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model, Runge-Kutta.

1 Introduction

Pandemic simulation is considered to be crucial as a scenario simulation be-
cause we have very limited experiences of real pandemics such as a newly
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TSONS are 1__f,cted by a disease in an artificial society, we may estimat
the disease propagation using this network simulation method. The MAS can
deal with aenauea simulations under many kinds of initial and boundary con-
ditions. However, the computing cost soars as the population size becomes

populations respectively, is an extension of the SIR epidemiological model,
which computes the number of people infected with a contagious disease in
a closed population over time. The SEIR model can quickly deal with sim-
ulations of infectious disease spread among homogeneous populations using
simple smlumaneous ordma,rv differential equations and a few parameters.
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However, we cannot set many detailed conditions for the model.
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to w the combmed method in arlet t s1tuat10ns mlmlcked to the rea.l
World with less computational cost. As far as we know, such an approach is not
proposed anywhere. Unlike the statistical parameter estimation results with
incomplete data, this proposed approach provides another nice property as well
as versatile adaptability for many situations. Even though the parameters are
obtained in earlier stages of the pandemic by the MAS, the computational
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results for the final removed population size using the MADE are close to
those using the MAS model alone. On the contrary, the statistical inference

method such as the truncated model could not predict the final stage, unless
abundant information is provided.

This paper consists of six sections. After the introductory section, Section
2 briefly mentions the MAS model and the SEIR model. The consistency
between the two models is given here. Section 3 describes the proposed model,
the MADE, and shows computational results using the method in some virtual
city. We evaluate the computational accuracy when the MADE is used. The
discussions on the aspect for chance of infection, computing cost, etc. are seen
in Sections 4. Section 5 is devoted to the prediction for the novel influenza
AFITAINTYY oo A Qo d 3 8 ia +hn nannliaAlnag gontinn

ﬁ\[l l‘{ l) bpu::d.u OUbblUll U Id LIE COICIULLIEE DCULIULL

2 Multi-agent Model and Differential Equation Model

¥ Wal

We assume that a disease is propagated by some media such as air or air-
borne droplet from an infectious person to susceptible persons. The larger the
probability of disease infection and the greater t chance of contact with peo-
ple, the bigger the chance of infecting suscepm e persons. The disease spread
is affected 1 Dy pa.rameners such as population size, infection probability, and
P, T £ oo nd ot

First, we describe the typical conditions in the MAS. To begin a simulation

11

for a small city that mimics real cities, we assume three agents for simplicity:

office workers, housewives, and students; the patterns of human behavior are
shown in Figure 1; similar patterns for a smaller population are shown in [34].
Each office worker has a home where a spouse and children may or may not
live together. They gather at their homes at night. In the daytime, office work-
ers go to companies, housewives go to supermarkets or stores, and students go

to schools everyday, by train, by bicycle, or on foot. The conditions for each
human behavior are shown in Table 1, where Ula; b} denotes the uniform dis-
tribution from time a to b, and N|c, d?] denotes the normal distribution with
mean c¢ and variance d2. For example, an office worker leaves home at 7:02 and
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Fig. 1. Patterns of human behavior (case for population size 100,000).

Table 2 also shows the simulation cases. In [34], the populations were set rather
small (total 10,000 = 7,000 office workers + 1,500 housewives + 1,500 students)
because the focus was on the consistency between the computational results
from the MAS model and the SEIR model. Here, a much larger population
size is additionally considered, e.g., 100,000 (73,100 office workers + 11,900
housewives + 15,000 students) as shown in Figure 1.
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m. 1.1 O
LaAapic 4
Simulation cases in the MAS model
population size, N 10,000 100,000
7 ? 7
number of initial patients, ng 100, 10, 1 10
infection probability in 1 minute | 9.5, 9, 8.5 ,8, 7.5, 7| 0.5,0.3
Jéj x1074 x1074
2.2 Differential Equation Model
The differential equation models such as the SEIR and the SIR usc the ordi-
nary differential equations (1) or (2), where S, E I and R are the susceptible
v 1 \=/ \=/: s PR Wl lpviig,
exposed, infectious and removed populations, and the parameters A, v, and o

QN N QFINT 2\
I = “/\D\b}l\b y
I AN e F AN S AN S 7 FAVAN
& ({t) = AS(L)I(t) — oLi(l),
TreaN T2\ TN IERY
4] = (L) — 7LLL), (1)

I'(t)y = A8 I(t) — ~I(t) (2)
7 /TN P A"/ \=/

Rt = ~I(H)

