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Abstract. Diagrams have been left as an informal tool in hardware rea- 
soning, thus rendering them unacceptable representations within formal 
reasoning systems. We demonstrate some advantages of formally sup- 
porting diagrams in hardware verification systems via a simple example 
from the verification of a single-pulser. 

1 Introduction 

Diagrams have been treated as second-class citizens within the realm of formal 
reasoning, despite their steady use as informal design tools. The reasons for this 
appear to be based more on prejudice against diagrams in logic rather than on 
any inherent properties that render diagrams inappropriate for formal use. Dia- 
grams offer several potential advantages to hardware reasoning: they offer clear, 
compact and user-transferable representations, and they lack the high learning 
overhead associated with the formal logics underlying many state-of-the-art sen- 
tential reasoning tools. In fact, it would seem that the only thing precluding 
the rigorous use of diagrams in formal verification is the lack of formalization of 
diagrammatic representations. 

This paper presents initial work in a research project aimed at exploring the 
interactions of diagrams and sentential representations in the context of hard- 
ware design and verification. The goals of this research project are to develop a 
heterogeneous logic of interacting sentential and diagrammatic representations 
and to build a proof-checker based upon the logic. Our logic supports four repre- 
sentations: timing diagrams, circuit diagrams, algorithmic state machine (ASM) 
charts, and higher-order logic. Rules of inference bridge representations, allowing 
all four representations to interact during the proof process. 

2 Previous  Work 

Using visual representations in hardware design frameworks is not a new idea. 
Various design tools and description languages have employed diagrammatic rep- 
resentations [5] [7] [13], and systems for reasoning about some aspects of systems 
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using diagrammatic representations have appeared over the past year [3] [2] [10] 
[12]. Many systems provide formalizations of timing diagrams [2] [10] [12] and 
some even provide formal definitions of the interaction between timing diagrams 
and sentential representations [12]; however, none of these support multiple dia- 
grammatic representations. The authors of [3] present a system in which a user 
can reason about system states using a graphicai interval logic, but they trans- 
late their visual representations into a sententiai logic for purposes of formal 
manipulation, unlike our logic, which is developed directly at the level of the 
diagrams. A previous attempt at defining a heterogeneous logic for hardware, 
aiong with more complete arguments supporting the use of diagrams in hardware 
formal methods, is presented in [8]. The logic presented in [8] is less fine-grained 
than the one presented here; their logic is based only on behavioral relationships 
while this work allows for reasoning about structural relationships between com- 
ponents. To the best of our knowledge, this work is the first to present examples 
of fully formal reasoning using diagrammatic logic in the hardware and formal 
methods communities. 

The motivation for our research is based largely upon Hyperproof, the het- 
erogeneous logic reasoning tool developed by Barwise and Etchemendy [1]. Hy- 
perproof consists of a proof-checker for a logic of sentential and diagrammatic 
representations in a blocks world. We envision constructing an initial tool with 
much of the same flavor as Hyperproof. 

3 V e r i f i c a t i o n  a n d  D i a g r a m m a t i c  R e p r e s e n t a t i o n  

We believe that diagrammatic reasoning offers two main advantages in hardware 
verification: clarity of representation and conciseness of proof. We will use the 
single-pulser to demonstrate our arguments. The single-pulser is a good choice 
for this due to its size and clarity; such a study also complements the studies of 
slngle-pulser verifications given in these proceedings [9]. We use the work of [9] 
in this discussion as representative of sentential verification efforts. 

To address the issue of clarity, consider the PVS implementation and specifi- 
cation of the single-pulser proposed by [9]. Their implementation is given below 
and is based upon the accompanying circuit diagram. 

, . ~ = : : = ~ o  i~pCi, O) :  booZ : (3z" (~layCi, z) ^ and,~ z, O))) 
deZ y(i, O ) :  bool = ( W :  § 1) = 

b, bool = = x bCt))) 

Notice that the PVS representation is nothing but a translation of the dia- 
gram into the syntax of PVS - -  neither representation contains any more infor- 
mation than the other, i The behavioral specification of [9] is given in two parts, 
as follows: 

1 We could consider the lengths of wires in the circuit distrain as information n o t  

available in the sentential representation, but that information is more fine-grained 
than our logic is tuned to handle at present. 
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spec1(i, 0 ) :  bool = (Vn, rn, :P~Ise(i, n, m) D 
::Ik : n_</~A/~ _< mA O(k) = 1A 

(v i :  (,~ _< j ^ j._< ~ ^ o( j )  = i ~ .i = k)) 

spec2(i, 0 ) :  bool = (Vk: O(k)  = 1 D SinglePulse(O,  k) A 
(3,,, m :  ~ < k ^ k < ~ ^ PuZ,e(i, ,~, m))) 

The same specification could be given in terms of the following: 

o ~ ,, I I 

We claim that the timing diagram is a clearer representation of the intended 
behavior of a single-pulser than the two sentential specifications. The meaning 
of neither sentential specification is immediately clear, despite the fact that they 
are written in a straightforward style of higher-order logic. In fact, the average 
person might construct a diagrammatic depiction of the specifications in the pro- 
cess of understanding their full meanings. The advantages of clear specification 
are well known in the verification community. Careless interpretation of either 
specifications or implementations can lead to lost time in establishing proofs, 
or worse still, invalid proofs of correctness. Of course, the argument can also 
be made that there are issues of interpretation involved in using diagrams as 
well; we agree, but claim that the clarity of properly formalized diagrammatic 
representations minimizes the problem. 

