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Abstract

This paperproposesa formal framework for the designof
real-timeshareddata-spacesystems.Theproposedmethod
separatesthe concernsof functionality, behavior, and tim-
ing. Thisworkexploitstheideaof separationof concernsat
thespecificationanddesignlevel,andit establishesa robust
theoretical basisthat allowsrigid analysisandverification
of (timed)designs.

1 Intr oduction

Separatingdifferent concernsin software design has
beenproposedin 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 usingthesetailor-madeformalismscanhelpin a
morefocuseddesignmethodthatenablesdesignersto con-
centrateoneachaspectof adesignseparately. Furthermore,
they will easechanginganaspectwithoutbeingdirectly in-
volved with other ones. Also, separationof concernsfa-
cilitates reuseof eachaspectin otherspecializeddesigns.
Recently, a renewed interestappearedin separatingdiffer-
entconcernsandproviding appropriatewaysof focusingon
eachconcern. A distinguishedexampleof this trend can
be seenin PostObject OrientedProgramminglanguages
(POPs)[7, 9] andin particularin theAspectOrientedPro-
gramming(AOP)[7] andMulti-DimensionalSeparationof
Concerns[14] methods.

This papertakesa steptowardthis ultimategoalby pro-
viding a formal framework of separationof concernsfor
real-timeshareddata-spacesystems.It benefitsfrom pre-
�
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vious researchon the functionality / behavior modelling
paradigm[3] andextendsit to functionality/ timing / behav-
ior. The novelty of this work comparedto the approaches
mentionedabove is that,first, it exploits theideaof separa-
tion of concernsat the specificationanddesignlevel, and,
second,it establishesa robust theoreticalbasisthat allows
rigid analysisandverificationof (timed)designs.

In our approach,the basicfunctionality of a systemis
designedusing an abstractformal model of computation
calledGAMMA [2], operatingon a shareddata-spacethat
is modeledby a multiset. Timing informationis addedto
GAMMA functionalitiesin the form of separateintervals.
Composedbehavior of the systemis expressedin a coor-
dination languagenamedschedules, specifying the order
of basiccomputationsusingparallelism,true concurrency,
synchronization,etc.

Therestof this paperis organizedasfollows. Section2
introducesthe preliminaryconceptsof our dataandcom-
putation model. Section3 definesthe theory of Timed-
GAMMA which servesasa modelfor timedfunctionality.
Section4 presentsour coordinationlanguagefor ordering
the behavior of Timed-GAMMA programs.Subsequently,
Section5 usestheintroducedtheoryto modelanacademic
casestudy, a control systemfor a steamboiler. Section6
presentsanoverview onrelatedwork, andfinally, Section7
givesconcludingremarksandshows directionsof ongoing
research.

2 Preliminaries: Multisets and Computation

Definition 1 (Multiset) A multisetis asetthatallowsmul-
tiple occurrencesof anelement.It is definedin termsof a
total functionfrom asetof elements� (for universe)to the
setof naturalnumbersIN presentingtheir numberof occur-
rence(cardinality).

We use ����
	 to denotethat theelement� hasa cardinal-
ity greaterthanzeroin multiset 	 . To definea multisetby

1



enumeratingits members(extensionalpresentation),weuse
the notation � ��
�������������� � , whereeachelementis repeated
asoften as its cardinality. The emptymultiset is denoted
by ��� . As basicoperationsandrelations,we usemultisub-
set( � ), union( � ), intersection( � ), addition( � ), andsub-
traction(  ) of multisets. For a precisetreatmentof these
operationsandtheir properties,see[11].

In our theory, computationsare modelledby rewriting
multisetsusingamultisetof concurrentsubstitutions(com-
putations).

Definition 2 (Substitution and Computation) For multi-
sets! and !#" , theexpression!%$�!#" is calledasubstitution
of ! for !#" (denotedby & , &'� , etc.). A computationis a
multisetof substitutions(denotedby ( , ()� , etc.).

Intuitively, applyinga computationwith a singlesubsti-
tution (+*,�-!%$�!#".� to 	 shouldresult in taking !#" from	 and putting back multiset ! . In this operation,some
partsof the multisetmay be only temporarilytaken away
by !#" andput backby ! again (the /1032�4 part). Theparts
thatarepermanentlyremovedandaddby a substitutionare
called 562�780 and 9):;5 parts,respectively. We lift this intu-
ition to generalcomputations,asfollows. The readpartof
a computationis theunionof /1032�4 partsof its substitutions
becausea singlecopy of anelementcanbereadby several
substitutionsconcurrently. For the take or put parts,differ-
entcopiesof theelementsareremovedor addedby theindi-
vidualsubstitutions.Weformalizethis intuition by defining
the /10<2�4 , 5=2>780 , and 9):;5 partsof acomputationinductively:

/10<2�4@?A���%BDC*E9):;5F?6�.��BDC*G562�780H?6���%BDC*I���
/10<2�4@?J�-!%$�! " �H�K(LB C*M?1!N�O! " BP�Q/10<2�4@?�(LB
562�780H?R�S!�$�!#".�H�T(UBDC*G?�!#"H V/10<2�4@?J�-!�$�!#".�WBRBX�V562�780H?1(UB
9):;5F?J�-!�$�!#".�H�K(LBDC*M?1!Y V/10<2�4@?J�-!%$�!#".�WBRBX�Z9):;5F?�(LB

Applicationof a computation( to a multiset 	 is defined
as:

	 ?�(LB[C*
\�]_^�`badc�ef\.gLh�hikjXl `R\.gLh

if m e1adno\.gLh i `badc�ef\�gLhUpq]]
otherwise

In order to modelparallelismin our GAMMA semantics,
we introducea notion of independenceon computations.
Two computationsare independentif both canbe applied
simultaneouslyor in anarbitraryorder.

Definition 3 (Independence)Twocomputations(>
 and ()�
are independentwith respectto a multiset 	 , denotedby	 � *
(�
sr=t�()� , if andonly if /1032�4P?1(�
D�u()��Bo�Y562�780H?�(�
v�
()��Bw� 	 .

As aconsequence,two computationsareindependentif and
only if both canfind enoughsharedcopiesof elementsto
readandenoughdifferentcopiesof elementsto take.

For thesakeof brevity, wedonotpresentdetailsof mul-
tiset structurein this paper. We only assumethat multiset
elementsaremembersof abasicset,closedunderfunctions
of agivenlogical structure.

Example1 (Computationsand Independence)
Consider the computations (>
 * �.� xf�=$H� xX�8yF�.� and
()�_* �z� x>�6$H� x{�J|>�#�Z� |>�=$��.yF�z� . The first computationre-
moves � xX�dy3� from the multiset and placesthe element � xf�
back. Thus,we call � x>� the /1032�4 part and �zyF� the 5=2�7�0 part
of thiscomputation.The 9):;5 partof thiscomputationis the
emptymultiset. Similarly, for thesecondcomputation,� xf� ,
� |{�8yF� and � |f� arethe /10<2�4 , 562�7�0 and 9):;5 parts,respectively.
Note that, for the secondcomputation,| is not considered
in the /�032�4 part accordingto Definition 2. This is in
line with the intuition that the two substitutionsin this
computationareparallelandthusapplicationof oneshould
beindependentof theother.

