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Abstract. The increasing population in large cities and the unbalanced urban growth associated with massive use of
private cars in metropolitan areas often lead to traffic jams and road congestion that warrant the construction of such
capital-intensive buildings as off-street public parking facilities. However, the initial problem in such projects is locat-
ing a suitable spot where all citizens can be conveniently served and the traffic load in busy city centers can be reduced
by removing the need for on-street parking facilities. In this paper, an urban transportation network including, a num-
ber of parking demand points, a set of possible sitting locations, and several entry points of traffic flow are considered.
Four objectives are generally considered for the public oft-street parking location problem that include reducing traf-
fic congestion, maximizing coverage demand, minimizing walking distance between demand points and new parking
facilities, and decreasing related costs. The flow-capturing model has been exploited to develop two approaches for
minimizing traffic congestion. Based on these approaches and other objectives, two models have been proposed. The
covering distance of parking facilities will be uncertain in these models. Traffic flow entry points, driver’s path, and
different types of parking lots have also been considered. Finally, relevant information and data required for imple-
menting the proposed models were collected on two traffic zones in Central Business Districts (CBD) of Isfahan (Iran).
Then, the &-constraint method was used to solve the proposed multi-objectives models and the best candidate points
for establishing new off-street parking facilities were determined.

Keywords: facility location, public parking lots, off-street parking facility, flow-capturing, multi-objective decision-

making, mathematical modelling.

Introduction

Traffic congestion is a major problem in metropolitan
cities. It is being aggravated by such factors as growing
urbanization, concentration of activities in Central Busi-
ness Districts (CBD), population influx, and poor public
transport systems. This is while problems such reducing
street capacity due to on-street parking, irregular and
slow movement of cars searching for vacant car park
spaces, and delays caused by entering or leaving a car
park in the street leads to even more traffic jams and
road congestion. One of the negative effects that can be
associated to parking in urban region is the presence of
cruising traffic. That is, drivers may need to drive around
whereas searching for a vacant parking spot. This leads
to additional traffic on the urban network (Chaniotakis,
Pel 2015). Construction of off-street parking lots seems
to offer one possible solution to the situation.

Such facilities naturally need to be erected in the
right location in order to ensure that the objectives jus-
tifying the investment are achieved and that the citizens
are properly served. As in all other public projects, there
are different stakeholders such as the local government,
investors, and users. Hence, a solution is required that
satisfies all the stakeholders. Another question that must
be addressed is the selection of the right off-street park-
ing lot from among the different surface, multi-story,
underground, roofed, and mechanical types (Shahi
2011). Each has its own costs and provides a different
capacity. Thus, the type of parking lot forms a decision-
making parameter. The main objective of the present
study is to determine the best location and the most
appropriate type of new off-street parking facilities to
achieve maximally reduced traffic congestion, to provide
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maximum coverage at demand points, and to minimize
the walking distances among the facilities at the lowest
total costs. In Section 2, previous studies of the off-street
parking location problem are reviewed. In Section 3, the
assumptions of the problem and the models proposed
will be presented. Section 4 will describe the data collec-
tion method, implementation of the models, and the re-
sults obtained from the implementing proposed models
for two different traffic zones of CBD’s in Isfahan (Iran)
as a case study. Finally, conclusions and suggestions will
be presented in the last Section.

1. Literature review

Facility location has of long been considered as an im-
portant decision-making problem. However, the formal
study of facility location started in 1909 when Weber
studied the location of a warehouse such that all the
distances between the warehouse and various custom-
ers were minimized (Drezner, Hamacher 2002). The
facility location theory has ever since been employed
and different models have been developed with various
applications in different fields. The models thus far de-
veloped can be classified from different aspects but they
are generally are classified into discrete, continuous, and
network-based models, based on their solution spaces.
Eight basic models may be exploited for locating a given
facility on a network; they include: set covering, maxi-
mal covering, P-center, P-dispersion, P-median, fixed
charge, hub and maxisum (Drezner, Hamacher 2002).
One important aspect of urban transportation system
that plays an important role in decreasing traffic con-
gestion is off-street parking facilities. Many studies have
been conducted on parking facilities locations some of
which are based on Geographic Information Systems
(GIS) and Analytical Hierarchy Process (AHP).

Ghanbari and Ghazi Asgar (2011) identified the
following five criteria for determining parking lot lo-
cation: distance from absorbtion centers, proximity to
busy streets, suitable land use for parking, value of prop-
erty, density of inhabitants. They calculated the weight
of each criterion by pairwise comparison and tested
different methods of compound overlay including the
Boolean, multiple weighting, and fuzzy logic. In next
stage, they prepared a utility map using each of these
methods and found that the fuzzy logic provided the
best results. Jelokhani-Niaraki and Malczewski (2015a)
in their study presented a Web-based group GIS-MCDA
approach to address the issue of parking lot location in
Tehran. They claimed that the integration of GIS and
Multi-Criteria Decision Analysis (MCDA) capabilities
into the Web platform has offered an effective Multi-
Criteria Spatial Decision Support System (MC-SDSS)
with which to involve different groups in parking lot
selection processes. They believed the system makes it
possible to find appropriate locations that may reconcile
the various and conflicting objectives resulting from dif-
ferent views and the final site selection outcome that can
be generally accepted.
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Aliniai et al. (2015) in their study aim at finding the
most suitable sites for public parking lots considered five
criteria of ‘distance from travel absorber centers, ‘dis-
tance from passages, ‘the cost of real estate’ and ‘suitable
land uses for parking lots, while ‘unsuitable land uses
for public parking spaces’ such as historical places were
regarded as a constraint factor and excluded from be-
ing further analysed. Using pair wise comparisons the
selected criteria were weighted and then by applying
Boolean Method and fuzzy Ordered Weighted Average
(OWA) the map layers were finally overlaid. The other
GIS-based studies on parking location adopted the same
methodology but only changed the criteria or the layers
combining procedures (Tang et al. 2013; He et al. 2015;
Jelokhani-Niaraki, Malczewski 2015b).

