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ABSTRACT:

A myriad of novel applications have emerged nowadays for different types of navigation systems. One of their most frequent
applications is Wayfinding. Since there are significant differences between the nature of the pedestrian wayfinding problems and of
those of the vehicles, navigation services which are designed for vehicles are not appropriate for pedestrian wayfinding purposes. In
addition, diversity in environmental conditions of the users and in their preferences affects the process of pedestrian wayfinding with
mobile devices. Therefore, a method is necessary that performs an intelligent pedestrian routing with regard to this diversity. This
intelligence can be achieved by the help of a Ubiquitous service that is adapted to the Contexts. Such a service possesses both the
Context-Awareness and the User-Awareness capabilities. These capabilities are the main features of the ubiquitous services that make
them flexible in response to any user in any situation. In this paper, it is attempted to propose a multi-criteria path optimization method
that provides a Ubiquitous Pedestrian Way Finding Service (UPWFS). The proposed method considers four criteria that are
summarized in Length, Safety, Difficulty and Attraction of the path. A conceptual framework is proposed to show the influencing
factors that have effects on the criteria. Then, a mathematical model is developed on which the proposed path optimization method is
based. Finally, data of a local district in Tehran is chosen as the case study in order to evaluate performance of the proposed method
in real situations. Results of the study shows that the proposed method was successful to understand effects of the contexts in the
wayfinding procedure. This demonstrates efficiency of the proposed method in providing a ubiquitous pedestrian wayfinding service.

1. INTRODUCTION

Navigation systems help the users of different transportation
modes to get to their destinations effectively. Many novel
applications for navigation systems have emerged, including
navigation of vehicles, pedestrians or wheelchair users. An
important application of such systems is Wayfinding. It is a key
function of Location Based Services (LBS) (Zheng et al., 2013).
Most of the previous studies in wayfinding methods were for the
vehicles. However, vehicle navigation systems are not applicable
for pedestrians because there are a number of differences
between the navigation of vehicles and pedestrians. These
differences have some reasons. Pedestrians usually have higher
degrees of freedom and they are not bounded to the road network.
Passing through squares or parks that are inaccessible for cars is
possible for pedestrians. Moreover, pedestrians need higher
precisions than the GPS systems which are used in the cars for
positioning. They are also more heterogeneous in terms of
movement than car drivers (Holone et al., 2007; Millonig and
Schechtner, 2007).

A significant number of studies were performed about pedestrian
wayfinding. However, they had some limitations. For example,
some studies concentrated on only one criterion such as length,
safety (Furukawa and Nakamura, 2013) or health (Sharker et al.,
2012) to find the best route. Some other researches, took into
account more than one criterion simultaneously; however,
majority of them focused on multi-criteria path finding for
vehicles (Niaraki and Kim, 2009; Pahlavani et al., 2012;
Pahlavani and Delavar, 2014), or they developed multi-criteria
wayfinding methods generally without specifying for pedestrians
(Nadi and Delavar, 2011; Mohammadi and Hunter, 2012).
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Apart from that, the most important limitation of the previous
attempts in pedestrian wayfinding is the lack of proper
consideration to service flexibility. They are not attentive to the
diversity in environmental conditions of the users and their
preferences. In fact, their criteria are constant in all situations.
Nevertheless, the importance of such a flexibility in pedestrian
wayfinding is significant. Because, whether a certain route is a
more appropriate choice than another or not, strongly depends on
situational preferences and also on user preferences (Niaraki and
Kim, 2009). In other words, navigation with mobile devices is
affected by the variability of contexts and the diversity of users’
preferences and capabilities (Delikostidis et al., 2015).

Therefore, a method is needed to perform an intelligent routing
with regard to the differences in the contexts and in the users.
This intelligence can be achieved by developing a Ubiquitous
Service. Such a service is adapted to the contexts and to its users
so that it is able to serve the right information in the right situation
to the right person (Zipf and Jdst, 2006). In fact, it understands
both its environment and its users which leads it to be called as
Context-Aware. Context can be interpreted as the information
that are used to characterize the situation of an entity (Biancalana
et al., 2013); Therefore, context-awareness means being aware of
the physical environment that surrounds a user and their mobile
device (Schmidt etal., 1999). In the recent years, some researches
focused on context-aware pedestrian navigation systems. For
example, Ludwig et al. (2014) considered the influence of the
contexts on the salience of a landmark that is suggested by the
system. Nevertheless, there has not been a significant attempt in
the previous studies to propose a multi-criteria path optimization
method for pedestrian wayfinding purposes that provides a
ubiquitous service.
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In this paper, it is attempted to propose a multi-criteria path
optimization method in order to provide a Ubiquitous Pedestrian
Way Finding Service (UPWFS); that possesses both Context-
Awareness and User-Awareness capabilities. To achieve this
goal, at first, UPWFS is defined in a proposed conceptual
framework in Section 2. With regard to the constructed
conceptual framework, UPWFS is then modelled mathematically
as a multi-criteria decision making problem in Section 3. Thenin
Section 4, the proposed pedestrian wayfinding method is
described. In order to evaluate the performance of the proposed
method, an experiment was carried out on the data of a local
district in Tehran whose results and discussions are represented
in Section 5. Finally, a conclusion of the study is provided in
Section 6.

