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N E T W O R K  S C I E N C E

Emergence of simple and complex contagion dynamics 
from weighted belief networks
Rachith Aiyappa*, Alessandro Flammini, Yong- Yeol Ahn

Social contagion is a ubiquitous and fundamental process that drives individual and social changes. Although 
social contagion arises as a result of cognitive processes and biases, the integration of cognitive mechanisms 
with the theory of social contagion remains an open challenge. In particular, studies on social phenomena usu-
ally assume contagion dynamics to be either simple or complex, rather than allowing it to emerge from cognitive 
mechanisms, despite empirical evidence indicating that a social system can exhibit a spectrum of contagion 
dynamics—from simple to complex—simultaneously. Here, we propose a model of interacting beliefs, from 
which both simple and complex contagion dynamics can organically arise. Our model also elucidates how a 
fundamental mechanism of complex contagion—resistance—can come about from cognitive mechanisms.

INTRODUCTION
From the spreading of infectious diseases to the diffusion of ideas, 
innovations, beliefs, and behaviors, social contagion is a fundamen-
tal social dynamic that drives large- scale changes in societies (1–5). 
It is at the heart of numerous social challenges that our society is 
facing (6), including the prevalence of false information (7), politi-
cal polarization (8, 9), climate change denial (10), and vaccine hesi-
tancy (11, 12). These challenges are tied to the deluge of information 
being exchanged in the modern world, particularly via social media, 
that offers frictionless conduits for any kind of information to spread 
globally. This accelerated spread and efficient discovery process may 
be exacerbating our cognitive biases and flawed cognitive decision- 
making system (13, 14).

Various cognitive biases come into play when people encounter 
new information and decide to share it or not (15, 16). Although 
they may often be useful heuristics and shortcuts, cognitive biases 
like confirmation bias (17) can also lead us to discard or misinter-
pret facts and evidence, especially when it is complex or contradic-
tory to our existing beliefs (18). This tendency can thus aggravate 
the polarization and spread of false information in society.

On the modeling side, the dynamics of social contagion are typi-
cally studied with a social network where a “susceptible” node may 
be infected by “infected” neighbors, and where the likelihood of 
such an event is usually assumed to be a function of the number of 
exposures. The function that determines contagion dynamics falls 
into two broad classes—simple and complex contagion (19–25). 
Although stringent and universally agreed- upon definitions of sim-
ple and complex contagion have not yet been established in the 
literature, the difference can be explained with representative 
examples. An illustrative example of simple contagion is the infec-
tion process in the SIR model (3), or the independent cascade mod-
el (26), where each infected neighbor contributes independently 
to the probability of infection of a target node. This leads to a con-
cave shape of the infection probability curve—probability of infection 
versus the number/fraction of infected nodes (see Fig.  1A)— 
characterized therefore by diminishing returns with respect to an 
increasing number of infected neighbors. By contrast, in complex 

contagion, the contribution of the infected neighbors is not inde-
pendent anymore and the social reinforcement becomes critical. 
Namely, when there is little (not enough) exposure, the probability 
of adoption remains low; however, as we cross the threshold 
of adoption, the probability increases markedly, producing an 
S- shaped adoption curve (see Fig. 1A) (19, 26–28), that is often 
approximated with a step function (27, 28). Rather than depending 
on the specific knowledge of the infection mechanisms [which may 
be difficult to acquire in many application settings (29)], for the sake 
of the present paper, we will use the shape of the infection curve as a 
discriminating factor between simple and complex contagion.

These two classes of dynamics reflect distinct characteristics of 
contagion, such as the adoption of costly behaviors (e.g., a healthy 
diet) versus cheap ones (e.g., rumor), and have profound implica-
tions on the patterns of spreading and how such spreading depends 
on the social network structure (19, 20, 30, 31). For instance, it has 
been shown that, although inter- community mixing unilaterally 
facilitates simple contagion (22, 32), complex contagion can both be 
facilitated and inhibited by inter- community mixing (33), exhibit-
ing a more nuanced behavior (31).

Many models of contagion have been proposed to account for 
the phenomena like polarization and consensus formation (34). 
However, social contagion models rarely consider the psychological/
cognitive basis of social contagion. Instead of starting from cogni-
tive mechanisms to derive contagion dynamics, studies assume dy-
namics and do not account for complex belief interactions within 
individuals, although these interactions could be integral to social 
contagion and responsible for counterintuitive phenomena (35–37). 
A wide gap still exists between models of cognitive processes and 
models of social contagion (38), although the effect of the human 
predisposition to have a coherent set of beliefs (39) on social conta-
gion has been of recent interest (40–44). In particular, it would be 
highly desirable to have a theoretical model that bridges the gap and 
derives the emergence of both complex and simple contagion and, 
possibly, a range of observed intermediate behaviors (23) from the 
same theoretical framework.

Here, we propose a belief dynamics model that couples the cog-
nitive tendency toward internal coherence with social contagion 
theory. Our model builds on recent work that models the internal 
belief system as an undirected, unweighted network of semantic 
concepts (45). We introduce the strength of beliefs and natural 
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dynamics that account for the tendency to have a coherent set of 
beliefs and to align beliefs with those of the people one interacts 
with. We show that, depending on the context in which beliefs exist, 
both simple and complex contagion dynamics emerge organically 
from the dynamics of the belief network.