A number of studies adopted the mathematical
modelling approach. Dirickx and Jennergren (1975)
used an assignment model for determining the opti-
mum allocation of existing parking spaces with differ-
ent types of parking demand. Goyal and Gomez (1984)
proposed a linear programming model for determining
the optimum allocation of campus car parking facilities
to different classes of users. Wey (2003) assumed that
parking demand changes over a given time horizon and
P new parking lots have to be located at given times. The
problem is to find the best location for the new parking
facilities.

Chiu (2005) considered two objective functions.
The first is to maximize parking demand fulfilled by
parking facilities and the second is to minimize the total
social costs which include construction costs, operating
and maintenance costs for operators, walking cost for us-
ers, the costs of reducing air and noise pollution covered
by all people, and the penalty cost for the unfulfilled de-
mands. Wang et al. (2008) in their study tried to deter-
mine the best locations for public parking facilities with
the objective of minimizing both the total cost and the
weighted distance between the parking facilities and de-
mand points. Here, the number of new parking facilities
is unknown but efforts are made to satisfy the total park-
ing demand with the minimum number of parking lots.

Most previous studies have used one objective
function. However, multiple objectives are preferred
due to the nature of the public parking location prob-
lem and the requirement to satisfy various stakeholders’
demands. In addition to these parameters, the present
study will also include flow entry points, driver’s route,
and the existing parking lots that have been neglected
in most previous studies on the parking facility location
problem. Moreover, most parameters have been gener-
ally assumed to be deterministic, which will receive a
non-deterministic treatment in this study.

2. Problem definition and modelling

In this research, it is assumed that part of the urban
transportation network includes a number of parking
demand points (places where attract trips) and a num-
ber of candidate points for locating parking lots where
cars arrive from different points and routes. It is further
assumed that cars enter the area from different points
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(called flow entry points) at a certain or pre-specified
rate. In addition, there is a possibility to locate any type
of parking lot at any candidate point but only at vary-
ing costs and with different capacities depending on
the parking type selected. Since the distance of park-
ing lot for different demand points are not the same, in
this paper the coverage distance considered uncertain.
If the distance between demand point and a parking lot
is less than D¢, then the car drivers willing to go to the
parking lot. As this distance increases, the likelihood of
people to use this car park is reduced. If the distance is
longer than Dc,, in this case the car drivers reluctant to
go to the parking lot.

In addition to these assumptions, the following as-

sumptions are considered in this study:

— the distance between a demand point and a can-
didate point is calculated based on the walking
distance.

- the distance between flow entry points and can-
didate points and that between flow entry points
and demand points are calculated based on the
distance travelled by car.

- the distance between various points are consid-
ered equal to the shortest path between them on
the network and are calculated based on the dis-
tance between the centers of gravity.

- a number of parking facilities already exist in the
region.

2.1. Notations used

The notations for this problem are defined as follows.

2.1.1. Parameters

I - the set of parking demand points i

J - the set of parking facilities j;

K - the set of flow entry points indexed by k;

P - the set of parking facilities types indexed by p;

d;; - the distance between demand point i and can-
didate point j;

d;; - the distance between entry point k and candi-
date point j;

dy; - the distance between entry point k and demand
point i

0;; - if demand point i is located within the maxi-
mum coverage distance of candidate point j, 1;
otherwise, 0;

u;; — utility of candidate point j for demand point i;

Pdy; - the amount of parking demand at point i of
entry point k;

bj, - the capacity at candidate point j if type p is se-
lected (maximum number of cars that can be
parked in this type of facility);

Cc;j, — the cost Qf property acquisit.ion. e}nd facilit.y
constructing at candidate point j if type p is
selected;

OMc,, - annual operation and maintenance cost for
each unit of type p;

Pc - annual penalty cost per unit of unsatisfied de-

mand;
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Dc, - lower bound of coverage distance;
Dc, - upper bound of coverage distance;
n — number of new off-street parking facilities;
M - alarge constant;
Mf - another large constant.

2.1.2. Decision variables

Yjp — if a parking type P is located at candidate point
j» 1; otherwise, 0;

Xkijp — the amount of parking demand from entry point
k to demand point i served by parking type p
located at candidate point j;

z;; — the unsatisfied demand at point i of entry point k;
vj, — the free capacity at candidate point j if parking
type p is located.

2.2. Objective functions

In this paper, four objectives are considered for the
public parking location problem. The first involves
minimizing traffic congestion. The second and third are
combined together and meant to maximize the demand
covered and minimize the distance walked. Finally, the
fourth objective is to minimize different costs.

