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Abstract

This paperproposesa formal frameavork for the designof

real-timeshaeddata-spacesystemsTheproposedmethod
sepantesthe concernsof functionality behavior and tim-

ing. Thiswork exploitstheideaof sepaationof concernsat

thespecificatioranddesigrlevel,andit establishesa robust
theoretical basisthat allowsrigid analysisand verification
of (timed)designs.

1 Intr oduction

Separatingdifferent concernsin software design has
been proposedin several classic computersciencetexts
sincethe very beginningsof this discipline. Providing ab-
stractandsimpleformalismsthataretailor-madefor a sin-
gle concernof requirementspecification,design, or pro-
gramming, seemsto be of an overwhelmingimportance.
Theideaof usingtheseailor-madeformalismscanhelpin a
morefocuseddesignmethodthatenablesdesignerdo con-
centrateon eachaspecof adesignseparatelyFurthermore,
they will easechanginganaspectvithoutbeingdirectlyin-
volved with otherones. Also, separatiorof concernsfa-
cilitatesreuseof eachaspectin otherspecializeddesigns.
Recently a renaved interestappearedn separatingliffer-
entconcernandproviding appropriatavaysof focusingon
eachconcern. A distinguishedexample of this trend can
be seenin PostObject Oriented Programminglanguages
(POPs)[7, 9] andin particularin the AspectOrientedPro-
gramming(AOP)[7] andMulti-DimensionalSeparatiorof
Concerng14] methods.

This papertakesa steptowardthis ultimategoal by pro-
viding a formal framawork of separationof concernsfor
real-timeshareddata-spacesystems.It benefitsfrom pre-
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vious researchon the functionality / behaior modelling
paradign3] andextendsit to functionality/ timing / beha-
ior. The novelty of this work comparedo the approaches
mentionedabove is that, first, it exploits theideaof separa-
tion of concernsat the specificationand designlevel, and,
secondjt establishes robusttheoreticalbasisthat allows
rigid analysisandverificationof (timed)designs.

In our approachthe basicfunctionality of a systemis
designedusing an abstractformal model of computation
calledGAMMA [2], operatingon a shareddata-spacéhat
is modeledby a multiset. Timing informationis addedto
GAMMA functionalitiesin the form of separatentervals.
Composedbehaior of the systemis expressedn a coor
dination languagenamedsdhedules specifyingthe order
of basiccomputationaising parallelism,true concurreng,
synchronizationetc.

Therestof this paperis organizedasfollows. Section2
introducesthe preliminary conceptsof our dataand com-
putationmodel. Section3 definesthe theory of Timed-
GAMMA which senesasa modelfor timed functionality.
Section4 presentur coordinationlanguagefor ordering
the behaior of Timed-GAMMA programs.Subsequently
Section5 usestheintroducedtheoryto modelanacademic
casestudy a control systemfor a steamboiler. Section6
present@anovervien onrelatedwork, andfinally, Section?
givesconcludingremarksandshaws directionsof ongoing
research.

2 Preliminaries: Multisets and Computation

Definition 1 (Multiset) A multisetis a setthatallows mul-
tiple occurrence®f anelement.lt is definedin termsof a
total functionfrom a setof elementd/ (for universe)to the
setof naturalnumberdN presentingheir numberof occur
rence(cardinality).

We usee E M to denotethatthe elemente hasa cardinal-
ity greaterthanzeroin multiset M. To definea multisetby



enumeratingts membergextensionapresentation)ye use
the notation[m, m1, . . .], whereeachelementis repeated
asoften asits cardinality The empty multisetis denoted
by [0 . As basicoperationsaindrelations,we usemultisub-
set(C), union (L), intersection(r), addition(H), andsub-
traction (H) of multisets. For a precisetreatmentof these
operationsaandtheir propertiessee[11].

In our theory computationsare modelledby rewriting
multisetsusinga multisetof concurrensubstitutiongcom-
putations).

Definition 2 (Substitution and Computation) For multi-
setsN andN’, theexpressionV/N' is calleda substitution
of N for N’ (denotedby «, «;, etc.). A computationis a
multisetof substitutiongdenotedy o, o4, etc.).
Intuitively, applyinga computationwith a single substi-
tutiono = [N/N’] to M shouldresultin taking N’ from
M and putting back multiset N. In this operation,some
partsof the multiset may be only temporarilytaken away
by N’ andputbackby N again (the read part). The parts
thatarepermanentlyremoved andaddby a substitutionare
called take and put parts,respectrely. We lift this intu-
ition to generalcomputationsasfollows. Theread partof
acomputationis the unionof read partsof its substitutions
becausa singlecopy of anelementcanbereadby several
substitutionsconcurrently For the take or put parts,differ-
entcopiesof theelementareremovedor addedoy theindi-
vidual substitutionsWe formalizethis intuition by defining
theread, take, andput partsof acomputatiorinductively:

(@)= put(@) = take(@) = @
read([N/N'|B o) 2 (N1 N") U read(o)
take([N/N'| B o) 2 (N B read([N/N'])) B take(o)
put([N/N'| 8 o) 2 (N B read([N/N'])) B put (o)

read

Application of a computations to a multiset M is defined
as:

1>

M(o) Hput(o) if read(c)H take(oc) & M

M otherwise

{ (M B take(o))

In orderto model parallelismin our GAMMA semantics,
we introducea notion of independencen computations.
Two computationsare independentf both canbe applied
simultaneouslr in anarbitraryorder

Definition 3 (Independence) Two computationsg ando
areindependentvith respectto a multiset M, denotedby
M E oq X oy, if andonly if read (oo B o1) B take(oo B
0'1) E M.

As aconsequencewo computationgreindependenif and
only if both canfind enoughsharedcopiesof elementso
readandenoughdifferentcopiesof elementdo take.

For the sale of brevity, we do not presentletailsof mul-
tiset structurein this paper We only assumehat multiset
elementarememberof abasicset,closedunderfunctions
of agivenlogical structure.

