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Abstract. People’s opinions evolve with time as they interact with their friends, family, colleagues, and others.
In the study of opinion dynamics on networks, one often encodes interactions between people in
the form of dyadic relationships, but many social interactions in real life are polyadic (i.e., they
involve three or more people). In this paper, we extend an asynchronous bounded-confidence model
(BCM) on graphs, in which nodes are connected pairwise by edges, to an asynchronous BCM on
hypergraphs, in which arbitrarily many nodes can be connected by a single hyperedge. We show that
our hypergraph BCM converges to consensus for a wide range of initial conditions for the opinions
of the nodes, including for nonuniform and asymmetric initial opinion distributions. We also show
that, under suitable conditions, echo chambers can form on hypergraphs with community structure.
We demonstrate that the opinions of nodes can sometimes jump from one opinion cluster to another
in a single time step; this phenomenon (which we call “opinion jumping”) is not possible in standard
dyadic BCMs. Additionally, we observe a phase transition in the convergence time of our BCM on a
complete hypergraph when the variance o2 of the initial opinion distribution equals the confidence
bound c¢. We prove that the convergence time grows at least exponentially fast with the number of
nodes when o2 > ¢ and the initial opinions are normally distributed. Therefore, to determine the
convergence properties of our hypergraph BCM when the variance and the number of hyperedges
are both large, it is necessary to use analytical methods instead of relying only on Monte Carlo
simulations.
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1. Introduction. Social interactions with friends and acquaintances can persuade people
to change their opinions about public figures [30], social issues [47], economic policy [25], and
more. In opinion dynamics, researchers study how opinions about one or more topics evolve
with time as people interact and influence each other [19]. Traditionally, one models entities
as nodes in a graph and one models their social relationships as edges that encode pairwise
relationships between them [6, 39]. The opinions of these entities can change as a result of such
relationships. In the present paper, we build on these ideas by studying the effects of group
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interactions on opinion formation by modeling relationships as hyperedges in a hypergraph.
We find that polyadic interactions play a key role in whether or not a group reaches consensus
and in how long it takes to reach it.

We focus on continuous-opinion dynamics, in which nodes have continuous-valued opin-
ions. In our model, nodes hold opinions in R. We denote the opinion state of the system by
x € RY, where N is the number of nodes. This is an appropriate model for opinions, such as
the strength of support for a political candidate, that lie on a spectrum. By contrast, opinions
such as whether one supports the Los Angeles Dodgers or the San Francisco Giants may leave
little or no room for any middle ground.

Bounded-confidence models (BCMs) are models with continuous-valued opinions in which
individuals are influenced only by neighbors who hold opinions that are within some confidence
bound ¢ of their own opinion [33, 41]. Individuals who disagree with each other too much
do not influence each other [49]. This models the concept of selective exposure from social
psychology; according to this principle, individuals tend to ignore information that is contrary
to their current viewpoint [31, 48]. In a traditional BCM, each individual is a node in a graph
and its neighbors are its adjacent nodes. A BCM is asynchronous if only one pair of neighbors
can interact at a time and is synchronous if all pairs of neighboring nodes interact in each
time step. The two most commonly studied BCMs are the (asynchronous) Deffuant—Weisbuch
(DW) model [9, 51] and the (synchronous) Hegselmann-Krause (HK) model [22]. See [33] for
a review and a comparison of these two models, and see the introduction of [36] for a recent
summary of research on BCMs.

An important limitation of graphs is that they force one to consider only pairwise (i.e.,
“dyadic”) interactions between nodes (as well as self-interactions, if one allows self-edges),
whereas many social interactions involve three or more individuals at once [1, 4, 43]. One
example of such a polyadic (i.e., “higher-order”) social interaction is group messaging, such
as group texting or e-mails with more than one recipient. We seek to examine the effects of
polyadic interactions on opinion dynamics, so we develop and analyze an extension of BCMs
to hypergraphs. In a hypergraph, a hyperedge can connect an arbitrary number of nodes,
rather than just two of them. In the context of opinion dynamics, one way to interpret such
interactions is as a form of “peer pressure” [26, 35], but other interpretations are also possible.
Importantly, it is not possible to reduce the higher-order interactions in our hypergraph BCM
to an aggregation of pairwise interactions.

Hypergraph extensions of opinion models have attracted much attention in the last few
years [37]. Sahasrabuddhe, Neuhaiiser, and Lambiotte [45] proposed a synchronous' opinion
model on hypergraphs, and they conducted numerical simulations of their model on complete
hypergraphs, random hypergraphs, and real-world hypergraphs. Their model has continuous-
valued opinions, uses continuous time, and does not involve a confidence bound. By contrast,
our model is a hypergraph extension of an asynchronous? BCM. We both conduct numerical
simulations and derive analytical results about our model. Our hypergraph BCM produces

"We define a synchronous hypergraph model to be a model in which each node interacts with all of its
incident hyperedges at once.

2We define an asynchronous hypergraph model to be a model in which only nodes in a single hyperedge can
interact in one time step.
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qualitatively different dynamics from the model of Sahasrabuddhe, Neuhatiser, and Lambiotte.
For example, consensus occurs in different circumstances in the two models. Additionally, in
our model, the mean opinion is constant in time. To the best of our knowledge,® other
hypergraph extensions of continuous-opinion models have only considered interactions with
three or fewer nodes (i.e., hypergraphs in which the hyperedge “sizes” are no larger than
3)* [38, 40]. In our hypergraph BCM, we find that “large” hyperedges (i.e., hyperedges that
are incident to many nodes) are crucial for reaching consensus and that hypergraphs that have
large hyperedges yield rather different dynamics than hypergraphs with only small hyperedges.

A key issue in opinion dynamics is how model parameters, hypergraph structure (or the
structure of other types of networks), and initial opinion states influence the opinion state
to which a model converges. By applying the results of [32], we show that the opinion state
always converges to some “limit state.” In the standard dyadic DW and HK models, the
number of opinion clusters in the limit state depends on the confidence bound ¢. We say
that the opinion state is at comsensus if there is a single opinion cluster; that is, every node
has the same opinion. Most work on dyadic BCMs has drawn initial opinions uniformly at
random from [0,1]. In this case, the opinion state converges to consensus only when ¢ is
above a certain threshold value [9, 16, 18, 34, 50, 51]. By contrast, as we show in section 3,
our hypergraph BCM has no such confidence-bound threshold. In subsection 3.1, we prove
this result for complete hypergraphs. In fact, we prove the following stronger statement: if
the initial opinion distribution is bounded, then the opinion state on a complete hypergraph
converges to consensus almost surely if the hypergraph has sufficiently many nodes. The
case in which the initial opinion distribution is bounded includes nonuniform probability
distributions, asymmetric probability distributions, and probability distributions in which
one draws initial opinions uniformly at random from an interval. When one draws the initial
opinions of the nodes in a complete hypergraph from a distribution with variance o2 < ¢,
we prove that the probability of consensus approaches 1 as the number of nodes approaches
infinity. For the special case in which the initial opinions are normally distributed, we also
present numerical evidence that the opinion state converges to consensus even when ¢ < 2.
We give a heuristic argument to explain this observation.

We also explore the behavior of our hypergraph BCM when the initial opinions depend
on community structure [17, 44], in which dense sets of nodes are connected sparsely to other
dense sets of nodes. A recent study of a dyadic BCM showed heuristically on ordinary graphs
with community structure that separate opinion clusters tend to emerge for each community
if the communities are not well-connected to each other [14] (also see [23]). We use the term
polarization for this phenomenon,” and we use the term echo chambers [8, 12, 15] for these
different opinion clusters. In subsection 3.2, we study our BCM on hypergraphs with commu-
nity structure. We prove that polarization can occur if there is an upper bound on the sizes
of the hyperedges that connect different communities. This provides a possible mechanism for
the formation of echo chambers in hypergraphs. However, if there is no upper bound on the
size of intercommunity hyperedges and each community forms a complete hypergraph (i.e., a

3 A new preprint about hypergraph BCMs [46] appeared during the proofing stage of our paper.

4A few opinion models that consider interactions with more than three nodes have been developed for
frameworks (such as voter models and contagion models) with discrete-valued opinions [7, 21, 24].

5Some researchers refer to this phenomenon as “opinion fragmentation” and use the term “polarization”
only when there are exactly two opinion clusters.
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hyperclique) and has sufficiently many nodes, we prove that our hypergraph BCM converges
to consensus.

Using numerical simulations of our BCM, we demonstrate that our theoretical results
about reaching consensus on hypergraphs are robust. The theorems in subsection 3.1 require
that the hypergraph is complete, and some of the results in subsection 3.2 require that the
communities form hypercliques. However, in practice, we can relax these conditions and the
nodes’ opinions still eventually reach consensus on the hypergraph in the former case and on
individual communities in the latter case. In subsection 3.3, we study the behavior of our BCM
on sparse Erdos—Rényi-like hypergraphs using Monte Carlo simulations. In subsection 3.4, we
study the behavior of our model on the Enron e-mail hypergraph [3], in which the nodes are
Enron employees and hyperedges encode e-mails between these employees. Hypergraphs that
one constructs from empirical data are interesting examples both because typically they are
sparse and because their hyperedges are usually small in comparison to the number of nodes.

The convergence time of our BCM is a significant factor to consider when we numerically
simulate it. In section 4, we partially characterize the conditions for which our hypergraph
BCM converges in finite time. In particular, we prove that it almost surely converges in
finite time on a complete hypergraph. By comparison, the dyadic DW model for ordinary
graphs usually does not converge in finite time, although the HK model always does [13].
We also observe that there is a phase transition in the convergence time of our BCM on
a complete hypergraph when the variance o2 of the initial opinion distribution equals the
confidence bound ¢. We prove that the expected convergence time of our BCM grows at least
exponentially fast with the number N of nodes when o2 > ¢ and the initial opinions are
normally distributed. When o2 < ¢, our numerical experiments with complete hypergraphs
converge much faster than when o2 > c¢. Meng, Van Gorder, and Porter [36] demonstrated
numerically that the standard dyadic DW model also has a phase transition in the convergence
time. It is important to understand this phase transition because when one is running a Monte
Carlo simulation of a BCM, one chooses a finite cutoff time to stop the simulation. Without
analysis of the convergence time, one may accidentally cut off the numerical simulations too
early and mistakenly conclude that there is a phase transition in the limit state when what
has actually occurred is a phase transition in the convergence time.

When studying opinion dynamics, it is also desirable to understand the evolution of the
opinion state before reaching a limit state. In section 5, we investigate a phenomenon, which
we call opinion jumping, in which the opinion of a node changes by more than ¢ in a single
time step. Opinion jumping allows nodes with extreme opinions to jump close to the mean
of the opinion distribution in a single time step. This behavior cannot occur in the classical
dyadic DW or HK models because nodes in those BCMs interact only with neighbors whose
opinions are sufficiently similar to their own.