2. CONCEPTUALIZATION

Before modelling the problem quantitatively, a conceptualization
of UPWFS is provided in this section by proposing a framework.
UPWEFS has two main elements: Context and User, also the latter
consists of two sub-elements that are User Characteristics and
User Preferences. Each of these elements is introduced by a
number of factors. These factors influence the appropriateness of
a path and thus, they have effects on wayfinding of a pedestrian.
Reviewing the literature, influences of a number of factors are
highlighted in the researches. Factors that are confirmed more by
the previous studies are extracted and categorized in Table 1. It
should be noted that the objectives of the mentioned studies in
the table are not necessarily the same as of the current study;
however, they believed in the importance of the mentioned
factors in some similar problems.

In this study, the fact that whether a path is appropriate with
regard to the context and user or not is expressed by four criteria:
Length, Safety, Difficulty and Attraction of the path. These

criteria are affected by the factors introduced in Table 1. The
influence of each factor on these four criteria are represented in
the proposed framework (Figure 1).

in the framework, the criterion Safety is divided in two parts:
Accident Safety and Social Safety; the former is the safety of
pedestrians in terms of the fact that how much they are probable
to have an accident with vehicles while crossing across the
streets; and the latter is the security of the pedestrians in terms of
the probability of becoming disturbed or attacked by an offender.
These two parts are not homogeneous and they are not affected
by the same factors. That is why, Kim et al. (2011) or Florez et
al. (2014) did also separate these two parts of the criterion Safety
in their studies.

For example, age of a pedestrian is a factor that has effect on both
accident safety and social safety; thus in the framework, there are
two arrows from the factor Age to both parts of the criterion
Safety. However, the factor Gender may not affect the
probability of accident very obviously and only social safety may
be impressed by the gender of a user; hence, only one arrow from
the factor Gender to the criterion Safety can be seen in the
framework.

Furthermore, it is important to say that Land Use distribution is a
specification of the path; however, it does not determine
attraction of the path on its own. In fact, attractiveness of a path
is also defined with regard to the interests and preferences of each
user. In this study, the element User Preferences describes a
user’s preferred land use distribution on the way.

After conceptualizing the problem, it is needed to apply a model
to describe the problem mathematically. In the next section, it is
attempted to represent a mathematical model of the proposed
framework.
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Figure 1. The proposed Framework for UPWFS

3. MATHEMATICAL MODELLING

In this section, the objective is to model UPWFS mathematically
as a multi-criteria decision making problem. In order to
accomplish this, for each criterion, corresponding measurement
function for pedestrian network segments is formulated based on
its own effective factors. Then impedance of a segment is
determined according to these functions.

As the first criterion, Length of a segment (Lengths.y) is
calculated by normalization of its length with regard to the
minimum and maximum boundaries. However, in order to
measure safety of a segment, more calculations are needed. As it
was mentioned before, the criterion Safety is divided intwo parts:
Accident Safety and Social Safety. Each part is measured
separately since the factors influencing them are heterogeneous.
Accident Safety for each segment (AccidentSafety, ) is
calculated by its influencing factors as below:

AccidentSafetys., = 0

we * Crossingseq + wyc * MedicalCenterg,g
In the Eq. 1, Crossings., Would be 0 if a segment is not a
pedestrian crossing; otherwise, it would be 1. Also,
MedicalCenter,, is existence of any medical centers in a
segment which is either 0 or 1. In addition, the value for w, and
w), are obtained by Analytic Hierarchy Process (AHP) (Saaty,
1990) (Table 2).

Similar to the Accident Safety, Social Safety of a segment
(SocialSafetys,,) is calculated by Eq. 2.

SocialSafetys, = ’
wy * Lightingseq + wps * PoliceStationg,, @)
It should be noted that in this study, the factors Age and Gender
are not considered in the calculation of a segment’s safety in

order to simplify the task. Instead, they are considered when the
aggregate impedance function for the segment is constructed in
Eqg. 5.

Table 2. Extracted weights of the factors by AHP method

Notation | Factor | Weight
Accident Safety
W¢ Crossing 0.9
Wy Medical Canter 0.1
Social Safety
wy Lighting 0.8
Wpe Police Station 0.2
Difficulty

Wg Slope 0.449
Wew Sidewalk Width 0.169
Wpo Pedestrian Overpass 0.382

For measuring difficulty of a segment, influencing factors are
summarized in Slope of the path, Sidewalk Width and Pedestrian
Overpass. Thus Difficulty of a segment (Difficultyseg) is
measured as the same as Eq. 3.

