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Competing contagion processes: 
Complex contagion triggered by 
simple contagion
Byungjoon Min1,2 & Maxi San Miguel1

Empirical evidence reveals that contagion processes often occur with competition of simple and 
complex contagion, meaning that while some agents follow simple contagion, others follow complex 
contagion. Simple contagion refers to spreading processes induced by a single exposure to a contagious 
entity while complex contagion demands multiple exposures for transmission. Inspired by this 
observation, we propose a model of contagion dynamics with a transmission probability that initiates 
a process of complex contagion. With this probability nodes subject to simple contagion get adopted 
and trigger a process of complex contagion. We obtain a phase diagram in the parameter space of 
the transmission probability and the fraction of nodes subject to complex contagion. Our contagion 
model exhibits a rich variety of phase transitions such as continuous, discontinuous, and hybrid 
phase transitions, criticality, tricriticality, and double transitions. In particular, we find a double phase 
transition showing a continuous transition and a following discontinuous transition in the density of 
adopted nodes with respect to the transmission probability. We show that the double transition occurs 
with an intermediate phase in which nodes following simple contagion become adopted but nodes with 
complex contagion remain susceptible.

Models of social and biological contagion in general fall into two classes depending on the response to suc-
cessive exposures: simple and complex contagion1–12. Simple contagion, mainly inspired by disease spreading, 
stands for a contagion process with independent interaction between the susceptible and the infectious5,7,13–19. 
Typical compartment epidemic models such as the susceptible-infected-recovered model5,13,15,16 and the 
susceptible-infected-susceptible5,14,16 model belong to the class of simple contagion processes. Models of simple 
contagion are controlled by an infection probability independent of the number of exposures. Typically, a model 
of simple contagion exhibits a continuous phase transition between an epidemic phase and a disease free phase 
for a critical value of the infection probability. The other class of contagion processes is complex contagion repre-
senting spreading phenomena in which multiple exposures to a spreading entity are needed for changing agents’ 
state8,9. Models of complex contagion processes encompass a wide range of contagious models such as threshold 
model4,6,20, generalized epidemic model21–25, diffusion percolation26, threshold learning27,28, and bootstrap perco-
lation29. The spread of fads, ideas, and new technologies in our society is better described by complex contagion 
rather than by simple contagion due to a collective effect in social contagion30–35. The critical difference of the 
complex contagion as compared to the simple contagion processes is that the probability of adoption depends on 
the number of exposures. For instance, in the threshold model the adoption of a new innovation happens when 
the number of adopted neighbors is larger than a certain threshold4,6. Models of complex contagion often result 
in a discontinuous phase transition in contrast to the continuous phase transition of simple contagion6,33,36–39.

Classical contagion models assume that the contagious entity determines the type of contagion either simple 
or complex16,30. Recently, the comprehensive analysis of the spread of an equal-sign profile in a social network-
ing service (SNS)40–42 sheds light on the mechanisms of contagion processes between the susceptible and the 
adopted. The analysis of the empirical data shows that characteristics of the agents also affects the type of conta-
gion41. Specifically, it is observed that the number of successful exposures requiring for adoption is far different 
for different individuals41. In this observation, some agents change their profile in SNS just after the first expo-
sure to the meme (simple contagion), but the others need more exposures to be adopted (complex contagion).  
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This implies a competition between simple and complex contagion depending on agents’ adoptability, deviating 
from the traditional view of contagion models. The heterogeneity of adoptability can be widespread for many 
spreading phenomena because of the individual diversity of stubbornness, creed, and preexisting information. 
These facts call for incorporating such heterogeneity when modelling contagion processes integrating simple and 
complex contagion43–47. Incorporating such heterogeneity, here we propose a contagion model that in addition 
considers a transmission probability in the contagion process acting like an infection probability in epidemic 
models or an occupation probability in bond percolation processes on a network. It represents a trial of transmis-
sion from adopted neighbors, prior to the subsequent adoption processes. Effectively the transmission probability 
acts as a simple contagion process triggering a process of complex contagion.

In our model of contagion processes with a transmission probability we unify simple and complex contagion 
by considering agents with heterogeneous adoptability. We assign explicitly a different level of adoptability for 
individuals to mimic the heterogeneity of adoptability observed in empirical data41. The transmission probability 
models a chance to transmit and to identify successful (active) connections for adoption processes. With these 
generalizations, our model includes a variety of contagion models such as the susceptible-infected-recovered 
model13, threshold model4,6, diffusion percolation26, and bootstrap percolation48. Our generalized contagion 
model exhibits a rich variety of phenomena including continuous, discontinuous, and hybrid phase transitions, 
criticality, tricriticality, and double transitions. We show that a double transition with an intermediate phase can 
happen when a system is composed of nodes with heterogeneous adoptability.

