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ABSTRACT

As theability to produ® alarge number of small, simple robotic
agents improves, it becomes essentiatdatrol the behdor of
these agents in such a way this sum of their actions g rise

to the desired overaltesult. These agents are modeled as
homogemrous, distributed robots, witlonly one simpleshort
rangesensor Our simple agents are tasked to form and teold
desired swarm shap&dependent of the total number of agents.
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then it may also recover its swarm functionalitpaking sel
healing a quintessential part of swarm applications.

Examples of selhealing are ubiquitous in naturand comein
different styles With healing that uses celeproduction called
epimorphosisa salamander, a starfish, or a lizard, cagroav a
lost limb or tail, but their body remains unchadgélhere-grown
limb will be the same scale as the original .offe contrast, when
a small invertebratecalled the hydrashown in figure 1la is

If this shape is damaged by the removal of some of the agents, thgjsected, the separated chunks will reorganizeugh cellular

remaining agentwill recover the former shapebut on a smaller
scale. These shapes can also have a pattern such iatueepor
drawing displayed on them by controlling the individual robots
color, symbolically representing the differentiation of agents
within the swarm This pattern will resize to fit the existing
swarm. With the ability to synchronize in time, the swaains

movement Iforphallaxis) The existing cellsthen become
complete hydras with the original shape and structoue in a

scale proportional to the number cells that are available (Figure
1b). We define thisasscalable sethealing When a structure is
dissected, each piece can <d®hl into the original
structure/pattern but into a smaller scale with the same shape and

the ability to change the pattern displayed, resulting in a moving density ofagents In addition, this type of seliealing mechanism

image.
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1. INTRODUCTION

As the ability to produce large numbers of simple robots
improves it becomes increasingly importaiat control the robots
behavior. One application of a large group of ropoften called
a swarm,s to form and hold a global shapet is composed of
these smallsimplerobots,analogougo how cells fom the body
of an animal. This shape may empower the grouprobotic
agentsto complete a task as a whole, suchimseconfigurable
robots [1] and sensor network<?], that would be difficult or
impossible for them taccomplish as a singkgent This swarm
allows someinterestingadditions infunctionality, whichare not
easily possibleéhrough asingle robot such aghe ability to self

does notequiregrowth or addition of new caill
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Figure 1. (A) A hydra™ (B) An example of hydra self
healing, showing howa whole can selfheal from a piece or a
collection oftissuesas small as 1/100 the original body sizé'®

Currently mostartificial selfhealing systems envision ogi a
large swarms of simple, smallistributed,homogeneousobots
similar to the robots found in1][3][4] to form the desired self
healing structure, analogous to how biotad cells make up an
organism. The challengdaced by most of these systems is to first
develop a method for identifying the location of a robot within the
swarm or structure, and second, hovdébermineactions ér each
robot in the swarm that contributes to forming or healing the
desired shape. This processis further complicated by &
limitations of the robots. The robots amvisionedto be simple

in order to keep cost/complexity dowenabling theiproduction

heal. In the event of damage, or removal of some robots from the in large numbers. The robots also tend tthbeogeneoysagain

swarm,the proficiency of the group to complete the desired task
may be reduced, dre completelyremoved It is easy to imagine
damagein a sensonetwork thatcould form isolated subgraphs
disconnecting some sensor nodesm transmitternodes thus
generating incomplete information Similarly, damage in a

reconfigurable robotould remove an essential part such as an

arm or leg,prevening it from moving in adesred manner. If
these swarms caregovertheir shape after the damage occurs,

to keep costand complexity down To allow swarmrecovery
from damage to any robot, the algorithtendto be distibuted
preventingthe loss of &oordinatingeader robotiue to damage.

The method for accomplishing salfganization andedf-healing
developed in [bis impressive, in that itan grow and heal any
shape. However,it requires the robots to reproduead the field

of selfreplication in artificial systems such as robots is still in its
infancy at bestd][7].



Figure 2. self healing starfish shapeformation and
recovery after damageand separation

Stoy et al [8] developed a method for séitaling that icapable
of forming andhealng an impressive number &D shapes;t
makes use of direct messaging from one agent to anothes
privatecommunicatio path between connected robatgreasing
the complexity of the rolise. They alsaequire a starting seed to
startformation, aform of centralization.

