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Abstract. Let � be a classof (possiblynondeterministic)languageacceptors
with a one-way input tape.A system�
	��
	

�����������

	���� of automatain � , is com-
posableif for every string �����

� �����

��� of symbolsacceptedby 	 , thereis an
assignmentof eachsymbol in � to oneof the 	�� 's suchthat if � � is the sub-
sequenceassignedto 	�� , then � � is acceptedby 	�� . For a nonnegative integer

!

, a
!

-lookaheaddelegatorfor �
	"�#	

�����������

	���� is a deterministicmachine$ in
� which,knowing (a) thecurrentstatesof 	

�

	

�
���������

	
� andtheaccessible“lo-

cal” informationof eachmachine(e.g.,the top of thestackif eachmachineis a
pushdown automaton,whethera counteris zeroon nonzeroif eachmachineis a
multicounterautomaton,etc.),and(b) the

!

lookaheadsymbolsto theright of the
currentinput symbolbeingprocessed,canuniquelydeterminethe 	

� to assign
thecurrentsymbol.Moreover, every string � acceptedby 	 is alsoacceptedby

$ , i.e., the subsequenceof string � delegatedby $ to each 	%� is acceptedby
	

� . Thus,
!

-lookaheaddelegationis a strongerrequirementthancomposability,
sincethe delegator $ mustbe deterministic.A systemthat is composablemay
not have a

!

-delegator for any
!

. We look at the decidabilityof composability
and existenceof

!

-delegatorsfor variousclassesof machines� . Our results
have applicationsto automatedcompositionof e-services.Whene-servicesare
modeledby automatawhosealphabetrepresentsa setof activities or tasksto be
performed(namely, activity automata),automateddesignis theproblemof “del-
egating” activities of thecompositee-serviceto existing e-servicesso thateach
word acceptedby the compositee-servicecanbe acceptedby thosee-services
collectively with eachacceptingasubsequenceof theword,underpossiblysome
Presburger constraintson the numbersand typesof activities that canbe dele-
gatedto thedifferente-services.Our resultsgeneralizeearlierones(andresolve
someopenquestions)concerningcomposabilityof deterministic�nite automata
ase-servicesto �nite automatathatareaugmentedwith unboundedstorage(e.g.,
countersandpushdown stacks)and�nite automatawith discreteclocks(i.e.,dis-
cretetimedautomata).
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1 Intr oduction

In traditionalautomatatheory, anautomatonisalanguageacceptorthatisequippedwith
®nite memoryandpossiblyotherunboundedstoragedevicessuchasacounter, astack,
a queue,etc. The automatonªscansºa given input word in a one-way/two-way and
nondeterministic/deterministicmannerwhile performingstatetransitions.As one of
themostfundamentalconceptin theoreticalcomputerscience,automataarealsowidely
usedin many otherareasof computerscience,in particular, in modelingandanalyzing
distributedandconcurrentsystems.For instance,onemayview a symbol � in aninput
wordthatis readby theautomatonasaninput/outputsignal(event).Thisview naturally
leadsto automata-basedformalmodelslikeI/O automata[18]. Ontheotherhand,when
oneviews symbol � asan(observable)activity thata systemperforms,theautomaton
canbe usedto specifythe (observable)behavior modelof thesystem;i.e., anactivity
automatonof the system.For instance,activity automatahave beenusedin de®ning
anevent-basedformal modelof work�o w [23]. Recently, activity (®nite) automataare
usedin [4] to modele-services,whichareanemergingparadigmfor discovery, �e xible
interoperation,anddynamiccompositionof distributedandheterogeneousprocesseson
thewebor theInternet.An importantgoalaswell asanunsolvedchallengingproblem
in serviceorientedcomputing[19] suchase-servicesis automatedcomposition: how to
constructanªimplementationºof adesirede-servicein termsof existinge-services.

To approachtheautomatedcompositionproblem,thetechniqueadoptedin [4] has
two inputs.Oneinput is a ®nite setof activity ®nite automata,eachof which models
an ªatomicºe-service.The secondis a desiredglobal behavior, also speci®edas an
activity ®nite automaton,that describesthe possiblesequencesof activities of the e-
serviceto becomposed.Theoutputof thetechniqueis a (deterministic)delegator that
will coordinatethe activities of thoseatomice-servicesthrougha form of delegation.
Finding a delegator, if it exists, wasshown to be in EXPTIME. The framework was
extendedin [12] byallowingªlookaheadºof thedelegator, i.e.,to havetheknowledgeof
futureincomingactivities.A procedurewasgivenwhichcomputesa suf®cientamount
of lookaheadneededto performdelegation;however, theprocedureis not guaranteed
to terminate.