Difficultys, = wg * Slopege, +
wey * (L — SidewalkWidth, ) + 3)
Wpo * Pedestrian0verpasssey

It has been described that to consider influencing factors of safety
and difficulty of a segment, they should be normalized with
regard to their lower and upper boundaries. However, this
approach is not feasible for those factors that influence the
criterion Attraction; because they are related to a user’s
personality that has no meaningful boundaries. In this study, land
use distribution of the path is considered as the influencing factor
on its attraction. The amount of similarity between land use
distribution of a segment and what the active user actually
interests in is obtained by applying Vector Space Model (VSM).
To apply VSM, for each segment a vector is defined whose
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elements are specified to each class of land use. If a specific land
use exists in the segment, corresponding element in the vector
would be set to 1; otherwise 0. Another similar vector is defined
for the user ranks to each class of land use. If an active user likes
a class, the corresponding element in the vector would be set to 1
and if not, it would be setto 0. Finally, using VSM, similarity of
the segment’s land use distribution and the user’s interesting land
use distribution is calculated by measuring the cosine similarity
between the two vectors (Eq. 4).

V. Uy

Cosine Similarity =
vsllvul

4)

Where v, and v,, are vector of the segment and vector of the user,
respectively.

Finally, to calculate a segment’s impedance that considers all the
above criteria, constructed functions are aggregated by weighted
summation in Eq. 5. AHP is again used to weigh criteria by
consideration to experts’ pairwise comparisons of the criteria.
Furthermore, in this step, age and gender of the user is considered
in the weighting process. In other words, weights are flexible
with the changes in the age and gender of a user. In Table 3, a
classification of the age and gender is represented. For each class,
priorities of the criteria are provided. With regard to these
priorities, AHP is performed to obtain suitable weights for each
age and gender group of users.

Impedances,g = Wpen * Length +
Wysas * AccidentSafety +
Wssqr * SocialSafety + wp;¢ = Dif ficulty +
Wy * Attraction

®)

Table 3. Classification of the age and gender of users
Priorities of the

Age EiEr Criteria
0-12 Male (LASSSDA)
0-12 Female (LASSSDA)
12-18 Male (LSS AASD)
12-18 Female (LSS A ASD)
18-60 Male (LAASSSD)
18-60 Female (LASSASD)
60+ Male (LD ASASS)
60+ Female (LDASASS)

4. PROPOSED METHOD FOR UBIQUITOUS
PEDESTRIAN WAYFINDING

In this section, a multi-criteria path optimization method is
proposed based on the model described in Section 3. The
proposed method provides a ubiquitous pedestrian wayfinding
service that is flexible according to the contexts and users. This
service is able to suggest the shortest, the safest, the easiest and
the most attractive route among a large number of possible routes
from a pedestrian’s origin to his/her destination.

A general overview of what happens step-by-step in the proposed
method is represented in Figure 2. The procedure is summarized
in five steps. At first, when an origin and a destination is defined
for an active user, values for the variables of the contexts and the
user are set. Then, by the help of these values and the
mathematical functions developed in Eq.s 1-4, value of each
criterion for each segment is calculated in the second step. It
should be noted that the criteria values are not constant for a
specific segment; conversely, it changes flexibly as the contexts
or the user changes.

Initializing values of Initialize values of
the contexts the user

I s

Calculating the | ‘

i | JE
alculating the
Extractv the) Accident Safety of
Length of each
each segment
segment e

r()a\culahr\gthe |
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Applying Dijkstra's
shortest path
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Figure 2. Steps of the proposed ubiquitous pedestrian
wayfinding method

In the third step, in order to aggregate these functions ina unique
value, AHP weights are extracted according to the age and gender
of the user (Table 3). Then, by the help of the extracted weights,
the impedance of each segment is calculated and stored in a Cost
Matrix. Finally, by applying the Dijkstra's algorithm, the best
path that satisfies all the criteria is derived. This route is going to
be suggested to the active user as the shortest, the safest, the
easiest and the most attractive path between his/her current
location and the destination.

5. EVALUATION OF THE PROPOSED METHOD

To provide an opportunity for evaluating performance of the
proposed wayfinding method in the real situations, data of a local
district in Tehran was considered as the case study. The area was
chosen in a way that all specifications of the pedestrian network
such as existence of sidewalks, width of sidewalks, land use
distribution, existence of medical centres or existence of police
stations were diverse in the area.

