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Abstract

In this paper, we design a resilient supply chain by determining risks, prioritizing resilient strategies,
and also determining the relationships between them using the Quality Function Deployment (QFD)
method during Covid-19. Moreover, those strategies with required further attention to minimize
supply chain risks are determined by applying the Linear Physical Programming (LPP) approach,
which is a flexible and easy approach in order to determine the accurate weights in the objective
space. This research contributes to the growing literature on the resilient supply chain to demonstrate
how to develop a mathematical model for designing a resilient supply chain using QFD and LPP
methods during Covid-19. Based on the obtained results, three strategies play a crucial role in
reducing the supply chain risks of a pharmaceutical company and also increasing its supply chain
resilience based on the results: implementing appropriate and relevant policies in terms of the number
and selection of suppliers, employing up-to-date procedures in pricing and market analysis, upgrading
supply chain agility to cope with natural disasters. Hence, this study can bring important insights to
managers and professionals involving with the supply chain area to use them in applying appropriate
strategies while facing supply chain risks.
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1. Introduction

The implementation of supply chain resilience has recently played a vital role, owing to its substantial
factors which influence the business continuity. The influence of supply chain resilience is greatly
varying, to embrace companies’ efficiency during a crisis such as COVID-19. The business
organizations need to understand the current COVID-19 situation, the supply chain risks, and their
impact on the other factors. The present business situations strongly suggest, and the majority of
experts agree that sustainability in terms of supply chain resilience is not only the key of success, but
is also mandatory for business survival.

The main purpose of the traditional supply chain is to connect supply and demand in costs, profits or
the level of optimal services in sustainable conditions [1]. However, supply chain programming in
companies is now more complicated than the past since supply chains are often exposed to a wide
range of risks and disruptions such as natural disasters, loss of an important supplier, cyber-attacks,
recession, and supply, production, and distribution system disruptions. In such circumstances,
businesses must prepare to face a continuous flow of the mentioned challenges; otherwise, the
survival of their supply chain will face some problems and its consequences and costs will negatively
affect the company’s performance.

“Resilience” capability is one of the strategies to deal with such challenges and helps the supply
chain to be prepared for such unexpected events and in the event of such disruptions not only respond
to them appropriately, but also provide the conditions to return to the original state and the
continuation of supply chain activities. To implement this type of supply chain, it is necessary to
identify and implement appropriate strategies to face the risks and disruptions. However, the
identification of these strategies is sometimes difficult, and none of these strategies are enough on
their own for reducing all risks. Therefore, determining these strategies and the importance of each of
them in reducing supply chain risks is substantially important. The Quality Function Deployment
(QFD) approach is an effective method for reducing supply chain risks and consequently increasing
supply chain resilience.

The QFD concept was introduced by Akao [2] in Japan. Following World War 1, Japanese
companies that used to copy products, changed their approach and resorted to manufacturing new
products. QFD was introduced into such an environment as a concept for developing new products. In
other words, QFD is a comprehensive and systematic method, which allows the translation of
customer requirements into the technical characteristics of the product to develop the product and
increase customer satisfaction. The QFD approach is also used as a suitable method for identifying the
supply chain disruptions and risks and developing resilience strategies for disruption and its risks.
However, the optimization of this method has always been among the concerns of researchers.
Various optimization methods including linear programming, mixed integer programming and
dynamic programming have been used to optimize the QFD approach [3]. Moreover, to the
aforementioned methods, Lai [4] introduced the Linear Physical Programming (LPP) method for
QFD optimization, which was an effective and efficient method for QFD optimization.

LPP is a new and effective multi-objective optimization method that develops a cumulative
objective function of criteria with the fragmented Archimedean ideal programming method. Most
multi-objective optimization problems require direct or indirect numerical weighting. Therefore, in
the LPP procedure, the decision maker states the priorities for each criterion using four different
classes. In fact, the decision maker classifies each criterion into one of the four classes. Each class is
composed of two functions: a soft function and a hard function [5]. The soft function is generally used
to describe the design objectives, while the hard function is used to describe the design constraints.

Since the use of QFD calls for determining the relationships between the customer demands and
technical requirements as well as the correlation between technical requirements, commenting on
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these relationships and correlations takes place through verbal data such as “weak relationship”,
“strong relationship”, or “highly strong relationship *, which are more comprehensible to humans than
numbers.

