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Abstract. Let be a classof (possiblynondeterministicjanguageacceptors
with aone-way inputtape.A system of automatan , is com-
posableif for every string of symbolsacceptedby |, thereis an
assignmenbf eachsymbolin  to oneof the 's suchthatif is the sub-
sequencassignedo ,then is acceptecdby . For a nonn@ative integer
, a -lookaheaddelegatorfor is a deterministicmachine in
which, knowing (a) the currentstatesof andtheaccessiblélo-
cal” informationof eachmachine(e.g.,the top of the stackif eachmachineis a
pushdwn automatonwhethera counteris zeroon nonzeraf eachmachines a
multicounterautomatonetc.),and(b) the lookaheadsymbolsto theright of the
currentinput symbolbeing processed¢can uniquelydeterminethe  to assign
the currentsymbol.Moreover, every string acceptedy is alsoacceptedy
, i.e., the subsequencef string delegatedby to each s acceptediy
. Thus, -lookaheadlelgyationis a strongemrequirementhancomposability
sincethe delggator mustbe deterministic A systemthatis composablenay
not have a -delggatorfor any . We look at the decidability of composability
and existenceof -delegatorsfor variousclassesof machines . Our results
have applicationsto automateccompositionof e-servicesWhene-servicesare
modeledby automatavhosealphabetrepresents setof actiities or tasksto be
performed(namely activity automata)automatediesignis the problemof “del-
egating” actiities of the compositee-serviceto existing e-serviceso thateach
word accepteddiy the compositee-servicecan be acceptecby thosee-services
collectively with eachacceptinga subsequencef theword, underpossiblysome
Preslhirger constraintson the numbersand typesof actiities that canbe dele-
gatedto the differente-servicesOur resultsgeneralizesarlierones(andresohe
someopenguestionsconcerningcomposabilityof deterministic nite automata
ase-service$o nite automatahatareaugmenteavith unboundedtoragge.g.,
countersandpushdavn stacks)and nite automatawith discreteclocks(i.e., dis-
cretetimedautomata).
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1 Intr oduction

In traditionalautomataheory anautomatoris alanguagecceptothatis equippedvith
®nite memoryandpossiblyotherunboundedtoragedevicessuchasa counter a stack,
a queue etc. The automatorfscans@ given input word in a one-way/two-way and
nondeterministic/deterministimannerwhile performing statetransitions.As one of
themostfundamentatoncepin theoreticatomputeiscienceautomatarealsowidely
usedin mary otherareasof computersciencejn particular in modelingandanalyzing
distributedandconcurrensystemsFor instancepnemayview asymbol in aninput
wordthatis readby theautomatorasaninput/outputsignal(event). This view naturally
leadsto automata-basddrmalmodeldik e I/O automatd18]. Ontheotherhand when
oneviews symbol asan (obsenable)activity thata systemperforms,the automaton
canbe usedto specifythe (obsenable)behaior modelof the system;i.e., an actiity
automatornof the system.For instance activity automatshave beenusedin de®ning
anevent-basedormal modelof work o w [23]. Recently activity (®nite) automateare
usedin [4] to modele-serviceswhich areanemeging paradignfor discovery, e xible
interoperationanddynamiccompositiorof distributedandheterogeneoysrocessesn
thewebor the Internet.An importantgoalaswell asanunsolhedchallengingproblem
in serviceorientedcomputing[19] suchase-service$s automateccompositionhow to
constructan@mplementationdf a desirede-servican termsof existing e-services.

To approactthe automatecompositionproblem,the techniqueadoptedn [4] has
two inputs.Oneinput is a ®nite setof actiity ®nite automatagachof which models
an 2atomic®e-service.The secondis a desiredglobal behaior, also speci®edas an
activity ®nite automatonthat describeghe possiblesequencesf actvities of the e-
serviceto be composedThe outputof thetechniques a (deterministic)delegator that
will coordinatethe actiities of thoseatomice-serviceghrougha form of delegation.
Finding a delggator, if it exists, wasshavn to be in EXPTIME. The frameavork was
extendedn [12] by allowing 2lookahead8f thedelegator i.e.,to have theknowledgeof
futureincomingactiities. A procedurevasgivenwhich computesa suf®cientamount
of lookaheadheededo performdelegation; however, the procedurds not guaranteed
to terminate.