Our paper proceeds as follows. In section 2, we give a formal definition of our hypergraph
BCM. In section 3, we present our results about its limit state. These are the main results
of our paper. In section 4, we discuss convergence time. In section 5, we examine opinion
jumping and quantify how often it occurs. We conclude and discuss future work in section 6.
Our code is available at https://bitbucket.org/ahickok /hypergraph-bem.

2. A BCM on hypergraphs. In this section, we develop an extension of the DW model
to hypergraphs. We start by presenting the standard DW model on graphs.
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In the standard dyadic DW model, opinion dynamics occur on an unweighted and undi-
rected graph whose edges encode social ties. At each discrete time ¢, one chooses an edge
e = {4, 7} uniformly at random. If the difference |z;(t) — ;(t)| of opinions between nodes 4
and j is below some confidence bound ¢; ;, then nodes 7 and j adjust their opinions as follows:

wi(t+ 1) = 2 (t) +my j(2;(t) — 2i(1)),
zj(t+1) = z;(t) +my(z:(t) — ;(1))

where m; ; is an entry of the matrix of convergence parameters. Otherwise, the opinions of
nodes ¢ and j are too far apart at time ¢, so x;(t + 1) = x;(t) and x;(t + 1) = x;(t). The
opinions of all other nodes do not change when we do this update. With this type of update
rule, the mean opinion of the nodes in a network is a conserved quantity. The confidence
bounds ¢; ; € [0,00) model the level of open-mindedness of individuals to the opinions of
others [42]. The convergence parameters m; ; € [0,0.5] (which resemble the trust parameters
in DeGroot models [41]) control the rate at which individuals adjust their opinions [9, 51].
Using a single value of ¢ and a single value of m for all pairs leads to what is sometimes called
the “homogeneous” DW model.

We now define our BCM on hypergraphs as an extension of the homogeneous DW model.
A hypergraph is a generalization of a graph that allows interactions between arbitrarily many
nodes. That is, interactions between multiple nodes can be either dyadic or polyadic. The
space of possible hyperedges is the power set P(V) of the set V of nodes. Let N := |V|
denote the number of nodes. In the hypergraphs (V, E) that we consider, we restrict the
hyperedge set E C {e € P(V) | |e] > 2} so that each hyperedge is incident to at least two
nodes. Prohibiting hyperedges that are attached to only a single node (these are called “self-
hyperedges”) affects only the convergence time; it does not affect the limit state. All of our
hypergraphs are unweighted and undirected. In our BCM, there is a time-dependent opinion
state z(t) € O, where we take the opinion space O to be the real line R. We use z;(t) to
denote the opinion of node 7 at time .

To generalize the notion of a confidence bound to hyperedges, we define a discordance
function d : E x ON — R>o that maps a hyperedge and opinion state to a real number. We
use this function, which quantifies the level of disagreement among the nodes that are incident
to a hyperedge, to determine whether or not these nodes update their opinions. We consider
the following family of discordance functions:

[e%
(2.1) dole, ) = <‘e|1_1> S (- 7)?
ice
which is parametrized by the scalar o, with z. = (3, #:)/le|. If the discordance dq (e, z(t))
is less than the confidence bound ¢, we say that the hyperedge e is concordant at time t.
Otherwise, we say that e is discordant.

The choice @ = 1 is a noteworthy special case. The function d;(e,x) is equal to the
unbiased sample variance of the opinions of the nodes that are incident to e. This models
a situation in which nodes with moderate opinions can mediate between nodes in a group
with extreme opinions as long as the overall disagreement within the group is not too large.
For example, let £ = (0,1,0.5) and consider the hyperedges e = {1,2} and ¢’ = {1,2,3}.
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We see that di(e,z) = 0.5 > 0.25 = dy(¢/,x), even though e C €. One can interpret
node 3’s role in the interaction as that of a mediator who reduces the amount of discordance,
thereby potentially yielding an opinion update that otherwise would not occur. The scaling by
1/(le]—1) in (2.1) prevents advantaging hyperedges with few nodes over hyperedges with many
nodes when we update opinions. Specifically, if the opinions are independent and identically
distributed, then the expected di-discordance of any subset of nodes is

E[di(e,x)] = E[di(¢/, )] for all e,¢’ € E.

We set the discordance function to d = d; for the remainder of this paper.
Another noteworthy special case, which we do not consider further in the present paper,
is @ = 0. The function dy(e, x) penalizes large hyperedges, in the sense that

(2.2) dle,z) < d(e',z) if e C ¢,

with equality holding if and only if z; = Z. for all i € €'\ e. We use the term hyperedge
monotonic for a discordance function that satisfies (2.2). This models situations in which
large groups tend to be less effective than small groups at changing opinions.

We employ asynchronous updates (as in the DW model). At each discrete time, we ran-
domly select a hyperedge e € E according to some probability distribution. For mathematical
convenience, we use the uniform distribution over E. If the discordance d(e,x) is less than
the confidence bound ¢, the nodes ¢ € e update their opinions x; to the mean opinion Z.;
otherwise, their opinions do not change. One way to think of this update is that nodes i € e
are “peer-pressured” into conforming to the mean opinion of the group when the overall dis-
cordance of the group is sufficiently small. More precisely, if we select hyperedge e at time ¢,
the update rule for each node 7 is

(2.3) it +1) = {i‘e(t), if 1 € e' and d(e,x) < c

z;(t), otherwise.
The sequence x(0), (1), x(2),... of opinion states is a discrete-time Markov chain with a
continuous state space.

For the special case of a hypergraph that is a graph (i.e., if || = 2 for all e € F), our
generalized BCM reduces to a standard DW model with a rescaled confidence bound c¢. This
rescaling arises from the difference in discordance functions: the standard DW model uses the
absolute value |z; — x;| of the difference of opinions, whereas our model uses 3(z; — z;)? (see
(2.1)). On hypergraphs that are graphs, our generalized BCM with confidence bound %02 is
equivalent to the standard DW model with confidence bound c. Therefore, our generalized
BCM does not exactly reduce to the standard DW model. However, the two models are still
easy to compare. The advantage of our choice is that the discordance d; is equal to the
unbiased sample variance; this is helpful for deriving our analytical results.

3. The limit state of our hypergraph BCM. We say that the opinion state converges to
x* if limy_, o x(t) = x*. We refer to x* as the limit state. An opinion cluster in the limit state
is a collection of nodes that all have the same opinion in the limit state. The opinion value
of an opinion cluster is the opinion v € R such that = = v for all nodes i in that cluster.
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The opinion state converges to consensus if there is a v € R such that z] = v for all i.
Equivalently, the opinion state converges to consensus if there is exactly one opinion cluster
in the limit state. If the opinion state converges to consensus, it is necessarily true that
v = % Zf\i 1 7i(0) because the mean opinion of the nodes is constant with respect to time.

An opinion state x is an absorbing state if for all e € E, either d(e,x) > c or d(e,x) =0
(i.e., &y = z; for all i,j € e). If (T) is an absorbing state, then x(t) = x(T') for all t > T
We will prove in Lemma 3.2 that the limit state is almost surely an absorbing state.

We now show that for any initial opinion state (0), the opinion state of our hypergraph
BCM converges in the limit ¢ — co.

Theorem 3.1. Let x(0) be the initial opinion state and update the opinion state x(t) ac-
cording to (2.3). It follows that the limit state x* = limy_,oc x(t) exists.

Proof. Let A(x(t),t) be the N x N matrix such that x(t + 1) = A(x(t),t)x(t), and
let e; denote the hyperedge that we choose at discrete time ¢. If e; is discordant, then

A(x(t),t) = In, where In denotes the N x N identity matrix. If e; is concordant, then
A(z(t),t) is the matrix with entries

1/|€t|a iaj € e
0ij otherwise .

Az(t),t)ij = {

The matrix A(x(t),t) satisfies the following conditions [32]:
(1) Every agent has self-confidence: The diagonal entries of A(x(t),t) are positive.
(2) Confidence is mutual: That is, for all pairs¢,j € {1,..., N}, we have that A(x(t),t);; >
0 if and only if A(x(t),t);; > 0.
(3) Positive weights do not converge to 0: There is a 6 > 0 such that every positive entry
of A(x(t),t) is at least §. In our model, every positive entry is at least 1/N.
For any two times ¢y and t; with ¢y < t1, Lorenz [32] defined the accumulation matrix

A(to,tl) = A(w(tl - 1),t1 — 1)A(m(t1 - 2),t1 - 2) X eee X A(a}(to + 1),t0 + 1)A(:B(t0),t0) .

Using this notation, x(t) = A(0,¢)x(0). He showed that if conditions (1)—(3) are satisfied,
then there is a time tg and an ordering of the nodes such that

K, 0
(3.1) tle A(0,t) = A(0, 1) ,

0 K,
where each K is a row-stochastic matrix whose rows are all the same. The DeGroot model [10],
the dyadic DW model [9], and the HK model [22] all satisfy conditions (1)—(3).

Let Z; be the set of nodes in the block K;. Equation (3.1) implies that x(¢) converges to
some opinion state * such that 2 =z for all j, k € Z;. |

We will use the following lemma repeatedly in the subsections that follow.

Lemma 3.2. Let (0) be the initial opinion state, and let x(t) be the opinion state that
is determined by (2.3). It follows that the limit state ®* := limy_, oo ®(t) is almost surely an
absorbing state.
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Proof. By Theorem 3.1, we know that x* exists. If * is not an absorbing state, then there
is a hyperedge e € E such that d(e, z*) < cand =z} # T for some ¢, j € e. Let 2} = é Y hee T
and note that x7 # z}. For all € > 0, there is a time 7" such that

lzi(t+1) —x;(t)] < e,
|2i(t) — @i <e,
|d(e,z(t)) — d(e,x¥)| < e,
|Ze(t) — @e| <€

O = W N
O

3.
3.
3.
3.

A~~~ I/~ I/~

for all t > T. Choose € < min{c — d(e,x*), |z} — x}|/3}, and let T' be a time that satisfies
(3.2)—(3.5). With probability 1, we choose every hyperedge in FE infinitely often (by the Borel-
Cantelli lemma). Therefore, we choose e at some time ¢ > T almost surely. If this happens,
then d(e, x(t)) < ¢ by (3.4), and we update the nodes of e to obtain

|zi(t + 1) — xi(t)| = |Te(t) — zi(t)] > |Th — ]| — 2 > €

by (3.3) and (3.5); this contradicts (3.2). [ ]

Lemma 3.2 implies that almost surely there are no hyperedges that are possible to update
in the limit state.

3.1. Our hypergraph BCM on complete hypergraphs. In this subsection, we study the
limit state of our hypergraph BCM on complete hypergraphs. On a complete hypergraph,
every possible subset of nodes can interact with one another. Some of our results apply more
generally to any hypergraph that includes the hyperedge e = V. We begin by presenting
several lemmas that we then use to prove Theorem 3.5.

