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ABSTRACT Resilience emphasizes the recovery capability of a firm after an event of disruption. This
paper proposes a framework in constructing a knowledge warehouse (KW) to increase a semiconductor
assembly and testing firm’s resilience by using a backcasting approach, which consists of four steps to form
the development cycles. In each cycle, the goal for moving towards resilience is set up. The second step is to
identify the baseline problems. Several potential paths to reach the goal from the baseline are then analyzed.
Finally, a proper path supporting the performance of specific activities (plan) is selected and further added
to the KW. Therefore, any possible conflict caused from bringing in new knowledge to the existing KW
should be examined and resolved. The KW is augmented through cycles. Two case studies (Earthquake and
typhoon disruptions) are used to demonstrate the applicability of the proposed framework. Furthermore,
discussions also refer to how Nissan and Renesas responded to a 9.0 earthquake in 2011 and to a world-class
major provider of semiconductor assembly and testing services in developing its KW. At the end, several
recommendations have been made for firms to prepare for resilience. Some related future research topics are
also proposed.

INDEX TERMS Supply chain resilience, semiconductor, knowledge warehouse, backcasting, case study.

I. INTRODUCTION
Firms nowadays are experiencing fast moving paces in their
business environments. Strong competition, complex supply
chain networks, unpredicted disruptions, and natural disas-
ters with serious damages force firms to focus on their risk
management and extend this focus to the entire supply chain.
In the area of supply chain risk management, supply chain
resilience (SCRES) is a crucial topic that is attracting more
and more attention [1]–[8].

SCRES is regarded as one of the vital attributes that supply
chains need to develop to efficiently manage disruption. The
concept of SCRES is believed to outweigh other traditional
concepts in supply chain risk management in terms of dis-
ruption identification, focus, coverage, and ability of recovery
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and even growth [9]. In other words, in the event of disrup-
tion, supply chains need to incorporate their knowledge and
awareness about the disruption by advance preparation for
the possible disruption, effectively responding, and having
sufficient abilities to recover to their original status or even
to develop a better status after the disruption. This is the core
essence of SCRES [10].

Of high technology industries, semiconductor industry is
unique with characteristics of capital intensiveness, tremen-
dous volume of facilities, complex supply chain networks,
fast-changing technologies, commitment to capacity, and
just-in-time (JIT) delivery [11]–[13]. All activities of a supply
chain in semiconductor with these special characteristics have
an inherent risk. These characteristics have made semicon-
ductor firms to be aware that supply chain disruptive events
can cause negative operational and financial impacts. Supply
chain disruptive events in semiconductor can derive from
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various sources, including external antecedents (i.e., earth-
quake, typhoon, or tsunami) or internal antecedents
(i.e., chemical incompatibility or fire explosion).

Two supply chain disruptive events are described in the
following. In 2007, a boiler of a Taiwanese semiconductor
assembly and testing firm was overheating. The extended
burning reached to production buildings and damaged mul-
tiple lines and equipment. It took two years to restore the
affected lines and return to production. On March 11, 2011,
a 9.0-magnitude earthquake and tsunami had hit off the east
coast of Tohoku, Japan. Facilities of Renesas Electronics at
Naka were severely damaged. Renesas supplied semiconduc-
tor components worldwide including 70% of chips used by
Nissan Motor [14]. Naka was a critical link with Nissan and
other automakers’ supply chains. Although Naka’s produc-
tion lines gradually restored since early June in 2011, Renesas
reported an operating loss of 19.1 billion yen and net income
loss of 33.2 billion yen [15].

As the possibilities of supply chain risks increase, the need
increases for semiconductor firms to design and develop a
resilient system that supports them to sufficiently manage
the possible disruptions. These include preparing for the
disruptive events, providing effective responses, and thus
continuing their operation as planned. A question is therefore
raised as follows and to be discussed in this paper.
‘‘Is there a framework that semiconductor firms can follow

to actively prepare their resilient system to manage the possi-
ble disruption should it occur, recover from the disruption,
continue their operations at their full capacity, and even
grow?’’

The objective of this paper is to propose a framework
for developing a knowledge warehouse (KW) to increase a
semiconductor assembly and testing firm’s resilience. The
SCRES concept and characteristics and vulnerabilities of the
semiconductor industrywill be firstly explored. The proposed
framework includes a backcasting approach and stepwise
flow to construct a KW. This study investigates two case
studies (Earthquake and typhoon disruptions) to demonstrate
the applicability of the proposed framework. Knowledge in
the KW represents strategy, as a series of action plans and pre-
cautions. It can also be a case of failure to avoid repeating the
same mistakes. The KW supports semiconductor firms to be
resilient. For example, through drills, the KW is continuously
augmented, so semiconductor firms are able to improve their
resilient capabilities. However, the consistency from bringing
in new knowledge to the existing KW should be ensured.

The remainder of this paper is organized as follows.
Section II provides an overview of related research on the
concept of SCRES, SCRES capabilities, and KW frame-
works. Section III addresses a backcasting approach and the
proposed framework. Section IV discusses the semiconduc-
tor industry and a case company. Two practical cases of earth-
quake and typhoon are addressed in Section V to illustrate
how to apply the proposed framework for the development of
a knowledge based resilient warehouse. Section VI summa-
rizes this research and points out future directions.

II. LITERATURE REVIEW
A. SCRES
In the presence of various uncertainties, supply chain risk
management (SCRM) plays a vital role in the effective oper-
ation of a business [16]. SCRM concerns an implemen-
tation strategy to manage risks along the continuous risk
evaluation, aim to lessen vulnerability and assure continuity
[6], [16], [17]. Risk management involves activities of detec-
tion, measurement, and assessment of potential supply chain
disruptive events originated from either inside or outside the
supply chain [18]. Since the risks and possible disruptions
are frequent with severe damages, firms need a proactive
approach to face them [7], [16]. Specifically, firms not only
need to be aware of the risks of disruption and mitigate dis-
ruptive damages, but also need to shift their special attention
to how to recover from the disruptions, continue their opera-
tions, and even keep their growth. Such situation poses a new
challenge but an opportunity for scholars and practitioners to
approach an innovative concept of SCRES [5], [19]–[21].

