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How to quantify influences between users, seeing that social network users influence each other in their
temporal behaviors? Previous work has directly defined an independent model parameter to capture the interpersonal influence between each pair of users. To do so, these models need a parameter for each pair of
users, which results in high-dimensional models becoming easily trapped into the overfitting problem. However, such models do not consider how influences depend on each other if influences are sent from the same
user or if influences are received by the same user. Therefore, we propose a model that defines parameters
for every user with a latent influence vector and a susceptibility vector, opposite to define influences on user
pairs. Such low-dimensional representations naturally cause the interpersonal influences involving the same
user to be coupled with each other, thus reducing the model’s complexity. Additionally, the model can easily
consider the temporal information and sentimental polarities of users’ messages. Finally, we conduct extensive experiments on two real-world Microblog datasets, showing that our model with such representations
achieves best performance on three prediction tasks, compared to the state-of-the-art and pair-wise baselines.
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1 INTRODUCTION
Social network services generally allow users to post, forward, share, or “like” a piece of information; to comment on a product or service; or to “check in” at a place of interest (POI). All the
above behaviors are temporal and can be grouped by those objects, such as pieces of information,
products, and places. The group associated with an object is known as a temporal cascade, which
is a sequence of users’ behaviors. Thus, a temporal cascade contains users’ actions with regard to a
specific object. Since such actions are publicly visible, and since the system purposefully feeds the
information to related users or communities, then users can influence each other [26, 38], forming
cascades, which is similar to a contagion of behaviors [46].
Scholars have applied the concept of contagion to study viral marketing [34, 42], influence maximization [8, 14, 19, 39], and how opinion forms [6, 56, 58]. These studies and applications need
a way to know the causality of who influences whom, as well as accurate values of influences. In
addition, the influences are usually different, depending on who the actors and recipients of the
action are [1]. Therefore, accurately quantifying the interpersonal influences involved is fundamental to a proper understanding of viral marketing, influence maximization, and understanding
opinion formation.
In recent works, interpersonal influences are estimated by machine learning or statistical techniques from the observed data. However, the modeling of users’ influences should address the
following problems.
Overfitting. The model should consider the sparse of user behaviors in cascades, avoiding free
parameters for seldom observed behaviors [55]. Saito et al. [44] defined a success probability that a
user would cause another user to act. The influences were learned as probabilities by maximizing
likelihood. After that, the influences were described with transmission rates between user pairs
[21, 25]. The rates indicated the speed at which the information is passed on, and infection times
were also considered in the model. However, those models learned interpersonal influences by directly defining a free parameter on each user pair—either propagation probability or transmission
rate. Such pair-wise parameters do not consider dependency, especially when those influences
originate from or act on the same user. As shown in Figure 1, we can observe information passed
through cascades (a, c, e, f ) and (a, b, e, d, f ). The interpersonal influence between c and d cannot
be learned, since they do not appear in the same cascade with information passed between them.
In such an extreme case, c, d, and e can form a triangle relationship, which is usually observed
in social network. Nevertheless, previous works assigned zero or some empirically small constant
as interpersonal influence, implying that information would never or seldom be passed between
them. Therefore, those models suffer from overfitting problem in sparse data, because of how they
define their model parameters, resulting in inaccurate estimation.
Unavailable causality relationship. Goyal et al. [26] estimated the influences as propagation probabilities, or the likelihood that the information would be passed on. These probabilities were
learned by means of a Bernoulli or Jaccard Index model, relying on the causality data of who
influences whom. However, whereas data on the times when users are influenced or infected are
usually available, data on the causality are often unavailable.
Temporal information. Temporal information of when users act is useful to measure the influence [38]. A quickly infected user may be easily susceptible, reflecting the influences between the
relevant users. NetInf [22, 23] considered the temporal effect between the infection of two users
with an exponential model and a power-law model. Nevertheless, those works used many free
parameters, suffering overfitting.
Therefore, we propose a concise model by defining model parameters for individual users as
opposed to user pairs, specifically users’ influence vectors and susceptibility vectors. For clarity, we
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Fig. 1. Previous pair-wise work gave an overfitting influence to (c, d).

use interpersonal influence to indicate the likelihood that information will be passed between two
people, and influence vector to indicate a unilateral influence from a user and susceptibility vector
is a unilateral susceptibility of a user. The interpersonal influences are modeled by the product
of the influence vector from one user and the susceptibility vector from another. In addition, we
use hazard f unction in survival theory to model the dynamics of interpersonal influences by the
elapsed time from originating time.
The experiments on synthetic data validate the effectiveness of our learning algorithms. And
on two-real world datasets, ours achieves the best performance in three prediction tasks.
In summary, our “CT LIS” has the following advantages:
— Dependency awareness: CT LIS models the interpersonal influences by the product of the
influence vector from one user and the susceptibility vector from another. Thus, when two
interpersonal influences are sending from the same user, the influences can be coupled together by the shared influence vector. Similarly, when two interpersonal influences are received by the same user, the influences can be coupled together by the shared susceptibility
vector.
— Conciseness: our model uses fewer parameters O (n · D), instead of O (n2 ) parameters for user
pairs to represent users’ influence, where n is the number of users, and D is the dimension
of influence and susceptibility vectors. Using a less complex model offers an advantage in
modeling sparse data.
— Effectiveness: our model achieved the best performance on two real-world Microblog
datasets for three prediction tasks on: next infected user, cascade size, and “who will be
retweeted” (see Figure 2).
— Unification of temporal and categorical information: our model proposes a unified framework
based on temporal model, to make use of infection time, and categorical attributes, like
sentiments and topics of review text.
At last, with the learned representations of users, two groups of users, the “primary influential”
and the “secondary influential,” are located, and their interesting behavior patterns are analyzed.
The rest of the article is organized as follows. Section 2 surveys the existing and related work,
and the motivation and model are described in Section 3, including the parameter learning algorithm. The experiments and analysis are reported in Section 4, and Section 5 provides conclusions.
2 BACKGROUNDS
2.1 Related Works
The previous work on cascade dynamics was studied based point-process or influence models. The
authors in [18, 45, 63] used the variants of Poisson process to predict cascade size. Hawkes processbased work [4, 40, 57] was also studied to model the dynamics. [52, 54] proposed to use Recurrent
Neural Network to predict the next point and time. Moreover, a recent work SMF [29] proposed
to predict events (e.g., retweet) between users and objects by formalizing a dynamic graph and
factorizing with seasonality. Those works do not explicitly learn users’ influences.
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Fig. 2. Our models are CT LIS, and its variants: Sent LIS and Sent LIS(ns). The area under ROC curve (AUC)
is used as a measure for next infected user prediction. Mean absolute percentage error (MAPE) is used as a
measure for cascade size prediction, and a good model will have a small MAPE. Top-one accuracy is used to
measure the prediction accuracy of “who will be retweeted.”