Example 1 (Computations and Independence)
Consider the computations oy = [[0]/[0,1]] and
o1 = [[0]/]0,2] , [2]/[1]]. The first computationre-
moves [0, 1] from the multiset and placesthe element|0]
back. Thus,we call [0] the read partand[1] the take part
of this computation.The put partof thiscomputatioris the
emptymultiset. Similarly, for the secondcomputation 0],
[2,1] and[2] arethe read, take andput parts,respectrely.
Note that, for the secondcomputation,2 is not considered
in the read part accordingto Definition 2. This is in
line with the intuition that the two substitutionsin this
computatiorareparallelandthusapplicationof oneshould
beindependentf theothet

For the multiset M, = [0,1,1,2], it holdsthat M, =
oo < o1. However, theindependencef oy ando holdsfor
noneof thetwo multisetsiM; = [0, 1, 2] andM, = [0, 1, 1].
Thisfactmatchegheintuition behindtheindependencee-
lation. For M1, applicationof oy prohibits (applicationof)
the secondsubstitutionin ¢. Sinceapplicationof thefirst
substitutionof ¢ to M5 is not possiblesy and o, arenot
independentvith respecto M.

3 Timed-GAMMA
3.1 Syntaxof Timed-GAMMA

Figure 1 definesthe syntax of Timed-GAMMA. A
Timed-GAMMA programconsistsof a program(defining
un-timedfunctionality)andtiming information. A program
consistof anameandanon-emptysetof rules,eachrewrit-
ing the contentof the sharedmultiset. Eachrule consistof
anameanda (possiblyempty)setof termsin theleft- and
right-handsideof the substitutionarrav — anda condition
part that are to be valuatedby multisetcontent. A multi-
setexpression(MultisetFExp) is a list of expressionguilt
on asetof variablesusingthe previously mentionedogical
structureand conditions(Cond) areassumedo be propo-
sitions(containingvariables)definedover the samelogical
structure.

Timing constraintsare addedto the programdefinition
to representan estimationof rule executiontime. Sucha
timing estimationrelatesa rule to aninterval representing
theminimumandmaximumtime neededo performacom-
putationof this rule. Thistime is relative to the point from
which theruleis scheduledor execution.A basictime do-
main Time with equality anadditionoperation+ with unit
elementO, and a total ordering < with leastelementO is
assumedWe extendthis basictime domainwith aninfinity



Program :=  ProgramName = {Rules}
Rules = Rule | Rule, Rules
Rule = RuleName =
MultisetExp — MultisetExp <= Cond
TimedProgram::=  Program Timing
Timing = €|, TConstraint Timing
TConstraint = Truename = Interval
Interval = [Time, Time] | (Time, Time]

| [Time, Timess) | (Time, Timess)

Figure 1. Abstract Syntax of Timed-GAMMA

elementto obtain T'me,, in a standardvay. We referto
the lower andupperboundof aninterval I with [b(/) and
ub(T), respectiely.

Example 2 (Mutual Exclusion) To illustratethe syntaxof
timed-GAMMA programsyve present programthatmod-
elsprocessesompetingto enteracritical section.Thesys-
tem consistof n processesumberedrom 1 to n. Mutual
exclusionis maintainedby claiming a sharedtoken which
is assumedo be someconstanintegergreaterthanmn:

ME ={
Enter = Token, i+ Token +i <1 <1i<n,
Leave = Token + i — Token,i <1 <i <n},

Tenter = [tminAcqv tma:vAcq]

The above simple programconsistsof two rules; rule
Enter modelsa processclaiming the token and entering
the critical sectionand Leave modelsleaving the critical
sectionand putting the token back in the multiset. Rule
Enter is assumedo have a specifictiming specificatiorbut
the timing of Leave is left unspecified,meaningthat the
processcan remainin the critical sectionfor an arbitrary
time.

3.2 Semanticsof Timed-GAMMA

The semanticof Timed-GAMMA is presentedn two
parts. The first part, presentedn Figure 2, shavs the ba-
sic timed-computatiomndterminationof a rule and,based
on that, the secondpart in Figure 3 definesthe behaior
of Timed-GAMMA programs.In the given semanticsthe
state(r, M, T') consistsof the rule r, the multiset A/ (of
shareddata),andthe multisetof scheduledasksT (anex-
tensionof thecomputatiomotionto timedsettings) A task
«a@t : I isthesubstitutiono togethemwith the elapsedro-
cessingimet (thedurationthatthetaskhasbeenactive and
runningtill now), andthe estimatedexecutiontime interval
1. Thetransitionsin the given semanticsare either of the

—dz M, v < r
(r, M, )/

M, v xr

(RuleTerm)

(RuleSched) o
(ry M,[0 Y =1 (r, M, [«@O : r.T])
wherefor aruler = mo — my < ¢, & = T[m1]/T[mo]

tel
(r, M, [a@t : 1)) 3} (r, M([a]), D)
t+teIvi+t <) t'>0

(r, M, [a@t : 1) 5, (r, M, [a@t + ' : I])

(RuleComp)

(TimePass)

Figure 2. Semantics of Basic Timed Function-
ality

t . .
form —; (wheret canrangeover the basictime domain

Time) or @1 , Wherea rangesover substitutions A basic
timed-computatiotis dividedinto threephases.

The first phaseconsistsof schedulinga task (seerule
(RuleSched). Thisis only possibleif thereexists a valua-
tion v thatboth satisfieghe conditionandvaluateghe left-
hand-sideaxpressionof rule r to be a part of the multiset
(denotedby M,v « r). Theschedulingof a taskis indi-

catedby atransition -4, . Weabstracfrom thetime needed
for findinganappropriatevaluation.Alternatively, thistime
couldbe addedto thetransitionassociatedvith scheduling
atask. To referto theinterval I associatedvith rule r, we
user.l. If thereis no interval definedfor r, r.I resultsin
[0, 00). This givesusatimed semanticsor GAMMA pro-
gramsin which no assumptionsiave beenmadeaboutthe
timing of therule.