2.2.1. Minimizing traffic congestion

One of the objective functions in the parking location
problem is minimizing the traffic volume in the region.
For this purpose, it is necessary to consider the entry
points of traffic flow to the region. This objective can be
achieved through two approaches.

2.2.1.1. First approach

This approach aims to minimize traffic congestion by
minimizing the travel distance between flow entry points
and new parking lots. Equation (1) shows the objective
function of minimizing traffic congestion based on this
approach:

Minimize Z, = Z ZZ z (d;(j 'eij Kiijp +

keK iel je] peP

M-(1=0;)- x4, )+ 3 Y MF -2 (1)

keKiel

The first part of this equation is the product of the
distance between flow entry points and new parking lots
in the demand served by these parking lots. It should
be noted that this part of the objective function is only
applied for demand points and the candidate points
located within the maximum coverage distance (other-
wise, 6;; is equal to zero). The second part ensures that
if a candidate point j does not cover the demand point
i, xyjp should be zero.

The last term in this equation forces the model
to reduce the amount of unsatisfied demand; in other
words, the amount of traffic congestion caused by unsat-
isfied demands will be minimized. The objective func-
tion is expressed in number of cars at travelled distance
(the volume of traffic).
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2.2.1.2. Second approach

This approach seeks to maximize the distance between
demand points and new parking lots in order to reduce
the volume of traffic in the region. Put differently, it tries
to maximize the flow capture from the network, that is,
drivers can find a parking lot on their way to their points
of destination (Khakbaz et al. 2013).

Based on this approach, the objective function of
maximizing traffic congestion reduction can be written
as in Equation (2). Given that the distance between de-
mand points and new parking lots depends on differ-
ent points of flow entry, it will be necessary to consider
traffic flow entry points. In Equation (2), the product of
distances between demand points and new parking fa-
cilities in the amount of parking demand between these
points is expressed:

Maximize Z; = »_ > > > (dj; - d,;j)~e,.j Kjp- (2)
keK iel je] peP

This objective function aims at maximizing the
distance between demand points and new parking lots,
but the coefficient Gij in Equation (2) ensures that these
points do not exceed the upper bound of coverage dis-
tance. Like the previous approach, this objective func-
tion is expressed in number of cars in travelled distance.

2.2.2. Maximizing coverage demand
and minimizing walking distance

One of the objectives considered for enhancing the pro-
ductivity of off-street parking facilities is maximizing the
coverage demand (Chiu 2005). Minimizing the walking
distance is another objective that has attracted much at-
tention (Ghanbari, Ghazi Asgar 2011; Wey 2003; Chiu
2005; Wang et al. 2008). In this study, these two func-
tions are considered together while it is assumed that the
coverage distance is uncertain.

A utility criterion u;; based on the distance between
demand points and candidate points is defined between
zero and one. In this research, two coverage distances are
considered. If the distance between the demand point
and the candidate point is less than the lower bound of
coverage distance Dc;, the utility criterion is equal to
one. The value decreases as the distance increases until
the distance exceeds the upper bound of coverage dis-
tance Dc, when the value for the criterion will be equal to
zero. Equation (3) calculates the value for this criterion:

1, dij <Dc;;
uy=1f(ds). Da<d;<Doy; 3)
0, Dc, < dij.

Assuming that f{d; ) is calculated by Equa-
tion (4), Figure 1 shows u;; on the basis of different dis-
tances between demand and candidate points:

Dc, —d;
d.. :—], 4
f( "’) Dc, — D¢, )

According to the utility criterion defined above, the
objective function of maximizing coverage demand is

D¢, Dc, dij

Figure 1. Utility criterion based on the distance between
demand and candidate points

given by Equation (5) in which, the parking coverage
distance is assumed to be uncertain. Other purpose of
this equation is to minimize the walking distance be-
tween parking facilities and demand points. This func-
tion is expressed in demand value:

Maximize Z, = Z ZZ Z Ui " Xpiip- (5)

keK i€l je] peP

2.2.3. Minimizing different costs

Another objective is minimizing the costs as shown in
Equation (6):

Minimize Z; = Z z (chp +0Mc, ~bjp>><
jeJ peP

Yip ¥ D D Pezy. (6)

keKiel

The first component of the objective function
captures the costs of property acquisition, facility con-
struction, and annual operation and maintenance. The
second component expresses the penalty cost for un-
satisfied demands. In order to express these different
components in the same unit, costs are calculated on an
annual basis. Assuming that the parking fee is based on
the total costs per unit of car park, minimizing the value
for this criterion will minimize the parking fee.

2.3. Proposed models

Based on the different approaches cited above and con-
sidering the objectives described, two multi-objective
models are proposed which are named MOPLP1 (Mul-
ti-Objective Parking Location Problem1) and MOPLP2.
The first objective functions in these two models are not
identical.

