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.edu1 SummaryThe �eld of 
olle
tive roboti
s exploits the use of te
hnologi
ally simple robots,deployed in large numbers, to 
olle
tively perform 
omplex tasks. Here, thereal 
hallenge is in developing simple algorithms whi
h the robots 
an exe
uteautonomously, based on data from their vi
inity, to a
hieve global behavior.One su
h global task that many resear
hers (in
luding the authors) have de-veloped algorithms for is the formation of a 
ir
le. In this 
hapter, we dis
usshow the 
ir
le formation algorithm 
an be used as a means for solving otherformation and organization problems in multi-robot systems. The idea behindthis approa
h is that 
ir
le formation 
an be seen as a method of organizingthe robots in a regular formation whi
h 
an then be exploited. This involvesidentifying spe
i�
 robots to a
hieve di�erent geometri
 patterns like lines,semi
ir
les, triangles and squares, and dividing the robots into subgroups,whi
h 
an then perform spe
i�
 group-wise tasks. The algorithms that a
hievethese tasks are entirely distributed and do not need any manual intervention.The results from these studies are presented here.2 Colle
tive Roboti
sColle
tive roboti
s is the study of groups of relatively simple robots thatare 
apable of moving around and a

omplishing tasks 
ollaboratively. Thenumber of robots used 
an vary from tens to tens of thousands, based on theappli
ation. The goal is to use robots that are as simple | and therefore, as
heap | as possible, deploy them in large numbers and 
oordinate them toa
hieve 
omplex tasks.Groups of robots 
reate a very 
omplex 
oordination and 
ontrol problembe
ause of the extremely large 
on�guration spa
e 
reated by numerous inter-a
ting agents. Centralized 
ontrol methods are not feasible in this situation,
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h resear
h in 
olle
tive roboti
s has been to �nd eÆ
ientmethods of distributed and de
entralized 
ontrol [1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11℄.In parti
ular, the idea of self-organized 
ontrol arising from ea
h robot/agentfollowing its own set of behavioral rules has gained almost universal 
urren
y[1, 12, 13, 14, 15, 16℄. In extremely large 
olle
tions of robots, 
alled swarms,the fo
us is on �nding very simple behaviors at the robot level that still lead tothe emergen
e of sophisti
ated behavior at the group level [18, 19, 20, 21, 22℄,but even with relatively small groups of robots, the self-organized approa
hhas proved to be the most e�e
tive.The key issue in 
olle
tive roboti
s is how to spe
ify rules of behaviorand intera
tion at the level of individual robots su
h that 
oordination 
anbe a
hieved automati
ally at the global level. This is 
alled the 
oordinationproblem.3 Pattern Formation in Colle
tive Roboti
sA fundamental problem in 
olle
tive roboti
s is to have the group organizeinto global formations or patterns. These in
lude simple patterns like 
ir
les,lines, uniform distribution within a 
ir
le or square, et
. In the presen
e ofa 
entral 
ontroller, these tasks are trivial, but this is not the 
ase in a dis-tributed system. The goal here is to have an entirely de
entralized system inwhi
h ea
h robot performs tasks autonomously based on information gatheredby itself, preferably from its neighborhood. An important feature in most ofthese systems is that the individual entities (robots) are not expli
itly awarethat they are involved in pattern formation , and 
ertainly 
annot dire
t itglobally. This also means that only a global observer 
an truly assess the per-forman
e of these systems, and the robots themselves must rely on limited |possibly in
orre
t | estimates to make their de
isions. This last aspe
t hasimportant impli
ations for 
onvergen
e in robot 
olle
tives and other de
en-tralized systems.The formation of patterns in multi-robot systems has several appli
ations,some of whi
h are listed below. These highlight the importan
e of patternformation in the real world.� Surrounding an obje
t or feature in the environment. [23℄.� Forming a uniform distribution of robots in a given area for prote
ting thearea or surveillan
e. [23, 24℄.� Ele
tion of a leader or follow-the-leader situations. [25, 26℄.� Gathering to share information or for some other task. [25℄.� Removal of mines or bomb disposal [27℄.� Exploration and mapping in spa
e, underwater, or in other hazardousenvironments. [28, 29℄.� Formation of sensing grids. [30, 31℄.� Managing pro
esses in a manufa
turing unit. [32℄.
