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This study shows the effectiveness of data fusion techniques to achieve robust heading and
position information in localization systems. The proposed system that has tightly coupled
structure calculates heading and position of the mobile robot using the absolute and relative
positioning subsystems. The relative positioning subsystem obtains heading and position
information by using the odometry information and kinematic model of the robot. Absolute
positioning subsystem calculates position and rough heading information using ultrasonic
signals. In this study, firstly the robust heading information is calculated by combining
absolute and relative heading with conventional Kalman Filter. The correction on the relative
position measurement has been made by using this robust heading information. Finally, in
order to obtain better positional information, an adaptive Kalman filter is applied for fusing
the absolute position and the corrected relative position. In the experimental study, the
positional accuracy and precision of the system is obtained as 63 mm and 86% (for positional
error<100mm) respectively in the test environment. The proposed system gives more reliable,
continuous, and less noisy heading and position information and is suitable for many tasks in
indoorenvironments.

GEZGIN ROBOTLARIN iC ORTAMDA SEYRUSEFERI iCiN SIKI BAGLI BiR BAS ACISI VE

KONUMLANDIRMA SiSTEMI

Anahtar Kelimeler

0Oz

I¢ ortam konumlandirma
Bas agisi

Tiimlestirme

Adaptif Kalman siizgeci
Stki bagh sistem

Bu ¢alisma, veri tiimlestirme tekniklerinin, konumlandirma sistemlerinde giirbiiz bas agisi ve
konum bilgisi elde etmede etkinligini géstermektedir. Onerilen system, gezgin robotun mutlak
ve bagil konumlandirma alt sistemlerini kullanarak bas acisi ve konum hesaplayan siki bagli
bir yapiya sahiptir. Bagil konumlandirma alt sistemi, robotun odometre bilgilerini ve
kinematik modelini kullanarak bas agist ve konum bilgilerini elde eder. Mutlak
konumlandirma sistemi ise, ultrasonik sinyalleri kullanarak konum ve aba bas agis! bilgisi
elde etmektedir. Bu ¢calismada, ilk olarak mutlak ve bagil bas agisi bilgileri, geleneksel Kalman
Filtresi ile tiimlestirilerek giirbiiz bas agist bilgisi hesaplanmuistir. Daha sonra, bu glirbiiz bas
agist bilgisi kullanilarak, bagil konum dl¢timiinde diizeltme yapilmigstir. Son olarak, daha iyi
konum bilgisi icin, mutlak konum ve diizeltilmis bagil konumu tiimlestirmek icin uyarlanabilir
bir Kalman filtresi uygulanmistir. Deneysel calismada, sistemin konumsal dogrulugu ve
hassasiyeti, test ortamu icin sirastyla 63 mm ve% 86 (konum hatasi <100mm i¢in) olarak elde
edilmistir. Onerilen sistem daha giivenilir, siirekli ve daha az giiriltilii bas agist ve konum
bilgisi vermekte olup i¢ ortamlardaki bircok gérev icin uygundur.
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1. Introduction

In this study, a tightly coupled heading and positioning
system is developed for the indoor navigation of mobile
robots. The system consists of the absolute and relative
positioning subsystems and each of which measures
heading and position of the robot. Firstly, the heading is
calculated by combining absolute and relative heading
with conventional Kalman Filter. This heading is used to
correct the relative position measurement. Finally, the
robust position is obtained by combining the absolute
position information and the corrected relative position
information using AKF. The system is realized from the
ICKON (Yayan, Yucel and Yazici, 2015) which is an
absolute positioning system based on ultrasound and
Pioneer 3-DX mobile robot whose positioning
subsystem is used as relative positioning system.

The rest of this paper is organized as follows. In Section
2, the ICKON system and the ultrasound-based position
calculation method are introduced. New heading
measurement method is also explained in this section.
The details of the proposed tightly coupled system are
given in Section 3. In Section 4, the test environment is
described and experimental results are analysed.
Section 5 gives the concluding remarks.