Generalized Contagion Model
We consider a network with N nodes that can be in a susceptible or adopted state. The adoptability θ of each node 
is randomly drawn from a distribution Q(θ). To be specific, θ represents the number of successful exposures 
required to change from susceptible to adopted. For example, when θ = 1, a node becomes adopted after a single 
successful exposure thus indicating simple contagion, while when θ > 1, it represents complex contagion node 
since multiple exposures are needed for adoption. Varying the adoptability θ, we can describe both simple and 
complex contagion processes. The chance of transmission is determined by a transmission probability λ. Each 
adopted node attempts to spread with the probability λ and hence we can identify active connections between the 
susceptible and the adopted. Introducing the distribution of adoptability Q(θ) and the transmission probability, 
we unify the two contagion mechanisms and suggest a generalized contagion model. It is worthwhile to note that 
heterogeneous adoptability but without a transmission probability was considered in the threshold model4,42, 
heterogeneous k-core percolation45,46, and a model of stochastic interacting particles49.

In our model, dynamics is in discrete time. Initially, all nodes are susceptible except a fraction ρ of seed 
nodes that are adopted. Newly adopted nodes attempt transmission with a probability λ to all of their susceptible 
neighbors in the same time step. In the next time step, each susceptible node updates the number of successful 
transmissions and becomes adopted if the number of successful exposures is the same or larger than its thresh-
old. In more detail: let us suppose that an adopted node i tries transmission to its susceptible neighbor j with a 
probability λ. If the transmission is successful, the link from i to j becomes active and with the complementary 
probability 1 − λ, the link remains inactive. Then, susceptible node j becomes adopted when the number of suc-
cessful exposures (equivalently the number of active links towards node j) exceeds or equates its adoptability θj. 
This process proceeds until there are no more newly adopted agents in a network.

The main parameters of our model are λ and Q(θ) which reflect respectively the extent of transmissibility of a 
contagious entity and the adoptability distribution of the nodes. Depending on these two parameters, our model 
becomes one of a wide range of contagion models. The susceptible-infected-recovered model13,15 is recovered 
when (λ, Q(θ)) = (λ, δθ,1) where δi,j represents the Kronecker delta function (the function is 1 if i = j and 0 other-
wise). Diffusion percolation26 corresponds to (λ, Q(θ)) = (1, δθ,n>1) where n is any integer larger than unity, while 
Watts’ threshold model6 corresponds to (λ, Q(θ)) = (1, )k T, i

δθ  where T is a threshold and ki is the degree of node i.
Figure 1 shows an example of our generalized contagion model with Q(θ) = (1 − p)δθ,1 + pδθ,2. A fraction 

(1 − p) of nodes denoted by circles follow simple contagion (θ = 1) and a fraction p of nodes denoted by squares 
follow complex contagion requiring multiple successful exposures to become adopted (θ > 1). Initially, all nodes 
are susceptible except a seed indicated with a star symbol [Fig. 1(a)]. Next, adopted nodes attempt to spread the 
contagious entity with a probability λ. If a trial is successful, a susceptible node is exposed to a contagious entity 
(denoted by thick line). Note that a single success of transmission does not always result in adoption because 
complex contagion requires multiple successful exposures. When the number of successful exposures exceeds or 
equates the adoptability θ of a node, a susceptible node turns to the adopted state (filled symbols) [Fig. 1(b–d)]. 
Eventually we measure the final fraction of adopted nodes R at the steady state.

Analytical Approach
To predict the final fraction of adopted nodes, we derive mean-field equations assuming a locally tree-like struc-
ture in the limit N → ∞. Our approximation is exact in a tree structure and it gives very good agreement with 
numerical simulations for sparse random graphs with only infinite loops. Our approach is based on recent theo-
retical developments for the threshold cascade model on networks36. A generating function technique developed 
for a model of percolation processes15 also shares the idea of our analytical treatment. Given a degree distribution 
P(k) and an adoptability distribution Q(θ), the expected final fraction of adopted nodes R from a fraction of initial 
seed nodes ρ (chosen randomly) can be expressed as15,36 [see details in Supplementary Information],
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Here q∞ is the steady state probability that a node is adopted by following a randomly chosen link, and λ is the 
transmission probability between the susceptible and the adopted. The term −∞ ∞

−( )k
m q q(1 )m k m corresponds to 
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the probability that the number of successful exposures with the transmission probability λ from m adopted 
neighbors exceeds or equates the adoptability θ. Overall, Eq. 1 corresponds to the probability that a randomly 
chosen node is either a seed node with probability ρ or is not a seed with the probability (1 − ρ) but it becomes 
eventually adopted in the dynamical process.

The probability q∞ can be obtained by solving a recursive equation. First we define qt as the probability that a 
node is adopted by following a randomly chosen link at level t. On a locally tree-like graph, qt can be obtained by 
(derivation in Supplementary Information)
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The fixed point of the above equation corresponds to q∞ starting from the initial value q0 = ρ. In general, we 
obtain q∞ by solving iteratively Eq. 2 and obtain R by replacing the value obtained for q∞ in Eq. 1.

