submitted to ESEC 99The CIP Method: Component- and Model-BasedConstruction of Embedded SystemsHugo FierzComputer Engineering and Networks Laboratory TIKSwiss Federal Institute of Technology ETHCH-8092 Zurich, Switzerlandfierz@tik.ee.ethz.chAbstract. CIP is a model-based software development method forembedded systems. The problem of constructing an embedded system isdecomposed into a functional and a connection problem. The functionalproblem is solved by constructing a formal reactive behavioural model. ACIP model consists of concurrent clusters of synchronously cooperatingextended state machines. The state machines of a cluster interactsynchronously by multi-cast events. State machines of different clusters cancommunicate through asynchronous channels. The construction of CIPmodels is supported by the CIP Tool, a graphical modelling framework withcode generators that transform CIP models into concurrently executable CIPcomponents. The connection problem consists of connecting generated CIPcomponents to the real environment. This problem is solved by means oftechniques and tools adapted to the technology of the interface devices.Construction of a CIP model starts from the behaviour of the processes ofthe real environment, leading in constructive steps to an operationalspecification of the system behaviour. This approach allows stableinterfaces of CIP components to be specified at an early stage, thussupporting concurrent development of their connection to the environment.1. IntroductionThe CIP method (Communicating Interacting Processes) presented in this paper is aformal software development method for embedded systems. By �embedded system� wemean any computer system used to control a technical environment. Examples includehighly automated devices, industrial robots and computer controlled productionprocesses.CIP specifications are constructed with the CIP Tool1 [1], a powerful modellingframework with verification functions and code generators that transform CIP models

1 CIP Tool¤ is a registered trademark. All graphic figures of model parts presented in thispaper have been generated from models created with CIP Tool¤. Associated textualdescriptions such as condition definitions or condition allocations correspond to modelreports produced automatically.

The CIP Method2into executable software components. The method and its tool has been used in manyreal projects. The benefit of a rigorous problem-oriented approach is an importantimprovement of software quality, reflected by understandable system models, robustand reliable software products and a considerable reduction of maintenance costs.The starting point in the design of CIP was the JSD method (Jackson SystemDevelopment) [2], adopting the real world oriented modelling paradigm of thisapproach. JSD treats dynamic information problems by means of concurrentsequential processes, simulating a part of the real world and producing requestedinformation about it. CIP differs from JSD mainly in its modelling framework whichis based on synchronously cooperating extended state machines rather than onconcurrent processes described by structograms.The CIP method is based on the following development concepts:Problem Decomposition. The usual purpose of behavioural models in embeddedsystem development is to specify the functional system behaviour in subject-matterterms. Such models, independent of technical interface concerns, are often calledessential models [3]. The connection of an implemented essential model to the realenvironment represents a problem in its own right, demanding tools and techniquesadapted to the technology of the interface devices.Model-Based Operational Specification. The functional behaviour of a CIP system isspecified by an operational model of cooperating extended state machines.�Operational� means that the model is formally executable [4]. CIP combinessynchronous and asynchronous cooperation of system parts within the same model.Synchronous cooperation, well known from real-time description techniques likeStatecharts [5], ESTEREL [6] or Lustre [7], is needed to model synchronouspropagation of internal interactions. Asynchronous cooperation on the other hand,supported by parallel modelling languages like SDL [8], JSD [2] or ROOM [9], isnecessary to express concurrency.Component-Based Construction by White Box Composition. CIP models aredeveloped with the CIP Tool [1], a framework of graphic and text editors supportingfull coherence among various architectural and behavioural views. Models areconstructed by creating, composing and linking model components such as processes,channels, messages, states and operations. Modelling by compositional constructionperfectly supports the problem-oriented construction process of the method, providingmore flexibility and intuition than language-based specification techniques.Component-Based Implementation by Black Box Composition. CIP models aretransformed automatically into executable software components which are integratedon one hand with components connecting to the environment, on the other hand withsystem parts like technical data processing units or extensive algorithmic functions.The main goal of software component technology is usually to construct systems bymeans of reusable building blocks. Although reuse of embedded components is oftennot possible because of the specific behaviour of the particular environment,component composition is still of great value. Concurrent development and flexiblesystem integration is easier when system parts are constructed as software componentswith stable interfaces.

