Page 1HW/SW Co-Design for Embedded SystemsAlberto S-V, ILP, March 1995� UCB,MM,PT,CDS1995HW/SW Co-Design for Embedded SystemsUniversity of California at BerkeleyMagneti MarelliPolitecnico di TorinoCadence Design SystemsMarch 1995� UCB,MM,PT,CDS1995OutlinelReactive Real-Time Embedded SystemslHardware-Software Co-DesignlSystem Specification ModelsuCo-Design Finite State MachinelFormal Design MethodologyuSoftware SynthesisuHardware SynthesisuValidationlSummarylCase Studies

Page 2HW/SW Co-Design for Embedded SystemsAlberto S-V, ILP, March 1995� UCB,MM,PT,CDS1995Embedded SystemslAn embedded system uuses a computer to perform some function, butuis not used (nor perceived) as a computerlSoftware is used for features and flexibilitylHardware is used for performancelTypical characteristics:uperforms a single functionuis part of a larger (controlled) systemucost and reliability are often the most significant aspects� UCB,MM,PT,CDS1995Embedded System ApplicationslConsumer electronics (microwave oven, camera, ...)lTelecommunication switching and terminal equipment(cellular phone, ...)lAutomotive, aero-spatial(engine control, anti-lock brake, ...)lPlant control and production automation(robot, plant monitor, ...)lDefense (radar, intelligent weapon, ...)

Page 3HW/SW Co-Design for Embedded SystemsAlberto S-V, ILP, March 1995� UCB,MM,PT,CDS1995Embedded System DesignlMain design criteria:ucostuperformanceureliabilityufeaturesumodifiabilitylSoftware used for cost, features and modifiability (cheaper; easier debugging and upgrading)lHardware used for performance� UCB,MM,PT,CDS1995Reactive Real-time SystemslReactive Real-Time Systemsu�React� to external environmentuMaintain permanent interactionuIdeally never terminateuSubject to external timing constraints (real-time)

Page 4HW/SW Co-Design for Embedded SystemsAlberto S-V, ILP, March 1995� UCB,MM,PT,CDS1995Embedded Controller Example: In-Vehicle Network (IVN)Several protocols have been proposed for the implementation of in-vehicle networks. Among them:¥CAN, VAN (Europe)¥J1850 (USA)Climate ControlExhaust ControlActive SuspensionsTransmissionInfoSystemEngineControlABS� UCB,MM,PT,CDS1995IVN - ImplementationAutomotive networks come in three classes: A BC Body electronicsInformation sharingReal-time controls20-50 ms1-10 ms< 1 ms< 10 kbit/s10-20 kbit/s0.125-1 Mbit/sThe implementation can be different for different classes of applications. For example:lclass A - CPU can handle comm. + appl. lclass C - communication IC required applicationmax.latencybit rateclass

Page 5HW/SW Co-Design for Embedded SystemsAlberto S-V, ILP, March 1995� UCB,MM,PT,CDS1995Embedded Controller Example:Engine Control Unit (ECU)Task: control the torque produced by the engineby timing fuel injection and sparklMajor constraints:Low fuel consumptionLow exhaust emission� UCB,MM,PT,CDS1995Engine Control Unit (ECU) - 2Task: control injection time (3 sub-tasks)computeair flowcomputeinjectiontimedriveactuatorsairflowinjectiontimeair temperatureengine temperatureengine speedthrottle positionlook-up tablePWM signalsair pressure

Page 6HW/SW Co-Design for Embedded SystemsAlberto S-V, ILP, March 1995� UCB,MM,PT,CDS1995Engine Control Unit (ECU) - Option 132 bit CPUA/DActuations (PWM)Analog inputsDigital inputsCPU has to:¥ process input data ¥compute outputs ¥control actuators¥Relatively easy to design¥May not meet timing requirements� UCB,MM,PT,CDS1995Engine Control Unit (ECU) - Option 216 bit CPUA/DActuations (PWM)Analog inputsDigital inputslCPU processes input data and computes outputs lFPGA controls actuatorsFPGA

