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Abstract--In this tutorial paper the area of formal verification 
of DSP VLSI architectures is presented. The paper discuses the 
following topics: production systems, formal logic, the 
equational approach, and the signal flow graph approach. Each 
approache is explained using one or more of the current 
available systems. 

I .  INTRODUCTION 

The production of DSP Very Large Scale Integration 
chips is very expensive and time consuming. It is very 
important to design correct DSP VLSI architectures before 
any production phase. Simulation is a popular method that is 
used to prove the correctness of systems for specific sets of 
inputs and outputs. With the current advances in VLSI 
circuits, there is no testing procedure that is capable of 
accomplishing an exhaustive simulation of complex circuits. 
Formal verification is another approach to prove correctness 
of a DSP VLSI architecture without going through exhaustive 
testing. 

The design process is a transformation between 
specifications at different levels of abstractions. An 
algorithm may be specified using a specific algorithmic 
specification language. A DSP VLSI architecture may be 
specified using a realization specification language. The role 
of formal verification is to prove using a mathematical 
framework that the realization is equivalent to the 
specification. The components of any formal verification 
framework are: a formal algorithmic specification language, a 
formal realization specification language, and a mathematical 
framework . 

A verification methodology is formal if it is[l]: 
0 There is a formal framework to describe the architecture. 
0 There is a formal technique to prove the equivalency of 

the implementation and the specification without 
physically construct or simulate the design. 

0 It is possible to manipulate and study the design's 
performance without the physical implementation. 

formal verification ofDSP 
VLSI architectures is presented. In section 2, production 
systems are discussed. In section 3, two examples of higher 
order logic are presented. In section 4, the equational 
approach is discussed. In section 5, signal flow graph 
approach is presented. In section 6, a discussion on the 
current and future directions is presented. 

In this paper an overview 

2. PRODUCTION SYSTEMS 

Production systems are efficient in proving the 
correctness in large scale architectures where the proof of 
correctness is done automatically. A novel approach for 
formal verification based on a production system has been 
presented in [2-31. The PROVER (PROduction system for 
hardware VERification) is implemented using CLIPS (C 
Language Integrated Production System)[4]. CLIPS is written 
in C to support the goal of high portability, extendibility, 
low-cost and ease of integration with external systems [5].  
CLIPS, as a production system [6] ,  provides pattern-directed 
control of a problem-solving process. 

PROVER'S input has two components for the verifiable 
circuit: implementation description and behavioral 
description. The implementation description would be one or 
a combination of different hardware descriptions. These 
descriptions include transistors, gates, logical, functional, and 
module descriptions. As shown in Figure 1, PROVER has a 
knowledge base consists of a formal Cell Library and Rules. 
Cell library contains a predefined set of hardware 
components. It consists of five sub libraries to represent the 
five levels of hardware descriptions. These sub libraries are 
Transistor-level Library (TL), Gate-level Library (GL), 
Logic-level Library (LL), Function-level Library (FL), and 
Module-level Library (ML). The incremental approach is 
used in developing PROVER. In this approach, a subset of 
the domain is considered first and a prototype is built. Then 
this prototype is expanded to other subsets of the domain. 

Knowledge Base 

Figure 1.  PROVER'S Block Diagram 
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A formal verification methodology based on 
transformation rules between different levels is used. 
Verification rules are required to prove that a given 
specification at level X is equivalent to specification at level 
X+1. The following verification rules are implemented: 

T-to-6 rules: transform from transistor level to gate level, 
0 G-to-L rules: transform from gate level to logical level, 
0 L-to-F rules: transform from logical level to functional 

e F-to-M rules: transform from functional level to module 
level, and 

level. 
The rules define possible transformation from one level to 

another. Also, they reflect the semantic of each level 
description. 

Any DSP VLSI system can be verified using pre-verified 
constructs from the cell library. Verified components at any 
level are added to the cell library in the appropriate level. For 
ease of expandability, verified components are made modular 
so that they can be used for verifying modules of different 
word length, e.g., a definition of a Conditional Sum adder 
can be used for verification in cases of 16, 32, and 64 bits. 

3. FORMAL LOGIC 

Logicians have proposed different formalisms to represent 
the branch of knowledge concerned with truth and inference. 
The most important ones in the area of formal verification 
are: first order logic, higher order logic, and temporal logic. 

the following connectives are used: 
negation ( -), conjunction ( n), disjunction (U), and 
then ( 3). The existential ( 3 )  and universal (v) 
quantifiers are used. 

In the higher order logic the domains of variables range 
over functions and predicates, and functions can take 
functions as their arguments. 

Temporal logic is used to specify properties of all possible 
execution times that may evolve from the present state. The 
following operators are defined: 

In first order logic 

Henceforth(0): means that an assertion is true in the 
present state and a11 future states. 
Eventually( V ): means that an assertion will be true at 
some state in the future (possibly the current) state, but 
not necessarily remains true. 
Next(0 ): means that an assertion will be true in the next 
instant of time. This operator introduces the concept of 
discrete time and a transition that occurs between 
subsequent time instants. 
While(E ): a statement like A E  B means that if B is true 
at the present, then A is true at the present and remains 
true as long as B remains true. 