As indicated in references ofWalker and Salt [22] and Hos-
seini et al. [23], the concept of resilience is wide-ranging, and
originates from multiple domains of engineering [24], ecol-
ogy [25], psychology [26], and disaster relief [27]. A number
of arguments acquired from these fields are used to define
SCRES. Grötsch et al. [28] described SCRM’s objective as
to construct, maintain, and develop a resilient supply chain.
On the other hand, not every possible risks could be avoided
and then SCRES relates to the capabilities of preparing
for unpredicted disruptive events, responding and recover-
ing from the events even more quickly than the competi-
tors [2]–[4], [9], [10], [29], [30]. Adobor and McMullen [31]
further claim an evolutionary resilience as a measurement
of how firms move or grow to new and better state after
disruptions.

In terms of the chronologic order of disruption happening,
the SCRES can be addressed in three critical time phases
of pre-disruption, during-disruption and post-disruption [32].
The subjects of pre-disruption include preparation, resis-
tance, avoidance, and alertness. Subjects of response, coping
with changes, and adaptability are used to characterize the
phase of during-disruption. Furthermore, subjects of recov-
ery, survival, restoration, and return are applied for the phase
of post-disruption. Initially, the focus of SCRES was on the
last two phases, i.e., the during-disruption phase and the
post-disruption phase [29], [30], [32], [33]. Over the time
periods, the focus of SCRES shifted to include elements
of resilience-preparation and growth [1], [21], [34]–[36].
In other words, all three critical phases should be covered,
and well-integrated and coordinated.

B. SCRES CAPABILITIES
Referring to [9], [34], [35], a resilient firm should equip five
capabilities to effectively cope with disruptions. They are
the ability to anticipate, ability to adapt, ability to respond,
ability to recover, and the ability to learn. The ability to
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anticipate is a proactive capability and belongs in the pre-
disruption time phase. With this capability, a firm should be
alert and able to develop a proactive plan in advance. The
ability of adapt and ability to respond are in the during-
disruption time phase. They are capabilities tomanage critical
resources to cope with unexpected disturbance and to react to
supply chain disruptions to lessen their impacts. The ability
to recover and ability to learn are capabilities of the post-
disruption time phase. Especially the ability to learn, its core
is the knowledge management (KM) and is the most impor-
tant capability. This capability requires firms to understand
what happened and improve future performance based on
the experience. This capability also assists firms’ sustainable
growth. Abovementioned can be illustrated as in Figure 1,
which comes from [37] and is a variant figure from [9]
but more comprehensive, to emphasize the knowledge man-
agement diffusion across all three phases. Knowledge can
be used as a basis for preparation. Knowledge can also be
used as a guide and action plan during the disruption. After
the disruption, knowledge is accumulated to strengthen the
content of the KW.

Other messages revealed from this figure are the three
types of resilience and eleven key elements. Adobor and
McMullen [31] claimed that engineering resilience, ecolog-
ical resilience, and evolutionary resilience are three types of
resilience across phases of pre-disruptions, during-disruption
and post-disruption (or said, readiness, response, recovery,
growth and renewal). The eleven key elements (i.e., supply
chain network design, human resource (HR) manage-
ment, collaboration, SCRM culture, flexibility, visibility,
information technology (IT) capability, robustness, agility,
redundancy, and financial strength), recognized by most
researchers support SCRES capabilities. In other words, these
elements will affect the required efforts and reachable level in
developing a KW towards resilience. The detailed discussion
can be found in [37].

Holling [25] defined the engineering resilience as the abil-
ity of a system to return to an equilibrium or steady state
after a disturbance. The level of resistance to disturbance and
the speed that the system returns to equilibrium is the mea-
surement of engineering resilience. Contingency planning is
an effective tool for engineering resilience that demands risk
analysis and determination of the probability of disruption’s
impact, and the development of response alternatives [31].
A key aspect of contingency planning is the development
of the capacity to develop an early warning system which
can forecast and monitor possible disruptions to the supply
chain before they occur [32], [38]. Business continuity plan-
ning also is one tool that firms can choose for managing
supply risks [39]. For example, Nissan’s business continuity
plan (BCP) prioritizes critical issues in order, where physical
safety of employees has the most concerning than protection
of facilities and restoration of operations in timely manner
do [40]. To summarize, engineering resilience can allowfirms
to recover quickly from a disruption. It represents for the
efficiency [1], [19], [21], [31], [36].

Different from engineering resilience, ecological resilience
is defined by howmuch disturbance the system can takewhile
maintaining within some crucial thresholds but not how long
it takes a system to bounce back after a shock. Therefore,
ecological resilience is about adaptation that may include the
ability of absorbing and withstanding. In the end, ecological
resilience promotes overall system response as it enables
firms to adapt to shocks [3], [21], [31].

When disruptive events take place with long-term impact,
the system not only needs the ability of adaptation but also the
capability of transformation to the new state. Evolutionary
resilience has been defined as the ability to change, adapt,
and transform in response to external and/or internal disaster.
Evolutionary is measured by how firms move or grow to new
and better state after disruptions [5], [20], [31], [36]. There-
fore, the capabilities to three types of SCRES are essential for
companies.

