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Abstract

Purpose –Due to the randomness and unpredictability of many disasters, it is essential to be prepared to face
difficult conditions after a disaster to reduce human casualties and meet the needs of the people. After the
disaster, one of the most essential measures is to deliver relief supplies to those affected by the disaster.
Therefore, this paper aims to assign demand points to the warehouses as well as routing their related relief
vehicles after a disaster considering convergence in the border warehouses.
Design/methodology/approach – This research proposes a multi-objective, multi-commodity and multi-
period queueing-inventory-routing problem in which a queuing system has been applied to reduce the
congestion in the borders of the affected zones. To show the validity of the proposed model, a small-size
problem has been solved using exact methods. Moreover, to deal with the complexity of the problem, a
metaheuristic algorithm has been utilized to solve the large dimensions of the problem. Finally, various
sensitivity analyses have been performed to determine the effects of different parameters on the optimal
response.
Findings –According to the results, the proposed model can optimize the objective functions simultaneously,
in which decision-makers can determine their priority according to the condition by using the sensitivity
analysis results.
Originality/value –The focus of the research is on delivering relief items to the affected people on time and at
the lowest cost, in addition to preventing long queues at the entrances to the affected areas.

Keywords Humanitarian logistics, Inventory-routing problem, M/M/C/K queueing systems

Paper type Research paper

1. Introduction
Humans have been dealing with natural disasters at all times, and despite advances in
technology over the past decades, they have never been able to prevent their occurrence.
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These disasters are constantly occurring and cause a lot of injuries in different areas. The rate
of occurrence of natural disasters such as earthquakes and tsunamis has risen over time.
Consequently, the number of victims due to socioeconomic-demographic factors, such as
population growth and urban development, has increased (Hoeppe, 2016). Nevertheless, the
number of people who lose their lives in these events is declining (The International Disaster
Database, 2021). However, large earthquakes such as earthquakes in Turkey (_Izmir, 1999),
Taiwan (Chichi, 1999), India (Gujarat, 2001), Iran (Bam, 2003), Pakistan (Kashmir, 2004),
China (Sichuan, 2008) and Haiti (Port-au-Prince, 2010) killed about 450,000 people. As a result,
being prepared and aware of the appropriate disaster response is of considerable importance,
which has attracted the attention of researchers in the field of disaster management
(Barzinpour and Esmaeili, 2014).

Disaster management encompasses a wide range of activities related to before, during, and
after natural and manmade disasters, including mitigation, preparation, response and recovery
(Holgu�ın-Veras et al., 2012). The mitigation phase involves long-term solutions to prevent
disasters or reduce their effects. In the preparation phase, long-term decisions aremade about the
number and location of distribution sites so that the necessary measures can be taken with the
least difficulty at the time of the accident. The response stage is the first step after the disaster,
which is consists of operational decisions and all measures taken to attend to the affected people,
including decisions about the route of vehicles, personnel and equipment. The last phase is the
recovery stage that reconstructs the affected areas is itsmost crucial activity (Ahmadi et al., 2015).

Due to the severity of the accident and the damage caused in post-disaster conditions, the
access of affected people to the essential items is limited, so using the appropriate distribution
system will diminish human suffering as well as possible damages and losses. The focus of
this article is on the response phase. This section is also called post-disaster humanitarian
logistics, or PD-HL, which distributes essential goods such as water and food to the affected
areas to decrease the aftermath of the disaster.

Depending on the type of problem, vehicle routing problem (VRP) techniques are utilized
at this stage to solve the problem to deliver the relief products at the proper time and the right
amount. Many factors challenge these problems, including disruption in delivering the goods
to distribution centers, damages to relief routes, shortages in distribution centers, and so on.
In classical VRP, the goal is to reduce total costs (Campbell et al., 1998). But in humanitarian
arrangements, goals other than costs are also considered. Preliminary measures should be
taken within the first 72 h after the disaster (Mitsotakis and Kassaras, 2010), so in
humanitarian aid, the main focus is on relief response time. Since this study seeks to
distribute goods to demand points after stabilizing conditions, the objective function is a
combination of classical VRP goals and humanitarian logistics. In the process of distributing
relief items, these commodities are transported from several distribution centers to the
affected zones through designated routes. One of the logistics strategies to improve the
performance and efficiency of the supply chain is to manage and control the inventory of
border warehouses. This is because warehouse inventory directly impacts inventory holding
costs, as well as the allocation of demand points to warehouses and, consequently, routing
costs. Therefore, inventory control is one of the vital factors in determining the efficiency of
the relief supply chain. It should be noted that border warehouses are warehouses that we
select at the border of the affected areas to deliver relief aids that we receive from other areas.
Due to the fact that it is usually practically impossible to enter the affected areas after a
disaster occurrence, these warehouses are selected at the border of the affected areas. For
example, in real-life rescue, planes or helicopters always deliver relief supplies to warehouses
located on the border of affected areas.

According to the amount of humanitarian aid and the volume of goods that are sent to the
warehouses in a short period, the queues’ formation at the entrances of the borderwarehouses
of the affected areas is inevitable.
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On November 12, 2017, a destructive earthquake measuring 7.3 on the Richter scale jolted
the province of Kermanshah in the western part of Iran. This was the strongest and deadliest
earthquake of 2017, which took 630 lives, left more than 8,100 injured, andmade 70,000 people
homeless (Ahmadi and Bazargan-Hejazi, 2018). Unfortunately, mismanagement causes some
problems such as congestion at the entrances of the city. This congestion caused the vehicles
carrying relief items to wait in long queues for a long time in a crisis situation where people
are waiting for these items. Also, the long queues that had formed had disrupted the
possibility of relief in proper time and the arrival of relief vehicles. In contrast, proper
management and determination of the appropriate number of warehouse servers could
prevent such a situation. In critical situations after the catastrophe, people should not worry
about the necessary items. Attempts should be made to minimize congestion at the entrances
so that other relief activities can be carried out unhindered so that long queues of trucks and
other arrival vehicles can disrupt by impeding the passage of relief vehicles. That’s why we
were motivated to develop a model to improve the distribution of materials between demand
points by determining the optimal number of servers in border warehouses.

Moreover, to the best of our knowledge, designing a material distribution system
considering the route congestion is not addressed at all in humanitarian logistic (HL)
literature. As one of the operational performance criteria is service time level in the network, a
mismatch between the arrival rate of flows and the processing rate of servers may cause
congestion in the borders. After the disaster, aid will be sent to the affected areas by both the
government and the people. Due to the limited capacity of unloading stations and the time-
consuming process of unloading the vehicles, a queue will be formed when the number of
vehicles is more than the number of servers, and here, due to the multiplicity of entrance
vehicles and the limited number of servers after the disaster, a queue of vehicles will be
formed that cause congestion. Timperio et al. (2017) also defined congestion as one of the eight
important location criteria for site selection in a disaster relief network. Owing to the
prolonging of these queues, the waiting time increases, and the rescue process will delay,
whichwill have a severe impact on system performance. Longwaiting times of vehicles in the
queues while facing a lack of facilities and resources will increase the unemployment time of
these vehicles, while at this time they can return and re-transport the goods to the affected
areas, which can maximize productivity throughout the network and minimize wasted time.
The result is more delivered goods to the affected areas in a shorter time. Prolonging the
queues may cause the roads to be closed and disrupt the passage of relief vehicles, such as
ambulances and firefighters. Traffic intensity represents the ratio of total demand to system
capacity. The more servers establish, the shorter and less dense the queue will be, but the
unemployment rate of the service mechanism will increase. Therefore, this article tries to
balance all these performance measures by selecting and allocating the appropriate number
of servers so that there is no high density in the system, no high unemployment service
mechanism, and no long response time. Accordingly, applying the proposed method will lead
to an efficient system.

In this article, we seek to reduce concerns about the delivery time of goods to the affected
areas after the disaster. To achieve this purpose, we examined the response time to the
demand points and the time that the vehicles may wait in the queues before the warehouses.
By reducing the waiting time of the vehicles, the process of storing goods in the warehouses
will be shortened, and vehicles will be more efficient by delivering more goods to more
affected areas.

