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Mathematical Modelling of COVID-19 Outbreak

on the Cruise Ship “Diamond Princess”

Kohei Manabe* and Naoya Umeda*-**

ABSTRACT

COVID-19 Outbreak on the Cruise Ship “Diamond Princess” in 2020 was investigated using a mathematical
modelling based on the questionnaire survey on actual activities of her passengers. The mathematical model is an
extension of the SIR model with the latency period and onboard activities taken into account. The results indicate

that effects of buffet and air-conditioning system could be significant.

1. INTRODUCTION

The COVID-19 outbreak in Japan initiated on the
British-flagged cruise ship “Diamond Princess” on
the January 2020. In the port of Yokohama returning
from the 16 days cruise for South-Eastern Asia on the
3 February 2020, the passengers were quarantined on
the ship for about 2 weeks by the Government of
Japan. During the quarantine period, all passengers
were requested to stay in their own cabins, but the
infected passengers were transported to onshore
hospitals. Finally, it was reported that 712 people
were infected from a single disease carrier who had
been coughing during the cruise and disembarked at
Hong Kong". Similar outbreaks also occurred on
other cruise ships around the world. As a result,
almost all cruises were cancelled so that cruise
companies, as well as the relevant shipyards, faced
the crisis of discontinuance of their business.

There are already some preceding studies for
COVID-19 on the cruise ship Diamond Princess,
which

transmission pathways and so on . However, they

investigated the infection spread, the
did not take account of actual behaviour of passengers
on the ship. Thus, this study attempts to elucidate the
actual situation of the infection spread and examine

the effectiveness of possible counter measures against

*  @raduate School of Engineering, Osaka
University

** (Osaka Metropolitan University

infection spread, with the behaviour of passengers

taken into account.

2. OUTLINE OF THE SHIIP AND
QUARANTINE

The cruise ship “Diamond Princess” was built by
Mitsubishi Heavy Industries, Ltd. in 2004. She is
290m long and has 7 restaurants including 1 buffet
restaurant and several public rooms including gym
for onboard events. Her air-conditioning facilities
allowed 30 % of the fresh air for energy saving as
usual for large cruise ships built during 1990°s and
2000’s, although currently 100% seems to be
normal®. At the beginning of the quarantine in
Yokohama, the air circulation among the multiple

cabins was removed by shutting the air return line®.

3. BEHAVIOURS OF PASSENGERS
ONBOARD

For learning the behaviour of passenger onboard,
a questionnaire survey was executed. It requested the
respondent to report their actual behaviours in the
daily programme during the cruise. Twenty-three
passengers of the cruise were responded: 12 of them
were infected. Its outcome indicates that wide
diversity of behaviours is found: some of them
frequently participated events and the other spent
longer time in their cabin. On the other hand, most of
them had meals at the restaurants three times or more

per day except for ports of call.
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They reported that the restaurants were often
filled to capacity and long queues were indispensable
for entering the table-service restaurants. In case of
the buffet restaurant, it was not easy to find seats and
the tong was not sterilized after use. As shown in Fig
1, passengers participated the events for longer time
have slightly larger possibility to be infected: the time
spent at the restaurant is not related to the possibility

to be infected.

4. MATHEMATICAL MODELS
For investigating the spread of infectious diseases,
the methodology of dynamical systems is often used.

The SIR model shown below is well known’®.

as® _
EE = —psI® ®
di(t)
EE=pOIO-O @
dR
M - o ©

where S denotes the susceptible population, / does the
infective population, R does the recovered or
removed population, £ does the infection rate and
g does the quarantine rate. If we apply this model
to the PCR positive population of the Diamond
Princess case, the parameters B and y are
be 0.311/3711 and 0.074,
respectively and the results can be as shown in
Fig.2.