Interacting weighted beliefs model
Consider a social network of N nodes and M edges. Each node rep-
resents an individual (i) and each edge represents a social relation-
ship through which (the strength of) beliefs are exchanged. Each 
individual’s belief system is described via another network—the be-
lief network, Bi. In the belief network, nodes represent entities (e.g., 
Roger Federer and London), concepts (e.g., vaccinations and abor-
tion rights), or notions (e.g., good and dangerous). For the sake 
of simplicity, here, we abstract out and ignore these differences, 
although in principle different types of nodes can be explicitly 
modeled. The edge between a pair of nodes represents, from an 
individual’s perspective, how coherent (or mutually exclusive) are 
the notions of the corresponding nodes. We refer to edges as “be-
liefs,” denoted by b. A belief is therefore represented by an undi-
rected weighted edge, where the sign reflects the belief ’s polarity 
and the weight (ranging in [−1, 1]) represents the strength of the 
belief (see Fig. 1B). In our model, beliefs change as a consequence 
of social interactions and because of the predisposition to hold a 
coherent set of beliefs (39).

Let us illustrate the notion of the belief network and dissonance/
coherence with a toy example about a fictional agent, Bob. Bob 
is an avid follower of tennis, who detests match- fixing. Roger 
Federer has been his favorite tennis player for a long time. Thus, 
in Bob’s belief network, there is a positive link between Federer 
and Bob (reflecting his affinity to Federer) and a negative link be-
tween match- fixing and Bob. There is also a negative link between 
Federer and match- fixing (indicating Bob’s belief that Federer is 
not involved in any match- fixing). Now consider a hypothetical 
situation in which Federer has been accused of match- fixing. This 
is reflected in a positive link between Federer and match- fixing in 
the belief system of some of Bob’s neighbors in his social network, 
whose influence can potentially change Bob’s belief system. Note 
that the information from the neighbors is not congruent with 
Bob’s current belief system. Bob’s affinity for Federer and dislike of 
match- fixing cannot be easily reconciled with the fact that Federer 
may have committed the misdeed. To maintain his coherence, 
therefore, he may resist adopting this belief or change one of his 
existing beliefs, e.g., his affinity to Federer. This example also 
highlights the benefit of our choice of modeling beliefs as edges in 
contrast to alternatives which view them as nodes (35, 42, 43). 
With this choice, we allow for the sharing of the same nodes (con-
cepts) between multiple beliefs from which coherence between 
beliefs organically emerges via the balance theory (see Fig.  1C 
and Eq. 1).

Fig. 1. The setup of the interacting weighted beliefs model. (A) An illustration of the simple and complex contagion mechanisms, as reflected in the adoption probabil-
ity’s dependence on the number of adopted neighbors. Simple contagion (orange curve) is characterized by a concave shape and exhibits “diminishing returns” due to 
the independence of the exposure’s impact. On the other hand, the complex contagion curve (blue curve) shows a sharp increase due to the reinforcement. (B) An indi-
vidual’s belief system is described as a network of interacting beliefs, where nodes represent concepts and weighted edges between them represent beliefs. Beliefs 
describe the (personal) degree of coherence that agents attribute between pairs of concepts. the color of the edge indicates the belief polarity and the thickness indicates 
its strength. (C) the stability of each triad in an individual’s belief network is modeled using the social balance theory. (D) each belief network has a bias toward internal 
coherence (stable triads).
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We model the internal coherence by defining the internal disso-
nance of an individual i’s belief network similar to the model 
described in (45), namely

where bi
x
 is the strength of the belief x in the belief network of i, and 

the sum is evaluated over all triads in the belief network, denoted by 
set T and normalized by the total number of triads (|T|). The lower 
the internal dissonance, the more stable the belief system is (see 
Fig. 1, C and D) (39, 46).

Social contagion arises as an interaction between two socially 
connected individuals where one communicates a belief to another. 
Although richer characteristics of social communication can be 
accommodated, here, for the sake of simplicity, the interacting cou-
ples are chosen uniformly at random.

At each time step t, a random individual (sender, node j) com-
municates a randomly chosen belief bj

x from their internal belief 
system. A random individual (receiver, node i) selected from the 
sender’s social neighbors, in response to this communicated belief, 
updates their internal belief ( bi

x
 ) as

where f
[

b
j
x (t),B

i(t)
]

 is a function of the sender’s belief ( bj
x ) and the 

receiver’s current belief system Bi at time t. The tendency of the 
receiver for internal coherence is captured by the derivative of Di 
with respect to their current belief ( bi

x
 ). That is

where α and β are parameters of the model that govern the strength 
of social influence and that of the individual’s predisposi-
tion toward internal coherence, respectively. The derivative 
of internal dissonance with respect to a focal belief is given by 
�Di

�bi
x

= −
1

∣T ∣

∑

x� ,y,z∈Tb
i
y
bi
z
I
�

x�=x
 where the sum is over all triads in the 

belief system and 𝐼 is an indicator function which takes the value 
of 1 only when 𝑥′ = 𝑥 and 0 otherwise. The more stable triads a posi-
tive focal belief 𝑥 (+) is a part of, the lesser the value of �D

i

�bi
x

 , indi-

cating that for greater internal coherence (or smaller internal 
dissonance), the strength of the 𝑥 should increase—stable triads 
become more stable. In other words, the sign of the derivative of the 
internal dissonance with respect to a focal belief captures the di-
rection in which the focal belief of the individual should change for 
its internal dissonance to decrease. A negative (positive) sign indi-
cates that for the internal dissonance to decrease, the strength of 
the focal belief should increase (decrease).

