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1. Introduction

At a first glance it looks very difficult to work
with multiple robots. We can build one robot
that is capable of doing everything but it highly
depends upon the nature of the task. Here we
argue that following are some reasons why two
robots (or more) can be better thau one:

e task distribution: Some part of the task is
allocated to each robot

s parallelism: Many robots can perform the
task at the same tirne

¢ simplicity: I is easy to construct a robot
with partial capability as compared to a sin-
gle comprehensive robat

e faull tolerance: Task can be completed even

any member is unable to perform the task.-

These are the reasons, why we prefer multiple
robot system. The big problem with multi robot
system is how their motions can be harmonized
and how proper coordination at each stage of the
task among them can be realized. This degree of
difficulty depends heavily upon the task and the
communication and strategies chosen to solve the
problem. Thus in this study different strategies
for realizing cooperation and coordination among
multiple robots and affects of different informa-
tion over system performance will be discussed.

1.1 Task for this research

Intelligent Robot Contest 6} is held eVery year
in Sendai, Japan. Different kind of objects hike
empty coffee cans, soap and tennis balls are scat-
tered in the field. These all objects are of dil-
ferent shape, sizc and colors. The task is first
to search these objects, collect and finally dump
them to their respective waste baskets after iden-
tification. No doubt this task can be accom-
plished with a single robot as well. Main ob-
Jective to introduce the multi robot system 1s
to investigate and evaluate different strategies to
achieve the coordination among the multi robots
by exchanging different information among then.

When multi-robots use some shared resources
like same work area or same goal area then there
is need of coordination and cooperation without
which completion of task is highly impossible and
system can come across some collision. Intelli-
gent Robot Contest provides some interesting,
common and popular topics of cooperation in the
field of multiple robot system. These are

» Cooperation among the robots when they
share time and area to avoid collisions

» sequence action cooperation when more than
one robot perform some task

o Coordination of robots in the common sweep
area



In this work we wish to study cooperation and
coordination required by the robots when more
than one robots share some common area or per-
form the task which requires time sharing. Keep-
ing this problent in view we present different strate-
gies based on different information. These strate-
gies will lead towards an efficient and collision
free robot system. Here below common area to
be used by two robots is shown in Fig.1. There

Transporter robot Transporier robot

Fig. 1 Task for the transporter robots

are number of ways to solve the problem. Herc
below a brief survey of related literaturc in co-
operation and coordination of multi robots and
the works which are directly related to this task
1s given.
1.2 Related works

Needs of commmunication in mulfi-agents sys-

tem are discussed by Balch and Arkin 2) An ox-
ample of cooperation of multi-agents is described

by Balch et al)). On distributed manipulation

using different information Donald et al 3) have
shown the effectiveness of information invariants.
A considerable amount of research has been con-
ducted in the contest of coordinating multiple
automatic gnided vehicles using road or path net-
works in the context of manufacturing environ-

ments 4. Jiang et al. %) has discussed the prob-
lem of coordination of multi robots in the man-
ufacturing industry for parts assembly using ofl
line planning.

1.3 Research Targets

Reviewing all the works related to this task we
see that there is no profound research that pro-
vides a comprehensive solution by discussing co-
operation and coordination of multi robots along
with an analysis of effects of different information
over the performance of the multi robot system
In the common sharing area problem.

Different methods based on different informa-
tion can solve the problem but each has some
merits and demerits. Here basic thinking is to
analyze the effects of different information over

coardination and cooperation when robots share
commnon arcas. These information may be time,
position, velocity, goal or state of a rohot ete.
For the common sharing area problems, first of
all it is tried that only cne robot should use the
resource. In case morc than one robot use the
resource there must be some specific pattern to
avoid any conflict.

Here below different solutions will be presenterd
in two stages. The first solution uses only ex-
plicit communication. Sccond solution relies on
real time sensor information but also uses some
explicit communication in certaln cases.

