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Abstract

In this paper, we discussthe weaknessof cur-
rent action languagesfor sensingactionswith re-
spectto modelingdomainswith multi-valuedflu-
ents. To addressthis problem,we proposea lan-
guagewith sensingactionsand multi-valuedflu-
ents,called

�����
, andprovide a transitionfunc-

tion basedsemanticsfor
��� �

. We definetheen-
tailment relationshipbetweenaction theoriesand
queriesin

�����
, denotedby � ���
	�� . We discuss

somecomplexity result about the planningprob-
lem in

��� �
. We demonstratethe useof

��� �
throughexamplesfrom theliterature.

1 Intr oduction and Moti vation
Sensing(or knowledge producing) actions have been the
topic of intensive researchin reasoningabout action and
changeand planning (seee.g. [Moore, 1985; Scherl and
Levesque,1993;GoldenandWeld, 1996;Lobo et al., 1997;
SonandBaral, 2001;Thielscher, 2000]). Situationcalculus
basedapproachessuchasthat of [Moore, 1985;Scherland
Levesque,1993;GoldenandWeld, 1996] canbeusedin do-
mainswith multi-valuedfluentssincefunctional fluentsare
allowed in situationcalculus. In [GoldenandWeld, 1996],
we canfind severalexamplesin theUNIX domainarticulat-
ing theneedfor dealingwith sensingactionsin domainswith
multi-valuedfluents.Oneof themis theactionof listing the
files in a directory, ls, that informs us all the file namesin
thecurrentdirectory.

On the other hand,approachesto reasoningaboutsens-
ing actions using high-level description languageby ex-
tending the language

�
in [Gelfond and Lifschitz, 1993;

1998] suchas[Lobo et al., 1997;SonandBaral,2001] con-
centrateon providing solutionto the frameproblemfor do-
mainswith Booleanfluentsandsensingactions.In [Baralet
al., 2000b], theapproachof [BaralandSon,1998] is extended
to dealwith domainswith stateconstraints(or staticcausal
laws). As such,the simplificationto domainswith Boolean
fluentsdoesnot necessarilylimit the expressivenessof the
languagesdevelopedalongthis line with respectto domains
with multi-valuedfluentssincethesedomainscanbe easily
representedusingBooleanfluentswith stateconstraints.Al-
thoughadequatefor certain representationaland reasoning

purposes,this solutionis too cumbersomeandnot intuitive.
We illustratethisproblemin thenext example.

Considerthe traffic light domain that consistsof a traf-
fic light and the only action look. Looking at the light
will tell us whether the traffic light is either red, yellow,
or green. This domain can be best describedby the ac-
tion look and a fluent denotingthe color of a traffic light
whose value is either red, yellow, or green. This flu-
ent can be representedby three Boolean fluents is red,
is yellow, and is greendenotingthat the traffic light is ei-
ther red, yellow, or greenand the set of stateconstraints
stating that it has only one color at a time such as1

“ 
�� ����� if �

�� ���������������

 � !"������# ”, “ �

�� ����� if 
 � �$��������� ”,
“ �

�� ����� if 
�� !�������# ”, etc. To completethe description,
we needto specify the effect of the action look. Using the
language

���
in [Son and Baral, 2001], we needto intro-

duceat leasttwo out of the following threek-propositions2,
“ �����&% determines 
�� ����� ”, “ �����&% determines 
�� !"������# ”,
and“ �����&% determines 
 � �$��������� ”. This is becausethethird
fluent canbe uniquelydeterminedfrom the other two. Al-
thoughsatisfactoryfor predictingandreasoningabouttheef-
fectsof the action look, this solution is clearly not intuitive
andcumbersome.

It is easyto seethata ratherbetterandmoreintuitive de-
scriptionfor thethetraffic light domainwouldbeoneconsist-
ing of asinglefluent,saycolor, whosedomainis ' red,green,
yellow( , and an k-proposition“ �����&% determines )*������� ”.
Fromthe representationalperspective, this is a clearcall for
a direct treatmentof multi-valuedfluents. Furthermore,be-
causestaticcausallaws area sourceof non-determinismand
thuscouldpotentiallymakethereasoningprocess(andthere-
fore, theplanningprocess)harder, it is advantageousto elim-
inateunnecessarystaticcausallaws likethosethatexpressing
thefactthatthevalueof color is unique.

Our main goal in this paper is to developa language for
sensingactionswith multi-valuedfluents. We call this lan-
guage

�����
asit is an extensionof the language

���
with

multi-valuedfluents.To thebestof ourknowledge,
�����

is
thefirst high-level languagewith a transitionfunctionbased

1Thoughseeminglyredundant,suchconstraintsare neededin
thecurrenttransitionfunctionbasedapproachesto reasoningabout
sensingactions.

2In [Lobo et al., 1997], causesto knows is usedinsteadof de-
termines.



semanticsthat allows both sensingactionsandmulti-valued
fluents.+ We notethatamongthe variantsof the language

�
,

the action language
�-,

in [Giunchigliaet al., 1997] intro-
ducesnonpropositionalfluentsthat aresimilar to our multi-
valuedfluentsbut doesnot considersensingactions. Multi-
valuedfluentscouldalsobeencodedin thelanguage. [Eiter
et al., 2000] but this languagedoesnot allow sensingactions
either.

In the next sectionwe define
�����

andillustrateits use
in examplestaken from the literature. We thendiscussthe
relationshipbetweenthe two languages

�����
and

���
and

concludethepaperwith a shortdiscussionon futurework.

2 Language /1032
2.1 Syntax
The alphabetof a domaindescriptionin

�����
consistsof

a setof actionnamesA, anda setof fluent namesF. Each
fluent 46587 hasa domain �"��9;:�4=< associatedwith it that
prescribeswhatvalue 4 cantake.

