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Abstract
Despite the fact that medical responses are crucial for saving precious lives during any 
humanitarian crisis (e.g., the COVID-19 pandemic), healthcare infrastructure in many 
communities are partially covered or are not covered yet. In order to strengthen the health 
system response to such crisis, especially in low- to middle-income communities, this 
paper extends a novel multi-objective model for designing a health service network under 
uncertainty which simultaneously considers efficiency, social responsibility, and network 
cost. For efficiency, a modified data envelopment analysis model is introduced and inserted 
into the proposed model to decrease the inefficiency of healthcare facilities belonging to 
the different tiers of the health system. For social responsibility, two measures of job crea-
tion and balanced development are incorporated into the extended model. This is not only 
considered to cope with the increased numbers of patients and disaster victims to health-
care facilities but also to deal with the challenge of the economy and the livelihoods of peo-
ple during the crisis. Moreover, a novel mixed possibilistic-flexible robust programming 
(MPFRP) approach is developed to protect the considered network against uncertainty. To 
show the applicability of the extended model, a real-world case study is presented. The 
results reveal that contrary to fuzzy programming models, the MPFRP performs well in 
terms of social responsibility (72%), cost (8%), and efficiency (28%) and is able to make 
a trade-off between these three measures. In this study, the resilience level of the designed 
network is not addressed while disregarding any short-term stoppage owing to internal or 
external sources of disruption in designing may bring about a considerable loss.
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1 Introduction

Based on the report by WHO (https:// www. who. int/ emerg encies/ fundi ng/ respo nse- plans), 
every year millions of people are in constant need of humanitarian aid, which can be associ-
ated, among other criteria, with conflicts, disease outbreaks, and natural disasters. World-
wide, and particularly in low- to middle-income communities, a serious health crisis can 
compromise the resilience of a country’s health networks. For instance, the coronavirus dis-
ease-2019 (COVID-19) pandemic has put the health services of most countries in the world 
in a challenging situation. The infectious nature of the disease and the respiratory failure 
necessitating ventilatory care of these patients have put an extra burden on health service 
providers (Kumar et al., 2020; Xiang et al., 2020). Regarding such a problem, strengthening 
the health system response to such a crisis seems significant and undeniable (WHO, 2020).

In general, a healthcare system in developing and developed countries is a three-tier hierar-
chical system that includes three types of health service providers (Mousazadeh et al., 2018a). 
At the beginning of this hierarchy, there are primary health facilities (PHFs). According to 
WHO, during a humanitarian health crisis such as the outbreak of the COVID-19 pandemic, an 
increasing number of people will seek health services. In this situation, if the entrance points of 
people with COVID-19 suspicion or symptoms to healthcare systems change from specialists 
service providers and hospitals into PHFs, it would have positive impacts on the total function-
ality of the healthcare systems and alleviate some of the burden on health facilities at the upper 
tiers (WHO, 2020). Considering this fact, patients first refer to their family physician/general 
practitioner, which is in charge of giving first aid or preventive care services, and then, in the 
case of need, refer to the upper tier of the health service network (HSN). According to World 
Health Report, the success of a health network based on the PHFs’ main role highly depends 
on the following arrangements: (1) bringing health services closer to people, (2) giving PHFs 
the responsibility for the care of the allocated population and (3) making PHFs’ role stronger as 
coordinators of the inputs of other tiers of the health system. At the second tier of such a hierar-
chical system, there are regional health facilities (RHFs) such as clinics that are responsible for 
those services that do not exist at the first tier, such as curative and limited therapeutic services. 
In addition, some people might visit the last tier, namely district health facilities (DHFs), such 
as specialty hospitals in which patients are provided with some specialized care services.

Social responsibility as a pillar of sustainability has to do with the force of non-govern-
mental organizations to take responsibility for the social impacts of their activities (Zahiri 
et al., 2017). Community involvement and development is one of the important aspects of 
social responsibility as there is an agreement that the communities around the workplace 
should be promoted both economically and socially. In fact, the main goals of this feature 
include providing a balanced economic development as well as increasing job opportuni-
ties for local communities (Zhalechian et al., 2016).

The establishment of health facilities of any kind (either PHFs, RHFs, or DHFs) affects 
the regional development rate, especially in less developed areas. Based on WHO, there 
is an important relationship between economic development and health. In other words, 
better health makes a significant contribution to economic development, as it decreases 
production losses owing to worker illness, raises productivity, and it lowers absenteeism 
rates. Healthier workers could reasonably be expected to produce more output per hour 
worked. Productivity could be improved directly by enhanced mental and physical activity. 
Furthermore, more mentally and physically active workers could make more efficient and 
better use of equipment, machinery, and technology (WHO, 2001). In addition, more job 
opportunities are created for health workers out of opening health facilities, which in turn 

https://www.who.int/emergencies/funding/response-plans
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increase the ability of these centers to cope with the increased numbers of patients and dis-
aster victims to healthcare facilities (Behl & Dutta, 2019; Wamba, 2020).

In the face of growing demand and rising cost pressures for care services during the 
humanitarian crisis, health policy-makers and managers are making a great effort to supply 
accessible, equitable, and high-quality care while protecting their long-term sustainability 
(Dubey & Altay, 2018; Dubey et al., 2019; Shibin et al., 2020). In this context, developing 
an appropriate technique to evaluate the efficiency of health service providers is crucial to 
correctly identify wasteful practice and design policy interventions that effectively improve 
efficiency. Data Envelopment Analysis (DEA) is an appropriate technique for this purpose. 
Compared to other techniques, it has some advantages, such as simultaneous use of multi-
ple inputs and outputs (which may not be equal) to determine which units are performing 
most efficiently (Rezaei & Haeri, 2019).

Another important matter in the way of the health service network design (HSND) is to 
cope with an uncertain environment. Owing to the dynamic nature of the problem, most of 
the parameters like the opening cost of health facilities and the demand for care in different 
tiers of the HSN are uncertain. Under such circumstances, the robustness of the final solu-
tion is important because it deals with decisions such as capacity sizing and location–allo-
cation that cannot be altered simply in a long-term horizon (Tofighi et al., 2016).

In this paper, a new multi-objective model is extended for designing an integrated socially 
responsible-efficient HSN with different types of healthcare facilities in response to the human-
itarian crisis. To do so, a modified DEA model as well as two measures of social responsi-
bility, including job creation and balanced development, are presented and incorporated into 
the extended model. Based on the authors’ knowledge, there is no HSND in the literature of 
humanitarian operations that simultaneously considered efficiency and social responsibility 
concepts in designing the HSN, while this paper is the first to tackle such a problem in the field 
of strengthening the health system response to the humanitarian crisis. To solve the extended 
multi-objective model and find the best candidate places for opening health service centers, 
an interactive fuzzy method [i.e., the Torabi–Hassini (TH) method] is also applied. Moreo-
ver, a novel mixed possibilistic-flexible robust programming (MPFRP) approach is presented 
to protect the considered network from uncertainty. The outcomes reveal that inserting DEA 
measures into HSND makes it possible to decrease the inefficiency of health service facilities 
and guarantees to deliver accessible, equitable, and high-quality care among all people, espe-
cially in deprived areas that suffer from rather unresponsive and inefficient healthcare systems. 
In case of social responsibility, the opening of new health facilities of any kind (either PHFs, 
RHFs, or DHFs) not only creates job opportunities for specialists and other health workers in 
response to the increased numbers of patients and disaster victims to healthcare facilities dur-
ing the humanitarian crisis but also increases the development rate in less developed areas as it 
increases production through improving population health. To obtain some more results about 
the numerical findings, the performance of MPFRP models are compared against the perfor-
mance of mixed possibilistic-flexible programming (MPFP). The achieved results indicate that 
compared with fuzzy programming models, MPFP, for instance, robust models (i.e., MPFRP), 
can usually provide better performance.

The remainder of the paper is organized as follows. A comprehensive literature review 
in the context of HSND is presented in Sect. 2. Section 3 is dedicated to problem descrip-
tion and mathematical model. The extended approach for coping with uncertainty along 
with solution methodology is presented in Sect. 4. Section 5 discussed a real case study to 
illustrate the problem applicability. Section 6 presents the results as well as a number of 
sensitivity analyses. Also, Sect. 7 is dedicated to discussion, and finally, Sect. 8 discusses 
the conclusion, limitations, and some future research avenues.
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2  Literature review

In this section, the relevant papers on the subject of interest are divided into two major 
groups: (1) HSND problems and (2) humanitarian HSND problems. In continue, the 
research gaps and main contributions of this paper are described.

2.1  HSND problems

Making healthcare services accessible to all communities is an important prerequisite for a 
health system to achieve its goal known as “reducing health inequalities”. An excellent HSND 
is the main step for reaching this goal, which impacts greatly on the performance of the asso-
ciated health system’s operations (Mousazadeh et al., 2016). Among the related studies in 
the field of HSND, there are a few studies that have focused on considering various health-
care facilities in different tiers of the HSN (Mousazadeh et al., 2018a, 2018b). Mousazadeh 
et al. (2018a) extended a mixed-integer nonlinear programming model (MINLP) for design-
ing a three-tier HSN. Minimizing the distance between health facilities and patient groups as 
well as minimizing the total establishment cost were the objectives of their proposed model. 
The problem includes decisions on placing of PHFs, RHFs, and DHFs and determining their 
capacities at different tiers, assigning patient groups to the opened facilities, designing an effi-
cient referral system, and the patients flow through the health network. A new hybrid robust 
possibilistic programming (PP) method was also introduced to tackle uncertainty in input 
parameters. Mousazadeh et al. (2018b) addressed a multi-objective MILP model to redesign 
a three-tier HSN in a multi-period planning horizon with the aim of maximizing the equity in 
the people’s utilization of the health services and the access to the HSN and minimizing the 
total instability of HSN. Locating healthcare facilities (PHFs, RHFs, and DHFs), expanding 
or closing the capacity of facilities, reallocating patient groups to facilities, and redesigning 
an efficient referral system were considered as strategic decisions. To tackle different uncer-
tainty, a mixed fuzzy-robust programming approach was also used.

