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Abstract

We presenta distributed planar objectmanipuation al-
gorithm inspired by humanbehavior. The system,which
we call pusher - wat cher, enalfes the cogerative ma-
nipuation of large objeds by teamsof autanomows mobile
robots. Therobotsare not equigpedwith gripping devices,
but instead move objectsby pushirg againstthem. The
pusher robotshave no global positionirg informatian,
andcanrot seeover the object;thusa wat cher robothas
the responsibiity for leading the team(and object)to the
god, which onlyit canperceive Thesystenis entirely dis-
tributed,with eadh robotunder local control. Through the
useof MURDOCH, an auctionbasedresouce-cefric gen-
eral purposetask-allacation framevork, rolesin the team
are autanatically assignedn an efficiert manner Further,
robotfailures are easilytoleratedand whenpossible au-
tomaticdly recovered We presentresultsandanalysisfrom
a battery of experimentswith pusher - wat cher imple-
mentedbn a groupof Pioneer 2 mobilerobots.

1 Introduction

Multi-robot coordnationis a comple cortrol prodem,
especiallyin tightly-cotpledtasksthatinvolve a mutud de-
perdenceof the robds on eachothers’perfomance. The
problemmay be madeeven morecomgex throwgh the use
of hetergeneos robds, with different capabilities. How
can groups of suchheterogneousrobds coordnate their
betavior soasto execue tightly-coupledtasks?

In previous work [3], we proposeda partial answerto
this questionin the form of MURDOCH, a geneal-purpse
task-allacation system. MURDOCH was desigred for use
on physically embdaliedrobds living andworking in noisy,
dynamic ernvironmerts in which they have little informa-
tion andevenlesscontrd. In this paper we apply MuUR-
DOCH to the particdarly difficult prodem of multi-robot
boxpushirg. Using MURDOCH, we have implemerted a
distributed contiol systemgalledpusher - wat cher , that
enalbesateamof heterog@neos robotsto coopeatively re-
locate a large box to a specifiedgod, despitehaving no
global position information and no detailedmocel of the

box or its physical progerties. We evaluatethe systemin
five setsof experimentsandpresehquariitative resultsand
analysis.

2 Redated Work

Box-pushinghaslong beenoneof the canmical taskdo-
mainsfor mobileroba researcars. At oneextreme,[5] de-
scribesa swarm-like methodfor moving a large box with
mary small, locally contrdled robds; the systemcould
fairly be descriled as emegent At the otherextremeare
theplanrer-basedmnasterslave pushingsystendescribedn
[8] andthecentralizedormatian-basedystemdescribd in
[12]. A similarly delibeative apprachis describedn [1];
there theauthordocusontheanalysisof varioustwo-rolot
pushirg protacolswith regad to informationrequrements.
Somemiddle ground is found by the two-robot behaior-
basedappoachpresentd in [6], with an emplasison the
robots’ learnirg policiesto enableeffective cogeration.In
[9], afault-toleanttwo-rabot box-pushirg systemis devel-
oped andprod-of-concep demorstrationsaregiven More
recently, a methodfor single-rdot box-pushingthrowgh an
obstacldield (in thecortext of roba soccer)s givenin [2].

With regardto thepusting contrd systemitself, thework
we presentin this paperis mostsimilar to the pusher -
st eer er praocolin [1], thethree-rdotformatiansof [12]
and,to alesserextent,thepusher - super vi sor system
in [8]. However, noneof theseappr@achesnadeary provi-
sionfor robotfailures. Of the otherthreemulti-robot sys-
tems,only [6] is goaldirected,andin thatcase bothpush-
ing robotscoud directlypercevethegod, somevhatredic-
ing the needfor cooperation.

