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Abstract Methodsusedto specifyreal-timecontrol softwareshouldenablethe
expressiorof functional,controlandreal-timerequirementsThey shouldenable
multi-disciplinarysystemdevelopmentandpromotereuseof specificationsThis

paperdescribesa specificationof a real-timecontrol software developedusing
theDisComethod DisCois anobject-orientedction-basednethodwith precise
semanticsn logic. The specifications layeredandpartly reusablelt consistsof

functional,control andreal-timeparts.The real-timepartincludeslayerswhich

specifygenericperiodicandaperiodicevents.The control partspecifieghe con-

trol algorithms,andthe functionalparttherestof the systemThethreepartsare
specifiedusingstepwiseefinementaindcombinedn asimpleway. Althoughthe

specificationpresenteds quite small, the techniquesusedare applicablewhen
specifyinglarger systemswith comple real-timebehaior.

1 Intr oduction

Real-timesystemdrequentlyincludecontrolof somephysicaldevices.Thereforetheir
designdemandsknowledge of both continuousand discreteworlds, makingit a de-
mandingtask.As systemgyrow in compleity, therole of the control softwarespecific-
ationis emphasizedh thedesignprocess.

Methodsfor specifyingreal-timecontrol software shouldenablethe expressionof
functional, control andreal-timerequirementsThey shouldenablemulti-disciplinary
systemdevelopment[3] and facilitate software maintenanceFurthermore methods
shouldpromotereuseat the specificationlevel. Jack/ usedZ (see,e.g.[15]) to spe-
cify acyclotroncontrolsystemasreusabldramevorks[6].

DisCo' [7] is anobject-orientednethodfor specifyingandreasoningboutreactive
anddistributed systemsThe methodincorporatesa specificationanguagea method-
ology for developingspecificationsisingthe languageandtool supportfor the meth-
odology[14,8]. DisCois designedor softwareengineersatherthantheoreticiansand
thusthe DisCo languageresemblesnore a programminganguagehanmathematical
formulas.However, every DisCo specificatiorhasa preciseinterpretationin Temporal
Logic of Actions(TLA) [11], which enablegigorousreasoning.
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In this paper a specificationof a mobile robot control softwareis presentedThe
specificationconsistsof functional, control and real-time parts. The parts are given
separateljout arecombinedasthelevel of abstractions loweredusingstepwiseefine-
ments.Thereal-timepartincludeslayerswhich definegenericperiodicandaperiodic
events.Thespecificationwvasimplementedn the C language.

Thegenericaeal-timeeventswerefirstintroducedn [10], which describeshemeth-
odologyin conjunctionwith closedworld modelling, object-orientatiorand distribu-
tion, andwherethe control software specificationsened asan example.In this paper
the genericaperiodiceventis generalizedeven a bit more (quantifiedroles) and also
somelight is shedon theimplementation.

This paperis structuredasfollows. In Section2 the DisCo methodis introduced.
The methodis appliedin Section3 wherethe casestudyis presentedConclusionsare
reportedn Sectiond togethemwith the descriptionof a futurework.

2 Intr oduction to DisCo

DisCois basedon thejoint actiontheorydevelopedby Back andKurki-Suonio[1,2],
in which objectscommunicaten atomicactions The joint actionparadigmhasbeen
found suitablefor specifyingandreasoningaboutreactize andconcurrensystemsin-
steadof processewve areinterestedn actionsthatmayhave oneor moreparticipants
Notationsfor processearenotneededbecausehey canbe modelledby objectswhich
participatein actions.

A DisCo specificationconsistsof layers. Eachlayer givesan abstractview of the
systemandhasan operationainterpretation All variablesin a layerareencapsulated
in objects.DisCoalsohasclassesandinheritance familiar from otherobject-oriented
languagesMethodsarereplaceddy actions,having neithercallersnor callees.

In anactioneachparticipantis assignearole. Objectsaretreatedasdatastructures
capableof participatingin actionsin certainroles.Actions may alsohave parametes
which do notreferto ary objects.Parameterswhich have nondeterministivzalues,can
beusedto introducenondeterminism.

