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ABSTRACT:

This paper proposes a new model for personalized route planning under uncertain condition. Personalized routing, involves different
sources of uncertainty. These uncertainties can be raised from user’s ambiguity about their preferences, imprecise criteria values and
modelling process. The proposed model uses Fuzzy Linguistic Preference Relation Analytical Hierarchical Process (FLPRAHP) to
analyse user’s preferences under uncertainty. Routing is a multi-criteria task especially in transportation networks, where the users
wish to optimize their routes based on different criteria. However, due to the lake of knowledge about the preferences of different users
and uncertainties available in the criteria values, we propose a new personalized fuzzy routing method based on the fuzzy ranking
using center of gravity. The model employed FLPRAHP method to aggregate uncertain criteria values regarding uncertain user’s
preferences while improve consistency with least possible comparisons. An illustrative example presents the effectiveness and

capability of the proposed model to calculate best personalize route under fuzziness and uncertainty.

1. INTRODUCTION

Personalized routing, involves different sources of uncertainty.
These uncertainties can be raised from user’s ambiguity about
their preferences, imprecise criteria values and modeling process.
To find the best personalized route the model should have the
flexibility to consider all these sources of uncertainty. To cope
with this problem, integration of routing methods with fuzzy
decision theory is an idea that is followed in this article.

During the recent years, a number of researches have been done
in personalized routing (Vahidinia et.al., 2008, Khan and
Alnuweiri, 2004, Rodriquez and Lazo, 2013). Teodorovic and
Kilkuchi (2007) presented a model follows the principles of the
classical Clarke-Wright algorithm to develop a set of vehicle
routes (Teodorovic and Kilkuchi, 2007). Khan and Alnuweiri
(2004) proposed a low-complexity constraint-based routing
algorithm for traffic engineering in computer networks that route
end-to-end packet flows (Khan and Alnuweiri, 2004). The
proposed fuzzy routing algorithm (FRA), modifies the well-
known Dijkstra's single-source shortest paths algorithm by
including fuzzy membership functions in the path-cost update
process (Khan and Alnuweiri, 2004). Zheng and Liu (2004)
considered the vehicle routing problem with the travel times as
the fuzzy variables. Then they designed a fuzzy optimization
model for fuzzy vehicle routing based on the time window
(Zheng and Liu, 2004). Boyan and Littman (1994) described the
Q-routing algorithm for packet routing in computer networks.
They embedded a reinforcement learning into each node of a
switching network. In their model each node only used local
communication to keep minimal delivery times (Boyan and
Littman, 1994).

In this paper we propose a new model for finding the best
personalized route based on the fuzzy decision theory, taking into
account the uncertainties in either the measurements or
preferences to provide users the ability to include their

preferences in routing task easily, we propose a to use fuzzy
linguistic preference relation AHP method (FLPRAHP). The
most challenging issues in including user’s preferences in any
personalized systems using multi-criteria methods are the
number of comparisons, consistency of comparisons and
ambiguities in presenting the exact preferences. The FLPRAHP
provide a mechanism for improving consistency using least
number of comparisons and include user’s linguistic phrases
about their preferences (Wang and Chen, 2008). The FLPRAHP
provides costs of links as fuzzy numbers. To find the best route
regarding these fuzzy costs, we proposed a new fuzzy routing
method based on incorporation of Center of Gravity Fuzzy
Comparison (CGFC) method and dijkstra’s algorithm. An
illustrative example is then used to present the application of the
proposed method.

The paper is organized as follows. In section 2 we present the
proposed methodology describing FLPRAHP, center of gravity
fuzzy comparison method and their incorporation in Dijkstra’s
algorithm. In section 3 we detail an illustrative example showing
the step by step application of the proposed method. Some
conclusions and future directions of the work are included in
section 4.

2. METODOLOGY

As illustrated in figure 1, the proposed model consists of 2 steps.
In the first step, the model provides the basis for capturing users
preferences which are always uncertain. The most challenging
issues in this step are reducing the number of comparisons
between criteria to determine user’s preferences and maintaining
the comparisons consistent. To cope with these problems, in this
step the fuzzy linguistic preference relation method is adopted.
This step results in a set of fuzzy numbers represents the cost of
each link in the network. The second step uses these fuzzy costs
for each link of the network as input values for fuzzy
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personalized routing engine to solve the best path problem. We
design and develop fuzzy personalized routing engine by
integrating fuzzy center of gravity ranking method with dijkstra’s
algorithm.