2.3.1. MOPLP1 model
This model is based on the first approach as follows:

Minimize Z, = Z ZZ z (d;{j 'eij Kkijp +

keK iel je] peP

M-(1-8;) 5y, )+ 23 M -2 (1)

keKiel

Maximize Z, = ). D> > Ujj * X (5)

keK iel je] peP
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Minimize Z; = Z Z (chp +OMcp ~bjp)><

jeJ peP

Vip+ 2 2 Perzg (6)

keK iel
subject to:
Y Y Xijp + 2k =Py, VkeK, Viel; %)
jeJ peP
szkijp+vjp:bjp'yjp’ Vje], VpeP; (8)
keK iel
Zyjpsl, Vvje]; )
peP
2D Vp = (10)
jeJ peP
yjp €01}, Vje], VpeP; (11)

Xip 20, VkeK, Viel, Vje], ¥peP; (12)
z;; 20, VkeK, Viel; (13)
v, 20, Vje], VpeP. (14)

Constraint (7) ensures that the parking demand at
any demand point is either served by a facility or con-
sidered as an unsatisfied demand. Constraint (8) deter-
mines the total demand assigned to each facility and in-
sures that the allocated demand to each candidate point
is not greater than its capacity. Constraint (9) indicates
that one type of parking lot can only be deployed at any
candidate point. Constraint (10) states the number of
new off-street parking facilities to be built. Relations
(11)-(14) represent decision variables of the model.

To take into account the existing parking lots in
proposed model, they are assumed to be candidate
points which have been located before. It is also neces-
sary that the number of existing parking lots is added to
the number of new parking lots, while the costs of land
acquisition and construction for the existing parking fa-
cilities are taken to be zero.

2.3.2. MOPLP2 model

This model has been developed based on the second ap-
proach:

Maximize Z, = Z ZZ z (d,’éi - dl'cj)'eij “Kyiips (2)

keK iel je] peP

Maximize Zy = 3 D" D" > thi - Xy €)

keK iel je] peP

Minimize Z, = Z Z (chp +OMc, -bjp)x

jel peP
Vip+ 2, D Pezy, (6)
keKiel
subject to:
szkijp+zki:Pdki’ VkeK, Viel; (7)
jeJ peP

szkijp+vjp:bjp'yjp’ VjEI, VPEP; (8)
keKiel
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2 p <L VjeJ; 9)
peP

22 p=ns (10)
jeJ peP

yp {01}, Vie], VpeP; (11)

Xyp 20, VkeK, Viel, Vje], VpeP; (12)
z;; 20, VkeK, Viel; (13)

vijO, Vje], VpeP. (14)

3. Case study

Isfahan is the third largest city in Iran. It is the center of
Isfahan Province and due to its historical, cultural, and
industrial attractions has a relatively high population
growth. The city is currently experiencing a lot of traffic
problems. One of these is the lack of enough parking
spaces in its busy central region. A recent study on Isfa-
han transportation system reported that Isfahan consists
of 321 traffic zones including 181 internal zones, 131 ex-
ternal zones, and 9 link zones (Dehnavi et al. 2013). The
traffic zones 1 to 12 are part of the internal zones, which
are located in the CBD of the city. The historical centers,
several administrative and service buildings, and major
marketplaces in these zones have always been the source
of traffic problems in these centers. Figure 2 depicts this
problematic area.

Table 1 and Figure 3 show the average quantity of
parking spaces lacking in these zones for different hours
of the day (Eskandari 2012). As shown in Figure 3, zone
12 has the highest shortage of parking spaces followed by
zones 4, 5, 6 and 7. The peak hour for the observed short-
age of parking spaces is different in different traffic zones.

X Traffic zone @

I

Figure 2. Traffic zones 1 to 12 in Isfahan
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Table 1. Average parking space lacking in each traffic zone at different hours on each day of the week (Eskandari 2012)

Traffic zones
Hour

1 2 3 4 5 7 8 9 10 11 12

0 0 33 0 331 121 0 243 0 0 780
137 0 245 0 863 1118 832 0 450 0 0 1690
10 269 0 452 78 1160 1596 1078 0 481 0 0 2140
11 285 0 392 205 1328 1556 1024 0 480 0 0 2043
12 167 0 205 0 986 1026 738 0 320 0 0 1613
13 0 0 0 384 240 0 211 0 0 1082
14 0 0 0 176 0 0 0 0 0 720
15 0 69 0 825 4 0 37 0 0 838
16 0 328 0 1199 388 0 70 0 0 1613
17 197 0 574 677 1262 749 0 191 0 0 2503
18 205 0 587 968 1062 694 0 123 0 0 2500
19 102 0 412 1282 815 516 0 84 0 0 2304
20 0 0 0 454 391 29 0 0 0 0 1799
21 0 0 0 0 0 0 0 0 0 0 260

2500 Zones
5 -1
3 2000 ;
o -
=4
2 1500 =4 4
£ —_5
“
; 1000 6
g —— 7
2 500 - ! ,
Z,
0 - —12
9

100 11 12 13 14 15 16 17 18 1920 21
Hour

Figure 3. Average parking space lacking in each traffic zone
at different hours on each day of the week (Eskandari 2012)

Depending on the nature of each traffic zone, the peak
hour for some zones occurs in the morning but for oth-
ers it occurs in the evening. In this study, zones 4 and
12 were considered as the study area for the location of
off-street parking lots due to their proximity and their
high shortage of parking spaces.

3.1. Data collection

In order to implement the models for locating parking
lots in the study area, the required data were gathered.
Considering the urban development plan of Isfa-
han which in it the number of parking spaces required
for different land uses has been separately specified
(Naghsh e Jahan-Pars 2008), a number was assigned to
each demand point, these numbers were then normal-
ized (divided by their sum) and thus, the weights for the
demand points were determined. In the next step, the
demand for these points were calculated by multiplying
the peak hour parking demands (zones 4 and 12) times
the weights of the demand points (Eskandari 2012).

