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As of March 24, 2020, the Food and Drug Administration (FDA) authorized to bleed the newly recovered
from Coronavirus Disease 2019 (COVID-19), i.e., the ones whose lives were at risk, separate Plasma
from their blood and inject it to COVID-19 patients. In many cases, as observed the plasma antibodies
have cured the disease. Therefore, a four-echelon supply chain has been designed in this study to locate
the blood collection centers, to find out how the collection centers are allocated to the temporary or
permanent plasma-processing facilities, how the temporary facilities are allocated to the permanent
ones, along with determining the allocation of the temporary and permanent facilities to hospitals.
A simulation approach has been employed to investigate the structure of COVID-19 outbreak and to
simulate the quantity of plasma demand. The proposed bi-objective model has been solved in small and
medium scales using e-constraint method, Strength Pareto Evolutionary Algorithm II (SPEA-II), Non-
dominated Sorting Genetic Algorithm II (NSGA-II), Multi-Objective Grey Wolf Optimizer (MOGWO) and
Multi Objective Invasive Weed Optimization algorithm (MOIWO) approaches. One of the novelties of
this research is to study the system dynamic structure of COVID-19’s prevalence so that to estimate the
required plasma level by simulation. Besides, this paper has focused on blood substitutability which
is becoming increasingly important for timely access to blood. Due to shorter computational time
and higher solution quality, MOIWO is selected to solve the proposed model for a large-scale case
study in Iran. The achieved results indicated that as the plasma demand increases, the amount of total
system costs and flow time rise, too. The proposed simulation model has also been able to calculate
the required plasma demand with 95% confidence interval.
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1. Introduction

Nowadays we are challenging with the daily increase in nat-
ural and man-made diseases. Disease diagnosis is one of the
most critical medical issues. Each patient has his or her own
course of treatment. In addition to medical treatment, many
diseases require humanitarian help such as blood supply. Blood
or its components are vitally essential for many patients such
as thalassemia suffering individuals, car accident victims and
those seriously suffering from Coronavirus Disease 2019 (COVID-
19) [1]. The recently discovered coronavirus causes an infectious
disease called COVID-19 [2]. This newly-emerged virus and its
resulting disease were unknown until the recent outbreak in
December 2019 in Wuhan, China [3]. The body immune system
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works as its defense force. When a virus attacks a human’s
body, an army of defense cells including white blood cells are
dispatched to fight the virus [4]. To fight against the virus, these
blood cells secrete antibodies which remain in the part of blood
called plasma forever [5].

The amber yellow liquid part of box, i.e., plasma is composed
of water, salts, hormones, clotting factors, etc. and makes up
55% of the blood volume. The most abundant solute in plasma
is a group of plasma proteins, including albumins and globulins.
Albumins help to increase blood clotting, while globulins protect
your body against infections and the same antibodies make your
body resistant to COVID-19 [6]. When a person with COVID-19
recovers, a large amount of this antibody is probably in their
blood [7]. The promising idea is to take plasma from the recov-
ered people and inject it into the patients with a severe illness.
These antibodies stimulate the patient’s immune system to spot
and kill the virus [8]. This is not the first time this method has
been used to treat patients. In fact, this solution was used many
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times before to treat diseases such as Severe Acute Respiratory
Syndrome (SARS), Middle East Respiratory Syndrome (MERS),
and Hemagglutinin Type 1 and Neuraminidase Type 1 (HIN1)
pandemic [9].

A report published by [10] revealed that this treatment could
be effective in treating SARS and COVID-19 diseases, too. In the
blood plasma of the disease recovered patients, some permanent
antibodies are produced by the immune system [11]. To isolate
the protective antibodies, plasma is tested and filtered and then
the resulted liquid is converted into a drug. When injected into a
new patient, this derived plasma, or so-called the refined plasma,
provide passive immunity until the patient’s own immune system
produces antibodies [12]. With the incidence of COVID-19, the
request for this product has grown. In addition, some factors like
the vitality of the product, its short life cycle and high processing
costs besides the problems of collecting, storing and distributing
it among hospitals demonstrate the importance of designing an
efficient supply chain for blood [13].

Blood is a perishable product playing a vital role in the survival
of human beings, especially during the prevalence of COVID-
19 [14]. The demand for blood varies in different periods and may
increase or decrease. One effective way to tackle this issue is to
develop a supply chain which requires an accurate information
system and smart planning [15]. If the appropriate amount and
type of blood is not available when required, an inadequate blood
supply may expose the patients’ lives to danger. Postponing the
treatment process due to lack of the suitable blood can also pro-
long the patient’s hospitalization time [16]. This in turn increases
the costs and risks for the patients. On the other hand, an excess
blood supply results in blood loss and higher costs. It also raises
this question now as to whether we have mistakenly selected the
donors by taking inappropriate and unnecessary blood.

Due to being afraid of Coronavirus and the consequent imple-
mentation of social distancing and the low level of donor partic-
ipation, blood donation has unfortunately dropped dramatically
during the COVID-19 epidemic. Furthermore, various challenges
have hindered voluntary blood donation in this period. Firstly,
donors are not going to proactively attend the blood banks or hos-
pitals because of fearing to contact Coronavirus in case of being
exposed to the infected patients. Secondly, the staff's movement
at the blood collection centers and the donors getting restricted
due to the lockdown has exacerbated the situation. Under such
circumstances, it has become necessary to design a coherent sup-
ply chain with the potential to monitor the blood centers’ plasma
donation and the plasma inventory. Locating the blood collection
centers can reduce the supply chain costs and minimize the blood
flow time [17]. Thus, to optimally locate the collection centers
and allocate them to hospitals can result in providing plasma
at the right time and the right place. Of the most significant
motivations for doing this research is to save more patients’ lives
which can happen by controlling the collected plasma inventory
and optimally distributing the plasma.

The demand is considered uncertain at the time of COVID-19
outbreak. Therefore, supply and demand are changing in dif-
ferent time periods. Hence, it is better to divide the planning
horizon into smaller time periods. In addition, taking the multi-
commodity mode into account makes the planning of plasma
supply chain more accurate and closer to the real world. So, inves-
tigating the multi-commodity and multi-period mode is another
contribution of this research study. In this study, a simulation-
optimization model is presented pursuing the goal to design
an efficient supply chain for collecting the recovered patients’
plasma and distributing the appropriate amount of plasma at a
minimum cost and flow time among the hospitals. The proposed
supply chain includes the collection centers, the permanent and
temporary centers and the hospitals.
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If red blood cells contain an antigen that its antibody exists
in a COVID-19 sufferer’s plasma, the red blood cells will clump
together and die right after the injection. The red blood cells of
blood type “O” lack antigens. As a result, blood type “O” can be
injected into all other blood groups. However, a patient of blood
type “AB” can receive plasma from all blood groups if needed
because the plasma of blood type “AB” has no antibody against
other blood types [18]. Therefore, in this study, a priority matrix
has been defined so that only the blood compatible with the
blood type of a COVID-19 patient is sent to the relevant hospital.
This prevents blood shortage and makes the proposed model
more flexible [19]. Thus, one of the research contributions is the
possibility of substituting different blood types.

The optimum temperature for transporting plasma products
is —20 °C or colder [20]. To maintain this temperature during
transportation, the proper refrigerator equipped vehicles are re-
quired to be selected for transportation. Training the individuals
involved in plasma transportation is a must. They need to be
trained how to carry and pack and how to deal with some
unpredictable events such as cold store failure. Therefore, trans-
portation capacity is limited due to the limited number of the
suitable cold refrigerators and trained people during the ongoing
prevalent pandemic known as COVID-19. So, one of the novel
ideas considered in the present study is the transportation ca-
pacity with special conditions of COVID-19 outbreak. Plasma can
also be decomposed at any stage, then it is sent to the due
disposal center. These innovations allow the models to represent
plasma supply chain costs more accurately and optimally design
the network. It is also necessary to predict the amount of demand
required in the context of COVID-19, that is when the quantity
of blood demand is increasing. Predicting the required demand
quantity for different blood types can prevent shortage and help
obtain the proper amount of blood at the right time.

Moreover, identifying the factors affecting COVID-19 outbreak
and examining their interactions can help to unveil the weak and
strong points of COVID-19 prevention programs. This structure
can be considered as a model for decision makers to prevent
the outbreak of COVID-19. Therefore, one of the study novel
ideas is to investigate the system dynamic structure of COVID-19
incidence and to estimate the required demand quantity using
the simulation approach. The estimated demand is incorporated
into the mathematical model as an uncertain parameter and
the proposed mathematical model minimizes the plasma flow
time and supply chain costs. Therefore, using this approach is a
contribution of this paper.

The proposed model has been solved in small and medium
scales using e-constraint, Strength Pareto Evolutionary Algorithm
I (SPEA-II), Non-dominated Sorting Genetic Algorithm II (NSGA-
II), Multi-Objective Grey Wolf Optimizer (MOGWO) and Multi-
Objective Invasive Weed Optimization algorithm (MOIWO) ap-
proaches. As MOIWO outperforms compared with other
approaches, it is used for solving the case study of large scale.
Among the advantages of using the proposed meta-heuristic
algorithms are the following [21,22]: 1. These algorithms only
use the values of the objective function to perform the optimiza-
tion process and do not require additional information such as
the function derivative. 2. Due to the simplicity of the search
process, they work very quickly and efficiently. 3. The proposed
algorithms are very flexible and well suited for handling all kinds
of objective functions and constraints.

The research questions are as it follows:

1. Where are the best locations of the collection centers during
COVID-19 pandemic?

2. How are different collection centers’ blood groups allocated,
distributed and stored during the outbreak of COVID-19?

3. How can the required amount of plasma be predicted for
the patients with COVID-19?

Accordingly, the research objectives include the following:
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1. To minimize the total costs of the plasma supply chain dur-
ing the COVID-19 prevalence, including the total costs of
establishing collection centers, processing, transportation
and storing blood across the whole supply chain.

2. To minimize blood flow time during COVID-19 outbreak:
Blood flow time has a direct impact on the infected ones’
health. Minimizing blood flow time can reduce the incurred
loss.

3. To estimate the amount of demand for different required
blood types: One of the objectives of this research is to
study the system dynamic structure of COVID-19 in order
to estimate the required plasma quantity using simulation.

This research has been compiled in 7 sections. In Sections 1
and 2, the introduction and literature review are stated, respec-
tively. In Section 3, problem description is presented. In Section 4,
the research method, simulation model and mathematical model
are dealt with. Furthermore, the solution methods are given in
Section 5. The computational results are presented in Section 6.
The discussion is presented in Section 7. Finally, the concluding
remarks are covered in Section 8.

2. Literature review

The studies about blood products were first introduced by [23].
Nahmias [24] and Sirelson and Brodheim [25] are also among
the leading researchers working in this field. Yongming [26]
described the blood bank and blood donation service in a small
hospital in the earthquake-prone rural area of Indonesia. His
objective function was to improve customer satisfaction. He con-
sidered the time-window constraint for the transportation of
blood as a perishable product.