Lemma 3.3. If the opinion distribution at time t has finite variance o2, then

1, ¢>o?
(3.6) li_}m Pld(e,x(t)) <c|le|=n] =13, c=o>
0, c<o’

Proof. The discordance of a hyperedge e at time ¢ is the sample variance of the opinions
{z;(t) | j € e}. Let s? denote the sample variance of n opinions. By the definition of the
discordance function d, it follows that Pld(e,x(t)) < c | le] = n] = P[s2 < ¢]. Because

n
E[s2] = 02 and lim,, .o Var[s2] = 0, Chebyshev’s inequality implies that

V. 2
lim P[s? < ¢] > lim (1_ar[sz]>:1, c> o,
Vi 2
lim P[s? < ¢] < lim arls,) =0, c<o?.

Note that s2 converges asymptotically to the normal distribution N (02, 0?(k —1)/n), where x
is the kurtosis of the initial opinion distribution. Because a normal distribution is symmetric,
limy, o0 P[s2 < ¢] = limy, 00 P[s2 < E[s2]] = 5 if ¢ = 02 [ ]
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The following lemma says that if a hyperedge e has a nontrivial update at time ¢, then
the discordance of each hyperedge €’ O e decreases (i.e., d(e/,xz(t + 1)) < d(e’,z(t))). As a
direct consequence of Lemma 3.4, the discordance of the hyperedge e = V' is nonincreasing as
the system evolves.

Lemma 3.4. Let A = {x1,x2,...,2,} be a collection of n real numbers, and let A’ =
{xiy, iy, ..., xi,} be some subcollection of A. Construct a new collection B by taking the
union of A\ A" and ¢ copies of the mean T = %(2521 x;;) of A'. The sample variances
satisfy s?(B) < s2(A), where equality holds if and only if A= B.

Proof. The collections A and B have the same mean T 4. The following equality holds:

l
(3.7) (n—1)(s*(4) = *(B)) = > (i, —2)* — (T — T)*.
j=1
We expand the second term of the right-hand side of (3.7) and write

L L 2

(w, — 02 = 4 [ X, — o)

1 j=1

J
We then define y; := x;; — Z to simplify our notation and write

2
l

1 l
Dy = | 2
j=1

j=1

Expanding the second term of the right-hand side of (3.7) further and simplifying yields

¢ l ¢ ¢ 1
1 1
=0 =23 > ww | =5 |2 D i—w)?| =0
j=1 j=1k=j+1 =1 k=j5+1
Equality occurs if and only if y; = - -+ = y,, which proves the lemma. |

Theorem 3.5. Suppose that H is an N -node hypergraph that includes the hyperedge eny = V.
Let x(0) be the initial opinion state, with opinions drawn independently from a distribution
with a variance of 0® < ¢, and let x(t) be the opinion state that is determined by (2.3). It
then follows that the probability of reaching consensus approaches 1 as N — oo.

Proof. By Lemma 3.4, the discordance function d(ey,«(t)) is nonincreasing with time.
Therefore, if ey is concordant at time 0, it is concordant for all ¢. Additionally, if ey is
concordant, then H converges to consensus the first time that one selects the hyperedge ey .
With probability 1, this selection occurs at some finite time. This shows that

P[consensus] > P[consensus | d(ey, z(0)) < ¢] - Pld(en, z(0)) < ¢]
=Pld(en,z(0)) < c].

By Lemma 3.3, limy_, P[consensus] = 1. [ |

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.
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Remark 3.6. In particular, Theorem 3.5 applies to a complete hypergraph.

Remark 3.7. We emphasize that the probability distribution from which we draw the
initial opinions need not be uniform or symmetric. The only condition on the distribution is
that o2 < c.

3.1.1. Bounded initial opinions. In this subsubsection, we assume that the probability
distribution from which we draw initial opinions is supported on a bounded interval [a, b)].
We present results about the limit state for this important case, which includes drawing the
initial opinions uniformly at random from [0, 1] (a focus of much prior work on the standard
dyadic DW model [9, 33, 51]) as a special case. In Theorem 3.11, which is the main result of
this subsubsection, the probability distribution from which we draw the initial opinions need
not be uniform or symmetric; it only needs to be bounded.

In the standard dyadic DW model on a complete graph (with dyadic relationships only),
it has been observed using Monte Carlo simulations that when we draw the initial opinions
from the uniform distribution ¢/(0, 1), there is a threshold confidence bound ¢* &~ § such that
(1) the system converges to consensus with high probability for ¢ > ¢* and (2) the system
converges to approximately L%jj opinion clusters for ¢ < ¢* [9, 50, 51]. A consensus threshold
also exists for the standard dyadic HK model, but it occurs at a smaller confidence bound
(of about ¢* = 0.19) [18, 34]. In Theorem 3.11, we prove that no such threshold exists for
our hypergraph BCM and that the opinion state converges to consensus almost surely for
sufficiently large N whenever the initial opinion distribution is bounded.

Lemma 3.8. Suppose that H is the complete hypergraph with N nodes and that ¢ # 0. Let
x(0) be the initial opinion state, where we draw z;(0) for each i from a bounded distribution
that is supported on [a,b], and let x(t) be the opinion state that is determined by (2.3). It is
then the case that the number of opinion clusters in the limit state is almost surely less than
or equal to \F + 1.

Proof. Let * = limy_,o, x(t) be the limit state, and let ~1,...,7, € R be the opinion
values of the m opinion clusters. Let ¢ : V' — {1,...,m} map each node to its associated
opinion cluster, so that ] = v,;. By Lemma 3.2, it suffices to show that m > % implies
that «* is not an absorbing state.

It must be the case that v; € [a,b] for all i because z;(t) € [a,b] for all ¢t and all j. If

m > \ﬁ’ then there is a pair v;,7; such that v; # 7; and |y — ;] < v2c¢. Let k; be a node

in the ith opinion cluster ¢~1(i), let k; be a node in the jth opinion cluster ¢~1(j), and let
e = {ki,k;}. The limit state * is not an absorbing state because

(’Yz ’Yj)z
2
The following lemma says that as N — oo, it is almost surely the case that at least one

of the following three outcomes occurs: (1) the opinion state converges to consensus, (2) the

number of opinion clusters approaches infinity, or (3) the difference between the opinion values
of different opinion clusters approaches infinity.

0<d(e,z¥) = <c. [ ]

Lemma 3.9. Suppose that H is the complete hypergraph with N nodes and that ¢ # 0. Let
x(0) be the initial opinion state, and let x(t) be the opinion state that is determined by (2.3).

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.
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Let x* be the limit state (which exists by Theorem 3.1), and let {v1,...,vm} be the opinion
values of the opinion clusters. It then follows that the number m of opinion clusters almost
surely is either m =1 (i.e., consensus) or satisfies
—~.)2
m X (maxw—l> >N.

k,j c

_~)2

Proof. By Lemma 3.2, it suffices to show that if N > m x (maxy, ; M —1)and m > 1,
then * is not an absorbing state. Let ¢ : V' — {1,...,m} map each node to its associated
opinion cluster, so that z] = 7y, and let N; = |9p=1(i)| be the size of the ith opinion

_~)2

cluster. If N > m x (maxy; w
(ve—=74)?

C

— 1), then there exists an opinion cluster i such that

N; > maxy ; — 1. If m > 1, there is an opinion v; such that v; # ~;. Let e be a
hyperedge of size N; + 1 that is incident to the N; nodes in ¢»~!(i) and 1 node in ¥»~1(5). The
limit-state sample mean of the nodes that are incident to e is

5 (t) = Ni L L
Te _Ni—l-l% Ni—i-l’Y].

The limit state * is not an absorbing state because

Ni i_—*tQ ,_—*tz i — \2
0<d(6,$*) — (7 xe(])\)]‘i—l(’}/] xe( )) _ (7N —:/.71) <ec. ]

Remark 3.10. We only apply Lemma 3.9 to the case in which the initial opinion distribu-
tion is bounded, but it holds for any initial opinion distribution.

The following theorem says that if the initial opinion distribution is bounded, then the
system reaches consensus almost surely for sufficiently large V.

Theorem 3.11. Suppose that H is the complete hypergraph with N nodes and that ¢ # 0.
Let x(0) be the initial opinion state, where we draw x;(0) for each i from a bounded distribution
that is supported on [a,b], and let x(t) be the opinion state that is determined by (2.3). If

N2
N > (b_Tg + 1)((b Ca) — 1), then the opinion state converges to consensus almost surely.

Proof. Let «* be the limit state (which exists by Theorem 3.1), and let {v1,...,vm} be

the opinion values of the opinion clusters. By Lemma 3.8, m < b\;g + 1 almost surely. It is
necessarily true that v; € [a, b] for all i, so maxy j (g —7v;)* < (b—a)?. By Lemma 3.9, m =1
almost surely if N > (b_Tg + 1)((b;a)2 —1). [ ]

3.1.2. Normally distributed initial opinions. Assume that the initial opinions are nor-
mally distributed with mean p and variance o2. When o2 < ¢, Theorem 3.5 implies that the
probability that our BCM reaches consensus on the N-node complete hypergraph approaches
1 as N — oco. Based on numerical evidence, we conjecture that this probability approaches 1
as N — oo even when o2 > ¢, unless ¢ = 0. Because the hypergraph is complete, Lemma 3.9
also applies.

In Figure 1, we show a typical simulation with 02 > c¢. We have reduced the number of time
steps by requiring that the hyperedge that we select at time 0 is concordant. This requirement
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Figure 1. A typical simulation of our hypergraph BCM on the complete hypergraph with N = 500 nodes.
Each curve traces the evolution of one node’s opinion. We draw the initial opinions from the normal distribution
N(0,0%) with ¢ = 1.2. We set the confidence bound to ¢ = 1. We have reduced the number of time steps by
requiring that the hyperedge that we choose at time 0 is concordant. The opinion state converges to consensus.

has no effect on the subsequent behavior or on the system’s limit, but it significantly reduces
the number of time steps; we will see why this is true in our proof of Theorem 4.7. Observe
that the opinion state converges to consensus. In 1000 trials of our BCM on the complete 200-
node hypergraph with a confidence bound of ¢ = 1 and a normal initial opinion distribution
with standard deviation ¢ = 1.2, we find that the opinion state converges to consensus in
every trial.

Based on the results of our Monte Carlo simulations, we conjecture that when ¢ # 0 and
the initial opinion distribution is normal, the probability of consensus approaches 1 even when
o2 > ¢. We now provide a heuristic explanation of this conjecture, although we do not have
a mathematically rigorous proof of it.

We fix the variance 02 > c¢. At each time step, we select a hyperedge uniformly at
random. Let e* be the first concordant hyperedge that we choose. In section 4, we will
show that if e is an arbitrary hyperedge, then Pld(e,z(0)) < ¢ | |e| = n] < 7", where
r = e%(lfc/"Q)\/(c/o*?) < 1. If it is true (and we suspect that it is) that P[d(e,x(0)) < ¢ |
le| = n] = ar™ for some constants a and r < 1, then one can calculate that

N(1+7‘)N_1—N—1 r

EHG*H: 1 T~
;(1—|—T)N—N—; r+1

N as N — .

