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A symbolicmodelcheckingmethodfor parametricperiodictimed automatdas

proposed.The methodderivessymbolicallythe wealestconditionfor parame-
terssuchthatthe specifiedcontrol stateof a periodictimed automatorsatisfies
sometemporalproperties. Unlike several existing parametricsymbolic model

checkingmethods the proposedmethodis ‘on-the-fly’ — it doesnot unnec-
essarilycheckall the states. Instead,it traversessomenecessanpart of the

computatiortreeto derive the wealestcondition. We shaw thatif we constrain
a timed automatonto be periodic i.e. if we force a timed automatonto re-

turn to its initial stateperiodicallyat the specifiedconstantime, we have only

to traverseat mostthe first 3 periodsin the infinite computationtree. In the

proposedmethod,we canavoid a costly (and generallyundecidablefixpoint-

calculationfor dense-time-domaistatesets,and derive the wealestcondition
for parametersf atimedautomatorto satisfygiventemporalpropertieswritten

in areal-timetemporallogic formula.

symbolicmodelchecking real-timeperiodicsystemtemporalogic

Introduction

Model cheking[1] have beenrecognizedasone of very usefuland effec-
tive methoddor designingreliable hardwargsoftware systems Especially in
recentyears,real-time systemshave beendevelopedfor the areasthat high
reliability is required,suchas aircrafftrairycar controlling, nuclearreactors,
medicaldevicesandotherreal-timesystemsvhich maybe produceda lot and
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hardto modify in later (e.g. hardware chips or embeddedystems). Model
checkingtechniquesnaybevery usefulfor developingsuchreliablereal-time
systemdo ensureahatthe systems designwrittenin someformal modelsatis-
fiestherequiredpropertiessuchassafety livenessandfairness.

The classicalmodel checkingmethodis not parametrig thatis, to check
whethera behaioral specificationwritten in somestatemodel, satisfiessome
requiremenspecification(property)written in temporallogic, all the param-
etersin the specificationmust be fixed to someconcretevalues. In recent
years, several symbolicmodel checkingmethodsare proposed[2, 3, 4, 5].
Symbolicmodelcheckingis a methodto constructa setof stateg(state-sets)
which satisfygiventemporalpropertiesy representingnfinite or finitely huge
state-setsymbolicallyand using a symbolic calculation. The crucial part of
symboliccalculationis a fixpoint calculation. Thereare somesymbolicrep-
resentation®f state-setssuchas BDDs[2], which enableusto computefix-
pointsefficiently  Although BDDs themselesare aimedfor compressiorof
finitely-hugestatespace,if we adoptsomesymbolicrepresentationsuchas
Preslirger Arithmetic[6], we canextendthe methodto possiblyinfinite state
space.Suchanapproachis especiallyusefulfor parametricanalysesthatis,
we canobtainthe representatiomf the setparametewvariablesin orderthat
the behaioral specificationsatisfiesthe requiremenspecificationjnsteadof
repeatedlyguessingoncreteparametewaluesandcheckingsatisfiability

More recently [3] proposedh semi-decisiomprocedurdo derive asymbolic
representatiof parametricstatesof a hybrid automaton(an extensionof a
timed automatonjn orderto reachsomegiven state-sets.They adoptfirst-
ordertheorywith additionon real-numbers[6hs symbolic representatiomf
state-sets.Although the satisfiability of the first-ordertheory with addition
on real-numbers$s decidablefixpoint calculationis very costlyandgenerally
undecidable [4] proposedsomeapproximatiorntechniquego copewith such
undecidabilityof fixpoint calculationsusing Preslirger Arithmetic as sym-
bolic representationf state-setsbut the domainof the variablesis restricted
to integers. Onthe otherhand,[5] proposedanalgorithmto obtainthe condi-
tion of parameter# orderthatthe givennon-paametricstatemodelondense
time domainsatisfieshe given parametridemporallogic formula. However,
they only allow to write parameterso temporallogic formulas,notin atimed
automaton. In a realistic systemdesignprocesswe usually wantto choose
parameteraluesof models(implementationsyatherthanin temporallogic
(specifications).

Thus, we proposea decisionalgorithmto derive a setof parameter®f a
subclasof a timed automatonmodel which may containparametergpara-
metrictimedautomat§7]) andsatisfiesa formula of a real-timeextensionof
CTL[1]. In our method,parametersre allowed in both a modelanda tem-
porallogic formula. We adoptformulasof first-ordertheorywith additionon
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real-numbersissymbolicrepresentatioof setsof parametewvalues assimilar
to [3]. In orderto reducethe size of the intermediatesymbolic representa-
tion, we decomposehe given problemon-the-flyto several subproblemsand
recursvely solve the subproblemso constructhe entireconditionfor param-
eters.Unlike [3], in thisapproachwe neednot encodesymbolicallythe entire
statespace(it tendsto be very long) and only the necessaryart of the tree
is traversed. Specifically we computethe wealest condition WPC(s, ) of
parametersn orderthat states of the given model shouldsatisfy the given
temporalproperty f. First, we defineWPC(s, f) asa recursve functionsuch
as
WPC(s, f) €' F(WPC(sy, f), -+ -, WPC(s, fi)),

