inference.

Third, we characterize the asymptotic properties of our model and the inference method,
extending results from the recent large deviations and graph limits literature. In particu-
lar, our bounds to the approximation errors extend the approach of Chatterjee and Dembo
(2014) and Chatterjee and Diaconis (2013) to include covariates in the exponential random

9See also Mele (2017), Chandrasekhar and Jackson (2014), Badev (2013) for models that incorporate both
random and strategic network features.
10A notable exception is Galichon et al. (2016) for models of discrete choice.
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graph. While similar ideas have been used to provide approximation to the normalizing
constant of the ERGM model (e.g. Amir et al. (2012) and He and Zheng (2013)), we are the
first to provide a characterization of the variational problem for a model with covariates. In
addition, we also provide a complete characterization of the variational solution for special
cases, and discuss identification of the parameters.

2. THEORETICAL MODEL

2.1. Setup and preferences. Consider a population of n heterogeneous players (the nodes),
each characterized by an exogenous type 7; € ®§;:1Xj, ¢t = 1,...,n. The attribute 7; is an
S-dimensional vector and the sets X; can represent age, race, gender, income, etc. 1 We
collect all 7;’s in an n x S matrix 7. The network’s adjacency matrix ¢g has entries g;; = 1
if 7 and j are linked; and g;; = 0 otherwise. The network is undirected, i.e. g¢;; = g;;, and
gii = 0, for all i’s.'? The utility of player i is

(2.1) wi(g,7) = Z ;G5 + g Z Z 9ii 9k,
j=1

j=1 k=1

where a;; := a(7;,7;) are symmetric functions « : ®5_,X; x @, — R and a(n, 7;) =
a(r;,7;) for all 4, j; and f is a scalar. The utility of player ¢ depends on the number of direct
links, each weighted according to a function « of the types 7. This payoff structure implies
that the net benefit of forming a direct connection depends on the characteristics of the two
individuals involved in the link.

Players also care about the number of links that each of their direct contacts have formed.?
For example, when 3 > 0, there is an incentive to form links to people that have many friends,
e.g. popular kids in school. On the other hand, when § < 0 the incentive is reversed. For
example, one can think that forming links to a person with many connections could decrease
our visibility and decrease the effectiveness of interactions. Similar utility functions have
been used extensively in the empirical network formation literature.*

Example 2.1. (Homophily) Consider a model with c;; =V — c(7;,7;), where V' > 0 is the
benefit of a link and c(7;,7;) (= c(75,7;)) is the cost of the link between i and j. To model
homophily in this framework let the cost function be

e yTmi=1y,
(22) C(Ti,Tj) B {C Zle % T;.

HFor instance, if we consider gender and income, then S = 2, and we can take ®?:1Xj = {male,female} x
{low, medium, high}. The sets X; can be both discrete and continuous. For example, if we consider gender
and income, we can also take ®?:1Xj = {male,female} x [$50,000,$200,000]. Below we restrict the covariates
to be discrete, but we allow the number of types to grow with the size of the network.

12Extensions to directed networks are straightforward (see Mele (2017)).

BThe normalization of 3 by n is necessary for the asymptotic analysis.

148ee Mele (2017), Sheng (2012), DePaula et al. (2011), Chandrasekhar and Jackson (2014), Badev (2013),
Butts (2009).
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For example, consider the parameterization 0 < ¢ <V < C and f = 0. In this case the
players have no incentive to form links with agents of other groups. On the other hand, if
we have 0 < ¢ <V < C and B > 0, also links across groups will be formed, as long as [ is
sufficiently large.

Example 2.2. (Social Distance Model) Let the payoff from direct links be a function of the
social distance among the individuals. Formally, let o(;, 7;) = vd(7;, 7j) — ¢, where d(7;, ;)
1s a distance function, v is a parameter that determines the sensitivity to the social distance
and ¢ > 0 is the cost of forming a link."> The case with v < 0 represents a world where
individuals prefer linking to similar agents and v > 0 represents a world where individuals
prefer linking with people at larger social distance. Note that even when v < 0, if we have
B > 0 sufficiently large, individuals may still have an incentive to form links with people at
larger social distance.

2.2. Meetings and equilibrium. The network formation process follows a stochastic best-
response dynamics:'® in each period ¢, two random players meet with probability p;;; upon
meeting they have the opportunity to form a link (or delete it, if already in place). Players
are myopic: when they form a new link, they do not consider how the new link will affect
the incentives of the other player in the future evolution of the network.

ASSUMPTION 2.1. The meeting process is a function of types and the network. Let g_;;
indicate the network g without considering the link g;;. Then the probability that ¢ and j
meet 1S

(2.3) pij = P(Ti 75> g—ij) > 0
for all pairs i and j, and i.i.d. over time.

Assumption 2.1 implies that the meeting process can depend on covariates and the state of
the network. For example, if two players have many friends in common they may meet with
high probability; or people that share some demographics may meet more often. Crucially,
every pair of players has a strictly positive probability of meeting. This guarantees that each
link of the network has the opportunity of being revised.

Upon meetings, players decide whether to form or delete a link by maximizing the sum of
their current utilities, i.e. the total surplus generated by the relationship. We are implicitly
assuming that individuals can transfer utilities. When deciding whether to form a new link
or deleting an existing link, players receive a random matching shock ¢;; that shifts their
preferences.

At time ¢, the links g;; is formed if

ui(gi; = 1, -5, 7)+ui(gi; = 1, 945, 7)+ei5(1) = wilgs; = 0, 9-i5, 7)+w;(gi = 0, 945, 7)+€45(0) .
We make the following assumptions on the matching value.

ASSUMPTION 2.2. Individuals receive a logistic shock before they decide whether to form
a link (i.i.d. over time and players).

158ee Tijima and Kamada (2014) for a more general example of such model.
16See Blume (1993), Mele (2017), Badev (2013).
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The logistic assumption is standard in many discrete choice models in economics and sta-
tistics (Train (2009)).

We can now characterize the equilibria of the model, following Mele (2017) and Chan-
drasekhar and Jackson (2014). In particular, we can show that the network formation is a
potential game (Monderer and Shapley (1996)).

PROPOSITION 2.1. The network formation is a potential game, and there exists a po-
tential function Q,(g; o, B) that characterizes the incentives of all the players in any state of
the network

(2.4) Qulg;a, B) = Zzaijgi]‘ + %Zzzgijgjk-
=1 j=1 i=1 j=1 k=1

Proof. The proposition follows the same lines as Proposition 1 in Mele (2017) and it is
omitted for brevity. 0

The potential function @,,(g; a, ) is such that, for any g,;
Qn(g; o, B) — Qulg — ij; ., B) = wi(g) + u;(g) — [wilg — i) + u;(g —ij)].

Thus we can keep track of all players’ incentives using the scalar Q,(g;a, 3). It is easy
to show that all the pairwise stable (with transfers) networks are the local maxima of the
potential function.'” The sequential network formation follows a Glauber dynamics, therefore
converging to a unique stationary distribution.

THEOREM 2.1. In the long run, the model converges to the stationary distribution m,,
defined as

exp [Qn(g; @ B)]
weg CXP [Qn(w§ a, 5)}

where Ty(g; @, B) = n2Q,(g; o, B),

(2.6 Un0, ) = 5 1og Y exp [Ty (w5, 5)].

weg

(2.5)  mal(gia, B) = 5 = exp {n” [Tu(g: @, B) — (v, B)]}

and Q = {(.U = (wij)lgingn : wij = w]'i € {O, 1},wii = 0, 1 S ’L,j S n}

Proof. The proof is an extension of Theorem 1 in Mele (2017). See also Chandrasekhar and
Jackson (2014) and Butts (2009). O

Notice that the likelihood (2.5) corresponds to an ERGM model with heterogeneous nodes
and two-stars. As a consequence our model inherits all the estimation and identification chal-
lenges of the ERGM model.

17A network g is pairwise stable with transfers if: (1) gij =1 = wi(g,7)+ui(g,7) > ui(g—ij, 7)+u;(g—1ij, 7)
and (2) g;; =0 = wi(g,7) +uj(g,7) > wi(g +4j,7) +u;j(g +ij,7); where g + ij represents network g with
the addition of link g;; and network g — ij represents network g without link g;;. See Jackson (2008) for
more details.
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2.3. Extensions and discussion. The preferences include only direct links and friends’
populatity. However, we can also include other types of link externalities. For example, in
many applications the researcher is interested in estimating preferences for common neigh-
bors. This is an important network statistics to measure transitity and clustering in networks.
In our model we can easily add an utility component to capture these effects.

(27) Z&z]gw + — Zzgz]g]k + — Zzgwgﬂcgkm

jlkl ]1k1

These preferences include an additional parameter v that measures the effect of common
neighbors. The potential function for this model is

(28) Q (g,a 6 Zzamgz] Zzzgmgﬂc + Zzgmgﬂcgk@

=1 j5=1 zl]lkl jlkl

In general, all the results that we show below extend to more general utility functions that
include payoffs for link externalities similar to (2.7).

