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Abstract—Quite recently, considerable attention has been paid
to pedestrian navigation services, since they provide people with
guidance and tracking information everywhere especially in an
unfamiliar environment. In the literature, indoor and outdoor
navigation has been widely investigated. However, studies on the
continuity of pedestrian navigation service, still lacking. This
paper presents a novel positioning technology selection algorithm
able to integrate the pedestrian dead reckoning (PDR) technique,
for short-term, through the navigation process either to improve
the calculation of the mobile unit’s (MU) position and/or to
maintain the continuity of the service. The integration of the PDR
is inferred based on the fuzzy logic approach. In fact, the proposed algorithm defines a fuzzy variable called ”margin” which
identifies four different states, namely, confidence, intermediate,
confusion and critic. The PDR technique is only incorporated in
the last two states in two ways: either fused with the used radio
frequency (RF) positioning technology or stand-alone if no RF
technology is available. The algorithm performance is evaluated
based on an empirical study.
Index Terms—Pedestrian navigation system, selection algorithm, positioning technology, PDR, fuzzy logic.

as a handoff, to maintain the service continuity everywhere.
In fact, to achieve an ubiquitous navigation service, the integration of the PDR either stand-alone or fused with another
technology is required, especially when the MU’s position
is hardly provided. This integration should preferably be for
short-term as the PDR technique is based on the MU’s sensors
data and its use for long-term rapidly drains the MU’s battery.
In this paper, we propose a new algorithm able to integrate the
PDR technique at any time throughout the navigation process
using the fuzzy logic approach. This integration is temporary
and can be fused with another technology or stand-alone if no
technology is captured.
The remainder of this paper is structured as follows: Section
II reviews the PDR technique and the fuzzy logic approach.
Section III summarizes the related work. Section IV outlines
in details the proposed algorithm. Section V presents the
empirical results and section VI concludes the paper.

I. I NTRODUCTION

II. BACKGROUND
In this section we briefly review the PDR algorithm and the
fuzzy logic technique.

In the last few years there has been a growing interest in
pedestrian navigation services in helping the MU’s user to
find his position and to guide him to the intended destination. Outdoor, the global navigation satellite system (GNSS)
remains the reference of outdoor navigation. On the other
hand, indoor navigation has extensively researched and still
in its infancy with the lack of standards. However, most of
the previous studies have scarcely investigated the seamless
transition between these two environments.
Our core research issue is to develop an ubiquitous pedestrian
navigation prototype that provides a continuous navigation
service everywhere, particularly in indoor environments. This
goal can only be achieved if the MU’s position can be calculated, anytime, from launching the application until reaching
the desired destination. In fact, two main groups of positioning
technologies have been defined in the literature to compute the
MU’s position. Firstly, the RF based technologies such as the
WiFi, the Bluetooth (BT), the GPS and the radio frequency
identification (RFID), and secondly, the MU’s sensors based
technologies. The key challenges to overcome are: (i) the
selection of the best positioning technology(ies) in order to
calculate the MU’s position and (ii) the seamless switch
between the available positioning technologies, also known
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A. Pedestrian dead reckoning (PDR)
The PDR algorithm calculates a relative 2D MU’s position
using signal information transmitted from specific sensors
incorporated in the MU such since the accelerometer and the
gyroscope without the need of a pre-installed infrastructure
[1], [2]. This technique is based on the latest previous know
position and defines two different concepts:
• The traveled distance: is determined by recording the
number of steps the user takes and computing their
length.
• The heading update: is estimated according to two various directions: (i) an absolute direction transmitted from
several sensors (i.e., digital compass) and (ii) a relative
direction provided by the gyroscope sensor.
Two main types of PDR were highlighted in the literature [1]:
1) Inertial navigation system (INS): depends only on the
sensor as it computes the MU’s position by estimating
the sensor 3D trajectory.
2) Step-and-Heading System (SHS): depends on the pedestrian as it calculates the position based on 2D vector
information: {the step or the stride length, the heading}.
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B. Fuzzy logic approach
The fuzzy logic is proposed by Zadeh in 1965 [3] to fix conflicting problems in a similar manner as the human reasoning.
This approach consists of three steps [4], as illustrated in figure
1:
1) Fuzzification: in this step each input data is converted
into fuzzy data by assigning it with different linguistic
values, depicted by a membership function (MF). The
MF takes many forms such as the triangular and the
Gaussian waveforms.
2) Inference engine: in this step a list of IF-THEN rules
is developed to describe the final decision to be taken.
These rules are expressed in terms of the linguistic
values and a set of logical operators.
3) Defuzzification: in this step the fuzzy output is converted
into a classical data.
Input data