2.1.1 Learning Influences without Temporal Information. In terms of influence models, scholars estimated interpersonal influences and their relationship to information propagation. Some
of them made efforts to extract features that are related to propagation probability and learned
from the observed information cascades [1, 2, 10]. Tang et al. [49] proposed a topic factor graph
(TFG) to model the generative process of the topic-level social influence on large networks. [36]
proposed a probabilistic factor graph to model the direct and indirect influences between adjacent
and non-adjacent users of heterogeneous networks. Zhang et al. [62] learned influence from partial cascades. Saito et al. [44] learned the propagation probability between neighbors of a directed
network, using the orders of users become infected. Goyal et al. [26] proposed to estimate the interpersonal influences, using assumptions from the Bernoulli model and Jaccard Index separately.
NetInf [22] modeled propagation probability, using exponential and power-law incubation time
separately to infer the underlying network. Most of the previous works directly model interpersonal influence as separate parameters, making model complex. LIS [53] proposed to use influence
and susceptibility to model each user, which reduced the model parameters.
2.1.2 Learning Influences with Temporal Information. Moreover, a series of work learned interpersonal influence with survival model to consider temporal information, as well as inferring
underlying networks. NetRate [21] used survival theory to model the transmission rate between
every user pair, which was viewed as an edge weight of the influence network. [24] then modeled the hazard rate in a survival model with additive and multiplicative risks separately to improve the performance of cascade size prediction (CSP). Afterwards, InfoPath [25] was proposed to
learn time-varying transmission rates for user pairs as the edge weights of the hidden dynamic
network. The distribution of content topics has also been considered [15]. Taken together, these
methods work in a pair-wise manner, i.e., they learned the propagation probability between pairs
of users. This approach is fundamentally different from the proposed method proposed in this article, which focuses on inferring user-specific influence and susceptibility from historical cascades.
Also influence representations on sentimental polarities can be learned in our model.
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2.1.3 Modeling Sentiments in Information Propagation. In a field of information propagation,
sentimental influence and opinion formation were studied by many researchers. [32, 59, 60] experimentally showed that users’ sentiments were influenced by that of others surrounding them
on LiveJournal dataset and Facebook dataset separately. Bae and Lee [3] used Granger causality analysis to show that sentiment change of audiences were related to the landscape of popular
users in Twitter. TASC [37] showed that how the dynamic influence of opinions helped to improve
sentiment classification by semi-supervision.
Many models were proposed to model opinion dynamics, including Sznajd model [48], Deffuant
model [12], and Hegselmann and Krause model [27], which produced agreeing results. Moreover, Rodrigues and Costa [43] extended Sznajd model to complex networks. And Tu et al. [50]
found that a large clustering coefficient helped the opinion dynamics to reach consensus. Deffuant
et al. [12] modeled the process of opinion dynamics that randomly select two users, and change
their opinions to reduce the difference. Hestenes [28] modeled to change users’ opinions according to the arithmetic average of that of their neighbors, and Fortunato et al. [17] extended the
model with multi-dimensional opinion vector, instead of a scalar opinion value. Besides, Suchecki
et al. [47] studied Voter model in scale-free network, small-world network, and random network.
The studies in opinion dynamics then focused more on the convergence. A recent work [6] by
Bindel et al. discovered that traditional models including DeGroot model [13] finally converged to
a state of consensus under a set of general conditions, while it is rare in real opinion dynamics.
Hence, it proposed to model with users’ intrinsic beliefs in a game theory, which counterbalanced
the opinions at Nash equilibrium. In addition, Gionis et al. [19] studied the overall positive opinion
maximization problem, adopting the game model [6] of opinion dynamics. De at al. [11] modeled
that a user’s opinion was generated from her latent opinion distribution, based on self-excited
Hawkes process influenced by her neighbors.
The above works are mostly on opinion dynamics and maximization, assuming the sentimental
influences between connected users were equal. It does not confirm to our observations in real
life, in which a minority of influential users infect an exceptional number of their peers [30], and a
mass of users are easily influenced. As far as we know, an effective method for learning sentimental
influences is still needed.
2.2

Survival Analysis Model

We introduce the prior knowledge of the Survival Analysis Model [24, 33]. Define the infection
time T of a user acting on a target as a continuous random variable, with T ∈ [0, ∞). Let f (t )
and F (t ) denote the probability density function (PDF) and the cumulative density function (CDF),
respectively. The probability Pr (T ≤ t ) = F (t ). So the probability of a user not taking the action
until time t is defined by the survivor function:
 ∞
f (x )dx .
S (t ) = Pr (T ≥ t ) = 1 − F (t ) =
t

A hazard function h(t ) is defined as the instantaneous infection rate in time interval [t, t + ε),
where ε is an infinitesimal elapsed time, given that a user survives until time t:
h(t ) = lim

ε →0

f (t )
Pr (t ≤ T < t + ε |T ≥ t )
=
.
ε
S (t )

Noticing that f (t ) = −S  (t ) and S (0) = 1 , the survivor function can be expressed as
 t
ln S (x ) = −
h(x )dx .