Page 7HW/SW Co-Design for Embedded SystemsAlberto S-V, ILP, March 1995� UCB,MM,PT,CDS1995Engine Control Unit (ECU) - Option 38 bit CPUDSPActuations (PWM)Analog inputsDigital inputslDSP processes input datalCPU computes outputs lFPGA controls actuatorsFPGAA/D� UCB,MM,PT,CDS1995RRTES ImplementationslPossibly contain both hardware and software (ASIC plus embedded software) lPast Design MethodologyuSoftware implementation: timing offload to hardwareuSpecify and design hardware and software separately

Page 8HW/SW Co-Design for Embedded SystemsAlberto S-V, ILP, March 1995� UCB,MM,PT,CDS1995Problems with Past Design MethodlLack of unified hardware-software representationlPartitions are defined a prioriuCan’t verify the entire systemuHard to find incompatibility across HW-SW boundarylLack of well-defined design flowuTime to marketuSpecification revision difficult �Need Hardware-Software Co-Design � UCB,MM,PT,CDS1995Hardware/Software Co-DesignGoals and RequirementslUnified design approachuFacilitates system specification uEasy HW-SW trade-off evaluationuFlexible HW-SW partitioninglImplementation IndependentuStress system design issues uAllow different hardware and software styleslDesign/ Implementation VerificationuFormal VerificationuSimulationlAutomatic Hardware and Software Synthesis

Page 9HW/SW Co-Design for Embedded SystemsAlberto S-V, ILP, March 1995� UCB,MM,PT,CDS1995System Specification ModelslMain purpose: provide clear and unambiguous description of system functionudocumentation of initial design processuallow the application of Computer Aided Design:udesign space explorationupartitioningusynthesisuvalidationutestinguideally should not constrain the implementation� UCB,MM,PT,CDS1995System Specification ModelslDistinguish between models and languages(a language implies one or more models)lMain models for embedded systems:uFinite State MachinesuData Flow Diagrams(Petri Nets)uObject-oriented modelsuHardware simulation models

Page 10HW/SW Co-Design for Embedded SystemsAlberto S-V, ILP, March 1995� UCB,MM,PT,CDS1995System Specification ModelslModel choice depends on:uApplication domainE.g. data flow for digital signal processing, finite state machines for control, simulation engine for hardware, ...uAvailable toolsuPersonal taste and/or company policy� UCB,MM,PT,CDS1995Finite State MachineslAdvantages:uEasy to use (graphical)uPowerful algorithms forusynthesis (SW and HW)uverificationlDisadvantages:uDifficult to compose (state explosion...) and decomposeuNumerical computations cannot be specifieduSometimes overspecify implementation(sequencing is fully specified)HGHYSGSYcar OR 5min10sec30sec10sec

Page 11HW/SW Co-Design for Embedded SystemsAlberto S-V, ILP, March 1995� UCB,MM,PT,CDS1995Finite State MachineslTypical domains of application:ucontrol functions uprotocols (telecom, computers, ...)lDifferent communication mechanisms:u synchronous (classical FSMs)u asynchronous(CSPs)� UCB,MM,PT,CDS1995Data Flow DiagramslAdvantages:uEasy to use (graphical)uPowerful algorithms forusynthesis (scheduling and allocation)uverificationuExplicit concurrencylDisadvantages:uEfficient synthesis only for restricted models(no decision-making)uControl specified only in quasi-FSM styled+*K

Page 12HW/SW Co-Design for Embedded SystemsAlberto S-V, ILP, March 1995� UCB,MM,PT,CDS1995Data Flow DiagramslTypical domains of application:uDigital Signal ProcessinguPerformance estimation (queueing models)lVery different models depending on node interpretation:uUninterpreted(classical Petri Nets)uArithmetic operators(classical DFGs)uComplex operators(queueing models, colored Petri Nets)� UCB,MM,PT,CDS1995Object-oriented ModelslAdvantages:uExecutable modeluNatural hierarchical decompositionuInheritance (simplifies extension and re-use)lDisadvantages:uStrongly biased towards SWuAlmost impossible to verify formally(too powerful)queuegetputemptystackpoppush

Page 13HW/SW Co-Design for Embedded SystemsAlberto S-V, ILP, March 1995� UCB,MM,PT,CDS1995Object-oriented ModelslTypical domains of application:uRapid prototypinguComplex (mainly SW) systemslVarious CASE methodologies use OO� UCB,MM,PT,CDS1995Hardware Simulation ModelslAdvantages:uPowerful algorithms forusynthesisuverificationuStandard (VHDL, Verilog, UDL/I)uTiming is handled explicitlylDisadvantages:uStrongly biased towards HWuNot really standard, nor really formal...D

