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Abstract—Many robotics applications require a human oper-
ator to monitor multiple robots that collaborate to achieve the
operator's goals. Most approachesto such monitoring focus on
eachrobot independently of its peers. When robots are tightly-
coordinated, the operator is thus cognitively burdened to build
a mental picture of the state of coordination. We report on
extensie experiments (approximately 100 hours) with up to 25
human operators, working in two coordinated multi-r obot tasks.
In these, we contrasted standard displays, which assumeeach
robot is independent,with an ecologicalsocially-attentie display
that makes the state of coordination explicit. The results show
signi cant improvements in task completion time, number of
failur es,and the failur e rate. Mor eover, the display reducesthe
variance in operator control, thus leading to signi cantly more
consistentoperator performance.

|. INTRODUCTION

Many robotapplicationsrequirea humanoperatorto super
vise multiple coordinatingrobotsthat work togetherachiese
the operators goals. An important componentwithin such
tasksis to allow the operatorto monitor the state of the
robots. Examplesof applicationsrequiring such monitoring
includesearchandrescueoperationg4], multi-rover planetary
exploration,and multi-vehicle operation[2].

Previous approachesto monitoring multiple robots use
individual robot displaysthat are independenbf eachothet
For instance the operatormay monitor all robotsin parallel,
via a split display shaving eachrobot's individual state;or
the operatormay switch betweensuchdisplays[1], [2].

However, independenindividual displaysleadto dif culties
in monitoring coodinated tasks requiring tight, continuous
coordinationbetweernthe robots;i.e., whererobotsare highly
inter-dependentHere, the operatormust monitor the stateof
coordination—therelative state of robots—inaddition to the
stateof eachrobot. Suchmonitoringis calledsocially-attentive
becauset focuseson interagentrelations[3].

For example, considerthe task of controlling three robots
moving in formation (a task requiring tight continuouscoor
dination betweenrobots). Such a task can be executedby a
singleoperatoy by guidingor teleoperatinghe leadrobot,and
allowing the othersto maintainthe formation autonomously
To maintain the formation, the operator must monitor the
formation itself—slonving down or speedingup the lead as
necessary—imaddition to monitoring the movementof the
team towards its goal. Such monitoring can be done, in
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principle,by shaving the cameraview of eachrobot.However,
it might be mucheasierto do if the operatorhasa bird's eye
view of the formation,shaving therelativepositionsof robots.
Unfortunately a bird's eye view is not always possible,e.g.,
for lack of a global-viev camera.

To addressthis challenge,we develop a socially-attentie
ecolajical display component—calledelation tool—that ex-
plicitly displaysthe state of coordinationin a team, com-
plementing individual display Ecological interface design
emphasizewisual cuesthat focus on the key constraintsin
the users task [8]. For coordinatedtasks,theseinclude the
coordination constraintsin the team [3]. The relation tool
allows the operatorto visualizethe robots' statewith respect
to eachother andthusvisually identify coordinationfailures.
Sincethe relative stateof robotsmay not be known directly,
the relation tool fusessensorreadingsfrom multiple robots,
andreconstructgrom thesethe stateof coordinationbetween
them.In doingthis, it mustovercomethe uncertaintyandnoise
inherentin robot sensordata.

The graphicalsocially-attentivedisplay complementsxist-
ing displays.It allows the operatorto visualize the robots’
coordination—theistatewith respecto eachother—andthus
visually identify coordination failures before they become
catastrophicBy shaving the operatoran explicit visualization
of the coordinationstateof the team,her cognitive load would
be reduced,and her performancewould increase.

We empirically evaluatecdthis approachin extensie system-
atic experimentswith up to 25 humanoperators.The experi-
mentsincludedmonitoringrobotsin two roboticsteamcoordi-
natedtasks:Movementin formationand cooperatie pushing.
We evaluateprevious individual displayswith andwithout the
socially-attentie display Our statistically-signi cant results
shav that the use of the ecologicaldisplay (i) reducesthe
numberof failures and task completiontime in thesetasks;
(ii) reducesthe number of failures per second;and (iii)
reduceghevariancen controllingrobots,thusleadingto more
consistenperformancecrossoperatorsTheseresultsindicate
thattheecologicalsocially-attentre displayleadsto signi cant
gualitatve improvementsin the operatorsinteractionwith the
robots.To our bestknowledge thisis oneof thelargeststudies
donewith humanoperatorscontrolling multiple robots.



