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Abstract

Previously, theplanlanguagecc-Golog wasintro-
ducedfor the purposeof specifyingevent-driven
behavior typically found in robot controllers. So
far, however, cc-Golog is usableonly for project-
ing theoutcomeof a plan andit is unclearhow to
actuallyexecuteplanson-line on a robot. In this
paper, we providesuchanexecutionmodelfor cc-
Golog and,in addition,show how to interleaveexe-
cutionwith anew kind of time-boundedprojection.
Along the way we alsodemonstratehow a typical
robot control architecturewherea high-level con-
troller communicateswith low-level processesvia
messagescanbedirectly modelledin cc-Golog.
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Figure1: ActualTrajectoryandApproximation

Considera robotwhich, while engagedin a delivery task,
is to movefrom Room6213to Room6205(seeFigure1). In
a modernrobot architecturelike XAVIER [Simmonset al.,
1997] or RHINO [Burgardet al., 2000], thecontrollerwould
issueamessageto alow-levelnavigationprocesstelling it the
new destination(Rm6205),andthenavigationprocesswould
then move the robot to its desiredlocation, making useof
intermediategoal pointslike thoseoutsidedoorways(nodes
1 and2 in thefigure)for robustness.

Besidesexecuting such plans, an intelligent robot con-
troller should be able to reasonabout its actions, that is,
consider, for example, whether it is better to first charge
the batteriesor to continuethe delivery, which would in-
volve projectingtheoutcomeof thedelivery taskandcheck-
ing whetherthe batterieswould still have enoughpower af-

terwards. Moreover, projectionis also valuablefor the de-
signerof robotcontrollersto find out whethera programun-
derdevelopmentis executableor whetherit wouldsatisfycer-
tain goalsafter execution. In [GrosskreutzandLakemeyer,
2000a], we proposedsucha projectionmechanismfor cc-
Golog anextensionof GOLOG [Levesqueet al., 1997] fea-
turing a modelof time,continuouschange,andtheability to
wait for conditions(likearriving in Rm6205)to becometrue.
While taskslike the above canbe modelledquite naturally
in cc-Golog, it so far remainsunclearhow to actuallyexe-
cutea cc-Golog planor program(in this paperwe useplan
andprograminterchangeably).To getasenseof theproblem,
considertheactionsof initiating moving justoutsideof Room
6213andwaiting to arrive there. In cc-Golog theseactions
would have theeffect of settingthelocationof therobot to a
continuouslinearfunctionof time to approximatetherobot’s
trajectoryandto advancetime to thepoint whenthegoal lo-
cationis reached,respectively. While this seemsfine for the
purposeof projection,whichis sometimesalsocalledoff-line
execution[deGiacomoandLevesque,1999], those“effects”
aresimply inappropriateduringactualon-lineexecution.For
one, the robot hasno control over the passageof time and,
for another, theactualtrajectoryoftenfollowsafunctionquite
differentfrom theidealizedapproximation(seethecurvedvs.
thestraight(dotted)line in Figure1). Whatis neededinstead,
it seems,arefrequentsensorreadingstelling therobotabout
the currenttime andlocation,which shouldbe usedinstead
of themodelsof how time passesor how therobotmoves.A
waitingactionwould thensimply reduceto atestwhetherthe
goalhasbeenreached.Anotherminorcomplicationis thatac-
tionsthatarepartof themodelof a low-level processsuchas
navigationneedto beignoredduringexecutionexceptfor an
actionthatactivatestheprocess.Finally, while projectionin
cc-Golog sofar is limited to a completeprogramstartingin
theinitial state,onewouldoftenlike to projecton thefly dur-
ing execution,similar to thesearchoperatorof [deGiacomo
andLevesque,1999]. However, for reasonsof efficiency, we
would liketo gobeyondthatandallow for arestrictedprojec-
tion of a program,which only searchesup to a (temporally)
limited horizon.For instance,if therobotis in themiddleof a
delivery but nearthedockingstation,we wantto enableit to
find outwhetherthecomingactivitieswouldallow it to oper-
atefor at leastanother5 minutesand,if not,decideto charge
thebatteriesfirst.

In this paper, we show how all this can be done in cc-
Golog. For thatwe first show how a robotcontrol architec-
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ture wherea high-level controller communicateswith low-
level� processesvia messagescanbemodelleddirectly in cc-
Golog. Themainadvantageis thatthereis a clearseparation
of the actionsof the high-level controller from thoseof the
low-level processes.Thenwe discussthechangesnecessary
to usethesamecc-Golog programbothfor on-lineexecution
andprojection. Finally, we show how a time-boundedpro-
jection mechanismcanbe definedandinterleavedwith exe-
cution.

The restof the paperis organizedas follows. In Section
2, we briefly review cc-Golog andthe situationcalculuson
whichcc-Golog isbased.Thenwedescribehow tomodelthe
robotcontrolarchitectureandgiveanexampleof amodelof a
low-level navigationprocess.In Sections4 and5 we discuss
the changesneededto allow on-line executionof cc-Golog
programsand how on-line executionandprojectioncan be
interleaved. We endwith a brief summaryanddiscussionof
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 terms in the languageare one of the following
sorts: ordinaryobjects,actions,or situations;thereis a spe-
cial constant��� usedto denotethe initial situation, namely
thatsituationin which no actionshave yet occurred;thereis
adistinguishedbinaryfunctionsymboldowheredo���
	���
 de-
notesthe successorsituationto � resultingfrom performing
theaction � ; relationswhosetruth valuesvary from situation
to situationarecalledrelationalfluents, andaredenotedby
predicatesymbolstaking a situationterm astheir last argu-
ment;similarly, functionsvaryingacrosssituationsarecalled
functionalfluentsandaredenotedanalogously;finally, there
is a specialpredicatePoss����	���
 usedto statethataction � is
executablein situation ���

Within this language,wecanformulatetheorieswhich de-
scribehow the world changesas the result of the available
actions. Onepossibility is a basicaction theoryof the fol-
lowing form [Levesqueetal., 1998]:� Axioms describingtheinitial situation,��� .� Action preconditionaxioms,onefor eachprimitive ac-

tion � , characterizingPoss����	���
 .� Successorstateaxioms(SSAs), onefor eachfluent � ,
stating under what conditions ������ 	 do����	���
�
 holds as
a function of what holds in situation ��� Thesetake the
placeof the so-calledeffect axioms,but alsoprovide a
solutionto theframeproblem.� Domainclosureanduniquenameaxiomsfor theactions.� Foundational,domainindependentaxioms.