3.1.1. Demand points

To determine the demand points, the different land uses
and urban facilities existing in a neighbourhood were clas-

sified based on distance and area, and each category was
considered as a demand point. A view of the study area
and demand points in this region is shown in Figure 4.

1. E——
77| @ Demand points
| O Flow entry points @
oMo =
= A St L ;*"5f}ﬂ—€

Figure 4. Parking demand points and flow entry points
in the study area
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3.1.2. Flow entry points

For the purposes of this study;, it is assumed that the traf-
fic flows into the study area from various entry points
(origins of traffic flow). Given the existing paths, 7 flow
entry points were identified for this area. In Figure 4
shows the entry points of traffic flow in the study area.
Using origin-destination information, the number of
cars entering the study area was determined. Then, by
conducting a field study, the ratio of entering cars from
each entry point was identified. The demands of entry
points was calculated by multiplying these ratios with the
number of cars entering the study area (Eskandari 2012).

3.1.3. Candidate points and available parking lots

In this study, candidate points were selected for build-
ing parking lots based on the detailed development plan
of Isfahan while some were also recommended by the
Transportation and Traffic Department (TTD) of Isfa-
han Municipal Government. Ultimately, 11 candidate
points were determined. In the next step, the existing
public parking lots in the study area were identified. Ta-
ble 2 shows the details on these parking lots.

The candidate and existing parking lots in the study
area are shown in Figure 5 in which candidate points are

5 ===

O Candidate points @ |
|
O3 Available parking lots 1

|
JE e |
?

Saswwey
I

Figure 5. Candidate points and existing parking lots
in the study area
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designated by numbers 1 to 11 and locations of existing
parking lots by numbers 12 to 21. Among the existing
parking lots, three (namely, Siyosepol, Enghelab and
Abas-Abad designated by numbers 12, 13 and 14) are
of the surface type that may be changed to other types
of parking lot.

Three types of surface, multi-story, and mechanical
parking lots are considered for construction in the study
area. In each candidate point, one type of parking lot can
be constructed. Table 3 shows the required space per
unit for different parking lot types (Tehran Barnamerizi
Shahri 2006). The capacity of each candidate point for
each type of parking facility was determined based on
the assumption that the maximum floor number al-
lowed in the study area is 5.

To determine the utility criterion and the value of
0;;, the detailed development plan of Isfahan was consid-
ered and the upper and lower bounds of coverage dis-
tance were taken to be 300 and 150 meters, respectively
(Naghsh e Jahan-Pars 2008). Furthermore, the various
car park costs for each parking type were determined
using expert views of TTD. It is also assumed that the
annual penalty cost per unit of unsatisfied demand (Pc)
is equal to 250 EUR. In this case study, the number of
variables and constraints is 29246 (including 63 binary
and 29183 continuous variables) and 530, respectively.

Table 2. Existing parking lots in the study area

No Parking name Type Capacity
12 | Siyosepol Surface 140
13 |Enghelab Surface 170
14 | Abas-Abad Surface 30
15 | Ali Qapu Underground 100
16 |Eftekhar Multi-story 320
17 |Sepahan Complex Underground 80
18 | City Center Underground 90
19 |Chahar Bagh Underground 40
20 | Abasi Complex Underground 100
21 |Ferdosi Complex Underground 35

Table 3. The required space per unit of each parking type
(Tehran Barnamerizi Shahri 2006)

P | Parking type Required area [m?]
1 |Surface parking 25

2 | Multi-story parking 30-35

3 | Mechanical parking 20-25

4. Model solution
4.1. The single-objective problem

The GAMS 22.1 software and CPLEX solver were used
for solving the MOPLP1 model to obtain the ideal solu-
tion for each objective function (Rosenthal 2016). The
results are presented in Tables 4-6, where in these ta-
bles Z,, Z, and Z; are in kilometers, number of cars, and
thousand EUR per year, respectively. Since the optimum
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solutions of the single-objective functions of MOPLP1
are not the same, the optimal orientations of the three
objective functions may be said to be different. It will,
therefore, be necessary to use multi-objective decision
making methods for solving the problem and to select
the best answer obtained.

The results obtained from solving the single-ob-
jective MOPLP2 are shown in Tables 7-9. Clearly, the
optimal solutions are not the same in this case, either.
It follows then that Multi-Objective Decision-Making
(MODM) methods should be used for solving the model.

4.2. MODM methods

MODM methods are concerned with mathematical op-
timization problems involving more than one objective
function to be optimized simultaneously. In contrast to
single-objective optimization problems, a Multi-objec-
tive Optimization Problem (MOP) may have not just
one, but many optimal solutions. Due to the many and

Table 4. Single-objective optimal
solving of MOPLP1 by first

Table 5. Single-objective optimal
solving of MOPLP1 by second objective

M. Eskandari, A. S. Nookabadi. Off-street parking facility location on urban transportation network ...

often competing objectives in a MOP, there are several
trade-off solutions, which are optimal in the sense that
there is no better solution for any of the objective func-
tions simultaneously. These optimal solutions are called
Pareto-optimal solutions. MODM methods are classified
into four classes according to the decision maker’s inter-
vention (Figueira et al. 2005):

- methods without the decision maker’s interven-

tion;

- methods in which basic information are obtained

from the decision maker beforehand;

- interactive methods;

- methods in which the decision maker’s opinion

are applied after problem solving.

