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Abstract: In this paperwe describeanapproachto coordinatingthemotionof a humanwith a mobile robotmoving in a populated,
continuouslychanging,naturalenvironment.Our testapplicationis a wheelchairaccompanying a personthroughtheconcourseof a
railwaystationmoving sideby sidewith theperson.Ourapproachis basedonamethodfor motionplanningamongstmoving obstacles
known asVelocity Obstacleapproach.We extendthis methodby a methodfor trackinga virtual target which allows us to vary the
robot’s headingandvelocity with thelocomotionof theaccompaniedpersonandthestateof thesurroundingenvironment.
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I. Introduction
Theinteraction,cooperation,andcoordinationbetweenahu-

mananda robotsystemis a researchtopic which hasattracted
muchattentionrecently[1], [2], [5], [6]. Undercaptionssuchas
human-friendlyroboticsor human-robotco-existencethis field
coversa large variety of aspects.Theseaspectsreachfrom a
human-robotcommunicationbasedon “human-friendly”com-
municationchannelssuchasnaturallanguage,gestures,mim-
ics, over anunderstandingof thecontext of a taskor anunder-
standingof situationswherehumanandrobothaveto interactto
achieve a commontask,to physicalinteraction(robot touches
human,humantouchesrobot) and finally to coordinatingthe
motionandactionof thehumanandtherobot.

In this paperwe studythe problemof coordinatingthe mo-
tion of amobilerobotandahumanthroughapopulated,contin-
uouslychangingnaturalenvironment.This problemhasa very
useful applicationin the transportationof disabledor elderly
peopleor the transportationof patientsin a hospital. Trans-
portationservicesareusuallycarriedout by nursingpersonnel
which pushesthe patientor disabledpersonsitting or lying in
sometype of carriage,for examplea wheelchairor a hospital
bed. Sincepushingandmaneuveringa heavy carriageexposes
thebackof thepushingpersonto significantstrain,thesepeople
often suffer severe long-termbackproblems. Using a robotic
wheelchair, which is ableto follow thenursesideby sidelike a
heelingdog,througharbitrarilypopulated,continuouslychang-
ing naturalenvironmentswouldcertainlyallow thereductionof
this problemor evenavoid it.

Accompanying anobjector apersonsideby sideinvolvesthe
controlof therelative positionwith respectto a targetposition
which hasto be inferred from a predictedposition of the ac-
companying person.Besidesthis, therearefurtherconstraints
which affect theheelingof a person.Ideally, therobotandthe
personshouldmoveat thesamevelocity. Only if thisconstraint
is satisfieda trueaccompanying behavior canbeachieved. So,
accompanying a personsideby sideis not only a positioncon-
trol problembut at the sametime a velocity control problem.
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As a final constraint,thetargetposition,inferredfrom thepre-
dictedpositionof theaccompanying personmaybeperturbated
throughobstaclesin theenvironment.

A sideby sidelocomotionor heelingbehavior differs from
following a personasit is describedin the literature(e.g. [9],
[10]) in averycrucialway. A simpleexamplewhichmakesthis
differenceobviousis passingadoorby thecompoundrobothu-
man. If the robot simply follows the personthereis no prob-
lem at all. Theproblemobviously arises,whentherobot is re-
questedto accompany thepersonsideby side. In this situation
therobothasto getbehindthepersonwhile passingthroughthe
doorandcatchuponcethedooris passed.

Onemightarguethatthissituationsuggeststo designseveral
distinct behaviors, one for following andone for accompany-
ing, andarbitratebetweenthemappropriately. In thefollowing
section,wedescribeadifferentapproach.Thisapproachallows
the implementationof an accompanying behavior for various
situationsin a uniformmanneranddoesnot requireto arbitrate
betweentwo or moredistinctbehaviors.

II. Coordinating the Motion of a Human and a
Mobile Robot

For coordinatingthe motion betweena mobile robot anda
humanwe usea threelayercontrolarchitecture.At thebottom
of this architectureis the layer for elementarymotion control.
This layer offers two control modes,a modefor velocity con-
trol1 anda modefor positioncontrol.

The layer for elementarymotion control receives its in-
put from the layer for tactical navigation, which computesa
collision-freecourseto a targetpositionin anenvironmentwith
stationaryaswell asmoving objects.This layeris basedon the
VelocityObstacleapproach[4], [8] which is summarizedin the
following section.