Page 14HW/SW Co-Design for Embedded SystemsAlberto S-V, ILP, March 1995� UCB,MM,PT,CDS1995Hardware Simulation ModelslTypical domain of application:uHardware designlCan be considered a least common denominator among SW and HW� UCB,MM,PT,CDS1995Specification LanguageslMain aspects of language choice:uEase of use (domain-specific)uAvailability of tools/methodologies:ua tool/methodology implies one or more languages (and models)ugraphical capabilitiesu(e.g. structured analysis uses DF and FSMs)uStandards/regulationsuTradition ...

Page 15HW/SW Co-Design for Embedded SystemsAlberto S-V, ILP, March 1995� UCB,MM,PT,CDS1995Graphical FSM LanguageslStateCharts, BetterCharts, SpeedCharts, ...lEasy to use for control-dominated systemslSimulation (animated), SW and HW synthesis, verificationlGenerally extended with arithmetics(but no longer verifiable)lHierarchical states necessary for complex reactive system specificationerrornormalrecoveryoddevendone� UCB,MM,PT,CDS1995Reactive Synchronous LanguageslAssumptions: uthe system continuously reacts to internal and external events by emitting other eventsuevents can occur only at discrete instantsuzero (negligible) computation timelBoth control (Esterel) and data flow (Lustre, Signal)lVery simple syntax and clean semantics(based on FSMs)lDeterministic behaviorlSimulation, software and hardware synthesis, verification

Page 16HW/SW Co-Design for Embedded SystemsAlberto S-V, ILP, March 1995� UCB,MM,PT,CDS1995ESTERELlDesigned at INRIA by Berry et al.lConcurrent modules:uinterface signals, possibly with valuesulocal signals and variablesustatements, e.g.:uawait (single or multiple signals)udo stmt1 watching signal [timeout stmt2] (instantaneous killing of stmt1)utrap exception in stmt1 [handle do stmt2] (allow stmt1 to terminate)uallows �external� procedures and functions� UCB,MM,PT,CDS1995Examplemodule counter:input go, reset, req; output ack(integer);var t:integer inloop do t:=0; every go dot:=t+1;await req; emit ack(t)end watching resetend end.go / t:=t+1 /reset / t:=0 / s1s0go / t:=t+1 /req and not go / / ack(t)

Page 17HW/SW Co-Design for Embedded SystemsAlberto S-V, ILP, March 1995� UCB,MM,PT,CDS1995Codesign Finite State MachineslWe have chosen an FSM model foruuncommittedusynthesizableuverifiableHW/SW specificationlTranslators from state diagrams, Esterel, HDLs into a single FSM-based languagelNeed efficient hw/sw communication primitive:uEvent broadcastinglSoftware response could take a long time:uUnbounded delay assumption� UCB,MM,PT,CDS1995Communication Primitive: EventlOne-way data communicationlNeed efficient implementation (interrupts, buffers...)lNo mutual synchronization requirement, but...�Building block for higher-level synchronization primitiveslExamples:uvalued event : temperature sampleupure event : excessive temperature alarm

Page 18HW/SW Co-Design for Embedded SystemsAlberto S-V, ILP, March 1995� UCB,MM,PT,CDS1995Introducing a CFSM...lA Finite State MachinelInput events, output events and state eventslInitial values (for state events)lA transition function�Transitions may involve complex (but memory-less and instantaneous) arithmetic and/or Boolean functions�All the state of the system is under form of eventslNeed rules that define the CFSM behavior� UCB,MM,PT,CDS1995Example: Seat Belt Alarm Controll�Natural Language� specification �5 seconds after the key has been turned on, if the seat belt has not been fastened, then an alarm will beep for 10 s or until the key is turned off�

Page 19HW/SW Co-Design for Embedded SystemsAlberto S-V, ILP, March 1995� UCB,MM,PT,CDS1995Example: Seat Belt Alarm Control(*KEY == ON) => *START(*END == 5) => *ALARM=ON(*KEY == OFF) or(*BELT == ON) =>(*END == 10)) or(*BELT == ON) or(*KEY == OFF) => *ALARM = OFF(*KEY == ON) and(*BELT == ON) => OFFALARMWAIT#This is an ESTEREL fileinput BELT_ON, END_10Sec,...output START_TIME,ALARM_ON,relation END_5_SECS #BELT_ON#..loop await KEY_ON; do emit START_TIME; await END_5_SECS emit ALARM_ON .............. watching [BELT_ON or KEY_OFF] time_out emit ALARM_OFF endend� UCB,MM,PT,CDS1995CFSM Rules: phaseslFour-phase cycle:¶ Idle• Detect input events‚ Execute one transition„ Emit output events