Fuzzification
Membership function

IF-THEN rules

Inference engine
Defuzzification
Fig. 1. Fuzzy bloc

the buildings the WiFi was used stand-alone or integrated with
the INS.
B. Our previous selection algorithm
In our previous work [5] we developed a selection algorithm called UCOSA (User-Centric pOsitioning technologies
Selection Algorithm), as outlined in figure 2. The UCOSA
began by inferring the need of triggering a handoff process
between the available positioning technologies using the fuzzy
logic approach. If a switch process was required, then a
selection procedure of the best positioning technology was
launched. The UCOSA mainly focused on the RF positioning
technologies and have used the PDR solely when no RF
technology was captured. The UCOSA introduced a specific
parameter: ”margin” to trigger the selection procedure and its
value was inferred according to three criteria: the positioning
technology metrics (e.g. the received signal strength (RSS),
the signal noise ratio (SNR)), the MU’s motion pattern (e.g.
walking, standing, etc.) and the MU’s battery level. The margin
parameter defined three major states:
• Confidence: in this state, the MU’s position was easily
provided ensuring high performance of the navigation
application.
• Intermediate: in this state, a navigation service was
characterized by an acceptable level of performance.
• Critic: in this state, the MU’s position was hardly calculated, thus the application should initiate a handoff
process to select the best available positioning technology
to switch on.
IV. P ROPOSAL ALGORITHM : UCOSA∗

III. R ELATED WORK
In this part we start by surveying the PDR’s integration in
some pedestrian navigation applications and then we summarize the principle of our previous algorithm [5].
A. PDR’s integration in the literature
In the last decade, the PDR technique was widely integrated
for navigation services in the form of INSs, specifically, for
long-term, in two different ways: stand-alone or fused with
other RF positioning technologies [6], [7], [8].
In [6], the authors proposed a continuous pedestrian navigation
algorithm using the INS throughout the navigation process
either fused with the BT if the user is indoor or with the
GPS if the user is outdoor.
In [7] a positioning technology selection algorithm was developed to achieve an ubiquitous positioning service. This
algorithm compared the position information provided by the
GPS, the BT low energy (BLE) and the INS and selected
the positioning technology with the accurate information. The
proposed solution involved a significant number of handoff,
causing a fast discharge of the MU’s battery.
In [8] a seamless indoor/outdoor pedestrian navigation approach based on the GPS, the INS and the WiFi was designed.
Outdoor, the implemented approach fused the INS with the
GPS to provide an accurate positioning service, whereas inside

In this section we start by describing the principle of the
proposed algorithm UCOSA∗ , then we present the developed
rules able to infer the need of integrating the PDR technique
and we finish by detailing the different steps of the UCOSA∗ .
A. Proposed algorithm: UCOSA∗
1) Principles: based on the algorithm presented in our
earlier work [5], the purpose of this paper is to develop an
algorithm able to integrate the PDR technique, for short-term,
through the navigation process either to improve the calculation of the MU’s position and/or to maintain the continuity of
the service. The main issue is to identify when this technique
should be initiated. This decision depends on many criteria,
as shown in figure 4, and on several ambiguous propositions.
Therefore, we adopt the fuzzy logic approach to solve this
problem.
MU’s battery level
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Decision metrics
RSS

MU’s pattern motion

SNR Satellite number

RF. positioning technologies related metrics
Fig. 4. Decision metrics
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Confidence
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Intermediate
Scanning period = 30 s

Computation of
the criteria weights
Calculation of
the score function
Selection of the accurate
pos. technology
Selection of the
accurate pos. technique

Fig. 2. UCOSA algorithm [5]

As in our last work [5], we use the same parameter ”margin”
to infer the need of integrating the PDR and initiating the
handoff process. We define four linguistic values, instead of
three, namely confidence, intermediate, confusion and critic
(see figure 5). The two first states are described in section III
and the two last states are depicted as follows:
•

•

Confusion: this step is specified by the performance
degradation of the different criteria values that affect the
margin parameter. In this stage, the calculation of the
MU’s position is improved by fusing data from the used
RF positioning technology and the MU’s sensors.
Critic: this step is marked by a significant degradation
of the various criteria values, involving the initiation
of the handoff process to another available positioning
technology.