determined to
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Fig. 2 Fitting of the SIR model to the Diamond
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This model, however, does not take the incubation
period into account. The SEIR model can take the
incubation period or the exposed class taken into
account but the infective possibility from the exposed
class is explicitly ignored”. In addition, because of
the limited capacity of PCR test during the quarantine
period, the infected population increase could be
earlier than the increase of PCR positive population.
Furthermore, Covid-19 virus is infective before the
symptom and could be infective without the symptom.
Thus, the SIR model was slightly modified for further

study as follows.

dD
7 = posoI© @
$@0) =N = D(®) ©
D(t) = L(t) +1(t) +V(¢) (6)

where D denotes the disease population. and N is the
total population. L represents the latency period
population who are already infected but not yet
infective. V' does the population of infectivity lost.
The populations of L, I and V are calculated based on
the diagram shown in Fig. 3. Here the period from
infected to infectious is denoted by # and the period
from infected to infectivity loss is done by #. In this
study, # and ¢, are set to be 3 days and 16 days,

respectively.
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Fig. 3 The flow of the individual person infected with
COVID-19.

In this model, the infection rate fis assumed
to be time dependent because it depends on the
onboard daily programme until the start of the
quarantine. It is determined based on the time
allocation and event choice of passengers in the
questionnaire survey. The infected population due
to an infective person for each event, R(?), is

assumed to be as follows.

R = k(®K' () %)

where

K'(t) =7 X c(t) x d(t) X p X a X b(t) X h(t)
(8)

with the following parameters defined in Table 1.

Table 1 Impact factors of events

element factor values
correction factor
capacity of ¢ [m?]

event venue
human density d
of event venue

[persons/ m?]

indoor or p =1 for indoor
outdoor =0.04 for outdoor
exercise load a =1 for negligible

=1.2 for light
=1.5 for heavy

physical contact b =1 for none
=1.5 for limited
=3 for many
Event hours h [day]

The tuning factor, £, is defined by

No.14

k(D) 2 Sepenc(c(t) x dD)K'(®) = 2L (9).

Thus,

B(®) = (6) s Zevent(¢(©) X d(O))K' (®
(10).

During the quarantine period, since no further
contacts among the passengers and aerosol
infections via the air conditional system exist, it is
assumed no further start of the latency period. Here
infections from chums in the quarantine period are
ignored.

The initial and terminate conditions are given
from the actual data as follows.

D(0) =1 (11)

D(31) =712 (12)

For a simplicity’s sake, the crew activities and the
ventilation effect before the start of the quarantine are
ignored. Examining these effects should be a future
task.

5. NUMERICAL RESULTS
(1) SIMULATING ACTUAL CASE
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Fig. 4 Estimated populations of D, L, I and V using
the mathematical model. The quarantine starts from
the 17" day.



Using the above-mentioned mathematical model,
the Diamond Princess case is simulated. During the
quarantine period, the fact that air circulation among
the multiple cabins was removed and the passengers
were confined in their own cabins was taken into

account. Fig. 4 shows the estimated result.

(2) EFFECTIVENESS OF COUNTERMEASURES
By the

effectiveness of counter measures was examined as

using mathematical model, the
shown in Fig. 5. The examined countermeasures are
as follows:

closure of the gym;

replacing two-sitting with three-sitting in the

table-service restaurants;

limiting the number of event participants to

30%;

reducing the frequency of events by half; and

suspension of the buffet restaurant.

800
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—D (d, half event)
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Fig. 5 Disease populations with the preventive

measures against infection spread.

The results indicate that the suspension of the
buffet restaurant and the reducing the frequency of
events by half. It should be also noted that the
suspension of the buffet restaurant could increase the
human density of the table-service restaurants and the
reducing the frequency of events by half could
increase the participants of the individual events.
Thus, holistic measures are required.