Themodelsstudiedin [4,12] havesigni®cantlimitations:only regularactivitiesare
consideredsincethe underlyingactivity modelsare ®nite automata.In reality, more
complex and non-regular activity sequencesare possible.For instance,activity se-
quencesdescribinga sessionof activities releaseA s, allocateA s, releaseB s
and allocateB s satisfyingthe condition that the absolutedifferencebetweenthe
numberof releaseA sandthenumberof allocateA s,aswell astheabsolutediffer-
encebetweenthenumberof releaseB sandthenumberof allocateB s,is bounded
by 10 (the conditioncanbe understoodassomesort of fairness)areobviously non-
regular (not even context-free).Therefore,in this paper, we will usethe composition
modelof [12] but focuson,insteadof ®nite automata,in®nite-state(activity) automata.
Additionally, automata-theoretictechniquesareusedin ourpresentation,whicharedif-
ferentfrom the techniquesusedin [4,12]. Notice that theproblemis not limited only
to e-services.In fact,similarautomateddesignproblemswerealsostudiedin thework-
�o w context [24,17] andveri®cationcommunities(e.g.,[5, 1,21,16]). In thefuture,we
will alsolook athow our techniquesandresultscanbeappliedto theselatterproblems.



In this paper, we use
�

�����������

���

to denote	 activity automata(not necessary®nite-
state),which specify the activity behaviors of some 	 existing e-services.We use

�

to denoteanactivity automaton(again,not necessary®nite-state),which speci®esthe
desiredactivity behavior of thee-serviceto becomposedfrom theexistinge-services.

The ®rst issueconcernscomposability. The system 


���
�

�����������

�����

is composable
if for every string (or sequence)��� �

� �����

��� of activities acceptedby
�

, thereis an
assignment(or delegation)of eachsymbolin � to oneof the

���

's suchthatif �

�

is the
subsequenceassignedto

���

, then �

�

is acceptedby
���

. The device that performsthe
compositionis nondeterministic,in general.We startourdiscussionwith

�

�

�

� ���������

� �

being restrictedcounter-machines(®nite automataaugmentedwith counters,eachof
which canbe incremented/decrementedby 1 andcanbe testedagainst0). Oneof the
restrictionswe consideris whenthe countersarereversal-bounded[14]; i.e., for each
counter, the numberof alternationsbetweennondecreasingmodeand nonincreasing
modeis boundedby a given constant,independentof the computation.As an exam-
ple,theabovementionedrelease-allocatesequencescanbeacceptedby adeterministic
reversal-boundedcounter-machinewith 4 reversal-boundedcounters.We usenotations
like DFAs or NFAs (deterministicor nondeterministic®nite automata)andDCMs or
NCMs(deterministicor nondeterministicreversal-boundedcounter-machines).In [12],
it wasshown thatcomposabilityis decidablefor a system


���
�

�
�������

�
�

�

of DFAs. We
generalizethis resultto thecasewhen

�

is anNPCM (nondeterministicpushdown au-
tomatonwith reversal-boundedcounters)andthe

���

's areDFAs. In contrast,we show
that it is undecidableto determine,given DFAs

�

and
�

� anda DCM
�

� with only
one1-reversalcounter(i.e., oncethe counterdecrementsit canno longerincrement),
whether 


���
�

�
�

�

�

�

is composable.We also look at othersituationswherecompos-
ability is decidable.Further, we proposealternative de®nitionsof composition(e.g.,
T-composability)andinvestigatedecidabilitywith respectto thesenew de®nitions.

Whena systemis composable,a composerexists but, in general,it is nondeter-
ministic.Thesecondissuewestudyconcernstheexistenceof adeterministicdelegator
(i.e., a deterministiccomposer)within someresourcebound.We adoptthe notion of

�

-lookaheaddelegator(or simply
�

-delegator)from [12] but for in®nite-stateautomata.
(We notethat [4] only studied� -lookaheaddelegators.)This specialform of a delega-
tor is assumedto beef®cient,sincein its implementation,thedelegatordoesnot need
to look backto its delegationhistoryto decidewherethecurrentactivity shallbedele-
gated.For anonnegativeinteger

�

, a
�

-delegatorfor 


�����

�����������

�����

is aDCM  which,
knowing (1) thecurrentstatesof

�

�

�

�
���������

�
�

andthesignsof theircounters(i.e.,zero
or non-zero),and(2) the

�

lookaheadsymbols(i.e.,the
�

ªfutureºactivities)to theright
of thecurrentinput symbolbeingprocessed,candeterministicallydeterminethe

�!�

to
assignthe currentsymbol.Moreover, every string � acceptedby

�

is also accepted
by  , i.e., thesubsequenceof string � delegatedby  to each

���

is acceptedby
���

.
Clearly, if a system


�����

�����������

�����

hasa
�

-delegatorfor some
�

, thenit mustbecom-
posable.However, the converseis not true – a systemmay be composablebut it may
nothavea

�

-delegatorfor any
�

.