C. KW FRAMEWORKS
Researchers have developed various KW frameworks to
increase and retrieve knowledge for different industrial appli-
cations in order to increase the successful chance on imple-
mentation of a new project Alhawari et al. [41] studied the
risk management with KM problems and developed a con-
ceptual KW framework (knowledge-based risk management,
KBRM) based on identification of the essential elements
needed for innovative information technology (IT) projects.
Their knowledge-based risk repositories are composed of
knowledge-based risk capture, discovery, sharing, evaluation,
and education. Based on the proposed framework, decision
makers can improve the risk response planning process,
including risk identification, analysis, and execution, for IT
projects. Shan et al. [42] developed a KW framework for
the emergency response decision support system (ERDSS),
which contained 10 functional modules: emergency service
helpdesk, command and coordination center, emergency plan
management, emergency relief supplies management, emer-
gency finance budget management, emergency organization
and activity management, emergency knowledge warehouse,
emergency warning management, emergency alarm manage-
ment, and problem analysis and management. They illus-
trated the conceptual architecture of each functional module
and conducted a case study (Shanghai emergency manage-
ment decision support system, SH-EMDSS) to validate the
proposed framework.

Mourtzis and Doukas [43] developed a KW framework for
advanced manufacturing in the mould making industry. The
core element of their framework was a knowledge repository
to import, use, and update the data model schema. They used
IDEF0 to illustrate the proposed framework based on the
case study. Through using apps to communicate with the case
company’s web platform, design engineers can assess the
existing knowledge in the KW to design a better mould to sat-
isfy customers’ needs. Baydoun and El-Den [44] studied the
existing software service supply chain (SSSC) frameworks
and analyzed how to integrate knowledge management
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concepts based on the SSSC lessons learned into the exist-
ing frameworks. They analyzed Done’s framework for ser-
vice supply chain, Yi Jiabin’s framework for manufac-
turing supply chain, Mehta’s framework for global soft-
ware supply chain Baydoun and El-Den [44] then proposed
a knowledge-based framework for the SSSC, including
three processes: project administration, internal development,
and external implementation. Based on the testing anal-
ysis of the identification of knowledge source, KM pro-
cess, knowledge retention, and knowledge retrieval, they
demonstrated the applicability of the proposed framework.
Huang et al. [45] developed an information integrated
framework, which included three systems of data manage-
ment, knowledge management, and model management, for
urban railway transit (URT) public-private partnership (PPP)
projects based on the data management system and the KW
system. They introduced five stages of the URT PPP infor-
mation integration framework and integrated the risk con-
cept into the URT PPP project risk information integrated
framework. Then, they combined the reward mechanismwith
the proposed integrated framework. Therefore, the proposed
framework can help managers make decisions on analyz-
ing project risks, project revenue, and project expenditure
through the established KW. Overall, the above studies show
that a good KW framework can help decision makers make
better decisions through using existing knowledge.

D. SUMMARY AND MOTIVATION
Based on the literature review, a good KW framework can
help decision makers reuse existing knowledge to improve
performance on the company’s goals. For the SCRES, dif-
ferent types of knowledge in a KW can be well managed
to reach all three types of resilience. Simply speaking, good
management of knowledge helps decrease supply chain vul-
nerabilities and positively support SCRES. While knowledge
management exists across three time phases, more effort
should be placed on proactive planning and reactive learning,
so that less chaos will be caused by disruptions. Therefore,
this study develops a KW framework for a semiconductor
assembly and testing firm’s resilience and uses two case
studies to verify the applicability of the proposed framework.
The details of the proposed framework are introduced in the
next section.

III. PROPOSED FRAMEWORK
Of the framework, backcasting is the core. It will be intro-
duced first. The proposed framework is presented in a step-
wise flow. Steps to reach resilience are also briefly explained
in this section. Details of the application of the framework
will be further illustrated by a case study in Section V.

A. BACKCASTING
Backcasting is an approach that begins with defining a desir-
able future and then works backwards to identify actions that
will connect the specified future to the present [46]. In other
words, backcasting is a process of beginning with the end

(i.e., the goal) in mind [47]. Such characteristics motivate
this research to employ backcasting approach as a core of the
framework in constructing a KW for semiconductor assembly
and testing firms.

Backcasting was initially introduced by Lovins in the
1970s [48] and later applied and refined in the field of sus-
tainable development by The Natural Step in a collaboration
with scientists [47]. Although backcasting was first applied
in electricity supply and demand, this method has further
employed in various disciplines including human resource
management, sustainability [49], green product develop-
ment [47], and the resilient energy system [50].

The backcasting approach consists of four steps named
ABCD [51]. Step A is to set up the awareness and
vision (goal) for future status. It involves the alignment of
a firm’s understanding of resilience and awareness of the
contextual situation for the firm, building a common language
around resilience, and creating a target of what the firm will
achieve in a resilient future. During the visioning process, the
firm is encouraged to set ambitious goals that may require
radical changes in its operations.

Step B is to identify the baseline problems and char-
acteristics of the current state. It consists of conducting
a resilience gap analysis of the firm. In this step, possi-
ble disruptions or rising problems to reach the predefined
vision (goal) should be identified and are further aligned with
firm’s resource, operation capabilities, or existing process.
The alignment is critical to ensure an action plan to be
successfully developed in Step C and capably implemented
by the firm. Because the resilience issues may be across
the entire supply chain, the suggested analyses can include
the impacts on products, energy, capital power, and human
resources within a firm or over all partners. Other critical
components ought to be concerned are the social context
and firm’s culture, which show additional dimensions to
the analysis and are essential for understanding how neces-
sary changes can be positively incorporated into the system.
Especially for a multi-national company, a firm’s culture will
influence the success of transferring resilience experiences
from another firm. Step C is to construct a strategy and
solutions for moving towards resilience, referring to the gap
being identified in Step B. Strategies with creative solutions
are designed according to looking backwards from a vision
that has been set. Opportunities and potential activities are
defined and prioritized to move the firm toward a desired
level of resilience. Meanwhile, flexibility and economic
returns are also considered. Finally, Step D refers to advising
and supporting the performance of specific activities (plan)
by offering suitable training, techniques, and tools for
implementation.

