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ABSTRACT

With the increasing employment of mobile robots to achieve different tasks in various applications, the need for localization and body position for these 
robots is increasing rapidly. Many techniques are proposed to calculate the precise coordinates of a robot based on the distances measured between the 
robot and a set of reference points. Also, internal sensors, such as accelerometers and gyroscopes, are used to detect the body position and the direction 
of the robot.  However, the effect of obstacles in an indoor environment and sensor drifts still limit the applicability of such systems. Thus, in this study, 
a novel technique that uses one or more robots to compensate for the missing stationary points is proposed. The robots in the proposed technique 
collaborate to improve the positioning accuracy, by providing reference points to each other. Per each movement execution of one robot, the remaining 
robots remain stationary, to provide the required reference points. When the robot finishes the movement execution, its position is updated based on 
the signals collected from the other robots, in addition to the position calculated by the onboard sensors. Then, another robot is selected to execute its 
movement.. The results show that the proposed method has been able to improve the positioning accuracy, by increasing the number of collaborating 
robots, when the median function if used to select the coordinates of the robot, among the candidate positions.
Keywords: Indoor positioning, majority vote, robots

Introduction

In recent years, the need for indoor positioning is rising rapidly, given the growing use of ro-
bots in accomplishing different tasks. In general, global positioning system (GPS) is used in 
most tasks that require positioning objects outdoors. This system uses radio waves transmit-
ted from specialized GPS satellites orbiting around the earth. Even in outdoor positioning, the 
accuracy of the position computed by the GPS can vary from a few meters to tens of meters, 
which is not accurate enough with respect to indoor scales. Moreover, the radio waves trans-
mitted from the GPS satellites are difficult to receive indoors, considering the obstacles they 
need to pass through in order to reach the receiver [1]. Thus, several studies are proposed 
recently to provide alternative systems for indoor positioning.

Similar to the methodology used in GPS, indoor positioning uses known coordinates as refer-
ence points to calculate the new coordinates for the object being positioned. This positioning 
relies on computing the distances between the given object and each of the reference points 
in range of that object. The new coordinates are calculated by finding all the coordinates that 
satisfy the measured distances from these points. Most of the earlier studies emphasize on 
developing techniques that improve the accuracy of the distance measured from the refer-
ence points to improve the accuracy of the calculated coordinates. Obstacles between the 
object and the reference points, from which the distance is being calculated, is one of the most 
crucial factors that affect the accuracy of the measured distance, hence, the accuracy of the 
calculated position [2-4].

In this study, a method is proposed to allow positioning robots that have lost communication 
with one or more of the stationary reference points. The remainder of this study is organized 
as follows: Section Two reviews previous studies related to this one; Section Three describes 
the proposed methodology and the computations behind it; Section Four summarizes the 
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experiments conducted to evaluate the performance of the 
proposed method, and the results gathered from these exper-
iments; Section Five shows the conclusions acquired from this 
study.

Related Work

An indoor positioning technique is proposed by Zhang et al. 
[5] that uses visible light to send on-off keying (OOK) mes-
sages to the receivers from light-emitting diode (LED) bulbs. 
Each bulb sends an identifying message that can be used to 
retrieve the position of that bulb in a specific time slot, to 
avoid receiving more than one message by the receiver. By 
measuring the intensity of the light at the receiving end and 
the angle that the light is projected on the sensor, the linear 
least square estimation method is used to calculate the po-
sition of the object. The results of this method show that a 
positioning accuracy of up to 5.9 cm can be achieved, using 
such a technique in an environment with indirect sunlight 
and proper installation of the LED bulbs. However, the visible 
light is highly affected by obstacles that may interrupt the line 
of sight between the bulb and the receiver and prevent the 
receiver from considering that reference point, or by receiv-
ing a reflection of the light that results in a wrongfully calcu-
lated distance.

The method proposed by Wang et al. [6] uses WiFi signals trans-
mitted from access points (AP) located in known positions to 
calculate the position of an indoor object. The distance be-
tween the object and each AP is calculated by measuring the 
power of the received WiFi signal. Then, a k-nearest neighbor 
(k-NN) classifier is used to integrate pseudo-odometry (P-O) 
with the WiFi data to eliminate the effect of obstacles, using 
measurements collected using pedestrian dead-rocking simu-
lation. The results of the experiments show that a one-meter 
accuracy can be achieved using this approach. However, the 
use of the k-NN classifier to reduce the effect of the obstacles 
in the building imposes the need of collecting new simulation 
data for that classifier, whenever the location of the obstacles 
in the building are changed.