Let us now considerextendingthis basicsituationcalcu-
lusby timeandcontinuouschangeaccordingto [Grosskreutz
andLakemeyer, 2000a]. Note that theseextensionsare in-
tendedfor the purposeof projectionsonly. In Section4 we
will discussthenecessarychangestoallow on-lineexecutions
aswell. We begin by addingtwo new sortsreal andtime.1

Similar to Pinto andReiter [Pinto, 1997;Reiter, 1996], we

1For simplicity, the realsare not axiomatizedand we assume
their standardinterpretationstogetherwith theusualoperationsand
orderingrelations.Thesorttimerangesover therealsaswell.

introducea specialunary functional fluent start connecting
situationsandtime. The intuition is thatstart����
 denotesthe
timewhensituation � begins.(Wedefertheformaldefinition
of start until afterthediscussionof thepassageof time.)

As in [Pinto,1997], continuouschangeis modelledbased
on the ideathat a fluent like the positionof a robot takesas
valuea functionof time. For example,in thesituationwhere
a robotstartsmoving, its 2-dimensionallocationcanbechar-
acterized(in a somewhatidealizedfashion)by a linear func-
tion of time,startingat its actualpositionandmoving toward
its destination.We call functionalfluentswhosevaluesare
continuousfunctionscontinuousfluents. In order to repre-
sentthe valueof continuousfluents,we addto the language
anothersortt-function,whoseelementsaremeantto befunc-
tions of time. We assumethat thereareonly finitely many
function symbolsof type t-function andwe requiredomain
closureanduniquenamesaxiomsfor them,justasin thecase
of primitiveactions.Furthermore,oneneedsto specifywhat
valuesthesefunctionshave at any particulartime � . This is
donewith thehelpof thespecialbinaryfunctionval. Thefol-
lowing axiom illustratesthe useof val, wherethe valuesof
constantfunctionsanda specialkind of linear functionsare
defined.

val � const� � 	���
 	���
"!$# � 	���% ;
val � linear � � 	���	�&('�	�&()*	�� � 
 	���
+!,# �
- 	�� - %+.� ! �0/ & '21 ���435�6�7
98:� - !;� / & )<1 �=�>3?�6��


While const� � 	���
 always evaluatesto the tuple # � 	��@% ,
linear � � 	���	�&('
	�&()*	�� � 
 is a linearfunctionintendedto approx-
imate the movementof a robot in 2-dimensionalspace(we
ignorethedetailsof representingtuplesof realsin logic).

Motivatedby the fact that during the executionof plans
time passesmerelywhenthehigh-level controlleris waiting,
thefluentstartchangesits valueonly asaresultof thespecial
primitiveactionwaitFor �BA�
 . Theintuition is asfollows. Nor-
mally, every actionhappensimmediately, that is, thestarting
timeof thesituationafterdoing � in � is thesameasthestart-
ing time of � . The only exceptionis waitFor ��A�
 : whenever
this actionoccurs,thestartingtime of the resultingsituation
is advancedto theearliesttime in thefuturewhen A 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
(see[GrosskreutzandLakemeyer, 2000a] for details).Anex-
ample is � battLevel CED�FG
 . Given a t-form A , AIH ��	��KJ de-
notes A with every continuousfluent evaluatedin situation� at time � . For example, � battLevel CLD�FG
MH ��	��KJ becomes� val � battLevel����
 	���
NCODGF�
 . Thefollowing axiomdefinesthe
leasttimepoint afterthestartof � where A becomestrue:

ltp ��A4	���	���
".;AIH �P	��KJ*8Q�NR start����
�8S � - � start����
NCT� -VU �XWZY[A4H ��	�� - J
A waitFor ��A�
 -actionis possibleif f A hasa leasttime point:

Poss� waitFor �BA�
 	���
N.;\*� � ltp �BA4	���	���
M�
Finally, the following successorstateaxiomfor start cap-

turestheintuition thatthestartingtimeof asituationchanges
only asa resultof a waitFor ��A�
 , in which caseit advancesto
theearliesttime in thefuturewhen A holds.]_^ ���G����	���
NW`H start��a ^ ����	���
�
X!Z�+.\�A4� ��! waitFor �BA�
48 ltp ��A4	��P	���
�bS A4� �dc! waitFor �BA�
48V�+! start����
6JeJ .
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Example To illustrate the useof thesedefinitions, let us
modelf how a robot’s location changesas a result of primi-
tive actions.For simplicity, we ignoretherobot’sorientation
andrepresentits positionby thecontinuousfluent robotLoc,
which evaluatesto a tuple of reals. Thereare two typesof
actionsthataffect the locationof the robot: startGo��# � 	���%�
 ,
whichinitiatesmoving therobottowardsposition # � 	���% ,2 and
endGowhich stopsthe movementof the robot. We assume
that startGo is only possibleif the destinationdiffers from
the robot’s currentlocation. Then we obtain the following
successorstateaxiomfor robotLoc.]_^ ���G����	���
NW`H robotLoc��a ^ ����	���
�
"!hgQ.\*� 	 � 	������[! start�B��
i8 val � robotLoc�B��
M	���
"!,# � 	���%�8H \ �
- 	�� - 	�& ' 	�& ) � �j! startGo��# ��- 	�� - %�
98Q& ' !,� �
- 3 � 
�k(l8I&()m!,�=� - 35��
�k(ln8ogo! linear � � 	���	�&('p	�&()*	���
�b�j! endGo8qgo! const� � 	���
�bS ��- 	�� - � �dc! startGo� �
- 	�� - 
r8q�dc! endGo8go! robotLoc����
KJ

where, l �!ts � � - 3 � 
vu / �=� - 35��
vu is a normalizingfac-
tor neededin orderto ensurethat thetotal 2-dimensionalve-
locity doesnot exceed1.