Il. BACKGROUND AND MOTIVATION

We focus on visual monitoring interfaces.Therehave been
several investigationsof displays (e.g., [6]) that focus on
single-robottasks, in contrastto our focus on multi-robot
teams. Previously suggesteddisplays for multi-robot teams
implicitly assumeobotsareindependenfrom eachother, and
thusfocuson displayingtheindividual stateof eachrobot. Our
work can complementsuchdisplays.

Adams([1] investigatedthe use of immersive displaysthat
allow switchingcontrol betweerrobots,teleoperatinga robot,
forming navigation plans, etc. In contrast,we focus on a
displaythat abstractaway the detailsof robots' surroundings,
focusing insteadon displaying their relative state,not their
absolutestatewith respectto someernvironment.

Fong et al. [2] proposea collaborative contiol systemthat
allows robotsto initiate andengagen dialog with the human
operatoronerobotatatime. This approactrequiressigni cant
autonomyby the robots, and assumeghat their monitoring
neednot be continuous.

Myers and Morely [5] discussesan architecturecalled
TIGER that usesa coordinatingagentthat mediatesbetween
the operator and autonomoussoftware agents. This agent
centralizesthe information from all agents,and can present
it to the operator(or provide it to otheragents) However, the
way the informationis presenteds left unspeci ed.

ACTRESS[9] is an architectureincluding an interfacefor
monitoringand controlling multiple robots. The operatormay
issuecommandsthat affect groupsor individual robots, and
informationis presentedo the operatorbasedon both explicit
requestgfrom the operatorto individual robots),aswell asby
gatheringof information exchangedby the robots. However,
[9] doesnot focus on visual presentatiorof the coordination,
in contrastto our work.

In additionto the above conceptualifferenceswith related
work, our focusin this work hasalso emphasizedtomparing
the above approacheso the new techniquesusinga large set
of experimentswith humansubjectsoperatingphysicalrobots
in thereal-world. We have utilized closeto 100 operatorhours
in theseexperimentsto contrastand draw lessonsfrom the
differentapproaches.

I1l1. A SOCIALLY-ATTENTIVE ECOLOGICAL DISPLAY

Ecological interface design emphasizeexplicit visualiza-
tion of key constraintdn the users task[8]. Socially-attentie
monitoringemphasizethatin coordinatedasks theseinclude
the relative stateof robots[3]. To shav theseconstraintswe
developedtherelationtool a 2D displaythatshovstherelative
stateof robotsby drawing a geometricshapecorrespondingo
their state.Coloreddotsdenotedifferentrobots.The positions
of the dotsdenotetheir states,and thus the shapethey make
up—their relative positioning—denotegheir relative states.
In principle, every application requiresits own method of
projecting robot state onto a 2D plane, and a target shape
that de nes normatie coordination.

The key is that the operator should be able to see, at
a glance, whether the shapebeing maintainedcorresponds
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to correct coordinatedexecution. When the shapedeviates
from ideal, the operatorcan easilyidentify coordinationfaults
within the monitoredteam, with little or no needfor infer-
ring this information from the other displays.This easeghe
cognitive load on the operatorin coordinatedasks.

We investigatethe useof the relationtool concretelyin two
popularcoordinatedtasksfor robots: Formationmaintenance
and cooperatie pushing. Thesetasksrequiretight coordina-
tion betweenthe robots, while allowing for human control.
Both of thesetasksare motivatedby real-world applications
for human-controllednulti-robot teams,e.g., convoys.

We createdhuman-controlledversionsof thesetasks,and
implementedthem using the Tekkotsu software [7] for Sory
AIBO robots.Eachrobot hasan on-boardvideo cameraand
a infra-red distancesensorpointing at the direction of the
camera.They transmittheir video and sensorreadingsto the
operators stationfor monitoring. The operatorusesthe mouse
asa joystick, moving the controlledrobotin the directionand
speedchosen.