Hosseini-Motlagh et al. [27] presented a robust mathemati-
cal model for managing blood supply chain under uncertainty,
the study whose contribution was undertaking motivational ini-
tiatives of governments to encourage donors to donate blood.
Locating blood distribution centers accompanied with their al-
locating capacity was one of the objectives of their research.
The possibilistic—stochastic optimization was used to solve the
proposed model. The results exhibited the presented approach
performing satisfactorily. Compared with the research done by
Hosseini-Motlagh et al. [27], the advantages of our study are
considering different blood types and their substitution priority,
and allocating the centers to demand points and examining the
flow among the centers. In addition, Hosseini-Motlagh et al. [27]
considered deterministic demand, while in our research, demand
is estimated by a simulation approach. Goodarzian et al. [28]
designed a multi-objective, multi-product, and multi-period med-
ical supply chain model for the distribution, location, allocation,
and inventory control problems of required medicine during the
outbreak of COVID-19. Also, they considered sustainability as one
of their contributions. Medicine demand was also estimated by
simulation. They used four meta-heuristic algorithms including
ant colony optimization, fish swarm algorithm, firefly algorithm,
and variable neighborhood search algorithm as well as developed
hybrid meta-heuristic algorithms. Then, the case study was con-
sidered in Tehran/Iran. The results indicated that with increasing
demand, the amount of released carbon dioxide (CO2) increases
sharply. Nagurney [29] proposed a mathematical model to man-
age the blood supply chain in the COVID-19 pandemic condition.
They investigated fixed and elastic demand along with the avail-
ability of personnel. Their main aim was to maximize profits in
their proposed supply chain. They considered the scenario-based
on the inclusion of labor. One of the advantages of our research
over Nagurney [29] is the estimation of blood demand by the sim-
ulation approach and considering blood substitutability. Rastegar
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et al. [30] formulated a mathematical model for location and in-
ventory controlling of the influenza vaccine in the outbreak of the
COVID-19 pandemic. They considered justice in the distribution
of vaccines among high-risk people. Therefore, priority was given
to the distribution of vaccines with priority to the elderly. Their
main goal was to maximize the minimum delivery-to-demand
ratio. Their case study was investigated in thirty provinces of
Iran. Liu et al. [31] proposed a mathematical model for dis-
tribution management in blood supply chain. The routing of
blood transport vehicles plus the management of the blood dis-
tribution centers’ inventory were the most important decisions
of their research. It is worth mentioning that considering the
quality of donated blood was one of the contributions of their
model. Minimizing the shortage and loss costs can be viewed
as the most critical objective of their research. They employed
decomposition-based algorithm to solve the proposed model. In
comparison with the study of Liu et al. [31], the merits of our
study are locating, allocating and examining blood flow along
with substitution priority of different blood groups. Estimating
stimulation-based plasma demand is another benefit of our study.
Hamdan and Diabat [32] provided a two-level multi-objective
model for resilient blood chain design in disaster situations. The
destruction of collection centers and transportation routes were
among the innovations of their proposed model. They pursued
the objectives as minimizing the delivery time of the donated
blood and minimizing the supply chain costs. The model was
solved by the Lagrangian relaxation-based approach for a case
study in Jordan. One of the advantages of our study over Hamdan
and Diabat [32] is taking transportation capacity and substitution
priority into account. Also, of other merits of our research are
minimizing the flow time, allocating centers to hospitals, and
estimating the required demand. Dehghani et al. [33] proposed
a stochastic mathematical model for blood supply chain manage-
ment. Considering proactive transshipment and order quantities
simultaneously was one of the key novelties in their research.
They aimed to minimize loss and shortage costs. The Quasi-Monte
Carlo approach was also applied to generate the scenarios. Ac-
cording to the results, the total supply chain costs’ reduction was
reported for a case study done in Australian hospitals. Compared
with the research carried out by Dehghani et al. [33], our research
took the advantage to investigate the transportation capacity
and substitution priority accompanied with a real case study.
Besides, locating collection centers and allocating centers to hos-
pitals are considered of other study advantages. Aradjo et al. [34]
provided a two-level model for minimizing costs in blood sup-
ply chain. In the presented multi-commodity and multi-period
model, strategic decisions were made at the first level and op-
erational decisions at the second level. They simultaneously paid
attention to the purchase, shortage and instantaneous perishing
of blood were viewed as the novel ideas of their model. The case
study was related to a region located in the south of Portugal and
the results indicated that as the demand increases, the total sup-
ply chain costs significantly increase, too. Relative to the research
done by Aragjo et al. [34], our study focused on the transportation
capacity and substitution priority and estimating plasma demand
using simulation. Haeri et al. [35] proposed a multi-objective
resilient model for blood supply chain management. One of their
model’s objectives was to locate and allocate blood collection
centers. The data envelopment analysis was provided to evaluate
the efficacy of the designed model. The involved uncertainty was
defined by fuzzy numbers and their innovation was to consider
the supply chain related resilience. Pursuant to the results, the
model performed appropriately for a case study in Iran. Compared
with the study done by Haeri et al. [35], the merits of our research
are multi-echelon supply chain, plasma inventory control and
focusing on substitution priority. Haghjoo et al. [1] designed a
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reliable blood supply chain. A multi-period robust mathematical
model was presented at the time of disaster. Their model’s main
objective functions were to locate and allocate blood distribution
facilities. The possibility of facilities getting destroyed after the
occurrence of a disaster was one of their innovations. The model
was solved using self-adaptive imperialist competitive algorithm
and invasive weed optimization approaches and the results were
compared. Among the differences between our study and that of
Haghjoo et al. [1], we can point out plasma inventory control,
multi-commodity model, and plasma demand estimation using
simulation. Rajendran and Ravindran [36] proposed a stochastic
model for managing platelet inventory in blood supply chain. The
major goal this study pursued was to minimize blood losses and
shortages while dealing with uncertain demand and it involved
simultaneously considering scenario-based and stochastic uncer-
tainties. Another novelty of their model was using the Modified
Stochastic Genetic Algorithm (MSGA). Hosseinifard et al. [37]
investigated the inventory in a two-echelon blood network. They
made decision about the location of the temporary care centers
requiring to be covered by the blood bases every day. Considering
the uncertainty for hospitals’ blood demand, they determined
the amount of the daily required blood for each hospital. With
respect to the proposed chain’s sustainability being their most
important innovation. The main difference between our study
and that of Hosseinifard et al. [37] refers to the proposed model
being of a multi-period and multi-commodity type accompanied
with the collection centers’ location. In addition, our research
dealt with substitution priority and transportation capacity. Za-
hiri et al. [38] proposed a three-level supply chain model for
blood network management when disasters occur, where patient
satisfaction and transportation capacity were mostly involved as
the innovation. The proposed model was tested for a potential
earthquake in Iran using NSGA-II algorithm. The simulation of
demand amount, the possibility of substituting blood and locat-
ing and controlling the collection centers’ inventory are among
the differences between our study and their research. Samani
et al. [39] presented an integrated blood network model for
the situations when disasters happen, in which demand was
considered uncertain. The intended objectives were minimizing
the transportation costs and minimizing the maximum unmet
demand. Finally, a heuristic algorithm was used to solve the
stochastic and possibilistic mathematical model. Simulating the
amount of plasma demand regarding different types of plasma
and the transportation capacity are some of the differences be-
tween the research cases we have done and that of Samani
et al. [39]. Habibi et al. [40] presented a mathematical approach
to manage the relief chain associated perishable products. Their
network included blood donors and the temporary, mobile and
permanent blood transfusion facilities and they targeted to de-
termine the amount of the accumulated blood and the optimal
location of blood transfusion facilities in various scenarios. The
objective function was cost minimizing and shortage level. It is
worth mentioning that different budget estimation and alloca-
tion strategies were their main contribution. Salehi et al. [41]
proposed a novel approach for planning how to allocate relief
products under disaster occurrence where decisions were related
to logistics under the uncertainty of cost. The model was exam-
ined for an earthquake in Tehran. The possibility of similar blood
substitution, inventory control and distribution of plasma are
among the differences between our research and that of Salehi
et al. [41]. Ramezanian et al. [42] presented a blood platelets
network under uncertainty, in which a model of blood transfusion
centers’ location and allocation was formulated. Considering the
advertisement cost and experience factor on donors were the
innovations of their study. The results revealed the system per-
formance improvement after implementing the model. Masoumi
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et al. [43] investigated a model of supply chain to minimize
blood deterioration and operational costs. The novel idea in their
study was examining the synergy of a merger/acquisition in the
blood banks. For this purpose, a time window was viewed for the
time when blood perishes. Furthermore, demand uncertainty was
considered. A large-scale case study suggested that expanding
the problem’s dimensions would increase the costs exponentially.
Simulating the quantity of the required demand, the possibility of
substituting compatible blood types and locating collection cen-
ters periodically are some of the differences between our research
and that of Masoumi et al. [43]. Fahimnia et al. [17] investigated
a model for disaster related circumstances, in which the objective
functions were formulated to minimize the blood supply time
and the network costs. Using a combined approach of Lagrangian
relaxation and e-constraint, the model was solved. Examining
supply chain utility using new indicators and balancing between
time and cost were the fundamental novel ideas of the research.
Finally, the model’s performance was measured by a numerical
example. Simulating the amount of plasma demand, considering
different types of plasma and the transportation capacity are
among the differences between our study and that of Fahimnia
et al. [17]. Dillon et al. [44] made decision about selecting hospi-
tals in blood supply chain. Considering the uncertainty of blood
demand, they identified the amount of daily required blood for
each hospital. In their study, the demand was random and several
approaches were presented to meet the demand in emergency
wards. Considering this point that periodic review policy, blood
perishability and lead times, were their basic contributions. Fer-
eiduni and Shahanaghi [45] provided a model for distributing
and locating hospitals and blood distribution centers. One of the
novelties of their research was to take the uncertainty of demand
into account. Meanwhile, comparing the proposed model by the
p-robust optimization approach and the robust optimization was
another innovation of their study. Inventory control in multi-
commodity mode, the due transportation capacity, the possibility
of substituting similar blood types, and estimating the demand
using simulation are some of the advantages of our study com-
pared to that of Fereiduni and Shahanaghi [45]. Nahofti et al. [46]
provided a model for allocating the temporary blood centers for
the potential disasters occurring in Tehran. The proposed model
was an integer model and the parameters were defined as fuzzy
numbers, which was designed to deal with earthquake condi-
tions. The considered contribution involves interactive planning
among the supply chain levels. The results reported the model’s
performance as appropriate with high reliability. In terms of the
differences, we can mention controlling different blood products’
inventory in multi-period mode, considering the transportation
capacity and the possibility of substituting similar blood prod-
ucts between our study and that of Nahofti et al. [46]. Arvan
et al. [47] studied the blood donation centers’ location. Their
model included blood test centers, demand points and blood labs.
Their study objective function was to lower the transportation
costs and to establish blood centers. Their novel idea was taking
the multi-commodity and multi-period mode along with cost
uncertainty into account. Since the model was multi-objective,
g-constraint method was employed for optimization. Numerical
examples with small scales were used to validate the model.
Simulating the quantity of demand, the possibility of substituting
similar blood, and controlling the inventory of blood products
are the key differences between our study and that of Arvan
et al. [47]. Zahraee et al. [48] examined an algorithm to locate the
blood centers involving blood perishing time. The objective was
to minimize cost and blood shortage. The case study was asso-
ciated with Tehran. Based on the results, the model’s efficiency
increases as the number of distribution centers rises provided
that the problem assumptions are observed. Zahiri et al. [48]
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investigated a model for allocating the blood network facilities
and managing its flow. The proposed model required two plan-
ning levels where the first one included technical planning and
the second one covered operational planning. Their innovation
involved presenting a novel hybrid multi-objective self-adaptive
differential evolution algorithm and comparing it with the NSGA-
II approach. A probabilistic optimization approach was utilized
to solve a randomly-generated example to prove the model’s
efficiency. Compared to the research of Zahraee et al. [48], our
study related benefits are considering transportation capacity and
the possibility of substituting blood types.

It is vividly perceived from the literature that so far no study
has been conducted to deal with the plasma supply chain during
the outbreak of COVID-19. Also, no efficient method was em-
ployed for predicting the blood demand in the previous studies.
The reason for this is lack of a study addressing the structure
of the system dynamic affecting plasma demand. This issue can
lead to better understanding the system and getting to investi-
gate COVID-19 related factors’ interactions. Besides, most of the
performed studies have not investigated the transportation ca-
pacity, multi-period and multi-commodity model. It has become
necessary to pay attention to transportation capacity due to the
special conditions of plasma transportation. Moreover, the multi-
period nature of the model leads to properly programming for the
entire planning horizon which is divided into in shorter periods.
The possibility of blood type substitution as a critical issue has
not been surveyed in most studies. Ignoring this issue makes the
problem unrealistic. Simultaneously integrating the location and
allocation of blood facilities, and distribution, inventory control,
and plasma flow can bring the problem closer to the real world
not being addressed in the previous studies. Table 1 summarizes
the detailed characteristics of recent research on the blood supply
chain.

According to the literature review, the following items can be
considered as the research gaps:

1. The dynamic structure of COVID-19 outbreak and the in-
teractions of influential elements. Defining the structure of
COVID-19 pandemic outbreak can help realize the
strengths and weaknesses of this disease outbreak control.
Also, defining the interactions among the influential ele-
ments is the simulation input and estimating the demand
for relief supplies requires this structure to be defined.