The probability that ¢ and j meet can depend on their networks: it could be a function
of their common neighbors, or a function of their degrees and centralities, for example. In
Assumption 2.1, we assume that the existence of a link between ¢ and j does not affect their
probability of meeting. This is because we prove the existence and functional form of the
stationary distribution (2.5) using the detailed balance condition, which is not satisfied if we
allow the meeting probabilities to depend on the link between ¢ and j.

The model can easily be extended to directed networks and the results on equilibria and
long-run stationary distribution will hold. The results about the approximations of the
likelihood shown below will also hold for directed networks, with minimal modifications of
the proofs.

Finally, while our model generates dense graphs, the approximations using variational
methods and nonlinear large deviations that we develop in the rest of the paper also work
in moderately sparse graphs. More precisely, the utility of player ¢ is given by

(2.9) Z oGy gw

j=1 k=1

where |a ] and |3™| can have moderate growth in n instead of being bounded. We will
give more details later in our paper. *

3. VARIATIONAL APPROXIMATIONS

The constant ¥, (c, 8) in (2.6) is intractable because it involves a sum over all 2(3) possible
networks with n players. To be concrete, if the network has n = 10 nodes, the computation
of 1, (a, B) involves the computation of 25 potential functions, which is clearly an infeasible
strategy.'’

18gee Chatterjee and Dembo (2014) for additional applications of nonlinear large deviations.
19See Geyer and Thompson (1992), Murray et al. (2006), Snijders (2002) for examples.
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The usual strategy in the literature consists of approximating the constant using an MCMC
algorithm (Snijders (2002)). At each iteration of the sampler, a random link g;; is selected
and it is proposed to swap its value to 1 — g;;; the swap is accepted according to a Metropolis-
Hastings ratio. However, recent work by Bhamidi et al. (2011) has shown that such a local
sampler may have exponentially slow convergence for many non-trivial parameter vectors.””

We propose alternative methods that do not rely on simulations. Our first method consists
of finding an approximate likelihood ¢,(g) that minimizes the Kullback-Leibler divergence
K L(qy|m,) between ¢, and the true likelihood ,,:

KL(ga|ma) = ) gu(w)log [M]

= T (w; v, B)
= ZQn loan ZQn w)n T w « 5 _'_ZQn 21/}11(0[75) > 0.
w€eG weg weg

With some algebra we obtain a lower-bound for the constant ¥, («, 3)

Ui(0,8) 2 By, [T(wio, ) +5Mlg,) = £la.),

where H(gn) = — > _,,cq 4n(w) log ¢ (w) is the entropy of distribution g, and E,, [T, (w; v, B)]
is the expected value of the re-scaled potential.

To find the best likelihood approximation we minimize K L(q,|m,) with respect to g,
which is equivalent to finding the supremum of the lower-bound £(g,), i.e

(3.1) () = sup £00,) = sup {E, [T (wia 9] + M0}
qn€9n qn€Qn n

where Q,, is the set of all the probability distributions on G. We have transformed the
problem of computing an intractable sum into a variational problem, i.e. a maximization
problem.

Unfortunately, in most cases the variational problem (3.1) has no closed-form solution. The
machine learning literature suggests to restrict the set Q,, to find a tractable approximation.”!
A popular choice for the set Q,, is the set of all completely factorized distribution

(32) Hlug” 1 — //Lz] ]- gz]

where 15 = By, (9:5) = Py, (95 = 1)-

This approximation is called a mean-field approximation of the discrete exponential family.
Straightforward algebra shows that the entropy of ¢, is additive in each link’s entropy

1
= —H(q) = ZZ pijlog pi; + (1 — ) log(1 — pugg)]

i=1 j=1

20A sampler is defined local if it proposes to modify o(n) links per iteration.
218ee Wainwright and Jordan (2008), Bishop (2006)
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and the expected potential can be computed as

Eqn [Tn (w;a,ﬁ)] _ Zz Zéfij% 4 BZZ- Zj%gk ,uz'jﬂjk'

The mean-field approximation leads to a lower bound of ¥, (v, ), because we have restricted
the set of probability distributions of the maximization. The variational problem involves
finding a matrix p(«, )

Un(er, B) > ) ((, B))
{Ei Do Qijhig D D D g Mgk
= sup 5 + 4

;LE[O,I]"2 n 2n?
1 n n
(3.3) ~ 53 DD liglog iy + (1= py) log(1 — p)] }
i=1 j=1

The mean-field problem is in general nonconver and the maximization can be performed
using any global optimization method, e.g. simulated annealing or Nelder-Mead.*

4. AsymMpTOTIC RESULTS, LARGE DEVIATIONS AND GRAPH LIMITS

In this section we consider the model as n — oco. We use and extend results from the
graph limits literature,? large deviations literature for random graphs®* and analysis of the
resulting variational problem.?” Let h be a simple symmetric function & : [0,1]2 — [0, 1], and
h(z,y) = h(y,x). This function is called a graphon and it is a representation of an infinite
network.

We also need a representation of the vector a in the infinite network. The following
assumption guarantee that we can switch from the discrete to the continuum.

ASSUMPTION 4.1. Assume that

where a(xz,y) : [0,1)> — R, are deterministic exogenous functions that are symmetric, i.e.,
a(z,y) = aly,x). »

Since we have n players, the number of types for the players must be finite, although it
ma, y tric, and can take at most ") values. A

y grow as n grows. o, are symmetric, and can take at mos 5— values. As n — oo,
the number of types can become infinite and a(z,y) may take infinitely many values. On

the other hand, in terms of practical applications, finitely many values often suffice *'.

2286e Wainwright and Jordan (2008) and Bishop (2006) for more details.

23Gee Lovasz (2012), Borgs et al. (2008)

248ee Chatterjee and Varadhan (2011), Chatterjee and Diaconis (2013)

258ee Aristoff and Zhu (2014), Radin and Yin (2013) among others.

26To ease the notations, we project ®jS:1Xj onto [0,1] and the function a(7;, 7;) defined previously is now
re-defined from [0, 1]% to R.

2T1f an entry of the vector 7; is continuous, we can always transform the variable in a discrete vector using
thresholds. For example, if &; = [$50,000,$200,000], we can bucket the incomes into three levels, low:
[$50,000,$100,000), medium [$100,000,$150,000) and high: [$150,000, $200,000].
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FIGURE 4.1. Examples of function a(z,y).
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The figure provides several examples of possible partitions of the net benefit function
a(z,y) with finite covariates. The asymptotic version of this function is defined over the
unit square.

We assume that a(z,y) is unifomly bounded in z and y.
ASSUMPTION 4.2. Assume that

(4.2) sup oz, y)| < oo.
(z,)€l0,1]?

As a simple example, let us consider gender: the population consists of males and female

agents. For example, half of the nodes (population) are males, say ¢ = 1,2,..., % and the

other half are females, i = § + 1,5 +2,... ,n.”> That means, a(x,y) takes three values

28Here, we assume without loss of generality that n is an even number.
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according to the three regions:

(4.3) {(x,y) 0<xy< %},
(1.4) (o) S <oy <1},
(4.5) {(z,y): 0<z<i<y<1}U{(z,y): 0<y<i<z<l},

and these three regions correspond precisely to pairs: male-male, female-female, and male-
female. This example is represented in Figure 4.1(C).

The work of Chatterjee and Diaconis (2013) show that the variational problem in (3.1)

translates into an analogous variational problem for the graph limit.?” For our model we can

show that the variational problem for the graphon is

(4.6) U(a, 2;1}/1[\)}{// az,y) xydxdy—i—ﬁ/// (x,y)h(y, z)dzdydz
——// h(z,y) dxdy}

where W := {h : [0,1]*> — [0,1], h(x,y) = h(y,x),0 < x,y < 1}, and we define the entropy
function:
(4.7) I(z) :==zlogx + (1 — x)log(l — x), 0<z<1,

with 1(0) = I(1) = 0.
In essence the first line in (4.6) corresponds to the expected potential function in the
continuum, while the second line in (4.6) corresponds to the entropy of the graphon h(x,y).

4.1. Convergence of the variational mean-field approximation. For finite n, the vari-
ational mean-field approximation contains an error of approximation. In the next theorem,we
provide a lower and upper bound to the error of approximation for our model.

THEOREM 4.1. Under Assumption /.2 and for fived network size n, the approrimation
error of the variational mean-field problem is bounded as

(4.8)  C3(B)n " < (e, B) — ) F (p(a, B)) < Ci(a, B)n P (logn)'/® + Cs(a, B)n '/

where Cy(«, B), Co(a, B) are constants depending only on o and B and C3(8) is a constant
depending only on [3:

Ci(a, B) = c1 - (laflss + 18" + 1),

Co(a, B) == ca - ([loloe + 8] + D2 (141872,
Cs(B) = |/3|,
where c1,co > 0 are some universal constants.
Proof. See Appendix. O

298ee also Mele (2017) for similar results in a directed network.
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The constants in Theorem 4.1 are functions of the parameters o and 3. The upper bound
depends on the maximum payoff from direct links and the intensity of payoff from indirect
connections. The lower bound only depends on the strength of indirect connections payoffs.
One consequence is that our result holds when the network is dense, but also when it is
moderately sparse, as explained in the next remark.