That is, if we assume that P[d(e, z(0)) < ¢ | |e] = n] = ar™, then the expected size of e* grows
linearly with N. In Figure 2, we show the results of Monte Carlo simulations to estimate
E[le*|] as a function of N without assuming that P[d(e,z(0)) < ¢ | |e]| = n] = ar™. As
hypothesized, we observe a linear relationship.

Because e* is the first concordant hyperedge that we select, we update the nodes of e* to
the opinion Z~(0), which is the mean of the initial opinions of the nodes that are incident to ey.
Let p be the mean of the opinion distribution. If e is an arbitrary hyperedge, then Z.(0) — p in
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Figure 2. An estimate of E[|e*|] as a function of the number N of nodes, where €* is the first concordant
hyperedge that we select and the initial opinions are normally distributed with a standard deviation of o = 1.2.
The confidence bound is ¢ = 1. For each possible hyperedge size n € {2,...,N}, we run 10,000 trials. For
each trial, we randomly draw n opinions from N(O,az) and calculate the sample variance, which equals the
discordance of those n opinions. We approzimate a, := Pld(e,x(0)) < c | |e|] = n] by letting an be the
fraction of trials that result in a concordant set of n opinions. For each N € {2,...,500}, we have that

* Z’JR\J: nap 17\,,
Blle’)] ~ 2l

n=2%n\y

distribution as |e| — oo. It is necessarily also true that Z.«(0) — p in distribution as |e*| — oo
because the sample mean and sample variance of a normal distribution are independent of
each other (by Basu’s theorem). Because E[|e*|] — oo as N — oo, it follows that Z.-(0) — u
in distribution as N — oco. That is, we are updating the opinions of the nodes in e* to a value
that is approximately equal to p.

The observations above imply that (1) the first concordant hyperedge that we update
includes a fraction of the nodes that is approximately constant as N — oo (even for large
0?) and (2) when we update all of those nodes, we are updating them to a value that is
approximately equal to u, which is the mean of the distribution. This decreases the total
sample variance of the opinions of the N nodes and increases the clustering of opinions near
1, making it even more likely that the next hyperedge that we update will also be large and
have a mean opinion that is centered near . Eventually, the opinions converge to a consensus
value that is near pu.

3.2. Our BCM on hypergraphs with community structure. In this subsection, we ex-
amine our BCM on hypergraphs with planted community structure.

Suppose that we partition the set of nodes in a hypergraph into communities and that
each community has its own independent distribution of initial opinions. Specifically, we
study our BCM on hypergraphs that we generate using the hypergraph stochastic block model
(HSBM) of [20]. An HSBM is a generative model for producing hypergraphs with community
structure. Like a traditional stochastic block model for ordinary graphs [17], the probability
that a hyperedge exists depends on the community memberships of its nodes. In this HSBM,
the probability that a hyperedge exists also depends on the size of the hyperedge and on the
number of nodes in the hypergraph. More precisely, let ¢ : V' — {1,...,k} be a partition of
the set of nodes into k communities, where we assume without loss of generality that every
community is nonempty. We denote the ith community by C; := ¥~1(i). For N = |V]|
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and n € {2,...,N}, let a, v € [0,1]. For each n € {2,..., N}, let B” be a symmetric k-
dimensional tensor of order n whose entries take values in [0,1]. We generate a hypergraph
as follows. For each subset e = {iy,...,i,} € P(V) of nodes, we include e in the hypergraph
with a probability of O‘”vNBZ(h),...,w(in)'

In the simplest version of this HSBM, each intracommunity hyperedge exists with an
independent and uniform probability p, and each intercommunity hyperedge exists with an

independent and uniform probability ¢.
Definition 3.12. Consider the HSBM of [20] with parameters oy, vy =1 for all n, N and

n p, Y1) = =Y(in)
Bipir),plin) = { '

q, otherwise
for some p,q € [0,1]. We will refer to this HSBM as a (p, q)-HSBM.

If ¢ = 0, the communities in a (p,q)-HSBM are disjoint, so the opinions in a community
cannot influence the opinions in other communities.

Definition 3.13. Let ¢ : V — {1,...,k} be a partition of the set of nodes into k nonempty
communities. The opinion state * is polarized if there are opinions v1i,...,v € R, not all
equal, such that x7 = vy for all .

Definition 3.13 says that x* is polarized if each community is at consensus but the com-
munities are not at consensus with each other. For example, if ¢ = 0 and it is not the case
that every community has the same initial mean opinion, then the opinion state converges
either to a polarized limit state or to a limit state that includes at least one community whose
nodes are not at consensus within the community.

Remark 3.14. As we mentioned previously, some researchers refer to this situation as
“opinion fragmentation” and reserve the term “polarization” for situations in which there are
exactly two opinion clusters in an opinion state.

The following theorem says that if ¢ # 0, then the probability that the limit state of our
BCM on a (p, q)-HSBM hypergraph is polarized approaches 0 as N — oc.

Theorem 3.15. Suppose that we generate H from a (p,q)-HSBM with partition ¢ : V. —
{1,...,k} and that ¢ # 0. Additionally, suppose that ¢ # 0. Let x(0) be the initial opinion
state, where we draw x;(0) for each i from a bounded distribution that is supported on [a, ],
and let x(t) be the opinion state that is determined by (2.3). Let x* be the limit state, which
exists by Theorem 3.1. It then follows that the probability that x* is polarized approaches 0 as
N — oo.

Proof. Because x* is almost surely an absorbing state by Lemma 3.2, it suffices to show
that P[x* polarized and absorbing] — 0 as N — co. Suppose that x* is a polarized absorbing
state. Because x* is polarized, there are opinions ~1,...,7; that are not all equal and that
satisfy o7 = 7y;). Without loss of generality, let C1 be the largest community. It is necessarily
true that |Ci| > [N/k]. Because 7i,...,7; are not all equal, there is a community j such
that v # ;.

To find a contradiction, suppose that there is a hyperedge e € E of size n > |y1 — v;|?/c
such that e is incident to n — 1 nodes in C; and to 1 node in Cj. It follows that
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— ~)2 b— 2
0<al(e,w*):<71 n%) <( na) <ec,

which contradicts the assumption that * is an absorbing state. As N — oo, the probability
that there is no such e € F is

IC1l=no+1 IC1l ,
lim P[fec E] = lim (1 — q)=i=maxto1-ng) bori-) XG5 < g0 (1 — )IN/M — g,
N—o0 N—o0 N—oo
where ng = L@j [ ]

The following theorem says that if we also impose the condition p = 1 (so that each
community forms a hyperclique), then the probability of reaching consensus approaches 1 as
N — oo if all communities are sufficiently large.

Theorem 3.16. Suppose that we generate a hypergraph H from a (p, q)-HSBM with partition
YV = {1l,...,k} and that p =1 and q # 0. Let (0) be the initial opinion state, where we
draw x;(0) for each i from a bounded distribution that is supported on [a,b], and let x(t) be the

opinion state that is determined by (2.3). Additionally, suppose that |C;| > (%—1—1)( (b—a)? -1)

C

foralli € {1,...,k} and that ¢ # 0. It then follows that P[consensus| — 1 as N — oo.

Proof. By Theorem 3.1, the limit state * := lim;_,oc ®(t) exists. By the same argument
as in the proof of Theorem 3.11, the nodes in each community converge to consensus almost
surely because |C;| > (% + 1)((b_ca)2 —1) for alli € {1,...,k}. That is, there exist opinions
Y15 .-, Vk € |a,b] such that z7 = ; for all i € Cj. If ; = ; for all communities ¢ and j, then
the opinion state converges to consensus. Otherwise, we assume without loss of generality
that Cp is the largest community. Let C; be a community such that v; # ;1. Suppose that
there is a hyperedge e € E of size n > @ such that e is incident to n — 1 nodes in C; and
to 1 node in €. By the same argument as in the proof of Theorem 3.15, the probability that
such a hyperedge exists approaches 1 as N — oo. If e does exist, then * is not an absorbing
state. By Lemma 3.2, * is almost surely an absorbing state. |

In another version of the HSBM in [20], one requires that every intercommunity hyperedge
is small.

Definition 3.17. Consider the HSBM of [20] with parameters oy, v =1 for all n, N and

P, lin) =+ =(in)
W) b(in) = \ 4> there exist j and k such that 1(ij) # ¢ (ix) and n < M

0, otherwise

B

for some M > 2 and p,q € [0,1]. We will refer to this HSBM as a (p,q, M )-HSBM.

For fixed p,q, M and N — oo, the communities are “almost” disjoint; that is, the num-
ber of intercommunity hyperedges divided by the total number of hyperedges approaches 0.
Theorem 3.18, which one should contrast with Theorem 3.15, gives conditions for which a
polarized opinion state is an absorbing state. Theorem 3.18 implies that echo chambers can
form when all of the intercommunity hyperedges are sufficiently small.
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Theorem 3.18. Suppose that we generate a hypergraph H from a (p,q, M)-HSBM with the
partition ¥ : V. — {1,...,k}. Let y1,...,v € R, and let ** be the polarized opinion state
with &} = vy If ming ;{(yi — ;)% | v # 7 }/M > ¢, then * is an absorbing state.

Proof. Without loss of generality, assume that v; # «; if ¢ # j. (If not, we combine
any communities with the same opinion.) Let e € E be a hyperedge. Let n = |e|, and
let n; = [{j € e | ¥(j) = i}| be the number of nodes that are incident to e and belong to
community ¢. We have that

" 1 1
de,z*) = " — § i | Vi — n § 575
i J

2

—_

—_

2
= ni Znﬂf - % (Z nz‘%‘)
7 )
= n—l Zn,% n—mn; —QZZM“J%’Y]

i g<i
“a(n—1) DD mingyf =2y ninivi;
i jF# i g<u
(3.8) = Py Zan] )2
i g<t

Let {ix, j«} = argmin; ;{(v; —;)* | 7 # 7;}- If there is an £ such that ny = n, then it follows
that e C Cyp. Therefore, 7 = 7, for all i € e, so d(e,z*) = 0. Otherwise, ny # n for all .
Fixing n and enforcing the constraint that n, # n for all £, it follows that (3.8) is minimized
either when

0, O {is,ju}
ny = n—l, fZi*
1, L= jy
or when
ng=141, { =1,
n—1, {=j..

Therefore, d(e,x*) > mm{(%f}@yhﬁéw} > ¢ if ny # n for all n. Therefore, for all e € FE, it
must be the case that either d(e,z*) = 0 or d(e, x*) > c. [ ]

In Figure 3, we show a typical simulation when the conditions of Theorem 3.18 are satisfied.
In the limit state, the communities are polarized. All nodes in community C; converge to the
opinion v; = 3 ;- z;(0), which is the mean of the initial opinions of the nodes in C;. By
Theorem 3.18, we know that this polarized opinion state is an absorbing state.
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Figure 3. A typical simulation when the conditions of Theorem 3.18 are satisfied. There are N = 1000
nodes, which we assign to two equal-sized communities. We generate the hypergraph on which we run our BCM
from a (p,q, M)-HSBM withp =1, ¢ = 1, and M = 2. The confidence bound is ¢ = 1. The initial opinions
of the nodes in community 1 are x;(0) ~ U(1.8,2.2), and the initial opinions of the nodes in community 2 are
z:(0) ~ U(—2.2,-1.8). In the limit state, all nodes in community 1 have opinion v1 ~ 2 and all nodes in
community 2 have opinion v2 &~ —2. This polarized opinion state is an absorbing state.

