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Abstract. This study investigates a three-level hierarchical hub problem considering
numerous features, such as congestion and reliability. This relates to ground and air hubs
as high layers in this hierarchical network. A four-objective model is presented; it lowers
the number of routes, network-related costs, and hub queue waiting times while raising the
network’s route reliability. Due to the impact of service time on customer satisfaction in
this issue, a time frame that a penalty is assigned for the amount of delay is considered.
Both the airport and the ground are hub facilities in this regard. M/M/C/K queue systems
are those found in the airport and ground hubs. Due to the multi-objective nature of the
problem, the LP-metric and goal attainment (GA) approaches are used to resolve it and
verify multiple samples with varying weight values provided by the decision-maker. The
results from the above-mentioned methods are ranked using a simple additive weighting
(SAW) method. A few parameters are treated as fuzzy numbers to make the model more
realistic, and the Jimenez’s model and chance-constrained programming are used to
present the findings. Considering numerous weights for each objective function and solving
two methods, Pareto solutions are obtained.

KEYWORDS: Hierarchical hub problem; Reliability; Queue system; LP-metric; Goal
attainment; Chance-constrained fuzzy programming.

1. Introduction

Due to the importance of facility programming discussion, including the design and
location of facilities to achieve the best deployment plan in real systems and high direct
communication costs between all routes, two-way communication in the network is
impossible. Hence, a hub collects, sorts, and distributes flow in the network to benefit from
economies of scale. This results in real-world systems achieving the best and highest
efficiency and productivity.

In hierarchical problems and systems, decisions are made about the location of
interacting facilities in a multi-layered configuration with different service levels and the
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allocation of routes from nodes to central or non-central hubs, which are transferred from
the demand node to the destination demand node [1]. Cargo delivery, communication
network planning, and air transportation are the most common uses of hub placement
challenges. It seeks to determine hub nodes’ location from non-hub nodes and establish a
suitable route between the source-destination pair through these points. A hub (at least
one hub node) occurs. Due to this problem, this research’s main focus is on delivering cargo
so that almost all goods and shipments can be sent and reach their destinations according
to the predetermined time. Due to the nature of different types of communication systems
and structures and considering the existing networks, several facilities at different levels
can be seen to optimize the current communications and, consequently, the costs incurred.
This feature of networks should also be considered. On the other hand, hierarchical
location problems mainly go back to recent decades, especially back to the 1980s, when
several studies were conducted but did not specify the exact dimensions of hierarchy.

In this research, due to the large flows in the routes and inputs to each hub, it will
create a waiting time and queues in hubs, which, to get nearer to reality, the queuing
system for hubs should be considered. When the problem is limited to the importance of
delivery time, which may be goods, people, or information, there is no problem and causes
congestion in the network’s least state. On the other hand, due to the possibility of failure in
the routes or the failure of one of the service centers, the network’s route’s reliability
should be at its highest and optimal state. For this reason, assumptions have been used in
the objective function to minimize the network’s cost, queue time, and reliability to reach
its optimal state. Furthermore, considering that capacity is a significant issue in practice. It
affects most businesses; these restrictions are considered in both ground hubs and airport
hubs to make the issue more plausible.

The rest of this paper consists of the following sections: In Section 2, there is a summary
of the literature on hierarchical hub location challenges, the techniques utilized, and their
findings. In Section 3, problem modeling is presented according to the assumptions
considered in this research, and the fuzzy model is equivalent to the crisp model. In Section
4, problem-solving methods are explained. Section 5 presents the results obtained by the
solution methods in this research. Finally, in Section 6, conclusions are drawn, and some
recommendations for further study in this area.

2. Literature review

The beginning of studies and research in the hub location can be considered a result of
Weber’s research in 1900. Many scientists and researchers focused on investigating hub
location problems in various fields and research in various areas [2-7]. Marianov and Serra
[8], in the same vein in another study, examined hub models in airlines by considering



congestion. In this research, the M/D/C queue model has been used. The innovative method
of forbidden search has been used to solve the model.

A hub location-routing problem with a queuing system was resolved by
Pourmohammadi et al. [9] using a fuzzy meta-heuristic method. This paper develops a
unique multi-objective mathematical model that considers the unpredictability of flows,
costs, timeframes, and various job possibilities. The reduction of total transportation costs
was the idea behind this innovation. It employed the M/M/C/K queuing mechanism. To
address this issue, a powerful evolutionary meta-heuristic strategy built on fuzzy invasive
weed optimization, variable neighborhood search, and game theory was developed.

A hybrid of facility and hypercube queuing models for emergency medical systems was
created by Ghobadi et al. [10]. By merging the location and hypercube queuing models, two
new mathematical models were presented in this study to combine location and
dispatching policy decisions. The offered models’ location model constraints were derived
from the hypercube queuing model's flow-balance equations. In the initial model, each
server’s status was either idle or busy, much like in the original hypercube queuing
architecture. The second model assumes that on-scene time is unrelated to trip time, and it
states that each server was either idle, busy, traveling, or busy serving a client at the
incident location. The models were first successfully tested on a few small-scale cases. An
optimization framework based on the evolutionary algorithm was subsequently created
due to the models’ difficulty in handling larger scales. Geramianfar et al. [11] used the
simulated annealing (SA) algorithm to examine a multi-objective hub and identify
congestion problems. To resolve a novel priority M/M/C queue model for a hub covering
location issues, Sedehzadeh et al. [12] used a multi-objective parallel SA algorithm.
Production planning was examined in industrial sectors that were portrayed as hub
location-allocation issues with manufacturing system congestion by Ghodratnama et al.
[13]. A novel bi-objective hierarchical hub placement problem was addressed by
Khodemani-Yazdi et al. [14] using an M/M/C queuing framework. The M/M/C queuing
system examined the two-objective hierarchical hub problem. The cost of building a hub
facility and transportation costs were both kept to a minimum. Two different queuing
systems were investigated for the two types of facilitation in the issue, M/M/C, and M/M/1.
The fuzzy game based on variable neighborhood invasive weed optimization (GVIWO), a
non-dominated sorting genetic algorithm (NSGA-II), and a hybrid SA algorithm were all
used in this study. A bi-objective hub location-allocation model that takes congestion into
account was planned by Ghodratnama et al. [15].

The hub location research from 2010 to the present is summarized in Figure 1.
According to these data, the hierarchical hub problem received less attention in recent
years than in other hub location areas.

{Please insert Figure 1 about here.}



The research on hierarchical hub location that researchers have conducted is listed in

Table 1, along with the differences between the current study and earlier research. Some
research projects have been completed, though, regarding uncertainty [16-28]. Numerous
research studies have been conducted on solution techniques to date [29-46].

{Please insert Table 1 about here.}

3. Hub location allocation mathematical model

The network structure used in the present study is generally shown in Figure 2. There is
only one link between ground hubs and airport hubs, although there are several
connections between demand points and ground hubs [47].

{Please insert Figure 2 about here.}

3.1. Assumptions
The following are the basic assumptions of the proposed model:

It is known how many airports and ground hubs there are. Transport modes are
designed for more flexibility and adaptability to reality in the hub network,
including small trucks and large trucks and aircraft. Discount factors have been
used in various communications.

Each of these ground and airport hubs has a capacity constraint.

Due to the importance of delivery time for carriers and customers, it is set for
each route. Each pair of flows between the source and destination nodes must be
transmitted at a predetermined time. In the case of failure, a penalty is assigned
for the delay.

Direct communication between two demand nodes is not allowed, and they must
use a hub in their route. Also, not every ground hub can be connected to another
ground hub, but airport hubs can be connected.

Due to the limitation on the number of units allocated to the hub, the queue could
happen. Then, we propose a separate queuing system in each hub, including
airport and in-ground hubs, as M/M/C/K system.

If the system has a queue and creates congestion, each hub’s input flow is more
than its service rate.

Hubs benefit from economies of scale (between the airport and ground hubs and
airport hubs).

The present paper is organized depending on allocation (flow-based). Each node
is connected to several hubs, and ground hubs are distributed to airport hubs in a
single allocation (multiple allocations).



3.2. Indices

i,je {1, 2,..., IT} Index for network nodes

k,me {k1 Kyyeny kGT} Index for a potential location for ground hubs
Ine {Il, [ } Index for a potential location for airport hubs
Ve {1, 2, ,VT} Index for counter identifier in queue formula
ue {1, 2, ,,_,UT} Index for a potential considered route

3.3. Parameters

QCG,
QCA

ij

Number of ground hub facilities

Number of airport hub facilities

Discount factor for large truck vehicles compared to small vehicle trucks
Confidence factor between the airport and ground hubs

Confidence factor between the airport hubs

Confidence factor between the ground hubs

Discount factor between the airport and ground hubs

Discount factor between the airport hubs

Reliability, the ability to facilitate ground hubs to provide service without
delays and congestion

Reliability, the ability to facilitate the airport hub to provide service without
delays and congestion

Reliability in routes i and j

Fixed establishment cost for ground hub k

Fixed establishment cost for airport hub /

Amount of flow unit between nodes i and j

Ground hub service rate k

Possible ground hub k’s capacity

The possible airport hub I's capacity

Service rate of airport hub /

Numbers of servers at ground hub k

Numbers of servers at airport hub /

Queue capacity related to the ground hub kin M/M/C/QC, model
Queue capacity related to the airport hub / in M/M/C/QC, model

Cost per unit of travel between nodes i and j



Nodes i and j’s distances

The time range during which the origin and destination node pairs must be
finished

Cost of the penalty unit when the delivery time of the relevant flow to the
route exceeds the predetermined limit.

