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: The disconnection results considerable direct damage as

well as indirect socioeconomic losses. Previous literature
discussed the determination of vulnerability and resilience
of transportation systems, however, it is difficult to
build a consensual definition. However, the determination
of relationships between environmental sensitivity and
transportation vulnerability is absent from previous
literature. Accordingly, this study deconstructs the
functions and components and to integrate a network and
resilience model. Moreover, a concept of reversed
engineering is used to assist decision-makers in
understanding the system of mountain highway networks and
identifying the crucial influence factors of network
vulnerability and resilience. The typhoon and heavy rain
are applied as empirical study. Index decomposition
analysis 1s introduced to construct resource allocation
models 1n stages of disaster prevention and recovery,
respectively. Therefore, this vulnerability analysis of the
natural conditions, infrastructures, services, and
socioeconomic factors that allow regional tourism to
function is helpful for determining crucial vulnerability
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factors and developing strategies for mitigating losses in
tourism areas. Six vulnerability factors affecting tourism
areas are utilized to assess the sustainability of tourism
areas. Alishan and Sun Moon Lake National Scenic Areas, two
famous tourist sites in Taiwan, are employed as empirical
cases. Analytical results reveal that sustainability in
Alishan is more vulnerable than in Sun Moon Lake. The
mountainous tourism areas with higher vulnerability should
be of primary concern to mitigate impact intensity. To
achieve the accessibility, mobility, and sustainability
needed in the mountainous tourism areas of Taiwan, there
must be regulation for controlling the entrance of private
vehicles to ensure appropriate network loading during an
evacuation. Simultaneously, the integrated public
transportation network should provide sufficient
connectivity to intra and inter tourism areas. In addition
to pre-evacuation to mitigate damage and reduce the costs
of rescue, governments should limit the development of
vulnerable areas through land-use regulations and the
transfer of development rights for reducing exposure and
improving vulnerability. Along with the allocation of
rescue resources, the redundancy of resources for
supporting daily life should be improved to mitigate the
impact of isolation caused by disasters.

highway vulnerability, environmental vulnerability, index
decomposition analysis, resource allocation
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Abstract

Transportation systems have become more complicated because of social progress and population
growth. Numerous socio-economic activities are linked by transportation systems. Along with monetary costs,
the costs of travel time of alternatives for users are steeply increased to achieve the original trip purpose due
to the disconnected networks. In fact, some users are besieged with disconnection and forced to cancel their
trips. The disconnection results considerable direct damage as well as indirect socio-economic losses.
Previous literature discussed the determination of vulnerability and resilience of transportation systems,
however, it is difficult to build a consensual definition. Some studies considered the spatial interaction among
element in transportation systems, whereas little research discussed the functional interdependencies.
However, the determination of relationships between environmental sensitivity and transportation
vulnerability is absent from previous literatures. Accordingly, this study utilizes system dynamics proposed by
previous literature to deconstruct the functions and components and to integrate a network and resilience

model. Moreover, a concept of reversed engineering is used to assist decision-makers in understanding the
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system of mountain highway networks and identifying the crucial influence factors of network vulnerability
and resilience. The typhoon and heavy rain are applied as empirical study. Index decomposition analysis is
introduced to construct resource allocation models in stages of disaster prevention and recovery, respectively.
Therefore, this vulnerability analysis of the natural conditions, infrastructures, services, and socioeconomic
factors that allow regional tourism to function is helpful for determining crucial vulnerability factors and
developing strategies for mitigating losses in tourism areas. Six vulnerability factors affecting tourism areas
are utilized to assess the sustainability of tourism areas. Alishan and Sun Moon Lake National Scenic Areas,
two famous tourist sites in Taiwan, are employed as empirical cases. Analytical results reveal that
sustainability in Alishan is more vulnerable than in Sun Moon Lake. The mountainous tourism areas with
higher vulnerability should be of primary concern to mitigate impact intensity. To achieve the accessibility,
mobility, and sustainability needed in the mountainous tourism areas of Taiwan, there must be regulation for
controlling the entrance of private vehicles to ensure appropriate network loading during an evacuation.
Simultaneously, the integrated public transportation network should provide sufficient connectivity to intra
and inter tourism areas. In addition to pre-evacuation to mitigate damage and reduce the costs of rescue,
governments should limit the development of vulnerable areas through land-use regulations and the transfer of
development rights for reducing exposure and improving vulnerability. Along with the allocation of rescue
resources, the redundancy of resources for supporting daily life should be improved to mitigate the impact of
isolation caused by disasters.

Keywords: highway vulnerability, environmental vulnerability, index decomposition analysis, resource
allocation



1. INTRODUCTION

Demand for scenic areas has increased in Taiwan because of developments in the economy and transportation,
changes in social patterns, and increases in income and leisure time. Meanwhile, tourism industries play an
essential role in the economic transition in Taiwan because of the growth of the tourism population and their
expenditures on recreation. Following these economic trends, and to meet the increased demand of residents
for leisure space, governments have heavily invested in tourism markets through the planning of recreational
facilities, investment in and development of scenic spots, and the development of strategic alliances with
tourism operators. These efforts improve tourism’s value to tourists as well as the accessibility and utility rates
of remote scenic spots.

Taiwan’s many national parks, scenic areas, nature reserves, and conservation areas have individual
natural, cultural, and socioeconomic assets to offer tourists. Tourism contributes to the development of
sustainability in culture, the economy, and the environment. There are many stakeholders in this process,
including those who work in tourism, local communities, and the tourists themselves. Tourism infrastructure
and services assist the industry in satisfying tourists’ demands. However, it is difficult for tourism destinations
and industries to prevent negative impacts from factors such as changes in climate and the environment. An
assessment framework of tourism vulnerabilities would help bring about the sustainability of Taiwan’s tourist
areas.

Disasters cause serious damage to quality of life by threatening people’s lives and health, interfering with
the rhythm of their social lives and creating barriers to economic development. Specifically, interactions
between climate and environmental changes have gradually increased the magnitude, duration, and threat of
disasters. The absence of disaster prevention, mitigation, preparedness, and relief all contribute to the adverse
impacts that natural disasters can have on social mechanisms, lives, property, and economic development. The
Yokohama Strategy, initiated at the World Conference on Natural Disaster Reduction held in May 1994,
provided guidelines for shielding humans, infrastructure, social operations, and economic systems from
natural disasters. In recent years, the focus of disaster research has shifted from disaster science to the
relationships among disasters, environmental systems, and socioeconomic systems. In 2004, the United
Nations International Strategy for Disaster Reduction (UNISDR) defined a disaster as the effects and
consequences of hazards on vulnerable socioeconomic systems, in which the vulnerability limits the
capability for coping with the influence of the hazard. In addition, the Hyogo Declaration suggested that the
suffering caused by hazards could be mitigated by reducing vulnerability. Furthermore, people must increase
their resilience to disasters through early warning systems, risk assessments, and education as well as
integrated approaches (UNISDR, 2005).

Taiwan, an island located between the Eurasia plate and the Philippine Sea plate, is part of the
circum-Pacific seismic belt. Taiwan has high mountains with steep slopes and frequent earthquakes, which
bring heavy rainfalls and geohazards such as landslides and other debris. Climate change may lead to even
more severe damage if disaster areas are not adequately prepared. This will not only cause huge financial
losses but also heavy casualties since tourism sites in mountainous areas are in remote districts with higher
environmental fragility and less ability to withstand disaster.

Thus, the vulnerability analysis of the natural conditions, infrastructures, services, and socioeconomic

factors will help to determine the crucial vulnerability factors and to develop strategies for mitigating losses in
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tourism spots in mountainous areas. The remainder of this paper is organized as follows. Section 2 is a
literature review where sustainability and vulnerability are defined. Section 3 illustrates the model
construction by introducing the assessment framework. Section 4 provides a discussion of the empirical
results of vulnerability for two famous tourism spots in mountainous areas of Taiwan. Finally, section 5 offers
concluding remarks and directions for future research.

2. LITERATURE REVIEW
2.1 Sustainability

There is no one common identified definition of sustainability (Pope et al., 2004; Loo and Chow, 2006; Jeon
et al., 2006). Yang (2002) argued that quality of life involves not only individual health, safety, social justice,
income, and freedom but also relationships with salient features of the environment such as fresh air, clean
water, and natural surroundings. Moreover, Shafer et al. (2000) identified sustainability as the ability to
develop a good quality of life in both the present and the future. In addition to these indicators, the
Commission of the European Communities (2002) introduced a sustainability impact assessment process for
developing an integrated assessment system, based on existing fragmented sectoral systems, for identifying
the impacts of certain policies and determining the trade-offs among competing objectives.

