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The COVID-19 pandemic has posed a tremendous impact on transportation and tourism sectors. As vac-
cines were being administered and lockdowns implemented, owing to the significant social and economic 
impacts, travel bubbles were proposed as a gradual and intermediate open policy to balance risks and eco-
nomic recovery. However, the travel bubble framework and associated costs and benefits were not well-
established during policy implementation. In this study, we propose a novel travel bubble transportation 
framework using a metapopulation model, and conduct a cost–benefit analysis for the decision-making 
process. Our model focuses on the control of both domestic and international long-distance travel inside 
the bubble, to maximize monetary returns derived from tourism benefits and pandemic costs. A sequential 
decision problem is proposed to make multiple decisions based on real-time observations. We conduct a 
case study on travel bubbles in Australia, New Zealand, and Japan to test the model’s feasibility. The sim-
ulation results show that a controlled intra-bubble transportation can generate positive economic benefits 
while keeping the epidemic within an acceptable range of control. Our framework can assist policymakers 
in making informed open decisions by considering multiple attributes during a global pandemic.  
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1. INTRODUCTION 
 

After the first documented case of COVID-19 
emerged in Wuhan in December 2019, the local out-
break rapidly transformed into a severe worldwide 
pandemic in just a few months, mainly propelled by 
international travel1). By April 2020, all travel desti-
nations had imposed restrictions in response to the 
pandemic2), leading to a significant reduction of 
around one billion international tourist arrivals in 
2020 and 2021 compared to that in 20193). The avia-
tion industry also suffered significantly, with an ac-
cumulated loss of $180 billion by the end of 20214). 
In addition, the implementation of stringent and pro-
longed travel restrictions resulted in increased stress 
and anxiety among the public, adversely affecting the 
mental health of those impacted5), 6).  

From past experience, we can infer: (i) lockdowns 
and travel restrictions are effective in containing the 
spread of a virus7), 8), but tremendously impact the 
economy and public mental health; (ii) as vaccines 

are being administered9), a gradual and safe reopen-
ing process is necessary for economic recovery10); 
and (iii) be it a complete lockdown or a full opening, 
both are extreme measures during a global pandemic, 
necessitating that policymakers adopt intermediate 
policies to balance risk management and tourism 
market needs11). To address these issues, the concept 
of travel bubbles, also referred to as travel corridors, 
air bridges, or corona corridors12), has emerged as a 
potential solution. A travel bubble, established 
through bilateral or multilateral agreements, selec-
tively opens borders between specific countries or re-
gions, allowing cross-border travel without manda-
tory quarantine requirements. 

The Baltic travel bubble, announced in May 2020 
to ease travel restrictions among Lithuania, Estonia, 
and Latvia, ended in September 2020 due to an in-
crease in infected cases in13), 14). In July that year, four 
Canadian provinces established the Atlantic Bubble 
Agreement, which was suspended in November15). 
Asia’s first travel bubble between Taiwan and Palau 
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came into effect in April 2021, but had to be discon-
tinued within two months owing to a case spike in 
Taiwan16). In May 2020, the Trans-Tasman bubble, 
which facilitated travel between Australia and New 
Zealand, was initially announced in a partial and brief 
manner; it was later relaunched in April 2021 and re-
mained operational for three months17). Other travel 
bubbles briefly established or temporarily discussed 
include the New Zealand and Cook Islands travel 
bubbles18), Japan’s travel bubble with five Asian re-
gions19), the green lane agreement between Singapore 
and Malaysia20), and the Transatlantic air bridge con-
necting London and New York21). Based on this his-
torical context, it is apparent that bubble policies 
were susceptible to suspension due to unexpected 
case spikes, resulting in intermittent disruptions to 
businesses and public concerns.  

The study of travel bubble has not been well ex-
tended, primarily focusing on survey-base intention 
analysis, case-specific discussions, and data evidence 
study. The literature review on the related subjects is 
listed as follow. Sharun et al. (2020) explored the im-
plications and risks associated with several proposed 
travel bubbles, and concluded it necessary to estab-
lish safe and efficient travel bubbles. They also em-
phasized on the significance of mathematical model-
ing in offering valuable insights for devising diverse 
strategies to ease travel restrictions12). Oliu-Barton 
and Pradelski (2021) highlighted the effectiveness of 
a Green Zoning strategy in controlling the spread of 
the virus and mitigating adverse economic and social 
effects. However, the authors also identified two is-
sues with this approach: potential limitations on civil 
liberties and challenges of fluctuating restrictions 
leading to business disruptions and psychological 
burdens on the public22). Dave et al. (2023) developed 
a quantitative model based on social and public 
health vulnerabilities to identify low-risk inter-dis-
trict travel bubbles in India. The discussion on travel 
bubble policies has been enriched with valuable in-
sights from survey-based studies23). For instance, Luo 
and Lam (2020) emphasized the significance of re-
ducing people’s anxiety and fostering a positive risk 
attitude when implementing tourism bubbles24); 
while Yu et al. (2021) examined individuals’ willing-
ness to participate in travel bubbles and identify var-
ious positive and negative drivers influencing policy-
making25). Sun et al. (2022) analyzed flight data from 
2019 and 2020 to identify the presence of travel bub-
bles in certain country pairs. Their findings revealed 
that some countries maintained higher connectivity 
with selected destinations than with other countries 
during the pandemic26). Sun et al. (2023) likened the 
travel bubble policy to a “tightrope walk” through a 
comprehensive discussion. It included various per-
spectives of the establishment and the maintenance of 

the travel bubble based on the Trans-Tasmanian case. 
They pointed out that complete isolation and vaccina-
tion were important factors in shaping and reshaping 
COVID-zero travel bubbles17). 

In this study, we first introduce a Suspectable-Vac-
cinated-Latent-Infectious-Removed (SVLIR) epi-
demic model and incorporate it into a metapopulation 
framework. Metapopulation models have been 
widely used to estimate epidemic spread, especially 
concerning the effects of human transportation and 
mobility27), 28). Upon this framework, we formulate a 
transportation control model for travel bubbles and 
develop a decision-making process that considers 
pandemic-related costs and tourism-related benefits 
during the bubble implementation phase. This study 
addresses the control of domestic and international 
long-distance travel, striking a balance between the 
epidemic cost and economic benefit derived from in-
creased mobility within the bubble. We focus on the 
vaccine roll-out period, during which there is no ex-
ponential growth in cases and there are no stringent 
COVID-zero requirements in place. Our objective is 
to obtain an optimal strategy for controlling transpor-
tation inside the bubble system. We formulate an op-
timization problem to maximize financial gains from 
tourism benefits while effectively managing pan-
demic-related costs with respect to the limitation of 
medical capacity. We later extend the optimization 
problem to a sequential decision problem (SDP) to 
make real-time decisions based on observations. A 
stage-aggregated direct lookahead method is pro-
vided to solve the SDP, followed by a numerical ex-
periment to test the feasibility of the model. Our 
model incorporates medical capacity constraints to 
ensure that epidemic situations remain within feasi-
ble limits. This research marks a pioneering endeavor 
for managing the travel bubble framework and quan-
tifying the associated risks and benefits in the reopen-
ing phase during a pandemic. Using the outputs of 
our model, policymakers can make informed border-
open decisions by considering various attributes. It 
should be noted that although the travel bubble policy 
has not been successful, its analysis remains im-
portant in preparation for future pandemics.  