Travel time by small truck vehicle from node i to ground hub k and vice
versa

Travel time by large truck from ground hub k to airport hub / and vice versa.
Traveling time from airport hub [ to airport hub n and vice versa via a big
truck

Ready time from origin i

Loading time in airport hub /

Big number

3.4. Variables

o]
a
ga
aal’n
Sim

nga

anaa,,

n

anga; |

1 if a ground hub is formed at node k; 0, otherwise.
1 if a hub for an airport is built at node /; 0, otherwise.

1 if there is a direct route (connection) between ground hub k and airport hub
[; 0, otherwise.
1 if a direct path (link) exists between airport hubs / and n; 0, otherwise.

1 if a path (link) connects nodes i and ground hub k; 0, otherwise.

1 if a path exists between nodes i and ground hub k, then airport hub /; 0,
otherwise.

Amount of flow that leaves the starting node and travels via airport hubs / and
n

Flow volume begins at node i and flows via ground hub k to airport hub L

Rate of entry flow (goods) to the ground hub k

Rate of entry flow (goods) to the airport hub /

Probability of being zero customers (goods) in-ground hub k
Probability of being QCk customers (goods) in-ground hub k
Length of the queue formed in ground hub k

Length of the queue formed in airport hub /

Waiting time elapsed in-ground hub k

Waiting time elapsed in airport hub /

Probability of being zero customers (goods) in airport hub /



PYoc, Probability of being QC; customers (goods) in airport hub /

dt; ;, Delivery time via u path (link) from origin i to destination j

3.5. Objective functions
Our suggested mathematical model considers four objective functions, as indicated below:

4.5.1. The first objective function

ot lar
min > > a.a, (1)
1=1 n=1,n=l

Reduced route numbers between airport hubs are the first objective function.

3.5.2. The second objective function

ket N
minz FG .0, +ZFA.a,
IT Kot lar
+z Z (VVI j +W] |) zcl k* DI k* anal kI +ZZZ¢CKI Dkl anga| k.l (2)
i=1l j=1, j=i i=1l k=1 I=1
lar - lar
+iz Z ¢.C,,.D,,.anaa,, +iiCPi'j.z max{dti‘j'u - RT,O}
i=1 1=1 n=1,n=l i=1 j=1 u=1

The second objective function is to reduce costs throughout the whole network. This
job’s first and second elements reduce the cost of constructing ground and airport hubs.
The third expression involves minimizing transmission costs in the routes between nodes
across the network, where the costs will be equal to time and distance. The fourth
expression in this objective function means that the penalty unit is considered according to
the delay in delivery of the consignment so that if it arrives at the destination earlier than
the predetermined time, no penalty is considered. If there is a delay, the penalty amount
will be considered according to the time difference with the predetermined amount.

3.5.3. The third objective function

The degree of success in establishing communication to deliver the cargo without
congestion, or the amount lost between the source and destination node pairs, is
considered reliability in the communication network. In fact, we are looking for this goal in
this research so that the existing facilities can transfer the flow without failure. Reliability
arises between two nodes when those two nodes are connected [48]. The reliability



obtained in this study is according to the research carried out by Kim and O’Kelly [49] and
is as follows. The route includes n communication so that:

In addition to this study, route reliability (RR})is described as the efficient
transportation of flow through the hubs k and m from the origin i to the destination j
(i—>k—>m— j). We multiply the reliabilitiesRR;, RR,, RR ;into each other to get the
route’s reliability.

The discount factor is also introduced due to a hub’s ability to transmit traffic without
traffic and delay, like factor @ (0<a<1), which is calculated as (RR, ). Also, in a

route with one hub (i =k — ), reliability is calculated as RR,,.(RR.,)"“.RR, ;.

The general method of calculating reliability in the hub model of this research is
calculated according to the following conditions shown in Figure 3

{Please insert Figure 3 about here.}

The third objective function is specified by:

IAT IAT

max> > (RR )" IZanaam a.a

1=1 n=1,n=l

|(GT IAT IAT

DD W (RR)L(RR ) 4,

k=1 I=1 n=1,n=l

T ket ket lar

+zz z z i (RRI k* (RRkI)l g (RRI n)1 g (Rn m)1 g (WI m*~i,m* i Wij'ngai,k,l)

i=1 k=1 m=l,m=k I=1 n=1,n=l j=L =, j=k, =l

IT T ket ket lar lar

+Z Z Z z z Z Wi,j(Ri,k'(Rk,I)1_ﬂ'(RRI,n)l_l'(RRn,m)l_ﬂ'RRm,j)'ngai,k,l'ngaj,n,m (4‘)

i=1 j=1,j=#i k=1 m=L,m=k 1=1 n=1,n=l
IT Kot lar

I Z (W, ; +W;;).RR ,.(RG, )" s, +

i=1 k=1 I=1 j=1,j=i, j=k, j=

IT ket lar

ZZZ RR .(RR,, )" .(RA )1_l-angali<,| nga; +

i=1 k=1 I=1

IT ket lar. lar

ZZZ >’ RR,.(RR,,)"”.(RR,,)"*.anaq/, .a,

i=1 k=1 1=l n=1,n=l

The third objective seeks to maximize the route’s reliability according to the network
trends. Thus, each has its equations according to the network routes, based on considering
all possible routes.

3.5.4. Fourth objective function



Before discussing the fourth objective function, let’s look at the M/M/C/K queuing system
and the associated equations.

3.5.4.1. Queue systems

A queuing system consists of several service providers, each serving at its service rate and
having an input rate to the system that is not necessarily human and will not be physical.
The service in such systems is such that if the service provider and the customer are
unemployed, the recipient of the service will be dealt with immediately, otherwise, if the
service provider is not unemployed, the customer must wait in line, and this will cause
queuing and congestion in the system. Therefore, the main condition for such systems’
stability is that the input rate is always higher than the service rate. In the present study,
due to the instability of the input rate to each hub, the following are the queue model’s
parameters:

A, When there are n customers in the system, the customer entrance
rate

y7a Customer service rate is when n customers are present in the system.

P, Probability of having no clients at all.

P, Probability that there will be n clients in the system.

L, Line’s average length (number of customers in the queue).

Average length of time customers wait in line.

e Model of the M/M/C/K queue

This model’s queuing system consists of C servers, each of which has service rates
similar to one another regardless of the system’s condition (i.e., the number of users).
System circumstances have no impact on the pace of consumer logins. This system has two
alternatives depending on the limited number of customers. The customer exit rate equals
n if there are fewer servers than consumers (n) in the system. On the other hand, the
customer departure rate will be c if there are more customers than servers because of the
duration between the two outputs, which follows an exponential distribution.

The average rate of input into the system should be smaller than the system’s average
potential service rate for no congestion or queue for a steady state to exist. These queues in
the M/M/C/K versions contain parallel channels and notches. In this paradigm, the
maximum queue size or the number of users is equal to K, and the following results are as
follows:

P A 0<n<K
"o K<n (5)



nu 0<n<C ‘
710 csn<k (6)
A 0<n<C
g nu (n—l),u ..... 1u
P=][72P = n 7
l;lﬂi ’ 4 P, C<n<K )
Culu..... C,u.(C—l),u.(C—Z),u ..... 1u
[
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A A 0<n<C
u".n!
F.= (8)
A—”P <n<K
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[c-1 ,.n n _ K-C+l 11
r—| %11/’— it p=2 21
n-o N: . w4 M
p={"" ., (10)
C—lrn . /1
—+—(K-C+)) if p=—=1
| n=0 n! ] M
c R (C-P) K-C+1 K-C
L,=) (n-C).P, = 1-p" " —(1-p).(K-C+1).p 11
W s 12
“A@1-PR) (12)

The M/M/C/K model is changed into the M/M/C model when K gets sufficiently large.
Shortle et al. [50] is an appropriate reference for more examination. The meaning of the
queue in our mathematical model is the congestion of the flow and, for example, goods,
which are created behind the ground and air hubs. In the ground hubs, only trucks, vans,
and ground vehicles enter the ground hubs and unload the goods, and congestion is
created. There are several servers in the ground hubs; after the trucks are loaded at the
servers, they are sent to other ground hubs, air hubs, or end customers. In the air hubs,
planes, trucks, vans, and ground vehicles enter the air hubs, the goods are unloaded, and
congestion is created. In the service providers, goods are loaded in trucks, other land
vehicles, and airplanes and sent to other land and air hubs.



The amount of incoming flow to the hubs is variable and depends on which nodes the
Model solver hubs (i.e., ground or air) and single and multiple allocations. The number of
servers, the capacity of each hub, both ground and air, and the service rate of the servers
are predetermined, and mathematical equations and relationships (related to the Markov
process) associated with the queue length and the subsequent waiting time are calculated.
Figures 4 and 5 show the queue formation or congestion process, unloading and reloading
at servers, both ground and air hubs.

As a consequence, the total average elapsed time is minimized by the fourth objective

function
ket Iar

min > wag“ + > waa, (13)
k=1 1=1

The first expression involves minimizing the total time spent on ground hubs. The
second phase minimizes the average time spent on airport hubs and the type of system.

{Please insert Figure 4 about here.}
{Please insert Figure 5 about here.}

3.6. Proposed multi-objective hub location problem

It lar
min > > a.a

1=1 n=1,n=l

n
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Constraints (14) and (15) are used to represent multiple network allocations. Because

demand nodes are allocated to various ground hubs, any demand node may be assigned to

more than one ground hub. These two constraints also state that all streams or initial



traffic from the demand node must be passed through and connected to a hub and that it
must be linked to a node that must be a hub. Constraint (16) guarantees that the number of
the ground hub is set to a predetermined value. Constraint (17) guarantees that the
number of the air hub is set to a predetermined value. Constraints (18) and (19) create the
loop structure for the top-level hierarchical network of airport hubs. These Constraints
(guarantee that the number of airport pairing hubs is established.