We divide the problem into three phases: Unloading relief items from vehicles, managing
and controlling the warehouses’ inventory and routing to distribute items between the
demand points; in the first part, we are looking to shorten the waiting time for vehicles in the
queues which is achieved by increasing the number of servers. It should be mentioned that
servers in this article are the border warehouses. On the other hand, in the second phase,
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increasing the number of servers increases the filling rate of each warehouse and
consequently increases warehousing costs. In this article, we seek to find the optimal number
of servers by creating a balance between these two phases.

Eventually, in HL problems, themost substantial goal is to deliver items to different places
promptly on time, which is the purpose of the third phase. In the presented model in this
paper, by reducing the average weighted response time to the demand points, we seek to
enhance the response level, and simultaneously, by decreasing transportation costs, we aim
to augment efficiency.

VRP and inventory control are among the NP-hard problems, and combining these two
types of issues with the queuing system will lead to more complexity. The separate optimal
answers to these problems will not lead to an inclusive optimum result for the whole system,
so it is vital to look for a comprehensive and optimal answer to the entire procedure. Themain
contribution of this study is to establish a correlation between productivity and system
responsiveness. Accordingly, a bi-objective mixed-integer linear mathematical programming
has been developed in this study to reduce the cost of routing and inventory storage and
lessen the waiting time of vehicles to unload the items in warehouses and average weighted
response time to the demand points. To achieve the above-mentioned objectives, the optimal
number of servers as well as the best routes for distributing relief goods should be identified.

Thus, questions that should be addressed in this research are as follows:

RQ1. How many servers should be allocated to each border warehouse for goods
unloading to avoid long queues of vehicles and to minimize the average waiting
time for vehicles?

RQ2. To which warehouses should each of the demand points be allocated so that
according to their inventory, they can be supplied without shortage?

RQ3. What is the distribution route of the relief goods in the last phase of the problem in
order to minimize the response time?

In order to answer the above questions, in this paper, a three-objective mathematical model
has been developed to minimize the waiting time of vehicles and reduce congestion at the
boundaries of the affected area to help minimize the response time to demand points and the
total inventory holding costs. The objective of this paper is to calculate the optimal number of
unloading servers, determine the appropriate allocation of demand points to border
warehouses and specify the optimal route for goods distribution.

The remainder of this study is arranged as follows: The second section will address the
literature review of the relief supply chain in addition to the inventory-routingmodels and the
queue models in this field. In the third section, problemmodeling and researchmethodologies
are given. In section four, the exact and meta-heuristic methods to solve small and large-size
problems are applied. The fifth section presents the results and numerical analysis of an
example based on the 2017 Iran–Iraq earthquake. Finally, the conclusion is given in the sixth
section of this study.

2. Literature review
In this section, the reviewed studies will first be proposed to show the literature gap and
innovations of this study. Accordingly, research hypothesizes will be illuminated to put an
end to this section.

2.1 Inventory-routing problem in disaster relief
The rising trend in the number of natural disasters and the increasing emphasis on
accountability has been themotivating factors in enhancing humanitarian relief capacity and
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appropriate response. Also, many studies have been conducted in this field. Facility location
models, relief distribution and transportation models, as well as multi-commodity network
models generally bring about quantitative tools and optimizationmethods, which analyze the
relief chain management, to optimize the flow of relief resources through the distribution
networks.

Yi and €Ozdamar (2007) proposed an integrated location-routing model in the disaster
response phase that coordinates the evacuation process and logistics support. Berkoune et al.
(2012) presented a mathematical model for the transfer of relief goods to affected areas by
minimizing the traveling time of distribution vehicles. They also proposed an efficient
heuristic algorithm that can be used in realistic situations. Battini et al. (2014) developed a
distribution model that concerns vehicle routing decisions and resource allocation. A model
and algorithm of routing and dispatching have been developed by Najafi et al. (2014) in which
distributing relief goods among the affected areas is focused in addition to transferring of
injured people to hospitals. In this regard, the objective function of their proposed model
includesminimizing the waiting time of injured people from themoment of the accident to the
time of arrival at the hospital and alsominimizing thewaiting time of people from themoment
of need to the arrival of relief items. Moreover, to ensure the efficiency and effectiveness of the
response, it is possible to update the plan if the network changes. In this case, the items and
people who may be on the routes are also taken into account. Sheu and Pan (2015) have
presented a different random approach to dealing with the imbalance between demand and
supply of essential products at the disaster condition. In this case, they have determined the
demand in the affected zones using stochastic dynamic programming. Finally, they
performed several numerical experiments to demonstrate the importance of relief suppliers in
detracting the impacts of an unbalanced supply chain. Furthermore, Huang et al. (2015)
provided a mathematical model consisting of three main objective functions of humanitarian
logistics including lifesaving utility, delay cost, and fairness to optimize the response phase in
the disaster situation. They also simulated the dynamic space of the problem with a time-
space network and a rolling horizon approach so that the information about the time of the
paths and the demand of the points is constantly updated. Camacho-Vallejo et al. (2015) have
been studied humanitarian logistics at two levels. They have examined the aid distribution of
international non-profit organizations and other countries after the disaster as a leader-
follower game. These institutions (followers) seek to reduce transportation costs, while
disaster-stricken countries (leaders) are looking to improve responsiveness and efficiency.
Also, Rezaei-Malek et al. (2016) examined the pre-disaster phase to provide an integrated
model for optimizing location-allocation and distribution. They also used the best order policy
to restore perishable products. Smadi et al. (2018) presented research on delivering drinking
water to affected people in the post-disaster phase of humanitarian logistics. An optimization
method for the efficient distribution of post-disaster relief was presented by Vahdani et al.
(2018). They proposed a two-phase multi-objective mixed-integer, multi-commodity, and
multi-period mathematical modeling that examines three levels of the supply chain. In this
model, decisions aremade about the location of warehouses and their inventorymanagement,
as well as routing and distribution of relief items, according to the hard time window.
Furthermore, this model has been developed to deal with uncertainty by using a robust
optimization approach. They used NSGAII and MOPSO to solve large-size problems and
evaluated the efficiency of the proposed algorithms via solving several instances. Tavana
et al. (2018) have proposed a multi-level humanitarian logistics model in which the location of
central warehouses and the number of perishable items that are related to the first phase of
the article, have been examined. Moreover, the routing of goods from warehouses toward
hospitals is identified as the article’s second phase. A formulation has been developed by
Chapman and Mitchell (2018) to choose the location of distribution centers from a list of
candidate facilities. They used objective function terms to focus on fairness. G€okçe and Ercan
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(2019) have focused on pre-disaster activities. They have examined a new activity in Turkey
called Neighborhood Disaster Stations, which includes containers holding items needed
during a disaster that has been installed in specific locations (Alipour Vaezi and Tavakkoli-
Moghaddam, 2020) proposed a new study about location-allocation of the COVID-19 (as a
pandemic disaster) preparedness centers using multi-criteria decision making. They have
examined the reliability of their research investigating a real-life case study. Abazari et al.
(2020) developed a multi-objective Mixed-Integer Non-Linear programming to deliver relief
items in addition to locating relief centers and determining their prepositioned inventory
level. Danesh Alagheh Band et al. (2020) developed a multi-objective model to assess the
conditions of roads and areas considering two types of assessment teams under uncertain
parameters. Sakiani et al. (2020) studied a real-life post-disaster distribution and
redistribution of the relief goods using a three-phase systematic method, which has been
solved by a simulated annealing (SA) meta-heuristic algorithm. The routing problem of relief
batches has been studied in the research of Ekici and €Ozener (2020). Their method is based on
the interdependence of clustering techniques with inventory and routing allocation.

2.2 Application of the queueing theory in supply chain management and emergency
condition
Unloading relief goods in warehouses is time-consuming, and due to the limited number of
servers in the warehouses, vehicles ought to wait in the queues. The length of the queues is
controlled by determining the appropriate number of servers. However, the observance of
order and preventing congestion at the entrance warehouses are functionally important in
providing relief to the affected areas, none of the reviewed studies have paid attention to the
queues formed at the entrances of the warehouses. The congestion of vehicles at the borders
causes a tough condition for emergency vehicles (ambulances, firefighters, etc.) to enter.
Additionally, by shortening the waiting time for vehicles in the queues for unloading goods
at border crossings, we can better use trucks in times of crisis when we face limited
transport resources. Vehicles can be used to transport essential goods to the affected areas
instead of spending a lot of time in long queues. In this section, valuable studies on queueing
systems’ application in supply chain management have been proposed.