Thevariables� and � referto thecoordinatesof therobot.
After startGo��# �
- 	�� - %�
 , robotLoc has as value a linear t-
function startingat the currentpositionandmoving toward# ��- 	�� - % . After endGo, it is const��# � 	���%�
 . Finally, if � is
neithera startGonor a endGoaction,robotLocremainsun-
changed.
cc-Golog We now turn to cc-Golog, which offers con-
structssuchassequences,iterationandproceduresto define
complex actions.In addition,parallelactionsareintroduced
with a conventionalinterleaving semantics.w primitiveaction

waitFor ��A�
 wait until condition A becomestrueA�x testactionH y�z(	�y u J sequence
if �BA4	�y z 	�y u 
 conditional
while�BAi	�yr
 loop
withPol ��y z 	�y u 
 prioritizedexecutionuntil y u ends3

proc {"� � 
vy proceduredefinition

Using cc-Golog, it is possibleto specify event-driven be-
havior quite naturally. For example,the following program
specifiesthattherobotis to travel to Room6205andsay“In
Hallway” if it everentersthehallwayon its way.

prg1
�! withPol ��H waitFor ��|~}G���7�~���"�(�p
 	����G�9� “In Hallway” 
KJK	H send����� � �~�2�q	�F��P���P
M	 reg �v�����P�������

"!�FG�(����x�J~


Here the sendaction indicatesthat the robot assignsthe
roomnumberto a register, which leadsto anactivationof the
navigationprocessto headto that room,andthenblocksex-
ecutionuntil the registerreachedsignalsthat the navigation
processhascompletedsuccessfully. Thedetailsof thisarchi-
tecturearefoundin Section3.

The semanticsof cc-Golog is specifiedsimilar to that of
ConGolog [Giacomoet al., 2000]. Its main ingredientsare
a predicate���7���i�G��y�	���	��7	�� - 
 , which definessinglestepsof

2For simplicity, we modeltherobotasalwaystravelingat speed
1m/s. In a morerealisticmodel,we would alsoconsiderdifferent
velocities.

3Unprioritizedconcurrency canbedefinedaswell, but is omitted
sincewe donot useit in thepaper.

computation,andanotherpredicate�n�K�r�*����y�	���
 . �n�K�r�*� spec-
ifies which configurations��y�	���
 arefinal, meaningthat the
computationcanbe consideredcompleted.This is the case,
roughly, whentheremainingprogramis �9�6� , but not if there
is still a primitive actionor testaction to be executed. We
leaveout thedetailsfor reasonsof space.

Intuitively, thepredicate�����G�i�G��y�	���	��7	�� - 
 associateswith
a givenprogramy andsituation � a new situation � - that re-
sultsfrom executinga primitive actionin � , anda new pro-
gram � that representswhat remainsof y after having per-
formedthataction. For spacereasons,we only list a few of
theaxiomsfor ���7�G�i� .
���7�G�i�G� w 	���	��7	�� - 
". Poss� w 	���
48:�_!;�9�K�@8o� - ! do� w 	���
���7�G�i�G�=�9�6�v	��P	��7	�� - 
+. FALSE

���7�G�i�G��A�x�	���	��7	�� - 
+.hAIH ��J*8Q�_!��9�6�@8o� - !�� 4

���7�G�i�G�������@��y z 	�y u 
M	���	��7	�� - 
".�n�B�r�*����y�z7	���
98Q���7�G�i����y u 	���	��7	�� - 
�b\@� - � ���7�G�i�G��y�z(	���	�� - 	�� - 
r8q�_!;�����@��� - 	�y u 
���7�G�i�G� withPol ��y z 	�y u 
 	���	��7	�� - 
+.hY>�n�B�r�*����y u 	���
�8\@��z�� ���7�G�i����y�z(	���	���z�	�� - 
98q�n! withPol ����z7	�y u 
�8S � u 	�� u � �����G�i�G��y u 	���	�� u 	�� u 
NW����v�G���M�B� - 
NC����v�G���M�B� u 
6JbO\@� u � ���7�G�i����y u 	���	�� u 	�� - 
98q�n! withPol ��y z 	�� u 
�8S ��z�	���z7� �����G�i�G��y�z7	���	���z7	��7zM
NW����v�G���M�B� - 
 U ���v�G���M�B�7z�
6J
A transitionof a primitive actionrequiresit to bepossible

in the currentsituation,leaving nothing( �9�6� ) to be doneaf-
terwards.Theexecutionof y u with policy y z meansthatone
actionof oneof theprogramsis performed,wherebyactions
which canbe executedearlierarealwayspreferred. If bothy z and y u areaboutto executeanactionat thesametime,the
policy y�z takesprecedence.5

A final situation � - reachableaftera finite numberof tran-
sitions from a starting situation is identified with the situ-
ation resulting from a possibleexecutiontraceof programy , starting in situation � ; this is capturedby the predicate�V^ ��y�	���	�� - 
 , which is definedin termsof ���7�G�i�7  , thetransi-
tiveclosureof �����G�i� :�V^ ���7	���	�� - 
+.h\@� - � �����G�i�7 P���7	��P	�� - 	�� - 
r8Q�n�K�r�*����� - 	�� - 
���7���i�7 P���7	���	�� - 	�� - 
+. S �¡He�¢�e�@WT�¡���(	���	�� - 	�� - 
6J

wherethe ellipsis standsfor the universalclosureof the
conjunctionof thefollowing formulas:

�¡���7	���	��7	���
���7���i�G���7	���	�� - - 	�� - - 
98Q�¡��� - - 	�� - - 	�� - 	�� - 
NWO�����7	��P	�� - 	�� - 

Givena program� , proving that � is executablein the ini-

tial situationthenamountsto proving £¥¤ !¥\p� Do ���7	�� � 	���
 ,
where £ consistsof theaboveaxiomsfor cc-Golog together
with a basicactiontheoryin thesituationcalculus.