We further develop the theory for an Erdös-Rényi (ER) graph with an average degree z as a simple example. 
ER graphs in the limit N → ∞ clearly satisfy the locally tree-like structure, and hence our theoretical calculation 
gives a good approximation. Using the degree distribution P(k) = e−zzk/k!, the final fraction of adopted nodes 
R becomes the same as q∞ since Eqs 1 and 2 become equivalent. Then, the self-consistency equation is simply 
expressed as
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where Γ(x) is the gamma function and Γ(x, y) is the incomplete gamma function. Thus, for ER networks, we can 
obtain the fixed point of R directly by solving the above self-consistency equation.

Results
Phase diagram.  For the sake of simplicity, we consider a model with a bimodal distribution of the adoptabil-
ity Q(θ) = (1 − p)δθ,1 + pδθ,n on ER networks. In this setting, a fraction (1 − p) of nodes follows simple contagion 
with θ = 1 (simple nodes) and a fraction p of nodes follows complex contagion requiring n successful exposures 
to be adopted (complex nodes). We then have three parameters, p, n, and λ which respectively correspond to the 
fraction of complex nodes, the number of successful exposures required for complex nodes to adopt, and the 
probability of transmission. Further assuming that the initial density of seed nodes is negligible, i.e, ρ → 0, the 
self-consistency equation becomes,
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Figure 1.  An example of our model of contagion processes with a transmission probability unifying simple 
and complex contagion. In this example, five nodes (circles) out of nine nodes follow simple contagion and 
three nodes (squares) follow complex contagion requiring two exposures to be adopted. Spreading starts from a 
seed (star symbol) and susceptible nodes (open symbols) become adopted (filled symbols) when the number of 
successful exposures exceeds or equates its assigned adoptability either 1 for simple contagion or 2 for complex 
contagion.
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The first term corresponds to the contribution of simple nodes and the second term corresponds to that of 
complex nodes.

In order to identify a fixed point of Eq. 4, we define f R R p e p( ) (1 )(1 ) 1z R n z R
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Then, the fixed points R* are given by the zeros of f(R*) = 0. We find that the trivial solution R* = 0 indicates adop-
tion free phase where adoption does not happen both for simple and complex nodes. Adoption phase showing 
non-zero density of adopted nodes (R > 0) appears at the point where the trivial solution R* = 0 becomes unstable. 
Linear stability analysis implies that the adoption free phase is stable when f ′(0) < 0 while it becomes unstable if 
f ′(0) > 0. Thus, the transition between the adoption free phase (R = 0) and the adoption phase (R > 0) occurs at 
f ′(0) = 0 where λ′ = − + − +λ λ λ−
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when n = 1, all nodes are simple nodes meaning that the model returns to an ordinary simple contagion, i.e., 
essentially the same as the susceptible-infected-recovered model13. Therefore, the threshold for simple contagion 
model 1/z is recovered15. When n > 1, we get an additional (1 − p) factor which corresponds to the fraction of 
simple nodes.

The nature of the transition at λ1 is determined by the second derivative of f(R). While the transition is contin-
uous if f ″(0) < 0, it becomes discontinuous if f ″(0) > 0. Applying this condition to f R p( ) (1 )″ = − −  
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, we find that f ″(0) < 0 for all values of p if n > 2. Therefore the tran-

sition at λ1 is always continuous if n > 2. However, when n = 2, f ″(0) < 0 for p < 0.5 and f ″(0) > 0 for p > 0.5, so 
that the transition is continuous if simple nodes hold a majority (p < 0.5) and discontinuous if complex nodes 
hold a majority (p > 0.5). In this case of n = 2, we can further identify a tricritical point (λtc, ptc) = (2/z, 1/2) by 
imposing the condition f ″(0) = f ′(0) = f(0) = 0 where the continuous and discontinuous transition lines meet. At 
the tricritical point, the size of the discontinuous jump for p < 0.5 reduces to zero.

In the phase diagram with n = 2 for ER networks with z = 10 [Fig. 2(a)], we find continuous (dashed) and 
discontinuous (solid) transition lines and a tricritical point (λtc, ptc) = (0.2, 0.5) at which the two lines meet 
[Fig. 2(a)]. For p < ptc, the transition at λ1 is continuous with the scaling behavior λ λ∼ − βR ( )1

1 and the expo-
nent β1 = 1 (derivation in Supplementary Information), the same as the mean-field exponent of an ordinary bond 
percolation15. Approaching the tricritical point, we obtain a different scaling R ( )tc

tcλ λ∼ − β  with βtc = 1/2 (der-
ivation in Supplementary Information). For p > ptc, the transition at λ1 becomes discontinuous. In the inset of 
Fig. 2(a), the graphical solution f(R) with respect to R at p = ptc with λ = 0.1, 0.2, 0.3 is shown. The zeroes of f(R) 
correspond to the fixed point and λ = 0.2 corresponds to the tricritical point λtc in our example with z = 10. In the 
adoption free phase, there exists only a trivial solution which is R* = 0. When λ is larger than the tricritical point 
value (λ > λtc), a new stable solution appears at a non-zero value of R* and R* = 0 solution becomes unstable.

