1Steam Boiler Control Specification ProblemCIP SolutionHugo FierzInstitut f�r Technische Informatik und Kommunikationsnetze, ETH-ZentrumCH-8092 Z�rich, Switzerland, E-mail: fierz@tik.ee.ethz.chAbstract. CIP (Communicating Interacting Processes) is a formal development method forspecifying reactive systems by means of cooperating extended state machines. The methodologicalapproach starts out from the behaviour of the objects of the environment, leading in constructivesteps to an executable specification of the reactive system. This paper presents a complete CIPsolution of the Dagstuhl Steam Boiler Control Problem. The executable CIP specification is givenas a generated report from CIP Tool, a tailor-made software tool supporting an efficient applicationof the CIP method in practice.This paper presents a CIP solution of the steam boiler control problem [1]. The control system has beenspecified using CIP˚Tool¤ [3], a software tool consisting of a system of graphical and text editors, C-codegenerators and a report writer. From the complete and consistent system specification (automatic verification) wegenerated executable C-code and linked it with a MATLAB/Simulink¤ model [4] of the steam boiler in order tovalidate the behaviour of the control system by simulation. The produced C-code is independent of any run timelibrary or operating system. Several industrial applications developed with CIP have proven that the generatedcode can be used without modification on the target system. The reason for the sufficient performance lies in thenature of the CIP specification model which forces the developer to make implicit design decisions (architecture,control flow) already in the functional specification.The presented CIP solution of the steam boiler problem is explained within the comments of a generated systemreport. The report gives a formally complete description of the specified steam boiler controller.The future development of the CIP method concerns the formal verification of temporal properties of systemspecifications, described as temporal correlations of subsets of process states. The formal basis of CIP will thenallow to support automatic verification of such properties.Overview. We start by briefly describing the specification formalism and the development concepts of the CIPmethod. In Section 2 the meaning of the objects of a CIP specification is explained within the comments of agenerated report of a dummy specification. Section 3 explains the CIP problem domain of the steam boilercontrol system. Section 4 contains the result of the first development phase of the steam boiler control system:Events, actions and model processes. Section 5 presents the complete CIP specification of the steam boilercontrol system as generated system report.1.Introduction toCIP — Communicating Interacting ProcessesCIP is a formal development method for distributed reactive systems [5, 6]. A CIP specification describes bymeans of cooperating state machines a working solution of the developed system.Description technique and development concepts of the CIP method¥ Operational specificationThe behaviour of a reactive system is formally described by means of cooperating state machines.¥ Visual formalismBehaviour of processes, data flow and control flow are specified by means of graphic models.¥ Environment oriented development approachThe methodological approach starts out from the behaviour of the objects of the environment,leading in constructive steps to the operational specification of the reactive system.

21.1. Operational specification of reactive systemsAn operational specification [7] is the formal description of the behaviour of a system by an abstract machine(Petri nets [8], state machines [9], sequential processes [10]. Operational signifies that the basic model islogically executable. Suitable software tools enable executable codes to be generated from such models.Documentation with the same formal content as the generated code can also be generated from the same models.In principle two different problems have to be solved in developing a reactive system:¥ Logically correct reaction to environmental events (reactive layer)¥ Transmission of information between reactive system and environment (transmission layer)As far as possible these two problems should be solved independently. The solution to the logical problem canbe regarded as the invariant part of different implementations of a reactive system and is accordingly described in ahigher abstraction level as abstract machine. The logical description of how, for example, the control of a liftsystem behaves, will not contain any terms used in computer technology. However, we can only talk ofsomething being a solution to the logical problem when the solution is formally described. On the other hand,the problem of information transfer is strongly influenced by the hardware and has to be solved usingappropriately specialised techniques.a atwo problem complexes belonging to different abstraction levels.

broadcasted pulse, the process thus activated can activate further cluster processes which can in turn activate othercommunicate between processes of the same cluster.Processes are specified as extended state machines. With transition structures and by means of operations executeddefines the local algorithmic functionality.served can initiate a state transition. The action Eject and a new pulse can be generated in each transition.