2. Accurately estimating the stochastic demand by simula-
tion approaches. In most studies, no exact approach is at
hand for estimating the demand. And most of the per-
formed studies identified demand as a deterministic or
probabilistic parameter by the decision makers based on
the historical data. However, in this paper the simulation
approach is used to accurately estimate the demand. The
proposed simulation can obtain the required plasma de-
mand with high accuracy. Validating the simulation based
on the real-world results can prove this claim.

3. Designing a multi-echelon, multi-period, multi-commodity
and multi-objective model to minimize costs and blood
delivery time for the COVID-19 patients. The demand is
considered uncertain at the time of COVID-19 outbreak.
Since supply and demand change in different time periods,
thus it is better to divide the planning horizon into smaller
time periods.

4, Simultaneously making decisions about the location and
allocation of blood facilities besides blood inventory control
and distribution when COVID-19 breaks out. Proper and
optimal location of plasma collection centers can reduce
the time period providing service for the patients. Plasma
inventory control can also minimize the amount of the per-
ished plasma. Properly distributing plasma can also prevent
the shortage of this vital commodity at demand points.
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5. The possibility of substituting the donated blood for those
suffering from COVID-19. This issue ensures the timely
blood units’ availability. Substitution priority can also make
the model more flexible and closer to the real world.

Therefore, it can be concluded that the main contributions of this
paper are as it follows:

1. Investigating the system dynamic structure of COVID-19
outbreak and the elements’ interactions: Therefore, first
off, the indicators affecting the outbreak of COVID-19 are
identified and then, the interactions of these indicators are
drawn.

2. Estimating the required amount of plasma for COVID-19
patients using simulation, which is performed by Enter-
prise Dynamic software. One atom is considered for each
blood type. Finally, the stochastic demand quantity is esti-
mated as a probability distribution function.

3. Designing a four-echelon, multi-period, multi commodity
and bi-objective mathematical model under uncertainty to
minimize plasma flow time and supply chain costs: The
proposed supply chain levels: (1) Blood collection centers,
(2) Temporary blood facilities, (3) Permanent blood centers,
and (4) Hospitals (i.e., Demand points).

4. Locating, allocating, inventory controlling, and investigat-
ing the plasma flow within the Blood Supply Chain (BSC).
Simultaneously focusing on these features can make the
model more flexible and closer to the real world. The
intended location problem is categorized as discrete. The
procedure is as it follows: the optimal locations are se-
lected out of the candidate locations. Also, allocating the
collection centers to the temporary centers, the temporary
ones to the permanent centers, the permanent centers to
the demand points, and the amount of inventory stored in
each of these centers are performed. Finally, the amount
of plasma flow dispatched to these centers is calculated
according to the demand quantity and blood perishability.

5. Validating the simulation-optimization model through a
real-world case study, which is the plasma supply chain
during the outbreak of COVID-19 in Mazandaran/Iran. The
simulation model derived results are compared with those
of the real world at a certain confidence interval level.

6. Considering blood substitutability in an optimization
model with inventory management: Blood substitution is
based on the blood type prioritization Matrix. The blood
of the donors with positive types cannot be transferred to
those with negative types, but the opposite is possible. For
example, someone with blood type “A+” cannot give blood
to others with type “A-", but he/she can receive it.

3. Problem statement

The study blood supply chain network is made up of diverse
layers, namely: (1) The blood collection centers, (2) The tempo-
rary blood facilities, (3) The permanent blood centers and (4) The
Hospitals (i.e., Demand points). The recovered patients can donate
their plasma to either the collection centers or the temporary
facilities. Blood can be processed both in the temporary and per-
manent blood centers. The permanent blood centers have more
accurate and advance testing equipment and better transfusion
technology than the temporary ones. There may be no need for
more advanced tests after the initial tests in the temporary blood
centers. Therefore, the received blood may directly go from the
temporary centers to the intended hospital. However, the blood
received by the temporary centers may be transferred to the
permanent centers for further tests. In some cases, due to lack of
sufficient plasma in the received blood, it is rejected and disposed.
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Due to the insignificant rate of rejection it has been considered
negligible in our model. The blood may also be disposed due to
its expiration, so the FIFO (First In, First Out) method is used as
the inventory policy to reduce the disposal level (See Fig. 1).

If the collection center’s donated blood has the desired plasma,
it is sent to a permanent center. Otherwise, the received blood
will be dispatched to the temporary centers for additional tests.
If the required plasma is available at this stage, it is sent to the
intended hospital; otherwise one of the two following conditions
occurs. If no useful plasma is found, it is disposed, and if some
plasma is achieved, it is dispatched to a permanent center for
further testing. The initial inventory in this center is zero based
on the nature of the problem.

If the accepted plasma is accessible in the permanent center,
the plasma is sent to the hospital; otherwise, it gets disposed.
The objective of this problem is to determine the location and
the number of blood collection centers as well as the amount
of plasma collected in the collection centers, the temporary and
permanent ones. The allocation of collection centers to the tem-
porary and permanent centers and the allocation of permanent
and temporary centers to the hospitals are also other objectives
of this research. Finally, determining the expired blood quantity
is another important goal of the proposed model.

4. Research methods

The research method consists of 6 sections including the re-
search type, the data collection method, the data analysis method
and the research steps. This section also describes the simulation
model and the mathematical model.

4.1. Research type

This research is applied in terms of purpose, a field research
with a case study in terms of method, quantitative in mathemat-
ical and simulation model in terms of data. The present research
purpose is applied, its method is a field research with a case
study and the data are qualitative in the mathematical model and
blended in the simulation model.

4.2. Collecting data method

The research data were collected from 7.01.2020 to 7.08.2020.
The research area is Mazandaran province of Iran. The required
data were obtained from some reliable sources, Google Map, the
historical data and the interviews with the authorities of the
hospitals and the blood transfusion organization, etc.

4.2.1. Qualitative vs. quantitative data

The data used in the mathematical model are quantitative.
The data include information on holding costs, the initial blood
inventory of the centers, the transportation time and costs, the
centers’ capacity, blood lifespan, and the maximum number of
the established collection centers. The data used in the simulation
are blended (qualitative and quantitative). The data such as the
COVID-19 outbreak relevant risks are qualitative and the data
including the hospital capacity, loss rate and transmission rate
are qualitative.

4.3. Data analysis method

Enterprise Dynamic 8 software was employed for computer
based simulation and BARON solver of GAMS 25.1.2 software
was used to solve the problems in small and medium scales.
Furthermore, the NSGA-II, SPEA-I, MOGWO and MOIWO ap-
proaches were applied to solve the numerical examples and the
MOIWO was employed to solve the case study in MATLAB R2020b
v9.9.0.1495850 software. All tests were run on a computer with
an Intel Core i5-8250U 1.60 GHz CPU and 8 GB RAM. The sen-
sitivity analysis was used to analyze the mathematical model.
In the sensitivity analysis of the model parameters, the effect of
changing the model parameters on the problem outputs was in-
vestigated. Also, to analyze the simulation model, the simulation
results were compared with the real-world data under a certain
confidence interval.

4.4. Research steps

Fig. 2 depicts the research framework. In the first step, the
conceptual model was drawn for estimating the number of people
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Fig. 1. Blood supply chain structure during COVID-19 outbreak.
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Fig. 2. Research Framework.

infected with COVID-19, and the plasma demand distribution
function was estimated using a simulation approach and Enter-
prise Dynamic software. It should be noted that the demand
distribution function enters the mathematical model as a param-
eter. In the second step, the stochastic mathematical model was
presented in order to minimize the logistics costs and delivery
time of plasma to hospitals. The main goal of the mathemati-
cal model by locating plasma collection centers is to plan the
distribution of the collected plasma. In the third step, a stochas-
tic chance constraint programming approach is used to convert
the proposed stochastic model into a deterministic counterpart.
Finally, in the fourth step, the problem is solved in small and
medium scales using e-constraint, NSGA-II, SPEA-II, MOGWO and
MOIWO approaches, which were compared using the perfor-
mance evaluation indicators of multi-objective models. In the

fifth step, the outperformed algorithm was selected to solve the
case study.

4.5. Simulation model

In Fig. 3, the conceptual model for COVID-19 epidemic based
on the Systems Dynamics approach is observed [49]. Accord-
ingly, four types of stock variables were used, which include
“deaths, the infected, susceptible and recovered”. The auxiliary
variables include “Hospital capacity strain index”, “Fatality rate”
and “Contacts rate”. The parameters include “Serious cases”, “Dis-
ease duration”, “Infectivity”, “Incubation time”, “Hospital capac-
ity”, “Fraction requiring hospitalization”, “Isolation effectivity”,
“Post-Isolation effectivity” and “Smart Isolation effectivity”.
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Fig. 3. The framework of simulation model using Enterprise Dynamic software for COVID-19 outbreak.

Enterprise Dynamic (ED) software is a powerful computer sim-
ulation software reported to have many successful applications in
solving various problems. This software can customize a variety of
complex models using atom module and 4DScript codes. 4DScript
is the programming language of ED software which uses 4DScript
codes written inside each atom to simulate various problems [50].
Fig. 4 displays the simulation model of the designed system dy-
namic structure using Enterprise Dynamic software for COVID-19
pandemic. The considered Performance Measures (PFM) include
AvgContent (cs) and output (cs), which calculate the output entity
of the system. The output entity shows the amount of distribu-
tion functions of the required plasma demand. The simulation
approach is a separate run and the warm-up period is 100,000 h.
The warm up period is the time that the simulation will run
before starting to collect results [51]. This allows the Queues
(and other aspects in the simulation) to get into conditions that
are typical of normal running conditions in the simulated sys-
tem [52]. Separate run is a type of simulation run that performs a
different number of runs simultaneously and reports the results
on average. The observation period is considered as 1,000,000 h.

As shown in Fig. 3, 28 server atoms, one source and one sink
were to simulate the structure of COVID-19 outbreak. It is worth
mentioning that the plasma server calculates the quantity of the
required plasma based on the number of the infected people.

The 4D Script code corresponding to this atom is as it follows.
In this code, one plasma unit stands for each of the infected
people.

Server Plasma : Trigger on entry
= 1 x (AvgContent (AtomByName([infected], Model)))

The proposed 4DScript code counts the average number of the
entities inside an “infected” atom. One plasma unit is considered
for each entity. Therefore, the simulation model estimates the
Dppe (demand for blood type b in hospital h in period t) parameter.
Then this parameter enters into the mathematical model as an
input.

4.6. Mathematical model

The sources of the indices, parameters and variables viewed
in this research are based on the study assumptions and some
previous studies. For example, the inventory control parameters
and variables are defined based on the studies performed by [37]
and [9]. Also, the allocation related parameters and variables
are derived from the research conducted by [37]. The idea for
the flow related parameters and variables are taken from the
model proposed by [35]. The remaining indices, parameters and
variables are considered based on the current research assump-
tions and COVID-19 situations to make the proposed model more

Table 2

Sources of variables, parameters and indices.
Variables, parameters and indices Source
Inventory control [9,37]
Allocation [37]
Flow-related parameters and variables [35]
Index of supply chain levels including hospitals and temporary [33,44]

blood centers

realistic. Table 2 includes the sources of the variables, parameters
and indices.

In this subsection, the model assumptions are described as the
following:

1. There are some candidate locations where the blood collec-
tion centers (x;) could be established by imposing a fixed
cost (cf).

2. Different blood groups (b, b’eB) are considered. There is
also the possibility to substitute the usage of a specific
blood type with other ones based on the predetermined
priority (nppy ).

3. Storing blood among the periods at the permanent (br;),
the temporary blood centers (bky) and the hospitals (bhy)
is allowed and costly. However, the inventory level is not
permitted to surpass the storage capacity (rby, rrj, rhy).

4. At the beginning of the planning horizon (teT), some blood
inventory is available in the collection centers (Icy;) and the
temporary blood centers (Ityy).

5. Travel time (qki, qqxn. qrji. qPin, qCki) and transportation
cost (cmyp, cbj, cn, cdji, cfi;) between the representative
points of the blood centers and hospitals are estimated
based on the geographical distance.

6. It is possible to substitute blood types in the hospital if
needed (Ippne).

7. The process time (pty, pp;, tc) and cost (ot, op;, oc) of each
blood unit vary in different centers and hospitals.

8. Transportation of blood between the centers and hospitals
(Qpkie» Gokne» Mpine ) is subjected to the identical transportation
capacity (mc) among all centers. The number of the tempo-
rary (keK) and permanent centers (iel) and hospitals (heH)
are constant during successive periods.