B. FRAMEWORK AND PROPOSED FLOW
As shown in Figure 2, the framework of proposed flow has six
steps on the backbone, which interact with a KW and analyt-
ical tools to support required analyses and decision making.
The backcasting approach consists of Steps A, B, C, and D.
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FIGURE 1. A comprehensive view of SCRES.

All knowledge of a KWmust have been collated and verified.
The resilient knowledge represents activity planning, action
or implementation plans, alignment of various resources,
manpower coordination, disaster prevention standard oper-
ation procedures (SOPs), and SOPs in response to dur-
ing and after disasters. Each disaster situation has its own
SOP. Knowledge also contains strategies that companies can
refer to.

Knowledge comes from experience and learning, includ-
ing academic and practical learning [52]. Knowledge can
be accumulated through continual training, learning, and
evolving. Basically, there are four types of circumstances
that trigger a cycle of learning to accumulate experience and
enrich knowledge. However, the construction of the most
initial and basic KW could begin at the learning from lead-
ing international firms (e.g., leading semiconductor firms
in Japan).

Figure 3 demonstrates how the development of a KW is
evoked via an IDEF0 presentation [53]. Firstly, theKWcan be
augmented through drills. Firms simulate various disrupting
situations to train the current KW and to ensure any necessary
adjustments being correctly contained within.

The second way to update the KW is through the post-
review of a disruption that firms have faced. The occurrence
of a disruption offers firms an opportunity to re-examine the
capability of the current KW. An improvement of the KW is
therefore conducted. Because of the feeling of presence, these
practical experiences may even result in a recommendation to
raise up a firm’s awareness, such as, to reduce the recovery
period, or to reset the resilience capability at a higher level.

Third, the updating run (cycle) of a KW can be evoked by
a recent happening natural disaster or disruption in the world.
Once a firm feels the value of this disaster or disruption, a new
drill starts and the current KW is examined and enhanced.
The fourth circumstance to augment the KW is led by the
innovation of any new technology to increase the ability to
adapt, respond, or recovery from a disruption.

In summary, through pilot runs, practical drills, and
reviews, knowledge data are collected. AKW is then required
and continuously verified, developed, and augmented. In each
cycle, the backcasting helps find the best solution for firms
coincident with particular vision (or goal) and existing base-
line. To guarantee the success of a KW, the top management
involvement is very important. Firms need to form a team
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FIGURE 2. Proposed framework and stepwise flow to enhance resilience.

(called facilitator team) including members from the top
management and functional divisions to guide the KW devel-
opment following a firm’s established strategy and to ensure
KW’s quality and capability. The KW’s continuous improve-
ment process consists of a series of monthly facilitator team’s
meetings finishing with strategic decisions and implemen-
tation plans to react to proposed disruptions. In a meeting,
facilitator team may identify benchmarking competitors, col-
lect and analyze benchmarking information, and take actions
to match or exceed the competitors. For example, Nissan’s
no fatality and recovery from a magnitude 9.0 earthquake
disaster within two months make Nissan being considered as
a benchmark competitor [40]. Another example of decision is
setting up a high level of resilience to reduce disruption and
to capture more market share. In the globalization era, firms
have factories around the world. Culture becomes another
factor to adjust an existing KW when an oversea factory is
opened. For example, culture difference in language, mindset,
value, or operation environment might cause conflicts and
misinterpretation.

Given a goal in Step A, as shown in Figure 2, Steps B-D
essentially can be formed as a recursive loop. In particu-
lar, when a desired goal affects a wide range of functional
divisions and affairs, the development of a comprehensive
resilience system will take a gradual approach. The analysis
process of one loop may obtain partial outcomes (or recov-
ery plans). In other words, for simplicity of execution, one
analytical loop may focus on one part of disruption first
and another loop is started for another part of disruption.
Therefore, the augmented KWwill be continuously evaluated
and revised. Such evaluation may verify the vision in Step A

and the baseline, solutions, and actions in the Steps B, C,
and D, respectively. At each step, knowledge is involved and
accumulated. Consistency checking between the new knowl-
edge and existing KW is also necessary. Iterative process
enables the continuous improvement of the level of resilience
that supports firms to enhance their resilience capabilities to
manage various types of disruptions, different failures, and
changes in the operating environment.

On the other hand, there exists a situation where the
occurrence of one disruption may follow the other disrup-
tion’s occurrence. Example was the earthquake and tsunami
followed by a nuclear crisis in Japan. Therefore, based on
abovementioned cases, the inner loop among Steps A, B, C,
and D of the framework in Figure 2 can be expanded shown
as in Figure 4. To assist the illustration, let earthquake be
the first disruption under consideration and tsunami be the
second disruption. In Figure 4, A1 is denoted as for the Step A
in dealing with earthquake alone. B1, C1, and D1 are cor-
responding steps associated with A1. The knowledge based
resilient warehouse KW1 supports the development process
of this cycle. KW1 is updated after the execution of the cycle.
When the tsunami is further involved together, the step in
defining a new vision is denoted by A1+2. Corresponding
notations, B1+2, C1+2, and D1+2, are used to replace B1, C1,
and D1, respectively. The vision in A1+2 can be, for example,
that firms should be recovered from both earthquake and
tsunami within a certain time period. The baseline under the
study in the earthquake case (B1) shall be differed from B1+2,
so are C1 vs. C1+2 and D1 vs. D1+2.

