Chapter 4. Logic ValidationLogic emulation is one of the most promising application domains for multi-FPGA systems. In this chapterwe explore logic emulation in greater depth, and show how emulation fits into a complete logic validationmethodology.Logic validation is the process of determining whether a realization of a logic circuit exhibits the desiredfeatures. While this statement sounds simple, logic validation is in fact a fairly complex procedure, withmany different possible approaches. The major issue is in defining what the �desired features� are for agiven piece of logic. There are many different answers. One possibility is that the behavior of animplementation matches the behavior of some predefined specification. However, whether thespecification actually matches the users� desires is not always clear, especially if the specification is quitecomplex. We could define �desired features� as simply whatever the users desire, but the users may notknow exactly what they want. Thus, giving the users a system they can examine and test to help definetheir desires can also be an important part of logic validation. Some validation goals can be quite easy todefine. These include the requirements that the system achieve a certain cycle time (performance), or thatit avoid certain erroneous behavior, such as deadlock or other failure modes.Another important facet of the logic validation issue is the definition of what is a �realization of a logiccircuit�. Logic validation will often be performed on a version of the logic somewhat abstracted from thefinal, physical realization. Early in the design cycle, all that may be available is a high-level specificationof the circuit functionality. The designers may want to test this specification before implementing it.Catching errors in the specification can allow much simpler fixes, with much less wasted effort, than if theerrors are allowed to propagate all the way to the completed implementation. In general, errors correctedearlier in the design cycle are much easier to fix than errors fixed later in the process, since as the designprogresses the implementation becomes more detailed, and thus more complex. Even when theimplementation is completed, there may still be the need to test an abstracted version of the circuit. Somelogic validation techniques require that the circuit be simplified somewhat, either because the techniquecannot handle all the details of the system, or because adequate performance can only be achieved bysimplifying the logic. For example, software simulators can simulate most of the electrical behavior of acircuit, modeling the voltage levels on all signals in the system, but a much faster simulator can be built forpure functional testing, where signal voltage values are abstracted to purely �true� and �false� values.As we will see in the following sections, there are a number of different methods for performing logicvalidation. They each have different strengths and goals, with different models of how user desires for the

50logic are expressed, and operate on different realizations of the circuit�s functionality. As we will discussin the final section of this chapter, the proper method for logic validation is not a single technique, butinstead an integrated system of techniques that takes advantage of the differing strengths of each of theseapproaches.SimulationProbably the most powerful and most widely used logic validation method is software simulation. Here,the logic realization is executed in software. The software models whatever portions of the electrical andfunctional behavior of the elements in the logic realization the user desires, and the resulting behavior canbe observed. For example, in a unit-delay functional simulator (i.e., a simulator where all electrical effectsare ignored, the circuit is represented as gates, and all gates take exactly one time unit to react to newinputs), the software examines the inputs to all gates, and computes the appropriate values for each gate�soutput(s). By assigning different values to the inputs of the system, the user can see how the system willreact to different situations. By applying sequences of inputs, the sequential behavior of the system canalso be examined. Simulators need not only be unit-delay functional simulators, but can also incorporatemore complex models of circuit timing and electrical behavior. For example, a simulator can include adetailed model of the capacitances on a signal line, and the drive strengths of the transistors generating thissignal, to compute the predicted voltage levels on the wire at any given time.The advantages of software simulation are that they have good observability and controllability, and areeasy to use. Since each signal value must be maintained by the software to process the simulation, thesoftware can tell the user the value of a wire at any time in the simulation, and can follow the changingvalue over time. In this way, the user gains a great deal of information about the system�s behavior,information that might not be available in the final hardware realization. Also, since the values on thewires are simply numbers stored inside the computer, these values can quite easily be manipulated by theuser. For example, the user may want to understand the behavior of the system once it is in some specificconfiguration. In the final logic implementation, it may be quite difficult to force the system into this state.The user of a software simulator can simply instruct the simulator to put the system into the desired state,and then observe the subsequent behavior. The user can also experiment with the system, evaluatingdifferent configurations and designs. This allows the designer to efficiently explore the design space,leading to better implementations. In terms of ease of use, software simulators can be constructed to acceptany reasonable circuit description. Thus, simulators can execute high-level specifications, specificationsthat are quite distant from their eventual hardware implementations. In this way, users can begin testingtheir designs very early in the design cycle, thus saving significant effort by fixing bugs before they