3 A Robot Control Architecture
As indicatedin the introduction, in modernrobot architec-
tureslike XAVIER [Simmonset al., 1997] andRHINO [Bur-
gardet al., 2000], the high-level controllerdoesnot directly
operatetherobot’s physicalsensorsandeffectors.Instead,it

4Here, ¦ standsfor a situationcalculusformula with all situa-
tion argumentssuppressed.¦9§ ¨�© will denotethe formula obtained
by restoringsituationvariable ¨ to all fluentsappearingin ¦ .

5Note that ª"«�¬P­
¨ requiresa reification of formulasand pro-
gramsin the logical language.See[Giacomoet al., 2000] for how
this canbedone.
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activatesanddeactivatesspecializedprocesseslike a naviga-
tion process,to which we will refer as low-level processes.
Thejob of thehigh-level controlleris thento combinetheac-
tivationanddeactivationof theseroutinesin a way to fulfill
the overall goal. It turnsout thatcc-Golog allows a logical
reconstructionof this type of architecturein a fairly natural
way. Theoverallarchitectureis illustratedin Figure2.

reg(destRm)

reg(reached)

...
controller
high-level low-level

processes

W
O

R
L

D

reply

send

Figure2: RobotControlArchitecture

The communicationbetweenthe low-level processesand
thehigh-level planis achievedthroughthespecialfluentreg.
Thehigh-level interpretercanaffectthevalueof reg by means
of the specialactionsend� id 	 val
 which assignsreg � id 
 the
valueval. Theintuition is thatin orderto activatea low-level
process,thehigh-level controllerexecutesa sendaction.For
example,theexecutionof send����� � �~�2�q	�F��P���P
 wouldtell the
navigationprocessto startmoving towardRoom6205.

On the other hand, the low-level processescan provide
the high-level controller with information by meansof the
(exogenous)action ���K®������ id 	�&*�*��
 . For example,in orderto
inform the high-level controller that it hasreachedits des-
tination, the low-level processwould causean exogenous���6®������v���������p���9	�FG�(�G�P
 action. The following successorstate
axiomspecifieshow reg is affectedby sendandreply.]_^ ���G����	���
NW`H reg � id 	�a ^ ����	���
�
"! val .�j! send� id 	 val
rbq��!,���6®������ id 	 val
9b reg � id 	���
+! val8[Y¯�B\*�7	�&�� ��! send�=�7	�&*
4b:�0!°���K®��������7	�&@
�
6J
3.1 Modeling Low-level Processes as cc-Golog

Procedures
To describecomplex low-level processeslike a navigation
process,we model low-level processesascc-Golog proce-
dures.6 Givenafaithful characterizationof thelow-level pro-
cessesin termsof cc-Golog procedures,we canthenproject
theeffectof theactivationof theseprocessesusingtheir cor-
respondingcc-Golog models. We stressthat theseproce-
duresare not meantto be executed,but rather representa
modelof theeffectsof thecorrespondinglow-level process.

As an example, let us considera low-level navigation
process. It is activatedthrougha send����� � �~�2�q	�±_
 action,
which assignsreg ���P�M� �²�2�V
 the value ± and tells the pro-
cessto travel to room ± . The processcausesthe robot to
move towards ± until thedestinationis reached,whereit in-
forms the high-level controllerof the arrival by meansof an���6®������v���������p���9	�±_
 action.

We model this behavior by the cc-Golog procedure
navProc. navProc makes use of the following functions:��³P|~��´9µi��±n
 , |~}p� |��P�*��±_
 and �M¶@� ���M}
�²�2·�·(� . ��³P|~��´9µ mapsa
room name ± to a location near the exit of room ± , and|~}�� |���� to location within ± . currentRoomis a function
whosevalue in � is the nameof the room the robot is in
at the beginning of � . We write ¸G·7�6·�¹4·�����a*
 as an abbre-
viation for H startGo��aG
M	 waitFor �=�r���G�@��a*
�
6J and � ^7^�º ��yr
 for
while� TRUE 	�yr
 .

6This is similar to [GrosskreutzandLakemeyer, 2000b], wherea
probabilisticprogramminglanguageis usedto modelprocesseswith
uncertainoutcome.

navProc
�!�� ^7^�º ��H reg ���P�M� �²�2�:
2c!»�M¶@� ���M}
�²�2·�·(�0x�	

if ����¶@� ����}p�~��·�·7�¼c! HALLWAY 	¸�·(�K·�¹i·��P����³�|~��´9µ4���M¶@� ����}p�~��·�·7��
�
�
 	¸�·(�K·�¹i·��G����³�|~��´9µi� reg ����� � �~���V
�
�
 	¸�·(�K·�¹i·��G�v|~}p��|����*� reg ���P�M���~�2�V
�
�
M	 endGo	���6®������v���������p���r	 reg ���P�M���~�2�V
�
KJ=

Initially, the navigation process is blocked until

reg ����� � �~���V
 is assigned a room name different from
the one the robot is actually in. Then navProc executesa
sequenceof startGo actions, approximatingthe trajectory
towardsthedestinationroomby a polylinewith anedgenear
everydoortherobothasto travel through(seeFigure1).

