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Abstract

A major element of codesign is the task of decom-

posing a design in order to target some of its compo-

nents to hardware and some to software while main-

taining the integrity of the execution model. We illus-

trate how a previously developed algebraic technique

we call system factorization adapts to this notion of

decomposition. As an example, we describe how the

mechanization of system factorization was used in

the formal derivation of an implementation of Hunt's

FM9001 microprocessor description using the DDD

design derivation system. This case study demon-

strates the bene�ts to system-level design in combin-

ing an executable modeling language, its associated

formal-reasoning systems, hardware synthesis tools,

and a hardware development platform in an integrated

prototyping environment.

1 Introduction

With the increasing complexity and diversity of ap-
plications employing VLSI technology, design environ-
ments providing a uni�ed framework for speci�cation,
design, and simulation/modeling are needed to relate
hardware and software domains [1]. In this article we
report on some experiences with codesign in a system
that is uni�ed by an underlying formal framework,
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based in functional model theory. The model theory
is known to be highly expressive; its specialization to
hardware system design is a task of our research. Such
an approach should begin to yield advantages over
more pragmatic tool development at a level when the
need to support conceptual abstraction balances with
the desire for a high degree of automation. We think
this balance point may be in the area of codesign.

A design methodology based on the algebraic ma-
nipulation of purely functional forms provides a ba-
sis for our digital design derivation (DDD) framework
[2, 3]. DDD provides a uni�ed environment for speci�-
cation, hardware derivation, and modeling. Speci�ca-
tions are written in a functional language. Equivalence
preserving transformations are applied to these speci-
�cations for hardware derivation. The initial speci�ca-
tion, as well as transformed expressions are executable
in the functional modeling language.

This environment has been integrated with the
Logic Engine Hardware Development Platform [4] pro-
viding a seamless integration of hardware and soft-
ware. We use this capability to incrementally map
our speci�cations to hardware while maintaining the
global integrity of the system description with the for-
mal system.

Issues in codesign relate to decomposing a system
into related hardware and software components. Our
methodology provides transformations for system fac-

torization to decompose and restructure the design [5].
These transformations point to a general mechanism
to isolate components of a speci�cation for implemen-
tation in either the hardware or software domain.

In this paper we present an exercise in codesign in
the context of developing a hardware prototype for
the DDD-FM9001 [6]. The DDD-FM9001 is a 32-bit
general purpose microprocessor realized in FPGAs de-
rived from Hunt's Nqthm FM9001 speci�cation [7] us-



ing the DDD system. Details of the derivation of the
DDD-FM9001 are reported in [6]. The DDD-FM9001
experiment provided a context in which we could ap-
ply our methodology and illustrate our framework.

In the following section we present our methodol-
ogy. Section 3 details how the DDD-FM9001 was real-
ized in hardware. We discuss how system factorization
was used to isolate components so that they could be
incrementally mapped onto hardware. Finally, in sec-
tion 4 we close with some retrospective remarks.

2 The Design Framework

In the DDD design framework, speci�cation, design
derivation, and modeling are integrated in a uni�ed
framework. This framework consists of an executable
modeling language, a formal reasoning system for cir-
cuit derivation, and a hardware platform for prototype
development. We use the Scheme [8] programming
language as our speci�cation and executable model-
ing language, as well as the implementation language
of our formal system. The language is based on func-
tional model theory and is well suited for symbolic
manipulation.
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Figure 1: DDD Design Framework

Figure 1 illustrates the codesign aspect in our de-
sign methodology. The DDD system by means of sys-
tem factorization decomposes the executable model of
the circuit into subcomponents realized in hardware
and software. The decomposition provides a mech-
anism for maintaining the integrity of the speci�ca-
tion by deriving communication parameters, denoted
by the arrows, between the software speci�cation and
hardware realization, as well as deriving a behavioral
speci�cation for the hardware component, denoted by
the hexagon.

2.1 The DDD System

The DDD system was developed to help explore and
demonstrate a formalization of digital design based on
a functional algebra. The system implements a set
of equivalence preserving transformations for deriving
circuit descriptions from high-level functional speci�-
cations. DDD mechanizes the transformations needed
for circuit derivation, but requires substantial guid-
ance to perform derivation. The system is a collec-
tion of transformations operating on Scheme expres-
sions. The system is used interactively or through
command scripts to transform behavioral speci�ca-
tions to boolean sub-systems. The system has been
integrated with various logic synthesis tools to gener-
ate realizations in PALs, FPGAs, and custom VLSI.

2.2 Logic Engine Hardware Platform

The Logic Engine [4] is a hardware development en-
vironment consisting of a Logic Engine Board and a
PC host. The Logic Engine Board is a large printed
circuit board designed for the testing and prototyping
of hardware systems. The board has a general purpose
prototyping area, a variable rate system clock, and in-
put/output ports which interface to the PC host. The
PC host provides a library of software routines written
in Scheme to interface with hardware on the Logic En-
gine Board. The interface provides a transparent co-
simulation environment between the hardware compo-
nents and the executing software model.

3 A Case Study: The DDD-FM9001

The DDD-FM9001 was a design exercise to con-
struct a hardware implementation of the FM9001 [7]
microprocessor description using the DDD system.
The FM9001 is a 32-bit general purpose microproces-
sor mechanically veri�ed by Hunt in the Nqthm the-
orem prover [9] and realized in LSI Logics gate array
technology. Details of the proof are reported in [7].
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Figure 2: DDD-FM9001 Logical Organization
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The processor incorporates 32-bit addressing, 16 32-
bit general purpose registers, 5 addressing modes, a
16 function ALU, and a conditional assignment state-
ment.

cmd M A B
0 M A B
1 M A B
2 M A B

3 M rd(T, M) B

4 M A B
5 M A B
6 M s-ext(...) B
7 M T B

8 M rd(dcr(T), M) B

9 M rd(T, M) B

10 M A B
..
.

..