The work in B], by Nagpalet al, simulates very simple robots
capable of forming and holding 2d shapbeswever they use
some global sensardor exampleto detect the orientation of the
robotsa i c o mp as dley alse cannst@djust the sie
the shape formedo optimally ug the remaining robots after
damagetheykeep theshapethe same size, just less derise not
scalableselthealing

In this paper, w propose a method for séléaling which is
geared towards emulating morplaais on a swarm of very
simple, physiclly realizable, homogeneousdistributed agents.

They use only one sensor, and this sensor is also used fo

communication. These agents can form a swamthout any
centralized functions, such as a set#itif produces a class of

shapes. his shape is cwectly sized for the number of agents

availableby adjusting its scale They can also demonstrate the

ability to differentiate based on location in the swarm, and time.

This differentiation is shown by the robot displaying a colbr.

this paper, we Wi discuss the model and assumptions used for

our simulated robotss well asshow somexample results from
simulatd experiments We will then go in to detaihboutthe

methods used to produce skHaling and pattern formation in the

swarm ofsimulatedagents seen in the resylémdthenconclude.

2. MODEL

Our methoddor selfhealing and selbrganizationveretested on
a swarm of simulatedi p u ¢ k 0 withdihite tosputational
capability existing in a simple 2 planarworld. The assumptions
made in the model ahoseno closely emulatéhe properties of
living cells, and are constrained to & similar tathe capabilities
of modern robotics/electroniespossible

Thesesimulatedhomogeneousobots are identical in every way
possible, anceven lacka unique iéntifier. Each robot has one
simpleexteroceptivgresponds texternal stimuli sensor, capable
of directy communicating with nely neighboring robots, and
measuring the distance of that communication patthile this
sensoris currently simulated asioisefree previous work [9,10]
shows that noisy sensors will not greatly affect resulihis
simple sensor is the only sensor available to the robdtss
means that theobots have no

global knowledgeof their environmentsuch as a compass or
GPS. Each robot has two degrees of freedfammoving along
the pgane and can moveip to a maximum speed In order to
display a pattern, each robot cdynamicallychange its color to
oneof its choice.

The robots initially are plaed at random positionsand
orientations with respect to world amich other The robots
have no initial knowledgebout thé location or orientation in
this world. They are modeledasa finite sized circlehatwo n 6 t
overlap other robotsEach robohas a clok that runs at the same
rate as the other robots, howewiese clocks are initiallgtarted

at random timesi.e. not synchronized Thesimulationview port

is fixed above the2D plane, looking down. Each robot is
represented as a pixef its chosen color.The simulation runs in
discrete time steps. During each time st€peach robot will
communicate withits neighbors, during which it wilkeceive
information from theirT-1 time step. The position of each robot
s then updated on thé&Zlane, along with their displayed color.

3. RESULTS

The rules described in this paper allow a swarm of robotsttéth
properties described above to exhibit scalable-tedfing and
pattern formation. These rules allow a swarm whose robots are
placed in random starting locations (figuz&) to move to form

the desired shapé thisexampleafive armedfis t a r (figuies h 0
2B-E). Between figure2E and 2F, the swarnis cut in halfand

the halves separated beyond communication rangee robots
continue to move in accordance of the self healing rules, and in
figures 2F-1, the separated swarmedependentlyre-form the
desired shape, but in a smaller sgcadessulting intwo smallerbut
proportionatdistar fisto.

Through the use of each rofmindividualy displayed color, the
swarm is capable dfifferentiatingby displaying a pattern upon
the iapewnhichis being maintained. This pattern can be a simple
coloring schemefor exampg, the star fish in figure2, has a
unique color for each arm. In figur8, there is a more
complicated coloring scheme/here the swarm displays a picture
of the earth. The pattern can be any arbitrary picture. As shown
in both cases, if the swarm isamlaged, as the robots move to
reform the damaged sbe, they will also change their individual
colors in ordera reform the desired pattern. The new pattern
will automaticallyre-size to fit the original pattern upon the new
smaller swarm, as shown iigfire2 and3.

