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Abstract

Previously, the planlanguagecc-Golog wasintro-
ducedfor the purposeof specifying event-driven
behaior typically found in robot controllers. So
far, however, cc-Golog is usableonly for project-
ing the outcomeof a planandit is unclearhow to
actually executeplanson-line on a robot. In this
paper we provide suchanexecutionmodelfor cc-
Golog and,in addition,shov how to interleave exe-
cutionwith anew kind of time-boundegbrojection.
Along the way we alsodemonstratdow a typical
robot control architecturewherea high-level con-
troller communicatesvith low-level processesia
messagesanbedirectly modelledin cc-Golog.

1 Introduction

Figurel: Actual Trajectoryand Approximation

Considera robotwhich, while engagedn a delivery task,
is to move from Room6213to Room6205$seeFigure1). In
a modernrobot architecturdike XAVIER [Simmonset al.,
1997 or RHINO [Burgardetal., 2004, the controllerwould
issueamessagéo alow-level navigationprocesgelling it the
new destinatioRm6205),andthe navigationprocessvould
then move the robot to its desiredlocation, making use of
intermediategoal pointslik e thoseoutsidedoorways (nodes
1 and2in thefigure)for robustness.

Besidesexecuting such plans, an intelligent robot con-
troller should be able to reasonaboutits actions, that is,
considey for example, whetherit is betterto first chage
the batteriesor to continuethe delivery, which would in-
volve projectingthe outcomeof the delivery taskandcheck-
ing whetherthe batterieswould still have enoughpower af-
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terwards. Moreover, projectionis also valuablefor the de-
signerof robot controllersto find out whethera programun-
derdevelopments executableor whetherit would satisfycer

tain goalsafter execution. In [Grosskreutzand Lakemeyer,

20004, we proposedsucha projectionmechanisnfor cc-

Golog anextensionof GOLOG [Levesqueetal., 1997 fea-
turing a modelof time, continuouschange andthe ability to

wait for conditions(lik e arriving in Rm6205)to becometrue.
While taskslike the above can be modelledquite naturally
in cc-Golog, it sofar remainsunclearhow to actually exe-
cutea cc-Golog planor program(in this paperwe useplan
andprograminterchangeably)To getasenseof theproblem,
considetheactionsof initiating moving justoutsideof Room
6213andwaiting to arrive there. In cc-Golog theseactions
would have the effect of settingthelocationof therobotto a
continuoudinearfunction of time to approximateherobot’s
trajectoryandto advancetime to the point whenthe goallo-

cationis reachedrespectiely. While this seemdine for the
purposeof projection,whichis sometimeslsocalledoff-line

execution[de GiacomoandLevesque 1999, those“effects”
aresimply inappropriateduringactualon-line execution.For

one, the robot hasno control over the passagef time and,
for anothertheactualtrajectoryoftenfollowsafunctionquite
differentfrom theidealizedapproximatior(seethecurvedvs.

thestraight(dotted)line in Figurel). Whatis needednstead,
it seemsarefrequentsensoreadinggelling the robotabout
the currenttime andlocation, which shouldbe usedinstead
of themodelsof how time passe®r how therobotmoves. A

waiting actionwould thensimply reduceto atestwhetherthe
goalhasbeerreached Anotherminorcomplicationis thatac-
tionsthatarepartof themodelof alow-level processuchas
navigation needto be ignoredduring executionexceptfor an
actionthatactivatesthe process.Finally, while projectionin

cc-Golog sofaris limited to a completeprogramstartingin

theinitial state,onewould oftenlik e to projecton thefly dur-

ing execution,similar to the searchoperatorof [de Giacomo
andLevesque]1999. However, for reasonf efficiengy, we

wouldliketo go beyondthatandallow for arestrictedprojec-
tion of a program,which only searchesip to a (temporally)
limited horizon. For instanceif therobotis in themiddleof a
delivery but nearthe dockingstation,we wantto enableit to

find outwhetherthecomingactiities would allow it to oper

atefor atleastanothers minutesand,if not, decideto chage
thebatteriedirst.

In this paper we shov how all this can be donein cc-
Golog. For thatwe first shav how arobotcontrol architec-
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ture where a high-level controller communicatesvith low-
level processesia messagesanbe modelleddirectly in cc-
Golog. Themainadvantages thatthereis a clearseparation
of the actionsof the high-level controllerfrom thoseof the
low-level processesThenwe discusshe changesiecessary
to usethesamecc-Golog programbothfor on-lineexecution
and projection. Finally, we shov how a time-boundedro-
jection mechanisncanbe definedandinterleared with exe-
cution.

The restof the paperis organizedasfollows. In Section
2, we briefly review cc-Golog andthe situationcalculuson
whichcc-Golog is based.Thenwedescribeénow to modelthe
robotcontrolarchitectureandgive anexampleof amodelof a
low-level navigation processin Sections4 and5 we discuss
the changesieededo allow on-line executionof cc-Golog
programsand how on-line executionand projectioncan be
interleaved. We endwith a brief summaryanddiscussiorof
relatedwork.