Example 3 (Schedulinga Task) Consider program MFE
of Example2 with initial multisetM = [1,...,n, Token].
Onepossibleschedulingof rule Enter is thefollowing:
(Enter, M) 3, (Enter, M, [a@O0 : I1),

with o = [Token + 2]/[Token, 2] andI = Tgper-

For thetime being,we assumehatr.I worksasa func-
tion. Neverthelessthis assumptiorcould be relaxed by al-
lowing severalintervals associatedo a rule, andhencer.l
returninga setof time pointswhichis notnecessarilya sin-
gle corvex interval. This relaxed assumptiorwould not re-
guire major changein our semantics. However, for sim-
plicity we assumethe single interval time paradigmfrom
now on. Anotherusefulextensionis to declarethe bounds
of intervalsasfunctionsof systemstate.Becauseheinfor-
mationfor determiningheexecutiontimeis availableatthe
taskschedulingime, thisis alsoastraightforvardextension



to our model.

Theseconghaseof basiccomputatioris spendingpro-
cessor)time on a computation,usingrule (TimePass) Fi-
nally, thethird phaseis performing(committing)a compu-
tationvia (RuleComp), which resultsin substitutingheleft-
hand-sideby theright-hand-sidevaluationin the multiset.

The division of basiccomputationin threephasesro-
videsthe possibility to put further detailsin eachof these
phasege.g.specifyingschedulingpolicy, providing timing
informationfor distributedschedulingor commitment).

Rule (RuleTerm) is dedicatedo representhe possibility
of terminationof a rule whenit cannotscheduleary new
taskanddoesnot have ary active taskto perform.

Thesecondartof thesemanticsgivenin Figure3, spec-
ifies the generalchaoticbehaior of Timed-GAMMA pro-
gramsby composingbehaior of rulesin all possibleor-
dersandall possiblelevels of true concurreng. In this se-
manticsthe statesareof theform (R, M, T) whereR is a

timed-GAMMA programand M andT' areasbefore. We

use,/, - and % insteadof /,, —, and 13l respec-

tively. Rule (ProgTerm) extendsthe terminationof a single
rule to terminationof a program. It is worth mentioning
thatin thecontet of aprogram ruleterminationis notnec-
essarilypermanenta terminatedrule may becomeenabled
later dueto actvity of otherrules. Only if all rulestermi-

nate,terminationbecomegpermanent.Rules(ProgComp0)
and(ProgComp1)specifyhow a Timed-GAMMA program
can perform computations. (ProgTime0) and (ProgTimel)

specify spendingtime on executionof computations.The

above four rulesprovide an abstractiorfrom the true level

of concurreng. Therule (ProgSched)shawvs thata program
canschedulea new taskif it canbescheduledy oneof its

rulesandit is independenfrom thecurrentcontext of paral-
lel tasks(wheretheindependenceelationbetweerntwo task
multisetsmeansindependencef the multiset of their re-

spectve computations)The semanticof Timed-GAMMA

programsis the smallesttransitionrelation satisfying the

above transitionrules.Notethattheabsencef anindepen-
dencecheckin the premiseof rules suchas (ProgComp1)

cannotintroduceinconsisteng becausestateswith incon-

sistenttasksetarenot reachabldgsince(ProgSched)checks
consisteng in the introductionof new tasksandall other
rulespresere the consisteny of tasksets).

Example 4 (Mutual Exclusion, Revisited) Consider the
programin Example2. If theprogramstartsfrom theinitial
multisetthatcontainsno processn the critical sectionwith
only onetoken,i.e., the multiset M = [1,...,n, Token],
thentheabstracbehaior of the program(definedin Figure
3) maintainsthe mutualexclusionproperty This is dueto
the fact that, on one hand, for a multiset containingone
token, ary two computationsresulting from rule Enter
arenot independent.On the otherhand,therule Enter is

disabledwhenthereis notokenin the multiset.

However, the abstracbehaior of this programdoesnot
maintaindesiredlivenessproperties preventingindividual
stanation, for example,not evenif we specifya maximum
timing for the Leave rule. To enforcesuchpropertieswe
needto coordinatethe executionof rules. We do this by
defininga coordinationlanguag€or rulesin the next sec-
tion.

We separatedhe two partsof the semanticsn orderto
re-usethefirst partin both definingthe chaoticbehaior of
Timed-GAMMA programgthe secondoart)andalsocoor
dinatedbehaior of schedulegSection4). In otherwords,
the first part of the semanticssenesto definethe atomic
units of functionality Technically speaking,one canre-
placethis particularmodel of timed functionality with an
operationalsemanticof anotherfunctionality model (say
JavaSpacemethods,or even a hierarcly of interface ser
vices), and benefitfrom the specificationmodel presented
in the remainder In suchcases,careshouldbe taken in
order not to loosethe orthogonalityin the modelasit is
presentedhere.

4 Schedules

Theaim of our coordinationlanguagenamedschedules
is to definethe correctordering, synchronizationandin-
teractionof basictimed functionalities. Due to our design
philosoply, the aspectof coordinationshouldbe kept or-
thogonalw.r.t. timing to the largestpossibleextent. Thus,
we assuma timedfunctionalitymodelanduseit astheba-
sis of our coordinationmodel. Hence,a scheduledoesnot
addexplicit informationabouttiming andfunctionality.