Themodelsstudiedin [4, 12] have signi®cantimitations: only regularactivities are
consideredsincethe underlyingactivity modelsare ®nite automataln reality, more
complex and non-regular activity sequencesre possible.For instance,actvity se-
quencedgdescribinga sessionof actiities releaseA s, allocateA s, releaseB s
and allocateB s satisfyingthe condition that the absolutedifferencebetweenthe
numberof releaseA sandthenumberof allocateA  s,aswell astheabsoluteiffer-
encebetweerthenumberof releaseB sandthenumberof allocateB  s,isbounded
by 10 (the condition can be understoocas somesort of fairness)are obviously non-
regular (not even context-free). Therefore,in this paper we will usethe composition
modelof [12] but focuson, insteadof ®nite automatain®nite-state(activity) automata.
Additionally, automata-theoretiechniquesreusedn our presentationywhich aredif-
ferentfrom the techniquesisedin [4, 12]. Notice thatthe problemis not limited only
to e-servicesln fact,similarautomatedalesignproblemswerealsostudiedin thework-

0 W context [24,17] andveri®cationcommunitieqe.g.,[5, 1,21,16]). In thefuture,we
will alsolook athow ourtechniquesndresultscanbeappliedto thesdatterproblems.



In this paperwe use to denote actiity automatgnot necessarpnite-
state),which specify the actvity behaiors of some existing e-servicesWe use
to denotean activity automatonagain,not necessar®nite-state) which speci®eshe
desiredactivity behavior of thee-serviceo be composedrom the existing e-services.

The ®rst issueconcernscomposability The system is composable
if for every string (or sequence) of actiities acceptedby , thereis an
assignmen(or delegation)of eachsymbolin  to oneofthe 'ssuchthatif isthe
subsequencassignedo ,then isacceptedby . Thedevice thatperformsthe
composition's nondeterministicin general We startour discussiorwith
being restrictedcountermachineg®nite automataaugmentedvith counterseachof
which canbe incremented/decrementég 1 and canbe testedagainst0). Oneof the
restrictionswe consideris whenthe countersarereversal-boundeil4]; i.e., for each
counter the numberof alternationsbhetweennondecreasingnode and nonincreasing
modeis boundedby a given constantjndependentf the computation As an exam-
ple,theabove mentionedelease-allocatsequencesanbeacceptedy adeterministic
reversal-boundedountermachinewith 4 reversal-boundedounters\We usenotations
like DFAs or NFAs (deterministicor nondeterministic®nite automata)and DCMs or
NCMs (deterministicor nondeterministiceversal-boundedountermachines)in [12],
it wasshavn thatcomposabilityis decidableor a system of DFAs. We
generalizehis resultto the casewhen is anNPCM (nondeterministipushdevn au-
tomatonwith reversal-boundedountersiandthe 'sareDFAs. In contrastwe show
thatit is undecidablgo determinegivenDFAs and anda DCM with only
one l-reversalcounter(i.e., oncethe counterdecrementst canno longerincrement),
whether is composableWe alsolook at other situationswherecompos-
ability is decidable Further we proposealternatve de®nitionsof composition(e.g.,
T-composability)andinvestigatedecidabilitywith respecto thesenew de®nitions.

When a systemis composablea composerexists but, in general,it is nondeter
ministic. The secondssuewe studyconcerngheexistenceof a deterministicdelegator
(i.e., a deterministiccomposer)within someresourcebound.We adoptthe notion of

-lookaheadielegator(or simply -delegator)from [12] but for in®nite-stateautomata.
(We notethat[4] only studied -lookaheadelegators.)This specialform of a delega-
tor is assumedo be ef®cient, sincein its implementationthe delegatordoesnot need
to look backto its delggationhistoryto decidewherethe currentactivity shallbedele-
gatedForanonngativeinteger ,a -delegatorfor isaDCM  which,
knowing (1) thecurrentstatesof andthe signsof their countergi.e., zero
ornon-zero)and(2)the lookaheadymbols(i.e.,the 2futureactiities)to theright
of the currentinput symbolbeingprocessed;andeterministicallydeterminghe  to
assignthe currentsymbol. Moreover, every string  acceptedby is alsoaccepted
by ,i.e.,thesubsequencef string delggatedby toeach is acceptedy
Clearly, if asystem hasa -deleggatorfor some , thenit mustbecom-
posable However, the corverseis not true — a systemmay be composabldut it may
nothavea -delegatorfor ary