The remainder of this paper is organized as fol-
lows. In Section 2, we present a modified metapopu-
lation epidemic model and epidemic variations 
caused by cross-regional travel and mobility of indi-
viduals. Section 3 discusses the development of the 
travel bubble framework and the optimization prob-
lem of transport control. Section 4 presents the simu-
lation results of numerical experiments. Finally, in 
Section 5, we present the conclusions and propose 
several directions for future research. 
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2. METAPOPULATION MODEL 
 

In this section, we introduce the metapopulation 
epidemic and mobility model. The SVLIR epidemic 
model is introduced in subsection (1), and the varia-
tions in epidemic dynamics caused by long-distance 
travel and local commuting by individuals are dis-
cussed in subsections (2), and (3), respectively.  
 
(1) Epidemic model 

In the metapopulation model, a large population is 
divided into several smaller spatially separated sub-
populations. Each of them is located in their respec-
tive subpopulation region (hereinafter simply re-
ferred to as “region”). Subpopulations are intercon-
nected through the occasional transportation of indi-
viduals between them. In each region, disease trans-
mission was formulated using an SVLIR epidemic 
model28), 29). Fig. 1 illustrates the compartmental 
structure of the epidemic model. For region 𝑗𝑗, the to-
tal population is denoted as a constant 𝑁𝑁𝑗𝑗. This indi-
cates that the population does not change over time. 
Susceptible individuals can be infected at a rate 𝜅𝜅𝑗𝑗𝛾𝛾𝑆𝑆, 
where 𝜅𝜅𝑗𝑗 is the contact rate per unit time in region 𝑗𝑗 
and 𝛾𝛾𝑆𝑆 is the disease transmissibility among suspect-
able individuals; susceptible individuals can also be 
vaccinated at rate 𝛽𝛽𝑗𝑗. Vaccinated individuals can be 
infected at a lower rate at 𝜅𝜅𝑗𝑗𝛾𝛾𝑉𝑉. Latent individuals are 
those already infected, but not yet infectious—and 
will progress to infectious status at the end of the la-
tency period 𝜉𝜉−1. Infected individuals can infect peo-
ple who are susceptible or vaccinated and will be 
moved to the removed phase after 𝜈𝜈−1; removed in-
dividuals can no longer infect or be infected (includ-
ing those who are isolated, recovered, or dead). The 
formulation of the epidemic model system is summa-
rized in equations (1a) – (1e): 
Δ𝑆𝑆𝑗𝑗/Δ𝑡𝑡 = −𝜅𝜅𝑗𝑗𝛾𝛾𝑆𝑆𝐼𝐼𝑗𝑗𝑆𝑆𝑗𝑗/𝑁𝑁𝑗𝑗 − 𝛽𝛽𝑗𝑗𝑆𝑆𝑗𝑗, 
Δ𝑉𝑉𝑗𝑗/Δ𝑡𝑡 = 𝛽𝛽𝑗𝑗𝑆𝑆𝑗𝑗 − 𝜅𝜅𝑗𝑗𝛾𝛾𝑉𝑉𝐼𝐼𝑗𝑗𝑉𝑉𝑗𝑗/𝑁𝑁𝑗𝑗, 
Δ𝐿𝐿𝑗𝑗/Δ𝑡𝑡 = 𝜅𝜅𝑗𝑗𝐼𝐼𝑗𝑗(𝛾𝛾𝑆𝑆𝑆𝑆𝑗𝑗 + 𝛾𝛾𝑉𝑉𝑉𝑉𝑗𝑗)/𝑁𝑁𝑗𝑗𝜉𝜉𝐿𝐿𝑗𝑗, 
Δ𝐼𝐼𝑗𝑗/Δ𝑡𝑡 = 𝜉𝜉𝐿𝐿𝑗𝑗 − 𝜈𝜈𝐼𝐼𝑗𝑗, 
Δ𝑅𝑅𝑗𝑗/Δ𝑡𝑡 = 𝜈𝜈𝐼𝐼𝑗𝑗. 
 
The dynamics of each epidemic compartment in each 
region is integrated with the cross-regional mobility 
of individuals, including long-distance travel and lo-
cal commuting28).  

 
(2) Long-distance travel  

We define long-distance travel as air, railway, and 
cruise ship travel, which are cross-regional modes of 
travel. Herein, travelers have a certain period of stay 
in the destination region. The long-distance travel 
matrix is defined as 𝑿𝑿(𝑡𝑡), where the elements denote 
the number of long-distance travelers between all 
origin–destination pairs at time 𝑡𝑡. We assumed that 
travel operators precisely forecast the long-distance 
travel matrix according to the market. 

In long-distance transport, compartment variation 
is caused by individuals traveling from and to differ-
ent regions. The epidemic dynamics with long-dis-
tance travel can be formulated as: 
 
𝑁𝑁𝑗𝑗

[𝑚𝑚](𝑡𝑡 + 1) = 𝑁𝑁𝑗𝑗
[𝑚𝑚](𝑡𝑡) + Δ𝑁𝑁𝑗𝑗

[𝑚𝑚](𝑡𝑡)  

                          +∑ �𝑋𝑋𝑖𝑖𝑖𝑖
[𝑚𝑚](𝑡𝑡) − 𝑋𝑋𝑗𝑗𝑗𝑗

[𝑚𝑚](𝑡𝑡)�𝑖𝑖   
where 𝑚𝑚 ∈ {𝑆𝑆,𝑉𝑉, 𝐿𝐿, 𝐼𝐼,𝑅𝑅} denotes the epidemic com-
partment (e.g., 𝑁𝑁𝑗𝑗𝑆𝑆(𝑡𝑡) = 𝑆𝑆𝑗𝑗(𝑡𝑡)). 𝑋𝑋𝑖𝑖𝑖𝑖

[𝑚𝑚](𝑡𝑡) is the num-
ber of long-distance travelers from 𝑖𝑖  to 𝑗𝑗  with a 
health state of 𝑚𝑚 at time 𝑡𝑡, which can be calculated 
by multiplying the total number of travelers, 𝑋𝑋𝑖𝑖𝑖𝑖(𝑡𝑡), 
by the percentage of individuals in the original region 
who are in health state 𝑚𝑚, denoted by 𝑝𝑝𝑖𝑖

[𝑚𝑚](𝑡𝑡). The 
formulation of 𝑋𝑋𝑖𝑖𝑖𝑖

[𝑚𝑚](𝑡𝑡) is as follows: 

𝑋𝑋𝑖𝑖𝑖𝑖
[𝑚𝑚](𝑡𝑡) = 𝑋𝑋𝑖𝑖𝑖𝑖(𝑡𝑡)𝑝𝑝𝑖𝑖

[𝑚𝑚](𝑡𝑡) = 𝑋𝑋𝑖𝑖𝑖𝑖(𝑡𝑡)𝑁𝑁𝑖𝑖
[𝑚𝑚](𝑡𝑡)
𝑁𝑁𝑖𝑖 . 