TheVelocityObstacleapproachassumesatargetvelocityand
heading,which in thecaseof anunobstructedpathleadsto the
target location. In thecaseof obstaclestheapproachcomputes
an actualvelocity and heading,which ensurea collision-free
locomotion. Theseactualvaluesmay deviate from the target
values. They are selected,however, suchthat they minimize
this deviation from thetargetvelocity andheading.

�
Morespecifically, velocitycontrolappliesto boththetranslationaland
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Fig. 1. TheVelocityObstacleapproach

The tactical navigation layer is fed by the top layer which
we called the Virtual Target Tracking. By defininga relative
positionof the robot with respectto the personwhich is to be
accompaniedandby deriving propertargetvelocitiesandhead-
ingsin orderto maintainthisrelativepositionwhile bothhuman
androbotaremoving, this top layercreatesthedesiredaccom-
panying behavior.

1. Velocity Obstacles
To introducethe Velocity Obstacle(VO) concept,we con-

siderthetwo circularobjects,� and � , shown in Fig. 1aat time���
, with velocities��� and��� . Let circle � representthemobile

robot,andcircle � representanobstacle.To computetheVO,
we first map � into theConfiguration Spaceof � , by reducing
� to thepoint �� andenlarging � by theradiusof � to �� , and
representthe stateof the moving object by its position anda
velocity vectorattachedto its center. Then,thesetof colliding
relativevelocitiesbetween �� and �� , calledtheCollision Cone, ! #"%$ &

, is definedas
 ! '"($ &*),+ � � $ �.-0/1� $ �32 ��54)76�8

,
where ��� $ � is the relative velocity of �� with respectto �� ,
��� $ � ) ���:9;��� , and / � $ � is the line of �<� $ � . This cone
is thelight grey sectorwith apex in �� , boundedby thetwo tan-
gents /%= and /1> from �� to �� , shown in Fig. 1b. Any relative
velocity thatliesbetweenthetwo tangentsto �� , /%= and / > , will
causea collisionbetween� and � . Clearly, any relative veloc-
ity outside

 ! '"($ &
is guaranteedto becollision-free,provided

thattheobstacle�� maintainsits currentshapeandspeed.
The collision cone is specific to a particular pair of

robot/obstacle.To considermultiple obstacles,it is useful to
establishan equivalentconditionon the absolutevelocitiesof
� . This is donesimply by addingthe velocity of � , � � , to
eachvelocity in

 ! "($ &
andformingtheVelocityObstacle ��� ,

��� )? ! "($ &A@ ��� where
@

is theMinkowski vectorsumop-
erator, asshown in Fig. 1bby thedarkgrey sector. TheVO par-
titions theabsolutevelocitiesof � into avoidingandcolliding
velocities. Selecting� � outsideof ��� would avoid collision
with � . Velocitieson theboundariesof ��� would resultin �
grazing � .

To avoid multiple obstacles,we considertheunionof thein-
dividual velocityobstacles,��� )CB�DEGF � ��� �(H , whereI is the
numberof obstacles.Theavoidancevelocities,then,consistof
thosevelocities � � , thatareoutsideall the ��� ’s.

An avoidancemaneuverconsistsof a one-stepchangein ve-
locity to avoid a future collision within a given time horizon.
Thenew velocitymustbeachievableby themoving robot,thus
thesetof avoidancevelocitiesis limited to thosevelocitiesthat

arephysicallyreachableby robot � atagivenstateoveragiven
interval. Thissetof reachablevelocitiesis representedschemat-
ically by the polygon JLKNM#O shown in Fig. 1c. The set of
reachableavoidancevelocities, ����� , is definedasthediffer-
encebetweenthereachablevelocitiesandthevelocityobstacle.
A maneuver avoiding obstacle� canthenbecomputedby se-
lectingany velocity in ����� . Fig. 1c shows schematicallythe
set ����� consistingof two disjoint subsets.For multiple ob-
stacles,the ����� mayconsistof multiple disjoint subsets.