51propagate to more detailed (and more time-consuming to modify) implementations. Also, portions of agiven specification can be tested in isolation, making it easier to understand that subcircuit�s behavior.The flexibility of software-simulation is also its biggest weakness. It takes a significant amount ofinstructions for a standard processor to process the logic elements in the realization to be tested. Thismeans that the software simulation is going to operate significantly slower than the real circuit. Thus, asecond of circuit operation can take a software simulator minutes, hours, or more to process. Work hasbeen done on providing specialized simulation-accelerators to speed up software simulation [Blank84,Zycad94b, Zycad94c]. Also, simulators can operate on abstracted versions of the logic, ignoring somedetails of the implementation such as detailed timing and voltage levels, thus providing faster simulation.While software accelerators and simulators that work on abstracted versions of the logic can give boosts inperformance, it still takes a software simulation significantly longer to execute than a true hardwareimplementation of the circuit. This tends to relegate software simulation to those situations where eitherthe time penalty is not severe, or the flexibility and observability of software simulation is required. Theseinclude testing subcircuits of complex designs and early testing of specifications, where short executions ofthe software can discover problems in the realizations, as well as executions of trouble situations wherebugs have been discovered by other methods, where software simulation can help the designer understandthe failure.PrototypingPrototyping is the process of creating a physical implementation of the circuit under validation. Forexample, one method of testing a circuit is to actually construct it, and then test this implementation undernormal working conditions. Since one now has the real circuit, results obtained from testing it will be themost accurate, since there is no abstraction, modeling, or other hidden assumptions in the process. Thusexact performance, suitability, reliability, and other evaluations can be made. Not only can more accuratetests be performed, but the prototype can also be given to users for evaluation. This allows the users todetermine whether the system will actually handle their needs and demands, something that is difficult todo with just the initial specification. Also, prototypes usually operate at or near target system speeds,allowing tests to be completed much faster than software simulation. Note that a prototype of the systemcan be made differently than the eventual production system. For example, techniques of breadboardingand wire-wrap allow a prototype to be created quickly. These techniques are simply methods to wiretogether standard components to implement the system. As such, they allow a prototype to easily beconstructed, but the implementation technology (chips scattered across generic boards with individual wireconnections) is different from the final product. This introduces some discrepancies between the prototype

52and the eventual system, introducing some inaccuracy in the modeling. One specific example is inperformance, where wire-wrap and breadboard prototypes cannot handle cutting-edge performance, andthus such systems will need to be slowed down. Also, both wire-wrap and breadboarding are somewhatunreliable. Thus, the debugging process for these technologies is more complex, since the implementationtechnology must always be considered a potential culprit in any anomalous behavior.While prototyping has the benefits of a high degree of accuracy and high-speed testing, it also suffers fromsome significant problems. First, to build a prototype one must have the system to be prototypedcompletely designed. Because of this in general one cannot prototype a specification or behavioraldescription. As a result prototyping is only useable fairly late in the design process. Also, constructing theprototype can be a costly process, both in terms of materials (since a complete implementation of a circuitmay involve circuit board or ASIC fabrication) and in construction time. These prototypes are usuallydifficult to alter, so to avoid the costs of multiple fabrications prototyping is again relegated to very late inthe design process, when (hopefully) errors will be few. Finally, it is hard to test a prototype, since there isusually little or no access to the internal state of the system, and it is difficult to control system behavior.Specifically, while a software simulator can display and alter the value of any signal in the system, this isnot possible in most prototypes, making it much more difficult to detect and isolate erroneous behavior.Even though