For n > 2, in addition to the continuous transition at λ1 with the critical exponent β1 = 1 for all n > 2, there is 
another transition at λ n p

2
( , ) which is discontinuous, indicated by a solid line [Fig. 2(b)]. It is worthwhile to note 

that λ2 is larger than λ1 for any n > 2. The location of λ2 can be analytically identified from the condition f ′(R*) = 0 
with R* ≠ 0. When n > 2, the continuous transition line λ1 and the discontinuous line λ2 are separated and do not 
meet. Thus, the tricriticality at which the continuous and discontinuous transition lines meet is a peculiar behav-
ior only found in n = 2. The size of the discontinuous jump at λ2 decreases with decreasing p and goes to zero at a 

Figure 2.  Phase diagram of a generalized contagion model with (a) n = 2 and (b) n > 2 for ER networks with 
z = 10. Continuous and discontinuous transition lines are respectively indicated as dashed and solid lines, and 
(tri)critical points are indicated by filled circles. Graphical solution of f (R) at p = ptc = 1/2 and λ = 0.1, 0.2(λtc), 
0.3 is shown in the inset of (a). (c) Graphical solution of f (R) with n = 4, p = 0.8 and λ = 0.4, 0.6, 0.723(λ2), 0.8 is 
shown.
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critical point (λc, pc) indicated by a filled circle, at which f ″(R*) = f ′(R*) = 0. Thus, the discontinuous transition 
line ends at the critical point and there is no the second phase transition when p < pc. In this regime (p < pc), R 
increases gradually without discontinuity when increasing λ with λ > λ1. In addition, the discontinuous jump and 
critical point can disappear as n increases for a given z, i.e, for z = 10, there is no second transition when n > 7.

When p > pc(n) with n > 2, the adoption phase is separated into two distinct phases by a boundary at λ2: sim-
ple adoption (low R) and complex adoption (high R) phases. In addition, the transition at λ2 has hybrid charac-
teristics showing both discontinuity and a scaling behavior, R R( ) ( )2 2

n
2
( 2)

λ λ λ− ∼ − β >
 with the exponent 

1/2n
2
( 2)β =>  for any n > 2 (derivation in Supplementary Information). In addition, when λ approaches the crit-

ical point a cube-root scaling appears as R R( ) ( )c c
cλ λ λ− ∼ − β  where βc = 1/3 (derivation in Supplementary 

Information). This is the same scaling found in heterogeneous k-core percolation46. Such hybrid phase transition 
also known as mixed phase transition has been observed widely in cooperative percolation in networks such as 
k-core percolation46,50,51, bootstrap percolation48, percolation of interdependent networks52–54, and cooperative 
epidemic processes22–25. A hybrid transition is also predicted in a model of spin chains with long-range interac-
tions55, DNA denaturation56, and jamming57,58, and recently observed experimentally in a colloidal crystal59.

An example of how to identify a phase transition is shown in terms of the graphical solution of f(R) with z = 10 
and n = 4 in the limit ρ → 0 [Fig. 2(c)]. The zeroes of f(R) give the fixed point values of R and their stability is given 
by the derivative of f(R). First, R remains zero for λ < λ1. When λ1 < λ < λ2, R increases gradually as λ increases 
until the second transition at λ = λ2. As λ increases further λ > λ2, a complex adoption phase (R ≈ 0.92) appears 
suddenly from the simple adoption phase (R ≈ 0.18). Therefore, our analysis predicts the emergence of a double 
transition showing a continuous and a subsequent discontinuous transition.

Continuous, discontinuous, and double phase transitions.  We examine the phase diagram and the 
fraction of adopted nodes for two specific scenarios where n = 2 [Fig. 3(a)] and n = 4 [Fig. 3(b)] on ER networks 
with z = 10. For n = 2, when p < 0.5 a typical continuous phase transition occurs at λ1 [Fig. 3(a)]. But, when more 
than half of the nodes follow complex contagion (p > 0.5), the transition between the adoption free phase and 
the adoption phase becomes discontinuous. Such discontinuity disappears at a tricritical point at which (λtc, 
ptc) = (0.2, 0.5) with z = 10. Therefore, for n = 2 and varying λ there is a single transition at λ1 either continuous 
for p < ptc or discontinuous for p > ptc.

However, for n = 4, we find that the continuous and discontinuous transition lines are separated [Fig. 3(b)]. To 
be specific, at a given p > pc the location of the discontinuous transition λ2 appears at a value λ > λ1. The size of 
the jump decreases with decreasing p and the jump disappears at a critical point (λc, pc) = (0.59, 0.71). Therefore 
above the critical point (p > pc), the size of adopted nodes R abruptly changes from simple adoption phase (low 
R) to complex adoption phase (high R) at λ = λ2. In contrast, below the critical point (p < pc), R changes gradually 
without discontinuity, so that a sharp distinction between simple adoption phase and complex adoption phase 
does no longer exist.