KW1 is referred in the analysis process of A1, B1, C1,
and D1. On the other hand, KW1+2 is for the analysis of
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A1+2, B1+2, C1+2, and D1+2. However, KW1 is not neces-
sary a subset of KW1+2. KW1 will not be removed due to
the appearance of KW1+2, because KW1 corresponds to the
occurrence of earthquake alone. In forming the KW1+2, it is
possible to remove a portion fromKW1 and add a new portion
to. This is because any conflict of pre-applied knowledge
should be resolved or removedwhen firms build up their KWs
from bringing in disruptions one after another. Example is a
different priority of resource allocation defined in the KW.
Another example is the demand for advanced communication
methods leading to investment in high-level equipment. The
changes from KW1 to KW1+2 can also be applied between
two similar cases (or failures). This is to find SOPs for a
similar case from the existing KW1, adjust them, and apply
them to the new case (KW1+2).

IV. INDUSTRY AND COMPANY BACKGROUND
The semiconductor assembly and testing industry is the target
of this paper. The selected case company in discussion is a
representative in this sector and its KW can even serve as
a benchmark. Before detailed illustration on how a KW for
disasters can be developed at the case company, characteris-
tics of semiconductor industry and the background of the case
company itself are discussed in advance.

A. CHARACTERISTICS OF THE
SEMICONDUCTOR INDUSTRY
Semiconductor industry has a worldwide distributed supply
chain. It is a multi-tier and highly specialized supply chain
network [12]. Such a complex supply chain indicates a strong
interdependence among each tier of the network. Therefore,
any disruption in one tier may cause a ‘‘domino effect’’ for
the disruption of the whole supply chain.

Semiconductor is one leading industry in Taiwan. Accord-
ing to Taiwan Semiconductor Industry Association (TSIA)
report, Taiwan accounts for approximately 73.2% of IC
foundry revenue all over the world, 55.84% of worldwide
assembly and testing revenue, and 18% of worldwide design
revenue [54]. Therefore, it does matter to retain the vitality of
semiconductor industry in Taiwan.

Semiconductor firms are capital intensive. It means that
capacity utilization significantly affects the capital effective-
ness and profitability of semiconductor firms [55]–[57]. The
capital intensiveness is reasoned by the tremendous invest-
ment on complex processes of research and development
(R&D) with rising costs required, the necessity of economy
of scale, and the costs to upgrading plants or building new
ones [58]. Economy of scale is critical to semiconductor
firms to amortize the high fixed-costs, reduce unit price, and
increase competitive advantage. Particularly, the economy
of scale should guarantee promised capacity to customers’
requirements.

Another characteristic of semiconductor industry is the
just-in-time (JIT) approach, which has been applied in either
warehouse replenishment [11] or production process. The
original JIT concept concerns eliminating excess inventory

that makes problems immediately evident. In other words, JIT
emphasizes complete elimination of waste and in particular
waste due to delay.

In semiconductor, JIT especially refers to careful produc-
tion scheduling and on-time delivery. Assembly and testing
firms are requested to deliver to the designated warehouse
on time according to the JIT model. In other words, this
warehouse serves as a buffer and manages the inventory.
When the inventory is lower than a pre-set level, it requests
assembly and testing firms to replenish based on JIT. This
warehouse actually has the role as a hub, collects the finished
products received from the assembly and testing firms, and
then ships according to customer orders. Usually a customer
order contains products from multiple firms. All the products
must be ready before the shipment. In this case, fulfilling the
JIT requirement becomes more important.

Regarding the production process at a semiconductor
assembly and testing firm, the packaging process is firstly
performed on a general-purpose equipment. Then, items are
processed at the more specific and expensive testing equip-
ment. Through both packaging and testing processes, finished
products are ready to customers. To be tested, items are
variated and dependent on customer needs. The load boards
in assistance of the testing are usually provided by customers.
So, the testing requirements are customized. Because of a
high cost, firms fully utilize a testing equipment’s capacity
and may lead to a bottleneck. No reserved capacity will
be possible. In fact, beside trusted technology, semicon-
ductor firms’ pursuit is to be a trusted capacity provider.
Continuity of production and delivery does matter. Third-
party logistics (e.g., UPS or FedEx) follows the hub’s orders
and pre-determines a pickup timetable. Firms schedule the
JIT production for a variety of product types accordingly.
All these mentions show how crucial the JIT is to a semi-
conductor firm. When facing disruptions, if firms cannot
promptly recover from disruptions, the supply chains they
support would be broken off either.

Overall, these characteristics require semiconductor firms
to ensure their continuity. They need to have a proactive plan
to prepare for possible failures, mitigate the damages and
quickly recover from the disruption to continue their oper-
ations. This is the essence of SCRES. However, to achieve
business continuity, cost is an important consideration. The
recovery speed back to normal from disruption is also related
to cost. Depending on the firm’s recognition of the busi-
ness continuity, the trade-off on corresponding cost will be
different.

B. CASE COMPANY
The case company is a provider of semiconductor assem-
bly and testing services. It is a major service provider
with 19 percent of the world’s market share. Over 90 per-
cent of the world’s electronics companies have been served
by the case company. Its assembly processes include wire
bonding, forming, trimming, and molding. It also offers
packaging without molding services of fan-out wafer-level
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FIGURE 3. An IDEF0 representation in developing a KW.

FIGURE 4. An expanded schema of loop ABCD.

packaging (FO-WLP), wafer-level chip-scale packaging
(WL-CSP), flip chip, as well as, 2.5D and 3D packaging.

Prior to the 1980s, the integrated design and manufac-
ture (IDM) was a popular model in the semiconductor indus-
try. Company (e.g., Intel) owned and operated its facilities
from design to manufacture chips. In 1994, the Fabless Semi-
conductor Association (FSA) was established to promote the
fabless business model. In 2017, Qualcomm, Broadcom, and

Nvidia were the top three leaders for fabless companies.
Since this fabless manufacturing, which concerns the design
and sales of hardware devices only, became the trend, many
IDM companies had completely transferred their equipment,
special molds for assembly, and production capacity to the
case company. Some customers may even not have any other
outsourcing besides the case company. Therefore, one-stop
shopping is a focused service to customers provided by the
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case company. Under this service, the case company cannot
accept the chain breakage of any product especially caused
by lack of materials.