Mohammadi et al. (2011) presented a mathematical model of hub covering location using
them/m/c queuing system,which aims tominimize transportation outlays in addition to fixed
costs of hubs’ establishment. An M/M/1 queueing system has been applied in a closed-loop
supply chain network by Saeedi et al. (2015) in which the decision-maker should create a
balance between costs and capacity of facilities. Zahiri et al. (2014) have proposed a
bi-objective mathematical programming model of an organ transplant transportation
network under uncertainty. The goal is to minimize transportation costs and time, such as
waiting time in the queues for the transplant operation. Vass and Szabo (2015) presented a
queuing model to reduce the waiting time in the Emergency Department (ED). Rahimi et al.
(2016), have applied the M/M/C/K queue system in the hub network design with several
objective functions considering the density created in the hubs. Ding et al. (2016) examined
energy consumption and density simultaneously on a wireless sensor network. In the
research of Aziziankohan et al. (2017), using queueing theory and transportation models, a
new method for green supply chain management has been proposed to handle congestions
and reduce energy consumption. Stoj�ci�c et al. (2018) developed an adaptive neuro-fuzzy
inference system (ANFIS) model to optimize the queueing system in warehouses with two
servers. They examined their method in a brown paper factory as a real-life case study.
Ghodratnama et al. (2019), using queueing theory and fuzzy mathematical programming and
by considering congestion in manufacturing plants, proposed a bi-objective mathematical
model to address the production planning in industrial townships as a hub location-allocation
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problem. Mohtashami et al. (2020) examined a green closed-loop supply chain and included
the G/M/s/M queueing system in their proposed model to reduce environmental impacts and
energy consumption.

2.3 Research gaps
To the best of our knowledge, this is the first time that attention has been paid to the queue
system in disaster literature. Through the presented model of this article, we purpose to fulfill
the gaps in the literature as follows:

(1) Representing a multi-objective inventory-routing model aims to reduce costs and
decrease the waiting time of trucks and the average weighted response time to the
affected areas.

(2) Modeling the density at the entrance of the warehouses by calculating the
waiting time of the trucks at the entry points of the depots and determining the
optimal number of servers for each of the warehouses using the M/M/C/K queue
model.

(3) Using theM/M/C/K queuemodel for the vehicles at the entry points of the depots in an
inventory-routing problem after the disaster.

(4) Different vehicles at each border warehouse such as trucks, helicopters, and so on.

The presented paper will fill the mentioned gaps by proposing a three-objective
mathematic model. Using this method, by determining the optimal number of servers in
each warehouse and distribution routes besides defining the most efficient allocation
of demand points to border warehouses, the waiting time of the vehicles, the response
time to the demand points, and overall cost of inventory holding will be minimized.

2.4 Research hypotheses
The hypotheses that have been taken into consideration for modeling the proposed queuing-
inventory-routing problem are as follows:

H1. Raising the unloading rate reduces the waiting time of vehicles in the queue and thus
lessens the number of vehicles in the queues.Moreover, as the rate of unloading items
increases, it is possible to unloadmore vehicles. Thus, the increment in the number of
items stored in warehouses and consequently escalating the cost of the system have
resulted.

H2. The more the number of servers in each warehouse, the better the response level
to input vehicles. It also shortens the average waiting time for vehicles in the
queue and reduces the length of queues formed at entry points. However,
increasing the number of servers will raise the response rate to the vehicles. So,
the inventory of the warehouses will grow faster, and more costs will be imposed
on the system.

3. Problem description and formulation
Generally, after the disaster and over the initial and emergency hours when the situation
becomes steady, essential items should be regularly available to those affected by the
disaster, owing to the resource’s limitation in the affected areas. In this study, a multi-
objective, multi-period, multi-item inventory-routing model is presented for distribution in
post-disaster conditions to deliver items promptly and in the right amount. The relief
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network, which includes demand points and several main warehouses at border points, is
shown in Figure 1. Each warehouse is dedicated to a specific mode of transportation such as
trucks, helicopters, and so on. In a period, relief items collected by institutions and people are
hauled from different cities to the border warehouses by various modes of transportation.
Every vehicle needs an uncertain amount of time to unload its cargo. In situations where the
number of vehicles is more than servers, a queue of vehicles is formed at each warehouse.
Figure 1 also illustrates that the lack of a sufficient number of servers causes queues in the
entry paths of the disaster area. According to a Poisson process, the vehicles arrive at the
warehouse and vehicle unloading time follows the exponential distribution. There are some
servers for unloading vehicles in each warehouse and waiting room capacity for vehicles is
limited so in each warehouse, a multi-server Markovian queue with finite capacity will be
formed. The model has tried to avoid congestion in the main roads and relief disruption, by
optimizing the M/M/C/K queuing system in the border points.

The process of entering trucks into the system is a counting process in the form of
fNðtÞ; t ≥ 0g, in which the number of events at the start is zero (Nð0Þ ¼ 0).
Furthermore, since the number of events (truck entry) that occur in a given period is
independent of the number of events that occur in another period that do not overlap,
this process has the property of independent increments. For example, it is clear that the
number of trucks that are entered between 8 and 9 a.m. is completely independent of the
number of trucks that are entered between 10 and 11 a.m. Besides, the truck entry
process also has stationary increments. That is, the number of trucks that enter the
system at each time interval depends only on the length of the interval. Due to the fact
that goods sent from different cities are not necessarily sent at a time and each truck
may have moved from different cities at a particular time, so the number of trucks
entered into the system depends only on the length of the interval and is independent of
the time of their entrance. Given that these three properties are established; According to

Figure 1.
Structure of the

distribution network
and queues in border

warehouses
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Ross (2014), it can be said that the process of entering trucks follows a Poisson process.
On the other hand, according to the Poisson process’s assumption, the intervals between
trucks’ entrances will follow an exponential distribution. Given that a disaster has
occurred, it is more likely that these intervals will take a small amount than it will take
large amounts because, with the occurrence of a disaster, people from all parts of the
country try to deliver their goods to the affected area as soon as possible. So obviously,
it is fully compatible with exponential distribution.

After completing the unloading process, these items are stored in warehouses and then
transported to needing points of the disaster area using other vehicles according to the
specified routes. In this research, by determining the number of servers for unloading the
trucks, allocating demand points to warehouses, and also ascertaining distribution routes, we
seek to enhance the level of responsiveness to injured people (reducing the average of the
weighted response times), decrease transportation and inventory costs as well as lessen the
waiting time for the trucks at the border points.

3.1 Assumptions

(1) Each demand point in every period is allocated to only one warehouse, and also the
demand of each zone is met by one vehicle, and we do not have split delivery.

(2) After reaching the demand points, the vehicles unload the items on the site and
then go to the next points. As a result, the time required to transport these
items is a combination of the transportation time between points and unloading
time.

(3) The transportation time between the two points as well as the time of unloading the
goods at the demand points, is considered deterministic.

(4) If the waiting area of warehouses is full, vehicles will not be able to enter them.

(5) The initial inventory of all warehouses is zero.

(6) It is assumed that the distributed goods to demand points will be deducted from the
inventory together in each period.

3.2 Notations
In the following, the equations for the developed mathematical model are described. Table 1
presents the used notations in the mathematical model.

3.3 Modeling of vehicle queuing system
In this section, a model for queues of vehicles in the entrance of warehouses is described and
the probabilities of steady-state, entry rate, length of the queues, and average waiting time of
vehicles are calculated. The vehicles’ entrance into warehouses follows the distribution of
Poisson with the parameter of λvt and in case of the existence of an empty server, vehicle
unloading time follows the exponential distribution with an average of 1

mvt
. The number of

servers and the waiting space capacity of each warehouse are limited, so we will have an
M/M/C/K queuing system.