The continuous and discontinuous transitions with n = 4 and z = 10 for p = 0.2, 0.4, 0.6, and 0.8 are shown 
in Fig. 3(c). We first note that the theory (line) and numerical simulations (symbol) of R for ER networks with 
N = 105 and 100 seed nodes show perfect agreement. In addition, the stark difference between a discontinuous 
jump for p > pc and a gradual increase of R for p < pc is highlighted. Note that the fraction of initial seed cannot 
be negligible in the finite size networks simulated while it becomes asymptotically small in the thermodynamic 
limit N → ∞.

Moreover, when p > pc, for instance p = 0.8, the system undergoes a double phase transition with increasing λ: 
a continuous transition from adoption free phase to simple adoption phase, followed by a following discontinu-
ous transition between the simple adoption phase and a complex adoption phase. Recently, multiple transitions in 
a percolation-type process have been observed in complicatedly designed networks such as clustered networks60 
and interdependent networks61, or with nontrivial percolation protocols such as explosive percolation62,63 and 
asymmetric percolation64. In this study, however we find a double transition on simple random networks as a 
result of competing contagion processes. It is worthwhile to note that in the limiting case λ = 1 our model shares 
a similarity to the heterogeneous k-core percolation which also shows a multiple transition46.

Figure 3.  Phase diagram of a generalized contagion model with (a) n = 2 and (b) n = 4 showing the final 
fraction of adopted nodes R. Continuous and discontinuous transition lines are respectively indicated as dashed 
and solid lines, and (tri)critical points are indicated by filled circles. (c) The final fraction of adopted nodes 
R vs. λ with n = 4 for ER networks with N = 105 and z = 10, averaged over 104 independent runs. Numerical 
simulations (symbol) and theoretical calculation (line) are shown together. Error bars are smaller than symbols.
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Mechanism of double phase transition and mixed phase.  The underlying mechanism of the double 
phase transition is illustrated in Fig. 4(a), for ER networks with z = 10, n = 4, and p = 0.8. In a adoption free phase 
(λ < λ1), most nodes, regardless of being simple or complex contagion nodes, remain susceptible except initial 
seeds. At λ1, simple nodes start to become adopted continuously and the system turns into the simple adoption 
phase (low R). As increasing λ above λ1, more and more simple nodes become adopted. But, complex nodes 
still remain susceptible until λ reaches the second transition λ = λ2. Therefore, in the simple adoption phase 
(λ1 < λ < λ2) simple contagion nodes are adopted while most of the complex contagion nodes are still susceptible. 
As λ increases further, at the second transition λ = λ2 a bunch of nodes with either simple or complex contagion 
become adopted abruptly. Thus, in the complex adoption phase (λ > λ2) most nodes are adopted, leading to high 
R. Our numerical simulations for the behavior of the susceptibility of R in the limit ρ → 0 are compatible with a 
double transition (see Supplementary Information).

The final fraction of adopted nodes with simple contagion Rs and complex contagion Rc clearly shows the dif-
ference between the simple adoption phase and the complex adoption phase as well as the different mechanisms 
leading to these two transitions [Fig. 4(b)]. In the simple adoption phase, some of simple nodes become adopted 
but complex nodes remain susceptible so that Rc remains zero and Rs has a finite value. However, in the complex 
adoption phase, both types of nodes are adopted, so that both Rs and Rc show a high value after a discontinuous 
jump at λ2. Note that the maximum of Rs is 0.2 and that of Rc is 0.8 because p = 0.8 in this example.

When p < pc, the discontinuous transition disappears and a single continuous transition exists at λ1 [Fig. 4(c)]. 
As an example, for p = 0.4 which is less than pc = 0.71 both simple nodes and complex nodes start to be adopted at 
λ1. And the fraction of adopted nodes with simple Rs and complex Rc adoption gradually increases [Fig. 4(d)]. In 
the network illustration for λ = 0.4 [Fig. 4(c)], we can observe simultaneously simple nodes and complex nodes 
that are in the adopted state. In this mixed phase, simple and complex nodes are strongly interrelated and a sharp 
distinction between a simple and a complex adoption phase is no longer possible.