In this paper, it is attempted to develop a resilient supply chain using LPP in QFD optimization.
For this purpose, by considering all the factors affecting the increase in supply chain resilience and
determining the optimal level of each resilience strategy, it is possible to identify those strategies that
have to be considered more to minimize supply chain risks. In this regard, after collecting general
information by studying the research literature and considering the opinions of the QFD team
members, a list of supply chain risks is prepared. Then, using the Delphi method, some risks can be
selected and placed in the customer requirements section of the house of quality. Likewise, a list of
resilient strategies is selected and placed in the technical characteristics section of the house of
quality. Finally, by using LPP method, the weight of importance for each supply chain risk is
calculated and a model is designed to determine effective resilient supply chain strategies.

In second section of the paper, the literature of the resilient supply chain, quality function
deployment, supply chain risks and linear physical programming are studied. In the third section, the
proposed methodology is described in detail. In the fourth section, the proposed framework for
controlling and reducing the supply chain risks of a pharmaceutical company is used as a practical
case and in the fifth section, the research results and future suggestions are presented.

2. Concepts and literature review

2.1. Supply chain

The supply chain includes all activities related to the flow and conversion of goods from the raw
material stage to delivery to the final consumer, as well as related information flows. Therefore,
supply chain management includes the integration of supply chain activities and related information
flows by improving chain relationships to achieve a reliable competitive advantage in different
industries.

In food industry, Hamidi-asl et al. [6] designed an efficient network for date products to increase
product flow efficiency in a forward direction and reduce the total associated costs of the supply chain
by optimizing the costs and emissions. In digital good industry, Taleizadeh et. al [7] formulated a
supply chain model with a manufacturer and two retailers. Digital goods, which were produced by
manufacturer, were sold through a traditional and a digital retail channel. The aim of their study was
maximizing profit for the supply chain so that the best contract is offered to the retailers by
manufacturer. Recently, a closed loop Supply Chain with multi-stage products is designed with
respect to the green production principles and Quality Control (QC) policy under back-logged and lost
sale types of the shortage [8]. Finally, Taleizadeh et al. [9] investigated the retailer’s optimal ordering
strategy in the SCs.

Considering constraints of supply chain is vitally important to design of a real supply chain. For
instance, Askari et al. [10] designed a mixed-integer nonlinear programming model that consider
warehouse space and budget constraints in supply chain. They tried to maximize the revenue by the
calculation of the optimal level of production of every item in different scenarios. Also, Taleizadeh et
al. [11] evaluated a manufacturing-inventory system with a single machine and multiple products
which constraints of machine capacity, service level, warehouse space, and budget were considered in
their supply chain. They tried to minimize total cost of system and calculate the optimal value of
backorder and the length of cycle.



2.2. Supply chain resilience

In the last two decades, various definitions of supply chain resilience have been introduced as new
paradigms to the field of supply chain. The first step in explaining resilience in the supply chain
context was taken by Rice and Caniato [12]: “The ability to respond to an unexpected disruption such
as the impact of a terrorist attack or a natural disaster and restoration to the original state”.

A notion that is directly or indirectly mentioned in most definitions of sustainable supply chain is the
existence of uncertainty or risk, which are used interchangeable [13]. According to Tang 's study, not
all risks identified in the supply chain certainly occur, and time determines the impact of each risk on
the supply chain. Risks could either be positive or negative. Although risk is considered to be a word
with a negative connotation by some people, not all risks are solely negative or harmful. Positive risks
are opportunities that can positively affect the project through useful means, and negative risks may
negatively affect the project dimensions. Table 1 lists the supply chain risks identified in various
studies.

Insert Table 1

In today’s competitive world, in which globalization plays an important role in organizations,
resilience strategies have to be used to overcome any disruption and risk [31]. Hence, researchers
have resorted to the design and implementation of a resilient supply chain.

Moreover, Ghavamifar et al. [32] designed a resilient competitive supply chain considering the
uncertainties and risks of disruption using a two-tier multi-objective programming approach in which
the producer and buyers attempted to attain their goals. They also used a combination of two
programming methods including compromise programming and Benders’ decomposition method to
provide a hybrid solution to solve their model.