A.  Cathedral4  Environment 

Verkest, Claesen, and Man developed a methodology for 
the correctness proof of parametrized module generators 
using Boyer-Moore logic[ 10,111. The methodology is 
illustrated with the proof of a specific module generator for 
the ALU module, based on the Mead-Conway ALU[ 121 of 
the CATHEDRAL-I1 environment [7,8,9], 

While modules' layouts are generated starting from the 
textual description in the module generator file, the 
description used for the formal verification of the module is 
written in Boyer-Moore logic. Therefore, these two 
descriptions have to be equivalent. An automatic translation 
of the Module GEnerator (MGE) text to Boyer-Moore text is 
not feasible because of: 
1. In case of the ALU, the module generator describes the 

structure directly in terms of the leaf cells (general 
function blocks, even carry blocks, ...). This does not 
allow performing a proof using Boyer-Moore without 
f rs t  proving the behavior of the various functional bars 
(propagate, kill, carry and result bar). These bars form a 
necessary intermediate level of hierarchy for the proof 
which can not be found in the module generator code. 

2. Even when an intermediate level of hierarchy is not needed 
in the proof (in simple module generators such as an 
adder), automatic translation would result in an 
unstructured description in Boyer-Moore. This does not 
enable the construction of proofs in a reasonable 
efficient way. 

As a result, the structure part of the module generators is 
translated manually into Boyer-Moore code. The manually 
translated Boyer-Moore code has to be equivalent to the 
original code. Figure 2 shows the approach used for the 
verification steps. 

Moore 
pecification 

Moore 
structural 
escription 

Comparison 
Layout netlist 

extraction 

netlist 

Figure 2. Verification steps in CATHEDRAL I1 
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As shown in Figure 2, two proofs must be carried 
out: 
1. By means of the Boyer-Moore theorem prover, the 

parametrized structural description in Boyer-Moore 
corresponds to the parametrized specification of the 
module in Boyer-Moore. 

2. The proof that the structural part of module generator, in 
the MGE text which describes the module in a 
parametrized way, corresponds to the parametrized 
Boyer-Moore structural description. 

While the first proof is done only once for each module, 
the second proof is done for every generated instance of each 
module. Every time a specific module instance is generated 
for the use in CATHEDRAL I1 environment, we obtain a 
layout from the MGE environment. From this layout, a 
transistor net list is extracted. Then, an expert system called 
DIALOG [13], which can recognize leaf cells, is used to get a 
net list of leaf cells from the transistor net list. On the other 
hand, the Boyer-Moore module text is expanded after 
instansiating the parameters with particular values. This 
expansion results in a net list of leaf cells. 

This net list of leaf cells is then compared with the net list 
of leaf cells obtained from the layout. The comparison is 
done using a net list comparison program such as WOMBAT 
[14]. If discrepancies occur, they must have resulted from 
errors in the translation of the MGE description to the Boyer- 
Moore description. 

B. PIRAMID Silicon Compiler 

Many DSP devices can be specified concisely by 
describing their functional behavior. There is, however, a 
large gap between specification and silicon implementation. 
In the prototype silicon compiler for Digital Signal 
Processing PIRAMID[ 171, the SILAGE[9] behavior 
description is mapped onto an architecture of Execution 
Units (EXU's), busses connecting the EXU's, and a controller 
for regulating the bus-traffic and making EXU's work 
together. 

Kalker introduced an approach to improve the 
specification language SILAGE using (HOL) system in order 
to obtain correct designs in PIRAMID. 

The time instances in the SILAGE level consists of cycles 
in the implementation level. The number of cycles needed to 
implement one SILAGE time-step depends critically on the 
number of busses and EXU's chosen for the realization. So, 
the speed requirements can not be solved solely on the 
SILAGE level. The cleverness of the PIRAMID scheduler, 
the building blocks of the layout generating back-end, and 
the technology used also have their large influence in this 
respect. 

The syntactic form of a SILAGE program determines, to a 
large extent, the architecture realized on silicon. Also, 

meeting the speed and / or area restrictions and requirements 
sometimes can not be solved by the PIRAMID system only. 
Therefore, transformations on the SILAGE program are 
needed, provided that these transformations have to be 
behavior preserving. This can be achieved by utilizing HOL 
system for the purpose of producing a better (with respect to 
specification/verification) version of SILAGE, called 
SILAGE+. 

4. EQUATIONAL APPROACH 

Narendran and Stillman described a method that 
implements an equational approach for theorem proving of 
first-order predicate calculus [18] to verify an image 
processing chip, called the Sobel chip. 