Fig. 3 The process Casher of a vending machineFor algorithmic concerns static variables and data types can be declared per process for events, pulses, actions andmessages. The algorithms are specified by means of operations executed in the state transitions.(see state inspection).functions, data types and object classes from existing libraries.algorithms are executed in operations of the activated transitions of the corresponding CIP process.

between which processes pulses can be transmitted.

cascadeAs already mentioned, the conditions of a transition structure can be directly dependent on the states and variablesChoice.price()cluster activation. By contrast to pulse transmission, where both transmitter and receiver are activated, in the caseState inspection gives rise to additional dependencies between processes which are shown graphically as diamondsin the interaction net (Fig. 4). The arrows denote the data flow direction.and inport messages can be written and read in process transitions.modesmodes (moderator) is used to specify how the process behaviour can be changed. Mode transitions are activated bycomplexity of reactive systems using behaviour hierarchies.

coupled to petri nets modelling the datastreams [12].characteristics such as reliability, maintainability and modification-friendliness.

Fig. 5 Development phases of the CIP methodobject a corresponding model process is specified which receives the sensor signals from the object as events andthe basis for the development of the reactive functionality.The overall behaviour of the reactive system is specified in the second development phase. Function processes areintroduced and the required dependencies between the model processes are defined by means of pulse transmissiondependable systems.

2.ReportHelpCIP˚Tool¤etc.ReportHelp may serve as help utility when the SteamBoilerController specification is analysed by the reader.Structure of a generated CIP system report:systemReport = {systemObject} {clusterReport}clusterReport = {clusterObject} {processReport}processReport = {processObject} {modeReport}KEYWORD Helvetica capitalDefinition of a CIP Object HelveticaHelvetica italicC-codeCourierordinary extended state machines.INTEGER CONSTANTSFLOAT CONSTANTSCIP TYPE aCIPTypeFIELDS aField1: INTEGER, aField2: aUserTypeUSER TYPE aUserTypetypedef int aUserType;General ANSI-C data type definition used for process variables and CIP type fields.INTEGERSTRING are primitive CIP objects)PORT TYPE aPortTypeMESSAGES aMessage1: aCIPType, aMessage2anIntConstantprocesses and outports.COMMUNICATION NET aCommunicationNetData flow diagram.Processes communicate asynchronously by means of datastreams. Process aProcessB has many instances.Legend for corner marks of process boxes:Top left: receives events, TIMEUP or CHAINTop right: reads messagesBottom left: generates actionsDATASTREAM aDatastream [4]aProcessC.anInportaProcessA.anOutport

DATASTREAM aSink [1]aProcessC.anInportDatastreams are sequential communication buffers (FIFO) with specified buffer size. Reader and Writers are listedwith the corresponding connected port.OUTPORT anOutport: aPortTypeINTERACTION NETData flow diagram.on instance level is determined by the combination of the index types of the sender and the receiver.PULSE TRANSLATIONSSENDER aProcessCaProcessB.anInpulseaProcessD.anInpulseSENDER aProcessD->anOutpulse2 aProcessC.aCommandtransmitted.CASCADE aProcessCCASCADE aProcessDLegend for gates:The ordered set of gates of aprocess are represented as set ofCascades are tree like subnets of the interaction net defining how pulse transmission is executed (control flow). Acascade is activated when its root process receives an external input (event, message, TIMEUPCHAIN).cascades (tool support).int anInquiry (void){ return (STATUS.STATE == aState2 && STATUS.myVariable == 5); }delays and inquiries of inspecting processes of the cluster.

myVariableSTATUS.MODE, STATUS.STATE and STATUS.myVariable respectively.accessed as STATUS[anIndex].myVariableMULTIPLICITY anIndexTypeThe multiplicity of a process is defined by a set of associated index types.VARIABLES myVariable: INTEGERINPULSES anInpulse: aCIPTypeMODE aModeoperations executable in state and mode transitions. A process can have several modes. A mode defines a possibleprocess is a further transition structure acting on the process modes defining the possible changes of behaviour.EXTENSIONS TIMER, CHAINTimer extension (syntactic sugar)TICKA timer can be set, reset or stopped in state transitions by means of emitted virtual SET TIMERSTOP TIMERTIMEUPTIMEUPinpulse activates the cascade of the timed process.Chain extension (syntactic sugar)The CHAIN extension is used to specify self triggering.CHAINCHAINprocess.VARIABLES aVariable1: INTEGER, aVariable2: aUserType, aVariable3: aCIPTypetype or a user type (typedef).EVENTS anEvent: aCIPTypeprocess, otherwise a context error is generated (exception handling).INPULSES anInpulse: aCIPTypeInpulses are generated by outpulses emitted by other processes of the cluster. Not awaited inpulses are lost.COMMANDS aCommand: aCIPTypeModerator input.Commands are generated by outpulses emitted by other processes of the cluster. Not awaited commands are lost.Inports are connected with datastreams (asynchronous communication).otherwise a context error is generated (exception handling).

