
Integrating Design and Veri�cation Environments Through A LogicSupporting Hardware Diagrams�Kathi Fisleryand Steven D. JohnsonDepartment of Computer ScienceLindley Hall 215Indiana UniversityBloomington, IN 47405fk�sler, sjohnsong@cs.indiana.eduAbstract | Formal methods and veri�cation toolsare di�cult for designers to use. Research has beenconcentrated on handling large proofs; meanwhile, in-su�cient attention has been paid to the reasoning pro-cess. We argue that a heterogeneous logic supportinghardware diagrams and sentential logic provides a nat-ural framework for reasoning and for the formal inte-gration of design and veri�cation environments. Wepresent such a logic and demonstrate its 
exibility onfragments of a tra�c light controller design and veri-�cation problem. I. IntroductionAlthough formal veri�cation is gaining acceptance asa useful and viable stage in the hardware design cycle,designers are not adopting veri�cation as readily as re-searchers might have expected or hoped. Reasons citedinclude concern that veri�cation will lengthen the designcycle, the general reluctance of industry to risk applyingnew techniques, and designers' lack of experience usingthe formal notations underlying veri�cation systems [14].These are all valid concerns, but the last point is perhapsthe most telling; veri�cation tools that were natural to usewould reduce the problems associated with inexperience,which would in turn diminish the �rst concern.Most researchers accept that there is considerable learn-ing overhead associated with applying formal techniques;people often suggest that highly trained veri�cation spe-cialists are required to assist designers in using thetools [14]. This state of a�airs, although undesirable, iscurrently accepted as inevitable. However, the correctionof a crucial, but subtle, oversight in the research commu-nity stands to alleviate the problem.The community has made the mistake of equating proofand reasoning. When promoting formal methods, we fo-cus on the end result | a veri�ed product. We do notgive much attention to the means by which we arrive at�This paper was revised after distribution of the participant'sproceedings to correct errors in �gure 3.yResearch supported by the AT&T PhD Fellowship Program.

that product, so long as those means are formal and rigor-ous. This is not su�cient. Veri�cation is about proof, butin practice it requires human reasoning. As a result, thetools and theories used must be conducive to clear rea-soning. Our current tools are conducive to proof; supportfor proof was among the main arguments originally givenin favor of doing design using formal logics. We mustnow develop tools and theories that are also conducive toreasoning.In this paper, we demonstrate a design and veri�cationlogic engineered to support reasoning through its inte-gration of multiple representations of hardware, some ofthem diagrammatic. Section II explores the nature of rea-soning in hardware design. Section III presents examplesof hardware reasoning with diagrams that are supportedin the logic. Conclusions and future directions appear insection IV.II. Reasoning and Hardware DesignBarwise and Etchemendy view valid reasoning as \theexploration of a space of possibilities" [3]; certainly thisview seems consistent with what occurs during the designprocess, where design alternatives are explored to arriveat an implementation. They note that reasoning is a het-erogeneous activity | people use multiple representationsof information while reasoning, and those representationsare often non-sentential forms such as diagrams. This isalso consistent with what occurs during design, in whicha combination of state machines, circuit diagrams, tim-ing diagrams, and sentential languages such as VHDL areoften used.How well do the representations used in current toolsand methodologies support reasoning as described above?In order to support exploration of a space of possibilities,a representation must make explicit the information rel-evant to the reasoning task at hand; the relevant infor-mation often changes depending upon the characteristicbeing examined. In the case of hardware design, we aresometimes interested in control 
ow, sometimes functionalbehavior, sometimes low-level timing. Some representa-



tions support certain characteristics nicely; automata, forexample, are good models of control behavior.Higher-order logic has long been promoted as a goodrepresentation for specifying hardware [11]. Control 
owand functional behavior can be expressed using higher-order logic. If we are interested in functional behav-ior, higher-order logic leaves connections between dataimplicit through the use of variables. Someone using ahigher-order logic speci�cation to track data 
ow needsto mentally connect the sentences involving common vari-ables. Contrast this with the same speci�cation viewedas a circuit diagram, in which the connections are madeexplicit and the user has no need to mentally trace con-nections. In this case, the circuit diagram is going to bemore conducive to the exploration than the higher-orderlogic representation because the relevant information |the interconnections of data | are explicit.Notice the aspects of design elicted by this argument:the need to look at multiple features or representationsof a system and the fact that the clearest representationsfor a particular property might not be sentential. Design-ers have traditionally used a number of representationsof information during a the design process, and diagramsare commonly among them. The veri�cation communitycites these practices as problematic to veri�cation [4] be-cause the method of using multiple representations, someof them diagrammatic, is not rigorous.Nothing prevents such a methodology from being maderigorous. In fact, making such a methodology logicallysound o�ers a �rst step towards addressing the proof-versus-reasoning problem. That designers persist in usingthis methodology despite its lack of formal basis suggeststhat they are comfortable reasoning in this manner.Heterogeneous logics [1] are the key to making thismethodology rigorous. In a heterogeneous logic, multi-ple representations of information interact formally viasemantics and rules of inference. The �rst reasoningtool based upon heterogeneous logic was Barwise andEtchemendy's Hyperproof system [2]. Hyperproof inte-grates �rst order sentential logic with a diagrammaticblocks world, thereby allowing the user to reason with in-formation from both representations simultaneously. Hy-perproof does not treat its diagrams as mere interfacetools; rather, it treats diagrams as valid logical objectson par with sentential formulae. The system contains thestandard inference rules of �rst order predicate logic alongwith inference rules from sentences to diagrams and vice-versa. Additional details appear in [1] and [2].Our logic supports four representations: gate level cir-cuit diagrams, timing diagrams, algorithmic state ma-chines (ASMs) [15], and higher-order sentential logic. Thesyntaxes of the �rst three representations are diagram-matic; in each case a classi�cation of the well-formed rep-resentations is provided. The logic uses a model of phys-ical hardware devices as a semantic basis. The use of acommon semantic basis for the four representations fa-