An atom is of the form 4>�@? where 4 is a fluent and?A5B�C��9;:�4=< . An atom or its negation will be called as a
fluent literal. For convenience,we often use 4ED��? to de-
notethenegationof 4F�6? (or �G:�4H�6?$< ). Fluent formulas
arecomposedfrom fluent literals usingBooleanoperations
in the usualway. To describea domaindescription,we use
propositionsof thefollowing form:

executableI if J (1)I causes� if J (2)� if J (3)I partitions 4 into '�K$L&(*L*MCN (4)

whereO I is anactionname;O � is fluentliteral;O J is fluentformula;andOHP
is asetof indexesand '�K�L&(QL*MCN is a (possiblyinfinite)

partition of the domainof the fluent 4 , i.e., it is a se-
quenceof pairwisedisjoint setsof valuesbelongingto�"��9�:R4=< suchthat S L*MCN K L �T�C��9;:�4=< .

Intuitively, the above propositionsdescribethe effectsof
actions,their executabilityconditions,andstateconstraints.
Propositionsof theform (1) statetheconditionsunderwhichI is executable.It saysthat for I to beexecutable,thefluent
formula J musthold(precisemeaningfollows). Propositions
of the form (2) describethe conditionaleffectsof an action
on the valueof a fluent. It saysthat executionof I causes
theliteral � to betrueif J holds.Propositionsof theform (3)
describethedomainconstraints,i.e.,therelationshipbetween
fluentsand propositionsof the form (4) describethe effect
of sensingactions. (3) statesthat if J holds then � mustbe
true. (4) saysthat executingan action I will help an agent
to partially determinea fluent 4 in that it knows thepossible
valuesof 4 . In whatfollows,we will use“ I determines 4 ”
astheshorthandfor a propositionof theform (4) whereeach
of the K L containsexactlyoneelement,i.e.,executingI helps
theagentto preciselydeterminewhatthevalueof 4 is.

Two effectpropositionsI causes� if J and I causes��U if JVU
arecontradictoryif thereexistsa statesuchthatthe J and JVU
holdsimultaneouslyand � and ��U arein contradictionin W .

A domain description W is a set of propositionsof the
forms (1)-(4) without contradictoryeffect propositions.For
simplicity, we assumethat for every domaindescriptionW ,
eachaction I occursin at mostonepropositionof the form
(1) andby default executable I if X ��YZ� belongsto W unless
otherwisespecified.We will alsoassumethat eachaction I
occursin atmostonepropositionof theform (4). In thelatter
case,we will omit thepropositionfrom thedescription.

We note that with the introducing of multi-valued flu-
ents, the traffic light domain in the introduction becomes
trivial. It can be representedby a single proposition�����&% determines )Q������� with theobviousmeaningassociated
to theaction �����&% andthefluent )*������� . We now demonstrate
the useof

�����
throughexamples,taking from the litera-

ture. Thefirst exampleis taken from the paper[Goldenand
Weld,1996].

Example1 (UNIX domain) In thisdomain,denotedby W\[ ,
actionsareUNIX commandssuchasls, cd, ping, etc.
Fluentsin this domainareoftenmulti-valuedfluents.Below,
we will demonstratehow someof the commonUNIX com-
mandscanberepresentedin

��� �
.

The fluent )]YZ���C
^� , denotingthe currentdirectory, hasthe
domain as the set of valid directories. This fluent can be
changedby the actioncd(X), where _ is an existing di-
rectory, whoseeffect is describedby theproposition`&a :b_c< causes)]YZ���d
^���e_ if ��fg
��hX*:b_c< .

Theeffectof theactionls canbedescribedby thepropo-
sition ikj

determines 4Z
 �����":�)]YZ���d
^�&<
where 4Z
 �����":�)*Yl���C
R�&< is a fluent whosedomainconsistsof
setsof valid file names.

Theactionls(X), on theotherhand,determineswhether
or not thefile _ exists.Thiswill berepresentedby thepropo-
sition i$j :b_�< determines ��fg
��hX*:b_c<
where ��fg
��hX*:b_c< is a Booleanfluent.

Thecommandping(machine) tellsuswhetherthema-
chine 9mI�)Qng
^#o� is alive or not. This commandcanberepre-
sentedby thepropositionp=q�r�s :b_�< determines I"��
^?"��:b_�< .

Oneof thetrivial causalrelationsof this domainsaysthat
if a directory exists then so doesits parentdirectory. This
informationis representedby thefollowing proposition��fg
��hX*:�Ut�d
^��Uu< if ��fl
 �hX*:�Uv�C
^�&w�_xUy< .

The next example,taken from the list of examplesof the
systemSGP[Weld et al., 1998], is abouta patientwhose
sicknesscanbecuredif thedoctoris ableto givehertheright
medication.

Example2 (IllnessDomain) In thisdomain,thereare5 dif-
ferent kinds of illnesses,
�z��Q{h{Q{Q�|
 } , eachneedsa particular
medication.A patientis sick andwe needto find an appro-
priatecurefor her. Takingmedicationfor the correctillness
cancurethepatientbut usingthewrongcureis fatal.



Performingathroatculturewill return ����� , ~*�bY�� , or ��nk
^X�� .
Thiscolordeterminesthegroupof illnessthatthepatienthas.
For example, if the patienthas 
 } then the color is ��nk
^X�� .
Inspectingthe color allows us to observe the color returned
by a throatculturedependingon the sicknessof the patient.
Takinga bloodsampletells uswhetherthepatienthasa high
whitecell countthatwe canknow afteranalyzingtheblood.