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le Formation 3� Carrying, moving and assembling obje
ts. [33℄.� Aiding emergen
y response and de
ongestion of traÆ
 on highways. [34℄.4 Ba
kgroundThis se
tion brie
y dis
usses the work of other resear
hers in the area of pat-tern formation. The reader is 
autioned that the amount of resear
h donein this �eld is immense and this se
tion 
overs only a few papers that havedire
tly in
uen
ed the work presented in this 
hapter. In parti
ular, the for-mation of a 
ir
le has been studied by many. The work of Suzuki et al. standsout in this area [28, 35, 36℄. Their multi-robot system (hen
eforth termed theSuzuki model) 
onsists of around 50 robots, ea
h of whi
h is autonomous andmobile. Ea
h is equipped with sensors that 
an dete
t the positions of all otherrobots instantaneously in the unlimited visibility 
ase, and only its neighborsin the limited visibility 
ase. Ea
h robot is anonymous, meaning that it doesnot have any label, and exe
utes the same algorithm as all other robots. Therobots do not possess any 
ommuni
ation 
apabilities and ea
h has its ownlo
al 
oordinate system. In the unlimited visibility 
ase, ea
h robot senses thepositions of all other robots and based on the observed 
oordinates, makes amove. Ea
h robot determines its nearest and farthest robots and assumes the
enter of these robots to be the 
enter of the 
ir
le to be formed and movestowards or away from it. All other robots similarly exe
ute these simple taskswhi
h eventually lead them to form a 
ir
le. In some 
ases, the original algo-rithm 
an lead to the robots forming a triangular shape instead of a 
ir
le,and a small 
orre
tion was subsequently made to the algorithm by Tanaka[37℄ in order to re
tify this. The group introdu
ed a similar algorithm thathelped the robots distribute themselves uniformly in a 
ir
le and a few moreways that needed manual intervention to help the system form a polygon,form a line and divide into groups. In the limited visibility 
ase, they showedthat the robots 
ould 
onverge to a point only when they were syn
hronousi.e. exe
uted their tasks in unison.In the Suzuki model, the di�erent kinds of patterns 
an be formed onlyin the unlimited visibility 
ase. When the appli
ation requires a large numberof robots, the assumption that ea
h robot 
an sense all other robots be
omesunreasonable. A se
ond group of resear
hers worked on a similar model ofrobots but explored the limited visibility 
ase in detail. They showed that therobots 
ould 
onverge to a single point even in the asyn
hronous 
ase, providedthey had a sense of dire
tion (possessed a 
ompass) [25℄. They analyzed thedi�erent shapes that are a
hievable by su
h a system, starting with the 
asewhen the robots have no 
ommon knowledge i.e. they do not share a 
ommonsense of dire
tion or orientation, and in
reasing the knowledge step by stepup to the 
ase when they share everything [38, 27℄.A refreshingly di�erent approa
h to mobile multi-robot formation is pro-vided by Gordon et al. [30, 31℄. The robots here are a
tually Mi
ro-Air Vehi
les



4 Karthikeyan Swaminathan and Ali A. Minai(MAVs) that need to distribute uniformly in a hexagon or a square in orderto form a sensing grid that 
an operate like a radar. The motion of the MAVsis governed by laws that mimi
 natural gravitational for
es, whi
h the au-thors term arti�
ial physi
s for
es. It is obvious that, in order to 
ompute thevirtual for
es underlying their 
ontrol, su
h robots need to have 
apabilitiesgreater than those assumed in the Suzuki model.Defago and Konagaya [39℄ present a method for 
ir
le formation basedon extensions of the Suzuki model. This method 
onsists of two algorithmsexe
uted one after the other. The �rst algorithm pla
es the robots along the
ir
umferen
e of a 
ir
le and the se
ond uniformly distributes the robots alongthe 
ir
umferen
e. In the 
ir
le formation algorithm, the robots are initiallyin arbitrary positions. The goal of these robots is to determine the smallesten
losing 
ir
le (SEC) and then move to o

upy positions along this 
ir
le.The SEC 
an be de�ned often by two, and at most three, extremal robots.The robots 
an have their own lo
al 
oordinate systems, and hen
e di�erentviews of the environment, but the smallest en
losing 
ir
le (SEC) every robot
omputes for a given 