2. Literature Review

Many missions in autonomous mobile robot systems
require performing some service tasks for indoor
environments (Yazici, Sipahioglu and Parlaktuna, 2009).
Accurate indoor position and heading are two important
requirements in the mobile robot applications to
complete the assigned task successfully (Kwon, Roh and
Sung, 2006). Numerous systems have been developed
for indoor positioning (Liu, Darabi, Banerjee and Liu,
2007; Farid, Nordin and Ismail, 2013; Khyam, Xinde, Ge
and Pickering, 2017). The type of topology, signals, and
measurements, and the position calculation method are
some differences among the positioning systems. In
Cricket (Priyantha, 2005), the transmitters are located
at predetermined locations in the infrastructure, and
there is a receiver on the mobile robot. The transmitters
emit RF and ultrasonic signals at the same time. The
receiver measures the distance using the time difference
between the RF and ultrasonic signals and calculates the
position. Ubisense (https://www.ubisense.net) is a
commercial system that uses UWB (Ultra Wideband)
signals. The transmitter is on the mobile robot, and the
receivers are some fixed locations in the infrastructure.
The infrastructure calculates the position of the mobile
robot using the time difference between the receivers.
Ekahau (https://www.ekahau.com) is a WiFi-based
system. In this system, a fingerprint RF map is
constructed for the indoor area, and then, the receiver
on the mobile robot measures the signal strengths and
estimates the position using the RF map. ICKON (Yayan

] ESOGU EnginArch Fac. 2021, 29(3), 346-355

etal, 2015) is a cellular and low-cost ultrasonic system.
There are transmitters at fixed locations in the
infrastructure. The transmitters emit pulses with
predetermined delays. The mobile sensory unit (MSU) is
on the mobile robot and measures the time difference in
between the arriving signals. MSU calculates the
position using the intersection of hyperbolas obtained
from time difference measurements.

There are various systems that produce absolute and
relative  heading  information. = Magnetometers
(compasses) are not reliable sensors indoors because
man made infrastructure containing metal objects or
electronic devices which are sources of magnetic
interference cause deviation in Earth’s magnetic field
measurements (Zhang, Hoflinger and Reindl, 2012;
Afzal, Renaudin and Lachapelle, 2011). Additionally,
magnetometers often need calibration because of hard
iron, softiron and scale factor errors (Koo, Sung and Lee,
2009). Inertial devices, such as HRS (Heading Reference
System), IMU (Inertial Measurement Unit) or INS
(Inertial Navigation System) use gyroscopes in addition
to magnetometers, but among other problems, gyros are
prone to bias and it can produce large errors for long
operation (Munguia and Grau, 2011). The drift level of
the gyroscope is crucial because it cannot be reset
during the measurement phase (Hoflinger, Miiller,
Zhang, Reindl and Burgard, 2013). A gyroscope with
long term bias stability, is very expensive (Munguia and
Grau, 2011). In order to obtain accurate heading
different methods are developed. Magnetometer output
is processed with particle filter (Kwon et al., 2006).
Munguia and Grau (2011) proposeda low cost and
reliable Attitute Heading Reference System (AHRS)
using Kalman Filter (KF) and Extended Kalman Filter
(EKF). The KF was used to estimate the gyro bias. The
EKF estimated kinematic sources. Similar to AHRS;
Kang, Nam, Han and Lee (2012) proposed a system that
improves heading estimation. The heading was obtained
by fusing three embedded sensors’ data (accelerometer,
magnetometer and gyroscope) that are available in
many smartphones. Heading was estimated using the
rate of change of Received Signal Strength (RSS) in a
WLAN system (Atia, Noureldin and Korenberg, 2012;
Zhuang, Shen, Syed, Georgy, Syed and El-Sheimy, 2014).

In the literature, there are various systems that combine
positions coming from different sources. The
performance of the system that integrates INS and WiFi
is improved by employing Adaptive Kalman Filter (AKF)
and vehicle constraints (Chai, Chen, Edwan, Zhang and
Loffeld, 2012). INS and WiFi RSS data are fused by
Unscented Kalman Filter (UKF). AKF is used for adapting
the measurement and process noise matrices in a
Kalman filter. In another work, the positioning
information calculated from WiFi fingerprinting is
combined with inertial sensor measurement using
Kalman Filters (Xiao, Ni and Toh, 2011). It is shown that
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the positioning accuracy is improved with the
fingerprint-based localization and data fusion method.
Wang, Low, He and Pham (2004) combined the output
of the NAV200 indoor positioning system and the
position obtained from the encoders with EKF. Sun, Kuo
and Lin (2010) established wireless sensor network and
signal strength was measured. These measurements
were combined with accelerometer and orientation
sensors measurements using UKF. Kim and Kim (2012)
fused ultrasonic range measurements with odometry
measurementsin indoor positioning systems using EKF.
In that system, the transmitters emit both RF and
ultrasonic signals at the same time. The time
synchronisation is provided by sending the RF
command from the robot to the infrastructure. EKF is
used to improve the ultrasonic range measurements
with knowledge of the position and heading of the robot.