In the case of social responsibility, the only studies that address this issue in HSND 
and planning are Zahiri et  al. (2017), Eskandari-Khanghahi et  al. (2018), and Pishvaee 
et al. (2014). Zahiri et al. (2017) developed a resilient-sustainable pharmaceutical network 
design with the objectives of minimizing de-resiliency, maximizing total sustainability 
with regard to maximizing social impacts and minimizing environmental impact, and mini-
mizing total network cost. Objective functions (OFs) associated with the social impact of 
establishing facilities in the considered network attempts to maximize the balanced eco-
nomic development and total created job opportunities. Eskandari-Khanghahi et al. (2018) 
extended a novel model to design a blood platelet supply chain network consisting of loca-
tion, allocation, inventory, routing by inserting sustainability into the process of decision 
making. Maximizing social effects (including fixed jobs and variable jobs), minimizing 
the total cost, and environmental effects were taken into account as the objectives of the 
extended model. Pishvaee et  al. (2014) extended a multi-objective PP model for design-
ing a sustainable HSN under uncertainty in which four measures of social responsibility, 
including job opportunities, local development, damage to workers, and consumer risk, 
were taken into account.

The concept of efficiency as a basis to evaluate the performance of health service pro-
viders and decrease their inefficiency is a major issue in HSND and planning. In the case 
of efficient HSND, existing literature has a gap. Haeri et al. (2020a) provided a mixed effi-
cient-resilient model to design a network of blood supply chain. An augmented form of 
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DEA model was incorporated into the proposed model to determine the best sites for open-
ing blood distribution centers, blood production centers, and blood collection centers in 
Iran considering three outputs of environmental actions, population density and education 
and culture of each region and two inputs of pollution and traffic.

2.2  Humanitarian HSND problems

Exploring the extant body of literature, the subsequent recent papers can be highlighted 
for HSND in humanitarian operations. Acar and Kaya (2019) introduced a HSND model 
to specify the locations and capacities of mobile hospitals to be opened before the crisis 
and relocation of these facilities to the suitable zones after the crisis using a stochastic pro-
gramming approach. They applied their models for an expected earthquake. Minimizing 
the expected costs before and after the disaster was taken into account as the objectives of 
the extended model. Liu et al. (2019) extended a bi-objective optimization model for the 
design of a humanitarian medical rescue network. In the proposed model, they determined 
the temporary health service locations and allocation plan by minimizing the total opera-
tional cost and increasing the number of expected survivals in the way of using helicop-
ters and ambulances. Gu et al. (2018) proposed a mathematical programming model for 
determining the places of temporary health relief shelters and maximize the number of 
patients who achieve health services at multiple health relief shelters under a limited relief 
budget. Cheraghi and Hosseini-Motlagh (2018) used a mixed-integer linear program-
ming (MILP) formulation for designing a reliable and responsive injured-oriented blood 
supply chain network (BSCN) in the crisis considering three criteria including urgency, 
fairness, and risks. Samani et al. (2018) introduced a MILP multi-objective formulation 
for designing a BSCN in disaster relief with the aim of providing a tradeoff between the 
shortage and network cost efficiency while considering the uncertainty of demand and 
supply of blood. Kamyabniya et al. (2019) introduced a two-step coordination mechanism 
for platelets supply chain network in disaster relief in which the proposed approach aims 
to minimize cost and relief response time. Mohamadi and Yaghoubi (2017) developed a 
bi-objective stochastic model for designing an emergency HSN in a disaster considering 
important issues such as medical supplies and urgent health services. The proposed model 
determined the suitable locations of transfer zones and medical supplies distribution facil-
ities. Minimizing travel time between health facilities and the total network costs were 
the objectives of their proposed model. Zarrinpoor et  al. (2017) addressed a hierarchi-
cal location–allocation model for designing a HSN under the risk of disruptions. A two-
stage robust method by taking into account a two-tier multi-flow nested hierarchy with 
service referral was applied to formulate the considered problem. As a solution approach, 
the authors presented a solution approach-based Benders decomposition method to solve 
the proposed model. Salehi et al. (2019) proposed a two-stage stochastic robust formula-
tion to design a BSCN in the disaster in which the compatibility of blood groups and 
the pre-stock inventory were considered as the main contributions. Khalilpourazari and 
Khamseh (2019) extended a bi-objective formulation to design an emergency BSCN in an 
earthquake. Minimizing the total response time and the total cost were taken into account 
as objectives of the developed model. Sharma et al. (2019) extended a location-allocation 
approach for temporary blood centers after and during the disaster in which the proposed 
model seeks to minimize the maximum distance with hospitals. Fazli-Khalaf et al. (2019) 
extended a multi-objective formulation for a BSCN design in disaster with the objectives 
of minimizing the time of transportation and cost of considered network and maximizing 
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the reliability of blood tested at laboratories. Khalilpourazari et  al. (2020) presented a 
BSCN design in crisis considering different transportation modes. Minimizing the trans-
portation time as well as the supply chain costs were taken into account as OFs of the 
developed model.

From reviewing above papers, the subsequent conclusions could be drawn.
First, while a few studies have investigated socially responsible HSND (Eskandari-

Khanghahi et  al., 2018; Pishvaee et  al., 2014; Zahiri et  al., 2017) and efficient HSND 
(Haeri et al., 2020a), the literature is scant on the integrated socially responsible-efficient 
HSN in response to the humanitarian crisis.

Second, many services/facilities are mentioned in the literature, including PHFs, RHFs 
(e.g., clinics), DHFs (e.g., specialty hospitals), community health centers, long-term care 
services, specialized health services, and emergency medical services. To the best of the 
authors’ knowledge, only a few studies have focused on considering various healthcare 
facilities from different tiers of the HSN (Mousazadeh et al., 2018a, 2018b) and the exist-
ing literature in humanitarian HSND has a gap.

Third, among the reviewed articles considering the data uncertainty (Acar & Kaya, 
2019; Mohamadi & Yaghoubi, 2017; Mousazadeh et  al., 2018a, 2018b; Pishvaee et  al., 
2014; Salehi et al., 2019; Samani et al., 2018; Zarrinpoor et al., 2017), robust programming 
and stochastic programming approaches have mostly been applied to handle uncertainty. 
Based on the authors’ knowledge, the only paper that addresses the mixed fuzzy-robust 
programming approach in HSND is Mousazadeh et al. (2018b). Interestingly, none of the 
articles in the literature of humanitarian HSND uses the mixed fuzzy-robust programming 
approach to handle uncertainty in data.

The findings obtained from the reviewed articles in humanitarian HSND indicate the 
narrow scope of efficiency and social responsibility, insufficient address of various facili-
ties from different tiers of the HSN, and the lack of uncertainty consideration. This moti-
vated us to introduce a new integrated socially responsible-efficient HSN with different 
types of healthcare facilities in response to the humanitarian crisis under uncertainty. This 
paper requires the answers to the below questions.

• What are the effects of designing a multi-tier HSN under uncertainty by considering 
efficiency, social responsibility, and network cost?

• Where to locate health centers and what capacities to allocate to them to meet the 
demand in the best way?

• How to reduce the impacts of uncertainty on the HSN during the humanitarian crisis?

Incorporating efficiency into humanitarian HSND can decrease the inefficiency of 
health service facilities and guarantees to deliver accessible, equitable, and high-quality 
care among all people, especially in deprived areas that suffer from rather unresponsive 
and inefficient healthcare systems. In this regard, a modified DEA model is introduced and 
inserted into the extended model to find inefficient health facilities and minimize their inef-
ficiencies. Compared to the basic DEA model, the introduced DEA model in this study 
is able to calculate the efficiencies of all DMUs at the same time in one linear model. On 
the other hand, as during a major health crisis like the COVID-19 pandemic, health care 
providers are on the front lines, considering the concept of social responsibility in humani-
tarian operations makes it possible to cope with the increased numbers of patients to 
healthcare facilities through creating more job opportunities for specialists and other health 
workers. In addition, it increases the development rate, especially in less developed areas, 
as it increases production through improving population health. Accordingly, the present 
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work incorporates two measures of job creation and balanced development into the pro-
posed model. Moreover, focusing on various facilities of different tiers of the HSN makes 
it possible to reduce surge capacity needs during the humanitarian crisis, ensure that health 
systems can cope, and prevent hospital care units from becoming overwhelmed. Finally, to 
protect the considered network from uncertainty, the present study develops a new MPFRP 
method that receives benefits from both robust and fuzzy programming approaches. The 
proposed approach can efficiently specify the optimal value of confidence levels relevant 
to imprecise input parameters and flexible constraints and adjust the deviation of OF value 
from its expected performance.

3  Problem definition and mathematical formulation

As a deprived province, Chaharmahal–Bakhtiari suffers from a rather unresponsive and 
inefficient healthcare system that requires particular attention to getting improved. Since the 
condition of healthcare systems is counted as an important factor in response to a humani-
tarian health crisis such as the COVID-19 pandemic, this study aims to focus on designing 
a HSN to make sustainable development in the healthcare system of the province.

In this paper, a mixed approach for designing a three-tier HSN is provided (see Fig. 1). 
The concerned network consists of the patient groups that use health services, PHFs, 
RHFs, and DHFs. Patients refer to PHFs like family physicians at the points of entrance 
to the health system to receive preventive and public health services. In this case, three 
scenarios may occur: (I) Patients leave the health network because of no extra need of 
health services from an upper level, (II) patients visit RHFs for more diagnostic purposes 
or to receive other non-surgical treatments after receiving the first aid from PHFs and (III) 
patients visit DHFs for specialty health services (surgical interventions) after receiving the 
first aid from PHFs and then extra services from RHFs.

Important decisions to be made by the presented formulation are capacities and loca-
tions of health service centers at different tiers, the assignment of patient groups to the 

Fig. 1  An overview of the HSN
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opened health centers in the first tier of hierarchy (PHFs), and the flow amount of patients 
in the entire network. In addition, the presented model focuses on two main goals in 
HSND. (1) Social responsibility, which focuses on job creation for health workers and rais-
ing regional development rate through improving population health, and (2) Efficiency, 
which focuses on minimizing the inefficiency of health facilities. It should be noted that 
since our study is case-based research, its key data-driven sources are the field experts. 
Therefore, the influential measures are driven according to the experts’ knowledge and 
viewpoint. With regard to the judgment of experts from the Ministry of Health and Medi-
cal Education (MOHME) of Iran, two measures of efficiency and social responsibility are 
those with utmost importance and significant influence among the others in the current 
humanitarian HSND of Chaharmahal–Bakhtiari and thus have been included in this study. 
However, in other cases, these measures may change to fit the most suitable determinants 
according to the cases’ requirements. For example, a measure such as an environment has 
been considered less important and thus excluded from incorporating into the model.