For the multiset 	 
Z*E� x{�8y}�8y}�J|>� , it holds that 	 
~� *
(�
Dr6t�()� . However, theindependenceof (�
 and ()� holdsfor
noneof thetwo multisets	 ��*+� xX�dyd�R|f� and 	�� *+� xX�8y}�8yF� .
This factmatchestheintuition behindtheindependencere-
lation. For 	 � , applicationof (�
 prohibits(applicationof)
thesecondsubstitutionin ()� . Sinceapplicationof thefirst
substitutionof ()� to 	�� is not possible(�
 and ()� arenot
independentwith respectto 	Q� .
3 Timed-GAMMA

3.1 Syntaxof Timed-GAMMA

Figure 1 defines the syntax of Timed-GAMMA. A
Timed-GAMMA programconsistsof a program(defining
un-timedfunctionality)andtiming information.A program
consistsof anameandanon-emptysetof rules,eachrewrit-
ing thecontentof thesharedmultiset.Eachrule consistsof
a nameanda (possiblyempty)setof termsin the left- and
right-handsideof thesubstitutionarrow �� andacondition
part that are to be valuatedby multisetcontent. A multi-
setexpression( �q:��S56���30�5S�k�89 ) is a list of expressionsbuilt
onasetof variablesusingthepreviouslymentionedlogical
structureandconditions( �L���{4 ) areassumedto be propo-
sitions(containingvariables)definedover thesamelogical
structure.

Timing constraintsareaddedto the programdefinition
to representan estimationof rule executiontime. Sucha
timing estimationrelatesa rule to an interval representing
theminimumandmaximumtimeneededto performacom-
putationof this rule. This time is relative to thepoint from
which therule is scheduledfor execution.A basictime do-
main ���b�%0 with equality, anadditionoperation� with unit
element0, anda total ordering � with leastelement0 is
assumed.Weextendthisbasictimedomainwith aninfinity
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� m=���Fm ad� ::=
� m=�F�Fm ad���kad��es�Z��� l>� e�� �� lf� eF�

::=
� lf� e��d� l>� e> <� lf� eF�� lf� e

::=
� lf� eF�¡ad��e��¢ lf� `b£.�JeF`�¤U¥ jO¦§ ¢ l>� `�£.�JeF`�¤U¥ jO¨ª© �d« n

¬ £.��eJn � mW�F�Fm ad� ::=
� m=�F�Fm ad� ¬ £���£ «H�¬ £.��£ «�� ::= ­ �}  ¬ © �d« �1` m ad£ « ` ¬ £.��£ «H�¬ © �d« �J` m ad£ « ` ::= ®L¯}°R± ²b³�´=µP² �·¶ « `be mJ¸ a �¶ « `�e mR¸ a � ::= ¹ ¬ £.��e>  ¬ £.��e3ºo�d\ ¬ £���e>  ¬ £.��e3º� ¹ ¬ £.��e>  ¬ £.��e�»�h)�d\ ¬ £.��e>  ¬ £.��e�»�h

Figure 1. Abstract Syntax of Timed-GAMMA

elementto obtain ���b�%0�¼ in a standardway. We refer to
the lower andupperboundof an interval ½ with ¾A¿�?.½UB andÀ ¿�?�½@B , respectively.

Example2 (Mutual Exclusion) To illustratethesyntaxof
timed-GAMMA programs,wepresentaprogramthatmod-
elsprocessescompetingto enteracritical section.Thesys-
temconsistsof Á processesnumberedfrom y to Á . Mutual
exclusionis maintainedby claiming a sharedtoken which
is assumedto besomeconstantintegergreaterthanÁ :

�%�N*TÂ
���{5608/Ã*N�{��780��@�d�Ä��Å�{��7�08�#��ÆvÇÈy�É�ÆvÉÊÁk�Ë 032�Ì80Í*N�{��7�08�#��Æv��Å�{��7�08�@��ÆvÇÎy�ÉÊÆvÉÊÁ¡Ïf�ÐkÑ{Ò8Ó.ÔJÕ *+� Ö<×vØ.Ù>Ú)Û�Ü}��Ö<×vÝ�Þ�ÚPÛ�ÜF�

The above simple programconsistsof two rules; ruleß ÁPÖ��Rà modelsa processclaiming the token and entering
the critical sectionand ák�8â�ãP� modelsleaving the critical
sectionand putting the token back in the multiset. Rule
���{5608/ is assumedto haveaspecifictiming specificationbut
the timing of

Ë 032�Ì80 is left unspecified,meaningthat the
processcan remainin the critical sectionfor an arbitrary
time.

3.2 Semanticsof Timed-GAMMA

The semanticsof Timed-GAMMA is presentedin two
parts. The first part, presentedin Figure2, shows the ba-
sic timed-computationandterminationof a rule and,based
on that, the secondpart in Figure 3 definesthe behavior
of Timed-GAMMA programs.In the given semantics,the
state ä�à�� 	 � Ðæå consistsof the rule à , the multiset 	 (of
shareddata),andthemultisetof scheduledtasks

Ð
(anex-

tensionof thecomputationnotionto timedsettings).A task
&vçÄÖ�èd½ is thesubstitution& togetherwith theelapsedpro-
cessingtime Ö (thedurationthatthetaskhasbeenactiveand
runningtill now), andtheestimatedexecutiontime interval
½ . The transitionsin the given semanticsareeitherof the

(RuleTerm) é
ê ë 	 � ãíìÊà
äbà>� 	 �<��� åRî �

(RuleSched)
	 � ãqìÊà

äbà>� 	 �<��� å 
�ï�Päbà>� 	 �8�-&DçDx�è�à>� ½;� å
wherefor a rule ð ��ñOò ¦§ ñQó ¨Yô

, õ � ö ¹ ñ[óbºW÷ ö ¹ ñíò=º

(RuleComp)
Öùø#½

ä�à>� 	 �8�S&vçkÖsè�½�� åûú üXý� � ä�à>� 	 ?R�S&L��B��3�.� å

(TimePass)
Ök��ÖJ"Uø�½%þÍÖk��ÖJ"UÉT¾A¿�?�½@BÎÖJ"@ÿZx

äbà>� 	 �8�-&vçÄÖsè8½;� å����� � äbà>� 	 �8�-&vçÄÖ¡�qÖ " è�½�� å

Figure 2. Semantics of Basic Timed Function-
ality

form
��ï� (where Ö canrangeover the basictime domain

�L�b�%0 ) or
ú üXý�ï� , where & rangesover substitutions.A basic

timed-computationis dividedinto threephases.
The first phaseconsistsof schedulinga task (seerule

(RuleSched)). This is only possibleif thereexists a valua-
tion ã thatbothsatisfiestheconditionandvaluatestheleft-
hand-sideexpressionof rule à to be a part of the multiset
(denotedby 	 � ãKì à ). The schedulingof a task is indi-

catedby atransition

� � . Weabstractfrom thetimeneeded

for findinganappropriatevaluation.Alternatively, this time
couldbeaddedto thetransitionassociatedwith scheduling
a task. To refer to the interval ½ associatedwith rule à , we
use à>� ½ . If thereis no interval definedfor à , à>� ½ resultsin
� x{���ïB . This givesusa timedsemanticsfor GAMMA pro-
gramsin which no assumptionshave beenmadeaboutthe
timing of therule.

Example3 (Schedulinga Task) Consider program �%�
of Example2 with initial multiset 	 * �zy}���������1ÁÄ�X�{��7808�X� .
Onepossibleschedulingof rule ���{5608/ is thefollowing:

äA���{5608/>� 	 �<��� å 
� �@äA���{5608/>� 	 �8�-&DçDx#è8½�� å ,
with &~*+�1�X��7808�#�Q|>�=$H���{��780��@�R|f� and½q* ÐkÑ{Ò8Ó.ÔJÕ .