For mobile robots, an encoder is an inexpensive choice
for relative positioning. The position and the heading of
the robot can be obtained using a kinematic model and
encoders attached to the wheels. However, in relative
positioning, the position is obtained using the heading,
and the heading drifts quickly because of the cumulative
error growth.

3. Methods

The authors declared that research and publication
ethics were followed in this study.

3.1.ICKON System

The absolute positioning is obtained from the
ultrasound-based system ICKON. The ICKON System is
a fully ultrasonic system whose transmitters are located
in the infrastructure, and the mobile sensory unit (MSU)
is located on the mobile robot. The transmitters send
signals with predetermined delays, and the MSU
measures the time difference between the arrivals of the
signals. The time difference of arrival (TDOA)
measurements define hyperbolas, and the location is
determined by solving for the intersection point. The
structure of ICKON system, the calculation of absolute
position and heading measurement method are given in
this section.

3.1.1. Structure of ICKON System

The ICKON system consists of the central control unit
(CentCU), the cell control unit (CCU), the communication
system unit (CSU) and the mobile sensory unit (MSU).
Each CCU controls a cell that covers a workspace of 20
m2.MSU is mounted on a mobile robot. Figure 1 shows
the structure of the ICKON system.
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MSU

Figure 1. The ICKON system

The CentCU is a personal computer that runs the control
software. The CentCU sends the ID numbers of the
transmitters, the transmission times and other
information to the CCU via the CSU. The CentCU is
responsible for synchronisation among the CCUs. The
CentCU also provides the modelling of the indoor
environment and determination of the coverage area
according to the transmitter placement. The CCUs
control the transmitters located in the corresponding
cells. It generates ASK (Amplitude Shift Keying)
modulated signal for each transmitter. The carrier
frequency is 40 KHz and signal contains the transmitter
ID. The CCU sends the signals to the transmitters in a
predetermined cycle, as shown in Figure 2. The cycle
start is triggered by the CentCU. Figure 2 shows the
timing diagram for a cell with 4 transmitters.

Transmitters

T1 Signal T1 Signal
Transmitter 1

70ms

T2 Signal
Transmitter 2

70 ms

T3 Signal
Transmitter 3

70ms

T4 Signal
Transmitter 4
_ - —— Time

140 ms

Figure2. Timing diagram forthe transmitters located in
one cell.

MSU has six ultrasonic receivers to cover all directions,
as shown in Figure 3. For every transmission, the MSU
determines the receiver to which the signal was arrived
first and then it decodes the transmitter ID and stores
the time of arrival in microseconds.
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Figure 3. MSU of the ICKON system

The MSU finds the position of the transmitter from its ID
from a preloaded lookup table. The TDOA
measurements are used to define hyperbolas with
known centres, which are the coordinates of the
emitting transmitters. The positioning is performed by
calculating the intersection of the hyperbolas. The CSU
is implemented as an Ethernet-based network with a
star topology. The CSU has a synchroniser unit that
sends synchronisation signals to the CCU units. The
synchronisation is activated by sending a specific
command from the CentCU. The network may include
switches, hubs, and routers.

3.1.2. Position Calculation

TDOA measurement can be performed between two
transmitter signals and it defines a hyperbola. In the
ICKON system, the MSU uses the hyperbola intersection
method and the TDOA measurements for the position
calculation. At least three signals are required to obtain
two hyperbolas and calculate their intersection. The
cone algorithm was developed to eliminate positioning
errors due to reflections.

Assume that the first transmitter is the reference. Let
r;denote the distance between the MSU transmitter i
whose coordinates are (x;,;,7;). Letr;; =1, — (i =
2,3,..,M)where M represents the number of
transmitters in a cell. This difference can be calculated
using the TDOA measurement and the speed of sound in
the environment. The circle equations can be written as:

x=—x)+@-y)+(z—z) (1)
= (1 +111)?