Table 2 presents the identified supply chain resilience strategies in various studies.
Insert Table 2
2-3- Quiality function deployment

QFD is establishment of a transparent link between the demands and expectations of the stakeholders
(including customers) from the product, processes and production (service) activities. One of the most
important activities in the use of QFD is identifying the needs and expectations of customers to
answer this question: what product characteristics are linked to the customer requirements?

The House of Quality (HOQ) is the most important QFD tool, which involves the matrix of
customer requirements (CRs) and technical requirements (TRs) as well as the weights of importance
of customer requirements (R;;) and the correlation matrix of technical characteristics (Yjx). In Figure
1, Ry represents the relationship between CR;and TR;, and rj.shows the relationship between
TRyand TR;.

Insert Figure 1

QFD was originally introduced by Akao in Japan as an appropriate tool for translating customer
requirements into technical requirements to meet customer requirements. A review of the QFD
literature reveals that due to the high flexibility of this method, it has been used in various other areas
such as designing ergonomic products [42], changing the rules of soccer [43], assessing the quality of
nursing education services [44], and determining the best marketing strategies in housing projects
[45].



The scope of applications of QFD has also been extended to SCM. Today, many products are
manufactured through different levels of the supply chain and are provided to the end user. Hence, the
systematic reliability control method is of significant importance at different stages of the supply
chain. In this regard, Wang et al. [46] proposed a new framework for the top-quality design of the
supply chain of complex and large products through the integration of fuzzy QFD and Grey Decision-
Making approach. Recently, Ocampo et al. [47] have presented a comprehensive QFD-MADM multi-
step framework for sustainable product design considering all stakeholder requirements and the triple-
bottom-line (TBL) of sustainable development.

2.4. Linear Physical Programming

Multi-objective optimization methods require the determination of the objective weights; so, the main
challenge in solving these problems is weighting the objectives correctly during the optimization
process. Therefore, the design team needs to both locally and globally determine the accurate weights
in the objective space with a flexible and easy approach. LPP offers a systematic yet different
approach to the achievement of the objective weights both locally and globally. It also integrates the
weight calculation method with the optimization process to obtain optimal results.

LPP does not determine the weight of each objective separately; it allows the decision maker to
express their preference for each criterion using four different class functions. The level of utility of
each criterion in each class function is expressed as ideal, desirable, tolerable, undesirable, highly
undesirable, and unacceptable. It is easier for decision makers or experts in the decision-making
process to express these values. The value of the class function for each design criterion controls the
optimization path in the objective space [48].

The four prominent characteristics of the class function are as follows:
-Non-negative
-Continuous
-Linear and segmented
-Convex
The four LPP classes are defined as follows:
Class S1: The lower the value of the criterion is, the more desirable it is (minimization).
Class S2: The higher the criterion value is, the more desirable it is (maximization).
Class S3: Utility is a point.
Class S4: Utility has a range.
Figure 2 shows the four LPP classes.
Insert Figure 2

After determining the class functions and utility limits of each criterion and applying the Eqgs. (1)
to (7), the importance weights of each of the utility intervals of the criteria are calculated according to
the LPP method.

z®is a constant number for all “i”’s, which is calculated through Eq. (1). The OVO rule (one versus
one) is used to calculate the preference functions. This rule ensures the following inter-criterion
priority for each criterion, g;. If the following two options are considered:

Choice 1: “Complete improvement in g; across a given domain (e.g. domain-3)”



Choice 2: “Complete reduction in all other criteria across the next better domain (i.e. domain-2)”

Choice 1 is preferred to choose 2. In other words, the worst criterion is always improved first.
Basically, this philosophy has an implicit sequential nature whereby the minimization of the worse
criterion is automatically prioritized [49].

Therefore, the difference between the preference functions between t;;_;yand t;; is denoted by
Z5inEq. (3).
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Using the convexity parameter (5), Eq. (3) changes to Eq. (4):
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According to the LPP method, positive small numerical values (e.g. 0.1) are z? =0.1 and f=1.1,

where p is the number of customer requirements.
£ =ty —t, (2<s<5) (5)
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Moreover, w; denotes the weight of the i-th criterion at point s and t;¢ represents the utility of the
i-th criterion at point s.

w, =0 W)
The importance weight of each criterion range is calculated through the following relation.