whereF() is a functionalon first-orderformulas,eachs is eithers or some
next stateof s, andeachf; is eithera propersubformulaof f or somederived

formulaof f (notnecessarilya subformulaof f). Basically we cancompute
thewealestconditionWPC(s, f) if the applicationof the recursve definition

of WPC(s, f) is ensuredo terminate However, thatis notthe casein general.
If themodelcontainssomeloops,sucharecursve applicationdoesnot termi-

nate.To copewith the problem,we find somesubclas®f thetimed automata
suchthatwe neednotto exploretheinfinite computatiortree. Whenthemodel

is a periodic timed automatonthatis, after somefixedtime periodit returns
to its initial stateandrepeatdts behaior periodically we have only to check
somefinite partof theinfinite computatiortreeandcanoutputtheresult.

In our method,WPC(s, f) is ensuredo be obtainedafter a fixed stepsof
recursve computationsthuswe canavoid costly fixpoint calculationsof first
ordertheory on real-numbers.Moreover, in our on-the-fly approach,nter-
mediateresultsneedto computeWPC(s, f) are kept small comparedo the
state-spaceonstructionapproaches.Using dynamic programming,we can
alsoavoid duplicatecomputationof WPC(s, fj)’s whenthe pair of 5 and f;
is the same. Moreover, eachsubconditionWPC(s, fi) canbe computedin
parallel,so we caneasily parallelizeour methodusing parallel processorso
improve theefficiengy.

The restof this paperis organizedasfollows. In Section2, we introduce
our model,periodictimed automata.ln Section3, we give a definition of the
logic, real-timeCTL. In Sectiord, we explain our methodto obtainWPC(s, f)
in detail. Section6 concludeghis paper

Related Works Several parametricmodel checkingmethodhave been
proposedor real-timemodels[7,8, 9] andvalue-passind/O models[10].For
giventwo parametricstatemodels,Refs.[7,8, 10] have proposedhe methods
to derivetheparameteconditionsto make onemodelacorrectimplementation
of anothemodel.[7] hasadoptedanguagénclusionasanimplementatiorre-
lation, while [8, 10] hasadoptedbisimulationequivalence.[8] is anextension
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of [10] to atimed model. The proposedmethodin [9] takesa non-parametric
statemodelon discretetime domainanda temporallogic formulawhich may
have someparameterdoundedby quantifiers andcheckswhetherthe model
satisfieghelogic formula. Although somevery interestingpropertiesmay be
expressedisingparametersit simply checkswhetheror not the given model
satisfieghe givenproperty In addition,they considerthatthe time domainis
integers.

2. Parametric and Periodic Timed Automata

In this section,we formally defineour model,periodictimed automata.ln
additionto the traditional theory of Timed Automata[11],we introducepa-
rameteron ary (discreteor densedomain. Then,we definea (non-periodic)
parametrictimed automatormodel. Our definition of timed automatais es-
sentiallythe samebut slightly differentfrom the parametridcimed automatan
[7], sincewe generallyallow timing constraintgo befirst-orderformulaswith
additiononreal-numbers.

Let Act, Var, PredVar) denotethesetof all actions thesetof all variables,
andthe setof all formulasof first ordertheorywith additionon real-numbers
over Var, respectiely. We alsodenotethe setof real-numberdy R andthe
setof non-n@ative real-numberdy R*

Definition 2.1 A parametridcimedautomatoris atuple(S, C, PVar, E, Inu(),
Snit), Whee S is a finite setof control statesC C Var is a finite setof clocks
PVar C Var is a finite setof parametersE € S x Actx PredVar) x 2° x S'is
atransitionrelation,Inv() : S — PredVar) is aninvariantconditionfor eath

. e . a,Pr .
statg st is theinitial state Wewrite s — s;if (5,a,Pr,s)) € E. O

.. aPr .

Informally, atransitions — s; meanghatactiona canbe executedfrom s
whenthe valuesof both clocks and parametersatisfy the formula P (called
aguard conditior), and after executed the statemovesinto s; andclocksin
thesetr areresetto zero. In ary states, valuesof all clocksincreasecontinu-
ouslyatthesamespeedrepresentinghetime passageNotethatthe valuesof
clocks(andparameter# ary) cannever violatetheinvariantconditionl nu(s).
Intuitively, I nu(s) representtherangeof values(e.g. minimumandmaximum
values)allowedfor clocks(andparameters)Thus,time passagat states will
stopwhenthe value of someclock will exceedthe maximumvalue specified
by Inu(s). Whentime passagestops,someexecutableactionis forcedto exe-
cute,representingirgency12] of the action. Also, ary incomingtransitionof
the states’ violating Inv(s’) is notallowed.