Constraint (20) ensures that each client node is finally connected to the ground hub.
Constraint (21) guarantees that each client node is connected to the ground hub if the
ground hub was formed previously. The capacity limitation of the ground hub is the subject
of Constraint (22). This constraint guarantees that the ground hub’s input quantity does
not exceed its capability. Constraint (23) refers to the airport hub’s capacity constraint.
This constraint guarantees that the airport hub’s input volume does not exceed its capacity.
In Constraint (24), there is a connection between the ground hub and the airport hub if a
route connects the demand node and the ground hub and if the airport hub and the
demand node are then assigned to the ground hub. By doing this, it ensures that airport
hubs are built near to one another. Ensures that the client node is linked to the ground hub
and related air hub if related hubs have formed before.

Due to the continuity of the assigning demand nodes to the ground hubs variable and
the expression of potential connections in the network, Constraints (25) and (26) specify
that a new variable zero and one has been utilized to link these variables to the variable
zero and one in these constraints. These Constraints in the direction of subsequent
communication in the network ensure that the network is as required and the
communication model’s assumptions between the ground hub and the airport are used. It
seeks to establish a condition under which an airport hub node must be constructed so that
other nodes can be assigned to it. Building an airport hub to connect ground and airport
hubs is necessary.

The conservation of network flow is an issue of Constraint (27). Because of this, if the
demand node is allocated to a ground hub and that hub is later linked to another airport
hub, the same flow may occur between the first airport hub and the second airport hub. If
these flows are established, linkages between hubs and non-hubs to hubs will be possible.

Constraint (28) indicates a high limit for the flow fraction taken from the demand node
and connected to the ground and airport hub. Constraint (29) refers to the amount of flow
taken from the source, which is the point of demand, to the ground and airport hub,
indicating the traffic volume on these routes. This Constraint considers a high limit for this
route from the network. The time it takes for the flow to go from the source to the
destination node is the subject of constraints (30) to (32). Constraint (33) guarantees that
there is no loop between ground hub and airport hub. The average flow to each ground hub
is constrained by Constraint (34). Constraint (35) is related to the probability of being zero
customers (goods) in-ground hub k. Constraint (36) is concerned with the probability of



being QC, customers (goods) in-ground hub k. Constraint (37) is associated with the length

of the queue formed in ground hub k.

Constraint (38) related to waiting time elapsed in-ground hub k. Constraint (39) is
related to the average amount of flow to each airport hub. Constraint (40) is related to the
probability of zero customers (goods) in airport hub I. Constraint (41) is concerned with
the probability of beingQC, customers (goods) in airport hub [ Constraint (42) is
associated with the queue length formed in airport hub I. Constraint (43) relates to waiting

time elapsed in airport hub I Constraints (44) correspond to variables zero and one in the
model. Constraints (45) correspond to the positive variables.

3.7. Linearization of the model
In Relation (24) and (26), we see the multiplication of two variables, zero and one, in each

other, which is gk.a“ according to the upper limit of the variable, which is one, the
linearization steps are as follows:

g9a, = 9,4, VKl (46)
g, +a —gq,<1 vkl (47)
ga,, <9, vkl (48)
g2, <4 vkl (49)

In Relation (1) for the first objective function, we see the multiplication of two
variables, zero and one, in each other, which is & .a,, and according to the upper limit of the

variable, which is one, the linearization steps are as follows:

aa , =44, vI,n (50)
a +a,—aa <1 vI,n (51)
aa,, <a, vli,n (52)
aa , <a, v1,n (53)

Also, in the third objective function, we see the multiplication of two variables, zero and
one, and positive in each other, according to the variable's upper limit. The linearization
steps are as follows:

anaaf,, . =anaa,, ,.aa, , Vi,l,n (54)
anaaf,, . <M.aa,, vi,l,n (55)
anaaf,  <anaa, vil,n (56)



anag;, , < anaafi,l,n +M.1- aal,n) vi,l,n (57)

Likewise, in the same objective function and Constraint (31), we see the multiplication

of two variables, zero and one. In each other, which is nga,  ,.nga and according to the

j,m,n’

upper limit of the variable, which is one, the linearization steps are as follows:

ngafklmn nga . ,-N9a; . , Vi’j’k’l’n’m (58)
nga,,, +nga, ,, —ngaf ', <1 vi, .k 1n,m (59)
ngafyi'n, <Nga,, vi, Jk1nm (60)

ngaf,;.. . <nga, Vi, j,k,1,n,m (61)

j,m,n

In the same objective function, we see the multiplication of two variables, zero and one,
and positive in each other, according to the variable's upper limit. The linearization steps
are as follows:

angaf,,, =anga,,,.nga, , , Vi k,l (62)
angaf,,, <M.nga, Vi k,l (63)
angaf,,, <anga,,, Vi, kK, (64)
anga, ., <angaf,,, +M.(1-nga, ) vik| (65)

Likewise, in the same objective function, we see the multiplication of two variables, zero
and one, and positive in each other, according to the variable's upper limit. The
linearization steps are as follows:

anaaaf,,  =a,.anaa, , Vi,l,n (66)
anaaaf, , <M.a, vil,n (67)
anaaaf,, , <anaa,, vil,n (68)
anag,, , <anaaaf,, , +M.(1-a,) vi,l,n (69)

In Constraint (30), we see the multiplication of two variables, zero and one in each
other s, .s;,, and giving to the upper limit of the variable, which is one. The linearization

steps are as follows:

SSf i\ =Siu-Sjx vi, J,k (70)
S, +Sj, —ssf;, <1 Vi, j,k (71)



ssf, ;, <ss;, Vi, ),k (72)
ssf ; <Sj« Vi, J,k (73)

Also, in Constraint (32), we see the multiplication of two variables, zero and one, in each
other, which is ngaf,j"l‘:m’n.aa,'n . Concerning the upper limit of the variable, which is one, the

linearization steps are as follows:

ngaafkl m,n —ngafki’ljmn.aal n VI, jlklllmln (74‘)
ngaf,}), . +aa,, <ngaaf} Vi, j,k,I,mn (75)
ngaaf," . <ngaf)}, . Vi, j,k,I,mn (76)
ngaaf,;, . <aa, Vi, j,k,1,m,n (77)

A maximization statement max {DT, ;, —RT,0}in the second objective function should

be linearized in the objective function. The linearization steps are as follows:

mxdr, ;, =max{DT, ; , —RT,0} Yi, j,u (78)
mxdr, ;, > DT, ,, —RT vi, j,u (79)
mxdr, ; , >0 Vi, j,u (80)

3.8. Fuzzy mathematical model

The parameters related to airport and ground hubs’ capacity and transportation time can
be uncertain due to the possibility of change for various reasons. In the constraints
concerning the uncertain parameters considered according to the assumption of the
present problem, the constraints that change in the fuzzy model, as well as linearized
mathematical expressions, are as follows:

ot lar

min > > aa, (81)

1=1 n=1,n=l

min i FG, .9, +i FA 3,

IT ket lar

+Z Z (Wu i +W]I)ZCIK Dy anaum +ZZZ¢CH D, ,-anga; (82)

i=l j=1,j=i i=1 k=1 I=1
IT lar lar IT T

+>> > 9C,,.D anaa;, +> > CP ,szd.,u

i=1 I=1 n=1,n=l i=1 j=1



IAT IAT

max> > (RR )™ Zanaaaf

1=1 n=1,n=I

kGT IAT IAT

+zz Z Wk,n'(RRk,l )l_ﬂ'(RRl,n)l_Z'an

k=1 1=1 n=1,n=l

IT ket Kot lar lar

+zz z Z Z (RR|k (RRkI)lﬂ (RRIn)l_Z (an)l_ (\N|m i,m* z Wi,j'ngai,k,l)

i=1 k=1 m=1,mzk 1=l n=1,n=l j=1, j#i, j=k, j#l

IT ket ker  lar lar

+Z z Z Z z z WI J(le (Rkl)l / (RRIn)1 i (RRn m)l / RRmJ) nga‘fklmn (83)

i=1 j=1, j=i k=1 m=l,mzk =1 n=1,n#l

IT kot lar

D2 Z (W, +W, ).RR,,.(RG, )" +

i=1 k=1 I1=1 j=1,j=i,j=k, j=l

IT ket lar

2.2 2 RR(RR,)™(RA) ™ angaf, +

i=1 k=1 I=1

IT Kot lar lar

>33 > RR,.(RR).(RR ) *.anaaaf,,

i=1 k=1 1=1 n=L,n=l
The objective function (13)

s.t.
Zaf,  <Tx.g, vk (84)
IT Ker T lar
> > angay,, +Z:ZanaaI n<Ta v (85)
i=1 k=1 i=1 n=1
Ker .
= ;(ROi +(TNGix +TNGjk)).ssf ik Vi, | (86)
kGT kGT IAT
=Y > (ROi +TNGix +.(TGA« + TGAn1) + LA + TNG jn)). o
k=L m-1 11 Vi, | (87)
ngafk I,m,n

kGT kGT IAT IAT

=>">">" > (RO +(TNGix + @ TGA« + LA +TAA 1 +LA, + .
k=1 m=1 1=1 n=1 V|, J (88)

+aTGAnn +TNG;, m)) X ngaafk Imn
Constraints (14)-(21), (24)-(29), (34)-(80)

4. Solution methodologies

Combining objective functions and converting them into the objective function is one
method for tackling multi-objective optimization issues. Multi-objective decision-making
strategies are employed in this research, in which numerous objectives are generated



concurrently to optimize. The methods used in this research are LP-metric and GA
methods, which work as follows.

4.1. LP-metric method

For a problem with n objective functions, each objective function’s optimal value must be
calculated independently of the other objectives, considering all constraints. Therefore, we
bring all the objectives closer to their optimal value with the objective functions introduced
in this method. Following, we describe the mechanism of this approach briefly.