\"/ I=\%J
In the SEIR model, for example, a person could change his or her condition
from susceptible to exposed with ratic A, then to infected after a latent period
with a ratio o, then to removed after an infectious period with a ratio v

Removed persons will never become susceptible. From equation (1),

L TR = 7N [P 3 72 - N
> S(E)+ K () + I'(f) + R(t) =0, {3)
pAa] NS NN N7 N7 7 7
Whi{“h means S{t) 4+ F(t) 2+ T(+) + (1Y — ,pomet Thic ig the tatal nanulation
willll ;;7VWA4~ ju\ul A\ T A \vy T dL\vy LU TeSo £ 1815 15 vl vUvdn puUpUuLGauivIL
size, and we denote this by N. The Runge-Kutta method is applied to solve

(1) or (2).

2.8 Parameters in the Differential Equation Model

Using the MAS model, we obtain the everyday populations for S, F, I, and R.
The parameters, A, 7y, and o for the SEIR model at time ¢t can be approximately

—-5370 -
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2.4 Consistency Between the MAS Results and the SEIR Results

As mentioned in Section 1, it is important to confirm the consistency between
the MAS simulation result and the SEIR computational result using the pa-
rameters obtained by the MAS. This was shown in the previous work [34]
mainly for removed persons, R, where the population size was 10,000. Here,
an example of the MAS result and the solution of the SEIR for S, F, I, and
R are shown in Figure 2; the population size N is 10,000, infection probabii-
ity # is 0.01, and the number of initial infected persons ng is 10; the SEIR
parameters were obtained by using equation (4). From the figure, we can ex-
pect the consistency between the MAS results and the SEIR results using the
parameters by equation (4)
B=001, N=10000,n,= 10
10000 10000 ~RRdGiheNR.. .
& anon I & g 1 T3 LY &
i Twed N '
77000 |, MASresult % ‘,
U"vﬁ{)ﬂﬂ ) 3 ‘
® en U,
5000 | _x 5 s
4000 1 a5 ﬁi ”
3000 | 8¢ . "‘l.
~ | _ _ SEiRresult “,;r\
20 TR m
000 | R AT S
o ‘commmempptiieadt
o 10 0 30 50

40
days

Fig. 2. An example of the MAS result and the solution of SEIR for S, E, I, and R.

To find this consistency to other cases, we introduced an error rate, e(t), or
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Fig. 3. Difference

SEIR

m_ Y _ a1 1. __ _

i 1derstand how accurate

oo = supe(t)], (©)
L

as an error norm. According to the results of the mean values and the stan-

dard deviations for the maximum error rates, e,,, by ten simulations to each

i , €, DY ten simulat
simulation case (see Table 2), they were found to be very small; in each case,
the mean values are less than 0.04 and the standard deviations are less than
0.016 when N is 10,000 [34]. Such a tendency also holds in larger population
size simulations.

This indicates the consistency of the computational results between the MAS
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and the SEIR. The SEIR can
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3 Computation by the MADE

In this section, we first describe the computational method for the MADE,
then show the computational results. As explained earlier, the MADE is a
combination of the multi-agent (MA) model and the differential equation (DE)
model, such that we use the MA model in the early stage in a simulation to
determine the parameters that can be used in the DE model, and then use
the DE model in the subsequent stage.
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We investigated the cases of population size 10,000 and 100,000. We use four
cases for - 7 =1/4, 7 = 1/3, 7 = 1/2, and 7 = 2/3. Figure 4 shows typical
cases for the number of removed persons using the MADE; the conditions
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largely differ from the MAS

mean values and standard deviations for the maximum error rates e.,, where
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We define r as the ratio of the number of difference between the removed

persons in the final steady stage R(fgna1)mape and R{fgna)mas to the number

of removed persons in the final steady stage R(fgna)mas,
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= 0.00095, N = 10000, n, = 100
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2 J r=128% & . =00133

-dé‘ 56 7 1/4 .f? x ?I‘i“\~m
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(to  Vysar
- <4\ “final ) MADE £\ “final JMAS (7)
T (4o ) : N
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Mo ic 40 con thoa wradinéiae anntivranes
This is to see the prediction accuracy for the final stage. Table 4 shows the
results for these values. Even if the connecting time ratio 7 is 1/3, the values

O < 4
0 1 /3,
of r are small when ng is 100 which corresponds to 1% of the total population.