Remark 4.1. It follows from the estimates in Theorem /.1 that we can allow moderate
sparsity in our model, in the sense that |a;;| and |G| can have moderate growth in n instead
of being bounded, and the difference of 1, and YMT goes to zero if Cy(a, B) grows slower than
n'/®/(logn)'/®> and Cy(a, B) grows slower than n'/? as n — oco. For example, if |||a/|so =
O(n®), |B] = O(n®), where 6 < £ and &y < 55, then Y™ — M goes to zero as n — o0o. On
the other hand, if the graph is too sparse, e.g. |B| = Q(n), then 1, cannot be approximated

by ME.

We are interested in estimating the model in large networks. The result in Theorem 4.1
shows that the solution to the variational mean-field problem becomes exact as n — oo.

In addition, Chatterjee and Diaconis (2013) show that as n — oo the log-constant of the
ERGM converges to the solution of the variational problem (4.6), that is

(4.9) Un(e, B) = Y(a, B).

The following proposition shows that for a model with finitely many types the variational
approximation is asymptotically exact.

PROPOSITION 4.1. Under Assumptions 4.1 and 4.2, the mean-field approximation be-
comes exact as n — o0

(4.10) Uy (e, B)) = (e, B).
Proof. Tt follows directly from Theorem 4.1 and (4.9). O

The proposition states that as n becomes large, we can approximate the exponential ran-
dom graph using a model with independent links (conditional on finitely many types). This
is a very useful result because the latter approximation is simple and tractable, while the
exponential random graph model contains complex dependence patterns that make estima-
tion computationally expensive.

4.2. Approximation of the graph limit. We can also exploit the graph limit result and
provide an approximation of the log-constant. The variational formula for ¥(«, ) is an
infinite-dimensional problem which is intractable in most cases. Nevertheless, we can always
bound the infinite dimensional problem with finite dimensional ones (both lower and upper
bounds). For details, see Proposition A.1 in the Appendix.

The lower-bound in Proposition A.1 coincides with the structured mean-field approach of
Xing et al. (2003). In a model with homogeneous players, the lower-bound corresponds to
the computational approximation of graph limits implemented in He and Zheng (2013).
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5. SPECIAL CASES

The general solution of the variational problem (4.6) is complicated. However, there
are some special cases where we can characterize the solution with extreme detail. These
examples show how we can solve the variational approximation in stylized settings, and we
use them to explain how the method works in practice.

5.1. Extreme homophily. We can exploit homophily to obtain a tractable approximation.
Suppose that there are M types in the population. The cost of forming links among indi-
viduals of the same group is finite, but there is a large cost of forming links among people
of different groups (potentially infinite). We show that in this case the normalizing constant
can be approximated by solving M independent univariate maximization problems.

PROPOSITION 5.1. Let 0 =ag < ay; < --- < apy =1 be a given sequence. Assume that
(5.1) a(x,y) = Cpm, if 1 < T,y < Ay, m=12,..., M.

and a(z,y) < —K otherwise is a given function. Let («, 8; —K) be the variational problem
for the graphons and ¥ (o, B; —o0) = limg o0 (v, B; —K). Then, we have

M 5 1
(5.2) P(a, f; —o0) = mZ:l(am — p1)? 021;21 {&mmx + 5902 - 5[(35)} .

Proof. See Appendix. O

The net benefit function «(x,y) assumed in the Proposition is shown in Figure 4.1(D).
Essentially this result means that with extreme homophily, we can approximate the model,
assuming perfect segregation: thus we can independently solve the variational problem of
each type. This approach is computationally very simple, since each variational problem
becomes a univariate maximization problem.

The solution of such univariate problem has been studied and characterized in previous
work by Chatterjee and Diaconis (2013), Radin and Yin (2013), Aristoff and Zhu (2014) and
Mele (2017). It can be shown that the solutions p},, where m = 1,.., M, are the fixed point
of equations

(5.3) o = - P [ + Bpim]
+ exp [ + Bt
for each group m, and S’ (1 — ut) < 1. The global maximizer p}, is unique except on a
phase transition curve {(amm, 8) : @mm + 5 = 0, i < —1}, see e.g. Radin and Yin (2013);
Aristoff and Zhu (2014).
Chatterjee and Diaconis (2013) show that the network of each group corresponds to an
Erdés-Rényi graph with probability of a link equal to p,.

5.2. Two groups of equal size. Consider a model with only two types, e.g. male and
females, each group of measure %, as in Figure 4.1(C). We assume that players have the
same preferences as in Example 2.1.There is a cost ¢ > 0 to form a link among players of the
same group, and a cost C' > ¢ for a link among players of different type. In terms of Figure
4.1(C) we are assuming a,m = aff and au,f = A fpy. In such model, the variational problem

becomes a maximization in two variables, as shown in the next proposition.
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PROPOSITION 5.2. Let us assume that a(x,y) takes two values:

(54)  alzy) = {

and let the function F(u,v) be defined as

ap =V —c if0<x,y<%0r%<x,y<1,
ar =V —-C if0<x<%<y<lor0<y<%<a:<1.

(5.5) F(u,v) := U= —I(u) + —v—=I(v) + g(u +v)2.

Then, the asymptotic normalizing constant is the solution of the following maximization
problem

(5.6) U(a,B) = sup F(u,v).

0<u,v<1
Proof. See Appendix. O

The solution for the maximization (5.6) is much simpler than solving the general vari-
ational problem because it reduces an infinite-dimensional optimization problem to a two-
dimensional one. In this special case, we are able to provide a more precise characterization
of the maxima. Indeed, the analysis of (5.6) allows us to recover the graphon for this speci-
fication of the model.

PROPOSITION 5.3. The specification of the model in Proposition 5.2 has the following
properties
(1) The solution (u*,v*) satisfies:
e2o1+B(u"+v") e202+B(u"+v")

* *

= 1+ 62a1+ﬁ(u*+v*)’ v

u = 14+ €2a2+5(u*+v*) '

(2) If p < 2, the mazimization problem (5.6) has a unique solution (u*,v*). In addition,
e201+8 e202+8

1+3221+B ’ 1+e22az+ﬁ> :

if a1 +ag+ B = 0, then the unique solution is given by (u*,v*) = (
a1 —Q 2
3) Ifou+as+5=0and 5 > % then the mazimization problem (5.6) has two
solutions (u*,v*) and (1 —v*,1 — u*) with F(u*,v*) = F(1 —v*,1 — u*).

Proof. See Appendix. O

The proposition shows that the model has a simple solution, given by the solution of a
system of two equations.

We also show that there exists a phase transition, when £ is sufficiently large with respect
to the difference (ay — o) and the parameters are on the plane oy + ay + 8 = 0. In such
configuration of the parameters, there are two global maxima of F(u,v) and the same set
of parameters can generate either a very sparse or a very dense network. This points to an
identification problem as also shown in Chatterjee and Diaconis (2013) and Mele (2017).

In essence this model (for large n) converges to a stochastic block model with probability
of links within the same group equal to u* and probability of links across groups equal to v*.

To illustrate the results in Proposition 5.3 we show some examples in Figures 5.1 and
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FiGURE 5.1. Examples of maxima characterized in Proposition 5.3 with § =4
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(C) (a1, a3) = (—2,—-2) (D)(ay, ) = (—1.7,—2.3)
The figures show the level curves of F(u,v) for different vectors of parameters. In all the
pictures 3 = 4. The global maxima are represented as blue triangles.

5.2. In Figure 5.1 we fix § = 4 and change the values of ay and ay;. When the differ-
ence oy — i is relatively large, see Figure 5.1(A), there is a unique maximizer (u*,v*) =
(0.1192029, 0.8807971) indicated as the blue triangle. When we decrease the distance be-
tween a; and as as in Figure 5.1(B), we obtain two global maximizer of the function F'(u,v):
(u*,v*) = (0.0088671,0.0620063) and (1 — v*,1 — u*) = (0.9379937,0.9911329). Notice that
the first solution provides a very sparse network while the second global maximum is a dense
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network. This property of the model is also related to convergence problems of the sim-
ulation algorithms for ERGMs, as shown in Bhamidi et al. (2011) and Mele (2017). Not

FIGURE 5.2. More examples of maxima characterized in Proposition 5.3

(A) (alv G, B) = (_147 _167 3) (B) (alu g, 6) = (_117 _147 25)
The figures show the level curves of F'(u,v) for different vectors of parameters. The global
maxima are represented as blue triangles.

surprisingly, when a; = ap we have a perfectly symmetric pair of solutions in Figure 5.1(C):
(u*,v*) = (0.0212494, 0.0212494) and (1—v*,1—u*) = (0.9787506,0.9787506). Figure 5.1(D)
provides an additional example with |y | < |ae|: we show in the Appendix that what matters
for the shape of the level curves is the absolute difference |a; — as| and not the actual values
of these parameters.