The main assumptions in the provided model are as below:

• The demands of all opened health service providers (i.e., PHFs, RHFs, and DHFs) must 
be fulfilled.

• There are not any pre-opened health service facilities, and all of them are to be newly 
opened. However, if there is any pre-opened facility in the network, simply the corre-
sponding 0–1 opening variable is set as 1 in the model. Therefore, the proposed model 
can be simply used for the network expansion problems as well.

• Each health facility is capitalized and can be established at one of the available capacity 
levels. Moreover, the capacity of PHFs and RHFs reflect the total visits of patients that 
can be well responded by the healthcare facility, while the capacity of DHFs matches 
the total respective hospital’s beds.

• At each candidate location, at most, one facility from each kind of health service pro-
vider can be opened.

• The maximum demand of each patient group for PHFs, RHFs, and DHFs is less than or 
equal to the capacity of the largest PHFs, RHFs, and DHFs, respectively.

• The cost of opening a new health service provider in each candidate location is equal to 
fixed and setup costs besides the operational costs.

3.1  Notations

In this part, the notations utilized in the mathematical model are presented as below (sym-
bol ~ indicates uncertain parameters):

Indices

i  Alternatives for the candidate locations of PHFs, i = {1, 2,… , I} and i� ∈ I

j  Alternatives for the candidate locations of RHFs, j = {1, 2,… , J} and j� ∈ J

l  Alternatives for the candidate locations of DHFs, l = {1, 2,… , L} and l� ∈ L

k  Index of patients’ groups,k = {1, 2,… ,K}

n  Indices of available capacity levels for establishing health facilities,n = {1, 2,… ,N}

e  Index of inputs,e = {1, 2,… ,E}

a  Index of outputs,a = {1, 2,… ,A}

r  Index of DMUs,r = {1, 2,… ,R}
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Parameters

xei  Amount of input e for PHF i
x
′

ej
  Amount of input e for RHF j

x
′′

el
  Amount of input e for DHF l

yai  Amount of output a for PHF i
y
′

aj
  Amount of output a for RHF j

y
′′

al
  Amount of output a for DHF l

c̃ain  The capacity of opened PHFs at place i with capacity n
c̃a

′

jn  The capacity of opened RHFs at place j with capacity n

c̃a
′′

ln  The capacity of opened DHFs at place l with capacity n
Õin  Opening cost for each PHF at place i with capacity n

Õ′
jn  Opening cost for each RHF at place j with capacity n

Õ′′
ln  Opening cost for each DHF at place l with capacity n

d̃k  The average number of visits from patient group k to a PHF
�
k
  The average number of visits from a PHF to a RHF by a person in patient group k

�
k
  The average number of visits from a RHF to a DHF by a person in patient group k

pok  The population of patient group k
j̃oin  Job creation number out of opening PHF i with capacity level n
j̃o

′

jn  Job creation number out of opening RHF j with capacity level n
j̃o

′′

ln  Job creation number out of opening DHF l with capacity level n
uni  Unemployment rate at candidate place i
un

′

j
  Unemployment rate at candidate place j

un
′′

l
  Unemployment rate at candidate place l

ẽvin  Regional economic value for PHF i with capacity n
ẽv

′

jn  Regional economic value for RHF j with capacity n
ẽv

′′

ln  Regional economic value for DHF l with capacity n
dei  Regional development factor at candidate location i (0 ≤ dei ≤ 1)
de

′

j
  Regional development factor at candidate location j (0 ≤ de

′

j
≤ 1)

de
′′

l
  Regional development factor at candidate location l (0 ≤ de

′′

l
≤ 1)

w̃s1  The weighted sum of PHF
w̃s2  The weighted sum of RHF
w̃s3  The weighted sum of DHF

Variables

Δi  The level of inefficiency of PHF i
Δ

�

j
  The level of inefficiency of RHF j

Δ
��

l
  The level of inefficiency of DHF l

vie  Coefficient of input e at PHF i
v
′

je
  Coefficient of input e at RHF j

v
′′

le
  Coefficient of input e at DHF l

uia  Coefficient of output a at PHF i
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u
′

ja
  Coefficient of output a at RHF j

u
′′

la
  Coefficient of output a at DHF l

qki  The flow from patient group k to PHF i
q
′

kij
  The flow from patient group k to RHF j through PHF i

q
′′

kijl
  The flow from patient group k to DHF l through PHF i and RHF j

W
in

  1, if a PHF is opened at candidate place i with capacity level n , otherwise 0
W

′

jn
  1, if a RHF is opened at candidate place j with capacity level n , otherwise 0

W
′′

ln
  1, if a DHF is opened at candidate place l with capacity level n , otherwise 0

3.2  Mathematical model

A new mathematical model for HSND is presented in this part considering the above nota-
tions where minimizing total network cost, maximizing social responsibility in terms of 
maximizing the employment and economic development, and minimizing inefficiency are 
considered as OFs.

3.2.1  Cost measure

The first OF, consisting of three terms, aims to minimize the total network cost consisting 
of opening costs of PHFs, RHFs, and DHFs.

3.2.2  Social responsibility measure

The second OF, consisting of two terms, is the social responsibility of opening health 
service providers in the network. According to ISO 26000, community involvement and 
development is one of the important features of social responsibility. Employment and bal-
anced economic development are two main measures for calculating this aspect of social 
responsibility. In this regard, the first weighted term of the second OF tries to maximize the 
number of job creation out of opening health service providers considering the unemploy-
ment rate while the balanced economic development is maximized by the second term.

Considering the structure of the function, minimization of Zmax
2

−Z2

Zmax
2

−Zmin
2

 would lead to obtain-
ing the maximum value for Z2 . To obtain the respective values of parameters Zmax
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3.2.3  DEA measure

The third OF, consisting of three terms, maximizes the efficiencies of PHFs, RHFs, and 
DHFs, respectively. The proof is provided in “Appendix A”.

3.2.4  Constraints

Constraint (4) indicates that the sum of inputs of opened PHFs would be equal to 1, and 
otherwise, it would be 0. Based on the constraint (5), the sum of outputs of opened PHF i 
would be equal to 1 − Δi. Constraints (6) and (7) show that the efficiency of each PHF must 
be smaller than 1.

Constraint (8) indicates that the sum of inputs of opened RHFs would be equal to 1, and 
otherwise, it would be 0. Based on the constraint (9), the sum of outputs of opened RHF j 
would be equal to 1 − Δ

�

j
. Constraints (10) and (11) show that the efficiency of each RHF 

must be smaller than 1.
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Constraint (12) indicates that the sum of inputs of opened DHFs would be equal to 1, 
and otherwise, it would be 0. Based on the constraint (13), the sum of outputs of opened 
DHF l would be equal to 1 − Δ

��

l
. Constraints (14) and (15) show that the efficiency of each 

DHF must be smaller than 1.

Constraints (16)–(21) describe the fact that if each health service facility, including 
PHFs, RHFs, and DHFs, opened, at least will have some input and output criteria.

Constraints (22)–(24) indicate constraints related to capacity and put limitations on 
entering flows to the PHFs, RHFs, and DHFs, respectively. In other words, they ensure that 
the entering flow from the lower level will not be greater than the service capacity of the 
relevant level.
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Constraints (25)–(27) indicate demand fulfillment constraints and guarantee that all the 
demands must be fulfilled by PHFs, RHFs, and DHFs, respectively.

Constraints (28)–(30) show that each health facility, including PHF, RHF, and DHF, 
could be opened in one of the accessible service capacity levels.

4  Solution methodology

In this part, a novel MPFRP method is employed to solve the extended model. Afterward, 
the TH method introduced by Torabi and Hassini (2008) is utilized to tackle the multi-
objective model (see Fig. 2).

4.1  Robust fuzzy mathematical programming model

There are three methods of fuzzy programming, robust optimization, and stochastic pro-
gramming in the field of mathematical programming for coping with uncertainty. Each 
approach has its unique features which distinguish it from the others. According to the kind 
of uncertainty, the level of incompleteness in the parameters, and the context of the prob-
lem, one of these methods or a combination of them can be employed (Haeri et al., 2020b).

Flexible programming (FP) and PP approaches are two main classes of fuzzy program-
ming in which the former cops with imprecise input parameters while the latter cops with 
flexibility on target value of goals and soft constraints. Similarly, robust FP and robust PP 
can be considered for robust fuzzy programming. In this study, a novel MPFRP is devel-
oped to receive the benefits of both robust and fuzzy programming approaches. The term 
robust refers to a solution that has both optimality robustness (the value of OF stays close 
to the optimal value for about all uncertain parameters) and feasibility robustness (the solu-
tion stays feasible for about all uncertain parameters). According to the steps provided in 
“Appendix B”, the proposed MPFRP is as below:
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The first terms of each OF show the average performance of the studied network with 
respect to the expected value of uncertain parameters, while the second terms concentrate 
on minimizing the maximum deviation over the expected value of each OF and control 
the degree of optimality robustness. The importance of the second term is determined 
by parameter � . The rest terms in the first OF focus on minimizing total penalty costs, in 
which the third and fourth terms adjust feasibility robustness related to the uncertainty of 
parameters, while the last two terms of this OF adjust the feasibility robustness relevant 
to the flexibility of soft constraints. The extension of the MPFRP model can eradicate the 
aforementioned imperfections of the basic MPFP model explained in “Appendix B” since 
the MPFRP model can efficiently specify the optimal value of confidence levels relevant 
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to imprecise input parameters and flexible constraints and adjust the deviation of OF value 
from its expected performance.

