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Abstract: Emotional propagation research aims to discover and show the laws of opinion evolution in
social networks. The short-term observation of the emotional propagation process for a predetermined
time window ignores situations in which users with different emotions compete over a long diffusion
time. To that end, we propose a dynamic emotional propagation model based on an independent
cascade. The proposed model is inspired by the interpretable factors of the reinforced Poisson process,
portraying the “rich-get-richer” phenomenon within a social network. Specifically, we introduce a
time-decay mechanism to illustrate the change in influence over time. Meanwhile, we propose an
emotion-exciting mechanism allowing prior users to affect the emotions of subsequent users. Finally,
we conduct experiments on an artificial network and two real-world datasets—Wiki, with 7194 nodes,
and Bitcoin-OTC, with 5881 nodes—to verify the effectiveness of our proposed model. The proposed
method improved the F1-score by 3.5% and decreased the MAPE by 0.059 on the Wiki dataset. And
the F1-score improved by 0.4% and the MAPE decreased by 0.013 on the Bitcoin-OTC dataset. In
addition, the experimental results indicate a phenomenon of emotions in social networks tending to
converge under the influence of opinion leaders after a long enough time.

Keywords: emotional propagation; independent cascade model; time decay; social network

1. Introduction
1.1. Background and Motivation

With the advancement of the Internet and communication technologies, social media
online platforms have emerged as a fundamental means for people to obtain information.
The propagation of emotions among individuals can be described as a replicative pro-
cess and is termed “contagion” [1]. Emotional contagion in psychology means humans’
tendency to automatically mimic and synchronize behaviors with each other and thus
converge emotionally [2]. Emotional propagation models aim to study how an individual
affects the opinions or behaviors of others. Bharathi et al. [3] pointed out that opinion
leaders who can lead large-scale emotional propagation are essential for a company’s
advancement. To choose a more influential opinion leader, they suggested a competitive
environment to expand the influence maximization problem. A competitive environment
means that numerous companies offering alternative products will compete for customers.
Modeling the process of emotional propagation in a competitive environment significantly
contributes to understanding the law of opinion evolution and assisting decision mak-
ing on social media, such as viral marketing [4], information cascade prediction [5], and
recommendations [6].

Electronics 2023, 12, 4937. https://doi.org/10.3390/electronics12244937 https://www.mdpi.com/journal/electronics

https://doi.org/10.3390/electronics12244937
https://doi.org/10.3390/electronics12244937
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/electronics
https://www.mdpi.com
https://orcid.org/0000-0002-5858-1034
https://doi.org/10.3390/electronics12244937
https://www.mdpi.com/journal/electronics
https://www.mdpi.com/article/10.3390/electronics12244937?type=check_update&version=1


Electronics 2023, 12, 4937 2 of 20

Information diffusion models have attracted lots of attention as the foundation for
emotional propagation. Early non-graph models tried to construct a framework similar
to infectious disease models like susceptible–infective–removed (SIR) [7] to describe the
information diffusion process. However, they ignore some essential differences, such
as specific features and diffusion mechanisms [8]. Thus, graph models such as Linear
Threshold (LT) [9] and Independent Cascade (IC) [10] are proposed for exploring the factors
that influence propagation probability based on social network structures. In addition,
stochastic processes are applied to model the time effect in information diffusion, such as
the reinforced Poisson process [11] and the Hawkes process [12]. These approaches have
explored the factors influencing information diffusion from several angles, including user
states, network structures, and temporal features.

Some academics conducted additional research on emotional propagation based on
information diffusion. Dong et al. [13] summarized the existing works in two categories:
discrete opinion models and continuous opinion models. The traditional discrete opinion
models [14–16] usually regarded individual emotions as binary. Then, more fine-grained
emotions [17], such as happiness, anger, and sadness, are introduced to accommodate the
richness of opinions in social networks. The continuous opinion models [18,19] expanded
individual opinions into a range of real numbers from 0 to 1, displaying various intensities
of emotion. This continuous opinion model gives each user a unique emotion and allows a
direct representation of the process of emotional change.

To summarize, SIR and its variant models such as spreader–ignorant–stifler (SIS) [20]
present better interpretability of the social diffusion phenomenon through different user
states; IC and LT models are more suitable for dealing with downstream applications such
as influence maximization [21]. The existing emotional propagation method based on the
independent cascade [22] calculates emotion changes within a predetermined time window.
However, as an event gets hotter and lasts longer, people’s attention will fluctuate [23]. In
other words, people will update their emotions in a competitive environment over time.
Therefore, the static assumption—each active node has only one chance to infect others
during one diffusion process in the independent cascade model—cannot satisfy such a
phenomenon. It makes emotional evolution move in a single direction, incompatible with
the competitive evolution among different emotions under objective laws. Thus, dynamic
emotional evolution analysis subject to time change is necessary and is shown in Figure 1.
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Figure 1. A motivating example of emotional propagation based on the IC model. A and B are the
original active users with positive and negative emotions, respectively. It is possible that active user
D is influenced by A, but there is also a potential scenario where B influences D through C over time.
E is inactive as it disapproves of B.
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1.2. Objectives and Contributions

This paper focuses on the problem: how users with different emotions affect one an-
other within a competitive environment. Then, we propose two detailed research objectives
to complete an explainable emotional propagation model.

• To study how to build an appropriate emotional propagation rule in a competitive
environment with the ability to capture the influence of opinion leaders.