Page 20HW/SW Co-Design for Embedded SystemsAlberto S-V, ILP, March 1995� UCB,MM,PT,CDS1995CFSM Trace SemanticsCFSM state091235467810121113141516timex1x2x3x1i1,v1i2i3i4s,x2o2o3i1,v2o2o3s,x3i4i5s,x1o4c1r1c2r2r3c3(i1==v1) * i3 * i4 =>{o2,o3}x1x3x2(i1==v2) * i2 => {o2,o3}i4 * i5 => {o4}� UCB,MM,PT,CDS1995CFSM Rules: phaseslImplicit unbounded delay between phaseslNon-zero reaction time (avoid inconsistencies when interconnected): minimum delay is 1 time unitlCausal model based on partial order (potential verification speed-up)lPhases may overlap

Page 21HW/SW Co-Design for Embedded SystemsAlberto S-V, ILP, March 1995� UCB,MM,PT,CDS1995CFSM Rules: eventslHw is always �ready�lSoftware may not be ready�Events may be �lost�Implicit depth-1 buffer associated with every eventlEvent: basic tool to implement synchronizationuTrigger event can cause at most 1 transitionuAll output events of a transition must be emitted� UCB,MM,PT,CDS1995CFSM Rules: priorities�lProblem: how do we make sure all urgent events are processed immediately?lNeed to test if an event has not occurred yetlNeed the weakest possible constraint on the implementation�Force the detected input events of the CFSM to be processed in order

Page 22HW/SW Co-Design for Embedded SystemsAlberto S-V, ILP, March 1995� UCB,MM,PT,CDS1995Model of timelDiscrete:uSufficiently accurate for synchronous systemsuFeasible formal verificationlModel semantics: Timed Traces i.e. sequences of events labeled by time of occurrence� UCB,MM,PT,CDS1995CFSMs and FSMslBest known automated formal verification methods are based on standard* FSMs�Define an equivalent behavior to the CFSMs� one by using FSMslEvent-driven model: self-loop until events are detectedlDepth-1 buffers on input and output events implemented as non-deterministic FSMsQSynchronous semantics

Page 23HW/SW Co-Design for Embedded SystemsAlberto S-V, ILP, March 1995� UCB,MM,PT,CDS1995Buffer FSMss1s2s0111 => 1100- => 0-011 => 0-012 => 0-112 => 11112 => 1200- => 0-012 => 0-111 => 11112 =>12- 0 - => 0-011 => 0-111 => 1210- => 1110- => 12012 => 0-011 => 0-Main FSM� UCB,MM,PT,CDS1995Network of CFSMs: Depth-1 BuffersCFSM2CFSM3C=>GCFSM1C=>FB=>CF^(G==1)(A==0)=>BC=>ACFSM1CFSM2C=>BFGCCBAC=>GC=>B

Page 24HW/SW Co-Design for Embedded SystemsAlberto S-V, ILP, March 1995� UCB,MM,PT,CDS1995Software Hardware Intermediate FormaTl CFSM networkuSpecific representation format: SHIFTuUnbounded-delay interpretationl SHIFT descriptionuList of input variablesuList of output variables uTransition relation� UCB,MM,PT,CDS1995Software Hardware Intermediate FormaTlSHIFT transition relation: BLIF-MV extensionlSHIFT semantics vs. BLIF-MV semantics: reactive (unbounded delay) vs. synchronous (1 clock delay)lPartition of a system: one or more CFSMs � one or more SHIFT moduleslPartition is either implemented in sw or hw

Page 25HW/SW Co-Design for Embedded SystemsAlberto S-V, ILP, March 1995� UCB,MM,PT,CDS1995Our Proposal: Codesign MethodologyVHDLESTEREL................CompilersCFSMsPartitioningSw SynthesisFSMsVerificationTranslationSw CodeLogic NetlistSimulationHw Synthesis� UCB,MM,PT,CDS1995Hardware - Software ArchitecturelHardware:uOne or more microcontrollersuASICs, DSPs....lSoftware:uSet of concurrent tasksuScheduler�Customized operating system