4.1 Syntaxof Schedules

The syntax of our languageis specifiedin Figure 4.
RuleName is the notationto adoptTimed-GAMMA rules
asthe building blocksof a Schedule. Therule-conditional
operator~. is usedto provide differentstratgiesbasedon
whetheror notarule canbescheduledSequentiatomposi-
tion of scheduless denoteddy ;. Abstractparallelcomposi-

Schedule::=  RuleName | Schedule ; Schedule
| RuleName ~ Schedule[Schedule]
| Schedule || Schedule | Schedule ||| Schedule

| pRecursionVar. Schedule | RecursionVar

Figure 4. Syntax of Schedules

tion (|[) allows for bothconcurrenandserializedexecution
of componentgto representhe casesvheretheremay or



reR (r, M, [t 1) S (r, M)

(R, M,[aQt : [|BT) % (R, M, T)
(R,M,T1) %1 (R, M}, T})

(R, M, Ty BT:) S (R, M(0p B o), T, BTY)
reR (r,M,[a@t: )5 (M, JaGt+¢ 1)) >0

VreR <Ta M, [1] >\/1
ProgTerm ProgComp0)
(Prog ) (R, M, T )/ (Prog pO)
R, M, Tp) 21 (R, M), T},
(ProgComp1)< ’ 9 0> _)1< 3 0> 0>
(ProgTime0)
(ProgTimel)

(R,M,[a@t : [|BT) Y (R, M, [0t + ' : [|BT)
(R, M, Tp) 5 (r, M, T}) (R,M,T})-5(R,M,T}) t>0

re
(ProgSched)

(R,M, Ty 8Ty) 5 (R, M, T} BT
R (r,M,)-2, (r,M,[0@0: 1)) M }=[a@0: T

(R, M,T) > (R, M,[a@0 : []ET)

Figure 3. Semantics of Timed-GAMMA: Abstract Behavior of Programs

may not be enoughresourcesor real concurreng). Strict
parallel composition(|||) forcesthe participatingcompo-
nentsto run concurrently(provided that executionis pos-
sible at all componentsand that independenceonditions
aresatisfied).Therecursionoperatory is usedto make re-

cursive schedulequz.s(x)) explicitly. Only schedulesn

which all recursionvariablesareboundby 1. areof interest
in this paper In the restof this paper we usuallydefinea
namefor schedulesThesenamessene asasyntacticshort-
handfor the definedschedules.

In schedulingrules,theremight be a needto strengthen
the conditionunderwhich theruler = mg — m; < ¢
is enabledwith anadditionalconditionc’. Insteadof intro-
ducinganew ruler’ = mg — my < ¢ A ¢ in suchcases,
we simply write ¢/ > r in theschedules.

Example5 (A Schedulefor Mutual Exclusion) A simple
scheduldor thetimed-GAMMA programgivenin Example
2 is thefollowing:
Enter; = (j = i) > Enter
Leave; = (j = i) > Leave
RoundRobin = pX.((Entery ; Leavey) ; ... ; (Entery ;
Leavey)) ; X

This scheduleguaranteegrogressand absenceof indi-
vidual stanation if an upperboundfor durationof Leave
is specified.This factcanbe derived from the semanticof
thenext subsection.

4.2 Semanticsof Schedules

Figure 5 shows the first set of semanticrules for the
timed-coordinationlanguage. As in the semanticsof
Timed-GAMMA, theseruleslink the semanticof single
rule executionto the semanticf schedulegcoordination

terms). However, in the coordinationsemanticsthereis

atight relationshipbetweencoordinationtermsandsched-
uled tasks(for example,to checksynchronizatiorrequire-
mentsof taskswith similar substitutionaw.r.t. paralleland
sequentiatompositionsg.g.in ascheduldike s || (s ; t)).

Hence,we also attachscheduledasksof eachcoordina-
tion term to its respectie syntactic expression(seerule
(CoordSched). Also obsene that, in rule (CoordComp), a
rule, aftercommittingacomputationis replacedy therule
skip, whereskip is definedto betherule skip = € — ¢ <

false, i.e. arule thatcannotbe scheduled.

So, in the given semanticsthe state(s, M, T') contains
s asthe coordinationexpressiorthatis possiblyaugmented
with scheduledasks(substitutiontiming, andinterval), M
is the datamultiset,asbefore,and T is the multisetof ac-
tivetasks asin semanticef Timed-GAMMA. Notethatthe
multisetof taskscanbe derived from the annotatedsched-
ules,too, but we make it explicit in the statefor readability
and consisteng (althoughwe could requirein all seman-
tic rulesthatthe annotatedasksetsshouldbe the sameas
thetasksin T', this assumptions not necessaryor consis-
teng/ of our semantics).The schedulecompositionopera-
torsaredefinedasfollows, wherethetransition % denotes
schedulinga task,passag®f time or performinga compu-
tation (y is avariablethatrangesover thetime domainand
computations).
Rule Conditional Rules(RCO0) to (RC3) definethe seman-
tics for the rule-conditionaloperator Expression: ~ st]
canschedulea taskwheneitherthe conditionrule r is en-
abledandthefirst auments canscheduleatask,or when
r terminateg(is disabledat the moment)and¢ cansched-
ule atask.Obviously, it terminatesvhennoneof theabove



, 0 ) .
(CoordRuIeTerm)< LD )V, (CoordSched) (r, M,E] ) =1 (r, M, [2@0 : I])
(r, M, )/ (r, M, T) = ({r[a@0 : I, M, [a@0 : I])
(CoordTimePass) {r, M, [o@t : 1]) —t;l (r,M,[a@t+t":1]) t'>0
(rla@t : I], M, [a@Qt : I]) L (rla@t +t' : I], M, [a@t +t' : I])
(CoordComp) (r, M, [a@t : T]) <l <7” M)
(rla@t : 1), M, [a@t : 1)) (skip, M7, 00

Figure 5. Semantics of Timed-Coor dination:

casesrepossible:

—((r, M, T)\/) (s, M,T)>(s',M,T")
(r ~ slt], M, T) % (s', M, T")

(r, M, TV (t,M,T)% (', M,T"
(r ~ slt], M, T) % (¢, M, T")

—({r,M,T)\/) (s,M,T)y/
(r ~ s[t], M, T)\/

(r,M,T)y/ (t, M,T)\/
(r ~s[t], M, T)/

(RCO)

(RC1)