cilitates the de�nition of inference rules that bridge mul-tiple representations. Diagrams are not translated intoa sentential logic for purposes of inference rule de�nition;rather, inference rules are de�ned directly on the diagram-matic representations, in the same manner as they aretraditionally de�ned on formulae.The diagrammatic portion of heterogeneous hardwarelogic was �rst presented in [8]. The current logic isnot presented here due to space constraints, but appearsin [10] with presentation of inference rules and more de-tailed examples.III. The Island Traffic Light ControllerAssume that we want to design a controller for the traf-�c lights at a one lane tunnel connecting the mainland toa small island as pictured below. There is a tra�c lightat each end of the tunnel; there are also four sensors fordetecting the presence of vehicles: one at tunnel entranceon the island side (IE), one at tunnel exit on the islandside (IX), one at tunnel entrance on the mainland side(ME), and one at tunnel exit on the mainland side (MX).
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Fig. 2. ASM charts for the Island Tra�c Light Controller; the island light controller is on the top left, mainland light controller on thetop right, and tunnel controller on the bottom. IGL and IRL are the green and red lights for the island, IU indicates that the island isusing the tunnel, IR indicates that the island is requesting the tunnel, IY indicates that the island is being instructed to release control ofthe tunnel, and IG indicates that the island has been granted control of the tunnel; a similar set of signals has been de�ned for themainland. TC is a count of the number of cars presently inside the tunnel and IC is a count of the number of cars presently on the island.



5. Requests for the tunnel are eventually granted.6. Once a car arrives at an entrance, the light at thatentrance eventually turns green.7. All commands to yield the tunnel are acknowledgedby the island and mainland controllers.8. There are never more than 16 cars on the island.9. Counters are only changed once per car.10. Counters behave properly if signalled to incrementand decrement simultaneously.Some of these properties, such as 2 { 7, are naturalcandidates for �nite-state veri�cation techniques. Others,such as 10, are easier to reason about once an implementa-tion of the system is designed; the logic supports reasoningat each of these levels. As an example, we could reasonabout the condition that all yields issued by the tunnelcontroller should eventually be acknowledged. This con-dition can be expressed for the island controller using thetiming diagram
IY

IUin which the double-headed arrow requires that signal IU(\island using the tunnel") falls concurrently or after sig-nal IY (\island told to yield") rises.Given the representation of the environmental condi-tions provided in �gure 1, we can reason about whetheror not the design meets the property.1 Assume we are ina state in which the island is asked to yield the tunnel(indicated by IY being true). Looking at the diagramsin �gure 2, observe that the tunnel controller must be instate I-Use. Two transitions are possible from this state,depending upon the value of the signal IU. If IU is false,the desired condition is satis�ed, so we need only considerthe case when IU is true. We must prove that IU eventu-ally becomes false. Note that IY will remain true until IUbecome false. If IU is true, the island controller must bein state green or state entering. From state green with IYtrue, the island controller transitions to a state (red) inwhich IU is false, thus satisfying the condition. From stateentering, we see that the condition will be satis�ed if wecan prove that we eventually reach state green. We reachgreen if signal IE is guaranteed to become false, whichis given as one of our environmental conditions, therebycompleting our reasoning process.This example demonstrates that state machines aregood representations for reasoning about control behav-ior; the acceptance of model-checking and language con-tainment veri�cation techniques has demonstrated that1Due to space constraints, we can not provide the formal proofand the diagrams used as its supporting steps; as a result, we presentthe informal reasoning here and refer the reader to [10] for the formalproof.