Analyzing these strategies we conclude that
there are two types of information. These are
static and dynamic information. Some static in-
formation (like goal information) and dynamic
information (like distance information by sensor)
always improve the system performance in all as-
pects showing a tight relation with the common
sharing area. At the same time there is a group of
static information like velocily which have loose
relationship with common sharing area. This
kind of information introduce some bad cffects
(e.g. fault tolerance point of view) along with im-
proved performance.

1.4 Robot systemn

Robot system to be used 1s comprised of two
rohots named as transporter robot {robot used
to transport object from one place to another).
Hardware architecture of the system 1s shown in
Fig.2.
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Fig. 2 Hardware architecture of the robot system

Assumptions of robot system

1) The robots are autonomous one
2) The robots use communication for informa-

tion exchange
3) Both robots start the task almost at the

same time.
4) Both robots use distance sensors for real

time information.

Fig. 3 ptesents a view of real robot system i.e. 2
robots 3 goals.
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Fig. 3 A view of the practical robot system

1.5 Report organization

L'irst. of all a strategy using explicit commu-
uication (strategy A) in three steps will be given
in section 2. Section 3 discusses the performance
evaluation of strategy A. Strategy B which is
based on real time sensor information is presented
in section 4. Next section (section 3) is reserved
for evaluation of strategy B like section 3. Com-
parison hetween strategy A and B is presented
in section 6 whereas in section 7 summary and
future work has been described.
2. Strategy A: An explicit communica-

tion based strategy

In strategy A robots rely on explicit commu-
nication for coordination in common area to be
shared. In strategy A robots transmit starting
time, goal and velocity information in three steps.
Sulby strategies of strategy A are discussed in the
following paragraphs.

2.1 Strategy Al
In strategy Al task starting time information
1s transmitted by the high priority robot. Only
high priority robot can perform the task in the
commeonly shared area. Robot gets high priority
only either there is no other robot in the com-
monly shared area or when other robot finishes
the task in the common area.
The highlights of this strategy are
« Task starting time information based strat-
egy
e If no robot is using any goal, high priority
to first robot
¢ Low priority robot will wait during this time

» High priority robot delegates its priority to
other robot after completion of the task

In strategy Al only single bit information is
used. High priority robot shown in Fig. 4 as H.
Priority release from high priority robot enables
the low priority robot L in Fig. 4 to perform the
task. This solution does not fulfill the purpose
of using multi robot system as we have only one
robot working at a time.

1 2 3

L tor LOW Pricrily H tar HIGH Priority

Fig. 4 Strategy Al

2.2 Strategy A2

In strategy A2 there is a trick to utilize the
system resources in a better way. High priority
robot fransmits two information. One is starting
time {about priority} and second is goal informa-
tion. Goal information from high priority robot
enables the low priority robot to perform the task
in some area which is not under the use of high
priority robot.

¢ Same as strategy Al

o Addition of goal information

¢ In some cases different goals can be approached

by two robots at a time
o Low priority robot will wait when either both

robots want to use the same goal or all area
1s under the use of high priority robot

1 2 3

Fig. 5 Strategy A2
When goal of high priority robot is goal 2, low
priority robot is free to go to goal 1. Area for
high priority robot is marked as ellipse in {ig. 5.
Thus increase of information from single bit to
3 bits (66% more) provides some chances to low
priority robot to use the common area.

2.3 bStrategy A3

Strategy A3 is diflerent from Al and A2. As
low priority robot can also perform the task be-
fore high priority robot. But for this purpose
there should be some other information which

can help low priority robot to estimate the time

of high priority robot to perform the task and
its own lagging time. This can be achieved [rom
velocity information. The highlights of strategy
A3 are .

» Same as strategy A2
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¢ Addition of velocity information

Adding velocity information to the strategy A2
makes possible for the system to share the goal
1 and goal 3 at a time. The strategy can be un-
derstoad by considering the following case as an
example. The high priority robot got the object

Fig. 6 Strategy A3

for goal 1 and according to A3 transmitted start-
g time, goal and velocity information to other
robot. Tn the mean time low priority robet also
got the object for the same goal. Low priority
robot from the information it already has will
estimate whether it is possible for it to complete
the task before high priority robot reaches there
as shown in Fig. 6. If not possible to perform the
task, it will estimate when goal will be released
and finally perform the task at that time.