It is possiblethento choosethetypeof anavoidancemaneu-
ver, by selectingon whichsideof theobstaclethemobilerobot
will pass. As discussedearlier, the boundaryof the velocity
obstacle ��� ,

+QP =1R P > 8 , representsall absolutevelocitiesgener-
ating trajectoriestangentto �� , sincetheir correspondingrela-
tive velocitieslay on / = and / > . For example,theonly tangent
velocitiesin Fig. 1c arerepresentedby the segmentsKH and
LM of the reachableavoidancevelocity set ����� . By choos-
ing velocitiesin theset JLSUTVO or WCXYK�M , weensurethatthe
correspondingavoidancemaneuverwill avoid theobstaclefrom
therear, or thefront, respectively.

2. Motion Coordination By Tracking a Virtual Moving Tar-
get
Let us considertwo moving objects T and M . To coordi-

natethe motion of both objectssuchthat oneobject “accom-
panies”theotherrequiresto control therelative positionof the
accompanying object M with respectto theaccompaniedobject
T during locomotion.As mentionedabove, in our application
the accompaniedobjectis a human,for example,a nurse,and
theaccompanying objectis aroboticwheelchair(robotin short)
transportingadisabledpersonor apatient.Wedescribethisde-
siredrelative positionof the accompanying robot with respect
to theaccompaniedhumanby avectorZ([\9]Z(^ , whereZ([ and
Z%^ arethe positionsof the humanandthe robot, respectively.
Alternatively thedesiredrelativepositioncanbedescribedby a
lateraldistance_a` andanadvancedistance_b� .

Whatdoesmaintainingtherelative positionbetweentheac-
companying andthe accompaniedobjectnow meanin detail?
As therobot’sperceptiontakesplaceonly atdiscretetimesteps,
let us considerthe problemat sucha discretetime step

�
(see

Fig. 2). At time
�

the robot observes the humanat a position
Z%[Nc �ed . Fromits previousobservationstherobotknows, thatthe
humanwasat position Z([Lc � 9gf d at time

� 9gf . This allows
the robot to infer the human’s velocity hi[Nc ��d at time

�
with

h [ c ��d ) cjZ [ c �ed 9VZ [ c � 9kf dld�m con �ed . Note that in our def-
inition velocity is a vectorwhich comprisesmagnitudeanddi-



rectionof thevelocity. Informally we speakaboutthehuman’s
velocity andheading.
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Fig. 2. Accompanying behavior basedon tracking a virtual
moving target

Let usnow assumefor a momentthattherobotat time
�

has
reachedthe desiredrelative positionwith respectto the actual
positionof theaccompaniedperson.We denotethis positionas£Z(^lc �ed . In orderto maintainthis desiredrelative positionduring
its locomotionthe robotneedsto know thehuman’s futureve-
locity andheading,from which it cancomputethevelocityand
headingtaking it to this desiredrelative positionin the future.
We view this desiredfuture relative position

£Z(^lc ��¤ f d asvir-
tual target which moveswith the accompaniedperson.Hence
thetermvirtual moving target.

Theapparentproblemis to estimatethis futurevelocity and
headingof theaccompaniedperson.Sophisticatedmethodsfor
estimatingthevelocity andheadingof a moving objectarede-
scribedin [3], [7]. However, asthe accuratepredictionof the
motion of a personthrougha populated,naturalenvironment,
which underliescontinuousaswell asspontaneouschanges,is
a difficult andoften vain venturein practice,we contentour-
selveswith a very coarseestimate.We simply extrapolatethe
person’s pastvelocity h [ c �ed andtake it asan estimateof the
person’s futurevelocity ¥h [ c �¦¤ f d . With ¥h [ c �¦¤ f d wealsoob-
tainanestimateof theperson’spositionat time

��¤ f , ¥Z([�c ��¤ f d .
This makesit straightforwardto determinethedesiredposition
of therobot,

£Z ^ c �<¤ f d , at time
�<¤ f (seeFig. 2).

At the beginning of the above considerationswe assumed
that at time

�
the robot hasreachedthe desiredrelative posi-

tion
£Z(^lc �ed with respectto theaccompaniedperson.Apparently

this assumptiondescribesan ideal situation. For a numberof
reasonsit is very unlikely, however, that the robot hasreally
reachedthedesiredposition.Firstly, therobot’s locomotionto-
wardsits virtual target may have beenperturbatedby station-
ary or moving obstaclesin theenvironment.So the robotmay
have deviatetedfrom the desiredvelocity