From another point of view, MODM methods can
be divided into two general classes including: methods
leading to satisfactory solutions and those leading to ef-
ficient solutions. In this study, the g-constraint method
is utilized. It has been proved that the unique solution

Table 6. Single-objective optimal
solving of MOPLP1 by third objective

objective for every n for every n for every n
n z Z, VA n Z, zZy, VA n VA Z, z;
0 2745 1702 1322 0 3022 2010 1322 0 77226 258 719
1 2482 1856 1565 1 3143 2197 1232 1 86435 162 751
2 2331 2056 1870 2 2980 2459 1390 2 68264 342 797
3 2188 2275 2000 3 2810 2808 2095 3 98053 153 855
4 2106 2040 1824 4 2830 2878 1648 4 91390 244 916
5 2000 2146 1827 5 2728 3092 1955 5 66650 396 978
6 1929 2185 1935 6 2671 3249 1875 6 89110 245 1043
7 1908 2174 1980 7 2608 3428 1983 7 103270 161 1112
8 1801 2425 2334 8 2568 3594 2103 8 96654 300 1182
9 1771 2438 2406 9 2576 3672 2162 9 99999 328 1267
10 1731 2529 2555 10 2528 3729 2252 10 107840 314 1398
11 1726 2415 2416 11 2473 3704 2337 11 112780 340 1546

Table 7. Single-objective optimal
solving of MOPLP2 by first objective

Table 8. Single-objective optimal
solving of MOPLP2 by second objective

Table 9. Single-objective optimal
solving of MOPLP2 by third objective

for every n for every n for every n
n z Z, Zs n Z, z) Zs n Z, A z)
0 329.6 940 1535 0 0 2010 1322 0 0 226 719
1 444.7 1120 1393 1 0 2259 1275 1 0 295 751
2 452.6 1121 1439 2 0 2563 1651 2 0 230 797
3 499.5 1185 1583 3 910 2808 1951 3 0 231 855
4 554.4 1424 1830 4 374 2940 1691 4 0 207 916
5 584.2 1482 1961 5 0 3171 2022 5 0 252 978
6 603.7 1560 2045 6 0 3152 1849 6 0 392 1043
7 620.8 1596 2191 7 0 3485 2025 7 0 253 1112
8 630.9 1644 2253 8 0 3625 2146 8 0 341 1182
9 645.5 1753 2379 9 0 3699 2205 9 0 121 1267
10 647.4 1756 2455 10 0 3740 2312 10 0 346 1398
11 650.5 1755 2843 11 0 3716 2390 11 0 315 1546
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of this method is an efficient solution (Ehrgott 2005). It
is also worth mentioning that the decision maker’s com-
ments are applied after solving the problem.

4.3. The ¢-constraint method

Consider the following Multi-Objective Mathemat-
ical Programming (MOMP) problem:

Maximize {f] (x), j=1,...,p}, (15)
subject to:

x €S,

where: x is the vector of decision variables; f; (x) are
the objective functions; S is the feasible area. In the
g-constraint method, one of the objective functions is
optimized and the other objectives are considered as
constraints, incorporating them in the constraint part
of the model as shown below (Mavrotas 2009):

Maximizefi(x), (16)
subject to:

fj(x)Saj, j=L..p, j#i;

xeS.

By effecting changes in the RHS of the constrained
objective functions ¢;, the various efficient solutions of
the problem are obtained. Eventually, after enough effi-
cient solutions have been generated, the decision maker
selects the preferred solution based on the weights as-
signed to various objective functions. The e-constraint
method has several advantages including the ability to
generate different efficient solutions from various parts
of the solution space as well, no need for scaling the
objective functions, and simplicity. Its shortcomings in-
clude the efficiency of the optimal solution obtained is
not guaranteed and the ranges of the objective functions
should be specified in order to generate the grid points
that will act as RHS (Nosoohi, Hejazi 2011).

4.3.1. Implementation of the MOPLP1 model

In order to implement the e-constraint method, the first
objective function (minimizing traffic congestion) was
chosen as the objective function and the other objectives
were added to the constraints. Equation (17) shows how
this method is implemented for the MOPLP1 model.

Minimize Z,, 17)

subject to:
Zy 2 8y;
Z3 <&s;
x €S.

The model was solved in GAMS 22.1 using CPLEX
solver in a 2.13 GHz, 1 GB RAM machine. Ten efficient
solutions were obtained for n = 0 (the number of new
off- street parking equals to zero) and by different val-
ues of g as shown in Table 10 where, the values for the
objective functions ¢; and the type of existing parking
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facilities are also shown for each of the efficient solu-
tions (Rosenthal 2017). As can be seen, no new parking
facilities are required but the type of the existing ones
have changed as per the solutions obtained.

Table 10 is like a decision-making matrix in which
rows represent alternatives while the second, third, and
fourth columns represent different criteria. Each of the
matrix elements is called r;.