Page 26HW/SW Co-Design for Embedded SystemsAlberto S-V, ILP, March 1995� UCB,MM,PT,CDS1995System Partitioningport5CFSM1CFSM7CFSM6CFSM5CFSM4CFSM3CFSM2e2e8e6e4e1e3e3e5e7e9port5port1port2port3event valuesevent occurrences� (triggers)HW partition 1HW partition2SW partition 3Schedulerport6� UCB,MM,PT,CDS1995Interfaces Among PartitionslAutomatically generatedlSeven types of interfacesSenderReceiver�ABCSender�s domainChannel�s domainReceiver�s domain

Page 27HW/SW Co-Design for Embedded SystemsAlberto S-V, ILP, March 1995� UCB,MM,PT,CDS1995An example of interface: hw to swHWSWxacky11 + 0- / 0-1 / 0- 0 / 110 / 1x ack / yx yack01HwtoSw� UCB,MM,PT,CDS1995Software ImplementationlInput: uset of tasks (specified by CFSMs)uset of timing constraints (e.g., input event rates and response constraints)lOutput:uSet of C procedures that implement the tasks uScheduler that satisfies the timing constraintslMinimizing:uthe CPU cost uthe memory sizeupower, etc.

Page 28HW/SW Co-Design for Embedded SystemsAlberto S-V, ILP, March 1995� UCB,MM,PT,CDS1995Software ImplementationlHow to do it ? lTraditional approach:uhand-coding of proceduresuhand-estimation of timing input to scheduling algorithmslLong and error-pronelOur approach: two-step automated procedure:usynthesize each task separatelyuextract (estimated) timinguschedule the taskslCustomized RT-OS (scheduler + drivers)� UCB,MM,PT,CDS1995Software ImplementationlCurrent strategy: uIterate between synthesis, estimation and schedulinguDesigner chooses the scheduling algorithm lFuture work: uTop-down propagation of timing constraintsuAutomated scheduling selection (based on CPU utilization estimates)

Page 29HW/SW Co-Design for Embedded SystemsAlberto S-V, ILP, March 1995� UCB,MM,PT,CDS1995Software ImplementationlSub-problems:uFind appropriate representations forucode optimizationuschedulinguFind appropriate code optimization algorithms(timing and memory occupation)uFind appropriate scheduling algorithm(guaranteed performance with acceptable overhead)� UCB,MM,PT,CDS1995Task implementation lGoal: quick response time, within timing and size constraintslProblem statement:uGiven a CFSM transition function and constraintsuFind a procedure implementing the transition function while meeting the constraintslThe procedure code is acyclic:upowerful optimization and analysis techniquesulooping, state storage etc. are implemented outside (in the OS)

Page 30HW/SW Co-Design for Embedded SystemsAlberto S-V, ILP, March 1995� UCB,MM,PT,CDS1995Representation IssueslShould be:uLow-level to allow detailed optimization and estimationuHigh-level to avoid excessive details(e.g. register allocation issues)lChoice: Decision DiagramuAppropriate for control-dominated tasksuWell-developed set of optimization techniquesuAugmented with arithmetic and Boolean operators, to perform computations� UCB,MM,PT,CDS1995Our Representation: S-graphslAcyclic extended decision diagram computing a transition functionlS-graph structure:udirected acyclic graphuset of finite-valued variablesuTEST nodes evaluate an expression and branch accordinglyuASSIGN nodes evaluate an expression and assign its result to a variable

Page 31HW/SW Co-Design for Embedded SystemsAlberto S-V, ILP, March 1995� UCB,MM,PT,CDS1995An Example of S-grapha := a + 1a := 0*ca<bBEGINENDFTTF—input event *c—output event *y—state int a—input int b—foreverif (detect(*c))if (a < b)a := a + 1emit(*y)elsea := 0emit(*y)emit(*y)� UCB,MM,PT,CDS1995S-graphs and FunctionslExecution of an s-graph can compute a function from a set of input and state variables to a set of output and state variables:uOutput variables are initially undefineduTraverse the s-graph from BEGIN to ENDlWell-formed s-graph: uevery time a function depending on a variable is evaluated, that variable has a defined valuelHow do we derive an s-graph implementing a given function ?