The CIP Method3Environment-Oriented Development. The development of a functional behaviouralmodel must start with a rigorous definition of the model boundary. The widely usedcontext schema of SDRS [3] for example models the boundary by means of event anddata flows to and from the system. Although such boundary models allow thedevelopment of the behavioural model to be based on a well defined set of externalinteraction points, they fail to express any behavioural relationships with theenvironment. CIP starts the development by defining the set of valid interactionsequences by means of a behavioural context model. This approach supports theconstruction of robust and dependable systems because it incorporates a formal modelof the environment behaviour.The main part of the paper starts in section 2 by describing how CIP tackles theembedded system problem. Section 3 explains the architectural and behaviouralconstructs used to build CIP models. Section 4 presents the environment-orienteddevelopment process of the CIP method, illustrated by a simple but complete exampleof a CIP model construction. Section 5 finally describes how generated softwarecomponents are connected to the environment.2 . CIP Application Area: Control ProblemsAn embedded system is a computer system which controls and monitors a number ofexternal processes. The behaviour of the individual processes is partly autonomousand partly reactive. In the case of physical processes the behaviour can be deducedfrom physical properties. More complex processes are often already controlled by localmicroprocessors. An operator driven man-machine interface is another source ofasynchronous influences on the system.Two main problem are encountered when an embedded system is developed. Thefirst problem concerns the functionality of the system: to bring about the requiredbehaviour the embedded system to be constructed must react in a specific way tosubject-matter phenomena of the environment. The second problem concerns theconnection of environment and embedded system: the subject-matter phenomenarelated in the functional problem solution must be detected and produced bymonitoring and controlling specific interface devices like sensors and actuators.As a simple example we take an opening door where the door motor has to beturned off when the door is fully open. The function of the system is simply toproduce the MotorOff action when the Opened event occurs. However, neither theevent Opened nor the action MotorOff are directly shared with the embedded system.Instead the event Opened must be detected by means of a position sensor which isconnected to the embedded system by a shared binary variable; and the actionMotorOff must be produced by setting a binary variable of the motor actuatorappropriately.The CIP method is based on a complete separation of the functional and theconnection problem. The functional problem is solved independently of the interfacedevices by constructing a rigorous behavioural model. The CIP model is constructedgraphically with the CIP Tool and transformed automatically into concurrentlyexecutable CIP components.

The CIP Method4The construction of a CIP model is based on a virtual connection between externalprocesses and CIP components. The virtual interface of the environment consists ofcollections of events and actions designating instantaneous subject-matter phenomenaoccurring in the environment. Events are phenomena initiated by the environment.Process events, often called discrete events, are caused by the autonomous dynamics ofexternal processes. Continuous behaviour of external processes is captured by periodictemporal events with associated state values (sampling). Actions are environmentphenomena caused by reactions of the embedded system. The virtual connectiontransmits a corresponding message whenever an event has occurred or an action mustbe produced.a corresponding actions in the environment.In the door example, the reaction "Opened causes MotorOff" would be produced byby a separately constructed embedded connector.The complete separation of the functional and the connection problem considerablybenefits the development process since the two problems can be solved independently.disentangling two problem complexes belonging to different abstraction levels.

The CIP Method3 . by tools allowing CIP models to be checked against independently defined behaviouralproperties.CIP models are constructed graphically by means of architectural composition, wellstructuring is supported by the novel model of master-slave hierarchies [13].clustersprocessesentities, their composition semantics is essentially different: clusters model concurrentof course be introduced at both levels, resulting in structures of nested subsystems andnested subclusters.channels

The CIP Methodmodel.pulsesreceiver process. reactions is defined by means of a cascade (Fig. 4). A cascade is a sequential activationdefined in the processes can be checked automatically against the specified cascades. Astructuring cascade branches can be refined into alternative branches depending on thestates and variables of other processes of the same cluster. Read access to the data of ainquiriesinteraction net (Fig. 3). The arrows denote the data flow direction.

The CIP Methodabstraction.inportsoutportsmessagesPROCESS DoorINPORT DoorEventsMESSAGES Closed, OpenedOUTPORT DoorActionsMESSAGES MotClose, MotOpen,MotOffINPULSES close, openOUTPULSES clsAck, opnAck LegendDoorClosedopencloseto each outport can be emitted.To support data processing and algorithmic concerns CIP processes are specified asfor messages and pulses, operations and conditions.PROCESS CashierVARIABLES amount: int, price: intINPORT EventPortMESSAGES Coin; int, AbortOUTPORT ActionPortMESSAGES Eject: int, OpenSlotINPULSES getMoney: intOUTPULSES aborted, paid: intOPERATIONS...CONDITIONSCONDITION ALLOCATION2 notEnough, 3 ELSE_OPERATION ALLOCATION1 init, 2 incr, 3 change, report, 4 ...

The CIP MethodCoinCashierrepresenting the value of the inserted coin. Operations allocated to transitions are usedcashingmessage Coin. Associated conditions render the process behaviour deterministic. Suchsame cluster.Variables, data types, operations and conditions are formulated in the programmingdata types and object classes from existing libraries.DoorCashierperiodically occurring Sample message giving the sampled liquid temperature. Controldata carried by the Heat output message.superposition of the structures for the normal and the alarm case.modesprocess.