W, = W, — W,y (2<s<5) (8)
In Egs. (1) to (8), the parameters are defined as follows.

p: Number of criteria

i: The i-th criterion

s: Number of utility ranges

z%: The value of the class function at the intersections of the ranges
tis:The utility of the i-th criterion at point s

wis: The weight of the i-th criterion at point s

Based on the above-mentioned characteristics and relations, after determining the weights
(W;5. W) using physical programming, which shows the slopes of the penalty functions, the
cumulative objective function (that has to be minimized) is formed as a weighted set from the
deviations across all domains (s = 2,3, ..., 5) and criteria (i = 1,2, ..., ng.). The general LPP model is
expressed as follows:
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This model has three types of variables: (i) the variable for the estimation level of each technical
characteristic (x;), which is a binary variable,(ii) the objective variable (g;), which is defined as a
variable dependent on the estimation level variable, and (iii) the deviation variables (dj; , d;.), which
show the deviation of g;from the objective levels of t;,_; and t;,_,defined in the model. Moreover,
the model has two types of constraints: (i) constraint (10) which is a criterion and showsg; is a linear
function ofx;.In this constraint, the normalized relationships between the customer requirements and
technical requirements are indicated by r;;.(ii) Constraint (11) and (12) which are goal constraints and
are defined for each domain. It is R;; represents the relationship between CR;andTR;.

2.5. Literature review of integrated use of concepts

Various approaches have been adopted to QFD optimization. Chen and Ko [50] used fuzzy linear
programming for QFD optimization. Zhou [51] used mixed integer programming and Joos [52] used
the optimization of min-max parameters in the QFD optimization. Chowdhury and Quaddus [53] also
used a binary multi-stage optimization model for QFD optimization. Another popular QFD
optimization method is ideal programming. Research examples include the studies by Karsak et al.
[54], Han et al. [55], and Chen and Weng [56].

Chen et al. [57] also used fuzzy ideal programming for QFD optimization. Other studies have
revolved around the application of mathematical programming in the optimization of technical
characteristics. Examples include the studies by Dawson and Askin, [58] and Belhe and Kusiak,[59] .
Furthermore, Lai et al. [4] used LPP to optimize customer requirements to maximize overall customer
satisfaction in the QFD method. Given that competition is multidimensional, organizations must
always attempt to maximize overall customer satisfaction by optimizing their product design.

Moreover, all constraints (the product development time, development cost, production cost, human
resources in design and production, etc.) must be taken into account. In all of the aforementioned
methods, a multi-objective problem is converted into a single-objective problem and then a
satisfactory solution to the single-objective problem is obtained. Therefore, the design team has to
first assign a weight to each objective. These weights are in different importance levels and must be
fit in terms of the description of the optimization problem. The decision maker can consider multiple
criteria by dint of LPP and express the level of utility for each criterion considering different
preference ranges. It is difficult for the design team and the customers to rank the customer
requirements. However, it is easier to identify levels of satisfaction for a particular customer
requirement as ideal, desirable, tolerable, undesirable, highly undesirable, or unacceptable. Using this
information, LPP can extract the importance weights and optimal results. In fact, LPP makes it
possible to use competitive information with a systematic and measured approach. Therefore, there is
no need to separately calculate the weight of each objective.

In most conventional methods, the weights are constant, which may in some cases lead to
deviation. LPP is a different and systematic approach to calculate the weights both locally and
globally. Furthermore, it integrates the weight calculation process with the optimization process to
obtain the optimal solution, and it is relatively easier to obtain the data used in LPP as compared to
other methods.



Table 3 lists the recent studies of supply chain that used various techniques.
Insert Table 3

Based on the literature review in the field of resilience supply chain, we realized that although
there is growing trend in resilient supply chain, considering some practical approaches such as QFD
and LPP is limited. Therefore, the research gap and significant contribution of this study can be as
follow:

First, a limited number of studies have been focused on resilient supply chain by applying multi-
criteria decision-making techniques such as, AHP, ANP and TOPSIS which are less practical in real
world. Thus, we fill this gap by utilizing a new approach, namely QFD.

Second, Multi-objective optimization methods require the determination of the objective weights;
so, the main challenge in solving these problems is weighting the objectives correctly during the
optimization process. Therefore, the design team needs to both locally and globally determine the
accurate weights in the objective space with a flexible and easy approach. LPP offers a systematic yet
different approach to the achievement of the objective weights both locally and globally. It also
integrates the weight calculation method with the optimization process to obtain optimal results.