• To study how individuals’ emotions evolve over time.

To solve this problem, we propose a Dynamic Emotional Propagation model based on
Independent Cascade (DepIC). We regard each emotion as a different piece of information
to expand the activation mechanism of the IC model. Users who are activated may change
their emotions in our proposed model instead of only inactive users being affected. Then,
we construct an emotional propagation algorithm inspired by the three interpretable factors
of attractiveness, time-decay effect, and exciting mechanism in the reinforced Poisson
process. The algorithm shows a sustained influence of opinion leaders on emotional
propagation. Finally, we introduce three time-decay functions to describe the time effect in
the social network.

In general, the technical contribution of our paper can be summarized as follows:

• Instead of the predetermined partial time snippet, the proposed method models
a continuous emotional propagation process over a complete event with a time-
decay effect.

• We propose a novel dynamic emotional propagation model based on an independent
cascade to describe the competitive environment.

• Experimental results prove that our proposed model outperforms baseline methods
in emotional propagation research. It reveals that emotions in social networks are
assimilated by opinion leaders, eventually become weak, and tend to be consistent.

The rest of the paper is organized as follows: Section 2 introduces some related litera-
ture about information diffusion and emotional propagation. In Section 3, we provide the
problem formalization and describe our proposed DepIC model. Our experimental results
are presented in Section 4 along with a discussion of the effects of different parameters.
Then, Section 5 provides a discussion of the theoretical and practical implications. Lastly,
our key findings and future works are concluded in Section 6.

2. Related Work

The aim of emotional propagation research is to find suitable mechanisms to describe
opinion evolution. Information diffusion provides a basic condition for emotional propaga-
tion. Next, we review some prior works on information diffusion and emotional propagation.

2.1. Information Diffusion

Li et al. [24] divided existing information diffusion models into two categories: time-
series methods and data-driven methods. We summarize representative works about
information diffusion in Table 1.

Table 1. Summary of information diffusion.

Time-Series/Data-Driven Method Contributions Reference

Time-series

SIR-based Distinguished the different states of individuals during
information diffusion on a macroscopic scale [25–27]

Graph models Observed how individuals affect each other on a
microscopic scale [28–30]

Stochastic processes Modeled the time effect and exciting mechanism [11,12,31,32]
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Table 1. Cont.

Time-Series/Data-Driven Method Contributions Reference

Data-driven
Feature learning Captured the representative features to reveal important

factors influencing information diffusion [33–35]

Deep learning Improved prediction accuracy with neural networks [36–41]

(1) Time-series methods attempt to summarize the pattern of the data and use mathe-
matical expressions to portray the diffusion process of the propagation model over time.
Recently, more and more models have been proposed to adapt to the differences between
social network and traditional contagion models. Xiong et al. [25] proposed SCIR, which
added the contacted states to the SIR model to indicate users who read the information but
did not choose to share it. Weng et al. [28] pointed out that traffic is another key factor for
interpreting network evolution besides triadic closure in purely topological mechanisms.
Zhang et al. [26] investigated the effect of the community structure and scale-free degree
distribution on a stochastic SIR model. Ohsaka et al. [29] proposed a novel algorithm
aimed at reducing influence graphs. Kong et al. [27] developed a general relation between
self-exciting processes and epidemic models through three novel mathematical compo-
nents. The LT and IC models explored the influence of network structure. Saito et al. [30]
proposed AsIC and AsLT models that allowed users to activate asynchronously by adding
a time-delay parameter. Chen et al. [42] also described the time-delayed diffusion pro-
cess by introducing the “meet probability” between users. Zhang et al. [43] proposed an
approach for influence probability calculation and considered influence decay with time
and cascade depth. Some methods based on the stochastic process directly estimate the
propagation probabilities among users in social networks. Shen et al. [11] proposed a gener-
ative probabilistic framework based on the reinforced Poisson process, capturing three key
ingredients: fitness of an item, a general temporal relaxation function, and a reinforcement
mechanism. Liu et al. [31] learned the susceptibility and influence of individuals by the
survival analysis model, which was utilized to determine the diffusion probability among
them. Nickel and Le [12] utilized a characteristic sparsity pattern from the diffusion process
in the actual world. Their method enabled the computation of the precise likelihood and
gradients of a Multivariate Hawkes Process without regard to the underlying network’s
ambient dimensions. Zhang et al. [32] modeled the influence of opinions on information
diffusion based on the multivariate marked Hawkes Process. Yan et al. [44] pointed out that
sentiment polarity and reposting play an essential role in promoting information diffusion.

(2) Data-driven methods seek to automatically capture one or multiple features from
the data through machine learning to observe the information diffusion process. Common
features include structural features [33], temporal features [34], and user features [35].
However, end-to-end models based on deep learning have shown strong performance
and gradually supplanted traditional feature-based methods in modern technology. The
DeepCas model [36] demonstrates for the first time that the end-to-end representation
learning framework is suitable for the cascade prediction task. Cao et al. [37] proposed the
DeepHawkes model, which simulated the interpretable factors of the Hawkes process and
utilized GRU to model the cascade information. Then, numerous new deep learning models
were proposed to extract cascade, user, and some other features, such as HiDAN [38],
DyHGCN [39], and TempCas [40]. Further, Liu et al. [45] were inspired by the field
dynamics theory in psychology and proposed an end-to-end model that includes the fields
of extrinsic environment and intrinsic cognition. Fatemi et al. [46] tried to introduce a
graph convolutional neural network to the SIR model and improved its performance. Jain
et al. [41] identified opinion leaders based on a graph neural network and analyzed their
influence on information diffusion.