(1)

0
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The survival analysis model was originally used for modeling the life time of an object [33], and
we will show later that it helps us to consider temporal information in a cascade.
3 LEARNING USERS’ INFLUENCES
A temporal cascade Ci for actions on a target i is defined as a list tuples:
Ci = {(v 1 , t 1 ), (v 2 , t 2 ), . . . , (v N , t N )|t 1 ≤ t 2 ≤ · · · ≤ t N },
where vi is the user who takes the action at time ti , and N is the total number of acting users,
i.e., the cascade size. To simplify the description of our model, we do not specify the identity i of
a target or message, until we establish the overall objective function at the end. In applications, C
can be a sequence of users retweeting a message in Twitter; or a sequence of users clicking “like”
to a webpage or a photo in Facebook. Thus, we generally can observe a large number of cascades
for different objects in each application.
The network of causality of who influences whom is hidden and not available in most cases. As
a substitute for a causality network, a social network was used sometimes, which is still arguable
in academia. Moreover, social networks in blogs, Yelp, YouTube, and shopping are not available
either.
To make our model more general, we assume that any pair of users can have an interpersonal
influence, or probability of passing information between them, as most existing works do [21]. In
such a case, a very small or zero value of influence can capture the underlying disconnections of
the user network, and vice versa. Note that a social network is also easily applied in our model by
setting influences between disconnected edges to zero, instead of a parametric function.
Therefore, our problem can be informally described as follows for simplicity, while the formal
definition is introduced later in Section 3.1:
Informal Problem 1 (learning users’ influences). Given a set of cascades C = {C 1 , C 2 , . . .}.
— Learn the influences between users in form of model parameters.
— to optimize the likelihood of observing such cascades under our model.
3.1 Our Proposed Model
We generally consider a user vi passes a message at a time under the influences, as the life time that
vi is “alive” until vi becomes infected and passes the message in survival analysis (see Section 2.2).
The hazard h(t ) defines the “speed” that vi is “dying,” which can be related to the influences continuously giving from surrounding infected users, and their infection time, as we assume that a
user contributes to influences once the user gets infected.
To define hazard h(t ), our model represents a user vi with two non-negative D-dimensional vectors Ii and Si , which stand for influence representation and susceptibility representation, respectively. D is a tuning parameter, which can be interpreted as how many hidden channels/dimensions
that a user can influence another. For example, if D = 4, Iu = [1, 1, 0, 0] and Su = [1, 1, 0, 0.5] for a
user u. Then user u has influence of level 1 in the first two channels (say spots and musics), and
no influence in the last two (say politics and technologies).
To consider sentiments, we use a representation vector for each sentiment class, and stack them
into a matrix, i.e., matrix Ii for user’s influence and matrix Si for user’s susceptibility. Each row of
a matrix is the representation vector on a sentimental class. Thus, Ii and Si are K × D dimensional
matrices, where K is the number of sentiment classes.
Let one-of-K vector o indicate sentiment class, where only one element in vector o can be
1, and the others are zero. Note that if K = 1 and o = 1, the model degenerates back to vector
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representations without sentimental information. We then introduce our model in a general form
with sentiment o in the following sections.
First, we consider a case of an infected user v j influencing user v j . For a cascade with sentiment
class o, the transmission rate function ϕ (·) from users v j to vi , is defined by equation:


ϕ (Ij , Si , o) = 1 − exp − oT Ij STi o ,
(2)
where matrix Ij and matrix Si are parameters that capture the influence of user v j and the susceptibility of user vi , respectively. The transmission rate function (2) indicates the likelihood of
successful passing of information between them. We use an exponential function to scale the transmission rate between 0 and 1 for regularization.
Example 1 (Different Transmission Rates). We will show an example of how influence and susceptibility vectors decide different transmission rates, i.e., interpersonal influences. Let D = 4, K = 1
and o = 1. Then, Iu = [1, 1, 0, 0] for user u. S a = [1, 1, 0, 0] for user a and Sb = [0, 0, 1, 1] for user
T
b. So the transmission rate ϕ (Iu , S a , o)=1 − e −Iu Sa = 1 − e −2 shows more interpersonal influence
between u and a, than that between u and b, i.e., ϕ (Iu , Sb , o) = 0. Influential user may only have
influences in several channels as well as susceptibilities, which agrees with the observed in real
world. Therefore, only if two users match in each channel of influence vector and susceptibility
vector, they can have strong interpersonal influence; otherwise, their influence is weak. That is
how a user’s actions can have more influence on one user, while less influence on another.
To simplify, let Hji denote the set of parameters {Ij , Si , o}. With a transmission rate ϕ (Hji ), we
define the hazard function of the Survival Analysis Model for user vi at time t, under the influence
from v j , as follows:
1
,
(3)
h(t |t j ; ϕ (Hji )) = ϕ (Ij , Si , o)
t − tj + 1
where t − t j + 1 depicts the hazard function monotonously decaying with the time elapsed from
t j . Adding 1 avoids an unbounded hazard rate due to a zero or infinitesimal value of t − t j . Since
Equation (3) holds only when t ≥ t j , we define the hazard rate h(t |t j ; ϕ (Hji )) = 0, when t < t j ,
namely, user v j has not been infected at time t. Moreover, as mentioned earlier, we can consider
social network as another constraint by defining hazard function h(t |t j ; ϕ (Hji )) = 0, if user vi and
user v j are not connected.
Given the survivor function (1) in the Survival Analysis Model, the survivor function
S (t |t j ; ϕ (Hji )) that user vi survives longer than t satisfies
 t
ln S (t |t j ; ϕ (Hji )) = −
h(x |t j ; ϕ (Hji ))dx
(4)
0
= ϕ (Ij , Si , o) · ln(t − t j + 1).
Finally, given that influential user v j takes action or becomes infected at time t j , the PDF of user
vi happening (acting on the target) at time t is
f (t |t j ; ϕ (Hji )) = h(t |t j ; ϕ (Hji ))S (t |t j ; ϕ (Hji )).
Since every previously infected users can output a probability to infect user vi , we combine
them together by assuming that a user is only infected by one of the previously infected users
[24], the likelihood of user vi , i > 1 being infected at time ti in a cascade is


f (ti |t; ϕ (H )) =
f (ti |t j ; ϕ (Hji ))
S (ti |tk ; ϕ (Hki ))
j:t j <t i

=



j:t j <t i

kj,t k <t i

h(ti |t j ; ϕ (Hji ) ·



S (ti |tk ; ϕ (Hki )).