Third, the occurrence of the COVID-19 pandemic is a disruption that has adversely affected many
supply chains (SCs) around the world. Therefore, in this paper, we strive to minimize supply chain
risks and develop the resilience of a supply chain by applying some resilient strategies during
COVID-19 pandemic.

Fourth, the position of the current study compared to other works is that many previous studies
tried to devise a comprehensive or actual network for other products. This was done with the same
purpose of filling the presented gap when dealing with pharmaceutical products.

3. Proposed research methodology

The decision algorithm in this study determines the estimation level of each resilience strategy with
regard to supply chain resilience development and predetermined objectives. In general, the proposed
algorithm consists of three general parts: first, based on literature review, supply chain risks and
resilient strategies to address the risks were identified and prioritized. Second, by employing HOQ,
which is known as one of the QFD method tools, the relationships between risks and strategies were
determined. Eventually, mathematical modeling is formulated using the LPP approach to design a
resilient supply chain.

In this study, after collecting general information by studying the research literature and
considering the opinions of the QFD team members, a list of supply chain risks is prepared.
Thereafter, using the Delphi method, ten risks are selected and placed in the customer requirements
section of the house of quality. Likewise, a list of resilient strategies is selected and placed in the
technical characteristics section of the house of quality. Each resilient strategy directly affects one or
several supply chain risks and has to be expressed in a measurable and practical format. It is again
worth mentioning that the data input in the QFD process is obtained through subjective assessments
made by decision makers or experts based on professional knowledge, experience and available
information.

In brief, the steps of the proposed research algorithm are shown in Figure 3:

Insert Figure 3

4. Case Study



The framework proposed for resilience development is a supply chain of a pharmaceutical company.
This company is located in Iran, and its vision is to become a leading global human healthcare
organization. Based on the value of this company, which is to create an environment that can foster
creativity and openness to new ideas, we collaborated with a four-member team consisting of supply
chain manager, Research and Development (R&D) manager, market research manager and production
manager, who serve as the QFD team in the case study company.

First, a relatively long list of supply chain risks was prepared. In the next step, they were identified
considering the recommendation by the supply chain manager and the opinion of the QFD team
members and the fact that some of these characteristics overlapped with each other. Table 4 shows
these risks.

Insert Table 4
Besides, Table 5 shows the resilience strategies influencing these risks.
Insert Table 5

The relationships between the resilience strategies and supply chain risks as well as the
interactions between technical requirements were identified through discussions and interviews with
QFD team experts. Afterward, the House of Quality relationships were normalized using the
aforementioned relationships. Fig. 4 presents the basic relationships between the supply chain risks
and resilience strategies along with the correlations between the resilience strategies. Figure 5 also
shows the normalized relationships of the house of quality.

Insert Figure 4

To take into account the correlation between technical characteristics, Wasserman [77] proposed
the following formula to normalize the relationships between the customer demands and technical
characteristics.

Y. The degree of dependence of the j-th and k-th of the technical characteristics

R;;: The relationship between the i-th customer requirement and the j-th technical characteristic of
the product

m: Number of customer requirements

n: Number of technical characteristics

" R, *Y,
Ri™™ = nZ:kﬂn L i=123...m, j=123...n (13)
Zj:le:l Rii *Yik
Where R{‘j"rm denotes the normalized relationship between CR;and TR;, (i = 1,2,3,..,1) and

(j = 1,2,3,...,]). In previous research, the 1-3-9 or 1-5-9 scales were usually used to show the weak,
moderate, and strong relationships between TRs and CRs as well as between the TRs.

In Figure 5, the house of quality relationships is normalized using Wasserman [77]’s equation.
Insert Figure 5

After identifying the supply chain risks, the resilience strategies and the relationships between
them, the type of the class function of supply chain risks is extracted and the utility limits for each
class function are determined.

Table 6 shows the class function type and the utility limits of supply chain risks.



Insert Table 6

Based on the LPP method, Egs. (1) to (8), and the fact that the number of considered risks is 12,
the importance weights of each area of utility are calculated. For instance, the calculations for the first
risk (losing customers) for extracting the importance weights of each different utility range are listed
in Table 7.

Insert Table 7

Likewise, the importance weights of other risks can also be calculated. Table 8 presents the
importance weights calculated for different ranges of supply chain risks.