We have used the following equations to model this queue system:
According to Ross (2014), the input and output rates are equal in queuing systems in a

steady state. The entry rate of vehicles into warehouses is λvt and in (1− πvtk ) percent of times
these vehicles can enter the queue to unload items, so the entry rate of vehicles in the queues
in this system is calculated from Equation (1):
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λvt ¼ λvt
�
1� πvt

k

�
∀t; v (1)

According to Shortle et al. (2018) the average waiting time in the warehouse is obtained from
Equation (2):

wvt ¼ Lvt

λvt
�
1� πvt

k

� ¼ wqvt þ 1

mvt

∀t; v (2)

On the other hand, the average waiting time in the queue can be calculated from Equation (3):

wqvt ¼ Lqvt

λvt
�
1� πvt

k

� ∀t; v (3)

And the idle probability of servers for unloading the vehicles in the warehouses can be
obtained from equation (4):

Sets
V Set of indexes for warehouses v∈V
T Set of indexes for periods t ∈T
I Set of indexes for demand points i∈ I
F Set of indexes for products f ∈F

Parameters
λvt The arrival rate of vehicles at the warehouse v in the period t
mvt Unloading rate at the warehouse v at period t
ρvt The traffic intensity of queue formed warehouse v in the period t
kv Waiting rooms space for the warehouse v
Sv Maximum number of servers at the warehouse v
capvf The capacity of arrival vehicles to the warehouse v for product type f
pitf The demand of demand point i in the period t for product type f
Qvf The capacity of distribution vehicles of the warehouse v for product type f
τil The traveling time between demand point i and demand point l
τ0iv The traveling time between demand point i and warehouse v
cil Traveling cost between demand point i and l
wti Importance of demand point i
Bi Unloading time in the demand point i
ωvf Inventory cost of warehouse v for product type f

Decision variables
sv Number of allocated servers to warehouse v
wvt Average waiting time for vehicles in the warehouse v in the period t
wqvt Average waiting time for vehicles in the queues in the warehouse v in the period t
Lvt The average number of vehicles in the warehouse v in the period t
Lqvt The average number of vehicles in the queues in the warehouse v in the period t

πvtn Probability of existence of n vehicles in the warehouse v in the period t

Ivtf Inventory level of product f in the warehouse v at the end of the period t
zivt If demand point i is assigned to warehouse v in the period t 1, otherwise 0
xvt0i If demand point i is the first demand point in any route of warehouse v in the period t

xvtil If demand point i is visited just after demand point i in any route of warehouse v in the period t

xvti0 If demand point i is the last demand point in any route of warehouse v in the period t

utif A continuous variable which represents the load of the vehicle after visiting demand point i in the
period t

rivt Response time to the demand point i in the period t if it is allocated to the warehouse v
Table 1.

Table of notations
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πvt
0 ¼

Xsv�1

n¼0

�
λvt
mvt

�n
1

n!
þ

�
λvt
mvt

�sv

sv!
ðkv � sv þ 1Þ

8>><>>:
9>>=>>;

−1

ρvt ¼ 1

Xsv�1

n¼0

�
λvt
mvt

�n
1

n!
þ

�
λvt
mvt

�sv

sv!

1� ρkv−svþ1
vt

1� ρvt

8>><>>:
9>>=>>;

−1

ρvt ≠ 1

∀t; v

8>>>>>>>>>>>>><>>>>>>>>>>>>>:
(4)

Equation (5) calculates the probability of existing n vehicles in the warehouse v:

πvt
n ¼

8>>><>>>:
1

n!

�
λvt
mvt

�n

πvt
0 0≤ n≤ sv

1

sv!

1

sn−svv

�
λvt
mvt

�n

πvt
0 sv ≤ n≤ kv

∀t; v (5)

Using equation (5) the average number of vehicles in the system and the average number of
vehicles in the queue in every warehouse can be obtained from equation (6) and (7),
respectively:

Lvt ¼ Lq þ c� π0

Xc−1
n¼0

ðc� nÞ

�
λ
m

�n

n!
∀t; v (6)

Lqvt ¼ πvt
0

sv!

�
λvt
mvt

�sv ρvt
ð1� ρvtÞ2

f1� ρkv−svþ1
vt � ð1� ρvtÞðkv � sv þ 1Þρkv−svvt

�
∀t; v (7)

And the traffic intensity of queue formed in every warehouse can be obtained from equations (8):

ρvt ¼
λvt
svmvt

∀t; v (8)

Finally, constraint (9) specifies the maximum number of servers allowed per warehouse:

sv ≤Sv (9)

3.4 Inventory model of border warehouses
This study assumes that vehicles distribute the items stored in warehouses between demand
points at the beginning of each period. Therefore, the inventory level at the beginning of each
period is calculated according to the inventory level in the previous period. Figure 2
demonstrates the inventory changes over time.T represents the cycle time in this figure, and l
is the period when items enter the warehouses (l < T). As mentioned in section 3.3, the entry
rate of vehicles in the queue in this system will be equal to λvð1− πkvÞ. If the capacity of each
device is Capv, then the filling rate of the warehouses at each period will be equal
to λvtð1− πkvÞCapv.

As mentioned, the essential items are distributed between the demand points at the
beginning of each period. Therefore, at the starting point of each period, the inventory of the
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warehouses decreases asmuch as the total demand of demand points assigned to them, and it
is obtained from the following relationships:

Iv1f ¼ λv1
�
1� πv1

k

�
capvf l ∀v; f

Iv2f ¼ Iv1f �
X
i∈C

ziv2pi2f þ λv2
�
1� πv2

k

�
capvf l ∀v; f

Iv3f ¼ Iv2 �
X
i∈C

ziv3pi3f þ λv3
�
1� πv3

k

�
capvf l ∀v; f

(10)

..

.

Ivtf ¼ Ivðt−1Þf �
X
i∈C

zivtpitf þ λvt
�
1� πvt

k

�
capvf l ∀t; v; f (11)

The proposed model is related to post-disaster conditions, and due to the urgency of the
situation, planning should be such that we do not face shortages. As a result, constraint (12)
prevents the shortage of inventory:

Ivðt−1Þf �
X
i∈C

zivtpitf ≥ 0 (12)

Inventory holding cost is one of the main costs that crisis managers face in disaster
management. The total inventory holding cost is obtained as depicted in equation (13) by
multiplying the cost of holding one unit per time by average inventory maintained per time,
whereas average inventorymaintained per time is calculated from the area below Figure 2. In
this figure, it can be seen that in each time periodT, a trapezoid and a rectangle can be drawn
below the inventory diagram, and the area of all of them can be added to calculate the area
under the inventory diagram. Given that there is no initial inventory in the first period, there
is only one trapezoid and the area of the rectangle is zero. The area of the trapezoid can be

calculated as 1
2 ðT þ ðT − lÞÞλv1ð1− πv1k Þcapvf l ¼

�
T − l

2

�
λv1ð1− πv1k Þcapvf l. Accordingly,

for the second period, the area of the formed trapezoid can be calculated as

1
2 ðT þ ðT − lÞÞλv2ð1− πv2k Þcapvf l ¼

�
T − l

2

�
λv2ð1− πv2k Þcapvf l, and the formed rectangle

λ v
t(
1–

� k
v)
Ca
p v

λv1
(1–�k)capvf l

λv2
(1–�k

v2
 )capvf l

λvt
(1–�k

vt
 )capvf l
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∑
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Inventory level

over time
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will be equal toT

 
Iv1f −

P
i∈C

ziv2pi2f

!
. If the total inventory is equal to the demand, obviously,

the rectangle is omitted, and its area is calculated as zero. In the same way, for period t, the

area of a rectangle and a trapezoid can be calculated as T

 
Ivðt−1Þf −

P
i∈C

zivtpitf

!
,

1
2 ðT þ ðT − lÞÞλvtð1− πvtk Þcapvf l ¼ ðT − l

2Þλvtð1− πvtk Þcapvf l respectively. As a result, the
sum of all rectangles and trapezoids from the beginning to the end of the time horizon is
calculated from equation (13).X

f∈F

X
v∈V

X
t∈T

ωvf

�
T � l =2

�
λvt
�
1� πvt

k

�
capvf l þ

X
f∈F

X
v∈V

X
t∈T≠1

ωvf T

 
Ivðt−1Þf �

X
i∈C

zivtpitf

!
(13)