£hr^lc ��d . We discuss
this issuein thefollowing section.Secondly, theestimateof the
person’s future velocity andposition,which we usedto deter-
minetherobot’sdesiredvelocity, couldhavebeinaccurate.The
robotwill notnoticethis beforeit makesits observationat time�
. Finally, therobot’s velocity control is afflicted with a certain

delay, whichalsoresultsin a positionalerror.
All thesereasonstogethermake it very likely that therobot,
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Fig. 3. CombiningtheVelocityObstacleApproachwith virtual
targettracking

whenit sensesits own positionandthepositionof theaccompa-
nying personat time

�
, will discover thatits truepositionZ ^ c �ed

deviatesnoticeablyfrom the desiredposition
£Z(^Yc ��d , which is

determinedby the person’s true position Z([Lc �ed andthe offset
by the lateralandadvancedistance,_ ` and _ � , respectively.
To compensatefor this positionalerror we have to add a ve-
locity vector hØ×ic �ed to the vector ¥h [ c �Ù¤ f d ) h [ c �ed , which
wouldbetherobot’sdesiredvelocity in theidealcase.Thenthe
correcteddesiredvelocity for the robotbecomes

£hr^lc ��¤ f d )
¥h [ c ��¤ f d<¤ hØ×ic �ed . Notethatwe implicitly assumethatthein-
tervals betweenthe instants

� 9Cf R � R �Í¤ f RÒÚ�Ú�Ú areof constant
length n � .
3. Combining the Velocity Obstacle Approach with Virtual

Target Tracking
3.1 Accompanying a Person in an Unobstructed Environ-

ment
Thevelocity

£hi^lc �¦¤ f d is theinput to thecontrollayerwhich
computestheVelocityObstaclesanddeterminesacollision-free
coursefor the robot. This velocity in the ideal caseof an un-
obstructedenvironmenttakes the robot to the desiredrelative
positionwith respectto the accompanying personandthereby
causesdesiredaccompanying behavior. In the following we
briefly discussthis combinationof the Velocity Obstacleap-
proachwith theVirtual TargetTrackingapproachandits effects
in anunobstructedenvironment.

Fig. 3a shows the robot and the humanmoving in an ideal



unobstructedenvironment. As a resultof thepredictionof the
human’s future motion andthe computationof the desiredfu-
ture relative positionof the robot we obtain

£hr^Ùc �0¤ f d asde-
scribedabove. At thispointwedonotcareabouttheconditions
of theenvironment,whichmighteffect this trackingof avirtual
target.We donot accountfor any objectsneitherstationarynor
moving.

For therobot’s desiredvelocity
£h ^ c ��¤ f d we thencompute

thevelocity obstaclesfor theobjectssurroundingtherobot. In
the ideal circumstanceswhich we assumedfor the moment,
thereis just onevelocity obstacle,namelythat causedby the
accompaniedperson.In Fig. 3bwesee,thattherobot’sdesired
velocity

£h ^ c ��¤ f d coincideswith theapex of thevelocity ob-
staclecausedby theaccompaniedpersonbut doesnot lie within
VO. Accordingly,

£hr^lc ��¤ f d is a reachableavoidancevelocity,
i.e. not a colliding velocity, andtherobotcanin factmove to-
wardsthedesiredrelative positionat

�
. Of course,this is what

we expect,but it is still worth mentioning,that in the caseof
an unobstructedenvironment the computationof a reachable
avoidancevelocity doesnot “overwrite” the desiredvelocity£h ^ c �0¤ f d . This will be different in the caseof an obstructed
environmentaswe will seein thefollowing section.

A final remark about the robot’s desired
£h ^ c �#¤ f d : As£h ^ c ��¤ f d lies outsideof VO, it is thereforea reachableavoid-

ancewhich doesnot even requirea velocity change.So, it is
mostnaturalthattherobotmaintainsthisdirectionandvelocity.
Now let us ignorefor a momentthat the robot is supposedto
trackavirtual targetandthusshouldfollow

£h ^ c �b¤ f d . Accord-
ing to theVelocity Obstacleapproachany velocity in thesetof
reachableavoidancevelocitiescanbechosenin orderto avoid
a collision with theperson.Of course,the robot’s relative po-
sition with respectto theaccompaniedpersonvariesdepending
on which velocity the robotsselects. In Fig. 3b we seethree
marked regionsin additionto the arearepresentingthe veloc-
ity obstacleVO, labeledwith Û , Ü , and � , respectively. If the
robot selectsa reachableavoidancevelocity, which lies in Ü ,
therobotwill speedup, reducethedistanceto thepersontem-
porarily andpassto theperson’s left in front of theperson.If it
selectsa reachableavoidancevelocity in � , the robotwill fall
behind,still approachthe person,but passit in its rear. If the
robotselectsavelocityin Û it will steadilyincreasethedistance
to anddepartfrom theperson.