3. Performance evaluation of strategy A

Time taken by required by the two robots to
dump two objects simultaneously and fault tol-
erance will be discussed to evaluate the perfor-
mance of strategy A

3.1 Time calculation
Different assumptions for time calculation are:

1) Both robots start the task almost at the
same time.

2) The robots always move forward/backward
with the same velocity

3) Dumping time (t4) for each robot is same.

4) The time required by each robot from posi-
tions A, B or C to goal 1,2 or 3 respectively

1s included in ¢ .
[n strategy Al time taken by two robots is sum of

the average time taken by high priority robot for
all 3 goals and average time taken by low priority
robot for 3 goals. For strategy A2 and A3 time
taken by robots is calculated for all possible 2
robots 3 goals combinations i.e. 9 cases and then
average is calculated. Different time variables are
shown in Fig. 7. The results are as follows.

e Strategy Al :
ftotal = ?5 = diy + 4t + 28, (1)

Robot 1 Robot 2

3 O
t
TR B , _,1311
! - ,
G3

G stands far goal

Fig. ¥ Time indication diagram

» Strategy A2
2+ Rty + g (2 > ta)

Dty 4+ Yo+ 5ta (200 < o)

Etotal =
| 2
e Strategy A3

) 2t + By 4 dtg (20 > 1)

fotal =\ gy L Bty + ¥ty (2 < ta)
3
Two conditions 2t; > 5 and 2¢y < 4 specitfleg
certain cases related to waiting time of low pri-
ority robot. This depends upon the sclection of
Iy,

In the real robot system average time taken by
two robots to dump two objects can be calculated
by using following values of different times.

1 = lo,tg = 13 and tg = 30 (212 < Ly )

» Strategy Al f1pm = 152.0 sec

o Strategy A2 fu,m = 122.9 scc (80.8% of Al)

o Strategy A3 L = 104.7 scc (68.9% of Al)
3.2  About fault tolerance

Another parameter that can affect the system
performance is the fault tolerance. Different pos-
sible faults in the system may occur but here only
a typical case i.e. when any one of the two robots
dies will be presented,

¢ Strategy Al: As per strategy only high pri-
ority robot can perform the task in the com-
mon area. If high priority robot dies during
performing the task, it will never be able to
release the priority and low priority robot
will remain in waiting state. But when low
priority robot dies high priority robot con-
tinues to perform the task. In this regard
strategy Al is a robust one as we don t see
any sort of collision in the common area.

» Strategy A2: Case is same like Al when
low priority robot dies. In case high pri-
ority robot, dies during task performance, in
some cases it leaves some area for which low
priority robot may continue. Thus addition
of goal information improves fault tolerance
capability.
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o Strategy A3: In strategy A3 robots estimate
to find the area free. This creates some
risks of collisions in the common arca. Thus
we conclude that it is always not true that
increase of information always improve the
performance. No doubt, in A3 time taken
by the robots is reduced up to 67% but on
the other hand we have some risks of colli-
sions.

4. Stratcgy I: Sensor information based

Strategy A relies totally on explicit commu-

nication. In strategy B the robots are equipped
with distance sensors which can detect the pres-
ence of any robot or obstacle at a certain dis-
tance. Using this information required coordi-
nation can be achieved in the common sharing
arca. For this purpose total area to be shared

Robot 1

Robot 2

Fig. 8 Strategy B

is divided in two groups, common road area and
cotnmon goal area. Fig. 8 shows area 1, area
2 as common road area {where robot can cross)
whereas area 3, arca 4 and area 5 are common
goal area (crossing not allowed).

Like strategy A strategy B will be discussed

in three steps.
4.1 Strategy Bl

Strategy B rclies only on scnsor information
Is used to achieve the coordination in the com-
mon arca. Using distance sensor information two
different behaviors have been devised. Low pri-
ority robot always maintains a distance d; from
high priority robot. High priority robot will al-
ways stop at a distance d, whenever it detects
low priority robot.

