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a  b  s  t  r  a  c  t

Integrated  utilization  of new  technologies  such  as smart  phones,  tablet  devices,  and  satellite  maps  has
entered  our  daily  lives  recently.  Nevertheless,  many  new  applications  are  being  developed  mostly  based
on  these  technologies.  The  optimal  route  planning,  which  makes  use  of the  public  transport  network
structure  between  any  selected  origin  and  destination  points,  is one  of  the  interesting  applications  among
them.  Route  planning  applications  used  today  mostly  focus  on  the  aspects  such  that  passengers  use
nearest  stops  around  origin  and  destination  geographical  points,  or use  set of stops  around  these  points
within  some  walking  radius.  In  these  applications,  which  work  on  the  classical  (crisp)  logic  base,  all  stops
on  the  walking  distance  have the  same  preference  degree.  However,  in this  study  a novel  fuzzy  model  is
proposed  which  also  takes  into  account  preferences  such  as  the stop’s  activity,  and  count  of  transit  lines
passing  through  the  stop besides  the  walking  distance.  Using  all these  three  preferences,  aggregated  fuzzy
preference  degrees  of stops  are  calculated.  The  “optimum”  routes  between  any  origin  and  destination
pair  are  constructed  using  feasible  transfer  points,  which  are  chosen  among  the  alternatives  having  the
highest  preference  degrees  overall.  Fuzzy  neighborhood  relations  such  as  “stop-stop”,  “stop-line”,  and
“line-line”  are  introduced  in order  to employ  in  preference  degree  evaluations.

Apart  from  the  aggregated  degree  of  the preferences  mentioned  above,  we also  consider  to  minimize
the  total  number  of  transit  stops  travelled  on any  route  for  establishing  optimal  routes.  This additional
preference  can  be  described  the  time  duration  spent  on  transport  vehicles,  such  as  buses,  trains,  subways
or  ferries.  Therefore,  we  propose  a two-criteria  route-planning  problem  in this  study,  where  we  try

to  maximize  the  aggregated  preference  degree  of a route  and  to  minimize  the  number  of  stops  used
on  a route.  Fuzzy  optimal  solutions  for this  problem  are  constructed  via  �-level  solutions  of  the  fuzzy
problem  and  a heuristic  algorithm  providing  these  solutions  is  proposed.  This  model  and  its  algorithm
can  be  considered  as an optimal  route  search  engine  for mobile  applications  that  could  be  used  by  urban
public  transport  passengers.

©  2016  Elsevier  B.V.  All  rights  reserved.
. Introduction

Increasing people’s awareness to use public transportation more
ften has been regarded as one of the key factors for solving urban
raffic problems over the last decade [1]. Most people believe that
ervice quality of the public transportation is not adequate and

ventually, the tendency to use private car among the society
ncreases. This has caused the fact that route planning problem
as become much more significant where it is required to obtain

∗ Corresponding author at: Department of Computer Science, Dokuz Eylul Uni-
ersity, Buca, 35160 Izmir, Turkey.

E-mail address: efendi.nasibov@deu.edu.tr (E. Nasibov).

ttp://dx.doi.org/10.1016/j.asoc.2016.07.052
568-4946/© 2016 Elsevier B.V. All rights reserved.
feasible route from origin to destination on any public transporta-
tion network. This problem has been considered as a subject of
the Advanced Traveler Information Systems (ATIS) which provide
information related with all traffic and weather conditions and it
also helps to commuters or drivers by using this information before
a trip [2,3]. Furthermore, with the advances of informatics and
communication technologies, traveler information has become a
valuable resource that it can implicitly contribute to achievement
in service quality on public transportation [1,4]. There have been
some previous studies that approaches to trip planning as an ATIS

problem [1,4,5]. In these studies, it was  shown that the people’s
route alternatives might change during their travel according to
different conditions. Grotenhuis et al., discussed travel plan in three
phases: pre-trip, wayside and on-board and they observed how

dx.doi.org/10.1016/j.asoc.2016.07.052
http://www.sciencedirect.com/science/journal/15684946
www.elsevier.com/locate/asoc
http://crossmark.crossref.org/dialog/?doi=10.1016/j.asoc.2016.07.052&domain=pdf
mailto:efendi.nasibov@deu.edu.tr
dx.doi.org/10.1016/j.asoc.2016.07.052
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eople’s preferences changed depending on different phases and
ge groups [1]. Kramers suggested a similar three phase for the
ext generation such as pre-trip, on-trip and post trip but in his
tudy, however, these phases are considered to vary according to
he post actions on trip, then different travel information services
ith respect to these phases were compared [4]. Although there

re other planning phases, pre-trip planning is the most frequently
tudied one in many systems. Different decision criteria such as
hortest path, earliest arrival, at least price, or minimum number of
ransfer, etc. are taken into account for pre-trip planning objectives,
s well as in multi-modal transportation and transport network
odeling processes.

The route planning problem focuses on the issue that; how jour-
ey might be planned optimally for the routes between specified
rigin and destination under some criteria such as distance, time,
raffic, etc. and various types of graphs is usually used in differ-
nt kinds of systems. In most of the cases, the solution to this
roblem is given by shortest path algorithms on these graphs and
idirectional searches for a road network [6] that are generally
ccepted as the basis of the solution techniques [7–9]. Many of these
lgorithms, which are based on Dijkstra, have been modified to
chieve satisfactory results when large road network is concerned
ecause of their slow response time [10–14]. Although these algo-
ithms are running successfully in the road network, they cannot
e applied to public transportation network directly [15]. Solu-
ion for the route planning problem on the public transportation
etworks is known to be harder than road networks since tran-
ition between different modes could also be made possible and
us, metro or ferry have certain routes with timetables. Various
ethods were proposed in literature that they are called speed-up

echniques based on narrowing the search space although short-
st path algorithms on public transportation network have already
een modified and utilized on graphs [12,14,16,17]. Hierarchical
ethods [12,14], goal directed search [16], reach-based search [17]

re widely used with preprocessing as a common property of these
echniques but where it done, memory cost is increased consid-
rably despite the decrease in processing time. As it has been
entioned before, there are various criteria in real life problems
here people prefer to decide upon routes according to their con-

itions and it is called as a multi-objective shortest path problem
hat usually arises in transportation problems. Solution techniques
ncluding labeling methods, ranking methods, constraint methods
nd parametric methods have been proposed to provide different
ffectiveness from each other [18]. It has been shown that, obtain-
ng a solution that gives the best results for all criteria may  not
e possible since route decision of the people depending on their
urrent circumstances could vary according to different scenarios.