Furthermore, the effect of shutting the air
circulation among the cabins are investigated using
the mathematical model. The simulation for the case

of the actual no aerosol infection assumes that the

12

No.14

latency period is assumed not to begin during the
quarantine period regardless of the actual Polymerase
Chain Reaction (PCR) test data. The simulations with
the aerosol infection via the air-conditioning system
assumes that the PCR test would have detected the
inflection earlier in two levels: one is the aerosol
infection in large scale (L) and the other is in medium
scale (M). Hence the latency period would have
started even during the quarantine period in these
simulations. Fig.6 shows that the infected population
could be almost doubled if no action on the air

conditioning system during the quarantine period.
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Fig. 6 Disease populations under different air

conditioning levels during the quarantine period

6. CONCLUSIONS

A dynamical system approach was applied to the
COVID-19 outbreak on the Diamond Princess
together with the questionnaire survey for the actual
onboard passengers of the relevant cruise, while few
existing works used the actual passenger behaviour
data. Combining the dynamical system approach and
realistic passenger behaviour data allowed us to
quantitatively suggest that the effects of buffet and
air-conditioning system could be significant. For
future studies, mathematical modelling of the air flow
onboard is highly expected based on technical date of
the air conditioning system. The passenger tracking
system that the Princess Cruise launched after the
Diamond Princess pandemic could be useful for
collecting more reliable data for passenger behaviour

modelling in future.



7. ACKNOWLEDGMENTS

This study was supported by Daikin Industries,
Ltd. as a part of its comprehensive collaborate
research with Osaka University. The authors are
grateful to the respondents to the questionnaire
survey via the Academic Society of Cruise & Ferry,
Japan. We also thank Prof. Atsuo Maki and Dr.
Masahiro Sakai

mathematical modelling.

for their suggestions on the

REFERENCES
1) Jimi H, Hashimoto G., Challenges of COVID-
19 outbreak on the cruise ship Diamond
Princess docked at Yokohama, Japan: a real-
world story. Glob Health Med. 2(2): 63-651.
2020.
2)  Azimi, P., Keshavarz, Z., Guilermo, J., Laurent,
J.. G.C., and Alen, J.G. Mechanistic
Transmission Modeling of COVID-19 on the
Diamond Princess Cruise Ship Demonstrates
the Importance of Aerosol Transmission,
Proceedings of the National Academy of
Sciences of the United States, Vol. 118 No. 8
€2015482118, 2021.
3)  Almilaji, O.. Air recirculation role in the
infection with COVID-19, lessons learned from
Diamond Princess cruise ship. Aerosol and Air

Quality Research, Vol. 21, 200495, 2021.

13

4)

5)

6)

7)

8)

9)

No.14

Xu, P., Qian, H., Miao, T., Tan, H., Kang, M.,
Cowling, J., Li, Y. Transmission routes of
Covid-19 virus in the Diamond Princess Cruise
ship, medRxiv, DOI: 10.1101/2020.04.09.2005
9113, 2020.

Kosako, M., Shiiyama, K., Introduction of air-
conditioning system design for a large cruise
ship: Princess cruises Mitsubishi grand series
implementation example. KANRIN, Japan Soc.
Nav Arch Ocean Eng. 17: 24-26, (in Japanese),
2008.

Tkeda, Y. and Umeda, N,
Countermeasures of Cruise Ships, KANRIN,
Japan Soc. Nav Arch Ocean Eng. 19 (6): 2-5,
(in Japanese), 2023.

Kermack, W. O. and McKendric, A. G.. A
Contribution to the Mathematical Theory of

Inflection

Epidemics, Proceedings of the Royal Society
115A:700-721., 1927.

Inaba, H., Differential Equation and
Mathematical Epidemiology of Infectious
Diseases, SUURIKAGAKU, 538: 1-6, (in

Japanese), 2008.

Nishiura, H. and Inaba, H.: Prediction of
Epidemic -Quantitative Problem in
Modelling
Proceedings of the Institute of Statistical
Mathematics, 54 (2): 461-480, (in Japanese),

2006.

Mathematical for Epidemic,



	表紙14号C 5月版
	論文集14号目次
	投稿論文（合田浩之）14号（2024年）【最終原稿】2024年3月29日ヘッダー削除
	クルーズ&フェリー学会 真鍋 revised 10 May 2024