9. Each collection center is represented by the point located
in the center of the corresponding area. Also the maximum
number of the collection centers is limited (N).

10. The demand quantity for plasma (Dpp ) is taken as stochas-
tic. Plasma demand is the output of the simulation model
that is entered into the mathematical model as a parame-
ter.
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Fig. 4. System dynamic model for COVID-19 epidemic.

4.6.1. Indices, parameters and decision variables

Indices
b,b'eB

Jjel

heH

iel

keK

teT
Parameters
brl-

bk

bhy,
Dphe

Icy
Itpk
qkik
Aqkn
arii
apin
qCri
CMgp
cbj

CNjp

Blood types bU b’ =B

The candidate location for establishing blood
collection centers

Hospitals

Permanent blood centers

Temporary blood centers

Time periods

Blood holding cost at permanent blood center
i

Blood holding cost at temporary blood center
k

Blood holding cost at hospital h

Demand for blood type b in hospital h at
period t ood holding cost at h

Available inventory of blood type b in
collection center j

Available inventory of blood type b in
temporary blood center k

Travel time from collection centers j to
temporary blood center k

Travel time from temporary blood center k to
hospital h

Travel time from collection centers j to
permanent blood center i

Travel time from permanent blood center i to
hospital h

Travel time from temporary blood center k to
permanent blood center i

Transportation cost from temporary blood
center k to hospital h

Transportation cost from collection center j to
temporary blood center k

Transportation cost from permanent blood
center i to hospital h

cd;;
Cfri
oty
Opi
tc
o
RD
ttpyn
mc
oc
Ptk
Ppi
rby
1T

Thh

NPppy

nbbb’

bl

Transportation cost from collection center j to
permanent blood center i

Transportation cost from temporary blood
center k to permanent blood center i

The operation cost of a unit of blood in a
temporary blood center k

The operation cost of a unit of blood in a
permanent blood center i

Operation time per unit of blood in all
collection centers

Fixed cost for establishing a collection center
Rate at which process is redirected from
temporary blood centers to permanent
centers

The time required to substitute a unit of
blood type b with blood type b’ at hospital h
Maximum capacity for transportation
between centers

Operation cost of a unit of blood in a
collection center

Operation time per unit of blood at
temporary blood center k

Operation time per unit of blood at
permanent blood center i

Blood storage capacity of temporary blood
center k

Blood storage capacity of permanent blood
center i

Blood storage capacity of hospital h
Maximum number of collection centers to be
opened

Substitution priority for using blood type b
instead of blood type b’

1 if blood type b can substituted by blood
type b’, 0 otherwise

A big number

Blood lifespan



H. Shirazi, R. Kia and P. Ghasemi

Decision Variables

&bt Amount of blood type b expired in hospital h
at period t

Opkt Amount of blood type b expired in temporary
center k at period t

Kpit Amount of blood type b expired in permanent
center i at period t

Apit Amount of blood type b transferred from
temporary center k to permanent center i at
period t

Qbkht Amount of blood type b transferred from
temporary center k to hospital h at period t

hpine Amount of blood type b transferred from
permanent center i to hospital h at period ¢

Jbkt Amount of blood type b processed at
temporary center k at period t

Upi¢ Amount of blood type b tested at permanent
center i at period t

Zpit Amount of blood type b stored at permanent
center i at period t

bkt Amount of blood type b stored at temporary
center k at period t

Oppt Amount of blood type b stored at hospital h
at period t

Thb'ht Amount of blood type b substituted with
blood type b’ at hospital h at period t

Sint 1 if blood transfer is opened from permanent
center i to hospital h at period t, 0 otherwise

Wike 1 if collection center j is allocated to
temporary center k at period t, 0 otherwise

Vjie 1 if collection center j is allocated to
permanent center i at period t, O otherwise

Xt 1 if a collection center is opened in location j
at period t, 0 otherwise

Jient 1 if blood transfer is opened from temporary
center k to hospital h at period t, 0 otherwise

Vit 1 if blood transfer is opened from temporary

center k to permanent center i at period t, 0
otherwise

4.6.2. Mathematical model

According to the presented assumptions and notations, the
model is formulated as it follows. The proposed model is able to
determine the allocation of the blood donor groups (i.e., blood
collection centers) to the temporary or permanent blood facili-
ties, the allocation of the temporary centers to the permanent
blood centers, the allocation of the permanent blood centers to
the hospitals, and the location of the blood collection centers.
Furthermore, the inventory levels of blood products kept by the
collection centers, temporary centers, permanent centers and
hospitals during each period are identified (See Box I).

Minfi=cf Y > xi+{ocx Y > Xb: lcy;
7S 7T

X (Z Wjee + Z v,-it> +) D () ot
+ Zkopiubit)} +l{ h Xk: [2: ibjkw;’;r + ) cdivje

, : . —~ 2
St S e
+ Z Xk: cninsine)} +h{ ij D (D bkieske + D brizsi
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+ priubit + Z Z tfbjb’h-rbb’ht)}
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- - -
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i J j

The first objective function minimizes the total costs. The
first part minimizes the collection centers’ establishment costs,
the second part minimizes operation cost, the third part mini-
mizes transportation costs and the fourth part minimizes blood
holding costs. Whereas the second objective function minimizes
blood flow time to COVID-19 patients. The intended time includes
operation time and travel time.

Constraints (3) and (4) determine the amount of blood pro-
cessed and tested in the temporary centers and permanent cen-
ters. Also, constraints (3) and (4) relate the flow variable and
the allocation variable. Constraint (5) specifies the number of
the opened collection centers in each period and limits it to a
maximum number. Constraints (6)-(8) determine the amount of
blood expired in the permanent centers, temporary centers, and
hospitals, respectively. These constraints calculate the quantity
of blood stored at each permanent center, temporary center,
and hospital at exactly L periods back minus the amount of
consumption in that period minus the amount of the blood sent
to the hospitals. This is to ensure that the FIFO (First In, First
Out) policy is assigned to minimize the expired blood. Con-
straints (9) and (10) ensure that each collection center can be
assigned to only one center, either temporary or permanent,
respectively. Constraint (11) calculates the amount of blood dis-
patched from the temporary centers to the permanent centers.
Constraints (12)-(14) calculate the amount of blood of each type
stored in the hospitals, temporary centers, and permanent centers
at each period, respectively. Constraint (15) indicates that each
blood collection center can simultaneously supply blood to only
one temporary center or permanent center. Hence, controlling
the collected plasma inventory and the optimal plasma distri-
bution can save many patients’ lives, which is one of the key
motivations for this research. Thus, Constraint (15) relates the
location variables to the allocation variable. Constraints (16)-
(18) restrict the amount of blood transferred among the centers
to the maximum capacity of transportation. Also, Constraints
(16)-(18) associate the flow variables with the location ones.
Constraints (19)—(21) indicate that the amount of blood stored in
the temporary centers, permanent centers and hospitals should
not exceed their storage capacity. Constraint (22) ensures that
enough blood is supplied to the hospitals to satisfy the demand
of COVID-19 patients. Constraints (23)-(24) specify the type of
decision variables.

5. Solution methods

Stochastic Chance Constraint Programming, e-constraint,
NSGA-II, MOGWO and MOIWO approaches deployed to solve the
mathematical model are described in this section.

5.1. Stochastic chance constraint programming

Stochastic Chance Constraint Programming is utilized to con-
vert a stochastic mathematical model into a deterministic coun-
terpart [53]. This approach is a well-known widely used method
introduced by Charnes and Cooper [54]. A successful applica-
tion of this method can be seen in [55]. Consider the following
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Box L.

minimization model with the parameters by, ¢y, and f;, where implied in constraint (25) [56]:

the symbol ~ indicates uncertainty of the related parameter. In n
p(z bjzi> e )>a; Viel (25)
general, the probability of a constraint’s occurrence is defined as e

11
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Therefore, the model is rewritten as follows:

n
minfy = E E CiiZ = €

VkeK,Viel (26)
j=1
n
D Zbgzj >e | > Viel (27)
j=1
z=(z1,...,2n) (28)
z>0 (29)

A summary of the results of Chance Constraint Programming
for minimization and maximization problems is as Egs. (30)-(32).

n
— ¢ o)V Var(Z iz —fi)=0  VkeK

j=1

E Z c,szj —fe
j=1
(30)

n
So that f,” = min Z CkiZi
j=1

n
+o (aWVar(Y ez —fF) <0 VkekK

j=1

n

¥, _ ¢+

E chjzj fk
j=1

(31)
So that " = max ¢z
n n
EQ) bjzi—e)— ¢ (1 —a)VVar(y _bjzj—€)>0 Viel
j=1 j=1
(32)

Based on the Constraints (30)-(32), the multi-objective chance
constraint model at «% confidence level for the Constraint (12) is
defined as Eq. (33):

Z Nbppy Tpiyne — abre + Abre—1 — Zohe = E(Dpie)
b’
+o'(1—a) /var(Dpw) VbeB teT, heH

Therefore, due to the uncertainty of parameter (D, ) in constraint
(12), Constraint (33) is replaced by Constraint (12).

(33)

5.2. e-constraint Method

g-constraint is a broadly applied method to get the exact
solutions for multi-objective problems [57]. Plenty of successful
applications have been reported to solve various problems for this
method [58]. The general form of this algorithm is as defined
by Egs. (34), where X is the feasible set of the mathematical
model [59]:

min fi (X)

min f; (x)
subject to x € X
LX) <&

fo ) <&y
5.3. Design of the NSGA-II algorithm

The main features of the Genetic Algorithm are multi direc-
tionality and global search by maintaining a population of the

appropriate solutions from one generation to the next genera-
tion [60]. Generation-by-generation approaches are useful when
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ood type 38 [ 35 | 41 | 12 | 38 | 60 | 24 | 50
42 41 17 18 25 16 36 45

Fig. 5. Chromosome segment 1 representation.

Table 3
The parameters of NSGA-II algorithm.

Population size Crossover rate
100 0.4

Max iteration
100

Mutation rate
0.04

considering Pareto solutions [61]. In the following, the main
mechanism behind the NSGA-II algorithm similar to that em-
ployed by [62] is described in detail.

5.3.1. Chromosome structure

In the proposed chromosome structure, there are h (h =
1,...,H) hospitals, j (j = 1,...,J) candidate locations for the estab-
lishment of collection centers, t (t = 1, ...,T) periods, i (i = 1,...,])
permanent centers and k (k = 1,...,K) temporary centers. Due
to the presence of 13 segments in the structure of the defined
chromosome, only 3 segments are explained in detail and the
rest is described similarly. Thirteen chromosome segments are
defined separately for the variables (1) gpne, bne, (2) Obkes jbke> €bkes
(3) Kbies Upies Zvie, (4) Qbkits (5) Qbknes (6) hpine, (7) Topne, (8) Sine, (9)
Wike, (10) vjie, (11) Xjt, 12) fyne, and 13) yr.

The first segment consists of two sections. The right section
shows the variable gp.. The numbers inside each gene are also
equal to the amount of the expired blood units of type b in
hospital h at period t. The left section shows the variable app;.
The numbers inside each gene also indicate the inventory level
of blood type b at hospital h in period (See Fig. 5).

The second chromosome segment consists of three sections.
The right, middle and left sections show variables opy, jpke and
epke, Tespectively. Accordingly, the numbers inside each gene re-
lated to the temporary center k at period t indicate the amount
of the expired blood units of type b, the amount of the processed
blood type b and the inventory level of blood type b, respectively
(See Fig. 6).

The third chromosome segment consists of three sections.
The right section shows the variable ky;. The numbers inside
each gene are equal to the amount of the expired blood units of
type b in the permanent center i at period t. The middle section
represents the variable up;.The numbers inside each gene indicate
the quantity of blood type b tested at the permanent center i
in period t. The left section demonstrates the variable z,;. The
numbers inside each gene are equal to the inventory level of
blood type b at the permanent center i in period t (See Fig. 7).

5.3.2. Reproduction operators

The initial solution in the genetic algorithm is generated ran-
domly. A double-point crossover operator is designed for generat-
ing off-springs based on a crossover probability. Fig. 8 illustrates
the proposed crossover operator’s schematic.

As seen in Fig. 9, the mutation operator is used according
to the mutation rate. Two rows are randomly selected in the
chromosome. Then, a swap operator changes the alleles.

The tuned configurations of the parameters for NSGA-II are
listed in Table 3.