2 Preliminaries

The Situation Calculus The semanticsof cc-Golog is
basedon an extensionof the situationcalculus[McCarthy
1963. We will only go briefly over the basicsituationcal-
culus: all termsin the languageare one of the following
sorts: ordinary objects,actions,or situations;thereis a spe-
cial constantS, usedto denotethe initial situation namely
thatsituationin which no actionshave yet occurredithereis
adistinguishedinaryfunctionsymboldowheredo(a, s) de-
notesthe successosituationto s resultingfrom performing
theactiona; relationswhosetruth valuesvary from situation
to situationare calledrelationalfluents and are denotedby
predicatesymbolstaking a situationterm astheir last argu-
ment;similarly, functionsvaryingacrosssituationsarecalled
functionalfluentsandaredenotedanalogouslyfinally, there
is a specialpredicatePosga, s) usedto statethatactiona is
executablen situations.

Within this languagewe canformulatetheorieswhich de-
scribehow the world changesas the result of the available
actions. One possibility is a basic action theory of the fol-
lowing form [Levesqueetal., 1994:

e Axiomsdescribingheinitial situation,Sy.

e Action preconditionaxioms,onefor eachprimitive ac-
tion a, characterizingosga, s).

e Successostateaxioms(SSAs), onefor eachfluent F,
stating underwhat conditions F'(£,do(a, s)) holds as
a function of what holdsin situations. Thesetake the
placeof the so-calledeffect axioms,but alsoprovide a
solutionto the frameproblem.

e Domainclosureanduniquenameaxiomsfor theactions.

e Foundationaldomainindependenaxioms.

Let us now considerextendingthis basicsituationcalcu-
lus by time andcontinuouschangeaccordingto [Grosskreutz
and Lakemeyer, 20004. Note that theseextensionsare in-
tendedfor the purposeof projectionsonly. In Section4 we
will discusghenecessarghangeso allow on-lineexecutions
aswell. We begin by addingtwo new sortsreal andtime !
Similar to Pinto and Reiter[Pinto, 1997; Reiter 1996, we

For simplicity, the realsare not axiomatizedand we assume

their standardnterpretationsogethemwith the usualoperationsaand
orderingrelations.The sorttime rangesover therealsaswell.
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introducea specialunary functional fluent start connecting
situationsandtime. Theintuition is thatstart(s) denoteghe
time whensituations begins. (We deferthe formal definition
of startuntil afterthe discussiorof the passagef time.)

As in [Pinto, 1997, continuouschangeis modelledbased
ontheideathata fluentlike the positionof a robottakesas
valuea functionof time. For example,in the situationwhere
arobotstartsmoving, its 2-dimensionalocationcanbe char
acterizedin a someavhatidealizedfashion)by alinearfunc-
tion of time, startingatits actualpositionandmoving toward
its destination. We call functionalfluentswhosevaluesare
continuousfunctionscontinuousfluents In orderto repre-
sentthe value of continuousfluents,we addto thelanguage
anothersortt-function,whoseelementaremeanto befunc-
tions of time. We assumethat thereare only finitely mary
function symbolsof type t-function and we requiredomain
closuie anduniquenamesaxiomsfor them,justasin thecase
of primitive actions.Furthermorepneneedgo specifywhat
valuesthesefunctionshave at ary particulartime t. This is
donewith thehelpof thespeciabinaryfunctionval. Thefol-
lowing axiom illustratesthe useof val, wherethe valuesof
constantfunctionsanda specialkind of linearfunctionsare
defined.

val(cons{z t) = (z,y);
val Iineail;(.é,yy):vi,vyg t:)g,)t) = (z',y") =
z=x+uv,*x(t—to) Ny =y +uvy*(t—to)

While consfz,y) always evaluatesto the tuple (z, y),
linear(z,y, vg, vy, to) is alinearfunctionintendedo approx-
imate the movementof a robotin 2-dimensionakpace(we
ignorethe detailsof representinguplesof realsin logic).

Motivated by the fact that during the executionof plans
time passesnerelywhenthe high-level controlleris waiting,
thefluentstartchangedts valueonly asaresultof thespecial
primitive actionwaitFor(¢). Theintuition is asfollows. Nor-
mally, every actionhappensmmediately thatis, the starting
time of the situationafterdoinga in s is thesameasthestart-
ing time of s. The only exceptionis waitFor(¢): wheneer
this actionoccurs,the startingtime of the resultingsituation
is advancedo theearliesttime in thefuturewhen¢ becomes
true.