A greatdeal of work hasalso beenrepated on multi-
agen coordnation systemsthough the agentsthemseles
are seldomphysically embalied. Notable excegions are
BLE [13], andthe ALLIAN CE architectue [10], both of
which have beenappliedto a multi-taget tracking task
with groups of robas. ALLIANCE was also appliedto
a boxpushirg task [9], but the systemruns open-lmp,
wherea we have closedthe contiol loop throwgh the use
of our wat cher , with the side-efect of addirg new op-



Figure 1: Our expeiimentalbox-pushirg setup. Thetaskis
for thepusher s to move the box to the goalwith the help
of thewat cher .

portunitiesfor coogeration. Furthey while ALLIANCE re-
lies on an expertly-huilt structureof intercomected mo-
tivatioral behaiors, MURDOCH [3] provides a geneal-
pumpose resourcesentric,fitness-basethsk-allocatio sys-
temthatis a variart of the ContractNet Protacol [11] and
is indepenlentof therobots’ internalcontrd systems.The
useof MURDOCH requresonly thateachrobotimplement
the exterral interfacethrough which auctiors for tasksare
corducted. Thus,for exanple, onerobot in ateammaybe
cortrolled in a behaior-basedmannerwhile anothe may
empoy adeliberatie planner

3 Algorithm

Thetaskwe addresss cooperatively moving abox, large
relative to the size of the robots, from someinitial loca-
tion to a designatedjoallocation. In solvingthis prodem,
wetake inspirationfrom humancoadinationbehaior com-
mony obseredwhenpeoplemove largepiecesof furniture.
If the peoplewho arepushimg or carryirg the pieceof furni-
turecannad seewherethey aregoing anotter personstands
betweerthe carriedobjed andthegoalandperiadically di-
rectsthem. This“watcher’canseeboththecurrer position
of the objectandthe god, andthuscancompute the error
signal,perhapsin theform of acorrectia angle thatcanbe
communicatedo the“pushers™.

In the cooperatve mobilerobotdomain we formaly de-
fine this problemwith a setof constrais:

The box is large comgaredto the robots’, and the
robotscanonly move thebox by pushirg throwgh fric-
tional contact.

Thepushingrobotscanna in generaperceve thegoal
dueto occlusionby the box.

The box canbe sensedy the robds thatareto push
it andthegoalcanbesensedy therobd thatis to act

1Actudly, the watcherlikely will not communicag the raw angle,but
rathersomehigherlevel commandsuchas“push moreon the right”; we
dothesame(seeSectbn 4).

2gpecfically, the intended coniact surfaces should allow at leasttwo
robotsto be pushingsimultaneusly.

aswatcher Additionally, the watcherrobot cansense
the position and oriertation of the box relative to its
own posé. In our implementation,the box and goal
arebrightly coloredandthe robads usecolor cameras
to sensethem; the watcherobtairs the orientationof
theboxwith alaserrange-finder

Theris anobstacle-feepathbetweerthebox’sinitial
locationandthe goal thatis wide enowgh for the box
androbots to pass(i.e., we do not consicer negdtiat-
ing obstaclesn a coadinatedfashion only aspartof
individual low-leve contrd).

Given theseconstraintswe have implenmenteda multi-
robot contrd system,called pusher - wat cher, thatis
similar to the comnon human solution for this task. As
shawvn in Figurel, two robds actaspusher s, andathird
periormsthe wat cher role. The pusher s canseethe
box, andthewat cher canseethe god. In addition the
wat cher, while senoing on the goal, canaccuratelyper
ceive (usinga scannig laserrangefinder)theangularerra
of the box’s orientationwith respectto the path from the
boxto thegod. Ouraim,then,is to rotatethe box until that
anguar erroris zero(i.e., theboxis orthogoral to the path
to the goal) while simultan@usly translatingit towardthe
goal.

In order to implementthis algoithm, we mustfirst de-
termire the pusher s’ velocities. To this end, as shavn
in Figure2, we modelthebox andwat cher togetter asa
rigid body; we attachanimagirary link betweerthe center
of rotationof thewatcher , andthecenterof thesideof the
box, orthogonalto the box The box andlink togetherro-
tatefreelyabou . Thepushers areassumedo be point
velocitiesthatacton this rigid body (for simplicity, we dis-
regard massandacceleration At eachpointin time, the
wat cher is rotatedaway from thenormal to thebox by an
angle , andis moving towardthe goalwith a velocity
Thesetranslationh and angularvelocities of the box will
thenbe governal, respectiely, by two simpleequatiams:

After solvingfor , we candistributeit differentially to the
two pushingpoints:

Now, we computethetwo pusher velocities:

3This is not to say that either the box or goal needbe visible at all
times, but rathe simply that they are obsenable phenomenaEachrobot
will, underlocal contrd, automaically reaguire the box or goal in the
eventthatvisual contact is lost.
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Figure 2: The modelusedto derive the pushirg velocities
for moving the box alongthe desiredrajectoy.

