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ABSTRACT
Navigation services, such as used in cars, are widely used
nowadays. Many applications, positioning technologies and
techniques have been developed to make navigation systems easier
to use. However current navigation systems suffer from different
aspects of uncertainty such as incomplete or inaccurate positional
data. This paper reviews aspects of uncertainty which should be
considered when developing navigation systems. A proposed
approach, based on rough set and fuzzy set theories, is explained
and implemented in an application.

Categories and Subject Descriptors
I.2.3 [Deduction and Theorem Proving]: Uncertainty, ``fuzzy,''
and probabilistic reasoning

General Terms
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1. INTRODUCTION
Location Based Services (LBS) are now widely used by mobile
users for many tasks, such as finding the current location on the
map or listing the location of nearby shops or facilities. An
important category of LBS is navigation services which mainly
provide users with instructions to travel to their required
destination from their current location using the best route
calculated from a combination of user preferences and the
underlying road network. Mobile devices mostly employ the
Global Positioning System (GPS) to provide location. Although
GPS is one of the most widely used technologies for this,
sometimes it does not provide location with an acceptable degree
of accuracy due to attenuation, fading and multipath problems.
This inaccuracy is one of the most important aspects of uncertainty
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in navigation.
Uncertainty may be classified according to the following aspects
[1]: inaccuracy and error, vagueness, incompleteness,
inconsistency and imprecision. Positional inaccuracy can of course
be considered to fall under inaccuracy and error. However, from
another point of view, GPS data may suffer from incompleteness
also because GPS can only provide accurate location where there
is an unobstructed line of sight to at least four satellites. Another
category, vagueness, occurs within navigational instruction
provided to users. In current navigation systems, the navigational
instructions are provided to user as they approach a turning point.
So navigational instructions are updated and become available
“close to” each turning point. Deciding when the instruction
should be given to the user is a complicated decision since
“approaching” and “close to” do not have mathematically and
spatially clear definitions.
Uncertainty, as defined above, is not limited to these examples.
Section two focuses on aspects of uncertainty through further
examples. In order to handle this uncertainty, we propose using a
fuzzy inference system to handle vagueness in the definition of the
spatial area in which navigational instructions should get updated.
Fuzzy set theory was originally developed to solve the problem of
vagueness in definitions and variables and is one of the most
widely used techniques for handling uncertainty. Applications,
systems and services in many domains have been developed based
on fuzzy set theory [2], [3], [4]. While the performance of fuzzy
inference systems is still under question [5], there has been some
research regarding their optimization [6], [7]. However, due to the
complicated mathematical background of fuzzy set theory [8], its
computational overhead is not usually appropriate for real time
navigational purposes. Rough set theory [9] is one of the simplest
uncertainty handling frameworks and is proposed here to deal with
aspects of uncertainty in navigation systems. An introduction to
the principles of rough set theory and fuzzy set theory is given
briefly in section three. Then section four implements the
proposed model into an navigational application.

2. UNCERTAINTY IN NAVIGATION
SYSTEMS
Generally speaking, almost all the information that we possess
about the real world is uncertain, incomplete and imprecise. This
section is focused on explaining the main aspects of uncertainty
and how they are manifested in navigation services: inaccuracy

and error, vagueness,
imprecision.

incompleteness,

inconsistency

and

2.1 Inaccuracy and Error
Inaccuracy and error refers to the deviations of captured or
measured data from true values. Accuracy is the closeness of
agreement between measured values and the true values. Error is
the difference between a measurement and the true value of the
quantity being measured. Since positioning is one of the most
essential components of any navigational system, this part is
mostly dedicated to locational accuracy rather than other
measurements, such as attribute accuracy. Mobile devices mostly
employ Global Positioning System (GPS) receivers to get
positioning data. Factors that may affect the accuracy of GPS data
are explained below. Since GPS is not only positioning technology
implemented by navigation systems, a brief overview of other
position technology is provided too.
Accuracy of positional data provided by GPS, embedded in
mobile phones, may be affected by several different factors [10]
such as signal multipath, availability of satellites, orbit geometry
and also the quality of the GPS receiver [11]. The most important
error is caused by multipath which can be introduced when signals
are reflected by the façade of an object such as a building. As the
less direct path will be longer and take extra time, this can add
errors. Another important factor in GPS accuracy is the number
visible satellites. Obviously the more satellites that can be seen
and can be used to provide data, the more triangulation points are
obtained and the greater the level of accuracy is achieved. The
geometry of the satellite positions can have an impact on GPS
errors. The optimum situation occurs when the satellites are
observed at wide angles relative to each other. Poorer accuracy is
obtained when the observed satellites are closer together.
There are other positioning technologies that can provide
locations with differing degrees of accuracy. For example, mobile
phone networks can determine the location of an individual within
a suburb or town (around 150 to 300-m accuracy. The accuracy of
the Enhanced Observed Time Difference (E-OTD) technique can
be expected to be around 125m. One of the most widely used
positioning technologies, which can be used seamlessly indoors
and outdoors, uses Wireless Local Area Networks (WLAN). There
are many factors which may affect accuracy of this technique that
are related to the mobile device such its device scan interval. For
an average error of 2 meters, the scan interval needs to be smaller
than 2500 milliseconds.
Another solution for indoor positioning is using measurements
provided by internal accelerometers and gyroscopes to model an
Inertial Positioning System. The position and orientation of an
object relative to a known starting point, orientation and velocity
are calculated. The main challenge in inertial positioning is
integration drift. That means small errors in the measurement of
acceleration and angular velocity are integrated into progressively
larger errors in velocity, which are compounded into still greater
errors in position.
Bluetooth networks can also calculate the position of a device.
Accuracy in a Bluetooth positioning system is dependent on the
maximum range of the system like all wireless positioning
techniques. The longer the range the higher the error can be.
Bluetooth has a typical range from 10m to 100m depending on the
power class of the device.

