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Abstract

The goal of this practical course is to extend a small mobile robot software in order
to form a convoy of multiples units while in movement. The first one is remotely
driven by a Smartphone via Wi-Fi and the others follow it autonomously. FEach
robot has an embedded Dynamic Vision Sensor (eDVS) in the front and a user-
defined frequency LED in the back which will be used for the positional tracking.

This work provides a detailed view on hardware and software required for that goal,
as well as several driving tests explanations. Finally, the results of the performed
experiments are discussed, confirming the suitability of the developed project for
assembling a chain of mobile robots autonomously.
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Chapter 1

Introduction

The development of future generation of vehicles will require the advancement of
sensors and actuators with a further improvement in the environmental signal de-
tection and processing, making safe and autonomously-driven vehicles possible.

To date, environmental visual stimulus identification has mainly been based on
standard video camera data processing. However, some of the drawbacks associated
with these cameras, such as the high amount of redundant data or the huge compu-
tational resources requirements for executing real time vision processing algorithms,
have triggered the study of alternative technologies.

In this respect, biologically inspired devices offer promising perspectives. An ana-
logue silicon retina, the Dynamic Vision Sensor Chip (DVS), is a particularly at-
tractive candidate for visual stimulus identification. In contrast to standard video
cameras, this device only reports events from individual pixels when their illumina-
tion changes. Thus, instead of a full frame, only on and an off events are transmitted
asynchronously, and the encoded information is drastically reduced. Then, the pro-
cessing requirements which make possible active reaction to environmental changes
can be tasket to an ARM microcontroller.

In this work, we report on the goal of making a chain of autonomously driven robots
called Pushbots. Having a few assembled Pushbots, each with a blinking LED at the
back, an embedded DVS device in the front, a microcontroller and two motors. The
first robot is remotely driven through a smartphone application via wi-fi. Then, the
camera of the following robot captures the luminous signal of the LED and sends
the information to the microcontroller, which tracks the first robot and controls the
motors to follow it. The chain in this work was extended to 3 Pushbots.
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Chapter 2

Hardware description

The robots are equipped with a LED in the back, an embedded Dynamic Vision
Sensor camera (eDVS) in the front, a microcontroller and two motors connected to
gears. The LED of the first robot blinks with a user-defined frequency. Then, the
camera of the second robot captures the luminic signal and sends the information to
the microcontroller, which tracks the first robot and controls the motors to follow
it. All components are connected through a mother board model. The total weight
of the robot is 300 g. The power source comes from four rechargeable AA batteries.
Figure [2.1shows the most important components of the robot.

ocontroller

Figure 2.1: One of the robots in our chain. All robots are identical in Hardware.
The only difference is the software, that identifies the robot’s position inside the
chain (frequency).
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2.0.1 The Active LED Marker

The LED integrated in Pushbots is a standard device and works as a active marker.
It is soldered in the higher part mother board at 13 cm from the ground and con-
nected to the microcontroller. It shines with a user-defined frequency.

In this work, the frequency is set by using the following formula: 1000Hz-200*N,
being N the position in the chain. Due to the high temporal resolution of the em-
bedded Dynamic Vision Sensor, this firing rate is perfectly visible by it. Setting
the flashed light to that frequency, the mark of the LED point can be strongly dis-
tinguished from contours or noise when the camera information is processed in the
microcontroller and some frequency-dependant filters are applied. Hence, tracking
becomes easier to perform.

2.0.2 The Embedded Dynamic Vision Sensor Board

The Dynamic Vision Sensor Chip (DVS, [LDO08]) that uses the Pushbot is a 128x128
pixel array, which responds asynchronously to relative changes in intensity. Inspired
in biological vision and based on CMOS technology, the pixel design is based on
a 40 x 40 pm? active continuous-time front-end logarithmic photoreceptor with a
self-timed switched-capacitor differentiating circuit (see figure below). That
design allows a fast pixel response, a dynamic range operation bigger than 120 dB
and an event latency of 15 us. The array has a power consumption of 23 mW and
a mismatch of 2.1% in relative intensity event threshold.