Equation 2 does not constrain the strength of beliefs and thus the 
belief strength can diverge. To prevent it, we constrain the strength 
of each belief in the range [−1, 1]. At each step of the simulation, 
after updating the belief strength, we set bi = min (1, bi) if bi ≥ 0 and 
bi = max (−1, bi) if bi ≤ 0. A softer, but more complex, mapping 
function (for example, a sigmoid function) can also be used. 

Equation 2, in unison with Eq. 3, can lead to a belief x of an individ-
ual i(bi

x
) going to 0. However, this is not a case that requires special 

treatment and is in general only a transitory state. Unless the contri-
bution of all triads of which x is a part exactly balanced to 0, the 
derivative of the dissonance (the tendency to coherence) remains 
nonzero and the belief dynamics still push the belief out of zero. 
Even if the contribution of all triads of which x is part is equal to 0, 
the value of bi

x
 can change as a consequence of the social interac-

tions with “nonzero” partners.
The belief dynamics can be made stochastic, for instance, 

as follows

where 𝒩(μ, σ2) is a normal distribution with mean μ and variance σ2, 
with μ being the same as Eq. 3.

A property of Eq. 2 is that an individual can change the strength 
of a belief even if it interacts with another individual that attributes 
the same strength to that belief. This can be a consequence of the 
individual’s predisposition to be coherent, due to the stochasticity in 
Eq. 4, or due to confirmation bias (which makes the belief stronger). 
Also, note that our formulation necessitates social influence for any 
belief update to occur. Although it is possible to introduce various 
spontaneous belief dynamics, empirical observations show that 
attention to incoherencies is pivotal for their resolution (47). In con-
trast to conventional models like the bounded confidence model 
where the beliefs would remain the same when interacting with a 
same- belief partner (48, 49), our model is more expressive and may 
capture a richer array of empirically known phenomena (50).

RESULTS
Let us now discuss the emergent dynamics of the weighted belief 
network model. We begin with the simplest setup where the social 
network is a star graph and follow the evolution of the hub’s belief 
system in reaction to that of its neighbors (the leaf nodes). From 
this, we observe that, depending on the belief configuration, the 
resulting dynamics can be either simple or complex contagion- like 
in nature. We then approach the problem analytically using Markov 
state machines to verify the results obtained from simulations. Next, 
we move beyond the simplicity of the star graph and study the influ-
ence of network structure on contagion dynamics to offer more evi-
dence for our findings. We first generate social networks using the 
Watts- Strogatz model (51). This allows us to focus on the effect of 
clustering—a discriminant feature between simple and complex 
contagion—on the weighted belief dynamics. We then show that 
when a stable belief system is diffusing in a population of unstable 
beliefs, a random network structure is more beneficial for the conta-
gion, concurring simple contagion dynamics. By contrast, when a 
stable belief system is diffusing in a population of another stable 
belief system, a clustered network is better than a random network, 
aligning with complex contagion dynamics (20). This bolsters our 
claim that our model displays both simple and complex contagion 
dynamics. Last, we generate social networks using the stochastic 
block model (52) and simulate the weighted belief dynamics on it. 
This choice allows us to focus on the dependence on the presence of 
community structure, another discriminant feature between simple 
and complex contagion. Our setup shows the presence of optimal 
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modularity behavior—a phenomenon observed only in complex con-
tagion dynamics (31) (also see section S5)—further highlighting the 
weighted belief network model’s capacity to capture such dynamics.

Emergence of simple and complex contagion
Let us begin with a simplified case of a “star network” where everyone 
is connected exclusively to a single individual serving as a hub. Each 
individual has a fully connected belief network with three nodes rep-
resenting the same notions between individuals (see Fig. 2, A and B).
Scenario 1
Stabilizing contagion behaves like a simple contagion (Fig. 2,  
A and D).

At the start of the simulation, the hub has an unstable belief 
network with beliefs {−1, +1, +1}. A fraction of its neighbors has a 
stable belief network with weights {+1, +1, +1}, whereas the others 
have the same unstable belief network of the hub, i.e., {−1, +1, +1}. 

During the course of the simulation, the belief systems of the leaf in-
dividuals are held fixed (“zealots”), while that of the hub varies as a 
consequence of the pairwise interactions with its neighbors. The frac-
tion of stable individuals is the parameter varied in the simulations.
Scenario 2
Destabilizing contagion behaves like a complex contagion (Fig. 2,  
B and E).

At the start of the simulation, the hub has a stable belief network 
with weights {+1, +1, +1}. A fraction of its neighbors have a differ-
ent stable belief network with weights {−1, −1, +1} and the others 
have stable belief networks with edge weights identical to those of 
the hub, i.e., {+1, +1, +1}. During the course of the simulation, the 
belief system of the hub changes through pairwise interactions with 
its neighbors (zealots). The fraction of stable individuals having a 
stable belief network with weights {−1, −1, +1} is the parameter 
varied in the simulations.