TRIGGERS aTriggerimmediately after the mode transition.GATE1 anOutpulse: aCIPTypemodes or as commands of the moderator.GATE1GATE2flow of a cluster (see cascade).ACTIONS anAction: aCIPTypeOUTPORT anOutport: aPortTypeOutports are connected with datastreams (asynchronous communication).A process can have several outports. The associated port type defines the outgoing messages.OPERATION anOperation{ SELF.aVariable1 = 5; }aVariable1IN.aField1,OUTPULSE.aField1,andOUTMSG.aField1 respectively, where aField1 is the name of a field of the associated CIP type.OPERATION inputDataToOutpulse{ OUTPULSE = IN; } /*copy input record to output record */{ ACTION.aField1 = SELF.aVariable1 }{ SELF.aVariable3.afield1 = IN.aField1; }{ SELF.aVariable1 = aProcessB.anInquiry(); }DELAY aDelaySELF.aVariable1 * anIntConstantTICKSTICKSMODERATORMode transition diagram.MODE aMode1

MODE aMode2Legend for corner marks of transition boxes:tionO - OPERATIONS are allocatedC - SET CHAIN is allocatedT - SET TIMER is allocated W - WRITES are specified (messages)S - STOP TIMER is allocatedBRANCHING STATE aState2 EVENT anEvent: aCIPTypePOSTSTATE aState2 IFIN.aField1 == 5POSTSTATE aState3 IF(aProcessB.anInquiry() == 1) && (STATUS.aVariable1 == 3)ELSE POSTSTATE aState4exclusive conditions have to be associated with all branches. One branch can be defined as ELSE case.operations perform typically calculations used in several conditions of the branching.TRANSITION 1TRANSITION 4SET TIMER aDelayTRANSITION 5STOP TIMERTRANSITION 6SET CHAINTRANSITION 8OUTPORT anOutport MESSAGE aMessage2EVENTS anEventINPULSES anInpulseGATE1 anOutpulse1, anOutpulse2

3.the I/O-system of the transmission layer and is not treated here.properties, describing the functional behaviour of the control program as a set of cooperating state machines.system by means of asynchronous discrete events and actions.interpretation gets especially unclear when other pumps are already broken.increase of uncertainty).has to be stopped immediately.

4.abstraction of the reactive layer of the reactive system.only.EVENTSComment

STOP

SB_WAITImplementation: Received as message STEAM_BOILER_WAITING

PU_READYImplementation: Received as message PHYSICAL_UNITS_READY openACK closeACK

P_FLOWImplementation: Extracted from message PUMP_CONTROL_STATE(n,b)

Implementation: Extracted from message PUMP_CONTROL_STATE(n,b)

Level_qSampling event of the water level sensor: level q with range [0, C].

Flow_vSampling event of the steam flow sensor: flow v with range [0, W].

PumpREPA failed pump has been repaired.Implementation: Received as message PUMP_REPAIRED(n)

PCtrl_REPA failed pump control device has been repaired.Implementation: Received as message PUMP_CONTROL_REPAIRED(n)

WaterREPThe water level sensor has been repaired.Implementation: Received as message LEVEL_REPAIRED

SteamREPThe steam flow sensor has been repaired.Implementation: Received as message STEAM_REPAIRED

COM_ERR

ACTIONComment

EM_STOPImplementation: Sent as message MODE(EMERGENCY STOP)

PR_READYImplementation: Sent as message PROGRAM_READY

OPEN_VThe valve must be opened.

CLOSE_V

OPEN_PThe pump must be opened.Implementation: Sent as message OPEN_PUMP(n)

CLOSE_PThe pump must be closed.Implementation: Sent as message CLOSE_PUMP(n)

PumpFAILA failure of a pump has been detected.Implementation: Sent as message PUMP_FAILURE_DETECTION(n)

Implementation: Sent as message PUMP_CONTROL_FAILURE_DETECTION(n)

Implementation: Sent as message LEVEL_FAILURE_DETECTION

Implementation: Sent as message STEAM_FAILURE_DETECTION actions and reparation events.MESSAGEComment

NormalNormal control operation. No pending failures.Implementation: Sent as message MODE(NORMAL)

DegradedImplementation: Sent as message MODE(DEGRADED)

RescueImplementation: Sent as message MODE(RESCUE) in fact all valid time orderings of occurring events and generated actions of a process (sequential protocols).development of the functional behaviour of the control system in a second phase (Section 5).EVENTS Level_qEVENTS Flow_vThe sequential structure of processes driven by repetitive sampling events is trivial. Information is transmitted byEVENTS CloseACK, OpenACKACTIONS CLOSE_P, OPEN_PInterface process to a pump.EVENTS P_FLOW, P_IDLEInterface process to a pump control device.ACTIONS CLOSE_V, OPEN_VInterface process to the boiler valve.EVENTS COM_ERR, STOPerror occurs or when the operator executes three stopcommands.EVENTS PumpREPACTIONS PumpFAILEVENTS PCtrl_REPACTIONS PCtrl_FAILPumpMaster and FlowMaster will be extended to failure managers for the pumps and the pump control devices.