For thetime being,we assumethat à>� ½ worksasa func-
tion. Nevertheless,this assumptioncouldberelaxedby al-
lowing several intervalsassociatedto a rule, andhenceà>� ½
returningasetof timepointswhich is notnecessarilyasin-
gle convex interval. This relaxedassumptionwould not re-
quire major changein our semantics.However, for sim-
plicity we assumethe single interval time paradigmfrom
now on. Anotherusefulextensionis to declarethebounds
of intervalsasfunctionsof systemstate.Becausetheinfor-
mationfor determiningtheexecutiontimeis availableatthe
taskschedulingtime,thisis alsoastraightforwardextension
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to ourmodel.
Thesecondphaseof basiccomputationis spending(pro-

cessor)time on a computation,usingrule (TimePass). Fi-
nally, thethird phaseis performing(committing)a compu-
tationvia (RuleComp), whichresultsin substitutingtheleft-
hand-sideby theright-hand-sidevaluationin themultiset.

The division of basiccomputationin threephasespro-
videsthe possibility to put further detailsin eachof these
phases(e.g.specifyingschedulingpolicy, providing timing
informationfor distributedschedulingor commitment).

Rule (RuleTerm) is dedicatedto representthepossibility
of terminationof a rule when it cannotscheduleany new
taskanddoesnothave any active taskto perform.

Thesecondpartof thesemantics,givenin Figure3,spec-
ifies the generalchaoticbehavior of Timed-GAMMA pro-
gramsby composingbehavior of rules in all possibleor-
dersandall possiblelevelsof trueconcurrency. In this se-
mantics,thestatesareof the form ä � � 	 � Ðæå where

�
is a

timed-GAMMA programand 	 and
Ð

areasbefore. We

use
î

,
�� and �� insteadof

î � , ��ï� and
ú ü�ý� � , respec-

tively. Rule (ProgTerm) extendstheterminationof a single
rule to terminationof a program. It is worth mentioning
thatin thecontext of aprogram,rule terminationis notnec-
essarilypermanent;a terminatedrule maybecomeenabled
later dueto activity of otherrules. Only if all rulestermi-
nate,terminationbecomespermanent.Rules(ProgComp0)
and(ProgComp1)specifyhow a Timed-GAMMA program
can perform computations. (ProgTime0) and (ProgTime1)
specifyspendingtime on executionof computations.The
above four rulesprovide anabstractionfrom the true level
of concurrency. Therule (ProgSched)shows thata program
canschedulea new taskif it canbescheduledby oneof its
rulesandit is independentfrom thecurrentcontext of paral-
lel tasks(wheretheindependencerelationbetweentwo task
multisetsmeansindependenceof the multiset of their re-
spective computations).Thesemanticsof Timed-GAMMA
programsis the smallesttransition relation satisfying the
above transitionrules.Notethattheabsenceof anindepen-
dencecheckin the premiseof rulessuchas (ProgComp1)
cannotintroduceinconsistency becausestateswith incon-
sistenttasksetarenot reachable(since(ProgSched)checks
consistency in the introductionof new tasksandall other
rulespreserve theconsistency of tasksets).

Example4 (Mutual Exclusion,Revisited) Consider the
programin Example2. If theprogramstartsfrom theinitial
multisetthatcontainsno processin thecritical sectionwith
only onetoken, i.e., the multiset 	 *_�.y}����������Ák�X�{��7�08�X� ,
thentheabstractbehavior of theprogram(definedin Figure
3) maintainsthemutualexclusionproperty. This is dueto
the fact that, on one hand, for a multiset containingone
token, any two computationsresulting from rule ���{5608/
arenot independent.On the otherhand,the rule ���{5608/ is

disabledwhenthereis no tokenin themultiset.
However, theabstractbehavior of this programdoesnot

maintaindesiredlivenessproperties,preventingindividual
starvation,for example,not evenif we specifya maximum
timing for the

Ë 032>Ì80 rule. To enforcesuchproperties,we
needto coordinatethe executionof rules. We do this by
defininga coordinationlanguagefor rulesin the next sec-
tion.

We separatedthe two partsof the semanticsin orderto
re-usethefirst part in bothdefiningthechaoticbehavior of
Timed-GAMMA programs(thesecondpart)andalsocoor-
dinatedbehavior of schedules(Section4). In otherwords,
the first part of the semanticsserves to definethe atomic
units of functionality. Technicallyspeaking,one can re-
placethis particularmodelof timed functionality with an
operationalsemanticsof anotherfunctionality model(say,
JavaSpacemethods,or even a hierarchy of interfaceser-
vices),andbenefitfrom the specificationmodelpresented
in the remainder. In suchcases,careshouldbe taken in
order not to loosethe orthogonalityin the model as it is
presentedhere.

4 Schedules

Theaimof ourcoordinationlanguage,namedschedules,
is to definethe correctordering,synchronization,and in-
teractionof basictimed functionalities.Due to our design
philosophy, the aspectof coordinationshouldbe kept or-
thogonalw.r.t. timing to the largestpossibleextent. Thus,
weassumeatimedfunctionalitymodelanduseit astheba-
sisof our coordinationmodel. Hence,a scheduledoesnot
addexplicit informationabouttiming andfunctionality.

4.1 Syntaxof Schedules

The syntax of our languageis specifiedin Figure 4.� :;�-0
	�2>�%0 is the notationto adoptTimed-GAMMA rules
asthebuilding blocksof a �
����034�:;�-0 . Therule-conditional
operator� is usedto provide differentstrategiesbasedon
whetheror notarulecanbescheduled.Sequentialcomposi-
tion of schedulesis denotedby � . Abstractparallelcomposi-

����� e1n l>� e
::=

� lf� e��kad��eù� ����� eJn lf� e�� ����� e1n l>� e�d� lf� e��kad��e�� ����� eJn lf� e ¹ ����� e1n l>� e3º� ����� e1n lf� e��-� ����� eJn lf� e�� ����� eJn l>� e��S�-� ����� eJn lf� e���U�Le � l m �1£ �d«�� a m! ����� e1n l>� eù�d�Ue � l m �J£ �d«�� a m

Figure 4. Syntax of Schedules

tion ( �z� ) allows for bothconcurrentandserializedexecution
of components(to representthe caseswheretheremay or
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(ProgTerm)

"$#�%'& äbà>� 	 �3�.� åRî �
ä � � 	 �<��� åRî (ProgComp0)

à#ø � ä�à�� 	 �8�-&DçkÖsè�½�� åûú ü�ý� �@ä�à>� 	 "=�3�.� å
ä � � 	 �8�-&vçÄÖsè�½��H� Ðæåoú üXý� ä � � 	 "=� Ðæå

(ProgComp1)
ä � � 	 � Ð 
 å ��(�ï�Pä � � 	 "
 � Ð "
 å ä � � 	 � Ð � å �*)� �Pä � � 	 "� � Ð "� å

ä � � 	 � Ð 
¡� Ð � å �+( , �*)� ä � � 	 ?�(�
¡�T()��B1� Ð "
 � Ð "� å

(ProgTime0)
à ø � äbà>� 	 �8�-&vçÄÖsè8½;� å ����ï�Päbà>� 	 �8�-&vçÄÖ¡�qÖJ"�è�½�� å ÖJ"@ÿZx

ä � � 	 �8�-&vçÄÖsè�½��H� Ð%å � �� ä � � 	 �d�S&vçÄÖ¡�qÖJ"�è�½��H� Ð%å

(ProgTime1)
ä � � 	 � Ð 
 å �� äbà>� 	 � Ð "
 å ä � � 	 � Ð � å �� ä � � 	 � Ð "� å Ö�ÿZx

ä � � 	 � Ð 
¡� Ð � å �� ä � � 	 � Ð "
 � Ð "� å

(ProgSched)
à ø � äbà>� 	 �3�.� å 
�ï�Päbà>� 	 �8�-&vç¡x�è�½�� å 	 � *u�S&vç¡x�è�½��;r6t Ð

ä � � 	 � Ðæå 
� ä � � 	 �8�-&DçDx#è8½;�H� Ðæå

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

may not be enoughresourcesfor real concurrency). Strict
parallel composition( �z�.� ) forces the participatingcompo-
nentsto run concurrently(provided that executionis pos-
sible at all componentsand that independenceconditions
aresatisfied).Therecursionoperator- is usedto make re-
cursive schedules(-�.w�0/f?1.ÄB ) explicitly. Only schedulesin
which all recursionvariablesareboundby - areof interest
in this paper. In the restof this paper, we usuallydefinea
namefor schedules.Thesenamesserveasasyntacticshort-
handfor thedefinedschedules.