Insert Table 8

Ultimately, based on the case study data and Egs. (9) to (12), LPP model is formulated as follow:

minJ = O.40d1+2 + 4.10d1*3 ...... + 32.66d1*04 + 462d1+05 (14-1)
St:
1.criteria

g, = 0.036X, +0X, +0.145x, + 0.217X, + 0.229x, + 0X, + 0.337, + 0.036X,

(14-2)
0y = 0.231x, +0x, +0x, +0.692x, +0.077x, + 0%, +0x, + 0x,
2.goalconstraint

g, —d, <01
g, —d;<0.35

(14-3)

0y — ;s <0.79
d; >0i =1.2....10s = 2.3.4.5

9,20
Xj =0 or 1

(14-4)

After solving the Eq (14) in GAMS software, the results show the level of estimation of technical
requirements, which are basically the resilience strategies in a supply chain.

In the LPP algorithm, the coefficient 4 and the value of Z2were selected arbitrarily. Besides, as the
convexity parameter, 8 had to be greater than 1 and Z2had to be a small positive number. In this study,
weights were generated assuming # = 1.1 and 22 = 1 and the results presented were obtained based
on these assumptions. The question here is whether the results are affected by these values. To answer

10



this question, the weights were once calculated with = 1.1 and were once again calculated with g =3
and S = 7 and the model was implemented based on the new weights. In both cases, the results were
fully similar to the results obtained earlier. Tables 9 and 10 present estimation level of resilience
strategies and reduction level of supply chain risks by employing specified resilience strategies
respectively.

Insert Table 9
Insert Table 10

5. Conclusion

Today’s business environment has created a high level of uncertainty and turbulent behaviors in the
supply chain which are the results of factors such as globalization, increased level of outsourced
activities, increased demand fluctuations, reduced life cycle of products, a drastic decrease in
inventories, and reduced number of suppliers of companies. Besides, supply chains face major
challenges and threats such as natural disasters (flood, earthquake, hurricane, and fire), cyber attacks,
sanctions, supply, production, and distribution system disruptions, etc. The aforesaid factors increase
the supply chain risk. Hence, one of the challenges in today’s business is risk management and risk
reduction for creating a resilient supply chain.

In this study, Utilizing QFD and LPP methods, supply chain in this study in three steps is
designed. In this regard, the supply chain risks and appropriate strategies to address the risks were
identified and prioritized in the first stage. In the next stage, the relationships between risks and
strategies were determined by implementing the house of quality, which is known as one of the QFD
method tools.

The correlation rate between each of the strategies was then determined. Ultimately, the
Wasserman [77]’s method was used to normalize the relationships between risks and strategies. In the
final step, the type of class function of each of the supply chain risks was first defined according to
the type of risk followed by determining the range of limits for each class function. Then, the weight
of the importance of different utility ranges for each supply chain risk was calculated to provide a
physical programming model by adhering to the principle of minimizing the weighted sum of
deviations from the estimation levels of the strategies.

Revealed by the findings of the case study, applying appropriate policies in determining the
number and choice of suppliers, employing up-to-date methods in pricing and market analysis, and
enhancing the level of supply chain agility to address natural disasters play a crucial role in reducing
the supply chain risks of the pharmaceutical company and the supply chain resilience. Thus, focusing
on the strategies mentioned and providing a proper context to adopt these strategies, the supply chain
managers would be able to design and implement a resilient supply chain. However, the provision of
this context can be challenging for some main reasons. First, lack of easy access to supply chain data
to define supply chain risks and resilience strategies in order to reduce supply chain risks. Second,
difficulty converting qualitative data to quantitative data. Finally, determining the relationships
between the resilience strategies and supply chain risks as well as the interactions between resilience
strategies accurately were challenging.

The following suggestions can also be considered for future research:

o The research conducted is performed using a combination of fuzzy AHP, QFD and LPP techniques
to improve supply chain resilience. There are two main advantages to using these methods, first,
the use of verbal words to collect data that is fuzzy in nature, allows team members of QFD to
evaluate their relationships inhouse of quality with more freedom and flexibility. Second, since

11



individuals' judgments of relationships are different, applying this method allows for a more
accurate assessment of house of quality relationships.

e |tis possible to add any system constraint such as budget constraints to the model depending on the
study product or company’s policies.

o It can be considered in various industries, such as food and beverage industry, banking industry
automotive industry, defense industry and aviation industry in order to better responsiveness and
developing resilience.
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Table 1. Common risks in the supply chain