Example 2.1 Fig. 1 is a simpleexampleof a parametrictimedautomaton.In
Fig. 1, a setof parametesis {X, y, z}, a setof clodksis {c, ¢}, theinitial state
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paranters: x,y,z s1ltrue]
cl ocks: c,c el
a, [c<=x-2],{}
s_initle<
b, [c>x-3],{c'} d, [c>=y and ¢’ <=z],{}

s2 [c<=x] s3 [true]

Figure 1.  Exampleof ParametricTimed (DAG-)Automata

. . <x-2],
is s, andthe transitiongc < X] a[ci]{] si[trugl meanghat at states, for

a givenvalue of the parameterx, sometime maybe elapsed(i.e. theclock ¢
increaseswhile ¢ satisfiesthe invariant [c < X], andwhenc < x — 2 holds,
actiona canbeexecutednoclodksarereseto zeio, andthestatechangesto s;
(theinvariantof s is [trug], which meanghatanyclodk andparametervalues

- " b,[c>x-3],{¢
are allowedat s;). Similarly, the transition s[c < X] [C>X—>]{ } slc < X
meansthat sometime may be elapsedwhile ¢ satisfiesthe invariant [c < X],

andwhenc > x — 3 holds,actionb canbe executedclodk ¢’ is resetto ze,
. d,[exyac <7),{}
andthe statechangesto s,. In thetransitionsy[c < X] — s3[trug, a

guard conditionfor bothclodksc andc’ are specifiedusingparametes y and
z. a

Formal semanticof timed automatas definedasfollows. The valuesof
clocks and parametersare given by a functiono : (C U PVar) » R. We
referto suchafunctionasavalue-assignmeniVe represena setof all value-
assignmentdy Val. We write o £ P if aformulaP € PredVar) is true
undera value-assignment € Val. The semanticbehaior of a parametric
timed automatoris given asa semantictransitionsystemon concete states
A concretestateis representedby (s, o), wheres is a control stateand o is
avalue-assignmentLet CS €' {(s,o)|s € S,o € Val} be a setof concrete
states.Thesemantidransitionsystemconsistof delay-transitionsandaction-
transitions A delaytransitionrepresents time passagevithin the samecon-
trol states € S, whereasan actiontransitionrepresentsan executionof an
actionwhich changeshecontrolstateto thenext ones'. Formally, the seman-
tic transitionsystemis definedasfollows.

Definition 2.2 For anyvalue-assignment, t € R*, andr € C, leto + t and
o[r — 0] bethevalue-assignmentsud that

o oc(X)+t ifxeC,
(C+t(x) & {a(x) otherwise

o 0 if xer,
(ofr - 0D = { o(x) otherwise
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A semantidransitionsystemfor a parametrictimedautomatorS, C, PVar,
E, Inv(), snit) is a labelledtransitionsystenon concretestatesCS, where the
transitionrelationis definedby thefollowing rules:

n (s0) -5 (o +t)ifte RYand(o +1) E Inu(s),

s (50) -5 (S, ofr - 0)if s23 &, o £ Panda]r — 0] E Inu(s).
O

The major differenceof periodictimed automatafrom normal parametric
timed automatds thatit checksthe elapsedime sinceit is startedandif it is
equalto the specifiedperiodT, thenit resetdo its initial state.Moreover, it is
assumedhatonly finitely boundedactionscanbe performedbeforereturning
to theinitial state.To ensurethe above propertieswe definea periodictimed
automatonas one obtainedby addingresettransitionsto a parametrictimed
automatorwith no loops(we referto sucha parametridimed automatorasa
parametrictimedDAG-automatoh Formallyit is definedasfollows.

Definition 2.3 A parametridimed DAG-automators a parametrictimedau-
tomatonwhosetransitiongraph hasno directedcycles,(i.e. it is a Directed
AcyclicGraph(DAG)). m|

The parametridimed automatorin Example2.1is a parametridimed DAG-
automatorsinceits transitiongraphis atree(soit is alsoa DAG).

Definition 2.4 A periodictimed automatoris a parametrictimedautomaton
which is obtainedfroma parametrictimedDAG-automatorby addingthe spe-

cial resetrransition(calledareturntransition s I’[Ci—t]’c Snit for states,where
Snit i theinitial statg C is a setof all clodks, ¢, € C is a specialclodk which
keepsthe elapsedimefromtheinitial statesy;; (no othertransitioncanreset
thisclok), T € R* isa period i € Actis a specialresetaction. O

Example 2.2 Fig. 2 is an exampleof a periodictimedautomaton.Thisexam-

ple is a modifiedversion of Example2.1 whete a specialclodk ¢, and some
i,[cp=Tl.{c.c',cp)

return transitionssud as §; — s are added. Note that we allow
periodic timedautomatato terminateinsteadof returningto theinitial state
sud asthestatess in Fig. 2. |

3. Real-time CTL

In this section,we define RPCTL, a Real-timeand Parametricextension
of ComputationTreeLogic(CTL)[1] includingsomeoperatorsn ACTL[13]*.