3.2 Motion Coordination with Perturbation - Passing
through a Door

Somewhat moredifficult thanmoving sideby side through
anunobstructedenvironmentis thesituation,whenhumanand
robothave to passthrougha narrow dooror a narrow hallway.
Apparentlytherobotwill haveto adaptits relativepositionwith
respectto theaccompaniedpersondependingon andaccount-
ing for the environmentalconditionswhile it still tries to ac-
company theperson.

An instanceof sucha situationis shown in Fig. 4a). Human
and robot approacha door, which is too narrow to allow the
robotaccompanying thehumanasit would in anunobstructed
environment.How doesourapproachhandlethis situation?

Like in an unobstructedenvironmentwe determinethe rel-
ative positionwhich the robot shouldmaintainin order to ac-
company thepersonandcomputethedesiredvelocity

£hi^!c �Ø¤ f d
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Fig. 4. Humanandrobotpassingthrougha door

which is requestedfor sucha behavior. Note,that in theexam-
ple thevirtual target

£Z(^Yc �<¤ f d maylie behindthewall or even
coincidewith thewall.

We thencomputethevelocity obstaclesfor all theobstacles
in thescenebasedon therobot’s requestedvelocity

£hr^lc ��¤ f d
anddeterminethesetof reachableavoidancevelocities(RAV).
Both the velocity obstaclesand the RAV set are shown in
Fig. 4b. We can seein the figure that the requestedvelocity£hi^Ùc �<¤ f d (dashedarrow) in this scenariois not in theset.The
VelocityObstacleapproach“overwrites”

£h ^ c ��¤ f d andyieldsa
velocity (bold arrow) which allows to avoid any collisionsand
minimizesthedeviation with respectto

£hr^Ùc �º¤ f d .
This commandedvelocity lets the robot slow down, reduce

the distance,and fall behindthe person. Furtheriterationsof
thisprocedurewill slow down therobotevenfurtheruntil it gets
entirelybehindtheaccompaniedperson.Therobotwill passthe
doorbehindtheaccompaniedpersonandthenspeedupagainin
orderto reachthedesirerelative positionagain.

This behavior automaticallyresultsfrom thecombinationof
theVirtual TargetTrackingapproachwith theVelocityObstacle
approach.It doesnot requireany additionalmechanisms.

III. Experimental Results
The above function has beenextensively and successfully

testedin theconcourseof thecentralstationin Ulm, Germany,
during regular businesshours. The missionwasfor the robot
to accompany a personside by side in a lateral distanceof



60cmthroughtheconcourse.Theconcoursehasasizeof aboutòØóÔô\õró
mö , with several rows of seats,an informationbooth

andseveral ticket machines.During the experimentstypically
between50and100peoplewereconstantlystayingandmoving
in theconcourse.Thetotal missiontime addsup to 8–10hours
distributedover severaldays.Thedistancetraveledduringthat
timeaddsup to aroundthreekilometers.Dueto visibility prob-
lemssuchasocclusion,the robotseveral timeslost theperson
which wasto accompany andthenstopped.But therewasno
collisionbetweentherobotanda passenger.

In Fig. 5 an experimentis shown, wherethe formationhu-
man and robot, move througha door. The top pictureshows
therobotwhich is leaving its idealaccompanying positionand
gettingbackbehindtheperson.In thesecondpicturetherobot
hascompletelytaken a following positionandpassesthedoor
behindthepersonasshown in thebottompicture.

Fig. 5. A roboticwheelchairaccompanying a personthrougha
railwaystation.

IV. Conclusion
In this paperwe describedanapproachfor coordinatingthe

motion betweena humanand a mobile robot in a populated,
continuouslychanging,naturalenvironment. Our testapplica-
tion is a roboticwheelchairaccompanying apersonthroughthe
concourseof arailwaystationmoving sideby sidewith theper-
son. During several experimentsthe robot successfullyman-
agedto accompany a personthrough a populatedconcourse
overatotaldistanceof aroundthreekilometerswith atotalmis-
siontimeof 8-10hours.
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