Je discuss here why we introduce the MADE model and what are ros
and cons. If we focus on the prediction to final stages, the MADE provides
reasonable answers. Here, we discuss briefly four points: aspect for chance of
infection, computation t, comparison to the truncated model approach,

A s the abundant information about how the infectious disease
ropagated in the network even by a single simulation case, contrary to the
EIR homogeneous simulations. To understand the disease spread phenomena
in detail, the MAS approach is an appropriate tool. However, the differential
equation model works to predict the final pandemic stages roughly, i.e., to
know the magnitude of pandemics. First, we discuss this in a aspect of the

chance of infection from simple situations.
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the shutdown of human-to-human network will work
to prevent from the spread of diseases. This characteristic is also explained

in the A(HIN1) influenza case [33]. Why the infected numbers in trains are

different from each other between N = 10,000 and N
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Ve investigated where the infection occurred in our simulation study.
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10,000 and jam-packed cars for N = 100, 000.
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Fig. 6. Numbers of infected workers, students, and housewives.

To understand how infection probability works, we showed, in [34], an exam-
ple using 3 = 9.5 x 107 for N = 10, 000, where the median time to infection
from an infected person to a susceptible person is (log2)/8, and it was ap-
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when N = 1,000, 000, the computing time in the MAS computation becomes

2 to 10* times longer, and the reduction rate is al

4 x 1077°. However, computational co
N . L

7 AL

time is earlier. According to {14] and [15], when the censoring time is before
the half time of the final steady stage, the maximum likclihood estimate of
the parameter for the case fatality ratio is not stably obtained. From Fig. 2
in [14]) it can be seen that the parameters are not steadily obtained before
May 5, 2003; this day corresponds to the point in the logistic curve in Fig.

function has passed, and in the curve for the infected persons where they are
almost at the final steady stage. This indicates that the statistical estimation
procedure is very sensitive to the early censoring time in the truncated model
or trunsored model; see also [9], [23], [27] for estimability of the maximum
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likelihood parameters.

On the contrary, the MADE can provide rather accurate values for the number
of removed persons even though 7, which corresponds to the censoring time,
is 1/3. We have yet to ascertain why this holds. One reason may be that the
number of unknown parameters are only three compared to the number of
equations. The total number of parameters in the statistical model is six in
[14] with three kinds of observations: the infected, the cured, and the dead per-
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el, which is not the case in SARS. Finally, we guess that the MADE
: 1

Mg IOy PRI

; > MAS. The solid curve indicates
the predicted curve. We assumed here the three-prameter logistic distribution
function as the underlying distribution such that

t—m

Flt:s.m ¢) =14+ exn(— Ve (8)
\Y1y = 1Y L ! AN a /3 ? \~/
where s, m, and ¢ denote the scale, location, and shape parameters. This model
is often used in many biological applications such as the growth curve. The
literature, [14] and [15], also used this model. Using the truncated model where
censoring time is adapted to the connecting time 7, the fitted parameters are,
e.g., 8§ =263 m=—174, and é = 5357 for 7 = 1/3, and § = 10.3, /1 = 43.9,

and ¢ = 1.20 for 7 = 1. Here, the log-likelihood function is denoted by

iy N __ B: )
Tog T o S D\t ™ £\ Q)
log L =log ) Yy )
i RS

0.190, a /3,1/2,2/3 cases, respectively;

these values are considerably larger than those obtained by the MADE. It
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seems that the MADE approach is superior to the statistical method using the
simulation condition shown in Table 1. We know that this comparison is unfair
in a rigorous sense because the original data are derived from the networked
human behavioral model and not from the statistical growth model, even if
these two are sometimes explained with each other, see e.g., [29]. However,
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et

we have experienced that this example is not a special case but the general
case; the A(H1 IT ) influenza case as seen below (see also {35‘1) and the foot-
mouth-disease (FMD) case emerged in 2009 in Japan have a similar property
1al
9]
p=0.00095N=10
10052
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Fig. 7. Number of removed persons using the truncated model compared with those

odels which mimic the reaJ human behavmrs

twork mod

1plex net;