 
In addition, several studies have revealed evidence of 
a positive association between the number of travel-
ers visiting a region and the number of infections, as 
well as the infection growth rate in that region30), 31). 
In our analysis, we assumed travelers do not change 
the disease transmissibility (represented by 𝛾𝛾𝑆𝑆  and 
𝛾𝛾𝑉𝑉), but do change the local contact rate 𝜅𝜅 owing to 
their high mobility. The adjusted contact rate 𝜅̂𝜅𝑗𝑗  is 
determined as a function of the resident contact rate 
and the number of inbound travelers: 
𝜅̂𝜅𝑗𝑗 = 𝒫𝒫 �𝜅𝜅𝑗𝑗,𝑋𝑋𝑗𝑗(𝑡𝑡)�,  
 
where 𝑋𝑋𝑗𝑗(𝑡𝑡) = ∑ 𝑋𝑋𝑖𝑖𝑖𝑖(𝑡𝑡)𝑖𝑖 . We divided travelers into 
two groups: (i) inbound tourists and (ii) residents re-
turning from their trips. Owing to the demands asso-
ciated with sightseeing and shopping, inbound tour-
ists exhibit a higher daily contact rate than residents 

 
Fig. 1 SVLIR epidemic compartmental structure. 

 

(2) 

(3) 

(1a) 
(1b) 
(1c) 
(1d) 
(1e) (4) 
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do. To capture this phenomenon, we introduce a co-
efficient, denoted as 𝜂𝜂 (constant and ≥ 1). It is mul-
tiplied by the contact rate of the residents to deter-
mine the contact rate of tourists upon their arrival in 
the destination region. With these assumptions, the 
adjusted contact rate in region 𝑗𝑗 can be derived as fol-
lows: 
𝜅̂𝜅𝑗𝑗 = 1/𝑁𝑁𝑗𝑗 ��𝑁𝑁𝑗𝑗 − 𝛼𝛼𝑗𝑗𝑡𝑡𝑠𝑠𝑋𝑋𝑗𝑗(𝑡𝑡)� 𝜅𝜅𝑗𝑗 + 𝛼𝛼𝑗𝑗𝑡𝑡𝑠𝑠𝑋𝑋𝑗𝑗(𝑡𝑡)𝜂𝜂𝜅𝜅𝑗𝑗�  
     = 𝜅𝜅𝑗𝑗 + (𝜂𝜂 − 1)𝛼𝛼𝑗𝑗𝑡𝑡𝑠𝑠𝑋𝑋𝑗𝑗(𝑡𝑡)𝜅𝜅𝑗𝑗/𝑁𝑁𝑗𝑗,  
 
where 𝛼𝛼𝑗𝑗 is the fraction of inbound tourists among all 
travelers arriving in region 𝑗𝑗 (only inbound tourists 
will have higher mobility and the returning residents 
from the trip do not increase local mobility), and 𝑡𝑡𝑠𝑠 
represents the average duration of tourists' visits to 
the destination region. Given that the longer tourists 
stay in the destination region, the greater is the num-
ber of tourists in that region, we approximate the total 
number of tourists in region 𝑗𝑗 at time 𝑡𝑡 by multiply-
ing the daily inbound tourists by the length of their 
stay, denoted as 𝛼𝛼𝑗𝑗𝑡𝑡𝑠𝑠𝑋𝑋𝑗𝑗(𝑡𝑡). 
 
(3) Local commuting  

We define local commuting as traveling to adja-
cent regions for school or work with frequent returns. 
According to Balcan et al. (2010)28), each compart-
ment population 𝑁𝑁𝑗𝑗

[𝑚𝑚](𝑡𝑡)  can be divided into two 
parts: people from region 𝑗𝑗 located in 𝑗𝑗 at time 𝑡𝑡, de-
noted by 𝑁𝑁𝑗𝑗𝑗𝑗

[𝑚𝑚](𝑡𝑡); and people from 𝑗𝑗, located in other 
regions because of commuting, denoted by 𝑁𝑁𝑗𝑗𝑗𝑗

[𝑚𝑚](𝑡𝑡). 
We consider 𝜎𝜎𝑗𝑗𝑗𝑗 as the commuting rate of residents 
from region 𝑗𝑗 to adjacent region 𝑖𝑖, 𝜎𝜎𝑗𝑗 = ∑ 𝜎𝜎𝑗𝑗𝑗𝑗𝑖𝑖 , and 𝜏𝜏 
as the return rate; then, the compartment dynamic 
with local commuting 𝑁𝑁�𝑗𝑗

[𝑚𝑚](𝑡𝑡) is derived as 
𝑁𝑁�𝑗𝑗

[𝑚𝑚](𝑡𝑡) = 𝑁𝑁𝑗𝑗𝑗𝑗
[𝑚𝑚](𝑡𝑡) + ∑ 𝑁𝑁𝑗𝑗𝑗𝑗

[𝑚𝑚](𝑡𝑡)𝑖𝑖   

        =
𝑁𝑁𝑗𝑗

[𝑚𝑚](𝑡𝑡)

1+𝜎𝜎𝑗𝑗/𝜏𝜏
+ ∑

𝑁𝑁𝑗𝑗
[𝑚𝑚](𝑡𝑡)

1+𝜎𝜎𝑗𝑗/𝜏𝜏
𝜎𝜎𝑗𝑗𝑗𝑗
𝜏𝜏𝑖𝑖 = 𝑐𝑐𝑗𝑗𝑒𝑒𝑁𝑁𝑗𝑗

[𝑚𝑚](𝑡𝑡), 
 

where 𝑐𝑐𝑗𝑗
𝑒𝑒 = 1

1+𝜎𝜎𝑗𝑗/𝜏𝜏
+ ∑ 1

1+𝜎𝜎𝑗𝑗/𝜏𝜏
𝜎𝜎𝑗𝑗𝑗𝑗
𝜏𝜏𝑖𝑖 . 

The effective infection forces among susceptible and 
vaccinated individuals are denoted by 𝜆𝜆𝑗𝑗𝑆𝑆 and 𝜆𝜆𝑗𝑗𝑉𝑉, re-
spectively. However, each is also divided into two 
parts: (i) infection by interaction when commuting in 
the residence region and (ii) infection by interaction 
when traveling to adjacent regions. The formulations 
for the effective infection forces are: 