In [4], the decidabilityof the existenceof a -lookaheadielegator(i.e., no looka-

head)whenthe automata(i.e., ) are DFAs wasshown to beis in EXP-
TIME. The conceptof lookaheadvasintroducedin [12] wherethe focuswasstill on



DFAs; algorithmsfor decidingcomposabilityand determiningan approximateupper
boundon (if it exists)wereobtained A questionleft openin [12] is whetherthereis
adecisionprocedurdor determiningfor agiven , whethera systemof DFAs hasa -
lookaheadlelggator We answetthis questiorpositively in this paperevenfor themore
generalcasewhenthe automataare not necessarily®nite-state(e.g.,DCMs). Speci®-
cally, weshaw thatit is decidableo determinegivenasystem of DCMs
andanonngativeinteger , whetherthesystemhasa -lookaheadielegator

Our resultsgeneralizeto compositionandlookaheaddelegationwhenwe impose
somelinear constraintson the assignments/dedgationsof symbols.Doing this allows
usto further specifysomefairnesdinear constrainton a delegator For instance sup-
posethatwe imposea linear relationship speci®edby a Preslirgerrelation , onthe

numbersandtypesof symbolsthat canbe assignedo . We shaw thatit is
decidableo determinefor agiven , whethera system of DCMs hasa

-delggatorunderconstraint . However, it is undecidabldo determinegivena sys-
tem , Whetherit is composablainderconstraint , evenwhen

areDFAs and involvesonly the symbolsassignedo

Composabilityand existenceof -lookaheaddeleggatorsfor systemsconsistingof
othertypesof automatacanalsobe de®nedandwe studythemaswell. In particular
we showv thatcomposabilityis decidableor discretetimedautomatd?2].

The paperhasfour sectionsjn additionto this section.Section2 de®neg(actually
generalizesjhe notion of composabilityof activity automateandprovesthatit is un-
decidablefor systems , Where areDFAsand isaDCM with one
1-reversalcounterlt is alsoundecidablevhen areDFAs whena Preslhirger
constraintis imposedon the numbersand typesof symbolsthat can be delegatedto

and . In contrast,composabilityis decidablefor systems when

areDFAs (evenNFAs) and is anNPCM. Decidability holdsfor otherre-
strictedclassef automataaswell. Section3 introduces -composabilityandshavs
that -composabilityis decidablefor variousautomataSection4 looks at the decid-
ability of theexistencefor agiven ofa lookaheadlelegatorandshaws,in particular
thatit is decidableto determine givena system of NCMs anda non-
negative integer , whetherthe systemhasa -delegator(evenwhen is anNPCM).
Thedecidabilityholds,evenif thedelegationis undera Preshirgerconstraint. Section
5 investigatecomposabilityof discretetimed automata. Becauseof spacdimitation,
no proofsaregivenin this extendedabstractThey will be presentedn aforthcoming
paper

2 Composability

Recallthat, throughoutthis paper we will usethe following notations:a DFA (NFA)
is a deterministic(nondeterministic®nite automatonDCM (NCM) is a DFA (NFA)
augmentedvith reversal-boundedountersNPCM (DPCM) is a nondeterministi¢de-
terministic)pushdavn automatoraugmentedvith reversal-boundedounters.
Machineswith reversal-boundedountershave nice decidablepropertiesee e.g.,
[14,15,10]), andthelanguageshey accephavetheso-calledsemilineaproperty They
have beenusefulin shaving thatvariousveri®cationproblemsconcerningn®nite-state



systemsaredecidabld7,6,8,11,9,20].