Page 32HW/SW Co-Design for Embedded SystemsAlberto S-V, ILP, March 1995� UCB,MM,PT,CDS1995S-graphs and FunctionslProblem statement:uGiven: a finite-valued multi-output function over a set of finite-valued variablesuFind: an s-graph implementing itlProcedure based on Shannon expansionf = x fx + x� fx� lResult heavily depends on ordering of variables in expansionuinputs before outputs: TESTs dominate over ASSIGNsuoutputs before inputs: ASSIGNs dominate over TESTs� UCB,MM,PT,CDS1995Example of S-graph Constructionx = a b + cy = a b + dabcdx := 1y := 1010111d0x := 1y := 0x := 0y := 1x := 0y := 0001Order: a, b, c, d, x, y (inputs before outputs)

Page 33HW/SW Co-Design for Embedded SystemsAlberto S-V, ILP, March 1995� UCB,MM,PT,CDS1995Example of S-graph Constructionx = a b + cy = a b + dabx := 1y := 10101x := cy := dOrder: a, b, x, y, c, d (interleaving inputs and outputs)� UCB,MM,PT,CDS1995S-graph OptimizationlGeneral trade-off: uTEST-based is faster than ASSIGN-based (each variable is visited at most once)uASSIGN-based is smaller than TEST-based (there is more potential for sharing)lThe procedure can be iterated over s-graph fragments:ulocal optimization, depending on fragment criticality (speed versus size)uconstraint-driven optimization (still to be explored)

Page 34HW/SW Co-Design for Embedded SystemsAlberto S-V, ILP, March 1995� UCB,MM,PT,CDS1995S-graph ImplementationlDirect mapping into programming language or assembly codeuGood prediction of final code characteristicsuC is currently produced, leaving register allocation and instruction selection to general-purpose compilerlHighly optimized but highly unstructured codeuNeed source-level debugging environment (with any of the chosen entry languages)� UCB,MM,PT,CDS1995Performance and Cost EstimationlS-graph: low-level enough to allow accurate performance estimationlCost parameters assigned to each node, depending on:usystem type (CPU, memory, bus, ...)unode and expression typelCost parameters evaluated via simple benchmarksuneed timing and size measurements for each target systemucurrently implemented for MIPS and 68HC11 processors

Page 35HW/SW Co-Design for Embedded SystemsAlberto S-V, ILP, March 1995� UCB,MM,PT,CDS1995Performance and Cost Estimationa := a + 1a := 0*ca<bBEGINENDemit(*y)4026416314TFFT189lExample: 68HC11 timing estimation lCost assigned to s-graph edges u(different costs for taken/not taken branches) lEstimated time:umin: 26 cyclesumax: 126 cycleslAccuracy: within 10% of profiling� UCB,MM,PT,CDS1995Performance and Cost EstimationlTiming information can also be used for cross-profilinglSoftware generated from s-graphs accumulates elapsed clock cycleslPerform simulation and gather profiling data:u event response timesu dynamic analysis of bottleneckslUse estimated clock cycles for fast HW/SW co-simulationlProcessor selection at early stages of design

Page 36HW/SW Co-Design for Embedded SystemsAlberto S-V, ILP, March 1995� UCB,MM,PT,CDS1995The Scheduling ProblemlGiven:uestimates on the minimum and maximum execution times for each CFSM transition (from the S-graph)ua set of timing constraints u(e.g., input event rates and input-to-output deadlines)lFind an execution ordering for CFSM transitions that satisfies the constraints:ueither static, pre-computed (off-line)uor dynamic, decided at run time (on-line)� UCB,MM,PT,CDS1995The Scheduling ProblemlCurrent scheduling algorithms:uLots of manual analysis requireduEither guaranteed performance with high overhead, or no guarantee but highly efficientuSchedulability analysis is usually very pessimistic (waste of CPU power)lScheduling algorithm choice is left to the userlMore work needed to do:uVerifiable scheduling (less CPU waste)uAutomated constraint propagation

