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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
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site. This study assumed that minimizing the total
cost 1s 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.

Resilience, Transnational supply chain, Stackelberg
game
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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 (/). 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
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
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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. The present 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 the present 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, the researchers 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
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, /1), 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 (/3).

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
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recovery abilities required to mitigate the impact of risk, manifesting cost-effectiveness and enables supply
chains to recover rapidly from various functional failures (/4).

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 (/5). 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 (3).

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 (/7). 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 (/8).

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 (/9).

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
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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 (27).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
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. The researchers 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. The researchers 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), the researchers 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 Cy4 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 Cp to improve the
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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

) (Ca) (Cp)
Supplier (S)

Domestic 3PL Overseas 3PL
operator (A) operator (B)

FIGURE 1 Framework of game tree.

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

AJﬁinVS:QB—FPrx[(o-—&)xAQS—T] (1)

where Q represents overall export volume, [ represents the unit logistics cost of the goods, Pr
represents occurrence rate for unexpected adverse events affecting the overseas 3PL operator (0<Pr<l), 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, =Qx o~ “CabCs )



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

To prevent the occurrence of illogical circumstances in which the increased severity of unexpected
adverse events benefited the supplier, the researchers set o > f + 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).

]\ginVA:CA+Prx[AQS><y,B+¢A+T] 4)

where y 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.

MinV, =Cy + Prx[AQy x (1= )8+ 9, ] )

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.

-cCyp
AQ, =Qxe (6)
where ¢ 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.
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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, £ >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
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.
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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 » 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
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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

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

metric kilogram

metric kilogram

Items To Japan To China Note
2015 Annual Export | Annual export volume for fresh, Annual export volume for fresh, Q, <Q.
Volume chilled, and frozen fruit is 1,871 chilled, and frozen fruit is 26,060

metric tons, valued at US$3.054 metric tons, valued at US$39.893

million. million.
Primary Exports Banana, mango, pineapple Mango, citrus, pineapple, orange,

grapefruit, betelnut

Domestic Unit Profit | Approximately US$1.63 per Approximately US$1.53 per 5,55,

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
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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
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 the present 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. The present 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. The present 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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THE VULNERABILITY OF COLD CHAINS: A CASE OF FRESH FOOD AT CONVENIENCE STORES
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Email: chhsieh@mail.chihlee.edu.tw

ABSTRACT

For people dining out, convenience stores are a new source of a diverse range of fresh food products that
includes refrigerated, warm, and freshly made comestibles. The quality of perishable food products degrades
with time because inappropriate logistics can increase the risk of foodborne illnesses. Cold chains, which
involve the uninterrupted refrigerated handling of fresh food from manufacturers to the market, concern the
processing, transportation, and storage of temperature-sensitive products. Accordingly, this study explores the
essential impact factors of cold chain vulnerability by using a decision-making trial and evaluation laboratory
(DEMATEL) method based on nine criteria. One of the major fresh food suppliers of FamilyMart in Taiwan
was employed as the empirical case. The methodology can determine the critical vulnerability factors and the
weakest link in the fresh food cold chain logistics system to improve the risk assessment and loss mitigation
of cold chain systems.

Keywords: Cold chain, vulnerability, fresh food, convenience stores, decision-making trial and evaluation
laboratory (DEMATEL)

1. INTRODUCTION

Supply chain vulnerability and the associated operational and financial risks represent the most pressing
concern encountered by firms that currently compete in global markets because trivial incidents can
considerably disrupt supply chain operation (Craighead et al., 2007). The coping capacities and resilience of
supply chain has become a major concern in recent studies (Sheffi and Rice Jr., 2005; Tang, 2006; Colicchia,
et al., 2010). Because of the more complicated supply chain operation, rapid economic growth, globalization,
and social changes, supply chain members have faced substantially increased uncertainties. The supply chain
might be vulnerable because vast amounts of variations of components and materials that consumer desire
must be simultaneously delivered within short intervals (Svensson, 2000). In particular, changes in industrial
structures, such as extended chain store systems, various distribution types, changing retail channels, popular
3



low-temperature products, professional logistics services, dense inhabitation, and urbanization, facilitate the
development of low-temperature supply chain (i.e., cold chain). Most of the products that cold chains serve
are temperature sensitive; the alteration of temperature in transportation and storage, package stability, and
pick-up and delivery times, substantially influence the quality of cold chain.