prototypes are costly to create and difficult to use, they are the only truly accurate method oflogic validation. All other methods of logic validation make abstractions and assumptions about theelectrical and behavioral characteristics of actual circuits, making the results somewhat suspect. Thus,testing a prototype is an essential portion of any logic validation process, though it is usually relegated toquite late in the design process. Detection and correction of most bugs in the system is handled by othervalidation methods.EmulationLogic emulation is a method of logic validation that shares many of the advantages (and disadvantages) ofboth prototyping and software simulation. Like a prototype, the circuit to be evaluated is implemented inhardware so that it can achieve high performance test cycles. However, like software simulation, theemulation can easily be observed and altered to help isolate bugs. Logic emulation takes a gate-leveldescription of a logic circuit and maps it onto a multi-FPGA system. This multi-FPGA system is aprefabricated, reprogrammable compute engine that can be configured to implement the desired circuitfunctionality in a matter of seconds. However, to transform the circuit description into a mapping suitablefor this multi-FPGA system can take multiple hours to complete. This mapping process is usually

53completely automated by the emulator�s system software. Once the circuit is mapped to the multi-FPGAsystem, the emulator provides a complete, functional implementation of the circuit that can evaluatemillions of circuit cycles per second. This is orders of magnitude faster than even simulation-accelerators,since the multi-FPGA system can implement the complete circuit functionality in parallel, whileaccelerators simply provide one or more sequential logic evaluation processors.Emulators provide a middle-ground between software simulation and prototyping. Compared to softwaresimulation, an emulation executes much faster than a simulation. However, it can take a significant amountof time to map a circuit onto the emulator, and it is more difficult to observe and modify the behavior of thecircuit. Thus, software simulation is a better choice for testing small subcircuits or small numbers ofcomplete circuit cycles, where the software�s flexibility and ease of use outweighs the performancepenalties. Compared to a prototype, an emulation is much easier and faster to create, and it has muchgreater observability, controllability, and modifiability than a prototype. However, the emulation cannotrun at the same speed as the target system. Thus, the emulator is a much better choice for providing a hugenumber of test cycles than a prototype when one expects to find bugs in the system, but it is no replacementfor final checkout of the system via a prototype. For circuits that will execute software programs, anemulator can be used to debug this software much earlier in the design process than a physical prototype.This is because an emulation can be created from a high-level specification of the circuit, while prototypingmust wait until the complete circuit has been designed. Simulation in general cannot be used for softwaredevelopment, since it is much too slow to execute enough cycles of the software. Also, just like aprototype, an emulation can be given to the end-user so that the circuit can be evaluated before the design iscompleted. In this way, the user can get a much better feeling for whether or not the design will fulfill theuser�s needs, something that is difficult with just a written specification. The emulation can be inserted intothe target environment (as long as some method for reducing the performance demands on the system canbe provided, such as those described in Chapter 8), and the system can be evaluated in a more realisticsetting. This helps both to debug the circuit, and also to test the circuit interfaces and environment. Forexample, often a custom ASIC and the circuit board that will contain it will be developed simultaneously.An emulation of the ASIC can be inserted into this circuit board prototype, testing both the ASICfunctionality as well as the board design.One limitation of emulation is that it retains only the functional behavior of the circuit, which means thatvalidation of the performance and timing features of a circuit cannot be performed on a logic emulator.Once a prototype is constructed, both logic emulation and software simulation are still valuable tools.When an error is found in a physical prototype, it can be difficult to isolate the exact cause in the circuit.An emulator can be used to reproduce the failure, since it can execute nearly as many cycles as the