In summary, the time-series methods exhibited interpretability, which is still an im-
portant way to reveal the diffusion phenomena in social networks. However, the diffusion
process only distinguishes users by various states, which makes users tend to be homo-
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geneous and makes it difficult to express their different opinions. The purpose of the
data-driven methods is to predict the future trend of the information cascade rather than to
explore the diffusion mechanism in the social network. Although they demonstrated supe-
riority in prediction performance because of deep learning, they barely refer to time-series
modeling experience for extracting representative and comprehensive features. Thus, they
are not suitable for modeling emotional propagation mechanisms.

2.2. Emotional Propagation

Dong et al. [13] divided emotional propagation methods into two categories: discrete
opinion models and continuous opinion models. We summarize representative works
about emotional propagation in Table 2.

Table 2. Summary of emotional propagation.

Discrete/Continuous Models Method Contributions Reference

Discrete

Binary classification Established fundamental emotional
propagation rules between individuals [14–16,47,48]

Multi-classification Expanded more categories to describe
fine-grained emotions [17,49]

Continuous

Neighbor-based Improved the case for either positive or
negative in the discrete approach [18,19]

Network-based
Expanded the scale of emotional
propagation abilities to portray complex
social phenomena.

[22,50–53]

(1) Discrete opinion models divide emotions into several classes. The Voter model [14]
is the simplest method: individuals randomly adopt the opinion of one neighbor. The Ising
model [15] is the most widely used discrete opinion model and considers the influence of
both local and global individuals in the process of opinion updating. The Sznajd model [16]
is based on the Ising model and allows individuals to abandon their original opinion
during the information diffusion process. Recently, Wang et al. [17] proposed a fine-grained
emotion classification that expands the range of emotions from binary to seven classes. Lee
et al. [47] proposed a novel model for binary opinion dynamics in a structurally balanced
network. Basu and Sly [48] proposed a variant of the Voter model in which individuals
can choose to change their friends instead of their opinions in a dynamic network. Wang
et al. [54] tried to capture the influence strength among users automatically from the
relationship between emotive statuses and the topics that are distributed across the tweets.
Yin et al. [49] modeled several negative emotions and explored the spread and mutation
mechanisms among them.

(2) Continuous opinion models use continuous real values to represent emotions. The
Deffuant model [18] assumed that each individual carries an opinion value from 0 to 1.
When the opinion propagated by the user is less than the trust threshold, the value would
be updated. Hegselmann and Krause [19] extended the Deffuant model and proposed the
Hegselmann–Krause model that updated the opinion value based on all neighbors with
a similar opinion instead of only one user. Dong et al. [50] analyzed the structure of a
social network to develop a consensus-building process wherein all individuals are capable
of achieving consensus. Gu et al. [51] proposed a co-evolution model that integrates the
two phenomena together, i.e., social network generation and opinion evolution. Xiong
et al. [22] proposed an emotional independent cascade model wherein an individual’s
emotion can affect their friends continuously in the subsequent diffusion process. Du
et al. [52] attempted to expand emotion to the role-detection task based on emotional
contagion methods. Liang and Duan [53] proposed a three-way decision framework to
investigate competitive behavior in social networks.
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In summary, some research tried to express a greater number of different emotions in
discrete opinion models. However, compared to continuous-opinion models, they still have
difficulty describing the potential relationship among different emotions and the process
of emotion change. Competitive behavior has received some attention. The emotions of
users in a competitive environment change in response to events. The IC model assumes
that each individual has only one chance to affect others during activation, which cannot
describe opinion evolution in a competitive environment. In addition, existing continuous
opinion models take less account of the effect of time factors on opinion evolution. There is
still room for improvement in modeling the way that different emotions change over time.

3. Method

In this section, we start with the problem formalization of emotional propagation.
Then, we introduce our method. Finally, we present the complete algorithm along with its
specific details and implementation.

3.1. Problem Formalization

Here, we provide some definitions for related terminology. There is a social network
based on the relationships among users, where users express their emotions and support
or opposition. Let the social network G = (U, E) be a directed graph. U = {u1, u2, . . . , uN}
is the user set, where N is the number of users. The adjacency matrix E = [eu,v] ∈ RN×N

represents relationships among users in the social network, where eu,v = 1 means an edge
exists between user uu and uv. The matrix YN×T is used to denote the emotions of users at
different times, where yut means the emotion of user u at time t ≤ T. In this problem, we
consider emotions in three categories: {positive, neutral, negative}.

The purpose of this paper is to predict the emotions of users at time T. The given
inputs include a social network G, a specific time T, and the emotions of users within time
[1, T − 1]. The goal can be formalized as:

F = G(U, E), T, Y1,...,T−1 → YT (1)

3.2. Reinforced Poisson Process

The reinforced Poisson process [11], a stochastic event model, proved its remarkable
power to predict popularity. The crucial aspect of such a process-based approach lies in
modeling a rate function that is represented as:

xd(t) = λd fd(t; θd)id(t) (2)

where xd is the transmission rate of an individual, λd is the intrinsic attractiveness of users,
fd(t; θd) is the time-decay function modulated by parameters θd, and id is the accumu-
lated impacts from prior users received up to time t. This model captures three critical
factors in popularity dynamics: (1) The influence of users: influential users are able to
spread messages more easily due to their high number of connections. (2) Time-decay
effect: the impact of a message on a social network will fluctuate over time. (3) Exciting
mechanism: each previous forwarding contributes to a continuous impact on subsequent
interactive behaviors.