Thevelodties givenby , if appliedcontinwouslyat ei-
therendof the box, will ensurethata constantdistanceis
maintanedbetweertheboxandthewat cher andthatthe
angularerror tendstowardzero.Theactualtrajectoy will
beacurvethatappoacheshepathto thegoalwith thebox's
oriertationtendingtowardorthagonalitywith respecto that
path

Theastutereademwill notethatin certainsituationge.g.,
when is large), this cortrol law canyield negative push-
ing velocities; suchimplementation-speific issuesare ad-
dressedn Section5.

4 Coordination Through Communication

As previously mentionel, we have implemerted the
pusher - wat cher systemusingthetask-allocatia facil-
ities providedby MURDOCH. We now give a brief overview
of MURDOCH andhaow it is appliedto the multi-robot box
pushng prodem. For amorecompgetediscussiorof MUR-
DOCH itself, seg[3].

MURDOCH is a geneal-purpsetask-allocatio system
desigred for usein dynamic ervironmens in which mary
robots may comeandgo at ary time. In orderto support
this kind of transierce, we treatthe entire collective asan
anaymous pool of resoucesthat canbe apgied to tasks
thatwe wantaccomplishedM URDOCH solvestheresultant
resouce allocationprodem through the useof a variart of
the ContractNet Protocol[11]. Essentiallywhena taskis

to be assignedthe taskis put up for auction andcapable
robots bid for it by statingtheir curren fitness;the best-
suitedrobot wins theauctionandconseqantly executesthe
task.

With the gods of anorymity and scalingin mind, we
have implementedthe auction mecharsm in MURDOCH
using broadcastcommunicatiort; the task auctionsthem-
selesarefirst-pricesealed-fal [7]. With regard to scaling,
it is worth noting that the time spentby the robds in ne-
gotiatin is negligible in comparisonto thetime requiredto
executetasks. The negdtiation protacol is bestunderstood
by way of exanple so,in theinterestof brevity, we will si-
multareously explain the geneal protacol andits specific
instantiatiorfor usein pusher - wat cher .

At thestart,we havetwo robaswith camerasandathird
with botha cameraanda laserrange-finder We, asusers,
posear el ocat e- box taskto MURDOCH; thistaskis hi-
erarclical andis in factcommsedof onewat ch- box task
thathastwo child push- box tasks.Thewat ch- box task
is put up for auctionby an auctioreer (actingon behdf of
theuser)who broadastsa taskannaincemeatthatincludes
alist of resoucesrequiedfor thetask: | aser canera
(the camea is usedto sensehe brightly-colored goal and
the laseris usedto sensethe box’s orientatior). The one
robot with thoseresoucesrespmds and, facingno com-
petitors, claimsthe taskandbecomesurwat cher . The
wat cher begins execuing the wat ch- box task, which
consistsof: finding the goal, determiring the anguar erra
of the box, evaluding the control equatios givenin Sec-
tion 3, andauctionirg new push- box tasks.

Eachpush- box taskrequiesonly a single resouce:

canera (usedto sensethe brightly-colored box). The
annaincenent is accompnied by a metric that potential
pushes canuseto scorethemselesasto their fitnessfor
thetask. In geneal, metricscaninvolve ary arbitrarycom-
putation andtake asinput ary partof the robot’s state;in
this case,the metricis a measureof how well-positionel
therobotis for pushirmg on a certainendof the box. For ex-
ample,whenthetaskis to pushontheright endof thebox,
themetricwill reflectwhettertheboxis offsetto theleft in
therobot’s visualfield. Eachcandid&e executesthe metric
andbroadcaststs scorebackto theothe's, andsoeveryone
immedately knows which roba wasthewinner (therobots
arehorestandtie-bre&ing mechaismsarebuilt-in). The
wat cher , asauctimeer awardsthe winneratime-limited
taskcontrat, thenentersamonitoiing phase Left andright
pushirg tasksareallocatedn pairs,parametazedwith ap-
propriatevelocities,basedn the orientationof the box.