We now turn to comparing the sentential single-pulser verification to a pos- 
sible diagrammatic verification. There are two aspects to consider: the time to 
develop proofs and the conciseness of the resulting proof. The PVS proof refer- 
enced in [9] took an estimated half-hour of proof time for a relatively novice PVS 
user; the main time expenditure was in properly formulating the specification, 
which took considerably longer than the actual verification [11]. Although we 
have no evidence to support this, we believe that specifications may be easier to 
state and debug using diagrammatic representations that are more familiar to 

practicing designers. 

A brief discussion of our rules of inference is in order; our intent is to design 
the logic such that diagrammatic rules of inference mimic the informal reasoning 
steps used by designers in practice. The inference rules relating a~d gates and 
timing diagrams appear below; other inference rules on and gates, such as one 
where a low input yields a low output, can be derived from these three primitive 
rules. The portion of the logic necessary to support these rules can be found 

in [61. 
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Now consider the following diagrammatic proof that  corresponds to the proof 
of specl. In the timing diagrams, the dashed axis notation denotes that  the 
dashed tick repeats the number of times indicated on the dashed line. 

1. i. ~ o  Assume 

2. ] ~ r---I Assume 
I , ,  i - - r l - -  I I 

3. Inverter Rule, 2 

4 .  Z ~ ,  I 

5. a . n : - i  

b. y r - i  i 
I I I 

Unit Delay Rule, 2 

Assume 

Instantiate value of n, 3 

c. z . r 'y ' l  r - - 1  
I I I 

Instantiate value of n, 4 

6. 
d. Ortf L'r'l / '  I 

I I ! 

a . n > l  

b. yL'=-'t 
' ' - . - T ,  

And Rule, 5b, 5c 
! 

Assume 

r Repetition expansion, 3 

C.  zL'7"7 ~ U _ _  Repetition expansion, 4 

d. o r  k?-! I I And Rule, 6b, 6c r_ , C~-F' v" 7 

or_._._.~ . , t ' - v ' l  r'---~ Merge, 5d, 6d 7. 
I ~n I ! I 

Comparing this proof to the PVS proof trace given in [9], it seems reasonable 
to argue that the diagrammatic proof is easier to follow and quite possibly easier 
to produce than the one required to verify specl in PVS. The steps taken in the 
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diagrammatic proof are also at a lower granularity (for sake of example) than 
those we expect to be taken in practice, thus compacting the proof even further. 
Though we have no measured results to support this, empirical evidence using 
Hyperproof indicates that proofs are often substantially shorter than their purely 
sentential equivalents [4]. 

The above presentation argues the benefits of using diagrammatic represen- 
tations in formal verification, but it does not adequately address our particular 
~pproach of developing a logic of ha.rdware diagrams. Certainly it would seem 
reasonable to merely provide a diagrammatic interface to an existing sentential 
logic, thereby allowing us to rely on existing tools for verification. There are 
certain obvious immediate benefits to such an approach, such as the timeliness 
with ~h~ch diagrams could be used to aid in formal verification. 

We believe, however, that this approach is not the correct one to take for three 
reasons. By using diagrams merely as an interface tool, we leave them as second- 
class citizens to sentential logic in the realm of formal reasoning. We believe 
that diagrams are as valid a representation as sentential forms in reasoning 
and we are interested in the creation of logics that put diagrams on equal par 
as a valid representation. In addition, using diagrams merely in an interface 
capacity sidesteps our belief that there are logical relationships between different 
diagrammatic hardware representations. Identifying these relationships may lead 
us to even stronger frameworks for verification, but to do so requires closer 
examination of the diagrams themselves as first-class citizens. 

Finally, we are not convinced that translation is ~ desirable approach. Arty 
formal system that uses translation needs to prove that the translation is done 
correctly; such an argument will require some level of proof that operates on 
the diagrams, so translation does not save us from needing to formally consider 
diagr;~ms in proof. [n addition, manipulations might be made on the translated 
representation that do not naturally translate back up to the diagrammatic 
representation; this problem would be critical for a system that implements 
inferences on diagrams. Lastly, there may exist natural rules of inference on 
diagrams that become less natur~l, perhaps even un~vieldy, at ~he sentent~al levd~ 
this seems at odds with our goal of providing natural diagrammatic inferences. 

4 Conc |us ions  and Future  Work 

We have presented a simple example demonstrating that diagrammatic repre- 
sentations can be formalized and used effectively in proof. Although the actual 
logic is not presented here for sake of space, the example proof is correct within 
the logic we have developed, and all inferences used in the example proof have 
been proven sound. A more complete discussion of the proof and a presentation 
of the logic that supports it is provided in [6]. 

We are in the process of completing the definition of the logic presented 
here; this includes presenting rules of inference and establishing soundness and 
completeness results for the full logic. The current status of this work is available 
in [6]. A prototype implementation of a simple proof-checker based upon our 
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logic is in an early development stage. We have yet to apply the logic to a 
substantial verification effort, but plan to do so in the near future. What is 
presented here is merely an initial attempt to formalize the interactions between 
these various diagrammatic representations. There is still much research to do 
both in understanding the role of diagrams in verification and in developing tools 
that use such formalizations. 
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