Thefluentsin this domainareO 
 (stands for 
 ����#o����� ) with �C��9;:b
�< �'�
 z �Q{Q{h{Q�|
 } ��#o��#o�C( ; where #o��#o� denotes that the
patientis healthy;O )*������� with �C��9;:�)Q�������&<��8'h�����g��~*�bY��C�
��ng
^X��d( ;O ng) (stands for nk
R!kn ~]������� )*��YZ#=X ), X�)Q� (stands forX�ng����ICX )]YZ��X Yl��� X����hX �"��#o� ), �C��I�� , and ~*��� (stands
for ~]������� ��I"9��Z��� �"��#o� ), each has the domain'�X ��Y��"��4�I������C( .

Theactions:O �QX�I"
^# : indicatesthata throatcultureis done,i.e., this
actionmakes X�)Q� becomestrue;O 
R#��|�Z��)*X : this action can be executedonly when the
throatcultureis doneandit tells usthecolor of thetest,
dependingon theillness;O ~]������� �hI"9��l��� : thisactionmakes ~*��� true;O IC#oI������"� ~]������� : executedonly whenthebloodsample
is countanddetermineswhethernl) is true;O 9m���C
^)QICX���:�_c< takes the cure _ where _ 5'�)hz��h{Q{Q{Q�|)*}&( ;

The domain, denotedby W�� , consistsof the following
propositions:

executable�b�l� ���*��� if �^���
executable�d�k�d�t�d��� ���v�h�Q� if ���|����^�&�b� causes�R����b�l�^�$�]�|� determines ���h�t�h��|���v�h���G���t�$� if �u�R����� �¡������¢*£l¤¥�^�|����h�t�Q�����h�]� if �u����� ¦=�¡�R����§�£g¤¡�R������h�t�h����¨�©"�u� � if ������ª ¤¥�^������v�h�Q� ���&«����y� causes�]����&�k�d�t�d��� ���t�Q�h� determines ©C�©"� if �u����� ¦ �¡�������
���R����ª]£g¤¡���]�¬ ©"� if �u����� § ���R����¢*£g¤¡���]�«\�]���b����� ���u�^­Q£ causes�����k�h�g� if �����v­«��*���b�|�&�^���u� ­ £ causes�&�*�&� if �]®��� ­

wherethelasttwo propositionsarefor ¯��8°d�h{Q{h{*��± . Foreach
action I , I²D�³
^#��|�l��)]X and I²D�´IC#oI������"� ~]������� , the domain
will containa propositionof theform executableI if X ��Y�� .

In the next example,we considera blocksworld domain
with two blocksandactionsthattell thelocationof theblock.

Example3 (Blocksworld domain) Consider a blocks
world with two blocks – I and ~ , and a robot. The robot
has an arm that can pickup, putdown,stack, or unstack a
block; the robot canalso sensewhetherit is holding blockI (likewise, block ~ ) or not. We will use ����)&:b_�< where_ 5µ'�IZ��~�( to denotethe location of the block _ . We
have that �"��9�:�����)&:�I$<�<H�¶'���#=·¸I$~]���C�|
^#o¹ºI"#o�g����#»:�~*<]( and�"��9�:�����)&:R~*<�<¼�8'���#=·¸I$~]���"��
^#o¹ºI"#o�g����#»:�I$<�( .

The domain, denotedby W\½ , consistsof the following
propositions( _º�|¾ standfor either I or ~ and _¿D�T¾ ):

executable���b��À&�����uÁÂ£ if �t�h�h�uÁÂ£��1�Q�$Ã¼�d���y�
executable���"�R���h¨¼�o�uÁÂ£ if �v�h�h�uÁÂ£ �;�b�gÄ\�&�g�

executable���^�&��Àk�uÁÂ£ if �t�h�h�uÁÂ£��1�b�gÄ\�&�k�
executable���l���R�&��Àk�uÁÂ£ if �t�Q���uÁ�£ �;�Q���uÅ�£���b��À&�����uÁÂ£ causes�t�Q���uÁÂ£o�;�b�lÄ\�&�k� if �t�Q���uÁ�£ �;�Q�kÃ¼�&���t����C�^���Q¨��o�uÁÂ£ causes�t�Q���uÁ�£ �;�Q�kÃ¼�&���t� if �t�Q���uÁÂ£��;���gÄ\�&�k����R�d��Àg�uÁ�£ causes�v�h�h�uÁÂ£ �;�Q�o�uÅ-£ if �t�h�h�uÁÂ£��1�b�gÄ\�&�k��"�Z���R�d��Àg�uÁ�£ causes�v�h�h�uÁÂ£ �;�b�gÄ\�&�g� if �t�Q���uÁÂ£��;�h�o�uÅ�£�t�h�h�uÁÂ£��1�Q�$Ã¼�d���y� if �t�Q���uÅ�£o�;���gÄ\�&�k�G�¡�t�Q���uÅ¥£o�;�Q���uÁ�£�]�]�l�]�&�uÁ�£ partitions �t�Q���uÁ�£ into Æ]�h�$Ã¼�&���y��Ç �Q�o�uÅ-£�È�Ç�Æ*�b�gÄ\�&�g�CÈ

The next exampledemonstratesthat the partition createdby
sensingactionscanbeinfinite.

Example4 (GasDomain) Considera simple domain that
consistsof only oneaction �����&% I"X 
^#o�d
 )*I"X���� andoneflu-
ent !$I$� 
^# X�I"#�% . Lookingat thegasindicatorwill tell usthe
amountof gasolineavailable in the tank. Furthermore,we
know in advancethe capacityof the tank is 20 gallons,i.e.,
thedomainof thefluent !$I$� 
^# X�I"#�% is [0,20]. Thisdomain,
denotedby W�É , canbedescribedby a singleproposition:�����&% I"X 
^#o�d
 )*I"X���� determines !�I$� 
^# X�I"#�%
Notice the differencebetweenthe action �����&% I"X 
^#o�d
 )*I"X����
and sensing actions in the previous examples. While�����&% ICX 
^#o�C
^)QICX���� partitionsthedomainof !$I$� 
^# X�I"#�% into
aninfinite sequenceof setof values,all partitionscreatedby
otheractionsarefinite.