Assembly capacity is usually greater than the testing
capacity. The testing equipment is always a bottleneck and
should be carefully and strictly scheduled to match with
customer’s (or say, the third-party logistics) delivery dates.
So, any unnecessary idle time because of a bad schedule
arrangement or awaiting a load board on testing equipment
may lead to an uncompensated capacity loss. Furthermore,
there are many customers for assembly services. Each prod-
uct has its own bill of materials (BOM), and the production
quantity and delivery time will change significantly due to the
changes of customer’s market demand. To cope with these
issues, the case company must compress the replenishment
lead time of materials. The transportation of raw materi-
als to factory becomes a challenge. No interruption should
be allowed. In conclusion, winning customer’s confidence
through right time, right product, and right amount supply
is one competitive advantage of the case company. This
requirement for business continuity is also the norm for many
large multinational corporations, such as Nissan and Renesas
of Japan.

V. KW DEVELOPMENT: A CASE STUDY
Natural disasters are severe threats to the high-tech industry.
As indicated, in 2011, the compound natural disaster of earth-
quake and tsunami in Japan posed serious effects on semicon-
ductor firms [59]. Tokyo Electron’s wafer fab in Fukushima,
which was responsible for 20% of the world’s production
of 300mm wafers, had been closed since the earthquake
hit. As mentioned in [60], the aftershock activities of this
earthquake were vigorous. There were five aftershocks at a
level of 7-magnitute or higher and eighty-two aftershocks
at a level of 6-magnitute between March 11 and June 11.
Both Renesas and Tokyo Electron took roughly two to three
months to resume normal operations. Another example was
the Miho fab of Texas Instruments, in Japan. The earthquake
caused damage to Miho fabrication’s infrastructure systems
for delivering chemicals, gases, water, and air. Besides these,
semiconductor firms also suffered from issues of getting raw
materials, employee absence, electricity supply interruptions,
plus transportation and delivery.

A. TYPES OF DISRUPTION UNDER STUDY
Taiwan is among the area significantly affected by seismic-
ity and frequently experiencing earthquakes. Between year
1901 and year 2000 there were 91 major earthquakes in
Taiwan, 48 of them resulting in loss of life. Specially, in 1999,
the Jiji earthquake at a Richter magnitude scale of 7.3 killed
2,415 people and led to a US$ 10 billion worth of
damage [61].

Typhoon is another common risky natural disaster that may
cause serious disruption for semiconductor firms. According
to 2018 report of Taiwan Central Weather Bureau, a total
of 360 typhoons between 1911 and 2017 had caused either

a landfall or disaster on lands in Taiwan [61]. These natural
disasters (e.g., earthquake and typhoon) can likely cause a
domino effect of consequences such as mudslide, flood, and
even tsunami with huge damages for industries.

The abovementioned discussion motivates the selection of
earthquake and typhoon as major disasters and disruption
scenarios for study in the context of this paper. In the follow-
ing section, backcasting procedures to develop a necessary
knowledge based resilient warehouse are illustrated for these
scenarios. However, the proposed approach can be similarly
applied to other disruptions.

B. BACKCASTING APPLICATION
This study attempts to interpret the past experiences when
the case company faced natural disasters of typhoon and
earthquake with the backcasting approach. This is an example
of post-review. Through post-mortem review, improvement
measures are proposed and incorporated into the KW to
enhance company’s resilient capability. The entire review
process is in the post-disruption phase, but also can be
considered as preparations for the next possible disaster in
the pre-disruption phase. Figure 5 illustrates a backcasting
framework and its Steps of A, B, C, and D. In Step A, the
experience of world class Japanese companies (e.g., Rene-
sas, Tokyo Electron, and Nissan) is adopted to setup the
expected time (i.e., within two months) to recovery after a
severe earthquake. Partial production lines of Nissan resumed
operations on March 16. But, because of awaiting recovery
of suppliers, the plants in Tochigi and Iwoki were back on
line in April and May, respectively [62]. Renesas took three
months to have its Naka’s 200mm line begun by early June
and the 300mm line restarted, a week later [15]. According
to the case company’s standards, in case of typhoon, it is
recommended that firms should vision their recovery within
2 days (with not severe typhoon level) or from 2 to 7 days
(with severe typhoon level). Moreover, in both of earthquake
and typhoon disruptions, firms should not suffer any human
loss as a desired goal. Physical safety of employees is also
one top concern of Nissan.

In Step B, firms need to identify the possible failures that
may cause disruptions, review their capabilities to mitigate
failures, and align the capabilities with the vision (goal)
set up in Step A to determine the gaps from the baseline
(or current state) to the desired resilient goal. Step C will
propose solutions to fill the gaps identified in Step B. Works
to be done include with failures from disruption applying One
Point Lesson (OPL) tool to analyze the possible causes and
suggesting treatments. OPL is suitable for mining, analyzing,
and improving cases. OPL grasps the root cause of the prob-
lem. The KW plays a key role at this stage. Knowledge from
the past experiences are referred. Finally, in Step D, an action
plan composed of a set of SOPs is obtained and performed in
the during-disruption phase. The action plan also includes the
works and training needed to strengthen preparations in the
pre-disruption phase. As mentioned in Section III.B, the drill
is one way to initiate a backcasting process. Through drill, the
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FIGURE 5. Backcasting approach for developing a resilient KW to earthquake disaster and typhoon disaster.

obtained SOPs represents grow-and-learn and will become
new knowledge of the KW. In the following two sub-sections,
explicit illustrations on Steps B and C for earthquake and
typhoon will be discussed, respectively.