Sustainable development is generally conceived as finding a balance among environmental, social, and
economic qualities (George, 2001; Kasemir et al., 2003; Steg and Gifford, 2005; Ness et al., 2007). Moreover,
the World Commission of Environment and Development (1987) defined sustainability as “meeting the needs
of the present without compromising the ability of future generations to meet their own needs.” Additionally,
Pope et al. (2004) suggested that it is necessary to explore not only the direction to the sustainable target but
also the distance from sustainability. Activities in tourism, travel, and leisure are important components of
daily life, and tend to converge on developed scenic areas, which brings environmental pressures owing to
overloaded development, inappropriate managemen,t and frequently inadequate tourist behavior.
Environmental protection in tourism areas thus becomes one of the fundamental conditions for sustainable
development in the tourism industry. Sustainable tourism depends on successfully managing natural resources
consumed by tourism to reach the goal of resources and tourism activities coexisting sustainably (Stewart,
1993). Sustainable tourism is understood to satisfy the demands of tourists as well as local residents through
appropriate managerial strategies based on nature conservation and to contribute to rational revenues
(Valentine, 1993) for financial sustainability.

2.2 Vulnerability

Similar to sustainability, a precise and consistent definition of vulnerability is unavailable in the literature
(Berdica, 2002; Holmgren, 2004). The Intergovernmental Panel on Climate Change (IPCC) reported that
vulnerability is the degree to which a system is susceptible to, or unable to cope with, the adverse impacts of
climate change (IPCC, 2001). Chambers (2006) suggested that vulnerability exists in systems with an inferior
resistance to, and coping capacities for, insecure conditions. Vulnerability thus refers to a negative indicator of
system performance during disaster management. A system deemed to have high vulnerability implies that it
possesses low resistance to external influences.

Adger (2006) defined vulnerability as the level of sensitivity to damage owing to the absence of adaptive
capacity, resulting from exposure to negative influences caused by environmental and societal changes. The
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UNISDR (2004) defined vulnerability as comprising the elements involved in rendering a system susceptible
to damage by a hazard. Turner Il et al. (2003) discussed how vulnerability is influenced by factor exposure,
sensitivity, and resilience, with resilience representing the ability of exposed individuals to resist and recover
from damage caused by external threats (Clark et al., 2000). Cardona and Carrefio (2011) assessed exposure
using the people, property, systems, and other elements present in hazard zones.

Vulnerability is not a new concept in risk and hazard assessment. However, it is difficult to obtain an
acceptable consensus of what exactly falls under transport vulnerability. Jenelius et al. (2006) employed an
index of link importance and site exposure to represent the impact of a failure of a particular link on the
general travel cost to examine road network vulnerability. Bana e Costa et al. (2008) analyzed the
vulnerability of bridges and tunnels in Lisbon caused by earthquakes to identify critical infrastructures.
Jenelius (2009) extended the road network vulnerability from the link to regional importance and exposure
and concluded that a greater substitution distance and additional derived temporal costs indicate reduced
accessibility and greater vulnerability. De Andrade et al. (2010) estimated the natural and socioeconomic
vulnerability of oil spills in which the most vulnerable areas are directly related to fishing and have low
income and education levels.

Moreover, Hsieh et al. (2011) examined bridge failure vulnerabilities by using 11 related vulnerability
factors and deduced that accessibility and redundancy significantly affect vulnerability and risk. To determine
a passenger transportation system’s resilience to terrorism, Cox et al. (2011) constructed operational metrics
that ranged from specific trips to more holistic measures, including the contribution of those trips on
economic activities based on vulnerability, flexibility, and resource availability. The developed model
indicated a reduction of 76.9% in total trips because of fear factor as opposed to a decrease in capacity. An
“impact area” vulnerability analysis approach, which evaluated the consequences of a link closure within its
impact area instead of the entire network, significantly improved the efficiency of determining the most
critical links in large-scale and congested road networks with uncertain demand (Chen et al. 2012).
Miller-Hooks et al. (2012) proposed techniques that would substantively increase the ability to assist in
predisruption network vulnerability assessment and make predisaster vulnerability reduction investment
decisions.

In accordance with the aforementioned literature, this study defines vulnerability as the ability to provide
sufficient operational functions to stakeholders of tourism areas, based on resistant and coping capacities for
impacts caused by hazards, along with resilience for assisting in the recovery from negative impacts.

3. MODEL CONSTRUCTION

The emerging consensus is that sustainable systems should efficiently and effectively provide users with
equitable and safe access to basic needs, stimulate economic development, and not cause environmental harm
(Pope et al. 2004; Jeon et al. 2006). Sustainability has recently become a key planning objective. Items widely
considered in measuring sustainability in relation to the transport system include social justice, accessibility,
safety, universal design, economic health, and environmental quality (McMahon 2002; Ness et al. 2007).

Accordingly, this study develops the framework for assessing the sustainability of tourism spots in
mountainous areas based on environmental capacity. The vulnerability factors proposed according to the
aforementioned literature are classified into three dimensions referring to sustainable development, namely

economic efficiency, social equity, and environmental quality. The construct of economic efficiency is
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composed of mobility, economic health, and reliability. Mobility refers to the efficiency of vehicle movement
through the road system from tourism areas to intercity transportation systems. Moreover, mobility describes
individual ease of movement (Levine and Garb 2002; Levinson 2003). As a result, satisfying users’ need for
mobility refers to developing the capability to overcome spatial resistance. Both short- and long-term cost
efficiency should also be considered in the construct of economic health. Therefore, the ratio between traffic
volume and highway capacity (V/C) in the ground access systems of tourism spots in mountainous areas is
utilized as the substitution of mobility, and the revenues of tourism industries in scenic spots represents the
economic health. Reliability describes consistent, stable, and standard outcomes when the experience is
repeated under the same conditions. The key factor influencing needs satisfaction with regard to reliability is
thus represented by the redundancies of resources for supporting daily life.

Social equity issues in sustainable tourism involve residents, income, social constructs, and accessibility.
Exposure was assessed using people, property, systems, and other elements present in hazard zones (Cardona
and Carrefio, 2011), and the number of residents was used as a proxy for the exposure to road network failure.
The resident population experiences the direct negative effects caused by road failure in daily life, including
increased travel time, lack of access to the health care system, and inferior quality of life. A larger number of
residents implies a greater number of potentially affected people and, thus, greater vulnerability.

From the socioeconomic perspective, the share of disadvantaged groups with a limited self-protection
capacity is proportional to vulnerability, in which the criteria consist of the age of the population and number
of disabled people (Messner and Meyer, 2006). Aging populations and low fertility rates have significantly
influenced global demographics and increased the dependency ratio. The dependency ratio represents the ratio
of the total population of people under 15 years and over 65 years of age to the working population aged
between 15 and 65 years. A higher dependency ratio represents a higher loading on the working-age
population and implies greater vulnerability. Accessibility is utilized to evaluate network development in
transportation planning and to measure the potential of regional economic performance in urban planning. In
fact, Martellato et al. (1998) demonstrated that accessibility refers to potential opportunities within
interactions among urban spatial patterns. Levine and Garb (2002) measured accessibility using the ease of
interactions between network nodes.

Governments have traditionally constructed extensive infrastructure to enhance the economic efficiency
of tourism spots in mountainous areas. However, thermal power, the major electronic power generated in
Taiwan, has contributed to the greenhouse effect and ozone hole and has consequently threatened the very
ecological system on which human life depends. In response to such research, policies in developed countries
have changed in recent years to mitigate adverse environmental impacts. Moreover, excessive use of resources,
especially nonrenewable resources, should be considered in relation to environmental quality (McMahon,
2002; Pope et al., 2004; Steg and Gifford, 2005; Loo and Chow, 2006; Ness et al., 2007).