In [4], thedecidabilityof theexistenceof a � -lookaheaddelegator(i.e., no looka-
head)whenthe automata(i.e.,

�

�

�

�����������

���

) areDFAs wasshown to be is in EXP-
TIME. Theconceptof lookaheadwasintroducedin [12] wherethe focuswasstill on



DFAs; algorithmsfor decidingcomposabilityanddeterminingan approximateupper
boundon

�

(if it exists)wereobtained.A questionleft openin [12] is whetherthereis
a decisionprocedurefor determiningfor a given

�

, whethera systemof DFAs hasa
�

-
lookaheaddelegator. Weanswerthisquestionpositively in thispaper, evenfor themore
generalcasewhentheautomataarenot necessarily®nite-state(e.g.,DCMs). Speci®-
cally, weshow thatit is decidabletodetermine,givenasystem


�����

� ���������

� � �

of DCMs
andanonnegativeinteger

�

, whetherthesystemhasa
�

-lookaheaddelegator.
Our resultsgeneralizeto compositionandlookaheaddelegationwhenwe impose

somelinear constraintson theassignments/delegationsof symbols.Doing this allows
us to further specifysomefairnesslinearconstrainton a delegator. For instance,sup-
posethatwe imposea linear relationship,speci®edby a Presburgerrelation � , on the
numbersandtypesof symbolsthat canbe assignedto

�

� ���������

� �

. We show that it is
decidableto determinefor a given

�

, whethera system


�����

� ���������

� � �

of DCMs hasa
�

-delegatorunderconstraint� . However, it is undecidableto determine,givena sys-
tem 


�����

���

�

�

�

, whetherit is composableunderconstraint� , even when
�

�

�

���

�

�

areDFAs and � involvesonly thesymbolsassignedto
�

� .
Composabilityandexistenceof

�

-lookaheaddelegatorsfor systemsconsistingof
othertypesof automatacanalsobe de®nedandwe studythemaswell. In particular,
we show thatcomposabilityis decidablefor discretetimedautomata[2].

Thepaperhasfour sections,in additionto this section.Section2 de®nes(actually
generalizes)thenotionof composabilityof activity automataandprovesthat it is un-
decidablefor systems


�����

�
�

�

�

�

, where
�

�

�

� areDFAs and
�

� is a DCM with one
1-reversalcounter. It is alsoundecidablewhen

�

�

�

�
�

�

� areDFAs whena Presburger
constraintis imposedon the numbersand typesof symbolsthat canbe delegatedto

�

� and
�

� . In contrast,composabilityis decidablefor systems


�����

�����������

�����

when
�

�����������

���

areDFAs (evenNFAs) and
�

is anNPCM.Decidabilityholdsfor otherre-
strictedclassesof automataaswell. Section3 introduces� -composabilityandshows
that � -composabilityis decidablefor variousautomata.Section4 looks at the decid-
ability of theexistencefor agiven

�

of a
�

lookaheaddelegatorandshows,in particular,
that it is decidableto determine,givena system 


���
�

�����������

�����

of NCMs anda non-
negative integer

�

, whetherthesystemhasa
�

-delegator(evenwhen
�

is anNPCM).
Thedecidabilityholds,evenif thedelegationis undera Presburgerconstraint.Section
5 investigatescomposabilityof discretetimedautomata.Becauseof spacelimitation,
no proofsaregiven in this extendedabstract.They will bepresentedin a forthcoming
paper.

2 Composability

Recallthat, throughoutthis paper, we will usethe following notations:a DFA (NFA)
is a deterministic(nondeterministic)®nite automaton;DCM (NCM) is a DFA (NFA)
augmentedwith reversal-boundedcounters;NPCM(DPCM) is anondeterministic(de-
terministic)pushdown automatonaugmentedwith reversal-boundedcounters.

Machineswith reversal-boundedcountershave nicedecidableproperties(see,e.g.,
[14,15,10]),andthelanguagesthey accepthavetheso-calledsemilinearproperty. They
havebeenusefulin showing thatvariousveri®cationproblemsconcerningin®nite-state



systemsaredecidable[7,6,8,11,9,20].