𝜆𝜆𝑗𝑗𝑆𝑆 =
𝜆𝜆𝑗𝑗𝑗𝑗
𝑆𝑆

1+𝜎𝜎𝑗𝑗/𝜏𝜏
+∑

𝜆𝜆𝑗𝑗𝑗𝑗
𝑆𝑆 𝜎𝜎𝑗𝑗𝑗𝑗/𝜏𝜏

1+𝜎𝜎𝑗𝑗/𝜏𝜏𝑖𝑖 ,  

𝜆𝜆𝑗𝑗𝑉𝑉 =
𝜆𝜆𝑗𝑗𝑗𝑗
𝑉𝑉

1+𝜎𝜎𝑗𝑗/𝜏𝜏
+ ∑

𝜆𝜆𝑗𝑗𝑗𝑗
𝑉𝑉𝜎𝜎𝑗𝑗𝑗𝑗/𝜏𝜏

1+𝜎𝜎𝑗𝑗/𝜏𝜏𝑖𝑖 , 
 

where 𝜆𝜆𝑗𝑗𝑗𝑗
𝑆𝑆 = 𝜅𝜅�𝑗𝑗𝛾𝛾𝑆𝑆

𝑁𝑁𝑗𝑗
� 𝐼𝐼𝑗𝑗
1+𝜎𝜎𝑗𝑗/𝜏𝜏

+ ∑ 𝐼𝐼𝑖𝑖
1+𝜎𝜎𝑖𝑖/𝜏𝜏

𝜎𝜎𝑖𝑖𝑖𝑖
𝜏𝜏𝑖𝑖 �,  

𝜆𝜆𝑗𝑗𝑗𝑗𝑆𝑆 = 𝜅𝜅�𝑖𝑖𝛾𝛾𝑆𝑆
𝑁𝑁𝑖𝑖

� 𝐼𝐼𝑖𝑖
1+𝜎𝜎𝑖𝑖/𝜏𝜏

+ ∑ 𝐼𝐼𝑙𝑙
1+𝜎𝜎𝑙𝑙/𝜏𝜏

𝜎𝜎𝑙𝑙𝑙𝑙
𝜏𝜏𝑙𝑙 �,  

𝜆𝜆𝑗𝑗𝑗𝑗𝑉𝑉 = 𝜅𝜅�𝑗𝑗𝛾𝛾𝑉𝑉
𝑁𝑁𝑗𝑗

� 𝐼𝐼𝑗𝑗
1+𝜎𝜎𝑗𝑗/𝜏𝜏

+ ∑ 𝐼𝐼𝑖𝑖
1+𝜎𝜎𝑖𝑖/𝜏𝜏

𝜎𝜎𝑖𝑖𝑖𝑖
𝜏𝜏𝑖𝑖 � and  

𝜆𝜆𝑗𝑗𝑗𝑗𝑉𝑉 = 𝜅𝜅�𝑖𝑖𝛾𝛾𝑉𝑉
𝑁𝑁𝑖𝑖

� 𝐼𝐼𝑖𝑖
1+𝜎𝜎𝑖𝑖/𝜏𝜏

+ ∑ 𝐼𝐼𝑙𝑙
1+𝜎𝜎𝑙𝑙/𝜏𝜏

𝜎𝜎𝑙𝑙𝑙𝑙
𝜏𝜏𝑙𝑙 �.  

 
 
3. TRAVEL BUBBLE FORMULATION 
 

In this section, we propose a mathematical formu-
lation of the travel bubble framework with the trans-
portation control variable under the metapopulation 
model described in subsection (1). Based on this 
framework, we introduce the optimization problem 
and SDP in subsections (2) and (3), respectively.  

 
(1) Mathematical formulation 

The travel bubble policymaking framework is pre-
sented in Fig. 2; each subpopulation region com-
prises three layers of information: (i) the population 
layer, which determines the local contact rate based 
on the population size and density, (ii) the mobility 
layer, which accounts for local commuting and long-
distance transport, as discussed in Section 2, and (iii) 
the epidemic layer, which utilizes the SVLIR model 

 
Fig. 2 Travel bubble policy-making framework with the metapopulation model. 

 

(5) 

(6) 

(7a) 
 
(7b) 
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to capture the regional epidemic compartment transi-
tion. The combination of these layers in all subpopu-
lations determines disease transmission and contrib-
utes to the overall epidemic cost. Controlling long-
distance travel within a travel bubble offers economic 
benefits to tourism and other economic activities. The 
policymaking process considers costs and benefits as 
determining factors. 

In the travel bubble, we suppose there are a total of 
𝐷𝐷  countries involved, and isolated from countries 
other than those, 𝒟𝒟 = {1, 2,⋯ ,𝐷𝐷} denotes the set of 
countries. The set of the subpopulation regions in 
country 𝑑𝑑 ∈ 𝒟𝒟 is denoted as 𝒦𝒦𝑑𝑑, and 𝒦𝒦 =
⋃ 𝒦𝒦𝑑𝑑
𝐷𝐷
𝑑𝑑=1 = {1, 2,⋯ ,𝐾𝐾}  denotes the set of all sub-

population regions in the travel bubble. 𝒯𝒯 =
{1, 2,⋯ ,𝑇𝑇} is the discretized time of the total studied 
period, and the minimal time scale is set to be 1 day. 

The symmetric connectivity matrix 𝜹𝜹 ∈ 𝑅𝑅𝐷𝐷×𝐷𝐷  is 
defined as the policy variable for country-level 
transport control. The elements in 𝜹𝜹 are defined as 
𝛿𝛿𝑑𝑑1,𝑑𝑑2 = 𝛿𝛿𝑑𝑑2,𝑑𝑑1 ∈ [0, 1],  ∀𝑑𝑑1,𝑑𝑑2 ∈ 𝒟𝒟. 
 
𝛿𝛿𝑑𝑑1,𝑑𝑑2 = 0  indicates complete border closure be-
tween country 𝑑𝑑1 and 𝑑𝑑2 if 𝑑𝑑1 ≠ 𝑑𝑑2, or strict domes-
tic travel control if 𝑑𝑑1 = 𝑑𝑑2 . 𝛿𝛿𝑑𝑑1,𝑑𝑑2 = 1 indicates a 
fully open or uncontrolled state for international or 
domestic travel.  

We modify the epidemic model formulated in 
equations (1a – e) to include travel control policy var-
iables, and obtain the following metapopulation epi-
demic model system: 
∀𝑑𝑑1 ∈ 𝒟𝒟,∀𝑗𝑗 ∈ 𝒦𝒦𝑑𝑑1, 
𝑆𝑆𝑗𝑗(𝑡𝑡 + 1) = 𝑐𝑐𝑗𝑗𝑒𝑒𝑆𝑆𝑗𝑗(𝑡𝑡) − �𝜆𝜆𝑗𝑗𝑆𝑆 + 𝛽𝛽𝑗𝑗�𝑆𝑆𝑗𝑗(𝑡𝑡)  
       +∑ �𝛿𝛿𝑑𝑑1,𝑑𝑑2 ⋅ ∑ (𝑋𝑋𝑘𝑘𝑘𝑘𝑆𝑆 − 𝑋𝑋𝑗𝑗𝑗𝑗𝑆𝑆𝑘𝑘∈𝒦𝒦𝑑𝑑2

)�𝑑𝑑2∈𝒟𝒟 ,  

𝑉𝑉𝑗𝑗(𝑡𝑡 + 1) = 𝑐𝑐𝑗𝑗𝑒𝑒𝑉𝑉𝑗𝑗(𝑡𝑡) + 𝛽𝛽𝑗𝑗𝑆𝑆𝑗𝑗(𝑡𝑡) − 𝜆𝜆𝑗𝑗𝑉𝑉𝑉𝑉𝑗𝑗(𝑡𝑡)  
       +∑ �𝛿𝛿𝑑𝑑1,𝑑𝑑2 ⋅ ∑ (𝑋𝑋𝑘𝑘𝑘𝑘𝑉𝑉 − 𝑋𝑋𝑗𝑗𝑗𝑗𝑉𝑉𝑘𝑘∈𝒦𝒦𝑑𝑑2

)�𝑑𝑑2∈𝒟𝒟 ,  

𝐿𝐿𝑗𝑗(𝑡𝑡 + 1) = 𝑐𝑐𝑗𝑗𝑒𝑒𝐿𝐿𝑗𝑗(𝑡𝑡) + 𝜆𝜆𝑗𝑗𝑆𝑆𝑆𝑆𝑗𝑗(𝑡𝑡) + 𝜆𝜆𝑗𝑗𝑉𝑉𝑉𝑉𝑗𝑗(𝑡𝑡) − 𝜉𝜉𝐿𝐿𝑗𝑗(𝑡𝑡)  
       +∑ �𝛿𝛿𝑑𝑑1,𝑑𝑑2 ⋅ ∑ (𝑋𝑋𝑘𝑘𝑘𝑘𝐿𝐿 − 𝑋𝑋𝑗𝑗𝑗𝑗𝐿𝐿𝑘𝑘∈𝒦𝒦𝑑𝑑2