In schedulingrules,theremight bea needto strengthen
the conditionunderwhich the rule àT*N�q
~��Å����Ç32
is enabledwith anadditionalcondition 21" . Insteadof intro-
ducinga new rule à>"k* ��
 ��E�~��Ç4265721" in suchcases,
wesimply write 21"98 à in theschedules.

Example5 (A Schedulefor Mutual Exclusion) A simple
schedulefor thetimed-GAMMA programgivenin Example
2 is thefollowing:
���{5608/�:�*+?1; * Æ�B68Ê���{5608/Ë 032�Ì80+:�*+?1; * Æ�B68 Ë 0<2�Ì80�=< À Á6> �?< ¿WÆ=Á *@-�A �b?J?A���{5608/H��� Ë 032�Ì�0;��BB�{������� ?A���{5608/�ÙC�Ë 032�Ì808Ù@BJBD��A

This scheduleguaranteesprogressandabsenceof indi-
vidual starvation if an upperboundfor durationof

Ë 0<2�Ì80
is specified.This factcanbederivedfrom thesemanticsof
thenext subsection.

4.2 Semanticsof Schedules

Figure 5 shows the first set of semanticrules for the
timed-coordinationlanguage. As in the semanticsof
Timed-GAMMA, theserules link the semanticsof single
rule executionto the semanticsof schedules(coordination

terms). However, in the coordinationsemantics,there is
a tight relationshipbetweencoordinationtermsandsched-
uled tasks(for example,to checksynchronizationrequire-
mentsof taskswith similar substitutionsw.r.t. paralleland
sequentialcompositions;e.g.in a schedulelike /��.�o?
/?�8Ö8B ).
Hence,we also attachscheduledtasksof eachcoordina-
tion term to its respective syntacticexpression(seerule
(CoordSched)). Also observe that, in rule (CoordComp), a
rule,aftercommittingacomputation,is replacedby therule
�<78� 9 , where �378� 9 is definedto betherule �378� 9�*FEù��4EùÇG 2��-�<0 , i.e. a rule thatcannotbescheduled.

So, in the given semantics,the state ä
/d� 	 � Ðæå contains
/ asthecoordinationexpressionthatis possiblyaugmented
with scheduledtasks(substitution,timing, andinterval), 	
is the datamultiset,asbefore,and

Ð
is themultisetof ac-

tivetasks,asin semanticsof Timed-GAMMA. Notethatthe
multisetof taskscanbederived from theannotatedsched-
ules,too,but we make it explicit in thestatefor readability
andconsistency (althoughwe could requirein all seman-
tic rulesthat theannotatedtasksetsshouldbe thesameas
the tasksin

Ð
, this assumptionis not necessaryfor consis-

tency of our semantics).Theschedulecompositionopera-
torsaredefinedasfollows,wherethetransition H� denotes
schedulinga task,passageof time or performinga compu-
tation(I is a variablethatrangesover thetime domainand
computations).
Rule Conditional Rules(RC0) to (RC3) definetheseman-
tics for the rule-conditionaloperator. Expressionà7�J/f� ÖJ�
canschedulea taskwheneithertheconditionrule à is en-
abledandthefirst argument/ canschedulea task,or when
à terminates(is disabledat the moment)and Ö cansched-
ule a task.Obviously, it terminateswhennoneof theabove
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(CoordRuleTerm)
äbà>� 	 �3�.� åRî �
ä�à�� 	 �<��� åRî (CoordSched)

äbà>� 	 �<��� å 
� �@ä�à�� 	 �8�-&DçDx�è�½�� å
äbà>� 	 � Ðæå 
� äbào�-&vç¡x�è�½��=� 	 �8�-&DçDx#è8½;� å

(CoordTimePass)
äbà>� 	 �8�-&DçkÖsè�½�� å � ��ï�Päbà>� 	 �8�-&DçkÖk��ÖJ"�è�½�� å ÖJ"@ÿZx

äbào�-&vçÄÖsè�½��=� 	 �8�-&DçkÖsè�½�� å ���� ä�à �-&DçkÖk��ÖJ"Lè8½;�=� 	 �8�-&vçÄÖ¡�qÖJ"�è�½�� å

(CoordComp)
ä�à�� 	 �8�-&DçkÖsè�½�� åûú ü�ý� �@ä�à>� 	 "=�<��� å

äbào�-&vçÄÖsè�½��=� 	 �8�-&DçkÖsè�½�� åoú üXý� ä3�37�� 9U� 	 "=�<��� å

Figure 5. Semantics of Timed-Coor dination: Basic Computation and Termination

casesarepossible:

(RC0) é ?Jäbà>� 	 �
ÐæåRî B ä
/d� 	 � Ðæå 
� äK/3"=� 	 � Ð " å

äbàL�M/}� ÖJ�=� 	 � Ðæå 
� äK/<"=� 	 � Ð " å

(RC1)
ä�à>� 	 � ÐæåJî äbÖ�� 	 � Ð%å 
� äbÖJ"=� 	 � Ð " å
ä�àN�O/f� ÖJ�=� 	 � Ðæå 
� äbÖJ"=� 	 � Ð " å

(RC2) é ?Jäbà>� 	 �
ÐæåRî BÅäK/8� 	 � ÐæåJî

äbàN�O/f� ÖJ�=� 	 � Ðæå î
(RC3)

äbà>� 	 � Ðæå î äbÖ�� 	 � Ðæå î
äbàN�O/f� ÖJ�=� 	 � ÐæåRî

SequentialComposition

(S0)
äK/<
�� 	 � Ð%å H� äK/3"
 � 	 "=� Ð " å

ä
/3
P�Q/}��� 	 � Ð%å H� äK/3"
 �*/f��� 	 "=� Ð " å

(S1)
äK/<
�� 	 � Ð%åJî äK/}��� 	 � Ð%å H� äK/3" � � 	 "=� Ð " å

ä
/ 
 �*/ � � 	 � Ðæå H� äK/ " � � 	 " � Ð " å
(S2)

äK/3
>� 	 � ÐæåRî äK/f�F� 	 � ÐæåRî
äK/3
P�*/f��� 	 � Ðæå î

Abstract Parallel Composition Rules(P0) to (P3) specify
thesemanticsof theabstractparallelcompositionoperator.
This typeof parallelcompositiondoesnot enforceconcur-
rent executionof tasksand allows them to be performed
sequentially. In particular, rules(P0) and(P1) specifyhow
two sidesof a parallelcompositioncanevolve individually.
Thesideconditionof theserulesassuresthat thetaskmul-
tiset remainsconsistentif eitherof thetwo sidesschedules
a new task. (P2) specifiesconcurrentexecutionof the two
sidesby allowing themto spendtime synchronously. Rule
(P3) representsconcurrentcommitmentof tasks.