Fuzzy Prefrence

Relation AHP

Step 1

Users Preferences Criteria Values of each link

about routing criteria (Fuzzy Numbers)
(Linguistic Phrases) |
|
T
f
|
77777 Fuzzy CostValues
‘r Of network links *\
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Fuzzy Comparison
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Fuzzy Personalized

Routing Engine Dijkstra’s Algorithm

Step 2

®

The best personalized route

Figure 1. Fuzzy personalized routing model

2.1. Conventional Fuzzy AHP

The Analytical Hierarchical Process (AHP) is one of the
extensively used multi-criteria decision making methods.
Although this method is easy to understand and it can model
expert opinions through pairwise comparison, however, the
conventional AHP cannot process imprecise or vague
information (Chen and Hwang, 1991, Chiclana and Herrera,
1998, Vahidnia et.al, 2008, Zhu, 2014) in conventional AHP
decision makers compare criteria using crisp judgments.
However, in the real situations most experts can just use their
judgments regarding criteria relative meaning which are usually
vague. It is the essence of the AHP that human judgments, and
not just the underlying information, can be used in performing
the evaluations. To model the ambiguity in judgments and also
uncertainty in criteria values fuzzy extensions of AHP has been
introduced. However, the most challenging issue of these
methods are to maintain the comparisons consistence. The
FLPRAHP provides a method to capture the experts’ preferences
about criteria using fuzzy linguistic phrases and calculates
importance weight of each criterion using least possible number
comparison while maintains consistency. The steps of the
conventional Fuzzy AHP are as follows:

Step 1: Hierarchical structure construction by placing the goal of
the desired problem on the top level of the hierarchical structure,
the evaluation criteria on the middle levels and the alternatives
on the bottom level.

Step 2: Constructing the fuzzy judgment matrix A. The fuzzy
judgment matrix A in equation 1 is a pairwise comparison of
criteria that is constructed by assigning linguistic terms to the
pairwise comparisons by asking which one of two criteria is more
important.

1 dqy dqin 1 Qg Qin
- a i a a., - 1 a,
A= 21 ?TL - a12. ) ‘TL (1)
Gp1 Gnz - 1 Gy b Ay, Y e 1

where d;;is the fuzzy number from table 1 resulted by comparing
ith and jth criteria.

Table 1. Membership function of linguistic scales
Fuzzy numbers Linguistic scales Membership function

1 Equally important (1,1,3)
3 Weakly important (1,3,5)
5 Essentially important (3,5,7)
7 Very strong important (5,7,9)
9 Absolutely important (7,9,9)
1-13-15-17-19-1 | Relative less important

Step 3: Calculating fuzzy weights of each criterion. The fuzzy
weights of each criterion are calculated using equation 2 (Ekel
et.al., 2006).

7D ... o1, ) 2
‘Fi = [ai1®di2® ®d,'n]ﬁ Vi= 1,2, P ()

Wi

Where w; is the importance weights of ith criterion.
Step 4: Hierarchical layer sequencing. The final fuzzy weight
value of each alternative is calculated by hierarchical layer
sequencing using equation 3.

n

j=1

Where #;; is the fuzzy value of the jth criterion, U is a fuzzy
number shows the final score of ith criterion.

Step 5: Ranking alternatives.

To prepare alternative for ranking at the final step, one approach
is defuzzification which transform fuzzy numbers to crisp ones.
Equation 4 shows one of the simplest but least useful methods
named weighted fuzzy mean.

X(0)=0U+m+uw/3 4
Where I, m and u are lower, mid and upper band of fuzzy number
U; and X (T;) is fuzzy mean of J; which can be used to determine
the optimum alternative.

In this paper we propose to use fuzzy ranking method of center
of gravity that uses more knowledge from fuzzy numbers to
compare them. Furthermore, when the number of criteria become
large the number of comparisons as well as maintaining them
consistent would be a challenging issue especially in
personalized systems where public users are supposed to make
comparisons. Here we propose to use FLPRAHP methods in
personalized systems which solve these problems. Following we
explain the FLPRAHP and Fuzzy Ranking methods in sections
2.2 and 2.3 respectively.

U, =({.muw) (3)

2.2. Fuzzy Linguistic preference relation AHP

In the second step of conventional fuzzy AHP described in
section 2.1, the amount of comparison can be reduced using the
relationship between elements of the matrix C (Berredo et.al.,
2005, Ekel et.al., 2006, Wang and Chen, 2008). Given that the
fuzzy positive matrix 4 = (d;;) is reciprocal which means that
a; = dij_l where d@;; € [1/9.9] the fuzzy preference relation
matrix P = (p;;) where p;; € [0.1] can be calculated using
transformation in equation 5 (Ekel et.al., 2006).

pij = %(1 + logsa;;) iy = (oh-pif-PR) )
Where pf;, p!f and pf are left, mid and right band of fuzzy
number p;;.