In anactiondefinition the rolesandthe classe®f participatingobjectsare given.
A Booleanexpression,called the guard, and the body of the action are also given.
The body consistsof assignmenaindconditionalstatementslf the role nameis given
in bracesthe role is saidto be quantified It meansthat a nondeterministiqpossibly
empty)setof objectsthatsatisfythe guardcanparticipatein therole.

Actionsin DisCoareatomicandareexecutedsequentiallyAn actionis saidto be
enabledif thereexist potentialparticipantsso thatthe guardis true. If morethanone
actionis enabledheoneto be executeds selectechondeterministicallyThe execution
of anactionmeansexecutingthe statementgivenin its body.

As an example,considera simple layer given belon which modelssendingand
deliveringmessageboldingintegervalues.ThelayerdefinesclassedMessage andRe-
ceiver andactionsSending andDelivery. The parameter of actionSending, the value
of which is copiedto the messagearticipatingasm, modelsthe valueto be sent.In
actionDelivery the valuewithin participantm is deliveredto all receiversparticipating
in thequantifiedroler:



layer Messages is
class Message is
i integ er;
end Message;

class Receiver is
i integ er;
end Receiver;

action Sending (m: Message; i: integ er) is
when true do

m.i =i
end Sending;

action Delivery ({r}: Receiver; m: Message) is
when true do
ri:=m.i;
end Delivery;
end Messages;

In DisCo, specificationsare refined by importing one or more layersinto a nev
layerandapplyingthe superpositiorprinciple.Classesanbe extendedwith new com-
ponents,and totally new classescan be added.New actionscan be given, and new
participantsand parametergan be addedto the old actions.Also, the guardscanbe
strengthenedndaction bodiesextendedby giving new statementsHowever, actions
arenot allowedto includeassignmentso the variablesintroducedin importedlayers.
Thisrestrictionis necessaryo ensurethe preserationof safetyproperties.

ActionscanbesyndironizedandspecializedSynchronizingneanghattwo or more
actionsarecombinedo executein parallel.Synchronizingwo actionsdoesnotremaove
the non-synchronizedersionsof actionsby default. Specializingmeansntroducinga
new actionthatis specializedor a subclassi.e., it is enabledonly for objectsof the
subclassThe guardsof the otherversionsof the actionareimplicitly strengthenedo
thatthey arenolongerenabledor the subclass.

Becauseur executionmodeldoesnot guaranteg¢hatall enabledactionsarefinally
executedfairnesgequirementsiave to begivento ensurdivenessPrefixingthename
of a (possiblyquantified)role with an asteriskindicatesthatif anactionis infinitely
oftenenabledsothatthe sameobjectcanparticipatein the sameprefixedrole, thenthe
actionhasto be executedinfinitely oftenwith this objectin the prefixedrole. In fact,
explicit fairnessrequirementsrethe biggestdifferencebetweerthe executionmodels
of DisCoandUNITY [5].

Consideras an examplea simple refinementof layer Messages given belov. A
subclassirstClassMessage of Message is introducedand Delivery is specializedor
it. Moreover, fairnesswith respectto participantsin the quantifiedrole r is required
(ellipsesreferto the partsgivenin theimportedaction):

layer FirstClassMessages is
impor t Messages;



class FirstClassMessage is new Message;

specializ ed FirstClassDelivery ({*r}: Receiver; fcm: FirstClassMessage)
of Delivery({r},fcm) is
when ... do

end FirstClassDelivery;
end FirstClassMessages;

In layer FirstClassMessages therearetwo versionsof Delivery, onefor Messages
which are not FirstClassMessages and another namedFirstClassDelivery, for First-
ClassMessages.

Realtimeis modelledin DisCoasfollows. Actionsareassumedo beinstantaneous.
Variable 2 is usedto representhe currenttime after the executionof an action,and
variable A a multisetcontainingdeadlinedor actions.Variable(? is initialized as0.0
andA asempty

An implicit parameter- representinghe time whenanactionis executeds added
to eachaction.Also, all guardsarestrengthenedy the conjunct

2 <71 <min(AQ).

Moreover, anassignment? := 7 is addedto all actionbodies.In the presencef real
time, livenessstill remainsthe only executionforce. In the sequel,r is denotedby
keyword now andoperation®n A by operator@.