In Figure 5.2 we show how a smaller 5 implies that the two solutions (u*,v*) and (1 —
v*,1 — u*) are less extreme and closer to each other. Indeed in Figure 5.2(A) we have
(u*,v*) = (0.0859306, 0.0592804) and (1 —v*, 1 —u*) = (0.9407196,0.9140694) and in Figure
5.2(B) it is (u*,v*) = (0.1944159,0.116957) and (1 —v*,1 —u*) = (0.883043,0.8055841). As
[ increases, the maximizers are very close to zero and/or one.

6. A CONCENTRATION RESULT

The special cases in the previous section provide a simple characterization of the variational
problem solution. However, the general variational problem does not have a closed form
solution. Nonetheless, we can gain some additional insights by considering the behavior of
the networks generated by our model.

In particular we want to characterize the probability that the network generated by the
model belongs to the set of graphons that solve the variational problem (3.1).
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The probability measure P,, of observing the network configuration g is given by

1 54
61 £u) = -] T + Yo
n i,j

/[:7j7k
where Z,, = en*¥n(@B) i the normalizer.
For any € > 0, we can define the set A,
(6.2)

- e 3 1 1 g1
A= {hEW./O /0 a(x,y)h(x,y)d:cdy+2/o /o /0 h(z,y)h(y, z)dzdydz

_ %/O /O [h(z,y)log h(z,y) + (1 — h(z,y)) log(1 — h(z,y))] dedy < ¥(e, B) — e}.

where ¢ (c, B) is the solution of variational problem (3.1). The following proposition shows
that the probability that the network g belongs to the set A, under the probability measure
IP,, is vanishingly small as n grows large.

PROPOSITION 6.1. There exists some 0 < v < €, so that for any sufficiently large n,
(6.3) P.(g € A) <e .
Proof. See Appendix. O

In other words, the model generates networks that asymptotically converge to the solutions
of the variational problem (3.1).

In the special case of two groups of equal size analyzed in the previous section, this suggests
that our model converges to a stochastic block model in the large n limit. In the special case
of extreme homophily, our model converges to a block-diagonal model.

7. ESTIMATION EXPERIMENTS IN FINITE NETWORKS

We have performed simple Monte Carlo experiments to study the performance of our
asymptotic approximation in finite networks. We compare the mean-field approximation
with the standard simulation-based MCMC-MLE (Geyer and Thompson (1992), Snijders
(2002)), and the Maximum Pseudo-Likelihood estimator (Besag (1974)).

We implemented our variational approximation in the R package mfergm, available in
Github.* We follow the machine learning literature and use an iterative algorithm that is
guaranteed to converge to a local maximum of the mean-field problem.*' Indeed, taking the
first order conditions of the mean-field problem 3.3 with respect to each p;; we obtain

(7.1) i = exp |20 + § >t (Hk + i)
/ 1+ exXp [2061'3' + g 22:1 (Mjk + uk@)] ’

The algorithm starts from an initialized matrix p(®) and iteratively applies the update (7.1)
to each entry of the matrix. After updating all entries, the objective function is re-evaluated.

1,7 =1,...,n.

305ee https://github.com/meleangelo/mfergm
31See Wainwright and Jordan (2008) and Bishop (2006) for details.
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Since the problem is concave in each p;;, this iterative method is guaranteed to find a local
maximum of (3.3).

We re-initialize the algorithm several times to get a better approximation: in the Monte
Carlo exercise below we restarted the approximation 5 times.*> Notice that this step is easily
parallelizable, while the standard MCMC method for estimation of ERGMs is an intrinsically
sequential algorithm.

We test our approximation technique using artificial network data. Each network is gen-
erated using a 10 million run of the Metropolis-Hastings sampler implemented in the ergm
command in R.

We report results for networks with 50, 100 and 200 nodes. The results are summarized
by the median and several percentiles of the estimated parameters in the 1000 simulations.?

In Table 7.1 we generate data from the vector of parameters (aq, as, 8) = (=2, 1,2). While
all three methods seem to work well, the Mean-Field approximation gives more robust esti-
mates. At the same time, as it is well known, the mean-field can be biased. The MCMC-MLE
and MPLE estimates are very similar. One possible reason is that the MCMC-MLE default
starting value for the simulations is the MPLE estimate.

Similar results are shown in Table 7.2. The true parameter vector in this table is (aq, ag, f) =
(—2,1,3). The mean field approximation is more robust, giving a smaller range of estimates.
However, it is clear that it is affected by some bias.**

The computational complexity of the mean-field iterative algorithm is of order n?, while it
is well known that the simulation methods used in the MCMC-MLE may have complexity of
order ¢” for some parameter vector (Bhamidi et al. (2011), Chatterjee and Diaconis (2013),
Mele (2017)).

8. CONCLUSIONS

In this paper we have developed a model of strategic network formation with heteroge-
neous players and we have shown that our model is a potential game. In each period, a pair
of players are randomly matched and they decide whether to form or delete a link. We show
that this dynamic (Markovian) model converges in the long-run to a stationary distribution
that coincides with an exponential random graph (ERGM). As a consequence it inherits all
the challenges of estimation of the ERGMs.

In particular, the likelihood of the model is proportional to a normalizing constant that is
infeasible to compute exactly. The standard estimation strategy in the ERGM literature by-
passes the evaluation of the normalizing constant, and provides an approximated likelihood
using Markov Chain Monte Carlo simulations. However, such algorithms have convergence

32This fixed number of restarts could be suboptimal. It seems reasonable to increase the number of restarts
as the network grows larger.

331 few cases the optimization routine in R did not converge: we do not include those results in the tables.
340ne practical improvement with respect to the bias problem consists of increasing the number of restarts:
this would provide a better approximation at every likelihood evaluation. A more brute-force approach is
to use a grid search algorithm instead of a standard optimization routine. Finally, as shown in the Figures
above, in many cases the objective function is relatively flat, and standard gradient-based methods may be
unable to compute numerical derivatives in some cases.
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TABLE 7.1. Monte Carlo estimates, comparison of three methods. True pa-
rameter vector is (aq, ag, f) = (=2, 1,2)

n =50 MCMC-MLE MEAN-FIELD MPLE

a1 Qi B g Qo 5 g Qi 5
median -1.960 1.005 1.569 -1.992 1.000 2.005 -1.956 0.999 1.527
bth pctile  -2.496 0.697 -2.320 -2.056 0.891 1.968 -2.320 0.796 -3.458
256th pctile -2.141 0.897 0.023 -2.009 0.981 1.997 -2.108 0.912 -0.040
75th pctile -1.788 1.103 3.142 -1.965 1.020 2.024 -1.798 1.100 2.887
95th pctile -1.500 1.294 6.227 -1.900 1.066 2.101 -1.513 1.236 4.427

n = 100 MCMC-MLE MEAN-FIELD MPLE

a1 o) B aq o) B aq o) 3
median -1.985 1.001 1.892 -1.983 1.008 2.015 -1.979 0.998 1.808
0.05 -2.306 0.817 -0.208 -2.021 0.931 1.997 -2.152 0.896 0.153
0.25 -2.099 0936 1.071 -1.997 0.998 2.004 -2.058 0.955 1.174
0.75 -1.882 1.067 2.741 -1.967 1.021 2.044 -1.909 1.049 2.417
0.95 -1.725 1.186 4.498 -1.918 1.046 2.237 -1.788 1.123 3.125
n = 200 MCMC-MLE MEAN-FIELD MPLE

031 o) B aq o) B aq o) B
median -1.997 1.007 1.988 -1.981 1.002 2.045 -1.981 1.001 1.815
0.05 -2.573 0.834 -2.816 -2.016 0.920 2.003 -2.131 0.945 0.061
0.25 -2.181 0.950 0.409 -1.990 0.977 2.011 -2.044 0.979 1.183
0.75 -1.839 1.062 3.732 -1.963 1.011 2.140 -1.916 1.023 2.413
0.95 -1.555 1.177 7.729 -1.920 1.026 2.583 -1.812 1.057 3.270

Results of 1000 Monte Carlo estimates using the three methods. MCMC-MLE stands for
the Monte Carlo Maximum Likelihood estimator of Geyer and Thompson (1992),
implemented in the package ergm in R, using the stochastic approximation algorithm
developed in Snijders (2002). MEAN-FIELD is our method, implemented with an iterative
algorithm. MPLE is the Maximum Pseudo-Likelihood Estimate, which assumes
independence of the conditional choice probabilities. Each network dataset is generated
with a 10 million run of the Metropolis-Hastings sampler of the ergm command in R,
sampling every 10000 iterations.

problems and may converge exponentially slow (Bhamidi et al. (2011), Chatterjee and Dia-
conis (2013),Mele (2017)).

We provide alternative approximations that rely on a variational representation of the
ERGM normalization constant. When the types of players are finite, we show that we can
approximate the variational problem with a mean-field algorithm. We compute exact bounds
for the approximation error and prove that our mean-field approximation is asymptotically
exact. Therefore, our method delivers the exact value of the log-likelihood as the number of
players grows large. We also provide additional approximations that make use of the graph
limits for our ERGM stationary model.