1) STEPS B AND C FOR EARTHQUAKE DISRUPTION
According to the seismic intensity scale, possible risk levels
of earthquake are immediately identified by the facilitator
team. The scale can be either strong, very strong, or others,
that may cause great damage or even major disruption and
death. Since business continuity and JIT delivery are major
concerning in semiconductor, timing becomes an issue.When
a severe earthquake occurs, roads and ports are closed, com-
munication systems are interrupted, and factory buildings are
collapsed. The crisis of being unable to fulfill orders, limited
transportation, and ineffective communication systems are
the three main failures, which also represent critical gaps for

the case company to reach a desired resilient goal. For other
firms, the concerning gaps could be more depending on what
their current levels of resilience are.

For the case company, employees’ safety must be of prime
importance. First response post-disaster is to ensure the safety
of employees. In fact, firms should concern not only about
their employees but also about their suppliers and affiliated
factories. Therefore, the possible failures and level of dis-
ruptions must be broadcasted to all related departments and
people at the first moment.

The case company plays multiple roles in the semicon-
ductor industry. It plays a subcontractor role and delivers
products to a distribution center (DC) as agreed, and then the
DC ships products to customers. It accepts IDM equipment
transfer and is responsible for shipments to these IDM com-
panies. It also has its ownmajor customers and ships products
directly to customers. Among them, the situation of deliver-
ing products to DC has a stricter contract, because products
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need to be combined with the arrival of other suppliers. If the
contract content is changed due to a disaster, freight forwarder
is involved and the difficulty is very high.

With gaps (or failures) identified in Step B, there are cre-
ative solutions proposed in Step C to manage with earthquake
disruption and OPL is a selective tool. From the perspective
of order fulfillment, as stated in Section IV.A, guaranty of
promised capacity and JIT are the core of appealing to busi-
ness continuity. Figure 6 shows an OPL analysis to the failure
of unable to fulfill orders.

The earthquake disruption can stop or hinder the fulfilment
of customer orders. The case company requires a flexible
order fulfilment plan against severe loss. As illustrated in
Figure 6, the first proposed solution to this failure is called
a flexible order fulfilment allocation policy (70-30), that is,
the case company should avoid allocating a big order to one
factory, although the case company might do this to enjoy
the economy of scale. The case company allocates the big
order to different factories in different locations, with the
ratio of 70–30 (i.e., 70% order is fulfilled at factory 1 in
area A, and 30% order is fulfilled at factory 2 in area B).
This conclusion comes from experience and brainstorming
discussion. It is a knowledge applied by the case company.
In case of earthquake disruption at factory 1, factory 2 may
double its capacity to fulfill 60% of the order. The other 40%
of the order will be further evaluated (called order fulfilment
evaluation) and treated in one of three alternatives: shifted to
another factory of their own, outsourced, or shifted to com-
petitors (called substitutes for order fulfilment). The last alter-
native seems unreasonable. However, in order to guarantee
promised capacity andmaintain the principle of business con-
tinuity, this arrangement has to be made. In summary, the pro-
posed solutions should be conducted together to ensure the
effective and consistent benefits. In the event of earthquake,
even though the case company itself can operate normally, but
the transportation of supplies (e.g., materials or parts) from
suppliers may be blocked, which causes the interruption of
company’s operation. Therefore, if the case company and its
suppliers only negotiated for a fixed or inflexible supplies’
transportation route or mode, the case company will suffer
from the disruption. The proposed solution for this failure is
to contract with suppliers for flexible supplies’ transportation
routes or modes. In other words, the case company needs its
suppliers to offer flexible transportation (by truck, by sea,
by railway, or by air cargo) to ensure the timely transport of
supplies. Again, cost trade-off will be an issue for the route or
mode selection. The decision may follow an SOP. Moreover,
a strategic partner arrangement is preferred to ensure that
the transportation of supplies to the case company is highly
prioritized.

Regarding to the failure of ineffective communication,
if the case company does not prepare for an effective com-
munication (e.g., timely notification about earthquake and
notification about coordination and safety support to manage
with the earthquake), it will seriously suffer from the dis-
ruption. Therefore, the earthquake notification short message

service (SMS) plays an important role. The case company can
contract with Taiwan Central Weather Bureau and telecom-
munication companies to send notifications about earthquake
magnitude to all their employees, making them to be notified
and ready to manage with the earthquake. The SMS content
also contains a series of disruption relief instructions sent to
the relevant personnel of departments. Such SMS notifica-
tions enhance pro-activeness and preparation for earthquake
throughout the case company. In order to ensure the trans-
mission quality and immediacy, the case company set up a
cellular base station in the factory area.

At the case company, the earthquake facilitator team serves
as the central nervous system in the during-disruption phase.
Once this team is activated at the factory level, it is authorized
to make all decisions to resolve disruption. It is specially
formed internally to coordinate all the communication to
manage with the earthquake disruption. The team includes
at least one member from every related department to sup-
port and supervise the coordination covering the planning
and failure evaluation, and propose the solutions and action
plans to deal with the earthquake disruption. The failures and
proposed solutions as abovementioned are summarized as
in Figure 7.

2) STEPS B AND C FOR TYPHOON DISRUPTION
The scales of typhoon, which require the case company’s
attention, are strong winds, heavy rain, and flooding. Similar
to the case of earthquake, ineffective communication can be
a failure to resilience when a typhoon disruption happens.
Effective communication helps transmit timely notification
and coordination to manage the disruption. In addition, the
JIT delivery characteristic requires the case company tomain-
tain a coordinated and rhythmic state in all of its production
processes, only if the case company has effective communi-
cation execution throughout the factory.