Assumption: For easein exposition,wewill assumethatwhenweareinvestigatingthe
composabilityand

�

-delegability of asystem


�����

� ���������

� � �

thatthemachinesoperate
in real-time(i.e., they processa new input symbolat every step).The resultscanbe
generalizedto machineswith aone-wayinput tapewith aright inputendmarker, where
the input headneednot move right at every step,andacceptanceis whenthemachine
eventuallyentersan acceptingstateat the right endmarker. This moregeneralmodel
canacceptfairly complex languages.For example,thelanguageconsistingof all binary
stringswherethenumberof � 's is thesameasthenumberof � 's canbeacceptedby a
DCM which,whengivenabinaryinput,usestwo counters:oneto countthe � 'sandthe
otherto countthe � 's.Whenthe input headreachestheright endmarker, thecounters
aresimultaneouslydecremented,andthemachineacceptsif thetwo countersreachzero
atthesametime.NotethattheDCM hastwo 1-reversalcounters.In theconstructionsin
proofsof thetheorems,wewill freelyusethesenon-real-timemodelswith theinputend
marker. It is known thatnondeterministicsuchmachineshavedecidableemptinessand
disjointnessproblemsbut undecidableequivalenceproblem;however, thedeterministic
varietieshaveadecidablecontainmentandequivalenceproblems[14].

De�nition 1. Let 


���
�

�����������

�����

bea systemof activity automatathatareDCMsover
input (or activity) alphabet� . Assumethat each DCM startsin its initial statewith its
counters initially zero. We saythat a word (or a sequenceof activities) � � �

�

�

�������

�
�

is composableif there is anassignmentof each symbol�

�

to oneof the
�

�����������

���

such
that if thesubsequenceof symbolsassignedto

�
�

is �

�

, then �

�

is acceptedby
�

�

(for
������� 	 ). We say that the system


���
�

�����������

�����

is composableif every word �

acceptedby
�

is composable.

A

A1

r a

s

a

A2

a

a

c

r a

s| c
a

r| a| s

A3

Fig.1. Foure-Services

Example1. Consideran online club that offers its customersto ®rst register (repre-
sentedby r), andthenpayfor their accesses(a) with eithercash(s) or creditcards(c).
Thee-Serviceis shown as

�

in Figure1, which acceptsthe language
 	���
 � �
	 
��
� �

� ���

	 .



Assumethattherearethreeexistinge-Services,
�

���

�

� , and
���

, where
�

� handlesreg-
istration,cashpaymentsfor oneor moreaccesses,

���

is similar to
�

� exceptthatsome
customersmayusepromotionfor freeaccesses,and

�

� canalsohandleaccessesand
make credit card transactions.Clearly, the system 


�����

� �

�

�

�

is composablewhere
processingof accesseswill be doneby whoever collects the payment,cash(

�

� ) or
creditcard(

�

� ).
Thesystem


�����

� �

� � �

is alsocomposable,but in thiscase,thedelegatorneedonly
know if thecustomerwill makea creditcardpaymentin thenext activity; if so

�

� will
perform � , otherwise

���

doesit. Thusthis systemhasa 1-lookaheaddelegator(to be
de®nedmorepreciselylater).

It is known that it is decidablewhethera system 


�����

� ���������

� � �

of DFAs is com-
posable[12]. Somewhatunexpectedly, thefollowing resultsaysthat it becomesunde-
cidablewhenoneof the

���

's is augmentedwith one1-reversalcounter.

Theorem1. It is undecidableto determine, givena system


�����

���

�

�

�

, where
�

and
�

� are DFAsand
�

� is a DCM with one1-reversal counter, whetherit is composable.

Remark1. Obviously, if themachinesareNCMs,composabilityis undecidable.In fact,
take

�

to be the trivial machinethat accepts�
	 (the universe).Take

�

� to be an an
arbitraryNCM with one1-reversalcounter. Then the system 


�����

�

�

is composable
if f � 	 is containedin

�




�

�

�

. But the latter problemis known to be undecidable[3].
However, unlikeNCMs,equivalenceof DCMs is decidable.

Theorem2. If
�

is an NPCMand
�

�����������

���

are DFAs(or evenNFAs),thencompos-
ability of 


�����

�����������

�����

is decidable.

It is of interestto determinethecomplexity of thecomposabilityproblem.For ex-
ample,a carefulanalysisof the proof of the above theoremandthe useof Savitch's
theoremthatanondeterministic� 
��

�

space-boundedTM canbeconvertedto anequiv-
alentdeterministic�

�


��

�

space-boundedTM [22], we canshow thefollowing:

Corollary 1. Composabilityof a system


�����

�����������

�����

of NFAs can be decidedin
deterministicexponentialspace(in thesumof thesizesof themachines).

Thereareother caseswhencomposabilitybecomesdecidable,if we apply more
restrictionsto

�

�

�

�����������

���

. A language
�

is boundedif
�	�

� 	

�

�����

� 	


 for somegiven
�

andstrings�

�����������

�


 (whichmaynotbedistinct).