3.5 Mixed-integer-nonlinear programming model
In this section, a new mathematical model for the inventory-routing problem has been
developed by optimizing the inventory problem described in Section 3.4 and the queuing
system described in Section 3.3. In the following, the equations for the developed
mathematical model are described.

min f 1 ¼
X
f∈F

X
v∈V

X
t∈T

ωvf

�
T � l =2

�
λvt
�
1� πvt

k

�
capvf l þ

X
f∈F

X
v∈V

X
t∈T≠1

ωvf TðIvðt−1Þf

�
X
i∈C

zivtpitf Þ þ
X
v∈V

X
i∈I

X
t∈T

�
cvix

vt
0i þ civx

vt
i0

�þX
v∈V

X
i∈I

X
l∈I
i≠l

X
t∈T

cilx
vt
il (14)

min f 2 ¼
X
i∈I

X
v∈V

X
t∈T

rivtwti (15)

min f 3 ¼
X
v∈V

X
t∈T

wqvt (16)

s.t.
Eqs. (1)–(12) X

v∈V

zivt ¼ 1 ∀i; t (17)

X
i∈I

xvt0i ¼
X
i∈I

xvti0 ∀v; t (18)

X
i∈I∪f0g
l≠i

xvtil ¼ zlvt ∀v; l; t (19)

X
l∈I∪f0g
i∈l

xvtil ¼ zivt ∀v; i; t (20)

utif � utlf þ
X
v∈V

Qvf x
vt
il ≤

X
v∈V

Qvf zivt � ptlf ∀i; l; t; f ji≠ l (21)
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ptif ≤ utif ≤
X
v∈V

Qvf zivt ∀i; t; f (22)

rlvt ¼
�
τ0lv
�
xvt0l þ

X
i

ðrivt þ Bi þ τilÞxvtil ∀v; l; t (23)

utif ; rivt ; Ivtf ≥ 0 ∀v; i; t; f (24)

zivt ; x
vt
0i ; x

vt
i0; x

vt
il ∈ f0; 1 ∀v; i; l; tg (25)

πvt
k ∈ ½0; 1� ∀v; t; k (26)

The proposedmodel includes 3 objective functions; the goal of the first objective function is to
minimize the total economic costs, which include the two operating costs and holding costs of
the average inventory transported from warehouses to demand points. The second objective
function tries to reduce the average weight of the response time to the demand points. Finally,
the purpose of the third objective function is to lessen the waiting time of the vehicles in the
queues entering the warehouses. Constraint (17) ensures that each demand point is allocated
to only one warehouse at a period. Constraint (18) equates the number of vehicles leaving
warehouses with the number of vehicles returning to warehouses after distributing. Before
and after each demand point, only one demand point or a warehouse should be designated in
each route. Also, each demand point must be located along the route of the assigned
warehouse. Constraints (19) and (20) apply to these cases, respectively. Constraints (21) and
(22) have been created to prevent sub-tours. This Constraint is taken from the traveling
salesman problem (Miller et al., 1960). The delivery time of relief items to the demand points
includes the time of transport between the points and the time of unloading the cargo, which
is defined in Constraint (23). Finally, the Constraints (24–26) specify the type of decision
variables.

4. Solution methods
The model presented in this study is a multi-objective model with conflicting objective
functions, as a result, to solve this model, the LP metric method is used, which reformulates
the model into a single objective model. To solve the small-size examples of the model, an
exact method named generalized algebraic modelling system (GAMS) is applied. However,
due to the NP-hardness of the problem and time-consuming solutions of the precise methods,
metaheuristic methods have been used to solve large-size problems. The grasshopper
optimization algorithm is used to solve the presented model in this study. Eventually, to
prove the validity and efficiency of the proposed algorithm, the results of small problem
solving by the exact method and the results of the GOA algorithm are compared.

4.1 Multi-objective approach
Since the model presented in this study is a multi-objective problem, the LP-metric
method, a multicriteria decision-making (MCDM) methodology to solve multi-objective
models, has been utilized to convert this model into a single-objective one. This
methodology is a rigorous multi-objective technique that makes a combined
dimensionless objective by decreasing the relative deviations of the objective functions
from their optimal value (Aryanezhad et al., 2009). This method has been applied in many
studies such as Mohtashami et al. (2019, 2020), Mohammed and Wang (2017), Mirzapour
Al-E-Hashem et al. (2011) and Rabbani et al. (2018). In this method, we define the new
objective function as presented in equation (27).
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Min f ¼
Xk
i¼1

γið−1Þp
 
f *i � fi

f *i

!
(27)

Accordingly, f *i is the optimal value of the objective function i, and P equals to 2 for the
functions to be maximized and 1 for the functions to be minimized. Also γi ≥ 0, which
represents the weight of the target functions, must be true of the equation

P
i

γi ¼ 1and these

values are determined by the decision-maker.

4.2 Grasshopper optimization algorithm
Saremi et al. (2017) proposed a meta-heuristic algorithm based on the grasshopper swarm
intelligence, named Grasshopper optimization algorithm (GOA), to optimize challenging and
time-consuming problems. GOA tries to find optimal solutions by mimicking and modeling
the grasshopper swarm’s behavior in nature and their group movement in search of food
sources. This algorithm presents competitive results compared to other algorithms in the
literature and it has been proven that it has efficient results for real problemswith unspecified
search spaces (Mirjalili et al., 2018). Logically, the search process is divided into exploration
and exploitation proclivities by nature-inspired algorithms that grasshopper’s life has these
properties, naturally (Momeni et al., 2019). This is the essence of GOAwhich is represented in
equation (28).

Xi ¼ Si þ Gi þ Ai (28)

In equation (28), which illustrates the behavior of the grasshoppers, Xi indicates the ith
grasshopper. Also, Si represents the social interaction, Gi refers to the gravity force on the ith
grasshopper, andAi shows thewind advection. Si: Gi: and Ai obtain using equation (29), (33),
and (34) respectively.

Si ¼
XN
j¼1

sðdijÞ bdij j≠ i (29)

dij ¼ jxj � xij (30)

bdij ¼ xj � xi

dij
(31)

While equation (30) calculates the distance between the ith and the jth grasshopper,
equation (31) computes the unit vector from the ith grasshopper to the jth grasshopper.
Furthermore, the strength of the social forces in represent by s function showed in
equation (32).

sðrÞ ¼ fe
−r
l � e−r (32)

Equations (33–35) calculates the parameters used in equation (28) using g which
indicates the gravitational constant, beg which represents the unity vector towards the
center of the Earth, bew that is a unity vector in the direction of the wind, and u is the
constant drift.

Gi ¼ −gbeg (33)

Ai ¼ ubew (34)
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Xi ¼
XN
j¼1

sðjxj � xijÞ xj � xi

dij
� gbeg þ ubew j≠ i (35)

Based on ubd, lbd, andcTd which are respectively showing the upper bound, the lower bound,
and the value of the dth dimension, equation (36) has proposed to solve the problem. For

better understanding it can be said that cTd indicates the best solution yet.

Xd
i ¼ c

 XN
j¼1

c
ubd � lbd

2
s
���xdj � xdi

���� xj � xi

dij

� �
þcTd j≠ i (36)

Due to the fact that the propeller algorithm is used for continuous space, in discrete cases, the
initial answersmust be generated continuously so that the exploration and extraction operate
properly (Rajput et al., 2017; Abualigah and Diabat, 2020; Abazari et al., 2020). Then a discrete
to continuous conversion must be performed. For example, to generate an answer
grasshopper) that represents the number of servers in gate v, a continuous vector for the
gate has to be generated that the output value of each component is between 1 and kv (note
that In a capacity queue system, the number of servers is at most equal to the amount of
capacity). In that case, the GOA operators can perform exploration and extraction for this
vector. Then, for the server number to be an integer and be used in calculating the objective
function and other values, this vector must be rendered to become an integer. Other problem
variables were generated and applied with the same approach.

