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Abstract

A key problem of mobile robots is that of the positioning capability in order to detect
their locations in the operating environment. A promising technology used in indoor
localization recently is Visible Light Communication (VLC). In this paper, an integrated
Angle of Arrival-Received Signal Strength (AOA-RSS) localization method using the
VLC, which could get high accuracy with simple hardware, is proposed. In addition, the
Extended Kalman Filter (EKF) and Particle Filter (PF) algorithms are combined with
the proposed AOA-RSS localization method in order to achieve higher accuracy of the
mobile robot positioning. By computer simulation, the performance of the proposed
AOA-RSS localization method combined with the EKF and PF algorithms are
compared. The combination scheme outperforms the individual VLC localization with
small error approximation of a few centimetres.

Visible Light Communication indoor localization Extended Kalman Filter
Particle Filter

White LEDs are expecting to become the next generation of light sources.
Incandescent and fluorescent lamps have been gradually replaced by white LEDs
because of their advantageous characteristics, such as long life expectancy, high
brightness, ability of dimming and lower power consumption for illumination purpose
(Komine and Nakagawa, 2004). Moreover, the LEDs have the ability of data
transmission because they can be modulated at a fairly high rate (Grubor et al., 2008;

Komine and Nakagawa, 2004). For these benefits, they are used as a primary element
in the Visible Light Communication (VLC) system, which is attracting many researchers
working on its applications, both illumination and data transmission.

Throughout the past decade, the appearance of mobile robots has become very popular
in all aspects of society. Mobile robots appear in household appliances such as in
vacuum cleaning machines and home assistance. They can also be found in public,
industrial and military fields, such as in guidance robots and material transport robots.
Mobile robots have the capability to move around their workspace and reach the
desired target positions. In order to perform this capability, mobile robots need to know
their positions in the environment. Although the Global Positioning System (GPS)
works well in outdoor environment, for small and covered indoor environments such as
buildings, factories, museum, etc., the GPS provides location information with poor
accuracy, and even sometimes is unavailable.

To deal with this challenge, a number of techniques for indoor localization have been
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proposed and developed based on using video cameras, laser sensors, ultrasonic
sensors and radio frequency/wireless identification sensors (Achour and Djekoune
2012; Choi et al.. 2012a; Hsieh et al., 2009; Jia et al.. 2012; Nagai et al.. 2013).
Recently, localization using VLC technology with certain benefits has become a
promising technology to replace those sensors. There is an increasing number of
published articles that present a variety of indoor localization methods based on the
VLC, such as Time of Arrival (TOA) (Cheung et al., 2004; Wang et al.. 2013), Time
Difference of Arrival (TDOA) (Choi et al., 2012b; Gustafsson, 2003; Xu et al., 2011),
Received Signal Strength (RSS) (Jung et al., 2013) and Angle of Arrival (AOA) (Lee
and Jung, 2012). Due to the short time of arrival light and requiring time
synchronization between transmitters and receivers, the TOA and TDOA methods are
not feasible for indoor localization based on the VLC. Meanwhile, the RSS method
does not achieve high accuracy when it is implemented in environments having a poor
path loss model. Although the AOA method achieves higher accuracy than the others,
it often requires a complex hardware and is only capable of one-dimensional positioning
(Lee_and Jung, 2012). Therefore, an integration of the AOA and RSS methods
proposed in this paper is a highly promising alternative for other individuals because
higher accuracy and less complexity of implementation could be achieved.