We begin by examining the cooperatie pushingtask. In
this task, two AIBO robots jointly push a light-weight bar
acrossthe oor (Figure 1). One robot is teleoperatedyhile
the otherpusheshe bar while maintaininga straightline with
thehuman-controlledobot. Thebaris color-marked,suchthat
a robot canidentify its positionwith respectto the bar If the
mark movestoo muchto the side, this would indicatea drift,
i.e.,therobotis eitherlaggingbehindor is pushingtoo quickly
ahead.The robotsdo not communicatewith eachother

The coordination between the robots involves a single
dimension—therobots are to maintain equal velocities. One
possiblevisualizationof this relationshipconsistsof a hori-
zontalline that connectdwo dots, representinghe robot. The
horizontalpositionof the dotsremains x ed, while theY axis
denoteghe angleof the color mark within their view.

Figures2 and 3 show the interfaceswhen executing this
task.Figure2 shaws the split-cameraview from theindividual
robots, as presentedto the operator in a successfulcase
(Figure 2-a), and in a failure case,where the box drifts to
one side (Figure 2-b). Figure 3 shaws the respectie relation
tool displaysin both cases:The successfulpush (Figure 3-
a) and the failing push (Figure 3-b). As can be seen,it can
be dif cult to differentiatethe split-view displaysin casesof
succesandfailure (Fig. 2). However, by shawving the relative
velocitiesof thetwo robots(Figure3) the failing pushis easily
detected.

Of course,providing a visualizationof the relative states



(a) Successfupush.

(b) Failing push(robotspushright).

Fig. 2. Cooperative pushing: Split camera view.

(a) Successfupush. (b) Failing push (robots

pushright).
Fig. 3. Cooperative pushing: Relation tool display.

of robotsis trivially donewhena global world-view camera
exists,or perfectgloballocalizationdatais available.However,
this is not often the casein real-world applications.

Thusa key challengein developingthe relationtool lies in
integrating the information neededor the visualization,from
the robots themseles. The approachwe take analyzesthe
robots' own sensorreadings(including camerapositioning,
infra-red range sensorreadings,detectedobjects) to recon-
struct the position of the robot with respectto others,from
its own perspectie. As a side-efect, we exposethe relation
tool display to the uncertaintyand noise inherentin robot
perceptionThis mustbe counteredy noise- Itering processes
within the display In our case,a moving average lter was
usedon the distanceand angledatato createa stabledisplay

The relation tool may be usedto drav the attention of
the operatorto speci c robots that are responsiblefor ary
mis-coordination We usethe formationtask to demonstrate.
Here, the objectve is to navigate a triangular formation
(three robots), through a short obstaclecourse.To allow a
humanoperatorto controlthe formation,the lead(front) robot
teleoperatedby the operatoy while the two follower robots
maintain x ed anglesand distancego this robot using their
sensorsAgain, the robotsdo not utilize any communications

(a) Groundtruth

(b) Split-cameraview (c) Relationtool

Fig. 4. SuccessfulFormation

for maintainingthe formation.

Figures5 and4 shaw this taskin action.Figure4 shavs an
example of perfectformation, while Figure 5 shows a failed
formation situation.In both gures, sub- gure (a) shavs the
actual position of the robots on the ground; (b) shows the
split-cameraview from eachof the individual robots;and(c)
shaws a screensnapshobf the relationtool.

The gures contrastthe informationpresentedo the opera-
tor with therelationtool andusingexisting approachedJnlike
the cooperatie pushingtask,the split-cameraview (sub- gure
(b) in Figures5 and 4) does indeed provide indication of
whetherthe formationis maintainedHowever, it is dif cult to
seefrom the split cameraview to what degreethe formation
is maintained(i.e., the magnitudeof the failure), and which
robotsareresponsibldor it (i.e., the location of the failure).

