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Abstract: In this paperwe describean approachto coordinatingthe motion of a humanwith a mobile robotmaving in a populated,
continuouslychanging,haturalervironment. Our testapplicationis a wheelchairaccompaying a personthroughthe concourseof a
railway stationmoving sideby sidewith the person.Ourapproachs basecn amethodfor motionplanningamongsmaoving obstacles
known asVelocity Obstacleapproach.We extendthis methodby a methodfor trackinga virtual target which allows usto vary the
robot's headingandvelocity with thelocomotionof the accompaniegersonandthe stateof the surroundingervironment.
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I. Introduction

Theinteraction,cooperationandcoordinatiorbetweera hu-
mananda robot systemis a researcttopic which hasattracted
muchattentionrecently[1], [2], [5], [6]. Undercaptionssuchas
human-friendlyroboticsor human-pbot co-existencethis field
coversa large variety of aspects.Theseaspectgeachfrom a
human-robotommunicatiorbasedon “human-friendly” com-
municationchannelssuchas naturallanguagegesturesmim-
ics, over anunderstandin@f the context of ataskor anunder
standingof situationsvherehumanandrobothave to interactto
achieve a commontask, to physicalinteraction(robot touches
human,humantouchesrobot) and finally to coordinatingthe
motionandactionof the humanandtherobot.

In this paperwe studythe problemof coordinatingthe mo-
tion of amobilerobotandahumanthroughapopulatedcontin-
uouslychangingnaturalenvironment. This problemhasa very
useful applicationin the transportatiorof disabledor elderly
peopleor the transportatiorof patientsin a hospital. Trans-
portationservicesare usually carriedout by nursingpersonnel
which pusheghe patientor disabledpersonsitting or lying in
sometype of carriage for examplea wheelchairor a hospital
bed. Sincepushingandmaneuering a heary carriageexposes
thebackof the pushingpersorto significantstrain,thesepeople
often suffer severelong-termback problems. Using a robotic
wheelchairwhichis ableto follow the nursesideby sidelike a
heelingdog,througharbitrarily populatedcontinuouslychang-
ing naturalervironmentswould certainlyallow thereductionof
this problemor evenavoid it.

Accompalying anobjector apersorsideby sideinvolvesthe
control of the relative positionwith respecto a targetposition
which hasto be inferred from a predictedposition of the ac-
comparying person.Besidesthis, therearefurther constraints
which affect the heelingof a person.ldeally, therobotandthe
persorshouldmove atthe samevelocity. Only if this constraint
is satisfieda true accompaying behaior canbe achieved. So,
accompaying a personsideby sideis not only a positioncon-
trol problembut at the sametime a velocity control problem.
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As afinal constraintthe target position,inferredfrom the pre-
dictedpositionof theaccompaying persormaybe perturbated
throughobstaclesn the environment.

A sideby sidelocomotionor heelingbehaior differs from
following a personasit is describedn the literature(e.g.[9],
[10]) in averycrucialway. A simpleexamplewhichmakesthis
differenceobviousis passingadoorby the compoundobothu-
man. If the robotsimply follows the personthereis no prob-
lematall. The problemobviously ariseswhentherobotis re-
gquestedo accompan the personsideby side. In this situation
therobothasto getbehindthe persornwhile passinghroughthe
doorandcatchup oncethedooris passed.

Onemightarguethatthis situationsuggestso designseveral
distinct behaiors, one for following and one for accompany-
ing, andarbitratebetweerthemappropriately In the following
sectionwe describea differentapproachThis approactallows
the implementationof an accompaping behaior for various
situationsin a uniform manneranddoesnotrequireto arbitrate
betweertwo or moredistinctbehaiors.

I1. Coordinating the Motion of a Human and a
Mobile Robot

For coordinatingthe motion betweena mobile robot and a
humanwe usea threelayer controlarchitecture At the bottom
of this architecturds the layer for elementarymotion control.
This layer offers two control modes,a modefor velocity con-
trol* anda modefor positioncontrol.