Only the measurement from VLC sensors might provide a noisy observation for the
estimation of the mobile robot’s location. Therefore, more highly accurate robots need
a solution to combine the observations from both the sensors and robotic model. The
term “location estimator” is used for probabilistic estimators, which are used on mobile
robots to carry out the above combination. To date, there have been a number of
location estimators proposed and studied. One traditional estimator subject to Gaussian
noise for linear systems is the Kalman Filter (KF) (Kailath et al., 2000; Negenborn
2003; Simon, 2006; Thrun et al., 2005) and for non-linear systems is the Extended
Kalman Filter (EKF) (Angel and Rosa, 2009; Duong et al., 2013; Kailath et al., 2000;
Larsen et al., 1999; Negenborn, 2003; Pillonetto et al., 2012; Santana et al., 2008;
Siegwart et al., 2004; Simon, 2006; Thrun et al., 2005). However, because the EKF
relies on a fixed functional form of a posterior, it is difficult to tune and often gives
unreliable values. An alternative for approximating the system using linearization is the
Particle Filter (PF) (Angel and Rosa, 2009; Armingol et al., 2012; Cen et al., 2009; Fox
et al., 2001; Rstic et al., 2004; Simon, 2006; Thrun, 2002; Thrun et al., 2005; Woo et
al., 2006). In this paper, the combinations of the proposed AOA-RSS localization
method with the EKF and the PF in order to enhance accuracy in positioning a mobile
robot are presented. This work is done by computer simulation. The expectation is that
the lowest estimated error could be achieved with the combination scheme and the
mobile robot could be controlled to follow its path precisely by the estimation
techniques as the objective.

This paper is organized as follows. Two individual VLC localization methods with low
accuracy are briefly described in previous works in the second section. An integrated
AOA-RSS localization method is then proposed for high accurate positioning in the
third section. The combination schemes between the proposed localization method with
the EKF and the PF estimators for our proposed system are described and discussed in
the fourth and fifth sections, respectively. Our simulation results of the combination
schemes will be shown in the sixth section. Conclusions are given in the last section.

As an effective alternative for traditional localization technologies and sensors, the use
of the VLC system and light-emitting diode (LED)-based devices to localize the mobile
robot’s position has become more popular in practice because of its benefits, especially
both illumination and signal transmission. A number of VLC localization methods using
geometric properties of triangles to estimate the target position have been proposed so
far. Those are called triangulation methods and will be briefly described as follows.

Received Signal Strength method

In order to perform any VLC localization method based on the intensity of the received
optical signal power, a VLC channel model given by Komineand Nakagawa (2004) has
to be utilized. The position of the mobile robot is estimated by measuring this power at
the photodiodes (PDs).

The channel direct current (DC) gain of the VLC channel is given as
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where A is the physical area of a PD detector; Dy is the distance between a transmitter
and a receiver; and @ and ¢ are the angle of incidence and irradiance, respectively.
Ts(w) is the gain of an optical filter, while cos™(¢) and cos(y) denote the LED and PD
sensitivity. g() is the gain of an optical concentrator. The power P, then becomes
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As shown in Figure 1, the transceivers are located on the horizontal planes. Hence, the
incidence angle y is equal to the irradiance angle ¢:
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where h is the height of the LED. Equation (3) indicates that the power P, is a function
of distance Dy. At least three transmitters are required to draw imaginary circles
centred at their coordinates. Thus, the position of the mobile robot will be the
intersection point of these circles. Nevertheless, the receiver output always contains a
Gaussian noise N that is contributed by shot noise, thermal noise and inter-symbol
interference (Komine and Nakagawa, 2004). It means that the imaginary circles do not
intersect at a common point, but they create an overlapped area. Therefore, the mobile
robot is located somewhere in that area. Its position is calculated by common
estimators such as Cramér-Rao lower bound (CRLB), circular error probability (CEP)
and least squares (LS) (Cheung et al.. 2004; Choi et al., 2012b; Wang et al., 2013).
This method can only provide accurate location information with low complexity of
receivers in a pure line of sight (LOS) environment. Its accuracy will be decreased when

the robot moves into a poor VLC area. Moreover, it also requires at least three
transmitters to send data.
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Figure 1.

System model of an optical wireless channel.

Angle of Arrival method

The Angle of Arrival is defined as the angle between the propagation direction of an
incident light wave and a reference direction, which is known as orientation. A model of
the AOA method using a circular PD array is described by Lee and Jung (2012; Figure
2). The number of PDs in the circular PD array affects performance of the AOA
method. The more PDs integrated are in the circular PD array, the lower estimated
error can be achieved. Figure 3 shows the system model location awareness. The angle
of the ith PD is determined as follows, with K being the number of PDs:

0 =mif(K—1) (4)
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Figure 2.

System model of the Angle of Arrival method based on a circular PD array.

Figure 3.

The system model location awareness.
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To get higher estimation accuracy, the “truncated-weighting” method is proposed by Lee
and Jung (2012) to calculate the estimated angles fi and E"a. The x-axis position of the
mobile robot is then estimated by taking an average of the distances D1 and Dy from
the horizontal positions of LEDs to the robot (Figure 3).