5. Numerical example
5.1 Computational experiment
The model presented in this study is coded in GAMS 24.2.3. To prove the model’s validity,
small-scale solutions have been solved using the computer with core i7 CPU, 2.60 GHz, and
8GB of RAMwith BARON solver. But it takes a long time to solve large-scale examples using
exact methods, and sometimes it can even take days. Therefore, heuristic and metaheuristic
methods are commonly used to solve large problems. In this study, the GOA algorithm has
been utilized to optimize the non-linear inventory routing. Finally, to prove the efficiency of
the metaheuristic algorithm, the results of the small-size instance obtained from this
algorithm are compared with the results acquired from the exact methods.

The parameters used for the small and large instances, are shown in Tables A1 and A2
respectively. Also, it has to be mentioned the information of the large numerical example is
obtained by increasing the demand of demand points, the number of warehouses, the number
of goods, and the number of time intervals of the small problem.

5.2 Parameters tuning
To achieve high-quality solutions by meta-heuristic algorithms, it is necessary to set the
parameter correctly. In this section, using the Taguchi method, the parameters of the
proposed algorithm have been set up. In this case, two GOA parameters, population size
(N POP) and the number of iterations (NI) are selected as control factors in three levels. Table 2
shows these parameters and the levels of each parameter.

First, nine different test problems are presented in Table 3 for different sizes. Then, related
percentage deviation (RPD) of these test problems are computed through equation (37), by
solving them thrice:

RDP ¼ ZMH � LB

LB
(37)
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which, LB is the lower bound of the objective function obtained by CPLEX solver after one
hour and ZMH is the best value of the objective function by GOA. Finally, since the proposed
model is multi-objective, the average of RPD is calculated for each experiment.

In the Taguchi method, Signal-to-Noise (S/N) criterion is a robustness measure that can be
used to recognize the values of control factors that reduce variability by minimizing the
effects of noise factors. “Smaller is better” type of S/N ratio can be used for objectives aimed to
minimize the response which is computed by −10*log10

1
n
rpd2i formula. This way, Figure 3

shows the values of the S/N ratio of each control factor in each level that NPOP and NI are set
to 40 and 100, respectively.

5.3 Model validation
In this subsection, to guarantee the validity of the model and its reliability, sensitivity
analysis on item unloading rate in warehouses (mvt) has been performed to demonstrate its
effect on the average length of queues as well as the waiting time of queuing vehicles.
Obviously, as the unloading rate enhances, the length of the queues decreases, and
consequently, thewaiting time for vehicles in the queue becomes shorter. The diagram shown
in Figures 4 and 5 indicates the sensitivity analysis results on this parameter. According to
the obtained diagram, it is clear that with the increment in the discharge rate, the density at
the entrance points of the warehouses decreases.

6. Results and discussion
6.1 Results
6.1.1 Small-scale problem. In this section, the optimal results of solving a small-scale problem
(The information has been proposed in Appendix, Table A1) using the proposed model and
GAMS software are obtained and shown in Table 4. Also, the path allocated to all warehouses
in the first period is given in Figure 6. The value of the first, second, and third objective
functions of solving this example is 4060415.110, 2.3, and 0.203, respectively. Moreover, the
number of optimal servers for the first warehouse is 3, and it is 2 for the second distribution
center. Note that these answers are obtained for setting the values of γi as γ1 ¼ 0:2, γ2 ¼ 0:5
and γ3 ¼ 0:3.

Run Z1 Z2 Z3 RPD of Z1 RPD of Z2 RPD of Z3 RPD

1 4.47*106 110.88 1.43 0.15 0.26 3.08 1.16
2 4.16*106 131.79 1.74 0.07 0.49 3.97 1.51
3 4.57*106 129.53 1.8 0.18 0.47 4.1 1.59
4 4.47*106 107 0.47 0.15 0.21 0.34 0.23
5 4.51*106 94 2.35 0.16 0.06 3.71 1.98
6 3.95*106 116.21 0.83 0.02 0.31 1.37 0.57
7 4.5*106 108.55 1.4 0.16 0.22 3 1.13
8 4.21*106 106.82 0.44 0.08 0.20 0.25 0.18
9 4.45*106 96.03 0.79 0.14 0.09 1.25 0.49

Level NPOP NI

1 40 25
2 60 50
3 80 100

Table 3.
Normalized results of
Taguchi experiment

Table 2.
Different levels of
control factors
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Then the Pareto solutions of the model were obtained for ten different combinations of γn
(Table 5) that decision-maker can consider a range of different answers according to the
condition and priorities of the objective functions.

The average
waiting time in
the system

The average
waiting time in

the queue

The average
number of
vehicles in the
system

The average
number of

vehicles in the
queue

Probability of
existence of
0 vehicles in
the system

w11 0.667 wq11 0.0090 L11 0.674 Lq11 0.0098 π110 0.510

w12 0.606 wq12 0.0071 L12 0.674 Lq12 0.0098 π210 0.492

w13 0.556 wq13 0.0064 L13 0.674 Lq13 0.0098 π120 0.510

w21 0.489 wq21 0.0040 L21 0.741 Lq21 0.0801 π220 0.482

w22 1.028 wq22 0.1135 L22 0.726 Lq22 0.0599 π130 0.511

w23 0.728 wq23 0.0632 L23 0.735 Lq23 0.0720 π230 0.488

Probability of
existence of n
vehicles

Probability of
existence of n

vehicles
Probability of existence
of n vehicles Response time

π111 0.340 π213 0.037 π116 2.0805*10−4 r121 4

π121 0.340 π223 0.036 π126 2.0806*10−4 r122 1

π131 0.340 π233 0.037 π136 2.0807*10−4 r123 1

π211 0.328 π114 0.006 π216 0.001 r221 2

π221 0.322 π124 0.006 π226 0.001 r222 2

π231 0.325 π134 0.006 π236 0.001 r223 2

π112 0.113 π214 0.012 π117 6.2381*10−5 r311 3

π122 0.113 π224 0.012 π127 6.2405*10−5 r312 4

π132 0.113 π234 0.012 π137 6.2425*10−5 r313 4

π212 0.109 π115 0.001 π217 4.6109*10−4 r411 2

π222 0.107 π125 0.001 π227 4.5216*10−4 r412 2

π232 0.108 π135 0.001 π237 4.5735*10−4 r413 2

π113 0.025 π215 0.004 π218 1.5374*10−4 r511 1

π123 0.025 π225 0.004 π228 1.5076*10−4 r512 1

π133 0.025 π235 0.004 π238 1.5249*10−4 r513 1

Table 4.
The optimal solution
for small size example
by the exact method

Figure 6.
The graphical solution
of the small size
problem using GAMS
software in the first
period
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Furthermore, the results of solving the small-scale problem (for more information check
Table A1) using the GOA algorithm are also given in Table 6 and the allocated routes in
Figure 7. The values of the objective functions are 4156541.08, 2.3, and 0.231, respectively,

Assigned weights Objective function solutions
γ3 γ2 γ1 Total cost Mean weighted response time Waiting time

0.05 0.05 0.9 4000758.995 5.6 4.640
0.1 0.1 0.8 4048236.710 2.8 0.415
0.1 0.2 0.7 4060115.210 2.5 0.203
0.2 0.2 0.6 4060115.210 2.5 0.203
0.05 0.9 0.05 4060415.110 2.3 0.203
0.2 0.7 0.1 4062115.210 2.3 0.182
0.9 0.05 0.05 4078236.110 7.5 0.161
0.7 0.2 0.1 4060415.210 2.5 0.182
0.3 0.5 0.2 4060415.210 2.3 0.203
0.5 0.2 0.3 4060415.110 2.5 0.182