(5)

k:t k <t i
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Thus, given that user v 1 takes the first action at time t 1 , the joint likelihood of observing the whole
cascade is
 
f (t \ t 1 |t 1 ; ϕ (H )) =
h(ti |t j ; ϕ (Hji ))
i >1 j:t j <t i

·



S (ti |tk ; ϕ (Hki )).

k:t k <t i

To consider the negative cases, we define a time window of our observation for cascade C. The
end of the time window is t E , and t E > t N . The users who do not act until t E are survivors under
the influence of infected users. Thus, the probability of a negative case for the survival of user vl
is

S (t E |ti ; ϕ (Hil )).
S (t E |t; ϕ (H )) =
i:t i ≤t N

Considering the negative cases, the log-likelihood of a cascade is

1

ln 
ϕ (Ij , Si , o)
t
−
t
+
1
i
j
i >1
j:t j <ti
L

 
Evl ∼P (u )
−
ϕ (Ik , Si , o) · ln(ti − tk + 1) −

ln L(I, S; o) =



⎤
⎡⎢
N
⎢⎢ ϕ (I , S , o) · ln(t − t + 1) ⎥⎥⎥ .
j l
E
j
⎥⎥
⎢⎢
i >1 k:t k <t i
⎦
⎣ j=1
It is observed that a message is usually passed by a few users. Compared to the overall population
in a social network, most of users are survived. Consider that negative pairs are formed by any
infected user and any survivor, i.e., the total size of negative cases is the number of infected users
multiply the number of survivors. Hence, we can have very unbalanced negative and positive cases.
The imbalance may mislead the optimization directions, resulting in loss of attention on positive
cases. Besides, a large number of negative cases slow down optimization algorithm, limiting the
scalability. Thus, negative sampling strategy [41] is necessarily applied.
The frequency of a user infected in all cascades indicates how easily the user could become
infected again. Observing a frequently infected user who survives in a cascade can provide more
information to the likelihood. So, sampling survivors of a cascade from the distribution of their
infected frequencies is a better choice: sample L survival users according to distribution P (u) ∝
Ru3/4 , where Ru is the total infection frequency of user u. Negative pairs are then formed by each
of infected users in a cascade and each sampled survivor. Note that sampling of negative cases is
repeated in every optimization iteration, so the samples can honor the expectation of infection
frequency.
Finally, the formal optimization problem of learning users’ influence representations and susceptibility representations is
Problem 1 (learning users’ influences and susceptibilities).

ln L c (I, S; oc )
min −
I,S

(6a)

C

s.t. I ki ≥ 0, S ki ≥ 0, ∀k, i,

(6b)

where superscript c is used to identify the values or functions that are related to cascade C.
The log-likelihood of all the observed cascades is summarized in the above objective function.
Since transmission rate is function of product of Ij and Si in Equation (2), we constraint elements
in matrices to be non-negative to avoid another equivalent solution of −Ij and −Si . Note that we
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do not use negative value in influence matrix to indicate susceptibility, since we model each user
with both influence and susceptibility matrices. Besides, for general purposes, different sentiment
classes in our model, use different sets of vectors, which are stacked as matrices. So we cannot
use positive and negative values in Ij and Si to represent different sentiments either. Nevertheless,
non-negative values in influence and susceptibility matrices can give the interpretability to our
model, namely, the extent of how a user is influential and susceptible to others.
3.2

Optimization

As for learning the model parameters, we maximize the likelihood of recognizing the successful
passing of information as a positive case, and an unsuccessful or unobserved passing as a negative
case. Note that the number of negative cases is far more than that of positive ones. So considering
all the negative cases prevents our model from both being applied to a very large data and balancing
the positive and negative cases. Thus, in each iteration, we use a negative sampling strategy to
approximate the expectation of the negative case distribution. The details are provided as follows.
The gradients of the transmission rate function on matrix Iv and matrix Su are
∂ϕ (Iv , Su , o)
= (1 − ϕ (Iv , Su , o))ooT Su ,
∂Iv
∂ϕ (Iv , Su , o)
= (1 − ϕ (Iv , Su , o))ooT Iv .
∂Su
The gradients are K × D matrices. Only the kth row in each matrix has a non-zero gradient, when
a cascade belongs to the kth sentiment class, i.e., ok = 1.
As the negative cases for a cascade are repeatedly sampled in every iteration, we define [Vsc ]τ
as the set of negative users in the τ th iteration of the algorithm for cascade C:
[Vsc ]τ = {vl ∼ P (u)}L ,
where L is the set size.
The influence matrix Iv of user v only appears in the likelihood of a cascade c, if v becomes
infected, i.e., t 1c ≤ tvc ≤ t Nc in cascade c. The gradient of the log-likelihood (6a) on matrix Iv is
дIv = −

 
 ∂L c (I, S; oc )
1 tvc ≤ t Nc
.
∂Iv
c

In terms of susceptibility matrix Sv , if user v is also infected in a cascade c, i.e., t 1c < tvc ≤ t Nc ,
or user v is in a sampled negative pair, the gradient of the likelihood of a cascade c is non-zero;
otherwise, the gradient is always zero. Therefore, the gradient of the summation of all cascades in
objective (6a) on matrix Sv is
 
 ∂L c (I, S; oc )
1 t 1c < tvc ≤ t Nc
дSv = −
∂Sv
c
+

Nc
 
   


1 v ∈ Vsc
(1 − ϕ (Ij , Sv , oc )) · ln t Ec − t jc + 1 oc oc T Ij ,
·
c

τ

j=1

where 1(·) is an indicator function, with an output of 1 if the argument is true, and 0 otherwise.
The gradients дIv and дSv are K × D matrices.
We use stochastic gradient descent (SGD) framework over shuffled mini-batches for optimization efficiency, setting 12 as the size of mini-batch. To consider non-negative constraint on parameters, projected gradient (PG) [35] is used to adjust the gradients.
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Let the parameter updates be ΔIv and ΔSv for each user v. And matrices I, S ∈ RK ×(D ·M ) are
separately the concatenations of Iv and Sv for all users v. M is the user count as defined previously.
Thus, the updates will be reduced by a rate 0 < β < 1, namely, βΔIv and βΔSv , if the following
condition does not hold:
O([E]τ +1 ) − O([E]τ ) ≤ σ · T r (∇O([E]τ )T ([E]τ +1 − [E]τ )),