Fig. 2  Visual representation of the research method
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Due to the multiplication of variables in the third constraint as well as the fifth and sixth 
terms of the first OF, model (31) is considered to be nonlinear. In this regard, the MPFRP 
model could be turned to the below linear model based on Lemma 1 explained in “Appen-
dix B” and adding auxiliary variable � = � ⋅ y.
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The three new constraints guarantee that if y = 0, the value of variable � would always 
be equal to zero; otherwise, the auxiliary variable’s value would be equal to the value of 
the variable.

In continue, two other versions of the model (32) are introduced, namely MPFRP I and 
MPFRP III, based on the conservatism level of the decision-makers (DMs) approaches 
towards the values of each OF, which vary in the second terms of the above OFs (i.e., the 
variation of objective values). Model (33) indicates the compact MPFRP I formulation as 
below:

Model (34) indicates the compact MPFRP III formulation as below:
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4.2  Torabi and Hassini’s method

Among the considered fuzzy approaches for solving multi-objective programming mod-
els in the literature, the TH method is the most suitable method since (I) its solutions are 
always efficient, (II) it can generate both balanced and unbalanced solutions according to 
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the preferences of DMs, (III) its solutions match the preferences of DMs (i.e., the consist-
ency between satisfaction and weight vectors), (IV) new efficient solutions can be obtained 
for a particular problem with a given weight vector via altering the value (Torabi & Has-
sini, 2008). It is noteworthy that the TH method has been widely used by researchers in 
the context of HSND (see, for instance, Cheraghi & Hosseini-Motlagh, 2018; Mousazadeh 
et al., 2018a; Samani et al., 2018; Haeri et al., 2020a). The formulation of the TH method 
introduced by Torabi and Hassini’s (2008) is as below:

In which �0 represents the minimum satisfaction level of Z1, Z2 and Z3 (
�0 = minh

{
�h(�)

})
 and F(�) indicates the feasible area which encompasses the constraint 

of the equivalent crisp model. Additionally, �h and � show the importance of objective 
function ℎ and the coefficient of compensation, respectively.

5  The case

To assess the performance and usefulness of the extended model and inspired by a real 
case, an integrated socially responsible-efficient HSN is designed for Chaharmahal–Bakh-
tiari province through close and effective collaboration with MOHME experts.

Chaharmahal–Bakhtiari, whose capital is Shahrekord, is regarded as one of the coun-
try’s underprivileged areas with a population of 947,763 and 16,332  km2 of area. Accord-
ing to the evaluations of MOHME experts, the current HSN of this province is unable to 
respond to a humanitarian health crisis such as the COVID-19 pandemic and merits a spe-
cial consideration to get improved since it suffers from quite unresponsive and inefficient 
healthcare facilities which lack advanced equipment and are mostly old. According to the 
knowledge of MOHME experts, these issues result from the fact that each town in this 
province does not have the appropriate budget and the required potential to open equipped 
health facilities. Also, in terms of human resources, each facility lacks enough doctors, 
especially specialists. At the moment, each facility has to increase health workers’ shifts 
to provide patients with services, which in turn affects the mental health of health workers 
and decreases their productivity. Under such circumstances, poor treatment is given, and 
patients and their companions are dissatisfied with services. On the other hand, people in 
this province usually live far from health service providers, making it difficult and expen-
sive to seek help when problems arise. They are more likely to go untreated and, therefore, 
to suffer from worse health. To tackle these challenges, MOHME has made a decision to 
design a HSN for Chaharmahal–Bakhtiari from the beginning by considering the concepts 
of efficiency and social responsibility so as to decrease the inefficiency of health facilities 
and improve the ability to cope with the increased numbers of patients and disaster victims 
to healthcare facilities during the humanitarian crisis (https:// www. farsn ews. com/ chaha 
rmahal- bakht iari/ news/ 13980 33000 0869/).
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To assist the authorities of MOHME in planning and designing the considered network, 
it is assumed that there is not any pre-opened health service providers, and the present 
study aims to design a three-tier HSN from the beginning. However, as mentioned earlier, 
if there is any pre-opened health service provider, simply the corresponding 0–1 opening 
variable is set as 1 in the model. As it can be seen from Fig. 3, this province of the country 
encompasses 29 towns, each of which is taken into account as a patient group and the ini-
tial candidate place for opening a PHF. In addition, towns 18, 27, 8, 11, 12, 15, 23, 16, 10, 
and 2 have been chosen as the initial candidate locations for opening RHFs, and towns 18, 
27, 8, 23, and 2 have been selected for opening DHFs while taking into account population 
and geographical location of each town as important factors for selecting the candidate 
locations.

Table  12 in Appendix C presents the population and geographic coordinates of each 
town (i.e., patient group) to estimate the number of visits to PHFs, RHFs, and DHFs.

Three possible capacities have been taken into account for opening different kinds 
of health service centers consisting PHFs, RHFs, and DHFs. In details, the first level of 
capacity for each candidate facility in each patient group is set as the minimum capacity 
that could fulfill the demand of the respective patient group, while based on the suggestion 
of MOHME’s experts, the second and third levels of capacity could be defined such that 
each facility could support in average a number of nearby patient groups. The capacity of 
PHFs and RHFs reflect the total visits of patients that can be well responded by the health-
care facility, while the capacity of DHFs matches the total respective hospital beds.

According to the domain expert, an individual in each patient group will refer to a PHF 
an average of 1.265 times ( d

k
 ) a year. Taking this fact into account, each candidate PHF in 

each patient group could satisfy the demand of the relevant patient group in its first capac-
ity level. To estimate the number of community health workers (CHW) in each PHF, it 
should be noted that this type of facility is typically operating for 250 days, and each CHW 
in these facilities can support around 20 patients in a working day. Additionally, accord-
ing to the experts’ estimations, the second and third levels of capacity for PHFs are deter-
mined by considering this fact that on average, each facility could cover two or at most 
four nearby patient groups, respectively. Moreover, on average, the annual prorated costs of 
one CHW in each PHF is estimated at around 330 million rials for the first-level capacity 
according to the experts’ estimations which is reported in Table 1.

As mentioned earlier, DMs determine ten initial candidate locations for opening RHFs 
in towns 18, 27, 8, 11, 12, 15, 23, 16, 10, and 2. Considering this fact that the opened RHFs 
must completely support 29 patient groups, each opened RHF should at least cover about 
three patient groups. According to the domain expert, on average, each visit to a PHF will 
be followed by 2.52 visits ( �k ) to a RHF in a year. In addition, each RHF is typically oper-
ating for 250 days, and each doctor can support 30 patients in a working day. Accordingly, 
the first-level capacity of each candidate RHF is set. Furthermore, according to the experts’ 
estimations, the second capacity level and third capacity level for RHFs are determined by 
considering this fact that on average, each facility could support about six and nine nearby 
patient groups, respectively. Moreover, on average, the annual prorated costs of one doctor 
in each RHF for the first level of capacity is estimated at around 1200 million rials accord-
ing to the experts’ estimations which is reported in Table 2.

According to the domain expert, on average, each visit to a RHF will be followed by 
0.065 ( �

k
 ) visits to a DHF in a year, and each DHF is typically operating in 365  days. 

Accordingly, the first-level capacity of each candidate DHF is set. Furthermore, according 
to the experts’ estimations, the second and third levels of capacity for DHFs are determined 
by multiplying the first-level capacity of each DHF by 1.5 and 2, respectively. Moreover, 
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the opening cost of each DHF is computed considering operational costs of giving care to 
each patient and per bed equipment direct costs. The computed costs and capacities can be 
observed in Table 3.

Referring to the research of Hosseini-Motlagh et al. (2020) and based on the knowledge 
of MOHME experts, this study considers three inputs, namely traffic, pollution, and natural 
disasters incidence, and three outputs, namely population density, appropriate workplace, 
and skilled staff. According to the judgment of experts, these criteria are those with utmost 
importance and significant influence among the others in finding the best candidate places 
for health facilities and hence have been included in this paper:

• Traffic

This criterion reflects the ease of access of patients to each level of the health network, i.e., 
PHFs, RHFs, and DHFs. The less the location congestion, the less the time and the energy 
required to reach each health facility, reflecting the superiority and inferiority of that facil-
ity. Hence, it is considered as an input criterion. The traffic is measured based on the aver-
age time a patient spends to reach each kind of health facility, i.e., PHF, RHF, and DHF.

• Pollution

The place of the health centers should be carefully chosen so that they are removed from 
any direct sources of noise or air pollution such as vehicle emissions, construction, and 

Fig. 3  The boundary of the patient groups
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industrial activities. The less the pollution, the more desirable the location for opening 
health facilities. Accordingly, this criterion is considered as an input criterion. The pollu-
tion is computed according to the pollution rate of each candidate location.

• Population density

This criterion is the total individuals living per unit area. The more the population, the 
more the demand for health services, and the more the importance of health facilities in 
those locations. Therefore, this criterion is taken into account as an output criterion. The 
population density is computed according to the population around health centers.

• Natural disasters incidence

This criterion shows that less disaster-prone places are better for opening health centers as 
they are less likely to be devastated because of disasters. With this assumption, this crite-
rion is considered to be an input. The natural disaster incidence is estimated with respect to 
the number of faults close to health facilities.

• Appropriate workplace

This criterion shows that places with better conditions in terms of temperature, natural 
light, humidity levels, etc., are more desirable for opening health facilities. As a result, this 
criterion is considered as an output. The appropriate workplace is estimated based on the 
experts’ knowledge.

• Skilled staff

This criterion shows that higher levels of skill are better because the proficiency of staff has 
a direct impact on the patient’s satisfaction. As this criteria boost the facility’s efficiency, it 
is considered as an output for PHFs, RHFs, and DHFs.

6  Computational results

The proposed model of this study is solved by GAMS 25.1.2. Also, a Laptop with 16 GB 
of RAM and Intel Core i7, 2.67 GHz CPU is used to implement all computational tests.

6.1  Analyzing the performance of the MPFRP model against the MPFP model

In this section, the effectiveness of the solutions obtained from the MPFRP model is shown 
in comparison with the MPFP model. Table 4 presents comparative results of the perfor-
mance of ten approaches in which the first three approaches account for the robustness cri-
terion and deal with the problem by different versions of MPFRP (i.e., MPFRP I, MPFRP 
II, and MPFRP III).

