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Abstract: In this paper the android bases sensor fusion system architecture for robot navigation is presented. This
system contains a position estimation module, which uses the gyroscope of an android mobile device such as the
smartphone or a tablet. This device is placed on the differential steering mobile robot platform and connected via
wireless network to the robots main controller. The robot performs encoder sensor reading, odometry process,
embedded trajectory control and wheel actuation algorithms. The controller algorithms are based on State
Dependent Riccati Equation control method and by this means the robot is steered to a reference trajectory.
Numerical simulations and experiments are conducted taking as reference path a linear and circular regimes. The
main contribution of this work is in the sense of unifying a powerful method of control with state estimation and
sensor fusion performed with mobile based device via wireless connection.
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INTRODUCTION

The autonomous navigation is a task of great challenge for a mobile robot (Mahmood, Baig, and Ahsan 2012).
Success in this task depends on four essential skills: perception, localization, cognition and movement control (Siegwart
et al. 2004).

The perception involves the environmental sensing and accounting for the internal parameters such as velocity,
position, heading, which are essential to estimate its location and targets. Hence, the measurement from different sensor
types are desired to measure the same process or variable estimate more accurately the actual robot position. For the
robotic navigation is possible to use wide spectrum of sensors (Ladislav, Pavel, and Martin 2014).

The sensor fusion has been applied in a wide plethora of problems, including: maobile robots, autonomous systems,
object recognition, navigation, following reference trajectory "target tracking"(Dekhil et al. 1998). At work Indoor
Positioning using Sensor Fusion in Android Devices (Rodriguez and Shala 2011) suggests the use of the Kalman filter
as a sensor fusion method and a solution to increase this accuracy in measurements.

An integrated navigation system utilizes the complementary characteristics of different navigational devices to
improve the overall precision of navigation (Mahmood, Baig, and Ahsan 2012).

In order to offer a navigation option even without the use of GPS (global positioning system), a solution proposed at
work (Rodriguez and Shala 2011) suggests the use of IMU available on smartphones, as a form of navigation indoors
where the GPS signal is not available, and proposes a solution to increase the accuracy of position estimates. Still on the
theme of inertial navigation, (Woodman 2007) deals in detail about the influences of the use of inertial navigation with
MEMS technology (microelectromechanical systems) present in smartphones, with the great advantage of the
miniaturization of sensors and the disadvantage of a lower accuracy compared to conventional sensors.

In this paper it is proposed and implemented an experimental navigation system that combines android device based
wireless sensing with robots wheels encoders odometry in a sensor fusion scheme that provides feedback for the
trajectory controller. The controller module is based on SDRE (State Dependent Riccati Equation), a suboptimal control
method which is simple to implement, fast in operation and provides real-time solution of the control problem. The
robot steers to a desired trajectory in linear and circular form. The main contribution of this architecture is in the sense
of unifying a powerful control method with a state estimation and wireless mobile sensor fusion. Numerical simulations
were performed in 3D simulator available in Labview robotics module. Finally, experimental tests are performed to
demonstrate system operation on differential steering mobile robot.
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METHODOLOGY

This section presents the set of methods and materials involved in the development of this project. First of all
kinematic mobile robot model is described. Then, the experimental platform is presented , as well as sensors and
navigation system architecture.

Kinematic Mobile Robot Model

Considering the differential mobile robot model (Al Khatib et al. 2015) which has two identical wheels, positioned
in the same axis, moving only around this, independently controlled by motors. Considering the pure rolling wheels, so
there are no side slips during movement. Such features have restrictive nature on the system, preventing the movement
of this in any direction in an initial moment, characterizing it as non holonomic (Siegwart et al. 2004) .The analysis of
the system is made in kinematic level. It is assumed that the center of the mass is located in its geometric center, and
hence eliminating possible unbalances accelerations effects. Figure 1 shows the differential robot model, in which
position the robot is described by x, y and the angle & in respect to the x global axis.
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Figure 1 - Mobile Robot Schematics

The global X, Y;coordinates and robots local Xy, Yzcoordinates are related by an orthogonal rotation matrix R.

Experimental Robot Platform

In the practical part of the project a DaNI robot or Robotic Started Kit 2.0 is used, as shown in Figure 2. This robot
is a robotics kit NI platform for teaching, research and prototyping using LabVIEW as a development environment. The
LabVIEW platform brings some facilities as a dedicated module to DANI robot, as well as libraries for visualization
and data analysis.