The AOA achieves a number of significant benefits, such as well corresponding to the
propagation environment LOS of VLC, getting higher accuracy compared to other
methods by using an array of PDs. In addition, it does not need to sync time between
the transmitter and the receiver. Nonetheless, the AOA has several drawbacks, such as
requiring a complex hardware and providing only a one-dimensional position of the
mobile robot. Moreover, the error of 33 cm with 17 PDs of the model in Lee and Jung
(2012) is still quite high for indoor localization.

Integrated AOA-RSS localization method

Several localization methods described in the previous section have a number of
drawbacks when they are used individually. To overcome these drawbacks, a novel
localization method integrating the AOA and RSS is proposed as follows.

System model

A flattened circle of PDs is utilized to measure received optical powers and determine
the orientation of the mobile robot. Calculation of PD positions is executed based on
the knowledge of the mobile robot’s pose. The proposed system model is shown in
Figure 4. The angle of the ith PD is determined as follows, where 6 is the orientation of
the mobile robot and K is the number of PDs mounted on the robot:
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Figure 4.

System model of the integrated Angle of Arrival-Received Signal Strength
localization method using an array of PDs .

System noise

As mentioned in the previous section, an optical wireless channel with Gaussian noises
presented by Komine et al. (2004) is applied for all VLC-based localization methods in
this paper. The real received power at the ith receiver’s output is given as

Pr.\uxuufu) = H(D)PJ + N(”
(i + 1)AR"!

W E{ﬂf‘)g,.-(df)f’r = N{f) (6)
2y (RE(D)+ h )
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where N(i) is the total covariance of Gaussian noises, o2 (i) and P?ISI”) are the
variance of shot noise and the inter-symbol interference (ISI) power at the ith PD,
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respectively, 7 ikermal is the thermal variance and
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System parameters for the calculation of the channel DC gain and Gaussian noises are
shown in Table 1.
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Table 1.

System parameters.

Operation of the integrated AOA-RSS method

At the first step, the integrated AOA-RSS determines the direction of the mobile robot
compared with a transmitter’s position to which it is connecting, based on the special
configuration of the PD array. From received signal powers at the receiver output, the
mobile robot detects the PD that received the maximum signal power from the
transmitter. This means the PD that is closest to the transmitter. The mobile robot
selects the angle of this PD (djmax, i-max = max P signa((i)) as the angle between the
heading direction of the mobile robot and the horizontal distance between the LED and
the centre of the mobile robot (Eigure 4).

In the next step, the integrated AOA-RSS estimates the location of the mobile robot’s
centre based on the angle a;max. The horizontal distance between the LED and the PD
having maximum received power Rjmax is approximated by Equation (6). The global
coordinate of the mobile robot (Cy, Cy) can be then calculated as follows.

e Case 1: When the mobile robot is at the position where it satisfies the
condition fi—mar = 7 :

Cx = XLED + (?' + RJ’ mux]cas {‘P) (8)
Cr = YLED + (-" * RI max ]””[‘p)

e Case 2: When the mobile robot is at the position where satisfies the condition
Ri—mazr <71
C.r = XLED + (J' - RF n1im)cos(q") (9)
C} = YLED + (J' - Rf mil.h)'ﬂ-”(m)

where ¢ is the angle between the horizontal distance from the LED to the PD that
received the maximum signal power and the horizontal line (Eigure 4). It can easily be
calculated from the angle of the heading direction of the mobile robot compared with
the LED aimax- In addition, (x_gp, ¥ ep) is the global coordinate of the LED.

For most common types of indoor environments, such as offices, museums, libraries,
hospitals and factories where there are long corridors with a usual width of 2m, LEDs
with equal distances from each other of 1.5m are aligned horizontally and vertically.
The coverage of each LED has a radius of 1.732m, which is calculated from the
parameters in Table 1. With this setup, the mobile robot is always under the coverage
of at least two LEDs. Therefore, the accuracy of the integrated AOA-RSS method is
then enhanced because of receiving location information from at least two transmitters.