(P0)
äK/<
�� 	 � Ð 
 å H� äK/<"
 � 	 "=� Ð "
 å 	 "L� * Ð "
 r=t Ð �
ä
/3
Í�z�R/}��� 	 � Ð 
¡� Ð � å H� ä
/3"
 �z�R/}��� 	 "=� Ð "
 � Ð � å

(P1)
äK/}��� 	 � Ð � å H� äK/<" � � 	 "=� Ð "� å 	 "L� * Ð 
Dr=t Ð "�
ä
/3
Í�z�R/}��� 	 � Ð 
¡� Ð � å H� ä
/3
Í�z�R/<" � � 	 "=� Ð 
¡� Ð "� å

(P2)

ä
/3
�� 	 � Ð 
 åS�� äK/<"
 � 	 � Ð "
 å
ä
/f��� 	 � Ð � åS�� äK/<" � � 	 � Ð "� å Övÿ x

äK/<
Í�z�R/f�F� 	 � Ð 
¡� Ð � åS�� äK/<"
 �z�R/<" � � 	 � Ð "
 � Ð "� å

(P3)

äK/3
>� 	 � Ð 
 å ��(� äK/3"
 � 	 
�� Ð "
 å
äK/f�F� 	 � Ð � å �*)� äK/3" � � 	 ��� Ð "� å
äK/3
Ã�.�Q/f�F� 	 � Ð 
¡� Ð � å ��( , �*)�
äK/<"
 �z�R/3" � � 	 ?1(�
k�T()��B�� Ð "
 � Ð "� å

(P4)
äK/3
>� 	 � ÐæåJî äK/f��� 	 � ÐæåRî

äK/3
Ã�.�Q/f��� 	 � ÐæåRî
Strict Parallel Composition Strict parallelismonly differs
from theabstractonein that it doesnot allow onecompo-
nentto prohibitor delaytheotheronein execution.In other
words,it modelsrealconcurrency in which composedpro-
cessesperformtheirbehavior independentof eachotherun-
dersomeglobalconsistency conditions.To modelthis type
of composition,rules (P0) and (P1) are restrictedto allow
time passageonly whenoneof the partiescannotperform
anaction.Thus,tasksareforcedto spendtheircomputation
time together. We only rewrite (P0) which is decomposed
into threerules (SP0), (SP01), and (SP02)here. The com-
pletesemanticsof strict parallelismhasthreesimilar rules
insteadof (P1) andalsocopiesof (P2) to (P4):

(SP0)
äK/<
�� 	 � Ð 
 å 
� äK/3"
 � 	 � Ð "
 å 	 � * Ð "
 r6t Ð �

äK/3
Ã�.�z�R/}��� 	 � Ð 
¡� Ð � å 
� äK/<"
 �z�.�Q/f��� 	 � Ð "
 � Ð � å

(SP1)
äK/<
�� 	 � Ð 
 å �� äK/3"
 � 	 "=� Ð "
 å

ä
/3
Ã�.�.�Q/f�F� 	 � Ð 
¡� Ð � å �� äK/3"
 �.�z�R/}��� 	 "=� Ð "
 � Ð � å

(SP2)
ä
/3
�� 	 � Ð 
 å �� ä
/3"
 � 	 � Ð "
 å 4��b�32�T8�S034P?JäK/}��� 	 � Ð � å � Ð 
;B
äK/3
Ã�.�z�R/}��� 	 � Ð 
¡� Ð � å �� äK/<"
 �z�.�Q/f��� 	 � Ð "
 � Ð � å

In the above rule, 4����<2�T8�-0<4@?1äK/f�F� 	 � Ð � å � Ð 
;B meansthat
ä
/f��� 	 � Ð � å cannotperformany time transitionor commit-
mentof tasks(i.e.,

Ð ��*Z��� ) andif it canscheduleany new
task,this taskis not independentfrom

Ð 
 .
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RecursionFinally, (R0) and(R1) specifytheconceptof re-
cursion.Recursionis interpretedasreplacingtherecursion
variablewith the recursive term. Note that sincerecursion
is not necessarilyguardedin our language,it is possibleto
specifyschedulesthatcanneithermakeatransition,norter-
minate(deadlock schedulessuchas-�.w� . ):

(R0)
äK/f?U-�.w�U/d$�.ÄB�� 	 � Ðæå H� äK/3"=� 	 "=� Ð " å
äV-�.w�0/d� 	 � Ðæå H� äK/<"=� 	 "=� Ð " å

(R1)
äK/f?U-�.w�U/d$�.ÄB�� 	 � ÐæåJî
ä1-W.��U/d� 	 � ÐæåRî

5 CaseStudy: Steam-BoilerControl

Steam-boilercontrolis aclassicalexamplethathasbeen
usedasacommoncasestudyin usingdifferentformalmod-
elingandspecificationtechniques[1]. Wespecifythisprob-
lem in orderto find the strengthsandshortcomingsof our
designmethod.First, we explain theinformal definitionof
theproblemandthenuseourframework to modelit. Dueto
spacerestrictions,we simplify theoriginal definitionasfar
asthesimplificationsdonot reducetechnicalchallenges.

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

1. A tankwith themaximumcapacityX (in liters). This
tankscontainsboiling waterandthewaterlevel should
alwaysbe in the safeareabetween!s
 and !%� liters.
However, dueto corruptionsin thesensorsandvalves,
the water level may go outsidethe safearea. If the
waterlevel reachesthedangerouslevel (lowerthan 	 

or higherthan 	 � ) andremainstherefor sometime(5
seconds)adisastermayhappen.

2. The tank is connectedto a turbine with maximum
steamcapacityY (in liters/second).Watercanbepro-
videdinto thetankusingapump.Thepumphasmaxi-
mumcapacityZ (in liters/second).After receiving the
command,the pump will start/stoppouring water in
lessthan0.5seconds(in orderto balancethepressure).

3. There are sensorsto measurethe water level [ (in
liters) and steamquantity ã and pump throughput\
(in liters/second).It is assumedthat a liter of water
producesexactlyoneliter of steam.

4. Thepumpactuatoris connectedto thecontrolsystem
using a communicationchannelthat hasa minimum
andmaximumdelayof 0.2and0.5seconds.

We modelthreedifferentphasesof thesystem,namely:
normal, rescue,and stop. The normal phaseconsistsof
maintainingthe water in the saferange. If the water level
goesbeyond its dangerouslimits (i.e., below 	 
 or above	 � ), thesystemshouldgo to thestopphase.If a failurein

the waterlevel sensoris detected(to be discussedshortly)
the systemgoesto the rescuephase.Failure in any other
sensor, pump, or communicationchannelshouldlead the
systemto thestopphase.

Therescuephaseis concernedwith estimatingthewater
level usingthedynamicsof thesystemwhenthewaterlevel
sensordoesnot work properly. Any further failurepresent
in this phaseor reachinga non-safewater level resultsin
moving to thestopphase.

The stopphasecanbe activatedboth by a manualop-
eratorcommandandby automaticdetectionof errorsand
dangerouscircumstances.It resultsin stoppingthecontrol
program.

Thefailureof equipmentcanbedetectedif they measure
somedatathat contradictsstatic or dynamiclimits of the
system,or if they changetheirstatewithoutbeingrequested
to do so(or vice versa,they do not changetheir statewhen
requestedtodoso). In thiscasestudy, weonlymodelfailure
detectionof thepumpandthewatersensor.

5.1 The Multiset

In this subsection,we introducethe dataitemsthat are
usedin definingthe rules in the next subsection.All data
items in the multiset will be of the form ?R�{2��%0>�dÌ82��S:�0HB
where �{2��æ0 is a label describingthe type of information
givenby Ì82>�-:;0 . Wepresentfour groupsof dataitemswhich
togetherform theglobalmultiset.

] �
^}�35608�L�{562�56:�� : usedto storeandretrieve information
aboutthe �
^}�35608��_���2��30 (with possiblevalues�{��/F�%2>� ,
/108���8:�0 , or �356��9 ) and the status ( ��7 or 4�0 G 0��85 ) of
the pumpandwatersensor(_�:��ù9`�{08�{�3��/��{562�56:;� anda 2�5608/��{08�{�3��/��{562�56:;� respectively).