)�𝑑𝑑2∈𝒟𝒟 ,  

𝐼𝐼𝑗𝑗𝑎𝑎(𝑡𝑡 + 1) = 𝑐𝑐𝑗𝑗𝑒𝑒 ⋅ 𝐼𝐼𝑗𝑗(𝑡𝑡) + 𝜉𝜉𝐿𝐿𝑗𝑗(𝑡𝑡) − 𝜈𝜈𝐼𝐼𝑗𝑗(𝑡𝑡)  

       +∑ �𝛿𝛿𝑑𝑑1,𝑑𝑑2 ⋅ ∑ (𝑋𝑋𝑘𝑘𝑘𝑘𝐼𝐼 − 𝑋𝑋𝑗𝑗𝑗𝑗𝐼𝐼𝑘𝑘∈𝒦𝒦𝑑𝑑2
)�𝑑𝑑2∈𝒟𝒟 , 

𝑅𝑅𝑗𝑗(𝑡𝑡 + 1) = 𝑐𝑐𝑗𝑗𝑒𝑒 ⋅ 𝑅𝑅𝑗𝑗(𝑡𝑡) + 𝜈𝜈𝐼𝐼𝑗𝑗(𝑡𝑡)  
       +∑ �𝛿𝛿𝑑𝑑1,𝑑𝑑2 ⋅ ∑ (𝑋𝑋𝑘𝑘𝑘𝑘𝑅𝑅 − 𝑋𝑋𝑗𝑗𝑗𝑗𝑅𝑅𝑘𝑘∈𝒦𝒦𝑑𝑑2

)�𝑑𝑑2∈𝒟𝒟 .  

 
(2) Static travel bubble decision model 

We consider a system-optimal strategy in our 
travel bubble decision-making process. The strategy 
helps calculate the overall benefit and cost for all 
countries involved in the bubble system. The benefit 
indicates the tourism-added contributed by domestic 
and international tourists32), whereas the cost indi-
cates social and individual losses from infection and 
the cost of vaccination. The optimization problem is 
formulated as follows: 
 
max
𝜹𝜹

� � � 𝛿𝛿𝑑𝑑1, 𝑑𝑑2𝛼𝛼𝑗𝑗𝑤𝑤𝑖𝑖𝑖𝑖𝑋𝑋𝑖𝑖𝑖𝑖(𝑡𝑡)
𝑖𝑖∈𝒦𝒦𝑑𝑑1 ,𝑗𝑗∈𝒦𝒦𝑑𝑑2𝑑𝑑1, 𝑑𝑑2∈𝒟𝒟𝑡𝑡∈𝒯𝒯

 

−�� � �𝑐𝑐𝑗𝑗𝐼𝐼 �
𝐼𝐼𝑗𝑗(𝑡𝑡)
𝑃𝑃𝑗𝑗
𝑝𝑝𝑝𝑝𝑝𝑝�

2

+ 𝑐𝑐𝑗𝑗𝑉𝑉𝑆𝑆𝑗𝑗(𝑡𝑡)𝛽𝛽𝑗𝑗�
𝑗𝑗∈𝒦𝒦𝑑𝑑𝑑𝑑∈𝒟𝒟𝑡𝑡∈𝒯𝒯

 

s.t.  𝐼𝐼𝑗𝑗(𝑡𝑡) < 𝑔𝑔𝑗𝑗 ,                    ∀𝑗𝑗 ∈ 𝒦𝒦,  ∀𝑡𝑡 ∈ 𝒯𝒯, 

       𝛿𝛿𝑑𝑑1,𝑑𝑑2 ∈ [0, 1],             ∀𝑑𝑑1,𝑑𝑑2 ∈ 𝒟𝒟2,  

       Eq. 9(a) – 9(e)            ∀𝑑𝑑1 ∈ 𝒟𝒟,∀𝑗𝑗 ∈ 𝒦𝒦𝑑𝑑1 ,∀𝑡𝑡 ∈ 𝒯𝒯. 

 
Here, 𝑤𝑤𝑖𝑖𝑖𝑖 (𝑖𝑖, 𝑗𝑗 ∈ 𝒦𝒦)  denotes the average economic 
value to the destination region of a tourist traveling 
from region 𝑖𝑖 to region 𝑗𝑗; 𝑐𝑐𝑗𝑗𝐼𝐼 is the coefficient of in-
fection cost in region 𝑗𝑗, including the cost of medical 
care, opportunity loss of infected individuals, and 
emotional loss. We adopt a quadratic formulation33), 

34) of active infected case count per 1000 population 
(𝑃𝑃𝑗𝑗

𝑝𝑝𝑝𝑝𝑝𝑝 = 𝑁𝑁𝑗𝑗/1,000). 𝑐𝑐𝑗𝑗𝑉𝑉  is the government cost for 
each fully vaccinated individual (total 3 doses per 
person) in region 𝑗𝑗. Finally, 𝑔𝑔𝑗𝑗 (𝑗𝑗 ∈ 𝒦𝒦) denotes the 
target level of infection control owing to the limita-
tion of medical resources. 

In real-world cases, the policies are discrete rather 
than continuous, such that we define 𝒜𝒜 as the set of 
all feasible policies and each policy subset 𝜋𝜋𝑎𝑎 =
�𝛿𝛿𝑑𝑑1, 𝑑𝑑2

𝑎𝑎  �𝑑𝑑1,  𝑑𝑑2 ∈ 𝐷𝐷, 𝛿𝛿𝑑𝑑1, 𝑑𝑑2
𝑎𝑎 ∈ [0,1]} ⊆ 𝒜𝒜. The static 

travel bubble decision model can be solved through a 
direct policy search among finite choices. 

 
Fig. 3 Decision-making process at time 𝑡𝑡. 

 

(9a) 

(9b) 

(9c) 

(9d) 

(9e) 

(10c) 

(10a) 

(10b) 

(8) 
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(3) Dynamic travel bubble decision model 

Based on the static travel bubble decision model, 
we develop an SDP to enable policymakers to revise 
their control policies based on prevailing circum-
stances. Suppose 𝒯𝒯𝐷𝐷 = �𝑡𝑡0

𝑑𝑑𝑑𝑑,  ⋯ , 𝑡𝑡𝐵𝐵
𝑑𝑑𝑑𝑑� ⊂ 𝒯𝒯 is the set 

of all decision time points where policymakers need 
to make a new policy. To reduce the policy switch 
cost, we assume that a policy at the period of 
�𝑡𝑡𝑏𝑏
𝑑𝑑𝑑𝑑 + 1,  ⋯ , 𝑡𝑡𝑏𝑏+1

𝑑𝑑𝑑𝑑 − 1� (𝑏𝑏 ∈ {0, 1,⋯𝐵𝐵})  stays the 
same with the policy made at 𝑡𝑡𝑏𝑏

𝑑𝑑𝑑𝑑. The control policy 
is implemented through the decision-making process 
shown in Fig. 3. The cost–benefit 𝐶𝐶𝐶𝐶 as a function at 
time 𝑡𝑡𝑏𝑏