In the global market, the competitiveness of cold chain enterprises is affected by fluctuations in product prices,
economies of scale, inefficiency in clearing customs and quarantine, as well as difficulty in controlling quality
of agricultural products. The insufficient infrastructures and technology of foreign cold chain members (e.qg.,
imbalance between supply and demand caused by asymmetrical information along with the absence of an
integrated monitoring mechanism) substantially increase the risk of broken cold chain. Cold chain consists of
a subset of total supply chain, involving the production, storage and distribution of products that require
temperature control for retaining their essential characteristics and associated value (Reed, 2005). Moreover,
cold chain involves the transportation of temperature-sensitive products in the supply chain through
refrigerated packaging methods, accompanied by logistics planning to protect the integrity of the shipments
(Rodrigue et al., 2013).

Previous studies regarding cold chains have focused on the technology in monitoring and controlling
temperature condition, neglecting impact analyses on broken cold chains. Accordingly, this study examined
the practical processes of cold chain operations to develop a framework using a decision-making trial and
evaluation laboratory (DEMATEL) method for exploring the crucial impact factors of cold chain vulnerability
based on the interdependencies among vulnerability factors, thus proposing improvement strategies for cold
chain operators. The socioeconomic changes in Taiwan have resulted in an increase in the population that
dines out, reaching 70% of the total population in 2007. Owing to the high density of convenience stores
(CVSs) and their 24-hr operation, 90% of Taiwanese people have unlimited access to CVS services in their
communities. For people dining out, CVSs provide a new source of diverse fresh food products, including
refrigerated, warm, and freshly made comestibles.

Along with the convenience factor, increasing numbers of customers buy fresh food at CVSs because of the
substantially improved quality and taste of these foods. The growth of food service at CVSs is facilitated not
only by operators’ focus on quality ingredients and preparation from scratch, but also by young consumers’
willingness to try the fresh food that CVSs offer. Rather than because of densely spread channels, the market
share of fresh food at CVSs has increased because of innovative new products, target marketing strategies,
and the degree of dependence on CVSs. The annual revenue derived from sales of fresh food at CVSs
exceeded US$1 billion in Taiwan with a growth of 10.1% in 2012 (Industry and Technology Intelligence
Services, 2013). Thus, the cold chain operation of fresh food at CVSs was employed as the empirical case in
this study. The following section presents a definition of cold chain vulnerability and clarifies the relevant
factors, after which the DEMATEL method is described in detail. Subsequently, the empirical vulnerability of
major fresh food suppliers of FamilyMart in Taiwan is discussed, and Section 5 provides the conclusion and
recommendations for future research directions.



2. THE VULNERABILITY OF COLD CHAIN

2.1 Cold Chain

The cold chain is a physical process that is predominantly applied in the supply chain logistics of certain
processed foods and can be applied to frozen, chilled and fresh perishable food products (Salin and Nayga,
2003). Cold chain logistics, comprising equipment and processes that maintain perishable products in
controlled cold environments, involves the production and processing conducted in packaging stations, cold
storage warehouses, transportation systems, distribution centers, and retailer operations (Casper, 2007). Any
variation in temperature increases the risk of food poisoning and food spoilage, and each product requires a
specific temperature-controlled environment in the distribution process for delivering the products to stores
(James and James, 2010). Accordingly, temperature control is critical in cold chain logistics and for
maintaining the quality and integrity of the products (Kuo and Chen, 2010). Moreover, because urban
populations are rapidly growing, implementing cold chain logistics is a primary method for ensuring the
quality and safety of food (Coulomb, 2008). Various problems in food safety have emphasized the need for
the early identification of hazards that affect cold chains and the subsequent mitigation, control, and
prevention of the associated risks (Marvin and Kleter 2009).