(RC2)

(RC3)

SequentialComposition

(S0) (s0, M, T) > (sh, M", T")

,<80 ; 817A[7T> l) <86 ; SluMluT/>
(s0. M. T)/ (s1,M,T) 5 (s}, M',T")
(so 51, M, T2 (s, M', T")
50, M, T)y/ (s1, M, T)y/
<SO N 81,A{,T>\/

Abstract Parallel Composition Rules(P0) to (P3) specify
the semanticof the abstraciparallelcompositionoperator
This type of parallelcompositiondoesnot enforceconcur
rent execution of tasksand allows themto be performed
sequentially In particular rules(P0) and (P1) specifyhow
two sidesof a parallelcompositioncanevolve individually.
The sideconditionof theserulesassureshatthe taskmul-
tisetremainsconsistentf eitherof thetwo sidesschedules
a new task. (P2) specifiesconcurrentexecutionof the two
sidesby allowing themto spendtime synchronouslyRule
(P3) representsoncurrencommitmentof tasks.

(S1)

(32)<

0 (s0, M, Tp) 5 (s, M', ) M’ }= T} s T3
<80||81,A[ T()EET1> <SO||81,M/ T/BHT1>
(s1, M, T1) 5 (s}, M', T!) M’ =Ty T

(P1)

<80||81,A[ T()EET1> <So||81,M T()BHT/>

Basic Computation and Termination

(s0, M, To) (80, M, Tg)
(s1, M, T1) 5 <51,M T)) t>0

(so || s1, M, Ty BTy 5 (s} || s}, M, T} BT}

(P2)

(80, M, T) 22 (s, Mo, T})
<817 ]\/[, T1> 2) <S/17 ]\/fl,Tll>

<80 || s1, M, Ty H T1> LTOE)O’l
(s || 81, M (00 B or), Ty BTY)

4\(30,M,T)\/ (s1, M, T)/

)
(so [| s1, M, T)/

Strict Parallel Composition Strict parallelismonly differs
from the abstracnein thatit doesnot allow onecompo-
nentto prohibitor delaytheotheronein execution.In other
words, it modelsreal concurreng in which composedro-
cesseperformtheir behaior independentf eachotherun-
dersomeglobalconsisteng conditions.To modelthis type
of composition,rules (P0) and (P1) arerestrictedto allow
time passag®nly whenoneof the partiescannotperform
anaction. Thus,tasksareforcedto spendheir computation
time together We only rewrite (PO) which is decomposed
into threerules (SP0) (SP01) and (SP02)here. The com-
plete semanticof strict parallelismhasthreesimilar rules
insteadof (P1) andalsocopiesof (P2) to (P4):.

(P3)

(SPO) (s0, M, T0> (80, M, T5) M ETy=Ty

)

(so ||| 1, M, To BT1) > (sh ||| s1, M, Ty BT1)
(SP <80,]\/I T0> <80,MI T0>

<90|||91,]\4 TOEHT1> <90|H91,M/ TOEHT1>
(s0, M, Tp) 5 (s}, M, T0> disabled({s1, M, Ty), Tp)

<90 H| @1,]\1 TQEET1> <90 ||| 91,M TOEHT1>

(SP2)

In the above rule, disabled ((s1, M, T1), To) meansthat
(s1, M, T7) cannotperformary time transitionor commit-
mentof tasks(i.e., 71 = [1 ) andif it canscheduleary new
task,thistaskis notindependentrom Tj.



RecursionFinally, (R0) and(R1) specifythe concepif re-
cursion.Recursions interpretedasreplacingthe recursion
variablewith the recursve term. Note that sincerecursion
is not necessarilyguardedn our languageit is possibleto

specifyscheduleshatcanneithermalke atransition,norter

minate(deadlo& schedulesuchasyz.z):

(s(px.s/x), M, T) > (s', M’, T")
(pa.s, M, TY > (s', M, T")

(s(pz.s/x), M, T)/
(ux.s, M, T)/

(RO)

(R1)

5 CaseStudy: Steam-BoilerControl

Steam-boilercontrolis a classicakexamplethathasbeen
usedasacommoncasestudyin usingdifferentformalmod-
elingandspecificatiortechnique$l]. We specifythisprob-
lem in orderto find the strengthsand shortcomingsof our
designmethod.First, we explain theinformal definition of
theproblemandthenuseourframevork to modelit. Dueto
spacerestrictionswe simplify the original definitionasfar
asthesimplificationsdo not reducetechnicalchallenges.

The problem concernscontrolling a boiling tank of a
steam-boileisystemto keepthe waterlevel in a safearea.
Thesystemcompriseghefollowing parts:

1. A tankwith the maximumcapacityC' (in liters). This
tankscontainsboiling waterandthewaterlevel should
alwaysbe in the safeareabetweenN, and NV, liters.
However, dueto corruptionsn the sensor@andvalves,
the water level may go outsidethe safearea. If the
waterlevel reacheshedangerousevel (lowerthani,
or higherthan M) andremaingherefor sometime (5
secondsp disastemayhappen.

2. The tank is connectedto a turbine with maximum
steamcapacityV’ (in liters/second)Watercanbe pro-
videdinto thetankusinga pump. The pumphasmaxi-
mumcapacityP (in liters/second)After receving the
command,the pump will start/stoppouring waterin

lessthan0.5secondgin orderto balancehepressure).

3. There are sensorsto measurethe water level ¢ (in
liters) and steamquantity v and pump throughputp
(in liters/second). It is assumedhat a liter of water
producesxactly oneliter of steam.

4. The pumpactuatoris connectedo the control system
using a communicationchannelthat hasa minimum
andmaximumdelayof 0.2and0.5seconds.