The arguments of waitFor are restricted to so-called
t-forms, which are special formulas involving contin-
uous fluents with the situation argument suppressed
(seelGrosskreutandLakemeyer, 20004 for details).Anex-
ampleis (battLevel < 46). Given a t-form ¢, ¢[s,t] de-
notes¢ with every continuousfluent evaluatedin situation
s attime t. For example, (battLevel < 46)[s,t] becomes
(val(battLevel(s),t) < 46). Thefollowing axiomdefineshe
leasttime point afterthe startof s where¢ becomedrue:

Itp(g, s, t) = P[s,t] At > start(s)A
Vi'.start(s) <t <t D —g[s,t]
A waitFor(¢)-actionis possibleiff ¢ hasaleasttime point:
PosgwaitFor(¢), s) = 3t.ltp(¢, s, t).
Finally, the following successostateaxiomfor start cap-
turestheintuition thatthe startingtime of a situationchanges

only asaresultof awaitFor(¢), in which caseit advancego
theearliesttime in thefuturewheng holds.

Poss(a, s) D [start(do(a,s)) =t =
Jd¢.a = waitFor(@) A ltp(e, s, t)V
Vé.a # waitFor(¢) At = start(s)]].
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Example To illustrate the use of thesedefinitions, let us
model how a robot’s location changesas a result of primi-
tive actions.For simplicity, we ignoretherobot’s orientation
andrepresentts positionby the continuousluentrobotLog
which evaluatesto a tuple of reals. Therearetwo typesof
actionsthat affect the locationof the robot: startGd{z, v)),
whichinitiatesmoving therobottowardsposition{z, y),? and
endGowhich stopsthe movementof the robot. We assume
that startGois only possibleif the destinationdiffers from
the robot’s currentlocation. Thenwe obtain the following
successostateaxiomfor robotLoc

Poss(a, s) D [robotLoddo(a, s)) = f =
3t, x,y. t = start(s) A val(robotLods),t) = (x, y)A
32, y', vz, vy.a = startGA{z’, y')) Av, = (&' —z) /v
Avy = (y' —y) /v A f =linear(z,y, vy, vy, t)V
a = endGoA f = cons{z,y)V
V', y'.a # startGaz’,y') A a # endGo\
f = robotLods)]

where,v = \/(2' — )2 + (y' — y)? is anormalizingfac-
tor neededn orderto ensurethatthetotal 2-dimensionat/e-
locity doesnotexceedl.

Thevariablesz andy referto the coordinate®f therobot.
After startGd(z',y’)), robotLoc has as value a linear t-
function startingat the currentposition and moving toward
(z',y"). After endGq it is consf(z,y)). Finally, if a is
neithera startGonor a endGoaction, robotLocremainsun-
changed.

cc-Golog We now turn to cc-Golog, which offers con-
structssuchassequencesdterationand procedurego define
complex actions.In addition, parallelactionsareintroduced
with a corventionalinterleasing semantics.

e primitive action
waitFor(¢) wait until conditiong becomedrue
@7 testaction
[01,09] sequence
if(¢,01,09) conditional
while(¢, o) loop
withPol(oy,05)  prioritizedexecutionuntil o5 ends
procS(z)o proceduradefinition

Using cc-Golog, it is possibleto specify event-driven be-
havior quite naturally For example,the following program
specifieghattherobotis to travel to Room6205andsay“In

Hallway” if it ever entersthe hallway onits way.

prgl =withPol([waitFor(inHallway), say(“In Hallway”)],
[senddestRm, 6205), reg(reached) = 62057])

Here the sendaction indicatesthat the robot assignsthe
roomnumberto aregister, which leadsto anactivationof the
navigation procesgo headto thatroom, andthenblocksex-
ecutionuntil the registerreacedsignalsthat the navigation
proceshascompletedsuccessfullyThedetailsof thisarchi-
tecturearefoundin Section3.

The semanticof cc-Golog is specifiedsimilar to that of
ConGolog [Giacomoet al., 200d. Its mainingredientsare
a predicateT'rans(o, s, d, s'), which definessingle stepsof

2For simplicity, we modeltherobotasalwaystraveling at speed
1m/s. In a morerealisticmodel, we would also considerdifferent
velocities.

SUnprioritizedconcurreng canbedefinedaswell, butis omitted
sincewe do not useit in the paper
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computationandanotheipredicateFinal (o, s). Final spec-
ifies which configurations(o, s) arefinal, meaningthat the
computationcanbe considereccompleted. This is the case,
roughly, whenthe remainingprogramis nil, but notif there
is still a primitive actionor testactionto be executed. We
leave outthe detailsfor reason®f space.

Intuitively, the predicatel'rans(o, s, d, s') associatewith
agivenprograme andsituations a new situations’ thatre-
sultsfrom executinga primitive actionin s, anda new pro-
gramd that representsvhat remainsof o after having per
formedthataction. For spacereasonsyve only list a few of
theaxiomsfor Trans.