2.2 Observations
An observationin

��� �
is of theform

initially � (5)

where � is a fluent literal. When � is of the form 4Ê�Ë?
(resp. 4ÌD�Í? ), we say that (5) is a positive (resp. nega-
tive) observation. Notice the differencebetweenthe binary
andmulti-valuedfluentscases.In the Booleancase,an ar-
bitrary observationwould allow us to know the valueof the
fluentoccurredin it. On theotherhand,a negative observa-
tion in multi-valueddomains,say“ initially �Î4º�Ï? ” where� �C��9;:�4=<h��Ð³Ñ , doesnot allow us to know the valueof 4 . It
only limits thedomainof possiblevaluesof 4 .

An action theory is a pair :�WÒ��Ó¥< where W is a domain
descriptionand Ó is a setof observations. Again, for sim-
plicity, wewill assumethateachfluentin W occursin atmost
oneobservationin Ó .

For theUNIX domain,someof theobservationscouldbe
thecurrentdirectoryis/mydoc/papers, thefile namepa-
per.tex is in the directory/mydoc, the machinenamed
church.domain is alive etc. This informationcanberep-
resentedby thefollowing setof observations:

Ô�Õ � Ö
initially �����Q���b�×�;ØuÙ*«��&���Q�]Ù��"�Q���*����Ø
initially �d�t�bÚ&�&�u��©"���Q��©lÛ ���Q«��&�b�l£
initially �b���Ü�"�Q���*�QÛ � �]ÝZÇ^Þ"���t�h��� Ø ÙQ«��d���Q� Ø £ £



For the illnessdomain,we know that thepatientis not dead
but isß ill. We alsoknow thatnoneof thetestshasbeendone.
This informationcanbe representedby the following setof
observations:

Ô�à �Ëáâã
âä

initially �¼®�;�g�Q�g�
initially ¬ �&�]�&�
initially ¬ �R���
initially ¬ �|���

For the block worlds domain, we assume that the
robot knows initially that I is on the table, i.e., Ó�½Ê�' initially ����)d:�I$<»�å��#=·�I�~*���C( .

For the Gasdomain,we initially know nothingaboutthe
gasavailablein thetank,i.e.,thesetof observationsis empty,
denotedby Ó É �Ïæ .

In what follows, we will use :�W [ ��Ó [ < , :�W�����Ó��*< ,:�W�½Q��Ó�½�< , :�W É ��Ó É < to denotethe UNIX domain,the illness
domain,the block worlds domain,andthe gasdomainwith
the domaindescriptionin Examples1, 2, 3, and 4 respec-
tively, andthecorrespondingsetof observations.

2.3 Queries

As discussedin [Levesque,1996], in thepresenceof incom-
pleteinformationandknowledgeproducingactions,weneed
to extendthenotionof a plan from a sequenceof actionsso
asto allow conditionalstatements.In this paper, we consider
plansthataredefinedasfollows. A plan isO

eitheranemptysequenceof action,denotedby çhè ;O
or a singleaction I ;O
or a if-then-elseplanof theform

if J then ��z else �lé
where J is afluentformula;O
or a sequentialplanof theform� z�ê � é
where� z and� é areplans.

Intuitively, the if-then-elseplan is a branchingstatement
wheretheagentevaluatesthecondition J with respectto its
knowledge.If it knows that J is true(resp.false),it executes� z (resp. � é ). Otherwise,the if-then-elseplan fails andthe
executionof theplanwhich containsthis caseplanalsofails.

Therearetwo kindsof queriesthatwe canaskour action
theories.They areof theform:ëoì í�î�ï J after � (6)ë=î�ð
ñCò�ð ñ"ó J after � (7)

where � is a plan and J is a formula. Intuitively, the first
query is aboutaskingif an actiontheoryentailsthat J will
beknown to betrueafterexecutingtheconditionalplan � in
the initial situation,andthe secondquery is aboutaskingif
anactiontheoryentailsthat J will beknown afterexecuting
theplan � in theinitial situation.

As an example, it is obvious that :�W�����Ó��]< entailsëoì
í�î\ï �V�"��I"� after ç è becausewe know that the patient
is not deadinitially. However, the theory doesnot entailë=î�ð ñ"ò�ð ñ"ó 
��ô
 z after ç è becausewe do not know whether
thepatienthasthesickness
 z or not.

2.4 Semantics
Given a domaindescriptionW , an interpretation � of W as-
signseachfluent 465A7 a value ?T5A�"��9�:R4=< , denotedby�":�4=<Ò�õ? . An interpretation� satisfiesan atom 4³�õ? if�":�4=<��Ï? . � satisfies�Î4Ò�Ï? if �":R4=<-D�Ï? . When � satisfiesa
literal � , we write �m� �6� . Thetruth valueof a fluent formulaJ , denotedby �":�JÎ< , with respectto aninterpretation� is de-
finedasusual.When �":�JÎ< is truewesaythat � satisfiesJ and
write ��� �TJ .

An interpretation� is astateif for everypropositionof the
form (3), whenever ��� �åJ holds,sodoes�¡� �å� .

Two states��z and ��é agreeon a fluent 4 with respectto a

partition '�K$L&(*L*MCN of 4 denotedby ��zGöh÷ ø�ùQú�û�ú ühýþ ��é , if ��z�:R4=<G5K$L if f ��éC:�4=<�5ºK�L holds.In thiscase,��z and ��é representtwo
possibleworlds that an agentthink he might be in whenhe
doesnot know thevalueof fluent 4 .