Fig. 2. Both simple and complex contagion dynamics emerge from the weighted belief network model. (A) An unstable hub surrounded by a fixed fraction of stable 
neighbors. (B) A stable hub surrounded by a fixed fraction of stable neighbors of a different kind. (C) the probability that the hub changes to the new belief system exhib-
its the characteristic behaviors of simple (orange) and complex (blue) contagion (N = 40, M = 39, σ = 0.2, α = 1.5, β = 1). the probability is calculated by running the simu-
lation 50 times and calculating the proportion of times the hub “flipped.” error bars, indicating Sd, are then obtained by repeating this process 10 times. dotted lines are 
results from numerical simulations and solid lines are results from the analytical calculations. inset: the numerical simulations carried out with the belief systems of 
neighbors of the hub which are initially similar to it are allowed to vary during the simulation. the robustness of results across different α and β is shown in fig. S1 and 
across different σ is shown in fig. S3. (D and E) intuition for the effect of social influence on an individual’s belief system. (d) An unstable belief system can easily be 
collapsed into a stable state with social influence. (e) On the contrary, a stable individual’s belief system resists social influence that destabilizes it. Repeated exposures are 
necessary to push the individual into an unstable state.
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The only elements of stochasticity here are the specific se-
quence of interactions and the noise in the belief update (σ in 
Eq.  4). We consider the fraction of the simulations in which 
the belief system of the hub flips to the state of its discordant 
neighbors, as a function of their number. Results are shown in 
Fig. 2C.

Our results demonstrate that depending on the scenario—the 
context in which beliefs exist—considered, both simple and com-
plex contagion dynamics can emerge from our model. When a sta-
bilizing contagion stabilizes unstable belief systems, the change in 
belief polarity follows the simple contagion mechanism (scenario 1), 
as exemplified by the concave shape of the orange curve in 
Fig. 2C. When a new stable belief system competes with an already 
established stable belief system, the dynamics manifest itself as a 
complex contagion (scenario 2), characterized by the sigmoidal 
shape of the blue curve in Fig. 2C.

These results also hold when the belief systems of the neigh-
bors, which are initially similar to the hub, are allowed to vary, 
thus treating only the dissimilar neighbors as zealots (see inset of 
Fig. 2). Our results confirm empirical observations suggesting that 
hard/costly changes in behavior (as those between two already 
stable belief systems) are typically driven by a complex contagion 
dynamics (30).

To summarize, depending on the current status of a belief net-
work (stable versus unstable) and the nature of the social influence 
(stabilizing versus destabilizing), the social influence may behave 
like a simple contagion (stabilizing influence to unstable individu-
als; Fig.  2D) or a complex contagion (destabilizing influence to 
stable individuals; Fig. 2E). Although a stable belief system resists 
destabilizing influence, repeated exposures can erode and eventu-
ally destabilize the belief system, which can then move into a differ-
ent stable belief system.

Analytical approach
The expected behavior of the model with the deterministic update 
rule (Eq. 3) can be studied analytically. The evolution of the belief 
system can be described as a Markovian process over a finite and 
discrete set of states representing the belief system.

The set of states and the transition probabilities for scenarios 1 
and 2 are obtained using Eqs. 2 and 3. The parameters of the model 
are set as α = 1.5 and β = 1 (from Fig. 2). Given that we are using the 
deterministic update rule and the beliefs of the hub’s neighbors do 
not change, the set of states the hub can visit is relatively small for 
scenario 1 and is shown in Fig. 3. The respective transition matrix is 
given in Eq. 5.

In the transition matrix π, the element πxy represents the proba-
bility of transition from state y to x. u is the probability that the hub 
receives a belief from any of its neighbors whose belief system is 
different from that of itself. If m is the number of such neighbors 
(the x axis of Fig. 2C) and k is the total number of neighbors (degree 
of the hub), then u =

m

3k
 where the number 3 in the denominator is 

due to the fact that any one of the three beliefs in the dissimilar 
neighbor’s triad can be chosen as the basis for the interaction. Simi-
larly, v is the probability that the hub receives a belief from any of its 
neighbors whose belief system is the same as the hub’s initial system. 
Therefore, v = k−m

3k
 . Note that 3(u + v) = 1, which is the sum of each 

column of the transition matrix

The normalized eigenvector of the transition matrix associated 
with the eigenvalue 1 gives the (m- dependent) stationary probabili-
ty of the hub being in any state.

The probability of the hub flipping its initial unstable belief sys-
tem, {−1, +1, +1}, to a stable belief system (that of its neighbors who 
are different from the hub) is then evaluated as the sum of the prob-
abilities of the hub being either in state {1, 1, 1} or {0.5, 1, 1} at sta-
tionarity. This results in the orange solid curve in Fig.  2C, which 
closely approximates the orange dotted curve obtained from numer-
ical simulations of the stochastic version (Eq. 4). The Markov process 
for scenario 2 is obtained following a similar strategy. This results in 
20 states and can be approached similarly to scenario 1 (see sec-
tion S3). The probability of the hub flipping its initial stable belief 
system, {−1, −1, +1}, to a stable belief system of a different kind (the 
belief system of the neighbors who are different from the hub) is then 
evaluated by the sum of the probabilities of the hub being either in 
state {1, 1, 1} or {1, 0.5, 1} or {0.5, 1, 1} at stationarity. This results in 
the blue solid curve in Fig. 2C which agrees with the solid curve ob-
tained from numerical simulations of the stochastic version (Eq. 4).

Influence of the network structure on the 
contagion dynamics
The structure of the underlying social network plays an important 
role in the diffusion of information. A network with many clusters 

(5)

Fig. 3. The state machine for the hub in scenario 1 in the star graph setup with 
α = 1.5 and β = 1. u(v) is proportional to the probability that the hub receives a 
belief from neighbors dissimilar (similar) to its initial state.
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and a large diameter will be less effective for simple contagion than 
its random counterparts, which—at the expense of locally redun-
dant ties—provides shortcuts that connect remote regions. By con-
trast, the clustered network can enhance the spreading of complex 
contagion by facilitating social reinforcement locally (20).