on�guration of robots will be the same. However, the
on�guration of the robots 
hanges as they move and hen
e it be
omes ne
es-sary to ensure that the robots move in su
h a way that the SEC remains thesame. To a
hieve this, the robots move a

ording to 
ertain rules based onVoronoi tessellation of the spa
e around the robots [39℄. On
e all the robotstake positions along the 
ir
umferen
e of the SEC, the se
ond algorithm isexe
uted to spread the robots along the 
ir
umferen
e. Every robot tries tomove half the distan
e towards the mid-point of its nearest left and rightrobots. This method of 
ir
le formation is 
omputationally 
omplex be
auseof the 
al
ulation of the Voronoi tessellation [39℄.In order to redu
e the 
omplexity of the above algorithm, another methodwas developed by Markou et al. [40℄. In this method, on
e the SEC is 
om-puted, a given robot determines the point on the 
ir
umferen
e of the SEC,that is 
losest to it and moves towards this point. When all the robots havetaken positions along the 
ir
umferen
e, they spread along the 
ir
umferen
eas des
ribed earlier [40℄.Yun et al. [41℄ present a novel method for 
ir
le formation 
alled theMergethen Cir
le algorithm. All the robots move initially towards the midpointbetween their nearest and farthest robots. This, when exe
uted for a longperiod of time, brings all the robots together in a 
luster. After this step, therobots sense the positions of other robots and move in a dire
tion of emptyspa
e for a distan
e equal to the radius of the desired 
ir
le. On
e this is done,ea
h robot uses the positions of its two nearest robots to move towards theirmidpoint for a more uniform distribution.
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ation-Based Multi-Robot SystemMost of the methods presented in the previous se
tion are based on the Suzukimodel of robots, whi
h makes the assumption that ea
h robot 
an sense thepositions of all other robots irrespe
tive of their distan
e from the given robot.This assumption be
omes unreasonable when there are more than a handful ofrobots. A more pra
ti
al model based on wireless 
ommuni
ation has re
entlybeen developed by us [42℄, and is des
ribed below. Two 
ir
le-formation algo-rithms | Bat
h Broad
ast of Coordinates (BBC) and Individual Broad
astof Coordinates (IBC) | have been developed for this model based on thealgorithms in [28, 35, 37℄.In the 
ommuni
ation-based model, the robots are not equipped with sen-sors, but are assumed to possess transmitters and re
eivers, using whi
h they
an 
ommuni
ate messages to ea
h other. The messages are mostly 
oordinatepositions of the robots. However, the robots are assumed to be able to broad-
ast messages only over a small distan
e, analogous to the limited visibility
ondition in the Suzuki model. In this way, a robot 
an transmit its positionto its neighbors dire
tly and to distant robots through these neighbors bypropagation (hops). The robots are anonymous in the sense that they 
annotbe distinguished from ea
h other either by appearan
e or by the programsthey possess. They are autonomous in that they do not need interventionfrom other robots, humans or external 
ontrollers. They are assumed to beable to move small but de�nite distan
es 
alled steps. There are (N) robots(R1; : : : ; RN ) pla
ed initially in random positions on a unit grid and loadedwith the same programs whi
h, when exe
uted by ea
h of them, lead to theformation of di�erent patterns. Coordinates are shared through 
ommuni
a-tion and the robots are assumed to follow a global 
oordinate system. This
an be a
hieved by either pre-initializing the 
oordinates externally followedby path integration, or by the robots themselves setting up a self-organized
oordinate system [43, 44, 38, 45℄. The external initializer 
an be the same asthe one that deploys the robots and is not needed during the system's patternformation phase.Using this model, and the 
ir
le formation algorithms (BBC and IBC) asthe base, other algorithms were developed that exploit the arrangement ofrobots in a 
ir
le to solve other pattern formation and 
oordination problemsin su
h a multi-robot system. This work is presented in the following se
tions.6 Beyond Cir
le Formation - Formation of OtherPatterns and GroupsA 
ir
le is a very simple and perfe
tly symmetri
 geometri
 pattern, whi
his pre