they are also good representations for certain styles ofproof. Although the above reasoning process was deduc-tive in nature, we do not mean to imply that automaticveri�cation techniques should not be used when possible.At present, there is no model-checking algorithm de�nedfor this logic, but given the correlations between diagram-matic and sentential representations of state machines,adding one should be straightforward.Assuming we are satis�ed with the state-level design,the next step becomes designing an implementation of thesystem. This too can be done using the inference rules ofthe logic. There are several algorithms for converting astate machine into physical hardware [15]; for this exam-ple, we will take a state-encoded approach to the design.The circuit diagrams provided in �gure 3 for the islandlight controller can be shown to be logical consequencesof the associated state machine in �gure 2.The diagrams in �gure 3 suggest how the logic can beused for design. Assuming we derive the top diagram un-der an inference rule for state-encoded implementationsof state machines, there are a number of optimizations wecould make to minimize the number of gates in the cir-cuit. The bottom diagram re
ects one possible minimizedcircuit obtained from the original by means of circuit di-agram inference rules. The soundness of the rules is suf-�cient to assure us that the two circuits are behaviorallyequivalent; a proof of completeness of the rules | whichallows the rules to transform any two behaviorally equiv-alent circuit diagrams into one another | is in progressbased on a canonical form for circuit diagrams [9].Given implementations of the three controllers, all thatremains is to design the components necessary to interfacethe three implementations. While some of the interfaceconsists only of wires, additional logic is required to in-tegrate the counters and the needed comparator into the�nal design. This brings us back to the issue of veri�ca-tion, as we would like to formally establish the correctnessof the interface logic.As an example, consider the interface logic requiredfor the counter TC that records how many cars are cur-rently in the tunnel. Assume we have chosen to use aLS191 up-down counter [5] in our implementation. Thiscounter has an enable signal and a single signal for in-dicating whether the counter should count up or countdown. When the enable signal is low, a low voltage onthe up/down line causes counting upwards and a highvoltage on the up/down line causes counting downwards;no counting occurs when the enable line voltage is high.Once we interface the controller implementations with thecounter, we must verify that our interface logic routes sig-nals properly to the LS191. Assume that we used the fol-lowing interface logic, where I-TCIncr is the signal TC+from the island light controller and the remaining signalsare analogously de�ned.
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Down/UpIV. ConclusionsDespite the simplicity of the examples given here, itshould be clear that diagrams can play a role in facil-itating hardware reasoning; furthermore, diagrams canbe used at multiple stages of design, making them goodrepresentations for integrating design and veri�cationmethodologies. A tool based on such a heterogeneouslogic would be a strong step towards bringing usable ver-i�cation techniques to designers. This logic supports rea-soning because it mimics how people use representationsoutside of the realm of formal methods.The use of diagrams in hardware reasoning is not anew idea. Many systems have used diagrams as an in-terface tool, translating them into known sentential logicsfor purposes of inference and proof [6] [7] [18]; consider-able such work has been done using timing diagrams [12][16]. The integration of veri�cation methodologies withina single system is also not new [13] [17]. What is unique



to our approach is the notion of a heterogeneous systemsupporting diagrams as logical entities on even par withtraditional sentential representations; we believe this is amore natural re
ection of how diagrammatic reasoning isdone in practice.Despite the potential advantages suggested by our ap-proach, the current state of the research su�ers from cer-tain drawbacks when contrasted with other design andveri�cation tools. We currently lack the automation of amodel checking system, and we lack the abstract type def-initions and 
exibility of a more generic theorem provingsystem. We lack the automatic layout facilities of synthe-sis and some of the interface required to use the logic as apure simulation system. However, we believe that these is-sues generally re
ect the early stage of the research ratherthan any inherent drawbacks to the approach. For exam-ple, our ASM charts di�er from the SMV speci�cationlanguage only at a syntactic level; Schl�or and Damm [16]have shown that their timing diagrams can be translatedinto PTL. This suggests that portions of the logic could beautomated through model-checking. The integrated ap-proach we propose here in turn o�ers an advantage overstraightforward model-checking; logics such at CTL areknown to su�er from limitations in expressibility. Once wehave a classi�cation as to which of our timing diagrams,for example, can be model-checked, we o�er a user thechance to model-check some diagrams and interactivelyverify others, without the loss in expressive power associ-ated with working within decidable languages.There is no implementation of a tool based on the logicat this time. While we would like to implement such atool, present e�orts are directed at further developing thetheory of heterogeneous hardware logics.AcknowledgementsThe authors thank Jon Barwise and Gerry Allwein formany useful discussions on the ideas in this paper. ZijianZhou found errors in the original diagrams of �gure 3.References[1] Jon Barwise. Heterogeneous reasoning. InG. Mineau, B. Mouline, and J. Sowa, editors,Conceptual Graphs and Knowledge Representation.Springer-Verlag, 1993.[2] Jon Barwise and John Etchemendy. Hyperproof,CSLI Lecture Notes, University of Chicago Press. Toappear, 1994.[3] Jon Barwise and John Etchemendy. Logic, proof, andreasoning. In Alan Makinowski, editor, Companionto Logic. Blackwell, To appear.[4] Avra Cohn. The notion of proof in hardware veri�ca-tion. Journal of Automated Reasoning, 5(2):127{139,1989.
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