We modelthreedifferentphasef the systemnamely:
normal, rescue,and stop. The normal phaseconsistsof
maintainingthe waterin the saferange. If the waterlevel
goesbeyond its dangeroudimits (i.e., belowv A, or above
My), the systemshouldgo to the stopphase.If afailurein

the waterlevel sensoiis detectedto be discussedhortly)
the systemgoesto the rescuephase. Failure in ary other
sensoy pump, or communicationchannelshouldlead the
systemto thestopphase.

Therescuephases concernedvith estimatingthe water
level usingthe dynamicsof the systemwhenthewaterlevel
sensordoesnot work properly Any furtherfailure present
in this phaseor reachinga non-safewaterlevel resultsin
moving to the stopphase.

The stop phasecan be activatedboth by a manualop-
eratorcommandand by automaticdetectionof errorsand
dangerougircumstancesilt resultsin stoppingthe control
program.

Thefailureof equipmentanbedetectedf they measure
somedatathat contradictsstatic or dynamiclimits of the
systemor if they changeheir statewithoutbeingrequested
to do so(or vice versathey do not changetheir statewhen
requestedo doso). In this casestudy we only modelfailure
detectionof the pumpandthewatersensor

5.1 The Multiset

In this subsectionwe introducethe dataitemsthat are
usedin definingthe rulesin the next subsection.All data
items in the multisetwill be of the form (name, value)
where name is a label describingthe type of information
givenby value. We presenfour groupsof dataitemswhich
togetherform the globalmultiset.

e SystemStatus: usedto storeandretrieve information
aboutthe SystemPhase (with possiblevaluesnormal,
rescue, Or stop) and the status(ok or defect) of
the pumpandwater sensor PumpSensorStatus and
WaterSensorStatus respectiely).

e ChannelData: designedto indicate the stateof the
commandsubmittedo thededicateachannebetween
the control programandthe pump. PumpCommand
representsthe command submittedto the channel
(open, closed, or none) and PumpState represents
the last commandreceved by the pump (at the other
endof thechannelattime Pump ChangeTime.

e Dynamics: dedicatedo the statusof the dynamicsof
thesystemthisincludeshewaterlevel (WaterLevel),
the throughputof the pump (Pump Throughput), the
volumeof the steam(Steam Volume), andthe system
clock (SystemTime).

e FstimationData: containsthe timing of the last
estimation of pouring of water into the tank
(LastPoured), the last evaporationof steamfrom the
tank (LastSteamQOut), andthe estimationof the water
level (Est WaterLevel).



5.2 Timed-GAMMA Program

In this part, we formalize the basicfunctionality model
using Timed-GAMMA. We use the following abbreia-
tions:

° Theconditiont%e is omittedfrom therules:
r=mgr— mp = T =mgt— mi < true.

e Theread partof therulesis indicatedexplicitly:

AN
r=dy?,---,d,7 :mpgr>m; <=c=
r= dOa"' ;dn;mo ’_> dOa"' 7dnam1 <:_C-

e We usually refer to the pair (name, v) or to v itself
by mentioningonly the name, e.g., we write r =
name — v’ asa shorthandfor r = (name,v) —
(name,v").

e We assumehe existenceof arule idle :
representsherule doingnothing.

Thefirst setof rulesarethosededicatedo modelingthe
sensos. Thefunctionality of the sensorss to put arbitrary
valuesfor obsenred variables. This is to model both real
sensorghatreportreal andin-boundvalues,aswell asde-
fective sensorghatreportout-of-boundones.

e — € which

WaterSense = WaterLevel — x,
PumpSense = PumpThroughput — x,
SteamSense = Steam Volume — x

Sincewe do not have ary information abouttiming of
sensorave leave it unspecifiedresultingin [0, co)). From
now on, unlessotherwisespecifiedwe assumehatthetim-
ing for rules performing some checksand computations
and updatingthe multiset (suchas estimatingwater level
or checkingfor faults)is [0.3,0.5]. Thoserulesthatonly
updatesometuples(without ary computation)or perform
somechecks(without ary update)only require [0.2,0.3]
amountof time.

Issuingthe commandsgor openingandclosingthepump
goesas follows. Issuingthesecommandsonly takes 0.1
units of time, sincethe commandwill only be submittedto
thechannefor transmission:

StartPump =SystemTime? :
PumpCommand, PumpChangeTime
— open, SystemTime,

StopPump = SystemTime? :
PumpCommand, PumpChangeTime
— closed, System Time,

TStartPump = TStopPump = [017 01]

The Timed-GAMMA rules for the channel consistof
transportingthe datafrom one side of the channelto the
otherside. We simplify the modelby putting the timing of
transportingthe commandandthe pumpreactiontogethey
sothatwe do notneedto modelthepumpactionseparately:

Transport =PumpCommand, PumpState
— none, PumpCommand
< PumpCommand # none,
TTmnsport = [02- 1]

The estimationrules are responsibldor estimatingthe
water level by addingpouredwater and subtractingevap-
oratedsteam. The Synchronize rule resetsthe estimated
level to themeasuredevel.

PourWater = Pump Throughput?, SystemTime? :
FEstWaterLevel, LastPoured —
EstWaterLevel + WaterPoured, SystemTime,
EmptySteam =Steam Volume?, SystemTime? :
EstWaterLevel, LastSteamOut +—
EstWaterLevel — SteamQOut, System Time,

Synchronize = WaterLevel?, SystemTime? :
EstWaterLevel, LastPoured, LastSteamOut
— WaterLevel, SystemTime, SystemTime
< (WaterLevel < C)

In therules, WaterPoured and SteamQOut areshort-hands
for thefollowing expressions.