Lozano and Storchi achieved pareto-optimal solutions by using
hortest path algorithm in their study and they introduced a model
hat enables people to make decision depending on their demands
19]. In another study, where both time and number of transfer
onstraints were included, bi-criteria optimization problem was
efined according to time-dependent and time-expanded models
y obtaining pareto-optimal solution [20]. Delling et al. introduced
ound Based Public Transportation Router (RAPTOR) with a differ-
nt approach but they focused on the bi-criteria problem similarly
y minimizing arrival time and the number of transfers from all
areto-optimal solutions [21]. In addition to these methods, some
ther approaches such as k-shortest path algorithms [22–24] and
enetic algorithms [25,26] were implemented. Since in most of
hese algorithms, preprocessing increases memory cost, heuristic
pproaches were proposed in some other studies as an alterna-

ive methodology [15,27–29]. There are some other studies where
he models were developed by excluding graphs, such as Liu et al.
n these studies, algorithms aim to search common stops for dif-
erent lines, although the model was constructed with graph in
mputing 49 (2016) 13–26

most of researches [29]. Stops from which those lines are passing
were defined as hubs to narrow the search space. Chang et al. pro-
posed a different approach on graphs that was  constructed with
nodes defining lines instead of stops [27]. In order to speed up
this technique, they introduced criteria based on the features of
stop preferences. It was assumed that the number of lines pass-
ing through on any stop is not a sufficient criterion, but there also
has to be a short time interval between consecutive journeys on the
same lines based on finding the fast connections. Bast et al. has sug-
gested routes using transfer pattern on a graph that was modeled
for a large transportation network [15].

There are few studies considering a fuzzy approach in public
transportation networks in the literature [30,31]. Both Golnarkar
et al. and Verga et al. discussed finding the best routes between
origin and destination on multi-modal transportation network by
taking arcs of graph as fuzzy numbers. Ghatee et al. proposed
two algorithms for solving minimal cost flow problem as a multi-
objective optimization problem, which concerns the transportation
of hazardous materials from starting to end point with minimal
cost [32]. The objective in their algorithms was  to minimize fuzzy
costs according to different criteria, such as giving a priority using
lexicographic ordering. In those studies, time constraint has been
pre-emptively discussed and representing arcs of graph with fuzzy
numbers was  one of the most common approaches. However, our
approach in this study consists of neighborhood relation between
stops and lines, which has not been addressed in the literature yet.
In addition, a priority is given to stops according to a preference
degree, which is explained in Section 2.2. This preference degree is
a vital point of our study, from which we will benefit when solving
our multi-criteria fuzzy route planning problem that is defined in
Section 3. Note that, in most of the crisp route planning models in
the literature, only stops within some fixed walking distance are
evaluated ignoring the diversities among them or they could be
handled only with respect to the ordering of their distances, where
the nearest stop is considered first. Usually, there are no sugges-
tions for the calculation of preference measure of stops, lines, or
routes. However, our proposed model naturally allows the stops,
lines and routes to be arranged in an order, using a technique based
on fuzzy logic theory for determining their preference degrees. This
approach seems more practical than its classical version, because
it provides an ability to assign a membership degree in fuzzy sets,
which may in turn allow the decision makers more flexibility.

In the rest of this paper, some mathematical definitions related
with calculation of fuzzy preference degrees are given. Fuzzy neigh-
borhoods among the stops, among the lines and between stops and
lines are introduced in Section 2. In this section, preference degree
of the stops for various criteria is presented as well. We describe
our multi-criteria fuzzy route planning problem in Section 3. After
an algorithm for solving this problem is proposed in Section 4 and
we analyze an application to express running mechanism of the
algorithm for this problem in Section 5. Finally, we conclude with
future remarks in Section 6.

2. Fuzzy neighborhoods and preference degrees of stops

Heuristic approaches are required to speed-up algorithms,
although classical optimization techniques are favored in solving
route planning problems especially when problems are modeled
by graphs. Determination of selection priority for the stops con-
tributes to the search process and it is described as one of the
heuristic approaches. In literature, a model without graph expres-

sion is shown to assign priority to stops according to number of the
lines passing through [29]. Chang et al. proposed another model
with graph representation, even though it seemed to have a similar
approach with Liu et al., but the main difference of their model was
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he addition of a new criterion about short interval headway, i.e.
assing frequency of any stops to have more chances when making
ransfer [27]. We  assume that, prioritization of stops with respect
o different decision criteria by using fuzzy logic would be a model
hat is closer to human reasoning.

Search process is usually performed between the stops that are
earest to both origin and destination points in route planning
roblem. This process limits the possible search domain among
hese stops, where algorithms may  not find any solution or might
e obtaining a solution with many unnecessary transfers. The main
roblem in this approach is the search process being only carried
ut between two fixed stops, based on the premise that people
hoose to walk to the nearest stop. This might be impractical to
dapt for real life situations, since passengers would prefer to
ave more alternative route options depending on changing condi-
ions or different criteria. Therefore, besides the optimal solutions
chieved by conventional methods, evaluations of Pareto-optimal
olutions have been proposed with alternative route recommenda-
ions [21,20]. In this paper, three decision criteria will be considered
rst for preference of stops: walking distance to the stop, activity of

he stop and count of lines passing through the stop (level of being
 hub).

Some definitions used in calculation of fuzzy preference degrees
f stops and routes are given in the rest of this section.

.1. Fuzzy neighborhood relations of stops and lines

It is observed in most of the related literature that the closest
tops to origin and destination points are selected, and only the
ossible routes between these two stops are considered. As we
entioned previously in this paper, considering only the nearest

wo stops for the solution may  cause some problems and there-
ore, all stops are evaluated whether they are within a “reasonable”

alking distance with respect to the specified points. The level
f reasonability is determined by using fuzzy logic approach. It

s specified in [33–35] that the robustness of methods (robust-
ess of values against variability) and representativeness of models

ncrease while neighborhood relation between points is imple-
ented as fuzzy. Therefore, in this study, we prefer to use a fuzzy

elation with degrees instead of using a crisp relation.
Distances between stops and specified points on the map  are

omputed with respect to spherical geometry, because all points
re defined as geographical latitude-longitude coordinates in the
elated mobile applications. For this purpose, Haversine formula
36] is used to compute distance in meters between any two geo-
raphical points X and Y , as follows:

(X, Y) = 2Rsin−1

([
sin2

(
�1 − �2

2

)
+ cos�1cos�2sin

2

(
�1 − �2

2

)]0.5
)
, (2.1)

here R is radius of the Earth (R = 6367450m); � is latitude, � lon-
itude; X is givenX = (�1, �1), and Y is given Y = (�2, �2). As more
etailed distance data are available for urban network structure,
uch as Manhattan distance, or even more precise data consid-
ring all pedestrian utilization regarding underground passages,
verhead crossings, stairs, street lights, etc., these could easily be

mplemented in our model as the primary distance metric.
Let us start by giving definitions of some of the terms used in

ormulation of the fuzzy problem. Let s be any stop in set of the stops

 (s ∈ S) and r be any line in set of the lines R (r ∈ R). Any line can
e defined as an ordered set of the certain stops. Stop-Line relation

s denoted by RS (r, s). The sequence number of a stop s on the line
 is given as RS (r, s) ≥ 1. Hence, RS (r, s) = 0 denotes that the stop
mputing 49 (2016) 13–26 15

s does not belong to the line r. So, the RS relation is formulated as
follows:

RS (r, s) =
{

≥ 1, sequence number of the stop s on the line r,

0, the stop s is not on the line r.
(2.2

Let S1 (r) denote the set of stops on the line r passing through,
i.e.