Environmental capacity is employed as the basis of the assessment framework, and other vulnerability
factors influence the basic environmental capacity of tourism spots in mountainous areas. This assessment
uses multiplication to indicate the adjustment of each vulnerability factor to the environmental capacity of
tourism areas, overcoming the problem of the inconsistent units among vulnerable factors. Equation 1
illustrates the vulnerability of tourism spots in mountainous areas.
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Where, Vul: vulnerability of the tourism area;

I: sum of annual income;

R: number of residents substituted to physical exposure;

A: accessibility of road system from the tourism areas to the intercity network;

W: redundant daily resource in the wholesalers and retailers;

D: dependency ratio;

V: traffic volume of the access network;

C: capacity of the access network;

E: emission of the tourism industry;

TR: total revenue of the tourism industry.

The first item on the right hand side of Eq. 1 expresses the average income of residents in tourism areas
that might be damaged in the hazards as the exposure positively proportioned to vulnerability. The second
item indicates the average loading of the access network, in which higher loading might cause a failure to
evacuate. The third item represents the multiplicative inverse of redundant daily resources in an isolated area.
Along with exposure to hazards, income refers to the resilience to rapidly recover from disaster losses,
whereas a higher dependency ratio indicates that more rescue resources are needed to invest in a group
without sufficient self-protection and response capacities. The fifth item denotes the network capacity around
the tourism areas, and the last item shows the basis of tourism development, demonstrating how much
emission per revenue is in the tourism industry.

4. EMPIRICAL RESULTS

Two famous mountainous tourism areas in Taiwan—Sun Moon Lake and Alishan—are utilized as empirical
cases to analyze the sustainability of tourism areas and to verify the feasibility of vulnerability assessments.
From the mesoscopic viewpoint, this study simplified the access road network into 13 links in Sun Moon
Lake and 7 links in Alishan. Figure 1 shows the digitized spatial location of the selected links in the
mountainous tourism areas. The selected links identified as main arteries are those in which sufficient traffic
volumes are measured by authorities.

The preliminary data on vulnerability factors include published statistics, studies, and digitized data from
the base year of 2013. The numbers of residents and the dependency ratio were sourced from the city’s annual
statistical overview. The number of wholesalers and retailers were referenced from the national industry,
commerce, and service census. The average annual household-consolidated income tax represents household
disposable income.



Sun Moon Lake Alishan

Figure 1. Access road network of the investigated tourism spots in mountainous areas

Emission was calculated according to the electric power consumption of tourism industries provided by
the Taiwan Power Company; the emission of carbon dioxide (CO,) in Sun Moon Lake and Alishan were 6.26
and 1.90 billion-grams, respectively. The number of wholesalers and retailers in Sun Moon Lake and Alishan
were 371 and 104, and the total revenues of tourism industries in Sun Moon Lake and Alishan were 1.50 and
0.26 billion New Taiwan dollars (NTD). Moreover, the household-consolidated income tax collected by the
Fiscal Information Agency, Ministry of Finance, shows that the total income in Sun Moon Lake and Alishan
were 1.56 and 0.37 billion NTD, respectively. The population in Sun Moon Lake and Alishan were 16,686 and
5,732 persons, and the dependency ratio in Sun Moon Lake and Alishan were 29.45% and 27.84%,
respectively.

Table 1. Analytical results of vulnerability in mountainous tourism areas

Vulnerability factors Sun Moon Lake Alishan

Overall vulnerability 29.11 101.23
Average income (10° NTD/person) 93.44 63.73
Highway loading (10° persons/link) 1.28 0.82
Daily resource deficiency 0.04 0.07
Dependency (10 1.89 7.62
Level of service 0.88 0.52
Environmental impact (gram/NTD) 4.17 7.27

Table 1 lists the analytical results of vulnerability in the two mountainous tourism areas. The basic factor
of sustainability in these areas listed in the last row in Table 1 (i.e., environmental impact) reveals that Sun
Moon Lake is more sustainable than Alishan because the total revenue of the tourism industry in Sun Moon
Lake is 5.74 times that of Alishan, whereas the emission of CO; in Sun Moon Lake is 3.29 times that of
Alishan. Although the dependency ratio of Alishan is lower than that of Sun Moon Lake, the much lower
disposable income leads Alishan to more vulnerable dependency. Furthermore, Alishan performs better in
economic exposure (i.e., average income) and highway loading, as well as level of service (i.e., V/C);
however, sustainability in Alishan is more vulnerable than in Sun Moon Lake.



The mountainous tourism areas with higher vulnerability should be of primary concern to mitigate
impact intensity. Tourism spots in mountainous areas are more vulnerable due to longer distances to a
well-connected intercity transportation systems in case of an emergency, because of the detour routes required
and because more people do not have sufficient capacity for self-protection. However, along with costly
rescues of disadvantaged residents, it is difficult to achieve the break-even point for constructing redundant
physical infrastructures due to low demand. Reducing and limiting the number of livestock dependent on
ground access systems to prevent further degradation from overutilization is critical in these vulnerable areas.

To achieve the accessibility, mobility, and sustainability needed in the mountainous tourism areas of
Taiwan, there must be regulation for controlling the entrance of private vehicles to ensure appropriate network
loading during an evacuation. Simultaneously, the integrated public transportation network should provide
sufficient connectivity to intra and intertourism areas. Moreover, strategies based on transit-oriented
development, such as a pedestrian-friendly environment, advanced traveler information systems and frequent
public transit services, could assist tourism areas in mitigating traffic congestion in the access network and
improving safety. From an environmental perspective, governments can subsidize green transit vehicles to
increase the environmental benefits in tourism areas. Charging a higher congestion tax internalizes social
costs in areas with remarkable environmental degradation and is helpful in limiting the development of
highway systems in environmentally sensitive tourism areas.

In addition to pre-evacuation to mitigate damage and reduce the costs of rescue, governments should
limit the development of vulnerable areas through land-use regulations and the transfer of development rights
for reducing exposure and improving vulnerability. Along with the allocation of rescue resources, the
redundancy of resources for supporting daily life should be improved to mitigate the impact of isolation
caused by disasters. Furthermore, to encourage investment in environmentally friendly tourism, industries
should be reducing emissions as well as waste and should be creating employment opportunities in local areas,
which will lead to a return of working-age people and improvement of the dependency ratio.

5. CONCLUSIONS

Taiwan’s national parks, scenic areas, nature reserves, and culture conservation areas have many natural,
cultural, and socioeconomic resources that are advantageous to tourism. Tourism development helps increase
the sustainability of culture, the economy, and the environment, and depends on the relationships among
tourists, tourism industries, the authorities, and area residents. It is difficult, however, for the tourism industry
to prevent and deal with the negative impacts of catastrophic changes in the environment and climate, and
these changes have increased in size, duration, and frequency. The absence of disaster prevention, mitigation,
preparedness, and relief all contribute to the adverse impacts that a natural disaster has on social mechanisms,
quality of life, property, and the economy. The absence of an assessment framework of tourism vulnerability
might be negatively affecting the sustainability of tourism areas.

Accordingly, the vulnerability analysis of the natural conditions, infrastructures, services, and
socioeconomic factors in regional tourism is helpful for determining the crucial vulnerability factors and for
developing strategies to mitigate losses. The study combines vulnerability within tourist areas and access
roads to construct a model for assessing vulnerability, where six vulnerability factors affecting tourism areas
are utilized to assess the areas’ sustainability. Alishan and Sun Moon Lake, two popular scenic areas in

Taiwan, are employed as the empirical cases. Along with identifying critical vulnerability factors, this study
7



carries the managerial implications of threatened regional tourism and provides resource allocation strategies
for mitigating the negative impacts of external forces on the regional tourism system.

The analytical results reveal that the basic environmental impact in Sun Moon Lake is more sustainable
than in Alishan because of its higher ratio of total revenue from the tourism industry and its CO, emission
level. Alishan performs better in economic exposure, highway loading, and level of service; however, the
sustainability of Alishan is more vulnerable than that of Sun Moon Lake because of the more serious impact
of tourism development and fewer disaster recovery resources. Accordingly, this study recommends strategies
for reducing vulnerability in mountainous tourism areas, including regulations for controlling the entrance of
private vehicles, transit-oriented development, increased redundancy of daily resources, the allocation of
rescue resources, and the creation of employment opportunities.

REFERENCES

Adger, W.N., 2006. Vulnerability. Global Environmental Change, 16(3), 268-281.

Bana e Costa, C.A., Oliveira, C.S. and Vieira, V., 2008. Prioritization of bridges and tunnels in earthquake risk
mitigation using multicriteria decision analysis: Application to Lisbon. Omega, 36(3), 442-450.

Berdica, K., 2002. An introduction to road vulnerability: What has been done, is done and should be done.
Transport Policy, 9(2), 117-127.