Subtracting the first equation from the other equations
gives M —1 hyperbolic equations and they can be
expressed as:

] ESOGU EnginArch Fac. 2021, 29(3), 346-355

f f f f

[xz v, ZZ] of ky — 15 —Ty
204 y5 73 fyf| = ks —rh e an | 7T

I_Xif yif ZLfJ z |_kif_riz1 Ti1
where
xf=x—x;, y=y-y, 2/=2z-2
xif =x;—x1, (i=23,..)
Ko=ahr+ ol +Eh? =23

In the ICKON system, the least squares method is used
to find the intersection point of the hyperbolas. The least
squares solution can be written as in Equation (3)

1
s=3 (ATA) AT (c + 2ryd) (3)
where
f f f
l[xz Y, zz]l ]
A:|x§ v Z§| s=|yr
'L en e f
z’ ]
RSV
[k{ - rzzl] —721]
c=|k9{—r321| d=|"Ts
[klf _ 7’1'21J —Ti1 |

The sis a quadratic equation and its solution for r; gives
the coordinatesx,y,z which is the coordinates of the
MSU.

3.1.3. Heading Calculation

The ICKON System is an ultrasound based absolute
positioning system and it has no capability to measure
heading. In this study, a heading measurement method
is developed and implemented with existing hardware.
The MSU already has the information of the receiver ID
that receives the signal first and the transmitter ID
(which is coded on the transmission) for the calculation
of its position. The heading calculation method is
developed using the aforementioned information. This
calculation is done with the first emitted signal in the
cycle. Although it can be done with all the emitted
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signals, it is evaluated that to calculate heading once in
each cycle is enough.

The angles used in heading calculation are shown in
Figure 4.

Heading
X Direction

Transmitter

Figure 4. Angles used in heading calculation

The MSU can calculate its heading from the following
equations

B = tan_l(m) (4)
t— Vg

x=1i-60° (5)

Yg = 90° — (a + B) (6)

where vy is the heading angle, i is the receiver ID, x, and
¥yt denote the transmitter coordinates, X, and y, are the
MSU coordinates.

This heading calculation is an absolute method.
Although it does not contain cumulative error growth, it
contains errors up to30° (since the angle between
receivers is 60°), it is a noisy output and it gives the
heading output when only it receives a signal. The
ultrasound transmitters might be blocked by an
obstacle. Also, a malfunction in the transmitters might
occur. The heading of the MSU can be combined with the
heading obtained from the relative positioning system
using Kalman Filter. By the aid of relative positioning
system, a continuous heading can be obtained. Besides,
noise in the heading is decreased by using Kalman Filter.

3.2.Proposed System

The system has a tightly coupled structure because the
relative position must be corrected before combining
the positions, and this correction must be performed
using reliable heading. Therefore, a combined heading is
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obtained using a conventional Kalman Filter first. This
combined heading used to correct the relative
positioning result, and finally, the corrected result of
relative positioning is combined with the position result
from ICKON using an Adaptive Kalman Filter. The
proposed system also implements an absolute heading
generation method as explained in Section 2.3. Although
the accuracy of this heading information is low, it does
not include cumulative drift with time. A block diagram
of the proposed system is shown in Figure 5.

Proposed System
Relative |
Positioning ¥ i A%, AD,
| Relative !
1 Position Xy
’»” Correction >~
I

‘ Position
Heading ™ Fusion
Ve ! Fusion

Figure 5. Block diagram of the proposed system

The proposed system has three main units: heading
fusion, relative position correction and position fusion.
The system takes the position and heading information
from ICKON and the mobile robot.

The heading fusion unit combines the heading from the
ICKON and the robot. The relative position correction
unit corrects the position of the relative positioning
system using the combined heading. The position fusion
unit combines the MSU position information and the
corrected position information from the relative
positioning unit. The function of each unit is explained
in the following sections.

3.2.1. Heading Fusion Unit

Almost all of the mobile robots have a relative
positioning system based on encoders coupled to its
main wheels. The relative positioning unit calculates the
position and the heading of the robot using the
kinematics of the robot and the encoder readings. The
heading drifts quickly, and the position drifts because
the heading is used in the position calculation.