1Unlike [1] andmary timed extensionsof CTL suchasTCTL[3], the next operatorof RPCTLis attributed
by anactionname(similarto Hennessy-MilneLogic[14], or ACTL[13]) sothatwe canverify theproperties
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paranters: X,y,z
cl ocks: c,c',cp i,[cp:‘l’],(c,c'lcp}

SIy [true]
a, [c<=x-2],{}

s_init

b [c>x-3,{c'}  d.[c>=y and ¢’ <=z],{}

é‘d[true]

i[ep=Tl.{c.c',cpp AT

Figure 2. Exampleof PeriodicTimed Automata

f = true (universallyvalid)
| false (universallyinvalid) | fEU.pf (existential'until' operator)

| -f (negation) |  fAU.pf (universal'until' operator)

| f A f (conjunction) | EF_pf (existential‘eventually’ operator)
| f v f (disjunction) | AF_pf (universal‘eventually’ operator)
| f = f (implication) |
| (a).pf (existential'next’ operator) |
| [a]-pf (universal'next’ operator)

EG.pf (existential'always’ operator)
AG.pf (universal'always’ operator)

Figure 8.  Syntaxof RPCTL

In comparedo TCTL[3], we do not adoptthe freezequantiferasa primitive
operatorof RPCTL.

Definition 3.1 Thesyntaxof RPCTL formulais definedby the BNFin Fig. 3,
whee a € Actis anactionname pis a linear expressiorwhich maycontain
parametervariables,and~€ {<, <, >, >, =} is a comparisorpopemtor. We may
omit‘~ p’ specifierandin thatcase'> 0" is assumed. |

RPCTLIis alogic to specifya temporalpropertyat the stateof of a paramet-
ric timed automatorfor its succeedindehaior usingtemporaloperatorwith
timing constraintavhich may containparametersintuitive meaningof basic
constructsof RPCTL is asfollows. ‘tru€ holdsat any concretestate. ‘- f’
holdsat a concretestate(s, o) if andonly if f doesnotholdat (s, o). ‘ falsé
never holdsatary concretestate whichis equivalentto —true ‘ f; A f,’ holds
if andonly if both f; and f, hold. ‘f; v f,’ and‘f; = f,’ arealsodefined
similarly to classicpropositionallogic. ‘(a)<,f’ holdsat (s, o) if andonly if
thereexists sometransitionfrom (s, o) performinga within p units of time,
suchthat f holdsat the next (control) state. Sincewe candefinesimilarly if

whenwe view the modelasa mealy-machineor (timed-extensionof) processalgebrawith obsenration
semanticgi.e. processeareidentifiedby observingactionsnot statespuchasCCS,CSPor LOTOS.



(s o) Etrue
(so) E-f
(so)Efinf
(s0) E@-pf
thereexists sometransitionsequencgs, o) LR (s0+1) N (s,0)
suchthatt ~ pand(s’,o’) = f.
(so) E HEU pf,  %f
thereexists sometransitionsequence

def (so) k.

def (s o) | £, and(s o) E .
dgf

t a t Ay
(50) = (51,01) — (S1, 071 +t1) —> - “ (Sc1, Tt + 1) 5 (S 0%)

andsomenon-n@ative real-numbety, s.t.(, ok +t) E faandty + -+t ~ p
andforaryi(l <i <Kandforany (0 <t/ <t), (s,oi+t)kEf1

(so) E hAU f, %
for ary transitionsequencsuchthat

t a ti .
(8.0) = (S1,071) = (S1, 071 +t1) — =3 (Sc1, Tt + 1) > (S 0%)

andfor ary nonn@ative real-numbety, (s, ok +t) E fandty + -+t ~ p
andforaryi(l1<i <k andforarytf(0<t <t), (s,oi+t)E fi.

Figure 4. Semanticdf RPCTL

~ is otherthan < (caseof >, <, >, =), we only mentionthe caseof < in the
following explanation.[a]<, f’ holdsif andonly if for anytransitionfrom the
stateperforminga within p unitsof time, f holdsatthe next state whichis the
sameas—(@)<p—f. ‘ f1EUf2" holdsif andonly if thereexistssometransition
sequencsuchthat f, eventuallyholdswithin ¢ unitsof time anduntil then, f;
alwaysholds. * f;AU-p o’ holdsif andonly if for anytransitionsequencef,
eventually holdswithin p units of time and until then, f; always holds. We
canalsouse'EFpf’, '"AG<pf’, "AF,f’ and'EG.,f’" asabbreiationsfor
trueEUf, ~EF<p—f, true AU, f and-AF.,—f, respectiely.