We expect, therefore, that by setting the parameters of our model 
in the “complex contagion” regime, it will spread more easily in a 
highly clustered network, whereas the opposite would happen in the 
“simple contagion” regime.

We test this hypothesis by simulating our model on a highly clus-
tered network [Watts- Strogatz network (51) with rewiring probabil-
ity, P = 0] and a random network (Watts- Strogatz network with 
rewiring probability P = 1.0)—the two network settings used by 
Centola (20).
Scenario 1
Does simple contagion spread faster on a random network than on 
a clustered network?

As described above, we use the WS network with P = 0 and P = 
1. Everyone’s belief system is initially set in the unstable configura-
tion {−1, +1, +1}. We then choose a fraction of individuals (ρ0) and 
set their belief to the stable configuration {+1, +1, +1}. The belief 
systems of this seed set are held fixed during the simulation. Similar 
to the initialization in Centola (20), seed nodes are concentrated 
for the P = 0 network while seeds are randomly chosen in the P = 1 
case (see Fig. 4A). The results shown in Fig. 4B demonstrate that, as 

expected, the stable- spreading- into- unstable setting produces re-
sults consistent with simple contagion: spreading is more effective 
on a random network than on a highly- clustered one.
Scenario 2
Does complex contagion spread faster on a clustered network than 
on a random network?

Here, with the same two- network setup, we have two competing, sta-
ble belief systems. Every belief system is initially set to be {−1, −1, +1} 
and then the belief system of the seed set (ρ0) is set to be {+1, +1, +1} 
and held fixed during the course of the simulation. In all other aspects, 
the setting is analogous to that described in scenario 1. This scenario 
produces richer dynamics (see section S4.2). When ρ0 is small, the 
highly clustered network spreads the contagion better, replicating the 
phenomenon observed by Centola (see Fig. 4C) (20). However, as we 
increase ρ0, the contagion spreads better on the small- world network 
(see section S4.2). Although this was not reported in Centola’s experi-
ment, it is a reasonable outcome. As we increase the number of seeds, 
the chance they induce multiple reinforcements also goes up. When 
the number of seeds is high and they are distributed across the whole 
network, they can simultaneously induce multiple reinforcements 
across the whole network, producing a rapid global cascade.

Optimal modularity
The community structure of a social network plays an important role 
in the diffusion of information. For instance, a strong community 

Fig. 4. The impact of network structure on the belief cascade. We run the two scenarios (“simple” versus “complex”) on two networks (clustered large world versus random small 
world). As predicted by the theory of simple and complex contagion, we observe that a new stabilizing belief (simple contagion) spreads better in a random small world than in a 
clustered large world, whereas a new stable belief system that competes with an existing stable belief system (complex contagion) spreads better in a clustered large world rather 
than a random small world. Yellow nodes represent the seeds whose belief systems do not change during the course of the simulation (zealots), and purple represents the rest of 
the population. (A) Watts- Strogatz model with rewiring probability P = 0 results in a clustered large world, whereas P = 1 results in a random small world network. (B) Scenario 1: 
Simple contagion spreads faster in a random network (P = 1) than in a clustered network (P = 0). (C) Scenario 2: complex contagion spreads faster on a clustered network (P = 0) 
than on a random network (P = 1). α = 2, β = 1,N = 100, k = 10, σ = 0.2, ρ0 = 0.08. curves are obtained from averaging 10 ensembles. See the section S4 for varying ρ0.
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structure and “thin” bridges can act as a bottleneck for contagion (19). 
At the same time, a strong community structure facilitates social re-
inforcement and enhances local spreading in scenarios characterized 
by complex contagion (20). A recent study explored systematically 
how the modular structure of networks influences information diffu-
sion, showing that there exists a region of optimal modularity where 
community structure counterintuitively enhances rather than hin-
ders global diffusion of complex contagion (31). We expect the same 
behavior also in our model when it is characterized by complex con-
tagion dynamics.

Figure 5 demonstrates this is the case. As shown in Fig. 5C, we 
consider an ensemble of social networks having N nodes and M 
edges generated using the stochastic block model (52) with nodes 
equally distributed in two communities (blocks). We introduce a 
parameter Ω to control the strength of the two communities. The 
probability for nodes in the same community to be connected to 
each other is given by 4(1−Ω)M

N(N − 2)
 and that of nodes in different 

communities is 4ΩM

N(N − 2)
. A large value of Ω results in more links 

between the two communities and thus a weaker community 
structure.

Next, similar to the setup of belief systems in the case of com-
plex contagion in Fig. 2B, a fraction ρ0 of nodes belonging to the 
same community are initialized with stable belief networks of the 
kind {+1, +1, +1}. The belief networks of these individuals are held 
fixed throughout the simulation (zealots). The remaining set of 
nodes are initialized with stable belief networks of a different kind, 
{−1, −1, +1}. An example of this setup is shown in (Fig. 5 A and B).

Once α and β have been fixed, we compute ρ∞, the fraction 
of nodes that have adopted the zealots’ stable belief system at 

stationarity via numerical simulations. For small values of ρ0 (ρ0 < 
0.06), the new stable belief system is not adopted by the nodes with 
an already stable belief system and contagion essentially fails to 
propagate regardless of Ω (see Fig. 5D). At or just above ρ0 = 0.06, 
all the nodes in the originating community adopt the new belief 
system if Ω is sufficiently small. However, when a critical value of Ω 
is exceeded, the intracommunity connectivity becomes insufficient 
to spread the new stable belief system to the whole originating com-
munity (Fig. 5E, bottom).