The layer for elementarymotion control receves its in-
put from the layer for tactical navigation which computesa
collision-freecourseto atargetpositionin anernvironmentwith
stationaryaswell asmoving objects.This layeris basednthe
\elocity Obstacleapproact4], [8] whichis summarizedn the
following section.

TheVelocity Obstacleapproactassumeatargetvelocityand
headingwhich in the caseof anunobstructeghathleadsto the
targetlocation. In the caseof obstaclegshe approachcomputes
an actualvelocity and heading,which ensurea collision-free
locomotion. Theseactualvaluesmay deviate from the tamget
values. They are selected howvever, suchthat they minimize
this deviation from thetargetvelocity andheading.

I More specifically velocity controlappliesto boththetranslationaknd
rotationalvelocity (v, w)
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Fig. 1. The \elocity Obstacleapproach

The tactical navigation layer is fed by the top layer which
we calledthe Mrtual Target Tracking. By defining a relative
positionof the robotwith respectto the personwhich is to be
accompaniedndby deriving propertargetvelocitiesandhead-
ingsin orderto maintainthis relative positionwhile bothhuman
androbotaremoving, this top layer createghe desiredaccom-
parying behaior.

1. Velocity Obstacles

To introducethe Velocity Obstacle(VO) concept,we con-
siderthetwo circularobjects,A and B, shavn in Fig. laattime
to, with velocitiesv 4 andv . Letcircle A representhemobile
robot,andcircle B representin obstacle.To computethe VO,
we first map B into the Configuation Spaceof A, by reducing
A tothe pointﬁ andenlaging B by theradiusof A to f§, and
representhe stateof the moving object by its positionanda
velocity vectorattachedo its center Then,the setof colliding
relativevelocitiesbetweenA andﬁ, calledtheCollision Cone
CCa,p, is definedas CCap = {vas | AaNB # 0},
wherevy, g is the relative velocity of A with respectto ]§,
va,B = va — v, andAa,s is theline of va,B. This cone
is thelight grey sectorwith apexin A, boundedby thetwo tan-
gentsAy and A, from Ato §, shawvn in Fig. 1b. Any relative
velocity thatlies betweerthetwo tangentso B, ¢ and\,, will
causea collision betweend andB. Clearly, ary relative veloc-
ity outsideCC 4,5 is guaranteedo be collision-free,provided
thatthe obstacleB maintainsits currentshapeandspeed.

The collision cone is specific to a particular pair of
robot/obstacle.To considermultiple obstaclesit is usefulto
establishan equivalent condition on the absolutevelocitiesof
A. This is donesimply by addingthe velocity of B, vg, to
eachvelocityin CC 4, andformingtheVelocityObstacleV O,
VO = CC 4, ® v Whered is theMinkowski vectorsumop-
erator asshavn in Fig. 1b by thedarkgrey sector TheVO par
titions the absolutevelocitiesof A into avoidingandcolliding
velocities. Selectingv 4 outsideof VO would avoid collision
with B. Velocitieson the boundarieof VO would resultin A
grazingB.

To avoid multiple obstaclesye considerthe union of thein-
dividual velocity obstaclesVO = U2, VO p,, wherem is the
numberof obstaclesThe avoidancevelocities,then,consistof
thosevelocitiesv 4, thatareoutsideall the VO'’s.

An avoidancemaneuverconsistf aone-stepchangdn ve-
locity to avoid a future collision within a given time horizon.
Thenew velocity mustbe achievable by the moving robot, thus
the setof avoidancevelocitiesis limited to thosevelocitiesthat

arephysicallyreachabldy robot A ata givenstateoveragiven

interval. Thissetof reatablevelocitiess representedchemat-
ically by the polygon PQRS shawn in Fig. 1c. The setof

reacableavoidancevelocities RAV, is definedasthe differ-

encebetweerthereachableelocitiesandthe velocity obstacle.
A maneuer avoiding obstacleB canthenbe computedby se-
lectingary velocity in RAV. Fig. 1c shavs schematicallythe

setRAV consistingof two disjoint subsets.For multiple ob-

staclesthe RAV may consistof multiple disjoint subsets.

