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Abstract—To avoid spreading an infectious disease, it
is one of the important approaches to analyze mathemati-
cal models of the infectious disease. Many previous stud-
ies have already investigated the spread of infectious dis-
eases on complex networks. However, these conventional
studies mainly focus on static networks whose structures
do not change with time, even though structures of com-
plex networks change with time under realistic situations.
In this paper, focusing on temporal networks whose struc-
tures change with time, we investigated the spread of in-
fectious diseases on the real temporal networks observed
from person-to-person interactions at a hospital and a high
school. We also investigated what kinds of properties af-
fect the spread of the infectious disease by using a simple
mathematical model of the infectious disease. As a result,
the degree correlation and the correlation of the number of
contacts of connecting two vertices play a crucial role to the
spread of the infectious disease on the temporal network.

1. Introduction

In the complex network science, various real phenom-
ena are described as a network which consists of a set of
vertices and a set of edges, for example, the Internet, prey-
predator relations in an ecosystem [1], gene networks [1],
economic systems, and face-to-face interactions between
individuals [2]. Researches in the complex network science
have clarified that several common features underly these
real networks, such as small-world [3] and scale-free [4]
properties.

Information diffusion and the spread of disease have also
been discussed on the complex networks [5]. These previ-
ous researches mainly focus on static networks, namely the
networks whose structures do not change with time. How-
ever, in the real networks, the structure of network changes
with time [6].

In this paper, focusing on temporal changes in struc-
tures of networks, we investigated how infectious dis-
eases spread over real temporal networks by using data ob-
tained from face-to-face interactions between individuals
recorded by the radio frequency identifier(RFID) in a hos-
pital and a high school [7]. We employed a simple disease-
transmission model and analyzed how the infectious dis-
ease spatiotemporally spreads on these real temporal net-
works. Then, we investigated what structural properties of
the networks affect the spread of the infectious disease. As
a result, the infectious disease spreads widely on network

when the number of contacts is high and the degree cor-
relation and the correlation of the number of contacts of
connecting two vertices are negative.

2. Data

In this paper, we used two types of the data of the face-
to-face contacts of individuals recorded by SocioPatterns
[7-9]. The first one is observed from the face-to-face con-
tacts between health care workers and patients at the hos-
pital in Lyon, France. The second one is observed from
those between high school students at the Lycée Thiers,
Marseilles, France. The contacts between individuals were
recorded every 20 seconds.

In the data of the hospital, the contact pattern was col-
lected during five days from Monday, December 6, 2010 at
1:00 pm to Friday, December 10, 2010 at 2:00 pm. The
subjects participating in the experiments were 27 nurses
and nurses’ aides, 11 medical doctors, 8 administrative staff
members and 29 patients.

In the data of the high school, the contact pattern was
collected during for four days (from Tuesday to Friday) in
2011 and seven days in 2012 (from Monday to Tuesday of
the following week except for the Saturday and the Sun-
day). The number of subjects participating in the experi-
ments in 2011 is 126, and that in 2012 is 180. The high
school students are classified into three groups, PC, PC*,
and PST* in 2011, and into five groups, MP*1, MP*2, PC,
PC* and PSI* in 2012. The groups MP*1 and MP*2 fo-
cus on the mathematics and the physics, PC and PC* focus
on the physics and the chemistry, and PSI* focuses on en-
gineering studies. Table 1 shows the number of students
belonging to each class.

Table 1: The number of subjects belonging to each group

in the high school.

\ [ teacher | PC [ PC* | PSI* | MP*1 | MP*2 | total |
2011 8 3] 45 [ 42 0 0 126
2012 0 38 ] 35 | 41 31 35 | 180

3. Methods

We analyzed how infectious diseases spatiotemporally
spread on contact networks by using the real data and a
simple mathematical model of the infectious disease. We