S1 (r) =
{
s ∈ S : RS (r, s) ≥ 1

}
.

Moreover, we  denote PRs as a set of lines that pass through the
stop s and we define it as follows:

PRs =
{
r : sεS1 (r)

}
. (2.3)

We use the following definitions for determining a preference
degree of a stop according to the walking distance between stops:

Definition 1. (a neighborhood relation between stops): Let si, sj ∈
S be any two stops. Then a fuzzy neighborhood relation between
stops is defined as below:

�d
(
si, sj

)
= max

{
0, 1 −

d
(
si, sj

)
dwalk

}
, (2.4)

where the parameter dwalk specifies the maximum reasonable
walking distance, d

(
si, sj

)
is the distance between the stops si and

sj . Generally, the maximum reasonable walking distance dwalk is
smaller than the maximum distance among the stops in the city,
so we use max operator in the definition to guarantee the non-
negativity of a membership degree. Note that the fuzzy relation
�d : S × S → [0, 1] is both asymmetric and reflexive.

Definition 2. (a fuzzy neighbor stops set of a stop): The set of fuzzy
neighbor stops of any given stop s is defined as

Ns =
{(
�d

(
s, s′

)
/s′

)
|s′ ∈ S

}
. (2.5)

Note that the membership degree of an element s′ to the fuzzy
set Ns is denoted as Ns (s′),  and similar notation is used in the
rest of the paper. Moreover, we usually use a description like(
degree/element

)
for a fuzzy set.

For specified � level, N�s represents � -level set of the fuzzy set
Ns and it is described as:

N�s =
{
s′ ∈ S : Ns

(
s′
)

≥ �
}
. (2.6)

We will also call the N�s set as a �-neighbor set of the stop s. We
also relate the degree of the fuzzy level with neighborhood radius as
follows. For each � −level there exists a radius ε such that following
equation is satisfied:{
s′ ∈ S : Ns

(
s′
)

≥ �
}

≡
{
s′ ∈ S : d (s, s′) ≤ ε

}
. (2.7)

Possibility of transferring between lines is determined by the
presence of the exactly common stops of lines in some studies [29].
In this study, we  consider the concept of fuzzy neighbor stops to
ensure transition between lines that have no common stops among
each other.

We  introduce the following definitions to determine transfer
possibilities between lines. In order to specify a fuzzy neighborhood
relation between stops and lines, a set of fuzzy neighbor stops of a
given line is defined as follows.

Definition 3. (a fuzzy neighbor stops set of a line): The fuzzy
neighbor stops set of the line r ∈ R is:
NRSr = Vs�S1(r)Ns (2.8)

Note that operator is used instead of the max  operator, and ∧ is used
instead of the min operator henceforth in the rest of the paper.
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Let us define:

Rs (r) =
{

1, ifr ∈ PRs

0, otherwise.
(2.9)

The following definition determines that, any other line passing
hrough any fuzzy neighbor stop of the line

will be a fuzzy neighbor line to the line r. We  use this definition
n the formulation of the fuzzy problem and in constructing the
euristic search algorithm.

efinition 4. (a fuzzy neighbor lines set of a line): A fuzzy neighbor
ines set Nr of a line r is defined as the following composition:

r = NRSr ◦ PRs, (2.10)

n other form,

r (r′) = ∨
s ∈ S

[
NRSr (s) ∧ PRs

(
r′
)]
, ∀r′ ∈ R (2.11)

The fuzzy relation Nr implies a fuzzy relation matrix NR : R ×
 → [0, 1] among lines:

R (i, j) = Nri
(
rj
)
, ∀ri, rj ∈ R (2.12)

This NR matrix is used in constructing the �-connective routes.
t is obvious that the relation NR is both symmetric and reflective.
he � −level set of the relation NR can be given as a matrix:

R� (i, j) =
{

1, ifNR (i, j) ≥ �,

0, otherwise.
(2.13)

This matrix also can be obtained as a matrix multiplication given
elow:

 = (RS)
(
SS�

)
(RS)T , (2.14)

ence,

R� (i, j) =
{

1, ifM (i, j) > 0,

0, otherwise,
(2.15)

here SS (i, j) is a matrix form of the fuzzy neighborhood relation
etween stops, i.e.

S (i, j) = �d
(
si, sj

)
, (2.16)

nd SS� is the �-level set of the fuzzy relation SS:

S� (i, j) =
{

1, �d
(
si, sj

)
≥ �,

0, otherwise.
(2.17)

ote that any other aggregated membership function (see (2.21))
an be used instead of �d

(
si, sj

)
(i.e. considering also activity and

ub degree of stops given in the next subsection) to formulate fuzzy
eighborhood (or fuzzy preference) degrees of stops/lines.

In fact, the lines which are actually not linked each other,
ecome connected by using concept of the �-neighborhood of a

ine, so a traveler can reach to destination with some transfers in
elated situation (Fig. 1).

According to Fig. 1, we can note that S1 (r1) = {s1, s2, s3} and
RS�

r1
= {s1, s2, s3, s4, s5}. Although there is no exactly common

tops between the lines r1 and r3, r3 is a �-neighbor of the line
1 (i.e. N�

r1
= {r1, r2, r3}),  and it can be used as a continuation line

or the liner1.

.2. Fuzzy preference degree of a stop
Three criteria are used to determine fuzzy preferences of stops.
irst of them is the walking distance which is a distance between
he stop and a chosen geographical point. Distances from stops to
mputing 49 (2016) 13–26

any points are restricted by some boundaries in crisp mathemat-
ics based on crisp 0/1 logic and it is generally about the walking
distance limitation of an average person. In such cases, searching
process is done by handling stops within the walking distance with-
out any preference differentiation among stops. Instead of strictly
including stops inside of the given neighborhood boundary, we  may
consider it according to its fuzzy neighborhood degree.