Cardona, O.D. and Carrefio, M.L., 2011. Updating the indicators of disaster risk and risk management for the
Americas. Journal of Integrated Disaster Risk Management, 1(1), 1-21.

Chambers, R., 2006. Vulnerability, coping and policy. IDS Bulletin, 37(4), 33-40.

Chen, B.Y., Lam, W.H.K., Sumalee, A., Li, Q. and Li, Z.-C., 2012. Vulnerability analysis for large-scale and
congested road networks with demand uncertainty. Transportation Research Part A, 46(3), 501-516.

Clark, W.C., Jaeger, J., Corell, R., Kasperson, R., McCarthy, J.J., Cash, D. et al., 2000. Assessing
vulnerability to global environmental risks, Paper presented at the Workshop on Vulnerability to Global
Environmental Change: Challenges for Research, Assessment and Decision Making, Airlie House,
Warrenton, Virginia, May 22-25.

Commission of the European Communities, 2002. Communication from the commission on impact
assessment. COM (2002) 276 final, Commission of the European Communities, Brussels.

Cox, A., Prager, F. and Rose, A., 2011. Transportation security and the role of resilience: a foundation for
operational metrics. Transport Policy, 18(2), 307-317.

de Andrade, M.M.N., Szlafsztein C.F., Souza-Filho PW.M., Aradjo A.d.R. and Gomes M.K.T., 2010. A
socioeconomic and natural vulnerability index for oil spills in an Amazonian harbor: A case study using
GIS and remote sensing. Journal of Environmental Management, 91(10), 1972-1980.

George C., 2001. Sustainability appraisal for sustainable development: Integrating everything from jobs to
climate change. Impact Assessment and Project Appraisal, 19(2), 95-106.

Holmgren, A .J., 2004. Vulnerability Analysis of Electric Power Delivery Networks. Mark och vatten,
Stockholm.

Hsieh, C.H., Su, J.L. and Feng, C.M., 2011. Disaster risk assessment of highway bridge from vulnerability
perspective. Journal of the Eastern Asia Society for Transportation Studies, 9, 1-15.

Intergovernmental Panel on Climate Change (IPCC), 2001. Technical Summary — Climate Change 2001
Impacts, Adaptation, and Vulnerability. IPCC, Geneva.

Jenelius, E., 2009. Network structure and travel patterns: Explaining the geographical disparities of road

8



network vulnerability. Journal of Transport Geography, 17(3), 234-244.

Jenelius, E., Petersen, T., Mattsson, L.G., 2006. Importance and exposure in road network vulnerability
analysis. Transportation Research Part A: Policy and Practice, 40(7), 537-560.

Jeon, C.M., Amekudzi, A.A. and Vanegas, J., 2006. Transportation system sustainability issues in high-,
middle-, and low-income economics: Case studies from Georgia (U.S.), South Korea, Colombia, and
Ghana. Journal of Urban Planning and Development, 132(3), 172-186.

Kasemir, B., Jager, J., Jaeger, C.C. and Gardner, M.T., 2003. Public Participation in Sustainability Science.
Cambridge University Press, Cambridge.

Levine, J. and Garb, Y., 2002. Congestion pricing conditional promise: promotion of accessibility or mobility?
Transport Policy, 9(3), 178-188.

Levinson, D., 2003. Perspectives on efficiency in transportation. International Journal of Transport
Management, 1(3), 145-155.

Loo, B.P.Y. and Chow, S.Y., 2006. Sustainable urban transportation: Concepts, policies, and methodologies.
Journal of Urban Planning and Development, 132(2), 76-79.

Martellato, D., Reggiani, A. and Nijkamp, P., 1998. Measurement and measures of network accessibility -
economic perspectives. In K. Button, P. Nijkamp and H. Priemus (eds.) Transport Networks in Europe;
Concepts, Analysis and Policies. Edward Elgar, London, 161-180.

McMahon, S.K., 2002. The development of quality of life indicators - a case study from the City of Bristol,
UK. Ecological Indicators, 2(1-2), 177-185.

Messner, F. and Meyer, V., 2006. Flood damage, vulnerability and risk perception — Challenges for flood
damage research. In J. Schanze, E. Zeman and J. Marsalek (eds.) Flood Risk Management: Hazards,
Vulnerability and Mitigation Measures. Springer, Netherlands, 149-167.

Miller-Hooks, E., Zhang, X. and Faturechi, R., 2012. Measuring and maximizing resilience of freight
transportation networks. Computers and Operations Research, 39(7), 1633-1643.

Ness, B., Urbel-Piirsalu, E., Anderberg, S. and Olsson, L., 2007. Categorising tools for sustainability
assessment. Ecological Economics, 60(3), 498-508.

Pope, J., Annandale, D. and Morrison-Saunders, A., 2004. Conceptualising sustainability assessment.
Environmental Impact Assessment Review, 24(6), 595-616.

Shafer, C.S., Lee, B.K. and Turner, S., 2000. A tale of three greenway trails: User perceptions related to
quality of life. Landscape and Urban Planning. 49(3-4), 163-178.

Steg, L. and Gifford, R., 2005. Sustainable transportation and quality of life. Journal of Transport Geography,
13(1), 59-69.

Stewart, M.C., 1993. Sustainable tourism development and marine conservation regimes. Ocean and Coastal
Management, 20(3), 201-217.

Turner I1, B.L., Kasperson, R.E., Matson, P.A., McCarthy, J.J., Corell, R.W., Christensen, L. et al., 2003. A
framework for vulnerability analysis in sustainability science. Proceedings of the National Academy of
Sciences of the United States of America, 100(14), 8074-8079.

United Nations, International Strategy for Disaster Reduction (UNISDR), 2004. Living with Risk: A Global
Review of Disaster Reduction Initiatives. United Nations Publication, Geneva.

United Nations, International Strategy for Disaster Reduction (UNISDR), 2005. Hyogo Declaration. United
Nations Publication, Geneva.

Valentine, P.S., 1993. Ecotourism and nature conservation: A definition with some recent developments in

Micronesia. Tourism Management, 14(2), 107-115.
9



World Commission on Environment and Development, 1987. Our Common Future. Oxford University Press,
Oxford.

Yang, Z., 2002. Microanalysis of shopping center location in terms of retail supply quality and environmental
impact. Journal of Urban Planning and Development, 128(3), 139-149.

10



PRI R L E S R4

IR LR F R AR AR G SR P AR ] A R 2L B R
(A e ki A& BE - PEAE- HFBLTAM) LF 3
EaghF ALY FEA AL PR (FRATES LT LG AR 2
BE2EEFILEFLEAGR) ARG HGEE > T FEFR

LS g M B E R AR BARR I P R AR
B P
[0 *Ep % (GHLm 12100 3 3 1)
[ f =% 4z
L] Fle® & &
(] #£# &7
L

2 BT AR H IS LAY IR GHT S D B IR
LN R R EERTR)
we e 2MAs 225 OEs° Oa
B4 WY ¢ L&
o l:lg‘ ﬁ@ﬂm f—"i'ﬂ
E

B (r2200% 502)

3<¢¢§m4¢\ﬁm@%\ﬁg%§§%&,g%pQA%aéwﬁ@%¢
(i BAE S R4 LR BE BENe- HF BT 2500
3 500) 0

TRFERTEMEEHLT R AIESRETRL G ZRP MR Y priEEw
@??ﬁ’HﬁHW%ﬁ&ﬁpﬁiﬁ&Q%?ﬁ%mﬁﬂ%&%~§ﬁpi??ﬁ%ﬁ&
&mk{om%ﬁvﬁﬁwﬁ*ﬁ%jﬁﬁ ﬂiﬂmﬁ”’iéiﬁﬁ%ﬁﬁﬁiii
FlAkz - 2R v RJEFEHG S P D R RERT L ‘Ef"t—' W B BRI Ch i Eﬁﬁ ERLz R
ﬂﬁ%’lym”ﬁﬁﬁﬁﬁ&%$ﬂm”%ﬂ’Pﬁ xT%*W’{§&ﬁ¥ﬁh4u
T BSIER T M”Waﬁ&%%&‘fﬁﬁwgiﬁﬁﬁﬂWi%%%i%’ﬁ%ﬁﬁ%
ﬁ&ﬁw&*;%;;@maﬁ%\d%’z PR TR g R M AR TSR A E
WIE2ARFRERML > LR B E R f BE R LT AR G R LR
%?w AFT T A % % ¢ P Ap 3 Asian Logistics Round Table 7 34 § 1 v g2 2 4 > {5 5 #-
RS g 42 156 o

11



1R FIR

AR R Rk 2T E . HE e
(1% T4, F Pl ERT R EN5ET 2 &
AT EEEcsIZz2E xR BF 4.