Again, when the typhoon facilitator team starts on duty,
the team has rights to coordinate all resilient activities. Since
typhoons happen often in Taiwan, such a team is a long-
term formation at the case company. The knowledge of
resilience and resilient assessment learnt from the past is
accumulated, and consistently and intensively managed. The
knowledge is ensured about how to prepare for, manage with,
and recover from typhoon disruptions, and communicated
effectively across all related departments of the company.
Figure 8 illustrates the possible failures (gaps) to resilience
and proposed solutions in the scenario of typhoon disruption.

The failure of resources shutdown, such as electricity
or water, is critical for semiconductor production. If there
is no substitution plan, production will seriously suffer.
The proposed solutions for this failure includes independent
resources suppliers, recycled water supplies, and backup data
capability.

Besides with the public or local suppliers, the case
company contracts with independent resources suppliers to
provide electricity or water in case of the public resources
shutdown due to a typhoon. These contracts ensure resources
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FIGURE 6. An OPL analysis to the failure of unable to fulfill orders.

to maintain the necessary production. Moreover, in case of
water shortage, the case company plans up to 50% recycle
capability, based on the past experience, to guarantee suffi-
cient water supplies for manufacturing.

During a typhoon period, the case company may lose
its data, which are precious and valuable asset. Therefore,
data backup is a proposed solution, such as contracting with

a trusted third party to store and restore data. It means the
importance to secure data to mitigate the costs and damages
from losing data.

To cope with the failure of employees unable to work
as usual caused by a typhoon, the case company applies
a flexible labor working schedule for employees to ensure
that they can come to factory and work. To support
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FIGURE 7. Possible failures and proposed solutions to reach resilience (earthquake).

FIGURE 8. Possible failures and proposed solutions to reach resilience (typhoon).

a flexible labor working schedule, arrangements for trans-
portation to pick-up employees from their homes to fac-
tory as well the incidental food arrangement and preparation
are required. The food arrangement and preparation is to
equip a cold storage warehouse for food to prepare sufficient

meals for employees when they go to work on a typhoon’s
day. After concerning the risk and cost trade-off, the case
company decides to lease a warehouse under a regular con-
tract instead to purchase space from the spot market in
typhoon time.
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FIGURE 9. Performance of the resilient KW.

C. ASSESSMENT BEHIND THE KW
With the examples of the case company, the KW for earth-
quake and typhoon have been discussed in this study. The
KW can be evolved to include other natural and non-natural
disruptions such as fire, cultural change, and financial risk.
The demonstrated backcasting approach and its ABCD anal-
ysis are helpful for this purpose. In terms of the KW imple-
mentation and continual improvement, Figure 9 shows the
case company’s recovery time difference between 2007 and
2015 from typhoon disruptions. A 64% time reduction has
been achieved.

VI. CONCLUSION AND FUTURE RESEARCH
This study develops a framework, which integrates the back-
casting approach and ABCD analysis, to construct a KW
for semiconductor assembly and testing firms. It extends
backcasting applications to a new field of SCRES. A world-
class case company is selected to aid understanding of
how a KW is developed by backcasting on earthquake
and typhoon disruptions, thereby validating the applicability
of the proposed framework. Several recommendations are
observed.

Firms should be aware of and pay special attention to
SCRES. The awareness helps firms prepare and plan ahead to
manage unexpected hazards during their business operations.
Firms should proactively make a comprehensive plan and
efforts for unexpected hazards and disruptions, from the early
state of their operations, with regular and consistent checking
and evaluation during their operations, to ensure the readiness
of capabilities for response and recovery across organiza-
tional functions. These plans and efforts should prevent firms
from long and severe discontinuity of their business, and as
a result, help firms save tremendous costs and expenditures
during their recovery from the disruption.

To have a comprehensive and consistent recovery plan,
firms must set up a vision in terms of a recovery level and
time. Such vision must be reasonably measured and assessed
from a firm’s capacities and needs to be re-evaluated regularly
and updated to align with the state of the firm. Firms should
make a baseline evaluation of their current status. Then, firms
need to focus on the prediction and identification of possible
failures to their operations and align the possible failures
with all the processes across their functional departments.

FIGURE 10. Pareto frontier curve.

The alignment should help firms identify and evaluate the
gaps between their current capabilities and the vision targets
of their resilience and recovery in the event of disruption.
Furthermore, firms should propose solutions to address the
gaps and then make a detailed implementation of their solu-
tions into practice. The implementation must be followed
strictly and regularly checked and updated to ensure that the
implementations are well aligned with firm’s capabilities and
the gaps to resilience.

Regular update, evaluation, and reporting are critical in
SCRES. Such issues ensure firms comprehensively evalu-
ate their preparation for the disruption and make appropri-
ate enhancement and improvement for the resilience plan.
Creating a ‘‘culture’’ of update, checking and reporting does
matter. Therefore, a team should be formed to facilitate
all resilient activities. The KW requires information trans-
parency, sharing and accessibility to guarantee resilience
communication throughout the entire firm. This is also a part
of facilitator team’s responsibility.

Future extension may include at least the following two
directions. The assessment of a firm’s resilient capability
is one important research subject. In fact, the schema of
Figure 1 has revealed some recommendations. The eleven
key elements listed correspond to different resilient capa-
bilities. If the relationship between elements and capabili-
ties is explicitly identified, a firm’s resilience can be easily
measured by converting these elements into indicators and
calculating their weights. Furthermore, benchmarking the
best practice in the sector and making comparison with it
via a radar chart, a firm can detect a direction to improve
the resilience. Second, if the mathematical function of a
firm’s resilience can be found and represented by a Pareto
frontier curve as shown in Figure 10, research on the strategic
planning can be further evaluated. For example, which factor
to start with or multiple factors are to be considered simul-
taneously to improve the resilience of the firm (i.e., outward
moving of the curve). The upper limit of the cost that firms
are willing to pay and the pre-defined recovery time mutually
affect the span of the curve moving outward.
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