Supply chain risks

Reference

Natural risks

Silva et al. [14]
Perrin and Martin [15]

Natural disasters
Infectious diseases (such as COVID-19)

Operating risks

Kleindorfer and Saad [16]
Blackhurst et al. [17]

Blos et al. [18]

Chowdhury and Quaddus [19]
Scheibe and Blackhurst [20]
Fan and Stevenson [21]
Scheibe and Blackhurst
Colicchiaetal. [22]

Tiwari et al. [23]

Kumar et al. [24]

Operating failure due to the inappropriate use of machinery and equipment
Production capacity limitation

Product qualitative problems

Inadequacy of skills in human’s resources

Infrastructural problems such as inefficient distribution, storage, and information
Lack of access to information

Worker conflicts and strikes

Transportation disruptions

Human error

Management weakness

Financial risks

Kamalahmadi and Parast, [25]
Kamalahmadi and parast
de Oliveira et al. [26]

Bankruptcy
Economic conditions (recession and prosperity)
Inflation

Supply and demand risks

Wieland and Wallenburg [27]
Hao et al. [28]

Linnenluecke [29]

Ivanov et al. [30]

Supplier disruption (opportunism, timely delivery)
Shortage of available raw materials

Losing customers

Number of suppliers

Table 2. Common resilience strategies in the supply chain

Reference

Resilience strategies

Charles et al. [33]

Akdogan and Demirtas [34]
Mancheri et al. [35]

Fu and Chin [36]

Dubey et al. [37]

Hawkins et al. [38]

Bader et al. [39]

Alikhani et al. [40]

Shin and Park [41]

Improving supply chain agility for dealing with unexpected natural accidents

Improving knowledge and management performance in different chain sections

Having a coherent relationship with shareholders and monitoring the chain economic conditions
Utilizing the appropriate methods for forecasting and analyzing demand and capacity
Concentrating on the customer services and customer satisfaction

Enforcing the appropriate policies on determining the number and selecting suppliers

Utilizing the information sharing policies in and out of the supply chain

Using state-of-the-art methods of pricing and analyzing the market

Monitoring and improving the process and product components
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Alikhani et al. [40] Increasing inventories and improving the inventory and raw materials sections

Table 3. Literature review

Techniques
(5]
Authors _E T. % 5 Physical Programming
st S5 28§ _
§ ?2 § § SE AHP ANP TOPSIS QFD 5 .
= =2z =
z = 326 E 5
Lai et al. [4] v v v
Gencer and Gurpinar [60] v
Kovach et al. [61] v
Pochampally et al. [62] v v
Losada et al. [63] v v
Shaw et al. [64] v v
Soni et al. [65] v v
Mari et al. [66] v v
Lam and Lai [67] v v
Chowdhury and Quaddus [68] v v v
Dixit et al. [69] v v
Rezapour et al. [70] v v
Fargnoli and Haber [71] 4 4
Ghavamifar et al. [32] v v
Margolis et al. [72] v v
Sabouhi et al. v v
Kinoshita et al. [73] 4
Yatsuka et al. [74] v 4
Mohammed et al. [75] v v v v
Mistarihi et al. [76] 4 4
This paper v v v 4 4
Table 4. Supply chain risks
Risk name Symbol
. Lack of raw materials SCR,
Supply and demand risks (SDR)
The number of suppliers SCR,
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Limits of production capacity

SCR,

Lack of access to information SCR,
Operational risks (OR
P (OR) Weakness in management SCRs
Product quality issues SCRe
Economic conditions (recession and prosperity) SCRy
Financial risks (FR)
Bankruptcy SCRyg
Infectious diseases (such as COVID-19) SCRy
Natural risks (NR) )
Natural disasters such as floods, earthquakes, etc. SCRyo
Table 5. Resilience strategies
Strategies name Symbol
Implementing appropriate and relevant policies in terms of the number and selection of suppliers RS,
Taking advantage of appropriate methods for predicting and analyzing demand and capacity RS,
Taking advantage of information sharing policy in the supply chain and beyond it RS,
Upgrading the level of knowledge and managerial performance in different parts of the chain RS,
Employing up-to-date procedures in pricing and market analysis RSs
Monitoring and enhancing product and process components RS,
Cohesive communication with shareholders and monitoring economic conditions of the chain RS,
Upgrading supply chain agility to cope with natural disasters RSg
Table 6. Type of class functions and utility limits of supply chain risks
The type of Utility Limits
Risk name class
function ¢r 6 & & & 6t &
> 2. Lack of raw materials 1S - - - - - 01 035 057 071 1
QT © X
SSEL
a3 The number of suppliers 4S 0 01 02 03 05 065 075 08 09 1
. Limits of production 15 .- - . - 02 03 05 079 1
L capacity
= Lack of access to 15 - - - - - 0 028 049 08 1
s information
o
§ Weakness in management 1S - - - - - 013 037 052 08 1
<3
© Product quality issues 1S - - - - - 009 024 056 07 1
£8mgyg  Economicconditions 1S - - - - - 018 026 048 08 1