In contrast,the relationtool makesit easy at a glance,to
see not only whetherthe formation is maintained,but also
the magnitudeand location of ary failures. We chosepolar
coordinatego describethe formation. The X axis denoteghe
angleto the leader while the Y axis denotesthe distanceto
the leader The position of the leaderis always x ed. We
connectedthe points (that representthe robots) with lines
to createa shapeeasily recognizableby the operator By
glancingatthe shapepnecanfairly quickly determinevhether
the formation is breakingbecausea robot is lagging behind
(distancetoo great),or its anglewith respectto the leaderis
too sharp(e.g.,becauseof a sharpturn).

Indeed,to further assistthe operatorin localizing coordi-
nation problems,the display usesadditional mechanismgo
drav the attention of the operatorwhere its most needed.
Onesuchfault-feedbackmechanisnusesthe size of the dots,
representingobotpositions to draw the operators attentionto
failing robots.We usethreesizes:regular, medium,andlarge.
Regular size is used when the associatedobot lies ful lls
the constraintsof the formation. Medium size is usedwhen



(a) Groundtruth

(b) Split-cameraview (c) Relationtool view

Fig. 5. Failing Formation

therobotbeginsto reportintermittentfailuresin following the
lead,astheseareindicative of animpendingformationfailure.
Thelargesizeis usedwhentheformationis essentiallybroken,
e.g.,whenthe robot in questioncompletelylost track of the
lead robot, andis unableto proceed.

Anotherfault-feedbacknechanisms the dashedine dravn
acrossthe bottom of the display This line signies the
maximumdistancesensedy therobots' sensorsandthusthe
positionin which they are likely to lose track of the leader
The operatormay usethis line to estimatehow far it canlet
the robots stray away from the leader while not getting into
catastrophidailures.

We believe the the relationtool canbe usefulalsoin tasks
wherethe coordinationbetweenthe robot is not spatial. For
instance given a setof sub-tasksvhich areto be assignedo
differentrobots,the relationtool could usethe vertical axis to
denotethe load on eachrobot. The operatorcould thencheck
whether the robots' load is balancedsimply by noting the
differentheightsof differentdots(signifying differentrobots).
It would alsobe trivial to useadditionalvisual signsto shav
the operatorthe deviation of the shapefrom the ideal, etc.
However, we leave this for future investigation.

IV. EXPERIMENTAL EVALUATION

We evaluate the effectivenessof the relation tool in the
formation maintenanceand cooperatie pushing tasks. Our
goal is not to contrastthe two tasks, but to explore the
generalityof the method.In the formation maintenancdask,
the operatorleadsthe robotsin a triangularformationtowards
a target destination,while avoiding obstacleslf the operator
causeghe leadrobotto turn too sharply or move too quickly,
the formation may break. However, the operator seeksto
minimize the time it takes to reachthe destination.In the
pushingtask, the operatorcontrolsthe velocity of one of the
robots,while the otheris pushingautonomouslyThe operator

must be careful not to pushtoo quickly for the other robot,
nor to lag behind.

We believe that the relation tool should be usedto com-
plement, rather than replace, existing display (which focus
on individual robot state). We thus conductedexperiments
contrastingdifferentcombinationgseebelow) of the socially-
attentive displaywith individual robotdisplay We ranmultiple
experimentswith novice operatorsage20-30.

19 operatorswveretestedin the pushingtask (18 males/one
female,18 students—includinghe female—ofwhich 15 arein
computerscience).25 operatorswere testedin the formation
task (23 male/two female, 22 students—includingthe two
females—ofwhich 19 arein computerscience).The students
in bothgroupswereeithergraduatestudentor undegraduates
in their nal year None had previous experiencecontrolling
multiple robotsof arny kind.

Each operatortried all combinationsavailable in the task
sheoperated However, to avoid orderingeffects,the orderin
which eachoperatortried eachcombinationwas randomized.
In no settingwerethe operatorsableto seetherobotswhile op-
eratingthem.In all casespperatorsveregivenanapproximate
25-minutetraining sessionin operatinga single and multiple
robots(including the formationand pushingtasks),until they
reportedthey felt comfortablecontrolling the robots.Overall,
theresultsbelow represenbver 50 hoursof humanoperation.