We usetime-limited contractsboth becase we canrot
be sureof a robot’s ability to comgete a given task and
becase we may soonwant to assigna different task. In

40f course broadastingis not necessaly the bestsolution, espedally
for large-scalesystemsghat spanmultiple networks. In suchcasesmulti-
casttechnguesshouldbe used.



our box-pushirg domain eachpush- box tasklasts3 sec-
onds. During those3 second, thewat cher monitas the
progressof thetask. As long asthe box’s orientationis un-

chamgedthewat cher simplyrenavsthetwo pushirg con-
tracts. If the boXs orientation changessignificarly then
the contra¢s are allowed to expire and nev auctins are
heldfor push- box taskswith re-canputedvelodties. The
wat cher alsolooksfor roba failuresthatthe faulty robot
may not itself be ableto detect. For exanple, if a single
robot is giventhetaskof pushingontheright endof thebox

andthe box doesnot maove even though the pushirg robot
repats thatit is actually pushing that robot haslikely ex-

periexcedsomepartial failure (e.g, its wheelsare stuck).
In this case thewat cher notesthe failure andconsides

thatroba to beineligiblefor furthertasks.It isimportant to

notethattime-limitedcontractsandprogessmonitoiing are
usedat eachlevel of the taskhierardy, including between
the agentacting on behalfof the userandthe wat cher .

Thus, shodd thewat cher fail in someway, thetop-level

wat ch- box taskwould be automaticallyreassignedust
asarethepush- box tasks.

In atypical run of pusher - wat cher, thewat cher
initially annaincesleft and right push- box taskswith
propervelocities,andletsthempushuntil thebox s orierta-
tion changssuficiently to warrantdifferentpushirg veloc-
ities andthusnew tasks.At thatpoirt, the currentcontracts
areallowedto expire, andnew onesareformed. This reac-
tivity to world condtions is the featue thatenablesM UR-
DOCH to dynamically reassigriasksin thefaceof robot fail-
ure. For exanmple, whenonly a singleroba is available,the
wat cher will actuallytry to allocatetwo pushng tasksas
usual,but only one (the one with the higher velacity and
thushigherpriority) will be claimed. Thatsingle contract
is renaved andtheroba pusheon oneendof thebox un-
til the oriertationchangsenoud thatit is more important
to pushthe otherend,at which point the roba will simply
switchsides.Whenanotterrobotis introduced,it will claim
thenext availablepushirg taskandthetwo robotswill work
togeherat pushirg thebox

5 Robot Platform

We implemetted the pusher - wat cher systemon a
group of ActivMeda Pioneer2-DX mobile robots. These
robots are non-tolonamic, achiesing locormotion throudh
differentialsteeringof two front drive wheels,with a pas-
sive casterin back. Many sensorconfiguratiors are possi-
ble with the Pioneey for theseexperiments,eachrobot is
equppedwith afront sonarring, a color cameraanda vi-
sionsystenthatperfamsreal-timecolorsegmentatio. The
wat cher robot is addtionally equigpedwith a SICK laser
range-finderthatit usego deternine therelative orientation
of theboxbeingpushed

Interrally, eachrobot housesa Pentium-lasedcompuer
ruming Linux, which execuesits contiol progam. Also

onboardis PlayeP [4], a device sener that handes low-
level sensorand actuatorcontiol. Interrobotcomnunica-
tion is provided by way of wirelessEtherret; the topdogy
is suchthat every roba on the network cancomnunicate
freelywith every otherrobot.

As is the casewith ary choiceof robds, our decision
to implemen pusher - wat cher on this particdar plat-
form addedextra constraintgo the prodem. We account
for theseconstraims by implenmenting not the exact algo-
rithm given in Section3, but rathera suitableappraima-
tion. For exanple, althowh the algoithm canresultin
negative pushirg velocities,the robotscanonly push, not
pull, the box. Thus we bourd the pushing velocitiesbelon
by zero, which hasthe effect of increasingthe minimum
turning radiws of the box (seeSection7). Further it turns
out that somepairs of pushingvelccities, especiallythose
with large differences,areextremnely difficult to exeautero-
bustly in practice. This difficulty is duemostlyto the non
holonomicity of our robots, which cannad move laterally; if
aroba slipsoff theendof thebox, it cannad re-acqire the
boxwithout perfaminga sortof “parallelparking maneu
ver, which is challengimg in a dynamc environment. For
this reason,we discretizethe boxs orientation spaceinto
bins (currently five) for which the resultantpushirg veloci-
tiesarepractical.