3.2 Projection
Wewill now describehow to projectacc-Golog plan,taking
into accountthecc-Golog modelof thelow-level processes.
Let � be a situation, ���~½¯¾�¿ ÀKÁ a model of the low-level pro-
cesses,7 and y acc-Golog program.A projection � - canthen
be identifiedwith the situationthat resultsfrom the concur-
rentsimulationof y and ��� startingin � .

Proj �B��	�y�	����~½<¾�¿ ÀKÁ6	�� - 
 �! Do � withPol �����~½<¾�¿ ÀKÁK	�yr
 	���	�� - 
 .
Let AX Â6Â be the setof foundationalaxiomsof Section2

togetherwith the domainclosureanduniquenamesaxioms
for t-functions,theaxiomsrequiredfor t-form’s, theaxioms
definingval, thepreconditionaxiomfor waitFor, andaxioms
statingthat the robot is in Room 6213 togetherwith other
appropriatedescriptionsof the environmentlike a definition
of inHallway in terms of coordinateson the map. UsingÃ�Ä2Å6Å

, wecanprojecttheplanprg1 from Section2. Wewrite
do��H � z 	��¢�e� �*Æ*JK	���
 ashorthandfor do���*Æ�	��¢�e�¢	 do��� z 	���
 �¢�¢� 
 .
AX Â6Â ¤ ! ] � ^MÇ ��� � 	 prg1	 navProc	���
+.�È! do��H send���P�M���~�2�o	�F��P����
 	 startGo��� z 


waitFor �=�r���G�*����z�
�
 	 startGo��� u 
M	
waitFor �v|~}G���7�~���"�(��
 	 say� “In Hallway” 

waitFor �=�r���G�*��� u 
�
 	 startGo���~É�
M	
waitFor �=�r���G�*��� É 
�
 	 endGo���6®������v���������p���r	�FG�(����
KJK	�����


The projectedexecutiontraceincludesa startGo���~ÊB
 and
waitFor �=�r���G�@���~ÊK
�
 actionfor every nodeon the approximat-
ing trajectory, wherethe � Ê standfor coordinatescorrespond-
ing to the nodes � in Figure 1. Additionally, it includes
a say� “In Hallway” 
 which is executedimmediatelyafter
the hallway hasbeenreached,which is assumedto happen
just after leaving �r���G�*��� z 
 . The executiontraceendswith���6®������v���������p���9	�FG�(�G�P
 , which completesthenavigationtask.

4 On-Line Execution of cc-Golog plans
Projectionssuchastheaboveshouldbeunderstoodasa way
of assessingwhethera programis executablein principle.
The resultingexecutiontraceis not intendedasinput to the
executionmechanismof the robot for several reasons.For
one,many of theactionslikestartGo����zM
 only serve to model
the navigation processandarenot meantto be executedby
the high-level controllerat all. For another, actionsthat do
belongto the high-level controller like waitFor ��|~}G���7�~���"�(�p

mustbeinterpreteddifferentlyduringon-lineexecution.This

7In ourexample,thenavigationprocessis theonly low-level pro-
cess,so we can simply usenavProc. If thereweremore relevant
low-level processes,Ë²ËeÌIÍvÎ�ÏKÐ would amountto theconcurrentexecu-
tion of theindividual cc-Golog models.
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is becauseduring projection waitFor advancestime to the
leastÑ point wherethe condition is satisfiedaccordingto an
idealizedmodel of the world (like piece-wiselinear trajec-
tories). During actualexecution,however, a waitFor should
intuitively betreatedsimply asa test,wherea conditionlike
beingat acertainlocationis matchedagainstsensorreadings
reflectingtheactualstateof affairs.

In orderto seehow suchsensorreadingscanbeobtained,
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 periodicallyprovidesthehigh-level controllerwith
anupdateof the low-level processes’estimateof continuous
propertieslike the batteries’voltagelevel or the robot’s po-
sition (typically several timesa second).Theperiodof time
betweentwo subsequentupdatesis sosmallthatfor practical
purposesthe latestupdatecanbe regardedasproviding not
only the correctcurrenttime but alsoaccuratevaluesof the
continuousfluentsat thecurrenttime.

Oursolutionis thento representtheupdatesby meansof a
new exogenousactionccUpdateandto treatwaitFor’ssimply
asspecialtestsduringon-lineexecution.Intuitively, theeffect
of ccUpdateis to set the valueof the continuousfluentsto
the latestestimatesof the low-level processes.The actual
argumentsof ccUpdatedependon thecontinuousfluentsthat
areto beupdated.In ourexamplescenario,ccUpdatehasfour
arguments: � , � , � and � , where � and � refer to the current
positionof the robot, � to the currentvoltagelevel and � to
the currenttime. To get a senseof the effect of ccUpdate,
let us considera new versionof the successorstateaxiom
for robotLocof Section2 suitablefor bothon-lineexecution
andprojection. For simplicity, it is assumedthat theactions
startGoandendGoonly occurduring projection(aspart of
themodelof thelow-level navigationprocess).]_^ ���G����	���
NW`H robotLoc��a ^ ����	���
�
"!hgQ.\@� 	 � 	������+! start����
r8 val � robotLoc����
M	���
"!$# � 	���%�8H \ �
- 	�� - 	�& ' 	�& ) � �j! startGo��# �
- 	�� - %�
i8:& ' !$� ��- 3 � 
�k(l8I&()_!,��� - 35�@
�k(ln8o8[gq! linear � � 	���	�&('�	�&()*	���
�b�j! endGo8ogo! const� � 	���
�b\ �
- 	�� - 	�� - 	�� - � �j! ccUpdate� �
- 	�� - 	�� - 	�� - 
8[go! const� � - 	�� - 
�bS �� � �dc! startGo���� 
i8Q�Òc! ccUpdate���� 
r8q�dc! endGo8gq! robotLoc�B��
KJ

Note thatccUpdatesimply “assigns” g theconstantfunc-
tion const� �
- 	�� - 
 , which reflectstheideathat,duringon-line
execution,thelinearapproximationof thetrajectoryplaysno
roleandthattheactualvalues# ��- 	�� - % shouldbeusedinstead.