EVENTS SteamREP, WaterREPACTIONS SteamFAIL, WaterFAILThe current state of BoilerMaster will determine the actual mode of operation of the steam boiler controller.EVENTS PU_READY, SB_WAITACTIONS EM_STOP, PR_READY

5.CIP˚Tool¤generated report by hand.ReportHelpdefined.Two main problems have been encountered during the specification:considered as broken.solved by correcting previously calculated water level values appropriately.Rescue as modes of operation. Initialization and Emergency stop are taken as phases of the systems life.notation for calculated and adjusted values of the water level, the steam flow and the pump flow. We call them q-values, v-values and p-values.CLUSTER ListBoilerControl, PumpControlINTEGER CONSTANTSCRITICAL_PUMPNUMBER: 3, PUMPNUMBER: 4, TICKS_PER_SECOND: 10FLOAT CONSTANTSC: 20.0, D: 4.0, M1: 1.0, M2: 19.0, N1: 6.0, N2: 14.0, P: 2.0, U1: 1.1, U2: 1.1, W: 3.0,FLOW_DECREASE_DELAY: 0.2, FLOW_INCREASE_DELAY: 0.9,PUMP_ACK_DELAY: 0.1, PUMPERROR_PROPAGATION_DELAY: 0.9,PUMPFLOW_INCREASE: 2.0, PUMP_VARIATION: 0.2, DRAIN_VARIATION: 0.2

CIP TYPE qAdjustedFIELDS qa1: FLOAT, qa2: FLOATCIP TYPE qRaw_qCalculatedFIELDS q: FLOAT, qc1: FLOAT, qc2: FLOATCIP TYPE qRaw_vRawFIELDS q: FLOAT, v: FLOATCIP TYPE vRawFIELDS v: FLOATPORT TYPE doubtMessagesMESSAGES InDoubt, NoDoubtPORT TYPE modeMessagesMESSAGES Degraded, Normal, RescuePORT TYPE pumpMessagesMESSAGES Closing, OpeningPORT TYPE resourceMessagesMESSAGES Disabled, EnabledPORT TYPE OkMessageMESSAGES Level_OkINDEX TYPE PumpRow [PUMPNUMBERCOMMUNICATION NET SteamBoilerNetcluster is defined in the cluster interaction nets and is hidden here.Meaning of the datastreams:ResourcesDS transmits a message whenever a pump is enabled or disabled.ModeDS is an external datastream informing the operator about the actual mode of operation.DATASTREAM CommandDS [8]READER Controller.cmd_in WRITER LevelControl.cmd_outDATASTREAM DoubtDS [4]READER Doubt.dbt_in WRITER WaterLevel.dbt_outDATASTREAM ModeDS [1]WRITER BoilerMaster.mdOutDATASTREAM OkDS [1]READER SystemLife.ok_in WRITER LevelControl.ok_outDATASTREAM ResourceDS [4]READER Resources.res_in WRITER Pump.res_out

Model processes: WaterLevel, SteamFlow, Valve, SystemLife, BoilerMaster, StopperINTERACTION NETthe readiness of the physical environment. Several processes can demand to stop the system.Resources.to BoilerMaster which in turn reports when the sensor has been repaired.is used by CycleControl to correct calculated water level values.Valve is triggered by LevelControl to open and close the valve.BoilerMaster and PumpModel.PULSE TRANSLATIONSSENDER BoilerMastersteamRep -> SteamFlow.steamRepwaterRep -> WaterLevel.waterRepSENDER CycleControlflow_v -> SteamFlow.flow_vSENDER LevelControlopened_P -> PumpModel.opened_Popen_V -> Valve.open_VSENDER ResourcesallEnabled -> BoilerMaster.allEnabledSENDER SteamFlowsteamFail -> BoilerMaster.steamFailSENDER StopperSENDER SystemLifeSENDER WaterLevelwaterFail -> BoilerMaster.waterFail