In general,we write M, (s,0)  f to meanthatan RPCTL formula f is
satisfiedoy a concretestate(s, o) of aparametridimedautomatorM. If there
areno confusionsye omit M andjustwrite (s, o) = f. Theformal definition
of therelation= is asfollows. We only give the definitionsfor six primitive
constructstrue, —f, fy A f2, (@) f, f1EU_pf2 and, f; AU fo. Therestof the
constructsanbe specifiedsimilarly to the above constructs.

Definition 3.2 Therelation(s, o) E f is formally definedn Fig. 4. O
Example 3.1 TheRPCTLformula

[a1] <q, (({a2)tru€)EUq, ((ag)true))
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meansthat for every statereadable after executedaction a; within g; units
of time there existsan executionpathsud thatactiona; is alwaysexecutable
until ag becomegxecutableafter g, unitsof timeelapsed Notethat g, andgp
are parametervariables. m|

4. Derivation of the Weakest Condition of
Parameters

Now we describeour methodto derive symbolicallythe wealestcondition
of parameter§VPC(s, f) in orderthatstates of the periodictimedautomaton
satisfiegshe RPCTL property f. To begin with, we give a precisedescription
of our problem.

Definition 4.1 Let M bea parametrictimedautomatonsbea stateof M, and
f be an RPCTLformula. The parameteicondition derivation problemis to
derivea first-oderformulaWPC(s, f) sud that

o EWPC(s f)iff (s o) E f. O

At first, we give analgorithmto solve the parameteconditionderivationprob-
lem for parametrictimed DAG-automataand thenwe extend it to periodic
timedautomata.

4.1. Case of DAG Models

As mentionedin Sectionl, we defineWPC(s, f) asa recursve function
suchthat
WPC(s, f) &' F(WPC(sy, f1), ..., WPC(s, fi)).

Herewe give a concretadefinitionof functionWPC(s, f) for eachconstruciof
RPCTLformula f.

Definition 4.2 Letsand f bea stateof a parametrictimedautomatorandan
RPCTLformula f, respectivelyThen,functionWPC(s, f) is definedin Fig. 5.
In Fig. 5, C is a setof all clocks,r,rj,etc.denotesubset®f clocks, P[C + t/C]
(P[O/r]) represents firstorderformulaP whoseeveryfreeoccurrenceof eath
variablex € C (x € r) is replacedwith x + t (0, respectively). O

Themeaningof thedefinitionof WPC(s, f) is asfollows. If f is oneof true
or fy A fp, thedefinitionof WPC(s, f) is straightforvard. The caseof f = - f’
is lessobvious, but sincewe have definedWPC(s, ) asthewealestcondition,
o = WPC(s, f) immediatelyimplieso E WPC(s, - f), andvice versa.Hence
we have WPC(s, —f) = -WPC(s, f).

Considethecaseof f = (a).,f’. Supposer is avalue-assignmemstuchthat
(s,0) E (@.pf’. From Definition 3.2, theremustexist a concretetransition
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WPC(s,true) =" true
wpC(s -f) % _wpc(s f)
WPC(s, fi A f) 96T WPC(s f1) A WPC(s f2)
WPC(s @ _pf) %" G0 <tat~pa(ings) A
\/ {Pi A (Ino(s) A WPC(s;, F))[0/rI})IC + t/C])
iel(s.a)

wherel(s,a) = {i\saﬂri s},
WPC(s HEU pf) %' ar0<ta
V(O <t At <t) = WPC(s f)[C +t'/C]) A
(Inu(s) A (t ~ p A WPC(s, f2) v \/ {Pi AWPC(s;, f1EU_(p—y) f2)}))[C + t/C])
iel(s)

wherel(s) = {i|sa'v'[ii]>'ri s,
WPC(s hAU pf) %7 wio<t=

VO <t At <t) = WPC(s f1)[C +t'/C]) A

(Inu(s) = (t ~ pAWPC(s, f2) A /\ {Pi = WPC(s, f1AU-(p-t f2)}))[C + t/C])
i€l(s)

Figure 5.  FunctionWPC(s, f)

sequencés, o) LN (5,0 +1) N (,07) suchthatt’” ~ pand(s,o”’) E f’.
Thus,thefollowing conditionsmustalsohold:

, i P .
= sometimedautomatortransitions — s mustexists.
= o+t mustsatisfyboth I nu(s) andP (Definition 2.2).

m o’ is avalue-assignment + t whosevaluesof the clocksin r arereset
to zero,i.e. o’ = (o + t)[r — 0] (recallthato + t is the samevalue-
assignmendso exceptall clock valuesareincreasedby t, andor — 0]
is thesameaso exceptall theclocksin r areresetto zero,asdefinedin
Definition 2.2) andit satisfied nu(s').