] �b��2��{�{08� c 2>5=2 : designedto indicate the stateof the
commandssubmittedto thededicatedchannelbetween
thecontrolprogramandthepump. _�:;�s9Ä�L���æ�%2��{4
representsthe commandsubmitted to the channel
( ��9�08� , �8�S���3034 , or �{���{0 ) and _�:;�s9`�{562�560 represents
the last commandreceived by the pump(at the other
endof thechannel)at time _�:;�ù9Ä�d��2��'e;0��L���æ0 .

] cf^}�{2��%�V�8� : dedicatedto thestatusof thedynamicsof
thesystem;thisincludesthewaterlevel (

a 2�560�/ Ë 08Ì�08� ),
the throughputof the pump(_�:��ù9Ä�d��/���:+eQ��9):;5 ), the
volumeof thesteam( �{56032��hg)���S:��æ0 ), andthesystem
clock ( �
^}�35608�q�L���æ0 ).

] ���356���æ2�56�����'c�2�562 : contains the timing of the last
estimation of pouring of water into the tank
(
Ë 2��35i_���:;/1034 ), the last evaporationof steamfrom the

tank(
Ë 2��35j�{56032��hk¡:;5 ), andtheestimationof thewater

level (���35 a 2�5608/ Ë 08Ì80�� ).
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5.2 Timed-GAMMA Program

In this part,we formalizethe basicfunctionality model
using Timed-GAMMA. We use the following abbrevia-
tions:
] Thecondition 56/F:;0 is omittedfrom therules:
à�* �q
Í�� ����C*,à#*Ê�q
Ã��·���vÇM56/F:;0 .] The /1032�4 partof therulesis indicatedexplicitly:

à�*l>8
�m8��nononP�o>}ÙWmsè8�q
Í�� ����Çp2�C*
à�*l>8
>�+nononP�o>}Ù)���q
Í��p>8
>�+nononP�o>}Ù)������Çp2 .] We usually refer to the pair ?<�{2��æ0���ãUB or to ã itself

by mentioningonly the �{2��æ0 , e.g., we write à_*
�{2��%0+�� ã�" as a shorthandfor à * ?R�{2��%0>��ãUB[��
?<�{2��æ0���ã " B .] We assumetheexistenceof a rule ��4{�S0#è$Es��4E which
representstheruledoingnothing.

Thefirst setof rulesarethosededicatedto modelingthe
sensors. Thefunctionalityof thesensorsis to put arbitrary
valuesfor observed variables. This is to model both real
sensorsthat reportreal andin-boundvalues,aswell asde-
fectivesensorsthatreportout-of-boundones.q ad`be m � e « �Je�� q ad`�e msr e ¸ e �)¦§ut  � l � j � e « �1e�� � l � j ¬ � m=� l � � j{l ` ¦§ut  

� `beJad� � e « �Jes� � `�eJad� �;� � l ��e ¦§ut

Sincewe do not have any informationabouttiming of
sensorswe leave it unspecified(resultingin � xX�+� B ). From
now on,unlessotherwisespecified,weassumethatthetim-
ing for rules performing somechecksand computations
and updatingthe multiset (suchas estimatingwater level
or checkingfor faults) is � x{� v{�Jx{� w>� . Thoserules that only
updatesometuples(without any computation)or perform
somechecks(without any update)only require � x{� |{�Jx{� v>�
amountof time.

Issuingthecommandsfor openingandclosingthepump
goesas follows. Issuingthesecommandsonly takes x{�by
unitsof time,sincethecommandwill only besubmittedto
thechannelfor transmission:� `�a m ` � l � j � ��x �1`�eF� ¬ £���e!yBz� l � jL© � ����a « no  � l � jL© � a «H� e ¬ £.��e¦§ � j e «   ��x �J`beF� ¬ £.��e> � ` � j � l � j � ��x �1`�eF� ¬ £���e!yBz� l � jL© � ����a « no  � l � jL© � a «H� e ¬ £.��e¦§ � � � �1eJno  ��x �1`�eF� ¬ £���e> ®|{~} ´�� }�� °1µR� � ®|{�}�� � � °1µR� � ¹ �R ��   �R i� º

The Timed-GAMMA rules for the channel consistof
transportingthe datafrom one side of the channelto the
otherside. We simplify themodelby puttingthetiming of
transportingthecommandandthepumpreactiontogether,
sothatwedonotneedto modelthepumpactionseparately:¬ m a « � j �dm `�� � l � jL© � ����a « no  � l � j � `bad`�e¦§ «H�d« e>  � l � jL© � ����a « n¨ � l � jL© � ����a « nC�� «H�d« e> ®6� �.´������ � � } � ¹ �R i�   � º

The estimationrulesare responsiblefor estimatingthe
water level by addingpouredwaterandsubtractingevap-
oratedsteam. The �
^}�
�+��/1�>�{� �f0 rule resetsthe estimated
level to themeasuredlevel.� � l m q ad`�e m � � l � j ¬ � m=� l � � jXl `sy�  ��x �J`be�� ¬ £.��e!yBz¤L�1` q ad`be msr e ¸ e �   r ad�J` � � l m e1n ¦§¤L�1` q ad`be msr e ¸ e �Q� q ad`�e m � � l m e1n   ��x �J`be�� ¬ £.��e> ¤L� j ` xo� `�e1ad�
� � `beJad� ��� � l ��e!y�  ��x �1`�eF� ¬ £���e!yBz¤U�J` q ad`be msr e ¸ e �   r ad�J` � `�e1ad��� l ` ¦§¤U�J` q ad`be msr e ¸ e �R� � `�eJad�f� l `<  ��x �J`�eF� ¬ £.��e> ��x « ��� m=�d« £U�Jes� q ad`�e msr e ¸ e � y�  ��x �J`�eF� ¬ £.��e!yBz¤U�J` q ad`be mKr e ¸ e �   r ad�J` � � l m eJno  r ad�J` � `�e1a}�f� l `¦§ q ad`be mKr e ¸ e �   ��x �1`�eF� ¬ £���e>  ��x �J`�eF� ¬ £.��e¨ \ q ad`�e msr e ¸ e ����� h
In therules,

a 2>5=0�/�_���:;/1034 and �{56032��hk¡:;5 areshort-hands
for thefollowing expressions.

q ad`�e m � � l m e1nP� � \ � l � j ¬ � m=� l � � jXl `��\ ��x �1`�eF� ¬ £.��e � r ad�1` � � l m e1nohWh� `beJad�f� l `b� � \ � `beJad� ��� � l ��e��\ ��x �1`�eF� ¬ £.��e � r ad�1` � `beJad�f� l `Rh�h

Fault detectionchecksfor out-of-boundandinconsistent
valuesto markdefective devices. Thepumpis assumedto
to be defective if it doesnot reactto the issuedcommand
afterspecifieddelay � :
q ad`�e m � e « � �dm ¤ mJmW�dm � q ad`�e msr e ¸ e � yBzq ad`�e m � e « � �dm � `ba}` l � ¦§ nde���e � `¨ \ q ad`be mKr e ¸ e ����� h1 � l � j � e « � �dm ¤ mRm=�dm � � l � j � `bad`�e!y�  � l � j ¬ � m=� l � � jXl `sy� ��x �J`be�� ¬ £.��e!y�  � l � jL© � a «H� e ¬ £.��e!yBz� l � j � e « � �dm � `bad` l � ¦§ nde���e � `¨ \ � l � j � `�ad`be�� � � � �Je1n� � l � j ¬ � m=� l � � jXl `��� � h� \ � l � j � `bad`�e�� � j e «� � l � j ¬ � m=� l � � jXl `�� �� ��x �J`�eF� ¬ £.��e � � l � jL© � a «H� e ¬ £.��e �S� h�LeF�J` �dm e � l � j � e « � �dm � � l � j � e « � �dm � `�ad` l � ¦§ � c; �LeF�J` �dm e q ad`be m � e « � �dm � q ad`be m � e « � �dm � `�ad` l � ¦§ � c