The average
waiting time in
the system

The average
waiting time in

the queue

The average
number of
vehicles in the
system

The average
number of

vehicles in the
queue

Probability of
existence of
0 vehicles in
the system

w11 0.676 wq11 0.0092 L11 0.675 Lq11 0.0092 π110 0.512

w12 0.615 wq12 0.0084 L12 0.675 Lq12 0.0092 π210 0.500

w13 0.563 wq13 0.0077 L13 0.675 Lq13 0.0092 π120 0.512

w21 0.499 wq21 0.0055 L21 0.749 Lq21 0.0828 π220 0.500

w22 1.070 wq22 0.1183 L22 0.749 Lq22 0.0828 π130 0.512

w23 0.749 wq23 0.0828 L23 0.749 Lq23 0.0828 π230 0.500

Probability of
existence of n
vehicles

Probability of
existence of n

vehicles
Probability of existence of
n vehicles Response time

π111 0.341 π213 0.037 π116 3*10�4 r121 4

π121 0.341 π223 0.037 π126 3*10�4 r122 1

π131 0.341 π233 0.037 π136 3*10�4 r123 1

π211 0.333 π114 0.005 π216 0.001 r221 2

π221 0.333 π124 0.005 π226 0.001 r222 2

π231 0.333 π134 0.005 π236 0.001 r223 2

π112 0.113 π214 0.012 π117 0.0671*10�3 r311 3

π122 0.113 π224 0.012 π127 0.0617*10�3 r312 4

π132 0.113 π234 0.012 π137 0.0617*10�3 r313 4

π212 0.111 π115 0.001 π217 0.4573*10�3 r411 2

π222 0.111 π125 0.001 π227 0.4573*10�3 r412 2

π232 0.111 π135 0.001 π237 0.4573*10�3 r413 2

π113 0.025 π215 0.004 π218 0.1524*10�3 r511 1

π123 0.025 π225 0.004 π228 0.1524*10�3 r512 1

π133 0.025 π235 0.004 π238 0.1524*10�3 r513 1

Table 5.
Pareto solutions of
LP-metrics method

Table 6.
Optimal solution for

small-scale example by
the meta-heuristic

algorithm
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with the allocation of 3 and 2 servers to the first and second warehouses. The results indicate
a negligible difference in the outcomes of the GOA algorithm and the exact method.

6.1.2 Comparative study. Table 7 tabulates a comparative study of the results of solving
three random models with GAMS and GOA. These data sets are obtained by increasing the
size of a small problem, and due to the increasing trend of the computational time of solving
problems by the exactmethod, it is not logical to useGAMs for large-size problems. Hence it is
more efficient to use a meta-heuristic algorithm. To determine the efficiency of the proposed
algorithm, a gap between GAMS and GOA algorithm is presented in equation (38).

Gapð%Þ ¼ 100*ðZGAMS � ZGOAÞ
ZGOA

(38)

In which, ZGAMS and ZGOA are the objective function values of optimal solutions over the
GAMS and GOA, respectively. According to the obtained gaps in Table 7, there is no
significant difference between GAMS and GOA results, and the proposed algorithm is
qualified. Hence, it can be concluded that the GOA can be used for large-scale problems.

6.1.3 Large-scale problem. The results of solving the large-scale instance (for more
information check Table A2) using the GOA algorithm are also shown in Table 8, and the
problem-solving convergence diagram for the large example is demonstrated in Figure 8.
A preview of the routing results has provided in Figure A1.

Data set Z
Value of objective functions CPU engagement time

Gap%GAMS GOA GAMS GOA

1 Z1 1674447.94 1733200 00:00:01 00:00:04 3.38
Z2 2.6 2.6 0.00
Z3 0.171 0.171 0.00

2 Z1 4060414.910 4156541.08 00:00:13 00:00:04 2.31
Z2 2.3 2.3 0.00
Z3 0.203 0.211 3.79

3 Z1 6450754.152 6822214.12 00:16:42 00:00:04 5.44
Z2 2.3 2.3 0.00
Z3 0.354 0.354 0.00

Figure 7.
The graphical solution
of the small-scale
problem using GOA in
the first period

Table 7.
Comparison the results
of GOAwith GAMS for
small-scale problems
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6.2 Case study
Kermanshah is located on four major faults (Mountain front, High Zagros, Sahneh and
Morvarid), so lots of earthquakes threaten this province. Therefore, in this section, we
implemented our model to the Kermanshah earthquake in 2017 and solved it using GOA.
Kermanshah province is bound by three provinces of Iran and by Iraq on the west. There are
several entrances to this province which 6 entrances are selected for locating border
warehouses and are marked by red and green bullets in Figure 9. Two types of items are
considered as relief goods in this model: Food and water which are distributed among
demand points by two types of transportation modes: pickup trucks and light transportation
helicopters. Also, arrival vehicles are including heavy transportation helicopters and trucks.
In this case, red bullets indicate the designated warehouses for trucks and in the same way,
green dots relate to helicopters (Figure 9). As is illustrated in Figure 10, this province is
divided into 14 counties which the center of each county is designated for delivery of relief
goods. The distances and traveling time between warehouses and demand points are
calculated byGooglemap’smeasure tool. It should be noted that the demand of each county is
assumed to be equal to the population of that county and the population of each county is

Objective
functions Values

Total cost 1.2628 3 1011 1.2866 3 1011 1.2723 3 1011 1.2674 3 1011 1.2744 3 1011

Average
waiting
time

861.4256 856.5014 848.3892 822.1576 821.3063

Total
weighted
response
time

50.9548 34.2033 41.3147 60.1843 36.8671

2

1.5

1

0.5
0 10 20 30 40 50 60 70 80 90 100

×104

Table 8.
Optimal solution for
large-scale problem

using GOA

Figure 8.
Convergence of GOA to
the optimal solution for

large size example
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obtained through statistics prepared by the Statistical Center of Iran (National Statistical
Center of Iran, 2019). Furthermore, the weights of demand points are calculated due to the
population rate of the counties in which Sarpol Zahab was the most critical based on that
(more information is proposed in Appendix, Table A6). Relating data to the case study is
prepared in Appendix section (Tables A3–A5). Pareto solutions of implementing the

Figure 9.
Location of border
warehouses

Figure 10.
Counties of
Kermanshah province
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proposed model on the case study are provided in Table 9 and optimal values for the number
of servers as well as assigned demand points to the warehouses for the first run of the meta-
heuristic algorithm are demonstrated in Table 10. Due to the large number of servers in each
warehouse, the waiting time of vehicles in the queues is not so long, in this case, decision-
makers can define upper bounds for the number of servers according to conditions and
limitations.

6.3 Sensitivity analysis
To find the effective parameters and show their effect on the optimal answer and objective
functions aswell as better understanding of themodel behavior, sensitivity analysis has been
performed. The results of the sensitivity analysis are given in Figures 11–15. Figure 11
demonstrates the effects of the capacity of distribution vehicles on the objective functions.
This diagram illustrates that the third objective function is not sensitive to the capacity of the
transport vehicles and the first and second objective functions have a decreasing trend with
increasing the capacity of the vehicles. Expanding the capacity reduces the number of
vehicles needed for distribution, thus lessen the routing costs. The distance between the
border warehouses and the damaged areas is very large due to the importance of the security
of the warehouses. Therefore, if each vehicle can deliver more items, the time spent
transporting items fromwarehouses to disaster areas will be reduced, which will improve the
function of the second objective of the problem. As a result, decision-makers can use vehicles
with optimal capacity according to the conditions.

The results of the changes in λvt, which indicate the entry rate of vehicles into
warehouses, on the system outlays and the average waiting time of vehicles in the queue is
displayed in Figure 12. With the enhancing rate of arrival of vehicles, the surplus inventory
stored in warehouses also increased. Evidently, by adding the inventory stored in the
warehouses, more costs will be imposed on the system to hold these items. Besides, the
inventory holding cost per unit of time is a significant consideration to avoid storing essential
items in warehouses during a disaster and prevent shortages in other locations by leveling
resources. Figure 12 represents that with increasing λvt, the graph of the third objective
function has an upward trend in some periods, and at certain intervals, the trend is declining.
According to Figure 13, it is inferred that with the growth in the arrival rate of vehicles to
warehouses, in the case that the number of warehouse servers is assumed to be constant, the

Total cost (Rials) Average weighted response time (hours) Total waiting time for vehicles (hours)

1 1.28 3 1011 1.57 6.6
2 1.30 3 1011 1.39 7.1
3 1.34 3 1011 1.24 5.9
4 1.32 3 1011 1.46 6.7
5 1.29 3 1011 1.48 6.7

Number of optimal servers
S1 S2 S3 S4 S5 S6

12 2 19 4 14 20

Assigned counties to servers (first period) (11,4,1) (9,3,7) (10,12,14) (8,5,13) (�) (6,2)
Assigned counties to servers (second period) (12) (11,10) (8,6,2,7,9) (13,14,1) (5,3,4) (�)
Assigned counties to servers (third period) (�) (6,13,9,12) (11,10,3,8,2) (4,14) (5,7) (1)

Table 9.
Pareto solutions of

case study

Table 10.
Optimal decision
variables for the

first run
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third objective function has a rising trend and if the number of servers increases, the third
objective function will improve.