Discussion
In this study, we have proposed a generalized model of contagion processes unifying simple and complex conta-
gion by introducing an heterogeneous adoptability Q(θ) together with a transmission probability, or link activa-
tion probability, that by a simple contagion mechanism triggers a cascading complex contagion. Our model gives 
rise to diverse phase transitions such as a continuous transition from adoption free phase to adoption phase, a 
discontinuous (hybrid) transition between low adoption and high adoption phase, tricriticality at which two lines 
of the continuous and discontinuous transitions meet, criticality where the discontinuous transition disappears, 
and a double transition showing successive occurrence of continuous and discontinuous phase transitions when 
varying the transmission probability λ. Specifically, when n = 2 a continuous transition becomes discontinuous 
at a tricritical point. In addition, when n > 2 continuous and discontinuous transition lines are separated and 
two transitions can happen sequentially with increasing λ, leading to a double transition. Our model provides a 
direction to study general contagion processes and shows that heterogeneity in agents’ response to adoption alters 
significantly the consequences of contagion processes. Further studies may be needed to confirm the finite size 
effect of the fraction of seed nodes, the effect of heterogeneity in network topology, and more general adoptability 
distributions, to name a few.

Figure 4.  (a) Final fraction of adopted nodes R as a function of λ is shown for ER networks with N = 105, 
z = 10, n = 4, and p = 0.8 (p > pc). Network examples are obtained with the same parameters but for a small 
network N = 103 for illustration. Susceptible nodes with simple and complex contagion are indicated by light 
red and light blue symbols, respectively. Adopted nodes with simple and complex contagion are represented as 
dark red and dark blue, respectively. (b) Final fraction of adopted nodes with simple contagion Rs and complex 
contagion Rc is shown. (c) R and (d) Rs and Rc are shown for p = 0.4 (p < pc), disappearing the distinction 
between simple adoption phase and complex adoption phase.



www.nature.com/scientificreports/

7SCIentIFIC REPOrtS |  (2018) 8:10422  | DOI:10.1038/s41598-018-28615-3

References
	 1.	 Goffman, W. & Newill, V. Generalization of epidemic theory: An application to the transmission of ideas. Nature 204, 4955 (1964).
	 2.	 Daley, D. J. & Kendall, D. G. Epidemics and rumors. Nature 204, 4963 (1964).
	 3.	 Schelling, T. C. Hockey helmets, concealed weapons, and daylight saving: A study of binary choices with externalities. J. Conflic 

Resolut. 17, 381 (1973).
	 4.	 Granovetter, M. Threshold models of collective behavior. Am. J. Sociol. 83, 1420 (1978).
	 5.	 May, R. M. & Anderson, R. M. Infectious Disease of Humans: Dynamics and control. (Oxford University Press, 1991).
	 6.	 Watts, D. J. A simple model of global cascades on random networks. Proc. Natl. Acad. Sci. 99, 5766–5771 (2002).
	 7.	 Castellano, C., Fortunato, S. & Loreto, V. Statistical physics of social dynamics. Rev. Mod. Phys. 81, 591 (2009).
	 8.	 Centola, D. & Macy, M. Complex contagions and the weakness of long ties. Am. J. Social. 113, 702–734 (2007).
	 9.	 Centola, D., Eguíluz, V. M. & Macy, M. W. Cascade dynamics of complex propagation. Physica A 374, 449–456 (2007).
	10.	 Centola, D. The spread of behavior in an online social network experiment. Science 329, 1194 (2010).
	11.	 Vespignani, A. Modelling dynamical processes in complex socio-technical systems. Nat. Phys. 8, 32–39 (2012).
	12.	 Karsai, M., Iñiguez, G., Kaski, K. & Kertész, J. Complex contagion process in spreading of online innovation. J. R. Soc. Interface 11, 

20140694 (2014).
	13.	 Kermack, W. O. & McKendrick, A. G. A contribution to the mathematical theory of epidemics. Proc. Royal Soc. London A 115, 700 

(1927).
	14.	 Pastor-Satorras, R. & Vespignani, A. Epidemic spreading in scale-free networks. Phys. Rev. Lett. 84, 3200 (2001).
	15.	 Newman, M. E. J. Spread of epidemic disease on networks. Phys. Rev. E 66, 016128 (2002).
	16.	 Pastor-Satorras, R., Castellano, C., Van Mieghem, P. & Vespignani, A. Epidemic processes in complex networks. Rev. Mod. Phys. 87, 

925 (2015).
	17.	 Min, B., Goh, K.-I. & Vazquez, A. Spreading dynamics following bursty human activity patterns. Phys. Rev. E 83, 036102 (2011).
	18.	 Min, B., Gwak, S.-H., Lee, N. & Goh, K.-I. Layer-switching cost and optimality in information spreading on multiplex networks. Sci. 

Rep. 6, 21392 (2016).
	19.	 Zheng, M., Zhao, M., Min, B. & Liu, Z. Synchronized and mixed outbreaks of coupled recurrent epidemics. Sci. Rep. 7, 2424 (2017).
	20.	 Dodds, P. S. & Watts, D. J. Universal behavior in a generalized model of contagion. Phys. Rev. Lett. 92, 218701 (2004).
	21.	 Janssen, H.-K., Müller, M. & Stenull, O. Generalized epidemic process and tricritical dynamic percolation. Phys. Rev. E 70, 026114 

(2004).
	22.	 Chung, K., Baek, Y., Kim, D., Ha, M. & Jeong, H. Generalized epidemic process on modular networks. Phys. Rev. E 89, 052811 

(2014).
	23.	 Gómez-Gardeñes, J., de Barros, A. S., Pinho, S. T. R. & Andrade, R. F. S. Abrupt transitions from reinfections in social contagions. 