6 Experiments

In order to evaluate the pusher-wat cher sys-
tem, we performed five sets of expaiments on
our groy of Pioneer robots, as descried below.
Video footege of these expeliiments is available at:
http://robotics.usc. edu/ agents/projects/nmarkets-
vi deos. htmi . During the experiments,we measuredwo
quartities: successHilure and elapsedtime. We define
successas the situationin which the wat cher declares
that the task is terminated and the centerof the box is
positiored within 0.5 metersof the target location we do
not specify a target oriertation for the box. Corversely, a
trial is afailureif eitherthewat cher declaregerminatio
whentheboxis not closeenaighto the goal, or thebox is
rotatedso far thatthewat cher canno longer perceve it
usingits laserrange-finder(this thresholds apprximately

). For grourd-truth, we usedan exterral metrolayy sys-
tem consistingof multiple laserrangefindersandbeacons
to track the positionsof the box androbots throughaut the
experiments(trajectay plotsin this papercomefrom that
data).

As acontol, ExpaimentSetl involvedthesimplestsce-
naria Two pusher robas hadto move the box alonga
straightline pathfor apprximately 3 meters(90% of the
lengthof ourlab),andnofailureswereintrodwced.

5Playe wasdevelopedatthe USCRoboics Labsandis freely available
at:http://robotics. usc. edu/ pl ayer.



In ExpaimentSet2, we testedthe systems toleranceto
anindividual roba failure. The setupis the sameasin Ex-
perimentSet1, with two pusher s, but, afterthey pushed
theboxappoximatelyl.2meterswe simulatedaroba fail-
ureby seizingonepusher andshuttingit off. As aresult,
the remainirg pusher wasleft to pushthe box by itself,
alternding sidesuncer the direction of the wat cher . In
ExperimentSet3, wetestedViURDOCH's progressmoritor-
ing capalility by introdwing a partialrobotfault. As with
ExperimentSet2, two pusher s beganthe tasktogetter;
we thensimulateda robot becomirmy stuck(e.g.,in sand)by
disablirg its motorpower. Thisfailedroba wasstill in com-
muricationwith the teamandclaimedto befit for pushirg
tasks,but wasimmodble. In orderto comgete thetask,the
wat cher hadto detectthe lack of progesson the part of
the stuckrobot andexclucde it from futuretaskofferings.

In ExpeimentSet4, we testedthe systems dynamic re-
sporse by indudng both failure andrecovery. We first let
thembothpushappoximately0.6metersthenremosedone
pusher to simulatecompletefailure. After the remainirg
pusher hadsingle-landedlypusted the box anotrer 1.2
metersor so,we re-introducel thefailedpusher , atwhich
poirt they hadto finish thetasktogether

While Expaiment Sets1-4 shavcasethe ability of the
pusher - wat cher systemto coopeatively move a box
alorg astraightiine, it isimportantto beableto follow more
gereralpaths.In ExpeimentSet5, we testedthe ability of
thesystento execue curved trajectoriesy placingthegoal
marker approximately off to onesideand2.75meters
away from the box’s initial location In order to follow this
nonstraightpath,the robas hadto betave in a tightly co-
ordnatedfashion makirg a seriesof rotatioral andtransla-
tionaladjustments.

7 Results

We perfamed10trials eachfrom ExperimentsSetsl—4.
In the 40 trials, therewerea total of four failures,oneoc-
curiing in eachset. Threefailuresweredueto overrotation
of thebox, andthefourthwasdueto prematue terminatio
onthepartof thewat cher , presunably becaus®f sensor
noise. With 36 successem 40 trials, the two-sided
binomial confidenceinterval for the overall successate of
the systemis: . We alsoanalyzedhetime
elapsedduring the successfutrials, as a measureof rela-
tive efficiency amongthedifferert experiments.Theresults
areshowvn in Table1. In Expeiment Set1, with no fail-
ure,thetwo pusher s almostalwaysexecutedthe taskin
onecontiruousmavement,yielding extrenely similar (and
shot) completio timesacrosdrials. Whenoneroba failed
(Experimen Set?2) the completio time roseconsideraly
becasethe remainirg robotwasleft to pusheitherside of
theboxin turn, which is ratherinefficient compaedto the
two-robotcooperative case.