CASCADE BoilerMasterSteamFlow.CASCADE CycleControltransitions of CycleControl sequentially triggered when the sampling event occurs:level_qflow_vfailure of the steam flow sensor is signalled BoilerMaster which can cause a system stop (SystemLife).controlupdating.stopvalues shows that the critical limits can be reached.CASCADE ResourcesPumpModel are informed about enabled and disabled pumps. When the number of enabled pumps gets below thecritical pump number the alerted BoilerMaster causes a system stop (SystemLife).CASCADE StopperCASCADE SystemLifeThe system start and the readiness of the physical units have to be signalled to several processes.

management concerning the water level and the steam flow sensor and determines the actual mode of operation ofmode of operation are reported to the operator desk by messages written through outport md_out. BoilerMaster isoperation and to cause a system stop when to much pumps are disabled.EVENTS SteamREP, WaterREPINPULSES allEnabled, critDisable, disabled, steamFail, waterFailCOMMANDS readyGATE1 waterRepGATE2 stopGATE3 steamRepACTIONS SteamFAIL, WaterFAILOUTPORT mdOut: modeMessagesMODERATORTRANSITION 10OUTPORT mdOut MESSAGE DegradedTRANSITION 11OUTPORT mdOut MESSAGE Normal

MODE workingBRANCHING STATE Degraded_Steam EVENT SteamREPPOSTSTATE Normal IFResources.allPumpsEnabled()ELSE POSTSTATE Degraded_PumpsOnlyBRANCHING STATE Rescue EVENT WaterREPPOSTSTATE Normal IFResources.allPumpsEnabled()ELSE POSTSTATE Degraded_PumpsOnlyTRANSITIONS 1, 10, 13OUTPORT mdOut MESSAGE DegradedTRANSITIONS 2, 4, 11OUTPORT mdOut MESSAGE NormalTRANSITIONS 3, 15OUTPORT mdOut MESSAGE Rescueand the steam flow. The process performs the calculations and adjustments concerning the water level and triggersdescribed in detail in the comment of the cascade of CycleControl.calculated q-values using the corrected total pump flow value available from PumpModel.EXTENSIONS CHAINVARIABLES q: FLOAT, qa1: FLOAT, qa2: FLOAT, qc1: FLOAT, qc2: FLOAT, v: FLOATEVENTS SAMPLE: qRaw_vRawGATE1 level: qRaw_qCalculatedGATE2 flow_v: vRawqAdjusted

OPERATION adjust_qif (WaterLevel.broken()){SELF.qa1 = SELF.qc1; SELF.qa2 = SELF.qc2;else{SELF.qa1 = SELF.q; SELF.qa2 = SELF.q; SELF.qc1 = SELF.qa1 - SteamFlow.va2()*CT - 0.5*U1*CT*CT + PumpModel.pa1()*CT - Valve.da2()*CT; SELF.qc2 = SELF.qa2 - SteamFlow.va1()*CT + 0.5*U2*CT*CT + PumpModel.pa2()*CT - Valve.da1()*CT;{ SELF.qc1 = SELF.qc1 - PumpModel.pa1_correction()*CT; }{ SELF.qc1 = 0; SELF.qc2 = C; }{ OUTPULSE.qa1 = SELF.qa1; OUTPULSE.qa2 = SELF.qa2; }{ OUTPULSE.q = SELF.q; OUTPULSE.qc1 = SELF.qc1; OUTPULSE.qc2 = SELF.qc2; }OPERATION store_sampling{ SELF.q = IN.q; SELF.v = IN.v; }{ OUTPULSE.v = SELF.v; }MODE uniqueBRANCHING STATE level_controlled INPULSE CHAINOPERATIONS calculate_qPOSTSTATE stopped IF(SELF.qc1 < M1 || SELF.qc2 > M2) ||(SystemLife.notReady() && (STATUS.v != 0 || WaterLevel.broken()))ELSE POSTSTATE awaitingSampleTRANSITION 2OPERATIONS initialize_qcTRANSITION 3SET CHAINTRANSITION 4SET CHAINTRANSITION 5SET CHAINOPERATIONS qa_toOutpulse

PumpModel for updating.qAdjustedCOMMANDS readyGATE1 close_V, open_VGATE2 closed_P, opened_P, p_adjustOUTPORT cmd_out: pumpMessagesOUTPORT ok_out: OkMessageMODERATORBRANCHING STATE init INPULSE control:qAdjustedPOSTSTATE draining IFIN.qa2 >= N2POSTSTATE pumping IFIN.qa1 <= N1ELSE POSTSTATE closedBRANCHING STATE draining INPULSE control: qAdjustedPOSTSTATE closed IFIN.qa2 < N2ELSE POSTSTATE drainingBRANCHING STATE pumping INPULSE control: qAdjustedPOSTSTATE closed IFIN.qa1 > N1ELSE POSTSTATE pumpingTRANSITION 1OUTPORT cmd_out MESSAGE OpeningTRANSITION 3OUTPORT cmd_out MESSAGE ClosingOUTPORT ok_out MESSAGE Level_OkTRANSITIONS 4, 7OUTPORT ok_out MESSAGE Level_Ok