Page 37HW/SW Co-Design for Embedded SystemsAlberto S-V, ILP, March 1995� UCB,MM,PT,CDS1995Scheduling AlgorithmslOff-line scheduling: determine a cyclic execution order that satisfies the constraintsuweak constraints: round-robin cyclic executive (like the synchronous hypothesis in Esterel)utight constraints: call each CFSM only when it is expected to receive an event (based on expected I/O rates)lAdvantages: simple, fast, highly predictable (essential for mission-critical systems)lDisadvantage: low utilization of CPU to guarantee constraint satisfaction� UCB,MM,PT,CDS1995Scheduling AlgorithmslOn-line scheduling: determine a set of priority values that determine the next runnable CFSMlPriorities can be statically or dynamically determinedlA running CFSM may or may not be interrupted in the middle of a transition(preemptive/non-preemptive algorithms)lAdvantage: higher CPU utilizationlDisadvantage: more complex, higher overhead (dynamic and preemptive most complex)

Page 38HW/SW Co-Design for Embedded SystemsAlberto S-V, ILP, March 1995� UCB,MM,PT,CDS1995Scheduling AlgorithmslCurrently implemented algorithms:uround-robin cyclic executiveuoff-line I/O rate-based cyclic executiveustatic pre-emptive: rate monotonic scheduling (Leyland, Liu �76): uhighest I/O rate has highest priorityudynamic pre-emptive: Earliest Deadline FirstuCFSM with nearest deadline has highest priority� UCB,MM,PT,CDS1995Open Problems with SchedulinglPropagation of constraints from external I/O behavior to each CFSMuprobabilistic: Markov chainsuexact: FSM state traversallSatisfaction of constraints within a single transition (e.g., software-driven bus interface protocol)lAutomatic choice of scheduling algorithm, based on performance estimation and constraints

Page 39HW/SW Co-Design for Embedded SystemsAlberto S-V, ILP, March 1995� UCB,MM,PT,CDS1995Other Scheduling ModelslProblem: computation result may depend on dynamic schedulelSynchronous systems (Esterel, Signal, Lustre): no scheduler needed(as long as the software is fast enough)lData-flow systems: result does not depend on scheduling if event detection is blocking (Kahn �74)lCan we obtain determinism without losing efficiency ?� UCB,MM,PT,CDS1995Software synthesis procedureSpecification, partitioningS-graph synthesisTiming estimationScheduling, validationnot feasiblefeasibleCode generationCompilationTesting, validationProductionpassfail

Page 40HW/SW Co-Design for Embedded SystemsAlberto S-V, ILP, March 1995� UCB,MM,PT,CDS1995Hardware SynthesislSHIFT is interpreted as a synchronous register-transfer specificationlDirect implementation as combinational logic + registerslNon-zero delay implemented by latching all the outputsu Ensures correct composition (Moore-type synchronous FSMs)u Improves� testabilitylLogic synthesis for various target implementationsuFPGAs for rapid prototyping� UCB,MM,PT,CDS1995Hardware Synthesiscomb.logicLcomb.logicL

Page 41HW/SW Co-Design for Embedded SystemsAlberto S-V, ILP, March 1995� UCB,MM,PT,CDS1995System ValidationlSafety-critical real-time systems must be validatedlExplicit exhaustive simulation is infeasiblelFormal verification can achieve the same level of safenesslHow to use them together ?lSimulation can be used initially uQuick functional debugging uRule out obvious cases (which can be expensive to verify)lThen formal verification takes over for exhaustive checking, but...lSimulation is used again as user interface to provide the designer with error traces� UCB,MM,PT,CDS1995Formal VerificationlHSIS uLanguage containmentuModel checking (CTL)lSystem described by interacting NDFSMsCFSMsNDFSMsdelay automata

Page 42HW/SW Co-Design for Embedded SystemsAlberto S-V, ILP, March 1995� UCB,MM,PT,CDS1995Formal VerificationlModel described as a network of CFSMs (mapped into FSMs)lTime-independent and time-dependent propertieslBounded delay modelled by using non-determinism� UCB,MM,PT,CDS1995Example of Formal Verification(*KEY == ON) => *START(*END == 5) => *ALARM=ON(*KEY == OFF) or(*BELT == ON) =>(*END == 10)) or(*BELT == ON) or(*KEY == OFF) => *ALARM = OFFWAITOFFALARM(*KEY == ON) and(*BELT == ON) =>