For A4 = (a;;) being consistent, @ should be equal to &@;;®dy.

Taking logarithm on both sides equation 6 yields (Ekel et.al.,
2006).

dij®djk = Ay (6)
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logoea;j®logqea;, = logsax
1099aij631099ajk O logeay =0
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1 1 1 3
E(l + loggaij)GBE(l + loggajk)GBE(l +logoay;) = >

Substituting %(1 + logga;;) from equation 5 the relationship

between elements of matrix A can be determined as detailed in
equation 7 (Ekel et.al., 2006).
3

Dij @01 Pk = 5

Pij + Pjic + Pki =
M MM %
Pij T Dji + Pri =

pij + Pl + P =
These relationships for more than three criteria are as equation 8
(Ekel et.al., 2006).

N| W wh| w

G—-i+1)

Piti+1) T Planyn) T Plp; + D) = —
G—i+1)

Pilivr) + Plianyivz) T+ Pl-ny; TP = — ®)
G—i+1)

Pllisn) T Planyivz) T+ Dlony; TP = —

By using these relationships, the required comparisons for n
criteria will be reduced from n(n-1)/2 to just n-1 comparisons
while the consistency is maintained.

2.3. Centre of Gravity Fuzzy Ranking Method

There are many ways to compare two fuzzy numbers. Center of
gravity is one of the most common and useful techniques (Chen
and Chen, 2009, Chen and Chen, 2007, Chan and Qi, 2002, Phani
and Shankar, 2011).

Step 1: Considering A4; = (a*.aM*.aM?.aR.w;) as a
generalized trapezoidal fuzzy number where a*, a™!, a™? and
a® are real numbers and O<w, <1 is its maximum membership
value. In this step the standardized trapezoidal fuzzy number
must be calculated using 9.

_ ab gMl gM2 gR
Al=— — —— — Wi
FT\k kT k kA )
— (L% M1*  M2* _R*. . _
—(a av,a"c ,a ’WAi)

Where k = max(al.aMl.aM2.qR1) and 0 < al” < aMl” <
a"?" < af" < 1.

Step 2: Computing the Centre of gravity (xj{i. ngi) using equation
10 (Chen and Chen, 2009).
M2* _ _M1*
Wi, (% + 2)
. a —a . L* + R*
i = 3 . if a a
Wz,
2
V(@™ 4 e + (@ + 0" ) (ws, — )

Ay

if at" = a®" (10)

2wy,

Step 3: Computing the mean and standard deviation (Chen and
Chen, 2009)
_ al” 4 aM* 4 gM2" 4 gR”

. ' (1)

2
Z(x]_f/l') * * * *
Sa, = /ﬁ R Ty

Step 4: Computing rank of the standard fuzzy number using
equation 12 (Chen and Chen, 2009).

Rank(4}) = x + (wAi - y}ii)sz‘ X (ngl, + 0_5)1_Wzi (12)

This rank then could be used to rank fuzzy numbers. This
approach can also be used for triangular fuzzy numbers by
considering a™* = a™? in the equations.

2.4. Fuzzy Personalized Routing Engine

The route planning algorithms determine a path through a
network from an origin to a destination. For determination of this
path, the corresponding minimization problem, over an
impedance function, has to be solved. This paper proposes that
the impedance of each link should be calculated according to the
users’ preferences using fuzzy linguistic preference relation AHP
method as described in section 2.2. The route planning in a
network with non-negative crisp costs of links can be solved
easily using well-known existing approaches such as Dijkstra’s
labeling algorithm. However, when the costs of links are in the
form of fuzzy numbers, as in the case in this paper, a fuzzy
routing approach is required. We propose to adopt Dijkstra’s
algorithm for fuzzy numbers based on the fuzzy center of gravity
ranking method which is described in section 2.3. The advantage
of this approach over other existing approaches, which work only
for acyclic, layered graphs, is that it is usable for any general
directed graphs, including transportation networks.