A k-stateis a setof states.A combinedstate(or c-state)
of an agentis a pair ÿR�C����� where � is a stateand � is a k-
state.Intuitively, thestate� in ac-stateÿ��C����� is therealstate
of theworld whereas� is thesetof possiblestateswhich an
agentbelievesit might be in. We saya c-state�1�ÊÿR�d����� is
groundedif ��5�� . Intuitively, groundedc-statescorrespond
to the assumptionthat the world statebelongsto the setof
statesthattheagentbelievesit mightbein.

A fluent formula J is known to be true in a c-state�A�ÿ��C����� if �¡� �eJ for everystate��U=5�� . J is known to befalse
in �º� ÿR�d����� if �¡� �Ï�VJ for every � U 5�� .

Beforewedefinethetransitionfunctionof adomainW , we
introducesomemorenotation.Givenasetof fluentformulaeP

and a formula J , we say that
P

satisfiesJ , denotedbyP � �ÍJ , if J logically follows from
P

. A set
P

of fluent
formulaeis saidto beclosedunderasetof domainconstraints
(form (3)) � if for every constraint“ � if J ” in � , wheneverP � � J , sodoes

P � � � . By 	�#»: P S��c< we denotethe least
logically closedsetof formulaefrom W thatcontains

P
and

is alsoclosedunder� .
An actionI is executablein astate� , if thereexistsapropo-

sition (1) in W suchthat ��� �åJ . For anaction I andastate� ,
if I is executablein � , theeffectof I on � , denotedby ��:�IZ����< ,
is definedby theset��:�IZ����<»�8'��Î�&W containsaneffectproposition(2)

suchthat �¡� �åJ¼(
The set of statesresulting from the executionof a non-

sensingaction I in a state� is definedby
 ���C:�IZ����<»�ô'�� U ��	�#»:�� U <»��	�#»:|:���
 � U <=S ��:��C�|I$<�S 
 < and� U is a state(
where



denotesthesetof propositionof theform (3) in W .

Intuitively,

 ���":�IZ����< is the setof statesresultingfrom exe-

cuting I in � . We arenow readyto define � , the transition
functionbetweenc-states.

Definition 1 (Transition Function) A function � from ac-
tionsandc-statesinto c-statesis calleda transitionfunction
of W if for all c-state�º�Aÿ��C����� andaction I ,O

if I is not executablein � then ��:�IZ���o< is undefined,
denotedby ��:�IZ���o<���� ;



O
if I is executablein � and I is a non-sensingaction,

then ��:�IZ���o< � ÿ�� z ��� z � where � z 5 
 ���C:�IZ����< and
�×z1� '���UÂ� ��UÂ5 
 ���C:�IZ����U Ut< for some ��U U�5�� such
that I is executablein ��U U�( ; andO
if I is executablein � and I is a sensingactionwithI partitions 4 into '�K L ( L*MCN

in W then ��:�IZ���o<�� ÿR�d��� U � where � U � '�� U �$� U 5��
such that �¸öh÷ ø�ù ú û ú ühýþ ��U and I is executablein ��U�( .

Theabove definition correspondsto the threepossiblecases
whenanactionis executed:theactionis non-executable,non-
sensingaction,or a sensingaction,respectively. In the next
definition,we definethe initial stateandinitial c-stateof an
actiontheory.
Definition 2 (Initial State) For an actiontheory :�WÒ��Ó¥< ,O

a state � is calledan initial stateof :�WÒ��Ó¥< if ��� �Ï� for
everyproposition

initially �
in Ó ;O
a c-state ÿR���C������� is an initial c-stateof :�WÒ��Ó¥< if ��� is

an initial stateand � � is a setof initial statesof :�WÒ��Ó¥< .
In orderto determinethestatesresultingfrom the execution
of aplanfrom astate,wedefineafunction �� thatextendsthe
transitionfunction � asfollows.
Definition 3 (ExtendedTransition Function) Let :�WÒ��Ó¥<
be an action theory, � be a transitionfunction, � be a plan
and �Ò�AÿR�d����� bea c-state. Theextendedtransitionfunction
of :�WÒ��Ó¥< , denotedby �� , which mapsa pair of plans and
c-statesinto c-states,is definedasfollows:O

���:�ç èR���o<¼��� .O
For an action I , ���:�IZ���o<»����:�IZ���o< .O
For �e� if J then �=z else �Zé , where J is a fluent

formula, ��z and �Zé are plans,

���: �����o<�� áã ä
���: ��z����o< if J is known to betruein � ê
���: � é ���o< if J is known to befalsein � ê
� if J is unknown in ��{O

For �Ê� � z�ê � é , where � z ��� é are plans, ���: �����o<H�
���: � é �����: � z ���o<|<]{O
���: �����-<Î��� for everyplan p.

We will now definetheentailmentrelation � � �
	 � .
Definition 4 (Entailment) Anactiontheory :�Wº��Ó¥< entailsa
query ëoì í�î�ï J after �
(denotedby :�WÒ��Ó¥<Â� ���
	�� ëoì í�î�ï J after � ) if for every
transitionfunction � of :�Wº��Ó¥< andeach initial c-state� � �ÿ����C������� thefollowingconditionsaresatisfied:O

���: ����� � <�D��� andO J is knownto betrue in ���: � ��� � < .
Similarly, :�WÒ��Ó¥< entailsthequeryë=î�ð
ñCò�ð ñ"ó J after �
(denotedby :�WÒ��Ó¥<F� � �
	�� ë=î�ð ñ"òhð
ñ"ó J after � ) if for
everytransitionfunction � of :�WÒ��Ó¥< andeach initial c-state
���-� ÿ����"������� thefollowing conditionsare satisfied:

O
���: ��������<�D��� andO J is knownto be true in ���: ��������< or J is knownto be
falsein ���: � ��� � < .

We now illustrate the above definitionsusing the domains:�W\[l��Ó�[$< , :�W � ��Ó � < , :�W ½ ��Ó ½ < , and :�W�É���Ó¸É�< . It is easyto
seethatthefollowing hold for theUNIX domain.