APPROXIMATE VARIATIONAL ESTIMATION FOR A MODEL OF NETWORK FORMATION 21

TABLE 7.2. Monte Carlo estimates, comparison of three methods. True pa-

rameter vector is (aq, ag, f) = (=2, 1,3)

n = 50 MCMC-MLE MEAN-FIELD MPLE

g %) 5 g (&3] 5 g &%) 6
median -1.954 1.006 2.601 -1.941 1.031 3.032 -1.961 1.004 2.635
0.05 -2.375 0.714 0.447 -2.024 0.878 2.947 -2.238 0.829 -0.125
0.25 -2.104 0906 1.787 -1.971 0.996 3.001 -2.090 0.921 1.647
0.75 -1.821 1.098 3.504 -1.904 1.065 3.097 -1.808 1.087 3.440
0.95 -1.553 1.253 5.324 -1.803 1.132 3.381 -1.577 1.219 4.351
n = 100 MCMC-MLE MEAN-FIELD MPLE

(631 Qi B Q' Qg 5 Q' Qi 5
median -2.022 0.987 3.116 -1.849 1.081 3.387 -1.997 1.001 2.980
0.05 -2.499 0.681 1.578 -2.388 0.887 3.012 -2.100 0.920 2.537
0.25 -2.156 0904 2.644 -1.896 0.998 3.113 -2.040 0.966 2.817
0.75 -1.911 1.072 3.78 -1.785 1.129 3.699 -1.958 1.038 3.144
0.95 -1.649 1.251 5.667 -1.676 2.159 4.143 -1.891 1.094 3.358
n = 200 MCMC-MLE MEAN-FIELD MPLE

(631 %) 5 a1 Q9 54 a1 Qg 5
median -2.018 1.000 3.090 -1.883 0.967 3.493 -1.988 1.000 2.916
0.05 -2.902 0.760 -2.010 -2.009 0.819 3.022 -2.092 0.955 1.994
0.25 -2.279 0925 1.591 -1.925 0.912 3.185 -2.030 0.982 2.585
0.75 -1.784 1.069 4.852 -1.839 1.024 3.933 -1.941 1.017 3.239
0.95 -1.281 1.237 9.355 -1.760 1.078 4.278 -1.859 1.045 3.609

Results of 1000 Monte Carlo estimates using the three methods. MCMC-MLE stands for
the Monte Carlo Maximum Likelihood estimator of Geyer and Thompson (1992),
implemented in the package ergm in R, using the stochastic approximation algorithm
developed in Snijders (2002). MEAN-FIELD is our method, implemented with an iterative
algorithm. MPLE is the Maximum Pseudo-Likelihood Estimate, which assumes
independence of the conditional choice probabilities. Each network dataset is generated
with a 10 million run of the Metropolis-Hastings sampler of the ergm command in R,
sampling every 10000 iterations.

We characterize the mean-field approximation for several special cases. First, when there
is extreme homophily, i.e. if the cost of linking across groups is extremely high, then we
show that we can approximate the normalizing constant of the ERGM with the sum of
independent maximization problems solutions, one for each type. Second, if we have only
two groups of equal size, we show that the model exhibits a phase transition. If the net
benefits of linking between groups and across groups are not too different, then the model
may generate either very sparse networks or very dense networks.

Finally we show that the networks generated by our model concentrate around the solution
of the mean-field approximation. This means that in the special cases of extreme homophily
and two types of equal size, our model converges to a stochastic block model. We are not
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able to provide a complete characterization of the general case.

We perform a simple Monte Carlo exercise to compare our approximation and the stan-
dard estimation methods for ERGMs in finite networks. We show that our method provides
reliable estimates and it is more robust than the other methods, while exhibiting some bias.
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APPENDIX: PROOFs

Remark A.1. In general, the variational problem for the graphons does not yield a closed
form solution. In the special case § =0,

(A.1) (e, 0) = sup {// a(z,y)h(x,y)dxdy — —// h(z,y) d:pdy}
heWw [0,1)2 [0,1]?

where I(z) := zlogz+ (1 —x)log(l—x) and it is easy to see that the optimal graphon h(z,y)
15 given by

e2a(z,y)
(A.2) h(z,y) = el 1 1
and therefore,
1
(A.3) Y(a,0) = 5 //[ . log(1 + e**@)dxdy.
0,1

A.1. Proof of Theorem 4.1. In this proof we will try to follow closely the notation in
Chatterjee and Dembo (2014). Suppose that f : [0,1]Y — R is twice continuously differen-
tiable in (0,1)", so that f and all its first and second order derivatives extend continuously
to the boundary. Let || f|| denote the supremum norm of f : [0,1]" — R. For each i and j,
denote

_ Of __0f
(A.4) Ji= Bz, fij = D0z,
and let
(A.5) a:= || f[], bi == || fill, cij = | fisl-

Given ¢ > 0, D(e) is the finite subset of RY so that for any = € {0,1}", there exists
d= (dy,...,dy) € D(e) such that

(A.6) Z(fi(x) —d;)? < Né.

Let us define

(A.7) = log Z el @

ze{0,1}NV
and for any z = (x1,...,zy) € [0, 1]7,
N
(A.8) I(x) := Z[azl log z; + (1 — x;) log(1 — ;)]

i=1
In the proof we extend Theorem 1.5 in Chatterjee and Dembo (2014) that we reproduce
in Theorem A.1 to help the reader:



APPROXIMATE VARIATIONAL ESTIMATION FOR A MODEL OF NETWORK FORMATION 26

THEOREM A.1 (Chatterjee and Dembo (2014)). For any € > 0,

(A.9) sup {f(z)— }——ZcugF< sup {f(x) —I(x)} + & + &,
z€[0,1]V xz€[0,1]V
where
. 1/2
2
(A.10) =1 <N2b > €+ 3Ne+log|D(e)],
and
N ) ) 1/2
(All) 82 =4 <Zz 1(&Cn + b ) + 5 Zl] 1( Cz’j + bibjcij + 4bZCU))

1/2 1/2

We will use the Theorem A.1 to derive the lower and upper bound of the mean-field
approximation problem. Notice that in our case the N of the theorem is the number of
links, i.e. N = (’;) Let

(A.12) 7, = E e 1<i<n ®ii®ii T g Y1<ijk<n TijTik
mijG{O,l},mij:zji,1§i<j§n
be the normalizing factor and also define

(A.13) L, = sup { Zamxm o 3256”5%

xi;€[0,1],z55=x;;,1<i<j<n ik

1
- Z [z log z;; + (1 — 245) log(1 — xw)]}

1<i<j<n

Notice that n=2Z,, = ¢, and L, = pMF.
For our model, the function f : [0, 1] (3) - R is defined as

n n /B n n n
(A.14) fla) =) oy + %ZZZ%W
i=1 j=1 i=1 j=1 k=1
Then, we can compute that, for sufficiently large n,
n n n n 1
(A.15) a=fI1< D logl+) > 518

i=1 j=1 i=1 k=1

1
<n? { | late.ldsdy + 5161+ 1} .
[0,1]2
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Let k € N, and H be a finite simple graph on the vertex set [k] := {1,...,k}. Let E be
the set of edges of H and |E| be its cardinality. For a function 7" : [0, 1](3) —R

(A.16) T(x) =

q€[n)k {Ll'}eE

Chatterjee and Dembo (2014) (Lemma 5.1.) showed that, for any i < j, i' < j',

T
(A.17) H g < 2|E|,
Tij
and
9°T 4E|(JE) = V)n~t if [{i,5,7,5'} =2 or 3,
(A18) ‘W < VUENE = On? it {07 7} — 4
TijOTijy |EI(|E| = Dn= if [{4,5,i, 5"} = 4.

Therefore, by (A.17), we can compute that

of
(A.19) bujy = ‘ 9 <2 sup |a(z,y)|+ 2|7
Tij 0<z,y
By (A.18), we can also compute that
0*f
A.20 o = || —L
( ) C(i,4)(@'5") ‘ 0240y

_JaBlnt it i g =2 or 3,
=482 it |{i, 5,7, '} = 4.

Next, we compute that

of
(A.21) azcz-j = 20y, + %%ZZmexﬂc

i=1 j=1 k=1

Let T be defined as

n n

E E xijxjk.
i=1 k=1

=1 j=1 k=

3

(A.22)

SRS

Then, we have

of g oT
= Q0 4+ 22
8.1'7;]' ij * 2 &cij
Chatterjee and Dembo (2014) (Lemma 5.2.) showed that for the 7" defined above, there
exists a set D(e) satisfying the criterion (A.6) (with f = T') so that

. C12%3%n (52131 Cin. C
(A.24) 1D(e)| < exp{ 164 log —2 } — exp {6;410g_2},

(A.23)
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where C; = 243%C;, i = 1,2, are universal constants. Let us define
(A.25) D(e) := {2aij+§d:d61~?(26/ﬁ),1 <i<j Sn}.