Theorem3. Composabilityis decidablefor a system


�����

�
���������

�
�

�

of NCMswhen
�

acceptsa boundedlanguage. Theresultholdsevenif
�

andoneof the
�!�

' sareNPCMs.

Another restrictionon the
�

�

's is the following. We assumethat �

�

is the input
alphabetof

�
�

. An input symbol � is shared if ��� �

��


��� for some��� ��� . We say
that 


�����

��������� �

�����

is � -composableif everyword � acceptedby
�

andcontainingat
most � appearancesof sharedsymbolsis composable.Thenwehave:

Theorem4. The � -composabilityof 


���
�

�����������

�����

is decidablewhen
�

is anNPCM
andeach

�
�

is a DCM.



Forournext result,werecallthede®nitionsof semilinearsetandPresburgerrelation
[13]. A set �

���

�

is a linear setif thereexist vectors���

�

�

��������� �

��� in
�

� suchthat
� �	�
� ��� ������
 �

�

�

�




�����


 �������

�

�

�

�

���

� The vectors��� (referredto asthe
constantvector) and �

� �

�

� ���������

� � (referredto astheperiods) arecalledthegenerators
of the linearset � . A set �

���

� is semilinearif it is a ®nite unionof linearsets.It
is known that � is a semilinearsetif andonly if it is a Presburgerrelation(i.e., canbe
speci®edby aPresburgerformula).

Let � ��� �

� �

�

� ���������

���

�

be an alphabet.For eachstring � in � 	 , de®nethe
Parikh mapof � to be ��
 �

�

��
�����������
 �

�

���������

��������� 
 �

� �

, where ��� ����! 
#"

�

is the
numberof occurrencesof �

�

in � . For a language
� �

� 	 , the Parikh mapof
�

is
��


�

�

�$�
��
 �

�

��� �

�%�

.
Let

�

�

�

�����������

���

is a systemof DFAs over input alphabet� , and � be a Pres-
burger relation (semilinearset).Supposethat we want to checkwhetherthe system
is composableunderconstraint� on the numbersand typesof symbolsthat areas-
signed/delegatedto the

� �

's.Theconstraintis usefulin specifyinga fairnessconstraint
over thedelegations(e.g.,it is never true that theabsolutevalueof the differencebe-
tweenthenumberof activities � assignedto

�

� andthenumberof activities � assigned
to

�

� is largerthan10).Let � ��� �

� ���������

���

�

and � beaPresburgerrelation(formula)
over 
 	&
 �

�

� nonnegativeintegervariables(notethat � is thecardinalityof � and 	&
 �

is thenumberof theDFAs, including
�

). The � -composabilityproblemmight takethe
thefollowing form:

Presburger-constrainedcomposability problem: Given a system 


�����

�����������

�����

of
DFAs, is the systemcomposablesubjectto the constraintthat for every string � �

�




���

, thereis anassignmentof thesymbolsin � suchthatif �

�����������

�

�

arethesubse-
quencesassignedto

�

�����������

���

, respectively,

(1)
���

accepts�

�

( � � � � 	 ).
(2) 
'��
 �

�

�

��
 �

�

�

���������

��
 �

�
� �

satis®esthePresburgerrelation � .

Unfortunately, becauseof Theorem1, theaboveproblemis undecidable:

Corollary 2. The Presburger-constrained composabilityproblemis undecidablefor
systems


��� �

���

�

�

�

of DFAs and a Presburger formula � (evenif the formula only
involvessymbolsassignedto

�

� ).

3 ( -Composability

Fromtheabove results,it seemsdif®cult to obtaindecidablecomposabilityfor a sys-
tem 


�����

�
���������

�
�

�

whenoneor moreof
�

�
���������

�
�

arebeyondDFAs. Below, wewill
applymorerestrictionson how

�

�
���������

�
�

aregoing to be composedsuchthata de-
cidablecomposabilitycanbeobtained.We de®nea mapping�*) �,+�-�.

��/101010 /

�32

such
thateachsymbol � � � is associatedwith a type ��
 �

�

�

� �

���������

	

�

. For � � � and
� � � � 	 , let 
 �

�
�

� � if � � ��
 �

�

and 
 �

�
�

�54 (thenull string) if � �� � 
 �

�

. For a
string � � �

� �����

�
� , we use 
 �

�
�

to denotetheresultof 
 �

�

�
�

�����


 �
�

�
�

. For each
�

�

,
its input alphabet�

�

consistsof all � 's with ��� � 
 �

�

. Therefore,
 �

�
�

is theresultof
projecting� underthealphabetof

�
�

. We now modify thede®nitionof composability



asfollows. 