It is possiblethento choosehetype of anavoidancemaneu-
ver, by selectingon which sideof the obstaclethe mobilerobot
will pass. As discussecearlier the boundaryof the velocity
obstacleVO, {d;, é, }, representsll absolutevelocitiesgener
ating trajectoriestangentto §, sincetheir correspondingela-
tive velocitieslay on Ay and,. For example,the only tangent
velocitiesin Fig. 1c arerepresentedby the segmentsKH and
LM of the reachableavoidancevelocity set RAV. By choos-
ing velocitiesin thesetPK H S or M LQ R, we ensurethatthe
correspondingvoidancemaneuerwill avoid theobstacldrom
therear or thefront, respectiely.

2. Motion Coordination By Tracking a Virtual Moving Tar-
get

Let us considertwo moving objectsH and R. To coordi-
natethe motion of both objectssuchthat one object“accom-
panies”the otherrequiresto controltherelative positionof the
accompaying objectR with respecto theaccompaniedbject
H duringlocomotion. As mentionedabove, in our application
the accompanieabjectis a human,for example,a nurse,and
theaccompaying objectis aroboticwheelchairobotin short)
transportinga disabledpersonor a patient.We describehis de-
siredrelative position of the accompaying robotwith respect
to theaccompaniethiumanby avectorpy — pr, Wherepy and
pr arethe positionsof the humanandthe robot, respectiely.
Alternatively thedesiredrelative positioncanbedescribedy a
lateraldistanced;, andanadwancedistanced 4.

What doesmaintainingthe relative positionbetweerthe ac-
comparing andthe accompaniedbjectnow meanin detail?
As therobot’s perceptiortakesplaceonly atdiscretetime steps,
let us considerthe problemat sucha discretetime stept (see
Fig. 2). At time ¢ the robot obseresthe humanat a position
px (t). Fromits previousobserationstherobotknows, thatthe
humanwas at positionpg (t — 1) attime ¢ — 1. This allows
the robot to infer the humans velocity v (¢) at time ¢ with
vu(t) = (pu(t) — pa(t — 1) )/(At). Notethatin our def-
inition velocity is a vectorwhich comprisesmagnitudeanddi-
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Fig. 2. Accompaning behaior basedon tracking a virtual
moving target

Let usnow assumdor a momentthatthe robotattime ¢ has
reachedhe desiredrelative positionwith respecto the actual
positionof theaccompaniegerson We denotethis positionas
Pr(t). In orderto maintainthis desiredrelative positionduring
its locomotionthe robotneedsto know the humans future ve-
locity andheadingfrom which it cancomputethe velocity and
headingtakingit to this desiredrelative positionin the future.
We view this desiredfuture relative positionpr(t + 1) asvir-
tual target which moveswith the accompaniegberson.Hence
thetermyvirtual moving target

The apparenproblemis to estimatethis future velocity and
headingof the accompaniegerson.Sophisticateanethodsor
estimatingthe velocity andheadingof a moving objectarede-
scribedin [3], [7]. However, asthe accuratepredictionof the
motion of a personthrougha populated haturalernvironment,
which underliescontinuousaswell asspontaneoushangesis
a difficult and often vain venturein practice,we contentour-
selveswith a very coarseestimate.We simply extrapolatethe
persons pastvelocity vy (t) andtake it asan estimateof the
persons futurevelocity 9 (¢ + 1). With 94 (¢ + 1) we alsoob-
tainanestimateof thepersonspositionattimet+1, pa (¢ +1).
This makesit straightforvardto determinethe desiredposition
of therobot,pr(t + 1), attimet + 1 (seeFig. 2).

At the beginning of the above considerationsve assumed
that at time ¢ the robot hasreachedthe desiredrelative posi-
tion pr(t) with respecto theaccompaniegerson. Apparently
this assumptiordescribesan ideal situation. For a numberof
reasonst is very unlikely, however, that the robot hasreally
reachedhe desiredposition. Firstly, therobot’s locomotionto-
wardsits virtual target may have beenperturbatecby station-
ary or moving obstaclesn the environment. So the robot may
have deviatetedfrom the desiredvelocity or(t). We discuss
thisissuein thefollowing section.Secondlytheestimateof the
persons future velocity and position, which we usedto deter
minetherobot’s desiredvelocity, couldhave beinaccurateThe
robotwill notnoticethis beforeit makesits obserationattime
t. Finally, therobot’s velocity controlis afflicted with a certain
delay which alsoresultsin a positionalerror.