isely why its formation is easy with oblivious and anonymous robots.The formation of other shapes is not so simple be
ause they require designatedverti
es, orientations, et
. However, the ability to form a 
ir
le 
an be exploited
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hieving other 
oordination goals in multi-robotsystems. Basi
ally, forming a 
ir
le is a way of organizing an initially randomlys
attered population of robots into a regular shape, whi
h 
an then be used tolo
alize and tag spe
i�
 robots for spe
ial tasks. The goal, as always, is to dothis in an entirely distributed manner. This se
tion presents algorithms thatallow robots to a
hieve non-
ir
ular formations without manual intervention,only using 
ir
le formation as the basi
 organizing prin
iple. Robots 
an bepre-programmed so that they �rst form a 
ir
le and then swit
h to the rulesfor forming the desired shape. Alternatively, the robots 
ould be swit
hed tothe algorithm for a parti
ular shape through a one-time global message.In this work, we 
onsider the formation of a verti
al line, a triangle, asquare and a semi-
ir
le. We also look at the 
anoni
al problem of splittingthe robot population into groups of approximately equal size. The key prob-lem in all these 
ases is to get groups of robots to follow di�erent rules |
orresponding to di�erent roles | with 
onstraints on the relative sizes of thegroups. Sin
e the robots are initially anonymous and randomly distributed,it is diÆ
ult to assign roles systemati
ally. Distributed algorithms for limitedrole assignment (su
h as 
luster formation, leader ele
tion or gateway designa-tion in ad-ho
 networks) do exist, but these typi
ally assign roles relative to thea
tual distribution of agents | e.g., assigning 
lusters based on agent density| whereas in formation problems, the roles are assigned relative to a futuredesired distribution. Relaxation-style algorithms for these assignments 
an bedeveloped, but it is diÆ
ult to guarantee their 
orre
tness, 
onvergen
e, et
.The algorithms based on 
ir
le-formation, on the other hand, allow systemati
role assignments in ways that are mu
h easier to analyze. Thus, the proposedalgorithms should not be seen as solving a previously unsolvable problem, butas an elegant general approa
h to solving a broad 
lass of important problems.The basi
 idea is to use the 
ir
le as an ordering basis to split the robotsinto nearly equal groups and/or identify robots that de�ne boundaries betweenthese groups. For the 
ases presented here, the robots are split into four groupsby dividing the 
ir
le into four quadrants. The fa
t that the robots follow aglobal 
oordinate system is used for this. The robots that have the highesty 
oordinate, lowest y 
oordinate, highest x 
oordinate and lowest x 
oordi-nate are termed as the Rnorth, Rsouth, Reast and Rwest robots, respe
tively(Refer to Figure 1). This naming, however, is only for explanation purposes.Within the algorithms, the robots are still anonymous and autonomous untilthe algorithm below labels them. The identi�
ation of these four robots is
ommon for all algorithms, and is done as follows. Every robot Ri exe
utesthe following steps:Step 1: Broad
ast own 
oordinates (xi; yi).Step 2: Re
eive 
oordinates from other robots. Store the �rst twodistin
t 
oordinates re
eived as (xn1i ; yn1i ) and (xn2i ; yn2i ).Step 3: Cal
ulate distan
es from (xi; yi) to (xn1i ; yn1i ) and (xn2i ; yn2i )as Dn1i and Dn2i , respe
tively.
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Rnorth 

Rsouth 

Rwest 
Reast 

Fig. 1. Diagram depi
ting the North, South, East and West robots in a 
ir
leformation of robotsStep 4: If (Dn2i > Dn1i ), swap (xn1i ; yn1i ) and (xn2i ; yn2i ).Step 5: Broad
ast own 
oordinates (xi; yi).Step 6: Re
eive 
oordinates (xj ; yj) from another robot. If these 
oor-dinates are the same as (xn1i ; yn1i ) OR (xn2i ; yn2i ), go to Step 11.Step 7: Cal
ulate distan
es from (xi; yi) to (xn1i ; yn1i ) and (xn2i ; yn2i )as Dn1i and Dn2i , respe
tively.Step 8: Cal
ulate distan
e between (xi; yi) and (xj ; yj) as Dtempi .Step 9: If (Dtempi < Dn1i ), then set (xn2i ; yn2i ) as (xn1i ; yn1i ), and thenset (xn1i ; yn1i ) as (xj ; yj). Go to Step 11.Step 10: If (Dtempi < Dn2i ), then set (xn2i ; yn2i ) as (xj ; yj).Step 11: Repeat Steps 5 to 10 for N iter1 iterations (
hosen empiri-
ally).