Figure 2 illustrates the proposed algorithm for calculating the
fuzzy personalized least cost route. In this approach, a directed
graph G=(V,A) is defined with node set V, arc set A, start node
(origin) o€V, target node (destination) deV and
cost_of _travelling[u.v] = (Lyy. Myp. Ryy) is fuzzy cost of
travelling from node ueV to node veV which share a link and
0<Lw=Mu=Uun<l.

set G(V,A) = the graph with a set of vertex, V, and a set of arcs, A
set O = the origin
for each vertex pairs (u, v) in V sharing a link
cost_of _travelling [u.v]=FLPRAHP (criterions, criteriony, ..., criterions)
for each vertex v in V
cost[v] = infinity
previous[v] = undefined
end for
cost[o] =0
Q = the set of all nodes in V
while Q is not empty
u = vertex in Q with smallest fuzzy cost (ranked by fuzzy center of gravity)
remove u from Q
for each neighbour v of u
alt = cost[u]®cost_of _travelling[u.v]
cgralt] = rank of alt using fuzzy centre of gravity
cgr[cost[v]] = rank of cost[v] using fuzzy centre of gravity
if cgr[alt] < cgr[cost[v]]
cost[v] = alt
previous[v] =u
end for
end while
set d = the destination
theRoute=Trace_back[previous(D)]

return: cost[d] & theRoute

Figure 2. The proposed algorithm for determining personalized
routing algorithm

This contribution has been peer-reviewed.
https://doi.org/10.5194/isprs-archives-XLII-4-W4-417-2017 | © Authors 2017. CC BY 4.0 License. 419




The International Archives of the Photogrammetry, Remote Sensing and Spatial Information Sciences, Volume XLII-4/W4, 2017
Tehran's Joint ISPRS Conferences of Gl Research, SMPR and EOEC 2017, 7-10 October 2017, Tehran, Iran

3. NUMERICAL EXAMPLE

Figure 3 shows the network to be evaluated and Table 2
illustrates the attributes of each link. The personalized fuzzy
route between the origin, A, and the destination, F, are required
for different decision strategies. In this example we supposed that
the user is interested to find the best route regarding the
“distance”, “traffic volume” and “quality of road”.

Figure 3. Sample network to be evaluated

Table 2. Fuzzy values of different criteria each link

link Road Distance Road Quality Traffic Volume
AB 3=(135) i=(-113) 5=(357)
AD 4 =(24.6) 2 =(0.2.4) 4 =(2.4.6)
AE 5=(3.5.7) 2 =(0.2.4) 6 = (4.6.8)
BC 3=(13.5) i=(-113) 1=(246)
CcD 1=(-113) 0 =(-2.0.2) 3=(13.5)
CF 6 = (4.6.8) 3 =(13.5) 1=(-113)
DF 2 =(0.2.4) i=(-113) 2 =(0.2.4)
EF 3=(135) 2 =(0.2.4) 2=(0.24)

Regarding the method described in section 2, the following steps
have been followed.

Step 1. Determining users’ preferences:

Regarding the hierarchical tree illustrated in figure 4 there are 3
criteria namely “traffic volume”, “road distance” and “road
quality” in which we first should determine user preferences
regarding them.

Best personalized
route
) - ( - .

Figure 4. AHP hierarchical structure

Therefore, the first step goes through the process of completing
the pair-wise comparison matrix and determining the user
preferences using fuzzy linguistic preference relation AHP
explained in section 2.2. To do this, the user just completed the
first row of pair-wise comparison matrix based on linguistic
preference relation in table 1. Other comparisons can be obtained
using equation 8. Table 3 shows the comparisons by user.
Table 3. Fuzzy pair-wised comparison
A

Distance HVT Traffic
Distance i 3 5
HVT ? i ?

Traffic |

Lo

1

Fuzzy preference relation value P is calculated based on the
equation 5 as showed in table 4.

Table 4. Fuzzy preference relation of comparisons

Distance HVT Traffic
Distance i (0.5 0.75 0.87) (0.75 0.87 0.94)
HVT (0.13 0.25 0.50) i (0.57 0.62 0.75)
Traffic (0.06 0.130.25) | (0.250.38 0.43) i

Having this matrix in hand, the weights of each criterion is
calculated using equation 2 as follow.

r(road distance) = [0.72 0.87 1.35]

r(road quality) = [0.42 054 1.04]

r(traffic volume) = [0.25 0.37 0.69]

wy; = w(road distance) = [0.23 049 0.97]

w, = w(road quality) = [0.14 0.30 0.75)

ws = w(traffic volume) = [0.08 021 0.50]