Trans(a, s,d,s') = Posga, s) Ad = nil A s’ = do(a, s)
Trans(nil, s, d,s") = FALSE
Trans(¢?,s,6,5') = ¢[s] A =nil A s' = s*
Trans(seq(o1,02),s,0,8') =
Final(o1,s) A Trans(os,s,0,s')V
38" Trans(o1,s,0',8") A § = seq(d', 02)
Trans(withPol(oy, 03), s,0,s') = ~Final(oa, s)A
361.Trans(o1, 8,01, 8") A& = withPol(dy, a2)A
Vda, s3.Trans(oa, 8,02, s2) D start(s’) < start(sz2)]
V 362.Trans(os, s,02,8") A& = withPol(o1, d2)A
Vo1, s1.Trans(o1,s,01,s1) D start(s') < start(s1)]

A transitionof a primitive actionrequiresit to be possible
in the currentsituation,leaving nothing (nil) to be doneaf-
terwards. The executionof o5 with policy o; meanghatone
actionof oneof the programss performedwherebyactions
which canbe executedearlier are always preferred. If both
o1 ando, areaboutto executeanactionatthesametime, the
policy o, takesprecedencé.

A final situations’ reachablaftera finite numberof tran-
sitions from a starting situationis identified with the situ-
ation resultingfrom a possibleexecutiontrace of program
o, startingin situations; this is capturedby the predicate
Do(o, s, s'), whichis definedin termsof T'rans*, thetransi-
tive closureof Trans:

Do(6,s,s") = 36" . Trans*(4,s,d',s") A Final(d',s")

Trans*(9,s,d',s") =VT[... D T(4,s,d",s")]

wherethe ellipsis standsfor the universalclosureof the
conjunctionof thefollowing formulas:

T((s’ 8’6, s)
Trans(d,s,8",s") ANT(8",s",8',s") D T(d,s,0",s")

Givenaprogramd, proving thaté is executabldn theini-
tial situationthenamountsto proving ¥ = 3sDo(d, So, s),
whereX: consistsof the above axiomsfor cc-Golog together
with a basicactiontheoryin the situationcalculus.

3 A Robot Control Architecture

As indicatedin the introduction,in modernrobot architec-
tureslike XAVIER [Simmonsetal., 1997 andRHINO [Bur-
gardet al., 200d, the high-level controllerdoesnot directly
operatethe robot’s physicalsensorandeffectors. Instead,it

“Here, ¢ standsfor a situationcalculusformula with all situa-
tion argumentssuppressedg[s] will denotethe formula obtained
by restoringsituationvariables to all fluentsappearingn ¢.

°Note that T'rans requiresa reification of formulasand pro-
gramsin the logical language.See[Giacomoet al., 200d for how
this canbedone.
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activatesanddeactvatesspecializedorocessefik e a naviga-
tion processto which we will refer aslow-level processes
Thejob of thehigh-level controlleris thento combinetheac-
tivation anddeactvation of theseroutinesin a way to fulfill
the overall goal. It turnsout that cc-Golog allows a logical
reconstructiorof this type of architecturein a fairly natural
way. Theoverall architectures illustratedin Figure2.

. reg(destRm) [a)
high-level low-level |2
reg(reached) o

controller processes | O
=

Figure2: RobotControl Architecture

The communicatiorbetweenthe low-level processesand
thehigh-level planis achiezedthroughthe specialfluentreg.
Thehigh-levelinterpretercanaffectthevalueof reg by means
of the specialactionsendid, val) which assignsreg(id) the
valueval. Theintuition is thatin orderto activatea low-level
processthehigh-level controllerexecutesa sendaction. For
example theexecutionof send destRm, 6205) wouldtell the
navigationprocesgo startmoving toward Room6205.

On the other hand, the low-level processesan provide
the high-level controller with information by meansof the
(exogenous)ction reply(id, val). For example,in orderto
inform the high-level controllerthat it hasreachedits des-
tination, the low-level processwould causean exogenous
reply (reached, 6205) action. The following successostate
axiomspecifieshow reg is affectedby sendandreply.

Poss(a, s) D [reg(id, do(a, s)) = val =
a = sendid, val) V a = reply(id, val) Vv reg(id, s) = val
A= (3r,v.a = sendr,v) V a = reply(r,v))]

3.1 Modeling Low-level Processes as cc-Golog
Procedures

To describecomplex low-level processedike a navigation
processwe model low-level processess cc-Golog proce-
dures® Givenafaithful characterizationf thelow-level pro-
cessesn termsof cc-Golog procedureswe canthenproject
the effect of the activation of theseprocessessingtheir cor-
respondingcc-Golog models. We stressthat theseproce-
duresare not meantto be executed,but ratherrepresenta
modelof the effectsof the correspondindow-level process.

As an example, let us considera low-level navigation
process. It is activatedthrougha senddestRm, R) action,
which assignsreg(destRm) the value R and tells the pro-
cessto travel to room R. The processcauseghe robot to
move towardsR until the destinatioris reachedyhereit in-
formsthe high-level controllerof the arrival by meansof an
reply (reached, R) action.

We model this behaior by the cc-Golog procedure
navPioc. navPioc makes use of the following functions:
ezitOf (R), inside(R) and currentRoom. ezitOf mapsa
room name R to a location nearthe exit of room R, and
inside to location within R. currentRoomis a function
whosevaluein s is the nameof the room the robot is in
at the beginning of s. We write gotoLoc(d) as an abbre-
viation for [startGdd), waitFor(near(d))] and loop(o) for
while(TRUE, o).