8 Karthikeyan Swaminathan and Ali A. MinaiStep 12: If (yi > yn1i ) AND (yi > yn2i ), then identify oneself as Rnorth.STOP.Step 13: If (yi < yn1i ) AND (yi < yn2i ), then identify oneself as Rsouth.STOP.Step 14: If (xi > xn1i ) AND (xi > xn2i ), then identify oneself as Reast.STOP.Step 15: If (xi < xn1i ) AND (xi < xn2i ), then identify oneself as Rwest.Ea
h robot exe
utes the above steps to determine if it is one of the fourrobots. Following this, the North, South, East and West robots alone broad-
ast their 
oordinates for a few iterations. These messages are re
eived by theother robots and stored. The other robots also rebroad
ast these messages.It should be noted that the robots are in a 
ir
le, so these messages literallytravel around the 
ir
le. Also, the messages broad
ast by the North, South,East and West robots need not be tagged. On
e the other robots have fourdistin
t 
oordinates stored, they 
an easily determine whi
h 
orresponds toNorth, South, East and West (the North robot will have the highest y 
oor-dinate among the four and so on). The above algorithm is termed here as theNEWS algorithm. At the end of the NEWS algorithm the north, south, eastand west robots are �rst 
orre
tly identi�ed and labelled. Then their 
oordi-nates are made available to all other robots. Ea
h robot Ri stores these 
o-ordinates as (xnorthi ; ynorthi ), (xsouthi ; ysouthi ), (xeasti ; yeasti ) and (xwesti ; ywesti ).Then the group 
an exe
ute one of the following algorithms to form othershapes or dividing into groups, as des
ribed next.6.1 Formation of a Verti
al LineThis algorithm is for a verti
al line but 
ould be used easily for a horizontalline as well. The idea behind line formation is that the North robot remains�xed, while all the other robots move along the dire
tion of the x-axis to alignthemselves below the North robot. Every robot Ri exe
utes the followingsteps:Step 1: Exe
ute the NEWS algorithm.Step 2: If (Rnorth), then do not move. STOP.Step 3: Set the target 
oordinates (xtari ; ytari ) to be rea
hed as (xnorthi ; yi).Step 4: Take a step towards (xtari ; ytari ).Step 5: Repeat Step 4 for N iter2 iterations (
hosen empiri
ally).By repla
ing Rnorth (or Rsouth) by Reast (or Rwest), one 
an form a horizontalline instead of a verti
al line. The algorithm was tested using simulations andresults are depi
ted in Figure 2, where the dots (:) represent initial positionsalong a 
ir
le and the asterisks (�) the �nal positions along a line.6.2 Formation of a TriangleThe idea behind this algorithm is to form a triangle with the North, East andWest robots as the verti
es. The robots in the bottom two quadrants of the
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Fig. 2. Result from an a
tual simulation of robots having exe
uted the line forma-tion algorithm
ir
le form the base, while the robots in ea
h quadrant on top form one sideea
h. This results in an isos
eles triangle. Basi
ally, ea
h robot moves alongthe dire
tion of the y-axis to rea
h a point on the line segment of its interest.The orientation of the triangle 
an be 
hanged easily. Every robot Ri exe
utesthe following steps:Step 1: Exe
ute the NEWS algorithm.Step 2: If (Rnorth) OR (Reast) OR (Rwest), then do not move. STOP.Step 3: If (xi > xnorthi ) AND (yi > yeasti ), then set the tar-get 
oordinates (xtari ; ytari ) as the point on the line 
onne
ting(xnorthi ; ynorthi ) and (xeasti ; yeasti ) with x-
oordinate xi. Go to Step6.Step 4: If (xi < xnorthi ) AND (yi > ywesti ), then set the tar-get 
oordinates (xtari ; ytari ) as the point on the line 
onne
ting(xnorthi ; ynorthi ) and (xwesti ; ywesti ) with x-
oordinate xi. Go to Step6.Step 5: Set the target 
oordinates (xtari ; ytari ) as the point on the line
onne
ting (xwesti ; ywesti ) and (xeasti ; yeasti ) with x-
oordinate xi.Step 6: Take a step towards (xtari ; ytari ).Step 7: Repeat Step 6 for N iter3 iterations (
hosen empiri
ally).By 
hanging the 
hoi
e of stationary robots (between Rnorth, Rsouth, Reastand Rwest) the orientation of the triangle 
an be 
hanged.