-337 -



constructed networks where vertices correspond to sub-
jects and the contacts between the subjects are described
by edges. The edge between the vertex i and the vertex j
at time ¢ is described by [;;(?) € {O, 1}, where if a contact
exists, [;;(r) = 1, otherwise [;;(r) = 0. We also defined
Si(t) € {O, 1} as a state of the vertex i at time 7. When the
vertex i is infected with the infectious disease, S;(f) = 1,
otherwise S;(f) = 0. Let r be the probability that a sus-
pectible vertex changes to an infected one. The number
of subjects is N. The number of infected persons at time
tis I(t) (t = 0,20,---,T). The ratio of the number of in-
fected persons at time ¢ to the total number of subjects is
P(t) = I(t)/N. When the vertex i contacts with the vertex
Jj under the situation that S;(r) = 1 and § ;(#) = O at time ¢,
the infectious disease is transmitted from the vertex i to the
vertex j with the probability r/;;(f). When the vertex j is
infected at ¢ (S ;(r) = 1), the state of the vertex j changes to
the removed state after a fixed period 7. Removed vertices
do not transmit the infectious disease to other vertices, and
they are not infected again. We investigated how the infec-
tious disease spreads on the contact networks by P(¢).

4. Results

4.1. The relation between the infection rate » and the
normalized number of infected persons P(T)

We first conducted experiments in the condition where
7 = 72 [h]. We calculated the final ratio of the number
of infected persons to the total number of subjects P(T).
Figure 1 shows how P(T’) changes when the infection rate
r changes. From Fig. 1(a), P(T) in the case of the hos-
pital is higher than that of the high school in all values of
the infectious rate r. In addition, the number of infected
persons of P(T) in the case of the hospital increase more
quickly than that of the high school in 0 < r < 0.03. We
next investigated how P(T') increases when the values of r
are small (0.00025 < r < 0.005). From Fig. 1(b), we found
that P(T') of the hospital increases when the infectious rate
r increases. However, P(T') of the high school does not in-
crease even though the infectious rate r increases. One of
possible causes of the different tendency of the spread of
the infectious diseases between the hospital and the high
school is the difference between the number of contacts in
the hospital and that in the high school. When the number
of contacts is large, the suspectible vertices are likely to be
infected from other infected vertces, because the chances
that the vertex contacts with the infected vertices increase.
Indeed, the number of contacts in the hospital is 32,424
during the five days. On the other hand, the number of
contacts in the high school in 2011 is 28,561 during the
four days and that in 2012 is 45,047 during the seven days.
Then, the average number of contacts is 86.46 in the hospi-
tal network, 56.67 in the high school network in 2011, and
35.75 in the high school network in 2012.
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Figure 1: The relation between infection rate r and the ratio
of the number of infected persons at time 7, P(T). The
range of r is (a) 0.005 < r < 0.1, (b) 0.00025 < r < 0.005.
We simulated 1,000 trials for each condition and calculated
those of average.

4.2. The relation between P(7) and the average num-
ber of contacts

We investigated how the average number of contacts af-
fects the ratio of the number of infected persons at time
T, P(T). To eliminate the differences in the number of
contacts between the hospital and the high school, we ran-
domly removed the edges in the hospital network to make
the average number of contacts per vertex in the hospital
network the same as that in the high school in 2011 (and
also in 2012) as much as possible. The ratio of the number
of removed edges to the total number of edges is y. We
defined a reduced network as a contact data randomly re-
moved edges from the original data. We first compared the
hospital and the high school in 2011. When y = 0.345, the
number of edges of the reduced hospital network is 21,225.
Then, the average number of contacts in a day of the re-
duced the hospital network (y = 0.345) is equal to the aver-
age number of contacts in a day of the high school in 2011.
Next, we also compared the average number of contacts in
a day of hospital and the average number of contacts in a
day of high school in 2012. When y = 0.587, the number of
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edges of the reduced hospital network is 13,407. Then, the
average number of the contacts in a day of the reduced hos-
pital network (y = 0.587) is equal to that of the high school
in 2012. We conducted the same experiments as those in
Section 4.1, however we used the reduced hospital network
instead of the original data collected in the hospital.