The number of PDs and Gaussian noises are two key parameters that directly affect
the accuracy of the integrated AOA-RSS. lIts estimated error is alleviated according to
increasing the number of PDs mounted on the mobile robot. The second parameter
that distorts the received signal power at the receiver output is Gaussian noises
involving the shot noise, thermal noise and inter-symbol interference. Although this
method suffers these errors it can get higher accuracy than the individual methods.
With 16 PDs mounted on the robot, this method has the error less than 20 cm, which is

better than the model in Lee and Jung (2012).
Locati t

osti

Although the proposed AOA-RSS localization achieves a high accuracy with the simple
hardware, there still exist some shortcomings, such as increasing the number of PDs is
limited due to hardware installation and the capability to distinguish levels of received
signal power at PDs. Therefore, two popular location estimation techniques, the EKF
and PF, are combined with the proposed AOA-RSS localization in order to achieve
more accuracy in positioning indoor mobile robots in this section.

The system model of the mobile robot: kinematic configuration
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The effect of control actions on the robot’s configuration is expressed by kinematic
equations. The configuration is commonly described by its six variables, three-
dimensional Cartesian coordinates and its three Euler angles (roll, pitch and yaw)
relative to an external coordinate frame (Thrun et al., 2005). For most mobile robot
models operating in the planar environment, there are only three variables to denote
the two-dimensional planar coordinates of the mobile robot in the global coordinate
frame and its angular orientation. These variables are called the mobile robot’s pose
that is described by the state vector x,=(xx Yk 6k) (Eigure 5(a)). The mobile robot’s
pose can be easily calculated by a classic method called the Odometry. Sensors such
as optical encoders are used by the Odometry method to measure the rotation of the
robot’s wheels (Santana et al.. 2008).
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Figure 5.

(a) Kinematic configuration: the pose of the mobile robot in a global coordinate
system. (b) Kinematic configuration: system model of the two-wheeled mobile
robot.

Figure 5(b) shows the model of our two-wheeled mobile robot, which has the local
coordinate relative to the robot chassis (Xg, YR) in the global coordinate system (Xg,
Y). The radius of the wheels and the distance between them are denoted by a and b,
respectively.

Movement time of the mobile robot is sampled into period At that is small enough.
Hence, the linear displacement of the robot’s centre As and the robot’s orientation
angle A6 in each sampling period At are estimated from linear travelled distances of
the left wheel As; and the right wheel Asg:

As = (Asp + Asp)/2; A0 = (Asp — Asy) /b (10)
where linear travelled distances As; and Asg are calculated from rotational speeds of
the left wheel w; and right wheel wg after each sampling period At, respectively:

Asp = AtRwy: Asg = AtRwg (1)
The mobile robot’s pose at time k+1 in the global coordinate frame is calculated

according to the mobile robot’s pose, the linear displacement of the robot’s centre As
and the robot’s orientation angle A6 at time k:

Xp+1 Xi f.\i';‘ COs (eg + Aﬂ;ﬂ)
Vier | = | W |+ | Asesin(f + A8 /2) (12)
[/ N Ady

Unfortunately, the kinematic equation (12) is not really accurate in real systems
because of unavoidable errors that come from both of the imperfectness of the robot,
for instance, deformation of the wheel, limited encoder resolution, and the
environment, such as wheel-slippage and unequal floors. These errors can break the
stability of the system due to their accumulative characteristic. Therefore, real systems
need an appropriate compensator to alleviate unavoidable errors (Duong et al., 2013).

An assumption is here that the next state probability and the measurement probabilities
are governed by non-linear functions f and h, respectively:

Xg a1 = flxg, g, we) (13)

Zp 41 = h(Xg, V) (14)


http://tim.sagepub.com/content/early/2015/06/19/0142331215590470/F5.expansion.html
http://tim.sagepub.com/content/early/2015/06/19/0142331215590470/F5.expansion.html
http://tim.sagepub.com/content/early/2015/06/19/0142331215590470/F5.expansion.html
http://tim.sagepub.com/powerpoint/early/2015/06/19/0142331215590470/F5

where f is expressed in Equation (12) and h is measurements that consist of the
integrated AOA-RSS localization measurement and Gyro sensor measurement
determining the rotated angle of the mobile robot. The random variables wy and vy
represent the process of the mobile robot and measurement noise, respectively. They
are assumed with properties involved to be independent of each other, white and with
normal probability distributions: wi. N(O, Qg), vk~ N(O, Ry), E[wy, va] (Larsen et al.
1999).