Suppose that the maximum feasible walking distance is denoted
with the dwalk. While the distance is considered according to any
selected geographical point X , a fuzzy membership function indi-
cating the fuzzy neighborhood degree of any stop s, can be defined
as

�dX (s) = max
{

0, 1 − d (X, s)
dwalk

}
. (2.18)

As seen from this definition, the �dX (s) value is the fuzzy neigh-
borhood degree between the point X and the stop s according to
Definition 1.

Second criterion to determine the preference degree of a stop
is the stop activity. It is proposed for incorporating the passenger
choices to use stops that are more active. In route planning, the
mobility capacity of the stops might be recognized as a more impor-
tant feature in cases where many people generally follow others’
movements. It then becomes possible to measure stops’ activity by
smart card data acquired by vehicles on public transit [37]. Infor-
mation about number of boarding will be required to find activity
degree that is given to stops as a static value, since we will propose
time independent (static) model. Instead of instantaneous value for
boarding count, B (s) value representing the average of total daily
boarding of a stop s will be employed. On the other hand, activity
degree of stops is a general term and independent of the chosen
pointX . We  assume that activity degree is related with the count
of boarding passengers, thus more boarding corresponds a higher
degree of preference. The activity degree of a stop s is defined as
below:

�A (s) = B (s)
max
sεS
B (s)

(2.19)

Last criterion for determining the preference degree of a stop is
about its being a hub stop. Different lines passing through a stop can
provide more alternatives to reach at more destinations. Hubs were
used as transfer stations in the literature with classical approach
[15,27–29]. However, there is a certain degree in fuzzy logic that
depends on number of lines passing through a stop if the stop is
represented as a hub.

Suppose that PRs is given as the set of lines passing through stop
s and let us denote the total number of these lines as |PRs|. Then we
define the hub degree of any stop s as below:

�H (s) = |PRs|
max
sεS

|PRs| . (2.20)

Several aggregation methods might be used to determine the
overall preference degree for the stop, called stop preference degree
[38,39]. Minimum Aggregation method, which is one of the most
common methods in fuzzy logic theory, can also be used in here to
combine three criteria as we  mentioned above.

�X (s) = min
{
�dX (s) , �A (s) , �H (s)

}
. (2.21)

So, �X (s) denotes a preference degree of the stop s according to
the geographical point X. Hereby, for any geographical point X, a

fuzzy set of preferred stops could be organized with respect to their
preference degrees as follows:

S2 (X) = {
(
�X (s)/s

)
|s ∈ S}. (2.22)



E. Nasibov et al. / Applied Soft Computing 49 (2016) 13–26 17

r3 tha

N
i

�

S

d
c
b
d
h
s
d
d

3

f
S
d

e
l
i
f
l

D
s

s

s

R

i

R

D
t
d

�

i

s

Fig. 1. The demonstration of a line 

ote that also any stop with its geographical location can be used
nstead of the referenced point X.

The �-level set S2(X)� of the fuzzy set S2 (X) at a fixed level
 ∈ (0, 1] is described as

2(X)� =
{
s ∈ S : �X (s) ≥ �

}
. (2.23)

It is obvious that the total number of stops within the S2(X)� will
ecrease if � −level value increases. Preference degree of the stop
an present a more realistic solution than solving the problem only
y choosing the nearest stop, since it does not only take into account
istances, but also it includes degrees of both stop activity and being
ub stop aggregated with fuzzy logic. This �-level approach demon-
trates the expectation degree of the travelers when making certain
ecisions and it therefore gives possibility to update their mobility
emands and allow them to plan a route more flexibly.

. A multi-criteria fuzzy route planning model

As it is known in the fuzzy set theory, general solution of the
uzzy problem can be given as a union of the � −level solution sets.
o, we will describe the problem via its � ∈ (0, 1] fuzzy level set
ecomposition.

Let us first introduce connection as 3-tuples (s1, r, s2) that is
xpressed as a travel from any stop s1εS to s2εS traveling via a
inerεR . Before introducing the problem, we will present the def-
nitions of both possible connections and the route as below. The
ollowing definition determines possibility of travel only for one
ine:

efinition 5. (a possible connection): A 3-tuple (s1, r, s2) is a pos-
ible connection if it satisfies following conditions:

1 ∈ S1 (r) ; (3.1)

2 ∈ S1 (r) ; (3.2)

S (r, s1) < RS (r, s2) .  (3.3)

It is obvious that a 3-tuple (s1, r, s2) also is a possible connection
f it satisfies the following conditions:

S (r, s1) ≥  1 andRS (r, s1) < RS (r, s2) .  (3.4)

efinition 6. (a fuzzy route): A sequence of m possible connec-
ions going from stop sX to stop sY is a fuzzy route with membership
egree �

(
�sXsY

)
denoted as( ) ( ) ( ) ( )
sX sY � � �sX sY / si1 , rj1 , sk1
, si2 , rj2 , sk2

, . . ., sim , rjm , skm , (3.5)

f it satisfies following conditions:

i1 = sX ; (3.6)
t is a �-neighbor line to the line r1.

skm = sY ; (3.7)(
sit , rjt , skt

)
t = 1, . . .,  m, are possible connections. (3.8)

The connectivity degree of the fuzzy route �sXsY is determined
as

�
(
�sXsY

)
= ∧t=2,...,m�skt−1

(
sit

)
. (3.9)

Note that the notation �skt−1

(
sit

)
, t = 2, . . .,  m, is a connectiv-

ity degree of a fuzzy transfer node and it illustrates a preference
degree of the next boarding stop sit according to the previous
alighting stop skt−1

. Constraint (3.6) represents that beginning stop
is equal to stop sX , similarly last stop is taken as equal to stop
sY according to the constraint (3.7). Traveler directly gets on the
next vehicle on stops where she gets off from the previous vehicle
without walking, if sit = skt−1

is satisfied; otherwise if sit /= skt−1
is

satisfied, she walks from alighting stop skt−1
of the previous board-

ing to boarding stop sit of the next line. It is clear that the number of
transfers on route �sXsY which consists of m lines is equal to m − 1.

It is known that a � −level set decomposition approach to solve
fuzzy optimization problems is widely used in fuzzy sets theory.
So we will give a definition of � −connectivity for a fuzzy route,
and then formulate a �-decomposition version of the fuzzy route
planning problem.

Definition 7. (a fuzzy �-connective route): A fuzzy � −connective
route ��sXsY is a route having its connectivity degree greater than or
equal to � .

It is obvious that a � −connective route is a sequence of m pos-
sible connections going from stop sX to stop sY which satisfies the
following conditions:

si1 = sX ; (3.10)

skm = sY ; (3.11)

�skt−1

(
sit

)
≥ �, t = 2, . . .,  m;  (3.12)(

sit , rjt , skt
)

, are possible connections. (3.13)

Another decision criterion in this study considering optimality
of the route is the minimization of number of stops passing through.
Moreover, number of transfers is taken as a fixed parameter.