The Kalman Filter is a very well-known tool for data
fusion. It is frequently used to fuse relative and absolute
measurements. A Kalman Filter is designed whose
dynamics model and observation model are given in
Equation (7-8) where yis the heading angle, wis the
process noise and vis the measurement noise. The
process noise standart deviation is taken as 2°and to be
on the safe side, the measurement noise standart
deviation is exaggerated and taken to be 30°.
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Yie1 =V T Ay +w (7)
Yg =Yk tV (8)

The block diagram of the Heading Fusion Unit is given in
Figure 6. The relative positioning unit of the mobile
robot outputsx,, y, and y,. The input of the Kalman
Filter is Ay,which is a backward difference of the
heading obtained from the relative positioning system.

Heading Fusion Unit

|
|
|
A ora ‘
Relativ 7o 1| Bacewars | &% Prodaton Step v | ¥
Positionin g \ Difference Kaluan F|Iler =T -
|
|
|

Angle ectio
Gonerson "

‘ L

Figure 6. Heading fusion unit

The inputs of the Kalman Filter Correction Step are
angles. Since angle is a cyclic value with modulus 360°,
an angle conversion block re-represents the ICKON
heading by adding or substracting 360° to it according
to the Kalman Filter Prediction Step output. This
conversion is important for convergence of the Kalman
Filter.

3.2.2. Relative Position Correction Unit

The relative positioning system of the mobile robot
calculates the position using the heading. Because the
heading drifts, the position also drifts. Combined
heading is more reliable and does not drift. Therefore it
can be used to calculate position instead of the heading
of the relative positioning system.

The relative positioning gives x; and y,coordinates. Ax,,
and Ay, values are found from backward difference and
the distance travelled in a step(Ad) is obtained from
Equation(9).

d= /(Axbz + Ay %) 9

The xp, y5,Ax, and Ay, values depend on Y, so they drift

with it. However, Ad does not depend on Vg and the

corrected values (AXp,Ay,) can be obtained using the
combined heading angle y, as in Equation (10-11).

A%, = Ad - Cos(y) (10)
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A9, = Ad - Sin(y) (11)

A block diagram of the correction of the relative
positioning is given in Figure 7.

Relative Position Correction Unit

Relative

i
! |

Positioning XV i_‘ Backward |A»"¢:AJ';, s o | A
1| Difference Ad= VA +APT) | AR, AT,
i
| Ax, = Ad*Cos(y) !
| ~ O !

Heading : Aby = Ad* Sin(y) i

! 1

Fusion y
Unit | tTTTTTTTTmmTommmmmomosmmsmmmm s s e

Figure 7. Relative position correction unit

3.2.3. Position Fusion Unit

After the correction of relative positioning result, a
Kalman Filter can be applied to fuse the positions. A 2D
Kalman Filter is used with following state model:

Xk+1 = X + A),C\b + Wy (12)
Ye+1 =Yk T AVp + Wy, (13)

The state vector, input vector, state transition and input
control matrices are given below:

Axb
Ayb

[y] =

The process noise covariance is taken as in Equation

[(1) (14)

(15) in millimetres due to the usage of the combined
heading and simple model,

40

o=y 4 (15)

The observation equations are given in Equation (16-
17)

Xg =X+ Uy (16)
Yg =Y+ (17)

The observation vector and the observation model are
expressed as:

Z= }I]H [o 1 (18)
351



ESOGU MithMimFakDerg. 2021, 29(3), 346-355

The observation noise covariance matrix defines the
reliability of the calculated position. In some cases,
reflections can affect the measurements, and the
calculated position may include large errors. Because
the Kalman Filter relies on the calculated position, as
defined with the observation noise covariance, the
Kalman Filter output jumps through the wrong result.
An Adaptive Kalman Filter is used to overcome this
problem. Instead of using a fixed observation noise
covariance matrix, it is adapted according to the
estimated error of the calculated position. There are two
methods for error estimation: innovation-based and
residual-based (Chai et al, 2012). The residual-based
method is used in this study. The residual-based method
states that the error can be estimated according to the
difference between the MSU's and the Kalman Filter's
output. Therefore, the observation noise covariance
matrix is defined as in Equation (19). The coefficient
Cposis determined empirically and it is set to 0.025 in our
study.