X Y1
x=| % |y= :yz
89
X Y ()

norm, (x- y) ~[x -y}, = > Jx - v,
i=1

Norm 1 is an absolute value model or a stepwise method for calculating the distance.
Similarly, for p = 2, the expression norm two is known as the Euclidean distance and is
presented as follows:

norm, (x-y) ~ [~ y[, = (ﬁ(xi -, )Zj (90)

i
According to the same relations, the infinite norm is as follows:

norm, (x~y) ~ [x-y| =maxjx -y} (91)

In this way, we can prove the norm equation p by considering the following
assumption:

f,(x)
f, f,
L =1
f, f,(X)
Xa =11 Yoa = f, - Dp = H)—(_Xup (92)
1 f,(X)



Because the objective function values in the considered issue vary, the units in the
denominator are divided by the optimum value when normalizing these values. In the
below statement, p is a parameter controlling the intensity of approaching the optimal
value. Given that the deviation is reduced, the lower the departure from the ideal values,
the bigger the value of p.

The final mathematical expression of this method is as follows:

minD, = Zk:vvi [f'_f—f'(X)J

i

p\VP

st: pe{l,2,..}, Integer (93)

4.2. Goal attainment method

This approach is one of the multiple decision-making methods. In this method, the
decision-maker plays a vital role and sets an ideal value for each objective function. In
general, this approach is as follows:

k

2w =1 (94)
j=1
by W,
b= b w=|
) R (95)
bk Wk
max f,(x)
max f,(x) min Z
: st:
9
max  f,(x) f,(X)+w,.Z b, (96)
st: X ex,z: free
Xex




In explaining the objective function, it should be noted that we are looking for the z
value with this change. We minimize the difference between the ideal value and each
objective function’s value. We will have:

min z

S.t.

f,(X)+z>b —-z>b —(w.f,(X))

f,(X)+22>b,—2 > b, — (w,.f,(x)) (97)

f.(X)+z=b, —z>b, —(w,.f, (X))

Xex,z: free

4.3. Method used to solve the fuzzy model
This model attempts to enter the degree of confidence in the model due to the impossibility
of risk by the decision-maker so that the decision-maker may be in a better position.
Charans and Cooper initially described and revised the chance-constrained programming
approach [51]. This approach combines the decision-level maker’s with the degree of
confidence to provide an appropriate security margin. All constraints relating to
uncertainty must be at least within the applicable limits.

Assume that x are the decision variables and ¢ fuzzy parameters, respectively. g;(x, &)

specifies the random constraint functions. Since g;(x,&) it is not defined as a definite set, it
is common for random constraints to be kept at a confidence level y, so the fuzzy

constraints become crisp constraints as follows:
Cr{g;(x,£)<0 } >, i=12,..m (98)

Fuzzy programming with chance constraints is given below:

Objective functions (83)-(86)

IT

Cr{d af,, <T.g}=» vk (99)
i=1
IT_ ket T lar

Cr{> > anga,,, +> > anaa,, <Ti1a}>7, vl (100
i=1 k=1 i=1 n=1

kGT

Cr{DT,;, =D (ROi +(TNGix +TNGjx)).ssf , ; }> 7, Vi, (101)
k=1



ket Kot lar

Cr{DT,;, =D > > (ROi + TNGix +a.(TGAi + TGAm) + LA + TNG ). .
I e ) Vi) (102)
I”lgafkl,’lj,m,n}z 74

kot Ko lar lar

DT, ;5 =Cr{D_D> > "> (ROi +(TNGix + . TGA« + LA + TAA» +LA: + .
k=1 m=1 I=1 n=1 VI’ J (103)

+a.TGAm,n +TNGj,m))-ngaaf " }Z Vs

Constraints (14)-(21), (24)-(29), (34)-(80)

We use a hybrid model that combines fuzzy constraint-chance programming and
anticipated value to adapt the fuzzy uncertain model presented in this paper. The first
authors to propose this hybrid Model were Pishvaei et al. [52] in 2012. In this way,
constraint confidence is controlled without adding complexity. The objective functions in
this method are based on the expected value model. The minimum confidence level in the
constraints determines how to use the chance constraints, including fuzzy parameters. The
following is the fundamental model of fuzzy programming:

f
::X (x) (104)
g,(x&)<0  Vi=123..,m (105)

As a result, we have the following for objective functions based on the expected value
and constraints based on chance constraints:

Objective function: (104)

sit.
Cr{g,(x.&)<0}>y  Vvi=123..m (106)

According to Ghodratnama et al. [53], critical values may alter the aforementioned
model depending on confidence. Given that it is assumed that all of the model’s fuzzy
parameters are fuzzy triangular numbers &=(r,r,,r;). Figure 6 shows the triangular

membership function.
{Please insert Figure 6 about here.}

The following expressions represent their critical values ¥ €[0,1] when the confidence

level is taken into account:



£p()=sup{rlCr{e=r}>y| (107)
& () =inf{rlCrig<r}>y (108)

y -optimistic and y -pessimistic values are related by Equations (107) and (108).

275, +(-2p).r, if y<0.5

Sw(1) = : v (109)
2y-).r+(2-2y)r, ify>05
@-2p).r+2p.r, ify<0.5

Gt (1) = o e (110)
2-2p9)n,+2y-1ur, ify>05

Calculating y-optimistic and y-pessimistic values is explained in Equations (109) and

(110), respectively. On the other hand, Liu [54] it was shown that fuzzy programming is
part of the model:

Cr{¢xkl2y o k<&, (7) (111)
Cr{¢<kl>y < k=&, () (112)

4.4. Equivalent auxiliary crisp model
Based on the above description and triangular fuzzy parameters, the final model is as
follows:

Objective functions: (83) - (86)

s.t.

< vk 113
>af, < (27~} +(2-22)T2).9, (113)
i=1

IT kgr T L | (114)
Zzangai,m +Zzanaai,l,n <(27, DI +(2-2.0,) )4

i=1 k=1 i=1 n=1

dt; ;1 <((2.(r5/2)-1).(RO} +TNG], +TNG], + Vi, j,k (115)
(2-(2.(73/2)).(RO? +TNG?, +TNG?,)).ssf, ; ,

dt; 1 > ((2-2.(5/ 2)).(RO? +TNG, +TNGF, + Vi, j,k (116)

(2—(2.(75/2)).(RO} +TNG, +TNGik)).ssfiy i



2 < ((2.(7,/2)-1).(RO} + TNG!, +TGA, + vi, j,k,IL,m  (117)
TGA,, + LA +TNG; )+ (2-(2.(7,/ 2)).(RO? + TNG/, +TGA2; | +
TGA:, + LA +TNG?,)).ngaf, ;| n,
dt; ;» > ((2—(2.(7,4/ 2)).(RO? + TNG, + TGAZ, | + vi, j,k,lI,m  (118)
TGAZ, + LA* +TNG? )+ (2.(7,/ 2) -1).(RO? + TNG], + TGA?, +
TGA?H, + LA’ +TNG; )).ngaf;

t s < (((2.(75 1 2)~1).(RO} + TNG}, +TGA;, + LA! vi, j,k,I,mn (119)
+TAN , + LA + (a.(TGA, , + TNG] ) +
((2.(75/2)).(RO + NG/, +TGA?, + LA
+TAN?, + LAY + (a.(TGAZ , +TNG?  ))).ngaaf, | i mn

dt, ;5> ((2.(75 / 2)).(RO? + NG, +TGAZ, + LA Vi, j,k,1,mn  (120)
+TAA?, + LAY + (a.(TGAZ , +TNG? 1)) +
((2.(75/2)).(RO’ +TNG}, + TGA?} | + LA’

+TAA’, + LA) +(a.(TGA, , + TNG] 1))))-ngaaf; j 1 mn
Constraints (14)-(21), (24)-(29), (34)-(80)

5. Computational experiments

Due to the proposed model’s limitations and non-linear mathematical expressions, this
research model is an MINLP model. To this end, the challenge in this research is to solve
this model. The model is created and runs on a computer with 6.00 GB of installed memory
(RAM) and an Intel (R) Core (TM) i7 CPU, 4702 MQ @ 3.2 0GHz processor using the GAMS
commercial software environment version 25.1.2. The current model in this study is
developed using random data and applied in various sizes to ensure validity. The BARON
solver is used to solve the model because the problem is non-linear. Additionally, our
computational results are divided into deterministic and in-deterministic models, the two
main categories. We explain our findings in more detail below.

5.1. Deterministic model

The parameters related to each test problem according to Table 2 and the methods of
solving the LP-metric and GA from different test problems according to Table 3, as well as
the ideal values expressed for each test problem according to experts, are used in the two
considered solution approaches. The major measures (i.e., the first, second, third, and
fourth objective function values as well as CPU time) are examined using the GA and LP-



metric techniques. Weights of associated objective functions are examined via them as
shown in Table 4 (primary measures) (scenario).

{Please insert Table 2 about here.}
{Please insert Table 3 about here.}
{Please insert Table 4 about here.}

From to 8, we report computational results regarding each defined scenario
noting that the first objective function is zero for all test problems because we defined just
one air hub in test problem one and no air hub in test problem 2. Consequently, there will
be no routes between at most one air hub. Interestingly for test problem no.2 second
objective function has less value compared with test problem no.1. That is because the air
hub is not considered, and also, its establishment's costs are not regarded. Also, using the
GA approach, the value of objective function 3 is very high compared to the LP-metric
approach.

Maybe LP-metric tries to improve other objective functions. Also, regarding weights
dedicated to each objective function, it is evident that more weight-optimizing software
tries to yield the related objective functions. However, as a whole, there is resistance
throughout related weights, and the results are almost the same. That is because of the size
of the test problems. Maybe for larger-size test problems, there would be bigger differences
in computational results. Also, we investigated the impact of each objective function solely
by dedicating the weight one to the related objective function and zero for others.