Hence, D(e) satisfies the criterion (A.6) and

1 ~ 1 Clﬁ4n 0254
< — < = .
(A.26) |D(e)| < 2n(n+ 1)|D(2¢/5)| < 2n(n+ 1)exp{ Sici log it
Therefore,
1/2
n
(A.27) &= << ) Z b(@a) 6+3(2)6+10g|D(e)|
1<i<j<n

1 n 1 CiB'n . Cypt
< |3lalle 2180 + 3] (5 )ettog (a0 1)) + S 10 5

Cilo. B Cilo.8)

2
1(0'/76)” €+ 64 64

1(a, B)n*(logn)"?,

— ;-I>ID—‘

VAN
Q

I
Q

by choosing € = (28™)1/5 where C' (o, 3) is a constant depending only on «, 3
) n

(A.28) Ci(a, B) = ci(llell + 181" + 1),

. . QR
where ¢; > 0 is some universal constant *°.

351t follows from (A.27) that we can choose Ci(a, 8) such that C)(a, 8) > max{é |la|eo + &3] + &, 16},
where ¢, &, &3, ¢4 > 0 are some universal constants. Note that max{¢;||c||e + C2|B] + &3, ¢4} < &1/l oo +
2| Bl + &3 + Bt < cr1(||afloo + |B]* + 1) for some universal constant ¢; > 0. Thus, we can take C;(a, B) :=
cr(lafloo + 1B]* + 1)
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We can also compute that

(A.29)
& = 4( > (acup + )
1<i<j<n
1 , 1/2
1 > (aciyyryry + banbaincanain + 4bapCan i) )

1<i<j<n, 1<i/<j'<n

1/2 1/2
1 2 2
+Zl( > b(z’j)) ( > C(ij)(ij)) +3 ) capuy +log?2

1<i<j<n 1<i<j<n 1<i<j<n

< 4{ (Z) (n (llaHoo + %w + 1) 418 + 2llaflo + 2|ﬁ|)2) 2
| () () - ()(757)) ]

+ 3 lalle + 3101 +1
+ @lalle +280) (159 + J191+1)

4
2

| [@ (" st + ((Z) ()" 2)) 41%1] }” 2

#1(5) @l 28pai +3(5 Ja1ah + 10s2
S 02(017 ﬁ)n3/2’

where we used the formulas for a, bg;), and c(;) ;) that we derived earlier and the combi-

natorics identities:
-2
Yooy oy =60

1<i<j<n,1<i/ <j'<n,[{i, i j'} =4 1<i<j<n 1<i<j/<n,|{ijij'}=4

Z 1= n\ > _(n\(n— 2
= S \2 2 2 )
1<i<j<n,1<i!<j'<n,|{i,5,i’,j' }|=2 or 3

and Cy(a, ) is a constant depending only on «, # that can be chosen as:

(A.30) o, B) = ez ([llloe + 18] + 1) (14151,

where ¢y > 0 is some universal constant.
Finally, to get lower bound, notice that
1 1/n _
(A.31) = Cij) (i) = 3 4BIn~t < Cs(B)n,
2 2\2

1<i<j<n

where C3(3) is a constant depending only on 8 and we can simply take C3(5) = |5].
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A.2. Statement and Proof of Proposition A.1.

PROPOSITION A.1. Let 0 =ag < a; < -+ < ap_1 < apy = 1 be a given sequence. Let
us assume that

(A.32) a(z,y) = oy, if o1 < < Ay and a1 <y < a;, where 1 < m,l < M.

Then, we have

(A.33)

0<uml<1
U | =Um, 1<, l<Mm !

M
sup E m — Am—1 { E a; — aj—1 &mzumz
=1

M M 3 M 2
<P, ) D (tm — 1) sup { (ar = ar1)mittm + 5 (Z(az - az_l)umz>

=1

_
A
IA
S

Proof. To compute the lower and upper bounds, let us define

1 4
(A.34) wij(x) = —/ h(z,y)dy, for any a;—1 <z < a;.
Aj = j-1 Ja;_4

We can compute that

M

(A.35) //[0 ; a(z,y)h(x, y)dedy =

i=1 j=1

a;
a; — aj—l)/ aijuij(x)dx.
ai—1

Moreover,

(A.36) 6/// (z,y)h(y, z)dzdydz = /0(/Ohxydy>2dx

p
2
gZ/ (; —aj_q u”(x)) dz.

=1
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By Jensen’s inequality, we can also compute that

(A.37) %/0 /0 I(h(z,y))dzdy
1L o

ST
= 52/ Z/ [(h(x,y))dy] dx
i=1 Y ai-1 | j=1 Jaj-1
1 M a; r M 1 a;
5> [Xw-a—— f(h(x,y»dy] o
i=1 Y %i-1 | j=1 aj o aj_l aj—1
1 M a; r M 1 a;
> 52/ > (a;—a; 1)1 (—/ h(%y)dy)] dx
i=1 Y Ai—1 Lj=1 aj - aj—l aj—1
| M e M
S50 0) DS URTIMITHEITE
i=1 Y ai-1 j=1
Hence, by (A.35), (A.36), (A.37), we get
(A.38)
M M o 5 M, M 2
P, B) <D Y (a;— aj—l)/ aijuij(z)dz + 5 Z/ (Z(%‘ - %—1)%(@) dx
i=1 j=1 @i—1 i=1 Jai-1 \ j=1

< Z(Gi —a;_1) sup Z(aj — aj_1) o+ b Z(aj — 1)U
’ 2

i=1 =iasy e =1
1 M
—5 (aj — aj—l)f(uij)}
j=1

On the other hand, by restricting the supremum over the graphons h(z, y)
(A.39) h(z,y) = wj, if a,-1 <z <a;and a;—1 <y < a;, where 1 <7,57 < M,

where (u;)1<;j<m 1s a symmetric matrix of the constants, and optimize over all the possible
values 0 < u;; < 1, we get the lower bound:

M M

(A.40) Y, B)>  sup Y (4 ail){ > (a; — aj1)aguy
0<u <l =

ujj=uj;,1<8,j <M

+ g <Z(aj - aj—l)“ij) - %Z(% - aj—l)f(uij)}‘

J=1
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A.3. Proof of Proposition 5.1. First, observe that
(A4l) Yo, B; —00)

M 1,1
= sup {ZO‘Z// h(:c,y)dxdy—i—é/ / h(z,y)h(y, z)dzdydz
hew— i=1 az 1 ai]2 2 0 0
-5 Z//[ h(z y))dfvdy}
a;—1, az

M /3 M a; a; 2
= sup { ZO[@‘ // h(z,y)dzdy + = Z/ (/ h(x,y)dy) dx
hew= i=1 [aifl»ai]z 2 ; aq—1 a;—1

M

- %Z //[ o I(h(x,y»dxdy}

i=1

M

a; 2
= Z sup {az// h(z,y)dzdy + ﬁ/ (/ h(x,y)dy) dx
i=1 h[a(l 1 al —>[01 [az 1 aL]2 2 -1 a;—1
1
-2 // 10 )y .
2 [ai—1,a:)?

where

(A.42) W™= {h eEW : h(z,y) =0 for any (z,y) ¢ U[ail,ai]Q} :

i=1

By taking h to be a constant on [a;_1, a;)?, it is clear that

(A.43) e

nM:

1
i —a;_1)* sup {aix—l—éxQ——I(:p)}.

0<z<1 2 2

By Jensen’s inequality

M

(A44) Y(a,B;—0) < Z sup {ai/ l (/ Z h(x,y)dy) dx
i=1 h: [a, 1 ab]2—>[0 1] Qi —1 a;—1

h(z,y)=h(y,z)

AL (] )
_5@_@2 1)/1(@_;(“ / h(x,y)dy) dx}

M 3 1
g;(ai—ail)z sup {a:lH— —x% — 2[(3:)}.

0<z<1

32
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A.4. Characterization of the variational problem. The variational problem for the
graphons is

(A.45) Y(a, B) —sup{// alz,y)h(z,y)dxdy + = /// (x,y)h(y, z)dxdydz
hew

a 5/0 /0 [h(z,y)log h(z,y) + (1 — h(z,y))log(L — h(z,y))] dxdy}.

PROPOSITION A.2. The optimal graphon h that solves the variational problem (A.45)
satisfies the Fuler-Lagrange equation:

(A.46) (,y +5/ 2,y dx+ﬁ/ z,y)d log<1f(:fl(y)y>>

Proof. The proof follows from the same argument as in Theorem 6.1. in Chatterjee and
Diaconis. O

COROLLARY 1. If a(x,y) is not a constant function, then the optimal graphon h that
solves the variational problem (A.45) is not a constant function.

Proof. 1t the optimal graphon h is a constant function, then (A.46) implies that « is a
constant function. Contradiction. L

In general, if a graphon satisfies the Euler-Lagrange equation, that only indicates that the
graphon is a stationary point, and it is not clear if the graphon is the local maximizer, local
minimizer or neither. In the next result, we will show that when f is negative, any graphon
satisfying the Euler-Lagrange equation in our model is indeed a local maximizer.

PROPOSITION A.3. Assume that f < 0. If h is a graphon that satisfies the Fuler-
Lagrange equation (A.46), then h is a local maximizer of the variational problem (A.45).

