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Abstract—Sensors provide an easy and readily available way sensing and interaction via explicit communications. Aweot
of commu(gication in multiple mobile robot systems usually used classification differentiates indirect and direct comneation.
in Botball™ competition. In this work we compare four different For direct communication some sort of communication
ways of communication, including touch sensor, distance sensor, .
and light sensor. We present an experimental setup and discuss its 0dule has to be mounted to the robot. For various examples
results. It turns out that using a light sensor for communication See [5]. In indirect communication robots get information
outperforms all other sensor based communication methods, bbt from other robots in the system through the environment. In
in setup time and in terms of robustness and reliability. As a order for robots to notice changes in the environment they
further gdva”tage: a light sensor is a standard component in o\ on sensor data. For example, robots can communicate
Botball™ robots and hence does not require additional hardware. . o
by detecting each other or collecting items dropped by other
robots in the environment. This kind of communication is
|. INTRODUCTION imitated by the collective behavior of bees and ants. E.g.,
. . Yamada et al. describe an adaptive action selection method
Some tasks are too complex or even impossible to accoffinout explicit communication for dynamic multi-robot ko

plish gy a singalle robot. .COnsid(;e_fr% e.g.,ltwo .sub—;asks to ‘ﬁshing [4]. Another example is described by Kube and
carried out at the same time at different locations far aart Bonabeau in [1]: their robots mimic ants, which have to

this case using multiple robot§ can be a solution. . cooperate to move prey too large to be transported by a single
When more than one robot is used to complete a given ta ividual

they have to be coordinated. A key aspect of CoordinaﬂngAccording to Yan et al. the use of direct communication

robots is to enable a communication between them. Wh'é%n ensure the accuracy of the information to be exchanged

most of the time wireless communication is the most accuragstween robots. However. this kind of communication is not
and cheapest way, it sometimes can not be used. In t 3§pandable to a vast amount of robots, since it may cause

case, sensor based commqn|cat|on_|s a goold alternatlvlgelné decrease in system performance. This has been studied by
present work, we evaluate its effectiveness in an expertmher‘\:eybski et al. in [3]. A solution to this problem has been

setuhp. . d as foll ] ) ._proposed by Rekleitis et al. in [2]. Their robots commurécat
This paper is structured as follows: Section I summariz ly when they are within line of sight of each other.

existing literature on sensor based communication betweequ however, investigate on different indirect communica-

multiple mobile robot systems. Section Il lists variousywa tion approaches in this paper, which can be used for cases tha
of communication using sensors. In section IV-A we describa ’

the experimental setup. In section IV-B we list the robotsdus flow no direct communication.
in the experiment. A description of the experiment can be
found in section IV-C. We continue with a summary and a
discussion of the results in section V. We conclude this pape Let us consider indirect communication between two robots

[1l. WAYS OF INDIRECT COMMUNICATION

with section VI repeating the most important results. of an MMRS. We can distinguish between synchronous and
asynchronous indirect communication. Let us start with-syn
I[l. STUDY OF LITERATURE chronous indirect communication, also referred to as tmin

Yan et al. discuss different problems which can be solved .
with multiple mobile robot systems (MMRSS)[5]. They definéa" Timing
communication as a mode of interaction between robots.An often used method of coordinating multiple robots is to
This interaction enables the robots to share informatiarutib time their actions. In this method, all robots have synctaenh
position, sensor data, intentions and actions with others timers. The actions of each robot happen according to a fixed
the system. Communication can be classified into three tygesporal schedule. The given task is accomplished withaaut t
including: interaction via the environment, interactioia v robots knowing of each other.



This method is inexpensive as there is no need to buy adtarget area
ditional sensors and is relatively easy to implement. Haxev N
there are some drawbacks: There must be an exact temparal
model of both the robots and the environment to ensure
successful performance of the MMRS. In highly dynamic real =7 =
world scenarios this precondition is hardly ever met. Evien Robot 3 R
S0, a lot of testing is required. On the other hand, this mdde o
indirect communication can easily be extended to more than table
two robots, if all robots have synchronized timers.

B. Touch Fig. 1. Schematic figure of the environment. Solid arrows iaianovement

Indirect communication based on physical contact betweefyobots. Dashed arrows i_ndicate movement of foam bIocI_(s. &rizalign-

. ent block. For a description of the realignment block seei@e¢V-C.
robots requires a touch sensor, mounted to at least one of i€
robots. Other robots can trigger actions or pass on infoomat
when bumping onto the sensor.