The sensor doesn’t output a whole frame in a defined period of time, like regular
cameras. Instead, the output is an asynchronous stream of pixel address-events that
directly encode the scene reflectance changes (positive or negative). These address-
events are generated locally by pixels and encode the polarity (1bit) and the x,y
address of the pixel in the array (2x7bit) in sub-millisecond timing precision. They
are accompanied by a 16 bit timestamp with microsecond resolution. Therefore each
pixel triggers spike events independently and in continuous time referred to local rel-
ative intensity changes. This combination of continuous and discrete time operation
reduces substantially the amount of data the user must process, decreasing data
redundancy while preserving timing information. The DVS device is connected to
the microcontroller, which processes the information as an integrated system. The
lenses are interchangeable depending on the use case.
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Figure 2.2: Scheme of a single pixel in the eDVS sensor layout. Each pixel consists
of a photoreceptor with logarithmic quantization and a decision mechanism that
triggers when the change in lighting in higher than a preconfigured threshold. This
means individual pixels decide independently and asynchronously when they have
to send an event

2.0.3 The Microcontroller

The microcontroller used by Pushbots is the model NXP LPC43377. It has 2 32bit
ARM Cortex cores: M4 and MO. It is able to run up to 204MHz, with 104KB as
SRAM memory. The microcontroller acts as the brain of the robot and determines
the LED frequency, processes the information coming from the eDVS camera and
controls the movement of the whole device by driving the motors. The microcon-
troller is placed on a custom PCB (see figure which provides the connections to
the camera and to the motors. The board also allows to access the microcontroller
through a mini USB connector.
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Figure 2.3: Scheme of a single pixel in the eDVS sensor layout. Each pixel consists
of a photoreceptor with logarithmic quantization and a decision mechanism that
triggers when the change in lighting in higher than a preconfigured threshold. This
means individual pixels decide independently and asynchronously when they have
to send an event
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2.0.4 Motors and gears

The movement of the Pushbot is executed by High Power Metall Getriebmotors
with Encoder 6V, which are connected to gears and controlled by the microcon-
troller. The gear reduction of the used motors is 75:1. The optimal motors would
have a reduction of 100:1, but due to problems of availability only 75:1-type were
used.

Each motor can be operated independently, so turns are controlled by modulat-
ing its relative velocity. Seventy linearly increasing step velocities are available on
both directions (positive for forwards and negative for backwards), reaching a max-
imum velocity of 85 cm/s at the higher value and remaining stopped at value 0.
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Chapter 3

Software description

The code integrated in the microcontroller is the director of Pushbots’ behavior.
There, the blinking frequency of the LED is set, the camera information received,
the previous robot tracked and the motors controlled according to calculated robot’s
relative position. The developed software is integrated in the Pushbot operating
system, making it completely autonomous for following procedures. The access to
the microcontroller is done through a mini USB cable connected to the computer.

3.1 Tracking algorithm

In this section a conceptually simple, cheap, fast and low-power stand-alone visual
tracking solution is described to provide an estimation of the blinking light source
position by analyzing the signal given by the pixel’s array of the DVS chip. The
visual tracking algorithm is based on [MC| and runs in real-time on the hardware
previously described. Event’s temporal coherence and spatial vicinity are taking
into account each iteration to rapidly and reliably estimate the LED position.

The LED device acts as an active marker and triggers its current position by emit-
ting blinking light. The DVS plays the role of a passive vision sensor and registers
changes in the intensity of light. For each blink an on and an off event are in
principle perceived by the DVS. Due to noise intrinsically present in readings, only
on events are taken into account. Then, probabilistic spatial and a temporal filters
are combined and applied to this data.

The algorithm filter takes advantage the asynchronous nature of the passive de-
vice signal capture. In comparison to the frame structured recordings, which are
usually updated 30 times per second, eDVS provides resolution of 1 us. Therefore,
the estimated position computed by the algorithm can be updated much faster. The
temporal filter keeps track of the of occurrence of the last on event for every pixel
in the eDVS and computes the difference between each consecutive couple (At,).
Moreover, the algorithm keeps in mind the expected period of the active marker
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(tpr). By comparing the measured time difference and the expected one a time devi-
ation (¢p) is assigned to each new incoming event. The algorithm has in the memory
a Gaussian curve [Gt: —o0o.. +00 -;0...1] as a function of the time deviation. Then,
the assigned value of the Gaussian curve which corresponds to the value of the time
deviation in microseconds serves to determine the temporal weighting factor (wr).
The weight increases as the time difference approaches the LED marker period.

The spatial filter takes into account the continuous motion of objects in space and
enhances points in the vicinity of the previous estimated position and discards these
one which are far from it. A spatial weighting factor is assigned to each new incom-
ing event according to a Gaussian curve. The curve is centered in the last stored
point in the array where the blinking LED was supposed to be and assigns higher
spatial weighting factor to events close to it. The position deviation given by the
Cartesian distance in the pixel’s array between the last memorised estimated point
and the position of the new incoming event indicates the relevance of the last one.
The variance of the Gaussian curves serves as a free parameter which is tuned while
testing.