In this study, the pedestrian network was constructed so that it
would be able to respond to the needs of the model introduced in
Section 3. Its segments are coinciding on centrelines of the
sidewalks, pedestrian crossings and pedestrian overpasses. The
constructed network, parcels’ land uses and other necessary
spatial features were gathered in ArcMap 10.1 with the help of
the official Tehran GIS data and a complementary field survey.
All features of the segments such as sidewalk widths, are defined
as attributes in the geo-dataset. Also, the proposed method was
implemented in Matlab 2013 environment as an application. This
application gets values of the contexts variables and the user
variables as inputs in order to extract and visualize the best path.

The experiment had two phases. In the first phase, a number of
experimental cases were designed. In each case, age, gender and
interests of the active user were changed. Figure 3 shows two
specific cases. In this figure, two different routes were suggested
by the application in each case from a specific node to another.
One was suggested to a male user who is 40 years old and prefers
residential areas (Figure 3-a); and the other was suggested to a
25-year-old female for whom open areas (parks and urban green
spaces) are interesting (Figure 3-b).

Although the origin and the destination were the same in the
cases, the suggested route by the proposed method was changed.
This has two reasons. First, changes in age and gender of the user
amongst the two cases resulted in a change in priorities of the
criteria (Table 3) and consequently caused a change in weights of
the criteria in the segment impedance function (Eq. 5). Second,
the users’ interesting land use vectors were different; thus,
Attraction values of the segments were not the same in the two
cases. Suggesting disparate routes by the application in each case,
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demonstrates the flexibility of the proposed method in response
to the different users.

d@ o e

Figure 3. Comparison of the best route for two experimental
cases: (a) Male-40-Residential (b) Female-25-Open Areas

Second phase of the experiment was assessment of the suggested
route by the proposed method in comparison to the best feasible
routes in terms of each criterion separately. Again, the
experimental case for the 40-year-old male was considered and
the path that is suggested for him by the application (Figure 4-a)
was compared with the shortest route (Figure 4-b), safest route
according to the Accident Safety (Figure 4-c), safest route
according to the Social Safety (Figure 4-d), easiest route (Figure
4-e) and the most attractive route (Figure 4-f).
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Figure 4. Suggested route by the proposed method (a) in
comparison to the best routes in terms of length (b), accident
safety (c), social safety (d), difficulty (e) and attraction (f)

As can be seen in the figures above, if we consider only one
particular criterion separately, a best route in terms of that
criterion exists that have a better measure for the considered
criterion in comparison to the suggested route by the application.
For example, the suggested route (Figure 4-a) was longer than
the shortest feasible route, it had equal or lower safety measures
than the safest routes (accident and social), it was more difficult
to walk compared to the easiest route and finally it had less
attraction than the most attractive route. However, in the single-
criterion modes, other criteria got worse values to allow the
considered criterion to become the best. Therefore, although the

suggested route by the application seems to be less appropriate in
terms of each criterion separately, the combination of all the
criteria was averagely improved in this route. In other words, all
the criteria were taken into account simultaneously in the route
finding procedure to suggest a route that is concurrently the
shortest, the safest, the easiest and the most attractive choice.

6. CONCLUSION

In this study, a multi-criteria path optimization method was
proposed in order to provide a Ubiquitous Pedestrian Way
Finding Service (UPWFS). Context-Awareness and User-
Awareness were the main features of UPWFS that made it
possible for the wayfinding service to be flexible in response to
any user in any situation. Commonly, pedestrians choose the
shortest path from an origin to a destination; however, individual
or environmental situations may make the user choose another
route that satisfies other criteria. Therefore, apart from ubiquity,
the proposed wayfinding method was also multi-criteria. Criteria
of the proposed method were summarized in Length, Safety,
Difficulty and Attraction of the route.

By reviewing results of the proposed method evaluation, it can
be concluded that the proposed method was successful to
understand effects of the contexts in wayfinding. In other words,
when a user changed, the method applied characteristics and
preferences of the new user in order to suggest a more appropriate
route for him/her. Therefore, the proposed method is able to
improve ubiquity of the wayfinding services for pedestrians. In
addition, the proposed method suggested routes that were not
necessarily the shortest routes. Infact, it seeks a path that satisfies
all the Length, Safety, Difficulty and Attraction criteria
simultaneously. Thus, the proposed method was also successful
to be multi-criteria.

However, some limitations remained with the method. At first,
the considered factors in the framework may not be the all; for
example, in the developed model, contexts are limited to the
constant specification of the route such as slope. On the other
hand, adding new factors in the model may result in some
inaccuracies. Thus, an arrangement is needed for adding further
variable contexts such as time or weather conditions in the model
as a future work. In addition, such a method needs special
pedestrian network that is not available in previous datasets. By
overcoming these limitations, the proposed method would be the
basis of ubiquitous pedestrian services which make walking more
attractive. This will encourages people to walk more and results
in decreases in fuel consumptions and weather pollutions.
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