5Thisis similarto [GrosskreutandLakemeyer, 20004, wherea
probabilisticporogrammindanguages usedto modelprocessewith
uncertainoutcome.
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navPioc= loop([reg(destRm) # currentRoom?,
if(currentRoom # HALLWAY,
gotoLoc(exitOf (currentRoom))),
gotoLoc(exitOf (reg(destRm))),
gotoLoc(inside(reg(destRm))), endGq
reply(reached, reg(destRm))])

Initially, the navigation process is blocked until
reg(destRm) is assigneda room name different from
the one the robot is actuallyin. Then navPioc executesa
sequenceof startGo actions, approximatingthe trajectory
towardsthedestinatiorroomby a polyline with anedgenear
every doortherobothasto travel through(seeFigurel).

3.2 Projection

We will now describehow to projecta cc-Golog plan,taking
into accountthe cc-Golog modelof the low-level processes.
Let s be a situation, {l,,,4e; @ model of the low-level pro-
cessed,ando acc-Golog program.A projections’ canthen
be identified with the situationthat resultsfrom the concur
rentsimulationof o andll startingin s.

PrOj(S, ag, ”modela 8') = DO(WithR)'(llmodel, 0), S, Sl).

Let AX,. be the setof foundationalaxiomsof Section2
togetherwith the domainclosureand uniquenamesaxioms
for t-functions,the axiomsrequiredfor t-form’s, the axioms
definingval, the preconditionaxiomfor waitFor, andaxioms
statingthat the robot is in Room 6213 togetherwith other
appropriatedescriptionsof the ervironmentlik e a definition
of inHallway in terms of coordinateson the map. Using
AX.., we canprojecttheplanprglfrom Section2. We write
do([ay, -..a,), s) ashorthandor do(ay, ..., do(ay, s)...).

AX.. E Proj(So,prgl, navPioc, s) =
s = do([send destRm, 6205), startGdl, )
waitFor(near(ly)), startGals),
waitFor (inHallway), say(“In Hallway”)
waitFor(near(l2)), startGqls),
waitFor(near(l3)),endGo
reply(reached, 6205)], So)

The projectedexecutiontraceincludesa startGql;) and
waitFor(near(l;)) actionfor every nodeon the approximat-
ing trajectory wherethel; standfor coordinatesorrespond-
ing to the nodes: in Figure 1. Additionally, it includes
a say“In Hallway”) which is executedimmediately after
the hallway hasbeenreachedwhich is assumedo happen
just after leaving near(ly). The executiontrace endswith
reply(reached, 6205), which completeghe navigationtask.

4 On-Line Execution of cc-Golog plans

Projectionssuchasthe above shouldbe understoocisa way
of assessingvhethera programis executablein principle.
The resultingexecutiontraceis not intendedasinput to the
executionmechanisnof the robot for several reasons. For
one,mary of theactionslike startGq(l;) only seneto model
the navigation processand are not meantto be executedby
the high-level controllerat all. For another actionsthat do
belongto the high-level controllerlik e waitFor(inHallway)
mustbeinterpretedifferentlyduringon-lineexecution.This

"In ourexample thenavigationprocesss theonly low-level pro-
cess,so we cansimply usenavPoc. If therewere morerelevant
low-level processed/.noq4e: Would amountto theconcurrenexecu-
tion of theindividual cc-Golog models.
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is becauseduring projection waitFor advancestime to the

leastpoint wherethe condition is satisfiedaccordingto an

idealizedmodel of the world (like piece-wiselinear trajec-
tories). During actualexecution,however, a waitFor should
intuitively be treatedsimply asa test,wherea conditionlike

beingat a certainlocationis matchedagainsisensoreadings
reflectingthe actualstateof affairs.

In orderto seehow suchsensoreadingscanbe obtained,
let us briefly look at how actualrobotslike the RHINO sys-
tem dealwith it. Therewe find a tight updateloop between
the low-level systemandthe high-level controller This up-
dateloop periodicallyprovidesthe high-level controllerwith
anupdateof the low-level processeséstimateof continuous
propertiedik e the batteries’'voltagelevel or the robot’s po-
sition (typically severaltimesa second).The periodof time
betweertwo subsequentpdatess sosmallthatfor practical
purposeghe latestupdatecan be regardedas providing not
only the correctcurrenttime but alsoaccuratevaluesof the
continuoudluentsat the currenttime.