In summary, the various positioning technologies and techniques
which have been implemented in navigation applications provide
locational data to differing but estimable degrees of accuracy.

2.2 Vagueness
Another aspect of uncertainty in navigation systems is
vagueness. Vagueness is related to the imprecision in concepts
which are used for explaining phenomena. In current navigation
systems, instructions are provided to the user turn-by-turn. So
navigational instructions are getting updated and become available
for users “close to” each turning point. Modeling and storing
“close to” areas for each turning point, or node, would be another
challenge since there has not been a predefined definition for
“close to”. It may cover a large extent that is distributed
continuously in space and has indeterminate boundaries [12]. Such
vague phrases as far, near and around must be defined
mathematically and modeled spatially. This paper proposes fuzzy
set theory [8], as one of the most powerful and widely used
frameworks in uncertainty handling, to model such a vague
concept. Fuzzy logic is originally developed to deal with linguistic
variables. By a linguistic variable we mean a variable whose
values are words or sentences in a natural or artificial language
[13]. For example, distance is a linguistic variable if its values is
linguistic rather than numerical, as in near, very near, quite near,
far, not very far, and so on. Since the area in which navigational
instructions get updated is defined by such linguistic variables,
fuzzy set theory should be able to model this aspect of uncertainty.

2.3 Incompleteness
Incompleteness refers to a lack of relevant information. Each
positioning technology may not provide locational data in all
situations. For example GPS is mainly an outdoor positioning
technology; consequently, it cannot provide the users’ position
while they are inside a building or a tunnel. Even outdoors there
are many places where GPS signals simply are not available due to
obstruction. For example, in the inner city streets of urban areas
lined with skyscrapers the ‘visibility’ of GPS satellites is very
limited. In such areas the signals can be either obstructed for
extended periods of time or even continuously unavailable.
Generally speaking, most positioning technologies are not
universal solutions for seamless location. For example, Bluetooth
or RFID (Radio Frequency Identification) are reliant on network
availability. However, it may be possible to use interpolation or
extrapolation techniques [14] to estimate position when the
technology cannot provide any data. There are many solutions to
position estimation, but it is outside the scope of this paper to
discuss these.

2.4 Inconsistency
Inconsistency refers to the conflicts between two or more sets of
information or data describing the same variable. For example, if
two sensors sense the same variable, such as temperature or
pressure, it is possible to have two different values for the same
variable at the same time. In current navigation services, usually
this aspect of uncertainty has less priority since the most important
variable to be measured is position and usually only one
positioning technology is embedded in the device. However, more
sophisticated devices have more than one positioning technology,
for example for working seamlessly indoors and outdoors. This
may result in inconsistent data being returned from sensors due to
their differing accuracy.
Even when only one positioning technology is included, it is
possible to encounter problems with inconsistent data. For

example, if we are using a camera network as a positioning
solution, it is possible to get two or more different locations
calculated since a mobile object can be in view by more than one
camera. In camera-based positioning technology, a set of cameras
is to provide synchronized image data which is processed and
exteriorly oriented to track or calculate the position of objects in
those images. In order to get the position of a user within an
image, using image processing techniques objects are detected and
localized to a particular cell. Then the absolute or relative position
of that cell is calculated. In order to follow the user continuously,
there should be an overlapping area between each pair of cameras.
This overlapping area allows the system to follow users from one
camera’s area of coverage to another one. If a mobile user is
located in the overlapping area viewed by two or more cameras,
each camera will calculate a position for that user. The position
may differ if the resolution and configuration of cameras differ.
Consequently, each camera may calculate a position which is
different resulting in inconsistent positional data.