The rst experimentexaminedthe useof therelationtool in
the cooperatie pushingtask. We contrastedhree interfaces:
a split-cameraview only (representinggxisting approachesh
combinationsplit-cameraand relation tool, and the relation-
tool alone. All 19 humanoperatorswere testedon all three
interfaces,randomizingthe order of their introductionto the
differentinterfacesto preventbiasingthe resultsdueto human
learning. Their performancewas measuredas the average
absoluteangle deviation from the imaginary horizontal line
connectinghe robotswhenthey maintainideal relative veloc-
ity. This anglewas sampledat 20Hz during task execution.

Figure 6 shaws the resultsof this experiment—theaverage
absoluteangle erro—averagedacrossall operators.Clearly,
both combinationsthat use the relation tool are signi cantly
superiorto the interfacerelying on cameraalone. Moreover,
the surprisingresult hereis that the relationtool by itself is
sufcient (in fact, even slightly better than its combination
with the split view). This is dueto this task being essentially
a pure-coordinatioriask: The operatordoesnot needto worry
aboutwherethe pushedobjectis going,aslong astherelative
velocity of the robotsis 0 (i.e., their velocities are equal).
Thusevena socially-attentie displayby itself is sufcient. On
the otherhand,the non-socialsplit-cameraview (by itself), is
dif cult to usefor coordination.A one-tailedt-test(assuming
unequalvariance)shows that the differencebetweenusingthe
tool by itself, and using the split-cameraview, is statistically
signi cant (we usea 0.05 signi cance level). The probability
of the null hypothesisis when looking at the
differencein the numberof failures.

In the formation maintenancedask, we comparethree in-
terfaces.The rst presentedhe operatorwith the split-view
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video streamsfrom all robots(e.g., Figure 4-c). The second
combinedthethis split-view with the socially-attentie display
previously describedThe nal interfaceconsistedof a single
camera(the lead robot's) and the socially-attentre display
Eachof the interfaceswas tried with three different obstacle
coursesyaryingin dif culty (atotal of 9 differentcon gura-
tions). The simplecourseconsistedof an openspacewith no
obstaclesat all (Figure 7-a). The mediumcourseconsistedof
asingleobstaclehathadto be by-passed7-b). In the dif cult
course,the operatorwas to lead the robots betweenthe two
obstacleg7-c). To verify therelative dif culty of the path,we
sampled? of the experimentsfor the numberof timesa robot
hit an obstacle:The simple coursehad no suchhits (asthere
areno obstacles)The mediumcoursehadonly a singlehit in
all experimentsThe dif cult coursehad2-3 hits per method.

Again, all 25 operatorstried all nine different settings,in
randomizedrder(to preventlearningeffects).For eachof the
trials, we recordedthe numberof non-catastrophiéormation
failures, and time to complete the task. Non-catastrophic
formation failures were measuredas the numberof times a
follower robothastemporarilylost track of thelead. Theseare
indicative of the quality of the operators control. Too mary of
themresultin permanentrackingfailures,which leadto total
breakdavn of the formation.Whensuchfailuresoccurredthe
operatorwould have to teleoperatehe strayingrobot until the
formationwas re-established.

Figures 8,9,10 shav the results of these experimentsin
terms of the average number of non-catastrophicfailures
per operator versusthe averagetask completiontime. The
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horizontal axis shavs the time (in milliseconds).The range
of the horizontalaxis in these gures is x ed at 12 seconds,
though the offset is different, as the more dif cult courses
took longer The vertical axis shavs the averagenumber of
non-catastrophicailuresthat took placeduring eachtrial.

The resultsshow that in all coursedif culty settings,the
useof the relationtool is preferableto using only individual
displays. This lends supportto the hypothesisthat socially-
attentve ecologicaldisplayscan signi cantly improve moni-
toring of robotsin coordinatedasks.