Page 43HW/SW Co-Design for Embedded SystemsAlberto S-V, ILP, March 1995� UCB,MM,PT,CDS1995Example of Formal VerificationlUntimed PropertyuAG(ALARM_ON --> AF(ALARM_OFF))lAssumption: Non-zero unbounded delaysuProperty doesn�t holduDeduce reason for failure from error traceuNeed tighter delay rangeuSpecification refinement � UCB,MM,PT,CDS1995Example of Formal VerificationlPick any delay KuProperty holdslConclusion:uAny implementation with bounded non-zero delays satisfies the property

Page 44HW/SW Co-Design for Embedded SystemsAlberto S-V, ILP, March 1995� UCB,MM,PT,CDS1995Example of Formal VerificationlTimed property (TCTL)uAG(ALARM_ON --> AF<6 s(ALARM_OFF))lProperty doesn�t hold for all K, it only holds for:u0 input delay, anduoutput delay ranges from 0 to 0.5 s� UCB,MM,PT,CDS1995Example of Formal VerificationlA �Looser� timed propertyuAG(ALARM_ON-->AF<11s(ALARM_OFF))lThere are some combinations of input and output delays that satisfy the propertylThis delay information can be used to �refine� the specification and restrict the implementations to be consistent with the specification

Page 45HW/SW Co-Design for Embedded SystemsAlberto S-V, ILP, March 1995� UCB,MM,PT,CDS1995Example of Formal VerificationlPurely hardware implementationuBoth �6s� and �11s� properties hold if propagation delay < 0.5slHw-Sw implementationuSoftware implementation has non-zero input delaysuNo Hw-Sw can satisfy the �6s� property: zero input delay is not feasibleuSome �fast� Hw-Sw implementation can satisfy the �11s� property� UCB,MM,PT,CDS1995Problems of Formal VerificationlIs the error trace �real?�uMaybe not, because of our simple model of environment...uNo driver can turn off and on the key in one tenth of a second ! �Some behaviors may not be possiblelThe cause of failure may be hard to decipher from �automatic� simulationlFormal verification is hard (state explosion)uLongest run takes 6.5 hrsu60 million states (time unit 0.1s)

Page 46HW/SW Co-Design for Embedded SystemsAlberto S-V, ILP, March 1995� UCB,MM,PT,CDS1995What Did We Learn?lTime unit must be chosen by trading off precision and speedlMain problem: widely varying time scales (hw, sw and user domains)�State explosion!lPossible solutions:uIterative addition of timing constraints (Balarin et al. CAV �93)uConservative approximations (Burch TAU �92)� UCB,MM,PT,CDS1995ConclusionslIntroduced a new model for hardware and softwareuSimple: finite state, no complex synchronization,...uUncommitted to a specific implementationuEvent-driven causal model with implicit unbounded delays

Page 47HW/SW Co-Design for Embedded SystemsAlberto S-V, ILP, March 1995� UCB,MM,PT,CDS1995ConclusionslProposed methodology is based on a implementation - independent specification formatlProposed hardware and software implementations are automatically generatedlPartitioning and synthesis are made easier by the common model usedlThe FSM model derived from a CFSM is compatible with many formal verification algorithms� UCB,MM,PT,CDS1995Car Dashboard ExamplelImplemented a dashboard controller:uSpeedometer and odometeruSafety functions (seat-belt alarm)uFuel gauge controllTiming functions implemented by the user (custom scheduler)l23 interacting CFSMs, of 13 different sorts:uSpeed, Odo, RPM (speedometer, odometer)uBelt (safety)uCrossdisp (fuel)uFRC, Timer (scheduler)

Page 48HW/SW Co-Design for Embedded SystemsAlberto S-V, ILP, March 1995� UCB,MM,PT,CDS1995Car Dashboard ExamplelControl functions specified in Estereluautomated translation from Esterel to CFSMslCFSM interconnection specified graphicallyFRCTimerOdoBeltSpeedRPMCrossdispCrossdispCrossdispFuelfuelkey, beltclockwheelenginefuel_dispspeed_dispRPM_dispodo_disp� UCB,MM,PT,CDS1995Software Synthesis Resultsfunction estimated measured timingsize timing sizeFRC147447 649 130 485 687Timer2127751341 180 901 1433Odo134339 446 120 352 465Speed134369 462 120 382 465RPM134369 462 120 382 465Belt108311 508 100 312 517Crossdisp251 16883 37196 210 23160 39284