The reinforced Poisson process captures the “rich-get-richer” phenomenon, which
corresponds to the rule that opinion leaders in social networks continuously and strongly
influence emotional propagation. Then, we will compare the interpretable components of
the reinforced Poisson process with our proposed emotional propagation method based on
the IC model.

3.3. Model Description

We proposed a novel emotional propagation model to describe the opinion evolution
in the social network, which includes an information-diffusion process based on the IC
model and emotional calculation with a time-decay mechanism. In our proposed model,
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DepIC, we assume that the emotions of all users are updated as a continuous process.
Specifically, instead of only one emotional calculation when the activation occurs, emotional
interaction between two users will still take place during the subsequent diffusion process.
Such an emotional cascade path makes opinion leaders gain greater influence throughout
the network.

Here, we introduce some significant concepts used in the proposed eIC model.

Definition 1 (Inactive Users). These are individuals in the social network who are either unaware
of the event or are temporarily disinterested in it.

Definition 2 (Active Users). These are individuals in the social network who have posted or
retweeted relevant messages about the event. Their emotions have changed and they try to influence
inactive users.

Definition 3 (Emotion e). Emotions express the attitude of a user toward the event. We use a
continuous opinion calculation method to quantify the sentiments of different users. The emotion e
is a real value Oi(t) within the interval [0, 1]. The emotion polarity is divided into three categories
based on its value. The matrix YN×T = [yit] ∈ {−1, 0, 1}N×T denotes that emotion e is {negative,
neutral, positive}, respectively. The function is:

Yi(t) =


− 1 Oi(t) ∈ [0.00, 0.33]

0 Oi(t) ∈ (0.33, 0.67)

1 Oi(t) ∈ [0.67, 1.00]

(3)

Definition 4 (Emotional Cascade Path path(u, v, e)). This is a sequence that consists of users
arranged in a particular order like {u1, u2, . . . }. We use path(u, v, e) = 1 to represent that there is
an emotional link about e between user u and v. If not, path(u, v, e) = 0. The connection will be
established and recorded when users have an emotional interaction.

Definition 5 (Attractiveness λ). As indicated by the reinforced Poisson process, each user has a
unique appeal. To capture the influence and susceptibilities of users, attractiveness is introduced
as a weight to evaluate the propagation probability among users. It is affected by the user’s social
network activity.

Definition 6 (Time-Decay Function f (t; θ)). The second crucial factor of the reinforced Poisson
process is the aging effect, which is described by the time-decay function. It is worthwhile to notice
that the strength of opinion propagation is closely related to the change in time.

Definition 7 (Emotion Exciting Mechanism i(t)). The final critical factor of the reinforced
Poisson process is an exciting mechanism, which allows earlier posters to be more influential in the
subsequent diffusion process. Opinion leaders usually have greater control over the trend of the
event and continue to influence other users in the social network over time.

The IC model [10] assumes each active user will attempt to activate his inactive
neighbors v ∈ N (u) with a probability pu,v at one time step. If successfully activated, user
v becomes a new active user and attempts to affect others in the next time step. And only
during that time step, the new active user has the opportunity to influence others. Based on
the above rules, we add some details to adapt the emotional propagation problem. Though
the message comes from the same event, negative, neutral, and positive emotions can be
considered different opinions. Differing from the standard IC model, where a user can only
be activated once, there are three activation states in our proposed propagation method that
correspond to different emotions. When inactive user v is activated by active user u with
emotion e, a path will be recorded as path(u, v, e) = 1. Other active users with emotion e
can no longer attempt to affect user v.
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Attractiveness: The propagation probability pu,v, which is affected by user attrac-
tiveness, is an important parameter in the social network. Users who have frequently
participated in diffusion are believed to have significant influence. On the other hand,
people who receive more information have higher susceptibilities. Thus, the attractiveness
λu,v, which means the acceptability of user v to messages from u, is calculated by:

λu,v =
OUTu

ηu
× INv

ηv
(4)

where OUTi and INi refer to the times that a user i posts and receives messages, respec-
tively, and ηi is the total interaction number of user i with others. The former and the latter
multiplication represent the influence of user u and the susceptibility of user v, respec-
tively. Moreover, we obtain the propagation probability pu,v between users u and v by the
following equation:

pu,v = 1− e−α·λu,v (5)

where α is a parameter to control the probability dynamically.
Time Decay Functions: The power-law model is frequently employed in social net-

works to show the long-tail effect:

fPOW(t; θ) =

(
t− tu

c

)−(θ+1)
(6)

where tu is the activation time of user u, and c is the minimum time difference. The
relaxation function used in the reinforced Poisson process is a log-normal distribution. The
parameter θ is replaced by µ and σ. We modified the time item with the activation time
difference between users:

fNOR(t; µ, σ) =
1√

2πσt
exp

(
− (t− tu − µ)2

2σ2

)
(7)

Wu and Huberman [23] mentioned a phenomenon: when an event first appears,
it attracts much attention and the cascade number builds up quickly. After a couple
of hours, its transmission rate slows down because of lacking novelty and prominent
visibility. This phenomenon illustrates that diffusion probability increases to a peak and
then sharply declines. The parameters µ and σ in Equation (7) can be considered as the time
of peak occurrence and the change rate of opinion evolution intensity, respectively. Gomez-
Rodriguez et al. [55] also described such a propagation trend through the Rayleigh model:

fRAY(t; θ) = θ(t− tu)e−
1
2 θ(t−tu)2

(8)

The specific analysis of time-decay functions is introduced in Section 4.5 when we
examine the simulation experiment.