Remark 3.19. By the same strategy as in the proofs of Theorem 3.15, Theorem 3.16, and
Theorem 3.18, one can show that echo chambers do not usually form in a hypergraph that
we generate using a (p, g, M)-HSBM if the initial opinions of the different communities are
sufficiently close to each other. In particular, if we draw the initial opinions from a bounded
interval [a, b] with (b—a)?/M < c and if |C;| > (I)_Tg)(@ —1) for all 4, then the probability
of reaching consensus approaches 1 as N — oo.

3.3. Our BCM on sparse hypergraphs. We now study our hypergraph BCM on sparse
G(N, m) hypergraphs, where m is a vector with entries m;. The G(N, m) model is a gener-
ative hypergraph model that is defined analogously to the Erdés—Rényi G(N,m) generative
graph model. Each hypergraph that one constructs from the G(NN,m) model has N nodes;
additionally, for each possible hyperedge size i € {2,..., N}, we choose m; hyperedges of that
size uniformly at random to include in the hypergraph.

In our Monte Carlo simulations, we set N = 1000 and m; = max{100, (127 )} for all ©. We
run 1000 simulations with a confidence bound of ¢ = 1 and initial opinions that we draw
uniformly at random from [—2,2]. In all trials, we find that the opinion state converges to
consensus. We also run 1000 trials with a confidence bound of ¢ = 1 and initial opinions that
we draw from the normal distribution with mean g = 0 and standard deviation o = 1.2. All
of these trials also converge to consensus. In Figure 4, we show a typical simulation for each
of these two initial opinion distributions.

As we increase N or increase the variance of the initial opinions, we observe that the time
that it takes to converge increases but that the opinion state still converges to consensus.

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.



Downloaded 01/06/22 to 205.175.118.188 Redistribution subject to SIAM license or copyright; see https://epubs.siam.org/page/terms

18 HICKOK, KUREH, BROOKS, FENG, PORTER

20 1

15
10

054

S 00
-0.5 4
1.0+
-15
-2.0 1 . : . : . : : .
2 100 00 W0 400 s00 oo 700 0 50 00 150 200 230 300 350
t t
(a) z:(0) ~ U(—2,2) (b) 2:(0) ~ N(0,1.2)

Figure 4. Typical simulations on sparse G(N, m) hypergraphs with a confidence bound of ¢ = 1 and
N = 1000 nodes that have (a) uniformly distributed initial opinions and (b) normally distributed initial opinions.
Both of these simulations converge to consensus.

3.4. Our BCM on an Enron e-mail hypergraph. In subsection 3.3, we studied our BCM
on sparse hypergraphs. However, it is typically also the case that hypergraphs that one
constructs from empirical data are not merely sparse; they also often have the property that
their hyperedges are small in size in comparison to the number of nodes. As one example,
we use a hypergraph that Benson et al. [3] constructed from the well-known (and infamous)
Enron e-mail data set [28]. In this Enron e-mail hypergraph, nodes represent Enron employees
and hyperedges encode e-mails between them. Each hyperedge is incident to the sender and
recipients of one e-mail message. There are N = 143 nodes, but the maximum hyperedge size
is only 18.

To examine our hypergraph BCM on the Enron e-mail hypergraph, we run 1000 simu-
lations with initial opinions that are uniformly distributed in [0,1]. In all 1000 trials, the
opinion state converges to consensus. In Figure 5(a), we show the results of a typical simu-
lation. We also run 1000 simulations on the Enron e-mail hypergraph with initial opinions
that are normally distributed with a mean of ;1 = 0 and a variance of 0? = 1. The confidence
bound is ¢ = 1. In all trials, the opinion state converges to consensus. In Figure 5(b), we
show the results of a typical simulation.

4. Convergence time. In this section, we analyze the convergence time of our hypergraph
BCM.

4.1. Conditions for convergence in finite time. We say that the opinion state converges
in finite time if there is a time T" such that x(7T') is an absorbing state. At time 7', no further
opinion updates can occur. We use the following lemma to prove Theorem 4.2.

Lemma 4.1. Let ¢ € P(V) be a subset of the nodes in a hypergraph. There is a finite
sequence {&;}", in P(V) such that (1) |&| is prime for all i > 1 and (2) consecutively
updating the nodes that are incident to €1,...,€,, to their respective mean opinions results
in the same opinion state as updating the nodes that are incident to € to the mean of their
0PINIONS.
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Figure 5. A typical simulation on the Enron e-mail hypergraph with a confidence bound of ¢ = 1 and
nodes with (a) uniformly distributed initial opinions and (b) normally distributed initial opinions. Both of
these simulations converge to consensus.

Proof. Let n = |é|. If n is prime, we are done. This also proves the base case n = 2. If n
is not prime, we can write n = pm, where p is prime and m < n. Without loss of generality,
suppose that € = {1,...,n}. Updating the nodes of é to the mean opinion in € at time ¢
results in the opinion state & with entries

—1 .
o {i e velt) = LS00 (& Sy whmas(0)) . i <m
=

1) xi(t), i>n.

Updating the nodes of {km + 1,...,km + m} € P(V) for each k € {0,...,p — 1} to their
respective mean opinions at time ¢ results in the opinion state & with entries

(4.2) o SR weme(), i=kmtj, 1<j<m, 0<k<p-1
‘ ‘ x;i(t), i>n.

By induction (because m < n), there is a sequence of elements of prime size in P(V') such
that updating this sequence results in the same opinion state as updating {km-+1, ..., km+m}.
Concatenating these p sequences (there is one for each k) yields a sequence éy,...,¢é; of
elements of prime size in P(V') such that updating the nodes of éy,...,é, to their respective
mean opinions at time ¢ results in (4.2). Updating the sequence {1,m+1,...,(p—1)m+ 1},
{2,m+2,....,(p—1)m+2}, ..., {m,2m,...,pm} of elements in P(V') then results in (4.1).
Therefore, é1,...,65,{1,...,(p—1)m+1},{2,...,(p—1)m~+2},...,{m,...,pm} is the desired
sequence of prime-sized elements in P(V). [ ]

Theorem 4.2. Let H be a hypergraph such that {e € P(V) | |e| is prime} C E. Let x(0)
be any initial opinion state, and let (t) be the opinion state that is determined by (2.3). It
follows that x(t) almost surely converges in finite time.

Proof. Let the time to, the matrices K1, ..., K}, and the node sets Zi,...,Z, be defined
as in (3.1) and the text that is immediately below it. This equation implies for all j, k € Z;
that
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(4.3) lim x;(t) = t1l>120 z(t) .

t—o00

Updating the nodes of Z; € P(V) to the mean of their opinions results in consensus among
the nodes of Z;. By Lemma 4.1, there is a sequence {e;}?_; of prime-sized elements in P(V)
such that consecutively updatlng the hyperedges in the sequence {e;}" ; results in the same
opinion state as updating Z;. By hypothesis, the hypergraph H 1ncludes e; for all i because
e; is prime-sized. There is a time ¢; > to such that d(e;,z(t)) < ¢ for all i for all times
t > t1. The probability of consecutively choosing the hyperedges in the sequence {e;}? ;
starting at a given time is 1/|E|™ > 0, where E is the hyperedge set of H. Because this
probability is positive, it is almost surely the case that the event of consecutively choosing
these hyperedges occurs infinitely often. Therefore, there is almost surely some time after
t1 that we consecutively choose the hyperedges {e;}! ; for updating. Let to > ¢; be the
time that we choose the last hyperedge e, in the sequence. At this time, x;(t2) = x(t2) for
all j,k € Z;. Similarly, we can find times ¢t3 < --- < t,41 for the nodes of 7y,...,Z,. By
(3.1), any hyperedge e; that we choose at t > ¢; is discordant if e; is not contained in some
Z;. Therefore, for t > t,1, it follows that d(e,x(t)) = 0 if there is an i such that e C Z;;
otherwise, d(e, z(t)) > c¢. Therefore, x(t,+1) is an absorbing state. [ ]

Remark 4.3. Theorem 4.2 applies to a complete hypergraph.
The following theorem gives a partial converse of Theorem 4.2.

Theorem 4.4. Let H be a hypergraph with N nodes and hyperedge set E. Suppose that
there is a subset e = {i1,...,ip} € E of nodes such that e has prime size p, and suppose that
the subhypergraph that is induced by {i1,...,i,} is connected. (The connectivity requirement
implies that p > 3.) It then follows that there is an initial opinion state x(0) such that the
opinion state x(t) that is determined by (2.3) does not converge in finite time.

Proof. Without loss of generality, e = {1,...,p}. By the continuity of the discordance
function, there is an € > 0 such that if z1(0),...,z,(0) € [0,€], then d(¢/,x(0)) < ¢ for
all ¢ C e. We choose r such that 1/2" < €, and we let 21(0) = 0 and z;(0) = 1/2" for
all i € {2,...,p}. Additionally, there is an M > € such that if x,41(0),...,zn(0) > M,
then d(e/,x(0)) > c for all ¢ € E that satisfy ¢ Z {1,...,p} and ¢’ € {p+1,...,n}. Let
Zpt1(0) = --- = xy(0) = M. Because of these initial values, the nodes in {1,...,p} never
interact with the nodes in {p+1,...,n}. Therefore, x1(t),...,z,(t) € [0, € for all ¢ and every
€’Ce is concordant for all . The subhypergraph that is induced by the nodes {1,...,p} is
connected, so

P
. p—1
tlggloxz E f for all i€ {1,...,p}.

Let ¢, = {i1,...,ix} € FE be the hyperedge that we choose at time ¢t. If e, € e, then
zi(t+ 1) = z;(t) for all i € e. Otherwise, e; C e (recall that e ¢ E by hypothesis) and for all
1 € e, we have

w\»a

i(t+1)
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with k € {2,...,p— 1}, because |e] = p and e; is a strict subset of e. By induction on ¢, there
exist a;;(t) € NU {0} and n(t) € NU {0} such that

zi(t+1) = lek;nk ZGU )x;(0 anplknk Zaz]t forall i €e.