EPL (Europhys. Lett.) 110, 58006 (2015).
	24.	 Choi, W., Lee, D. & Kahng, B. Mixed-order phase transition in a two-step contagion model with a single infectious seed. Phys. Rev. 

E 95, 022304 (2017).
	25.	 Choi, W., Lee, D. & Kahng, B. Critical behavior of a two-step contagion model with multiple seeds. Phys. Rev. E 95, 062115 (2017).
	26.	 Adler, J. & Aharony, A. Diffusion percolation: 1. Infinite time limit and bootstrap percolation. J. Phys. A 21, 1387 (1988).
	27.	 González-Avella, J. C., Eguíluz, V. M., Marsili, M. & Vega-Redondo, F. & San Miguel, M. Threshold learning dynamics in social 

networks. Plos One 6(5), e20207 (2011).
	28.	 Lugo, H. & San Miguel, M. Learning and coordinating in a multilayer network. Sci. Rep. 5, 7776 (2015).
	29.	 Chalupa, J., Leath, P. L. & Reich, G. R. Bootstrap percolation on a Bethe lattice. J. Phys. C 12, L31 (1979).
	30.	 Weng, L., Menczer, F. & Ahn, Y.-Y. Virality prediction and community structure in social networks. Sci. Rep. 3, 2522 (2013).
	31.	 Kramer, A. D., Guillory, J. E. & Hancock, J. T. Experimental evidence of massive-scale emotional contagion through social networks. 

Proc. Natl. Acad. Sci. 111, 8788–8790 (2014).
	32.	 Hodas, N. O. & Lerman, K. The simple rules of social contagion. Sci. Rep. 4, 4343 (2014).
	33.	 Min, B. & San Miguel, M. Fragmentation transitions in a coevolving nonlinear voter model. Sci. Rep. 7, 12864 (2017).
	34.	 Lerman, K. Information is not a virus, and other consequences of human cognitive. Future Internet 8(2), 21 (2016).
	35.	 Monsted, B., Sapiezynski, P., Ferrara, E. & Lehman, S. Evidence of complex contagion of information in social media: An experiment 

using twitter bots. Plos One 12(9), e0184148 (2017).
	36.	 Gleeson, J. P. & Cahalane, D. J. Seed size strongly affects cascades on random networks. Phys. Rev. E 75, 056103 (2007).
	37.	 Brummitt, C. D., Lee, K.-M. & Goh, K.-I. Multiplexity-facilitated cascades in networks. Phys. Rev. E 85, 045102(R) (2012).
	38.	 Lee, K.-M., Brummitt, C. D. & Goh, K.-I. Threshold cascades with response heterogeneity in multiplex networks. Phys. Rev. E 90, 

062816 (2014).
	39.	 Ruan, Z., Iñiguez, G., Karsai, M. & Kertész, J. Kinetics of social contagion. Phys. Rev. Lett. 115, 218702 (2015).
	40.	 Dow, P. A., Adamic, L. A. & Friggeri, A. The anatomy of large facebook cascades. ICWSM 1, 12 (2013).
	41.	 State, B. & Adamic, L. The diffusion of support in an online social movement: evidence from the adoption of equal-sign profile 

pictures. in Proceedings of the 18th ACM Conference on Computer Supported Cooperative Work & Social Computing, 1741–1750 
(2015).

	42.	 Karampourniotis, P. D., Sreenivasan, S., Szymanski, B. K. & Korniss, G. The impact of heterogeneous thresholds on social contagion 
with multiple initiators. Plos One 10(11), e0143020 (2015).

	43.	 Czaplicka, A., Toral, R. & San Miguel, M. Competition of simple and complex adoption on interdependent networks. Phys. Rev. E 
94, 062301 (2016).

	44.	 Böttcher, L., Nagler, J. & Herrmann, H. J. Critical behaviors in contagion dynamics. Phys. Rev. Lett. 118(8), 088301 (2017).
	45.	 Cellai, D., Lawlor, A., Dawson, K. A. & Gleeson, J. P. Tricritical point in heterogeneous k-core percolation. Phys. Rev. Lett. 107, 

175703 (2011).
	46.	 Baxter, G. J., Dorogovtsev, S. N., Goltsev, A. V. & Mendes, J. F. F. Heterogeneous k-core versus bootstrap percolation on complex 

networks. Phys. Rev. E 83, 051134 (2011).
	47.	 Wang, W., Tang, M., Shu, P. & Wang, Z. Dynamics of social contagions with heterogeneous adoption thresholds: crossover 

phenomena in phase transition. New J. Phys. 18, 013029 (2016).
	48.	 Baxter, G. J., Dorogovtsev, S. N., Goltsev, A. V. & Mendes, J. F. F. Bootstrap percolation on complex networks. Phys. Rev. E 82, 011103 