The last seven approaches investigate the problem using MPFP models for various sat-
isfaction levels (i.e.,  δ = σ = ρ = ξ = 0.55, 0.6, 0.65, 0.7, 0.75, 0.8), respectively. As can 
be observed from Table 4, MPFRP models have better performance in comparison with 
MPFP models. Increasing the satisfaction level from 0.55 to 0.8 will lead to a rise in the 
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HSN cost because the model should satisfy the possibilistic constraints with a greater sat-
isfaction level. On the other hand, increasing the satisfaction level will result in an increase 
in inefficiency and a decrease in social responsibility. As Table 4 represents, among the 
MPFP models, the MPFP under satisfaction level 0.55 has the lowest cost and inefficiency 
of all, whereas it has the highest social responsibility. MPFRP II performs better in terms 
of cost amid the MPFRP models since it has the lowest cost in comparison with MPFRP I 
and MPFRP III. In continue, more analyses are done on MPFRP II as this model indicates 
the best performance amid all the abovementioned MPSFP and MPSFRP models (Fig. 4).

6.2  Finding best‑fit candidate locations for PHFs, RHFs, and DHFs

In this section, the best fit candidate places for PHFs, RHFs, and DHFs under different sta-
tuses are determined. A general understanding is that making a trade-off analysis between 
the values of OFs (cost, social responsibility, and inefficiency) can help DMs to make deci-
sions about the best candidate places for health facilities.

6.2.1  Status (1): considering all three OFs with equal weights

As discussed earlier, the considered HSN wants to determine the best places for open-
ing health service providers in such a way that inefficiency of health service centers is 
decreased while the social responsibility aspect of sustainability is increased during the 
crisis. For this purpose, according to the steps of the TH method (Torabi & Hassini, 2008), 
the best candidate places for opening health service centers are selected considering all 
three OFs with equal weights (see Fig. 5). As shown in Fig. 5, among 29 towns in Chaha-
rmahal–Bakhtiari, eleven locations for establishing PHFs, seven places for RHFs, and three 
places for DHFs have been determined as the best fit.

Table 5 shows the scores of the best-fit candidate places of PHFs, RHFs, and DHFs in 
terms of inefficiency considering three inputs (Traffic, Pollution, and Natural disasters inci-
dence) and three outputs (Population density, Appropriate workplace, and Skilled staff). As 
can be observed from Table 5, among eleven opened PHFs, eight PHFs (i.e., 1, 3, 6, 17, 19, 
20, 22, and 25) have inefficiency scores equal to zero, while PHF (9), PHF (14) and PHF 
(28) have inefficiency scores equal to 0.123, 0.027 and 0.036, respectively. This means 
that eight opened PHFs with the inefficiency scores of zero use their inputs efficiently to 
achieve outputs and thus can be good benchmarks for the rest of the opened PHFs with 

Table 3  Possible capacity and cost for each DHF

DHF 1st capacity level 2nd capacity level 3rd capacity level

Number of 
visits 

(
ca′′

j1

) Opening costs (
O′′

j1

) Number of 
visits 

(
ca′′

j2

) Opening costs (
O′′

j2

) Number of 
visits 

(
ca′′

j3

) Opening costs (
O′′

j3

)

18 36,321 316,328 54,482 474,492 72,642 632,656
27 30,763 366,807 46,144 550,210.5 61,526 733,614
8 10,169 624,327 15,254 936,490.5 20,338 1,248,654
23 3062 694,680 4593 1,042,020 6124 1,389,360
2 1691 815,811 2537 1,223,717 3382 1,631,622
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higher inefficiency scores. In addition, all opened RHFs (i.e., 2, 10, 12, 15, 16, 18, and 
23) and all opened DHFs (i.e., 2, 18, and 27) have inefficiency scores equal to zero, which 
ensure that they are able to deliver accessible, equitable and high-quality care in humani-
tarian operations.

The opened capacity levels of these centers are also presented in Table 5. As Table 5 
represents, all health service centers are opened at capacity level 3, which means that each 
health center can support, on average several nearby patient groups based on the sugges-
tions of DMs, which in turn increases job opportunities for specialists and other health 
workers.

6.2.2  Status (2): considering just cost and social responsibility measures with equal 
weights

In this state, just cost and social responsibility measures are considered to analyze the per-
formance of health service facilities which lead to selecting nineteen locations for estab-
lishing PHFs, seven locations for RHFs, and three locations for DHFs (see Fig.  12 in 
Appendix C). The opened capacity levels of PHFs, RHFs, and DHFs under status (2) are 
also presented in Table 6. As Table 6 represents, all health service centers are opened at 
capacity level 3, similar to status (1).

6.2.3  Status (3): considering just social responsibility and inefficiency measures 
with equal weights

In this state, just social responsibility and inefficiency measures are considered to analyze 
the performance of health service facilities which lead to selecting sixteen locations for 
establishing PHFs, nine locations for RHFs, and three locations for DHFs (see Fig. 13 in 
Appendix C). The opened capacity levels of PHFs, RHFs, and DHFs under status (3) are 
also presented in Table 7. As Table 7 represents, all health service facilities are opened at 
capacity level 3, similar to previous statuses.

6.2.4  Status (4): considering just cost and inefficiency measures with equal weights

In this state, just cost and inefficiency measures are taken into account to assess the per-
formance of health service facilities which lead to selecting nine locations for establishing 
PHFs, three locations for RHFs, and one location for DHF (see Fig. 14 in Appendix C). 
The opened capacity levels of PHFs, RHFs, and DHFs under status (4) are also presented 
in Table 8. As Table 8 represents, in status 4, some PHFs are opened at capacity level 1, 
which means that these centers in each patient group can satisfy the demand of the relevant 
patient group. On the other hand, some PHFs in status 4 are opened at capacity levels 2 and 
3. This means that these centers can support more patient groups with respect to the DMs’ 
knowledge and viewpoint.

6.3  The performance of Z1, Z2 and Z3 under different statuses

In this part, the achieved values of Z1, Z2 and Z3 are examined in four statuses which are 
indicated in Table  9. As shown in Table  9, when just two measures of cost and social 
responsibility are considered, and inefficiency measure is ignored (status 2), the obtained 
values for Z3 (23.49) is the worst amid other statuses. In status 3, when just two measures 
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of social responsibility and inefficiency are considered, and the measure of cost is ignored, 
Z2 obtains the best value (0.418) while Z1 achieves the worst one (6.0969E+7) in com-
parison with the other statuses. Also, considering two measures of cost and inefficiency 
together (status 1) lets Z2 obtains worse value (1.494) compared with other statuses while 
Z1 obtains the best value (3.9749E+6). Accordingly, as it is obvious, simultaneous con-
sidering of Z1, Z2 and Z3 (status 4) leads to more desirable results compared to the other 
statues.

It is evident that the three OFs of the proposed model (i.e., cost, social responsibility, 
and efficiency) are in conflict with each other as an increase in the value of one may result 
in a decrease in the value of the other one. To be more specific, the cost OF has a ten-
dency towards minimizing the total costs via opening fewer health facilities in the designed 
humanitarian HSN, while social responsibility has a tendency towards opening more health 
facilities to not only create more job opportunities for specialists and other health workers 

Fig. 4  Comparative results of MPFRP and MPFP models for each objective

Fig. 5  Best fit candidate places of PHFs, RHFs, and DHFs



492 Annals of Operations Research (2022) 319:463–516

1 3

Ta
bl

e 
5 

 In
effi

ci
en

cy
 sc

or
es

 a
nd

 o
pe

ne
d 

ca
pa

ci
ty

 le
ve

ls
 o

f b
es

t-fi
t c

an
di

da
te

 lo
ca

tio
ns

 fo
r P

H
Fs

, R
H

Fs
, a

nd
 D

H
Fs

PH
Fs

To
w

n
C

ap
ac

ity
In

effi
ci

en
cy

 sc
or

es
R

H
Fs

To
w

n
C

ap
ac

ity
In

effi
ci

en
cy

 
sc

or
es

D
H

Fs
To

w
n

C
ap

ac
ity

In
ef

-
fic

ie
nc

y 
sc

or
es

1
A

lo
ni

11
,6

23
0

2
A

rd
al

78
,0

57
0

2
A

rd
al

33
82

0
3

B
az

of
t

25
24

.9
0

10
Fa

ra
do

nb
eh

12
1,

42
9

0
18

Lo
rd

eg
an

72
,6

42
0

6
B

ire
ga

n
84

50
.2

0
12

Fa
rs

an
25

0,
74

3
0

27
Sh

ah
re

ko
rd

61
,5

26
0

9
C

he
lg

er
d

13
,7

02
0.

12
3

15
H

af
sh

ej
an

19
1,

66
9

0
14

G
ah

ro
30

,8
31

0.
02

7
16

Jo
un

eg
ha

n
14

0,
20

0
0

17
K

ia
n

55
,2

65
0

18
Lo

rd
eg

an
1,

67
6,

36
2

0
19

M
al

kh
al

ife
14

,9
88

0
23

Sa
m

an
14

1,
31

9
0

20
N

ag
ha

n
24

,9
36

0
22

N
af

ch
19

,2
99

0
25

So
ud

ej
an

27
,4

00
0

28
Sh

al
am

za
r

35
,4

35
0.

03
6



493Annals of Operations Research (2022) 319:463–516 

1 3

in response to the increased numbers of patients and disaster victims to healthcare facili-
ties during the humanitarian crisis but also increase the development rate in less developed 
areas.

The first and third OFs also show a tendency of contradictions as an increase of effi-
ciency leads to an increase in the total cost and vice versa. In fact, the efficiency has a ten-
dency towards opening more health facilities to guarantee to deliver accessible, equitable, 
and high-quality care among all people, especially in deprived areas that suffer from rather 
unresponsive and inefficient healthcare systems, while the cost OF has a tendency towards 
network centralization through minimizing the total costs.

6.4  Analyzing the impacts of γ and θ

TH approach includes two main parameters of � (objective importance) and � (the coef-
ficient of compensation). Altering the values of these two parameters according to the pref-
erence of DMs will result in getting a new efficient solution. In this section, the sensitivity 
of the model is analyzed by altering the values of these two parameters.