H. Shirazi, R. Kia and P. Ghasemi

Applied Soft Computing 112 (2021) 107725

Period 1 Period 1 Period 1
N A A
r N ' N
Blood type Blood type Blood type Blood type Blood type  Blood type
femporary 21 [ 25 [ 55 [ 51 [ 62 [ 14 [ 21 [ 60 [ 25 [ 26 [ 40 | 41
38 35 41 12 75 80 65 46 45 46 32 38
42 41 17 18 37 84 17 14 17 13 16 1
Fig. 6. Chromosome segment 2 representation.
Period 1 Period 1 Period 1
N N
4 Y4 hYe A N
Blood type Blood type Blood type Blood type Blood type Blood type

21 25 55 51 62 14 21 60 26 23 44 27

Permanent
CBcl:t(:ris { 38 | 35 | 41 | 12 | 75 | 80 | 65 | 46 | 60 | 18 | 23 | 50
42 41 17 18 37 84 17 14 41 56 41 36
Fig. 7. Chromosome 3 Representation.
Rl B R TR RO T TR 5.3.3. Constraint handling strategy ' . '
Some of the model constraints including the constraints (1)-
38 35 41 12 15 80 65 46 . R .
Pauentl A e s e s i (19) and (21)-(24) are satisfied regarding the corrgspondmg chro-
1 19 | 221561 171 77 1 12 | 21 mosome structure, but for the rest of the constraints, the penalty
17 [ 10 [ a2 | 66 | 55 {90 | 28 | 41 strategy is used in case of the constraint violation. For example,
= the calculation of the violation penalty for the constraints (19)-
(21) is formulated as it follows. The index p is the number of the
 F2aT5s el [ 52 16 ] 18 [ 12 [ 95 objective functions.
32 | 32 42 | 29 57 52 | 62 6 19
Paemt? ) [ 23 | 36 | 14 | 38 | 33 | 84 | 18 | 41 Ap = 0} = maxvi,({0, D ene — rbig} Vp=1,2  (35)
18 [ 40 [ 36 | 44 | 61 | 54 [ 29 | 8 b
L 45 74 52 60 T2 88 | 90 43 Bp _ Oizto _ maxVi,t{O, Zzbit —rry) Vp=1,2 (36)
b
2125 [ 55 HEEHEEEE 12 | 21 | 60 Cy = O = max {0, Zabm — rhy) Vp=1,2 (37)
38 35 41 29 57 80 65 46 b
Child1 9 ﬁ ;‘; iz ii z':' 33 iz ;‘1‘ The total vglue of the violation penalty fgr a §pecific de;igned
71 10l 22060 | 22190 | 28 | a1 chromosome is equal to the sum of the violation penalties for
= all violated constraints. According to Eq. (38), the value of the
violation penalty is dynamic and varies according to the iteration
- R 51 | o2 s value. The iteration number increase results in the value of the
ST 12 | 75 [N violation penalty raise [62].
Child 2 < 23 36 14 18 Y 84 18 41 . X . i
12 | 20 | 36| 56 | 17 1 52 20 | 8 Violation, = (Ap + By + Gp) = iteration (38)
| RN 66 | 55 R And at last, the final value of the objective function for a
penalized chromosome is calculated as given by Eq. (39).
Fig. 8. Double-point crossover.
fo = fp + penalty * Violation, Vp=1,2 (39)
O s SRS e e s Therefore, as perceived Equation (39) is dynamic. The objec-
380 || (L2 s | sol [ hes s tive function does not get worse if the penalty amount is zero;
Parent 42 [ 41 | 17 | 18 | 37 | 84 | 17 | 14 but if an amount of penalty is imposed, according to its value, the
v ol [Fa0E 50 A gl [ Eval objective function exacerbates during successive iterations and
L _ the corresponding solution will have less chance to be selected
for the next populations.
(|21 |25 [ 55] 51|62 ]14]21]60 5.4. SPEA -II Algorithm (Strengthen Pareto Evolutionary Algorithm-
' s T s T e s 1
Child <
L }é ‘1‘? :,2, ig ;; ;Z i; f; The SPEA algorithm, initially introduced by [63], is an evo-

Fig. 9. Mutation Operator.

13

lution of the SPEA-II algorithm approach proposed by [64]. This
algorithm uses two internal and external population archives. The
external archive is empty at the beginning. After evaluating the
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Fig. 10. Coding structure of SPEA-IL

objective functions of the internal population, all non-dominated
solutions of the current population of the internal archive are
transferred to the external archive. The external archive is moved
to the next iteration. In each iteration, if the number of the
members of the external archive is less than the predetermined
size, the non-dominated solutions of the internal archive of that
iteration and the external archive of the previous iteration are
hired to complete the rest of the population. There are lots of
reports supporting the successful applications of this method in
solving various industrial and non-industrial problems [65]. This
method consists of some steps as the following:

Step 1: Generate the initial population Py, then generate a popu-
lation of size N, and a null eternal file Ag, then set the generation
count as t = 0.

Step2: Define the individual fitness of population P; and external
file A;.

Step 3: Define A, = X' || X' € {P; UA,}; if the archived Pareto
size of A;;1 is over the max limit N, cut the size to N; but if the
size of A, 1 is less than N, join the dominated Pareto in the P; and
A; to the Ay, until the size of A, gets equal to N.

Step 4: If t > T, output the external file A;,; as the final Pareto
frontier, and stop the search; otherwise, turn to step 5.

Step 5: Select the individuals from A, for the mating pool.
Step 6: Run crossover and mutation for the individuals of the
mating pool and the population P, let t = t 4 1, turn to step 3.

5.4.1. Chromosome representation

In this step, each chromosome is represented by the length
H + I, where H indicates the number of the hospitals and I
represents the number of the permanent centers. The first string
of the numbers is composed of H+I non-repeating random nat-
ural numbers. The second string also consists of I random num-
bers demonstrating the locations of the permanent centers. The
following figure presents the SPEA-II algorithm’s chromosome
structure for a network with 2 permanent centers and 5 hospitals.

In Fig. 10, the sequence of the first string’s numbers is between
1 and 7. To display this chromosome, two points 3 and 7 were
randomly selected as the permanent centers. Areas 3 and 5 which
are inside cells 3 and 7 are then identified as the permanent cen-
ters of the first string. In the first string, each permanent center is
allocated to the genes on the right side. For example, permanent
center 3 is allocated to hospitals 1 and 2 and permanent center 5
is allocated to hospitals 4, 6 and 7. One of the advantages of this
method is that the probability of infeasible solution is reduced. A
similar chromosome is also drawn for the temporary centers and
collection centers, of course not described here. In this algorithm,
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Table 4
The parameters of SPEA-II algorithm.

Population size Crossover rate Mutation rate Max iteration External file
100 0.3 0.03 100 50

the same crossover and mutation operators considered for NSGA-
Il method are also used. The tuned configurations of parameters
for SPEA-II are listed in Table 4.

5.5. Multi-objective Grey Wolf Optimizer

Multi-Objective Grey Wolf Optimizer inspired by social life
and gray wolf hunting as a novel swarm intelligence algorithm
proposed by [66], employs four types of wolves to simulate
leadership hierarchies. The leaders of the group, namely, a male
and a female called Alpha are in charge of making decisions
about hunting, sleeping location, waking time, and so on. Alpha
decisions are dictated to the group. Interestingly, Alpha is not
necessarily the strongest member of the group but it is the best
member in terms of group management. The second level in the
gray wolf hierarchy is Beta. Beta Wolf acts as the consultant of
Alpha and the group organizer. Beta executes Alpha’s commands
in the group and refers its feedback to Alpha. Omega has the
lowest rank among the gray wolves. Omega is the last group of
the wolves allowed to eat. If a wolf is not Alpha, Beta or Omega,
it is called Delta. Delta Wolf is responsible to report to Alpha and
Beta, but dominates Omega. Gray wolf hunting has three stages
of tracking, chasing and approaching the prey.

5.5.1. Encircling prey

To model the social hierarchy of wolves, the best solution is
considered as alpha and the second and the third best solutions
are considered as beta and delta. The rest of the candidate so-
lutions are considered as omega. The optimization is driven by
Alpha, Beta and Delta, and the fourth group follows these three
groups. To model the encircling behavior of wolves, Eqs. (40)-(41)
are utilized.

D =|CX, (t) —X(t) (40)
X(t+1) =X, () —AD (41)
A=2a7—d (42)
C=2F (43)

where t refers to the number of the current iterations, A and
C are the coefficient vectors, X, is the hunting position vector
and X is the position vector of a wolf. Eqs. (42) and (43) are
used to calculate the vectors. Vector “a” decreases linearly from
2 to 0 during the iteration period in both the exploration and
exploitation phases. r is a random vector between 0 and 1. Due to
vectors r; and r, being random, the wolves can randomly change
their position inside the space encircling the prey using Eqs. (42)
and (43).

5.5.2. Hunting
The wolves update their position using the following equa-

Dy = [C1.X, — X (44)
Dy =|Cr.Xs — X (45)
Ds = |C3.Xs — X (46)
X, =X, — A.D, (47)
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Table 5 Table 6
The parameters of MOGWO. The parameters of MOIWO.
Parameters Value Parameter Value
Initial value of « 0.5 Initial numbers of populations (n-pop) 100
Number of search agents (NSA) 80 Maximum number of seeds (S-max) 3
Maximum number of iterations (MaxIt) 1000 Minimum number of seeds (S-min) 0
Initial value of standard deviation (oinitiar) 0.4*n
Final value of standard deviation (ofina) 2
L. Nonlinear modulation index (n) 4
X3 = X5 - A3.D5 (49)
. )*(] n )*(2 + )*(3 possibility of infeasible solutions. String 2 identifies the allocated
Xt+1)=—F-"— (50) temporary centers. The third string has the length of i + h. Index

3

5.5.3. Attacking prey

The attack or exploitation phase, which occurs when the prey
stops, is done by reducing the value of variable “a” from 2 to 1.
The value of A is also dependent on “a”, so it decreases. As the
value of A decreases, wolves are forced to attack the prey. The
value of C is also a random numerical vector in the range [0,2].
This random value strengthens (C > 1) or weakens (C < 1) the
effect of the prey position in determining the distance. This vector
is the effect induced by the obstacles that prevent approaching
the prey in nature.

5.5.4. Constraint handling

Penalty strategy is used for constraint handling. The penalty
considered for constraints (51)-(53) is formulated as it follows.
“P” is the number of the objective functions.

Dy = 04 = maxvi {0, Y Gpiie —MC.ywe) ~ ¥p=1,2  (51)
b
N7 _ —
Ep = Opfy = maxvicen{0, ) Qo — mC finr)  Vp=1,2  (52)
b
Fp = 0jfy = maxi(n{0, Y howe —me.swe}  ¥p=1,2 (53)
b
Eq. (58) is used to calculate the amount of total penalty:
Violation, = (D + E, + F,) (54)

5.5.5. The parameters of MOGWO
The results of parameter setting are presented in Table 5:
The initial value of « is 0.5, the number of search agents is 80
and the maximum number of the iterations is 1000.

5.6. Multi-objective Invasive Weed Optimization algorithm

The Invasive Weed Algorithm was primarily introduced by
[67]. Kundu et al. [68] modified this algorithm and introduced
Multi-Objective Invasive Weed Optimization algorithm. Weeds
are some plants whose invasive growth is a major threat to crops.
Weeds are very stable and adaptable to changes in the environ-
ment. As a result, this algorithm tries to be inspired by the power
of adaptability and randomness of weed populations. The steps of
the Multi-Objective Invasive Weed Optimization algorithm are as
the following:

5.6.1. Generating initial population

For this purpose, a string with the length of j+k is defined for
the temporary and collection centers. Index j indicates the num-
ber of collection centers and k indicates the number of temporary
centers. Three points 3, 7 and 8 have been selected as temporary
centers. Each temporary center is allocated to its left-side box,
the collection centers. For example, in string 1, temporary center
7 is allocated to the collection centers 4 and 6. The way the cells
of the collection centers are filled is ascending which reduces the
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i indicates the number of permanent centers and h shows the
number of hospitals. In string 3, the hospital 5 is allocated to
permanent centers 1, 2, 3 and the hospital 7 is allocated to
permanent centers 4 and 6. String 4 also identifies the allocated
hospitals. Fig. 11 shows the coding structure of MOIWO.