{Please insert Table 5 about here.}
{Please insert Table 6 about here.}
{Please insert Table 7 about here.}
{Please insert Table 8 about here.}

Figure 7 shows the non-dominated solutions obtained by two approaches. It is worth
noting that the convexity of the fitted hyperplane certifies the conflict among considered
objective functions.

{Please insert Figure 7 about here.}

5.2. Ranking (LP-metric and GA)

In this work, the most effective technique is determined using the SAW method to
demonstrate which approach is superior to the others (for more details on the SAW
method, please see [55]). For this reason, Table 9 shows the average values of four
objective function values and the CPU time of two different solution approaches. The
average values of four objective function values and CPU time for two different solution
techniques are shown in Table 10 for this purpose. Concerning these values and the degree



of importance for the decision-maker, a weight is determined as given in the decision
matrix of Table 9. Associated with the rank shown in Table 11, the GA method performs
better than the LP-metric method. After that, the decision matrix is unscaled to obtain the
best option by considering the weight of each indicator. So, we have Table 10.

{Please insert Table 9 about here.}
{Please insert Table 10 about here.}
{Please insert Table 11 about here.}

5.3. Indeterministic (fuzzy) model

This part considers one test problem to verify the fuzzy model for the issue used in this
study. Due to the nonlinearity and NP-hardness of the present problem and the high
computational time, its sizes are considered low. The confidence level (y) value of the

alleged test issue, which is the same for all fuzzy constraints in each scenario, is connected
to the differences between the first, second, and third scenarios. Tables 12 to 15 show the
considered test problem size, fuzzy parameters, confidence level values for each scenario,
and other certain parameters of the problem, respectively:

{Please insert Table 12 about here.}
{Please insert Table 13 about here.}
{Please insert Table 14 about here.}
{Please insert Table 15 about here.}

As seen from the data in Tables 16 to 17, the behavior of the objective functions in the
issue alters in response to changes in confidence level. This table shows that the first and
fourth objective function results are the same. But when the confidence level for the second
objective function, which aims to lower, is raised, the optimal value increases with a higher
confidence level. The third objective function, which we aim to maximize, is very big for the
0.6 confidence level and then falls and becomes higher. That is because of the impact of
confidence level on feasible formed solution space. This habit is also the same for the GA
approach. Figure 8 shows the results of schematically solving a fuzzy test problem, showing
how to allocate nodes to hubs and higher levels vs. defined confidence levels for both
solution approaches. Interestingly both approach yields unique location and allocation
results.

{Please insert Table 16 about here.}
{Please insert Table 17 about here.}
{Please insert Figure 8 about here.}

6. Conclusion and future directions



The present study discussed the subject, the importance of doing it, its necessity in the real
world, and the problem’s assumptions. The relevant definitions and the literature on the
location of hierarchical hubs and research conducted in recent years were fully addressed
in the following. This research was associated with the centrality of hierarchical hub
location in which reliability and congestion were integrated. One of the necessities of this
research is the importance of the hub discussion in related issues due to the significant
reduction in network-related costs compared to the network’s overall scale. In the present
study, due to the importance of real-time delivery time for existing customers, land and air
transportation modes have been used to provide service time in large countries where
distances were significantly reduced accordingly. In this regard, two types of air and
ground hubs have been used in the model. The research’s objective functions aimed to
minimize the number of flights due to their high cost compared to the less time air
transport than land transportation over long distances. Another objective function was to
minimize network-related expenses, such as the fixed cost of creating hubs and the cost of
traffic conveyance throughout the network.

To validate the mathematical model in the present study, three small test problems
have been used because of the NP-hardness of the problem. Due to its multi-objective
feature, two multiple-decision methods have been used to solve the model: the LP-metric
method and GA. The results of these two methods were shown, and to evaluate the two
methods and compare their performance, a simple additive weighting method has been
used. It is evident that according to the average values obtained from different samples of
each method and the average solution time, and because of the importance of the
objectives function for the decision-maker. When solving the model, it was found that the
GA technique performed better than the LP-metric method. The definite model’s
uncertainty has been considered to bring the model in this study as close as possible to
reality, which used chance-constrained programming. For this purpose, due to the reality
and the uncertainty in the amount of traveling time and the capacity of existing hubs, these
two problem parameters were considered fuzzy. In this regard, three test problems of the
same size have been used in this study to validate the integration model but with different
confidence levels. In the final part, the results were presented. It was shown that the values
related to the objective function became much poorer and moved away from the ideal
condition as the sample’s confidence increased.

According to many researchers’ literature and studies, not much attention is paid to
these problems’ environmental problems. Due to the growing importance of environmental
problems, this problem should be seen in these problems. Its applications include
minimizing the amount of vehicle pollution in the network, and the number of pollutant
emissions and fuel consumption can be considered according to the harmful damages that
will occur in the future. The following are other suggestions for future research:

e Considering the completeness of the graph in the present study, the hub network

can be considered incomplete.



Different periods can be considered in the problem. Other periods have traffic rates,
congestion on each route, and busy hours in different periods.

Heuristic or meta-heuristic solving methodologies may be employed to better solve
such methods due to the high execution time of reasonable solutions and NP-hard
problems.

In this case, the variable cost of transportation can be considered due to the
different modes.

Vehicle routing with simultaneous pick-up and delivery may be employed in this
instance.

Given the growing concern and importance of greenhouse gas emissions, this can be
considered the problem. In such a way, the amount of exhaust gas from vehicles is
considered another objective.

References

[1]

[2]

[10]

Esmizadeh, Y. Bashiri, M., Jahani, H, et al. “Cold chain management in hierarchical
operational hub networks”, Transportation Research Part E: Logistics and Transportation
Review, 147, pp. 102202 (2021).

Yaman, H. “The hierarchical hub median problem with single assignment”, Transportation
Research Part B: Methodological, 43(6), pp. 643-658 (2009).

Alumur, S.A., Yaman, H., Kara, B.Y. “Hierarchical multimodal hub location problem with time-
definite deliveries” Transportation Research Part E: Logistics and Transportation Review, 48,
1107-1120 (2012).

Sun, J.U. and Baek, D.K. “A hierarchical approach to the capacitated single allocation p-Hub
median with direct shipment”, Applied Mechanics and Materials, Trans Tech Publications Ltd,
(209-211), pp. 807-813 (2012).

Korani, E. and Sahraeian, R. “The hierarchical hub covering problem with an innovative
allocation procedure covering radiuses”, Scientia Iranica - Transactions on Industrial
Engineering, 20(6), pp- 2138-2160 (2013).

Sun, JU. “A hierarchical bio-inspired computing for the hub location-routing problem in parcel
service”, International Journal of Applied Engineering Research, 11(8), pp. 5357-5362 (2016).
Torkestani, S.S., Seyedhosseini, S. M., Makui, A., et al. “The reliable design of a hierarchical
multi-modes transportation hub location problems (HMMTHLP) under dynamic network
disruption (DND)", Computers & Industrial Engineering, 122, pp. 39-86 (2018).

Marianov, V. and Serra, D. “Location Models for Airline Hubs Behaving as M/D/c Queues,
Location models for airline hubs behaving as M/D/c queues”, Computers & Operations
Research, 30(7), pp. 983-1003 (2003).

Pourmohammadi, P., Tavakkoli-Moghaddam, R., Rahimi, Y., et al. “Solving a hub location-
routing problem with a queue system under social responsibility by a fuzzy meta-heuristic
algorithm”, Annals of Operations Research, 324, pp. 1099-1128 (2023).

Ghobadi, M., Arkat, ]., Farughi, H., et al. “Integration of facility location and hypercube queuing
models in emergency medical systems”, Journal of Systems Science and Systems Engineering,
30(4), pp- 495-516 (2021).


https://www.sciencedirect.com/journal/transportation-research-part-e-logistics-and-transportation-review
https://www.sciencedirect.com/journal/transportation-research-part-e-logistics-and-transportation-review
https://www.sciencedirect.com/journal/transportation-research-part-b-methodological
https://www.sciencedirect.com/journal/transportation-research-part-b-methodological
https://www.sciencedirect.com/journal/transportation-research-part-e-logistics-and-transportation-review
https://www.scientific.net/AMM
https://www.researchgate.net/journal/International-Journal-of-Applied-Engineering-Research-0973-4562
https://www.sciencedirect.com/journal/computers-and-operations-research
https://www.sciencedirect.com/journal/computers-and-operations-research

[11]

[12]

[15]

[16]

Geramianfar, R., Pakzad, M., Golhashem, H., et al. “A multi-objective hub covering location
problem under congestion using simulated annealing algorithm”, Uncertain Supply Chain
Management, 1(3), pp- 153-164 (2013).

Sedehzadeh, S., Tavakkoli-Moghaddam, R., Mohammadi, M., et al. “solving a new priority
m/m/c queue model for a multi- mode hub covering location problem by multi- objective
parallel simulated annealing”. Economic Computation & Economic Cybernetics Studies &
Research, 48(4). pp. 299-318(2014).

Ghodratnama, A., Arbabi, H. R,, and Azaron, A. “Production planning in industrial townships
modeled as hub location-allocation problems considering congestion in manufacturing
plants”, Computers & Industrial Engineering, 129, pp. 479-501 (2019).

Khodemani-Yazdi, M., Tavakkoli-Moghaddam, R., Bashiri, M., et al. “Solving a new bi-objective
hierarchical hub location problem with an M/M/c queuing framework”, Engineering
Applications of Artificial Intelligence, 78, pp. 53-70 (2019).

Ghodratnama, A., Arbabi, H. R, and Azaron, A. “A bi-objective hub location-allocation model
considering congestion, Operational Research, 20(4), pp. 2427-2466 (2020).