All thesereasongogethemale it very likely thatthe robot,
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Fig. 3. Combiningthe Velocity ObstacleApproachwith virtual
tamgettracking

whenit sensedts own positionandthe positionof theaccompa-
nying personattime ¢, will discover thatits truepositionpr(t)
deviatesnoticeablyfrom the desiredpositionpr(t), which is
determinedby the persons true positionpx (t) andthe offset
by the lateraland advancedistance,dr andda, respectiely.
To compensatdor this positionalerror we have to add a ve-
locity vector v (t) to the vectordx (t + 1) = wvg (), which
would betherobot's desiredvelocity in theidealcase. Thenthe
correcteddesiredvelocity for the robotbecomegir(t + 1) =
o (t + 1) + ve(t). Notethatwe implicitly assumehatthein-
tervals betweentheinstantst — 1,¢,¢ + 1,... areof constant
lengthAt.

3. Combining the Velocity Obstacle Approach with Virtual

Target Tracking
3.1 Accompanying a Person in an Unobstructed Environ-

ment

Thevelocityor (t + 1) is theinputto the controllayerwhich
computegheVelocity Obstacleanddeterminescollision-free
coursefor the robot. This velocity in the ideal caseof an un-
obstructedenvironmenttakes the robot to the desiredrelative
positionwith respecto the accompaning personandthereby
causeddesiredaccompawing behaior. In the following we
briefly discussthis combinationof the Velocity Obstacleap-
proachwith theVirtual TargetTrackingapproactandits effects
in anunobstructe@nvironment.

Fig. 3a shavs the robot andthe humanmoving in anideal



unobstructedervironment. As a resultof the predictionof the
humans future motion andthe computationof the desiredfu-

ture relative position of the robot we obtainog (¢t + 1) asde-
scribedabove. At this pointwe do notcareaboutthe conditions
of theenvironment,which might effectthis trackingof avirtual

target. We do not accounfor ary objectsneitherstationarynor
moving.

For therobot’s desiredvelocity o (t + 1) we thencompute
the velocity obstacledor the objectssurroundingherobot. In
the ideal circumstancesvhich we assumedor the moment,
thereis just one velocity obstacle namelythat causedby the
accompaniegerson.n Fig. 3bwe seethattherobot’sdesired
velocity 7z (t + 1) coincideswith the apex of the velocity ob-
staclecausedy theaccompaniegersonbut doesnotlie within
VO. Accordingly 9 (t + 1) is areahableavoidancevelocity,
i.e. not a colliding velocity, andthe robot canin fact move to-
wardsthe desiredrelative positionat¢. Of course this is what
we expect, but it is still worth mentioning,thatin the caseof
an unobstructecervironmentthe computationof a reachable
avoidancevelocity doesnot “overwrite” the desiredvelocity
Ur(t + 1). Thiswill be differentin the caseof an obstructed
ervironmentaswe will seein thefollowing section.

A final remark about the robot's desiredog(t + 1): As
or(t + 1) lies outsideof VO, it is thereforea reachablevoid-
ancewhich doesnot even requirea velocity change. So, it is
mostnaturalthattherobotmaintainghis directionandvelocity.
Now let usignorefor a momentthatthe robotis supposedo
trackavirtual targetandthusshouldfollow ¢z (¢t + 1). Accord-
ing to the Velocity Obstacleapproachary velocity in the setof
reachableavoidancevelocitiescanbe chosenin orderto avoid
a collision with the person. Of course the robot's relative po-
sition with respecto theaccompaniegersonvariesdepending
on which velocity the robotsselects. In Fig. 3b we seethree
marked regionsin additionto the arearepresentinghe veloc-
ity obstaclevO, labeledwith D, F, and B, respectrely. If the
robot selectsa reachableavoidancevelocity, which lies in F,
therobotwill speedup, reducethe distanceto the persontem-
porarily andpassto the persons left in front of the person.If it
selectsa reachableavoidancevelocity in B, the robotwill fall
behind,still approactthe person,but passit in its rear If the
robotselectsavelocityin D it will steadilyincreasehedistance
to anddepartfrom theperson.