The CIP MethodMODE normal MODE shutting‘ shuttingalarm or error condition occurs.The mode changes of a process can be induced by one or more processes designatedfollows:The active mode of the slave is determined by the current states of the masters.means of explicitly modelled interaction between slave and master.must then be triggered to induce a change to an error mode.study (section 4) whose states mirror the states of the real conveyor.

The CIP Methodrestricted to be acyclic in order to define a hierarchical structure. The levels indicated inprocesses of a cluster are involved in the hierarchical structure.usually expressed by means of entity-relationship diagrams.4 . CIP models are therefore constructed in a sequence of three steps:1. Specification of the virtual real world interface

The virtual real word interface is specified by collections of events and actions used tothe established context model.then treated in more detail at the end of the section.

The CIP Method4 . 1 controlled comprises a conveyor movingconveyor detects loaded objects.

Requirements.4 . 2

Load / Freean object is loaded / is moved away from the loading place

Scanned

Scan

4 . 3 deduced from descriptions and process models of the environment. They receive event

The CIP Methodmessages and produce action messages through appropriately specified source and sinkCOMMUNICATION NET InterfaceChannelsCHANNEL SwitchEvt MESSAGES Off, OnCHANNEL ScanEvt MESSAGES ScannedCHANNEL ScanAct MESSAGES ScanCHANNEL ConvEvt MESSAGES Free, LoadCHANNEL ConvAct MESSAGES MotOff, MotOnPROCESS SwitchPROCESS ScannerPROCESS ConveyorMODE ongoing MODE stepped

The CIP MethodThe incomplete transition structures of the preliminary independent interface processesongoingstepped4 . 4 different members of the development team.defined by the model processes. To permit reaction to unexpected events, the interfacesupervisor and error handling processes must be introduced.mode of the Controller and the Conveyor process. The ongoing mode of the Conveyorinterface process has been extended by transition 2; the transition is necessary becauseTIMEUP_cluster input, a Controller cascade is also needed.Remark. The corner marks of a process box indicate external input or output respectively: top right:channel input, top left: timer input, bottom right: channel output.CLUSTER TransportControlINTERACTION NETPULSE TRANSLATIONS-> Controller.loaded

The CIP MethodCASCADES MASTER-SLAVE GRAPH PROCESS SwitchPROCESS ScannerPROCESS Conveyor MODE SETTING Switch .off -> ongoing, Switch .on -> steppedMODE ongoingMODE steppedPROCESS Controller MODE SETTING Switch .off -> freeLoading, Switch .on -> scannedLoadingMODE freeLoadingMODE scannedLoadingLegend:timers settimerstopped

The CIP MethodThe model can be animated by "entering" event messages or the TIMEUP_ trigger. Thefollowing trace describes five cluster transitions of a particular animation:PROCESSPRESTATEPOSTSTATEOUTPUTConveyorongoingidleLoadloadedMovingloaded, MotOn

ControllerfreeLoadingidleloadedmoving

SwitchoffOnon

ConveyorControllerongoingfreeLoadingPOSTMODE steppedPOSTMODE scannedLoading

ConveyorsteppedloadedMovingFreemoving

ConveyorsteppedmovingLoadloadedStoppedloaded, MotOff

ControllerscannedLoadingmovingloadedscanningscan, S

ScannerreadyscanscanningScan

ScannerscanningScannedreadyscanned

ControllerscannedLoadingscanningscannedmovingmove, T

ConveyorsteppedloadedStoppedmoveloadedMovingMotOn

5 . 5 because it determines the level of abstraction used to solve the functional problem. Onproduced by means of the available interface devices.when the action is performed, such as the required liquid flow of an opened valve.attributed actions.

The CIP Method5 . unitsCIP˚shellCIP˚machine

CIP˚shellchannels. The CIP shell code is generated from the channel specifications only, and sois independent of the modelled clusters.CIP˚machinetechniques based on field bus systems or serial connections.Because of the cooperation of parallel entities modelled within CIP models, there isand interrupt handling are thus reduced to hardware interface functions and backgroundservices [14].

The CIP Methodcode for the connector has been generated from formal connector descriptions [15].6 . Summarytechniques to promote system development based on engineering activities.problem demanding development techniques adapted to the technology of the interfaceprocess allows the two problems to be solved independently of each other.cooperating extended state machines.In order to make interaction dependencies among processes explicit CIP models areconflicting and unbounded internal interaction can be solved only by restricting the setbounded response times.hierarchical structure: the master-slave hierarchy. The hierarchical structure is based on

The CIP Methodmodel.modules and components supporting other concerns such as validation and simulation.developed systems have to be validated in various test environments.References1 . ¤http://www.ciptool.ch2 . 3 . 4 . 5 . 6 . 7 . 9 . 10.11.12.13.14.15.