Vahdani, B., Mousavi, S. M., Hashemi, H., Mousakhani, M., et al. “A new compromise solution
method for fuzzy group decision-making problems with an application to the contractor
selection”, Engineering Applications of Artificial Intelligence, 26(2), pp. 779-788 (2013).
Ghodratnama, A., Tavakkoli-Moghaddam, R., and Azaron, A. “A fuzzy possibilistic bi-objective
hub covering problem considering production facilities, time horizons and transporter
vehicles”, Int. J. Advancde Manufacturing Technology, 66(1-4), pp. 187-206 (2013).
Mohammadi, M., Torabi, S.A., and Tavakkoli-Moghaddam, R. “Sustainable hub location under
mixed uncertainty”, Transportation Research Part E: Logistics and Transportation Review, 62,
pp. 89-115 (2014).

Sadeghi, M. and Tavakkoli-Moghaddam, R. “An efficient imperialism competitive algorithm for
a reliable hub covering location problem”, International Journal of Machine Learning and
Computing, 5(1), pp. 40-43 (2015).

Ghodratnama, A. Tavakkoli-Moghaddam, R. and Azaron, A. “Robust and fuzzy goal
programming optimization approaches for a novel multi-objective hub location-allocation
problem: A supply chain overview”, International Journal of Applied Soft Computing, 37, pp.
255-276 (2015).

Ghodratnama, A., Tavakkoli-Moghaddam, R., Azaron, A. “A stochastic approach for a novel p-
hub location-allocation problem with opening and reopening modes” International Jounal of
Business Performance & Supply Chain Modelling, 7, pp- 305-337 (2015).

Mousavi, S. M., Mirdamadi, S., Siadat, et al. “An intuitionistic fuzzy grey model for selection
problems with an application to the inspection planning in manufacturing firms”, Engineering
Applications of Artificial Intelligence, 39, pp. 157-167 (2015).

Mohammadi, M., Tavakkoli-Moghaddam, R, Siadat, A, et al. “Design of a reliable logistics
network with hub disruption under uncertainty”, Applied Mathematical Modelling, 40, pp.
5621-5642 (2016).

Mohammadi, M., Tavakkoli-Moghaddam, R, Siadat, et al. “A game-based meta-heuristic for a
fuzzy bi-objective reliable hub location problem”, Engineering Applications of Artificial
Intelligence, 50, pp. 1-19 (2016).


https://www.sciencedirect.com/journal/engineering-applications-of-artificial-intelligence
https://www.sciencedirect.com/journal/engineering-applications-of-artificial-intelligence
https://www.sciencedirect.com/journal/engineering-applications-of-artificial-intelligence
https://www.sciencedirect.com/journal/transportation-research-part-e-logistics-and-transportation-review
https://www.sciencedirect.com/journal/engineering-applications-of-artificial-intelligence
https://www.sciencedirect.com/journal/engineering-applications-of-artificial-intelligence
https://www.sciencedirect.com/journal/engineering-applications-of-artificial-intelligence
https://www.sciencedirect.com/journal/engineering-applications-of-artificial-intelligence

[25]

[38]

Rahimi, Y., Tavakkoli-Moghaddam, R., Mohammadi, M., et al. “Multi-objective hub network
design under uncertainty considering congestion: An M/M/c/K queue system”, Applied
Mathematical Modelling, 40(5-6), pp- 4179-4198 (2016).

Kim, H. and Ryerson, M.S. “The gq-ad hoc hub location problem for multimodal networks”,
Networks and Spatial Economics, 17(3), pp. 1015-1041 (2017).

Zhalechian, M., Tavakkoli-Moghaddam, R. Rahimi, Y., et al. “An interactive possibilistic
programming approach for a multi-objective hub location problem: Economic and
environmental design”, International Journal of Applied Soft Computing, 52, pp. 699-713
(2017).

Eskandari-Khanghahi, M., Tavakkoli-Moghaddam, R., Taleizadeh, A. A, et al. “Designing and
optimizing a sustainable supply chain network for a blood platelet bank under uncertainty”,
Engineering Applications of Artificial Intelligence, 71, pp. 236-250 (2018).

Kaveh, F., Tavakkoli-Moghaddam, R., Triki, C. “A new bi-objective model of the urban public
transportation hub network design under uncertainty”, Annals of Operations Research, 296,
131-162 (2021).

Bashiri, M., Rezanezhad, M., Tavakkoli-Moghaddam, R, et al. “Mathematical modeling for a p-
mobile hub location problem in a dynamic environment by a genetic algorithm”, Applied
Mathematical Modelling, 54, 151-169 (2018).

Zhalechian, M., Tavakkoli-Moghaddam, R., and Rahimi, Y. “A self-adaptive evolutionary
algorithm for a fuzzy multi-objective hub location problem: An integration of responsiveness
and social responsibility”, Annals of Operations Research, 62, pp. 1-16 (2017).

Sadeghi, M., Tavakkoli-Moghaddam, R. and Babazadeh, R. “An efficient artificial bee colony
algorithm for a p-hub covering location problem with travel time reliability”, The
International Journal of Industrial Engineering: Theory, Applications and Practice, 25(1), pp.
40-53 (2018).

Rahimi, Y., Torabi, S. A, and Tavakkoli-Moghaddam, R. “A new robust-possibilistic reliable
hub protection model with elastic demands and backup hubs under risk”, Engineering
Applications of Artificial Intelligence, 86, pp. 68-82 (2019).

Mokhtarzadeh, M., Tavakkoli-Moghaddam, R., Triki, C., et al. “A hybrid of clustering and meta-
heuristic algorithms to solve a p-mobile hub location-allocation problem with the
depreciation cost of hub facilities”, Engineering Applications of Artificial Intelligence, 98,
104121, (2021).

Tikani, H., Ramezanian, R., Setak, M., et al. “Hybrid evolutionary algorithms and Lagrangian
relaxation for multi-period star hub median problem considering financial and service quality
issues”, Engineering Applications of Artificial Intelligence, 97, 104056 (2021).

Alinaghian, M., Hejazi, S.R., Bajoul, N., et al. “A novel robust model for health care facilities
location-allocation considering pre disaster and post disaster characteristics”, Scientia Iranica
- Transactions on Industrial Engineering, 30(2), pp. 619-641 (2023).

Amiri, F. “Optimization of facility location-allocation model for base tranceiver station
antenna establishment based on genetic al-gorithm considering network effectiveness
criteria (case study north of kermanshah)”, Scientia Iranica- Transactions on Industrial
Engineering, Article in Press (2021).

Feizi, Y.A., Sharbatdar, M.K., Mahjoub, R,, et al. “Identifying damage location under statistical


https://www.springer.com/journal/11067/
https://www.sciencedirect.com/journal/engineering-applications-of-artificial-intelligence
https://www.springer.com/journal/10479/
https://www.springer.com/journal/10479/
https://www.sciencedirect.com/journal/engineering-applications-of-artificial-intelligence
https://www.sciencedirect.com/journal/engineering-applications-of-artificial-intelligence
https://www.sciencedirect.com/journal/engineering-applications-of-artificial-intelligence
https://www.sciencedirect.com/journal/engineering-applications-of-artificial-intelligence
http://scientiairanica.sharif.edu/article_22193.html
http://scientiairanica.sharif.edu/article_22193.html
http://scientiairanica.sharif.edu/article_22397.html
http://scientiairanica.sharif.edu/article_22397.html
http://scientiairanica.sharif.edu/article_22397.html
http://scientiairanica.sharif.edu/article_22589.html

pattern recognition by new feature extraction and feature analysis methods”, Scientia Iranica
- Transactions on Industrial Engineering, 29(6), pp. 2789-2802 (2022).

Asadi, H., Tavakkoli Moghaddam, R., Shahsavari Pour, N., et al. “A new nondominated sorting
genetic algorithm based to the regression line for fuzzy traffic signal optimization problem”,
Scientia Iranica- Transactions on Industrial Engineering, 25(3), pp. 1712-1723 (2018).

Gras, C, Herr, N, and Newman, A, “A decision aid algorithm for long-haul parcel
transportation based on hierarchical network structure”, International Journal of Production
Research, Article in Press (2022).

Li, Z. C,, Bing, X,, and Fu, X., “A hierarchical hub location model for the integrated design of
urban and rural logistics networks under demand uncertainty”, Annals of Operations
Research. (2023).

Bhattacharjee, A. K. and Mukhopadhyay, A., “Solving hierarchical hub facility location problem
using refined genetic algorithm”, In: Mandal, J.K,, Buyya, R., De, D. (Eds.) Proceedings of
International Conference on Advanced Computing Applications. Advances in Intelligent
Systems and Computing, Vol. 1406, Springer, Singapore, pp. 493-506 (2022).

Bhattacharjee, A. K. and Mukhopadhyay, A.,, “An improved genetic algorithm with local
refinement for solving hierarchical single-allocation hub median facility location problem”,
Soft Computing., 27(3), pp- 1493-1509 (2023).

Shang, X, Yang, K, Jia, B, et al. “Heuristic algorithms for the bi-objective hierarchical
multimodal hub location problem in cargo delivery systems”, Applied Mathematical Modelling,
91, pp. 412-437 (2021).

Eydi, A., Khaleghi, A., and Barzegar, K., “Ring hierarchical hub network design problem: Exact
and heuristic solution methods”, EURO Journal on Transportation and Logistics, 11, 100096
(2022).

Wang, M., Cheng, Q., Huang, J., et al. “Research on optimal hub location of agricultural product
transportation network based on hierarchical hub-and-spoke network model”, Physica A:
Statistical Mechanics and its Applications, 566, 125412 (2021).

Shang, X, Yang, K, Jia, B, et al. “Distributionally robust cluster-based hierarchical hub
location problem for the integration of urban and rural public transport system”, Computers
and Industrial Engineering, 155, 107181 (2021).