Let | (si, r, sk) | denote the total number of stops on the line rεR
between the stops si and . Then the total number of stops on the
route �sXsY going from the stop sX to the stop sY can be calculated

as follows:

|�sXsY | =
m∑
t=1

|
(
sit , rjt , skt

)
|, (3.14)
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here si1 = sX and skm = sY .
Thereby, a fuzzy multi criteria route planning problem in its �

level decomposition form for any specified geographical points X
nd Y, can be presented as follows:

ax  : � (3.15)

in  : |�sXsY | = 	mt=1|
(
sit , rjt , skt

)
|, (3.16)

.t.:

S
(
rjt , sit

)
≥ 1 t = 1, . . .,  m,  (3.17)

S(rjt , skt ) > RS(rjt , sit )t = 1, . . .,  m, (3.18)

X (sX ) ≥ �, (3.19)

Y (sY ) ≥ �, (3.20)

skt−1

(
sit

)
≥ �, t = 2, . . .,  m;  (3.21)

i1 = sX, (3.22)

km = sY , (3.23)

 ∈ (0, 1] , (3.24)

here (3.15) states making choice from among possible routes
s higher preference degree as possible, (3.16) indicates selecting
horter possible routes in terms of number of stops. Constraints
3.17)-(3.18) indicate possibility of each connection on the route.
onstraints (3.19) and (3.20) are constraints to ensure that the
rst stop on the route should be fuzzy �-preferable according to

he geographical point X, similarly last stop on the route should
e �-preferable according to the geographical point Y. Constraints
3.21)–(3.24) enforce the fuzzy �-connectivity of a route. Solution
f the problem given in (3.15)–(3.24), provides choosing possible
horter routes among as more as high preferable fuzzy routes con-
ecting the chosen origin and destination points X and Y. Moreover,
he preference degree of a solution of the problem (3.15)–(3.24) will
e equal to

∗ = �X (sX ) ∧  �Y (sY ) ∧  �
(
�sXsY

)
. (3.25)

In practical situations, the proposed solution results should be
imited with sorted in descending order top q alternative routes set
q
XY in order to increase usability:

q
XY =

{
�(1)
sX sY

, . . .,  �(q)
sX sY

|�(i)
sX sY


 �(i+1)
sX sY

, i = 1..q − 1
}
, (3.26)

here �(i)
sX sY


 �(i+1)
sX sY

indicates preference of the route �(i)
sX sY

to

he route �(i+1)
sX sY

. The measure of preference may  be constructed
ccording to the multiple criteria (3.15) and (3.16). This set of
on-dominant solutions is in pareto-optimal solution space of the
roblem. There exist various approaches to multiple criteria prob-

em, such as lexicographical ordering of the criteria, weighted
ggregation of the criteria etc. It should also be mentioned that
here is even a more important fact in route suggestions, where
he users usually prefer the stops with higher level of satisfactions
egarding their socio-psychological expectations.

. Algorithm

In this section, we propose a heuristic algorithm for obtain-
ng the pseudo-optimal solutions of the problem handled in
3.15)–(3.24). This algorithm differs from Liu et al. due to including
onstitutively new fuzzy definitions and applying a new strategy
ccordingly. Although, our approach is still similar with respect to

heir search route, which is also based on selecting lines separately
Liu et al.). There are some different approaches in our algorithm,
uch as fuzzy neighborhood of stops and lines to provide transition
etween stops and lines; and fuzzy preference degree of the stop
mputing 49 (2016) 13–26

that allows for selecting the route with high availability, instead of
trying all possible paths. Principally, the algorithm will be imple-
mented in two phases depending on these definitions: First, lines
passing through stops which are located around the specified points
such as O and D, are prioritized by using fuzzy preference degrees;
and second, we  seek whether these lines are fuzzy neighbor to each
other or not.

In order to find �-optimal solution, departure and arrival stops
on the route have be found first, then the number of transfers as
a parameter (direct connection, single transfer and double trans-
fer) must be applied respectively unless there are no results for the
current case. Fuzzy preference degrees of the stops are searched
around origin and destination points that are represented as O
and D respectively, by satisfying the following condition: stops
are incorporated if their preference degrees are greater or equal
to the � . Then, kO count of departure stops around O and kD count
of arrival stops around D are found. The searching process is sepa-
rately employed between these departure and arrival stops on each
stage for kO × kD pairs. Initially, direct connection is searched and
thus we  examine whether an intersection among any line between
departure and arrival stops exists or not. In case of a direct link
absence, searching process continues with transfer case where the
case of a single transfer case is considered first. It could be said that,
there exists a single transfer if there is a fuzzy neighborhood rela-
tion between any lines departed from one of the so ∈ S2(O)� stops
and any other line arrived to one of the sd ∈ S2(D)� stops. To satisfy
this necessity, it is required to introduce a transfer location that has
ingoing line (s) from departure stops and that has also outgoing line
(s) to arrival stops, and these lines must be fuzzy neighbors, thus
the transfer point is able to connect origin to destination. There
must be alighting (sc1 ) and boarding (sc2 ) stops in transfer area to
ensure a possible connection exactly. We note that if alighting stop
of previous trip is same with boarding stop of the next trip, pas-
sengers ride the line where they get off from previous line when
transfer, otherwise they should walk between these stops before
boarding the line. The route is determined then as two consecu-
tive possible connections, which are

(
so, r1, sc1

)
and

(
sc2 , r2, sd

)
respectively (Fig. 2): the first one begins with departure stop so by
boarding r1 and it ends in alighting stop sc1 by getting off r1; and
the second connection continues by boarding r2 from sc2 and the
route ends in sd stop by getting off from r2 line.

According to Fig. 2, it can be written: s(1)
o , s(2)

o ∈
S2(O)� and s(1)

d
, s(2)
d
, s(3)
d

∈ S2(D)� ; s(2)
o , sc1 ∈ S1 (r2) and

RS
(
r2, s(2)

o

)
< RS

(
r2, sc1

)
; s(3)

d
, sc2 ∈ S1 (r5) and RS

(
r5, sc2

)
<

RS
(
r5, s(3)

d

)
; �

s(
2)
o s

(3)
d

= 〈
(
s(2)
o , r2, sc1

)
,
(
sc2 , r5, s(3)

d

)
〉

Double transfers should be sought if there is no single trans-
fer. Similarly, a route could be defined as a double transfer if there
are three lines that have fuzzy neighborhood respectively and if
they satisfy three specific conditions. These three conditions are
as follows; first line of the route passes from origin to first trans-
fer location, second line links between double transfer location
directed towards a second transfer location and finally third line
connects second transfer location to destination. Each transfer loca-
tion is represented as a pair that consists of alighting and boarding
stops respectively. Alighting stop sc1 of the first transfer location
links outgoing line ro from so to itself that the stop will be on same
line. Boarding stop sc2 of the first transfer location is around sc1

that it will satisfy condition (9) in Definition 7. It connects itself to
alighting stop sc3 , which is first parameter of the second transfer
location, with r line going towards sc3 . Boarding stop sc4 of the sec-

ond transfer links itself to sd with rD that they will satisfy conditions
of possible connection. Similar to the procedure described in single
transfer, three possible connections will be required

(
so, rO, sc1

)
,
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Fig. 2. Example of a route �
s(

2)
o s(

3)
d

=
(
s(2)
o , r2, sc1

)
,
(
sc2 , r5, s(3)

d

)
with a single transfer.