ExpeimentSet3 (seeFigure3) tooklongerstill because,

Set | Description

1 | Nofailure(straigh path)
2

3

Pushefailure
Partial pusherfailure
4 | Pusheffailure& recorery

Tablel: Mean( ) andstandardieviation ( ) of theelapsed
time (in secong) for the successfubushirg trials in eachof
thefour ExpeimentSets.

3

L L L
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Figure3: Pathof the box in anexample trial from Exper-
mentSet3 (unitsaremeters).Therightpusher fails, leav-
ing theotherpusher to pusheitherendof theboxin turn.

befae the healthypusher couldtake overthetaskonits
own, the wat cher hadto recogrize that the other robot
was"“stuck” anddeclareit unfit to participate.Exactly how
long thewat cher shoud wait is a systemparametethat
repesentsa trade-déf betweengoad dynamic respmseand
thechanceof falselydeclaringafault. Theaveragecompe-
tion time for ExperimentSet4 waslessthanfor the other
two failure modes, which suggststhat the overheadre-
quiredfor coodinationis outweighed by theimprovenent
in perfamancefrom the robd’s re-integrationto the team.
However, the large standarddeviations preclude stronger
comprisons. The magntude of the standarddeviationsin
the failure caseds explained intuitively by the compexity
of the system;asthis situationbecanesmorecomplicated
the exad behaior of the robots is lessrepeatale, dueto
the numerousinteractingdynamic processesge.g, varisble
torqueoutput from motors, friction betweertheboxandthe
floor).

We notethat, in Experinent Set4, afterthe failed robot
recoreredand was re-introduced the pusher s switched
sideswhenappropiate,whichwasin of thetrials. The
appopriateressof switchingwasdetermine by the config
uration of theboxandtheremairing pusher atthetime of
re-introductian, andthis configuationwasin turnaresultof
the complex systemdynanics mentionel above. However,
thefactthatthe pushes automaticallyswitchedsidesat the
right times, with no detrimen to the perfamance demon
strateghatourtask-allocatio systenperformsasspecified.
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Figure 4: Path of the box in trials from ExperimentSet5.
Shawn hereis thetrajectoy of the centerof thebox for four
successfutrials in eitherdirection (units are meters). For
conparisonthedashedinesrepresenthe “ideal” paths.

In addition to verifying the validity of the task assign-
mens madeby MURDOCH in thepusher - wat cher sys-
tem, we alsowantto know their qudity. We evaluatethe
pusher - wat cher systemin this respectby comparing
themeasuredrajectoriesof theboxto an“ideal” trajectory
For this comprison,we definethe ideal trajectoryasthe
onewhich causeghe centerof the box to follow the short-
estpathto thegoal. Thispathis simplythestraightline from
theinitial locationof theboxto thegoal. However, thistra-
jectoryis unrealisticbecauset would requirethat the box
be rotatedin placeat the start, a feat of which the physi-
cal robotsarenot capable Shavn in Figure4 aremeasued
andidealboxtrajectoriedor trialsin ExpeimentSet5. We
canseefrom this datathatthepusher - wat cher system
gereratesfficient pathsthatarecloseto the (unachievale)
ideal.

8 Conclusion

We have descriled the designand implemertation of
pusher - wat cher, anove distributedalgorithmfor box
pushing by teamsof mobile robds. Using the auction
basedtask-allocatio facilities provided by MURDOCH,
pusher - wat cher is tolerar to roba failures,and effi-
cientin its useof resouces. We have demorstratedthis
systemthrough a seriesof expelimentson a group of Pio-
neermobilerobds. Theresultsfrom theseexpeimentsare
encairagirg andrepiesentto our knowledge,the mostso-
phisticatedand successfumulti-robot box-pushirg system
validatedon physicalrobots.

We arecurrently exploring otherdirectionsof this work,
including differentcontiol laws, bettertask metrics, and
more robds. Specificallywe plan to investigatethe use
of multiplewat cher s, which would overcomethelimited
field of view providedby asinglewat cher , aswell aspro-
vide morerobustbehaior in thefaceof wat cher failures.

In addition,moreconplex trajectores (includng the nego-

tiation of obstaclefields) coud be acconmodatedthrough
the useof multiple sub-gals asvia-poirts. We planto use
this systemaspartof alargerresoucetranspetationtaskto
move large objectsthrough compgex environmentssuchas
building corridors.
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