The phase change rules change the variable denot-
ing the systemphaseanddefinethe initialization process.
�{56��9Ä�b��0��87 looks for the stopphaseelementin the multi-
set(weassumethatuserinterventionresultsin astopphase
elementin themultiset):
� ` � j � � ad�Je � ��x �1`�eF� � � ad�Je ¦§ �J` � j  �LeF� � l e � � ad�Jeù� ��x �1`�eF� � � ad�Je ¦§ m eF� � l e> � �dm ��a � � � ad�Jef� ��x �1`�eF� � � ad�Je ¦§ «H�dm ��a �  � ` � jL© � e � c ��\ ��x �J`be�� � � ad�Je> <�J` � j h yCzs£.n � e> ¶ « £.`b£�a � £1�1e�� � l � j � `bad`�e>  � l � j � e « � �dm � `�ad` l �8 q ad`be m � e « � �dm � `�ad` l �8  q ad`�e msr e ¸ e �  ¤U�J` q ad`�e msr e ¸ e �   � `beJad� ��� � l ��e>  ��x �J`�eF� ¬ £.��e¦§ � � � �JeJno  � c;  � c;  t   t   t   �¨ \ t¡�h¢ ò�h � \ t¡�h¢ óJh
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Wedesignaglobalsystemclockasfollows:
¬ £ � c � ��x �J`beF� ¬ £.��e ¦§ ��x �J`be�� ¬ £.��e � `�£ � c ¬ £���e> 
® �o£i¤V¥ � ¹ `�£ � c ¬ £���e> <`�£ � c ¬ £���e3º

5.3 Coordination

The coordinationpart composesthe GAMMA rulesof
the previous subsectionin the desiredorder. We usethe
following abbreviations:
] For schedules/ , we write 2¦8§/ to represent?
2¦8
��4{�S0;B|�O/f���<78� 9{� .] Most of the time, checkingthe feasibility of schedul-
ing a rule is followed by executing it. We define
the following abbreviation to representthis pattern:

à#�p/f� ÖJ�ÄC*,àL�G?�à¡�*/fBJ� ÖJ� .
The external environmentsof the steam-boilersystem

are the systemclock and the sensors. Also, the channel
performsits functionality independentof the control soft-
warestructure.Sincethesystemclock’s timing shouldnot
beinterferedby thetiming of othercomponentsin thesys-
tem, it is composedwith therestof thesystemusingstrict
parallelism (since sensorsdo not have timing specifica-
tions,abstractparallelismworks for themaswell). Sched-
ule �
^}�35608�q���S�+�87 representsthesystemclock thatexecutes
tick actionssequentially(accordingto its specifiedtiming).
Schedule�b��2��{�{08� is in charge of transportingdatain the
channelandtime-stampingthereceipttime.

��x �J`beF� © � � � c �C�R¨  ¬ £ � c©�o¨q ad`�e m � e « � �}m �7�
¨  q ad`�e m � e « �1e��o¨� `�e1ad� � e « � �dm �C�R¨  � `�eJad� � e « �1e��o¨� l � j � e « � �dm �7�
¨  � l � j � e « �1e��o¨© � a «H« e � �7�R¨  ¬ m a « � j �dm `d�o¨¤ «H¸ � ��x �J`beF� © � � � cû�-�S� q ad`be m � e « � �dm �-�S�� `�e1ad� � e « � �dm �-�S� � l � j � e « � �dm �-�-� © � a «H« e �
Theschedule�L���{56/1��� a 2�5608/ is responsiblefor opening

andclosingthe pumpto keepthe water in the saferange.� 0��~�8:;0����>�{5=/���� doesthesamejobusingtheestimatedwater
level. We starttakingmeasuresat !#"
 (with !#"
 ÿY!s
 ) and!#"� (with !#"� � !%� ) in therescuephasebecauseof impre-
cisenessinducedby theestimations.Theschedule�L���{56/1���
combinesthetwo controlstrategiesin parallel:
© �d« ` m=� � q ad`be m ��\�\ q ad`be mKr e ¸ e ���h¢ òFh$ª � `ba m ` � l � j hU�-�\�\ q ad`be mKr e ¸ e ���h¢ óJh$ª � ` � j � l � j hq ad`be m ¤U�J`b£.��ad`be�� � � l m q ad`�e m �-�>¤U� j ` x�� `beJad��Ue�� � l e © �d« ` m=� � ��\�\�¤L�1` q ad`be mKr e ¸ e ���h¢¡«ò h$ª � `ba m ` � l � j hU�-�\�\�¤L�1` q ad`be mKr e ¸ e ���h¢¡«ó h$ª � ` � j � l � j h�Ue�� � l e���\�\ ��x �J`be�� � � a}�1e�� m e�� � l efh$ª q ad`be m ¤L�J`b£.��ad`befh|�\�\ ��x �J`be�� � � a}�1e�� m e�� � l efh$ªï�Ue�� � l e © �d« ` mW� � h� �dm ��a � ��\�\ ��x �J`be�� � � ad�1e�� «H�dm ��a � h¬ª © �}« ` m=� � q a}`be m hU�-�\�\ ��x �J`be�� � � ad�1e�� «H�dm ��a � h¬ª ��x « ��� m=�d« £U�Jefh© �d« ` m=� � ��� �dm ��a � �S���UeF� � l e

�b��2��'e�0K_���2��30 performstheselectionof theright phase
of thesystem(basedon thestateof thesensors):
© � a «H� e � � ad�Je�� � l � j � e « � �dm ¤ mRm=�dm § � ` � j � � ad�1e¹ q ad`�e m � e « � �}m ¤ mRm=�dm §\��UeF�J` �dm e q ad`�e m � e « � �dm �-�>�LeF� � l e � � ad�Jefh¹ � �dm ��a � � � ad�Je3ºSº�LeF� � l e�­¡a «H� e m � \ ��x �J`�eF� � � ad�1e�� m e�� � l efh �\�\�¤U�J` q ad`�e msr e ¸ e �`� ] òFh �\�¤U�J` q a}`be msr e ¸ e ��� ]ZóJh�h$ª � ` � j � � ad�Je� �dm ��a � ­Da «H� e m � \ ��x �J`beF� � � ad�Je�� «H�dm ��a � h �\W\ q ad`�e msr e ¸ e �`� ] òFh �\ q ad`�e msr e ¸ e ��� ]ZóJh�h$ª � ` � j � � ad�Je­Da «H� e m © � e � cû���Ue�� � l e�­Da «H� e m �S�>� �dm ��a � ­Da «H� e m

Theroutineprocedureof thecontrolsoftwareconsistsof
performingthecontrolphasesiteratively, aslongasthestop
commandandthedangerousconditionarenotdetected:
� `�e1ad�?® � £ � e m ��¶ « £.`b£�a � £1�1e��\�¤ «H¸ �S�-�>\1�R¨  � ` � j�© � e � c § �1c�£ j ¹ \ ­¡a «�� e m © � e � cû�-�\ © � a «H� e � � ad�1e�� © �d« ` m=� � hWh|�o¨%º=hWh

5.4 ReasoningAbout the Design

Ourdesignhasthefollowing properties:

1. The �����{56/1��� scheduletakesat most y}� | unitsof time.
This value results from summingup the maximum
execution times of the individual rules and assum-
ing abstractparallelschedulesto be sequential.Note
that the two parallel schedules

� 08�~�8:;0 and 	%��/F�æ2��
exclude each other since during control the phases
do not change. Following the samecalculations,the
�{56��9Ä�b��0~�87 , c�2��'e�08/>�b��0~��7 and �b��2��'e�0K_���2��30 sched-
ulestake at most xX� v , x{� w and y}�by time units, respec-
tively. Hence,assumingthat the systemgoesbeyond
its limits right afterexecuting �{56��9Ä�b��0��87 andremains
there during the �L���{56/1��� and �b��2��'e�0
_?��2��30 sched-
ules,thesystemwill bestoppedafter xX� v�� x{� w%�Ky}��y
� y}� |Ê*Fv{��y unitsof time. For thenormalphase,this
guaranteessafetyof thesystem.