For all ¢, we have

p—1

(4.4) (p— 12" [T #™® #2%2%

k=2

because the left-hand side of (4.4) is a nonzero integer without p in its prime factorization
and the right-hand side of (4.4) is either 0 (if ) a;;(f) = 0) or a nonzero integer with p in
its prime factorization. Consequently, x;(T") # lim_, o x;(¢) for any T > 0 and for all i € e.
Therefore, x(t) does not converge in finite time. [ ]

Together, Theorem 4.2 and Theorem 4.4 partially characterize the conditions for finite-
time convergence of our BCM. If H is a hypergraph whose hyperedge set includes all prime-
sized subsets of nodes, then the opinion state almost surely converges in finite time. However, if
the set of hyperedges does not include some prime-sized subset of nodes and the subhypergraph
that is induced by those nodes is connected, then it is not the case that the opinion state almost
surely converges in finite time. We do not have a characterization of the convergence time
when this connectivity condition is not satisfied for any of the prime-sized elements in P (V)
that are not in the set E of hyperedges. However, we expect that “most” hypergraphs do not
fall into this missing case. The connectivity condition is not hard to satisfy. For example, in
the G(N, m) model, we expect the subhypergraph that is induced by any set {ij,...,i,} of
nodes to be connected whenever p is sufficiently larger than the index of the first nonzero entry
of m. The vast majority of hypergraphs that are produced by the G(N, m) model satisfy the
conditions of either Theorem 4.2 or Theorem 4.4.

4.2. A phase transition at 02 = c¢. We now study the rate of convergence of the opinion
state in our hypergraph BCM. We focus on complete hypergraphs, for which we observe that
there is a phase transition in the convergence time when the confidence bound is ¢ = 2. We
prove that the convergence time grows at least exponentially fast with the number N of nodes
when o2 > ¢ and the initial opinions are normally distributed.

In Figure 6, we simulate our BCM with ¢ = 1 on the complete hypergraph with 50,000
nodes and initial opinions that we seed independently by setting x;(0) ~ N(0,0?) for o €
[0.9,1.1]. We plot an empirical convergence time t*, which we set to be the earliest time that
the discordance function satisfies d(e = V,z) < 107°. Our results are consistent with the
existence of a phase transition in the convergence time.

In Theorem 4.7, we prove that the convergence time grows at least exponentially fast as
a function of N if ¢ < 0. The proof relies on Lemma 3.3, where we calculated the value of
lim,, o0 P[d(e, £(0)) < ¢ | |e| = n] for any initial opinion distribution with finite variance o2
and showed that there is a transition at 0> = c. We also need a bound on the convergence
rate in this limit. Using the inequalities that we derived in the proof of Lemma 3.3 and

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.



Downloaded 01/06/22 to 205.175.118.188 Redistribution subject to SIAM license or copyright; see https://epubs.siam.org/page/terms

22 HICKOK, KUREH, BROOKS, FENG, PORTER

125001

10000
7500
“w 50001

2500

0_

—25001~ .
0.90 0.95

1.05  1.10

Figure 6. Empirical convergence time of our BCM on the complete hypergraph with 50,000 nodes and
opinions that we seed independently using x;(0) ~ N(0,02). We consider uniformly spaced values o € [0.9,1.1]
with a step size of Ao = 0.004. The empirical convergence time t* is the first time that the discordance function
of the opinion state satisfies d(V,x) < 107°. If the system does not reach such an opinion state by t = 10*, we
record t* as 10*. We simulate 20 trials for each value of o. The black curve gives the mean of t* over the trials,
and the blue area depicts one standard deviation from the mean. We include a dashed red line at 0> =1 = ¢
for reference.

the fact that Var[sZ] = O(1), we see that the convergence rate is O(1) whenever o2 # c.

When the initial opinions are normally distributed, we can derive a much tighter bound on
the convergence rate.

Lemma 4.5. Suppose that we draw the initial opinions from a normal distribution with

variance o # ¢, and let A = ~3. 1t follows that

n—1
Pld(e,z(0)) < c| |e| =n] > 1 — (e%(l_)‘)\f)\) . A1,

Pld(e.z(0)) < c|[e] =n] < (B IVA)"T A<l

Therefore, Pld(e,z(0)) < c| |e| = n] converges exponentially fast as n — oco.

Proof. The discordance of a hyperedge e at time 0 is the sample variance of the opinions
{x;(0) | j € e}. Let s2 denote the sample variance of n opinions. We have that P[d(e, z(0)) <
cllel =n]=P[s2 < .

Case 1. Suppose that A > 1. By Chernoft’s bound [11],

2

g o]
_W for all t>0.

(4.5) P[s
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By Cochran’s theorem [29], ”U—_le,% ~ x2_,, where x2_; denotes the chi-square distribution
with n — 1 degrees of freedom. When ¢ < %, we have that

E tnls2, 1 > tx "Tfl—l —x/2d
[6 o ]_Wl“(";l) . (S (& xT
2
1 % nog 1-2t
= F(n—l)/ z'z ety
2 /70
1 n— s
= —— (1—2t)21/ 2 T le%dy
I(*%) 0
—(1-2t)"7.

Therefore, when 0 < t < %, (4.5) becomes

(4.6) Ps? > d] < <ﬁ)l .

Setting t = 2(1 — 1) in (4.6) yields
n—1
P[s2 > ¢] < (e%(lf)‘)ﬁ) .

Case 2. Suppose that A < 1. By Chernoff’s bound,

B[]
forall ¢t>0.

2 S L) _
(4.7 Pls; <] = ]P’[ 3 50 < A(n 1)} < D)
Similarly to Case 1, we compute that
_tnfl 2 ]_ nT_l
E [e P s"} = <7) forall t>0.
142t

Therefore, when ¢ > 0, (4.7) becomes

Y n-l
(4.8) P[s2 < ] < (m) .

Setting t = 1(3 — 1) in (4.8) yields

n—1
Ps? < ] < (e%(l_)‘)\f)\) . [ ]

Remark 4.6. When o2 = ¢ and the initial opinions are normally distributed, we have
numerical evidence that P[d(e,#(0)) < ¢ | |e] = n] converges to 3 exponentially fast as
n — 0o, but we do not have a mathematical proof of the convergence rate.

We say that the opinion state of our hypergraph BCM converges with threshold e at time
T. if, for all e € E, either d(e,x(T)) < € or d(e,x(T¢)) > c¢. When e = 0, the time T, is
exactly the convergence time.
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Theorem 4.7. Let H be the complete hypergraph with N nodes. Let x(0) be the initial
opinion state and suppose that x;(0) ~ N (u,d?), where 0® > ¢ and ¢ # 0. Finally, let € < c
and let T, n be the convergence time with threshold €. It then follows that

st ([

where r = e%(l_c/"'z)w /o7 <L
Proof. Let Ax be the Bernoulli random variable that equals 1 if there is a hyperedge
e € E such that € < d(e,x(0)) < ¢ and equals 0 if there is no such hyperedge. We have that
E[TQN] = E[TQN ‘ Ay = I]P[AN = 1] +E[TE,N ’ Ay = O]P[AN = 0] .
If Ay =0, then T, ;y = 0. As N — oo, we have

N
lim P[Ay =0] = lim [[(1-Ple < d(e,z(0)) < c|le| =n])(») =0,

N—oo N—oo
n=2

where e denotes a hyperedge that we choose uniformly at random. Let 5 be the first time
that we select a concordant hyperedge. If Ay = 1, then T, v > tn. Let Xn be the fraction
of hyperedges in H that are concordant at time 0. We calculate
E[T. n] > E[Tc N | Ay = 1]P[Ay = 1]
> E[ty]P[Ay = 1]

_ PlAy =1]
E[Xn] 7
where
B[y = 2=z ()Pl(e:z(0) <e| e = n]
N 2N N —1
25—2 (N)Tn_l
L =n=2 Ans ) a 4.
SSN N T (by Lemma 4.5)
L(r+1)N = Nr—1)
B 2N — N —1 ‘
Therefore, as N — oo, we obtain
2N - N —1 2 \N
E[T. y] > rP[Ay = 1 ~( ). m
Tew] 2 PLAN hr+1wh—Nr—1 "1

Remark 4.8. Theorem 4.7 applies to the convergence time Tp n, which is almost surely
finite by Theorem 4.2.

5. Opinion jumping. We now study “opinion jumping,” a phenomenon that occurs in our
hypergraph BCM that cannot occur in standard dyadic BCMs. An opinion jump occurs at
time ¢ if there is a node i such that |z;(t + 1) — x;(t)| > ¢. The number of opinion jumps that
occur at time ¢ is the number of nodes ¢ that satisfy |x;(t + 1) — z;(t)| > c.
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An opinion jump can occur at time ¢ only if the size of the hyperedge that is selected at
time t is at least 3. Therefore, this behavior requires polyadic interactions; it cannot occur in
BCMs on ordinary graphs. Moreover, we believe that it is one of the driving behaviors that
causes our hypergraph BCM to converge to consensus so much more easily than is the case
for standard dyadic BCMs. For examples of opinion jumping, see Figure 1 and Figure 5. In
this section, we quantify how common it is for an opinion jump to occur.

Lemma 5.1. Let J; be the number of opinion jumps that occur at time t. Suppose that
the distribution of opinions at time t has a mean of p and a variance of 0> < oco. Let
pn =Pllzi —Z| >c|ice,lel=n,dex(t) <c| be the probability that a node’s opinion
1s farther than c from the mean opinion of the nodes in a concordant size-n hyperedge that
is incident to the node, and let p = Pllx — p| > ¢|. Let ap, = Pld(e,x(t)) < ¢ | |e] = n] be
the probability that a size-n hyperedge is concordant, and let a = lim, o a, be the limiting
probability of concordance. Finally, let e; be the hyperedge that we select at time t. The
expected number of opinion jumps is

N
E[J] = (paIEHetH +p Y (an — a)Ples| —nn—i—z p)aP|le;| = n]n

n=2

N
+ Z(Pn —p)(an — a)P[les] = n]n) .
n=2

Remark 5.2. The quantities p,, p, a,, and a depend on the distribution of opinions at
time ¢. The value of a is given by (3.6).

Proof. For j > 1, we have
N

PlJ, =j] =) P[J; =j and |e;] = n]
n=2

=D Pl = | les] = n]P[lee| = 7]

= ZP[Jt =j and d(e;, z(t)) < c| |et| = n]P[let| = n] (because j > 1)

= ZPM =7 | d(es, 2(t)) < c ler] = nlanPlle| = n]

—Z() (1= paYanPllec] = .

Therefore,

—iP[Jt_j]j

=0
PO (%) = po)ienplid =
—Z“n \et|_nz (j)pj(l—pn)
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anPHet| = n]pnn

n
(paIEHet +pz Pllet| = n]n + Z p)alP[le:] = n]n
n=2

N
+ ) (P — p)(an — a)Pller] = n]ﬂ) : |

n=2

We use Lemma 5.1 to derive the asymptotic behavior of E[Jy]. The following proposition
says that, under certain conditions, E[Jy] grows linearly with the mean hyperedge size of the
hypergraph on which we run our BCM.

Proposition 5.3. Let {H,,} be a sequence of hypergraphs with the associated sequence {Vy,}
of nodes and sequence {Ey,} of hyperedge sets. Let {gm}, where

e € B | |e| = nj
| Enm| ’

gm(n) =

be the corresponding sequence of hyperedge-size distributions. Suppose that we draw the initial
opinions from the same distribution for all Hy,, and let p, pn, a, and a, be defined as in
Lemma 5.1. Finally, let J3* be the number of opinion jumps that occur at time 0 for H,y,.
Suppose that (a — ap)n — 0 as n — 00, gm(n) — 0 for alln as m — oo, and a(p, —p)n — 0
as n — 0o. It then follows that E[J"] ~ paE[|eg|] as m — oc.