s (8,0')E ' i.e.c’ EWPC(S, f').
Hence we obtaina necessargondition

“thereexistssomenon-n@ative real-numbet andsometransitions a—p’r> s, such
thato E (t ~ p), o+t E Inu(s) AP and(o +t)[r — O] E Inu(s) AWPC'(s, f')"

for o to make states satisfy f. We canrewrite ‘o +t E Inv(s) A P’ to the
conditionof o, suchaso E (Inu(s) A P)[C + t/C]. By the sameway, we
canalsorewrite (o + t)[r — 0] E Inu(s) A WPC'(S, f") aso E (Inu(s) A
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WPC(s, f'))[C +t/C, 0/r]. Thereforethefollowing conditionholds:
o E O<tat~pAaln(s)APA(In(s) AWPC(s, f)[0/r])[C + t/C].

Sinceit is suficientthatsomenon-ngative real-numbet andsometransition
aPr . .
s —> 9 exist, we canwealentheabore conditionas:

o E O<tAt~pAlImn(s) A

\/ (P A (In(s) A WPC(s,, £)[0/r])IC +t/C].

iel(sa)

wherel(s, a) def {ils aﬁ{i 5} is a setof indicesof transitionswhosesource

nodeis s andactionnameis a. We caneasily prove thatthis is the wealest

conditionof o suchthat (s, o) E f, andt is somefreshvariablewhich does
notappeain eitherlnu(s), P;, Inu(s) or WPC(s, f).

Considetthecaseof f = f{EU_f>. Similarto above, supposer is avalue-

assignmensuchthat (s,o) = fiEU_pf,. From Definition 3.2, there must

. - t i
exist sometransitionsequences, o) = (sy, 1) — (S, o1 + 1) — -+ ~5

- 1)
(Sc 1.0k 1+ tk 1) — (S oK) — (S ok + t), suchthat (S ok + t) E f2,

tp+---+t ~ p,andforary j (1 < j < k) andforarny t; (0 < tj < tj),
(sj,oj + tj) E f1 holds. To obtaina recursve definition of WPC(s, f), we
divide the premiseof theabove statemeninto two casesk = 1 (f, holdsatthe
currentstates;) andk > 2 (f, holdsat somefuture statesy).

[Casek = 1]: If k = 1, thentheremustexist atransitionsequencés, o) 5
(s,o +1) suchthat(s,o +t) E fo,t ~ pandforaryt’ (0<t' <t),(so+1t) E
f1 holds. Similar to the caseof f = (a).,f’, the wealestconditionof o is
obtainedasfollows:

o E AMO<tAt~pA(Inu(s) A WPC(s, f2))[C + t/C]
AV (O <t At <t) = WPC(s, f1)[C +t'/C])) 1)

[Casek > 2]: If we assumek > 2, thenthere mustexist a transition se-

quence(s, o) = (s1,01) A, (s1,01 + 1) 2, (s, 02) suchthat (s, 07) E
f1IEU (p-t,) f2 holds,andfor ary t; (0 < t] < t1), (s1,01 + t]) E f1 holds.

: : . . . i, Pl
Consideringthat theremay exist multiple transitionss Bl s, the wealest
conditionof o is obtainedasfollows:

o E O <tA(nE) A \/ (P AWPC(s, HEU (4 R)DIC +t/C]
iel(s)

AVE[0 <t At < t) = WPC(s, f1)[C + t'/C]]] )
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def
=

. &Py . T "
wherel(s) €' {ils =5 s} is asetof indicesof transitionswhosesourcenode

is s.
Thereforethegenerakaseis (1) or (2), thatis,

o E FMO<tAVU[0<t At <t) => WPC(s, f1)[C +t'/C]]]
A(Inu(s) A (t ~ pAWPC(s, fp) v

\/ {(Pi AWPC(s, FiEU 5y R)))IC +t/C]
icl(s)

Thecaseof f = f{AU_f is similar, andwe omit the detaileddescriptiondue
to spacdimitation.

If thetransitiongraphcontainsno loops,thereareno caseghat WPC(s, f)
is recursvely called during the computationof WPC(s, f) itself. Thus, the
function call WPC(s, f) is ensuredo terminate. Hence,a recursve function
WPC(s, f) is analgorithmto obtainthe parameteconditionfor DAG-formed
models(i.e. parametridimed DAG-automata).

Theorem4.1 For everystates of a parametrictimed DAG-automatoriv and

every RPCTLformula f, a recussive function WPC(s, f) alwaysterminates
and returnsa correct solution of a parametercondition derivation problem,
ie.:

Vo[o E WPC(s, f) iff (s o) E f]. O

4.2, Case of Periodic Models

If parametrictimed automatahave someloops, the algorithm WPC(s, f)
in Theorem4.1 may not terminate. In this section,we prove thatif models
are periodictimed automatawe have only to checka finite fragmentof the
computatiortreeto derive thewealestconditionof parameters.