DaNI robot includes the NI Single Board RIO controller module, mounted on top of a structure of a reconfigurable
chassis. The controller board is an industrial application board for embedded systems, which integrates real-time
processor 400 MHz with 128 MB of DRAM, 256 MB of non-volatile storage, FPGA (Field Programmable gate Array)
with 110 digital inputs and outputs, 32 input channels and 4 output analog channels, 10 / 100 BASE-T Ethernet port,
RS232 serial port for peripheral devices(National Instruments 2011) .
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Figure 2 QNI ‘Rb‘bdtlc éfartéd 'kit 2.0, DaNl.
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The chassis is mounted on top of the two 4 inches wheels powered by 12V DC motors with 152 rpm and 300 0z-in
(Ounce Inch) of torque. There is a free rolling wheel of mecanum type. The kit also includes two optical quadrature
encoder, with 400 pulses per revolution, for the rotation of each wheel read as well as an ultrasonic sensor, which
measures distances of 2 cm to 3 m, mounted on top of a servo-motor the which allows for sensing an angle of 180
degrees as the rotation of the servo-motor.

MEMS Gyroscope

The use of the MEMS sensor has the advantage of its low cost, small size, low weight and low power consumption
(Chen et al. 2012).

The gyroscope is a device that measures angular velocity and position of an object about its rotation axis (Acar and
Shkel 2008). The low-cost MEMS gyroscopes used to determine those angles are known to have poor bias stability,
which may contribute to worse repeatability of the obtained angles. It can be demonstrated that introduction of some
kind of filtering of the gyroscope signal leads to improvement of the measurement quality(Lechowicz and
Augustynowicz 2015).

For greater accuracy of the gyroscope device calibration is necessary. The calibration is done by measuring during a
few minutes in the idle state. Sensors offset are calculated from acquired data (Ladislav, Pavel, and Martin 2014).

Navigation System Architecture

The experimental navigation system is comprised of an android device (smartphone or tablet) , the National
Instruments Robotic Starter Kit 2.0, also known as DaNI robot , a wireless communication router device connected to
the robot and a computer to prompt and collect trajectory data.

All the processing activity is done embedded in the Single Board- RIO controller, the main DaNI robot board
controller. For communication, purpose between all the components a local network is established on a router connected
to DANI robot. The raw sensor data of the smartphone's sensors are sent to the robot through an android application that
uses the WLAN network. With the data available from the sensors of the smartphone, the robot performs real-time
position estimation algorithm calculates the control actuation and sends all the data to the computer terminal prompt.
The operation schematic is shown in Figure 3.
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Figure 3 - Communication of the system components

A block diagram of the system modules is presented in Figure 4. The reference path is input to the system which is
compared with sensor fusion output generating the error vector. This error state vector enters the controller module and
a control effort is generated and applied to the plant which is the mobile robot. Then the sensor data is collected and
provided to the sensor fusion which generates the state estimation which is fed back to the comparison.
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Figure 4 - Navigation system block diagram
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State Estimation and Sensor Fusion

Among sensor fusion technique, the most widely used algorithm for state estimation is the Kalman filter and its
variations. Kalman filter is an optimal state observer which provides solution for a discrete state estimation linear
problem. Considering the system:

xk = Axk_1 + Buk_1 + Wk—l (1)
zx = Hxp_1 + vk
Where A, B and H are the state transition, the control and the observation matrices, respectively. The w,_, variable
represents the noise due to state transition of the system and y,_, represents the measurement noise. Both noises are
considered independent and of Gaussian distribution and have associated covariance matrices Q and R, respectively.
The a priori state of the filter is given by:

Ry = AXx,_1 + By, (2)

With associated covariance:
P, = AP A" +Q ®)
The Kalman gain is obtained from:

K, = P, HT(HP, HT + R)! @)
Then the correction is made from gain ponderation over residual between measured output of the system and the a
priori state:

)’ik = )’ik + Kk(zk - Hﬁk_)

®)

With associated covariance:
P, = (1- K;H)P,~ (6)

In this paper, the Kalman filter was used both like state estimator in the estimation of the coordinates [%;, 7, ] of the
robot and the orientation angle [ék] and like sensor fusion technique, as several filters were implemented in different
layers of sensor fusion (Figure 5).