)
,
(
sc

(
F

a

<

R

�

a
a
c
t
a
s
r

o
a
o

l
(
a
a
p

1

Fig. 3. Example of a route �
s(

2)
o s(

3)
d

=
(
s(2)
o , r2, sc1

sc2 , r, sc3

)
and

(
sc4 , rD, sd

)
respectively and they are denoted in

ig. 3.
According to Fig. 3 it can be written: s(1)

o , s(2)
o ∈ S2(O)�

nd S(1)
d
, S(2)
d
, S(3)
d

∈ S2(D)� ; S(2)
d
, Sc1 ∈ S1 (r2) and RS

(
r2, S(2)

0

)
 RS

(
r2, Sc1

)
; Sc2 , Sc3 ∈ S1 (r5) and RS

(
r5, sc2

)
<

S
(
r5, sc3

)
; s(3)

d
, sc4 ∈ S1 (r7) and RS

(
r7, sc4

)
< RS

(
r7, s(3)

d

)
;

s(2)
o s(3)

d

=
(
s(2)
o , r2, sc1

)
,
(
sc2 , r5, sc3

)
,
(
sc4 , r7, s(3)

d

)
.

Maximum number of transfers that can be done for a city is taken
s two (double transfers) in the proposed algorithm. Therefore, this
lgorithm will be terminated if there isn’t any route available after
ompleting the search for double transfers. Simplified flowchart of
he proposed algorithm is presented in Figs. 4–7. Note that stops
re processed every time with respect to their preference degrees
orted in descending order. More detailed pseudo-code of this algo-
ithm is given as Appendix.

Let s be the count of all stops, l the count of lines, and c the count
f stops on the longest line. We  should use relations among stops,
mong lines and between stops and lines. So, space complexity of
ur algorithm can be evaluated as O

(
s2 + l2 + sl

)
.

Moreover, the time complexity of the algorithm can be calcu-
ated roughly as follows. Let an operation with single stop or line
i.e. access a preference degree, distance etc.) be handled roughly
s a unit operation. Then the time complexity of the algorithm
ccording to the flowchart is calculated roughly as follows. For the

rocedure DirectConnection:

 Calculation of both S2(O)�and S2(D)� has complexity O (s);
2 , r5, sc3

)
,
(
sc4 , r7, s(3)

d

)
with double transfers.

2 Calculation of both PR (O) and PR (D) has complexity O (ls);
3 Calculation of �OD has complexity O

(
ls2

)
;

So, total complexity of DirectConnection is O
(
ls2

)
. Similarly, the

complexities of the procedures SingleTransfer and DoubleTransfer
are O

(
s2l2c2

)
and O

(
s2l3c4

)
respectively. Finally, the total time

complexity of the algorithm is O
(
s2l3c4

)
.

5. Computational example

In this section, a computational example is given that uses
some relevant information about some stops such as geographi-
cal coordinates, stops activity, passing lines, etc. obtained from the
public transportation network of Izmir, which is the third biggest
metropolitan city in Turkey. There are about 6800 stops located
on about 600 bus, metro or ferry transport lines in the Izmir [37].
Experiments with PC i7, 2.39 GHz, 8 GB RAM gave results around
2–4 s for constructing 2–3 alternative routes between ordinary cho-
sen origin and destination points on the city map. However, since
our main goal is mainly the presentation of a novel optimal route
planning model based on fuzzy logic, more detailed performance
analysis of the solution algorithm and its comparison to the other
algorithms are left to future studies. A computational example
explaining steps of the proposed algorithm is given below.

Let us apply the algorithm by taking � = 0.005 based on
data from public transportation in Izmir with maxB (s) = 5999,
sεS
max
sεS

|PRs| = 28. Moreover, the maximum walking distance is sup-

posed to be dwalk = 1000. Steps of the algorithm are processed as
follows:
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YES

NO

NO

YES NO

Π

Π ?

Π

Π ?

MAIN ALGOR ITHM:

Given: O,D , γ. Let: Π

Π

Π ?
YES

Print: Top q routes in Π with informa�on
about us ed line, origin sto p and des�na�on
stop fo r each connec�on inside a route .

STO P

Print: “No So lu�on”

Fig. 4. Flowchart of the Main Algorithm.

Table 1
Walking distance, stop activity and hub values of stops and their degrees regarding to stops around the origin point O.

Stop ID (s) d(O, s) �d
O (s) B (s) �A (s) |PRS | �H (s) �

O (s)

20243 50.3177678 0.94968223 34 0.00566761 1 0.03571428 0.00566761

i
O
s
(

b
b
t

t

S
a

20244 54.9615194 0.94503848 1 

20233 155.202353 0.84479764 1 

20066 169.671379 0.8303286 1207 

Step 0: Two sets S2(O)0.005 and S2(D)0.005 are found by taking
nto account preference degrees of the stops around the points

 and D, respectively. Search process will begin with the stop
20066 due to having maximum value among the preference degrees
Table 1).

Although s20243 is closer to origin point than s20066, it remains
ehind s20066 in ranking since its degrees of both stop activity and
eing hub stop is less than s20066. All these degrees are evaluated
ogether as we mentioned in Section 2.2. Set of the stops around

he point O is written by ordering as S2(O)0.005 =
{
s(1)

20066, s(2)
20243

}
.

imilarly, the preference degrees of the stops around D are found
nd given in Table 2.
0.00016669 1 0.03571428 0.00016669
0.00016669 1 0.03571428 0.00016669
0.20120020 4 0.14285714 0.14285714

As seen in Table 2, stops around D are prioritized by ordering
with respect to the preference degree which is greater than 0.005

and these stops are found as S2(D)0.005 =
{
s(1)

30130, s(2)
30129, s(3)

30149

}
.

Searching process is continued by taking an element separately
from sets both S2(O)0.005 (kO = 2) and S2(D)0.005 (kD = 3), respec-
tively.