Table 10. Efficient solutions for MOPLP1 using the
g-constraint method when n = 0

(Location, type)
of existing
parking lots

2745 | 1687 | 1322 1500 | 1375 | (12,3) | (13,3) | (14,3)
2745 | 1800 | 1178 | 1800 | 1250 | (12,2) | (13,3) | (14,3)
2875 | 1800 | 1032 | 1800 | 1125 | (12,1) | (13,3) | (14,3)
3048 | 1800 | 990 | 1800 | 1000 | (12,3) | (13,1) | (14,3)
3034 | 1100 | 860 | 1100 | 875 |(12,2) | (13,1) ] (14,1)
3320 1100 | 719 | 1100 | 750 | (12,1) | (13,1) | (14,1)
2922 | 1500 | 931 | 1500 | 950 | (12,1) | (13,2) | (14,3)
2980 | 1600 | 931 | 1600 | 1000 | (12,1) | (13,2) | (14,3)
2895 | 1400 | 931 | 1400 | 1000 | (12,1) | (13,2) | (14,3)
2914 | 1950 | 1072 | 1950 | 1125 | (12,2) | (13,2) | (14,3)

Efficient

solution L L | 2| & | 5

\\=l ool BN I (e N 0 I IS ROV I S 0

) (
) (
) (
) (
) (
) (

—
(=)

The fuzzy dimensionless method is represented by
Equation (18) for a positive index (like the second objec-
tive function) and by Equation (19) for a negative indica-
tor (such as the first and third objective functions). The
measurement scale in this method ranges between zero
and one such that zero represents the worst and one rep-
resents the best answer (Tzeng, Huang 2011). The results
of this dimensionless method are presented is Table 11.

fj —minr
ny =——————; (18)
maxr.. —mint..
P A
maxty =7
ny=—t—, (19)

miax = miin ri
where: n;; - normalized element of r;;.

To select the best solution among the efficient ones,
AHP was used as shown in Figure 6. Assuming the same
weights for the different objectives (indices) and using
the Expert Choice software, the weight of each efficient
solution for the off-street parking location was obtained.
Based on the results shown in Table 12, the tenth effi-
cient solution was found to be the best (preferred) solu-
tion.

In a similar manner, the preferred solutions for
other values of n (n =1, ..., 11) can be obtained for dif-
ferent numbers of new parking facilities. Table 13 shows
the preferred solutions selected for different values of n
in the MOPLP1 model (the model took approximately
20 s to run). As can be seen, the multi-story or mechani-
cal type has often been selected for new parking facilities
since surface parking lots are not economical to con-
struct in the city center.
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Off-street parking lots
location
First goal: Second goal: Third goal:
minimizing traffic maximizing minimizing
congestion coverage demand different costs

NSNS N N N NS NS NS NS NS

Efficient
solution 1

Efficient
solution 2

Efficient
solution 3

Efficient
solution 4

Efficient
solution 5

Efficient Efficient Efficient Efficient Efficient
solution 6 solution 7 solution 8 solution 9 solution 10

Figure 6. Hierarchical structure

Table 11. Dimensionless decision making matrix

for MOPLP1 based on n =0

Efficient solution Z, Z, Zs
1 1.000 0.691 0.000
2 1.000 0.824 0.240
3 0.774 0.824 0.481
4 0.473 0.824 0.551
5 0.497 0.000 0.766
6 0.000 0.000 1.000
7 0.692 0.471 0.649
8 0.591 0.588 0.649
9 0.739 0.353 0.649
10 0.706 1.000 0.414

Table 12. Weights of efficient solutions for the parking
lot location in the MOPLP1 model (n = 0)

Efficient solutions

Clearly, the mechanical type has been proposed
for small values of n but the multi-story type is often
selected for higher values of n. The reason for this is
that the shortage of parking spaces in the study area
will be high for small values of n so that parking lots
with high capacities such as the mechanical type will be
needed. This shortage reduces with increasing values of
n. Therefore, the need for high capacity parking lots -
that also warrant high costs — will be reduced. Using this
model, the prioritized candidate points were determined
as presented in Table 13.

4.3.2. Implementation of MOPLP2 model

In a fashion similar to what went above on MOPLP1,
the preferred solutions may be obtained by the MO-
PLP2 model based on different numbers of new park-
ing facilities. Table 14 presents the preferred solutions
that are finally selected by the MOPLP2 model based

Goal Ll T3 T alsTel 7181 o 10 on different values of n. Due to the differences between

: the approaches adopted for reducing traffic congestion,
liacr:(tligi 0.097]0.118|0.119{0.106 |0.072] 0.057 | 0.104| 0.105 | 0.100 | 0.121 the process of prioritizing candidate points will be some-

what different in the two models.
Table 13. The preferred solutions selected by MOPLP1 based on different values of n