2. The pumpswill start/stopat mostby v{�byÃ�
yÊ*°¯{��y
units of time (consideringthe timing of the control
loop and the communicationdelay togetherwith the
pumpreactiontime). Thismeansthatif thewaterlevel
reachesits limits of !s
 or !%� , it will taketheappropri-
ateaction in stoppingandstartingpumpswithin this
time. Again, in the normalphase,this canguarantee
the livenessof the system;that is, if the pumpsand
steamturbineareableto returnthesystemwithin the
remainingx{� ± unit of timeto theareabetween	 
 and	 � thenthesystemwill not stopdueto thedangerof
explosion.
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3. Assumingthat the rescuephaselastsat most Ö time
units,our estimatedwaterlevel may deviate from the
reallevel atmostby ?
Z��NY%B � Ö sincepumpthroughput
andsteamvolumecanbe at most Z and Y units off
duringthis period. Notethat this is a very pessimistic
upperboundfor theestimationerrorandif we exploit
theupperboundsfor thegradientsof thedynamicsthis
upperboundcanbe refined. Using this upperbound
for the error in estimation,it follows that oneof the
following casesshouldhold for therescuephase:

(a) Thedurationof rescuephaseshouldbesosmall
thatthesystemproceedswith normalcontroland
stopstherebeforetheexplosionoccurs:Ös�²w �
¯X�byû*�xX� ± .

(b) Supposethatthepropertyin item2 holdsfor nor-
mal phase. This meansthat if the systemfinds
theactualwaterlevel outof theinterval �S!s
���!%�1� ,
thenit is ableto bring it to thesafelimits in the
remainingtime beforethe systemis in danger.
Thus, if we start taking measuresearlier in the
rescuephase,suchthat !#"
 � !s
Í� ? ZK�³Y%B � Ö
and !%� � !#"� � ? Z·�´Y%B � Ö , then we are
ableto compensateour errorsin estimation.(A
similar approachcould be taken if we designed
the

� 08�~�8:;0Kc�2��'e�08/ scheduleto stopearlierrather
thanat 	 
 and 	 � . )

6 RelatedWork

We cancategorizerelatedwork in thefield in two parts:
First, the attemptsto formalize real-time functionality in
shareddata-spacesystems,and second,thoseworks con-
centratingonformalizingthereal-timebehavior (composed
functionality) of processes(namely, timed processalge-
bras):

1. Modelsof shareddata-spacewith time: A few attempts
havebeenmadeto extenddatacoordinationlanguages
with time. In [10], four differenttimed extensionsof
theconcurrentLindacoordinationmodelarepresented
(namely, with relative delay, absolutewait, relative
durationalprimitives, and absolutedurationalprimi-
tives).Althoughrelativedurationalprimitivesarecon-
ceptually close to our extensionof GAMMA rules,
they are reasonablydifferent from ours in that they
forcetime-stampingthedata-spaceandonly allow in-
troduction and consumptionof temporaryelements
to/from the data-space. Furthermore,time transi-
tionsaresynchronizedamongall durationalprimitives.
Also, in [8] aframework is proposedfor compositional
reasoningaboutreal-timeshareddata-spacesystemsin
PVS.In thisapproach,dataelementsaretime-stamped
whenintroducedin theshareddata-space.We did not

requiretime-stampingin our framework sinceit is not
necessarywhenonly timing informationof taskssuf-
ficesfor thespecificationof thesystem.

2. TimedProcessAlgebras:Thereareseveralextensions
of processcalculi with timing in the literature. An
overview of suchextensionscanbe found in [15, 5].
Our scheduleslanguagecanbe categorizedasa pro-
cesscalculuswith relative intervalswith delayableac-
tions. CCSiT is an extensionof CCS,definedin [4],
which is comparableto our schedules.In CCSiT, in-
tervals areattachedinitially to the processterms,and
they are interpretedas the executiontime of enabled
actions;whenanactionis enabled,its executiontime
(namedasidling transition)starts. In our view, keep-
ing timing concernsseparatefrom causalrelationsof
actionsis helpful, especiallyin earlystagesof thede-
sign where the details of the actual implementation
domainarenot known. Apart from this fact, thereis
no notion of abstractparallelism(with the possibility
of asynchronoustime passage)definedin the above
timedprocesscalculiandtimetransitionsproceedsyn-
chronously. In our view, abstractparallelcomposition
canbeusefulin high -level designwherethetruecon-
currency level and resourceschedulingpolicy is not
determinedyet.

Among the attemptsto formalizethe steam-boilercase
study, thoseusing processalgebraicformalismsare close
to our approach. For example, [16] usesTime Extended
LOTOS to formalize the case. An interestingobservation
aboutthecasestudyis thatthespecifierswereforcedto use
anotherlanguage(a functionalprogramminglanguage)to
specifytheir functionality aspect.This shows the fact that
processalgebraicapproachesare more suitablefor speci-
fication of behavior/coordinationand timing (usually in a
mixed fashion)than for the specificationof functionality.
Our approachtries to provide a monolithic framework that
supportstheabove aspectspecifications.

7 Conclusionand Futur eDir ections

In this paper, we presenteda framework for formal de-
sign of real-timeshareddata-spacesystems. The distin-
guishingfeatureof this framework is that it supportssepa-
rationof functionality, timing andcoordinationasdifferent
aspectsof systemdesign. Semanticsof eachmeaningful
combinationof theseaspectsshouldtake careof their re-
flectionsandinteractionsandweave themtogether. In this
paper, we presentedthe semanticsof (timed) functionality
and(timed)functionalitypluscoordination.In [11], anun-
timedsemanticsof GAMMA canbefound. Apart from re-
alizing this designphilosophy, we cansummarizethecon-
tributionsof this paperasfollows:
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1. Defining and formalizing read parallelism in
GAMMA semantics using computations and an
independencerelation. (The original GAMMA
semanticsdoesnot have a notionof trueconcurrency,
andthusdoesnotcontainany notionof independence.)
Thiscontributioncanbeseenasa formalizationof the
transaction-basedprogrammingof [6].

2. Extension of GAMMA and schedulesemanticsto
timedsemantics.

3. Reflection of three phases of basic transactions
(scheduling,computing,andcommitment)in the for-
mal semanticsof Timed-GAMMA andschedules.

Ongoingandfuturestepsof this researchincludemech-
anizationof averificationprocess,extensionto distribution,
mobility, and resourceschedulingaspects,and providing
transformationsto the implementationdomain. A mecha-
nizationof Timed-GAMMA andschedulesis beingunder-
takenusingthePVS[13] proofmechanizationtool. In [12],
wedefinedbasicideasof thedistributionaspectandapplied
it toasmallcasestudy. A middlewaresupportfor separation
of differentaspectis beingdeveloped.Currently, theimple-
mentedmiddlewaresupportsthedistribution aspectbut we
areplanningtoextendit tosupportthetimingaspectaswell.
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