MODE workingBRANCHING STATE closed INPULSE control: qAdjustedPOSTSTATE pumping IFIN.qa1 < N1 && IN.qa2 < N2ELSE POSTSTATE closedBRANCHING STATE pumping INPULSE control: qAdjustedPOSTSTATE closed IFIN.qa1 > N1 && IN.qa2 > N2ELSE POSTSTATE pumpingTRANSITIONSTRANSITION 1OUTPORT cmd_out MESSAGE OpeningTRANSITION 3OUTPORT cmd_out MESSAGE Closingclose within one sampling cycle. The model can easily be adjusted to the behaviour of the actual real pumps usedResources to calculate the total adjusted pump flow which is used in the q-calculation of CycleControl.INQUIRY pa1float pa1 (void){ return (STATUS.PumpsInUse * STATUS.pc1); }float pa1_correction (void){ return (STATUS.recentDisablings * STATUS.pc1); }INQUIRY pa2float pa2 (void){ return (STATUS.PumpsInUse * STATUS.pc2); }VARIABLES pc1: FLOAT, pc2: FLOAT, PumpsInUse: INTEGER, recentDisablings: INTEGERINPULSES closed_P, disabled, opened_P, p_adjust{ SELF.PumpsInUse = SELF.PumpsInUse - SELF.recentDisablings; }OPERATION decrementFlow{ SELF.pc2 = P; SELF.pc1 = 0; }OPERATION incrementFlow{ SELF.pc1 = SELF.pc2; SELF.pc2 = SELF.pc2 + PUMPFLOW_INCREASE*CT; }{ SELF.recentDisablings++; }

{ SELF.recentDisablings = 0;}OPERATION setFlowToP{ SELF.pc2 = P + PUMP_VARIATION; SELF.pc1 = P - PUMP_VARIATION; }OPERATION setFlowToZero{ SELF.pc2 = 0; SELF.pc1 = 0; }{ SELF.PumpsInUse = Resources.N_enabled(); }MODE uniqueBRANCHING STATE increasingFlow INPULSE p_adjustPOSTSTATE normalFlow IFSTATUS.pc2 >= PELSE POSTSTATE increasingFlowTRANSITION 1TRANSITIONS 2, 6TRANSITION 3TRANSITION 4TRANSITION 5TRANSITIONS 7, 8OPERATIONS decrementFlowTRANSITION 9OPERATIONS setFlowToZero

INQUIRY allPumpsEnabledint allPumpsEnabled (void){ return STATUS.STATE == allPumpsEnabled; }INQUIRY N_enabledint N_enabled (void){ return (STATUS.N); }VARIABLES N: INTEGERresourceMessagesGATE1 allEnabled, critDisable, disabledOPERATION decr_N{ SELF.N--; }OPERATION incr_N{ SELF.N++; }MODE uniqueBRANCHING STATE enoughPumpsEnabled MESSAGE DisabledPOSTSTATE tooFewPumpsEnabled IFSTATUS.N == CRITICAL_PUMPNUMBERELSE POSTSTATE enoughPumpsEnabledBRANCHING STATE enoughPumpsEnabled MESSAGE EnabledPOSTSTATE allPumpsEnabled IFSTATUS.N + 1 == PUMPNUMBERELSE POSTSTATE enoughPumpsEnabledTRANSITIONS 1, 4, 5OPERATIONS decr_NTRANSITIONS 2, 3OPERATIONS incr_NFlow_vflow_vinforms about reparations.INQUIRY va1float va1 (void){ return STATUS.va1; }INQUIRY va2float va2 (void){ return STATUS.va2; }VARIABLES va1: FLOAT, va2: FLOAT, vc1: FLOAT, vc2: FLOATINPULSES flow_v: vRaw, steamRep