(7)

RK ×2DM ,

O(E) is the simwhere [·]τ means the parameter in the τ -th iteration. With E = {I, S} ∈
plified representation of objective function (6a). T r (·) is the trace of a matrix, and σ is a constant
between 0 and 1. We set σ = 0.01 and β = 0.1 as PG suggested.
Moreover, since deciding learning rate is not trivial, so we can choose one of well-known methods, Adadelta [61]. Let ρ be decay rate and ϵ be a small constant. The accumulate gradients in
Adadelta are
E[дI2v ]τ

=

ρE[дI2v ]τ −1 + (1 − ρ)[дI2v ]τ ,

E[дS2v ]τ

=

ρE[дS2v ]τ −1 + (1 − ρ)[дS2v ]τ ,

ρE[ΔIv 2 ]τ −1 + (1 − ρ)[ΔIv 2 ]τ ,
ρE[ΔSv 2 ]τ −1 + (1 − ρ)[ΔSv 2 ]τ .

And with the definition of function RMS[x]τ = E[x 2 ]τ + ϵ, the update values are calculated as
E[ΔIv 2 ]τ
E[ΔSv 2 ]τ

=
=

RMS[ΔIv ]τ −1
[дIv ]τ ,
RMS[дIv ]τ
RMS[ΔSv ]τ −1
[ΔSv ]τ = −
[дSv ]τ .
RMS[дSv ]τ
[ΔIv ]τ = −

Therefore, the algorithm of learning users’ sentimental influences is listed in Algorithm 1. Let
the project function ψ (x ) be defined as projecting x into non-negative space, namely, ψ (x ) = 0 if
x < 0; otherwise ψ (x ) = x. We use ρ = 0.95 and ϵ = 10−6 in the algorithm as Adadelta suggested.
Another recommended method, Adam [31], extends Adadelta with additional accumulated firstorder moment of gradients, which might bring benefit to our optimization. We can easily apply
Adam algorithm to the optimization by adding the extra smoothing gradients. However, the comparison between them is out of our contributions.
4

EXPERIMENTS

To evaluate our model, we used Microblog data, in which users’ activity in passing messages is
publicly available. The temporal cascades were extracted for all the messages in the data. We analyzed the learned influence representations and susceptibility representations. Finally, the article
demonstrates the performance of our model with the well-known applications, in comparison to
the state-of-the-art models.
4.1 Data
Synthetic data: To validate whether the proposed algorithm could obtain good estimation of latent
influence and susceptibility vectors, we generate synthetic data for evaluation. First, we generate a
synthetic diffusion networks using BA (Barabási–Albert) model [5]. We use 5-dimensional
vectors
√
for user’s influence and susceptibility, and sample Iu and Su from f (x ) = 1/2 x, x ∼ U (0, 0.1) 5 ,
where U (0, 0.1) is a uniform distribution between 0 and 0.1. We then generate cascades over the
diffusion network according to our model. The first infected user is randomly selected for a cascade.
In terms of times, we evenly set time ticks in a time unit starting from t = 0 for every cascade
generation. And then we can simulate the processing according to our survival model, and flip a
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ALGORITHM 1: Algorithm of learning users’ sentimental influences.
Given 0 < ρ, β < 1, constants σ and ϵ;
initialized parameters Iv and Sv for each user v;
Cascade set C.
Iteration index τ := 0;
E[дI2 ]0 , E[дS2 ]0 , E[ΔIv 2 ]0 , E[ΔSv 2 ]0 = 0;
v
v
repeat
Randomly shuffle C;
Split C into groups by mini-batch size;
for each group do
Compute gradients [дIv ]τ , [дSv ]τ ;
Accumulate gradients and updates:
E[дI2 ]τ , E[дS2 ]τ , E[ΔIv 2 ]τ , E[ΔSv 2 ]τ ;
v
v
Parameter update values:
[ΔIv ]τ , [ΔSv ]τ
Update [Iv ]τ +1 = ψ ([Iv ]τ + [ΔIv ]τ );
Update [Sv ]τ +1 = ψ ([Sv ]τ + [ΔSv ]τ );
while not Condition (7) do
decreasing update values:
[ΔIv ]τ = β[ΔIv ]τ ,[ΔSv ]τ = β[ΔSv ]τ
Update [Iv ]τ +1 = ψ ([Iv ]τ + [ΔIv ]τ );
Update [Sv ]τ +1 = ψ ([Sv ]τ + [ΔSv ]τ );
end while
τ := τ + 1
end for
until parameters converged, or maximum epoch.

coin based on the likelihood (5) at every time tick. Finally 200 cascades are generated for 799 users
in the diffusion network, and the total length of generated cascades are 15,343.
Since Microblog Sina Weibo,1 the biggest Microblog website in China, is the best available data
source for observing information diffusion. Thus, we sampled from Weibo database twice in 2013
and 2016 as two datasets for evaluations, named WB2013 and WB2016:
Microblog data WB2013: We initially sampled about 315.6 million records including posting,
retweeting, and mentioning of messages between November 1, 2013 and February 28, 2014 from
the timelines of 312,000 users from the Sina Weibo database. Since an emotion is a good way to
determine the message’s sentiment label [7, 20], we filtered the messages with frequently used
emoticons, and labeled them with positive or negative sentiment; e.g., :) and :D express positive
sentiment, whereas :(and :-(express negative sentiment. Positive or negative sentiment is then
assigned to every message containing emoticons. Alternatively, any reliable sentiment classifier,
such as OpinionFinder [9], can be used to determine the sentiments. In our experiments, we choose
emoticons to label messages, and then have K = 2 sentiment classes.
The inactive users who participate in less than 5 cascades, or very short cascades whose size is
less than 8, are removed from the remaining cascades with sentimental messages. Finally, we have
6,219 active users, and 325 positive and 412 negative cascades of a total size 44,021 tuples.