Proof. Let us define

(A4T)  AlR] = /0 1 /0 loz(x,y)h(x,y)dxdy+§ /0 1 /0 1 /0 b, p)hy, 2)dedyd:

. %/0 /0 (1, y)log h(z,y) + (1 = h(z,y)) log(1 — h(z,y))) dzdy.

Let h satisfies (A.46) and for any symmetric function g and € > 0 sufficiently small, we can
compute that

(A.48) Alh+ eg] — Afh]

= ¢ 5/ (/ 9(x,y)d y)de—i/01/Olf”(h(x,yDgQ(x,y)dxdy
=< §/ ([ stwwar) ae =5 [ [ i =Sptes

and since 8 < 0, we conclude that & is a local maximizer in (A.45). O

+ O(€?)

+0(€),
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A.5. Proof of Proposition 5.2. For the convenience of the notations, let us define

3 1
(A.49) u(z) =2 /2 h(z,y)dy, 0<z< Y
0
! 1
(A.50) :2/hxydy, §<:c<1,
1
(A.51) :2/hxydy, - <x<l,
0 2
1
(A.52) :2/hxydy, 0<a:<§.

We can compute that

(A.53) //01 (z,9y) :cyd;z:dy——/ d:c—i——/

—1—7 , ()d:c—i-? i Ug(:c)d:v.

Moreover,

(A54) b / / / (2, )by, 2)dwdydz
(L)

/ (z))%dx + g /;(vl(a:) + w(z))dz.

We can also compute that by Jensen’s inequality,

(A.55) // h(z,y))dxdy = = // h(z,y))dydz + = // h(z,y))dydz

/ / h(z,y) dyda:—i-;/é /% I(h(z,y))dydx

> i/ﬂzI(u(x))dx—l—i/ozl(vg(x))d:c
+i/ [(vl(:v))d:v—l—%/é (w(z))dz

where I(z) := zlogx + (1 — x) log(1 — z).

34
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Therefore,

(A56) (0, f) < sup { |

u,v1,v2,w

On the other hand, by restricting the supremum over the graphons h(x,y) that takes the
constant values v and v, i.e.,

if 0 < <ilorlc <1
(A.57) h(z,y) = v 1 vy L2 otz sy L
v f0<z<g<y<lol<y<;<az<l,
and optimize over all the possible values 0 < u,v < 1, we get the lower bound:
1 1
(A.58) (e, B) > sup Py —I(u) + 92, —I(v)+ é(u +v)?2 5.
0<u,v<1 2 4 2 4 8

Since the upper bound (A.56) and the lower bound (A.58) match, the proof is complete.

Remark A.2. When oy = «q, the variational problem in equation 5.6 becomes

(A.59) (e, B) = Oéslljllf)ﬁl {%(u +0) — %](u) — i[(v} + g( + 0)2} :
By Jensen’s inequality
(A.60) U(a, B) SOSSEE)SI{%(UjLU)_%I (U—;v) +§( +y)2}

= sup {alx — %I(x) + gﬁ} :

0<z<1
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On the other hand,

1 1
(A.61) U(a, B) > ogsulilv)g {%u — Zl(u) + %v - Z[(v) + g(u + v)2}
= 021;21 {0411’ — %I(x) + gl’Q} .

Hence, when a; = as, we recover Theorem 6.4. in Chatterjee and Diaconis (2013):

1
(A.62) U(a, f) = sup {alx — —I(z)+ éﬁ} :
0<a<1 2 2
The solution to the optimization problem (A.62) has been fully characterized in e.g. Radin
and Yin (2013) and Aristoff and Zhu (2014).

A.6. Proof of Proposition 5.3. Let us consider the two-dimensional optimization prob-
lem:

1 1
(A.63) Y(a, f) = sup M- —I(u)+ L2 —I(v) + é(u +0)% .
o<uw<i | 2 4 2 4 8
At optimality, we have
&1 1 ! * 6 * *
— -1 — =0
L)+ S ) =0,
&2 1 ! * /8 * *
— — -1 - =0.
2 LT+ S+ 0)
Let v = u* 4+ v*, then, we can compute that
. e2eatBy § e202+8y
(A64> u = 1 + e20a+8y’ U= 1 + 20248y’
And ~ satisfies the equation:
e2a1+p8y e2a2+pBy
(A.65) T etertE T T gy =
Let us define:
1 1
(A.66) F(u,v) := %u — Zl(u) + %v — A_L[(U) + g(u + v)2.
At (u*,v*), the Hessian matrix is given by
(A.67)
1 * B 8 — 1 8 8
’H(u*,v*) _ —ZI//(lﬁL )+ 1 - 1 5 } _ 4u*(17/8'u,*) + 7 14 5 |-
1 —"(v") + 7 1 i 1
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It follows that when 8 < 0, (u*,v*) always gives a local maximum. To analyze the maxi-
mization problem, let us also define a function G as follows:

e2a1+pBy e2a2+pBy
(A.68) G(y) == T +1 sl
Then we must have G(—o00) = oo and G(+00) = —oo which implies the existence of v as a

function of aq, ap, and B. The function G(7) is shown in Figures A.1 and A.2, corresponding
to the examples in Figures 5.1 and 5.2 in the main text. We can also compute that

FI1GURE A.1. Examples of maxima characterized in Proposition 5.3 with § =4

0.10
1

0.05
1
0.1

G(y)

0.00

G(v)

0.0
/

-0.05

-0.1
1

-0.10

(A) (a1, a9) = (—3,—1) (B) (a1, az) = (2.5, —1.5)

2 g \ 2 g \

[} \ 9] \
(C) (a1, a2) = (2, -2) (D)(a1, an) = (—1.7, —2.3)

The figures show function G(v) for different vectors of parameters, corresponding to Figure
5.1 in the main text. In all the pictures § = 4.
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ﬁ€2a1+,37 562042 +B8y
(1 + 62014’57)2 + (1 + 620424’67)2

(A.69) G'(y) =

When 8 < 0, G'(y) < 0, and the v is unique, which implies that (u*, v*) is unique and there
is no phase transition.

FIGURE A.2. More examples of maxima characterized in Proposition 5.3

0.15
1

0.10
1

0.10
1

0.05
1

G(y)

0.00

G(v)

0.00 0.05
Il

N

-0.05
-0.10 -0.05

-0.10

-0.15

T T T T T T T T T T
0.0 0.5 1.0 15 2.0 0.0 0.5 1.0 15 2.0

Y Y

(A) (alv G, B) = (_147 _167 3) (B) (ala g, 6) = (_117 _147 25)
The figures show function G(v) for different vectors of parameters, corresponding to Figure
5.2 in the main text.

Note that for 5 > 0, since < 7 for any x > 0, we get:

(A.70) G'(y) < /B+é—1<0

1
(1+ )P — 4

for § < 2. Hence, we conclude that whenever 8 < 2, the optimizer (u*,v*) is unique and
there is no phase transition.

In addition, if oy + ag + f = 0 then v = 1 is a root of G(y) = 0 and hence the unique
optimizer (u*,v*) is given by

201+ 202+
(A.71) (u*,v*):( ‘ i )

14 e2a+8’ 1 4 e202+8

To show this, notice that when a; + as + 8 = 0, we have

62011+B’Y 62042+,3’y
G(v) = + -
1+ e2a1+8y 1 4 e202+Py
€2a1—a1'y—a2'y 62042—0117—0427

] 4 e20n—a1y—azy + 1 + e2a2—a1v—a2y v
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If we substitute v = 1 we obtain

601*0@ 6042*01 601*a2
G(W) = 1 + eal—ag + 1 + 6012—0[1 60!1—062 o 1
a1 —an 1
S n —1=0.

14+ ex—o2 14 evi—a2
Therefore v = 1 is a root.
For the rest, we will always assume that § > 2. Phase transition occurs at (aq, as, )

when there exist 11 # 72 with G(1) = G(12) = 0 and (u* (1), v" (1)) # (w*(12),07(72)) and
moreover:

(A.72) F(u*(m),v" () = F(u*(12), v (12))-

We can gain some insights on the phase transition by first looking at the Hessian of the
maximization problem

-1 8 8
(A.73) H(u,v) = | g0 4 s
4 T (1) + 4

To get a local maximum at (u,v), we need
(A.74) P <0,
(A.75) Puhsy — (huy)? > 0.

The condition (A.74) reads:

1 B
A.T6 -+ =<0
( ) 4u(l —u) T3 ’
which is equivalent to:
1

(A.77) u(l —u) < 3

For the second condition (A.75), it is equivalent to:

1 B 1 Bl _ B
ATS SN S Y S S
( ) [ 4u(1—u)+4] [ 4v(1—v)+4} 16~ 7
which is equivalent to:
1

(A79) = .