GATE1 steamFailOPERATION adjustDegraded{ SELF.va1 = SELF.vc1; SELF.va2 = SELF.vc2; }OPERATION adjustNormal{ SELF.va1 = IN.v; SELF.va2 = IN.v; }SELF.vc1 = SELF.va1 - U2*CT; if (SELF.vc1 < 0) SELF.vc1 = 0;SELF.vc2 = SELF.va2 + U1*CT; if (SELF.vc2 > W) SELF.vc2 = W;MODE uniqueBRANCHING STATE normal INPULSE flow_v: vRawPOSTSTATE normal IFIN.v >= STATUS.vc1 && IN.v <= STATUS.vc2ELSE POSTSTATE brokenSensorTRANSITION 1OPERATIONS adjustNormal, calculateTRANSITIONS 2, 3OPERATIONS adjustDegraded, calculateSystemLife will be generated.VARIABLES count: INTEGEREVENTS COM_ERR, STOPGATE1 stopOPERATION incr{ SELF.count++; }MODE uniqueBRANCHING STATE preliminaryStops EVENT STOPPOSTSTATE preliminaryStops IFSTATUS.count < 2ELSE POSTSTATE stoppedTRANSITIONS 1,2OPERATIONS incr

INQUIRY notReadyint notReady (void){ return (STATUS.STATE == Initialization || STATUS.STATE == Waterlevel_Ok); }EVENTS PU_READY, SB_WAITINPULSES stopACTIONS EM_STOP, PR_READYMODE uniqueINQUIRY da1float da1 (void)if (STATUS.STATE == valveClosed) return 0;else return (D - DRAIN_VARIATION);INQUIRY da2float da2 (void)if (STATUS.STATE == valveClosed) return 0;else return (D + DRAIN_VARIATION);INPULSES close_V, open_VACTIONS CLOSE_V, OPEN_VMODE unique

Level_qlevel_qwater level sensor failure. Sensor failures are reported to BoilerMaster which in turn informs about reparations.INQUIRY brokenint broken (void){ return (STATUS.STATE != normal); }INPULSES level_q: qRaw_qCalculated, waterRepGATE1 waterFailMODE uniqueBRANCHING STATE normal INPULSE level_q: qRaw_qCalculatedPOSTSTATE brokenSensor IFIN.q < 0 || IN.q > CPOSTSTATE normal IFIN.q >= IN.qc1 && IN.q <= IN.qc2ELSE POSTSTATE possibleBrokenSensorBRANCHING STATE possibleBrokenSensor INPULSE level_q: qRaw_qCalculatedPOSTSTATE normal IFIN.q >= IN.qc1 && IN.q <= IN.qc2ELSE POSTSTATE brokenSensorTRANSITIONS 2, 3OUTPORT dbt_out MESSAGE InDoubtTRANSITIONS 5, 6OUTPORT dbt_out MESSAGE NoDoubt pump commands is greater than the maximal delay allowed for the flow sensors to react which is clearly satisfiedof the flow sensors becomes unpredictable resulting in an unreliable failure detection.)When a failure of a pump or a pump control device is detected, the control of the corresponding pump is disabled.The BoilerControl cluster is informed when the number of enabled pumps changes.INTERACTION NETtransmission. (Senders and receivers with different indexbroadcast.)pumps.acknowledge errors which are transmitted to the corresponding PumpMaster.Flow detects flow errors and signals them to the corresponding FlowMaster.the corresponding PumpMaster instance responsible for disabling and enabling the pumps.doubt messages are signalled to FlowMaster.PULSE TRANSLATIONSSENDER Controller->open_P -> Pump.open_PSENDER DoubtinDoubt -> FlowMaster.inDoubtSENDER FlowflowError -> FlowMaster.flowErrorSENDER FlowMaster->PCtrl_on -> Flow.PCtrl_on, PumpMaster.PCtrl_onpumpError -> PumpMaster.pumpErrorSENDER PumppumpError -> PumpMaster.pumpErrorpumpStart -> Flow.pumpStartpumpStop -> Flow.pumpStopSENDER PumpMasterP_disable Pump.P_disableP_enable -> Pump.P_enable

CASCADE ControllerCASCADE DoubtCASCADE FlowDetected flow errors are signalled to the corresponding FlowMaster.CASCADE FlowMasterA flow error which is interpreted as flow sensor failure or an occurringCASCADE Pumpthe corresponding PumpMaster instance.CASCADE PumpMasterpossibly be enabled.