Lin et al. [7] propose an indoor positioning system that uses 
Bluetooth low-energy (BLE) device to transmit beacons that in-
clude identification information about the device transmitting 
those beacons. It is possible to position the object based on the 
positions of the BLE devices in range with the object by identi-
fying that device and the distance between it and the receiving 
object and by measuring the received signal strength (RSS). 
Instead of calculating the exact coordinates of the object, the 
proposed system partitions each region into four sub-regions, 
where the position of the object is described by the sub-region 
that it is predicted to be in. This system is proposed to increase 
the efficiency of the services provided in an emergency room, 
which illustrates the importance of some indoor positioning 
applications. As the BLE devices transmit a beacon every sec-
ond, the position is updated once every five seconds, in which 
five beacons are received in order to reduce the effect of the 

noise. The results show that 97.22% of the predicted positions 
in this technique are correct. However, as the position of the 
object is described using the sub-region that it is located in, no 
coordinates are calculated for the object to measure the accu-
racy of that positioning.

In addition to the coordinates of the robot, it is also import-
ant to calculate the angle and the direction that the robot is 
heading, in order to calibrate the gyroscope and accelerom-
eter on the robot for short-term navigation. By calibrating 
these sensors, the robot gains the ability to navigate without 
the need of stationary points. However, such navigation suf-
fers from drifting, in which the error caused by noise signals 
collected from these sensors are accumulated [8]. Different 
techniques are proposed to minimize such drifting, where 
the use of Kalman filter has shown better results by eliminat-
ing the noise from the signals collected from the sensors [9]. 
However, in the case of multiple robots existing in one do-
main, the collaboration between these robots can improve 
the position computations, where each robot uses the posi-
tions of other robots, calculated based on their gyroscopes 
and accelerometers.

Method

To calculate the 3-dimensional coordinates of an object using 
reference points, the distance between that object and a mini-
mum of four reference points, alongside with their coordinates, 
is required. By measuring the distance between the object and 
a single reference point, the object may have coordinates that 
position it anywhere in the circumference of a sphere centered 
at each reference point, with a radius equal to the measured 
distance. Using another reference point, the object may have 
coordinates that position it anywhere in the circle that results 
from intersecting the spheres centered at these reference 
points. Using the third reference point, the coordinates are lim-
ited to only two possible locations, which are at intersects of 
the circle computed from the first two points with the sphere 
of the third. To obtain the coordinates of the object between 
these two candidate points, a fourth sphere centered at the 
fourth reference point is used, where the point that belongs to 
the circumference of that sphere is selected among those two 
candidates. The equation of the sphere centered at the refer-
ence point with coordinates (x1, y1, z1) and radius of r1 is shown 
as

(! − !!)! + (! − !!)! + (! − !!)! = !!!  (1)

Using (1) and the equations of spheres from other reference 
points, the following can be concluded.

!! − 2!!! + !!! + !! − 2!!! + !!! + !! − 2!!! + !!!  (2)

 = !!!       

!! − 2!!! + !!! + !! − 2!!! + !!! + !! − 2!!! + !!!  (3)

= !!!       
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!! − 2!!! + !!! + !! − 2!!! + !!! + !! − 2!!! + !!!  (4)

= !!!       

!! − 2!!! + !!! + !! − 2!!! + !!! + !! − 2!!! + !!!  (5)

= !!!       
To eliminate the squares of the variables x2, y2 and z2, (5) is 
subtracted from (2), (3), and (4) which illustrates the use of the 
fourth reference point to select one of two candidate points 
calculated using 

! 2!! − 2!! + ! 2!! − 2!! + ! 2!! − 2!! = !!! − !!! + !!! − !!! + !!! − !!! + !!! − !!!  (6)

! 2!! − 2!! + ! 2!! − 2!! + ! 2!! − 2!! = !!! − !!! + !!! − !!! + !!! − !!! + !!! − !!!  (7)

! 2!! − 2!! + ! 2!! − 2!! + ! 2!! − 2!! = !!! − !!! + !!! − !!! + !!! − !!! + !!! − !!!  (8)

2!! − 2!! 2!! − 2!! 2!! − 2!!
2!! − 2!! 2!! − 2!! 2!! − 2!!
2!! − 2!! 2!! − 2!! 2!! − 2!!