n| Z | Z, | Zs (Location, type) of the new parking lots ei%si?ig(;r:rggz)lgfs
0 (2914 (1950|1072 (12,2) | (13,2) | (14,3)
1 2730(2180 1230 |(11,3) (12,2) | (13,2) | (14,3)
2 12639(2400(1357((11,3)| (2,3) (12,2) | (13,2) | (14,3)
3 1253326001468 |(11,3)| (2,2) |(10,2) (12,2) | (13,2) | (14,3)
4 (2363 (2875(1691((11,3)| (2,3) [(10,3)| (4,3) (12,1) | (13,3) | (14,3)
5 [2226[3000(1804((11,3)| (2,3) |(10,3)] (4,3) | (6,3) (12,1) | (13,3) | (14,3)
6 12349 (3200|1825((11,3)| (2,3) [(10,2)| (4,3) | (6,3) | (7,3) (12,1) | (13,3) | (14,3)
7 12179 (3000( 1758 [ (11,2)| (1,3) [(10,2)] (4,3) | (6,2) | (7,3) | (3,2) (12,1) | (13,3) | (14,3)
8 [2186(3200(1843[(11,3)| (2,2) [(10,2)] (4,2) | (6,2) | (7,3) | (3,2) | (9,2) (12,1) | (13,3) | (14,3)
9 (2140(3000(1762|(11,2)| (2,2) |(10,2)] (4,2) | (6,2) | (7,2) | 3,2) | (1,2) | (5,2) (12,1) | (13,3) | (14,3)
10 | 1874(2800 (1926 |(11,2)| (2,2) [(10,3)| (4,2) | (6,2) | (7,2) | (3,2) | 9,2) | (5,2) | (1,2) (12,1) | (13,3) | (14,3)
11{2026(3000|1915|(11,2)| (2,1) |(10,2)| (4,2) | (6,2) | (7,2) | (3,2) | (9,2) | (5,2) | (1,2) | (8,1) | (12,1) | (13,2) | (14,3)
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Table 14. The preferred solutions selected by MOPLP2
based on different values of n
n| Z | Z, | Zs (Location, type) of the new parking lots eE(IiJsotizfgi(;)I;’rzE?lgtfs
0 | 270 | 1500 | 1016 (12,1) | (13,3) | (14,2)
1 | 369 | 1500 | 1087 |(10,2) (12,1) | (13,2) | (14,3)
2 | 365 | 1900 | 1275 |(10,3)|(11,2) (12,1) | (13,2) | (14,3)
3 | 402 | 2000 | 1359 ((10,2)|(11,2)| (7,2) (12,1) | (13,3) | (14,3)
4 | 438 | 2100 | 1465 |(10,3)((11,2)| (7,2) | (9,3) (12,1) | (13,2) | (14,3)
5 | 427 | 2200 | 1476 |(10,2)[(11,3)| (7,2) | (9,2) | (4,2) (12,1) | (13,2) | (14,3)
6 | 508 [2000 | 1549 [(10,3)|(11,2) (7,2) | (9,2) | (1,2) | (6,2) (12,1) | (13,2) | (14,3)
7 | 472 [ 2100 | 1499 [(10,2)|(11,2)| (7,2) | (9,2) | (1,2) | (6,2) | (5,2) (12,1) | (13,2) | (14,3)
8 | 479 [ 2500 | 1714 [(10,3)|(11,2)| (7,2) | (9,3) | (4,2) | (6,2) | (5,2) | (1,2) (12,1) | (13,2) | (14,3)
9 | 436 | 2600 | 1750 [(10,3)|(11,2)] (7,2) | (2,2) | 4,2) | (6,2) | (5,2) | (1,2) | (3,2) (12,1) | (13,2) | (14,3)
10 | 440 | 2800 | 1869 [(10,2)|(11,2)| (7,2) | (9,3) | (4,2) | (6,1) | (5,2) | (1,2) | (3,2) | (2,2) (12,1) | (13,3) | (14,2)
11 | 479 | 2500 | 1870 [(10,2)[(11,2)| (7,2) | (9,2) | (4,2) [ (6,1) | (5,2) | (1,2) | (3,2) | (2,1) | (8,1) | (12,1) | (13,2) | (14,2)
Conclusions can also be related to other issues such as demand level,

In this study, the location theory was employed to in-
vestigate the public parking lot location problem. In
addition, the multi-objective mathematical program-
ming was used to satisfy the stakeholders by the differ-
ent objectives. The objectives considered here included
minimizing traffic congestion, maximizing the coverage
demand, and minimizing the walking distances and dif-
ferent costs.

For reducing traffic congestion, two different ap-
proaches were proposed and the flow entry points and
vehicle paths were taken into account. The first ap-
proach was based on the distance between entry points
and new parking facilities while the second was based
on the distance between demand points and new park-
ing facilities. Based on these two approaches, two differ-
ent models were developed. The objective functions of
maximizing covered demand and minimizing walking
distances were combined and the coverage distance of
the parking facilities was assumed to be uncertain. Due
to differences in capacity and costs associated with each
parking lot type, different types of parking facilities were
considered.

To evaluate the models, their performance was in-
vestigated in the CBD of Isfahan (Iran). The two traf-
fic zones 4 and 12 located in the central district that
suffer from shortage of parking spaces were selected
as the study area for implementation of the models.
The required data were collected for both zones. The
g-constraint method was then used to solve the pro-
posed multi-objective models and the preferred solu-
tion among the efficient solutions generated was selected
based on the AHP technique. The results indicate the
location and type of new parking facilities, the best type
of parking lot for the existing facilities, and the quantity
of satisfied demand.

It was assumed that the utility of each candidate
point from the perspective of demand points is the dis-
tance between the points whereas this utility criterion

the capacity of the candidate points, parking fees, etc.
For further study, the actual value of this utility can be
more exactly determined by properly identifying the fac-
tors affecting this criterion. Another area for future re-
search is considering different coverage distances based
on different trip objectives. Most of the parameters used
in this problem have been assumed to be given. For a
more realistic problem, stochastic values and fuzzy vari-
ables may be used to develop new models.
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