INQUIRY pumpingint pumping (void){ return (STATUS.STATE == openedPumps); }EXTENSIONS TIMERINPORT cmd_in: pumpMessagesGATE1 close_P, open_PDELAY Pump_AcknowledgePUMP_ACK_DELAY * TICKS_PER_SECONDMODE uniqueTRANSITIONS 1, 4, 6, 10SET TIMER Pump_Acknowledgeinformation is needed by FlowMaster in order to be able to interpret flow errors.INQUIRY inDoubtint inDoubt (void){ return (STATUS.STATE == inDoubt); }doubtMessagesGATE1 inDoubtMODE uniquethe corresponding PumpMaster. When a failure of the pump flow device is recognized by FlowMaster the processMULTIPLICITY PumpRowEXTENSIONS TIMER

EVENTS P_FLOW, P_IDLEINPULSES pumpStart, pumpStopCOMMANDS PCtrl_off, PCtrl_onTRIGGERS offTriggerGATE1 flowErrorDELAY Decrease_DelayFLOW_DECREASE_DELAY * TICKS_PER_SECONDFLOW_INCREASE_DELAY * TICKS_PER_SECONDMODERATORMODE brokenTRANSITIONS 1, 2, 3STOP TIMERMODE workingTRANSITION 1SET TIMER Increase_DelayTRANSITIONS 2, 4STOP TIMERTRANSITIONS 3, 9, 11SET TIMER Decrease_Delay corresponding pump is already disabled a flow error is necessarily the result of a control device failure.MULTIPLICITY PumpRowEXTENSIONS TIMER, CHAINEVENTS PCtrl_REPINPULSES flowError, inDoubtGATE1 PCtrl_off, PCtrl_onGATE2 pumpErrorACTIONS PCtrl_FAILDELAY ErrorPropagationPUMPERROR_PROPAGATION_DELAY * TICKS_PER_SECONDMODE uniquedisabling of Flow must be chained because Flow has already been activated in the current cluster transition. If thethe detection of incompatible water level dynamics.BRANCHING STATE normal INPULSE flowErrorPOSTSTATE flowFailure IFPump.disabled(ID.PumpRow)POSTSTATE normal IFDoubt.inDoubt() && !Pump.disabled(ID.PumpRow)ELSE POSTSTATE delayingTRANSITION 6SET CHAINTRANSITION 3SET TIMER ErrorPropagationTRANSITION 4STOP TIMERThe behaviour of the enabled or disabled pump is specified by two corresponding modes. The transition structurerecognition of invalid occurrences of acknowledge events. When a pump is disabled the process changes to modeINQUIRY disabledint disabled (index){ return (STATUS[index].MODE == enabled); }MULTIPLICITY PumpRowEXTENSIONS TIMER

EVENTS CloseACK, OpenACKINPULSES close_P, open_PCOMMANDS P_disable, P_enableTRIGGERS disableTrigGATE1 pumpError, pumpStart, pumpStopACTIONS CLOSE_P, OPEN_PresourceMessagesPUMP_ACK_DELAY * TICKS_PER_SECONDMODERATORTRANSITION 1OUTPORT res_out MESSAGE DisabledTRANSITION 2OUTPORT res_out MESSAGE EnabledMODE disabledTRANSITION 1, 3STOP TIMERMODE enabledTRANSITIONS 1, 3, 8SET TIMER ackDelayTRANSITIONS 2, 4STOP TIMER devices the corresponding Pump instances are enabled and disabled respectively.MULTIPLICITY PumpRowEXTENSIONS CHAINEVENTS PumpREPINPULSES ackError, PCtrl_off, PCtrl_on, pumpErrorGATE1 P_disable, P_enableACTIONS PumpFAILMODE uniqueTRANSITION 1SET CHAIN6.The problems encountered during the development of the steam boiler controller specification can be classified asfollows:the error interpretation and the long time behaviour of the controller in Rescue mode.level sensor and occurring invalid flow sensor events can depend on each other, which makes the interpretation oferrors more difficult than presumed. Furthermore, the unpredictable behaviour of broken pumps does not allow tointerpret invalid flow sensor events in the presence of broken pumps.correctly, but in Rescue mode the critical water level limits where reached to fast (emergency stop).level (second order effects).

ConclusionReferences[1]http://www.informatik.uni-kiel.de/~procos/dag9523/dag9523.html[2]Additional information concerning the dynamic behaviour of the steam-boiler. (1995)http://www.informatik.uni-kiel.de/~procos/dag9523/dag9523.html[3]CIP Tool¤: Graphical specification tool with code C-generators and report writer.[4][5][6]Fierz H.: Spezifizieren und Entwickeln mit graphischen Modellen.[7]Zave P.: The Operational Approach versus the Conventional Approach to Software Development.[8][9][10][11]Technical report, Computer Engineering Laboratory, ETH Z�rich (1995), submitted for publication.[12]Technical report, Computer Engineering Laboratory, ETH Z�rich (1995), in preparation.