The Extended Kalman Filter

The EKF is an extension of the famous KF, which is in fact more efficient than the
Markov localization estimator because of key simplification. The basic KF utilizes the
linear system and linear measurement models to address the problem of estimating the
state of a noisy system (Negenborn, 2003). Nevertheless, a system with the linear state
transition and linear measurement added Gaussian noise are rarely fulfilled in practice.
For example, a mobile robot that moves with constant translational and rotational
velocity typically moves on a circular trajectory, which cannot be described by linear
next state transitions (Thrun et al., 2005). Therefore, the improvement in the EKF is
linearizing the linear state transition and linear measurement to overcome restriction of
the KF.

The whole EKF algorithm is represented in Table 2, where ii._-+1 , k41 are the priori
and posterior state estimates at step k+1, respectively; P;_H and Pr+1 denote the
covariance matrixes of the state errors in prediction and correction stages, respectively;
Ayi1and Het1 are the Jacobian matrixes of partial derivatives of f and h functions.
Wii1is the Jacobian matrix of partial derivatives of f to control vector wW(Asg, Asp).
Qit1is the input-noise covariance matrix, which depends on the travelled distances by
wheels Asg, As; and error constants representing the nondeterministic parameters of
the motors and the wheel—floor interaction iz , %1 (Siegwart et al., 2004):

_ | b |Asg| 0
Qk [ 0 k;_lﬁb‘;_l (15)
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Table 2.
The Extended Kalman Filter algorithm.

In addition, Ki+1 is the Kalman gain; Zi+1is the measurement of the mobile robot’s
pose from the proposed AOA-RSS localization method and Gyro sensor at time k+1.
R +1is the covariance matrix of the Gaussian noise of the measurement z;:

var(x « 1|pe) 0 0
Riv = 0 var(ve + 1lye) 0
0 0 var(fx + 1| gyre)

(16)

The noise variance of the proposed AOA-RSS localization method is 0.0036. The error
of the Gyro sensor is 3 degrees, corresponding to the noise variance of 0.0028 in
radians, which is achieved from the manufacturer’s specification.

The Particle Filter

The PF has become an attractive non-linear state estimator to deal with the problem of
mobile robot localization because of the dramatic growth of computational power.
Actually, the PF is preferred over the KF because of several key advantages in
robotics. The most significant advantage is that the PF can be applied to a large
number of probability distributions, in contrast to the KF, which is used widely in
problems using normal distribution (Fox et al., 2001). Moreover, the PFs also act as
any-time filters because they do not require a fixed computational time, instead of the
increase of their accuracy according to the computational resources (Thrun, 2002).
Finally, whilst the KF is difficult to tune, the PF is remarkably easy to implement
because linearizing non-linear mobile robot models are not required (Eox et al., 2001;
Simon, 2006; Thrun, 2002).

All steps of the PF algorithm are listed in Table 3, where N is the number of particles.
The trade-off between computational effort and estimation accuracy is adjusted by
choosing the parameter N of the user. & is a set of priori pgrticles at time k. Q is a set
of likelihoods corresponding to the set of priori Xy =(xi---'- } (i=1, 2...N) after we
receive the measurement #i of the mobile robot’'s pose from the proposed AOA-RSS
localization method and Gyro sensor at time k. Note that the relative likelihoods q; are
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then normalized to ensure that the sum of all weights is equal to one. X:-' is a set of
posterior particles that are set equal to the priori particles *&.i in step 4. Index j of the
priori *.iis detected by using a direct approach presented by Rstic et al. (2004).
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Table 3.
The Particle Filter algorithm.

Simulation results and performance analysis

The goal of the simulation implementation is to evaluate the performance of location
estimators discussed early in this paper by varying certain parameters. From these
evaluations, performance of the combination scheme between the location estimators
EKF and PF with the proposed AOA-RSS localization method are compared to choose
the best one satisfying the mobile robot model. A simulation scenario is that the mobile
robot is controlled to move on the specified path connecting two global points (1, 1) and
(8, 1).