2) IF-THEN inference rules: we present on this part the IFTHEN rules which infer the margin states: critic and confusion
(i.e. the two states that integrate the PDR technique). The two
steps confidence and intermediate are provided in the same
way as in the UCOSA. But, before explaining the different
rules, we start by identifying the various linguistic values
of the input parameters. For each parameter, we specify, as
shown in table II, the linguistic, the actual and the standardized
values. For the RF positioning technologies metrics, we assign
the following linguistic values: {very low, low, medium, high},

Confidence Intermediate

Confusion

Critic

Fuse INS with 1- Handoff to another
the current used available RF pos. technology
pos. technology 2- Use only PDR
if no RF pos. technology
is captured

Fig. 5. Different states of the margin parameter

instead of the three considered values in the UCOSA case:
{low, medium, high}. In fact, among the defined linguistic
values only ”very low” and ”low” are used to develop the IFTHEN rules since the PDR is integrated when the received
signal of the used technology is weak. The actual values of
the MU’s motion pattern and the RSS WiFi were adopted from
[9].
The inference rules are developed to meet the following
baseline conditions:
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1) To get the most accurate MU’s position.
2) To maintain an acceptable level of the MU’s battery as
long as possible. This requirement implies firstly, the
minimization of the number of handoffs and secondly,
the integration of the PDR for short-term.

Start
Scanning period = 3 s

=1

RF pos. technologies

=0

≥2
PDR

Data collection
Fuzzy bloc

Confidence

Margin

Intermediate
Scanning period = 12 s

Critic

Confusion

Scanning period = 6 s

Fuse PDR

Selection procedure

Selection of the
best pos. technology

Fig. 3. UCOSA∗ algorithm

The critic state is defined by:
- The metrics values of the used positioning technology are
very low. In this case the MU is losing connection. Thus,
whatever the level of the MU’s battery and the physical activity
of the MU’s user, a handoff to another technology is required
for the navigation service continuity. This state is described by
the first row of the table I and corresponds to the following
rule:
,→ IF Metric Value IS Very low THEN Margin IS Critic.
- The metric value of the used positioning technology is low
and the MU’s battery level as well as the MU’s motion pattern
are able to trigger the switch process without greatly affecting
the MU’s battery level. This case is depicted by the second
and the third row of the table I and is expressed by the below
two rules:
,→ IF Metric Value IS Low AND MU’s Battery level IS High
THEN Margin IS Critic.
,→ IF Metric Value IS Low AND MU’s Battery level IS Medium
AND MU’s motion pattern IS Standing THEN Margin IS
Critic.
The confusion state is defined to improve the accuracy of the
navigation application and to avoid the handoff triggering as
long as possible. This state is given by the following two rules:
,→ IF Metric Value IS Low AND MU’s Battery level IS Medium
AND MU’s motion pattern IS On the Move THEN Margin IS
Confusion, (fourth row of the table I).
,→ IF Metric Value IS Low AND MU’s Battery level IS Low
THEN Margin IS Confusion, (fifth row of the table I).

3) Algorithm: the algorithm UCOSA∗ is only applicable
through the navigation process and not at launching the
application since the PDR calculates a relative position. The
UCOSA∗ is triggered if any of those conditions are present:
1) the MU captures a new RF positioning technology.
2) the MU loses connection with an old RF positioning
technology.
As highlighted in figure 3, the algorithm starts scanning the
available RF positioning technology(ies). If no technology is
detected, then the unique solution is the use of the PDR. If
only one RF technology is available, so skip to the step: ”selection of the best pos. technology”. Otherwise, the application
collects all the input data and injects them into the fuzzy bloc
to infer the margin’s linguistic value. Based on this value, four
different actions are possibles:
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1) Confidence: in this state, the parameter ”scan period”
that specifies the time after which we determine the
available RF positioning technologies, is increased and
equals to 12 s.
2) Intermediate: this case is marked by a double increase
in the initial scan period.
3) Confusion: this step leads to the fusion of the PDR
positioning with the used RF technology.
4) Critic: this step involves the disconnection from the
current RF positioning technology and thus the switch
to another available RF technology to continue the
navigation service. The selection procedure consists of
calculating a score for each available positioning technology based on a score function and the technology

TABLE I
I NFERENCE OF CRITIC AND CONFUSION MARGIN STATES

1
2
3
4
5

Positioning metrics values
Low
Very low
*
*
*
*
*

MU’s battery level
MU’s pattern motion
High
Medium Low Standing
On the Move
–
–
*
–
*
*
*
*
*
–
– whatever the entered value

with the highest score is chosen.
The different values of the parameter scan period are appointed arbitrary and it will be proven or modified experimentally.

Margin
Critic
Critic
Critic
Confusion
Confusion

2) Considered scenario: the performance of the proposed
algorithm is evaluated based on the path shown in figure 7.
The user is moving from the source S to the destination D via
the positions: S0 , S1 , S2 , S3 , S4 and S5 and throughout the
navigation process, his MU can capture one or more of the
following positioning technologies: GPS, WiFi and RFID.