5.6.2. Seed propagation based on the fitness value (reproduction)

All produced weeds should be evaluated and ranked based on
their fitness values. The higher the weed’s fitness, the more seeds
it produces. For reproduction, two points are randomly chosen
and then their corresponding cells are replaced. Fig. 12 depicts
the reproduction process.

5.6.3. Constraint handling strategy
Penalty strategy is used for constraint handling. The penalty
Constraint (55) as follows.

violation = maxy; ;{0, Z Wikt + Z Vjie — Xje) (55)
k i
5.6.4. Calculating the number of producible seeds
(itermex — iter)?
Oiter = —————————— (Oinitial — Ofinal) + 0 56
iter (ztermax)" ( initial 'fina ) final ( )
where
iter The current iteration number
itermge  Maximum number of iterations
n Nonlinear modulation index
omitar  The initial value of the standard deviation
Titer The amount of standard deviation in the current iteration
Ofinal The final value of the standard deviation

5.6.5. Competitive exclusion

If the total number of plants reaches Py, all of them are
sorted and the extra plants (with less fitness) are removed. Fi-
nally, by returning to step seed propagation, entire procedure is
repeated until the stopping criterion is satisfied.

5.6.6. Stopping criterion and tuning of parameters
In this study, the MOIWO algorithm will stop if one of the
following conditions occurs:

e Reaching a certain number of iterations (Max Iteration)
e A certain number of iterations in which no improvement
occurs in the objective functions value.

The results of parameter setting are presented in Table 6:
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Fig. 11. Coding the structure of MOIWO.
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Fig. 12. Reproduction process.

6. Computational results

Firstly, the effectiveness of the NSGA-II, SPEA-II, MOGWO and
MOIWO algorithms is compared to that of e-constraint and is
discussed in this section. Secondly, the Pareto solutions obtained
by solving a real world case study are presented.

6.1. Investigation of the solution approaches efficiency

In this section, NSGA-II, SPEA-I, MOGWO, MOIWO and &-
constraint approaches are compared with each other for small
and medium scale problems. The dimensions of 10 test prob-
lems used for comparing two approaches are given in Table 7.
Instances 1 to 5 are small-scale problems and instances 6 to 10
are medium-scale ones.

Table 8 shows the range of sampling data for solving small and
medium-scale samples.

Table 9 shows the average values for two objective functions
(i.e., columns f; and f>) of 10 Pareto solutions obtained by solving
the considered instances. The relative gap column represents
the gap between the values of each of the objective functions
yielded by NSGA-II, SPEA-II, MOGWO, MOIWO and the optimal
ones achieved by e-constraint method.

As seen, the average relative gap for the NSGA-II, SPEA-II,
MOIWO and MOGWO algorithms is less than 1%, revealing the
proper performance of these approaches. The solution time for
NSGA-II, SPEA-II, MOIWO and MOGWO algorithms is less than
that of the e-constraint approach in all cases. Comparing the
results of NSGA-II, SPEA-II, MOIWO and MOGWO algorithms
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Table 7

The problem instances for comparing approaches.
Problem Collection Temporary Permanent Hospital
number centers centers centers
1 1 1 1 2
2 2 1 1 3
3 1 2 1 3
4 1 2 2 2
5 2 2 2 2
6 3 2 2 3
7 4 2 2 4
8 3 1 3 3
9 4 3 2 5
10 4 3 3 6

demonstrated the relative gap value for MOIWO algorithm being
lower than that for NSGA-IIl, MOGWO and SPEA-II in all cases.
Also, the average solving time in MOIWO algorithm is less than
that of other algorithms in all cases. So it is concluded that the
MOIWO approach performed better than SPEA-II, NSGA-II, and
MOGWO and can be used to solve a case study of large scale.

Fig. 13 shows the solution time in small and medium-scale
problems. As given, the solution time of e-constraint method as
an exact algorithm increases remarkably as the problem scale
increases. Also, the solution time of NSGA-II, SPEA-II, MOGWO
and MOIWO algorithms is less than that of the e-constraint.
Comparing the solution time of MOIWO and other algorithms
revealed the outperformance of MOIWO approach, therefore this
algorithm is picked as the superior one.
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Table 8
The range of sampling data ($ = dollars, S = seconds, L = Liter).
Parameters Range Parameters Range Parameters Range
bry, bk, bh,  U(5,10) $ cfii U(100, 200) $ ppi U(2000, 3000)S
Dihe U(300, 400)L oty U(5,10)$ rhi U(700,800)L
Icy, Tto U(10, 20)L opi u(s, 10)$ " U(800,99)L
aky. qr;; U(2000, 3000)S  tc U(2000,3000)S rhy U(600,700)L
Q. G U(1500,2500)S  of U(5000, 6000) $ N U(4, 10)
ary U(2000,3000)S  RD U(0.2,0.3) Pt U(2000, 3000)S
My, U(200, 300) $  tt,, U(300, 400)S cd; U(250, 350) $
chix U(300, 400) §  mc U(100,150)L
cnjp U(200, 300) $ oc u(5, 10)$
Table 9
Pareto solutions and corresponding values of objective functions.
No g-constraint NSGA-II SPEA-II Relative gap % (NSGA-II) Relative gap %(SPEA-II)
fi fa Time (s) fi fa Time (s) fi fa Time (s) fi fa fi fa
1 16615.3 403 2 16615.3 40.3 2 16615.3 40.3 2 0 0 0 0
2 16621.1 44.8 45 16630.2 448 4 16640.6 44.9 6 0.05 0 0.09 0.22
3 167112  46.6 63 16719.8 46.8 6 16731.25 469 8 0.05 0.4 0.08 0.63
4 16719.0 50.1 96 16724.3 50.9 11 16731.14 51.2 14 0.03 0.7 0.07 0.58
5 16808.6  52.1 164 168424 522 14 16848.84 524 19 0.2 0.1 0.23 0.57
6 29462.2 68.9 617 294706 709 24 2948424 710 28 0.02 2.8 0.07 2.95
7 29479.8 70.8 1814 294866 71.7 29 29496.24 709 38 0.02 1.2 0.05 0.14
8 295406 733 2674 295436 735 35 29550.25 737 44 0.01 0.2 0.03 0.54
9 29570.3 735 5629 29581.2 73.9 48 29593.41 741 52 0.03 0.5 0.07 0.80
10 29608.3 74.1 10725 296344 745 55 29661.87 74.8 66 0.08 0.5 0.18 0.93
Ave 231136 594 21829 231248 59.95 22.8 23135.31 60.0 277 0.049 0.64 0.087 0.73
No MOIWO MOGWO Relative gap % (MOIWO) Relative gap %(MOGWO)
fi jp) Time (s) fi f Time (s) fi ip) h f
1 16615.3 40.3 2 16615.3 40.3 2 0 0 0 0
2 16625.6 44.8 4 16628.7 448 5 0.027 0 0.045 0
3 16714.5 46.7 5 16716.8 46.7 6 0.019 0.214 0.033 0.214
4 16722.0 50.5 11 16724.1 50.8 13 0.017 0.314 0.030 0.436
5 16831.1 52.2 13 16838.3 52.3 15 0.133 0.191 0.176 0.682
6 29466.7 69.4 19 29468.5 69.8 22 0.015 0.720 0.021 1.289
7 29484.3 70.9 22 294849 71.0 26 0.015 0.561 0.017 0.281
8 29543.2 73.4 31 29543.5 73.5 34 0.008 0.136 0.009 0.272
9 29576.9 73.7 45 29578.8 73.8 48 0.022 0.271 0.028 0.406
10 29619.5 74.3 50 29628.4 74.5 54 0.037 0.269 0.067 0.536
Ave 231199 59.6 20.2 23122.7 59.7 225 0.0293 0.267 0.0426 0.411
6.2. Comparing algorithms’ performance 120
In this study, two criteria known as Spacing Metrics (SM) and 100
Mean Ideal Distance (MID) are applied in order to compare the o
performance of the applied algorithms. g = Epsilon-Constraint(100S)
e Spacing Metric (SM): This metric is used to investigate the 0 . ENSGA-IIS)
non-dominated solutions’ uniformity [69]. Eq. (57) formulates =
. . = SPEA-II(S)
this metric: S 40
o | _| @ = MOIWO(S)
_, |di—d
SM = =1 _ (57) 20 - L, MOGWO(S)
(n—1)d
0 4

where d; is the Euclidean distance of two Pareto points, d is the
mean Euclidean distance and n is the total number of the points.
It is obvious that the lower the value of this metric, the better the
performance of the algorithm.

e Mean ideal distance (MID): MID refers to the distance
between the Pareto points and the ideal points [63]. This metric
is calculated by Eq. (58).

fri—fest 2 4 hi—frst
Z n‘lax l“ln) (max mln)

1,total — 71, total 2,total 2, total

MID =

(58)

where n is the total number of Pareto points and f; is the j-th

value of the objective function for the ith Pareto point. Also, j";gt’;,

and j”}(‘,'ga, are the maximum and minimum Pareto values of the jth

objective function. Obviously, the lower the value of this metric,
the better the performance of the algorithm.
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Problem Number

Fig. 13. Computational times.

In Table 10, the results produced by solving the problems in
small and medium scale for 10 Pareto points are given. This table
shows two metrics MID and SM plus the solution times. As seen,
the mean values of MID and SM for the MOIWO approach are
5.181 and 0.561, respectively and those of MID and SM for the
SPEA-II and NSGA-II approaches are 5.802, 0.747 and 5.211, 0.577,
respectively and those of MID and SM for the MOGWO approach
are 5.197 and 0.567 respectively. Therefore, the MOIWO method
outperformed other approaches in terms of MID and SM metrics
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Table 10 Table 13
The results of performance metrics. Collection centers capacity (Liter).
No NSGA-II SPEA-II MOIWO MOGWO Babolsar Babol Juybar Sari Neka Behshahr
MID  SM MID  SM MID  SM MID  SM Period 1 160 170 200 160 190 180
1 0 0 0 0 0 0 0 0 Period 2 200 160 140 200 100 160
2 557 064 628 070 553 062 555 061
3 563 067 628 071 559 063 561 065 Table 14
4 572 061 634 075 570 061 571 061 Capacity of the temporary centers.
5 576 062 637 078 573 060 574 061
6 579 064 645 084 574 062 577 064 Babolsar Juybar Behshahr
7 58 064 650 08 583 063 583 063 60 50 45
8 58 064 658 090 585 061 58 062
9 592 065 660 093 589 064 591 064
10 598 066 662 098 595 065 597 066 Table 15
Mean 5211 0577 5.802 0.747 5.181 0561 5.197 0.567 Capacity of the permanent blood centers.
Babol Sari Neka
Table 11 1000 1000 800
Prioritization Matrix.
Blood type Priorities
1 2 3 4 5 6 7 There are 47 hospitals and care centers in Mazandaran province
At At A- O+ 0- and the Blood Transfusion Organization should supply their blood
‘g‘; ‘g‘; g_' o+ o- needs. In order to cover the demand in a timely manner, the
B- B- o- Blood Transfusion Organization plans how to select and establish
AB+ AB+ A+ B+ A- B- 0+ 0- new blood centers in the candidate cities, namely, Behshahr and
AB- AB- A- B- 0- Babolsar.
8* 8* g;me It is worth noting that not all plasma types are decent for

for all Pareto solutions. Consequently, the MOIWO algorithm was
chosen to solve the real case study of large scale.

6.3. Blood supply chain case study

Mazandaran is a northern bound province in Iran, which is
made up of 21 cities consisting of nearly 60 counties with a
population of more than 3 million [40,75]. Nowadays, Mazan-
daran province consists of 17 permanent centers, 3 of which are
considered as the base centers of blood transfusion. In addition,
Mazandaran province has 6 blood transfusion buses serving as
the collection centers carrying out blood transfusion operations
in 14 cities. The number of the ones recovered from Coron-
avirus in this province is reported as 1300 until 7.1.2020, and
the main goal is to receive blood plasma from the recovered
ones and inject it into the suffering patients. As demand points,
the Province Blood Transfusion Organization is responsible for
receiving, testing and storing blood to meet the demands of the
care centers and hospitals at the time of COVID-19 pandemic.

every COVID-19 patient. The Plasma Priority Matrix is used to
determine the Plasma substitution priorities as represented in
Table 11 which describes the types of plasma with the potential
to be substituted with a certain plasma type. When considering
plasma substitution, additional cross-matching tests need to be
performed.