Our solutionis thento representhe updatesdy meansof a
new exogenousctionccUpdateandto treatwaitFor’s simply
asspeciakestsduringon-lineexecution.Intuitively, theeffect
of ccUpdateis to setthe value of the continuousfluentsto
the latestestimatesof the low-level processes.The actual
argumentof ccUpdatedependon thecontinuoudluentsthat
areto beupdatedln ourexamplescenarioccUpdatehasfour
arguments:z, y, [ andt, wherez andy referto the current
position of the robot, [ to the currentvoltagelevel andt to
the currenttime. To geta senseof the effect of ccUpdate
let us considera new versionof the successostateaxiom
for robotLocof Section2 suitablefor both on-line execution
andprojection. For simplicity, it is assumedhatthe actions
startGoand endGoonly occur during projection(as part of
themodelof thelow-level navigationprocess).

Poss(a, s) D [robotLoddo(a, s)) = f =
3t, z,y. t = start(s) A val(robotLods), t) = (z,y)A

[Fz',y', vz, vy.a = startGd{z’,y')) Avy = (&' — ) /v
Nvy = (y' —y)/v AN = linear(x, y, v, vy, t)V

a = endGoA f = cons{z,y)V

',y ', t'.a = ccUpdatéz’, y',l', t')
Af = consfz',y')V

VZ.a # startGAZ) A a # ccUpdatéz) A a # endGa\
f = robotLods)]

Note thatccUpdatesimply “assigns” f the constanfunc-
tion constz’, y'), which reflectstheideathat, duringon-line
execution thelinearapproximatiorof thetrajectoryplaysno
role andthattheactualvalues(z’, y') shouldbeusedinstead.

Besidesupdating the value of the continuousfluents,
ccUpdateis of prime importancebecausét causedime or,
better theinternalclock to advanceduringexecution.There-
fore, we needto modify the successostateaxiom of the
fluent start In orderto accountfor the fact that time ad-
vancesdifferently in projectionsand during on-line execu-
tion, we needto explicitly distinguishbetweerthetwo modes
of operation.For that purposewe introducea specialfluent
online(s) which canonly changeits truth value by the spe-
cial actionssetOnlineandclipOnling, respectiely. (Specify-
ing the SSA for online is easyandleft out.) The SSA for
startthenbecomes

Poss(a, s) D [start(do(a,s)) =t =
—online(s) A Ip.a = waitFor(@) A ltp(o, s, t)V
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online(s) A Ay, Yu, ly.a = ccUpdatéz,,, yy, Ly, t)V
t = start(s) A (—online(s) D V¢.a # waitFor(¢))A
(online(s) D VZ.a # ccUpdatéz))].

In otherwords,start(do(a, s)) is assignedheleasttime point
whenthewaitFor-conditionbecomedrue underoff-line exe-
cution, or thetime valuereturnedby ccUpdateunderon-line
execution,or it remainsthe same.We remarkthat we could
equivalentlywrite two separatsuccessostateaxiomsfor the
on-line and off-line caseusingthe idea of guardedsucces-
sorstateaxiomsproposedn [GiacomoandLevesque1999.
While this would enhancehe readabilityand modularity of
theaxioms,we do not pursuethis ideafurtherherefor space
reasons.

The preconditionaxiom for ccUpdate ensuresthat the
startingtime of legal actionsequenceis monotonicallynon-
decreasing:

Poss(ccUpdatéz, y,l,t),s) =t > starf(s))

A waitFor(¢) instructionis treatedasa speciakind of test
duringon-lineexecution:it succeedsmmediatelyiff thecon-
dition ¢ is true at the beginning of the actualsituation. To
ensurethis intendedbehaior, we modify the definition of
Trans for primitive actions:

Trans(a,s,0,s') =
Posga, s) A d = nil A s' = do(a, s)
Alonline(s) D Vé.a # waitFor(¢)]
V online(s) A Jp.a = waitFor(¢) A ¢[s, start(s)]
As =8 N0 =mnil
Finally, we remarkthat anotherdifferencebetweenpro-
jectionandon-line executionis thatduring actualexecution,
wheneerthehigh-level controllerexecutesa sendaction,the
interpretershouldcheckwhetherthis signalsan activation of
a low-level processand, as a side-efect, activate the actual
low-level processf necessary

On-Line Execution The situationswhich canresultfrom
the on-line executionof a plan have a specialstructure.Ba-
sically, they aremadeup of the sequencef robotactionsas
definedby the possibletransitions(similar to the execution
tracesdefinedby Trans*), however with an arbitrary num-
berof exogenousctionsbetweerany two robotactions.For-
mally, thesituationss’ which canresultfrom the executionof
aprograme in situations canbecharacterizethy thefollow-
ing predicatel'rans®*°:

Trans®*°(o,s,d,s') =VT[... D T(4,s,0',s")]
wherethe ellipsis standsfor the universalclosureof the
conjunctionof thefollowing formulas:

T((s’ 855’ S)
Trans(d,s,8",s") ANT(6",s",8',8") D T(4,s,0",s")
exog(a) D T(d,s,0,do(a, s)), where

exog(a) = Fi,n,F.a = reply(i,n) V a = ccUpdatéz)

Note that this differs from the original T'rans* in Sec-
tion 2 only in the last conjunct,which expresseghat an ar
bitrary numberof exogenousactionsmay occurbetweerary
ordinary transition. As an example,let us considera pos-
sible on-line executiontrace of prgl. prgls first actionis
senddestRm, 6205), which resultsin an actiation of the
navigation process,which we then assumeto provide the
high-level controller with ccUpdateactionsevery .25 sec.
Theexecutiontraceresultsin situationS, .., wherethep;, ¢;
standfor appropriater — y-coordinateslongthe pathof the
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robot (we have left out the 3rd agument(voltagelevel) of
ccUpdats.