!!

×
!!! − !!! + !!! − !!! + !!! − !!! + !!! − !!!
!!! − !!! + !!! − !!! + !!! − !!! + !!! − !!!
!!! − !!! + !!! − !!! + !!! − !!! + !!! − !!!

=
!
!
!

  (9)

the other reference points, i.e., the square root of these vari-
ables, where !! = ±! , for example. This subtraction results 
the equations (6), (7) and (8). The values of x, y, and z, which 
represent the coordinates of the object, can then be calcu-
lated from these equations using the matrices operations 
shown in (9). Regardless of which equation is subtracted from 
the other equations, the described procedure always results 
in the same coordinates. However, the use of a fifth reference 
point can result in four different combinations of equations 
that can be used to calculate four coordinates for the object. 
Moreover, when a new reference point is added to the exist-
ing set of points, four more combinations can be added to the 
calculations of the position, which results in a more accurate 
computation.

Moreover, as each robot has a gyroscope and an accelerome-
ter that can be used to calculate the distance traveled by the 
robot, with respect to the last known position, the last position 
of the robot can also be considered as a reference point, while 
the distance from that point is calculated using the onboard 
sensors. However, the effect of the drifting can occur in these 
sensors, resulting in an inaccurate positioning, unless other 
reference points are used to improve the positioning accura-
cy. Thus, in addition to the use of the onboard sensors to cal-
culate the distance traveled by the robot, it is possible to use 
only three reference points to position the robot but a perfect 
positioning accuracy cannot be guaranteed, when considering 
the drifting effect.

In the proposed method, the robot is expected to have access 
to four reference points under normal operation. However, in 
certain conditions, the robot may end up in certain positions 
where the stationary reference points are no longer accessi-
ble. At such positions, one or more robots are sent to assist the 
stuck robot in recalculating its position. By making use of the 
collaboration among these devices, it is possible to improve 
the accuracy of the positioning of each of these robots.

When one robot moves, the remaining robots are required to 
stay in stationary, i.e., they do not change their positions. As 
soon as the requested movement command is completed by 
the first robot, according to the measurements collected from 
the gyroscope and the accelerometer, this robot becomes sta-
tionary as well. Then, the coordinates of its new position are 
calculated based on the measurements collected from its sen-
sors as well as the distances collected from the other robots 
and stationary reference points, if they exist. The calculated 
position is then used by this robot instead of the older coordi-
nates, calculated based on the gyroscope and the accelerom-
eter. At this instance, a command is sent to another robot to 
execute the required movement.

As the ratio of robots used to assist the positioning process in-
creases, the effect of drifting that occurs in the onboard sen-
sors of the calculated coordinates increase, with respect to the 
stationary reference points. However, as the total number of 
reference points used in the coordinate’s calculations, includ-
ing the last position and the distance measured using the on-
board sensors, exceeds four reference points, multiple candi-
date positions can be calculated. Selecting certain coordinates 
from the candidates list can be achieved by averaging these 
candidates, or by selecting the median value.

Experiments

To evaluate the performance of the proposed method, a model 
is created using MATLAB development environment. A mobile 
robot is simulated to travel from a position where the posi-
tioning process relies on four stationary reference points to a 
position where no stationary reference points are accessible. 
Thus, the robot starts losing the signals incoming from these 
stationary points, one by one. 

As soon as the first signal is lost, the robot starts to use its on-
board accelerometer and gyroscope to calculate the distance 
traveled from one position to another. However, another robot 
is sent to that robot to assist in the positioning process, and 
by performing various random motions while depending on 
its onboard accelerometer and gyroscope, the stuck robot can 
calculate its new location. When another signal is lost, another 
assisting robot is sent, until the entire positioning process be-
comes based on the collaborating robots, while the stationary 
reference points have no role in the positioning process. When 
a robot is moving, the positions of the remaining robots are 
fixed. A maximum of 1% of the traveled distance is simulated 
as an error in the calculated distance between the current and 
previous positions, to cover the drifting effect of the onboard 
sensors.