Besidesupdating the value of the continuousfluents,
ccUpdateis of prime importancebecauseit causestime or,
better, theinternalclock to advanceduringexecution.There-
fore, we needto modify the successorstateaxiom of the
fluent start. In order to accountfor the fact that time ad-
vancesdifferently in projectionsand during on-line execu-
tion,weneedto explicitly distinguishbetweenthetwo modes
of operation.For thatpurpose,we introducea specialfluent·7}
��|~}��*�B��
 which canonly changeits truth valueby the spe-
cial actionssetOnlineandclipOnline, respectively. (Specify-
ing the SSA for

^ �r���K�r� is easyand left out.) The SSA for
start thenbecomes]_^ ���G����	���
NW`H start��a ^ ����	���
�
N!Z�+.Y<·7}
��|~}��*�B��
i8q\pAi� �j! waitFor ��A�
r8 ltp ��A4	���	���
�b

·7}
��|~}��*�B��
i8Q\ ��Ó 	�� Ó 	�� Ó � �0! ccUpdate� ��Ó 	�� Ó 	�� Ó 	���
�b�[! start�B��
r8Ô�BY<·7}
��|~}��@�B��
¯W S Ai� �dc! waitFor ��A�
�
�8��·(}p��|~}��*����
¯W S �� � �dc! ccUpdate���� 
�
KJ .
In otherwords,start��a ^ ����	���
�
 is assignedtheleasttimepoint
whenthewaitFor-conditionbecomestrueunderoff-line exe-
cution,or thetime valuereturnedby ccUpdateunderon-line
execution,or it remainsthesame.We remarkthatwe could
equivalentlywrite two separatesuccessorstateaxiomsfor the
on-line and off-line caseusing the idea of guardedsucces-
sorstateaxiomsproposedin [GiacomoandLevesque,1999].
While this would enhancethe readabilityandmodularityof
theaxioms,we do not pursuethis ideafurtherherefor space
reasons.

The preconditionaxiom for ccUpdateensuresthat the
startingtime of legalactionsequencesis monotonicallynon-
decreasing:]_^ ���G� ccUpdate� � 	���	���	���
 	���
+.��NR start����
�


A waitFor �BA�
 instructionis treatedasaspecialkind of test
duringon-lineexecution:it succeedsimmediatelyif f thecon-
dition A is true at the beginning of the actualsituation. To
ensurethis intendedbehavior, we modify the definition of���7�G�i� for primitiveactions:

���7�G�i�G� w 	���	��(	�� - 
".
Poss� w 	���
i8Q�_!��9�6�@8o� - ! do� w 	���
8¯H²·7}
��|~}��*�B��
¯W S A4� w c! waitFor ��A�
KJb¼·(}p��|~}��*����
r8o\�A4� w ! waitFor ��A�
48QAIH �P	 start�B��
KJ8[�È!�� - 8Q�_!Z�9�6�

Finally, we remark that anotherdifferencebetweenpro-
jectionandon-lineexecutionis thatduringactualexecution,
wheneverthehigh-level controllerexecutesasendaction,the
interpretershouldcheckwhetherthis signalsanactivationof
a low-level processand,asa side-effect, activate the actual
low-level processif necessary.

On-Line Execution The situationswhich can result from
the on-lineexecutionof a plan have a specialstructure.Ba-
sically, they aremadeup of thesequenceof robotactionsas
definedby the possibletransitions(similar to the execution
tracesdefinedby �����G�i�7  ), however with an arbitrarynum-
berof exogenousactionsbetweenany two robotactions.For-
mally, thesituations� - whichcanresultfrom theexecutionof
aprogramy in situation� canbecharacterizedby thefollow-
ing predicate�����G�i� À ' ¾ :

���7�G�i� À ' ¾ ��y�	���	��7	�� - 
+. S �¡He�e�¢�*WO�����7	��P	�� - 	�� - 
KJ
wherethe ellipsis standsfor the universalclosureof the

conjunctionof thefollowing formulas:

�¡���7	���	��7	���
���7���i�G���7	���	�� - - 	�� - - 
98Q�¡��� - - 	�� - - 	�� - 	�� - 
NWO�����7	��P	�� - 	�� - 
��³*·�¸����@
¯WT�¡���7	���	��7	�a ^ ���
	���
�
 , where

��³*·�¸����@
".h\*��	��[	G�� � �0!°���6®��Õ������	��i
rbQ�j! ccUpdate���� 

Note that this differs from the original �����G�i�7  in Sec-

tion 2 only in the last conjunct,which expressesthat an ar-
bitrarynumberof exogenousactionsmayoccurbetweenany
ordinary transition. As an example, let us considera pos-
sible on-line executiontraceof prg1. prg1’s first action is
send���P�M� �²�2�o	�FG�(����
 , which results in an activation of the
navigation process,which we then assumeto provide the
high-level controller with ccUpdateactionsevery .25 sec.
Theexecutiontraceresultsin situation� À ' ÀvÂ , wherethe

º Ê 	�� Ê
standfor appropriate� 35� -coordinatesalongthepathof the
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robot (we have left out the 3rd argument(voltagelevel) of
ccUpdateÖ ).

�rÀ ' ÀvÂ �! do��H send���P�M� �²�2�o	�FG�(����
 	
ccUpdate� º z7	���z�	��p� ���P
M	 ccUpdate� º u 	�� u 	��p� ��
 	
ccUpdate� º É 	�� É 	��p�Ø×P�P
M	 ccUpdate� ºpÙ 	�� Ù 	�Ú�� �G
 	
say� “In Hallway” 
M	��¢�e�¢	 ccUpdate� º É���	���É��G	�×*�Ø�P
M	���6®����9�v���������p���9	�FG�(�G�P
KJK	�� � 
 .