Left robot Right robot

W,

Reverse and maintain
distanc.

1 2 3

Fig, 0 Strategy Bl
The highlights of strategy B1 can be described
as follows.

s No explicit communication
e lligh priority to right robot
e Low priority to left robot
For the common goal area

1) Low priority robot maintains the dis-
tance ¢; in casc robots come face to
face.

2) High priority robot will stop at a dis-
tance dy, (dy < dy) if it detects low pri-
ority robot at some goal area.

Migh and low priority is at the time when robots
meet each other. Robot coming from right side
of Fig. 9 will be of high priority (H) whereas the
robot from left side will be low priority (L) robot.
Here when low priority robot sees the high prior-
ity robot, it will reverse itself until it cormes in the
common road area where il can cross the other
robot to proceed further without disturbing high
priority robot. Here priority is only to manage
the crossing.

4.2 Strategy B2

It is very similar to strategy Bl. Two bits
goal information is added to strategy B1. High
priotity robot al the start of task transmits 2 bit
goal information. In this case low priority robot
having knowledge of goal of high priority robot
and his own can manage the crossing. The main
features of strategy B2 (Fig. 10) are

¢ Same as strategy Bl

e Addition of goal information by high prior-
ity robot

e Low priority robot will manage crossing in
the common road area

Right robot

Two bils
goal

Left robot

informption

Fig. 10 Strategy B2

This goal information is helpful for crossing in
common goal area as it avoids extra reversing of
low priority robot.

4.3 Strategy B3

In strategy B3 both robots transmit goeal in-
formation at the starting of the task. This method
is helpful in the case when high priority rabot
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goes to goal 2 and low priority robot’s goal is 3.
High priority robot will let the low priority robot
to cross before it enters in the goal 2 region for
dumping. This also improves only one case as
compared to strategy B2.

Atght robot
Two bits

Lef robot

htion

-]

Fig. 11 Strategy B3

The highlights of strategy B3 are:

s Same as strategy B2

o Low priority robot also transmits goal infor-
mation

e High priority robot will arrange crossing for
different goals of the robots in common goal
area.

Fig. 11 explains these characteristics.

5. Performance evaluation of strategy B

Like strategy A time taken by two rabots and
fault tolerance will be discussed to cvaluate the
gystem pertormance.

3.1 Time calculation for strategy B3

Time taken by the robots to cover the dis-
tances d; and dy is 2, and 2t respectlively.
ty is the time taken by Lhe high priority robot
to come out from common goal area to common
road area. t, ts the difference of time taken by
the Tobot on curved trajectory and straight line.
In strategy B time for all possible 2 robots 3 goals
combinations will be calculated and then average
will be given. In strategy B there are 3 conditions
on dumping time £, because of ¢y, and t4,. Here
below only one case will be described to show the
results. '

General time taken by two robots in strategy
B for the case 2t, — ¢5 < 21,

o Strategy Bl 2, + 0ty + 24y + 3ty + St +
Big + 2t
g “d1 T glda
o Strategy B2 2ty + Lta+ Mg+ 3ty + 2t + 2y,
o Strategy B3 2¢;+ Rty + 244 24+ 3t + 21y,

The time taken by two robots considering the fol-
lowing numerical values is presented here below.
In case 2ty — 4 < 2t4, taking t, = 30,

t) = 10,1y = 13,83 = 2ty = 5,15, = 1.5,
fe, = 1

o Strategy Bl {500 = 97.2 sec
e Strategy B2 510 = 96 sec
o Strategy B3 010 = 92.89 sec,

These results show that even addition of goal in-
formation by high priority robot in B2 and by low
priority robot as wcll in B3 does not affect the
time taken by two robots too much. The reason
15 that system is already using real time sensor
information. Therefore out of nine possible cases
each time only one or two cases arc aflected and
that difference may be very small when average
is taken. As sensor information plays a role of
implicil. communication and in the presence of
implicit communication explicit communication
does not improve the performance too much.