Step 1: (S2(O)0.005 ∩ S2(D)0.005) = � equality is checked
whether it is satisfied or not. Since the equality is satisfied, we
proceed to Step 2.

Step 2: Procedure of DirectConnection(O, D, 0.005) is executed:

we examine whether any line connects two stops selected in
order from S2(O)0.005 and S2(D)0.005 or not. Therefore, we first
take �OD = �, then we  investigate if there is an appropriate line
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Table  2
Walking distance, stop activity and hub values of stops and their degrees regarding to stops around the destination point D.

Stop ID (s) d(D, s) �d
D (s) B (s) �A (s) |PRS | �H (s) �

D (s)

30130 62.9699932 0.93703001 126 0.02100350 4 0.142857143 0.02100350
30129 78.8656185 0.92113438 125 0.02083681 2 0.071428571 0.02083681
30149 89.9143086 0.91008569 124 0.02067011 3 0.107142857 0.02067011

Table 3
Searching process for direct connection from departure sOεS2(O)0.005 to arrival stops sDεS2(D)0.005.

s(i)
O
εS2(O)0.005 PR

s(
i)
O

s(j)
D
εS2(D)0.005 PR

s(
j)
D

PR
s(
i)
O

∩ PR
s(
j)
D

s(1)
20066

{r77, r140, r147, r148} s(1)
30130 {r53, r214, r348, r662} �

s(2)
30129 {r54, r249} �

s(3)
30149

{
r59, r543,r564

}
�

s(2)
20243

{r361} s(1)
30130 {r53, r214, r348, r662} �

s(2)
30129 {r54, r249} �

s(3)
30149

{
r59, r543,r564

}
�

Return:    

Calculate   ; the set of  -
preferable  stop s around th e origin  
point O. 

Calculate   ; the set of  -
preferable  stop s around th e 
des�na�on  poin t D. 

Calculate th e set of all  lines  passing  
through  the stops of  (i.e.   -
neighbour lin es set of th e O, 
denoted as  ) around th e 
origin poin t O. 

Calculate th e set of all  lines  passing  
through  the stops of  (i.e.   -
neighbour  lin es set of th e D, 
denoted as  ) around th e 
des�na�on  poin t D. 

,  ∈
,   add each   -

connec�ve  route   to 
the set Π  . 

Calculate:    . 

Procedu re DirectConne c�on(O ,D, ) 

Fig. 5. Flowchart of the DirectConnection.

NOYES

Return:

: , ,

find th e set (l et be V) of al l pairs of
-neighborhood stops and

that is on the any line   and
is on the any line respec�vely.

, , ,
, add each -

connec�ve route to
the set Π .

?

Procedu re SingleTransfer (O,D, )
Fig. 6. Flowchart of the SingleTransfer.

passing from departure to arrival stops (in Table 3). As including
{PRsO ∩ PRsD : RS (r, sO) < RS (r, sD)} = � for ∀sOεS2(O)0.005 and
∀sDεS2(D)0.005 provides no direct connecting line, the SingleTrans-
fer(O, D, 0.005) procedure will be operated in Step 3.

Step 3: Procedure of SingleTransfer(O, D, 0.005) is executed for
finding the lines that pass from departure to transfer stops.

Fuzzy neighbors of stops on line r1 were marked as bold in
Table 4. It is required to find the intersection between the stops
sC and sD that provides the transfer from sC to sD . If any intersec-

tion is found, then the solution set shall include two  consecutive
possible connections that comprise of these stops and lines. Depar-
ture stops in sO (s20066 and s20243) that are given in Table 4 will be
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Table  4
Passing lines from s(i)

O
εS2(O)0.005 with departure stops sc .

s(i)
O
εS2(O)0.005 r1 = PR

s(
i)
O

scεNRS
0.005
r1

s(1)
20066

r77 {s20700, s20066, s20243, s20056, s20054, s10492}
r140 {s20657, s20628, s20066, s20243, s20054, s10492}
r147 {s20580, s20066, s20243, s10492}
r148 {s20611, s20066, s20243, s20042}

s(2)
20243 r361 {s20238, s20243, s20066, s20200, s20166}

Table 5
Searching process on stops and lines for single transfer.

sc PRsc s(j)
D

PR
s(
j)
D

PR
s(
i)
O

∩ PR
s(
j)
D

s20700 {r77} s(1)
30130 {r53, r214, r348, r662} �

s(2)
30129 {r54, r249} �

s(3)
30149

{
r59, r543,r564

}
�

s20056 {r77, r662} s(1)
30130 {r53, r214, r348, r662} {r662}
s(2)

30129 {r54, r249} �

s(3)
30149

{
r59, r543,r564

}
�

s20054 {r77, r140, r147, r148, r662} s(1)
30130 {r53, r214, r348, r662} {r662}
s(2)

30129 {r54, r249} �

s(3)
30149

{
r59, r543,r564

}
�

s10492 {r77, r140, r147, r148} s(1)
30130 {r53, r214, r348, r662} �

s(2)
30129 {r54, r249} �

s(3)
30149

{
r59, r543,r564

}
�

s20580 {r147} s(1)
30130 {r53, r214, r348, r662} �

s(2)
30129 {r54, r249} �

s(3)
30149

{
r59, r543,r564

}
�

s20042 {r148} s(1)
30130 {r53, r214, r348, r662} �

s(2)
30129 {r54, r249} �

s(3)
30149

{
r59, r543,r564

}
�

s20238 {r361} s(1)
30130 {r53, r214, r348, r662} �

s(2)
30129 {r54, r249} �

s(3)
30149

{
r59, r543,r564

}
�

s20166 {r361, r200, r543, r777} s(1)
30130 {r53, r214, r348, r662} �

s(2)
30129 {r54, r249} �

s(3)
30149

{
r59, r543,r564

}
{r543}

s20200 {r361, r200, r543, r777} s(1)
30130 {r53, r214, r348, r662} �

i
n

T
o
c

•

•

•

•

i

t

o
a

ps;

tops;

tops.
s(2)
30129

s(3)
30149

gnored in Table 5, since they are the initial stops on the route, but
ot the transfer stops.

Lines passing from fuzzy stop �-neighbors are marked as bold in
able 5 and walking is necessary to reach sD from sC before getting
n these lines from sD in transfer case. As seen in Table 5, following
omments can be made:

After getting off at the stop s20056, there can be a transfer to the
line r662 from the same stop without walking.
After getting off at the stop s20054, there can be a transfer to the
line r662 by walking to the stop s20056.
After getting off at the stop s20200, there can be a transfer to the
line r543 by walking to the stop s20166.
After getting off at the stop s20166, there can be a transfer to the
line r543 from the same stop without walking.