#op ot (150 F 5 ')

=¥ PR Y
I3 H )

12




PHIRHLZHAIFEIARNEEREHRCFEL

H:1056#57 200p

*E %% | MOST 104—2410—H—263—010—

SFE e T ERELFELLE %ﬁ)ﬁﬁiﬁ‘_&\ﬁ

IR A R e, PRAR 18 45 WG T8 g
it AricE 2 B ﬁa
. 105217 1002 |, ... _
EHRFR 1 1 ] ¢ @+ 8 | Washington, D.C., U.S.A.
(4 %) SMBHFETLREF B GE ¢
R oA

(# <) The 95" Annual Meeting of Transportation Research Board

(F %) BREREFEL2ZvH 4 T L

cEE N (# =) The resilience investment of logistics operators in transnational

supply chain

\

v S g R

Z R:E ﬁi%lﬁﬂ %+ % B ¢ (Transportation Research Board, TRB) # & - 7 i» §
EEMERESELTRBE € 5 2ok b B LERE 2L - HEEFE
B5lAZE 12,000 2 R & EME F S RE G 0 5 E BAZE 5,000 kA5 €
PEA O GRMF L EAALELEWMPRL Y BT EETAMRE - T
g RE T AL 800 H=x e vy o B P 3545 4 & F K eh “Research
Convergence for a Multimodal Future” » ¥ 5 75 3-=x p|* m 3 % TRB B /L% 2
PR @]"t’lﬁ}%‘i @J‘*iﬁ"i°

x

XA EERA AR LY 10 pF RS EEFRPRRRRSE > 0y
P pE P 2 15 pFa 1 Walter E. Washington Convention Center %4c B ¥ i 5% > ¥
i - %7 2016 Technical Information Exchange & i< i ¢ > 4-4$i8 E i RS
epxi,‘iﬁﬁﬁ Mo T iEseEy R AR R G  TEREIR LM
g A 1Y %% it $ 2 (Science and Technology Division, TECRO) % RJi&##:ie
PR 41" 11 p b =5 [ poster 3 » % & HATERAL T &35 > 1T & 734
o TR L 2 RS AR Y PR FERP O BAM T F TR R
Lt TEEREZAEFXFREARED LEEHINTE o




17 12 p + = = 41 Critical Transportation Infrastructure Protection Committee
BEAP AT ER RS L ME TR RS S Tp f 0 A H LS NG el
B TR TE R R AL ERRE LD EEE RS LI
v EH=rel? 13 P F = iE # Advances in Intermodal Freight Terminal Design and
Operations 3-=c B fLiF ¢ & fajdp b A7 L ABF 22 & H b i > ™ = %41 Logistics of
Disaster and Business Continuity Committee 333 » 52 € ;& “7i& 7 2 T >

R NRRE ) R St SRS R

s BmeoE

AP UBR LAY AR 4 2 e 5 A 0 S TR TR SRR AR
AL E R g Y TR Jﬁ&“ﬁiﬁ e 35 B sadréa (supply chain
disruption) - £7 ¢ & R 2 B 78 7 35 Wi + Ay Nokia 2 Ericsson 3 7 % % 63
TP $rast jw e dp B R > ¥ o T 4w 4R 4 (resilience) &2 A N
@mMMWW)iﬂk@ﬁw@’amﬁg@—ﬁ#%iiiﬁim’ﬁ”’ﬁ
FEFRNERAEY RS 2R et > (supply chain security) H 4 &2 ot i L
ﬁﬁiﬁ%’iiﬁﬁﬁﬁi%ﬁ’iﬁMﬁéﬁﬁkiiﬁ%F ZAFEEY

e 2. W% £ iT o

Vb sw b F S A MERA R v R L AR L
EEEER R TR “"iﬁj’ﬁAé’#f@A?#lé—’#ffﬁx PR TR
4 ildsboid 2 40 R (speed recovery) & % frdE H je o 1 A4mERR 5

“’iﬁﬁaﬁﬂ*”ﬂéf“ %@'”FﬁﬁmﬁWﬁT‘ﬂibﬁ%,
Fed B 2 b2 5E5E 0 $F 4ofe il shock recovery Az ¢ v MAFFIE N E o &

%z?ﬁ*ﬁ#???m“"/»\ PR GBI AAE B L CRREBTEM R Rp T AT
i%@ﬁ*ﬂ%ﬁﬂim;&ﬂ’ﬁ4§iré'g“;w BNt
¢ e Ee (social networks > A+#) v R 2 LisEEArEiRL £ 0 B XA R
FOENL AT EREEREERLY F 3 2R o
RHAFLBEIGFEHTATREFIGE 25 FﬁMﬁA%’%Jakfﬂ

PORA T AT TR HPNEEE R B LA g &
EFRDPBATE R o RN BHEEOF LB EJ g enitr 2 A
SRR TR Ry B AT S G Al 12 Sl U R TF Sl N LSS
B TRBFEFLREEIFTT i LR o



= Hiwmv 2y gL

ABSTRACT

With the development of the transportation technology, manufacturers need the transnational logistics systems
to export products for maximizing the profit. If the accident happened, the disruption of supply chain is likely
to cause huge losses. The coping and response abilities of supply chain members impact the benefits of other
members due to the interdependency. To minimize the losses, suppliers may consider whether their logistics
partners have great resilience. This study applies the Stackelberg game with perfect information to construct a
dynamic game and analyze the resilience investment strategies of companies. Players include the suppliers,
domestic logistics operator, along with overseas logistics operator. This study constructs the resilience
investment cost function of each player considering the logistics accident which happens in the foreign site.
This study assumed that minimizing the total cost is the goal for each player in decision making and applied
the backward induction to assess the equilibrium. A low-temperature supply chain of fruit from Taiwan to
Japan and China was employed as the empirical case. The results show that the larger volume of products, the
higher logistics expenses paid by the supplier, the more stringent accident compensation rules, and the higher
risk of accident in the foreign site, make logistics service providers increase their resilience investment to
prevent additional costs caused by supply chain failure.

Keywords: Resilience, Transnational supply chain, Stackelberg game

INTRODUCTION

Facing industrial globalization and rapidly developing information technology, conventional business models
can no longer adapt to the quickly changing environment. In response, businesses utilize their advantages and
resource integration to gradually form supply chain systems characterized by labor specialization. However,
customer demands are becoming increasingly diverse as product lifecycles gradually decrease. Businesses
rely on large supply systems and continual research, development, and innovation to elevate their overall
market position and ensure a competitive advantage. Increasingly intense market competition has forced
organization decision makers to attempt various methods for improving profitability. Common methods
include cost reduction, quality improvement, just-in-time (JIT) management, high quality after-sales services,
and diversified management. Since the introduction of integrated supply chain concepts, numerous companies
have transitioned from single-business management models to overall supply chain management (SCM)
models to improve profits. SCM encompasses the planning and management involved in procurement,
production, and processing activities as well as all logistics management activities. The primary function of
SCM is to integrate the internal resources of a business with cross-organizational supply and demand. SCM
also entails coordination and collaboration with channel partners, which includes suppliers, intermediaries,
third-party logistics (3PL) services providers, customers, and other stakeholders.

Supply chain vulnerability and the associated operational and financial risks represent the most
pressing concern facing firms that compete in global markets nowadays because tiny events might
dramatically disrupt operations of supply chain (1). Such disruptions spread throughout the entire supply
chain, negatively affecting supply chain members and hindering order fulfillment. Lean supply chain model
based on the perspective of competition may produce adverse effects in crisis situations. If companies are
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fragile and unable to recover promptly from such adverse effects, the entire supply chain may lose
irrecoverable competitiveness. Therefore, the coping capacities and resilience of supply chain become a major
issue in recent studies (2, 3).