In Figure 5 the first instance of Kalman filter receives as input the velocities read by wheel encoders transformed to
the measured state vector. Parallel to the first filter, Filter 2 performs an estimate of the steering angle 6 from the raw
gyroscope measurements of the android sensor. Finally, to obtain a more reliable value for the steering angle 0 of the
robot, the fusion is made by a third instance of the Kalman filter between two previous Kalman filter outputs, using as a
priori state the output from filter 1 and as observed variable the output from de filter 2.
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Figure 5 - Schematic of sensor data estimation and fusion

Once obtained the state X, = [J?k Vi 9k] it is then fed back to the controller module as the presumable robot
state. In fact, as one can see later, the estimated state X, differs from the real robot state by the amount of associated
error, described by state covariance of the fusion filter.
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The control module

The trajectory control module is based on State Dependent Riccati Equation method which is solves the nonlinear,
infinite-horizon, autonomous control problem (Cloutier 1997).
This method considers the nonlinear regulator problem of infinite horizon in the form:

é =A(e)e + B(e)u )
Where [e; e, e3]T is defined as the difference between the current trajectory and the reference trajectory for each
state.
e, X — Xp
[ezl =|y— (8)
63 g - 91"
The functional minimized is given by:
1 (o0}
J= EJ. [eTQ(e)e + uTR(e)u]dt 9)
0

Where e € R is a state vector and matrices Q(e) and R(e) are positive defined for all e. The control u is given
by the equation:

u= —R!(e)BT(e)P(e)e (10)
Where the matrix P(e) is obtained from the equation solution 9.
P(e)A(e) + AT(e)P(e) — P(e)B(e)R1(e)BT(e)P(e) + Q(e) =0 (11)

The equation (11) is a Riccati equation and its the solution is used in (10), on the calculation of control effort wu,
necessary to minimize the error system (7).

RESULTS AND DISCUSSION

The developments of the navigation system, numerical simulations, as well as experimental tests were performed in
Labview environment. The controller module is based on SDRE control method. Initial conditions were chosen for both
numerical simulation and experiments as x, = 0,75,y, = 0,6, = 0. The reference trajectory is dictated by linear and
angular reference 1. = 0,15 m/s e w, = 0,2 rad/s. In the following sections simulation and experimental results are
presented.

Simulations

Numerical simulations were performed in order to present the efficacy of control scheme and also to test the
navigation system. In this case, the gyroscope was not included in simulation. Only odometry was considered. The
integration of the controlled system is performed online so the integration method is the step integration. Because of
that the integration error is considerable in these simulations. In figure 6 the circular trajectory is depicted. The blue
solid line represents a controlled system trajectory. The black trajectory is a simulated odometry with error and green is
the Kalman filter output trajectory for odometry process. All trajectories stay close and converge to a red solid line
which is a desired trajectory.
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Figure 6 - Robot navigation path in the S(x, y) plane for a circular reference with parameters x,=0,75, y, =0,
6, =0 and V,=0,15m/s e w,=0,2 rad/s

In Fig. 7 the control vector effort is shown during the simulation time. The ul é related to the linear velocity and u2
controls the angular velocity. Even in the transient, the control effort is within accepted limits in terms of linear and
angular velocities.
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Figure 7 - Control effort evolution over time to the circular reference, knowing that ul is Vc and u2 is w,

Figure 8 present a linear trajectory in which the same trajectories are presented. All trajectories are maintained on
the reference.
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Figure 8 - Robot navigation path in the S(x, y) plane for a linear reference with parameters xy =0, y, =0, 8y =
T/y radand V, =0,15m/s e w, = 0 rad/s
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Figure 9 - left - Error between the estimated path of the odometry and the linear reference. Right- Control effort
evolution over time to the linear reference.

Figure 9 left shows the errors between estimated trajectory and the reference. This error stays within integration
error range.

The numerical simulations in general show the adequacy of the estimation system as well as the control module. The
small deviations are attributed to the poor integration technique.

Experimental results

Experiments were conducted on the platform DaNI Robotic Starter Kit 2.0 described previously and implementing
the Navigation System Architecture also described previously. All data is retrieved by the interface developped in
Labview and the graphics are presented in the next figures. Figure 10 depics a circular reference trajectory in red, also
odometry trajecty, the solid blue line, represents the raw data from encoders. The estimated odometry trajectory in green
is a fitltered trajectory by the first Kalman filter. The controlled trajectory in magenta is a theoretical trajectory and
should not be taken into account as it is not fed back with practical measurement and does not represent the
experimental control process. Finally the resultant trajecty from the sensor fusion, which is the output of the third
Kalman filter is presented in blue dotted trajectory. The filtered gyroscope output is not depicted in this figures, as it
provides only angle output. All trajectories remain close to the reference, in the first turn of the circle. Then the fusion
trajectory starts to deviate from the reference as the errors in estimation accumulate.
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Figure 10 - Robot navigation path in the S(x, y) plane for the reference circle with x4 = 0,75,y =0,08, =0 and
V,=15m/se w,=0,2rad/s
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Figure 11 - Control effort evolution over time to the reference circle, knowing that ul is Vc and u2 is w,

Figure 11 left depict the control efforts for the case of circular trajectory performed by robot. The Fig 11 right shows
the angle measured and estimated by gyroscope and odometry, as well as the reference. As can be noticed the gyroscope
sensor is a source of a great error. In this particular case the odometry process performs better, so the Kalman fusion
trusts more the odometry process.