Figure 6 and Table 10 indicate the impact of altering the value of  � on the 1st term and 
2nd term of TH model ( max �(x) = � ∗ �0 + (1 − �) ∗

∑
h �h ∗ �h(x) ). In Sect. 6.2, it was 

mentioned that Z1, Z2 and Z3 have equal weights in the design of the considered HSN while 
in real-life situations, they may not possess identical significance, and from the expert’s 
viewpoint, one of them has more value. For example, as can be seen in Table 10, since  Z1 
in the fourth row has more value for the DM, it has been assigned more weight ( �1 = 0.7 ) 
in comparison with Z2 and Z3 or in the fifteenth row, since efficiency in the design of the 

Table 6  Opened capacity levels of PHFs, RHFs, and DHFs based on status (2)

PHFs Town Capacity RHFs Town Capacity DHFs Town Capacity

1 Aloni 11,623 2 Ardal 78,057 18 Lordegan 72,642
2 Ardal 41,300 10 Faradonbeh 121,429 27 Shahrekord 61,526
3 Bazoft 2524.9 12 Farsan 250,743 2 Ardal 3382
4 Babaheidar 55,265 15 Hafshejan 191,669
5 Ben 59,197 16 Jouneghan 140,200
6 Biregan 8450.2 18 Lordegan 1,676,362
7 Boldaji 55,179 23 Saman 141,319
9 Chelgerd 13,702
13 Gandoman 28,225
14 Gahro 30,831
17 Kian 55,265
19 Malkhalife 14,988
20 Naghan 24,936
21 Naghne 40,915
22 Nafch 19,299
24 Sefiddasht 29,753
25 Soudejan 27,400
28 Shalamzar 35,435
29 Taghanak 27,850



494 Annals of Operations Research (2022) 319:463–516

1 3

considered HSN has more importance for the DM compared to the cost and social respon-
sibility, it obtains more weight ( �3 = 0.7 ). In addition, Table 10 indicates that an increase 
in the value of � corresponds to an increase in the membership function value, which indi-
cates the higher importance of OF. Therefore, altering this value allows the DMs to make a 
trade-off analysis between the values of � with respect to their opinions.

Figure 7 and Table 11 indicate the impacts of altering the value of � on the 1st term and 
2nd term of TH model, considering �1 = �2 = �3 = 0.33 . The 1st term aims to balance the 
membership function values of Z1, Z2 and Z3 and increase them while the 2nd term consid-
ers the weights of cost, social responsibility, and efficiency measures and gives priority to 
them. With this assumption, if DMs would like to have balanced, efficient solutions amid 
Z1, Z2 and Z3 and the achieved membership function values, the 1st term should get more 
weight (γ is increased) while if DMs would like to consider the weights of Z1, Z2 and Z3, 
the value of γ should be minimized so that the 2nd term will be more significant. As it can 

Table 7  Opened capacity levels of PHFs, RHFs, and DHFs based on status (3)

PHFs Town Capacity RHFs Town Capacity DHFs Town Capacity

1 Aloni 11,623 2 Ardal 78,057 18 Lordegan 72,642
3 Bazoft 2524.9 10 Faradonbeh 121,429 27 Shahrekord 61,526
6 Biregan 8450.2 11 Farrokhshahr 276,575 8 Boroujen 20,338
9 Chelgerd 13,702 12 Farsan 250,743
11 Farrokhshahr 146,335 15 Hafshejan 191,669
14 Gahro 30,831 16 Jouneghan 140,200
15 Hafshejan 101,413 18 Lordegan 1,676,362
17 Kian 55,265 23 Saman 141,319
18 Lordegan 886,962 27 Shahrekord 1,419,821
19 Malkhalife 14,988
20 Naghan 24,936
21 Naghne 40,915
22 Nafch 19,299
25 Soudejan 27,400
27 Shahrekord 751,228
28 Shalamzar 35,435

Table 8  Opened capacity levels of PHFs, RHFs, and DHFs based on status (4)

PHFs Town Capacity RHFs Town Capacity DHFs Town Capacity

1 Aloni 2906 12 Farsan 83,581 18 Lordegan 72,642
3 Bazoft 1262 15 Hafshejan 63,890
6 Biregan 8450.2 23 Saman 94,213
11 Farrokhshahr 36,584
17 Kian 13,816
19 Malkhalife 7494
22 Nafch 4825
25 Soudejan 6850
26 Soureshjan 28,144
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be seen from Table 11, by increasing the value of � more weight are given to the trade-off 
between Z1, Z2 and Z3 and hence, the membership function values get closer to each other. 
On the other hand, by decreasing � the importance is given to the objective with higher 
weight.

6.5  Analyzing the effect of changes in capacity levels of opened health service 
centers

In this part, the effect of changes in capacity levels of opened PHFs, RHFs, and DHFs is 
analyzed (see Figs. 8, 9 and 10). As can be seen in Figs. 8, 9 and 10, increasing the capac-
ity levels of opened health service centers from 5 to 15% will make a decrease in total cost 
(First OF) which could be due to a fewer number of centers needed to be established in the 
considered network. On the other hand, minimizing the capacity levels will lead to a higher 
number of health service centers needed, which can make an increase in total network cost. 
The overall effect of changes in capacity levels of opened health service centers on second 
and third OFs is such that both of them are not facing a major change, and this can indicate 
that the DM can make a decrease in total network cost by taking into account the higher 
level of capacity for health service centers and without a major change in the other two 
OFs.

To maximize the supply chain, social responsibility in response to the increased num-
bers of patients and disaster victims to healthcare facilities during the humanitarian cri-
sis and decrease in the regional development rate, especially in less developed areas, the 
second OF has a tendency towards the more decentralized network as opposed to the 
cost OF that has a tendency towards network centralization. However, as it can be seen 
from Fig. 11, increasing the capacity to reduce the number of health service centers in the 
designed humanitarian HSN leads to a decrease in the overall public accessibility (a key 
dimension of social responsibility) to the health network.

7  Discussion

As discussed in earlier sections, the need for a design of a HSN for humanitarian crisis 
management framework is felt in communities that lack of appropriate healthcare infra-
structure. In this regard, this paper extends a novel multi-objective model for designing a 
three-tier HSN under uncertainty for Chaharmahal–Bakhtiari province which simultane-
ously considers efficiency, social responsibility, and network cost. The work by Haeri et al. 

Table 9  The values of Z1, Z2 and 
Z3 under different statuses

Status Measures The values of OFs

Cost Social 
responsi-
bility

inefficiency Z1 Z2 Z3

1 ✓ ✓ 3.9749E+6 1.494 0.325
2 ✓ ✓ 2.3112E+7 0.482 23.49
3 ✓ ✓ 6.0969E+7 0.418 0.922
4 ✓ ✓ ✓ 1.7279E+7 0.717 0.151
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(2020a) is the closest paper to the concerned problem of this study in terms of efficiency, 
in which an augmented form of DEA model is proposed and inserted into an integrated 
efficient–resilient model in order to minimize the inefficiency of each center. Nevertheless, 
the main difference is that they developed a common weights DEA for calculating effi-
ciency, while in this study, a simultaneous DEA model is extended. In this study, in order 
to simultaneously consider both patterns of locations for PHFs, RHFs, and DHFs and the 
associated relative efficiencies of them at each location, the basic DEA model is modified 
by defining a new variable to allow for the efficiencies of all the facilities to be calculated 
in one linear program.

In terms of social responsibility, the closest paper to the concerned problem of this 
study is the work by Pishvaee et  al. (2014), in which social responsibility measures are 
inserted into a multi-objective possibilistic programming model. However, the main dif-
ference is that they just considered medical service instead of the entire health service, 
including PHFs, RHFs, and DHFs. In this study, two measures of balanced development 
and job creation are incorporated into the design of the considered HSN to not only cope 
with the increased numbers of patients and disaster victims to healthcare facilities during 
the crisis but also increase the development rate of this province through improving popu-
lation health.

7.1  Research implications

In this subsection, the roles of considering social responsibility, efficiency and uncertainty 
on the proposed humanitarian HSND are investigated.

• Social responsibility analysis indicates that considering this measure increases the 
total cost of the humanitarian HSND, while it successfully contributes to job employ-
ment and development rate. This could be justified due to the fact that increasing the 
development rate and creating more job opportunities for specialists and other health 
workers in response to the increased numbers of patients and disaster victims during a 
humanitarian crisis such as the outbreak of the COVID-19 pandemic need more health-
care facilities to be opened in the candidate locations, which in turn increases the total 
cost of the proposed humanitarian HSND significantly.

Fig. 6  The values of Z1, Z2 and Z3according to different �
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• Efficiency analysis suggests that taking this measure into account improves the effi-
ciency of the proposed humanitarian HSND as well as the total cost of humanitarian 
HSND. In particular, delivering accessible, equitable and high-quality care among all 
people, especially in low- to middle-income communities, in support of humanitar-
ian responses (e.g., COVID-19 response) need a decentralized network to be designed 
which contradicts the cost OF that has a tendency towards network centralization. 
Moreover, considering efficiency measure determines and ranks healthcare facilities 
belonging to the different tiers of the health system based on their performance and 
then the facilities with better performances can be used as benchmarks to improve inef-
ficient facilities.

• Uncertainty analysis reveals that contrary to MPFP models, the MPFRP models can 
efficiently specify the optimal value of confidence levels relevant to imprecise input 
parameters and flexible constraints and adjust the deviation of OF value from its 
expected performance. Thus, MPFRP models usually give higher performance than 
MPFP models do. In addition, among the MPSFP models, MPFRP II outperforms oth-
ers in terms of the average and standard deviation of the OF value, as can be seen in 
Table 4.

7.2  Practice implications

In order to assist the health care and humanitarian crisis managers in possessing a good 
comprehension of the functionality of the extended model and its solution, the following 
insights are presented.