It shouldbe notedthat initializing the global setof deadlinesA asemptyis not
absolutelynecessaryThere might initially exist somedeadlinesaslong asthey are
removedcorrectly

3 CaseStudy

The mobile robot is a small microcontrollerbasedcar. The objective is to keepthe
caron atrack marked by optical tape.From the viewpoint of the control softwarethe
systemhastwo inputsandtwo outputs.Theinputsarereadingsrom anA/D corverter
connectedo six infra-redcensorsandfrom anodometemwhich recevesa pulseevery
0.75cm. Thereis alsoa switch,whichis usedto startthe carandto stopit.

The outputsare,from the viewpoint of the software,two seno motorscontrolling
the steeringandthe movement.The senos aredriven by PWM (PulseWidth Modula-
tion) signals.Pulsedor the senoshave to be generatedvery 20 ms.

The functional part of the specificationconsistsof two consecutie layers,which
arenamedBasic_Actions andDrive_States. LayerControl_Algorithms formsthecontrol
partof thespecificationThereal-timepartis formedby four layers,Periodic, Aperiodic,
Periodic_Instance andAperiodic_Instance. Thethreepartsarecombinedn layer Com-
bined_Specification. Theimportschemas illustratedin Figurel.

3.1 Functional Properties

Layer Basic_Actions containsthe modelof the environmentandthe basicfunction-
ality of the system.Therearetwo classesandthreeactions.ClassData holdsinternal



Basic_Actions Periodic Aperiodic

. , Periodic_  Aperiodic_
Drive_States Control_Algorithms Instance Instance

Combined_Specification

Figurel.Importschemeof the specification

variablesand classOutput variablesthat modelthe outputs.The variablesr_dist and
r_tape of typereal representhe distancecoveredbetweerthe lasttwo readingsof the
odometerandthelocationof thecarrelative to thetape respectiely. Variables_engine
andc_steer modelthe currentlengthsof the seno pulseslIf bothequalzero,thecaris
stationarywith its wheelsstraight.In a classdefinition, the numberof instancess in-
dicatedby placingthenumberin parenthesesfteraclassname.Theclasseareshovn
below:

class Data (1) is
r_dist: real := 0.0; r_tape: real := 0.0;
end Data;

class Output (1) is
c_engine: real := 0.0; c_steer: real := 0.0;
end Output;

Action Clear clearsall the variablesgivenin this layer. Action Read, which hasa
participantof classData, modelsthe readingof the odometerandthe A/D converter
Theactualnew readingsaremodelledby two parameters x andr_y. In actionControl,
parameters_x andc_y areassignedo thevariablesc_engine andc_steer, respectiely.
The parametergareusedto modelthe new valuesgiven by the control algorithm.The
actionsaregivenbelow:

action Clear (D: Data; O: Output) is
when true do
D.r_dist := 0.0; D.r_tape := 0.0;
O.c_engine := 0.0; O.c_steer := 0.0;
end Clear;

action Read (r_x, r_y: real; D: Data) is
when true do

D.r_dist:=r_x; D.r_tape :=r_y;
end Read;



action Control (c_x, c_y: real; O: Output) is
when true do

O.c_engine :=c_x; O.c_steer :=c_y:
end Control;

Becausedhe guardsof all threeactionsareidenticallytrue,the actionsarecontinu-
ally enabledThe behavior of the systemconsistsof clearingthe variablesreadingthe
inputsandwriting the outputs.The orderin which theseactionsare executedis non-
deterministic.

Layer Drive_States introducesthe start/stopswitch and specifieshe orderin which
theactionsareexecuted.

ClassData is extendedo hold a statemachined_state, which indicatesthe actions
thatareallowedto be executed The statemachinehasstatesstart, read andcontrol, the
first of whichis thedefault state.

The switch is modelledby variableswitch, which hastwo stateson andoff. The
stateof the switch is changedn actionToggle. Whenthe switchis on in statestart,
actionStart is enabledlt changeghe stateto read.