The routes in Table 6 are obtained by combining the results given
n Tables 4 and 5.
It is finally required to compute the total number of the stops on
hese routes |�

s(
i)
O
s(
j)
D

| for each �
s(
i)
O
s(
j)
D

. As it was previously mentioned,

nly representative stops were taken into consideration instead of
ll the stops due to the difficulty in representing all of the stops
{r54, r249} �{
r59, r543,r564

}
{r543}

(Table 7). However, the total number of stops is calculated by using
actual data with real values of stops’ activity.

Alternative routes will be presented to the user in ascending
order w.r.t. |�s

O
s
D
| values given below:


OD =
{
�(1)
sOsD

, �(2)
sOsD

, �(3)
sOsD

}
,

where

�(1)
sOsD

=
(
s(1)

20066, r77, s20056

)
,
(
s20054, r662, s(1)

30130

)
, with total 8 sto

�(2)
sOsD

=
(
s(2)

20243, r361, s20200

)
,
(
s20166, r543, s(1)

30149

)
, with total 11 s

�(3)
sOsD

=
(
s(1)

20066, r140, s20054

)
,
(
s20054, r662, s(1)

30130

)
, with total 14 s

6. Conclusion

One of the basic concepts used in the literature concerning route
planning is the walking distance of a person. Walking distance is

known to be an important criterion in trip planning problem, but
in real life situations it is not sufficient to determine which stop is
the most suitable one. In this paper, we introduce two new crite-
ria such as stop activity and being hub stop besides this criterion,



E. Nasibov et al. / Applied Soft Computing 49 (2016) 13–26 23

Table  6
Solutions to the problem with alternate routes.

s(i)
O

rp1 sc1 sc2 rp2 s(j)
D

�
s(
i)
O
s(
j)
D

s(1)
20066

r77 s20056 s20054 r662 s(1)
30130 〈

(
s(1)

20066, r77, s20056

)
,
(
s20054, r662, s(1)

30130

)
〉

r140 s20054 s20054 r662 s(1)
30130 〈

(
s(1)

20066, r140, s20054

)
,
(
s20054, r662, s(1)

30130

)
〉

s(2)
20243 r361 s20200 s20166 r543 s(3)

30149 〈
(
s(2)

20243, r361, s20200

)
,
(
s20166, r543, s(1)

30130

)
〉

Table 7
The total number of stops within the routes.

s(i)
O

r1 sc1 |
(
s(i)
O
, r1, sc1

)
| sc2 r2 s(j)

D
|
(
sc2 , r2, s(j)

D

)
| |�

s(
i)
O
s(
j)
D

|

s(1)
20066 r77 s20056 4 s20054 r s(1) 4 8
s(1)

20066 r140 s20054 6 s20054

s(2)
20243 r361 s20200 5 s20166

YES 

Return:    

:   ,  , 

find th e set of all   -neighborhood 
lines to both  and  (let be W); 

, ,   add each 
-connec�ve  rout e    

to th e set Π  . 

  ? 

Procedu re DoubleTransf er(O,D, ) 

NO 

Fig. 7. Flowchart of the DoubleTransfer.
662 30130
r662 s(1)

30130 8 14
r543 s(3)

30149 6 11

and they are evaluated together by using fuzzy logic, where these
three criteria constitute the fuzzy preference degree of any stop.
It should be noted that, in order to determine fuzzy preference
degree of a stop in other real life applications, more criteria will
also have to be incorporated in our problem. For instance, railway
and ferry transportation might be more preferable than bus trips,
since these transportation types and their routes are not directly
affected by road traffic. Although people sometimes need to walk
a long distance for reaching at a metro station or a pier, they might
still prefer these transportation modes rather than walking to a
bus station within a shorter distance. For this reason, the type of
the stop/station such as bus stop, metro station, railway station and
pier can be added as a new criterion for future studies. Other pos-
sible criteria regarding our problem might be considered as well,
however, since we focus on demonstrating a fuzzy multi-criteria
optimization approach in this study, this is left as another study
topic for the future.

Finally, we can conclude that the fuzzy multi-criteria route
planning model proposed in this study, which handles preference
degrees of the stops, is a new approach to route planning prob-
lems based on fuzzy logic. The preference degrees are built on fuzzy
neighborhood relations among stops, lines and between lines and
stops. The proposed model can be employed to a search engine in
optimal route planning applications for public transport users, to
handle fuzzy human preferences more adequately.
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A

):

ps in  2( ) and 

grees;
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ppendix A.

Algorithm (Solution of the Fuzzy Multi-Criteria Route Plann ing Problem

Inpu t: O, D,  ;

Output: Π ;

Step 0: It is compu ted  2( ) and  2( ) for  and  relatively. Then sto

2( ) are sorted separately in descending order w.r.t preference de

Set: Π = ∅;

Step 1: if (  2( ) ∩ 2( ) ) ≠ ∅ then

print “Destination  is wit hin walking  distance ”; End ;

end  if

Step 2: Direc tConnection (O,  D,  );

Step 3: if Π = ∅ then  Sing leTran sfer(O, D, );  end  if

Step 4: if Π = ∅ then  DoubleTran sfer(O, D,  ); end  if

Step 5: if Π ≠ ∅ then  print Π ;

else 

print “no  solution ”; 

end  if

End.

Proce dure Direc tConnec tion(O,  D,  ):

foreach 2( )

foreach  2( )

foreach r in { ∩ }

if ( , , ) is a possible connec tion then

Π = Π ∪ 〈( , , )〉;

end  for r

end for 
end  for 

return Π ;

End ;
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( ∈ 2 ) ;

der w.r.t preference  degree s)

〉;

 ∈ 2

∧ ∈ 2

.t. preference  degree s)

 poss ible conn ection) then

, , 〉

e

r

E
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Proce dure SingleTransfer(O, D,  ):

foreach 2( )

foreach 2( )

foreach  in  

= 〈 , 〉: , , ∧

foreach 〈 , 〉 in // (  are sorted in descending  or

foreach in  ( ∩ )}

if , , is possible connection then

Π = Π ∪ 〈 , , , , ,

end  for  

end  for   〈 , 〉

end  for 

end for 

end  for 

return Π ;

End ;

Proce dure Doub leTransfer (O,  D,  ):

foreach 2( )

foreach  2( )

foreach  in  

= 〈 , 〉: , , ∧

foreach  in  

= 〈 , 〉: , , 

foreach  in  

// (  and  are sorted in desce nding order w.r

if 〈 , 〉 ∈ ∧ 〈 , 〉 ∈ ∧ , , is

Π = Π ∪ 〈 , , , , , , 

end for 

end  for 

end  for 

end for 

nd  for 
eturn  Π ;

nd ;
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