(x —x4)? 0

R,,c = . 1
pos Cpos 0 (y _ yg)z ( 9)

3.3. Tests

The proposed system was tested in the environment
shown in Figure 8. A Pioneer 3-DX mobile robot was
used in the experiments. The test environment has
narrow corridors, columns and stairs that makes the
absolute positioning difficult because of the Line of Sight
(LOS) blocking and reflection of ultrasound signal. Two
different routes are tracked in the test environment, as
shown in Figure 8. The locations of the transmitters are
shown with black box. This was the same test setup used
in study (Yayan et al.,, 2015). Four cells cover the test
environment. There are sixty reference positions on the
routes and the location of them are represented by red
dot. Data were collected from these points by travelling
each route for 10 tours.

Route 1 Route 2

(mm} Emrance {mm)| Entrance
12000 l 12000| l

10000 | 10000

8000 %] 8000

8000 ) 6000

4000 4000|

2000 2000 E

i S —— i Se——
2000 0 2000 4000 6000 8000 10000 2000 0 2000 4000 6000 8000 10000
{mm) {mm}

Figure 8. Route-1 and Route-2

] ESOGU EnginArch Fac. 2021, 29(3), 346-355

In experiments, three types of data are collected by a
computer placed on the mobile robot:

e The real position of the mobile robot to
establish the reference

e The relative positioning results obtained from
the related unit of the mobile robot

e The raw ultrasonic measurements obtained
from the MSU

Time synchronisation is important between these data
to justify the performance. The synchronisation can be
done by using only one-time source and timestamp for
all data collected. The system time of the computer is
used as a time source at the millisecond level for all
collected data.

To obtain the real position of the robot, the midpoint of
the two main wheels is selected as a reference point. A
laser pointer is placed to mark this reference point on
the floor. A back view of the robot is shown in Figure 9.

MSU

Laser Scanner

Body

Left Wheel
Right Wheel

Laser Pointer

» Laser

|

|

i

|
& y it
«® » Robot’s Position

|

|

|

|

Figure 9. Back view of the robot.

The ceramic tiles on the floor of the test area are used as
a grid. The coordinates of the ultrasonic transmitters are
obtained by measuring the projections of the
transmitters to the floor using a laser plumb and
measuring their heights. A webcam is installed at the
bottom of the mobile robot to record the laser pointer
mark point and connected to the laptop computer via a
USB connection. Rulers are drawn onto the crossings of
tiles. A screenshot from the cam is shown in Figure 10.
In this figure, the roller caster, laser pointer and the tile
crossing can be easily observed. The time stamp of the
computer is recorded on the video.
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23 Sub 19 21:25:32:759

Figure 10. A screenshot from the webcam

The video is analysed and the real position, date and
time are recorded manually for every tile crossing in the
real position database. The accuracy of the real position
is about 0.25 cm because the marks are 1cm apart and
diameter of the laser mark is less than 2mm. The relative
positioning database is constructed from relative
position, heading information, date and time.

The MSU is placed on the mobile robot such that the
projection of the MSU aligns with the reference point for
the real position, as shown in Figure 9. Ten tour
experiments were conducted using 2 routes. The
position error of the proposed system is calculated as
the difference from the real position. The real positions
are matched with the calculated positions by taking the
time stamps of the real positions as a reference. Because
the position refresh rate of the proposed system is a
minimum of 10 Hz, the matching error is, at most, 50 ms
in time and 10 mm in distance.

4.Results

The position and error graphs for Route-1, Tour-7 and
Route-2, Tour-3 are given as samples in Figure 11 and
Figure 12 respectively. In the position graphs, the real
positions are represented by a star, and the calculated
positions are shown as lines with both axes in mm. In the
error graph, the x-axis is the reference points and the y-
axis is the positioning error in mm.

(mmy) Route-1 Tour-7 Position (mm)
12000 180

160
10000 t |
140

Route-1 Tour-7 Position Error

8000 b 120

100
6000

§
—% 80
4000 rg E‘ jz el

2000 ? i |
—i LA 20|

0 2000 4000 6000 8000 0 10 20 30 40 50 80
(mm) Reference Point
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Figure 11. Calculated position and Error for Route-1,
Tour-7

{mm} Route-2 Tour-3 Position (mm)
12000 B

Route-2 Tour-3 Position Error

10000 | 2001

8000 |
150/

6000 | 1
. 100
4000 t&"
——y
2000 | ) =
JUSEES S SO BN R |

q 2000 4000 5000 8000 0 10 20 3 40  s0 60
(mm) Reference Point

Figure 12. Calculated position and Error for Route-2,
Tour-3

Since the encoder based relative positioning has error
accumulation, naturally its output diverges from the
route with time. Hence, it is not meaningful to make a
comparison with the proposed system. Although MSU is
for absolute positioning and it is not affected from error
accumulation, it has relatively high noise and is not
comparable with the proposed output considering the
high level control.