Table 12 lists the simulation parameters and variables. Some
parameters are assumed by the decision makers based on the case
study scale, and the rest is derived from other mentioned sources.
For instance, the population of Mazandaran is 3,100,000 and the
contact rate is assumed to be 60 contacts/person.

Tables 13-15 presents the capacity of the collection centers,
temporary centers, and the permanent centers, respectively. Ta-
ble 16 displays transportation cost between the collection centers
and the temporary centers. Table 17 demonstrates the transporta-
tion cost among the blood centers and hospitals, the capacity of
each hospital and blood holding cost.

Due to the NP-hardness of the designed model, the described
MOIWO is employed to find Pareto solutions for the question case
as a large-scale problem. During successive periods, the model
identifies these: (1) how to allocate plasma donors to temporary
and permanent facilities, temporary facilities to permanent ones,

Table 12
Simulation parameters and variables.

Name Definition Initial value  Units Reference

Hospital capacity Maximum number of beds in a hospital 28000 Beds [70]

Contacts rate Number of people a person who is infected 60 Contacts/person  Assumed
and not quarantined can meet (only two
ways of physical contact and transmission
through sneezing and coughing are
considered)

Susceptible The number of susceptible people who are 3100000 People [70]
more likely to be infected

Fatality rate The ratio of people who die to the total 4 % [71]
number of infected

Disease duration The time when the first symptoms of the 14 Days [72]
disease appear

Fraction requiring  The ratio of people hospitalized to the total 20 % [71]

hospitalization number of infected

Infectivity The possibility of engaging the lungs during 0.025 % [73]
disease

Incubation time Duration of disease latency 7 Days [74]
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Table 16
Transportation cost between the collection centers and temporary centers ($).
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Table 18
The blood flow from the temporary centers to the permanent centers.

Temporary center  Collection center

Babolsar  Babol  Juybar Sari Neka  Behshahr
Behshahr 78 72 48 28 17 4
Juybar 36 32 4 22 52 74
Babolsar 4 24 36 50 78 80

and permanent facilities to hospitals, (2) the location of collection
facility, and (3) the blood inventory level.

6.4. Case study results

Fig. 14 depicts the results of the discussed simulation model
analyzing the effect of COVID-19 on plasma demand. As observed,
the plasma demand distribution function follows the normal dis-
tribution with a correlation coefficient of 0.990.

To validate the proposed simulation model, its results were
compared with those of the real system. Therefore, to eval-
uate validation, the simulation model was run 100 times for
1,000,000 h and the average value of the estimated plasma de-
mand was considered as the output. The data used for real system
performance included the official statistics from Iran Ministry of
Health. Fig. 15 compares the output of the proposed simulation
model with that of the real system. The vertical axis is the
estimated plasma level.

Thus, regarding the closeness of the estimated plasma level
and the required amount obtained by the real system, with 95%
confidence interval, it can be conclude that the simulation model
can estimate the real system properly and acceptably.

Table 18 gives the blood flow from the temporary to the
permanent blood centers in terms of liters. The max volume of
blood is supplied from Behshahr center to Neka unit in period 1
and the min quantity is supplied from Babolsar center to Babol
unit in period 1.

Similarly, Table 19 shows the amount of blood donated from
the collection centers to the temporary ones. As clearly perceived,
the highest amount of blood transfusion from Behshahr donor
to Babolsar temporary center in the first period is 80 L and the

Table 17

Permanent centers Temporary centers

Behshahr Juybar Babolsar
Periods t; ty t; ty t ty
Neka 75 26 44 38 60 63
Sari 52 50 43 57 66 45
Babol 33 35 32 30 30 38
Table 19

The amount of blood transferred from the collection centers to the temporary
centers.

Temporary center Collection center

Babolsar ~ Babol  Juybar  Sari Neka  Behshahr
Period t 6 [T T ST >N ST & S ST & N ST
Behshahr 78 54 73 51 45 42 28 30 15 25 55 52
Juybar 35 47 30 41 42 45 20 28 52 38 75 56
Babolsar 32 50 26 35 34 45 50 42 79 55 80 56

lowest amount of that from Neka donor to Behshahr temporary
center is 15 L. The stored blood quantity at hospitals and perma-
nent blood centers in terms of liters is presented in Tables 20 and
21, respectively.

To solve the case study, 100 Pareto solutions have been gen-
erated in each iteration considering the problem being of bi-
objective type (see Fig. 16).

The following two conditions considered to stop the algo-
rithm:

e Stop after a hundred iterations (max iteration = 100)
e Stop when a determined number of iterations is performed
without any improvement.

The average values for the first and second objective functions in
Pareto solutions are 390022.72 and 21441.6, respectively. The av-
erage time spent for solving the case study is 86.4 s. According to
the case study, the convergence of the Pareto solutions resulting
from the MOIWO algorithm is depicted for the first and second
objective functions.

Transportation cost, capacity of each hospital and inventory holding cost.

No Hospitals Blood Centers Transportation cost ($) Hospital capacity Inventory holding cost ($)
Babolsar Babol Sari Behshahr
1 Imam Khomeini Behshahr 2000 1500 1000 500 400 3
2 Shohada Behshahr 2000 1500 1200 500 400 5
3 Mehr Behshahr 1500 1000 800 400 400 5
4 Amiri Behshahr 2000 1500 1200 500 400 3
5 Bo Ali Neka 1200 900 500 200 400 4
6 Imam HosseinNeka 1500 1000 500 300 400 5
7 Imam Khomeini Sari 1000 500 200 500 400 5
8 Bo Ali Sari 600 200 100 300 400 5
9 Hazrat Fatemeh Sari 1000 500 200 400 400 2
10  Zare Sari 800 600 200 300 400 6
11 Shafa Sari 600 250 50 150 400 3
12 Nime Shaban Sari 800 600 300 600 300 4
13 Amir Mzandarani Sari 450 350 250 400 400 6
14 Hekmat Sari 600 500 200 600 400 6
15  Velayat Sari 400 200 100 300 400 6
16  Haj Azizi Juybar 1000 500 300 500 200 8
17  Kudakan Babol 500 300 1000 1500 300 4
18  Shahid Beheshti Babol 800 200 800 1500 300 4
19 17 Sahrivar Babol 700 300 1500 2000 300 4
20 Mehregan Babol 250 100 350 500 300 4
21 YahyaNejad Babol 800 200 1500 2000 300 3
22 Clinic Babol 450 250 600 1000 400 3
23 Hazrat Zeinab Babolsar 200 400 1000 2000 400 7
24 Shafa Babolsar 200 600 1500 2000 400 7

19



H. Shirazi, R. Kia and P. Ghasemi

Applied Soft Computing 112 (2021) 107725

Probability Plot for C1
LSXY Estimates-Complete Data

Plasma  Normal (0.990)
99.

9

90

Percent
3

Plasma  Exponential(0.950)

99.9
9
90
50
10

Percent

0.1

1000

Fig. 14. Simulation results.
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Fig. 15. Comparison of simulation results with real system.

In Fig. 17, the flow of blood transfusion to different locations
in the first period is seen, where 6 collection centers, 3 tempo-
rary facilities, 3 permanent blood centers and 24 hospitals are
represented by yellow, green, blue, and gray points, respectively.

As it is clear, the received blood flows from the donors to
the temporary facilities and permanent centers, from the tempo-
rary centers to the permanent centers and ultimately from the
permanent blood centers to the hospitals. For example, blood
transfusion flow amount from Babolsar donor to Juybar tempo-
rary center is 35 L, from Behshahr donor to Neka center is 35 L,
from Juybar temporary center to Neka permanent center is 44 L,
and from Sari center to hospital number 1 is 27 L.
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Table 20
Amount of blood inventory at the hospitals.
No Hospitals Blood expired Amount of Blood held
(L) at hospital (L)
1 Imam Khomeini Behshahr 0 27
2 Shohada Behshahr 2 30
3 Mehr Behshahr 1 28
4 Amiri Behshahr 0 34
5 Bo Ali Neka 2 28
6 Imam HosseinNeka 1 32
7 Imam Khomeini Sari 0 45
8 Bo Ali Sari 5 36
9 Hazrat Fatemeh Sari 4 40
10  Zare Sari 3 32
11 Shafa Sari 3 29
12 Nime Shaban Sari 2 32
13 Amir Mzandarani Sari 2 42
14  Hekmat Sari 5 45
15  Velayat Sari 3 33
16  Haj Azizi Juybar 0 35
17  KudakanBabol 0 28
18  Shahid Beheshti Babol 3 47
19 17 Sahrivar Babol 4 32
20  Mehregan Babol 2 59
21  YahyaNejad Babol 4 35
22 Clinic Babol 2 29
23 HazratZeinab Babolsar 0 38
24 Shafa Babolsar 0 44

6.5. Sensitivity analysis

In this section, the sensitivity analysis of some proposed math-
ematical model’s parameters is discussed. Fig. 18 depicts the
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Fig. 16. Convergence of solutions in the case study.
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Fig. 17. The amount of blood transfusion between different locations in the first period.

Table 21
The amount of inventory held at the permanent blood centers.
Period Neka Sari Babol
tq ty tq t t )
32 38 20 24 25 30
25 41 26 30 30 25
20 35 20 20 27 28
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Fig. 18. Sensitivity analysis of demand changes on the total costs.

relationship between the first objective function’s changes in
terms of demand variation. As seen, as the blood demand gets
higher, the total cost of the system increases, and as the demand
gets lower, the system’s cost gets down. For instance, the amount
of blood demand increase by 30% leads to system’s costs by
462003.1 units (15% raise) and the demand drop by 20% results
in system’s cost decrease by 315529 units (19% drop).

As shown in Fig. 19, the demand changes’ impact on the
second objective function (i.e., blood flow time) is indicated. As
it is obvious, the flow time increases as the demand rises and
decreases as the demand decreases. For example, a 20% demand
increase brings about the flow time increase by 31625.1 units
(32% raise). Also, a 30% demand decrease leads to the flow time
drop by 11711.98 units (45% drop).

Fig. 20 illustrates the centers’ storage capacity changes influ-
encing the total system costs. As understood, the centers’ capacity
increase will reduce the total costs. For example, the centers’
capacity increase by 30% will reduce the total costs by 296667.29
units (23% drop) and the capacity reduction by 30% will increase
the total cost by 566819.81 units (31% raise). The reason for this
trend is the huge difference between the holding costs and the

21

40000
35000
30000
25000

on

£ 20000
= 15000 _—
--"-—‘—V

1
10000
5000

-30%  -20% -10% 0 10% 20%  30%
% Demand Change

Second Objective Funct

Fig. 19. Sensitivity analysis of demand changes on the second objective function.
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Fig. 20. Sensitivity analysis of the capacity of centers.

cost of establishing a new center. Due to the higher cost of estab-
lishing a new center compared to the holding cost, increasing the
centers’ capacity will reduce the need to establish new centers.
As a result, fewer centers are established and the supply chain
costs get reduced.

Fig. 21 demonstrates the transportation capacity changes’ im-
pact on the total costs of the system and the total expired blood
quantity in the centers. As seen, increasing the transportation
capacity will reduce the total costs along with the expired blood
amount. This relationship is predictable as by increasing the
transportation capacity, a smaller number of transportation will
be required, and less transportation cost will be imposed on
the blood supply chain. Moreover, increasing the transportation
capacity will reduce the blood flow time which results in lower
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Fig. 21. Sensitivity analysis of the capacity of transportation.

quantity of the expired blood. According to this figure, the trans-
portation capacity increase by 30% will reduce the total costs
to 294506.54 units (24% drop) and the transportation capacity
decrease by 20% will increase the total costs to 469474.71 units
(16% raise). It can be concluded from the results that with a 30%
increase in the transportation capacity, the amount of the expired
blood declines to 22 L (54% drop).

7. Discussion

The practical implications of the current research derived re-
sults can be useful for hospitals, blood transfusion organizations,
permanent and temporary medical centers, and finally, for all pa-
tients. For example, hospitals can be prepared to deal with large
volumes of plasma demand during the outbreak of COVID-19 by
knowing the estimated demand. Considering blood substitutabil-
ity in hospitals can guarantee timely blood units’ availability
during the outbreak of COVID-19.