Bell, M. and lida, Y. “Transportation network analysis” (1997).

Kim, H. and O’Kelly, M.E. “Reliable p-hub location problems in telecommunication networks”,
Geographical Analysis, 41(3), pp. 283-306 (2009).

Shortle, J. F,, Thompson, J. M., Gross, D., et al. “Fundamentals of queueing theory”, Fifth
edition, Wiley (2017).

Charnes, A., Cooper, W.W. “Chance-constrained programming”, Management Science, 6(1), pp.
73-79 (1959).

Pishvaee, M. S. and Razmi, ]. “Environmental supply chain network design using multi-
objective fuzzy mathematical programming”, Applide Mathmatical Modelling, 36(8), pp.-
3433-3446 (2012).

Ghodratnama, A. Torabi, S.A, Tavakkoli-Moghaddam , R. “Credibility-based fuzzy
programming models to solve the budget-constrained flexible flow line problem®, Iranian
Journal of Fuzzy Systems, 9(6), pp. 1-29 (2012)


http://scientiairanica.sharif.edu/article_22589.html
http://scientiairanica.sharif.edu/article_4442.html
http://scientiairanica.sharif.edu/article_4442.html
https://www.x-mol.net/paperList?type=1&journalId=74852
https://www.sciencedirect.com/journal/physica-a-statistical-mechanics-and-its-applications
https://www.sciencedirect.com/journal/physica-a-statistical-mechanics-and-its-applications
https://ijfs.usb.ac.ir/article_110.html
https://ijfs.usb.ac.ir/article_110.html

[54] Liu, B, “Theory and practice of uncertain programming, studies in fuzziness and soft
computing”, Springer, Berlin, Heidelberg (2009).

[55] Figueira, ]., Greco, S., Ehrgott, M., “Multiple criteria decision analysis: State of the art surveys”,
Springer, New Youk, USA (2005).

Biography

Vahid Yahyapour-Ganji is a PhD student in Department of Industrial Engineering at the Khajeh
Nasir Toosi University of Technology. He received his M.Sc. degree from the Kharazmi University
under the supervision of Dr. Ali GHodratnama in 2021. His main research areas are hub location,
multi-objective optimization, reliability uncertainty, and meta-heuristic algorithms.

Ali Ghodratnama is an Associate Professor in Department of Industrial Engineering at the
Kharazmi University. His particular working field is logistics and supply chain. He got his Master
and Ph.D. degrees from the University of Tehran under the supervision of Professor Reza Tavakkoli-
Moghaddam. He is expert in operational research, mathematical modeling and multi-criteria
decision-making approaches. Many students were graduated at the Kharazmi University under his
supervisory. He also published many papers in reputable journals and conferences.

Reza Tavakkoli-Moghaddam is a professor of Industrial Engineering at the College of Engineering,
University of Tehran in Iran. He obtained his Ph.D., M.Sc. and B.Sc. degrees in Industrial Engineering
from Swinburne University of Technology, University of Melbourne, and Iran University of Science
and Technology in 1998, 1994, and 1989, respectively. He serves as the Editor-in-Chief of the
Advances in Industrial Engineering journal published by the University of Tehran and the Editorial
Board member of nine reputable academic journals. He is the recipient of the 2009 and 2011
Distinguished Researcher Awards and the 2010 and 2014 Distinguished Applied Research Awards
at University of Tehran, Iran. He has been selected as the National Iranian Distinguished Researcher
in 2008 and 2010 by the MSRT (Ministry of Science, Research, and Technology) in Iran. He has been
the top 1% scientist and researchers in the world elite group since 2014. Also, he received the
Order of Academic Palms Award as a distinguished educator and scholar for the insignia
of Chevalier dans I'Ordre des Palmes Academiques by the Ministry of National Education of France in
2019. He has published 5 books, 37 book chapters, and more than 1000 journal and conference
papers.

Figures

Figure 1. Percentage of the published paper on the subject of this research.
Figure 2. Hierarchical hub network structure in this study.

Figure 3. Calculation of reliability with factors a¢and y.

Figure 4. Congestion, unloading, loading, and departure in the ground hub.
Figure 5. Congestion, unloading, loading, and departure in the air hub.
Figure 6. Triangular fuzzy membership function.



Figure 7. Non-dominated solutions obtained by LP-metric and GA approaches and fitted convex
hyperplane. (test problem no.1).
Figure 8. Hub network and components from the one obtained solution.

Tables
Table 1. Review of the existing literature.
Table 2. Parameters for the numerical problem.
Table 3. Test problems.
Table 4. Scenarios regarded for each test problem.
Table 5. Numerical outcomes reported by the LP-metric approach for problem no. 1 (CPU-time
and OFV).
Table 6. Numerical outcomes reported by the LP-metric approach for problem no. 2 (CPU-time
and OFV).
Table 7. Numerical outcomes reported by the GA approach for problem no. 1 (CPU-time and OFV).
Table 8. Numerical outcomes reported by the GA approach for problem no. 2 (CPU-time and OFV).
Table 9. Decision matrix.
Table 10. Non-scaled weighted decision matrix.
Table 11. Results reported by the SAW method.
Table 12. Fuzzy test problem.
Table 13. Confidence level values considered for each alternative.
Table 14. Fuzzy parameters related to the considered fuzzy test problem.
Table 15. Certain parameters related to the fuzzy test problem under consideration.
Table 16. Numerical results obtained related to the considered alternative LP-metric.
Table 17. Numerical results obtained related to the considered alternative GA.

Figures

® P-hub Median
® P-hub Center
= P-hub Covering

Hierechial Hub
® Hub Problem ‘
(Review Study)

Figure 1. Percentage of the published paper on the subject of this research.




Demand node

Ground hub

Airport hub

>EO

Figure 2. Hierarchical hub network structure in this study.

RR, =0.9
k
(GLI (RR,, )
(a) Inter-hub route | > K >m— | (b) One-hub-stop route | >K —
Reliability of Parameters Reliability of
Parameters i>kom— | i—>k—j
a=09,RR , =08 RR;} =0.792 (b)) =09,y=0.7 RRy! =0.782
(b)) @=0.9,7=09 RR;} =0.782

Figure 3. Calculation of reliability with factors aand y.



Ground
hub

Truck

Receiving/
Delivering

Goods

L
o

Going to
the
Ground

Going to
the Air

Going to
the Client

Figure 4. Congestion, unloading, loading, and departure in the ground hub.



Air hub

Airplane

Truck

Figure 5. Congestion, unloading, loading, and departure in the air hub.



ri rz rs

Figure 6. Triangular fuzzy membership function.

38



12
10
105 T T T T 5 T T T T
% LP-metric % LP-metric
A A
sl A GA | a5k GA
0 o
N 2
g 6 1 g 4n A ¥
3 8
S 5
o 4F 1 v 35 1
[se) <
2r b 3r 1
*
0 | *.;I’\( 1 | 1 | 1 )i’s 25 1 1 1 1 1 1
2 21 22 2.3 24 25 2.6 27 2 21 22 2.3 24 25 26 2.7
2% Objective x10° 2% Objective x10°
5 T
% LP-metric x10*
A GA
45 1 8
0 22
T 4% K A A e
Q 21
8 (¢]
v 35F . 2 0+
<
-1 =l
3+ . 10
2.6
25 | | 1 1 I 1 1 1 X 1012 2.4
. o 0 2 ’
0 1 2 3 4 5 6 7 8 9 gnd Objective oot Objective
nd P 12
3™ Objective x10

Figure 7. Non-dominated solutions obtained by LP-metric and GA approaches and fitted convex hyperplane. (test problem no.1).



y Solution approaches
LP-metric GA
= T Airport 0.6
H — hub
B
1
A el Ground !
e J - hub
o myym =W
Y ) s 5
‘ y £ e —ww
a o .
& Town
Path 3 4 5 3
(link)
5 5
3
0.7
1
1 2
2 2
3 . 3
Yo =—ww )
0.8




Figure 8. Hub network and components from the one obtained solution.
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Table 1. Review of the existing literature.

Tables
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Alumur
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Single
Sun and Allocation p-
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Table 2. Parameters for the numerical problem.

Problem No.
1 2 3

a 0.75 0.75 0.75

B 0.93 0.93 0.93

X 0.95 0.95 0.95

) 0.99 0.99 0.99

¢ 0.7 0.7 0.7

@ 0.6 0.6 0.6

RG,  ~uniform (0,1 ~ uniform (0,1) ~ uniform (0,2)

RA ~ uniform (0,1) ~ uniform (0,1) ~ uniform (0,2)

RR ;  ~uniform (0,1) ~ uniform (0,1) ~ uniform (0,1)

FG, ~ uniform(5000,10000) ~ uniform(5000,10000) ~ uniform(5000,10000)
FA ~ uniform (15000, 25000) ~ uniform (15000, 25000) ~ uniform (15000, 25000)
W, ~ uniform (10,20) ~ uniform (10, 20) ~ uniform (10, 20)

I'G, ~ uniform (100000,200000)  ~ uniform (100000,200000)  ~ uniform (100000, 200000)
A ~ uniform (200000,300000)  ~ uniform (200000,300000)  ~ uniform (200000, 300000)
LG, ~ uniformint (3,4) ~ uniformint (3,4) ~ uniformint (3,4)

UA ~ uniformint (4,5) ~ uniformint (4,5) ~ uniformint (4,5)

NG, ~ uniformint (3,4) ~ uniformint (3,4) ~ uniformint (3,4)

NA ~ uniformint (5,6) ~ uniformint (5,6) ~ uniformint (5,6)
QCG, ~ uniformint (10,20) ~ uniformint (10, 20) ~ uniformint (10, 20)
QCA  ~uniformint (10, 20) ~ uniformint (10, 20) ~ uniformint (10, 20)
C, ~ uniform (330,2730) ~ uniform (330, 2730) ~ uniform (330, 2730)
D, | ~ uniform (2,9) ~ uniform (2,9) ~ uniform (2,9)

RT 480 480 480

CR; ~ uniform (1.5, 2) ~ uniform (1.5, 2) ~ uniform (1.5,2)
TNG;,  ~uniform (3,7) ~ uniform (3,7) ~ uniform (3,7)

TGA, ~uniform (3,5) ~ uniform (3,5) ~ uniform (3,5)

TAA . ~uniform (1,2) ~ uniform (1, 2) ~ uniform (1, 2)

RO, ~ uniform (0,2) ~ uniform (0,2) ~ uniform (0,2)

LA ~ uniform (2,3) ~ uniform (2,3) ~ uniform (2,3)

M 1000000 1000000 1000000
Table 3. Test problems.