Fairnessis requiredwith respectto the participantof classData in every action
exceptToggle, which is executedby the ervironment.The extensionsof Data andthe
new actionsareshavn below:

extend Data by
d_state: (start, read, control);
switch: (off, on);

end Data;

action Toggle (D: Data) is
when true do
if D.switch’off then
D.switch -> on();
else
D.switch -> off();
end if;
end Toggle;

action Start (*D: Data) is

when D.switch’on and D.d_state’start do
D.d_state -> read();

end Start;

Thecaris fully operationalwhenthe switchis onin statesead andcontrol. Like-
wise,actionsRead andControl arerefinedsothatthey areenabledcorrespondinglyFur-
thermore by additionof statetransitionstatement®.d_state -> control() andD.d_state
-> read() to Read and Control, respectiely, they are executedby turns. The refined
actionReadis givenbelow:



refined Read (r_x, r_y : real; *D: Data) is
when ... D.switch’on and D.d_state’read do
D.d_state -> control();

end Read;

FurthermoreactionClear is refinedto changethe statebackto start whenthe switch
is turnedoff. In this caseit implicitly stopsthe engineand straightenghe wheelsby
clearingall thevariables Therefinedactionis namedStop.

3.2 Control Properties

Layer Control_Algorithms  containsthe structuresneededo control the movement
andthe steering.The layerimportslayer Basic_Actions and definesten constantsex-
tendsclassData, introducestwo functionsand refinesall three actionsgiven in Ba-
sic_Actions. The constantsandthe variablesare addeddueto the control algorithms.
Variablee_state representshe stateof the engine.The threestatespower_up, moves
andnormal areneededince becausef friction, it is necessaryo power up until move-
mentis sensedndafterthatpower down slightly to preventslipping.

TheP andPID algorithmsareusedto computenew valuesfor the engineandsteer
ing, respectrely. FunctionPID is shovn below (s_P, s_I ands_D areconstants)

function PID(D: Data) : real is
return —s_P*D.r_tape + s_I*D.r_tape_ma + s_D*(D.r_tape_old — D.r_tape);
end PID;

Action Read is refinedto includethe statementsieededby the control algorithm
(commentseagin with doublehyphens):

refined Read (r_x, r_y: real; D: Data) is
when ... do - - the guard is unchanged
if (r_x =0.0) and (D.r_dist = 0.0) then
D.e_state -> power_up(); - - not moving yet
elsif (r_x>0.0) and (D.r_dist = 0.0) then
D.e_state -> moves();

else
D.e_state -> normal();
end if;
D.r_tape_ma := ((n — 1)*D.r_tape_ma — D.r_tape)/n; - - moving average

D.r_tape_old := D.r_tape;
end Read;

In theguardof actionControl, parameters_x andc_y areboundto thereturnvalues
of functionsP andPID, respectiely.

If thecarhaslostthetrack,it shouldstop.Thisis thesituationif theabsolutevalue
of r_tape is greaterthanlimit, which is treatedasa specialcasein the guardof action
Control. TherefinedactionControl is shavn below:



refined Control (c_x, c_y: real; O: Output; D: Data) of Control(c_x,c_y,0) is
when ... (c_x = if((abs D.r_tape) > limit) then 0.0 else P(D,0) end if)
and c_y = PID(D) do

end Control;

FurthermoreactionClear is refinedto clearvariablesntroducedn this layer.

3.3 Real-Time Properties

Layer Periodic specifiesa genericperiodicevent, which takesplaceexactly at given
intenvals. The layer consistsof oneclassandoneaction. The classPeriodic_data con-
tainsvariablesd of typerealandt of typetime which is a synorym type of real. The
formeris usedto storethe period,andthelatterto storethedeadline:

class Periodic_data is
d: real;
t: time;

end Periodic_data;

Action P_Timeout hasoneparticipantof classPeriodic_data. Theactionis enabled
whennow is greaterthanor equalto the currentdeadline,i.e., whenenoughtime has
passedThe default value for variablesof type time is 0.0, so the actionis enabled
initially. The actionfirst removesthe possibledeadlinestoredin pd.t from the setof
deadlinesandthenassignsnew oneatnow + pd.d. Thedeadlinds setusingthebinary
versionof operator@. It addsthe deadlineto the global setof deadlinesandstoresit
alsoto theleft operand.The deadlineis removed from the global setof deadlinesby
applyingunary @ to the variablestoringthedeadline:

action P_Timeout (*pd: Periodic_data) is

when pd.t <= now do
pd.t @; - - remove the old deadline
pd.t @ pd.d; - - seta new one

end P_Timeout;

The guardof the actionensureghatit cannotbe executedtoo early andthe deadline
thatit cannotbeexecutedoolate. Thisimpliesthattheinternval betweertwo executions
of P_Timeout for oneobjectparticipatingaspd equalspd.d.