In fresh food cold chain system, a necessary temperature level is set to maintain the quality of fresh food at
each link of the supply chain. To preserve the quality of fresh food products, professional and specialized
facilities are required to control the correct temperatures from production to delivery for consumption. The
facilities in a cold chain logistics system consist of precoolers, packing houses, refrigerated chambers, and
refrigerated vehicles. Precoolers are used to quickly dissipate heat after harvest to obtain the required
conditions, and packing houses are necessary for preparing fresh foods before they enter the market, which
involves processes such as trimming, cleaning, and removing deficient products. Furthermore, refrigerated
chambers create the required low-temperature storage environments for storing high-quality fresh food,
whereas refrigerated container vans and trucks are used for distributing and delivering fresh food from such
refrigerated chambers or packing houses (Yang and Cai, 2013). Fresh food cold chain enables suppliers to
control the appropriate temperature for foodstuffs with short periods of freshness; to correctly store fresh food,
the rule “first in, first out” must be followed (Likar and Jevsnik, 2006), and variations in temperature must be
minimized.

The cold chain of fresh food at CVS refers to the uninterrupted refrigerated handling of fresh food from the
manufacture to the market. These products require adequate treatments, such as processing, transporting, and
storing, before selling. The qualities of perishable food products degrade with time because inappropriate
logistics can increase the risk of microbial contamination, which not only reduces the shelf life of products but
also causes foodborne illness. The cold chain system thus needs proper facilities, processes, as well as
participants, such as packers, transport service suppliers, and workers to handle, store, and transport
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perishable produce. Cold chain management plays a strategic role in the quality of fresh food arriving to
consumers.

2.2 Supply Chain Vulnerability

Vulnerability refers to susceptibility to damage without adaptation because of exposure to the negative effects
caused by external changes (Adger, 2006). Chambers (2006) expressed that vulnerability exists in systems
having inferior resistance and coping capacities in insecure conditions. In other words, a system is vulnerable
when exposed to risks, impacts, or pressures from disasters when a contingency-mitigating capability does not
exist. Based on the perspective of supply chain, Juttner et al. (2003) defined supply chain vulnerability as the
adverse consequence of risk sources in relation to the existing mitigation strategies. Christopher and Peck
(2004) considered supply chain vulnerability represents as an exposure to severe disturbance, arising from
risks that are internal and external to the supply chain. 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 the function of certain supply chain characteristics and the losses caused by a given
supply chain disruption (Wagner and Bode, 2006).

Wanger and Neshat (2010) developed the quantitative supply chain vulnerability index by considering the
relationships among operation elements and impact factors by using graph theory. The vulnerability factors
and their importance to a supply chain vary because of spatiotemporal and enterprise characteristics. Sheffi
and Rice (2005) calculated supply chain vulnerability by using a function of consequences and the probability
of natural hazards, accidents, and intentional disruptions. Operators must be concerned with the highest
vulnerability events with high probability and severe consequences; for example, dissolved partnerships with
critical supply chain members, conflicts between labor and capital, and insufficient quality control. The
categories of supply chain vulnerability, as related to demand, include delivery delays, an interruption of
distribution networks, and demand uncertainty (Hallikas et al., 2004; Wagner and Bode, 2006; Wanger and
Neshat, 2010; Fazli and Masoumi, 2012); vulnerability related to supply consists of production capacity,
quality, human resources, sensitivity, and resilience (Wagner and Bode, 2006; Pettit et al., 2010), as well as
the structure of supply chains, which comprises reliability, connectivity, lean storage, and agile operations
(Pettit et al., 2010; Fazli and Masoumi, 2012).