Emotional Propagation: With the spread of events, opinion interactions between
users take place and influence emotions. When an inactive user v is activated by user u, the
emotional influence from u to v is calculated by:

ξu,v = βe · (Ou(t)−Ov(t)) (9)

where βe is a parameter to adapt the influence strength of emotion e. Significantly, consid-
ering the trust threshold [18], the impact between users with conflicting emotions cannot
be excessive. When a positive user affects a negative user, the effect only equals affecting a
neutral user and vice versa.

Emotion Exciting Mechanism: According to the reinforced Poisson process, previous
attention will trigger more subsequent attention. This phenomenon is denoted by an
exciting mechanism i(t) = m + i− 1, where i(t) is the current number of active users, m are
the initial active users, and i− 1 is the number of active users in the last diffusion. Similarly,
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more opinion leaders with the same emotion can promote the spread of such an emotion e.
Thus, we designed a continuous opinion propagation method as the emotional exciting
mechanism. Specifically, each link in the emotional cascade path path(u, v, e) will cause an
emotional calculation at each time step. However, because of time decay, an opinion leader
keeping the same intensity of emotional influence all the time is unrealistic. We integrate
the time-decay function to fit the users’ influence strength over time and anticipate their
emotional states in the future. The emotional values Ov(t + 1) of v will be updated by u:

Ov(t + 1) = Ov(t) + f (t; θ)ξu,v (10)

Let ive(t) represent the set of upstream users founded from user v along path(u, v, e) = 1
at time step t, i.e., ive(t) = {u1, u2, . . . , uu, uv|path(u − 1, u) = 1}. Then, the emotional
value Ov(t) of user v will be updated by this emotional path ive(t) in the next time step
as follows:

Ov(t + 1) = Ov(t) +
|ive(t)|

∑
i=2

f (t; θ)ξi−1,i (11)

Moreover, when user v is activated at time step t, we can estimate his final emotional
values Ov(T).

Likelihood of Final Emotion: We combine Equations (8) and (9) for the following
equation and obtain the result:

Ov(T) = Ov(t) +
T

∑
k=t

|e|

∑
j=1

|ivj(t)|

∑
i=2

f (t; θ)ξi−1,i = Ov(t) +
T

∑
k=t

|e|

∑
j=1

|ivj(t)|

∑
i=2

θ(k− t)e−
1
2 θ(k−t)2 · βe(Oi−1(t)−Oi(t)) (12)

where |e| is the number of emotions, and ivj(t) means the jth emotional cascade path of
user v. The users can be activated by each emotion e only once due to the IC model.

Interpretability: This paper describes the phenomenon of emotional propagation by
augmenting three factors of the reinforced Poisson process. We estimated the influence of
an emotion through the attractiveness of its posters, the time effect, and the exciting by
opinion leaders. Then, we extended the IC model so that different emotions could influence
and compete with each other in the diffusion. A possible emotional propagation example is
given in Figure 2. First, active users A and B attempt to activate their neighbors C, D, and E
at time step 1. Then, at time step 2, users C and D are activated by users B and A separately.
User C follows a negative emotion from user B. And D accepts a positive emotion from
user A. User E is not activated and withdraws from the propagation of negative emotion
from user B. Finally, due to the time-decay mechanism, the influence from user A to D is
weakened. A negative emotion from user C makes the emotion of user D turn neutral again
at time step 3. The Algorithm 1 shows the implementation details of the proposed DepIC
model.

B
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C

E

D

B

A D (activate)

B

A

C (activate)

E (inactivate) E (inactivate)

C (activate)

D (activate)

t=0 t=1 t=2

Figure 2. The process of emotional propagation over time.
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Algorithm 1 Algorithmic description of DepIC
Input: N: The number of users.
E: The N × N matrix storing the social relationship of users.
T: The number of evolutionary steps.
A0: A set storing the initial opinion leaders.
O: The N-dimensional vector storing the emotional values of users.
Output: Y: The N × T matrix storing the emotions of users at each time step.

1: initialize path[N, N] = 0, e[N, 3] = 0 //Corresponding to path(u, v, e). Note that the
emotion corresponding to the opinion leader’s is equal to 1 instead of 0 in the array e.

2: while t ∈ [0, T] do
3: while (u, v) ∈ path[N, N]) do
4: update emotional value O[v], as shown in Equation (10)
5: end while
6: while u ∈ At−1 do
7: At = {}
8: while v ∈ N (u) do
9: if e[v, Yu(t)] == 0 then

10: calculate the propagation probability pu,v, as shown in Equation (5)
11: if v is activated by u with porbability pu,v then
12: update emotional value O[v], as shown in Equation (10)
13: path[u, v] = 1, e[v, Yu(t)] = 1
14: At ← At ∪ v
15: end if
16: end if
17: end while
18: end while
19: while u ∈ N do
20: record the emotions of user Y[u, t], as shown in Equation (3)
21: end while
22: end while
23: t = t + 1
24: return Y

Here, we introduce several semantic steps of the algorithm.