10 Karthikeyan Swaminathan and Ali A. Minai6.3 Formation of a SquareThe algorithm for a square is nearly the same as the triangle algorithm de-s
ribed earlier. The only di�eren
e is that, on
e a robot determines that it isone of the 
ardinal (North, South, East or West) robots, it does not move.All the other robots try to form lines with these robots as end points forminga quadrilateral that is approximately a square. Every robot Ri exe
utes thefollowing steps:Step 1: Exe
ute the NEWS algorithm.Step 2: If (Rnorth) OR (Rsouth) OR (Reast) OR (Rwest), then do notmove. STOP.Step 3: If (xi > xnorthi ) AND (yi > yeasti ), then set the tar-get 
oordinates (xtari ; ytari ) as the point on the line 
onne
ting(xnorthi ; ynorthi ) and (xeasti ; yeasti ) with x-
oordinate xi. Go to Step7.Step 4: If (xi < xnorthi ) AND (yi > ywesti ), then set the tar-get 
oordinates (xtari ; ytari ) as the point on the line 
onne
ting(xnorthi ; ynorthi ) and (xwesti ; ywesti ) with x-
oordinate xi. Go to Step7.Step 5: If (xi < xsouthi ) AND (yi < ywesti ), then set the target 
oordi-nates (xtari ; ytari ) as the point on the line 
onne
ting (xsouthi ; ysouthi )and (xwesti ; ywesti ) with x-
oordinate xi. Go to Step 7.Step 6: Set the target 
oordinates (xtari ; ytari ) as the point on the line
onne
ting (xsouthi ; ysouthi ) and (xeasti ; yeasti ) with x-
oordinate xi.Step 7: Take a step towards (xtari ; ytari ).Step 8: Repeat Step 7 for N iter4 iterations (
hosen empiri
ally).6.4 Formation of a Semi-
ir
leFor a semi
ir
le, the robots in the upper two quadrants remain in pla
e,while the robots in the bottom half form a line. Every robot Ri exe
utes thefollowing steps:Step 1: Exe
ute the NEWS algorithm.Step 2: If (Reast) OR (Rwest), do not move. STOP.Step 3: If (yi > ywesti ) OR (yi > yeasti ), do not move. S TOP.Step 4: Set the target 
oordinates (xtari ; ytari ) as the point on the line
onne
ting (xwesti ; ywesti ) and (xeasti ; yeasti ) with x-
oordinate xi.Step 5: Take a step towards (xtari ; ytari ).Step 6: Repeat Step 5 for N iter5 iterations (
hosen empiri
ally).The results for formation of triangle, square and semi-
ir
le are presented inFigure 3, Figure 4 and Figure 5, respe
tively. It 
an be observed that thedistribution of the robots along the edges of these patterns is not uniform.This was expe
ted, sin
e distribution was not addressed in the algorithms.The fo
us was only on a
hieving di�erent patterns.
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Fig. 3. Result from an a
tual simulation of robots having exe
uted the triangleformation algorithm
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Fig. 4. Result from an a
tual simulation of robots having exe
uted the squareformation algorithm
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Fig. 5. Result from an a
tual simulation of robots having exe
uted the semi
ir
leformation algorithm6.5 Splitting into Four GroupsThis method is similar to the algorithms dis
ussed earlier. The robots �rstdetermine the quadrant, and thus the group in whi
h they belong. Followingthis, they make sure they 
oordinate only with the robots in their groupfor future tasks. To a
hieve this, they tag messages they broad
ast with agroup identi�
ation based on the quadrant in whi
h they fall. Using this groupidenti�
ation, they make use of messages from their group and ignore messagesfrom members of other groups. Ea
h group 
an form any pattern based on allthe algorithms explained in the earlier se
tions. For the group determinationalgorithm, every robot Ri exe
utes the following steps (this is similar to thesteps used in the square formation algorithm, but is presented here for sakeof 
ompleteness):Step 1: Exe
ute the NEWS algorithm.Step 2: If (Rnorth) OR (Rwest) OR (Rsouth) OR (Reast), assign oneselfa value of 1, 2, 3 and 4 as the group identi�
ation, respe
tively.STOP.Step 3: If (xi > xnorthi ) AND (yi > yeasti ), then assign oneself a groupidenti�
ation of 1. STOP.Step 4: If (xi < xnorthi ) AND (yi > ywesti ), then assign oneself a groupidenti�
ation of 2. STOP.Step 5: If (xi < xsouthi ) AND (yi < ywesti ), then assign oneself a groupidenti�
ation of 3. STOP.