3. SOLUTION
As demonstrated above, location based services suffer from
different aspects of uncertainty. Many solutions have been
proposed including possibility theory [15] and Dempster-Shafer
evidence theory [16]. Rough set theory, introduced by Pawlak [9],
represents the uncertainty of an event by the approximation of a
collection of sets. Rough set theory is one of the most powerful
devices to deal with uncertainty while, in comparison with other
theories, it is very simple to implement which makes it very
attractive for location based services where time and performance
are important criteria. Most of the time, location based services are
provided to moving users whose positions can change rapidly.
Consequently, it is very important to provide them with the
services as fast as possible to be relevant to the current location.
Rough set theory has one of the simplest frameworks, so its use
could be appropriate.
In order to handle vagueness it is better to implement fuzzy set
theory which essentially has been developed to handle this aspect
of uncertainty and is one of the most powerful and widely used
methods. Many fuzzy inferences have been developed and can be
used to define which area should be considered as "around" or
"near" to a spatial feature [18]. In the following, we briefly explain
the principles of rough and fuzzy set theory.

3.1 Rough Set Theory
Suppose some uncertain phenomenon X is approximated using
only the information contained in a set B. We can construct the Blower and B-upper approximations of X, denoted by BX and BX
respectively [9]. The lower approximation of X is the collection of
objects which can be classified with full certainty as members of
the set X. The upper approximation of X is the collection of
objects that may possibly be classified as members of the set X.
The set BN B ( X ) BX  BX is called the B-boundary region of

X, and thus consists of those objects that we cannot classify with
certainty to be either inside X, or outside X.
As it explained in next sub section, rough set theory is
implemented to handle uncertainty due to inaccuracy and
incompleteness of positional data in location based services. In
order to handle vagueness of linguistic variable used in location
based services, a fuzzy inference system is developed. Following
is a brief explanation regarding to fuzzy set theory and fuzzy
inference systems.

3.2 Rough Set Based Positioning
Measurement of location suffers from inaccuracy,
incompleteness and inconsistency. The simplicity of rough set
theory enables us to handle uncertainty of positional data without
compromising performance due to the computational overhead.
Since users' positions change continuously, it is very important to
use a framework which handles uncertainty with an acceptable
level of performance. In this regard, rough set theory is considered
as one of the simplest uncertainty handling framework.
Since rough set theory uses three main regions to interpret a
spatial feature [5], this paper proposes considering a three ring
polygon to model a position. Around the position of the user,
typically a latitude and a longitude, there are two buffer rings. The
radii of these buffers model the level of accuracy of the positional
data with greater accuracy meaning smaller buffers. In addition,
depending on the speed and direction of movement, the buffer
feature exhibits deformation in the direction of movement (figure
1). The smaller buffer around the point feature defines the area in
which there is a high likelihood of the user being located. This
area corresponds to the lower-bound region from rough set theory.
The larger buffer contains the area in which the user is located
with less likelihood. Outside this, there is no possibility that it
contains the true position.

Figure 1. Stationary and moving object positional area

In following subsection a review of fuzzy set theory and fuzzy
inference systems are provided, since they can be used to
implement vagueness in some LBS related concepts.

3.3 Fuzzy Set Theory
Fuzzy logic starts with the concept of a fuzzy set. A fuzzy set
can contain elements with only a partial degree of membership.
Fuzzy set theory uses a continuous assessment of elements in a set
from certain absence to certain membership; this is described with
the aid of a membership function valued in the real unit interval
[0, 1].
A fuzzy set is a pair (A, m) containing a set A and membership
function m: Aĺ [0, 1] [8].The membership function of a fuzzy set
is a generalization of the indicator function in classical sets [8]. A’
the membership degree quantifies the grade of membership of the
element x to the fuzzy set [8]. The value 0 means that x is not a
member of the fuzzy set; the values between 0 and 1 characterize
fuzzy members, which belong only partially.
Fuzzy set theory has been implemented to deduce which area is
considered to be "around" an object by [18]. It is possible to
extend this to model vagueness resulting by using this and other
similar linguistic variables.
With both the model for positional uncertainty of a mobile user
and definitions of vague terms such as "around", it is possible to
determine with more rigor when a user has entered the area of
"around" an object. This can be done using topological
relationship validation [18]. A simple calculation can combine the
2D likelihoods surfaces to, for example, trigger the issuing of

navigational instructions when a vehicle is approaching a road
junction.

4. CONCLUSION
Location based services suffer from different aspects of
uncertainty. Since there can be uncertainty in position of the user,
incompleteness in positional data and vague definitions of spatial
relationships, we should model this uncertainty. This paper
focused on modeling uncertainty of location for LBS. Positional
uncertainty was handled by rough set theory and vagueness was
handled by fuzzy set theory.
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