54prototype, and the emulator�s observability can be used to isolate the failure. Then, detailed testing can beperformed by software simulation. Thus, logic emulation plays a complementary role to both softwaresimulation and prototyping in logic validation.Formal VerificationFormal verification [Yoeli90] includes techniques that can determine whether two logic realizations areidentical, as well as techniques to decide whether a given logic realization could ever exhibit a certainbehavior. For example, the designer of a circuit may work from a high-level specification to create animplementation of the circuit. Formal verification techniques can examine both of these realizations of thelogic and determine whether they have exactly the same behavior. Note however that most formalverification techniques are restricted to functional validation (that is, they ignore the detailed timing andelectrical characteristics of circuits). Thus, an actual implementation of the circuit could not be tested viaformal verification, and would have to be abstracted into a functional description of the implementation.This abstraction process could be somewhat inexact, adding the potential for errors. However, ignoringthis issue, formal verification techniques can tell designers whether or not they have successfullyimplemented a given specification. This is not the same as determining whether the implementation isactually what the user desires, since the specification may not have reflected these properly. However, ifthe two realizations differ, it is quite likely that there is an error in the implementation. Also, bydetermining that an implementation is the same as a specification, a user can then examine the specificationto determine whether the implementation meets their needs. Since specifications will usually be muchsimpler than their implementations, this can simplify the validation process. Note that there is anotherapproach to this process of ensuring that specification and implementation are identical: automaticsynthesis methods that ensure �correct-by-construction� implementations. These systems translate aspecification into an implementation by applying a set of transformations that have been formally provencorrect. That is, the creator of the transformational system has examined each transformation, and proventhat the circuit created by applying the transformation is always identical to the circuit to which thetransformation is applied. Thus, if an implementation is derived from a specification via a �correct-by-construction� system, the designer already knows that the implementation is identical to the specification,and thus it is not necessary to apply formal verification to determine this.There is a second portion of formal verification: the determination of whether a given realization can everexhibit certain behaviors. For example, the designer of a resource controller may need to insure that tworequesters can never access the resource at the same time (i.e., ensure mutual exclusion). The designermight use software simulation, as well as the execution of a completed prototype, to demonstrate that this

55requirement is met. However, in most complex systems it is impossible to exhaustively test the circuit, andthus all that the simulation and/or prototype execution can prove is that the requirement is not violated inthe situations that have been tested. For many applications, especially safety-critical applications, thisguarantee is not sufficient. Formal verification techniques hold perhaps the only solution to this problem.Formal verification methods examine a given realization of a circuit and efficiently determine either thatthe realization can never violate the constraint, or provide a counter-example where the circuit does violatethe constraint. The counter-example is an allowable excitation of the circuit (i.e., a series of input signalsthat are not prohibited by the input signaling protocols) that will cause the constraint to be violated. Bothof these results are valuable. In the case where the constraint is proven to be upheld, we have much greaterconfidence in the system than any other technique can achieve (note that this result may not be an absoluteproof, since the representation of the circuit tested will at best be an abstracted version of theimplementation, and this abstraction process may introduce errors). In the case where a counter-example isprovided, this counter-example serves as a guide to understanding the failure mode and determining a fix.While formal verification and �correct-by-construction� techniques offer the best hope for creatingcompletely correct circuits, these techniques are not sufficient by themselves to handle the complete logicvalidation task. There are three problems with these techniques that somewhat restrict their utility. First,when applying these techniques to generate an implementation, we assume that the specification is in factwhat the user desires. However, user needs and requirements are often ill-defined, and any attempt tocodify them in a formal specification will inevitably introduce errors, misunderstandings, and unexpectedresults. Many of these problems are due to the fact that before users have actually used a system they maynot know exactly what they really want, and early attempts to express these needs may be na�ve. Second,these formal techniques in general require abstract mathematical models of the actual circuit behavior.These abstractions will be somewhat inexact, and there is a potential for errors both in translating a�correct-by-construction� realization into a real circuit implementation as well as in abstracting a circuitimplementation into a form that formal verification techniques can examine. Finally, while formalverification techniques can efficiently handle some circuits, real circuits can be quite complex, with hugestate spaces, greatly increasing the task of formal verification. These techniques, at least as developed sofar, are not capable of handling complete, complex systems. Thus, formal verification techniques can beapplied only to smaller subcircuits. However, even if individual subcircuits are verified to be correct, whenthey are composed together there is still the potential for failures due to their interactions.