• Lines 3–5 update the emotional values of all users according to the emotional cascade
path at each time step.

• Lines 6–10 walk through all the activated users from previous time steps and calculate
the propagation probability to judge whether their inactive neighbors should activate
or not.

• Lines 11–15 will happen if an activation action occurs. The user v who is activated
successfully by u would update his/her emotional value, build up the link in the
emotional cascade path, and become the active user in the next time step.

• Lines 19–21 transform the emotional value into specific emotions in each time step.

4. Experiments

In this section, we introduce the datasets and experimental settings. To verify the
effectiveness of the proposed model, we compare our DepIC model to several baselines
and provide some performance analyses.

4.1. Datasets

We created a Barabasi–Albert scale-free network using the Python package NetworkX
to explore the effects of various parameters. Moreover, two public real-world datasets
were used to analyze performance. Table 3 shows the statistics of the datasets. The degree
distributions of these datasets are shown in Figure 3.
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Table 3. Statistics of datasets.

Datasets Nodes Edges Avg_Degree Positive Emotions
Neutral Negative

BA Network 2000 5991 5.991 - - -
WIKI 7194 110,087 30.605 4926 1332 936
Bitcoin-OTC 5881 35,592 12.104 5159 169 553

Figure 3. The degree distributions of different networks.

BA Network [56] includes 2000 nodes. It was generated from three initial nodes, and
other nodes were added in order. For a new node, it is easier to choose a node with high
degrees. We explored the influence of different time-decay functions and analyzed the
related parameters through simulation experiments on the network.

Wiki is a free online encyclopedia. The dataset is provided by Leskovec et al. [57,58]
on the website (http://snap.stanford.edu/data/wiki-Elec.html (accessed on 5 November
2023)). The Wikipedia community decides whether to elect a contributor as an administrator
through public discussions or voting. This dataset contains the voting data from September
2004 to January 2008, which constitutes a directed network. The network means who voted
for whom in each election and if the elector resulted with a promotion or not. There are
nearly 2800 records of administrator elections with about 7000 users in this dataset.

Bitcoin-OTC is a trade platform for trading with Bitcoin and constitutes a who-trusts-
whom network. The dataset is available via Kumar et al. [59,60] on the website (http:
//snap.stanford.edu/data/soc-sign-bitcoin-otc.html (accessed on 5 November 2023)). It is
a signed directed network that demonstrates users’ reputations to help regular users avoid

http://snap.stanford.edu/data/wiki-Elec.html
http://snap.stanford.edu/data/soc-sign-bitcoin-otc.html
http://snap.stanford.edu/data/soc-sign-bitcoin-otc.html
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trading with risky users and spans the time period from November 2010 to January 2016.
The dataset provides 35,592 trusted relationships between users in increments of 1 from
−10 (total distrust) to +10 (total trust).

4.2. Evaluation Metric

Emotional propagation aims to predict the final emotions based on the initial states
of users in the social network. To make the task easy to evaluate, we simplify and regard
it as a binary classification problem. We follow the same setting used in [22]. The neutral
and negative emotions are both regarded as the negative class, and the positive emotion
is treated as the positive class. Precision, Recall, and F1-score are used to evaluate the
prediction performance in this paper. We first give some definitions for metrics. TP means
the actual label of the emotion is positive and the prediction result is positive, too. FP
means the actual label is negative but the prediction result is positive. FN means the
actual label is positive but misjudged as negative. TN means both the actual label and
prediction result are negative. The specific calculations for Precision, Recall, and F1-score
are as follows:

Precision =
TP

TP + FP
(13a)

Recall =
TP

TP + FN
(13b)

F1− score =
2× Precesion× Recall

Precesion + Recall
(13c)

Further, we also use the Mean Absolute Percentage Error (MAPE) to evaluate the
performance in predicting the sizes of two classes. It is computed as:

MAPE =
1
M

M

∑
i=1

∣∣∣∣ ŷ− y
y

∣∣∣∣ (14)

where M is the number of classes, i.e., M = 2 for positive and negative classes, The variable
ŷ is the predicted number for one class, and y is the true number.

4.3. Baselines

To illustrate the performance of our proposed DepIC model, we select the following
methods as baselines and compare them in the same datasets.

ESIS [17] classified emotions into fine-grained classes based on the spreader–ignorant
–stifler (SIS) model. We classified these sentiments into three types: positive, neutral, and
negative, as in the eIC model [22]. This method is a discrete opinion model. We used the IC
model instead of the SIS model and investigated it as a continuous opinion model.

eIC [22] proposed an emotional contagion method based on the IC model. An impor-
tant difference is that eIC introduced a sliding time window to catch emotional states over
time, while ours used a continuous function to describe the time-decay phenomenon.

TSSM [54], a topic-enhanced sentiment-spreading model, integrated the topic-enhanced
mechanism and considered users’ interests to refine the spreading strength. It is one of the
best models for predicting the emotions of users.