Assumption: For easen exposition,we will assumehatwhenwe areinvestigatinghe
composabilityand -delegability of asystem thatthe machineoperate
in real-time(i.e., they processa new input symbol at every step).The resultscan be
generalizedo machinesith aone-wayinputtapewith arightinputendmarker, where
theinput headneednot move right at every step,andacceptancé whenthe machine
eventuallyentersan acceptingstateat the right end marker. This moregeneralmodel
canaccepfairly comple languages-or example thelanguageconsistingof all binary
stringswherethe numberof 'sisthesameasthenumberof 'scanbeacceptedy a
DCM which,whengivenabinaryinput, useswo countersoneto countthe 'sandthe
otherto countthe 's. Whentheinput headreachesheright endmarker, the counters
aresimultaneouslylecrementedyndthemachineacceptsf thetwo counterseachzero
atthesametime. NotethattheDCM hastwo 1-reversalcountersin theconstructionsn

proofsof thetheoremswewill freely usethesenon-real-timenodelswith theinputend
marlker. It is known thatnondeterministisuchmachineave decidableemptinessand
disjointnesproblemsbut undecidablequivalenceproblem;however, the deterministic
varietieshave a decidablecontainmentandequivalenceproblemg14].

De nition 1. Let be a systenof activity automatathat are DCMs over
input (or activity) alphabet . Assumehateach DCM startsin its initial statewith its
countesinitially zeio. We saythat a word (or a sequencef activities)

is composabléf thereis an assignmenbf eat symbol to oneof the sudt
thatif thesubsequencef symbolsassignedo is ,then isacceptecby (for
). We say that the system is composablef every word

acceptedby is composable

Fig. 1. Foure-Services

Examplel. Consideran online club that offers its customerso ®rst register (repre-
sentedby r), andthenpayfor their accesseg&) with eithercash(s) or creditcards(c).
Thee-Services shavn as  in Figurel1, which acceptghe language



Assumethattherearethreeexisting e-Services, ,and ,where handlegeg-
istration,cashpaymentdor oneor moreaccesses, issimilarto  exceptthatsome
customersnay usepromotionfor freeaccessesand  canalsohandleaccesseand
malke credit card transactionsClearly, the system is composablavhere
processingof accessesvill be doneby whoever collectsthe payment,cash( ) or
creditcard( ).

Thesystem is alsocomposablehutin this casethedelggatorneedonly
know if the customemwill make a creditcardpaymenin the next actity; if so  will
perform , otherwise doesit. Thusthis systemhasa 1-lookaheadielegator(to be
de®nedmorepreciselylater). |

It is known thatit is decidablewhethera system of DFAs is com-
posabld12]. Somevhatunexpectedly thefollowing resultsaysthatit becomesinde-
cidablewhenoneofthe 'sisaugmentedvith onel-reversalcounter

Theorem 1. It is undecidablgo determinegivena system ,whee and
areDFAsand is a DCM with onel-reversal counterwhetherit is composable

Remarkl. Obviously, if themachinesareNCMs,composabilityis undecidableln fact,
take to bethetrivial machinethataccepts (theuniverse).Take  to beanan
arbitrary NCM with one 1-reversalcounter Thenthe system is composable
iff is containedn . But the latter problemis known to be undecidablg3].
However, unlike NCMs, equivalenceof DCMsis decidable.

Theorem?2. If isanNPCMand are DFAs (or evenNFAs),thencompos-
ability of is decidable

It is of interestto determinethe compleity of the composabilityproblem.For ex-
ample,a carefulanalysisof the proof of the above theoremandthe useof Savitch's
theorenthatanondeterministic space-bounde@iM canbecorvertedto anequi-
alentdeterministic space-bounde@M [22], we canshav thefollowing:

Corollary 1. Composabilityof a system of NFAs can be decidedin
deterministicexponentialspace(in the sumof the sizesof themadines).

Thereare other caseswhen composabilitypbecomeddecidable if we apply more

restrictionsto . A language is boundedf for somegiven
andstrings (whichmaynot bedistinct).
Theorem 3. Composabilityis decidablefor a system of NCMswhen

acceptsa boundedanguage. Theresultholdsevenif andoneofthe 'sareNPCMs.

Anotherrestrictionon the 'sis the following. We assumehat  is the input
alphabef . Aninputsymbol is shaedif for some . We say
that is -composabléf everyword acceptedy andcontainingat
most appearancesf sharedsymbolsis composableThenwe have:

Theorem4. The -composabilityof is decidablewhen isanNPCM
andeach isaDCM.