Inserting DEA measure into HSND for the promotion of health facilities, incorporating 
the concept of social responsibility into designing to create more value for the whole net-
work, and considering the network costs are the significant matters that should get enough 
consideration while designing for HSN. First of all, the most important reason for inserting 
DEA measure into the proposed humanitarian HSND is to guarantee to deliver accessi-
ble, equitable, and high-quality care in support of humanitarian responses (e.g., COVID-19 
response), especially in deprived areas that suffer from rather unresponsive and inefficient 
healthcare systems. In case of social responsibility, it should be noted that the most impor-
tant reason for considering this measure is to mitigate not only the negative impacts of a 

Fig. 7  The values of  Z1,  Z2 and  Z3 according to different γ
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health crisis such as the COVID-19 pandemic on the general public by providing more 
employment opportunities for health workers, but also the economic impact of the corona-
virus pandemic through improving population health. In fact, healthier workers could rea-
sonably be expected to produce more output per hour worked. Therefore, decision-makers 

Fig. 8  The effect of changes in capacity levels of opened PHFs on the objective’s value

Fig. 9  The impact of changes in capacity levels of opened RHFs on the objective’s value
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should make a tradeoff between efficiency, social responsibility and the cost of opening 
new health facilities of any kind (either PHFs, RHFs, or DHFs).

In addition, conducting various sensitivity analyses on a number of critical parameters 
and analyzing the performance of MPFP in comparison with the MPFRP models indicated 
that compared with fuzzy programming models, MPFP for instance, robust models (i.e., 
MPFRP) can usually provide better performance. Amid the MPFRP models, MPSFRP II 
performs better than others in terms of cost, as can be observed in Table 4.

7.3  Social implications and policy implications

As mentioned before, unlike the extension of HSNs compared to 30 years ago, large group 
of people are partially covered or are not covered yet. A serious health crisis such as the 

Fig. 10  The impact of changes in capacity levels of opened DHFs on the objective’s value

Fig. 11  The impact of increasing the capacity on accessibility (a key dimension of social responsibility) to 
health facilities
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outbreak of the COVID-19 pandemic can put an extra burden on health service providers 
on these communities and interrupted their access to support and assistance. The proposed 
humanitarian HSND model in this study is a step forward to not only mitigate health cri-
ses (e.g., the COVID-19 pandemic) or other potential humanitarian crisis, but also it will 
help the health-care policymakers to take responsible initiatives to increase the efficiency 
of healthcare facilities in providing accessible, equitable, and high-quality care among all 
people, especially in deprived areas that suffer from rather unresponsive and inefficient 
healthcare systems, and maximize sustainability in terms of maximizing social impacts.

8  Conclusion

With an increased number of humanitarian crisis situations, many communities are facing 
urgent challenges such as the unavailability of proper medical care. It is apparent that HSNs 
are much more extensive compared to a few decades ago; however, a large number of com-
munities are not properly covered yet. Even though the healthcare service is available in 
other communities, the provided service is not that service that is necessarily needed, and 
there are still some supply gaps. In order to strengthen the health system response to the 
humanitarian crisis, especially in low- to middle-income communities, this paper extends a 
novel multi-objective model for designing a HSN under uncertainty which simultaneously 
considers efficiency, social responsibility, and network cost. To the best of the authors’ 
knowledge, no previous paper has focused on simultaneous consideration of efficiency and 
social responsibility in humanitarian HSND, while this paper is the first to tackle such a 
problem. For efficiency, a modified form of DEA model is introduced and inserted into the 
extended model. Incorporating efficiency into humanitarian HSND can decrease the inef-
ficiency of health service facilities and guarantee to deliver accessible, equitable, and high-
quality care among all people, especially in deprived areas that suffer from rather unre-
sponsive and inefficient healthcare systems. For social responsibility, two measures of job 
creation and balanced development are incorporated into the extended model. Considering 
the concept of social responsibility in humanitarian operations not only makes it possible 
to cope with the increased numbers of patients and disaster victims to healthcare facilities 
through creating more job opportunities for specialists and other health workers, but it also 
increases the development rate, especially in less developed areas as it increases production 
through improving population health. To protect the considered network from uncertainty, 
a novel MPFRP II approach is proposed, and then two other versions of this model (i.e., 
MPFRP I and MPFRP III) are developed and compared against the performance of MPFP 
models. Experiments indicate that contrary to MPFP models, the MPFRP models perform 
better in terms of social responsibility (72%), cost (8%), and efficiency (28%), and among 
MPFRP models, MPFRP II performs better in terms of cost OF.

8.1  Limitations

In this study, the resilience level of the designed network is not addressed while disregard-
ing any short-term stoppage owing to internal or external sources of disruption in design-
ing may bring about a considerable loss. Furthermore, social responsibility includes a 
wide variety of aspects that could be considered in humanitarian HSND, while this study 
has focused only on community involvement and development (Figs.  12, 13 and 14 and 
Table 12).
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8.2  Avenues for future research

As the model of this paper is one of the first attempts in the context of humanitarian HSND, 
a number of directions can be proposed to enrich this issue. For example, addressing other 
health service facilities, applying exact algorithms to decrease the solving time, and taking 
other FP and PP methods into account for developing new robust fuzzy programming mod-
els are interesting future suggestions.

Appendix A

A range of DEA models has been extended that calculate efficiency in various ways. These 
largely are divided into two categories: (1) output-oriented models, (2) input-oriented mod-
els (Rezaee et al., 2018). Output oriented model maximizes the output while input is kept 
at a constant level, and the input-oriented model minimizes the input for a desired level of 
output to be obtained (Ozcan, 2014). Both output and input-oriented models seek to mini-
mize the inputs, maximize the outputs and hence increase the efficiency. In general, out-
put-oriented model is more related to strategy and planning, whereas input-oriented model 
closely focuses on managerial and operational issues (Cullinane et al., 2005).

Facility location is a branch of operations research, which is associated with locating/
positioning at least a new facility among a number of existing facilities so as to optimize 
(maximize or minimize) at least one OF, for instance, waiting time, service, market shares, 
coverage, profit, cost, travel distance, and revenue (Farahani et al., 2010). In this study, we 
employ the concept of efficiency as defined by the conventional input-oriented DEA model 
as another objective for location modeling.

The below linear program is the conventional input-oriented DEA formulation for effi-
ciency analysis:

where v and u represent vectors for the input and output weights, respectively. The typical 
DEA solution process includes sequentially solving the above model for each DMU. To 
simultaneously take into account both patterns of locations for facilities and their related 
efficiency scores at each location, the solution process for DEA needs to be improved to 
allow for the efficiency scores of all the DMUs to be measured in one linear program. 

(A.1)Max Γo =

A∑
a=1

uayao

Subject to

(A.2)
E∑

e=1

vexeo = 1

(A.3)
A∑
a=1

uayar −

E∑
e=1

vexer ≤ 0 r = 1,… , R

(A.4)ua, ve ≥ 0
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To modify the conventional input-oriented DEA model for combining into the location/
allocation models, a new variable ( Δo ) is defined as the level of inefficiency of DMUo 
( Γo = 1 − Δo ). Then, separating out DMUo in constraint (A.3) and combining Δo , the fol-
lowing is achieved:

Furthermore, since constraint (A.2) applies to DMUo , by substituting 1 for the weighted 
sum of outputs in (A.5), the below equation is achieved:

With this adjustment to the constraint (A.3) and expanding this modification to the OF, 
the improved DEA formulation is now:

Subject to

The above model is extended to solve for all DMUs simultaneously, as shown below in 
which  uoa indicates the weight of the output a for  DMUo and  voe indicates the weight of the 
input e for  DMUo.

Subject to

(A.5)
A∑
a=1

uayao −

E∑
e=1

vexeo + Δo = 0

(A.6)
A∑
a=1

uayao + Δo = 1

(A.7)Min Δo = 1 − Γo

(A.8)
E∑

e=1

vexeo = 1

(A.9)
A∑
a=1

uayao + Δo = 1

(A.10)
A∑
a=1

uayar −

E∑
e=1

vexer ≤ 0 r ≠ o

(A.11)ua,ve, Δo ≥ 0

(A.12)Min
∑
o

Δo

(A.13)
E∑

e=1

voexeo = 1 ∀o

(A.14)
A∑
a=1

uoayao + Δo = 1 ∀o



505Annals of Operations Research (2022) 319:463–516 

1 3

OF (A.12) is the total inefficiency of all DMUs that the proposed simultaneous DEA 
minimizes it. Constraint (A.13) indicates the balanced collection of each part is equal to 
one. Constraint (A.14) shows 1 − Δo is the weighted sum of the outputs of each DMU. 
Constraints (A.15) and (A.16) describe that each DMU’s efficiency must be smaller than 
one. With respect to the abovementioned explanations, the formulation of the third OF is 
as below:

The third OF, consisting of three terms, maximize the efficiencies of PHFs, RHFs, and 
DHFs, respectively.

Appendix B

Step 1 Take into account the below basic FP model in which soft (flexible) constraints are 
employed to the first and third constraints. Flexibility means that these constraints are free 
to be satisfied at a minimum degree individually, and the DMs could be involved in con-
trolling the satisfaction degree of the constraints according to their subjective importance.

In the above model (B.1), constraints ’coefficients are indicated through matrices A, B, 
S, T and C where C is a measure of health service facilities’ capacity; vectors y and x are 
considered as binary and positive variables, respectively; vector d reflects patient groups’ 
demand; vectors P, G and F indicate coefficients of first (cost), second (social responsibil-
ity) and third (DEA) OFs.