Cold chain involving the processes, transportation, and storage of temperature-sensitive products through
refrigeration technology, and logistical planning provides the necessary low-temperature environments to
improve the quality and security of food. Controlling and recording temperatures is essential for cold chain
(Montanari, 2008). Previous studies have determined that the primary condition necessary for successful cold
chain is utilizing appropriate refrigerated facilities in processing, transporting, and storing products (Zhang et
al., 2003; Kuo and Chen, 2010). Cold chain involving food is characterized by strict shelf life constraints,
long lead times, and specific requirements for logistics processes such as warehousing and transportation (van

der Vorst et al., 2005). Because performance enhancement is an ongoing requirement, devising a lean cold
6



chain by eliminating low value-added activities and reducing inventory leads to an increased vulnerability to
disruption (Vlajic et al., 2012).

3. METHODOLOGY

The decision-making trial and evaluation laboratory (DEMATEL) method, developed based on graph theory,
has been used to discuss and solve complex and intertwined problem groups based on the improvement in the
understanding of a specific problematique and a cluster of intertwined problems. Using the DEMATEL
method enables planners and operators to determine and solve problems by visually confirming the
interdependence among variables, which facilitates the development of a directed graph to reflect the
interrelationships between variables (Huang et al., 2008). Employing the DEMATEL method involves four
steps: calculating the average matrix, calculating the normalized initial direct-influence matrix, deriving the
total relation matrix, and proposing the impact-relations map. The end product of the DEMATEL process (e.g.,
the impact-relations map) is a visual representation of the thought processes by which experts organize their
actions in the world. This organizational process must occur for experts to maintain internal coherence and to
achieve personal goals.

Respondents were asked to indicate the non-negative direct-influence that they believe each component in a
given system exerts on each of the others, using a scale ranging from 0 to 1. A link v;; from variable C; to
variable C; determines to what extent C; affects C;. From any group of direct matrices of respondents, Eq. 1
represents the average matrix V, where the diagonal elements of matrix V are all set to zero, and n denotes
number of factors concerned in the system. Subsequently, the normalized initial direct-relation matrix X
(shown in Eqg. 2) generated based on V by using a simple matrix operation, shows the initial influence that a
factor exerts on and receives from another factor, in which the normalization coefficient { is indicated as in
Eq. 3. Each element of matrix X portrays a contextual relationship among the elements of the system and can
be converted into a visible structural model—an impact-relations map—of the system with respect to that
relationship.

c, C, C C
Cl 0 V].Z Vln
V= C2 Vo, o - Vs, (1)
c. |: o
Cn an Vn2 0 nxn
X=4 V @
l: n 1 n
max (max Y v;, max >y v;) ©)
i1 -1
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A continuous decrease of the indirect effects of problems along the powers of matrix X, (e.g., X% X3, ..., X7),
guarantees convergent solutions to the matrix inversion, similar to an absorbing Markov chain matrix. The
total relation matrix T is defined as Eq. 4, where | refers to the identity matrix. The element of the matrix T, t;;,
denoting the full direct- and indirect-influence exerted by factor C; on factor C; is employed to calculate the
active and reactive degree of each factor in the system.

T=3 X = lim X (1 + X2 400+ X™) = lim X (*

k=1 m—o

_Xm .
)= X(1-X) @)

Equation 5 shows the affecting ability of D;, representing the sum of influence exerted by factor C; on the
other factors, whereas R; is the sum of influence that factor C; received from the other factors (shown in Eq. 6).
(Di+Ry);=i, namely prominence, reveals the degree of importance to the role of C; in the system and also
provides an index that shows the total effects both exerted and received by C;. Moreover, (Di— R;)j=i, namely
relation, indicates the net effect that C; contributes to the system. A positive relation denotes that C; belongs to
the cause group, whereas C; is a net receiver if the relation is negative (Falatoonitoosi et al., 2013).