1 Sina

Weibo (http://www.weibo.com).
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Fig. 3. The distribution of positive (red) and negative (blue) emoticons.

Microblog data WB2016: In the same way, we process the Microblog data sampled from Sina
Weibo database, during a week from June 1, 2016. And finally we have totally 5,601 active users,
and 457 positive and 130 negative cascades of total size 36,465 tuples for evaluation.
Figure 3 illustrates the distributions of top frequently used emoticons in the messages of cascades of WB2013, indicating their positive sentiments or negative sentiments.
4.2 Experimental Setup
In the experiments, we chose the following models for comparisons:
— CT Bern and CT Jacc models [26]: CT Bernoulli and CT Jaccard that are continuous time
(CT) models with the propagation probability Pab from infected user a to user b decays
over time. For a fair comparison, we used the same decaying function as our model:
0
/(tb − ta + 1).
Pab = Pab

The CT Bernoulli model assumes that an initial propagation probability P ·0 follows Bernoulli
distribution, i.e., the number of instances of successfully passed information divided by the
total number of trials. The CT Jaccard model defines an initial propagation probability P ·0
of a user pair in a form of Jaccard index. The probability is calculated as the number of
instances of successfully passed information divided by the total number of cascades containing at least one of the users in a pair. Since the causality relationships are not available
in training data, the successful passes take place from every earlier users to the latter one
in a cascade.
— NetRate[21]: This model directly defines a scalar parameter as an interpersonal influence
between a pair of users, and it learns them by using the Survival Analysis Model. We use
the Jaccard Index to initialize the parameters to get better fine-tuned results.
— CT LIS: Here, we ignore the differences between latent influence representations and susceptibility representations on sentimental polarities in our model. We set K = 1 and o = 1.
Since the model is a CT model, we add CT into the name.
— Sent LIS: This is a model that learns influences on sentiments by considering all the negative
cases.We use “Sent LIS (ns)” to indicate when our model uses negative sampling.
The complete dataset was split into 10 groups for cross-testing. Thus, each experiment was
repeated 10 times, and the average results and the standard deviation (Std) were calculated. For
computational efficiency, the dimension D of users’ representations on a sentimental polarity is
set at 8.
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Fig. 4. Analysis of L1-norm of latent influence representations and susceptibility representations on sentimental polarities.

4.3 Study of Users’ Influences and Susceptibilities
In this section, we present the different distributions of influential and susceptible users, and interesting patterns in their behaviors. Our Sent LIS model learned the representations of matrix
Iv and matrix Sv for user v. Each row of Iv and Sv , respectively, gives the representation vectors
of user v’s influence and susceptibility on the corresponding sentiment polarity. With sentiments
of positive and negative, a user has four types of vectors: Positive I, Negative I, Positive S, and
Negative S. We study those row vectors with L1-norms, i.e., the summation of the absolute value
of each element. Thus, we can use those L1-norms as coordinates of a point for each user. Figure 4
shows the contour maps to visualize the user distributions in different influence and susceptibility
coordinate systems.
The visual representations of “Positive S vs. Positive I” and “Negative S vs. Negative I”
(Figure 4(a) and (b)) both interestingly show two groups of users in each sentiment class, corresponding to two peaks in each figure. The group along the bottom axis has very lower susceptibilities but significant influences. The upper right group has both significant influences and
susceptibilities. We will refer to these two groups of people as primary influential and secondary
influential, respectively. The primary influential people have the power to influence other users,
without being infected easily, as was also explained by Aral and Walker on Facebook users [1].
Interestingly, on Sina Weibo, users can get influence credit, or have more people retweet them,
by being an agency or hub. So people invest considerable effort in retweeting (potentially) interesting messages to attract others to follow them and retweet from them. This type of user is not
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restricted to the Sina Weibo scenario. Some primary influential people like to explore new restaurants and make recommendations to their friends or audiences. Another type of user simply likes
to browse other people’s recommendations or ratings and advertise them to their own audiences.
Similar activities might be seen in POI recommendation, hotel bookings, and online shopping as
well. As for an online system, both primary influential and secondary influential people are important. The primary influential users represent the originating power of the system to bring new
resources and initiate a cold start. The secondary influential users are good advertisers or hubs to
enable other people to get information efficiently. As the primary influential people are considered
high-quality users by system operators, the secondary influential ones may easily be persuaded to
help in sharing advertisements.
Figure 4(c) and (d) shows that users may have different influences on positive and negative
emotions or may be more susceptible to different sentimental messages. In the figure showing
“Negative I vs. Positive I,” users could have higher influences on positive sentiment, but lower
influences on negative sentiment, and vice versa, as the “heat” spreads out over a wide area. A
group of users has almost the same significant influences on both sentimental polarities, as the
hottest spot shows. Similarly, in the figure showing “Negative S vs. Positive S,” some users are
more sensitive to the messages with positive emotion whereas other users are more susceptible to
negative emotion. A larger group of users has the same significant susceptibilities, as a larger hot
area is located in the middle of the figure.
4.4

Predicting Cascade Dynamics

The application of predicting cascade dynamics (PCD) aims at predicting whether a user v will
take an action (i.e., become infected) given time t. It is useful to find out who is probably the next
buyer of recommendations before time t. There are two ways to measure the prediction. One is
to use a metric for binary classification. The infected users belong to the positive class, and the
survivors belong to the negative class. For every user, we calculate the likelihood of becoming
infected.
Thus, with the likelihood values for all the users, a true positive (TP) rate and a false positive (FP)
rate can be calculated given any threshold. The ROC curve is then drawn with the TP rate and FP
rate as the coordinates. After that, the classification metric AUC (the area under the ROC curve) is
evaluated following [16]. The other way of measuring the prediction is by using a ranking metric.
Since we have the likelihood of candidate users becoming infected in a given time, the users of
highly ranked likelihood will probably be infected. A higher-performing model is expected to give
a higher rank to the user in the ground truth. Therefore, we use a ranking metric, Mean Reciprocal
Rank (MRR) [51]:
MRR =

|Q |
1  1
,
|Q | i=1 ranki

where |Q | is number of tests of predicting next activated user, and ranki is the rank of corrected
user in the ith prediction tests.
Experimental results. We first validate our algorithm on learning users’ influence and susceptibility vectors by comparing the performance of PCD task on our synthetic data. Since sentiment
classes are modeled as independent dimensions, we set K = 1 for considering influence and susceptibility on any class. Table 1 illustrates the results our algorithms and the baselines. As we can
see, our algorithms achieve better metrics, i.e., higher AUC and MRR, than the baselines, which
show the effectiveness of our algorithms with/without negative sampling techniques.
ACM Transactions on Knowledge Discovery from Data, Vol. 13, No. 6, Article 57. Publication date: October 2019.