The genericperiodic event is instantiatedby inheriting classPeriodic_data. The
classitself is abstractlts objectsshouldbelongto singletonsubclasses,e., subclasses
in which thereis only one object. Subclasseshouldbe singletons becauseahey are
usedto identify differentreal-timerequirements.

It shouldbe notedthatfairnesawith respecto participantpd is required.Otherwise
it would be possiblethatthetime stopsandthe actionis never executed.



Layer Aperiodic  specifiesagenericaperiodiceventsimilarly to theperiodicevent. The
layerhasoneclassandtwo actions.TheclassAperiodic_data is similarto Periodic_data.
ActionsAP_SetTimeout andAP_Timeout areusedto setandremove deadlinesrespect-
ively. Action AP_SetTimeout hasa quantifiedrole apd for classAperiodic_data. The
actionsetsdeadlinesiow + apd.d for every objectparticipatingin role apd:

action AP_SetTimeout ({*apd}: Aperiodic_data) is
when true do

apd.t @ apd.d;
end AP_SetTimeout;

Action AP_Timeout hasalsoaquantifiedrole of classAperiodic_data. Whenenough
time haselapsedtheactionbecome®nabledWhenexecutedjt remosesthedeadlines
storedin variablesapd.t of objectsparticipatingin role apd:

action AP_Timeout ({*apd}: Aperiodic_data) is
when apd.t = now do

apd.t @;
end AP_Timeout;

Like in the periodiccase the guardof theactionAP_Timeout andthedeadlinesnsure
thatthe actionis executedexactly whendeadlineintenals have elapsedTherecould
alsobea similar actionwith the guardexpressiorreplacedy true. It couldbeexecuted
beforethe deadlinesor exactly atthem.

Again,thegenericaperiodiceventis instantiatedy inheritingclassAperiodic_data.
The classitself is abstractObjectsof Aperiodic_data shouldbelongto singletonsub-
classesHowever, it shouldbe notedthat althoughtheseactionsallow us to setand
remove mary deadlinesimultaneouslyit doesnotimply thatthe deadlinesetsimul-
taneouslyshouldalsoberemovedsimultaneously

LayersPeriodic_Instance and Aperiodic_Instance areusedto instantiatehegeneric
events.LayerPeriodic_Instance importslayerPeriodic andAperiodic_Instance imports
Aperiodic.

Thegenericperiodiceventis instantiatedy introducinga singletonsubclass1 of
classPeriodic_data andspecializingactionP1_Timeout for the subclass:

class P1 (1) is new Periodic_data;
specializ ed P1_Timeout (*p : P1)
of P_Timeout(p) is

when ... do

end P_Timeout;

Similarly, the genericaperiodiceventis instantiatedy introducinga singletonsub-
classAP1 of classAperiodic_data andspecializingAP1_SetTimeout andAP1_Timeout
for thesubclass.



3.4 Combining SpecificationLayers

Layer Combined_Specification —combineghe functional,controlandreal-timeparts
of the specification.It imports layers Drive_States, Control_Algorithms, Periodic_In-
stance andAperiodic_Instance (seeFigurel). The parallelrefinementof actionsand
extensionof classe@recombinedautomaticallye.g.actionRead hasall thecharacter
isticsintroducedin layersDrive_States andControl_Algorithms. Furthermorepecause
Clear andStop arerefinement®f the sameactionthey arecombinedautomaticallyand
the combinationis namedClear&Stop.

ActionsRead andControl wererefinedin suchaway thatthelogic ensureshatthey
areexecutedby turns.The objective is to make Read andControl executeperiodically
Thisis achiezedby forcing Read to executeperiodicallyandControl directly afterit.