As the sensitivity analysis results indicate, demand increase
brings about total system cost and flow time increase. As it was
explained, plasma demand is estimated using a simulation model.
Consequently, it seems imperative to conduct a more detailed
study about the simulation model to be able to manage demand.
In the simulation model, the parameter “hospital capacity” has
an inverse effect on “deaths”. Also, the parameter “relative be-
havioral risks” has a direct effect on “transmission rate”. So, the
managers and decision makers are advised to increase the hospi-
tals’ capacity so that to be able to hospitalize the patients as much
as possible. To reduce the behavioral risks, it is also recommended
to set strict rules such as maintaining social distance that reduces
transmission rate. And ultimately, it is perceived that “isolation
effectiveness* increase leads to higher "public health* and its
decrease results in higher "serious cases“, "hospital strain* and
"deaths". Therefore, improving the isolated patients’ performance
lowers the contact rate and thus, reduces the death rate.

Moreover, the total system cost will decrease by increasing the
established centers’ capacity which is due to lower holding costs
compared with establishment costs. Therefore, the managers and
decision makers in charge are recommended to establish the
centers with higher capacity in order to minimize the total system
costs since the centers’ capacity increase will also reduce the
number of the established centers.

The transportation capacity increase will reduce the total sup-
ply chain related cost. Besides, by increasing the transportation
capacity, it seems necessary to open a smaller number of blood
transfers. Thus, managers and decision makers need to increase
the transportation capacity so that to come up with reduced sup-
ply chain costs. In addition, the transportation capacity increase
results in lower total quantity of the expired blood, which can
be due to this fact that increasing the transportation capacity
lowers the required transports’ number. Because of the limited
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number of blood carrying vehicles, by increasing their transporta-
tion capacity, the donated blood will wait less time to be sent to
the hospitals. As a result, the possibility of blood deterioration is
reduced.

To determine the research strategy, the research questions are
answered as it follows:

1. How are the allocation, distribution, and inventory level
of different types of blood? 2. Where is the optimal location of
collection centers during COVID-19 outbreak? 3. How can the
amount of plasma required for COVID-19 patients be predicted
to prevent shortage? Tables 18-21 give the results of the loca-
tion, allocation, distribution and inventory control of the required
plasma types. For example, in Table 18, the permanent centers in
Neka, Sari and Babol are assigned to all three temporary centers of
Behshahr, Juybar and Babolsar. Table 19 also depicts the required
plasma distribution. In addition, the results indicate that all po-
tential centers have reopened. The amount of the blood stored
and expired in each hospital and the permanent center is also
reported in Tables 20 and 21.

Demand has been estimated using system dynamic structure
simulation of COVID-19 outbreak (Fig. 4). The desired demand
with 95% reliability follows normal distribution with a correlation
coefficient of 0.990 (Fig. 14). Also, to prevent shortage, the possi-
bility of compatible blood replacement has been incorporated in
the model’s assumptions (Table 11).

Due to the fact that this research is a “case study” in terms of
strategy, the required data and parameters have been extracted
from reliable references, Google Map, the information about the
hospitals, blood transfusion organization, and etc.

In order to compare this research with the previous studies,
two recent studies of [38] and [1] have been considered.

Zahiri et al. [38] compared meta-heuristic algorithms to solve
the stochastic blood supply chain problem in Mazandaran
Province/lran. The proposed model was solved with MOICA
(Multi-Objective Imperialist Competitive Algorithm) and NSGA-II
algorithms. According to their results, the MOICA algorithm per-
formed better than other algorithms. Compared to the study done
by Zahiri et al. [38], the merit behind our research is the multi-
commodity of the proposed model and the possibility of blood
groups’ substitution (npy,, ) during the outbreak of COVID-19.

Also in the current study, location and inventory decisions
have been considered, which was taken into account by Zahiri
et al. [38]. Meanwhile, simulation based plasma demand estima-
tion is of the key benefits of our study during COVID-19 outbreak
compared to that of Zahiri et al. [38].

In another similar study, Haghjoo et al. [ 1] considered the dis-
tribution centers’ location and such centers being allocated to the
hospitals in the blood supply chain in Mazandaran province. The
proposed multi-period and single-commodity model was solved
using Self-Adaptive Imperialist Competitive Algorithm (SAICA)
and Invasive Weed Optimization (IWO) approaches. In the current



H. Shirazi, R. Kia and P. Ghasemi

study, like that of Haghjoo et al. [1], the multi-echelon math-
ematical model was solved using four metaheuristic methods.
Considering the multi-commodity feature in the proposed model,
the substitution possibility of the blood groups and transport
capacity are the advantages of this study compared with the one
done by Haghjoo et al. [1].

Of the benefits behind using the proposed meta-heuristic al-
gorithms, we can point out the following [21,22,76]:

1. The NSGA-II and SPEA-II algorithms use only the values of
the objective function to perform the optimization process and do
not require additional information such as the function deriva-
tive; 2. Due to the simplicity of the search process of MOIWO
and MOGWO, they work very quickly and efficiently; 3. The
proposed algorithms (NSGA-II, SPEA-II, MOIWO, and MOGWO)
are very flexible and work with all kinds of objective functions
and constraints in the search space.

Regarding the proposed simulation approach, it possesses the
following merits [77]:

- The simulation is presented as a separate run, which paves
the ground for the simulation to be run several times and to
report the average of the obtained results. This minimizes
simulation errors as much as possible.

- Enterprise Dynamic software has a high convergence speed
and a programming language called 4DScript making it pos-
sible to simulate all problems, both industrial and non-
industrial cases.

- The open source structure of the ED allows users to generate
special atoms to simulate their problem.

The disadvantages of using the simulation approach are as fol-
lows [50]:

- Usually, numerous runs are required for each simulation
model, and this can lead to high costs for using a com-
puter. Simulation also requires access to a computer system
equipped with features such as high RAM and CPU.

- Due to the large number of runs for computer simulation,
most simulations are time consuming.

Also, the disadvantages of the proposed meta-heuristic algo-
rithms are the following [78,79]:

- Meta-heuristic algorithms are not able to calculate the
global optimum and calculate the local optimum.

- The final solution in NSGA-II, SPEA-II, MOIWO and MOGWO
algorithms depends on the coder’s skill in defining chromo-
somes and the initial value of its parameters.

8. Conclusion

In this research, a blood supply chain in case of COVID-19
outbreak has been discussed. In order to deliver the plasma of
the recovered sufferers to the patients, a four-echelon multi-
objective supply chain minimizing plasma delivery time and sup-
ply chain costs has been proposed. The chain includes collec-
tion centers, temporary centers, permanent centers and hospi-
tals. The amount of blood plasma the patients require is viewed
as uncertain parameters and is estimated using a simulation
approach.

In the present study, the system dynamic structure of COVID-
19 outbreak has been designed for the first time, which has
the potential to estimate the number of COVID-19 patients. This
structure also pursues the goal to estimate the amount of plasma
the patients require for the first time. Simulating the structure
of COVID-19 outbreak was not studied in detail in the previous
studies. For example, the season induced effect on the required
plasma quantity is dealt with in the simulation. Examining this
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factor can lead the managers to be carefully prepared and exactly
plan for all seasons. It should be mentioned that the subject
known as logistics in plasma therapy during COVID-19 pandemic
has not been investigated in any study so far. Also concurrently
addressing location, inventory control, allocation, distribution,
and plasma flow has not been surveyed in multi-period and
multi-commodity model at the time of this pandemic. Consid-
ering time is very important in this outbreak, too. Therefore,
minimizing plasma flow time can lead to the patients’ satis-
faction and survival. Substitution of similar blood types is es-
sential due to lack of plasma in critical situations. Substitution
of similar plasmas during COVID-19 prevalence also increases
the patients’ satisfaction and reduces human losses. With this
technique, COVID-19 patients can be served faster and easier.
Transportation during the outbreak also needs special equipment
and trained personnel. Therefore, plasma transportation capacity
is limited, which has been addressed in this study.

Consequently, first, the system dynamic structure of COVID-19
outbreak was developed and implemented using the simulation
model. The simulation model extracted results for the observa-
tion period of 1,000,000 h indicated that the plasma demand
distribution function follows the normal distribution with a cor-
relation coefficient of 0.990. With 95% confidence interval, the
simulation model could yield a good estimate of the real world.
Then, the demand distribution function was entered into the
mathematical model and the stochastic model was converted into
the deterministic counterpart by the chance constraint approach.

The proposed model was solved in small and medium scales
using e-constraint, NSGA-II, SPEA-II, MOIWO and MOGWO ap-
proaches. The mean values of the MID and SM metrics for MOIWO
algorithm were 5.181 and 0.561, respectively, revealing the pro-
posed algorithm’s outperformance. The mean values of the MID
and SM for the SPEA-II, NSGA-II and MOGWO approach were
(5.802, 0.747), (5.211, 0.577) and (5.197, 0.567), respectively.
Also, the solution time for MOIWO was shorter than that for other
algorithms in all cases. Therefore, the MOIWO algorithm was
selected to solve the case study defined for Mazandaran province
in Iran.

The results revealed that all the collection centers considered
for the case study have been established. The amount of blood
stored and transferred among the centers was also determined.

The sensitivity analysis derived results demonstrated that in-
creasing the demand leads to total system costs and flow time
increase. For instance, a 30% increase in the demand results in
the total cost of the system and the amount of flow time increase
by 15% and 41%, respectively. Also, the centers’ capacity increase
reduces the number of the established centers. As a result, the
established centers’ capacity increase leads to increasing the total
costs of the system. Therefore, in order to lower the system costs,
the managers and decision makers in charge are recommended to
establish some centers with higher capacity. Besides, reducing the
simulation related transmission decreases the plasma demand.
Therefore, the responsible managers and decision makers are
recommended to impose some strict rules for social distancing.

This research, like other cases, has its own limitations and
assumptions, which are expressed as it follows:

- As there was no official database for some parts of cost ele-
ments, the driver’s estimations and blood transfusion center
officers were asked to help. The questions about the trans-
portation costs for each route have been categorized and the
estimated costs have been entered into the mathematical
model.

- In addition, the recent high inflation rate and the rising
transportation costs in Iran make it more difficult to esti-
mate the relevant costs.
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- Due to several ways of COVID-19 transmission, in the sys-
tem dynamic structure of the simulation model, only two
ways of physical contact and transmission through sneezing
and coughing are discussed. Therefore, other ways of trans-
mission such as eating food contaminated with the virus or
touching contaminated objects have been neglected.

- Due to the instability of COVID-19 incidence rate and despite
the fact that the incidence rate among Iranians is higher
than that of the world, in the simulation part of this study,
only the information reported by the World Health Orga-
nization (WHO) has been used for the incidence rate and
fatality rate.

The following directions are proposed for the would-be research:

- The routing of the transportation vehicles along with the
location of depots that plays a significant role in blood chain.
The cooperation of the members of the distribution supply
chain can also be considered with the routing vehicles. So
that due to the limited transportation capacity, vehicles can
use the capacity of other vehicles to transfer plasma. Thus,
if a vehicle reaches its maximum capacity, it can deliver the
excess plasma to a vehicle with sufficient capacity to carry
that plasma.

- Considering other objectives including maximizing coverage
and minimizing plasma shortage. Maximizing coverage and
minimizing shortages can satisfy more patients and save
more lives.

- Dealing with other simulation model parameters such as
the incidence rate in pregnant women and heart problem
suffering patients as the mortality rate is higher among
these groups. Also other parameters such as lockdown can
be considered in the simulation as a parameter reducing the
transmission rate.

- Surveying resilience and sustainability in the blood supply
chain during the outbreak of COVID-19. In order to study
sustainability, it is recommended to simultaneously pay at-
tention to the environmental, social (such as employment
in collection centers) and the economic factors. There is
also the possibility of the failure of the plasma cold stores.
Considering this fact that the support system can make
plasma supply chain resilient.

- Since it is necessary to maintain social distance and reduce
the collection centers’ capacity, donors can reserve time to
donate blood. Reserving blood donation time can be taken
as “office hours” and “non-office hours”.

- Addressing the government’s advertisements to attract
donors in the mathematical model. The government con-
ducts local advertising to attract more recovered people to
donate plasma. They advertise using social networks, TV
commercials, and banners in the city.

- Involving other approaches such as robust optimization in-
stead of chance constraint programming for solving uncer-
tain problems.
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