CT LIS: Learning Influences and Susceptibilities through Temporal Behaviors

57:15

Table 1. Evaluations on Synthetic Data

AUC
MRR

Avg
Std
Avg
Std

CT Bern
0.4558
±0.0548
0.0032
±0.0007

CT Jacc
0.4344
±0.0769
0.0028
±0.0006

NetRate (Jacc)
0.3027
±0.0523
0.0047
±0.0023

CT LIS
0.5096
±0.0934
0.0228
±0.0051

CT LIS (ns)
0.6501
±0.0916
0.0206
±0.0039

Both the best and the second best results are bold.

Table 2. Evaluations on PCD Task for Two Real-World Datasets

AUC
WB2013
MRR
AUC
WB2016
MRR

Avg
Std
Avg
Std
Avg
Std
Avg
Std

CT Bern
0.8732
±0.0658
0.0062
±0.0029
0.9273
±0.0222
0.0138
±0.0064

CT Jacc
0.8621
±0.0802
0.0064
±0.0036
0.9250
±0.0210
0.0195
±0.0127

NetRate
(Jacc)
0.8718
±0.0730
0.0071
±0.0038
0.9253
±0.0201
0.0202
±0.0125

CT LIS
0.8793
±0.0207
0.0196
±0.0039
0.9339
±0.0202
0.0052
±0.0012

Sent LIS
0.8992
±0.0152
0.0216
±0.0033
0.9334
±0.0221
0.0218
±0.0056

Sent
LIS (ns)
0.8983
±0.0156
0.0265
±0.0044
0.9242
±0.0212
0.0292
±0.0037

Both the best and the second best results are bold.

In terms of real-world data, the results of cross tests are shown in Table 2 for both WB2013
and WB2016 datasets. The average (Avg) and Std are reported for metrics, and the best and the
second best averages are shown in bold text. We can see that our models in both classification
and ranking metrics perform the best, when compared with the list-wise models. Our models with
sentiments achieve nearly 0.9 in AUC, better than the baselines (less than 0.87) in WB2013. CT LIS
and Sent LIS perform the best in WB2016, while the former without sentiments performs a little
better, which may be the cause of unbalanced sentiment labels in the data. In terms of ranking
metric MRR, the sentimental models, i.e., Sent LIS and Sent LIS (ns) outperform the others in
both WB2013 and WB2016. Moreover, the machine learning model NetRate further fine-tunes the
Jaccard index to get better MRR and AUC. Above all, both the classification metric and the ranking
metric show that our models perform better in cascade dynamics prediction than the pair-wise CT
Bernoulli, CT Jaccard, and NetRate. Such experimental results demonstrate the advantages of our
models in the consideration of influence dependency and the reduction of overfitting by reducing
model complexity. Furthermore, considering sentiments can improve the performance of learned
representations of users’ influences.
The ROC curves in Figure 5 show that our models achieve better performance than list-wise
models, considering the areas under the curves. All our variants, i.e., CT LIS, Sent LIS, and Sent
LIS (ns) achieve higher AUC values in the classification metric. With Jaccard index as initialization,
NetRate improves the performance of the CT Jaccard model.
4.5 Cascade Size Prediction
CSP is a key part of influence maximization and viral marketing applications. CSP helps people to
know if a message, web, product, or place will eventually become popular. In the application, we
chose the first P tuples in each cascade as the initial status, and we predicted the cascade size at
time t N , t N > t P . t P is the infecting time of the last user in the initial tuples. We made our prediction
by simulating the generation process of a cascade. First, the time interval t N − t P is evenly split
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Fig. 5. Our models output the best ROC curve on prediction of next infected user.
Table 3. Evaluations on CSP Task for Two Real-World Datasets

WB2013
WB2016

Avg
Std
Avg
MAPE
Std
MAPE

CT Bern
0.7199
±0.0270
0.8897
±0.2699

CT Jacc
0.7105
±0.0333
0.6048
±0.1164

NetRate
(Jacc)
0.7109
±0.0350
0.5849
±0.1313

CT LIS
0.6259
±0.0883
0.5210
±0.0792

Sent LIS
0.6259
0.1458
0.5313
±0.0879

Sent
LIS (ns)
0.6362
±0.0225
0.5656
±0.0888

Both the best and the second best results are bold.

into discrete time points. Thus, at the first time scale τP +1 right after t P , each infected user u tries
to influence an uninfected user v with the probability Pr (T ≤ τP +1 |tu ; ϕ (Hu,v )). Starting from the
time point right after t P , every infected user u makes a random trial to infect user v at each time
point τi > t P . The probability in a trial is
 τi
f (t |tu ; ϕ (Hu,v ))dt
τ
.
Pr (T ≤ τi |tu ; ϕ (Hu,v )) = i −1
S (τi−1 |tu ; ϕ (Hu,v ))
This is a conditional probability, given that user v will survive until time τi−1 . Users who become
infected in a random trial are added to the number of infected users for the next step of the simulation process. Thus, we use the mean absolute percentage error (MAPE) to measure the predictions
with ground truth cascade sizes, where a smaller value indicates a better prediction.
Experimental results. We chose first P = 10 users in a cascade as the initialization for the prediction. The simulations for prediction were repeated 100 times for every testing cascades. We
averaged the results at the end of prediction time in Table 3. We can see that the best CSP results
all come from our models in both datasets. In WB2013, our best model achieves at least 11.9%
MAPE reduction, compared to the baseline models. And our best model also reduces 10.9% MAPE
value, compared to the best baseline (NetRate) in WB2016. Thus, our learned influences and susceptibilities from the proposed models are effective to improve the well-known CSP problem.
4.6