Businesses have developed lean concepts that emphasize JIT management to improve their
profitability in extremely competitive markets. However, these concepts have hindered the flexibility and
adaptability of supply chains in reallocating resources when responding to crises or changes in the external
environment. Instead, these concepts may create substantial losses for businesses if these problems are not
controlled and overcome (4). Moreover, the occurrence of unexpected adverse events causes chain reactions.
Events that hinder operations in one section of the chain may trigger a reaction throughout the entire supply
chain, consequently causing chain-wide collapse. Disruptions within supply chains are generally
instantaneous and without warning. Following the globalization of supply chains, the structures have become
transnational, magnifying the repercussions of broken supply chains (5). Due to the extended scope of supply
chain, rapid economic growth, globalization, and social changes, supply chain members have faced
significantly increased uncertainties. Du et al. proposed a methodology to scan vulnerability of logistics
transportation networks considering the difference caused by component degradation and probability of
component degradation under seismic disaster (6).

However, most studies on resilience of supply chain and logistics have focused on the assessment of
key factors influencing the resilience or the establishment of organizational structures and recovery
mechanisms with favorable resilience. Subsequently, few studies have examined resilience improvement
strategies for transnational supply chain members and their investment. Suppliers market their goods to other
countries to improve profitability and thus require a comprehensive transnational logistics system for
transportation and distribution. System disruptions caused by unexpected adverse events may result in
substantial losses for the supplier and the logistics provider. To reduce the financial loss caused by unexpected
adverse events, suppliers and their transnational logistics partners invest in relevant mechanisms for
improving the resilience. Transnational supply chain members are required to share the risk and loss
associated with disruptions. Thus, the resilience investment strategies adopted by businesses are affected by
external factors and the investment strategies of their partner businesses. This study aimed to examine the
investment strategies that suppliers, domestic 3PL operators, and overseas 3PL operators implement to
improve their resilience against potential overseas incidents. Game theory was adopted in this study to
establish a dynamic game model for the resilience investments of transnational logistics providers. Using a
low-temperature supply chain (cold chain) as an empirical case, this study analyzed the equilibrium strategies
of the key players in transnational logistics systems and the management implications of these strategies.

SUPPLY CHAIN VULNERABILITY AND RESILIENCE

Supply chain vulnerability represents an exposure to serious disturbance, arising from risks within the supply
chain as well as risks external to the supply chain (7). Moreover, supply chain vulnerability indicates a
susceptibility and sensitivity to threats and hazards that substantially reduce its ability to maintain its intended
function referring to a function of certain supply chain characteristics and the losses to a given supply chain
disruption (8).

Wanger and Neshat developed the quantitative supply chain vulnerability index considering the
relationships among operation elements and impact factors using Graph theory (9). The vulnerability factors
and their importance to a supply chain vary because of spatiotemporal and enterprise characteristics. Supply
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chain vulnerability can be calculated by a function of consequences and the probability of natural hazards,
accidents, and intentional disruptions. Operators should concern in the highest vulnerability events with high
probability along with severe consequences, for example, expelled partnership with critical supply chain
members, conflicts between labor and capital, and insufficient quality control (2). The categories of supply
chain vulnerability include demand side involving delay of delivery, interruption of distribution network, and
uncertainty (8, 9, 10), supply side consisting of production capacity, quality, human resource, sensitivity, and
resilience (8, 11), as well as structure of supply chain comprised of reliability, connectivity, lean storage, and
agile operations (10, 11).

Chen et al. contributed a method for quantifying and optimizing resilience strategies based on
integrated resource assignment concepts during the post-disruption phase considering a set of optimal actions
from resilient strategies, including selecting alternative routes, switching shipping modes, renting other
carriers’ capacities, re-allocating local trucks, and prioritizing the order of shipments due to limited capacities
(12). A generalized cost of logistics transport network considering both time value and transport cost
represents the criterion used to evaluate the facilities vulnerability, in which the prior protected facilities are
determined based on the risk of component failure and the structure of the network (13).

Businesses generally employ strategies for robustness within their supply chains to resolve problems
regarding demand management. These strategies also enable businesses to effectively deploy their
contingency plans when disruptions occur, thus increasing the resilience of the supply chain (3). Resilience
originates from the theoretical basis of social psychology and is closely associated with ecological and social
vulnerability, psychology and policies of disaster reconstruction, and risk management that are constantly
faced within creasing threats (5). Businesses are frequently subject to environmental uncertainties and must
therefore develop resilience to manage severe contingencies. Resilience entails the backup, absorption, and
recovery abilities required to mitigate the impact of risk, manifesting cost-effectiveness and enables supply
chains to recover rapidly from various functional failures (14).

Wal-Mart was able to respond rapidly to Hurricane Katrina because of the appropriate integration of
its equipment, stores, and logistics centers to its data management center, suggesting that supply chain
resilience facilitates businesses in achieving operations through resource redistribution (15). The intervention
measures for improving resilience includes implementing flexible sourcing, demand-oriented management,
and contingent stock, as well as creating total supply chain visibility and backing up procedures and
knowledge (16). Improving the adaptability and preparation in face of unexpected disruptions is necessary for
reducing risks; supply chains should endeavor to maintain control and continuity of business and system
structures and functions to achieve uninterrupted operations in recovering from disruptions and resuming
normal operations (5).

Resilient supply chains preparing for potentially risky events in advance are able to respond
effectively to these events once they occur, and rapidly recover from collapse by improving the dimensions of
flexibility, adaptability, collaboration, visibility, and sustainability (17). Resilient systems refers to those
capable of absorbing impact, reorganizing following the impact to maintain functionality, adapting to hazards,
dealing with hazards accordingly, and rapidly recovering following disruptions. The resilience can be
improved by reducing vulnerability and improving adaptability. Generally, systems manifest favorable
resilience when they are adaptable and less vulnerable (18).



GAME THEORY

Game theory is the study of mathematical models to explore the equilibrium in behaviors of intelligent

rational decision-makers and their interactions and comprehensively used in economics, political science,
psychology, and biology fields. The players represent decision makers in game theory whose behaviors are
guided by individualism and rationality. There are two fundamental assumptions in game theory. First, players
consider maximized utilization and are able to assess the outcomes according to their own decisions. Secondly,
the behavior and decision of each player involves mutual interdependencies among other players. Therefore, a
game consists of two or more players according to mentioned assumptions, who adopt a set of strategies based
on the maximized payoff considering moves of other players (19).

Games can be classified based on interactions, move sequencing along with information accessibility
of players. From the interaction perspective, the collusive, cooperative and competitive interactions of players
divide games into cooperative and non-cooperative game. Dynamic games denote that player makes a
decision at every decision point considering other player's move sequencing, and his payoffs for all possible
game outcomes, whereas each player chooses his action without knowledge of the actions chosen by other
players in simultaneous games. Based on information accessibility, complete information game expresses that
every player understands the knowledge, payoffs and strategies available to other players, whereas players
may or may not know some information, e.g. types, strategies, payoffs or preferences, about other participants
in incomplete information game. A dynamic complete information game is utilized in this study.

A game tree, an extensive form, has been employed to illustrate dynamic games. A game tree
comprising decision trees of players providing information about all possible strategies of players as well as
probable outcomes in the game through nodes and branches. Terminal nodes indicating the payoffs of every
player are connected with initial node by branches. A sub-game represents any singleton before terminal node
along with its sequencing branches, information, decision point and payoffs. Players in dynamic game
possessing interdependencies have to look forward and reason back for deciding optimal move at each
singleton. The optimal strategy set of posterior player developed according to the best strategy of former
player refer to the best response function to former player. Backward induction, the process of reasoning
backwards in time, from all possible terminal nodes to determine a sequence of optimal actions is utilized to
analyze a game tree. The equilibrium of dynamic complete information game solved by backward induction is
named sub-game perfect Nash equilibrium (SPNE).

The effects of the channel authority distribution were elucidated more clearly without restricting the
boundaries of the manufacturers and retailers and that overall profits were maximized when two members
cooperated with each other based on a game analysis (20). An optimal strategy for yield management
regarding competitive agricultural products was determined by coexisting conditions of industries and
evaluated the model parameters of the equilibrium game to analyze the feasibility and operability of
agricultural supply chain (21).A game model was employed to calculated the risk mitigation costs of the
various vendors by summing the vendors’ risk mitigation investments with their expected losses from
unexpected adverse events. Subsequently, the expected losses caused by the unexpected adverse events were
calculated by multiplying the probability of an unexpected adverse event with the loss incurred by the vendor.
The probability of an unexpected adverse event was adversely proportional to the amount invested by the
vendor for risk mitigation (22).