56Complete Logic ValidationAs we have just discussed, there are numerous methods for performing logic validation, each with its ownstrengths and weaknesses. Current practice in general involves only software simulation during earlydesign phases, followed by the construction and testing of a hardware prototype. Unfortunately, thisignores the fact that only formal verification can discover some kinds of unlikely, but still possible, failuremodes of the circuit. Also, logic emulation can greatly improve the completeness of pre-prototype testing.In an ideal validation environment - one where some of the current shortcomings of formal verification andlogic emulation have been overcome - the methodology would take advantage of the strengths of eachapproach, while using multiple approaches to avoid their individual deficiencies. In early design phases,the user would be creating and modifying a specification of the circuit to be designed. Software simulationwould handle most of the validation needs in this step, though formal verification techniques could beapplied to discover failure modes in the specification. As this specification is subsequently refined into acomplete implementation, correct-by-construction logic synthesis systems or formal verification techniquescould be applied to avoid adding errors during this refinement process. At some point, software simulationwill have uncovered most of the simple bugs, and further testing would only discover new failures after alarge number of test cycles. At this point, emulation would become a better testing method than softwaresimulation simply on performance grounds. Emulation may also be necessary earlier in the process toprovide a platform for concurrent software development, and to provide a demonstration vehicle for end-user evaluation. Once failures are discovered via emulation, software simulation could help isolate theerrors and develop the bug fixes. Eventually, the designers would have confidence that the current designis relatively bug-free. At this point, the time and expense of prototype construction are justified, and aprototype would be built. This would probably be done via a complete fabrication of the circuit, avoidingthe unpredictable failures and inaccuracies of wire-wrap or breadboarding. The prototype could then becompletely tested under true operating conditions. When failures occur, both emulation and softwaresimulation could be brought to bear to isolate and correct the errors.Under this ideal validation process several interesting things occur. Formal verification is applied touncover failures that no other method would ever uncover. With the complexity of current systems, it isimpossible to exhaustively test the circuit, and some unlikely situations would not be examined. Withoutformal verification, errors that occur only in these unlikely situations would only be discovered after theuser is bitten by these bugs. Emulation also provides improved capabilities to the validation process. Sinceemulation could be applied much earlier in the design process than prototyping, many more test cyclescould be completed in the early design phases. This would uncover failures earlier in the process, making

57the resulting debugging and correction easier and faster. Also, emulation provides a software executionplatform much sooner than prototyping, allowing software development to begin much earlier in theprocess. It provides an early, working prototype of the system, which could be used for interface testing(such as when an emulated ASIC is inserted into the circuit board designed to contain it so that the boardand board-chip interactions could be tested), as well as for early end-user evaluation. The latter is quiteimportant, since the goal of logic validation is not just to determine whether the circuit meets thespecification, but also make sure that the design is actually what the end-user really wants. Finally,emulation could delay the need for the construction of a physical prototype, saving much of the time andmoney that would otherwise be wasted on multiple prototype fabrications.As we have argued, the best validation methodology is a combined methodology, taking advantage of thebenefits of software simulation, emulation, prototyping, and formal verification. Software simulation helpsthe designers understand the design they are working on, and detect problems on a small scale. Emulationexpands this capability to the complete system, giving the designers and end-users their earliest look at thecomplete system in operation. Prototyping provides the final sanity check, with no hidden errors due tofalse assumptions or incorrect abstractions of the true system behavior. Formal verification guards againstthe unlikely (yet still possible) error conditions, detecting problems that could be discovered via no othermethod. In this way, the best overall validation solution could be delivered.In the next chapter we discuss current multi-FPGA systems, concentrating on their hardware structures.Then in Chapter 6 we present Springbok, a system for the logic emulation of board-level designs.