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le Formation 13Step 6: If (xi > xsouthi ) AND (yi < yeasti ), then assign oneself a groupidenti�
ation of 4.Now every robot has a group identi�
ation and hen
e 
an exe
ute separatebehaviors by 
oordinating only with robots whi
h have the same group iden-ti�
ation. It should be noted that exe
ution of the same algorithm by ea
hrobot results in it assigning itself a group identi�
ation. This does not givean identity to the individual robots, whi
h still remain anonymous. It onlyserves the purpose of helping the robots distinguish the messages 
oming frommembers in their group from those 
oming from other groups. The simulationresults are presented in Figure 6 where the robots, after determining theirgroups, intera
t with only their group members and exe
ute the 
ir
le forma-tion algorithm (diameter of the smaller 
ir
les 
an be 
hosen to be a fra
tionof the larger 
ir
le). Cir
le formation by groups is just an example and they
an perform other tasks as well.
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Fig. 6. Result from an a
tual simulation of robots having exe
uted the splittinginto groups and performing group tasks algorithm6.6 Splitting into Groups | Generalized CaseWhile splitting robots into four equal groups is interesting, many appli
ationsrequire a di�erent number of possibly unequal groups. In this se
tion, wedis
uss how 
ir
le formation 
an be exploited to a
hieve this.In a 
ir
le, the robots are distributed uniformly, so one 
an employ asplitting te
hnique based on the angular position of the robots with respe
t
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enter of the 
ir
le. The robots are aware of the positions of the 
ardinal(North, South, East and West) robots and using their position 
an determinetheir angle with respe
t to the line segment between the 
enter of the 
ir
leand the East robot. (The 
enter of the 
ir
le 
an be taken as the geometri

enter of the 
ardinal robot positions). Depending on the appli
ation, therobots 
an be pre-programmed with 
ertain angles so as to divide the 
ir
leinto se
tors, and hen
e groups. Based on the se
tor in whi
h a robot lies, it
an assign itself a pre-spe
i�ed group identi�
ation. Then as shown in theearlier subse
tions, the robots 
an 
oordinate only with its group membersand perform tasks assigned to the group. Note again that, while robots dodetermine spe
ial labels in the �eld and a
t a

ordingly, no spe
i�
 robot ispre-tasked with a parti
ular behavior. All behavioral di�erentiation emergesthrough self-organization.
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Fig. 7. Diagram depi
ting splitting of robots in a 
ir
luar formation based on an-gular 
onstraintsFigure 7, depi
ts this te
hnique. In this 
ase, the robots are split into threegroups. The robots need to given two angles for splitting into three groups.In the spe
ial 
ase in whi
h the angles of the se
tors are spe
i�ed su
h thatthey are equal, the resulting groups are also equal.An example of su
h a splitting te
hnique is presented in Figure 8. In thisexample, the angles spe
i�ed were 60 and 120 degrees and hen
e resulted in
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Fig. 8. Result from an a
tual simulation of robots having exe
uted the splittinginto 3 unequal groups algorithmse
tors with angles 60, 120 and 180 degrees. The groups then performed 
ir
leformation algorithms (with one-fourth the original diameter). The distributionof the three 
ir
les 
an be seen to vary depending on the number of robots thatended up in ea
h group, whi
h is dire
tly proportional to the magnitude ofthe angles. Sin
e 
ir
le-formation is the basis of forming other shapes, robotsin ea
h small 
ir
le 
an then form di�erent shapes, This is shown in Figure 9.7 Programming the RobotsThe real power of multi-robot systems lies in distributed 
ontrol and it isessential that ea
h robot be made entirely autonomous with no need for man-ual intervention. Thus, if the robots are to perform 
omplex tasks 
omprisingseveral subtasks su
h as 
ir
le formation, group formation, et
., there mustbe a 
anoni
al pro
edure program that 
an be pre-loaded into ea
h robot su
hthat, as ea
h robot exe
utes its program, the result is the performan
e of the
omplex task. One possible approa
h to this is dis
ussed here.The general program followed by ea
h robot 
an be des
ribed as follows:� Perform a 
ir
le formation algorithm for a given number of iterations.