Using a touch sensor as means of communication will
make the MMRS more flexible with respect to a changing
environment. The cost of the sensor is comparably low and
implementation relatively straight forward. However, mbu
ing and triggering the sensor can turn out as a challenge. . ; \
The bigger the sensor, the easier triggering, but the harder T : & -
mounting it to the robot, and the other way around. o %

O

C. Distance Robot B

Using distance sensors as a way of indirect communication

requires dedicated hardware triggering a signal as soon ag. a2 Robotd | A ; on att v handi

1g9. 2. obotA in touch sensor configuration after successfully handirey ov
felloyv robot approac;hes. o the foam cube from robaB.
Different from using a touch sensor, communication can

happen at a distance between the communication partners. )
However, one can usually not differentiate between frief@0m. On the table robotd and B are placed at a distance
and foe: in an MMRS not every robot within reach of th@f 20". RobotB's task is to move2” x 2" x 2" colored foam
distance sensor is a desired communication partner. EverPlfcks from its starting position to an end position, where
the robot within the range of the sensor is the right partnéPPot A takes over the block. Robot’s task is to use its
communication might be unreliable. Furthermore, infoiovat robotic arm to move the foam block to the target area, see
about the direction of movement is missing or hard to deduddd- 1 and Fig. 2. The crucial part of the experiment is the
Distance sensors are comparatively expensive and reqlgpénmumcatlon which ensures correct take over of the foam

calibration before use. cube. Successful completion of the task is achieved as soon
as the cube touches the target area. For a description of the
D. Light realignment block see Section IV-C.

Light sensor based communication requires a light source gn \pjaterials

ner n ligh nsor on an other. Prer isi hi . . .
one robot and a 9 t_se SOr on & othe erequisite to t ﬁ?obotB is an Arduin®-controllable Zumo robot sized
mode of communication is alignment of source and sensgr

1 1 1 1
otherwise communication will fail. In theory, the distanc? 86 X.3'86 >.<.1'54 - It moves W'.th two'gearmo.tors coupled
between the robots can be large, however, with increasi 0_a pair of silicone tracks and is equipped with a stainless

Ql%el bulldozer-style blade. The Arduffocontroller has a

distance the allg.nment. problem becomes' more acute. Ir1]A‘Pmega328P 16MHz microprocessor and 2kB RAM. 1t is
complex, dynamic environment exact positioning of robots :
grammable using C.

. . . - f
Isroatl)lgrrm]qi”e\r;gte ”ar;](: Sagl?r'é'gga;nggzénssoourrSCZ?ep\?se gﬁgglor‘ip obot A is an iRobo® Create with a diameter of 13.and
b ) 119 Y P a height of 3.6. A robotic arm is attached to a servo to

often readily available. take over the foam cube. Robat is controlled by a KIPR
IV. EXPERIMENT Link robot controller, which is connected to one of several
A Task and Environment sensors at a time. The controller has a ARMv5te 800MHz

) ) ] microprocessor and 18 MB RAM. It is programmable in C.
First of all, we describe the task and the environment. The

environment is a flat square tablg & &) whose surface is C- Implementation
a pebble grain white fiberglass reinforced plastic panek Th The overall experiment comprises four sub-experiments,
table is lit by fluorescent lamps located on the ceiling of thdiffering in the mode of communication between the robots.



In all sub-experiments, ten foam cubes have to be trangport
from robot B's starting position, placed by a member of the | fime ‘ 120
team, to the target area. The entire sub-experiment ruhs ful
automatically, with placement of foam blocks being the only fotioh ‘ 100
human intervention. As we focus on communication betweer i oo ‘ 90
robots A and B we want to get rid of any effects due to track
instabilities. Therefore, we realign rob&t upon each return | light 30
to its starting position by bumping against a realignmeatkl ‘ : : : : ‘
with its blade. Furthermore, we avoid any inconsistencieg 20 40 60 80 100 120
caused by turning. Hence, robst just moves back and forth
always facing the same direction. Fig. 3. Setup times (in minutes).
We now describe each sub-experiment in detail.
1) Sub-experiment Timing: When timing is used for coor- | time ‘ 100
dinated cooperation of robots, they have to be synchronized
at some pointg in time. In this sub-experiment we manually | touch \ 100
start the robots synchronously after a count-down. RaBot
is equipped with a foam cube and starts moving immediately distance ‘ 60
Robot A stays idle. After six seconds rob#t has arrived and i
: ) . ight 60
waits for robot A to move its robotic arm to take over the
foam cube and move it to the target area. Four seconds aftgr 20 40 60 80 100

arrival the robotic arm is reset to its initial position. RokB
moves back to its starting position where another foam bieck
placed on it. For statistic purposes, these actions aretege
ten times.

Fig. 4. Timing of the sub-experiment (in seconds).

TABLE |
2) Sub-experiment Touch: Here, we use a KIPR Long Lever FAILED TAKE OVERS OF FOAM BLOCKS
sensor as a touch sensor on roda trigger the servo, which

moves the robotic arm.