In particular both coursecompletiontime and the number
of failuresduring executionwere generallyreducedusingthe
socially-attentie display In the simple-andmedium-difculty
coursesthe bestmonitoring approachwas single cameraand
the socially-attentre display It was signi cantly betterthan
the split camerainterface,at a 0.05 signi cance level. In the
easycourse a one-tailedt-test(assumingunequalvariances—
seebelov) shaws a signi cant differencethesemethod,both
in the numberof failures(the probability of the null hypothesis
being ), andin the time ( ). Similarly, in
the medium course,there are signi cant differencesbetween
thesetwo methodsbothin the numberof failures( )
andin task completiontime ( ).

However, in the dif cult coursethe best monitoring ap-
proachusedboth the split-view andthe relationtool, in spite
of the additionalinformation displayedto the operators.The
differencebetweenthis approachand the split view interface
was not signi cant in time ( ), but was signi cantly
differentin the numberof failures( ). The difference
n the number of failures betweenthe split view interface
and the interface using single cameraand relation tool was
only moderate( ). We believe that this is due to the
operatorusingthe split-cameraview to look at obstacleghat
have been bypassedby the lead (see[6] for an ecological
interfaceapproachto this problem).Suchobstaclesvere not
much of a problemin the other easier courses.We leave
further investigationof this to future work.

While the results shav signi cant improvementsin task
completiontime and numberof failures, a questionmay be
raised as to whether a socially-attentre ecological display
qualitatvely changeshe way the operatorinteractswith the
team.For instancethe experimentresultsabove could alsobe
indicative of the teamgoing slower or faster but maintaining
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the samenumberof failuresper second—thusndicating that
the drop in failuresis due to the team moving faster rather
thanto a qualitative changein operatorcontrol.

Additional resultsshawv that rather the use of the relation
tool leadsto qualitative differencesn the theway the operator
controlsthe robot team.Figure 11 shawvs the averagenumber
of failures per second,in the different courses.Clearly, the
easycourseis indeedeasietthanthe medium-difculty course,
which is easierthan the dif cult course.What we seein the
resultsis thatthe useof the socially-attentie display leadsto
a signi cant reductionnot justin the time andtotal numberof
failures(asevidentfrom the previous gures), but alsoreduces
the failure rate

Additional evidence for this qualitatve improvementin
operator control is found when we examine the standard
deviation valuesfor the numberof failuresandtaskcompletion
time. Table| displaysthe standarddeviation of the numberof
failures,for the differentcoursesAs canbe seenthe standard
deviation valuesfor the methodsusing the relation tool are
generallymuchsmallerthanfor the split cameradisplay This
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Course | Split View | Split View and | SingleView and
RelationTool RelationTool
Easy 319.45 32.65 6.59
Medium 141.85 51.30 50.56
Dif cult 144.97 66.93 138.65
TABLE |

Standard deviation in number of failur es.

indicatesmore consistentvalues,i.e., less variancebetween
operatorsin terms of ability to control the robots. In the
dif cult path, the single cameraview with the relation tool

has a large standarddeviation (though smaller than the one
for the split cameraview by itself), but the relationtool with

the split cameraview hassmallerstandarddeviation.

V. SUMMARY AND FUTURE WORK

This papertakes a step towards allowing a single human
operatorto effectively monitor a team of robots that are
tightly coordinatedThe socially-attentie relationtool display
is an ecologicalinterfacedisplay addressinghis challenge It
has three principal advantagesover previous work. First, it
signi cantly reducesthe amountof inferenceneededby the
operatorto infer the state of coordinationbetweenrobots.
Second,its dimensionscan be usedto directly provide the
operatorwith information aboutfailures.Third, it can easily
complemenbther typesof displaysuseful for the task.

Extensve experimentswith 25 human operators,on real
robots, shav that the relation tool signi cantly reducesthe
total numberof failures,andtaskcompletiontime in two tight-
coordinatiortasks Furthermorewe have shovn thatthe useof
the relationtool leadsto qualitative changein the capabilities
of the operator:Not only do failures and completiontime
decreasebut the failure rate (failures per second)improves
signi cantly aswell. In addition,method4utilizing therelation
tool leadto more consistenioperatorperformance.
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