It is not hardto seethat � À ' ÀvÂ is a legal on-lineexecution
traceof the introductorycc-Golog programprg1, provided
thecoordinates# º Ù 	�� Ù % arethefirst to satisfyinHallway and# º É�� 	�� É�� % is nearthe destination( � É ). Note that waitFor no
longeroccursin theactionsequencesinceit is now merelya
test. Let AX Â6Â ' be similar to AX Â6Â but with the new defini-
tions of this sectionconcerning�����G�i� , start, ccUpdateand
robotLoc. Let Û be

Ã�Ä2Å6ÅKÜ¯Ý ·7}
��|~}��*�BÞ � 
 . Then

Ûß¤ !�\��7� �����G�i� À ' ¾ � prg1	����P	��7	��rÀ ' ÀvÂ�
98q�n�K�r�*�����(	��rÀ ' ÀvÂ�

5 Interleaving Projection and On-Line

Execution
[deGiacomoandLevesque,1999] suggestthatit is oftenuse-
ful to interleave on-line executionandprojection. With our
modelof time we cantake this ideaonestepfurtherandde-
fine projectionduring on-line executionwith the possibility
to explicitly puta time-boundon theprojection.

5.1 Projection in non-initial Situations

2

3

Figure3: ProjectionduringExecution
So far, we have only consideredprojectionof cc-Golog

in the initial situation.To seehow thingswork in non-initial
situation,let us againconsiderour examplescenario,where
projectionmakesuseof a modelof the navigation process.
Supposewearein thesituationillustratedin Figure3, result-
ing from the on-line executionof prg1. The controller be-
gins executionby activating the navigation processthrough
send���P�M� �²�2�o	�FG�(����
 , after which the low-level processpro-
videsthehigh-level controllerwith a sequenceof ccUpdates
(theccUpdatesareindicatedasblackdotsin thefigure).The
controlleris now in situation �iz with

� z �! do��H send����� � �~���d	�F��P���P
M	
ccUpdate� º z7	���z7	����Ø�P��
 	 ccUpdate� º u 	�� u 	����Ø�P
M	
ccUpdate� º É 	�� É 	�����×(��
 	 ccUpdate� º
Ù 	�� Ù 	�ÚP� ��
6JB	�� � 
 .

First, let us considerthe value of the continuousfluent
robotLocin �4z . Let Û bedefinedasbefore.Then

Ûß¤ ! robotLoc���iz�
+! const� ºpÙ 	�� Ù 
 .
We canalsoinfer that what remainsfrom prg1 in �iz dif-

fers from the initial plan (becausesend���P�M� �²�2�o	�FG�(�G�P
 has
alreadybeenexecuted).

Ûß¤ !�\��7� �����G�i� À ' ¾ � prg1	�� � 	��7	��izM
�8�_! withPol ��H waitFor �v|~}G���7�~���"�(��
 	����G�9� “In Hallway” 
KJK	H reg �v�����P�������

+!;FG�(���7J~
�x

Giventheupdatedvalueof robotLoc, wecannow correctly
projectthattheremainingplanwill causetherobotto directly
travel to its destination. Note the useof clipOnline, which
forcesaswitchto projectionmode.

Ûß¤ ! S �7	���� ���7�G�i� À ' ¾ � prg1	����P	��7	�� z 
¯W
Proj � do������| ®>´N}
��|~}��@	��iz�
 	��(	 navProc	���
+.�È! do��H startGo��� u 
M	

waitFor �v|~}G���7�~���"�(��
 	 say� “In Hallway” 
 	
waitFor �=�r���G�*��� u 
�
 	 startGo��� É 
M	
waitFor �=�r���G�*��� É 
�
 	 endGo	���6®������v���������p���r	�FG�(����
KJK	 do������| ®I´¯}p�Õ|~}��G	�� z 
�
6J

Thereasonwhy projectionsin non-initial situationsof the
examplescenarioarefairly straightforward is that we never
haveto rememberthestatetheactualnavigationprocessis in.
More precisely, for any givenposition,the cc-Golog model
of the navigation processyields an appropriateapproxima-
tion of the remainingtrajectoryof the robot (as illustrated
in the above projection). While many low-level processes
usedin mobilerobotsseemto have this property, we remark
that processeswhereoneneedsto keeptrack of their inter-
nal stateduringexecutioncanbedealtwith in a way similar
to [Grosskreutz,2000]. Thedetails,however, areoutsidethe
scopeof thispaper.

5.2 Projection Tests
In orderto allow for atime-boundedlookahead,wedefinethe
predicateProj ��A4	�� 	�y�	���
 , which is true, roughly, if A holds
at time � in the projectedexecutionof a plan y in situation� . Let ��� ½¯¾�¿ ÀKÁ refer to anappropriatemodelof the low-level
processes,asbefore.

Proj ��A4	�� 	�y�	���
".\@yi P	��7 7�ØAI���7 �
98 start���7 �
NCT��8���7���i�7 P� withPol ����� ½<¾�¿ ÀKÁ 	�yr
M	�a ^ ������| ®I´¯}p�Õ|~}��@	���
 	�yi P	��� �
8¯H S y  �  	��  �  � ���7�G�i�   ��y   	��   	�y  �  	��  �  
¯W start���  �  
NàO�b>�n�B�r�*����yi (	��7 �
6J
Again, we useclipOnline to switch to projectionmode.