Remark 5.4. When H,, is the complete hypergraph with m nodes, we have that g,,(n) — 0
for all n as m — oo. The values of a, a,, p, and p, depend only on the opinion distribution
at time ¢. The value of a is given by (3.6). If the initial opinions are normally distributed,
then Lemma 4.5 implies that (a, — a)n — 0 when 02 # c. The exact value of p depends on
the initial distribution, but it tends to increase with 2. Our numerical computations suggest
that a(p, —p)n — 0 when the initial opinion distribution is normally distributed with variance

o #ec.

Proof. Lemma 5.1 implies that

E[J§"] = paE[leo\+aZ P)ngm(n +pz a)ngm(n)
+ 37— pu)(an — angm(m).

Let x, be any sequence such that z,, — 0. For any m, the quantity ) ,gm(n) is a weighted
average of {z,,}. As m — oo, the weights concentrate at larger values of n. Therefore, because
xn — 0, it follows that Y @,gm(n) — 0 as m — oo.

We apply the above argument to x,, = a(p,—p)n, , = (ap,—a)n, and x,, = (p—pn)(an—a)n
to prove the proposition. [ |

In Figure 7, we present numerical results that support the claim that E[Jy] ~ paE[|e|]
when the hyperedge-size distribution concentrates at large hyperedge sizes. We generate hy-
pergraphs from the G(N, m) hypergraph model for different values of m. For each hypergraph,
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Figure 7. Empirical evidence for the linear relationship between E[Jo] and E[|eol|], where Jo is the number
of opinion jumps that occur at time 0 and the hyperedge eq is the hyperedge that we choose uniformly at random
at time 0. In this numerical experiment, the initial opinions are normally distributed with a mean of 0 and
standard deviation of o, which takes values of 0.6, 0.8, 1, and 1.2. For each o, we generate 200 hypergraphs
with N = 1000 nodes. To construct the {th hypergraph, we choose x, € [0,1] uniformly at random and set
m) = (]j)le We generate the ¢th hypergraph from the G’(N,m(f)) model, which has N nodes and m)
hyperedges of size n that we choose uniformly at random from the set of all size-n elements in P(V'). For each
hypergraph, we run one step of our hypergraph BCM with confidence bound ¢ = 1 and record the number Jo
of opinion jumps. We run 500 trials for each hypergraph; for each trial, we preserve the hypergraph structure,
reset the initial opinions, and run one step of our hypergraph BCM. We record the mean value of Jo over these
500 trials; we denote this mean value by Jo. We plot Jo versus E[|eo|], which is equal to the mean hyperedge
size of the hypergraph. Fach data point corresponds to the trial results for a single hypergraph for a given value
of . For each o, we plot the line of best fit.

we run 500 trials of our hypergraph BCM and record the mean value of Jy for the hypergraph.
We plot the mean value of Jy versus E[|eg|], which is equal to the mean hyperedge size of the
hypergraph. We show results for initial opinions that are normally distributed with standard
deviations of o = 0.6, 0 = 0.8, 0 = 1, and 0 = 1.2. We use a confidence bound of ¢ = 1
in all trials. The claim E[Jy] ~ paE[|ep|] implies that for each o, there should be a linear
relationship with a slope of pa, where p and a depend on 0. Whenever 02 < ¢, the limiting
probability of concordance is a = 1. The slope when o = 0.8 is steeper than the slope when
o = 0.6 because p becomes larger for progressively larger values of 0. When o = 1, the
value of p is larger than it is for ¢ = 0.6 and ¢ = 0.8. However, the limiting probability of
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concordance is only a = % and the slope pa for the case 0 = 1 is slightly less steep than the
slope when o = 0.8. We observe that the linear relationship between E[Jy] and E[|eg|] is not
as strong when 02 = ¢ = 1 as when 02 # ¢. Based on numerical evidence, we suspect that
this is because (p, — p)n /4 0 when 02 = c. Finally, when o = 1.2, we observe that E[Jy] ~ 0

because the limiting probability of concordance is a = 0 whenever o2 > c.

6. Conclusions and discussion. We formulated a bounded-confidence model (BCM) of
opinion dynamics on hypergraphs and explored its properties using both mathematical analy-
sis and Monte Carlo simulations. We showed that polyadic (i.e., “higher-order”) interactions
play an important role in opinion dynamics and that one cannot reduce such interactions to
pairwise interactions on a graph. In our hypergraph BCM, we also demonstrated a novel phe-
nomenon, which we called “opinion jumping,” that requires polyadic interactions to manifest.
Therefore, opinion jumping cannot occur in standard dyadic BCMs.

We proved that our hypergraph BCM converges to consensus on complete hypergraphs for
a wide range of initial conditions. This is very different from what occurs in standard dyadic
BCMs, which usually converge to multiple opinion clusters. We also studied the effects of a
range of initial opinion distributions on the dynamics of our BCM. In particular, we examined
the convergence properties of our BCM when the initial opinion distribution is bounded (but
not necessarily uniform), normally distributed, or has a variance o2 that is less than the
confidence bound c. Based on our results, we expect that the limit states of dyadic BCMs
also depend on the initial opinion distribution (although, to the best of our knowledge, this
is not something that has been studied in detail in prior research) and that the number of
opinion clusters depends not only on the confidence bound ¢ but also on the relative sizes of
¢ and on the variance o2 of the initial opinion distribution.

We also explored the dependence of the limit state of our hypergraph BCM on community
structure. We proved that the opinion state can become polarized if the intracommunity
hyperedges have sufficiently small sizes. This leads to the formation of echo chambers. We
also showed that the opinion state converges to consensus if the intracommunity hyperedges
are unbounded in size and if the communities are sufficiently large and form hypercliques.

We demonstrated that there is a phase transition in the convergence time of our BCM on
complete hypergraphs when the confidence bound ¢ equals the variance o2 of the initial opinion
distribution. When o2 > ¢, the convergence time of our BCM on a complete hypergraph
depends at least exponentially on the number N of nodes. This has implications for the
feasibility of using Monte Carlo simulations for simulating our BCM on a complete hypergraph
when 02 > cand N is large (and, more generally, on any hypergraph in which large hyperedges
constitute a significant proportion of the hyperedge set, because large hyperedges are likely
to be discordant and it thus takes many time steps to choose a concordant hyperedge). It is
fascinating that there is a phase transition in the convergence time but not in the limit state.
By contrast, in the standard dyadic Deffuant—Weisbuch model, there is a phase transition in
the convergence time at the same confidence-bound threshold c¢* at which there is a phase
transition in the limit state [36]. We also proved that our hypergraph BCM converges in
finite time on complete hypergraphs. This is similar to what occurs in the standard dyadic
Hegselmann—Krause model, which converges in finite time on complete graphs; however, it
differs from the DW model, which tends not to converge in finite time on complete graphs.
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Because of opinion jumping, which requires polyadic interactions, nodes with extreme
opinions can move quickly towards the mean opinion in our hypergraph BCM. When the
variance o? satisfies 02 < ¢, we showed that the number of opinion jumps in the first time
step grows roughly linearly with the mean hyperedge size of a hypergraph and that it becomes
larger for progressively larger values of o up to the value c. It will be worthwhile to determine
the precise necessary conditions for opinion jumping in hypergraph BCMs.

In our work, we made several modeling choices, and there are numerous alternatives that
are also worth studying. For example, one can formulate a hypergraph BCM that has syn-
chronous updates of opinions instead of asynchronous updates. For example, at each discrete
time, suppose that each node updates its opinion to the mean of its incident hyperedges’
mean opinions.® We believe that such a synchronous model has similar limit states as our
asynchronous model, but we expect such a model to converge much more quickly to a limit
state. One can also develop synchronous models in which each node updates its opinion to
a weighted average of the incident hyperedges’ mean opinions. Such heterogeneity models a
situation in which some friendship groups exert more influence on a person than others. This
extends the notion of trust from the dyadic DeGroot model [10]. Another of our modeling
choices was our discordance function. Instead of choosing d = d; for the discordance function,
it is worthwhile to study the entire family of discordance functions d, (with « € [0,1]) that
we defined in (2.1). The case o = 0 is particularly interesting because it models a scenario
in which it is more difficult for large groups of people to agree than it is for small groups.
Another variation of our model involves incorporating heterogeneous confidence bounds to
model situations in which some individuals are persuaded more easily than others.

There are a variety of other avenues to explore. For example, it is worth conducting
a deeper investigation of the role of hypergraph topology on the limit states of hypergraph
BCMs, and one can also study BCMs on simplicial complexes (which entail various constraints
on which polyadic interactions are permissible). We believe that the presence of large hyper-
edges that connect some subset of a hypergraph’s nodes will facilitate the convergence of those
nodes to consensus. One can also develop adaptive (i.e., coevolving) hypergraph BCMs, such
as by modifying the hypergraph structure at each time step in response to the current opinion
state. For example, as in recent studies of dyadic BCMs [5, 27], one can allow agents to strate-
gically rewire in a way that maximizes their influence or to simply leave a hyperedge when the
other nodes that are incident to it become too “annoying” (which can occur sometimes in dis-
cussion groups on social media). From a control-theoretic perspective, one can examine how
much control the nodes in a hypergraph (or an outside controller) can have in steering an opin-
ion state towards a particular limit state by choosing which hyperedges to update or rewire.

Appendix A. Continuum formalism. Instead of running Monte Carlo simulations of a
BCM, which are costly, one can study a “continuum” formalism (that is similar to the one
in [2]) of a BCM using numerical integration. Consider a hypergraph in which every hyperedge
hassize f € L C {2,...,n}, and let P(z,t) dz be the probability density function that indicates
how many nodes have opinions in the interval (z,z + dz) at time ¢. The distribution P(z,1)
evolves according to the rate equation

5The model of Sahasrabuddhe, Neuhaiiser, and Lambiotte [45] incorporates a mechanism that is related to
this idea. In their model, the amount of influence of a hyperedge depends on the opinion state of the system.
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(A1)
d
5 P(,t) = >

Lel

/ dy1 - dyeP(y1, 1) - x Plye,t) [5(a — 5) — 6z — )] -
(5 (-9 <clt-1)}

The /¢-fold integrals in the summand are over all /-tuples of points whose sample variance is
less than c. The delta functions reflect the gains (from nodes that update their opinion to 7)
and losses (from nodes that update their opinions and thus change their current opinion) in
the update process. We do not study (A.1) in the present paper, but it seems interesting to
examine in future work.

Acknowledgments. We thank Phil Chodrow and Ryan Wilkinson for helpful discussions
and comments.