Robot B moves until it triggers the touch sensor, then moves
back to an optimal position for take over and waits there for
two seconds. After the touch sensor was triggered, robot
waits for one second, then the robotic arm moves the foam V. RESULTS AND DISCUSSION
block to the target area. The robotic arm is reset to itsahiti  Each sub-experiment required a different amount of time
position after five seconds. Rob&t moves all the way back for setup, i.e., for fine-tuning parameters. The majority of
to its starting position where another foam block is placed @ne time was used for modifying parameters of the temporal
it. These actions are repeated ten times. domain, followed by sensitivity parameters. Sub-experime

3) Sub-experiment Distance: In this sub-experiment, a Timing took longest, which may also arise from the fact, that
KIPR Large IR (Top Hat) is used as a distance sensor mountbis was our first sub-experiment. Sub-experiment Lighktoo
on robot A. the least amount of time. For details see Fig. 3.

Robot B starts moving until it triggers the distance sensor We measured the time from starting the robots until robot
and waits for robot to register robof3s arrival and take over BS final return to its starting position, i.e., all ten foamdie
the foam cube by moving the robotic arm. After four secondve been taken over by robdt For details of the results,
the servo moves back to its initial position and robmoves S€€ Fig. 4.

back to its starting position to get another foam block. Bhes e considered a run of a sub-experiment as failed, if the
actions are repeated ten times. foam block was not properly taken over by robbtFor details

4) Sub-experiment Light: For this sub-experiment robot of the failed attempts of take over, see Table I.
was equipped with a light sensor pointing down onto the tabfe Setup
from a position above the servo. A Xiaomi 4S, with the flash |t turned out that the setup of the sub-experim@mhing
light turned on, was mounted upside down on rolb&s a took longest. Here we had to adjust idle times between
light source. individual actions of robotsl and B based on a large number
Upon starting RobotB it moves until triggering the light of trials. We extended the time interval between the armfal
sensor. RobotA takes over the foam cube by moving itsobot B and it moving back to its starting position, in order
robotic arm. The servo moves back to its starting positidaraf to make sure robofl has enough time to take over the foam
four seconds. RobaB moves back to its starting position anccube. Additionally, robotB moves back longer than it moves
gets another foam block. These actions are repeated tes.tinteward robotA to ensure it realigns at the dedicated block.

distance
60%
30%

touch
50%
0%

time
0%
0%

light
0%
0%

first try
final try




The most difficult part of the setup for sub-experim@&mich

forward way, e.g. using some code, which we will examine in

was mounting the sensor and making sure raBariggered future work.

it correctly without losing its alignment. For more details

the position of the sensor see Fig. 2. Too short movement
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to 45 degrees and thus does not hit the realignment block

when returning to its starting position. Once off track, all
further attempts to deliver the foam block fail, which wae thit
reason for five fails in the first attempt (see Table I). To makg
the track of robotB more stable, we adjusted its movement.
Additionally robot B moves back slightly in order to ensure[3]
robot A is able to take over the foam block correctly.

Unfortunately the sub-experimemistance turned out to
have the most difficult setup. In the first try, six foam bloclf4]
deliveries failed. We tried to modify the distance threshot
the sensor and the movement of rolihtbut could not achieve
a result better than three fails, see Table I. [

Unexpectedly, using the light sensor for communication Is
surprisingly easy in setup. Although using an ad-hoc amtroa
for the light source, calibration of the sensor was simple. W
did not have any fails in the first trial.

In conclusion, light turned out as easiest concerning setup
However, all sub-experiments after the sub-experiniaming
profited from the experience and data we collected about
movement of robof3.

B. Timing

When using time for synchronization of robdtand B we
had to introduce idle times to ensure proper take over of the
foam cubes. This makes the sub-experim@mnting slow in
comparison to sub-experimeriisstance andLight. The same
is true for sub-experimenifouch. Here extra time is required
for the extra movement described in Section V-A.

C. Fails

The main source of failure was rob@ not being in a
position where it triggers the sensor, or robbhot being able
to take over the foam block correctly. The more foam blocks
have to be delivered, the more crucial is the presence of snean
to ensure alignment of the track of robst, in our case the
realignment block. Without it, no sub-experiment would dav
succeeded.

VI.

In conclusion using a light sensor as a mean of commu-
nication between robots turned out to be not only easy in
setup, but also effective. Moreover, light sensors andtligh
sources are cheap and readily available in many robotic tool
kits. In Botbal®, a light sensor is used to start the robots,
therefore, the only component additionally required faghti
based communication is a light source on one or more of the
communication partners.

In our experiments we used the simplest way of commu-
nication, i.e., just signaling “I am here!”. A more complex
communication pattern can be implemented in a straight

CONCLUSION
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