For ournext resultwe recallthede®nitionsof semilineaisetandPreslirgerrelation

[13]. A set is alinear setif thereexist vectors in suchthat

Thevectors (referredto asthe
constantvector and (referrecto asthe period9 arecalledthegeneators
of thelinearset . A set is semilinearif it is a ®nite union of linear sets.It

is knownthat isasemilinearsetif andonly if it is a Preslirgerrelation(i.e., canbe
speci®edby a Preslirgerformula).

Let be an alphabet.For eachstring in , de®nethe
Parikh mapof to be , Where is the
numberof occurrence®f in . For alanguage , the Parikh mapof is

Let is a systemof DFAs over input alphabet , and be a Pres-

burger relation (semilinearset). Supposehat we want to checkwhetherthe system
is composablainderconstraint  on the numbersandtypesof symbolsthat are as-
signed/delgatedto the 's. Theconstrainis usefulin specifyinga fairnessconstraint
over the delegations(e.g.,it is never true that the absolutevalue of the differencebe-
tweenthenumberof actvities assignedo  andthenumberof activities assigned
to islargerthan10).Let and beaPreshirgerrelation(formula)
over nonngativeintegervariablegnotethat isthecardinalityof and

is thenumberof the DFAs, including ). The -composabilityproblemmighttakethe
thefollowing form:

Preshurger-constrained composability problem: Given a system of
DFAs, is the systemcomposablesubjectto the constraintthat for every string
, thereis anassignmenbf thesymbolsin  suchthatif arethe subse-
guencesssignedo , respectiely,
(1) accepts ( ).
(2) satis®edhe Preshirgerrelation

Unfortunately becaus®f Theoreml, the above problemis undecidable:

Corollary 2. The Preshurger-constained composabilityproblemis undecidablefor
systems of DFAs and a Preshurger formula  (evenif the formula only
involvessymbolsassignedo ).

3  -Composability

Fromthe above results,it seemdif®cult to obtaindecidablecomposabilityfor a sys-

tem whenoneor moreof arebeyondDFAs. Below, we will
apply morerestrictionson how aregoingto be composedsuchthata de-
cidablecomposabilitycanbe obtained We de®nea mapping such
thateachsymbol is associatedavith a type . For and
, let if and (thenull string) if .Fora
string , We use to denotethe resultof . Foreach
its inputalphabet consistsof all 'swith . Therefore, is the resultof

projecting underthealphabebf . We now modify the de®nitionof composability



asfollows. is -composablé, for everystring acceptedy ,each

is acceptedby . Noticethatthis de®nitionis differentfrom the original onein
the sensehatevery symbol in is assignedo eadh  with . Therefore,
assignmentsf symbolsin  is deterministicin the new de®nition (thereis a unique
way to assignevery symbol).Onecanshow:

Theorem5. The -composabilityof is decidablein the following
cases:

— isanNPCMandeadh isaDCM,;
— isanNCMandeadh isaDPCM.

Theoremb doesnot generaliz¢o thecasewhenoneof the 'sisanNCM, for the
samereasoraswe statedn Remarkl.

We may take anotherview of the compositionof . As we have men-
tionedearlier eachactiity automaton is understoo@sthebehaior speci®catiorof
ane-serviceEachsequence of actvitiesacceptedy is anallowablebehaior of
theserviceln theoriginal de®nitionof composabilitytheactivity automata
arecomposedhroughinterlearingsbetweertheactivitiesin thesequences
Clearly, if actiities betweentwo servicesare disjoint, the original de®nition of com-
posabilitybecomes -composabilitywith beingasingletonsetfor every symbol
(i.e.,eachactvity belonggoauniqueactiity automaton)Whentheactvity automata
sharesomecommonactiities (e.g., belongsoboth and ;i.e., ),
the -composabilityde®nitionimpliesthatan -activity in mustbe synchronized
with an -actiity in . Thisis why in -composability sucha symbol mustbe
assignedo both  and . Noticethatthe assignmentef eachsymbol (actity) is
deterministidn -composabilityThedeterminismhelpsusgeneralizehe above theo-
remasfollows.