Di = Z:ltij (5)
R; = itii (6)

The DEMATEL method is widely applied in industrial planning, such as in the marketing strategies for
LCD-televisions that are based on consumer behavior (Chiu et al., 2005), airline safety measurement and
improvement strategies (Liou et al., 2007), human resource protocol based on global managers’ competencies
(Wu and Lee, 2007), portfolio selection based on capital asset pricing models (Ho et al., 2011), and organic
light-emitting diode technology selection (Shen et al., 2011).

4. EMPIRICAL RESULTS

A fresh food manufacturer providing instant food at 4 °C to FamilyMart in Taiwan was employed to analyze
cold chain vulnerability and verify systematic interdependency assessments. Eleven experts, including
scholars and managers responsible for information technology, quality management, research and
development, as well as operation sites were invited to determine the causal relationships between pairs of
vulnerability factors in fresh food cold chain operations. Based on a literature review and empirical processes
illustrated in Fig. 1, facilities including food processing equipment and low-temperature vehicles, procedures
including temperature control in processing and transportation, and human resource management including
operational accuracy and crisis management skills were determined as the critical constructs in fresh food cold
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chain operations. The experts formed a consensus comprising nine vulnerability factors: idle time of
low-temperature facilities, abnormality of refrigerated vehicles, abnormality of power supply, imperfect
information, inadequate temperature control in food processing, inadequate temperature control in distribution
and delivery, unqualified food products, error caused by frontline employees, and crisis handling ability of
managers.

Low-
—» temperature —» Retailers
D.C.

Fresh food

Suppliers I value-added

I

Warehouse [—»pre-treatment—»{ cooking | Fpra(\)czlfangf‘ —>» picking —» delivery

Figure 1. Operational processes of fresh food cold chain

Table 1 shows a 9x9 causal impact matrix V, where the systematic relationship of each variable is identified.
Each cell in the impact matrix reveals how the vertical variable directly influences the horizontal variable; for
example, the cell corresponding to the fourth column and third row shows how abnormality of power supply
influences imperfect information.

Table 1. Causal impact matrix

Passive
Active w @ 60 & 6 6 O 6 O

o
N

(1) Idle time of low-temperature facilities 0 0joi1j0|0|0]|0O

(8) Error caused by frontline employees 03|06 07|107|03|02| 0

0

(2) Abnormality of refrigeration vehicles {01| 0 | 0O | O | 0 {01]07]| 0 | O
(3) Abnormality of power supply 03| 0| 0 |06|06|0|06]|0]|0O0
(4) Imperfect information 03| 0| 0| 0|06|06| 0 |06]|05
(5) Inadequate food processing temperature | 0 |04 0 | 0 | O | O |05|04
(6) Inadequate delivery temperature 0|07 0| 0] 0] O0|08|02
(7) Unqualified food products 0|02 0] O

0

0

o
o
o
o
w
O | o | oo | o

(9) Crisis handling ability of managers 07| 0 06(05({03|02|04

Based on Eq. 2, 4 =1/3was substituted into Eq. 3, calculated the inverse matrix by using Microsoft Excel
2007, and determined the total relation matrix T based on Eq. 4. Table 2 shows the total relation of each factor
in matrix T, which ranges from 0.001 to 0.356 with a mean value of 0.117, a median of 0.052, and a standard
deviation of 0.115. To explain the structural relationship among the factors and maintaining the complexity of

the system at a manageable level, identify a threshold level is necessary to filter the negligible effects (Li and
9



Tzeng, 2009). The experts formed a consensus regarding the threshold calculated using the mean value plus
standard deviation (0.117 + 0.115 = 0.232) to assist in obtaining adequate information for simplifying the
impact-relations map for further analysis and decision-making.