WaterPoured = Pump Throughput*
SystemT’ime — LastPoured))

(
(
SteamOut 2 (Steam Volumex
(SystemTime — LastSteamOut))

Fault detectionchecksor out-of-boundandinconsistent
valuesto mark defectve devices. The pumpis assumedo
to be defectve if it doesnot reactto the issuedcommand
afterspecifieddelay D:

WaterSensorError= WaterLevel? :
WaterSensorStatus — defect
< (WaterLevel > C),
PumpSensorError= PumpState?, Pump Throughput?,
SystemTime?, PumpChangeTime? :
PumpSensorStatus — defect
< (PumpState = closed
APump Throughput # 0)
V(PumpState = open
APump Throughput = 0
ASystemTime > PumpChange Time+ D)
RestorePumpSensor= PumpSensorStatus — ok,
Restore WaterSensor= WaterSensorStatus — ok

The phase change rules changethe variable denot-
ing the systemphaseand definethe initialization process.
StopCheck looks for the stop phaseelementin the multi-
set(we assumehatuserinterventionresultsin a stopphase
elementn the multiset):

StopPhase = SystemPhase — stop,

RescuePhase = SystemPhase — rescue,

NormalPhase= SystemPhase — normal,

StopCheck = (SystemPhase, stop)? : idle,

Initialize = PumpState, PumpSensorStatus,
WaterSensorStatus, WaterLevel,
EstWaterLevel, Steam Volume, SystemTime
— closed, ok, ok, x,x,x,0
< (x> No) A (z < N1)



We designa globalsystemclock asfollows:

Tick = SystemTime — SystemTime + tickTime,
T'rick = [tickTime, tickTime]

5.3 Coordination

The coordinationpart composeshe GAMMA rules of
the previous subsectionin the desiredorder We usethe
following abbreiations:

e For scheduless, we write ¢ > s to representc >
idle) ~~ s[skip].

e Most of thetime, checkingthe feasibility of schedul-
ing a rule is followed by executingit. We define
the following abbreiation to representthis pattern:

r — st] 2 n (r; s)[t].

The external ervironmentsof the steam-boilersystem
are the systemclock and the sensors. Also, the channel
performsits functionality independentf the control soft-
warestructure.Sincethe systemclock’s timing shouldnot
beinterferedby thetiming of othercomponentsn the sys-
tem, it is composedvith the restof the systemusingstrict
parallelism (since sensorsdo not have timing specifica-
tions, abstraciparallelismworks for themaswell). Sched-
ule SystemClock representshe systemclock thatexecutes
tick actionssequentiallyaccordingto its specifiedtiming).
ScheduleChannel is in chage of transportingdatain the
channelndtime-stampinghereceipttime.

SystemClock = puX.Tick ; X

WaterSensor = pX. WaterSense ; X

SteamSensor = puX.SteamSense ; X

PumpSensor = uX.PumpSense ; X

Channel = pX. Transport ; X

Env = SystemClock ||| WaterSensor |||
SteamSensor ||| PumpSensor ||| Channel

The scheduleControlWater is responsibldor opening
andclosingthe pumpto keepthe waterin the saferange.
RescueControl doesthesamgob usingtheestimatedvater
level. We starttakingmeasuresit V) (with V) > Ny) and
Nj (with N] < N;) in therescuephasebecausef impre-
cisenessnducedby the estimationsThescheduleControl
combineghetwo control stratgiesin parallel:

ControlWater = (( WaterLevel < No) > StartPump) ||
(( WaterLevel > Ni) > StopPump)
WaterEstimate = Pour Water || EmptySteam
RescueControl = ((EstWaterLevel < Ng) > StartPump) ||
((EstWaterLevel > Ny) t> StopPump)
Rescue = ((SystemPhase = rescue) > WaterEstimate) ;
((SystemPhase = rescue) 1> RescueControl)
Normal = ((SystemPhase = normal) > ControlWater) ||
((SystemPhase = normal) > Synchronize)
Control = Normal || Rescue

ChangePhase performsthe selectionof theright phase
of the system(basedn the stateof the sensors):

ChangePhase = PumpSensorError — StopPhase
[ WaterSensorError —
(Restore WaterSensor || RescuePhase)
[NormalPhase]]
RescueDanger = (SystemPhase = rescue)A
((EstWaterLevel < My)V
(EstWaterLevel > Mi)) t> StopPhase
NormalDanger = (SystemPhase = normal)A
(( WaterLevel < My)V
(WaterLevel > M)) > StopPhase
DangerCheck = RescueDanger || NormalDanger

Theroutineproceduref thecontrolsoftwareconsistf
performingthe controlphasesteratively, aslongasthestop
commandandthedangerougonditionarenot detected:

SteamBoiler = Initialize ;
(Env ||| (uX.StopCheck — skip|(DangerCheck ||
(ChangePhase ; Control)) ; X]))

5.4 ReasoningAbout the Design

Our designhasthefollowing properties:

1. The Control scheduldakesat most1.2 unitsof time.
This value resultsfrom summingup the maximum
execution times of the individual rules and assum-
ing abstractparallel schedulego be sequential.Note
that the two parallel schedulesRkescue and Normal
exclude each other since during control the phases
do not change. Following the samecalculations the
StopCheck, DangerCheck and ChangePhase sched-
ulestake at most0.3, 0.5 and 1.1 time units, respec-
tively. Hence,assuminghatthe systemgoesbeyond
its limits right afterexecutingStop Check andremains
there during the Control and ChangePhase sched-
ules,the systemwill be stoppedafter0.3 + 0.5 + 1.1
+1.2 = 3.1 units of time. For the normalphasethis
guaranteesafetyof thesystem.

2. The pumpswill start/stopat mostby 3.1 +1 = 4.1
units of time (consideringthe timing of the control
loop and the communicationdelay togetherwith the
pumpreactiontime). This meanghatif thewaterlevel
reachedts limits of Ny or Ny, it will take theappropri-
ateactionin stoppingand startingpumpswithin this
time. Again, in the normalphase this canguarantee
the livenessof the system;thatis, if the pumpsand
steamturbineare ableto returnthe systemwithin the
remaining0.9 unit of time to theareabetweenl/, and
M, thenthe systemwill not stopdueto the dangerof
explosion.