(recession and prosperity)
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Economic conditions

floods, earthquakes, etc.

. ; 1S - - - - - 0.2 0.38 056 0.88
(recession and prosperity)
— Infectious diseases
g_@ (such as COVID-19) 4S8 0 013 021 034 043 052 065 0.73 0.82
= .2 .
ch < Natural disasters such as 1s i i i i i 01 025 049 079

Table 7. Calculations of the importance weights for SCR1

symbol Value
73 0.99
4 9.8
Z° 97.02
t12 0.25=0.35-0.1
t13 0.22=0.57-0.35
t1a 0.14=0.71-0.57
t1s 0.29=1-0.71
W11 0
Wio 0.4
Wq3 45
Wig 70
Wis 3345
W1o 04=04-0
Wy 41=45-04
Wis 65.5=70- 4.5
Wys 264.5=334.5-70

20



Table 8. The calculated importance weights for different ranges of supply chain risks

Importance weight of utility limits (ranges)

Risk name
Wiz Wiz Wy Wis wh wi wi wis
(%]
=k Lack of raw ; ; ; - 04 41 655 2645
G = materials
T
- <
= E The number of
A B - 0.666 30 98 970.2 1 9.9 196  970.2
© suppliers
Limits of production i i i i 0625 521  40.83 462
capacity ' ' '
(%)
g Lack of access to
(_: i formation - - - - 0357 471 29.6 539
c
2
o Weakness in S ~ 041 66 2969 24638
o management
O
Product quality - - 0666 309 70 3234
issues ' ' '
Economic
Y, conditions ] - - 125 45 2578 693
Z (recession and
T prosperity)
e Economic
= .
= conditions .. - 055 55 3062 8085
T (recession and
prosperity)
2 Infectious diseases 1 1 75 1995 7463 076 12375 1088 539
' (such as COVID-19) ' ' ' ' ' ' '
§ Natural disasters
§ such as floods, - - - - 0.555 471 32.66 462

earthquakes, etc.
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Table 9. Estimation level of resilience strategies

Resilience strategies RS; RS, RS; RS, RS RS, RS, RSg

Estimation level 1 0 0 0 1 0 0 1

Table 10. Reduction level of supply chain risks by employing specified resilience strategies

Supply chain risks  Satisfaction rate Domain
SCR, g1 =0.301 desirable
SCR, g,=0.408 desirable
SCR; gs=0.246 desirable
SCR, 94=0.204 desirable
SCRs gs=0.369 desirable
SCRg ge=0.150 desirable
SCR, g,=0.370 tolerable
SCRg gs=0.341 desirable
SCR, go=0.308 tolerable
SCRy, J10=0.308 tolerable
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Correlation matrix (1j, )

Technical requirements (TR,)
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Relationship’s matrix (R; ;)

Weight of technical requirements ( wy;)

Figure 1. House of quality
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0- Preliminary phase

Literature review to collect information on supply chain risks and resilience strategics

Emploving the Delphi method to prioritize and select risks related to the subject of interest and determine
appropriate strategies to deal with them

¢

1- Using the house of quality

v

Determining the relationship between supply clain risks and resilience strategies

Specilving the degree of correlation between the resilience strategics

v

Normalization of the quality of house relationships emploving the Wasserman approach

Building class functions and utility limits of each supply chain risk
=

v

Caleculating the weight of different utility intervals imponance for each supply chain risk

}

Formulating a physical planning model

'

Solving the physical planning model to determine the estimation level of each resilience strategy

Figure 3. Proposed research methodology
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Figure 5. Normalized HOQ
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