When more than one candidate set or coordinates are avail-
able, the position of the robot is selected using the average 
and median functions. By the end of the trip, the mean error 
in the actual and calculated positions is calculated for the po-
sitions of both functions. The robot is set to travel to the des-
tination coordinates in five steps. Per each step the position 
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of the robot is fixed and the remaining robots are moved, 
one by one. Per each position where a robot requires assis-
tance, three robots are used to evaluate the positioning ac-
curacy. The first robot requires the use of onboard sensors to 
satisfy the minimum of four reference positions. The second 
robot allows the computations using four reference points, 
including the onboard sensors, while the third robot acts as 
an extra in order to achieve a more precise computation. The 
mean error per each experiment, for the average and median 
functions, is shown in Table 1.The results show that the use 
of the median function has been able to achieve more accu-
rate positioning. In addition to the known immunity of the 
median function against noise values, the use of the average 
function to select the position of the robot from the candi-
date coordinates has reduced the positioning accuracy. This 
reduction is a result of the accumulated drifting that occurs 
in the accelerometer and gyroscope sensors. Moreover, the 
results show that the positioning accuracy based on the me-
dian function increases when the number of assisting robots 
are increased, but it is reduced when the average function is 
used instead.

Conclusion

The focus on indoor positioning is increasing recently, based 
on the rapid growth of using automated robots in different 
tasks. Many techniques are proposed to provide these robots 
with precise coordinates by measuring the distance between 
each robot and a set of stationary reference points, located in 

known positions in the environment, or based on the onboard 
accelerometer and gyroscope sensors. However, obstacles in 
the environment are one of the primary challenges that are 
faced by indoor positioning techniques, whereas an obstacle 
may block the communication between the robot and the ref-
erence points or affect it sufficiently to result in wrong distance 
measurements, while drifting is the main problem that faces 
the use of onboard sensors to calculate the coordinates of the 
robot. This drifting occurs due to the accumulating effect of 
noise signals collected by the sensors.

Moreover, robots that end up in blind spots, where the num-
ber of stationary reference points that are within the range 
of the robot in that environment is not sufficient to accurate-
ly calculate the coordinates, can no longer calculate their 
positions. Relying on the onboard sensors accumulates to 
significant differences between the calculated and actual 
coordinates. Thus, a contemporary technique is proposed in 
this study to enable robots of being positioned with the as-
sistance of a designated one or more robot that transmit sig-
nals similar to those transmitted by the stationary reference 
points and uses their positions to assist robots that have lost 
communication with the stationary reference points calculat-
ing their positions. 

The results of the simulated model show that the collabora-
tion among the robots to improve their positioning accuracy 
has significantly improved when the median function is used 
to select the coordinates of a robot from the candidate coor-
dinates. The existence of more than three external reference 
points, other than the use of onboard sensors and previous po-
sitions, can produce multiple candidate positions. The average 
and median functions are used to calculate the coordinates of 
the robot, based on those candidates. The average function has 
shown high sensitivity to the accumulated error of the onboard 
sensors, which is accumulated further when the robot executes 
other steps. However, the median function has been able to 
eliminate such accumulations by improving the positioning of 
each step.

Increasing the number of robots that collaborate in the posi-
tioning process has improved the positioning accuracy when 
the median function is used in the computations, while this 
accuracy is reduced when the average function is used. This 
behavior in the average-based computations is caused by the 
accumulating error caused by the drifting of all the sensors 
on the robots, where each robot executes its own movement 
while the others are in stationery. In the median-based com-
putations, the error is limited to the drifting that occurs in the 
robot that have the selected coordinates.

As a future work, the ability of sending one or more robot to a 
position where the stationary reference points are accessible 
may be evaluated. Such an approach can be used to reset any 
accumulated drifting that occurs in the computations in order 
to improve the positioning accuracy.

Table 1. Mean error measured for the different steps of the 
robot

Reference Points Mean Error (%)

Stationary Robots Average Median

4 0 0 0

3 0 0.17 0.17

3 1 0.23 0.07

3 2 0.21 0

2 1 0.34 0.34

2 2 0.34 0.13

2 3 0.29 0.08

1 2 0.42 0.42

1 3 0.56 0.38

1 4 0.58 0.31

0 3 0.77 0.76

0 4 0.78 0.59

0 5 0.83 0.46
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