Step 2. Calculating overall cost of each link:
By aggregating users’ preferences regarding each criteria and
their values for each link the overall cost of each link is calculated
as follow.
cost_of _travelling[A.B] = 3@ w, ® 1 @w, ® 5 ®w;
=[078 282 8381=2.82
cost_of _travelling[A.E] =5Q w, ® 2 ®w, ® 6 Qws
= [1.46 431 1157=431
cost_of _travelling[A.D] = 4@ w; ® 2 Qw, ® 4 @w;
= [1.07 340 9.601=340
cost_of _travelling[B.C] = 3@ w, ® 1 @w, ® 4 Qw;
=[070 261 7.88=261
cost_of _traveling[D.C] = iI® w; ® 0 Qw, ® 3 Qw;
=[016 112 394=112
cost_of _travelling[E.F]1 =3Q w, ® 2 ®@w, ® 2 Qw,
= [0.68 249 7.63=249
cost_of _travelling[D.F] = 2@ w, ® 1 Qw, ® 2 Qw;
= [031 170 5911=1.70
cost_of _travelling[C.F] = 6@ w; ® 3 ®w, ® 1 ®ws
= [1.43 4.05 10.79=4.04
Figure 5 illustrates the resulted network with overall cost of each
link.

Figure 5. overall fuzzy cost of each link

Step 3. Finding the best path using fuzzy personalized routing
method:

In the final step, fuzzy personalized routing engine, which has
explained in section 2.4, uses fuzzy cost of travelling on each link
to find the best route. The data structure in Table 5 shows the
steps for determining best route.

Table 5. the proposed data structure to determine optimum personalized route

Cost (v) Previous vertex removed
loopl 11 |12 |13 |14 |15 |6 |1 B |I5|L6|1L|12|13|WK]|I5]L6
\Vertex
A 0 - - - - - - - - - - | vV - - - - -
B o |282] - - - - |Null - - - - v | - - - -
C o | o |543|452[452| - [Null|Nulll] B | D | D | - v | -
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D o |3.40 (340 - - - INull] A | A - - - v - - -
E oo |4.31|431|431] - - [Null AJAA]| - - v - -
F o | o | o |510]| 68 856 |Null|Null|Null] D | E | C v
In this table, I1, 12, ..., 16 columns preserve the results of the steps management”, Journal of Engineering Manufacture 216(8):

in routing algorithm which are illustrated in figure 2. For the
sample network illustrated in figure 3 the algorithm determined
the best path in 6 loops in this table. Table 6 shows the required
comparisons for each loop using fuzzy center of gravity.

Table 6. required comparisons in each loop

Fuzzy numbers x|y x s |Rank
3.93 4.157
4.61 4,785
5.65 5.764
7.61 7.671
4.61 4,784
5.65 5.764
[123 4.52 13.54]=4.52 6.34 6.430
14 [1.46 431 11.57]=4.31 [5.65 5.764
[1.38 5.1 1551]=51 [7.25 7.317
[123 4.52 13.54]=4.52 6.34 6.430
[214 6.8 19.20]= 9.247

Loop number

0.37
0.38
0.39
0.36
0.38
0.39
0.36
0.39
0.36
0.36
0.38

3.99
4.69
5.78
7.72
4.69
5.78
6.43
5.78
7.33
6.43
9.38

3.28
3.68
4.34
6.39
3.68
4.34
5.32
4.34
6.12
532
7.35

[0.78 2.82 8.38]=2.82
12 [1.07 3.40 9.60]=3.40
[1.46 431 11.57]=431
[1.48 5.43 16.26]=5.43
13 [1.07 3.40 9.60]=3.40
[1.46 431 11.57]=431

!

.80 9.22

N

To find the path to any vertex in the network, one can find the
minimum cost value in its row and trace back using the previous
vertex named in the same loop in “Previous vertex” columns. For
example for f as the destination minimum cost belongs to loop 4
with 5.10 which is related to its previous vertex D in loop 4.
Then, for vertex D the minimum cost belongs to loop 3 with 3.40
which is related to its previous vertex A in this loop. Therefore,
the best path to F would be A—~D—F. it should be explained that
the next best paths to F with 6.8 and 8.56 cost values can be
determined by tracing back from loops 5 and 6 respectively.

4. CONCLUSION AND FUTURE DIRECTIONS

Personalized route planning algorithms use different criteria of
the network and aggregates them regarding users’ preferences to
determine overall cost for each link. These cost then are used to
determine the best route. In this paper we emphasize that in this
process there are two kinds of uncertainties. The first one is in
the criteria values e.g. traffic, quality of the road and so on.
Another one is from the ambiguity in determining users’
preferences. Furthermore, the number of comparison between
criteria to determine users’ preferences as well as maintaining the
consistency of comparisons are other important challenging
issues. In this paper we propose a multi-criteria personalized
routing model based on the fuzzy linguistic preference relation
AHP model and modify Dijkstra’s routing algorithm using fuzzy
center of gravity ranking method to cope with this issues. Finally,
we provide an illustrative example which shows the capability of
the proposed model to capture the mentioned uncertainties.
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