Actions AP1_SetTimeout andP1_Timeout aresynchronizedvith actionRead and
the combinedactionis namedPeriodic_Read. Every time the actionis executedthe
effectis the sameasif all threeactionswereexecutedin parallelsothatthe deadlines
arestoredin the variablesof objectsof classe$1 andAP1. Synchronizations donein
theimport partof the layerusinginclude clause:

include AP1_SetTimeout&P1_Timeout&Read(AP1, P1, real, real, Data)
as Periodic_Read(AP1, P1, real, real, Data);

Every time Periodic_Read is executed two deadlinesareset.Oneis for the action
itself andtheotheris for Control. BecauséControl shouldremove thedeadlinesetfor it,
theactionis synchronizedvith AP1_Timeout:

include AP1_Timeout&Control(AP1, real, real, Output, Data)
as Aperiodic_Control(AP1, real, real, Output, Data);

Moreover, if the switchis turnedoff betweeractionsRead andControl, actionClear&-
Stop shouldremove the deadlinesetfor Control. Thus,it is synchronizedvith AP1_-
Timeout:

include AP1_Timeout&Clear&Stop(AP1, Data, Output)
as Stop(AP1, Data, Output);

The guardof the non-synchronizedersionof P1_Timeout is strengthenedo that
it is not enabledwhile Periodic_Read or Aperiodic_Control areenabled.Theresulting
actionis namedvVere_P1_Timeout. Intuitively this meanghatif thecaris in statestart
nothingis donewhentheperiodiceventhappens:

refined Mere_P1_Timeout (*p : P1; D: Data)
of P1_Timeout(p) is
when ... D.d_state’'start do

end Mere_P1_Timeout;

The non-synchronizedersionsof actionsRead, Control, AP1_Timeout, AP1_Set-
Timeout, and Clear&Stop shouldnot be executed so their guardsare strengthenedo
false.Actions Toggle andStart aretakenassuch.



3.5 Implementation

Thespecificatiorwasimplementedn theC languageTheimplementatiorwasstraight-
forward. Somepartsof thespecificatiorwerejust copy-pastecandeditedto getC code.
With commentsthereareabout400linesof codein theimplementation.

The architectureof the programis asfollows. Besidesmain function thereare six
otherfunctionsandaninterrupthandler Thefunctionsconsistof aninitialization func-
tion, two functionswhichreadtheodometeandthe A/D corverter two functionswhich
computenew valuesto drive theseno motors(usingP andPID algorithms)andafunc-
tion which clearsthevariables.

The control flows as follows. After initialization the programwaits for the user
to switch on the car. Subsequentlyt goesinto an infinite loop to wait for interrupts.
Whenaninterruptoccurs the interrupthandlercalls functionswhich readvaluesfrom
the odometerandthe A/D corverter Consecutiely, the new valuesto drive the senos
arecomputedIf the switchis off whentheinterruptoccurs,the handleronly callsthe
functionwhich clearsthevariables.

Somechangeshad to be madeto the specificationin the implementationphase
becaussomeimportantdetailsof theunderlyingarchitectureverenotdiscoseredearly
enoughHowever, specifyinga systemis oftenaniterative process.

4 Conclusionsand Futur e Work

Differentaspectf the specificationcan be encapsulateih separatdayers(13,10].
The specificatiorpresentedh this papergivesanexampleof usingsuchlogical layers.
Themostimportantcharacteristicef the specificatiorare:

— thespecifications composedf functional,controlandreal-timeparts,
— genericeventswereeasyto specify

— genericeventscanbeinstantiatedisingobject-orientednheritanceand
— combinationof thethreepartswassimple.

A layeredDisCo specificationgives a facile basisfor maintenancelt senesasa
documenton what hasbeendone.New featurescan be addedby giving new layers.
Becausdifferentlayersarejust abstractviews of the samesystemmulti-disciplinary
systemdevelopmentis possible For example,a control engineercanspecifythe con-
trol relatedparts,which are later combinedwith the other partsof the specification.
Preserationof safetypropertiesseemsanessentiafeatureof the methodin this case.