A reset-NCM is anNCM thatis equippedwith a numberof resetstatesandis
furtheraugmentedvith anumberof resetcountes (in additionto thereversal-bounded
counters).The resetcountersare all resetto O whenerer  entersa resetstate.(As
usual,we assumehat initially the countersstartwith 0, i.e., with a resetstate)We
furtherrequirethaton ary execution,the resetcountersarereversal-boundetetween
ary two resets.One may similarly de®nea reset-NPCM Notice that an NCM (resp.
NPCM) is a specialcaseof a reset-NCM(resp.reset-NPCM)wherethereis no reset
counter

Theorem 6. Theemptinesproblemfor reset-NCMss decidable

We usereset-NPMto denotea reset-NPCMhatcontainsonly resetcountersanda
stack.Onecanshaow thatthe emptines®f reset-NPMss undecidable.

Theorem7. Theemptinesproblemfor reset-NPMsnd hencereset-NPCMss unde-
cidable

Now, we generalizelheoremb asfollows.

Theorem8. -composabilityof is decidablewhen isanNCMand
eadh isareset-DCM.



LetNPDA (DPDA) denoteanondeterministi¢deterministicpushdevn automaton.
Thus,anNPDA is a specialcaseof areset-NPMpnethatdoesnot have resetcounters.
Using Theorem?7, onecanshaw,

Theorem9. -composabilityof isundecidablevhen isaDPDAand
eadh isareset-DCMgvenfor the casewhen

4 LookaheadDelegator

Given , a -lookaheaddelgyator (or simply -delegator)for the systemof NCMs
isaDCM  which, knowing the currentstatesof and
the statusedi.e., signs)of their counterg(i.e., zeroor non-zero)andthe lookahead
symbolsto the right of the currentinput symbolbeingprocessed, canuniquelyde-
terminethetransitionof , theassignmenbf the currentsymbolto oneof ,
andthetransitionof theassigneanachine Moreover, for everystring acceptedy
alsoacceptsi.e.,thesubsequencef string delggatedby toeach isaccepted
by . Clearly if asystemhasa -delegator(for some ), thenit mustbe composable.
However, the corverseis nottrue,in generalFor example the systemin Figurel(a)is
composablebut it doesnothavea -delegatorfor ary

Example2. ConsideragainExamplel andin particularthe system Ltis
easyto seethatall actwvitiesimmediatelyprecedingan or hasto bedelegatedto
or ,respectiely. Withoutknowing whichletter, or , will becoming,thedelegator
cannotcorrectlydeterminavhether or  shouldperformtheactivities . Thus,the
systemhasno -delggatorfor ary . Ontheotherhandthesystem hasa1l-
delegator It is straightforvardto generalizehis example(by addingadditionalstates)
to shav thatfor every , thereexists a systemthat hasa -delggatorbut not a
-delggator |

Sothatwecanalwayshave lookaheadlet beanew symboland beanew state.
Extendthetransitionfunctionof by de®ningthetransitionfrom ary state,ncluding
,onsymbol to .Thenmake theonly(unique)acceptingstate Thusthenew NCM
acceptghelanguage andit hasonly oneacceptingstate . We candothesame
thing for with their uniqueacceptingstatesFor corveniencecgall

thenew machineslso .

Foreasan exposition,in whatfollows,we assumehat , andeachof
hasonly onereversal-boundeadounter Generalizationgo ary and machines
having multiple reversal-boundedounterss straightforward. Note that the transition
of hastheform: , whichmeanghatif inin state and
theinputis andthesignof its counteris (zeroor non-zero)then canchangestate
to andincrementhecounterby where , with the constrainthat
if , then . Thesameholdsfor transitions and of and .We
assumehatthe countersareinitially zero.