The equational approach involves taking a set of first- 
order formulae, performing necessary operations to remove 
existential quantifiers, then translating the resulting formulae 
into equivalent set of polynomials over a Boolean ring whose 
operators are "exclusive or" and "and", in which the atoms 
appearing in the original formulae make up the intermediates 
of the polynomial equations. The original set of formulae is 
satisfiable if and only if the resulting system of polynomials 
has a solution. 

specified in a first-order predicate calculus with equality. The 
approach is refutational in nature. The statements describing 
the structure are assumed to hold and the statements 
describing the behavior are assumed not to hold and an 
attempt is made to reach a contradiction. 

The behavioral description of the chip is obtained from 
the high-level statements in the chip document [19]. The 
structural description of the chip supplied in the form of a 
VHDL code. The first-order statements used in the theorem 
prover are then extracted from the VHDL code. 

Both the structural and behavioral definitions are 

5 .  SIGNAL FLOW GRAPH APPROACH 

Genoe, Claesen, Verlind, Proesmans, and Man developed 
a methodology for the correctness proof of CATHEDRAL-I1 
[7] circuits that is based on Signal Flow Graph (SFG)- 
Tracing[20] 

SFG-Tracing is a general multi-level design verification 
methodology that aims at bridging the gap between higher 
level specifications down to lower level implementations. It 
uses the concept of Ordered Binary Decision Diagrams 
(OBDD's)[2 11. 

Any design, starting from a behavioral description, 
passes through several levels of abstraction with growing 
amount of information [20], before obtaining a final layout. 
As shown in Figure 3, these levels are the Signal Flow Graph 
(SFG) level, the behavioral Register Transfer (bRT) level, the 
structural Register Transfer (sRT) level, and the transistor 
switch (SWITCH) level. 
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Figure 3.  SFG Verification Approach Levels 

The goal is to prove the correctness of an implementation 
(a transistor switch net list extracted from final layout) at the 
SWITCH level and a specification (behavioral SILAGE 
language [9] description) at SFG level. Intermediate levels, 
however, are used to get additional information. Furthermore, 
in case of bugs or errors, correctness between other levels has 
to be checked. 

The final verification between different abstraction levels 
is done by symbolic evaluation and Boolean comparison. 
Two Boolean expressions are identical if their OBDD 
representations are identical for the same variable ordering. 

Figure 4 shows the integration of the SFG-Tracing 
verification methodology in the CATHEDRAL I1 CAD 
environment. 

Starting from a SILAGE description, the basic SFG is 
derived. This basic SFG is then partitioned into several 
pSFG's. This partitioning is caused by the fact that real 
designs are, in general, too complex to verify. This means 
that the specification (the basic SFG) has to be split up into 
several partitions. The input and output signals of each 
partition are called reference signals. 

In order to verify the behavior of a single partition, 
mapping functions are generated during the high level 
synthesis to express the correspondence of the reference 
signals in space and time on the implementation. The optimal 
partitioning depends on the abstraction level. 

The interface signals between all these pSFG's (the 
reference signals) and the corresponding mapping functions 
are generated by the high level synthesis tools. 

In addition, a script has to be generated for the successive 
verification of each partition. The script generator collects the 
pSFG's, reference signals, and mapping functions and 
prepares the evaluation and verification process in a 
systematic way. 

A transistor net list of the circuit is extracted from the 
f i a l  layout using CAD tools. This transistor net list can then 
be modeled by switch-level analysis. 

High Level 
T-nthesis J,w 

Register Transfer m 7 ppin 7 fun . ~ tions . p 
I description I I  1- 

Systematic Script Generator 

Silicon 
Implementation 

I CATHEDRAL - II SFG - Tracing 
Synthesis System Verification Environment 

I J I  

Figure 4. SFG Verification Integrated with CATHEDRAL-I1 

In case of inconsistencies during the verification of 
specific pSFG's on the analyzed circuit, a bug report is 
generated during the symbolic evaluation and Boolean 
comparison process, by which it is possible to indicate 
precisely where the eventual errors took place. 

6. DISCUSSION 

Currently, the area of formal hardware verification is of 
intensive research and development. Although major 
activities are still in academia, a number of industries are 
entering this domain. It is interesting to note that some 
industries have incorporated formal verification tools into 
their Computer Aided Design(CAD) systems. 

The Royal Signals and Radar Establishment (RSRE) of 
the British Ministry of Defense applied formal verification 
techniques to design a microprocessor suitable for real-time 
control of safety-critical systems. The Viper microprocessor 
has been specified, designed and verified by RSREusing 
automated theorem provers[ 151. The formal methods 
developed by RSRE have been endorsed by the industrial 
manufacturers of the VIPER. 

Regularly held conferences devote part of their programs 
to the active research in this area. We mention here: 
Symposium on Computer Hardware Description Languages 
(CHDL), Intemational Conference on Computer Design 
(ICCD), Intemational Conference on Computer Aided Design 
(ICCAD), Design Automation Conference (DAC), and 
European Design Automation Conference (EDAC). In 
addition, the major part of a number of international 
workshops is devoted to formal hardware verification 
research. 
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Although research in the area of formal hardware 
verification is very promising, academia and industry still 
have a long way to go before formal methods of hardware 
specification and verification become common and widely 
used[ 181. 
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