In positioning applications, the basic parameters of the
performance are the accuracy and precision. The
accuracy can be expressed as the mean error, and the
precision can be expressed as the standard deviation of
the error. In practice, the precision can also be
expressed as an error percentage below a certain value.
In this study the values are selected as 30mm, 60mm
and 100mm. Table 1 and Table 2 show the performance
of the system for Route-1 and Route-2, respectively.

Tablo 1
Performance of the system for Route-1
Tour Mean Std Err < Err < Err <
Error Dev 30mm 60mm 100mm
Num
(mm)  (mm)
1 77.65 66.02 11.6 41.6 81.6
2 78.24 47.79 8.3 41.6 76.6
3 67.74 26.57 5.0 50.0 86.6
4 66.36 37.04 11.6 48.3 88.3
5 153.17 169.03 10.0 26.6 56.6
6 63.87 38.75 11.6 63.3 86.6
7 66.59 35.71 16.6 45.0 83.3
8 74.13 64.20 21.6 53.3 78.3
9 69.17 47.09 18.3 50.0 80.0

64.77 34.10 13.3 48.3 86.6
77.87 56.63 12.8 46.8 80.5
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Tablo 2

Performance of the system for Route-2

Tour Mean Std Err < Err < Err <
Num Error Dev 30mm 60mm 100mm

(mm) (mm)

1 60.61 35.64 15.0 58.3 88.3
2 70.40 60.69 15.0 58.3 80.0
3 58.15 39.49 25.0 56.6 88.3
4 57.20 34.57 16.6 56.6 90.0
5 61.66 30.54 13.3 51.6 91.6
6 77.21 46.90 10.0 36.6 81.6
7 56.47 33.29 15.0 70.0 86.6
8 60.53 30.10 8.3 61.6 90.0
9 58.49 35.00 13.3 65.0 90.0
10 64.27 38.51 13.3 51.6 80.0
Mean  62.50 38.47 14.5 56.6 86.6

The performance evaluation isdifferent than (Yayan et
al, 2015) in which the time synchronisation was not
used and performance was evaluated by cross track
error. Cross track error is calculated as the shortest
distance between the calculated position and the route.
Therefore, the real position of the robot is not used in
the error calculation. With that method, the average
cross track error was calculated as 24mm. In our study,
with the help of the time synchronisation, the real
position of the robot at the position calculation time is
recorded and the error is calculated as the distance
between the calculated position and real position, not
the closest point on the route.

The average accuracy of the proposed system is 78 mm
for Route-1 and 63 mm for Route-2. The average
precision of the system for less than100mm is 81% for
Route-1 and 86% for Route-2.

5. Discussion

The proposed system has ability to calculate reliable
heading and position in indoor environments by
implementing a tightly coupled structure. With this
structure, heading and position from ICKON and
Relative positioning system are fused with Kalman
Filters and the accuracy and precision is increased. The
system's accuracy is approximately 70mm and its
precision is 86% for less than 100mm. The results show
that the proposed system is suitable for many tasks in
indoor environments.

Proposed heading calculation is based on direction of
reception of ultrasonic signals, therefore it is not
affected by magnetic field deviations in indoors.
Although ICKON heading and position outputs do not
have cumulative drift, they are noisy results and they
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can be calculated only with the reception of the
ultrasonic signals. Relative positioning outputs has low
noise but they are highly affected by cumulative drift.
Combination of ICKON and relative positioning by
proposed system, resultant heading and position
outputs has low noise, high accuracy and they are
robust, continuous with high refresh rate even in the
absence of ultrasonic signals. In addition to those;
because the need for 3 different signals to calculate the
position is no longer necessary, the installation cost in
indoors containing stairs, columns, and corridors
becomes less.

6. Conclusion

In this study, ICKON firmware is developed to calculate
absolute heading and a novel system is proposed which
uses ICKON and Relative positioning system outputs.
Improving the positioning errors with the existing
hardware in the ICKON system with a new iterative
position calculation method will be our future work.
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