V. E MPIRICAL RESULTS
Indoor

Outdoor

In this section, we first describe the implementation steps
of the fuzzy bloc and then turn to present the empirical results
of the application of the algorithm UCOSA∗ on a considered
scenario.
S

A. Fuzzy bloc implementation

•
•
•
•

Confidence [0, 0.25[
Intermediate [0.25, 0.5[
Confusion [0.5, 0.75[
Critic [0.75, 1]

The standardization function is given as follows:
Currentvalue (x) − M invalue (x)
Nx =
M axvalue (x) − M invalue (x)

Fig. 6. Membership function of the margin parameter

WiFi

GPS

The fuzzy bloc was implemented based on the open source
Java library JFuzzy logic [10], [11] which designed to create
the fuzzy variables and the inference engine.
1) Fuzzy variables implementation: the fuzzy bloc has
three input parameters, namely, the metrics values, the MU’s
battery level and the MU’s motion pattern and its single output
parameter is the margin.
Figure 6 shows the membership function of the parameter
Margin, for which the universe of discourse varies between
0 and 1 and defines the four linguistic values:

D

E

S0

S1

S2

S3

Fig. 7. On the move from S to D via S0 , S1 , S2 , S3 , S4 and S5

3) Results: the algorithm UCOSA∗ is implemented in Java.
The overall input values as well as the margin state of each
position are summarized in table III.
- At position S, the navigation process is initiated using the
GPS as the only available RF positioning technology.
- At position S0 , the MU starts capturing the WiFi than the
UCOSA∗ is triggered and since two positioning technologies
are available the margin is calculated and its value is equal
to 0.625, which coincides with the confusion state. From this
point the PDR technique is integrated to improve the MU’s
position computation.
- At position S1 , the MU is losing the GPS connection. The
UCOSA∗ is initiated again and the margin value corresponds
to the critic state (see table III). At this point, a switch from
the GPS to the WiFi is launched and the use of the PDR is
interrupted.
- At position S2 , the MU begins detecting weak signals of
the RFID technology. Thus the UCOSA∗ is triggered and the
margin value is equal to 0.624 (e.g. confusion state). From
this place the PDR is integrated.
- At position S3 , the MU is losing the WiFi connection. Hence
the UCOSA∗ is launched and the margin value is equal to
0.873 (e.g. critic state). A handoff between the WiFi and the
RFID is needed and the PDR positioning is suspended.
- At position S4 , the MU is located within the overlapped area
of the RFID and the WiFi. The UCOSA∗ is inaugurated and
the margin value corresponds to the confusion state (see table
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TABLE II
I NPUT PARAMETERS ACTUAL AND STANDARDIZED VALUES
Input parameters

Linguistic values
High
Medium
Low
Standing
On the Move
High
Medium
Low
Very Low

MU’s battery level
MU’s pattern motion

RSS WiFi

Actual values
[50 %, 100 %]
[15 %, 60 %]
[0 %, 20 %]
[0 m/s, 14 m/s] [9]
[0 m/s, 27 m/s] centered at 14 m/s [9]
[-41 dB, -11 dB]
[-63 dB, -35 dB]
[-80 dB, -51 dB]
[-93 dB, -70 dB] [9]

Standardized values
[0.5, 1]
[0.15, 0.6]
[0, 0.2]
[0, 0.5]
[0, 1] centered at 0.5
[0, 0.28]
[0.16, 0.51]
[0.36, 0.7]
[0.63, 1]

TABLE III
R ESULTS

Technology
SNR
RSSW iF i
RSSRF ID
Motion pattern
Battery level
Satnum
UCOSA∗
Margin
UCOSA

S0
GPS
0.57
0.9
0
0.6
0.4
0.57
0.625
⇓
Confusion
0.594
⇓
Intermediate

S1
GPS
0.82
0.5
0
0.74
0.4
0.82
0.875
⇓
Critic
0.681
⇓
Critic

III). From this location, the PDR positioning is fused with the
currently used technology.
- At position S5 , the MU is in the border zone of the RFID
technology. The UCOSA∗ is initiated and the margin value is
equal to 0.874, which complies with the critic state. A handoff
to the WiFi is triggered and the use of the PDR is interrupted
again.
The results have obtained are compatible with the principle of
the algorithm UCOSA∗ . A comparison between UCOSA and
UCOSA∗ is made, as illustrated in table III, shows that the
two algorithms give the same results in the critic margin case,
whereas the difference consists of inferring the intermediate
margin.
VI. C ONCLUSION
This paper proposes a novel positioning technology selection algorithm which integrated the PDR technique in an
intelligent way based on the fuzzy logic approach in order
to improve the MU’s position calculation and to maintain the
continuity of the navigation service. The performance of the
proposed algorithm is proven by an empirical study. In our
future work, we intend to concentrate on the development of
an Android application for actual results.
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