REFERENCES

[1] F. BATTISTON, G. CENCETTI, 1. IACOPINI, V. LATORA, M. Lucas, A. PATANIA, J.-G. YOUNG, AND
G. PETRI, Networks beyond pairwise interactions: Structure and dynamics, Phys. Rep., 874 (2020),
pp. 1-92.
[2] E. BEN-NAIM, P. L. KRAPIVSKY, AND S. REDNER, Bifurcations and patterns in compromise processes,
Phys. D, 183 (2003), pp. 190-204.
[3] A. R. BENSON, R. ABEBE, M. T. SCHAUB, A. JADBABAIE, AND J. KLEINBERG, Simplicial closure and
higher-order link prediction, Proc. Natl. Acad. Sci. USA, 115 (2018), pp. E11221-E11230.
[4] C. Bick, E. Gross, H. A. HARRINGTON, AND M. T. ScHAUB, What Are Higher-Order Networks?,
preprint, arXiv:2104.11329, 2021.
[5] M. BREDE, How does active participation effect consensus: Adaptive network model of opinion dynamics
and influence mazimizing rewiring, Complexity, 2019 (2019), 1486909.
[6] F. BuLLO, Lectures on Network Systems, Version 1.5, Kindle Direct Publishing, with contributions by
Jorge Cortés, Florian Dorfler, and Sonia Martinez, 2021, http://motion.me.ucsb.edu/book-Ins/.
[7] F. CHUNG AND A. TsiaTAs, Hypergraph coloring games and voter models, Internet Math., 10 (2014),
pp. 66—68.
[8] W. Cota, S. C. FERREIRA, R. PASTOR-SATORRAS, AND M. STARNINI, Quantifying echo chamber effects
in information spreading over political communication networks, Eur. Phys. J. Sci. Data Sci., 8 (2019),
35.
[9] G. DEFFUANT, D. NEAU, F. AMBLARD, AND G. WEISBUCH, Mizing beliefs among interacting agents,
Adv. Complex Syst., 3 (2000), pp. 87-98.
[10] M. H. DEGROOT, Reaching a consensus, J. Amer. Statist. Assoc., 69 (1974), pp. 118-121.
[11] M. H. DEGROOT AND M. J. SCHERVISH, Probability and Statistics, 4th ed., Addison-Wesley, Boston,
MA, 2012.
[12] M. DEL VicAario, G. VivaLpo, A. BEessi, F. ZoLLo, A. ScarAa, G. CALDARELLI, AND W. QUAT-
TROCIOCCHI, Echo chambers: Emotional contagion and group polarization on Facebook, Sci. Rep., 6
(2016), 37825.
[13] J. C. DITTMER, Consensus formation under bounded confidence, Nonlinear Anal. Theory Methods Appl.,
47 (2001), pp. 4615-4621.
[14] S. C. FENNELL, K. BURKE, M. QUAYLE, AND J. P. GLEESON, Generalized mean-field approzimation for
the Deffuant opinion dynamics model on networks, Phys. Rev. E, 103 (2021), 012314.
[15] S. FLAXMAN, S. GOEL, AND J. M. RAO, Filter bubbles, echo chambers, and online news consumption,
Public Opinion Q., 80 (2016), pp. 298-320.
[16] S. FORTUNATO, Universality of the threshold for complete consensus for the opinion dynamics of Deffuant
et al., Internat. J. Modern Phys. C, 15 (2004), pp. 1301-1307.
[17] S. FORTUNATO AND D. HRic, Community detection in networks: A user guide, Phys. Rep., 659 (2016),
pp. 1-44.

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.



Downloaded 01/06/22 to 205.175.118.188 Redistribution subject to SIAM license or copyright; see https://epubs.siam.org/page/terms

A BOUNDED-CONFIDENCE MODEL ON HYPERGRAPHS 31

(18]

(19]

20]
(21]
(22]
23]
24]

(25]

(26]
27]
(28]
[29]
(30]
(31]
32]
(33]
(34]
(35]
(36]
37]
(38]

(39]
(40]

(41]

42]

(43]

S. FORTUNATO, V. LATORA, A. PLUCHINO, AND A. RAPISARDA, Vector opinion dynamics in a bounded
confidence consensus model, Internat. J. Modern Phys. C, 16 (2005), pp. 1535-1551.

M. GALEsic, H. OLssoN, J. DALENGE, T. VAN DER DOES, AND D. L. STEIN, Integrating social and
cognitive aspects of belief dynamics: Towards a unifying framework, J. Roy. Soc. Interface, 18 (2021),
20200857.

D. GHOSHDASTIDAR AND A. DUKKIPATI, Consistency of spectral hypergraph partitioning under planted
partition model, Ann. Statist., 45 (2017), pp. 289-315.

T. GRADOWSKI AND A. KRAWIECKI, Majority-vote model on scale-free hypergraphs, Acta Phys. Polon.
A, 127 (2015), pp. A-55—A-58.

R. HEGSELMANN AND U. KRAUSE, Opinion dynamics and bounded confidence models, analysis, and
stmulation, J. Artif. Soc. Soc. Simul., 5 (2002), 3.

M. Howms-DoNES, K. DEVRIENDT, AND R. LAMBIOTTE, Nonlinear consensus on networks: Equilibria,
effective resistance, and trees of motifs, SIAM J. Appl. Dyn. Syst., 20 (2021), pp. 1544-1570.

I. IacopriNi, G. PETRI, A. BARRAT, AND V. LATORA, Simplicial models of social contagion, Nat. Comm.,
10 (2019), 2485.

M. O. JACKSON, An overview of social networks and economic applications, in Handbook of Social
Economics, J. Benhabib, A. Bisin, and M. O. Jackson, eds., North Holland Press, Amsterdam, 2011,
pp. 646-678.

J. S. JuuL AND M. A. PORTER, Synergistic effects in threshold models on networks, Chaos, 28 (2018),
013115.

U. KaNn, M. FENG, AND M. A. PORTER, An Adaptive Bounded-Confidence Model of Opinion Dynamics
on Networks, preprint, arXiv:2112.05856, 2021.

B. KLiMT AND Y. YANG, The Enron corpus: A new dataset for email classification research, in Machine
Learning: ECML 2004, J.-F. Boulicaut, F. Esposito, F. Giannotti, and D. Pedreschi, eds., Springer-
Verlag, Heidelberg, Germany, 2004, pp. 217-226.

K. KNIGHT, Mathematical Statistics, Chapman & Hall/CRC, Boca Raton, FL, 2000.

I. V. KozITsIN, Opinion dynamics of online social social network users: A micro-level analysis, J. Math.
Sociol. (2021), https://doi.org/10.1080/0022250X.2021.1956917.

C. G. LorD, L. Ross, AND M. LEPPER, Biased assimilation and attitude polarization: The effects of prior
theories on subsequently considered evidence, J. Personality Soc. Psych., 37 (1979), pp. 2098-2109.

J. LORENZ, A stabilization theorem for dynamics of continuous opinions, Phys. A, 355 (2005), pp.
217-223.

J. LORENZ, Continuous opinion dynamics under bounded confidence: A survey, Phys. A, 18 (2007),
pp. 1819-1838.

J. LORENZ, Repeated Averaging and Bounded Confidence: Modeling, Analysis and Simulation of Contin-
uous Opinion Dynamics, PhD thesis, Universitdt Bremen, 2007.

S. MELNIK, J. A. WARD, J. P. GLEESON, AND M. A. PORTER, Multi-stage complex contagions, Chaos,
23 (2013), 013124.

X. F. MENG, R. A. VAN GORDER, AND M. A. PORTER, Opinion formation and distribution in a bounded-
confidence model on various networks, Phys. Rev. E, 97 (2018), 022312.

L. NEUHAUSER, R. LAMBIOTTE, AND M. T. ScHAUB, Consensus Dynamics and Opinion Formation on
Hypergraphs, preprint, arXiv:2105.01369, 2021.

L. NEUHAUSER, A. MELLOR, AND R. LAMBIOTTE, Multibody interactions and nonlinear consensus dy-
namics on networked systems, Phys. Rev. E, 101 (2020), 032310.

M. E. J. NEWMAN, Networks, 2nd ed., Oxford University Press, Oxford, UK, 2018.

J. NOONAN AND R. LAMBIOTTE, Dynamics of majority rule on hypergraphs, Phys. Rev. E, 104 (2021),
024316.

H. NOORAZAR, K. R. VIXIE, A. TALEBANPOUR, AND Y. HU, From classical to modern opinion dynamics,
Internat. J. Modern Phys. C, 31 (2020), 2050101.

R. E. PETTY AND J. T. CAcCiorrO, The elaboration likelihood model of persuasion, in Advances in
Experimental Social Psychology, Vol. 19, L. Berkowitz, ed., Academic Press, Cambridge, MA, 1986,
pp. 123-205.

M. A. PORTER, Nonlinearity + networks: A 2020 wvision, in Emerging Frontiers in Nonlinear Science,
P. G. Kevrekidis, J. Cuevas-Maraver, and A. Saxena, eds., Springer International Publishing, Cham,
Switzerland, 2020, pp. 131-159.

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.



Downloaded 01/06/22 to 205.175.118.188 Redistribution subject to SIAM license or copyright; see https://epubs.siam.org/page/terms

HICKOK, KUREH, BROOKS, FENG, PORTER

M. A. PORTER, J.-P. ONNELA, AND P. J. MucHA, Communities in networks, Notices Amer. Math. Soc.,
56 (2009), pp. 1082-1097, 1164-1166.

R. SAHASRABUDDHE, L. NEUHAUSER, AND R. LAMBIOTTE, Modelling non-linear consensus dynamics on
hypergraphs, J. Phys. Complexity, 2 (2021), 025006.

H. SCHAWE AND L. HERNANDEZ, Higher Order Interactions Destroy Phase Transitions in Deffuant Opin-
ion Dynamics Model, preprint, arXiv:2111.12165, 2021.

D. A. SIEGEL, Social networks and collective action, Amer. J. Political Sci., 53 (2009), pp. 122-138.

L. E. SULLIVAN, Selective exposure, in The SAGE Glossary of the Social and Behavioral Sciences, SAGE
Publishing, Thousand Oaks, CA, 2009, p. 465.

K. TaAKAcs, A. FLACHE, AND M. MAES, Discrepancy and disliking do not induce negative opinion shifts,
PLoS ONE, 11 (2016), e0157948.

G. WEISBUCH, Bounded confidence and social networks, Eur. Phys. J. B, 38 (2004), pp. 339-343.

G. WEISBUCH, G. DEFFUANT, F. AMBLARD, AND J.-P. NADAL, Meet, discuss, and segregate!, Complex-
ity, 7 (2002), pp. 55-63.

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.



	Introduction
	A BCM on hypergraphs
	The limit state of our hypergraph BCM
	Our hypergraph BCM on complete hypergraphs
	Bounded initial opinions
	Normally distributed initial opinions

	Our BCM on hypergraphs with community structure
	Our BCM on sparse hypergraphs
	Our BCM on an Enron e-mail hypergraph

	Convergence time
	Conditions for convergence in finite time
	A phase transition at 2 = c

	Opinion jumping
	Conclusions and discussion
	Appendix A. Continuum formalism
	Acknowledgments