The tracked marker position follows Eq. [3.1], a recursively weighted combination
of (wr) and (wp) of consecutive events in the same pixel. Thus, Pr,; is a combina-
tion of old tracking estimation Pr and the current event’s pixel position:

PT—l—l = (1—n~(wT—i—wp))-PT+77-(wT—|—wp)~PE (31)

The parameter n corresponds to the adaptation rate that controls the tradeoff be-
tween responsiveness to moving markers and noise robustness. When a new incoming
event updates the software, those events which fit to the active marker parameter
tend to pull the estimated position towards them.

3.2 Following algorithm

Pushbots are supposed to act as Behaviour-Based Robots (BBR) in order to create
autonomously a chain. This kind of robots does not have an internal representation
of the environment where they are, but all the information is extracted from the
input of the robot’s sensors. Then, the robot uses that information to gradually
correct its actions according to changes in immediate environment. Pushbots have
two motors, which can be operated individually by the microcontroller.

In the case of Pushbots, the DVS gleans luminous signals in a pixel’s array and
the tracking algorithm determines the position of the LED active marker. Once this
point is located, the relative position with respect to the previous Pushbot must be
established. For that, the location of that point in the array of pixels is compared
with its position in an already known distance. In this case a good distance to ref-
erence is 20 cm away one Pushbot from each other. This distance offers a very good
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performance for both tracking and following algorithms. There, the tracked active
marker appears in the pixel array at the position [28,64]. Then this point is set as
optimal, and the Pushbot has to make use of the motors for being always there.
The first Pushbot will be moving, so a reactive behaviour is expected to compensate
deviations. Having two independent motors and two possible direction toward to
move, deviations of the optimal point the eDVS must be translated into changes in
the velocity of the gears.

The analysis of the geometry of the experiment explains how displacements in the
pixel array can be converted into reactive movements. Possible situations are vertical
or horizontal displacements in the array of pixels. Vertical displacements away from
the 28th row mean that the distance between the LED and the camera is varying.
Higher points mean closer positions and lower, farther. Horizontal deviation from
the 64th column can be interpreted as angular variations. Thus, on the one hand,
vertical deviations must be corrected by varying the velocity of both motors at the
same time in order to keep the second Pushbot closer or farther from the first one.
On the other hand, modifications in the relative velocities of both motors corrects
horizontal deviation. The motor control has a resolution of 70 steps in each direction,
which allows a smooth following if the tracking is reliable. The resulting velocity
of each motor is a linear combination of the vertical and the horizontal contribution.

The following algorithm is based on a couple of curves, which determine the di-
rection towards which the second Pushbot must move to find again the optimal
position.These curves are introduced in the source code of the microcontroller. One
curve determines vertical deviations and the other the horizontal ones. The shape
of these curves is based on Gaussian function.

3.3 Experimental Results

Several driving tests were performed in the laboratoy to confirm the suitability of the
developed software for creating a mobile chain of autonomously controlled robots at
low velocities.

Two kind of tests were carried out. The first one having the Pushbots connected to
the computer with cables and controlling them via Matlab in order to have a first
contact with the technology and understand and test step by step all the proce-
dures. The second one included implementation in C code of the software developed
in Matlab. Then, Pushbots were autonomous and no feedback was possible. For
changes in the code a complete reprogramming of the microcontroller was required.
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3.3.1 Implmentation in Matlab

Before the final C code for the microcontroller is implemented, a prototype version
is coded in Matlab. The robot is connected to the computer via the UART port and
sends the eDVS information to the PC. Matlab processes the information and sends
back motor commands to the robot. For that, Matlab(R) offers a very good inter-
action. By using the program, a live viewer is configured and the tracking tested in
the first instance. By performing several tests the shape of the curves that rule the
tracking and following algorithms is set in order to obtain the optimal performance.

The tracking algorithm requires the setting of adaptation rate n and two Gauss
functions associated: temporal and the spatial weighting factors shown in figure
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Figure 3.1: The curves show the weight assigned to a pixel for a specific time
deviation from the LED period (left) and position deviation from the last tracked
position (right).

Pushbot’s behavior was put through all the situations where it could usually be. Sit-
uations with very noisy backgrounds were overcome with sharp behavior of the time
deviation Gaussian curve. Sudden movements of the tracked LED were performed
in order to confirm the fastness of the spatial filter. The temporal filter is so selec-
tive that no spatial weighting contribution is required. 7 reached the best tracking
performance at values close to 0.2. A capture of the functioning LED tracking is
shown in figure
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Figure 3.2: The image shows the tracked LED (bright red dot) in a moving Pushbot.
With a moving background generated by a person passing by. The bigger translucid
area is only for representation purposes