From Fig. 2, the value of the ratio of the number of
infected persons at time T, P(T), of the reduced hospital
network are still higher than those of the high school in
all values of the infectious rate r. In addition, P(T') of the
reduced hospital network increases more quickly than the
high school network in 0 < r < 0.03. Figure 3 shows that
P(T) of the reduced hospital network increases when the
value of r increases in 0.00025 < r < 0.005. However,
P(T) of the high school in both 2011 and 2012 increase
just a little where 0.00025 < r < 0.005. From these results,
the infectious disease likely spread on the reduced hospital
networks compared to the high school networks. We also
investigate that how the spread of the infectious disease is
suppressed by the number of contacts decreases. Figure 4
shows that P(T") of the hospital decreases when the number
of contacts decreases. These results show that the number
of contacts relates to the spread of the infectious disease.
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Figure 2: The results of the ratio of the number of in-
fected persons at time 7', P(T) as a function of infection
rate r for (a) the hospital network (y = 0.345) and the high
school network (2011), (b) the reduced hospital network
(y = 0.587) and the high school network (2012).
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Figure 3: The results of the ratio of the number of in-
fected persons at time 7, P(T) as a function of infection
rate r for (a) the hospital network (y = 0.345) and the high
school network (2011), (b) the reduced hospital network
(y = O.?87) and the high school network (2012).
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Figure 4: The results of the ratio of the number of infected
persons at time 7', P(T) as a function of infection rate r for
the hospital network (y = 0), the reduced hospital networks
(y = 0.355 and y = 0.587).

4.3. Clustering coefficient, degree correlation and con-
tact correlation

We next investigated what structural properties of tem-
poral networks affect the spread of the infectious disease.
Table 2 shows the results of clustering coefficients [3]. The
clustering coefficient is normalized by the clustering coe-
eficient from the original network devided the clustering
coefficient from the randomized network. When the clus-
tering coefficient is high, it is natural to expect that the in-
fectious disease spreads widely, because the infected ver-
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Table 2: The clustering coefficient, the degree correlation and the contact correlation of static contact networks whose

edges are summarized temporally.

\ | hospital | hospital (y = 0.355) [ hospital (y = 0.587) [ highschool2011 | highschool2012 |

clustering coefficient 1.84 1.84 1.90 2.71 3.35
degree correlation -0.0540 -0.0500 -0.0447 0.1527 0.0495
contact correlation -0.0637 -0.0608 -0.0586 0.0623 0.1380

tices belonging to a cluster, in which vertices mutually con-
nects to each other, can easily transmit the infectious dis-
ease to other vertices belonging to the same cluster. How-
ever, against our expectation, the value of the clustering
coefficient of the high school is higher than that of the hos-
pital from Table 2. Then, we focused on the degree cor-
relation [10] and the contact correlation. The degree cor-
relation measures the correlation between degrees of two
connected vertices. The degree correlation R is described
as follows

2

AM ) ek — [ D e+ k)

R _ v EE v, EE -, (1)
2M Z (k‘% + k‘z/) - [ Z (ky +k;)
v,V €E vV €E

where E is a set of edges, v and v are vertices, M is the
total number of edges and k, is the degree of v. When the
degree correlation is negative, the vertex with high (low)
degree is likely to connect to the vertex with low (high)
degree. When the degree correlation is positive, the ver-
tex with high (low) degree is likely to connect to the vertex
with high (low) degree. From Table 2, the degree corre-
lation of the hospital network is negative, but that of the
high school is positive. In case that the degree correlation
is positive, if the degree of the first infected person is low,
the probability that the infectious disease is transmitted to
the vertices with high degrees is low. On the other hand,
in case that the degree correlation is negative, if the degree
of the first infected person is low, the probability that the
infectious disease is transmitted to the vertices with high
degree is high. From these results, the infectious disease
might spread widely in the hospital network.

We also calculated the contact correlation defined by

4M Z cyCy — [ Z (cy +cy )]2

vy €E vy €E
R. = 5. @
2M Z (@+c2)- [ Z (cy +¢))
v €eE v eE

where ¢, is the number of contacts of the vertex v. From
Table 2, R and R, of the network of the hospital are neg-
ative, however that of the high school are positive. From
these results we expect that the degree correlation and the
contact correlation play a crucial role to the spread of the
infectious disease on the temporal network.

5. Conclusion

We constructed temporal networks by using the data of
person-to-person interactions recorded by RFID [2]. We
investigated that the spread of infectious disease on the
temporal networks by using a simple mathematical model
of the infectious disease on the temporal networks. We fur-
ther investigated what properties of temporal networks af-
fect the spread of the infectious disease by comparing the
structural measures of the hospital and the high school net-
works. As the result, the infectious disease likely spread
easily on the networks when the contact number is high, de-
gree correlation is negative and contact correlation is nega-
tive.
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