At first, we introducethe notion of unfolding. Replaceall returningtran-
sitions of a periodictimed automaton(Fig. 6-(a)) with transitionsto the spe-
cial terminatingstate. We obtainthe correspondingparametrictimed DAG-
automataFig. 6-(b)). Then,attachthe copy of the correspondingparametric
timed DAG-automatorto the specialterminatingstateof itself. Finally, we
have the parametrictimed DAG-automatorwhich representshe first 2 peri-
odic behaior (Fig. 6-(c)). We referto sucha modelasa 2-unfolding of the
periodictimed automaton. Similarly, we canalso definea k-unfolding of a
periodictimedautomatorasthe parametridcimed DAG-automatorwhich rep-
resentghefirst k periodicbehaior.

For ary RPCTL operatorexcept‘until’ operatorsEU andAU (andall the
operatorglerivedfrom EU andAU suchasAG, AF, EF andEG), thewealest
conditionof parameterareobtainedoy justcheckingthecurrentstate(andthe
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next stateif it is ‘next’ operatorsandcheckingfor the propersubformulage-
cursiely. Sincethesizeof eachsubformulds strictly decreasingtherecursion
eventuallyterminatesandwe canobtaintheresult. However, it is notthe case
for the ‘until’ operatorsEU and AU. The definition of WPC(s, fiEU . f>,)

containsnot only recursve calls for its propersubformulasf; and f,, but
also the recursve call for the formula fEU.(p_y) f2, which is not a proper
subformula. This meansthat it may executethe function call of the form

WPC(s, fiEU  (p-t,—..—t,) f2) forever if the model containssomeloops. Our
resultis thatwithout lossof generality we have only to check3-unfoldingof
periodictimed automat&gor eachsubformulaincluding ‘until’ operator{EU

andAU).

Formally, it is provedby thefollowing lemma:

Lemma 4.1 For anyconcietestate(s, o) of periodictimedautomatathefol-
lowing conditionholds:

(s,0) F filEU pfaif andonlyif (s,0) E fiEU. .y f2

whee T is the period of the periodictimedautomata,p’ € p— mx T andm

is the minimumnonngativeinteger s.t. p— mx T < 3T. Thesamecondition
alsoholdsfor f;AU._ .

(proof) Let a,d’, etc. denotefinite execution pathssuchas (s, o1) N

(S1,01 + 1) -, (82, 072) 2, L. (sx,0k). Let ET(a) denotethe execu-
tion time of the patha, i.e., ET(a) = t; + --- + tx_1. Considerthereexistsa
patha which beginswith (s, o) suchthat(s, o) E fiEU_pf, (whichimplies
ET(a) ~ p). Thecaseof 0 < ET (@) < 3T istrivial, sinceif (s,0) = fiEU_ x>
holdsfor «, p mustbelessthan3T for ary caseof ~€ {<, <, >, >, =}, whichim-
pliesp = p’ from thedefinitionof p’, andthusolviously (s,o) E filEU y f>
holds, andvice versa. Considerthe caseof ET(«) > 3T. As illustratedin
Fig. 7, theremustalsoexist a patha’ containingat leastonecycle, suchthat
0 < ET(¢') < 3T and(s,0)  fiEU_f> holds. o’ is obtainedby remaving
cyclesbeginning with theinitial statefrom « until ET(a) < 3T holds,while
leaving atleastonecycle? Obviously, therelationbetweerET (o) andET ()
is ET(a’) = ET(a) — mx T, wherem is the numberof the removed cycles.
Therefore ET (@) ~ pimpliesET(a’) ~ p’ wherep’ = p— mx T, andimme-
diatelywe have (s, o) E fiEU. fo. Corversely if thereexistsa patha’ con-
tainingatleastonecycle, suchthat0 < ET(e’) < 3T and(s,0)  fiEU .y f,

’Notethatin a periodictimedautomatonall clocksareinitially zeroandresetto zerowhenreturnedo the
initial state whereasary othervariables(parametersarenever modifiedduringexecution.So, the possible
behaiour from theinitial stateis alwaysthesamenomatterhow it is reachedThus,afterremoving cycles
beginningwith theinitial statefrom the executionpathe, it is still anexecutablepath. Moreover, f, holds
atthelaststateof the pathandalongwith the path, f; alwaysholdsuntil f, holds. Thereforejf ET(a) ~ p
holds,then f;EU__ f> still holdson the shortenegath.
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(a). periodic nodel

\\. <posleminaing e 0 ’}
(b). correspondi ng (¢). 2-unfolding of (a)
s |= c f2 on path >=
it and only i
s c 2 on pat
i ni t

DAG nodel

Figure 6.  Unfolding of PeriodicTimed
Automata Figure 7. lllustrationof Lemma4.1

theremustalsoexist a patha suchthatET («) > 3T and(s, o) E fiIEU. 1, as
alsoillustratedin Fig. 7. In this caseq is obtainedoy duplicatingintermediate
cyclesof o’ (o’ shouldhave at leastonecycle by the assumptionyepeatedly
until ET () > 3T andET(e) ~ p hold. The caseof fiAU.,f> is similar (we
considera pathwhich violates fAU. fo, instead),andwe omit the detailed
proof dueto the spacdimitation. O

We defineanotheralgorithmWPC3(s, ) insteadof WPC(s, f) for periodic
timed automata. WPC3(s, f) is almostthe sameas WPC(s, f), exceptthat
WPC3(s, f) derivesthe wealest parametercondition suchthat s satisfiesf
within 3 periods.