The following algorithm is based in two curves figure [3.3] whose exact shape was
determined in this section. Due to the asymmetry between the horizontal and
vertical displacements of the tracked point with respect to the optimal one, very
different behavior is required in each direction. The vertical variation produced by
the variation of distance to the previous robot is nonlinear. It also has an asymptotic
behavior when the robot goes very far away and will not go over 50 pixels at regular
distances. This poses a challenge for the tracking algorithm, since the usable region
is around 50 pixels long. Vertical direction needs very fast response in order to keep
the tracked point in the vision range. If the previous Pushbot approaches too much
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the LED goes out of the camera vision field and no tracking neither following is
possible any more. In order to compensate this aspect the velocity of the motors
increase a lot if the tracked point is few pixels away from the optimal one. In
contrast, the horizontal velocity is much smoother and a linear behavior can be
expected in a wide range. Figure [3.4] shows the motor speed for different tracked
positions.
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Figure 3.3: The curves show the motor velocities from 0 to 100% depending on the
position of the tracked LED. The horizontal correction (left) is 0 at the center of
the sensor, 64 pixels, and the vertical correction is 0 at 28 pixels.
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Figure 3.4: The figure shows the resulting speed for a given tracked point inside
the eDVS image range for the left and righ motors. A warmer color represents
higher speed. Note that the motor speed saturates when the y coordinate of the
tracked positions reaches 50 pixels. At that point we consider the robot in front to
be "infinitely” far.

3.3.2 Implementation in C

Completely autonomous driving tests were performed forming a convoy (see figure
3.5/ once the code was translated into C and integrated in the operating system of
robots. By using the same routines as in the previous section, C code controlled
reliably the behaviour of the Pushbots. The distance range within the robot followed
the previous one was between 15 cm and 2 m. Further from these points the LED
signal was whether out of the field of vision or too far away to be captured by the
eDVS.

The curves associated to tracking and following algorithms are not computed on
runtime, but stored as look up tables in the memory, to avoid unnecessary CPU
load. The code is installed in the microcontroller from the computer by using a
cable and the Flash Magic software.
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Figure 3.5: The figure shows a convoy of 4 Pushbots.

3.3.3 Discussion

With the developed software, the robots are able to form a convoy and follow each
other reliably. The tracking is very resistant to noise and the robots keep their place
in the chain, without being distracted by other robots LEDs. Tight curves are not
a problem at low speed and higher speed manuevers is also possible.

However, many improvements can be made to the robot’s behaviour. The weakest
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point, as expected, was the distance estimation. Without ultrasound, laser or stereo
images, the only source of distance information used is the height of the other robot
in the camera’s horizon. This leads to major problems, specially at small distances,
where the behaviour of the robots can become unstable. This could be improved
either by adding a second source of distance information, or by implementing a more
complex controller which takes robot motion into account. A higher resolution eDVS
sensor would also vastly improve the distance estimation, since now we only have
around 50 possible distance values. Another problem is that the tracking is lost
when the robots are too close to each other (j15¢cm) because the LED goes outside
the robot’s field of view. Again, multiple solutions are possible. The software could
be extended to realize the LED left the Field of view on the upper line, meaning the
robot must be too close. Alternatively, a wide angle lens could be mounted on the
robots, eliminating this blind spot. Although this would further reduce the usable
resolution at normal distances.



20

CHAPTER 3. SOFTWARE DESCRIPTION




21

Chapter 4

Conclusions

In this project we developed a software for extending a moving convoy of few small
mobile robots (Pushbots). We implemented some modifications in the source code
of the Pushbots in order to make real-time interaction possible between different
devices, which were embedded in the robot.

First, a Pushbot with a blinking LED in the back is moved remotely by a Smart-
phone via Wi-Fi. Then, a second Pushbot with an embedded Dynamic Vision Sensor
(eDVS) in the front captures the luminic signal and sends it to its microcontroller,
that processes the information and moves the gears of the Pushbot following the
first one. The source code responsible for the tracking and following procedures
was written and successfully tested in Matlab and in C. During the development
in Matlab robots were connected to the computer, feedback and code improvement
was possible. Once optimised, modifications were introduced into the operating sys-
tem of the microcotroller as C files and Pushbots were able to follow autonomously
a user-defined LED integrated in another Pushbot. Thus, by configuring LEDs of
few Pushbots to different frequencies a chain of small mobile robots was succesfully
implemented.

For the purpose of the chain of mobile robots two algorithms were implemented.
The first one tracked the LED from the previous Pushbot in real-time. The luminic
signal captured by the eDVS is sent to the microcontroller, where taking advantage
of the asynchronous nature of the passive optical device, high speed LED tracking
is provided at low computaional costs. The other algorithm relates the tracked po-
sition of the LED to the robot’s motors.

Problems in the project implementation come mainly from the distance estima-
tion, which makes the following behavior of the robots more unstable. This could
be improved with a better tracking software.
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