As expressed in Table 11 and Figure 14, changes in the capacity of the waiting space of
warehouses have significant consequences on the average waiting time for vehicles in
addition to system costs. According to Table 11, capacity enhancement leads to enter more
vehicles which adding more servers to the warehouses reduces the congestion. But due to the
assumed fixed value for entry rate in this example, increasing the capacity of waiting spaces
will not always affect the entry rate, and it remains constant after a point such as the 5th row
in Table 11. Hence, the number of servers and, consequently, the waiting time of vehicles will
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eventually remain constant as K increases. On the other hand, increasing the number of
servers increases the number of goods stored in the warehouses and leads to ascending
inventory cost behavior. But by stabilizing the number of servers, this ascending trend is not
sharp. An increment in the capacity of the warehouses directly affects the optimal number of
servers, and consequently, the average waiting time of the vehicles in the system also
changes, according to Figure 14. This diagram represents the changes in the average waiting
time of trucks in the queues in the first period.
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Figure 15 shows feasible ranges of λvt and its effect on total inventory. To make the model
feasible, λvt must be within the specified range, for values less than the interval rate, the
problem will face a shortage which is not allowed. Besides, large quantities of entry rate
increase the inventory stored in the warehouses, although this volume of inventory improves
responsiveness to injured people, but increases inventory holding.

6.4 Discussion
The model presented in this study allows decision-makers to consider all dimensions of the
issue in terms of practical and managerial aspects and make decisions based on them at the
time of the disaster. Numerous articles such as Suzuki (2019) and Rezaei-Malek et al. (2016)
have been conducted in the field of humanitarian logistics, but these articles have not taken
into account the importance and impact of congestion at the entry points of disaster areas. In
this study, such as Rezaei-Malek et al. (2016), in addition to reducing the delivery time of
essential items to the damaged areas, system outlays are also considered. The unmanaged
congestion in border areas results in the increment in the unemployment time of vehicles in
the queues, as well as the disorder in these areas, and consequently disrupts the passage of
other relief vehicles. Using the queuing system in the proposed model helps to manage this
density better and reduce it.
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mode K1, K2 S1 S2 λ11 λ12 λ13 λ21 λ22 λ23 Total cost

1 1,2 1 1 0.349 0.383 0.418 0.730 0.353 0.495 2811413.7
2 2,3 1 2 0.359 0.391 0.424 0.770 0.363 0.516 3593069.801
3 3,4 2 2 0.503 0.553 0.602 0.763 0.362 0.512 3962061.853
4 4,5 2 2 0.508 0.558 0.608 0.761 0.361 0.511 4028292.427
5 5,6 2 2 0.509 0.559 0.610 0.761 0.362 0.511 4050061.998
6 6,7 3 2 0.514 0.566 0.617 0.761 0.362 0.511 4059284.406
7 7,8 3 2 0.514 0.566 0.617 0.761 0.362 0.511 4060415.11
8 11,12 3 2 0.514 0.566 0.617 0.761 0.362 0.511 4060890.501

Figure 15.
Range of λvt vs total
inventory

Table 11.
The capacity of
waiting spaces vs
total cost
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From a managerial point of view, according to the results obtained from Section 6.3,
disaster managers and decision-makers should use vehicles with more capacity if it is
possible to reduce congestion and operational costs. Also, they can prevent the congestion of
vehicles in border warehouses by increasing the number of servers while the financial
constraints are satisfied. On the other hand, increasing the entry rate by increasing space
capacity and servers increases the inventory cost. Therefore, decision-makers can determine
the optimal values by solving the proposed multi-objective model by their preferred weights.
Finally, however, increasing the entry rate increases the inventory and response level to the
affected people but causes inventory accumulation, which increases inventory holding cost.
Also, it is better to use these extra inventories in another affected area, so decision-makers can
direct the rest of the vehicles to other areas based on demand and by considering the
appropriate level of safety stock.

7. Conclusion and future research
In this study, a mathematical model for multi-objective multi-commodity and multi-period
inventory routing problems in post-disaster conditions is presented by considering the
density of vehicles carrying relief items at the entrance of the border warehouses. For the first
time in the logistics literature, the queuing system is included in the modeling framework in
the areas affected by a disaster. Due to the limitation in the unloading rate of items in the
warehouses, the entry flow to thewarehousesmustwait for the unloading in the queue. In this
study, the capacity for the number of vehicles that can wait is confined. Therefore, the
M/M/C/K queuing system was developed to analyze the waiting time at the warehouse
entrance and the length of these queues. Efforts to reduce congestion at entry points will not
only facilitate for other relief vehicles to pass through but will also leverage transportation
resources. As a result, in addition to mitigating the cost and time of distribution of items
between demand points, this model also seeks to reduce the average waiting time for vehicles
in warehouses. Also, each warehouse is assigned a mode of transport (helicopters,
trucks, etc.).

Furthermore, to solve larger problems, the GOA metaheuristic algorithm is used in this
research, and comparing its results with the outcomes of GAMS software on small instances
indicates the efficiency of this algorithm. Finally, sensitivity analyses were performed on the
effective parameters of the model.

According to the results, increasing the capacity of distribution vehicles alleviates system
costs and average weight delivery time. Also, the rate at which vehicles enter warehouses
affects system costs, the optimal number of servers and the number of queues.

For future studies, it is recommended to enable split delivery. Decisions about the location
of warehouses can also be added to the problem, as well as including capacity constraints for
depots. By removing the limitation of shortages, the concept of social fairness can be added to
the model. Another suggestion for future studies, which may be interesting, is to investigate
the rejected trucks in the proposedmodel (formore information, refer to equation (1)). Also, we
highly recommend that future researchers use multi-attribute decision-making (MADM)
methods to obtain the weight of each demand point. Also, the loading servers may fail at any
point in time. Hence, a server breakdown may stop the service of vehicles completely or lead
to the service continuing at a slower rate (Aghsami and Jolai, 2020). Therefore, considering
the loading serves breakdowns can be an interesting problem for future research.
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Appendix

Parameters Value Parameters Value Parameters Value

l 8 cap11 60 m11 1.5
T 24 cap12 50 m12 1.65
A1 0.2 cap21 80 m13 1.8
A2 0.5 cap22 30 m21 2.25
A3 0.3 ω11 20 m22 1.05
K1 7 ω12 10 m23 1.5
K2 8 ω21 20 τ12 2
S1 5 ω22 15 τ13 2
S2 6 c12 1.5 τ14 1
B1 1 c13 1.5 . . . . . .
B2 1 c14 1.5 τ54 4
B3 1 c15 2.2 p111 8
B4 1 c21 2.5 p112 6
B5 1 c23 1.9 p211 20
wt1 0.1 c24 0.6 p212 15
wt2 0.2 . . . . . . p311 20
wt3 0.3 c54 1.8 p312 16
wt4 0.2 λ11 1 p411 8
wt5 0.2 λ12 1.1 p412 5
Q11 50 λ13 1.2 p511 20
Q12 50 λ21 1.5 . . . . . .
Q21 50 λ22 0.7 p531 22
Q22 50 λ23 1 p532 18

Parameters Value Parameters Value

I 70 Bv [1,100]
V 15 wti [0,1]
F 30 Qvf 50
T 15 capvf [1,100]
l 8 ωvf [1,100]
T 24 cij [1,50]
A1 0.4 λvt [1,50]
A2 0.3 mvt [1,50]
A3 0.3 τij [1,100]
Kv [5,15] pitf [1,200]
Sv [5,15]

Table A1.
Value of parameters for
small-scale problem

Table A2.
Source of random
generation of the
parameters of large-
scale example
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counties by
helicopter (hours)
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