𝑑𝑑𝑑𝑑 with policy 𝜋𝜋𝑎𝑎 in the process is denoted as: 
 
𝐶𝐶𝐶𝐶 �𝑵𝑵�𝑡𝑡𝑏𝑏

𝑑𝑑𝑑𝑑�,𝜋𝜋𝑎𝑎� = 
� � 𝛿𝛿𝑑𝑑1, 𝑑𝑑2

𝑎𝑎 𝛼𝛼𝑗𝑗𝑤𝑤𝑖𝑖𝑖𝑖𝑋𝑋𝑖𝑖𝑖𝑖�𝑡𝑡𝑏𝑏
𝑑𝑑𝑑𝑑�

𝑖𝑖∈𝒦𝒦𝑑𝑑1 ,𝑗𝑗∈𝒦𝒦𝑑𝑑2𝑑𝑑1, 𝑑𝑑2∈𝒟𝒟
 

−� � �𝑐𝑐𝑗𝑗𝐼𝐼 �
𝐼𝐼𝑗𝑗(𝑡𝑡)
𝑃𝑃𝑗𝑗
𝑝𝑝𝑝𝑝𝑝𝑝�

2

+ 𝑐𝑐𝑗𝑗𝑉𝑉𝑆𝑆𝑗𝑗(𝑡𝑡)𝛽𝛽𝑗𝑗�
𝑗𝑗∈𝒦𝒦𝑑𝑑𝑑𝑑∈𝒟𝒟

 

 
where 𝑵𝑵(𝑡𝑡) is the column vector used to store the ep-
idemic data for all the regions in 𝒦𝒦 at time 𝑡𝑡. Policy-
makers determine a policy 𝜋𝜋�(𝑡𝑡)  to maximize the 
long-term cost–benefit function through an SDP: 

𝜋𝜋�(𝑡𝑡) = argmax
𝜋𝜋∈𝒜𝒜

�𝐶𝐶𝐶𝐶 (𝑵𝑵(𝑡𝑡),𝜋𝜋)                                     +

 + max
𝜋𝜋𝑡𝑡′∈𝒜𝒜

∫ 𝐶𝐶𝐶𝐶 ��𝑵𝑵(𝑡𝑡′),𝜋𝜋𝑡𝑡′��𝑑𝑑𝑡𝑡′𝑇𝑇
𝑡𝑡′=𝑡𝑡+1 � 

 
We use the stage-aggregation approximated direct 

lookahead (DLA) method developed by Powell 
(2021)34) to solve the SDP in equation (12). This 
method is summarized in Algorithm 1. Given that the 
static control problem in subsection 4(2) can be con-
sidered as an SDP with only one decision-making 
point at 𝑡𝑡 = 0, the static and dynamic problems can 
both be solved using Algorithm 1.  
 
 
4. NUMERICAL RESULTS 
 

To depict travel bubble control policies within our 
mathematical framework, we perform a numerical 
experiment involving three countries: Japan (JP), 
Australia (AU), and New Zealand (NZ). All the three 
countries are well connected in the tourism market. 
AU is the 1st and the 7th largest tourism market re-
source for NZ and JP; NZ is the 2nd largest tourism 
market resource for AU; and JP is the 5th and 6th larg-
est tourism market source for AU and NZ, respec-
tively36), 37), 38). Fig. 4 presents a summary of passen-
ger data within and between the three countries dur-
ing the latter half of 2019 and 2020. The reduction in 
domestic air transport in 2020 from 2019 was over 
70%, and for international air transport, over 95%. 
Therefore, there was a potential need for these three 
countries to establish travel bubbles. We divide JP, 
AU, and NZ into 8, 8, and 16 subpopulation regions, 

 

(11) 

Algorithm 1: Stage-aggregation approximated DLA 

Input: discrete policy set 𝒜𝒜, decision point set 𝒯𝒯𝐷𝐷 = �𝑡𝑡0
𝑑𝑑𝑑𝑑,  ⋯ , 𝑡𝑡𝐵𝐵

𝑑𝑑𝑑𝑑� ⊂ 𝒯𝒯, cost–benefit function 𝐶𝐶𝐶𝐶(⋅), 

initial epidemic condition 𝑵𝑵(0), transport data 𝑋𝑋(𝑡𝑡), other epidemic and transport parameters. 
for 𝑏𝑏 = 0,  ⋯ ,  𝐵𝐵 do 
          𝑵𝑵0 = 𝑵𝑵(𝑡𝑡𝑏𝑏

𝑑𝑑𝑑𝑑 − 1) 

           𝐶𝐶𝐶𝐶�𝑏𝑏 ← sufficient small number 
          for 𝑎𝑎 = 1,  ⋯ ,  𝐴𝐴 do 
                   calculate 𝐶𝐶𝐶𝐶𝑏𝑏𝑎𝑎 = ∫ 𝐶𝐶𝐶𝐶�(𝑵𝑵(𝑡𝑡),𝜋𝜋𝑎𝑎)�𝑑𝑑𝑑𝑑𝑇𝑇

𝑡𝑡=𝑡𝑡𝑏𝑏
𝑑𝑑𝑑𝑑  

                   calculate 𝑵𝑵𝑏𝑏
𝑎𝑎(𝑡𝑡) with (𝜋𝜋𝑎𝑎 ,𝑵𝑵0) for 𝑡𝑡 = 𝑡𝑡𝑏𝑏

𝑑𝑑𝑑𝑑,  ⋯ ,  𝑇𝑇 
                   if 𝐶𝐶𝐶𝐶𝑏𝑏𝑎𝑎 > 𝐶𝐶𝐶𝐶�𝑏𝑏 and 𝐼𝐼𝑏𝑏,𝑘𝑘

𝑎𝑎 (𝑡𝑡) < 𝑔𝑔𝑘𝑘  (∀𝑘𝑘 ∈ 𝒦𝒦,∀𝑡𝑡 ∈ {𝑡𝑡𝑏𝑏
𝑑𝑑𝑑𝑑,  ⋯ ,  𝑇𝑇}) do 

                               𝐶𝐶𝐶𝐶�𝑏𝑏 = 𝐶𝐶𝐶𝐶𝑏𝑏𝑎𝑎 
                               𝜋𝜋�𝑏𝑏 = 𝜋𝜋𝑎𝑎 
                               𝑵𝑵�𝑏𝑏(𝑡𝑡) = 𝑵𝑵𝑏𝑏

𝑎𝑎(𝑡𝑡) for 𝑡𝑡 = 𝑡𝑡𝑏𝑏
𝑑𝑑𝑑𝑑 ⋯ ,  𝑇𝑇 

Result: optimal policy {𝜋𝜋�1,𝜋𝜋�2,  ⋯ ,𝜋𝜋�𝐵𝐵}, cost prediction {𝐶𝐶𝐶𝐶�1,𝐶𝐶𝐶𝐶�2,  ⋯ ,𝐶𝐶𝐶𝐶�𝐵𝐵}, epidemic compartment 
distribution �𝑵𝑵�𝑏𝑏�𝑡𝑡𝑏𝑏

𝑑𝑑𝑑𝑑�,  ⋯ ,𝑵𝑵�𝑏𝑏�𝑡𝑡𝑏𝑏+1
𝑑𝑑𝑑𝑑 − 1��𝑏𝑏=0

𝐵𝐵
.  