.
..
.

..

.
14 M A T

15 M A rd(dcr(T), M)

16 M A rd(T, M)

17 M A B
..
.

..

.
..
.

..

.

25 wr(BA,
M,
bv(...))

A B

26 M A B

Figure 3: RTT Fragment Before Factorization of M

As a codesign exercise in the context of build-
ing a prototype, the DDD-FM9001 was incrementally
mapped to hardware. We began with a complete exe-
cutable CPU speci�cation in software. Transforma-
tions were applied interactively to the speci�cation
in order to restructure and decompose the design for
hardware implementation. As components were fac-
tored, signals were generated within the CPU spec-
i�cation in order to communicate with the factored
components. The factored components were then im-
plemented in hardware. As components were mapped
to hardware, the entire system remained executable,
and the formalism maintained the integrity of the de-
sign. Ultimately, the entire speci�cation was mapped
into hardware.

3.1 Software to Hardware Migration

The initial speci�cation was decomposed into a con-
trol component and a structural component. Trans-
formations were applied to the structural component
in order to isolate the memory from the CPU speci�ca-

M-out = absM(M0, inst, addr, data)
where

absM(M0, inst, addr, data) = rd(addr, M)
where

M = M0 ! construct(inst, M, addr, data)
and

construct(inst, M, addr, data) =
case inst

[nop ! M]
[rd ! M]
[wr ! wr(addr, M, data)]

Figure 4: Abstract Memory Speci�cation

tion. At this stage in the derivation, the memory com-
ponent was implemented in hardware. The migration
of the memory into hardware was transparent from
the perspective of the CPU model. Further transfor-
mations were applied to factor the register �le and
arithmetic components from the datapath. Figure 2
illustrates this decomposition. As with the memory,
the register �le was implemented in hardware while
the execution model remained consistent. Additional
transformations were applied to the remaining com-
ponents in order to restructure the design for the in-
tended target technology. Finally, the remaining com-
ponents were mapped onto hardware. In the next sec-
tion we look at the key elements involved in factoriza-
tion in the context of the factorization of the memory
component.

3.2 Factorization of Memory

Figure 3 shows a fragment of the register trans-
fer table (RTT) of the DDD-FM9001. The RTT de-
�nes a set of register transfers that occur in parallel
given the corresponding command code. For example,
in �gure 3, cmd = 14 denotes that the registers M, A,
and B will be updated with the values M, A, and T re-
spectively. Highlighted in the boxes are expressions
relating to the memory signal, M. In the process of fac-
torization, the DDD system isolates these signals and
derives a new RTT (�gure 5) and a behavioral spec-
i�cation of the factored component (�gure 4). The
goal of factorization is to transform the memory from
a functional abstraction to a process abstraction.

Applying system factorization to the original RTT
returns the transformed RTT in �gure 5. DDD de-
rives a set of signals, inst, addr, and data, necessary
to communicate with the factored component, from
the operations on memory. In addition, a signal de-
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cmd A B ... inst addr data
0 A B nop ? ?
1 A B nop ? ?
2 A B nop ? ?

3 M-out B rd T ?
4 A B nop ? ?
5 A B nop ? ?
6 s-ext(...) B nop ? ?
7 T B nop ? ?

8 M-out B rd dcr(T) ?

9 M-out B rd T ?
10 A B nop ? ?
..
.

..

.
..
.

..

.
..
.

..

.
14 A T nop ? ?

15 A M-out rd dcr(T) ?

16 A M-out rd T ?
17 A B nop ? ?
.
..

.

..
.
..

.

..
.
..

.

..
25 A B wr BA bv(...)
26 A B ... nop ? ?

Figure 5: RTT Fragment After Factorization of M

noting the value from memory, M-out, is derived and
substituted for each occurrence of the read operation
to memory. DDD also generates a behavioral speci-
�cation (�gure 4) for the memory component encap-
sulating the memory signal and the operations on the
memory. The resulting table composed with the ab-
stract memory speci�cation computes the same func-
tion as the original table. For example, in row cmd = 3

of the original RTT, the expression rd(T, M) in A, is
replaced with M-out in the transformed table, where
M-out is the value of absM(M0, inst, addr, data).
The values for inst, addr, and data, correspond to
the original expression rd(T, M). The result is a de-
scription of a communicating system composed of a
CPU and memory process.

4 Conclusions

In this paper we have shown how an algebraic ap-
proach can be used to decompose a design in order
to map components to hardware. We showed how
this methodology was applied to a design example,
the DDD-FM9001, in constructing a realization. In
this example, the bene�ts of combining an executable
modeling language, a formal reasoning system, logic
synthesis tools, and a hardware prototyping platform
were exploited.

The realization of the DDD-FM9001 was con-

structed incrementally as the derivation progressed to-
wards a complete hardware implementation. At points
in the derivation, parts of the speci�cation were in
hardware, and parts were in software. The gradual mi-
gration of software into hardware provided a means of
testing hardware components individually while main-
taining their relationship with the rest of the system.

In [10], the notion of system factorization is ex-
tended to include protocol speci�cation to formalize
a more general process decomposition. Future work
will involve the integration of more sophisticated fac-
torization techniques in our framework for design de-
composition.
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