Who will be Retweeted

“Who will be retweeted” (WBR) is a new application that helps to identify the causality of who
influences whom to take an action. For example, it enables us to find out who has influenced or
motivated the target user to retweet a message, “like” a webpage, buy a product, or go to some
location. Sina Weibo supports users to retweet a message from a retweeter instead of the original
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Table 4. Evaluations on “Who will be Retweeted” Task

Acc
MRR

Avg
Std
Avg
Std

CT Bern
0.1221
±0.0365
0.2592
±0.0703

CT Jacc
0.3000
±0.0964
0.4349
±0.1275

NetRate
(Jacc)
0.3005
±0.0961
0.4354
±0.1273

CT LIS
0.4123
±0.0874
0.4696
±0.0876

Sent LIS
0.3840
±0.1255
0.4822
±0.1269

Sent LIS
(ns)
0.3980
±0.1392
0.4920
±0.1348

Both best and second best results are bold.

author. Meanwhile Sina Weibo automatically generates marks to indicate who retweets whom.
By extracting the relationships, one can identify the process of who influences whom, which is
treated as the ground truth for WBR tasks.
Our model assumes that all the previously infected users have a chance to influence or infect the
current user, so that there can be multiple exposures, only one of which can be successful. In the
multiple exposures, every infected user has an interpersonal likelihood of infecting the target user.
Thus, the user with higher interpersonal likelihood has a greater probability of being retweeted
by the current user as the causality. Given (vi , ti ), namely, user vi infected at time ti , the user that
vi retweets is
arд max f (ti |t j ; ϕ (Hji )).
j:t j <t i

Therefore, we use two ranking metrics for this task: average Accuracy (Acc) of top-one prediction,
and MRR. Larger values of Acc and MRR indicate better performances.
Experimental results. Our results in causality judgment of who influences whom achieve more
than 37.2% and 13.0% increases in the accuracy metric and MRR metric, respectively, as Table 4
shows. WBR task is only evaluated on WB2013, since retweets marks are not available in WB2016.
In the table, the top-one accuracy (Acc) and MRR are averaged for the 10-fold cross tests as well.
CT LIS, Sent LIS, and Sent LIS (ns) outperform the pair-wise models, without suffering from the
overfitting problem in causality judgment. Compared with NetRate, our models improve 37.2%,
27.8%, and 32.4%, respectively, in accuracy at top-one, and improve 7.9%, 10.7%, and 13.0%, respectively, in MRR. With negative sampling, Sent LIS can balance the positive and negative cases on
one hand, and on the other hand it can consider the information of negative cases in an expectation, resulting in a better choice of descent gradient. In turn, it achieves better performances in
both accuracy and MRR than Sent LIS without sampling. In addition, in the comparisons among
pair-wise models, CT Jaccard still holds an advantage over CT Bernoulli in both metrics. NetRate
(Jaccard) is the best of the three, due to the machine learning with the Survival Analysis Model.
4.7

Discrimination of Interpersonal Influences

With the analysis of estimated interpersonal influences, Figure 6 shows that our values are more
discriminating, guaranteeing a better application performance. We separately calculated the interpersonal influences using Equation (2) on positive sentiment and negative sentiment, for each user
pair. We use the propagation probability output by CT Jaccard model as interpersonal influences.
In Figure 6(a) and (b), we construct a point with the interpersonal influence of Sent LIS (positive or
negative) as an X-coordinate, and interpersonal influence of Jaccard as a Y-coordinate, for each pair
of users. All the points are put into lattices, and a heat map is used to color each lattice cell based
on the point count. In the same way, NetRate uses normalized transmission rates as the estimation
of interpersonal influences. We draw the heat maps for our Sent LIS vs. NetRate in Figure 6(c) and
(d). In the four sub-figures, very hot and dark cells lines appear on the X-axis from 0.1 to 0.4. Such
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Fig. 6. Analysis of interpersonal influences.

lined cells show very small influence values for both the CT Jaccard and NetRate models, resulting
from the overfitting. For the influences of those user pairs, our model discriminates the influential
degrees from 0.1 to 0.4. In addition, our model shows a discriminating distribution of interpersonal
influences at the higher values of the evaluation models. Therefore, all the above information gives
evidence that our learned influences are more discriminating, offering good performances in the
above applications.
5

CONCLUSIONS

In this study, we have proposed a model to learn the distributed representations of users’ influences from their historical behaviors. By explicitly characterizing the sentimental influence and
susceptibility of each user with a pair of matrices, respectively, the model reduces the complexity
of pair-wise models, and considers influence dependencies. We also designed an effective algorithm with negative sampling to train the model, so as to balance the positive and negative cases
while reducing the computational cost. Experiments on synthetic data validate the effectiveness
of our learning algorithms for latent influence and susceptibility vectors.
Our model does not require the knowledge of social network structure, hence having wide applicability to the scenarios with or without explicit social networks. Explicit social network can
be added as indicators in the likelihood of a user getting infected by the connected and effective
ones. The evaluations on tree tasks and two real-world datasets show that our models are the best
in most cases.
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The advantages of our model are as follows:
— Dependency awareness: CT LIS can capture the dependency between two interpersonal influences, when being sent from the same user, or when being received by the same user.
— Conciseness: our model uses fewer parameters with an advantage in modeling sparse data.
— Effectiveness: our model achieved the best performance on two real-world Microblog
datasets from 2013 and 2015, by evaluating on the three prediction tasks.
— Unification of temporal and categorical information: our model proposes a unified framework based on temporal model, to make use of infection time, and categorical attributes of
sentiments.
Moreover, we analyzed two groups of people, called the primary influential and secondary influential groups. The former group creates initial and high-quality messages most of the time, to
attract other users to retweet; the latter group attracts other people’s attention by retweeting interesting messages already in the system. On the analysis of our estimated interpersonal influences,
the results show discriminating values, which guarantees better application performance with the
learned representations of users’ influences.
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