All this previous results only show the estimations of the robots trajectory by different sensors and filtered
processes. In order to visualize the real trajectory of the robot, further experiments were conducted placing a camera on
the ceiling and filming the robots trajectory as performed. Images were analyzed by a Kinovea free software which
allows the object tracking and the some figure overlapping onto the footage. The image on the figure 12 is the result of
some frames from the first circle that robot performs combined with the data retrieved (Figure 10). It should be noted
that also this process has some error associated with the lens not accurate centralization, distortion, image rotation a
scaling. Robot’s initial position is at 0,75 m in x axis and 0 at y axis. From this picture it is clear that the robot’s
localization system, the control module work properly and maintains the system close to the desired trajectory. When
deviation occurs and the position estimation can detect it, the regulator takes place and corrects it. Also it is clear that
when estimation error occurs in respect to the real position the system it is not possible to correct the robot’s deviation.
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Figure 12 - lllustration with some frames of recorded video to compare the trajectory estimated by the sensor
fusion and the actual trajectory of the robot.

Furthermore, experimental test were performed for a linear trajectory regime, in which the robot starts on top of the
reference and should maintain the constant 45 degree inclination in respect to the x global coordinates axis. The Figure
13 shows the trajectories evolution. All the trajectories remain very close to the reference, slightly deviating in the end
of the trajectory, as estimation errors accumulate. Figure 14 shows the effort to perform such a trajectory.
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Figure 13 - Robot navigation path in the xy plane for a linear reference with parameters xo =0, yo =0, 6y =
T/y rad,and V, =0,15m/s e w, = 0rad/s
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Figure 14 - Control effort evolution over time for linear reference

In the Fig. 14 left it is shown the errors between estimated position of the robot by a sensor fusion and a desired
trajectory. In the right picture: the control u2 fluctuates and is not equal to zero which depict the real effort to maintain
the robot following the line. This is mainly because of non equal, unbalanced and unsynchronized actuation in robots
wheels motors.

Analyzing the experimental tests, it is clear that after a certain amount of time both the gyroscope and the odometry,
start to drift due to the incremental nature of its measurement. This effect is more pronounced in gyroscope. Futher error
quantization analysis can precisely show the instant in which this sensor reading can become useless. Another sensor
readings can be introduced in order to enhance the performance. Also to deal with this issue in future implementation it
is possible to use a different robotic model, the one that considers its dynamics and not only kinematics. This way it will
be possible to insert directly the linear acceleration and angular velocity measurements.

CONCLUSION

In this paper the android bases sensor fusion system architecture for robot navigation is presented. This system
contains a position estimation module, which uses the gyroscope of an android mobile device such as the smartphone or
a tablet. This device is placed on the mobile robotic platform and connected via wireless network to the robots main
controller. The robot performs encoder sensor reading, odometry process, embedded trajectory control and wheel
actuation algorithms and sends all the data to a computer terminal for telemetry purpose.

Numerical simulations and experimental work has been conducted to assess the overall performance of the
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navigation. Two main regimes, the linear and circular trajectories were performed and presented as the main results. It
has been shown that the system performs the state estimation within a certain small error range of accuracy and
maintains the robot close to the reference. Future test can address regimes were a robot is placed outside the reference to
show the convergence of the overall system to the desired trajectory.

Also it is noticeable that the sensor scheme for this application deals with the low-cost, compact, non dedicated
sensors as well as the wireless communication between system components. The first one certainly degrades the
performance of the coordinate estimation over time. The second one causes important delays which can be the fact
between the poor and proper convergence of the trajectory. These entire situations were observed during the
experimental test and can be the inspiration for the improvement for the incremental position estimation methods.
Altough the poor performance over time of some sensors this work main contribution is to put together a navigation
system which unites powerful controller with a sensor fusion and state estimation architecture. Other sensor
components, as well as the plant models can be used to enhance the performance of the navigation system.
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