4.4. Experimental Settings

We adopted the IC model as the framework of our proposed DepIC model in this
paper. During the experiment, we chose the Rayleigh as the time-decay function. Con-
sidering that users on the Internet prefer information with strong emotions, we regarded
positive and negative users as rivals competing with each other. Neutral users, due to
their relatively weak emotional intensity, are less likely to influence others. Therefore, in
the experiment, we assumed that neutral users were the targets of the competing parties
and could not participate in the process of affecting others. The variables βpos and βneg
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represent the credibility of positive and negative information, respectively. The initial
emotion value of an opinion leader is 1 or 0. As for a common user u, it is sampled from
yu0 = x, x ∼ U(0, 1), where U(0, 1) refers to a uniform distribution. A user usually encoun-
ters many messages with different emotions. We accumulated the positive e+, negative e−,
and neutral actions e0 with 1, −1, and 0, respectively. The final emotion e(u) of a user is
calculated by Equation (15). In the Bitcoin-OTC dataset, we chose 25 positive users and
50 negative users who have higher degrees as the initial opinion leaders. Table 4 presents
the specific parameter settings of the experiment.

e(u) =


− 1 e+ + e− + e0 < 0

0 e+ + e− + e0 = 0

1 e+ + e− + e0 > 0

(15)

Table 4. The settings of parameters.

Parameters Wiki Bitcoin-OTC

Activation Intensity α 0.15 0.3
Positive Emotion Intensity βpos 0.2 0.35
Negative Emotion Intensity βneg 0.1 0.25
Time Decay factor θ 0.003 0.003
Maximum Propagation Step T 80 80

4.5. Simulation Experiment

We analyzed the influence of different parameters and time-decay functions on the
generated BA network. We showed how the active user changes with the propagation
parameter α. As shown in Figure 4, the proportion of active users increases while the
parameter α rises. When α is less than 0.3, it has a greater impact on slowing down the
activation rate. When α exceeds 0.3, the users will be activated quickly.

Figure 4. How the activation intensity α affects the growth of the proportion of positive emotions
with different parameters.

In addition, we explored the differences in time-decay functions and the effects of
their parameters. As shown in Figure 5, we counted the proportion of positive users at each
time step using three functions separately. As for the power-law function, its distribution
exhibits a rapid increase in the positives at the beginning of diffusion. Then, the propagation
rate of emotion decays quickly over time. It is suitable for describing the diffusion trend of
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hot events that often develop and update emotions rapidly. As for the normal function, the
propagation rate follows a bell shape, with a majority of values clustering around a central
region and sloping down as they move away from the center. Its diffusion trend gradually
rises to a peak and then slows down. A greater µ means a delay in the arrival of the rapid
growth period. And the σ determines the slope of the curve. The slope, which represents
the emotional propagation rate, will be reduced with the growth of σ. As for the Rayleigh
function, the trend of its graph is similar to the normal function. It is easier to configure,
with one parameter, θ, that controls the occurrence of the peak in terms of rapid growth
and the slope of the curve simultaneously.

Figure 5. How the time-decay functions affect the growth of the proportion of positive emotions with
different parameters.

In conclusion, the power-law function describes a long-tail effect in that the majority
of emotional propagations cluster at the beginning of the event. Normal and Rayleigh func-
tions are suitable for another “rise and fall” pattern as described in [61]. The main difference
between them is that the normal function is more flexible and precise in controlling the
occurrence of the propagation peak and the length of the epidemic time by two parameters
separately. And Rayleigh can achieve an approximate result with one parameter.

4.6. Experimental Results

We compared the proposed model with the baselines on two real public datasets as
presented in Table 5 to verify its effectiveness.
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Table 5. Performance comparison between our proposed model and baselines on Wiki and Bitcoin-
OTC. Results are evaluated by Precision, Recall, F1-score, and MAPE for different categories of
models on the emotional propagation task. Note that the prediction performance improves with
decreasing MAPE. For the other metrics, higher scores are better.

Datasets WIKI Bitcoin-OTC

Metrics Precision Recall F1-score MAPE ↓ Precision Recall F1-score MAPE ↓
ESIS 0.815 0.576 0.675 0.360 0.963 0.747 0.841 0.792
eIC 0.741 0.336 0.462 0.675 0.957 0.272 0.424 2.537
TSSM 0.813 0.684 0.743 0.196 0.874 0.964 0.917 0.367
DepIC 0.739 0.821 0.778 0.137 0.879 0.966 0.921 0.354

↓ means that the lower the value, the better.

The experimental results on the two datasets demonstrate that our proposed DepIC
model achieves an improvement for both the F1-score and MAPE metrics. Our model
has better performance for Recall, and the final F1-scores improve by 3.5% and 0.4% on
Twitter and Bitcoin-OTC, respectively. And the MAPE metric was reduced by 0.059 and
0.013, respectively. The results proved the DepIC model outperformed other baselines in
emotional propagation. However, the main contribution of the TSSM model is to design
three kinds of factor functions to capture the effect of topic distributions on sentiment
status. We adopted a uniform distribution for the initial topic distribution because we did
not explore a text-based social network, which may limit the performance.

The overall superiority of DepIC over the baselines is due to the consideration of
time. ESIS and TSSM do not take into account the temporal influence, which suggests that
the emotional propagation with time decay is closer to the real situation. The eIC model
explored emotional contagion in a heterogeneous structure. It fused emotions for a user
in different message layers by sliding a time window. However, this method leads to a
one-way flow of emotions on the single-layer network. This resulted in a degradation in
performance due to the change in the network environment.

Overall, the consideration of the complete time of an event makes the proposed
DepIC model achieve better performance. It provides a new way to explore the emotional
propagation mechanism in the social network. We will take this into account for our
upcoming work.