. &

—\Imv\

Theretore we may trust the SEIR/SIR computational results in the real world
pandemics. If we use the observed data from real pandemics as we have used
the MAS data in earlier stages in MADE simulations, we may trust the final
stage results using the simple SEIR/SIR models because we may interpret the
observed data, S, E, I, aud R, as integrated data from a complex network
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2009 the Sltuatl on has been drastlcallv change

called swine flue) observed in Mexico, and the dlsease has spread to aH over
i ARG Ik SNSRIt IV AR o WSERNNY WA s Y. AT N | IR LY R IR | e A 21T O L |
LIE WOI'lA Very quUICKLY. Ul APIri 4§ L11€ PRAse SIued 1o 4, 1 APIL 49 1L ralsed
+~A B and an Tiine 11 34+ hacame o mandamie gitiiction nhaoar & Thas WHN
LU v, allu Ull Jullc 11, 1t UTLALLIC & pallutliily sliuauviull, pil T U 111 VY 11\
has shown us the number of laboratory-confirmed cases of the pandemic A
(HIN1) 2009 from April 24, 2009 continuously. However, after July 6, 2009,
the WHO stopped reporting individual laboratory-confirmed cases because

of the difficulty in collecting the laboratory-confirmed cases. The influenza,
however, spread after all. On August 10 the WHO announced that the A
(HIN1) influenza event has moved into the post-pandemic period. Although
the disease is not serious comparing to SARS, the number of dead persons due
to the novel influenza soars more than 18,449 all over the world by August,
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A final stage situation

could be estimated by using the basic reproduction rate p

1

32.

The dots mean the beginning days for
-5383 -

uration. The mean values of A(#) an

country. The numbers of infecte

nite

200

the beginning to July

observed infected numbers in Japan.

Using X, 7, and S(0)

o

and the final number of removed persons in Japan could be 1/4 of the total

population by the formula,
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1
R(00) = 5(0) exp(- ~ p) (10)

p
This numerical solution told us that the cessation time of the pandemic in
Japan could be by March, 2010, if no quarantine, no shutdown of human net-
works, or no vaccination is operated. In the world case, by a similar treatment,
this might be about 1/10 of the total population of the world in two years;
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Fig. 9. Daily parameter values of A(t) and ¥(¢) for Japan novel influenza case
1
6 Concluding Remarks

Assuming that a certain number of persons are infected by a disease in a
typical city and that the disease transmission is described by the MAS model,
we can obtain results for the disease spread. On the basis of these results, we
can also obtain parameters for the SEIR model using the difference equations.

~5384 -



09.05.15 09.05.29 09.06.12 09.06.26 09.07.10 |
date
Fig 10. Number of removed persons using the differential equations for Japan novel
influenza case: early stage.
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Fig. 11. Number of removed persons using the differential equations for Japan novel
influenza case: final stage.

We can then proceed with the computation of the SEIR model. Computational
results by the SEIR model are found to be very close 1o the
1!161’8101‘6 we are convinced of a consistency between
this consistency, we proposed to use a combined method of the MAS model
and the SEIR model to estimate the final stage of the pandemic. This is
the MADE simulation. By utilizing the MAS model in the early stage in a

pandemic simulation to determine the appropriate parameters then applying
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Fig. 12. Number of removed persons using the truncated model for Japan novel
influenza case: early stage.

the SWT maodel in the Su}\oonnon ataoea with narametere ohtained in the earlv
the SEIR model in the subsequent stage, with parameters obtained in the early
stage using the difference equations, we can obtain the removed populations
and other data with lesser computing cost and smaller computational errors

Unlike the statistical parameter estimation results that provide incomplete
data, the proposed approach is versatile enough for many situations. Although
the parameters are obtained by the MAS even in early stages of pandemic,
computational results for the final removed population size using the MADE
are comparable to those ca-CLlat-ed from the MA_S r_nodel a]ene. With results
by a breal

oo RAATITY 2 acm amal s ~ PR R NP Uy TSI . S PR T o A
the MADE, is superior to the statistical inference using the truncated mode
regarding the prediction accuracy
Based on the similarity between the MAS and the SEIR results, we can trust
the SIR results using the initial stage of the real pandemic. As an example case,

2 2

we have discussed about prediction for the novel infiuenza spread. Although we
cannot estimate the final stage accurately, a rough estimate can be obtained
assuming that the infected persons will move to be removed persons in a few
days. We have shown that the influenza have a possibility of large scale of
spread in one year with very few observed data if no vaccination or human
network shutdown is operated; after all, we have found that this prediction
could be useful.

::S
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This paper focuses on the final stage prediction in pandemics. However, we
should also pay attention continuously to other aspects; that is, an early de-
tection such as [7] and [13] is another aspect. Some references, {17, 18, 20, 25},
are directly related to that, and {19, 30| are are indirectly related to that
Disease propagation animation is seen in [40] for foot-and-mouth disease case

1 >

in Japan and Korea.
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