3.2 Motion Coordination with Perturbation - Passing
through a Door

Somaevhat more difficult thanmoving side by side through
anunobstructe@rnvironmentis the situation,whenhumanand
robot have to passthrougha narrav door or a narraw hallway:.
Apparentlytherobotwill have to adaptts relative positionwith
respecto the accompanieghersondependingon andaccount-
ing for the ervironmentalconditionswhile it still tries to ac-
compar theperson.

An instanceof sucha situationis shavn in Fig. 4a). Human
and robot approacha door, which is too narrav to allow the
robotaccompaning the humanasit would in anunobstructed
ervironment.How doesour approacthandlethis situation?

Like in an unobstructedrvironmentwe determinethe rel-
ative positionwhich the robot shouldmaintainin orderto ac-
compaly thepersorandcomputethedesiredvelocity oz (t+1)

| door

a) work space N

b) configuration space e

Fig. 4. Humanandrobotpassinghroughadoor

whichis requestedor sucha behaior. Note,thatin the exam-
ple thevirtual tagetpr(t + 1) maylie behindthewall or even
coincidewith thewall.

We thencomputethe velocity obstacledor all the obstacles
in the scenebasedon the robot’s requestedrelocity o (t + 1)
anddeterminethe setof reachablevoidancevelocities(RAV).
Both the velocity obstaclesand the RAV set are shawn in
Fig. 4b We can seein the figure that the requestedselocity
r(t + 1) (dashedarrow) in this scenarids notin theset. The
Velocity Obstacleapproactioverwrites”or (¢ +1) andyieldsa
velocity (bold arraw) which allows to avoid ary collisionsand
minimizesthe deviation with respecto g (t + 1).

This commandedrelocity lets the robot slow down, reduce
the distance,andfall behindthe person. Furtheriterationsof
thisprocedurewill slow dowvn therobotevenfurtheruntil it gets
entirelybehindtheaccompaniegerson.Therobotwill passhe
doorbehindtheaccompaniegersorandthenspeedip againin
orderto reachthe desirerelative positionagain.

This behaior automaticallyresultsfrom the combinationof
theVirtual Target Trackingapproactwith the Velocity Obstacle
approachlt doesnotrequireary additionalmechanisms.

I11. Experimental Results
The above function has beenextensively and successfully
testedin the concoursef the centralstationin Ulm, Germary,
during regular businesshours. The missionwasfor the robot
to accompan a personside by side in a lateral distanceof



60cmthroughthe concourseTheconcourséasa sizeof about
20 x 40 m?, with several rows of seats aninformationbooth
andseveral ticket machines.During the experimentstypically

betweerb0and100peoplewereconstantlystayingandmoving

in the concourseThetotal missiontime addsup to 8—10hours
distributedover several days. The distancetraveledduring that
time addsup to aroundthreekilometers.Dueto visibility prob-
lemssuchasocclusion,the robot several timeslost the person
which wasto accompay andthen stopped. But therewasno

collision betweertherobotanda passenger

In Fig. 5 an experimentis shavn, wherethe formation hu-
man and robot, move througha door. The top picture shavs
therobotwhich is leaving its idealaccompaying positionand
gettingbackbehindthe person.In the secondpicturetherobot
hascompletelytaken a following positionand passeshe door
behindthe personasshawvn in the bottompicture.

Fig. 5. A roboticwheelchairaccompaying a personthrougha
railway station.

V. Conclusion

In this paperwe describedan approachor coordinatingthe
motion betweena humanand a mobile robot in a populated,
continuouslychanging,naturalenvironment. Our testapplica-
tion is aroboticwheelchaimccompaning a persorthroughthe
concoursef arailway stationmoving sideby sidewith the per
son. During several experimentsthe robot successfullyman-
agedto accompan a personthrougha populatedconcourse
overatotal distanceof aroundthreekilometerswith atotal mis-
siontime of 8-10hours.
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