A larger value of ρ0 (ρ0 = 0.09) lastly allows for global diffu-
sion of the new stable belief system in the presence of a sufficient 
number of bridges between the two communities. However, in-
creasing the inter- community connectivity at the expense of 
intra- community connectivity (increasing Ω) does not lead to 
the new stable belief systems being adopted in the originating 
community and therefore it cannot be transmitted over the entire 
network, despite the increased number of inter- community links. 
This is reflected in the behavior for the intermediate range of Ω 
that allows global adoption of the new stable belief system 
(Fig. 5E, middle). The presence of a regime of optimal network 
modularity, where the adoption of the new stable belief system is 
maximized, is a phenomenon unique to complex contagion (see 
section S5 for our mathematical argument that this phenomenon 
does not appear in simple contagion) and further buttress the 
idea that our weighted belief model can exhibit both simple and 
complex contagion dynamics depending on the stability of belief 
systems and the type of the incoming belief. When ρ0 becomes 
even larger, increasing Ω does not block the local spreading any-
more, and thus the global diffusion always happens as long as the 
network has enough bridges (Fig. 5E, top).

Fig. 5. The case of complex contagion (two competing stable belief systems) also exhibits optimal modularity behavior. (A and B) An illustration of the initial 
condition of the simulation. the population (purple nodes) has a stable belief system and the zealots (yellow nodes), constrained to a single community, have a stable 
belief system of a different kind. (C) the mixing parameter Ω determines the strength of the community structure in the network. (D) the phase diagram exhibits optimal 
modularity with three phases: no diffusion (dark blue), local diffusion in the seed community (green), and global diffusion (yellow). the robustness of results across differ-
ent α and β is shown in fig. S2. (E) cross sections of the phase diagram. error bars indicate Se. the following parameters are used: N = 100, M = 1500, σ = 0.2, α = 2, β = 1, 
40 ensembles.
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DISCUSSION
Here, we demonstrate that both simple and complex contagion can 
emerge from a simple model of the weighted belief network that is 
rooted in the fundamental cognitive predisposition to achieve inter-
nal coherence. The interactions between the existing beliefs of an 
individual, when combined with the propensity to achieve internal 
coherence, provide resistance to incompatible beliefs coming from 
the individual’s social neighborhood. Such resistance can be over-
come by social reinforcement, leading to complex contagion dy-
namics. Our model elucidates how resistance may act as the key 
mechanism that produces the dynamics of complex contagion. An 
original contribution of our work is that simple and complex conta-
gion dynamics emerge from our model depending on the context—
the network of social interaction and the specific distribution of 
beliefs across the population.

The belief system in this work has been operationalized as a 
network where the nodes are concepts, entities, or notions, and the 
edges are beliefs. In such an operationalization, the nodes of the 
belief system are free of attributes. This differs from some recent 
work which considered beliefs as nodes and the interdependencies 
between them as edges (42). In such a case, both nodes and edges 
have attributes to them. Comparing the two operationalizations 
would be an interesting direction for future research.

This work considers the simplest form of a system of interacting 
beliefs (a triad) and does not distinguish between different types of 
nodes and edges in a belief system. The structure of the belief triad 
is static but exploring the effect of dynamical belief networks on 
contagion dynamics can be an interesting direction for future re-
search. It also treats social interactions to be unweighted and undi-
rected and occur on a static network, with an equal rate of interaction 
across all pairs. In addition, an assumption made in Eq. 2 is that the 
belief of the focal individual being updated to decrease dissonance 
is the same as the one being socially influenced by its neighbors. In 
practice, however, an individual might change a different belief, say 
by, to reduce dissonance in reaction to the incoming belief, say bx, 
from its social neighbor (35). Incorporating the complexity of hu-
man social interactions and examining their implications on large- 
scale social phenomena will be an interesting direction for future 
work. It will be also fruitful to directly evaluate both the microscop-
ic and macroscopic social dynamics that are predicted by our model.

Eventually, empirically validated and calibrated models of conta-
gion may facilitate our understanding of how, where, and why 
misinformation permeates and spreads. However, we acknowledge 
that such a model of belief dynamics may not be necessary to 
explain, for instance, why rumors follow simple contagion, and pro-
testing follows complex contagion—the risk involved with each ac-
tion (translated into an adoption threshold) may be enough and 
accounting for prior beliefs may not be necessary. Despite numer-
ous limitations, we believe that our demonstration of rich dynamics 
from belief interactions provides a strong rationale for developing 
and using social contagion models that are more firmly grounded in 
cognitive processes.

Supplementary Materials
This PDF file includes:
Section S1 to S5
Figs. S1 to S7
tables S1 and S2

REFERENCES AND NOTES
 1. R. M. Bond, c. J. Fariss, J. J. Jones, A. d. i. Kramer, c. Marlow, J. e. Settle, J. h. Fowler,  

A 61- million- person experiment in social influence and political mobilization. Nature 489, 
295–298 (2012).

 2. J. coleman, e. Katz, h. Menzel, the diffusion of an innovation among physicians. 
Sociometry 20, 253–270 (1957).

 3. R. M. Anderson, R. M. May, infectious diseases of humans: dynamics and control.  
Oxford Univ. Press 108, 211 (1991).

 4. d. easley, J. Kleinberg, Networks, Crowds, and Markets: Reasoning About a Highly Connected 
World (cambridge Univ. Press, 2012).

 5. e. M. Rogers, A. Singhal, M. M. Quinlan, diffusion of innovations, in An Integrated 
Approach to Communication Theory and Research (Free Press, 2014), pp. 432–448.