Proposition1 For theUNIX domain,O :�W�[l��Ó�[$<×� � � 	1� ëoì
í�î�ï )*Yl���C
R���eUbw�9 �$�"��)*U
after )*�Z:�Uuw�9m�$�C��)*Uy< .O :�W [ ��Ó [ <Q� ���
	 � ë=î�ð ñ"ò�ð ñ"ó ��fg
��hX*:�I$< after ���":�I$< .

The first item tells us that the currentdirectorywill change
to ’/mydoc’ if we executethe action cd(’/mydoc’)
(thedirectoryexistssincethedirectory’/mydoc/paper’
exists. The second one indicates that we will know
whether the file a exists if we execute the action
ls(a). We will now show that the plan ��� ��hX�I"
R# ê 
^#����Z��)]X ê ~]������� ��IC9��l��� ê I"#oI��b�$�C� ~*������� will helpusto
determinetheillnessof thepatient.

Proposition2 For the domain :�W�����Ó��]< , :�W�����Ó��*< � ���
	;�ë=î�ð ñ"ò�ð ñ"ó 
V�e
�L after � � for every ¯�5c'C°C�Q{h{Q{*��±�( .
Proof. Theconcretecomputationof thestatesandc-statesis
givenin AppendixA.  

Let �"! � ç è and for ¯ � °d�Q{h{Q{h��± , let� L � if 
V�å
 L then 9 ���d
 )*I"X���:�) L < else � L�# z . The next
propositionfollows from theaboveproposition.

Proposition3 For thesick domain,�%$ à Ç Ô�à £'& ��(*) ��+",�-/.�0 ���1�k�h�g� after � à�1 � ¦ .
On theotherhand, :�W�½*��Ó�½�<ÂD� ��� 	;� ë=î�ð ñ"òhð
ñ"ó :�����)&:�~*<-���#»:�I$<|< after ����#��h��:R~*< . This is becausethe sensingaction����#��h��:R~*< doesnottell ustheexactlocationof ~ . Theconcrete
computationis givenin AppendixA.

Proposition4 For thegasdomainanda number? 5;ç 2k��Ñ�2&è ,�%$43�Ç Ô 3�£5& � (*)m��+�.�6�7�8�6"7/9;: �"� �b� �R�d�gÀ¥�;Ú after �t�Q��À .

Intuitively, thepropositionsaysthatexecutingtheaction �����&%
will tell uswhetheror not thetankis empty.
Proof. Observe that any statein this domainconsistsof a
single atom !$I�� 
^# X�I"#�% �Í? for some ?B5 ç 2g��Ñ/2�è . Let�=<��³'h!�I$� 
^# X�I"#�%m�8?l( . Clearly, � � �³'��=<Â�"?º5Fç 2k��Ñ�2�èR(
is thesetof initial states.Furthermore,for every ?Ò5Fç 2k��Ñ�2&è ,ÿ�� < �����=� is an initial c-state.Consideran arbitrary initial c-
state���\� ÿR� < �����=� andtransitionfunction � . We have that
��:������&%���� � <�� ÿR�=<��*'��=<C(�� . This holdsfor every initial c-state
andtransitionfunction � . Therefore,we canconcludethat:�W É ��Ó É < � � ë=î�ð
ñCò�ð ñ"ó :b!�I$� 
R# X�I"#�%\�>2"< after �����&% .

3 RelationshipBetween/1032 Domainsand
BooleanDomains

As we have informally discussedin the introduction,thead-
dition of discrete,multi-valuedfluentsto create

�����
does

not increaseits expressivenessin comparingto its predeces-
sor

� �
(by

� �
we meanthe language

� �
extendedwith

stateconstraintsin [Baralet al., 2000b]). We will now show
that each

�����
action theory, :�Wº��Ó¥< , with discrete,finite



multi-valuedfluentswhosesensingactionsareof thesimple
form? “ I determines 4 ” can be translatedinto a semanti-
cally equivalent

� �
actiontheory :�W ½ ��Ó ½ < . For simplicity,

we will assumethat domainsof fluentsin :�WÒ��Ó¥< arepair-
wisedisjoint (thiscouldbedoneby associatingeachvalueof
a fluent with its name).We sketchbelow the translation.In
our description,we placethesubscript~ to componentof the
theory :�Wº��Ó¥< to denoteits correspondencein :�W ½ ��Ó ½ < . For
instance,�b½ or JÎ½ denotesthecorrespondenceof a literal � or
formula J , respectively. Thetranslationis asfollows.O

For each fluent 4 , W�½ contains a set of Boolean
fluents '�
 � ö :�4Z��? ö < �
? ö 5Ï�"��9�:R4=<�( anda setof con-
straints 'h
�� ö :�4Z�|? ö < if @ <�A�MCB�DFE4G ö=HJI <�K �

�� ö :�4Z��?�Uu<Í�? ö 5 �C��9;:�4=<]( and a set of constraints'��

 � ö :�4Z��? ö < if 
�� ö :R4Z��?�Uu<>�Ò? ö ��?�UT5 �"��9�:R4=< and? ö D�å?�U�( .O
For anatom � , � is of the form 4 �6? ö (resp. 4ÏD�6? ö ),�b½¼�å
�� ö :�4Z�|? ö < (resp. �b½��å�

�� ö :�4Z��? ö < ).O JÎ½ is obtainedfrom J by replacingeachliteral � that
occursin J by �b½ .O
Each proposition of the form (1) is translatedinto
executableI if JV½ .O
Each proposition of the form (2) is converted intoI causes� ½ if J ½ .O
Each proposition of the form (3) is converted into� ½ if J ½ .O
Each propositionof the form (4) is converted into a
setof propositions'�I determines 
�� ö :�4Z�|? ö <c�»? ö 5�"��9�:R4=<ML\'h?��d(d( where ?�� is an arbitraryconstantbe-
longingto �"��9�:R4=< .O
Eachpositive observation initially 4 � ? is translated
into an observation initially 
�� ö :�4Z�|? ö < andeachneg-
ative observation initially 4 D�E? is translatedinto an
observation initially �

�� ö :R4Z��? ö < .We will now discusssomepropertiesof the translationfrom:�Wº��Ó¥< into :�W\½h��Ó�½�< . Wewill begin with adiscussionon the

complexity of the translation.First, notethat the sizeof an
actiontheory :�WÒ��Ó¥< dependsonO

thenumberof actions,i.e., thesizeof A;O
thenumberof fluents,i.e., thesizeof F;O
thesizeof thedomainsof fluents,i.e., � ö M/N�� �"��9�:R4=<Q� ;O
thenumberof propositionsin W ; andO
the lengthof formulaeoccurringin the propositionsinW .

Let us definethe length of a formula J by the numberof
literals occurringin it. Assumethat we only needconstant
amountof bytesto encodefluentsandactions,we candefine
the sizeof a propositionin :�Wº��Ó¥< by the lengthof the for-
mulaeoccurringin it, e.g., the size of I causes 4 if J is
the lengthof J . Then,thesizeof anactiontheory :�WÒ��Ó¥< is
definedasthe sumof (i) the sumover the sizeof all propo-
sitionsin :�Wº��Ó¥< ; (ii) thenumberof actions;(iii) thenumber
of fluents;(iv) thesumover � �"��9�:R4=<Q� for 415;7 . Underthe
assumptionthat :�WÒ��Ó¥< is a discreteandfinite multi-valued
fluentsactiontheory, we havethatO

The translationof eachfluent 4 into the set of fluents
andconstraintsin :�W\½Q��Ó�½�< is boundedby a polynomial

functionof thesizeof �"��9�:R4=< ;O
Thetranslationof a fluentformula J into JÎ½ is bounded
by apolynomialfunctionof thelengthof J ;O
The translationof a propositionof the form (1)– (3) in:�WÒ��Ó¥< into a propositionin :�W�½Q��Ó�½�< is boundedby a
polynomialfunctionof thelengthof J ; andO
Thetranslationof apropositionof theform (4) in :�WÒ��Ó¥<
into a propositionin :�W ½ ��Ó ½ < is boundedby a polyno-
mial functionof � �"��9�:R4=<Q� .

Thisshows thatthefollowing propositionholds.

Proposition5 For each discreteand finite multi-valuedflu-
entsaction theory :�WÒ��Ó¥< , the translationfrom :�WÒ��Ó¥< into:�W�½Q��Ó�½�< canbeperformedin polynomialtime.

It is easyto seethat underthe assumptionthat domainsof
fluentsin :�WÒ��Ó¥< arepairwisedisjoint, a fluent formula JÎ½
in :�W ½ ��Ó ½ < could be translatedinto a uniqueformula J in:�Wº��Ó¥< whosebinaryversionis exactly J ½ . We canprovethe
following

Proposition6 For each discrete and finite multi-valued
fluentsactiontheory :�WÒ��Ó¥< , a plan � , andformula J

:�WÒ��Ó¥< � ��� 	1� ëoì
í�î�ï J after �
if f:�W ½ ��Ó ½ < � � � � ëoì í�î�ï J ½ after � ½ {

Theabovepropositionhastwo interestingconsequences.The
‘negative’ but expectedoneis thefactthatintroducingmulti-
valued fluents doesnot increasethe expressivenessof the
language

� �
aslong asthe domainsof fluentsarediscrete

andfinite. Nevertheless,the examplesshow that
�����

is
a muchbetterknowledgerepresentationlanguagefor repre-
sentingandreasoningwith sensingactionsin term of com-
pactnessof the representation.The ‘positive’ one,however,
is aboutthecomplexity of planningwith sensingactionsand
incompleteinformation. It shows that for

�����
actionthe-

orieswith a deterministictransitionfunctionanddiscrete,fi-
nitedomains3, thecomputationalcomplexity resultsin [Baral
et al., 2000a] will hold, i.e., planningin

�����
is not harder

thanplanningin
���

. We list oneof thembelow.

Corollary 1 The planning problemwith
�����

finite, dis-
crete, and deterministicdomains(incompleteinformation
about the initial state and sensingactions) is PSPACE-
complete.

4 Discussionand Future Work
In this paper, we concentrateon the developmentof a high-
level action descriptionlanguagewith sensingactionsand
multi-valuedfluents. The main contribution of this paperis
the language

��� �
with a transitionfunctionbasedseman-

tics. We illustratetheuseof
�����

in examplestaken from
theliterature.We alsoshow thataddingmulti-valuedfluents
doesnot result in a increasingof expressivenessbut alsoin

3 �%$�Ç Ô £ is deterministicif for every c-stateO andnon-sensing
action � , & P��u�$ÇQOZ£�&"R�S . Examplesof deterministicactiontheories
includetheorieswithoutpropositionsof theform (3).



complexity of planningwith sensingactionsin discrete,fi-
nite domains. This opensthe possibility for the application
of resultsin approximating � � � � (e.g. in [Son and Baral,
2001]) in dealingwith multi-valuedfluentsandthe problem
of the hugenumberof states,we proposean approximation
of � ���
	 � . We leave it asoneof thetopicsof our futurere-
search.Weareusing