By Lemmad4.1,it is suficientto consideffinite pathswhoseexecutiontime
is atmost3T in orderto derivethewealestconditionof parametersTherefore,
we obtainthefollowing maintheorem:

Theorem4.2 For every state s of a periodic timed automatonM and every
RPCTLformula f, a recussive function WPC3(s, f) alwaysterminatesand
returnsa correctsolutionof a parameterconditionderivationproblem,i.e.:

Yo.[o E WPC3(s, f) iff (s o) E f] O

5. Computational Complexity

In this section,we evaluatethe computationatompleity of the functions
WPC(s, f) andWPC3(s, f). Directimplementatiorof the recursve function
WPC(s, f) (andWPC3(s, f)) mayperformvery inefficiently becausef repet-
itive function calls of the sametuple of agumentg(s, ), which is redundant.
Thus,we evaluatethe compleity whenwe usea cacheto avoid unnecessary
computation We assumehatthe function WPC(s, f) hasits own cachetable,
which hastheentry (s, f, P) if WPC(s, f) hasalreadybeencomputedandthe
resultis P. If suchafunctionis called,the cachetableis checledfirst, andif
its valuehasalreadybeencomputedthe cachedesultis returned.Otherwise,
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the computationis performed,the resultis registeredinto the cache,andthe
resultis returned.

The compleity of the above algorithmis evaluatedasfollows. For sim-
plicity, we hereignore the length of the resultingformulas(i.e. we ignore
the costto simplify andor checksatisfiabilityof the formulas). Underthe as-
sumption,time andspacecompleity coincides thatis, the time necessaryo
computeWPC(s, f) is equalto thesizeof the cachetable,whichis equatto the
maximumnumberof the differenttuplesof argumentswith which WPC(s, f)
will be called. From the definition of WPC(s, f), the numberof the differ-
enttuplesof argumentsis boundedby n x (M, + My), wheren is the number
of control stategeachabldrom s, andmy () is the numberof the different
subformulasof f (the numberof the differentderived formulasof the form
fLop~(p-t,——t) f2 (Op € {EU, AU}), respectiely). m, is equalto the number
of nodesof thesyntaxtreeof f. Thus,m; is O(mlogm), wheremis thelength
of f. mpisequalto my x|, wherel is thedepthof theDAG, i.e. thelengthof the
longestdirectedpathsfrom therootto leaf nodesof the DAG (herewe referto
aleaf nodeof the DAG asa nodewhich hasno outgoingedges).Obviously; |
doesnotexceedthe numbem of nodes.Overall,thenumberof differenttuples
of agumenty= the sizeof cachetable)is O(n x mlogmx n) = O(nPmlog m).
Sincewe have only to performat leastone computationfor eachtuple of ar-
gumentsthe numberof all computationis alsoO(n’mlogm). Therefore the
time andspacecomplexity of WPC(s, f) is O(n?mlogm).

The compleity of WPC3(s, f) is equalto the WPC(s, f) for 3-unfolding
DAG model. Let n denotethe numberof nodesof a periodicmodel. Then,
from the definition of unfolding, the depthof the corresponding-unfolding
is 3n. Therefore by replacingn with 3n, we alsoconcludethat the time and
spacecompleity of WPC3(s, f) is O(h?’mlogm).

Theorem5.1 Thetime and spacecompleity of WPC(s, f) and WPC3(s, f)
for a DAG/periodicmodelM is O(n?mlog m), where n is thenumberof control
statesin M, andmis thelengthof RPCTLformula f. |

6. Concluding Remarks

In this paper we proposea methodto derive a parameterconditionfor a
periodictimedautomatorwhich satisfiesa propertywrittenin atemporalogic
RPCTLformula.

Althoughour methodappliesto only therestrictedclassof timedautomata,
mary real-timeapplicationssuchasaudigvideo streamingtime sharingtask
schedulerganbe specifiedasperiodictimedautomata.

The future works areto develop andimprove the efficiengy of the imple-
mentationof the algorithm,to extendour algorithmto simplify the parameter
conditionandto handlemultiple periodictimed automatavhich run concur
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rently We arealsoconsideringo extendour methodto handlesomeinternal
statevariablesof finite domainto improve expressienesof themodel.
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