�����

�����������

�����

is � -composableif, for everystring � acceptedby
�

, each

 �

� �

is acceptedby
� �

. Notice that this de®nitionis differentfrom theoriginal onein
the sensethat every symbol � in � is assignedto each

� �

with � � ��
 �

�

. Therefore,
assignmentsof symbolsin � is deterministicin the new de®nition(thereis a unique
way to assigneverysymbol).Onecanshow:

Theorem5. The � -composabilityof 


���
�

�����������

�����

is decidablein the following
cases:

–
�

is anNPCMandeach
� �

is a DCM;
–

�

is anNCM andeach
���

is a DPCM.

Theorem5 doesnotgeneralizeto thecasewhenoneof the
� �

's is anNCM, for the
samereasonaswestatedin Remark1.

We may take anotherview of the compositionof
�

�����������

���

. As we have men-
tionedearlier, eachactivity automaton

� �

is understoodasthebehavior speci®cationof
ane-service.Eachsequence�

�

of activitiesacceptedby
� �

is anallowablebehavior of
theservice.In theoriginalde®nitionof composability, theactivity automata

�

�����������

���

arecomposedthroughinterleavingsbetweentheactivities in thesequences� �����������

�

�

.
Clearly, if activities betweentwo servicesaredisjoint, theoriginal de®nitionof com-
posabilitybecomes� -composabilitywith ��
 �

�

beingasingletonsetfor everysymbol �

(i.e.,eachactivity � belongstoauniqueactivity automaton).Whentheactivity automata
sharesomecommonactivities (e.g., � belongsto both

�

� and
�

� ; i.e., � 
 �

�

�$� �

�

-

�

),
the � -composabilityde®nitionimplies that an � -activity in

�

� mustbe synchronized
with an � -activity in

�

� . This is why in � -composability, sucha symbol � must be
assignedto both

�

� and
�

� . Notice that theassignmentsof eachsymbol(activity) is
deterministicin � -composability. Thedeterminismhelpsusgeneralizetheabovetheo-
remasfollows.

A reset-NCM� is anNCM that is equippedwith a numberof resetstatesandis
furtheraugmentedwith anumberof resetcounters(in additionto thereversal-bounded
counters).The resetcountersareall resetto 0 whenever � entersa resetstate.(As
usual,we assumethat initially the countersstart with 0, i.e., with a resetstate)We
further requirethaton any execution,theresetcountersarereversal-boundedbetween
any two resets.Onemay similarly de®nea reset-NPCM. Notice that an NCM (resp.
NPCM) is a specialcaseof a reset-NCM(resp.reset-NPCM)wherethereis no reset
counter.

Theorem6. Theemptinessproblemfor reset-NCMsis decidable.

We usereset-NPMto denotea reset-NPCMthatcontainsonly resetcountersanda
stack.Onecanshow thattheemptinessof reset-NPMsis undecidable.

Theorem7. Theemptinessproblemfor reset-NPMsandhencereset-NPCMsis unde-
cidable.

Now, we generalizeTheorem5 asfollows.

Theorem8. � -composabilityof 


���
�

�����������

�����

is decidablewhen
�

is anNCM and
each

�
�

is a reset-DCM.



LetNPDA (DPDA) denoteanondeterministic(deterministic)pushdownautomaton.
Thus,anNPDA is aspecialcaseof a reset-NPM,onethatdoesnothaveresetcounters.
UsingTheorem7, onecanshow,

Theorem9. � -composabilityof 


�����

�����������

�����

is undecidablewhen
�

is a DPDA and
each

� �

is a reset-DCM,evenfor thecasewhen	�� � .

4 LookaheadDelegator

Given
�

, a
�

-lookaheaddelegator (or simply
�

-delegator) for the systemof NCMs



���
�

�����������

�����

is a DCM  which, knowing the currentstatesof
�

�

�

�����������

���

and
thestatuses(i.e., signs)of their counters(i.e., zeroor non-zero),andthe

�

lookahead
symbolsto theright of thecurrentinput symbolbeingprocessed, canuniquelyde-
terminethetransitionof

�

, theassignmentof thecurrentsymbolto oneof
�

�����������

���

,
andthetransitionof theassignedmachine.Moreover, for everystring " acceptedby

�

,
 alsoaccepts,i.e., thesubsequenceof string " delegatedby  to each

� �

is accepted
by

���

. Clearly, if a systemhasa
�

-delegator(for some
�

), thenit mustbecomposable.
However, theconverseis not true,in general.For example,thesystemin Figure1(a)is
composable,but it doesnothavea

�

-delegatorfor any
�

.