Methodsfor real-timespecificationshouldcontainabstractionsvhich directly re-
lateto commonreal-timeactvities [4]. The genericreal-timeeventsintroducedcanbe
usedto give comple real-timerequirementsFurthermoreptherreal-timelayerscan
bespecifiedn a similar mannerDisCois well suitedfor specifyingsuchpatterns[12].

In the specificationpresentedhe physical ervironmentof the car was modelled
usingnondeterminismExactmodelling of the ervironmentwould have involved con-
tinuousfunctionsof time to describehow the valuesof parameters x andr_y change
whenc_x andc_y arechangedWithout rigorousmodellingof the ervironmentit is not
possibleto reasonaboutall the propertiesthat might be of interest.It seemsevident



thatthe DisCo methodshouldbe developedtowardshybrid modelling involving both
discreteand continuousbehaior. Moreover, asindicatedin [9], this is theoreticallya
naturalway to proceed.

Acknowledgments

The researchpresentedn this paperwas partly fundedby the Academyof Finland
(project21490).Theauthorwould alsolik e to thankall the othermemberof the DisCo
project,for their creatve ideas,andAnssiToivo for constructinghecar.

References

1.

2.

()]

10.

11.

12.

13.

14.

15.

Back,R.J.R. Kurki-Suonio,R., DistributedCooperatiorwith Action Systems ACM Trans-
actionson ProgrammingLanguajesand Systemsl0(4):513-5540ct. 1988.

Back, R.J.R.,Kurki-Suonio,R., Decentralizatiorof ProcessNetswith CentralizedCon-
trol. Distributed Computing3 (1989),pp. 73—87.An earlierversionin Proceedingof the
2nd ACM SIGACT-SIGOPSSymposiunon Principlesof Distributed Computing Montreal,
CanadaAug. 1983,pp. 131-142.

. Brink, K., van Katwijk, J., Toetenel W.J., Applying Formal Software Requirement$Spe-

cificationin the Developmentof Control Applications. In Proceedingsf the first annual
confeenceof the AdvancedStool for Computingand Imaging, Heijen, The Netherlands,
May 1995,pp. 11-17.

. Burns,A., Wellings,A.J., HRT-HOOD: A StructuredDesignMethodfor Hard Real-Time

SystemsReal-Tme Systemd5(1):73-114,Jan.1994.

. ChandyK.M., Misra, J., Parallel Program Design:A Foundation.Addison-Wesley, 1988.
. Jacly, J., Specifyinga Safety-CriticalControl Systemin Z. IEEE Transactionon Softwae

Engineering21(2):99-106Feh 1995.

. JarvinenH.-M., Kurki-Suonio,R., Sakkinen M., Systa K., Object-OrientedSpecification

of Reactve Systems.In Proceedingf the 12th International Confeenceon Softwae En-
gineering Nice, France Mar. 1990,pp.63—71.

. Kelloméki,P, Verificationof Reactve SystemdJsing DisCoandPVS. In FME’97: Indus-

trial Applicationsand Strengthenedroundationsof Formal Methods LNCS 1313,Springer
Verlag1997,pp.589-604.

. Kurki-Suonio,R., Hybrid modelswith fairnessanddistributedclocks. In Hybrid Systems

LNCS 736, SpringefVerlag1993,pp. 103-120.

Kurki-Suonio,R., Katara,M., Logical Layersin Specificationsvith DistributedObjectsand
RealTime. To appeain ComputerSystemscience& Engineering

Lamport,L., The TemporalLogic of Actions. ACM Transactionson ProgrammingLan-
guagesand Systemsl 6(3):872—923May 1994.

Mikkonen,T., Formalizingdesignpatterns.In Proceedingf the 20th International Con-
ferenceon Softwae Engineering Kyoto, JapanApril 1998,pp.115-124.

Mikkonen,T., AbstractionsandLogical Layelsin Specification®f ReactiveSystemsDoc-
toral dissertation,TampereUniversity of Technology1999.

Systd,K., A GraphicalTool for Specificationof Reactve Systems.In Proceedingof the
Euromicro’91 Workshopon Real-Tme SystemsParis, France Junel991,pp. 12-19.
Wordsworth, J.B., Softwae Developmentvith Z: A Practical Approach to Formal Methods
in Softwae Engineering Addison-Wesley, 1992.