Sezec = do([send destRm, 6205),
CCUpdatQpla qi, 025)5 CCUpdatép% gz, 05)7
ccUpdatéps, g3,0.75), ccUpdatépa, g4, 1.0),
say(“In Hallway"), ..., ccUpdatépso, g0, 7-5),
reply (reached, 6205)], So).

It is not hardto seethat S, is alegal on-line execution
traceof the introductorycc-Golog programprgl, provided
the coordinategpy, ¢4) arethefirst to satisfyinHallway and
(ps0,q30) IS nearthe destination(/3). Note that waitFor no
longeroccursin theactionsequencsinceit is now merelya
test. Let AX .., besimilarto AX .. but with the new defini-
tions of this sectionconcernindl'rans, start, ccUpdateand
robotLoc Let T be AX.x U online(So). Then

T | 38.Trans®®°(prgl, So, 9, Sezec) A Final(d, Sezec)

5 Interleaving Projection and On-Line
Execution

[deGiacomoandLevesque 1999 suggesthatit is oftenuse-

ful to interleave on-line executionand projection. With our

modelof time we cantake this ideaonestepfurtherandde-

fine projectionduring on-line executionwith the possibility
to explicitly putatime-boundonthe projection.

5.1 Projection in non-initial Situations

_
= 1Th

Figure3: Projectionduring Execution
So far, we have only consideredprojectionof cc-Golog
in theinitial situation. To seehow thingswork in non-initial
situation,let us againconsiderour examplescenariowhere

projectionmakes useof a model of the navigation process.

Supposeave arein the situationillustratedin Figure3, result-
ing from the on-line executionof prgl. The controller be-
gins executionby activating the navigation processthrough
senddestRm, 6205), after which the low-level processpro-
videsthe high-level controllerwith a sequencef ccUpdats
(theccUpdates areindicatedasblackdotsin thefigure). The
controlleris now in situationS; with

S1 = do([senddestRm, 6205),
ccUpdatépy, g1, 0.25), ccUpdatéps, g2, 0.5),
ccUpdatéps, g5, 0.75), ccUpdatéps, g4, 1.0)], So).

First, let us considerthe value of the continuousfluent
robotLocin S;. LetT bedefinedasbefore.Then

T = robotLod S;) = constps, q4).

We canalsoinfer thatwhat remainsfrom prglin S; dif-
fers from the initial plan (becausesenddestRm,6205) has
alreadybeenexecuted).

T | 38.Trans®™(prgl, So, d, S1)A
0 = withPol([waitFor(inHallway), say(“In Hallway”)],
[reg(reached) = 6205])?
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Giventheupdatedralueof robotLog we cannow correctly
projectthattheremainingplanwill causeherobotto directly
travel to its destination. Note the useof clipOnline, which
forcesa switchto projectionmode.

T V4, s.Trans®°(prgl, So,d,51) D
Proj(do(clipOnline, Sy),d,navPog, s) =
s = do([startGq(ls),
waitFor(inHallway), say(“In Hallway”),
waitFor(near(l2)), startGq(ls),
waitFor(near(l3)), endGaq
reply(reached, 6205)], do( clipOnline, S1))]
Thereasonwhy projectionsin non-initial situationsof the
examplescenarioarefairly straightforvardis thatwe never
haveto remembethestatetheactualnavigationprocesss in.
More precisely for ary given position,the cc-Golog model
of the navigation processyields an appropriateapproxima-
tion of the remainingtrajectory of the robot (as illustrated
in the above projection). While mary low-level processes
usedin mobile robotsseemto have this property we remark
that processesvhereone needsto keeptrack of their inter-
nal stateduring executioncanbe dealtwith in a way similar
to [Grosskreutz200d. Thedetails,however, areoutsidethe
scopeof this paper

5.2 Projection Tests

In orderto allow for atime-boundedookaheadyve definethe
predicateProj(¢, t, o, s), which is true, roughly, if ¢ holds
attime ¢ in the projectedexecutionof a plan ¢ in situation
s. Letll,,,qe referto anappropriatenodelof the low-level
processesshefore.

do*, s*.¢(s*) A start(s*) < tA

Trans*(WithPol(ll0de1, o), do(clipOnline, ), o*, s*)

AVo**, s** . Trans*(o*, s*,0**,s**) D start(s**) > t

VFinal(c*,s*)]