(2010).
	49.	 Lafuerza, L. F. & Toral, R. On the effect of heterogeneity in stochastic interacting-particle systems. Sci. Rep. 3, 1189 (2013).
	50.	 Goltsev, A. V., Dorogovtsev, S. N. & Mendes, J. F. F. k-core (bootstrap) percolation on complex networks. Phys. Rev. E 73, 056101 

(2006).
	51.	 Lee, D., Jo, M. & Kahng, B. Critical behavior of k-core percolation: Numerical studies. Phys. Rev. E 94, 062307 (2016).
	52.	 Buldyrev, S. V., Parshani, R., Paul, G., Stanley, H. E. & Havlin, S. Catastrophic cascade of failures in interdependent networks. Nature 

(London) 464, 1025 (2010).
	53.	 Baxter, G. J., Dorogovtsev, S. N., Goltsev, A. V. & Mendes, J. F. F. Avalanche collapse of interdependent networks. Phys. Rev. Lett. 109, 

248701 (2012).
	54.	 Min, B. & Goh, K.-I. Multiple resource demands and viability in multiplex networks. Phys. Rev. E 89, 040802(R) (2014).
	55.	 Thouless, D. J. Long-range order in one-dimensional Ising system. Phys. Rev. 187, 732–733 (1969).
	56.	 Bar, A. & Mukamel, D. Mixed-order phase transition in a one-dimensional model. Phys. Rev. Lett. 112, 015701 (2014).



www.nature.com/scientificreports/

8SCIentIFIC REPOrtS |  (2018) 8:10422  | DOI:10.1038/s41598-018-28615-3

	57.	 Schwarz, J. M., Liu, A. J. & Chayes, L. Q. The onset of jamming as the sudden emergence of an infinite k-core cluster. EPL (Europhys. 
Lett.) 73, 560 (2006).

	58.	 Sheinmann, M., Sharma, A., Alvarado, J., Koenderink, G. H. & MacKintosh, F. C. Anomalous discontinuity at the percolation critical 
point of active gels. Phys. Rev. Lett. 114, 098104 (2015).

	59.	 Alert, R., Tierno, P. & Casademunt, J. Mixed-order phase transition in a colloidal crystal. Proc. Natl. Acad. Sci. 114, 12906 (2017).
	60.	 Colomer-de-Simón, P. & Boguñá, M. Double percolation phase transition in clustered complex networks. Phys. Rev. X 4, 041020 

(2014).
	61.	 Bianconi, G. & Dorogovtsev, S. N. Multiple percolation transitions in a configuration model of network of networks. Phys. Rev. E 89, 

062814 (2014).
	62.	 Nagler, J., Tiessen, T. & Gutch, H. W. Continuous percolation with discontinuities. Phys. Rev. X 2, 031009 (2012).
	63.	 Chen, W. et al. Phase transitions in supercritical explosive percolation. Phys. Rev. E 87, 052130 (2013).
	64.	 Allard, A., Althouse, B. M., Scarpino, S. V. & Hébert-Dufresne, L. Asymmetric percolation drives a double transition in sexual 

contact networks. Proc. Natl. Acad. Sci. 114, 8969–8973 (2017).

Acknowledgements
MSM and BM acknowledge financial support from the Agencia Estatal de Investigaci on (AEI, Spain) and Fondo 
Europeo de Desarrollo Regional under project ESOTECOS FIS2015-63628-C2-2-R (MINECO/AEI/FEDER, 
UE). This work was supported by the National Research Foundation of Korea (NRF) grant funded by the Korea 
government (MSIT) (No. 2018R1C1B5044202).

Author Contributions
All authors conceived the study, B.M. performed the research, all authors analyzed the data, all authors wrote, 
reviewed and approved the paper.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-018-28615-3.
Competing Interests: The authors declare no competing interests.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2018

http://dx.doi.org/10.1038/s41598-018-28615-3
http://creativecommons.org/licenses/by/4.0/

	Competing contagion processes: Complex contagion triggered by simple contagion

	Generalized Contagion Model

	Analytical Approach

	Results

	Phase diagram. 
	Continuous, discontinuous, and double phase transitions. 
	Mechanism of double phase transition and mixed phase. 

	Discussion

	Acknowledgements

	Figure 1 An example of our model of contagion processes with a transmission probability unifying simple and complex contagion.
	Figure 2 Phase diagram of a generalized contagion model with (a) n = 2 and (b) n > 2 for ER networks with z = 10.
	Figure 3 Phase diagram of a generalized contagion model with (a) n = 2 and (b) n = 4 showing the final fraction of adopted nodes R.
	Figure 4 (a) Final fraction of adopted nodes R as a function of λ is shown for ER networks with N = 105, z = 10, n = 4, and p = 0.