Step 2 To indicate the violation of soft constraints, two fuzzy numbers ( ̃𝜏 and �̃� ) can 
be used (Cadenas & Verdegay, 1997; Peidro et al., 2009). Therefore, model (B.1) can be 
rewritten as below:

(A.15)
A∑
a=1

uoayar −

E∑
e=1

voexer ≤ 0 ∀r;∀o;r ≠ o

(A.16)uoa, voe ≥ 0 ∀o, e, a

(A.17)Min Z3 = w̃s1 ⋅
∑
i

Δi + w̃s2 ⋅
∑
j

Δ
�

j
+ w̃s3 ⋅

∑
l

Δ
��

l

(B.1)

MinZ1 = Py

MinZ2 = Gy

MinZ3 = Fx

Subject to

Ax≥̃d

Bx = 0

Sx≤̃Cy

Ty ≤ 1

x ≥ 0, y ∈ {0, 1}
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where parameters � and � adjust the minimum satisfaction level of flexible constraints.
Step 3 Three prominent points as 𝜏 =

(
𝜏1, 𝜏2, 𝜏3

)
 and �̃� =

(
𝜐1, 𝜐2, 𝜐3

)
 are defined to indi-

cate the fuzzy triangular numbers of 𝜏 and �̃� which can be then de-fuzzified with respect to 
the fuzzy ranking method as below (Yager, 1979, 1981):

In which parameters ��

(
h�
)
 and �′

�

(
h
′

�

)
 are regarded as lateral margins of 𝜏(�̃�) and are 

calculated as presented in equations (B.5) and (B.6):

Step 4 With respect to equations (B.3) and (B.4), model (B.2) can be converted to its 
equivalent crisp model as below:

(B.2)

MinZ1 = Py

MinZ2 = Gy

MinZ3 = Fx

Subject to

Ax ≥ d − 𝜏(1 − 𝜎)

Bx = 0

Sx ≤ Cy + [�̃�(1 − 𝜉)]y

Ty ≤ 1

x ≥ 0, y ∈ {0, 1}

(B.3)

(
�2 +

�� − �
�

�

3

)

(B.4)�2 +
h� − h

�

�

3

(B.5)�� = �3 − �2

(B.6)�
�

�
= �2 − �1

(B.7)

MinZ1 = Py

MinZ2 = Gy

MinZ3 = Fx

Subject to

Ax ≥ d −

(
�2 +

�� − �
�

�

3

)
(1 − �)

Bx = 0

Sx ≤ Cy +

[(
�2 +

h� − h
�

�

3

)
(1 − �)

]
y

Ty ≤ 1

x ≥ 0, y ∈ {0, 1}
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In which the possible violation of each flexible constraint determined by the terms (
�2 +

��−�
�

�

3

)
(1 − �) and 

[(
�2 +

h�−h
�

�

3

)
(1 − �)

]
y.

Step 5 Since the elucidated method does not ensure to achieve optimal satisfaction 
degrees and as the flexible constraints enhance, more time-consuming experiments must 
be done to specify the value of the satisfaction degrees, the below robust FP method is pre-
sented in this step to eliminate these imperfections.

Each objective of the model (B.8) has three terms in which the first terms indicate fixed 
opening cost, social responsibility, and DEA, respectively, while the total penalty cost of 
possible violation on first and third constraints are computed by the second and third terms. 
In other words, they adjust the feasibility robustness related to the soft constraints. In fact, 
the difference between the two extreme values of the right-hand side of flexible constraints 
is shown by the last two terms, which are stated as below:

Parameters � and � present penalty costs for each unit of violation on soft constraints. 
It is noteworthy that the value of satisfaction levels (i.e., � and � ) as two variables is opti-
mized by the robust FP model. Consequently, repetitive subjective experiments by setting 
various values of � and � are not necessary. Additionally, owing to the augmentation of 
flexible constraints and their pertinent satisfaction level, the need to carry out time-con-
suming experiments is eliminated despite the basic FP model. Since the proposed model 
attempts to make a reasonable balance between the last two terms of each OF (the cost of 
robustness) and the first terms of each OF (the overall performance of the considered prob-
lem), it could be regarded as a realistic robust FP model.

(B.8)

MinZ1 = Py + � ⋅

[(
�2 +

�� − �
�

�

3

)
(1 − �)

]
+ � ⋅

[(
�2 +

h� − h
�

�

3

)
(1 − �)

]
y

MinZ2 = Gy

MinZ3 = Fx

Subject to

Ax ≥ d −

(
�2 +

�� − �
�

�

3

)
(1 − �)

Bx = 0

Sx ≤ Cy +

[(
�2 +

h� − h
�

�

3

)
(1 − �)

]
y

Ty ≤ 1

x ≥ 0, y ∈ {0, 1}, 0 ≤ �, � ≤ 1

(B.9)

(
�2 +

�� − �
�

�

3

)
(1 − �) = d −

[
d −

(
�2 +

�� − �
�

�

3

)
(1 − �)

]

(B.10)

[(
�2 +

h� − h
�

�

3

)
(1 − �)

]
y =

[
Cy +

[(
�2 +

h� − h
�

�

3

)
(1 − �)

]
y

]
− Cy
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Step 6 Multiplication of variables in the third constraint and the third term of Z1 (model 
B.8) results in non-linearity of the extended model. To convert model (B.8) into its equiva-
lent linear model, Lemma 1 is described.

Lemma 1 By proposing ε = ξ ⋅ y as a non-negative auxiliary variable and adding con-
straints (B.11)–(B.14) into the MINLP model (B.8), it could be converted into its equiva-
lent MILP one.

Proof Constraints (B.11) and (B.14) compel � to be equal to zero if y = 0. Constraints 
(B.12) and (B.13) enforce � to be equal to � if y = 1 . It should be noted that M is a large 
number. According to the explained lemma, the robust FP model (B.8) can be rewritten as 
below:

By adding some new terms in the OF, the provided robust FP has a good ability in 
controlling the feasibility robustness in contrast to the basic FP model, which results in 
more reliable and robust outcomes. Another positive feature of the robust FP model in 
comparison with traditional models is that it suitably optimizes the minimum satisfaction 
level of flexible constraints, which removes the necessity of time-consuming interactive 
experiments.

(B.11)� ≤ �y

(B.12)� ≥ M(y − 1) + �

(B.13)� ≤ �

(B.14)� ≥ 0

(B.15)

MinZ1 = Py + �

[(
�2 +

�� − �
�

�

3

)
(1 − �)

]
+ �

[(
�2 +

h� − h
�

�

3

)
(y − �)

]

MinZ2 = Gy

MinZ3 = Fx

Subject to

Ax ≥ d −

(
�2 +

�� − �
�

�

3

)
(1 − �)

Bx = 0

Sx ≤ Cy +

[(
�2 +

h� − h
�

�

3

)
(y − �)

]

� ≤ My

� ≥ M(y − 1) + �

� ≤ �

Ty ≤ 1

x ≥ 0, y ∈ {0, 1}, 0 ≤ �, � ≤ 1
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Step 7 An improved version of the robust FP model (B.16) is presented in this step to 
simultaneously deal with the flexible constraints and target value of goals.

Similar to the robust FP model, the degree of feasibility robustness is controlled by the 
first and second terms of OF. An aspiration level (i.e., Φ) is also introduced to deal with 
flexibility on the target value of the goal. To adjust possible deviation of OF value from Φ, 

a new constraint along with the term �
[(

�2 +
q�−q

�

�

3

)
(1 − �)

]
 is added in OF. The mini-

mum satisfaction level connected to the flexibility of goal (i.e., η) is optimized by the third 
term of OF. In other words, optimality robustness is controlled by the third term. � speci-
fies the importance weight of the third term in contrast to the other terms of OF. The term [(

�2 +
q�−q

�

�

3

)
(1 − �)

]
 is only related to deviation over the specified Φ. As a triangular 

fuzzy number, �̃  is related to the maximum violation of the added flexible constraint, 
which is defuzzified according to the fuzzy ranking method (Yager, 1979, 1981).

Step 8 Take into account the below basic MPFP model (Jimenez et  al., 2007). It is 
assumed that vector d and coefficient matrix C in the first and third constraints, as well as 
vectors P, G and F in the OFs, are tainted with epistemic uncertainty. To model the impre-
cise parameters, triangular possibility distribution is utilized.

(B.16)

MinZ = �

[(
�2 +

�� − �
�

�

3

)
(1 − �)

]
+ �

[(
�2 +

h� − h
�

�

3

)
(y − �)

]

+ �

[(
�2 +

q� − q
�

�

3

)
(1 − �)

]

Subject to

Py ≤ Φ +

(
�2 +

q� − q
�

�

3

)
(1 − �)

Gy ≤ Φ +

(
�2 +

q� − q
�

�

3

)
(1 − �)

Fx ≤ Φ +

(
�2 +

q� − q
�

�

3

)
(1 − �)

Ax ≥ d −

(
�2 +

�� − �
�

�

3

)
(1 − �)

Bx = 0

Sx ≤ Cy +

[(
�2 +

h� − h
�

�

3

)
(y − �)

]

� ≤ My

� ≥ M(y − 1) + �

� ≤ �

Ty ≤ 1

y ∈ {0, 1}, x, � ≥ 0, 0 ≤ �, �, � ≤ 1
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As shown in the model (B.17), in order to model each OF, the expected value of the 
fuzzy number is utilized. The parameters � and � refer to the confidence level of constraints 
including uncertain parameters ( 0.5 < 𝛿, 𝜌 ≤ 1) . The satisfaction level of flexible con-
straints is indicated by the parameters � and � . DM should determine the above-mentioned 
parameters’ value. However, as already mentioned, one of the shortcomings of the basic 
FP model is that time-consuming repetitive experiments are required to specify the suit-
able value of such parameters, and also, the optimality of the determined values cannot be 
assured by this method. In addition, the current OF, which is created with respect to the 
expected value, ignores the possible violation of OF due to parameters’ uncertainty. The 
explained issues make unreliable consequences which may result in imposing high unex-
pected costs to DM.

Step 9 To eliminate the noted disadvantages in the previous step, a novel MPFRP model 
is extended according to the PP approach proposed by Pishvaee and Torabi (2010) and 
Jimenez et al. (2007).

Appendix C

See Figs. 12, 13 and 14 and Table 12.

(B.17)

MinZ1 =

(
P(1) + P(2) + P(3)

3

)
y

MinZ2 =

(
G(1) + G(2) + G(3)

3

)
y

MinZ3 =

(
F(1) + F(2) + F(3)

3

)
x

Subject to

Ax ≥

[
�

(
d2 + d3

2

)
+ (1 − �)

(
d1 + d2

2

)]
−

(
�2 +

�� − �
�

�

3

)
(1 − �)

Bx = 0

Sx ≤

[
�

(
C1 + C2

2

)
+ (1 − �)

(
C2 + C3

2

)]
y +

[(
�2 +

h� − h
�

�

3

)
(1 − �)

]
y

Ty ≤ 1

y ∈ {0, 1}, x ≥ 0
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Fig. 12  Best fit candidate locations for PHFs, RHFs, and DHFs based on status (2)
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Fig. 13  Best fit candidate locations for PHFs, RHFs, and DHFs based on status (3)

Fig. 14  Best fit candidate locations for PHFs, RHFs, and DHFs based on status (4)
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