4.7. Case Study

To show how our proposed model affects the process of emotional propagation, we
calculated the status density including inactive and active users at each time step, as shown
in Figure 6. Then, we filtered out nodes for which the degrees were less than 30 in the
Bitcoin-OTC dataset. And we visualized the graph to exhibit the initial and final emotional
distributions in propagation, as shown in Figure 7.

As shown in Figure 6, the proportion of active users continues to rise. This means the
information gradually spreads to the whole social network. There is a slight rise in the
number of neutral users in the first several steps and a gradual drop after a peak. The reason
may be that the neutral users are still waiting for the development of the event. Further,
positive and negative users near the boundaries also transform into more neutral stances
when influenced by opinion leaders whose emotions do not coincide with their own. With
the further influence of positive leaders, the number of negative users keeps descending.
And neutral users also choose to believe the positive information. Eventually, most of the
users participate in the diffusion and reach a consensus on the positive emotions.
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(a) Wiki (b) Bitcoin-OTC

Figure 6. The emotional propagation process of proposed model at each step.

(a) The initial emotional distribution (b) The final emotional distribution

Figure 7. The process of emotional propagation of the proposed model in the Bitcoin-OTC dataset.
Users with with positive, neutral, and negative emotions are represented by red, yellow, and blue
color, respectively. The larger the node in the graph, the greater its out-degree, which means more
powerful influence.
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Moreover, we screened some semantic users and visualized the change in their emo-
tional distribution on propagation to analyze the influence of opinion leaders. As shown in
Figure 7, though the initial number of positive leaders is less than that of negative leaders in
the experimental setting, higher degrees still give them more powerful influence. Figure 7b
shows that the individual nodes with contrasting colors in Figure 7a eventually converge to
a similar color. Orange means a weak positive emotion, which is calm but shows emotional
polarity. This illustrates that the final emotions in the social network began to solidify,
and positive emotions received popular recognition. It implies the information has been
fully disseminated and exchanged, which makes a great impact on both positive and neg-
ative users. This reveals two laws and is consistent with actual propagation phenomena.
(1) Opinion leaders play a key role in emotional propagation. Even if their number is small,
their powerful influence can still control the emotional trend of the whole social network.
(2) The emotions of users will influence each other rather than remain unchanged. A user
who receives more and more information from others over time will gradually grasp the
full picture of the event and update his emotions about it. Such an emotional swing fosters
discussions of events among all users in the social network, eventually leading to weak
and similar emotions as the clues to events become more evident.

5. Theoretical and Practical Implications

In this section, we provide a discussion of the theoretical and practical implications of
this paper.

5.1. Theoretical Implication

Emotional propagation is a foundational problem in social network analysis and offers
theoretical insights and explanations for social sentiment mining applications. Our work
focuses on emotional propagation over long periods of time in a competitive environment.
Different from the existing models with a predetermined time window, our proposed model
places a significant emphasis on simulating the emotional propagation among users across
continuous time. In addition, previous research on the competitive influence maximization
problem usually assumed that users’ emotions remained static once confirmed. However,
due to the influence of opinion leaders in the social network, users often develop different
opinions on the same event after they receive new information. This poses difficulties in ob-
serving the process of users’ emotional change. Our research demonstrates that introducing
the time effect to calculate user emotions in a competitive environment is feasible.

At the methodology level, we propose the DepIc model. Based on the explanation
of the three key factors that affect information diffusion through the reinforced Poisson
process, our work extended the propagation rules based on the independent cascade model
to support the emotional changes that occur during the propagation process for users in a
competitive environment. Then, an emotional computing method was proposed to depict
the influence of opinion leaders on other users. Finally, we utilized and discussed the role of
different time-decay functions to further improve the prediction performance of emotional
propagation. Inspired by the interpretable factors of the reinforced Poisson process, our
research shows that opinion leaders and the time-decay effect enhance predicting emotional
propagation, helping the public understand and analyze the trends in social opinion.

5.2. Practical Implication

The results can help with decision-making on social media about harmful information
control or advertising recommendations. We discussed the influence of various parameters
on emotional propagation in a simulation experiment on the BA network and verified the
performance of the proposed DepIC model on two real public datasets: Wiki and Bitcoin-
OTC. Our method achieves a better result for the F1-score and the MAPE metric compared
to the baselines. The case study of our experiment also demonstrates the interpretability of
our method. Users exchange their opinions under the influence of opinion leaders. After
sufficiently long periods of time, the users’ emotions would tend to be consistent and
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decrease in intensity. This corresponds to the fact mentioned by Wu and Huberman [23]
that the novelty of a story would fade over time, and fewer individuals would devote their
attention to it. The results can provide inspiration for downstream applications such as
influence maximization and harmful information immunization. In situations with limited
budgets, timely intervention and the selection of top opinion leaders can better spread
influence in a competitive environment.

6. Conclusions

We suggested a dynamic emotional propagation model based on an independent
cascade in a competitive environment in this paper. The primary creative idea is that the
proposed model describes a continuous emotional propagation method for the IC model
and simulates the influence of time decay. Experiments on an artificial network and two
public real-world datasets provided analyses about the effects of different parameters and
confirmed that our model is useful. In the future, we intend to realize some applications
like influence maximization based on the proposed model to further explore information
diffusion tasks in the social network.
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