Example2. ConsideragainExample1 andin particularthe system 


�����

���

�

�

�

. It is
easyto seethatall � activitiesimmediatelyprecedingan � or � hasto bedelegatedto

�

�

or
�

� , respectively. Withoutknowing which letter, � or � , will becoming,thedelegator
cannotcorrectlydeterminewhether

�

� or
�

� shouldperformtheactivities � . Thus,the
systemhasno

�

-delegatorfor any
�

. Ontheotherhand,thesystem


���
�

� �

�����

hasa1-
delegator. It is straightforwardto generalizethis example(by addingadditionalstates)
to show that for every

�

, thereexists a systemthat hasa 


�


 �

�

-delegatorbut not a
�

-delegator.

Sothatwecanalwayshave
�

lookahead,let � beanew symboland � beanew state.
Extendthetransitionfunctionof

�

by de®ningthetransitionfrom any state,including
� , onsymbol � to � . Thenmake � theonly (unique)acceptingstate.Thusthenew NCM
acceptsthelanguage

�




���

��� andit hasonly oneacceptingstate� . Wecandothesame
thing for

�

�
���������

�
�

with �

�
���������

�

�

their uniqueacceptingstates.For convenience,call
thenew machinesalso

�

�

�

�
���������

�
�

.
Foreasein exposition,in whatfollows,weassumethat 	�� - , andeachof

�

�

�

�
�

�

�

hasonly one reversal-boundedcounter. Generalizationsto any 	�� - andmachines
having multiple reversal-boundedcountersis straightforward.Note that the transition
of

�

hastheform: ��� 

	

�

�

�

�

�

���

�������


��

��


�

�������

�

, whichmeansthatif
�

in in state	 and
theinput is � andthesignof its counteris � (zeroor non-zero),then

�

canchangestate
to � andincrementthecounterby 
 where 


� �

�


 �

���

� , with theconstraintthat
if �!� � , then 


� �

�


 � . Thesameholdsfor transitions�

� and �

� of
�

� and
�

� . We
assumethatthecountersareinitially zero.

Let
�

bea nonnegative integer. We canconstructa candidate
�

-delegatorDCM  

asfollows: eachstateof  is a tuple 

	

�

�

���

�

���

�

�

, where 	 is a stateof
�

, �

�

is a state
of

�
�

, and � is a string of length
�

. However, in the case 

	

�

�

�

�

�

�

�

�

�

�

�

�

, where 	�� is



the initial stateof
�

and �

�

�

the initial stateof
� �

, the lengthof � canbe lessthat
�

,
includingzerolength,in whichcase� � 4 . Thentheinitial stateof  is 

	

�

�

�

�

�

�

�

�

�

�

4

�

.
Thetransition� of  is de®nedasfollows:

1. � 
 

	

�

�

�

�

�

�

�

�

�

�

4

�

�

�

�

�

�

�

�

�

�

� 
 
 	

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

for all symbol � .
2. � 
 

	

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

� 
 
 	

�

�

�

�

�

�

�

�

�

�

� �

�

�

�

�

�

�

�

�

for all string � such that
� � �

�

�

andsymbol � .
3. � 
 

	

�

�

���

�

���

� �

�

�

�

�

�

���

�

� ���

�

� 
 
 	��

�

���

�

�

���

�

�

�

�

�

� 
 � 
 ����
 �

�

for all 	

�

�

���

�

� , �

�

�

���

�

� ,
all string � suchthat � � � �

�

andsymbols�

��� , where:

(a) 

	��

� 


�

� � � 
 	

�

�

�

�

�

;
(b) either���

�

� �

� , 
 �

� � , and 
����

�

� 
��

�

� �

�


 �

� �

�

�

�

�

�

or ���

�

� �

� , 
 �

� � , and 
����

�

� 
 �

�

� �

�


 �

���

�

�

�

�

�

.

Moreover, thechoice
�

		�

�

���

�

�

���

�

�

��
 ��
 � � 
 �

�

oncemadeisuniquefor theparameters

 
 	

�

�

� �

�

� �

���

�

�

�

�

�

� �

�

�

�

. (Notethat,in general,therearemany choicesthatcanbe
madefor thegivenparameters.)

4. Notethatin 

	

�

�

���

�

���

�

�

, any suf®x of � maybeastringof � 's.
5. Then 
 �

�

�

���

�

���

�




�

is theacceptingstateof  , where �

�

�

���

�

� aretheuniqueac-
ceptingstatesof

�

�

�

���

�

� .