With the addition of amethod for synchronizinghe robotsin
time, it becomes possiblaot only to display a patternon the



robots butalsoa time varyingpattern This could be in the fa
of a movie, or as text that scrolls across the swarm of robots.
FiguredAAs hows an exampl e displayadbrea 0

swarm holding a circle shapeAs with the self healing pattern,
this time varying patterwill also recover from damage, and scal
to the size of the swarmas shown in figureB.

Figure 3. (A) Pattern self healing in a circle shaped swarm,
(B) immediately after damage, (GD) recovering from
damage.Note: robots with no color appear to be same color as
background

B

Figure 4. (A) Images of acircular swarm during increasing

time, showing the text scrolling across the swarm (B)

Scrolling text swarms before damagéleft), after damage once
(center), and after damage twiceright) .

4. METHODS

The self healinglrganization behaviotin each robotic agent
separated into twooncurrently runningasks The first task is to
setup and maintain a coordinate system that uniquely and
correctly identifies the location of eacbbot Second, eaclhobot
makes decisions and movements torfar reform a predefined
shape(section 4.2), pattern (section 4.8y time-varying pattern
(section 4.4)making use of the coordinates determined in the first
task The task of setting up and maintaining a coordinate system is
done usingthe available range sensor and communication
between neighboringobot througha process callettilateration
detailed in sectiod.1 The method used to produce a coordinate
system is independent to the rest of the-lseHling and could
actually be poduced usig any method desiredhowever
trilaterationis capableof forming a coordinate system using the
simple sasor we envision on the robots. Other methods ma
require more complicated sensors.

y

4.1 Trilateration

The robotsare capable of determining their atiVe positions to
each other using a form dfilateration. This iterative process
starts with each agent forming a random initial guess as to its
location in a coordinate systefXsei;YsernZser). N every iteration,

through communication, theagent will receive its neighbors
estimatedvalues for their own (x;y;,z), for neighborswithin
seasoradnde iThe gistanegor thal communicationd ) is also
measuredvith the sensor These values for each neighbor will be
usa in the trilateration formuld, whichis minimized using a
gradient method This minimization results invalues for
(XsenYsemZse) that reduce theerror of the guesseddistance
between (X YsenZse) and (%.y;,z) whencomparedo the actual
measured distancelj s+ A similar method 6 trilateration has
been used before for localizatiof robot groupg9,10], andin a
statistical method mukiimensionalscaling fL1]. Formula 1
differs from other trilateration formulas in that allows three
degrees of freedom even though the robots existplane The
formula contains a forcing ternfgse| that pushes the the
dimensional solution onto XY plane. It has been observed
experimentally that this modification allows the swarm t
converge on a correct coordinate system quicker and with less
communication than without it.

All Neighbors

2.

Jj=1

2
djsety = \/((xself - xj)z + sery = J’j)z + (Zsery = Zj)z)) + | Zsery|
Formula 1. Modified trilateration formula.

There is noconstraint to this coordinate systetmt is agreed
upon through trilateration due to thecompletelack of global
knowledge Because of thighe origin and axis of the coordinate
system could bé any orientation and is equally likely to be left
handedor right handed when viewed frothe global viewprt.

To demonstrate this, the top of figue shows a desired
shape/pattern, while the squares below it show images taken from
multiple simulation runs, with various orientations and
handedness An agentcan determine its orientation with respect
to the agreedipon coordinate frame by making two movements,
orthogonal to each other, and findiitg new coordinates after
each movement. After its orientation in the agreed upon
coordinate system is known, mbot can move in a desired
direction with respect to that coordinate system

Figure 5. Demonstrating the arbitrary orientation or the
agreedupon  coordinate system discovered through
trilateration .

4.2 Shape formation

Currently, the target shape to fsemed by the swarifsn.p{4), is
constrained to any shape that can be described as a smooth
postive polar function from 0 to @ After determining its
position e, Gser) in theagreed uporoordinate systepanagent

will calculate the negative direction of the surface normal of
fshapdGser). 1t Will try to move in that direction, andenseif a
collision occurs. If a collision is detectédy sensing n@hange

in its (Xser YselnZser) Values from trilaterationfeer commanding a
movement) the robot will just move in a random direction, and