Let beanonngative integer We canconstructa candidate -delegatorDCM
asfollows: eachstateof is atuple , Where isastateof , isastate
of ,and isastringof length . However, in the case , Where is



theinitial stateof and theinitial stateof , thelengthof canbelessthat ,
includingzerolength,in which case . Thentheinitial stateof is
Thetransition of is de®nedasfollows:

1. for all symbol .
2. for all string suchthat
andsymbol .
3. for all , ,
all string suchthat andsymbols , where:
@) ;
(b) either , , and
or , ,and .
Moreover, thechoice oncemadeis uniquefor theparameters

. (Notethat,in generaltherearemary choiceshatcanbe
madefor thegivenparameters.)
4. Notethatin , ary sufdx of maybeastringof 's.
5. Then is the acceptingstateof , where aretheuniqueac-
ceptingstateof

Now isaDCM. Sincetheclassof languagescceptedy DCMsis effectively closed
under complementationywe can constructa DCM  acceptingthe complementof

. Then isa -delegatorof iff . We cancon-
structfrom NCM andDCM anNCM  accepting . We canthen
checktheemptines®f sincetheemptinesgproblemfor NCMsis decidableNow

is justonecandidatdor a -delegator Thereare®nitely mary suchcandidatesEv-
ery choicethat canbe madein item 3) above corresponds$o one suchcandidate By
exhaustvely checkingall candidateswe either®nd a desired -delegatoror determine
thatnosuch -delggatorexists. Thus,we have shavn thefollowing:

Theorem 10. It is decidableto determinggivena systenmof NCMs and
a nonn@ativeinteger , whetherthesystemhasa -delegator.

Sincetheemptinesproblemfor NPCMsis alsodecidableye cangeneralizéheabove
resultto:

Corollary 3. It is decidableto determinggivena system , Whee is
anNPCMand are NCMs,and a nonn@ativeinteger , whetherthe system
hasa -delegator.

Corollary 4. If weimposesomePreshurger constaint  onthedelegationof symbols
bythe -delegator (e.g., someinear relationshipson the numberof symbolseleggated
to ), thentheexistenceofsudha -constmined -delegatoris alsodecidable

OpenQuestion: Is it decidablgo determinegivenasystemof DCMs ( ,
whetherit hasa -delegatorfor some ?



Corollary 5. It isdecidableo determinegivena system andanonney-

ativeinteger ,where isa DPDA (deterministigpushdowrautomaton), isaPDA

(nondeterministipushdowrautomaton)nd are NFAs, whetherthe system

hasa DPDA -delggator. (Here, the delegationdependslsoon the top of the stad of
)

ForthespecialcasevhenthemachinesareNFAs, we canprove thefollowing (from
theproof of Theoreml0 andSavitch'stheorem):

Corollary 6. We candecide givena system of NFAsanda honngative
integer , whethetthesystenhasa -delegatorin nondeterministiexponentiakime(in

andthesumofthesizesof themadines)andhencealso,in deterministicxponential
space

5 Composability of Timed Automata

In this sectionwe studycomposabilityof discretetimedautomatgDTA) , whichare

NFAs augmentedvith discrete-aluedclocks[2]. We saythataword is accepted
by when is providedontheinputtape,if is ableto entera designatedccept-
ing state.We use to denotethe setof wordsacceptedy . For DTAs, onemay

develop a similar de®nition of composabilityasin Section2. However, the de®nition
doesnotjustify theintendedmeaningof composabilityFor instancelet and be

two DTAs, andsuppose (resp. ) areacceptedby  (resp. ). Obsenethatan

interleaving like of the two wordsis not necessarilyacceptedy the DTA com-

posedirom  and . Thisis becausewhencomposing, and sharethesame
global clock. To devise a properde®nition of composabilityfor DTAs, we introduce
timedwords[2]. A timedwordis a sequencef pairs

1)

suchthateach , and . We saythatthe timedword is
acceptedby if isacceptedby andthisfactis withessedy someac-
ceptingrunof  suchthateach isthetimestampthevalueof theglobalclock) when
symbol is readin the run. Thus,the timed word not only recordsthe sequencef
symbols acceptedy but alsoremembershetimestampvheneachsymbol
is read.Let be DTAs. A timedword in theform of (1) is timedcompos-
ableif thereis anassignmenof eachpair to oneof the suchthat,for
, thesubsequencglsoatimedword) of pairsassignedo  is acceptedy
. We saythat is timedcomposabléf everytimedword acceptedy
is timed composableThemainresultof this sectionis thefollowing:

Theorem11. Thetimedcomposabilityof discretetimedautomata is
decidable
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