 6. P. lorenz- Spreen, l. Oswald, S. lewandowsky, R. hertwig, A systematic review of 
worldwide causal and correlational evidence on digital media and democracy.  
Nat. Hum. Behav. 7, 74–101 (2023).

 7. d. M. J. lazer, M. A. Baum, Y. Benkler, A. J. Berinsky, K. M. Greenhill, F. Menczer,  
M. J. Metzger, B. nyhan, G. Pennycook, d. Rothschild, M. Schudson, S. A. Sloman,  
c. R. Sunstein, e. A. thorson, d. J. Watts, J. l. Zittrain, the science of fake news.  
Science 359, 1094–1096 (2018).

 8. M. conover, J. Ratkiewicz, M. Francisco, B. Gonçalves, F. Menczer, A. Flammini,  
Political polarization on twitter. Proc. Intl AAAI Conf Web Social Media 5, 89–96 (2011).

 9. M. Macy, S. deri, A. Ruch, n. tong, Opinion cascades and the unpredictability of partisan 
polarization. Sci. Adv. 5, eaax0754 (2019).

 10. A. Gronow, M. Brockhaus, M. di Gregorio, A. Karimo, t. Ylä- Anttila, Policy learning as 
complex contagion: how social networks shape organizational beliefs in forest- based 
climate change mitigation. Policy Sci. 54, 529–556 (2021).

 11. d. Jolley, K. M. douglas, the effects of anti- vaccine conspiracy theories on vaccination 
intentions. PLoS One 9, e89177 (2014).

 12. d. A. Broniatowski, A. M. Jamison, S. Qi, l. AlKulaib, t. chen, A. Benton, S. c. Quinn,  
M. dredze, Weaponized health communication: twitter bots and Russian trolls amplify 
the vaccine debate. Am. J. Public Health 108, 1378–1384 (2018).

 13. Z. Kunda, the case for motivated reasoning. Psychol. Bull. 108, 480–498 (1990).
 14. M. J. hornsey, Why facts are not enough: Understanding and managing the motivated 

rejection of science. Curr. Dir. Psychol. Sci. 29, 583–591 (2020).
 15. d. Kahneman, Thinking, Fast and Slow (Macmillan, 2011).
 16. G. ciampaglia, F. Menczer, Biases make people vulnerable to misinformation spread by 

social media. Sci. Am. 21, (2018).
 17. R. S. nickerson, confirmation bias: A ubiquitous phenomenon in many guises.  

Rev. Gen. Psych. 2, 175–220 (1998).
 18. l. Festinger, h. W. Riecken, S. Schachter, When Prophecy Fails: A Social and Psychological 

Study of a Modern Group That Predicted the Destruction of the World (University of 
Minnesota Press, 1956).

 19. d. centola, M. Macy, complex contagions and the weakness of long ties. Am. J. Sociol. 
113, 702–734 (2007).

 20. d. centola, the spread of behavior in an online social network experiment. Science 329, 
1194–1197 (2010).

 21. d. M. Romero, B. Meeder, J. Kleinberg, differences in the mechanics of information 
diffusion across topics: idioms, political hashtags, and complex contagion on twitter, in 
Proceedings of the 20th International Conference Companion on World Wide Web  
(AcM, 2011), pp. 695–704.

 22. l. Weng, F. Menczer, Y.- Y. Ahn, virality prediction and community structure in social 
networks. Sci. Rep. 3, 2522 (2013).

 23. P. S. dodds, d. J. Watts, Universal behavior in a generalized model of contagion. 
 Phys. Rev. Lett. 92, 218701 (2004).

 24. P. S. dodds, d. J. Watts, A generalized model of social and biological contagion.  
J. Theor. Biol. 232, 587–604 (2005).

 25. M. A. Porter, J. P. Gleeson, dynamical systems on networks, in Frontiers in Applied 
Dynamical Systems: Reviews and Tutorials 4 (Springer, 2016), p. 29.

 26. J. Goldenberg, B. libai, e. Muller, talk of the network: A complex systems look at the 
underlying process of word- of- mouth. Market. Lett. 12, 211–223 (2001).

 27. M. Granovetter, threshold models of collective behavior. Am. J. Sociol. 83, 1420–1443 
(1978).

 28. d. J. Watts, A simple model of global cascades on random networks. Proc. Natl. Acad. Sci. 
U.S.A. 99, 5766–5771 (2002).

 29. l. hébert- dufresne, S. v. Scarpino, J.- G. Young, Macroscopic patterns of interacting 
contagions are indistinguishable from social reinforcement. Nat. Phys. 16, 426–431 
(2020).

 30. d. P. Redlawsk, A. J. W. civettini, K. M. emmerson, the affective tipping point: do 
motivated reasoners ever ‘Get it’? Polit. Psychol. 31, 563–593 (2010).

 31. A. nematzadeh, e. Ferrara, A. Flammini, Y.- Y. Ahn, Optimal network modularity for 
information diffusion. Phys. Rev. Lett. 113, 088701 (2014).

D
ow

nloaded from
 https://w

w
w

.science.org on A
pril 20, 2024



Aiyappa et al., Sci. Adv. 10, eadh4439 (2024)     12 April 2024

S c i e n c e  A d v A n c e S  |  R e S e A R c h  A R t i c l e

9 of 9

 32. M. d. F. Shirley, S. P. Rushton, the impacts of network topology on disease spread.  
Ecol. Complex. 2, 287–299 (2005).