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Fig. 9. Result from an a
tual simulation for splitting into 3 unequal groups andperforming di�erent group tasks� Perform the NEWS algorithm for a given number of iterations.� Determine the group identity.� Perform the task assigned to the group.On
e, the parameters like, number of iterations and the task for ea
h groupare given prior to deploying the robots, there is no need for any manualintervention. Also, it is important to note that all robots are given identi
alprograms. Di�eren
es in behavior arise only as a result of labelling generatedduring exe
ution, and are not spe
i�
ally assigned to individual robots a priori.This idea is illustrated in Figure 10. Initially, the robots are in arbitrarypositions. They then exe
ute the 
ir
le formation algorithm, followed by theself-determination of groups. Then the robots exe
ute (say) the 
ir
le forma-tion algorithm as a group task and from there, they 
an form di�erent shapes,whi
h they know beforehand.Similar programs 
an be written for other 
omplex tasks. When a group ofrobots is to perform that task, the appropriate program 
an be loaded into allthe robots or, more likely, triggered by 
ir
umstan
es. In the latter s
enario, alarge number of programs would be stored in ea
h robot | the same ones forea
h| and would be triggered through an external instru
tion or observationsmade by the robots themselves. This will raise issues of 
onsisten
y, i.e., how
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Fig. 10. Combination �gure showing results from simulations performed su

es-sively. 1-Robots are randomly distributed, 2-Robots exe
ute 
ir
le formation algo-rithm, 3-Robots split into four groups and ea
h forms a 
ir
le, 4-Ea
h group thenforms other pattern sto ensure that all robots swit
h to the same program, but this is beyond thes
ope of the present work. Similar issues exist even with groups of humanagents, whi
h must be told to swit
h tasks. The fo
us in this work is ondeveloping algorithms where these \external imperatives" 
an be made asindependent of the detailed state of the robot group as possible (e.g., notrequiring information on identities or positions of spe
i�
 robots).8 Dis
ussion and Con
lusionThe work des
ribed in this 
hapter has built upon 
ir
le-formation algorithmsdeveloped by other resear
hers to explore whether this 
an be used as a generi

oordination me
hanism for solving other, more 
omplex organization prob-lems. We have des
ribed methods to make robots form di�erent shapes likelines, semi
ir
les, triangles and squares, and to split into groups of spe
i�edsize to perform spe
ialized group tasks. A key point is that, using this ap-proa
h, ea
h robot for a spe
i�
 organization task 
an be pre-loaded with
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 program whose exe
ution by all individual robots will lead to thedesired organization without need for manual intervention.Most problems in formation or organization are solved by the assignmentof roles or tasks to spe
i�
 individuals. For example, a square 
an be formedif four robots are assigned to be the 
orners and the rest then use them toline up along the edges. However, in the absen
e of a 
entral 
ontroller andwith anonymous robots, there is no obje
tive basis on whi
h to make theseassignments; all agents exe
ute the same algorithm, and none is inherentlydisposed to behave in a spe
ial way. One possible way to get around this is toadapt leader-ele
tion algorithms [46, 47, 48, 49, 50, 25, 26℄ developed in thedistributed systems literature for various purposes. These algorithms distin-guish 
ertain agents/robots for spe
i�
 tasks (e.g., 
luster-heads or gatewaysin ad-ho
 networks) through a distributed pro
ess. On
e these leaders areele
ted, they 
an perform fun
tions su
h as indi
ating verti
es or serving asbea
ons, and the rest 
an exe
ute appropriate algorithms to fall in pla
e usingthese indi
ators. However, di�erent groups of agents must behave di�erentlyrelative to the leaders/bea
ons to a
hieve the formation, e.g., four di�erentgroups of robots must 
hoose a di�erent edge to line up along in order to forma square. Thus, the de
entralized organization pro
ess involves three steps: 1)Sele
tion of spe
i�
 leader/bea
on agents; 2) Assignment of di�erent behav-iors to appropriate subgroups of agents; and 3) Exe
ution of the designatedbehaviors by all agents. The assignments made in Steps 1 and 2 must satisfy
ertain 
riteria, e.g., number of bea
ons and relatively equal sizes of groups.Our work explores the use of 
ir
le formation as a generi
 me
hanism integrat-ing both leader-ele
tion and subsequent group assignment in a reliable andeÆ
ient way. The 
ir
le is espe
ially appropriate for this fun
tion be
ause ofits uniquely homogeneous, arbitrarily symmetri
 shape. It provides a naturalmanifold for de�ning a problem-spe
i�
 
oordinate system for a wide 
lass ofproblems. In work not presented here we have also studied the robustness ofour algorithms and found them to be quite robust to many, though not all,types of errors [42℄ The results presented in this 
hapter demonstrate 
learlythat our approa
h is both powerful and generi
. However, several issues, su
has the positioning of groups, remain open and will be addressed in futurework.Referen
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