Table 2. The total relation matrix for cold chain vulnerability factors
Factor” Total relation D+R D-R

@ 2 3) “) ©) ©) () ©) ©)
(1) 0011 0013 0067 0017 0054 0.006 0.028 0.014 0.003 1.158 -0.729

(2 0039 0034 0.003 0008 0011 0039 025 0.032 0001 1.848 -1.001
(3 0150 0.100 0.010 0.240 0.291 0.068 0.303 0.127 0.040 1459 1.200
(4) 019 0193 0.013 0118 0.342 0.282 0.214 0334 0.18 2917 0.840
(5) 0.030 0.200 0.002 0.043 0.052 0.034 0.244 0.176 0.007 2255 -0.677
(6) 0.025 0291 0.002 0.028 0.034 0.027 035 0.115 0.005 1.739 0.027
(7y 0019 0102 0.001 0.028 0.035 0.021 0.044 0.117 0.005 2315 -1.570
(8 0166 0336 0011 0279 0339 0.186 0.266 0.146 0.046 3.108 0.442
(9 0306 0156 0.020 0.277 0307 0.192 0.231 0.272 0.046 2147 1.467

* Note: Numbers in parentheses refer to the corresponding vulnerable factor mentioned in Table 1.

Figure 2 reveals the impact-relations map with a direct and indirect influence in which unqualified food
products (7) play a passive role (i.e., a performance index) in the fresh food cold chain operations, whereas
abnormality of power supply (3) and the crisis handling ability of managers (9) represent the major factors
that affect, but are rarely affected by, cold chain operations. The idle time of low-temperature facilities (1)
plays a buffering role with unsubstantial relationships in the fresh food cold chain system. A sole feedback
loop (dotted arrow) exists between imperfect information (4) and error caused by frontline employees (8),
which were determined as critical vulnerability factors in fresh food cold chain operations because of high
levels of prominence and relation.

10
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* Note: Numbers in circles refer to the corresponding vulnerable factor mentioned in Table 1.

Figure 2. Impact-relations map with direct/indirect influence

Although the efficiency and information of current cold chain operations have been improved, such operations
remain relatively vulnerable because of interdependency among factors. The analytical results indicated that
defective food products, the major reactive factors representing the outcomes of cold chain operations, are
extremely vulnerable because any form of inappropriate operation negatively influences the security and
quality of food products. Perfecting information collection and enhancing the training of frontline employees
must be prioritized for mitigating the impact of inadequate temperature control in both processing and
distribution as related to the performance of equipment and vehicles. Practically, it is recommended to
enhance electronic data interchange to increase information accuracy, to invest in automatic
temperature-monitoring facilities for issuing early warning notifications, and to adopt sufficient education and
training methods for employees to improve the capacities for defect processing as well as mitigating
unexpected crises.

5. CONCLUSION

This study utilizes the DEMATEL method to assist decision makers in determining the vulnerability of fresh
food cold chain based on the causal relationships among operations. Based on a literature review and
interviews with experts, this study proposed nine vulnerability factors in fresh food cold chain operations. One
of the major fresh food suppliers of FamilyMart in Taiwan was employed as the empirical case. An
impact-relations map was obtained to enable decision makers to understand how vulnerability factors affect
cold chain vulnerability and subsequently adopt appropriate strategies for improving the performance of cold
chain. Using the causal impact matrix is beneficial for determining which segment of operation requires
additional protection.
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According to the analytical results, imperfect information, inadequate temperature control in food processing,
and frontline employee errors are the variables requiring critical attention in the operation of fresh food cold
chain for Taiwanese CVSs. Failure to consider interdependency misdirects resource allocation to improve
cold chain vulnerability. Based on the findings, enhancing electronic information processing and the
education of frontline employees must be prioritized to mitigate the impact of inadequate temperature control
in both processing and distribution. The developed method can be used to help decision makers prioritize
resource allocation for improving fresh food cold chain serviceability, contributing to a semi-quantified
assessment framework rather than traditional qualified interdependency analyses. The finding of this study
must be treated with consideration because the results might partially reflect the method through which the
data were collected.
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