The integrated AOA-RSS localization is presented with performance depending on the
number of mounted PDs. In this paper, 16 mounted PDs are utilized to achieve errors
approximating 20 cm. These errors are fairly high for indoor localization applications.
Therefore, the EKF and PF estimators are applied to enhance performance of the
proposed AOA-RSS localization. Figures 6(a)—(d) show performance comparison of the
combination schemes and the integrated AOA-RSS method. The line dotted with
asterisks and the line dotted without asterisks denote errors of the combination
schemes with the EKF and PF algorithms, respectively, while the solid line denotes
error of the integrated AOA-RSS method. Four simulation cases corresponding to the
numbers of particles N=5, 30, 50 and 100, which are used in the combination scheme
with the PF, are shown in Figures 6(a)—(d). It can be clearly seen from these figures
that the accuracy of combination schemes is always greater than the integrated AOA-
RSS method. In the worst estimation case of the PF algorithm (Case 1), the average
error of this combination scheme with five particles is still smaller than the integrated
AOA-RSS method in Figure 6(a). However, the accuracy of the scheme with the PF
algorithm is very poor compared with the EKF algorithm. In this case, the error of the
scheme with the PF estimator peaks at 11.5 cm, whereas the maximum error of the
scheme with the EKF estimator is only 4.5 cm. As is highlighted in Figure 6(b) (Case
2), the PF algorithm with the number of particles N =30 achieves accuracy similar to
the EKF algorithm of about 8 cm. When the number of particles is greater than 30,
performance of the scheme with the PF becomes better than the EKF with maximum
estimation error approximately 5 cm as shown in Figures 6(c) and (d).
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Figure 6.

(a) Accuracy comparison of combination schemes with the Extended Kalman
Filter (EKF) and Particle Filter (PF) estimators. Case 1: N=5. (b) Accuracy
comparison of combination schemes with the EKF and PF estimators. Case 2:
N =30. (c) Accuracy comparison of combination schemes with the EKF and PF
estimators. Case 3: N=50. (d) Accuracy comparison of combination schemes
with the EKF and PF estimators. Case 4: N = 100.

As discussed previously, unavoidable errors appeared in the mobile robot system,
making the movement of the mobile robot between two points in a real environment
difficultly. Therefore, estimators are not only applied to decrease the error of the
integrated AOA-RSS localization method as estimators, but also play a role as
compensators to alleviate the accumulative errors that appear in moving of the mobile
robot on the specified path. Figures 7(a)-(d) show the operation of the EKF and PF
compensators in controlling the mobile robot on the specified path. It can be clearly
seen from these figures that the mobile robot is deviated quite far away from the
desired path due to accumulative errors in the absence of any compensator. When
compensators are applied, the mobile robot always approaches its path. These
compensators fight against accumulative errors that appeared in moving of the mobile
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robot by recalculating control vector u after each period time At. The control vector u is
calculated to adjust the orientation of the mobile robot. In other words, the control
vector u alleviates accumulative errors. This ensures that the mobile robot always
reaches the target point. Figures 6(a)-(d) show the performance of the EKF and PF
estimators in the combination schemes corresponding to four simulation cases in

Figures 7(a)-(d), respectively.
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Figure 7.

(a) Operation of the Extended Kalman Filter (EKF) and Particle Filter (PF)
compensators. Case 1: N=5. (b) Operation of the EKF and PF compensators.
Case 2: N=230. (c) Operation of the EKF and PF compensators. Case 3: N =
50. (d) Operation of the EKF and PF compensators. Case 4: N =100.

In this paper, we presented indoor localization methods based on the VLCs. We
proposed the integrated AOA-RSS localization method, which combines the AOA and
RSS methods to take the benefits of both. This method achieves high accuracy of
approximately 20 cm compared to other methods. In order to improve the accuracy of

the VLC localization for indoor applications, combination schemes of the VLC
localization measurement and estimators consisting of the EKF and the PF are then
also presented. Evaluation by simulations proves that the combination schemes have
achieved higher accuracy than the integrated AOA-RSS localization method by
approximately a few centimetres. The Main result of this paper is then comparing the
performance of the combination schemes with the EKF and PF estimators for trade-off
depending on computational power. Moreover, the simulation results also mention that
the EKF and PF work well in the role of compensators to alleviate accumulative errors
of the system when the mobile robot moves on the specified path.
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