(12) 
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respectively, based on their administrative divisions. 
The population and population density information 
for each region are obtained from official govern-
ment websites39), 40), 41). 
In our assumption, the travel bubble policy is subject 
to discussion only when the infection case remains 
below a certain threshold, specifically 0.05 active in-
fectious cases per 1,000 people. In the simulation, the 
initial infection case count is set based on this as-
sumption. Other relevant pandemic data are collected 

from the WHO Coronavirus Dashboard42). Our ex-
periment period starts from July 1, 2020, and spans a 
total period of 180 days. Owing to data limitations, 
this simulation exclude long-distance travel by rail-
way and cruise ships, focusing solely on air transport. 
The flight data is sourced from OAG43), and the pas-
senger data is calculated by multiplying the seat 
count with an approximate annual passenger load 
factor44), 45). Without loss of generality, we use these 
data as the long-distance OD travel matrix 𝑿𝑿 by ig-
noring transit flights. We assume that the infection 

Table 1 Parametric values used in the numerical experiment. 
 

Parame-
ters 

Description  Value Reference 

𝛾𝛾𝑆𝑆 Infection rate of unvaccinated individuals 0.007 Liu and Ding, 202251) 
𝛾𝛾𝑣𝑣 Infection rate of vaccinated individuals 0.0002 Liu and Ding, 202251) 

𝛽𝛽 

Vaccine roll-out rate in JP 0.0021 WHO, 202342) 
Vaccine roll-out rate in AU 0.0021 WHO, 202342) 
Vaccine roll-out rate in NZ 0.0022 Health New Zealand, 202352) 

𝜉𝜉−1 Latent period 5.5 (d-1) Xin et al., 202253) 
𝜈𝜈−1 Infectious period 7 (d-1) MHLW, 202239) 
𝜏𝜏−1 Return rate 3 (d-1) Balcan et al., 201028) 
𝑐𝑐𝑉𝑉 Government cost for a fully vaccinated individ-

ual 
0.4 (K$) Mainichi Japan, 202254) 

𝑡𝑡𝑠𝑠 Average period of tourists’ stay at the destination 6 - 
𝜂𝜂 Tourist mobility coefficient 5 - 

 
Fig. 4 International and domestic air-travel passenger data in 2019 and 2020 in JP, AU, and NZ. 
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cost coefficient is 𝑐𝑐𝑗𝑗𝐼𝐼 = 1 × 𝑃𝑃𝑗𝑗
𝑝𝑝𝑝𝑝𝑝𝑝 (K$), as estimated 

from the parameters provided by Wang et al. 
(2019)46) and Rocha-Filho et al. (2022)47). Commut-
ing rates in JP, AU, and NZ are obtained from Adachi 
et al. (2020)48), Australia Bureau of Statistics 
(2008)48), and Stats NZ (2018)49), respectively. The 
other specific parameters used in the simulation are 
listed in Table 1. 

The regional infection target is directly linked to 
healthcare capacity, specifically the availability of 
hospital beds for in-patient care. In this simulation, 
we assume that a maximum of 50% beds are allocated 
to cater to approximately 53% of the infected individ-
uals39). Healthcare capacity data is obtained from the 
MHLW (2022)39), Statista (2022)55), and Wikipedia 
(2023)56). 

The discrete policies are set as: 

𝛿𝛿𝑑𝑑1, 𝑑𝑑2 ∈ �
{0,  0.5,  1}, if 𝑑𝑑1 ≠ 𝑑𝑑2
{0.5,  1},      if 𝑑𝑑1 = 𝑑𝑑2

,𝑑𝑑1,  𝑑𝑑2 ∈ 𝒟𝒟,  
 
which indicates three options for international travel: 
completely closed (𝛿𝛿 = 0), half open (𝛿𝛿 = 0.5), and 
fully open (𝛿𝛿 = 1); and two options for domestic 
travel: half open (𝛿𝛿 = 0.5) and fully open (𝛿𝛿 = 1). 

We explore three scenarios in our experiment: dy-
namic border open (DBO), dynamic border close 
(DBC), and static border open (SBO). The DBO and 
DBC scenarios are the sequential decision problems 

described in subsection 3(3), with transport control 
policies renewed every 30 days ( 𝒯𝒯𝐷𝐷 =
{0,  30,  60,  90,  120,  150} ). The SBO scenario is 
the static optimization problem described in subsec-
tion 3(2). The DBO and SBO scenarios have a bor-
der-open option with the policy set expressed in 
equation (13). The DBC scenario considers only do-
mestic transport, where international transport is un-
equivocally constrained to a value of 0, and domestic 
control has two available options: {0.5,  1}.  

The simulation generates the optimal static control 
pattern in the SBO scenario:  

𝜹𝜹� = �
0.5 1 0
1 1 0.5
0 0.5 0.5

�, 
where subscripts 1, 2, and 3 correspond to JP, AU, 
and NZ, respectively. The results indicate that do-
mestic transport within AU is uncontrolled, implying 
that there are no restrictions or regulations imposed 
on domestic long-distance travel within the country. 
By contrast, JP and NZ need to reduce their domestic 
transport (𝛿𝛿 = 0.5) to slow down infection. Regard-
ing international travel, there is a fully open tourism 
connection between JP and AU, implying a complete 
recovery of the tourism market to its pre-pandemic 
level. However, the borders are completely closed for 
the JP–NZ pair, and only partially open between AU 
and NZ.  

 
Fig. 5 Control-level dynamics at each decision point in the DBO and DBC scenarios. 

 

 
Fig. 6 Overall cost–benefit summation at each decision-making point. 

 

(13) 

第 68 回土木計画学研究発表会・講演集



 

 9 

In both dynamic scenarios, Fig. 5 illustrates the 
control level for each international and domestic 
transportation mode at each decision time point. 
Based on these results, we can observe that in the ab-
sence of a travel bubble, both JP and NZ require strin-
gent domestic control measures when vaccinations 
are insufficient. Specifically, JP reaches an uncon-
trolled domestic transportation state at decision point 
𝑏𝑏 = 2, whereas NZ reaches the same at 𝑏𝑏 = 3. How-
ever, when a bubble is established to facilitate cross-
border travel, NZ under the DBO scenario could cau-
tiously open up international tourism while maintain-
ing fluctuating controls. Despite this, domestic travel 
is kept at a controlled level (𝛿𝛿 = 0.5). 

The monetary outcomes of the dynamic control 
strategy, with and without the open-border option, 
are shown in Fig. 6. The dynamic control strategy ev-
idently generates a consistent monetary improvement 
following each decision point. The strategy also pro-
vides an approximate benefit improvement of 405.4 
million dollars over the static control measures (gap 
A in Fig. 6). Additionally, the adoption of a border-
opening policy, as opposed to border closure, yields 
a benefit improvement of approximately 1,029 mil-
lion dollars for the entire bubble system (gap B). 

The advantages of implementing dynamic control 
of border openness over border closure are illustrated 

in Fig. 7 for each country. The results indicate that 
participating in the travel bubble and opening borders 
are advantageous for all countries involved, although 
the benefits are not evenly distributed. In this case, 
AU has the highest benefit, followed by NZ and JP, 
in descending order. It is worth noting that the opti-
mal system solution may not align with the optimal 
outcomes for each country. For instance, the connec-
tion pattern established at 𝑡𝑡𝑏𝑏

𝑑𝑑𝑑𝑑 = 30  generates the 
highest monetary outcome for JP, compared with the 
connection patterns made at other decision-making 
points (Fig. 7(a)).  