Moreover, Yue and You set one manufacturer as the game leader and several suppliers and dealers as
the game followers to observe the outcome of a single leader—-multiple follower game based on the
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Stackelberg competition model. In this game, the objective of the players was to maximize profits. Strategies
were characterized into raw material shipment, factory location, raw material acquisition, yield, logistics costs,
and sales. This study further assumed that vendors were able to sell surplus goods that could not be distributed
successfully to downstream venders because of unexpected adverse events or to an external market at a
premium lower than that of the primary market because of overproduction (23).

MODEL CONSTRUCTION

This study adopted the Stackelberg dynamic game framework. The players comprised suppliers, domestic
logistics operators, and overseas logistics operators. Suppliers were vendors endeavoring to market their
goods in other countries. This study hypothesized that suppliers possessed a substantial quantity of goods for
export and therefore had a considerable advantage when negotiating rates with logistics providers. Domestic
logistics operators referred to the domestic 3PL operators that directly undertake international shipping orders
from suppliers, including the domestic freight and warehousing vendors that are responsible for providing
domestic land transport, harbor warehousing and collection, transnational maritime transport, and customs and
quarantine services. Based on the supply chain ideology of collaborative planning, forecasting, and
replenishment (CPFR), this study regarded the various domestic 3PL of transnational logistic systems as a
single player and hypothesized that these providers possessed a centralized window for communicating with
suppliers and overseas logistics providers. Similarly, overseas logistics providers referred to the local 3PL
operator in foreign site as a single player.

To understand the willingness to pay for global logistics of the supplier, and resilience investment
strategies of both domestic and overseas 3PL operators, this study formulates a three-stage dynamic complete
information game illustrated as Figure 1, indicating that supplier (S) locates at the initial node acting the
transnational logistics costs (f). The second actor, domestic 3PL operator (A), determines the optimal
resilience investment strategy at Cp as the best response to the supplier’s willingness to pay for transnational
logistics costs. According to the investment strategy, overseas 3PL operator (B) invests at Cg to improve the
resilience of its local logistics service for preventing the probability of broken chain and the following
compensation. After formulating utility functions of players, backward induction is employed to achieve
SPNE in which the generalized solutions are discuss through empirical cases.

Resilience Resilience
Logistics cost investment investment
(8) (Ca (Ce)
Supplier (S)
Domestic 3PL Overseas 3PL
operator (A) operator (B)

FIGURE 1 Framework of game tree.

All players aimed to minimize costs. This study regarded the function form of resilience investment
cost, the quantities of products unable to distribute, and expected compensation as total cost of both 3PL
7



operators according to Bakshi and Kleindorfer (22). To explore the occurrence of overseas disruptions in
transnational logistics systems, it was hypothesized that the suppliers could provide an adequate and stable
stream of goods. Furthermore, this study assumed that suppliers are able to sell non-exported goods caused by
chain failure in the domestic market at a reduced premium during disruptions. In addition, in the occurrence of
an unexpected adverse event, the domestic 3PL operator would be required to pay a percentage of the logistics
cost (based on the predetermined logistics fees) as compensation to suppliers. This study only considered
losses directly attributable to unexpected adverse events, including damage to goods and equipment, supply
and delivery disruptions, and compensation.

Equation 1 indicates the objective of suppliers, in which these costs comprised decision-varying
logistics costs and expected losses because of unexpected adverse events. For the occurrence rate of
unexpected adverse events, this study considered only external factors, including natural disasters, society,
and politics. The quantity of goods that could not be exported as a result of logistics disruptions was
correlated with the resilience investment of the overseas logistics providers (Equation 2), and compensation
was correlated with freight costs (Equation 3).

MinV, = QB +Prx[(c—8)xAQ, =] ®

where Q represents overall export volume, B represents the unit logistics cost of the goods, Pr
represents occurrence rate for unexpected adverse events affecting the overseas 3PL operator (0<Pr<1), o

represents the profit of overseas selling units from sale of goods, & represents the profit of domestics selling
units from sale of goods, AQ, represents the quantity of goods that could not be exported as because of

logistics disruptions, and 7 represents the compensation payable by the domestic 3PL operator.
AQ, = Qxe % @)

where a and b represents the impact parameters from resilience investment of domestic and overseas
3PL operators, respectively, to the product volume unable to export caused by chain failure in foreign site.

7=AQ, xaf (3)
where « represents the compensation—freight cost ratio (0<« <1).

To prevent the occurrence of illogical circumstances in which the increased severity of unexpected
adverse events benefited the supplier, this study set o > af+ 6 . The domestic and overseas 3PL operators
also aimed to minimize costs (Equations 4 and 5). These costs comprised resilience investments reliant on
decision-making factors and expected losses from unexpected adverse events. The supply disruption losses of
the overseas 3PL operator were correlated with its resilience investment (Equation 6).

l\élinVA:CA+Prx[AQSx7ﬂ+¢A+r] 4)



where ¥ represents the domestic  3PL operator’s allocated portion of the logistics fees paid by the
supplier (0<y<1)and ¢, represents the losses (in terms of goods and equipment) incurred by the domestic
3PL operator because of disruptions.

Min V, = Cq +Prx[AQ, x (L—7) 5 + 5] (5)

where AQ; represents the supply disruption losses of the overseas 3PL operator caused by unexpected
adverse events and ¢, represents the losses (in terms of goods and equipment) incurred by the overseas 3PL
operator because of disruptions.

AQg =Qx e (6)
where c represents domestic performance of the overseas 3PL operator’s resilience investment.

RESULTS AND DISCUSSION

According to backward induction, this study firstly analyzes the optimized resilience investment strategies of
actor at terminal node, i.e. overseas 3PL operator, to keep the lowest cost considering the alternatives of
leading actors. The analyzed best response function is substituted into utility function of domestic 3PL
operator in which the optimized resilience investment would be determined. Finally, the best response in
resilience investment of domestic 3PL operator is substituted into supplier’s utility function to solve the
optimized transnational logistics costs.

Results in SPNE

The SPNE solved by backward induction represents a generalized solution rather than specific solution
analyzed based on behavior or data of each individual via questionnaires. Accordingly, the optimized
transnational logistics cost of the supplier is illustrated in Equation 7.

5 QU +a)(o ~9)

.
aQ(y +a) ")

Based on the assumption mentioned above, the suppliers could sell surplus goods that were not
successfully shipped overseas in the domestic market at a reduced premium (o > ). Thus, S >0.The
results obtained from Equation 7 revealed that the supplier’s logistics costs were positively correlated with
overseas sales profits. Subsequently, the supplier manifested an increased willingness to pay higher logistic
costs with an increased profit margin between domestic and overseas sales. However, increased overseas sales
and stringency in supplier—logistics provider compensation regulations elevated the loss incurred by 3PL
operator during supply chain failure, and the suppliers’ equilibrium results shifted further toward reducing
logistics spending to save costs. Moreover, the 3PL operator exhibited increased resilience investment
willingness, and the suppliers’ equilibrium results further trended toward reducing logistics spending to save
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costs when the logistics providers were allocated an increased proportion of the logistics costs or when the
resilience investments of domestic 3PL operator manifested increased performance. The equilibrium results
for the suppliers’ logistics costs suggested that the occurrence rate of unexpected adverse events in overseas
supply chains fails to affect the suppliers’ logistics spending policies directly.

The results obtained from Equation 8 showed that the equilibrium results of the domestic 3PL operator
shifted further toward increasing resilience investments in situations with increased logistics costs per unit of
goods paid by the supplier, quantity of goods, stringency in the supplier—logistics provider compensation
regulations, and the proportion of the logistics costs received. The rate of supply chain failure was elevated
when the other country was prone to natural disasters or exhibited inadequate development of logistics
technology. In addition, the equilibrium of the domestic 3PL operator shifted further toward increasing
resilience investments in situations with increased overseas sales profits, which elevated suppliers’ willingness
to increase logistics costs.