 33. S. Morris, contagion. Rev. Econ. Stud. 67, 57–78 (2000).
 34. c. castellano, S. Fortunato, v. loreto, Statistical physics of social dynamics. Rev. Mod. Phys. 

81, 591–646 (2009).
 35. J. dalege, t. van der does, Using a cognitive network model of moral and social beliefs to 

explain belief change. Sci. Adv. 8, eabm0137 (2022).
 36. h. Miton, h. Mercier, cognitive obstacles to pro- vaccination beliefs. Trends Cogn. Sci. 19, 

633–636 (2015).
 37. d. M. Kahan, h. Jenkins- Smith, d. Braman, cultural cognition of scientific consensus.  

J. Risk Res. 14, 147–174 (2011).
 38. P. Sobkowicz, Modelling opinion formation with physics tools: call for closer link with 

reality. J. Artif. Soc. Soc. Simul 12, 11 (2009).
 39. l. Festinger, cognitive dissonance. Sci. Am. 207, 93–106 (1962).
 40. A. Goldberg, S. K. Stein, Beyond social contagion: Associative diffusion and the 

emergence of cultural variation. Am. Sociol. Rev. 83, 897–932 (2018).
 41. J. P houghton, interdependent diffusion: the social contagion of interacting beliefs. 

arXiv:2010.02188 [quant- ph] (2020).
 42. M. Galesic, h. Olsson, J. dalege, t. van der does, d. l. Stein, integrating social and 

cognitive aspects of belief dynamics: towards a unifying framework. J. R. Soc. Interface 18, 
20200857 (2021).

 43. n. Rabb, l. cowen, J. P. de Ruiter, M. Scheutz, cognitive cascades: how to model (and 
potentially counter) the spread of fake news. PLoS One 17, e0261811 (2022).

 44. n. e. Friedkin, A. v. Proskurnikov, R. tempo, S. e. Parsegov, network science on belief 
system dynamics under logic constraints. Science 354, 321–326 (2016).

 45. n. Rodriguez, J. Bollen, Y.- Y. Ahn, collective dynamics of belief evolution under cognitive 
coherence and social conformity. PLoS One 11, e0165910 (2016).

 46. S. Stieglitz, l. dang- Xuan, emotions and information diffusion in social media—
sentiment of microblogs and sharing behavior. J. Manag. Inf. Syst. 29, 217–248 (2013).

 47. t. van der does, d. l. Stein, n. Fedoroff, M. Galesic, Moral and social foundations of beliefs 
about scientific issues: Predicting and understanding belief change. OSF Preprint (2021).

 48. h. Rainer, U. Krause, Opinion dynamics and bounded confidence: Models, analysis and 
simulation. J. Artif. Soc. Soc. Simul. 5, (2002).

 49. G. deffuant, d. neau, F. Amblard, G. Weisbuch, Mixing beliefs among interacting agents. 
Adv. Complex Syst. 3, 87–98 (2001).

 50. A. c. Bail, l. P. Argyle, t. W. Brown, J. P. Bumpus, h. chen, M. B. F. hunzaker, J. lee, M. Mann, 
F. Merhout, A. volfovsky, exposure to opposing views on social media can increase 
political polarization. Proc. Natl. Acad. Sci. U.S.A. 115, 9216–9221 (2018).

 51. d. J. Watts, S. h. Strogatz, collective dynamics of ‘small- world’ networks. Nature 393, 
440–442 (1998).

 52. P. W. holland, K. B. laskey, S. leinhardt, Stochastic block-  models: First steps. Soc. Netw. 5, 
109–137 (1983).

Acknowledgments: We thank F. Menczer, J. Bollen, and R. Goldstone, the members of the 
cognitive science department at indiana University, for helpful conversations. We also thank a 
reviewer for the idea of conducting centola’s experiment. We acknowledge the computing 
resources at the luddy School, indiana University, which were key for the simulations 
performed in this paper. Funding: R.A. was partially funded by national Science Foundation 
nRt grant 1735095, “interdisciplinary training in complex networks and Systems.”Y.- Y.A. is 
funded by dARPA under contract hR001121c0168. Author contributions: conceptualization: 
R.A. and Y.- Y.A. Methodology: R.A., A.F., and Y.- Y.A. investigation: R.A. visualization: R.A. and 
Y.- Y.A. Supervision: A.F. and Y.- Y.A. Writing: R.A., A.F., and Y.- Y.A. Competing interests: the 
authors declare that they have no competing interests. Data and materials availability: code 
is available in 10.5281/zenodo.8370688 (or https://github.com/rachithaiyappa/beliefnet). All 
other data needed to evaluate the conclusions in this paper are present in the paper and/or 
the Supplementary Materials.

Submitted 3 March 2023 
Accepted 8 March 2024 
Published 12 April 2024 
10.1126/sciadv.adh4439

D
ow

nloaded from
 https://w

w
w

.science.org on A
pril 20, 2024

http://dx.doi.org/10.5281/zenodo.8370688
https://github.com/rachithaiyappa/beliefnet

	Emergence of simple and complex contagion dynamics from weighted belief networks
	INTRODUCTION
	Interacting weighted beliefs model

	RESULTS
	Emergence of simple and complex contagion
	Scenario 1
	Scenario 2

	Analytical approach
	Influence of the network structure on the contagion dynamics
	Scenario 1
	Scenario 2

	Optimal modularity

	DISCUSSION
	Supplementary Materials
	This PDF file includes:

	REFERENCES AND NOTES
	Acknowledgments