16u(l —u)o(l —v)  16u(l—u) 16v(1 —v)
We can re-arrange the expression and it reduces to
1 1 1 v =) Fu(l —u)
u(l —u)v(l —v) > P {u(l —u) + v(l — v)] =p { u(l —u)v(l —o)

Hence, we conclude that the condition (A.75) is equivalent to:

(A.80)

(A.81) v(l—v)+u(l—u) < %

Therefore, if the condition (A.75) holds, then the condition (A.74) is automatically satisfied.
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Let’s define the function
n(u,v) =v(l —v) +u(l —u).
The condition for positive determinant (A.75) is thus given by:

1
n(u,v) < 5

This is a region of the unit square: it is defined as the area outside the level curve
n(u,v) =1/, ie. the set {u,v € [0,1]% : n(u,v) < 5}.

We have shown before that if a; + as + 8 = 0 then 7 = 1 is a root of G(y) = 0. To
have two stationary points (other than v = 1), since G(—o00) = 00, G(o0) = —o0, G(1) =0
and G(v) is smooth in ~, it suffices to have G’(1) > 0. We will show later with additional
arguments that, indeed when G’(1) > 0, we will have two local maxima. Note that

/86041—a2 Beag—al
-1

A.82 (1) =
( 8 ) G( ) (1 + eal—a2>2 + (1 + €a2—a1)2 ’

and we can compute that

/66041—052 /86042—011
G'(1) = -1
( ) (1 + eoz1—a2)2 + (1 + eaz—a1>2
ez 8

(]_ +6a1—a2>2 (]_ +€a1—a2>(1 _|_eoz2—a1>

el ]
(1+ema2) (T +earon) | (14 eman)
15} e 2 ex %2
Tt e {(Hem—az) * (1+ea1—az)] !
2fee—os

S A ——
(1 _|_ea17a2)2

Hence G'(1) > 0 if and only if

(1 + qu—OéQ )2
2~z

(A.83) B>

= e(ag — ).
Before we proceed, let us notice that (1;“22;::;)2 > 2. Thus if the above condition holds,
then we are automatically in the regime g > 2.

Now we have a condition that guarantees that there exist two stationary points v; and 7,
such that

Nn<l<nm.

Notice that the function €(a; — ag) has a minimum of 2, which implies that any g < 2
would have a unique maximum, which is consistent with our conclusion before.
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8(011 - 02)

< (o —0p) /
p=3 ‘

oy =0z

Let ¢ > 0 be the value of a; — a5 such that €(¢) = 8 and e(—¢) = 5. Then, if |a; — as| < ¢
the function F' has two local stationary points in addition to v = 1.

Next, let us prove that if v* < 1 is a solution, then 2 — v* > 1 is also a solution.

Indeed, let us notice that

e +8y €2a2+57

(A.84) G(y)=0 if and only if ST + foriin 1= 0.
Under the assumption a; + as + 3 = 0, we have
(A.85) 2001 + 20 = —2ap, 200 + 26 = —2ay,

and thus we can compute that

e201+2B8—By e2aa+26—py
GR2-7)= 1t c2ni26-Fy | ] 1 g2oat2i—By (2=1)
6*(20&2+,3’7) 67(2a1+57)

[+ o@utp) T T4 e-Capn (2=7)

20148y 20i2+By
i e e e

] 4 @2ty ] 4 e2a2+By
e2a1+p8y e2a2+pBy
=1- 1+62a1+ﬁ’y +1- 1+€2a2+ﬁ’y _2+7
62a1+,87 €2a2+,8'y
= + -7

1+ e2a+8y 1 4 e202+8y

which yields that G(2 —v) = 0 if and only if G(v) = 0.

By the same reasoning and the previous algebra, it follows that if (u*,v*) is a stationary
point, then also (1 —v*, 1 — u*) is a stationary point. With some algebra we can show that
F(u,v) = F(1 —v,1 —u). Indeed, we have
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F(l—v,1—u) = 7(1—1})—i[(l—v)—l—7(1—u)—i[(l—u)—i—é(l—u—i—l—v)Q
_ %—%v—i[(z}) %—%u—zf(u)—l—gﬂ—(u—i-v)f
_ %—%u—imw%—% —i[(u)+§(4—4(u+v)+(u+v)2)
= (%4‘% g)—% —%I(v)—%u—i[(u)—g(u—l—v)—i——(u—i—v)Q,
and by using%—l—%—i—%z@, we have
Fl-—v,1—u) = —%v—il(v)—%u—il(u}—g(u—l—v)ﬁLg( + v)?

2" "1 2 4 27 2 '8
1 1
- (=) e (- 5) e
= 2y 2y L - ey s B o
) 2 4 4 8
= F(u,v).

Therefore it follows that when (u*, v*) is a maximizer, so it is (1—v*, 1 —u*) and F(u*,v*) =
F(1—v*1—u").

The condition for positive definiteness for the Hessian matrix is n(u,v) < % Notice that
in our derivation we have assumed that § > 2 and hence 5 > 0, because we know that when
[ < 2 we have a unique maximizer (see above).

Assume o +ao+5 = 0and g > %, then there exists some v* < 1 < 2—~* that give
two set of stationary points (u*,v*) and (1—v*, 1—u*) such that F(u*,v*) = F(1—v*, 1—u*).
Since we know the maximum exists, to show that we can find two maxima (u*,v*) and
(1 —v*, 1 —u*), it suffices to show that v* = 1 corresponds to a saddle point. This is the
case if the Hessian matrix has both positive and negative eigenvalues, which is the case if

n(u*(1),v*(1)) > %, which is equivalent to:
2
(14 ex—22)(1 + ex2—a1)

(A.86) n(u (1), v*(1)) = > %.

It is easy to check that

2 2e01—a2

(1 +_ea1—a2)(1 +_ea2—a1> (1 +_ea1—a2>2

Thus the condition (A.86) is equivalent to the assumption 5 > (Lbei®2)”

2e¥1 72

JFrom the equation (A.64), it is clear that u*(-y) is monotonic in vy and thus u*(v;) # u*(72)
for any 7, # 7,.

Moreover, we need to show that (u*,v*) # (1 — v*,1 — u*) so that we get two distinct
global maximizers. This is simple since u* + v* = v* # 1.
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To summarize, if a; + as + 4 =0, and
(1 + 60417012)2

f> 2e—az

then, there are two global maximizers. This completes the proof.

Y

We can also decouple the solution to the optimization problem (5.6) so that the optimal
u and v satisfy two independent equations as follows.

Remark A.3. The optimal (u,v) in the optimization problem (5.6) satisfies:

a1 u 15}
(A.87) 5 40g(1_u>+4(u+v) 0,
a1 v 16
A. — ——log | —— = =0.
(A.88) 5 40g(1_v)+4(u+v) 0
FEquating the equations (A.87) and (A.88), we get:
o 1 U ag 1 v
A. a2 _ 20
(A.89) 2 4Og(1—u> 2 4Og<1—v>’
which implies that
u v
(4.90) U Ut e (1 —q) T g eXeaan(l — o)
Substituting into (A.87) and (A.88), we conclude that the optimal (u,v) satisfies:
a1 U 15} U
A91 — — =1 = =
(A.91) 2 1 Og(l—u)+4 {u+u+62(°‘1_a2)(1—u)] 0
ay 1 v 15} v
A.92 — — =1 = =0.
( 9 ) 9 4 Og<1_v) + 4 [U+62(a2—a1)(1_v) +U:| 0

A.7. Proof of Proposition 6.1. The probability measure P, is defined as follows. For
any configuration of the n-node graph X, let X;; = X;; € {0,1}, for ¢ # and X;; = 0 and
X;; = 1 if there is an edge between node 7 and j and X;; = 0 otherwise. Then, under P,,
the probability of observing the configuration X is given by

1
(A.93) P.(X) = 7 eXP {Z ;i Xi; + B ZXinjk} ;
n ij ik

where Z,, = ¢"*¥n(@8) is the normalizer.
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We have shown that ¥, («, 5) = ¥(«, ), where

(A.94) ¢Y(a,p) —sup{// (z,y)h(x,y)dzdy + = / / / (z,y)h(y, z)dzdyd=
hew

- 5/0 /0 [h(z,y)log h(x,y) + (1 — h(z,y))log(1l — h(z,y))] dxdy}.

For any € > 0, let
(A.95)

B e B
A= {hEW./O /0 a(x,y)h(:v,y)dxdy—i—Q/O /0 /0 h(z,y)h(y, z)dzdydz

1 1 1
_ 5/0 /O [h(z,y) log h(z,y) + (1 — h(z,y))log(1l — h(x,y))] drdy < ¢(a, B) — e}.
Note that
(A96> Pn<X S Ae) = Zi Z exp {Z ainij —+ ﬂ ZXZJX]k} )
" XeA. ij ik

We have shown that lim,, . n% log Z, = ¥(a, §). By the same approach, we can show that

(A.97) Tlim ﬁ log ) exp {Z 0 X+ 8 Xy } = a (o, B),

XeA. 1,5,k

where

(A.98)

Ya (v —Sup{// a(z,y)h(x,y)dzdy + = /// (x,y)h(y, z)dzdydz
heA.

3 [ o e, + (1~ ) og(t = b)) ey .
o Jo
Hence, we conclude that

(A.99) hmsupilog]P’ (X € A) <u(a,8) —¢(a, f) < —e

n—oo
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