1 1
bxln(P 1 J—CXIH[P J

ac

[ (y+a)a j ( 1 ]
bxIn —cxln
_ Pr<\/aQ(y +a)(c - 8) x (L-y)c Pr<yaQ(y +a)(c - )

ac

The sizes of parameters a, b, and ¢ were influenced by the logistic equipment and technology
development of the two countries. Increased development of domestic logistic technology yielded a greater a
value, and increased development of overseas logistic technology yielded greater b and ¢ values, with
denoting that the effect of the resilience investments of overseas 3PL operator on accident losses was far
greater than the its effect on improving the resilience of the domestic 3PL operator. Subsequently, the
domestic 3PL operator manifested decreased resilience investment willingness and increased domestic sales
profits. The magnitude of the effect of logistics costs paid by the supplier, export quantity, and the disruption
occurrence rate on the equilibrium of domestic 3PL operator’s resilience investments become greater as the
margin between the b and c values increased. Moreover, the magnitude of the effect of the
compensation—logistics cost ratio and the proportion of the supplier’s logistics costs allocated to the domestic
3PL operator on the equilibrium of domestic 3PL operator’s resilience investments became greater as the
technical development of the domestic 3PL operator increased.

The results obtained from Equation 9 showed that the equilibrium results of overseas 3PL operator
shifted further toward increasing resilience investments in situations when logistics costs per unit of goods
paid by the supplier and quantity of goods are both increased. Furthermore, when the supplier—logistics
provider compensation regulations were relatively more stringent or if the domestic 3PL operator were
allocated a larger proportion of the logistics costs, domestic 3PL operator were more likely to cooperate with
the overseas 3PL operator with favorable resilience, thereby elevating the willingness of the overseas 3PL
operator to increase their resilience investments.
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Similar to the results of the domestic3PL operator, the suppliers’ willingness to increase logistics costs
was demonstrated when profit margin between goods sold domestically and internationally was increased,
with the supplier’s logistics expense per unit of goods achieving a positive correlation with the resilience
investments of the overseas 3PL operator. Therefore, the equilibrium results of the overseas 3PL operator
trended more toward increasing resilience investments. This was also true for when the rate of supply chain
failure was also elevated as a result of the other country being prone to natural disasters or manifested
inadequate development of logistics technology.

Empirical Discussions

This study conducted a case study on the export of fresh, chilled, and frozen fruits from Taiwan to China and
Japan to elucidate resilience investment strategies of suppliers and transnational 3PL operators. The Taiwan
Provincial Fruit Marketing Cooperative (TPFMC) was selected as the supplier. This cooperative is
collectively managed by numerous Taiwanese farmer groups and is the largest agriculture-based cooperative
in Taiwan. Table 1 shows a comparative overview of the low-temperature logistics (cold chain) of Japan and
China and of Taiwan’s fruit export situation.

In the global markets, the competitiveness of cold chain enterprise is impacted by the fluctuations in
prices of products, the inefficiency in clearing customs and quarantine, as well as difficulty in controlling
qualities. Especially, the insufficient infrastructures and technology of foreign cold chain members (e.g.
unbalance between supply and demand caused by unsymmetrical information, along with the absence from
integrated monitoring mechanism) increase the risk of broken cold chain. Cold chain is a subset of the total
supply chain involving the production, storage and distribution of products that require temperature control
for retaining their critical characteristics and associated value. Moreover, cold chain involves the
transportation of temperature sensitive products in the supply chain through thermal and refrigerated
packaging methods, along with logistics planning to protect the integrity of the shipments.

TABLE 1 Comparison of the Fruit Exports from Taiwan to China and Japan

Items

To Japan

To China

Note

2015 Annual Export
Volume

Annual export volume for fresh,
chilled, and frozen fruit is 1,871
metric tons, valued at US$3.054
million.

Annual export volume for fresh,
chilled, and frozen fruit is 26,060
metric tons, valued at US$39.893
million.

Q, <Qc

Primary Exports

Banana, mango, pineapple

Mango, citrus, pineapple, orange,

grapefruit, betelnut
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Domestic Unit Profit

Approximately US$1.63 per

metric kilogram

Approximately US$1.53 per

metric kilogram

0, >0,

Overview of
Low-Temperature

Logistics

Cold chain coverage is
approximately 80%—90%.

Mature cold chain technologies.

Cold chain coverage is
approximately 10%.

Cold chain technologies are in the
developmental stage.

Annual goods lost because of

improper temperature control
amounts to US$50 billion.

The exportation of goods by Taiwanese fruit suppliers to China fosters developing into an economy of
scale, in which incentives are provided to cross-strait 3PL operators to invest in supply chain resilience and
TPFMC'’s logistics costs for exports to China can be lowered to minimize cost. Although the domestic unit
prices for fruit exported from Taiwan to Japan are slightly higher than the prices for that to China, the quantity
of fruit export from Taiwan to Japan has gradually decreased each year. The limited quantity of exports to
Japan makes promoting resilience investments to 3PL operators extremely difficult. Thus, to minimize costs
for suppliers, the TPFMC should pay higher logistics costs to 3PL operators to improve the resilience of fruit
cold chain from Taiwan to Japan. The TPFMC can increase logistics budges or export goods to encourage
domestic3PL operator to reinvest in supply chain resilience. Under identical circumstances, these approaches
create a greater incentive for domestic 3PL operator to reinvest in the resilience of large-scale rather than
small-scale disaster prevention. The TPFMC can alternatively employ the companion regulations to induce
overseas 3PL operator to reinvest in supply chain resilience. Under identical circumstances, these approaches
create a greater incentive for Chinese 3PL operators than for Japanese 3PL operators.

Disruptions often occur in Chinese fruit-export logistics systems because of excessive volume and
cold-chain failure; thus, Taiwanese 3PL operators tend to invest more funds in improving resilience against
overseas supply chain failures. Moreover, Chinese 3PL operators tend to invest more in improving resilience
against domestic supply chain failures because of large export volumes from Taiwanese fruit suppliers to
China and the frequent occurrence of disruptions in Chinese logistics systems caused by natural or
human-made disasters. By contrast, the volume of fruit exports from Taiwan to Japan is comparatively small,
with disruptions being less likely to occur. Consequently, although profits are slightly higher for exports to
Japan than to China, Taiwanese 3PL operators tend to invest less funds for preventing disruptions in Japan,
whereas Japanese 3PL operators tend to invest less in domestic disruption prevention. If the TPFMC increased
its logistics budges and export volumes, or demands for greater compensation in its compensation agreements,
then both domestic and overseas 3PL operators would increase their resilience investments in response.

CONCLUSION

The analytic findings indicated that the suppliers’ equilibrium results trended towards reducing logistics
spending to lower costs associated when export volume is increased, accident compensation regulations are
stringent, and performance in logistics providers’ resilience investments is favorable. When the profit margin
between domestic and international sales was considerable, the suppliers’ equilibrium results trended toward
increasing logistics spending to ensure the stability of the logistics system, thereby improving profitability.

Moreover, as favorable effects of the domestic logistics providers’ resilience investments on reducing the
12



suppliers’ accident losses increased, the influence of the various parameters on the equilibrium results of the
suppliers’ logistics spending decreased.

The domestic 3PL operator’s equilibrium results shifted further toward increasing resilience
investments to reduce accident losses in situations with increased logistics profit per unit, product volume,
stringency of the compensation regulations established by suppliers, suppliers export profits, or occurrences of
unexpected adverse events overseas. In addition, a parametric analysis of the equilibrium solution revealed
that the reduction magnitude and interaction that the resilience investments of both domestic and overseas
3PL operators have on reducing accident losses determine the influence that the various parameters have on
the equilibrium results of the domestic 3PL operator’s resilience investments. Overseas 3PL operator’s
equilibrium results shifted further toward increasing resilience investments to reduce accident losses in
situations with increased logistics profit per unit, product volume, suppliers’ profit margin between domestic
and international sales, or occurrences of unexpected adverse events overseas. Subsequently, because the
overseas 3PL operator was influenced by the domestic 3PL operator in this game structure, increased
stringency in the compensation regulations with the supplier and the domestic 3PL operator or increased
logistics costs allocated to domestic 3PL operator caused the equilibrium results.

Future research could determine the effects of resilience investments for various providers in the form
of function equations. This study adopted a simplistic approach to characterize the key transnational players:
suppliers, domestic 3PL operator, and overseas 3PL operator. However, a diverse number of operators are
involved in transnational logistics. This study suggests that the list of relevant players be expanded. The
suppliers were set as the primary actors in the proposed dynamic game because they are the dominant decision
makers among the three players. Future studies could examine situations in which logistics providers play the
dominant role by setting the logistics providers as the primary actors and examining and comparing the
resulting equilibrium solution. In addition, long-term observations could be performed to formulate a specific
distribution curve for disruption occurrences, thus determining the equilibrium solutions based on the
resilience of specific transnational supply chains.
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