Now  is aDCM. Sincetheclassof languagesacceptedby DCMsis effectively closed
undercomplementation,we can constructa DCM 
 acceptingthe complementof

�


  

�

. Then  is a
�

-delegatorof 


�����

�
�

�

�

�

if f
�




���



�


�


�

�
� . We cancon-
struct from NCM

�

andDCM 
 an NCM � accepting
�




���



�


�


�

. We canthen
checktheemptinessof

�


��

�

sincetheemptinessproblemfor NCMsis decidable.Now
 is just onecandidatefor a

�

-delegator. Thereare®nitely many suchcandidates.Ev-
ery choicethat canbe madein item 3) above correspondsto onesuchcandidate.By
exhaustively checkingall candidates,we either®nd a desired

�

-delegatoror determine
thatnosuch

�

-delegatorexists.Thus,we haveshown thefollowing:

Theorem10. It is decidableto determine, givena systemof NCMs 


���
�

�����������

�����

and
a nonnegativeinteger

�

, whetherthesystemhasa
�

-delegator.

Sincetheemptinessproblemfor NPCMsis alsodecidable,wecangeneralizetheabove
resultto:

Corollary 3. It is decidableto determine, givena system


�����

�����������

�����

, where
�

is
an NPCMand

�

�����������

���

are NCMs,anda nonnegativeinteger
�

, whetherthesystem
hasa

�

-delegator.

Corollary 4. If weimposesomePresburger constraint � on thedelegationof symbols
by the

�

-delegator (e.g., somelinear relationshipson thenumberof symbolsdelegated
to

�

�����������

���

), thentheexistenceof such a � -constrained
�

-delegatoris alsodecidable.

OpenQuestion: Is it decidableto determine,givenasystemof DCMs(
�

�

�

�
���������

�
�

�

,
whetherit hasa

�

-delegatorfor some
�

?



Corollary 5. It is decidableto determine, givena system


�����

�����������

�����

anda nonneg-
ativeinteger

�

, where
�

is a DPDA (deterministicpushdownautomaton),
�

� is a PDA
(nondeterministicpushdownautomaton)and

�

� ���������

���

are NFAs,whetherthesystem
hasa DPDA

�

-delegator. (Here, thedelegationdependsalsoon thetop of thestack of
�

� .)

For thespecialcasewhenthemachinesareNFAs,wecanprovethefollowing (from
theproofof Theorem10andSavitch's theorem):

Corollary 6. Wecandecide, givena system


�����

�����������

�����

of NFAsanda nonnegative
integer

�

, whetherthesystemhasa
�

-delegatorin nondeterministicexponentialtime(in
�

andthesumof thesizesof themachines)andhence, also,in deterministicexponential
space.

5 Composability of Timed Automata

In this section,westudycomposabilityof discretetimedautomata(DTA)
�

, whichare
NFAs augmentedwith discrete-valuedclocks[2]. We saythat a word � is accepted
by

�

when � is providedon the input tape,if
�

is ableto entera designatedaccept-
ing state.We use

�




���

to denotethesetof wordsacceptedby
�

. For DTAs, onemay
developa similar de®nitionof composabilityasin Section2. However, the de®nition
doesnot justify theintendedmeaningof composability. For instance,let

�

� and
�

� be
two DTAs, andsuppose�
� (resp. � 
 ) areacceptedby

�

� (resp.
�

� ). Observe that an
interleaving like �

�

�


 of the two wordsis not necessarilyacceptedby the DTA com-
posedfrom

�

� and
�

� . This is because,whencomposing,
�

� and
�

� sharethesame
global clock. To devise a properde®nition of composabilityfor DTAs, we introduce
timedwords[2]. A timedword is a sequenceof pairs


 �

����� �

�

�����


 �
�

���

�

�

(1)

suchthat each�

�

� �

���

�

�

�

� , and �
�

�

�����

�

�

� . We saythat the timed word is
acceptedby

�

if � � �

�
�����

��� is acceptedby
�

andthis factis witnessedby someac-
ceptingrunof

�

suchthateach�

�

is thetimestamp(thevalueof theglobalclock)when
symbol �

�

is readin the run. Thus,the timed word not only recordsthe sequenceof
symbols�

�
�����

��� acceptedby
�

but alsoremembersthetimestampwheneachsymbol
is read.Let

�

�

�

�����������

���

beDTAs. A timedword in theform of (1) is timedcompos-
ableif thereis anassignmentof eachpair 
 � �

���

�

�

to oneof the
�

�����������

���

suchthat,for
� � � � 	 , thesubsequence(alsoa timedword) of pairsassignedto

�
�

is acceptedby
�

�

. We saythat 


�����

�����������

�����

is timedcomposableif every timedword acceptedby
�

is timedcomposable.Themainresultof this sectionis thefollowing:

Theorem11. Thetimedcomposabilityof discretetimedautomata


���
�

�����������

�����

is
decidable.
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