Problem No.

Index

Description
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IT No. of all nodes

GT No. of potential ground hubs
AT No. of potential airport hubs

—_

Table 4. Scenarios regarded for each test problem.

) Weights

Scenario no.

Wi w2 W3 Wy
1 0.7 0.1 0.1 0.1
2 0.1 0.7 0.1 0.1
3 0.1 0.1 0.7 0.1
4 0.1 0.1 0.1 0.7
5 0.4 0.4 0.1 0.1
6 0.1 0.4 0.4 0.1
7 0.1 0.1 0.4 0.4
8 0.4 0.1 0.1 0.4
9 0.4 0.1 0.4 0.1
10 0.1 0.4 0.1 0.4
11 0.25 0.25 0.25 0.25
12 1 0 0 0
13 0 1 0 0
14 0 0 1 0
15 0 0 0 1

Table 5. Numerical outcomes reported by the LP-metric approach for problem no. 1 (CPU-time

and OFV).

Scenario Objective function CPU-
no. Z1 Z2 Z3 Z4 z time (s)
1 0 215161.852 23.804 3.950 0.099 2045
2 0 215161.852 23.804 3.950 0.093 2264
3 0 215426.283 23.804 3.95 0.661 1280
4 0 215161.852 23.804 3.950 0.099 1452
5 0 215161.852 23.804 3.950 0.096 2288
6 0 215161.852 23.804 3.95 0.396 1338
7 0 215161.852 23.804 3.95 0.399 2246
8 0 215161.852 23.804 3.95 0.099 1400
9 0 215161.852 23.804 3.95 0.399 1339
10 0 215161.852 23.804 3.95 0.096 1332
11 0 215161.852 23.804 3.95 0.248 1539
12 0 216486.278 23.804 3.95 0.00 1334
13 0 215161.852 23.804 3.95 0 1320
14 0 216486.278 23.804 3.95 1 1351
15 0 264886.827 25.323 3.950 0 1330
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Table 6. Numerical outcomes reported by the LP-metric approach for problem no. 2 (CPU-time

and OFV).

Scenario Objective function CPU-
no. Z1 Z2 Z3 Z4 z time (s)
1 0 200569.017 16.648 3.950 0.1 85

2 0 200569.017 16.648 3.950 0.1 66

3 0 200569.017 16.648 3.950 0.7 80

4 0 200569.017 16.648 3.950 0.1 58

5 0 200569.017 16.648 3.950 0.1 79

6 0 200569.017 16.648 3.950 0.4 67

7 0 200569.017 16.648 3.950 0.4 49

8 0 200569.017 16.648 3.950 0.1 83

9 0 200569.017 16.648 3.950 0.4 82

10 0 200569.017 16.648 3.950 0.1 82

11 0 200569.017 16.648 3.950 0.25 80

12 0 231220.068 6.567 3.950 0 52

13 0 200569.017 16.648 3.950 0 78

14 0 231220.068 6.567 3.950 1 83

15 0 510620.094 46.598 3.95 0 191

Table 7. Numerical outcomes reported by the GA approach for problem no. 1 (CPU-time and

OFV).

Scenario Objective function CPU-
no. Z1 Z2 Z3 Z4 z time (s)
1 0 217248.579 8.23579E+12 3.95 0 1275
2 0 217248.579 8.23579E+12 3.95 0 1305
3 0 217248.579 8.23579E+12 3.95 0 1353
4 0 217248.579 8.23579E+12 3.95 0 1408
5 0 217248.579 8.23579E+12 3.95 0 1394
6 0 217248.579 8.23579E+12 3.95 0 1468
7 0 217248.579 8.23579E+12 3.95 0 1301
8 0 217248.579 8.23579E+12 3.95 0 1280
9 0 217248.579 8.23579E+12 3.95 0 1292
10 0 217248.579 8.23579E+12 3.95 0 1285
11 0 217248.579 8.23579E+12 3.95 0 1304
12 0 217248.579 8.23579E+12 3.95 0 1193
13 0 217248.579 8.23579E+12 3.95 0 1286
14 0 200569.017 6.14340E+12 3.95 0 1039
15 0 217248.579 8.23579E+12 3.95 0 1196

Table 8. Numerical outcomes reported by the GA approach for problem no. 2 (CPU-time and

OFV).

Scenario Objective function CPU-
no. Z1 Z2 Z4 z time (s)
1 0 200569.017 6.14340E+12 3.95 0 1041

2 0 200569.017 6.14340E+12 3.95 0 1041
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3 0 217248.579 8.23579E+12 3.95 0 1304
4 0 200569.017 6.14340E+12 3.95 0 1042
5 0 200569.017 6.14340E+12 3.95 0 1043
6 0 200569.017 6.14340E+12 3.95 0 1044
7 0 200569.017 6.14340E+12 3.95 0 1042
8 0 200569.017 6.14340E+12 3.95 0 1046
9 0 200569.017 6.14340E+12 3.95 0 1042
10 0 200569.017 6.14340E+12 3.95 0 1041
11 0 200569.017 6.14340E+12 3.95 0 1048
12 0 200569.017 6.14340E+12 3.95 0 1045
13 0 200569.017 6.14340E+12 3.95 0 1042
14 0 200569.017 6.14340E+12 3.95 0 1041
15 0 200569.017 6.14340E+12 3.95 0 1044
Table 9. Decision matrix.
Solution Objective function CPU-time (s)
approaches Z, z, z, Z,
LP-metric 0 221998.5 20.6029 3.95 835.7667
GA 0 208908.8 7.19E+12 3.95 1176.167
Weight 0.2 0.2 0.2 0.2 0.2
Table 10. Non-scaled weighted decision matrix.
Solution Objective function CPU-time (s)
approaches Z Z, z, Z,
LP-metric 1 0.941037 2.86566E-12 1 1
GA 1 1 1 1 0.710585
Weight 0.2 0.2 0.2 0.2 0.2
Table 11. Results reported by the SAW method.
Solution approaches Obtained Score Rank
LP-metric 0.588207 2
GA 0.8 1
Table 12. Fuzzy test problem.
Index Description Fuzzy problem
IT No. of all nodes 5
GT No. of potential ground hubs 1
AT No. of potential airport hubs 1
Table 13
Confidence level values considered for each alternative.
- Alternative 1 Alternative 2 Alternative 3
Vi | —l2,...,5
0.6 0.7 0.8
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Table 14. Fuzzy parameters related to the considered fuzzy test problem.

Parameter Values Parameter Values
G} ~ uniform(10000, 20000) TGA, ~ uniform(3,5)
I'G? ~ uniform(20000,30000) TGA?, ~ uniform(5,6)
rGe ~ uniform(30000,40000) NG}, ~ uniform(6,7)
A ~ uniform(30000,40000) TAA, ~ uniform(1,1.25)
I'A? ~ uniform(40000,50000) TAA, ~ uniform(1.25,1.75)
A’ ~ uniform(50000, 60000) TAA, ~ uniform(1.75,2)
NG/, ~ uniform(3,5) RO/ ~ uniform(0,0.3)
TNG?, ~ uniform(5, 6) RO? ~ uniform(0.3,0.6)
NG}, ~ uniform(6,7) RO} ~ uniform(0.6,1)
LA ~ uniform(2,2.3) RT! ~ uniform(50, 70)
LA ~ uniform(2.3,2.6) RT?2 ~ uniform(70,90)
LA’ ~ uniform(2.6,3) RT3 ~ uniform(90,110)
Table 15. Certain parameters related to the fuzzy test problem under consideration.
Parameter Values Parameter Values
a 0.75 D, ~ uniform (3,4)
M 1000000 Ci; ~ uniform (330, 2730)
B 0.93 W, ; ~ uniform (0,2)
0 0.9 CR; ~ uniform (1.5,2)
RG, ~ uniform (0,1) LG, ~ uniformint (2,3)
RA ~ uniform (0,2) LA ~ uniformint (3,4)
RR ~ uniform (0,1) NNG, ~ uniformint (2,3)
FG, ~ uniform(9000,10000) NNA ~ uniformint (3,4)
FA ~ uniform (10000,20000) QCG, ~ uniformint (10, 20)
QCA ~ uniformint (10, 20)
Table 16. Numerical results obtained related to the considered alternative LP-metric.
Objective function CPU-
Confidence level 2, 2, Z, 2, time
(s)
7, =06 1=12..5 0 80450.011 1.23203E+13 4.940 5912
7, =07 1=12..5 0 82508.845 26.570 4940 3905
7,=08 i=12..,5 0 82956.774 36.012 4,940 1515
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Table 17. Numerical results obtained related to the considered alternative GA.

Objective function

Confidence level 2, 2, Z, Z, ti(r::eU[_s )
7,=06 1=12..5 0 80450.011 1.23203E+13 4.940 5674
7,=07 i=12,..5 0  82508.845 26.570 4.940 2876
7,=08 i=12..5 0 82956.774 36.012 4.940 1326
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