�¡� �
in developingaplannerfor plan-

ning with sensingactionsin the presenceof incompletein-
formation.Two interestingproblemsarise:(i) specifyingthe
fluentdomains;(ii) creatingmultiple level of nestedif-then-
else. Thefirst problemarisessincelisting all possiblevalues
of afluentis sometimetime-consumingtask(whathappensif
thedomainis huge,sayan integer lessthan10 million?). In
severalcases,thiscanbeaddressedby usingafunctioncall to
anexternalfunction thatvalidatesthe valueof a fluent. The
secondproblemarisesbecauseasensingactioncauseseveral
branchesat thesametime (e.g.,we would like to list all the
files (actionls) anddo somethingwith eachfile afterward
knowing thefile names).Currently, we areinvestigatingthe
useof anotherconstructsuchasfor-all.
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Appendix A

Computation for the blocks world domain: It
is easy to see that the domain has only 5 states:� z �8'�����)&:�I$<V�T��#=·¸I$~]���C������)&:R~*< �T��#=·¸I$~]���d( ,��é¸�8'�����)&:�I$<V�T��#=·¸I$~]���C������)&:R~*< �å
^#o¹ºI"#o�k( ,�=T¸�8'�����)&:�I$<V�T��#=·¸I$~]���C������)&:R~*< �T��#»:�I$<]( ,��U��8'�����)&:�I$<V�å
^#o¹ºI"#o�g������)&:R~*<Î�e��#=·¸I$~]���C( , and� } �8'�����)&:�I$<V�T��#»:�~Q<]�|����)&:�~Q<»�å��#=·¸I$~]���C(

and the set of initial states���F�µ'�� z ��� é ��� T ( that gives
us threeinitial c-statesÿ��=V�������� ( 
-� °C��Ñ$��W ). Executionthe
action �h��#�����:�~*< resulting into three c-states ÿ���z&�*'���z����=T�(�� ,ÿ�� T �*'�� z ��� T (�� , and ÿR� é �*'�� é (�� . Following the definition,
we have that :�W�½Q��Ó�½�< D� ���
	;� ë=î�ð ñ"òhð
ñ"ó ����)d:�~*< ���#»:�I$< after ����#��h��:R~*< .
Computation for the proof of Proposition 2: Let us de-
note a stateof this domainby a tuple :b
��|�l��X�)*�l��~Q�h�l�|)&��nl)Q<
where � standsfor �"��I�� and ) standsfor )*������� . It is easy
to seethatthereare30initial statessince
 cantakethevalues'h
 z �h{Q{h{Q��
 } ( , ) canbeeither ����� , ~*�bY�� , or ��nk
^X�� , and ng) can
be eithertrue or false(the first row of the table). Executing�hX�I"
R# will reducethe numberof statesto 10 and thereare
only 10 possiblec-statesafter the executionof �hX�I"
^# whose
k-statecontainsexactly the10possiblestates.Inspectionwill
not reducethenumberof c-statesbut significantlyreducethe
sizeof the k-state. Indeed,the k-stateof a c-statenow con-
tainseither4 or 2 states.Executionof ~]������� ��IC9��l��� will fur-
therreducethenumberof possiblec-statesto5 andanalyzing
thebloodwill resultin 5 c-states,whosetop andbottomare
exactly the samestate. That meansthat after the above se-
quenceof action,onecanknow which illnessthepatienthas,
andhence,find thecorrectcureto use.



i d tcd bsd c hc # s # c-states
Ini � ¦ Þ Þ Þ � � 30 30( X =ALL)� §� ���¢��ª
stn � ¦ Þ � Þ � � 2 2 ( X =ALL)� § Þ � Þ � � 2 2 ( X =ALL)� � Þ � Þ � � 2 2 ( X =ALL)��¢ Þ � Þ � � 2 2 ( X =ALL)��ª Þ � Þ ¨ � 2 2 ( X =ALL)
ins � ¦ Þ � Þ � � 2 2 ( X = Æ*� ¦ Ç � § È )��§ Þ � Þ � � 2 2 ( X = Æ*� ¦*Ç ��§*È )��� Þ � Þ � � 2 2 ( X = Æ*����Ç ��¢QÈ )��¢ Þ � Þ � � 2 2 ( X = Æ*����Ç ��¢QÈ )� ª Þ � Þ ¨ � 2 2 ( X = Æ*� ª È )
bls � ¦ Þ � � � � 1 1 ( X = Æ*� ¦ Ç � § È )��§ Þ � � � Þ 1 1 ( X = Æ*� ¦*Ç ��§*È )��� Þ � � � � 1 1 ( X = Æ*����Ç ��¢QÈ )� ¢ Þ � � � Þ 1 1 ( X = Æ*� � Ç � ¢ È )��ª Þ � � ¨ � 1 1 ( X = Æ*��ªQÈ )
anb � ¦ Þ � � � � 1 1 ( X = Æ*� ¦�È )� § Þ � � � Þ 1 1 ( X = Æ*� § È )� � Þ � � � � 1 1 ( X = Æ*� � È )��¢ Þ � � � Þ 1 1 ( X = Æ*��¢hÈ )��ª Þ � � ¨ � 1 1 ( X = Æ*��ªQÈ )

In theabove table,r, b, w denotesred,blue, white, respec-
tively. t,f standsfor true, false, respectively. Y standsfor
unknown. Yd#=
 , �hX # , 
^#�� , ~]��� , and IC#�~ standsfor Yd#=
^X 
 I�� ,�hX�I"
R# , 
^#��|�l��)]X , ~]������� ��I"9��Z��� , and I"#oI��b�$�"� ~]������� , respec-
tively. The secondto seventhcolumncontainsthe possible
valuesof a fluent. Thecolumn#sand#c-statescontainsthe
numberof statesand c-states,respectively. In eachof the
subtable,e.g. the onewith stain in the first columnandthe
5 rows, thec-statesresultingfrom executingtheactionstain
from oneof the initial c-stateareof the form ÿ��C����� where �
is a statespecifiedby thecorrespondingrow and � is theset
of statesspecifiedby the rows which have thevalueof 
 be-
longing to thesetspecifiedin the left sideof theequationin
thelastcolumn(ALL indicatesall thepossiblestates).