Fig. 8 illustrates the active and cumulative infec-
tion trends for each country under the three scenarios. 
The impact of opening borders within the travel bub-
ble is readily evident in AU, with the cumulative in-
fection increasing by 14.3% compared with that for 
closed borders. However, the increase is only 0.3% 
in JP. This is attributed to its substantially larger pop-
ulation than that of AU and NZ. As NZ has different 
domestic control policies in the DBO and DBC sce-
narios, the cumulative infection rate without an open 
border is 9.5% higher. We can deduce that the un-
changed domestic control in New Zealand in the 
DBO scenario is due to the fact that international 
tourists can generate greater economic benefits than 
domestic tourists while involving fewer travelers. As 

 
Fig. 7 Benefit of dynamic control of border-opening over border closure for each country. 

 

 
Fig. 8 Infection case trend with different control patterns in JP, AU, and NZ. 
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is evident in Fig. 6, the cost–benefit summation in the 
DBC scenario shows a relatively smaller increase 
from 𝑡𝑡 = 60  to 𝑡𝑡 = 90  owing to the loosening of 
NZ’s domestic control. In contrast, the cost–benefit 
summation in the DBO scenario experiences a much 
more significant rise, from 𝑡𝑡 = 90 to 𝑡𝑡 = 120. This 
is attributed to the opening of more international 
travel between NZ and AU, specifically from 0.5 to 
1. 

Our findings suggest that NZ exhibits certain vul-
nerabilities in this travel bubble, arising from two 
factors. Firstly, the international travel connections of 
NZ–AU and NZ–JP undergo fluctuating controls 
(Fig. 5(a)), necessitating frequent adjustments to 
NZ’s transportation policy due to pandemic control. 
Secondly, the domestic transportation in NZ remains 
controlled when the border is opened to JP and AU. 
This indicates a risk of exceeding the infection target 
when facing simultaneous demand from domestic 
and international travel. The dynamic nature of inter-
national travel connections requires policymakers in 
NZ to remain vigilant and adaptive to the evolving 
global travel landscape. The travel bubble presents an 
opportunity for economic recovery. Nevertheless, the 
fluidity of international travel demands a constant re-
assessment of transportation policies to manage po-
tential public health risks effectively. 

The stability of domestic transportation control 
within AU is maintained in both, the open-border and 
closed-border scenarios. This is attributed to the ro-
bust medical-care capacity that effectively contains 
infections within each region. For the AU case, the 
influx of international tourists from NZ and JP leads 
to an increase in infection cases across all regions in 
AU. Nevertheless, the advantages of participating in 
this travel bubble primarily manifest within AU, as 
highlighted in Fig. 7(b). Additionally, for all three 
countries. the volume of domestic travel far surpasses 
that of international travel, making domestic 
transport a critical factor in shaping the overall epi-
demical impact of the travel bubble. The infection 
case trends in JP and NZ further highlight the im-
portance of domestic control measures (Fig. 8). 
When the domestic control measures are raised from 
0.5 to 1, noticeable inflection points can be observed 
in the curves representing the dynamic border-open-
ing and closure scenarios. These inflection points 
represent significant shifts in the infection case tra-
jectory, and underline the noticeable influence of do-
mestic transport management on a country’s epide-
miological situation.  

In our model, we do not explicitly address the tran-
sitive effects. Nonetheless, these effects play a cru-
cial role in influencing the stability of a travel bubble 
and could potentially lead to its collapse57). As 
demonstrated in our experiment, if the JP–NZ travel 

corridor is closed, individuals can still travel between 
JP and NZ via AU. In such scenarios, our framework 
treats such travels as two distinct segments: one be-
tween NZ and AU, and another between JP and AU. 
Importantly, closing the JP–NZ pair does not lead to 
an increase in flights between JP–AU or NZ–AU. If 
JP, AU, and NZ successfully mitigate disease trans-
mission in this context, the travel bubble would re-
main viable. 
 
 
5. CONCLUSION 
 

This study introduces a novel mathematical struc-
ture for travel bubbles. Our research is driven by the 
significant economic impact of travel restrictions 
during the COVID-19 pandemic and the complexities 
of decision-making regarding border reopening. The 
proposed framework aims to aid policymakers in 
making informed decisions regarding the control of 
domestic and international long-distance travel. The 
primary objective of the framework is to optimize 
long-term benefits from the tourism market, while 
mitigating the risk of increased infection caused by 
the movement of individuals. These findings under-
score the dynamic nature of international travel con-
nections, necessitating a vigilant and adaptive ap-
proach from policymakers. Within the travel bubble 
framework, a flexible and proactive stance is thus im-
perative to effectively manage the challenges posed 
by international travel. By embracing our approach, 
policymakers can strike a balance between revitaliz-
ing the tourism industry and safeguarding public 
health. 

Our study uses a metapopulation model to partition 
countries into smaller subpopulation regions. This 
enables us to estimate the direct impact of interna-
tional as well as domestic transport on pandemic con-
trol. We develop an optimization problem and an 
SDP to determine the best control policy for the travel 
bubble system to obtain the maximum monetary re-
turn. While the overall system may benefit from the 
travel bubble, the specific vulnerabilities and unbal-
anced benefit distribution experienced by certain 
countries highlight the need for tailored and adaptive 
transportation policies. 

By adjusting the model parameters or epidemic 
compartments, our research framework can be 
broadly applied to other pandemics. Besides provid-
ing guidance on establishing travel bubbles after epi-
demic lockdowns, the output of our model can also 
facilitate future assessments of employing the travel 
bubble approach directly at the onset of a pandemic. 
Furthermore, this analysis reveals the dynamics of 
connectivity, traffic patterns, and overall resilience. 
This enables a comprehensive understanding of how 
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transport networks adapt and evolve in response to a 
global pandemic.  

This study can be extended to a broad range of de-
cision-making problems. Although it considered the 
vaccination rate as an irrelevant factor for transporta-
tion control, it is worth noting that higher vaccination 
rates can contribute to a reduction in infection counts 
and subsequently increase the likelihood of opening 
borders to more tourists. In addition, the geographical 
distribution of vaccination resources can have a sig-
nificant role in influencing border reopening. Fur-
thermore, the incorporation of additional policies, 
such as pre-departure screening, contact tracing, and 
social distancing, can be explored in the model to as-
sess the effectiveness of various policy combinations. 
This extension will allow a more comprehensive 
evaluation of the impact and efficacy of different 
strategies in mitigating the spread of infectious dis-
eases. 

The current research can be further improved as 
follows: (i) although our model generates the optimal 
output for the bubble system, it does not guarantee an 
optimal outcome for each country involved; (ii) our 
simulation overlooks the influence of transit passen-
gers and the distinction between international and do-
mestic travelers; and (iii) our model encounters a 
challenge known as the curse of dimensionality, 
which suggests that as the number of countries in-
volved in the decision-making process increases, it 
becomes increasingly difficult to identify an optimal 
solution. Future research should focus on adjusting 
objectives, collecting ample data, and developing ef-
ficient algorithms to enhance the accuracy and com-
prehensiveness of the aforementioned aspects. 
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