Again, we useclipOnline to switch to projection mode.
Thedisjunctinvolving Final coversthe casewherethe pro-
jectedplanendsbeforetime ¢. Using Proj within testcondi-
tions,acc-Golog plancancheckwhethera possiblebehavior
would leadto certainconditions,andthusdeliberateover dif-
ferentpossiblesubplans.In addition, the lookaheadcanbe
limited to a certainamountof time ¢, which seemsvery use-
ful in orderto make quick decisions.A possibleapplication
of this test, illustrated by the following program,would be
to checkif the batterylevel is going to drop below 46V in
the next 300 secondsf the robot comescloseto the battery
dockingstation.

withPol([wait For(near BattDockingStation),
if (Proj(deliverMail, 300, batt Level < 46),
chargeBatteriey],
deliver M ail)

6 Implementation
Although the definition of cc-Golog requiressecond-order
logic, it is easyto implementa PROLOG interpreterfor cc-

Golog, justasin thecaseof theoriginal ConGolog.8 In order
to dealwith the constraintsmplied by thewaitFor instruction

8Thesubtledifferencedetweerthe seconcrderaxiomatization
of ConGolog anda PROLOG implementatiorarediscussedn [Gi-
acomoetal., 2004.
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during projection,we have madeuseof the ECRC Common
Logic ProgrammingSystemEclipse4.2 andits built-in con-
straintsolverlibrary cl pr (similarto Reiter[Reiter 1999).
As for the on-line executionof cc-Golog plans,we have
implementedh prototyperuntimesystemthatcouplesthecc-
Golog interpreterto the beeSoft executionsystem[Burgard
etal., 200d. Thelink betweerour PROLOG implementation
andthebeeSoft executionsystems basedntheHigh-Level
InterfaceHLI [Hahneletal., 1999 which providesa uniform
PROLOG interfaceto the low-level processe®f beeSoft,
along with a monitoring componentwhich provides status
updateaboutthe stateof executionof the actvatedmodules.
In particular our runtime-systenthandleshigh-level sendac-
tions, which are mappedo commanddgo the low-level pro-
cessesandperiodicallygeneratescUpdateactionsreflecting
thelatteststatusupdatef the low-level processes.

7 Summary and Discussion

In summarywe have extendedcc-Golog sothatit becomes
suitablefor both projectionsof plansandtheir on-lineexecu-
tion. In doingso,we alsoincorporatech modelof arobotar
chitecturetypically found on modernmobile robots. Finally,
we shavedhow to interlease on-line executionanda form of
time-boundegrojection.

As mentionedbefore theideaof modelingbothprojection
andon-line executionwasfirst exploredin [de Giacomoand
Levesque1999. However, the authorsconsidemeithertime
northeideaof low-level processewhichinteractwith ahigh-
level controllerin complex ways. Most importantly thereis
no distinction betweenthe effects on fluentsduring projec-
tion andon-line execution,a distinctionwe feel is necessary
whenit comego modelingessentiafeaturesof mobilerobots
suchastheir location at a giventime. [Lesperance&ndNg,
2000 have extendedde Giacomoand Levesques ideasin a
directionwhich bearssomeresemblancet ours. They pro-
posethatduring projectiononealsoneedgo considera sim-
ulatedervironmentwhich, for example,producesxogenous
actionsto inform thehigh-level controllerthatthe destination
is reachedHowever, their notionof a simulatedervironment
remainsfairly simple sincethey are not ableto modeltem-
porally extendedprocessesandthey alsodo not distinguish
betweenthe effects on fluentsduring projectionand on-line
execution.We feel thatour proposaladdressesomeof these
shortcomingsndbringslogic-basedobotcontrollersyetan-
otherstepcloserto realworld robotics.

The examplesin this paperinvolving navigation tasksof
a singlerobotwere chosenmainly becausef their simplic-
ity andassuchmay not be too corvincing asto why logic-
basedrobot controllerswith built-in projectionmechanisms
arebeneficialor even necessaryespeciallyat run-time. We
believe thatthe advantageof projectionswill becomemuch
more apparentonce robots engagein more complex tasks.
Considerfor example,a multi-robotdelivery scenariovhere
ausermakesarequesto have aletterdeliveredby oneof the
robots. Thenin orderto determinewhich robot shouldde-
liver the letter, eachrobot might useprojectionto determine
thecostthatwouldariseif it wereto carryoutthisjob, andthe
taskcould thenbe assignedo the robotwith a minimal cost
estimate. On-the-fly projectionbecomeseven more impor-
tantwhenrobotsneedto coordinatetheir actiities. Suppose
thattwo robotsagreeto meetsomavhereat a certaintime in
thefuture. Until thenthey would probablywantto carry out
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asmuch of their otherdutiesas possible. Sincetasksmay
not be interruptible at arbitrary times, eachrobot would be
well-advisedto checkhow much of the currenttask canbe
completedbeforeheadingoff to the meetingpoint. To do so,
someform of projectionseemsecessaryWe planto investi-
gatetheseandothermulti-robotscenariosn thefuture.
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