3. Assumingthat the rescuephaselastsat most¢ time
units, our estimatedwvaterlevel may deviate from the
reallevel atmostby (P+ V")t sincepumpthroughput
and steamvolume canbe at most P and V' units off
during this period. Note thatthis is a very pessimistic
upperboundfor the estimationerrorandif we exploit
theupperbounddor thegradientof thedynamicghis
upperboundcan be refined. Using this upperbound
for the errorin estimation,it follows that one of the
following caseshouldhold for therescuephase:

(a) Thedurationof rescuephaseshouldbe sosmall
thatthesystemproceedsvith normalcontroland
stopstherebeforethe explosionoccurs:t < 5 —

4.1 =0.9.
Supposehatthepropertyin item 2 holdsfor nor-

mal phase. This meansthat if the systemfinds
theactualwaterlevel outof theinterval [Ny, NV, ],

thenit is ableto bring it to the safelimits in the

remainingtime beforethe systemis in danger
Thus, if we starttaking measure®arlierin the

rescuephasesuchthat N) — No < (P + V) ¢

and Ny — N{ < (P + V) « t, thenwe are
ableto compensat®ur errorsin estimation. (A

similar approachcould be taken if we designed
the RescueDanger scheduleo stopearlierrather
thanat My and M. )

(b)

6 RelatedWork

We cancateyorizerelatedwork in thefield in two parts:
First, the attemptsto formalize real-time functionality in
shareddata-spaceystems,and second thoseworks con-
centratingonformalizingthereal-timebehaior (composed
functionality) of processegnamely timed processalge-
bras):

1. Modelsof shareddata-spacwith time: A few attempts
have beenmadeto extenddatacoordinationanguages
with time. In [10], four differenttimed extensionsof
theconcurrent.indacoordinatiormodelarepresented
(namely with relative delay absolutewait, relative
durationalprimitives, and absolutedurational primi-
tives).Althoughrelative durationalprimitivesarecon-
ceptually close to our extensionof GAMMA rules,
they are reasonablydifferent from oursin that they
forcetime-stampinghe data-spacandonly allow in-
troduction and consumptionof temporary elements
to/from the data-space. Furthermore,time transi-
tionsaresynchronizeéimongall durationalprimitives.
Also, in [8] aframeworkis proposedor compositional
reasoningaboutreal-timesharedata-spaceystemsn
PVS.In thisapproachdataelementaretime-stamped
whenintroducedin the shareddata-spaceWe did not
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requiretime-stampingn our framework sinceit is not
necessaryvhenonly timing informationof taskssuf-
ficesfor the specificatiorof the system.

. Timed ProcessAlgebras: Thereareseveral extensions
of processcalculi with timing in the literature. An
overview of suchextensionscanbe foundin [15, 5].
Our scheduledanguagecan be categyorizedas a pro-
cesscalculuswith relative intervalswith delayableac-
tions. CCSIiT is an extensionof CCS, definedin [4],
which is comparabléo our schedules.In CCSiT, in-
tenals areattachednitially to the processerms,and
they areinterpretedasthe executiontime of enabled
actions;whenan actionis enabledjts executiontime
(namedasidling transition)starts. In our view, keep-
ing timing concernsseparatdrom causalrelationsof
actionsis helpful, especiallyin early stagesof the de-
sign where the details of the actualimplementation
domainarenot known. Apart from this fact, thereis
no notion of abstractparallelism(with the possibility
of asynchronoudime passagejefinedin the abore
timedproces<alculiandtime transitiongproceedsyn-
chronously In our view, abstracparallelcomposition
canbeusefulin high -level designwherethetrue con-
curreny level and resourceschedulingpolicy is not
determinedyet.

Among the attemptsto formalize the steam-boilercase
study thoseusing processalgebraicformalismsare close
to our approach. For example,[16] usesTime Extended
LOTOS to formalizethe case. An interestingobsenration
aboutthe casestudyis thatthe specifiersvereforcedto use
anotherlanguage(a functional programminglanguage}o
specifytheir functionality aspect. This shaws the fact that
processalgebraicapproachesre more suitablefor speci-
fication of behaior/coordinationand timing (usuallyin a
mixed fashion)thanfor the specificationof functionality.
Our approactHtriesto provide a monolithic framework that
supportghe abore aspectspecifications.

7 Conclusionand Futur e Dir ections

In this paper we presented framework for formal de-
sign of real-time shareddata-spacesystems. The distin-
guishingfeatureof this framework is thatit supportssepa-
ration of functionality, timing andcoordinationasdifferent
aspectof systemdesign. Semanticsof eachmeaningful
combinationof theseaspectsshouldtake careof their re-
flectionsandinteractionsandweare themtogether In this
paper we presentedhe semanticof (timed) functionality
and (timed)functionality plus coordination.In [11], anun-
timed semanticof GAMMA canbefound. Apartfrom re-
alizing this designphilosoply, we cansummarizethe con-
tributionsof this paperasfollows:



1.

Defining and formalizing read parallelism in
GAMMA semantics using computations and an
independencerelation.  (The original GAMMA
semanticgloesnot have a notion of true concurreny,
andthusdoesnotcontainarny notionof independence.)
This contribution canbe seenasa formalizationof the
transaction-baseggrogrammingof [6].

. Extensionof GAMMA and schedulesemanticsto

timedsemantics.

. Reflection of three phasesof basic transactions

(schedulingcomputing,and commitment)in the for-
mal semanticof Timed-GAMMA andschedules.

Ongoingandfuture stepsof this researchincludemech-
anizationof averificationprocessextensionto distribution,
mobility, and resourceschedulingaspects,and providing
transformationgo the implementatiordomain. A mecha-
nizationof Timed-GAMMA andscheduless beingunder
takenusingthe PVS[13] proof mechanizatiorool. In [12],
we definedbasicideasof thedistributionaspectindapplied
it toasmallcasestudy A middlevaresupporfor separation
of differentaspects beingdeveloped.Currently theimple-
mentedmiddlevare supportghe distribution aspectut we
areplanningto extendit to supporthetiming aspectswell.
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