5.2 Fault tolerance for strategy B

Here under this title we shall analyze all so-
lutions presented in strategy B using sensory in-
formation alone or along with explicit communi-
cation. The purpose of this analysis is to observe
the fault tolerance of the system. Such analysis
may be helpful to provide some solution for dif-
ferent nature of faults. System can face different
nature of {aults but here we shall only analyze a
typical one i.e. when any one of the two robots
cannot perform the task.

5.2.1 Sirategy Bl

In this case, the system relies of sensor in-
formation. In strategy B high or low priority
1s assigned when there is need of coordination
or when robots are face to face. Thus during
the process of task performance, if any robot
dies, sensors of the other robot make possible for
it to avoid the collision in the common sharing
area. For example if low priority robot dies dur-
ing work in the common road area, as per behav-
ior of high priority robet it will stop at a distance
of dy and will remain waiting until the dead robot
is not removed physically. The same i3 the casce
when high priority robot dics. The behavior of
low priority robot is that it will maintain a dis-
tance di from the high priority robot. Thus it
will again stop at this specified distance. In both
of the cases there is not any danger of collision.

5.2.2 Strategy B2

In strategy B2 there is an addition of goal in-
formation from high priority robot. Goal infor-
mation from high priority robot does not, provide
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any means of avoiding collision but it only re-
duces some time taken by low priority robot to
reverse itself. Fault tolerance capability may be
improved in this case if robots use sensor infor-
mation along with goal information to avoid colli-
ston. This is because that low priority robot hav-
mg goal information of high priority robot will be
a collision conscious robot in that area.

5.2.3 Strategy B3

As both robots transmit goal information at
the time they start the task. In case anyone
of them dies, other robot can perform its task
if dead robot is removed from the way. Goal
information from both robots improve the fault
tolerance capability as both robots can use this
information to be conscious to collision in that,
area. Thus addition of goal information from
both robots improves the fault tolerance capa-
bility.

6. Comparison between strategy A and B

In the above sections different ways to share
the common area and avoiding the collisions be-
tween the robots have been discussed. Every
solution has some advantages and some disad-
vantages. [n strategy A all solutions werc relied
on explicit communication, initially from one bi{
starting time information in Al to 6 bits infor-
mation in A3. Increase of quantity of informa-
tion reduces the time taken by the system up
to 67% but at the samc time it was observed
that fault tolerance capability was not improved
from strategy A2 to A3. This concludes that
different information play different roles. Here
velocity information has the loose relation with
coordination whereas goal information has tight
relationship with coordination. Thus we obscrve
improvement in performance from Al to A2 but
a risky system from A2 to A3,

Strategy B mostly relies on real time sensor in-
formation for coordination in common arca shar-
ing problem. Using real time information average
time of strategy B is less than that of strategy A.
An interesting thing is that even increasing the
quantity of information within strategy B does
not show any specific reduction of time. On the
other hand it provides a robust system when we
consider fault tolerance. This also proves that in
the presence of implicit communication explicit
communtcation docs not improve the system per-
formance too much as it is always expected.

7. _Conclusion and future work
Two strategies were presented and different

aspects were analyzed. In Strategy A stepwise

different information were exchanged using ex-
plicit communication and different solutions for
common area sharing problem were devised. For
strategy B we used the hammer of real time sen-
sor information for solution of the problem. From
this discussion it is concluded that there are two
types of information, static information and dy-
narmic information. Some static information for
example goal information improve the system per-
formance both time and fault tolerance point of
view showing a tight relation with common shar-
ing arca. At the same time dynamic informa-
tion {real time) not only reduce the time of the
system but also make the system more fault tol-
erant. On the other hand velocity imformation
infroduce the risks of collisions (fault tolerance
point of view) along with improved efliciency.
For future first of all we want to implement
these described strategies to the present robot
system. These strategies were presented for two
robots 3 goals. How different information affect
coordination if there are n (n > 2) robots and m
goals (m > 3), is the next step of this work.
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