Thedisjunctinvolving �n�K�r�G� coversthecasewherethepro-
jectedplanendsbeforetime � . UsingProj within testcondi-
tions,acc-Golog plancancheckwhetherapossiblebehavior
would leadto certainconditions,andthusdeliberateoverdif-
ferentpossiblesubplans.In addition, the lookaheadcanbe
limited to a certainamountof time � , which seemsvery use-
ful in orderto make quick decisions.A possibleapplication
of this test, illustratedby the following program,would be
to checkif the batterylevel is going to drop below 46V in
the next 300 secondsif the robot comescloseto the battery
dockingstation.

withPol ��H á��G�K�v� ^ �@�=�r���G��â��G�6� �V^7ã�ä �K��å��>�v�G�6� ^ �i
M	
if � Proj � deliverMail	�æP����	�çM���6�vèX��&G���9CTD�FG
 	

chargeBatteries
KJK	a������B&*���(é`���6�B

6 Implementation
Although the definition of cc-Golog requiressecond-order
logic, it is easyto implementa PROLOG interpreterfor cc-
Golog, justasin thecaseof theoriginalConGolog.8 In order
to dealwith theconstraintsimpliedby thewaitFor instruction

8Thesubtledifferencesbetweenthesecondorderaxiomatization
of ConGolog andaPROLOGimplementationarediscussedin [Gi-
acomoet al., 2000].

17KNOWLEDGE REPRESENTATION AND REASONING



duringprojection,we have madeuseof theECRCCommon
Logicê ProgrammingSystemEclipse4.2 andits built-in con-
straintsolver library clpr (similar to Reiter[Reiter, 1998]).

As for the on-line executionof cc-Golog plans,we have
implementedaprototyperuntimesystemthatcouplesthecc-
Golog interpreterto thebeeSoft executionsystem[Burgard
etal., 2000]. Thelink betweenourPROLOGimplementation
andthebeeSoft executionsystemis basedontheHigh-Level
InterfaceHLI [Hähneletal., 1998] whichprovidesa uniform
PROLOG interfaceto the low-level processesof beeSoft,
along with a monitoring componentwhich provides status
updateaboutthestateof executionof theactivatedmodules.
In particular, our runtime-systemhandleshigh-level sendac-
tions, which aremappedto commandsto the low-level pro-
cesses,andperiodicallygeneratesccUpdateactionsreflecting
thelatteststatusupdatesof thelow-level processes.

7 Summary and Discussion
In summary, we have extendedcc-Golog sothat it becomes
suitablefor bothprojectionsof plansandtheir on-lineexecu-
tion. In doingso,wealsoincorporateda modelof a robotar-
chitecturetypically foundon modernmobilerobots.Finally,
weshowedhow to interleaveon-lineexecutionanda form of
time-boundedprojection.

As mentionedbefore,theideaof modelingbothprojection
andon-lineexecutionwasfirst exploredin [deGiacomoand
Levesque,1999]. However, theauthorsconsiderneithertime
northeideaof low-levelprocesseswhichinteractwith ahigh-
level controllerin complex ways. Most importantly, thereis
no distinctionbetweenthe effectson fluentsduring projec-
tion andon-lineexecution,a distinctionwe feel is necessary
whenit comesto modelingessentialfeaturesof mobilerobots
suchastheir locationat a given time. [LesperanceandNg,
2000] have extendedde GiacomoandLevesque’s ideasin a
directionwhich bearssomeresemblancesto ours.They pro-
posethatduringprojectiononealsoneedsto considera sim-
ulatedenvironmentwhich, for example,producesexogenous
actionsto inform thehigh-level controllerthatthedestination
is reached.However, theirnotionof asimulatedenvironment
remainsfairly simplesincethey arenot ableto model tem-
porally extendedprocesses,andthey alsodo not distinguish
betweenthe effectson fluentsduring projectionandon-line
execution.We feel thatour proposaladdressessomeof these
shortcomingsandbringslogic-basedrobotcontrollersyetan-
otherstepcloserto realworld robotics.

The examplesin this paperinvolving navigation tasksof
a singlerobot werechosenmainly becauseof their simplic-
ity andassuchmay not be too convincing asto why logic-
basedrobot controllerswith built-in projectionmechanisms
arebeneficialor even necessary, especiallyat run-time. We
believe that theadvantagesof projectionswill becomemuch
more apparentoncerobotsengagein more complex tasks.
Consider, for example,a multi-robotdeliveryscenariowhere
ausermakesarequestto havea letterdeliveredby oneof the
robots. Then in order to determinewhich robot shouldde-
liver the letter, eachrobotmight useprojectionto determine
thecostthatwouldariseif it wereto carryoutthisjob,andthe
taskcould thenbeassignedto therobotwith a minimal cost
estimate. On-the-flyprojectionbecomeseven more impor-
tantwhenrobotsneedto coordinatetheir activities. Suppose
that two robotsagreeto meetsomewhereat a certaintime in
thefuture. Until thenthey would probablywant to carryout

asmuch of their otherdutiesaspossible. Sincetasksmay
not be interruptibleat arbitrary times, eachrobot would be
well-advisedto checkhow muchof the currenttaskcanbe
completedbeforeheadingoff to themeetingpoint. To do so,
someform of projectionseemsnecessary. Weplanto investi-
gatetheseandothermulti-robotscenariosin thefuture.
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Articles in Computerand Information Science, 3(18), 1998.
URL: http://www.ep.liu.se/ea/cis/1998/018/.

[McCarthy, 1963] J.McCarthy. Situations,actionsandcausallaws.
Technicalreport,StanfordUniversity. Reprinted1968in Seman-
tic InformationProcessing(M.Minske ed.),MIT Press,1963.

[Pinto,1997] Javier Pinto. Integrating discreteand continuous
changein a logical framework. ComputationalIntelligence,
14(1), 1997.

[Reiter, 1996] RayReiter. Naturalactions,concurrency andcontin-
uoustime in thesituationcalculus.In Proc.KR’96, pages2–13,
1996.

[Reiter, 1998] R. Reiter. Sequential,temporalgolog. In Proc.
KR’98, 1998.

[Simmonset al., 1997] R.G. Simmons,R. Goodwin, K.Z. Haigh,
S. Koenig,J. O’Sullivan,andM.M. Veloso. Xavier: Experience
with a layeredrobotarchitecture.ACM SIGARTBulletin Intelli-
gence,8 (1–4),1997.

18 KNOWLEDGE REPRESENTATION AND REASONING


