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Abstract

Our research group at Indiana University is investigating a formalization of
digital system design that is based on functional algebra. We have developed
a transformation system called DDD to facilitate this study. DDD stands
for digital design derivation; the system is used interactively to translate
higher level specifications into hierarchical boolean systems, to which logic
synthesis tools are then applied. In this paper, we take a detailed look at
how the system is used. In two examples, we examine the sequence of inter-
mediate expressions produced as an implementation is derived. We discuss
how these expressions are used at strategic levels of thinking. We illustrate
how the choice of target technology influences the tactical course of deriva-
tion. Throughout, we try to give a sense of how functional abstractions are
manipulated in the engineering process.



1 Introduction

The DDD transformation system [2] was developed to help us explore and
demonstrate a formalization of digital design based on functional algebra.
DDD stands for digital design derivation; the system is used interactively
to transform higher level behavioral specifications into hierarchical boolean
systems, to which logic synthesis tools are then applied. It operates on a
dialect of functional modeling expressions, providing a uniform and visible
representation of the design. Previous articles develop the theoretical under-
pinnings of the formalization [14, 13, 15, 16, 33, 34, 35]; and mention DDD
in the context of large examples [17, 3, 18]. However, these papers give few
details about the experience of using the system. Our goal in this paper is
to give a more complete picture of the derivation process. With two small
examples we examine the sequence of intermediate expressions produced as
an implementation is derived. We discuss how these expressions are used at
strategic levels of thinking and illustrate how the choice of target technology
influences the tactical course of derivation. We try to give a sense of how
abstractions—principally data abstractions—are manipulated in the course
of design.

Although we consider algebraic derivation to be a candidate framework
for high-level synthesis, we do not classify DDD as a synthesis system in
the engineering sense. Currently, it performs little automatic optimization
beyond that provided by the lower level CAD tools with which it is inte-
grated. DDD does not yet “explore the design space.” It automates the
basic transformations needed to conduct synthesis. It has more in common
with a basic theorem proving system, which automates the inference rules
of a logic but requires substantial guidance to perform a proof. DDD as-
sures correct application of the algebra, but requires substantial guidance to
perform a design.

Neither do we regard the medium of DDD derivation—a simple functional
modeling language—to be a hardware description language. While the ex-
pressions DDD manipulates are adequate for describing aspects of behavior
and structure, more efficient notations are easy to devise. Furthermore these
formulas do not explicitly contain design constraints, which instead are im-
plied by the transformation commands of DDD. At best it is the combination
of the derivation language and the manipulated expressions that describe the
hardware. The true benefit of the notation, aside from its simplicity, is that
it reflects a unified mathematical basis for the exposition of methods and the



rigorous description of design tools.

Section 2 is a survey of related research. Section 3 gives a summary of the
syntax of functional Scheme expressions on which DDD operates (Scheme is
a dialect of Lisp). Section 4 is an intuitive discussion of design derivation,
sketching the typical phases of a DDD application in moving from behavior to
structure and then to physical organization. The first example, in Section 5,
details a derivation of the Black-Jack dealer described by Winkel and Prosser
in their text book on digital design [25]. This simple example illustrates
most aspects of the derivation but not its generality. In Section 6, we take
a fragment of a larger specification through the early phases of derivation
in order to illustrate how a more sophisticated data hierarchy is managed in
DDD. In Section 7, we discuss future refinements and reexamine our goals
for DDD in light of the examples.

2 Related Research

The use and manipulation of functional expressions is common in hardware
applications. A number of hardware description languages (HDLs) are func-
tional; Silage [11] and ELLA [23] are examples. The majority of structural
HDLs are essentially functional. Functional calculus is also prominent in
formal-methods research, where it vies for prominence with predicate, rela-
tional and process calculi.

Our approach is closely related to that of Sheeran, who has also developed
functional algebra for manipulating hardware descriptions. However, there
are differences both in notation and in emphasis. Sheeran began with an FP
variant [28] which she later refined to a relational notation called Ruby [29].
This is a fitting choice for the regular structures she is most concerned with.
The DDD algebra is specialized for manipulating data paths under sequential
control. We regard Sheeran’s work and ours to be compatible treatments of
distinct intervals of the design spectrum.

In terms of abstract syntax, two related languages for hardware mod-
eling are SBL, due to Gopalakrishnan, Srivas, and Smith [10], and HOP,
developed later by Gopalakrishnan [9]. DDD operates on a more primitive
concrete syntax of s-expressions (See Section 4), but a more important dif-
ference is the treatment of data abstraction. Data are encapsulated in SBL,
and hardware modularity is strongly correlated to that encapsulation. DDD
adopts a more open treatment of types, viewing them as logical structures



rather than physical modules.

One goal of our research is to explore interactions between synthesis and
verification at higher levels of design specification. DDD manipulates the
same language of first-order Lisp expressions that is used in “Boyer-Moore
logic” [4]. In [18], we applied DDD directly to Hunt’s mechanically verified
FM8501 microprocessor descriptions [12]. The exercise demonstrated the
interplay of two forms of automated reasoning; and in particular, showed
that derivation (i.e. synthesis in a formal system) could obviate a significant
portion of the correctness proof. Conversely, a synthesis system can maintain
correctness only when given correct information to work with. There is a clear
supporting role for verification in a synthesis oriented design.

A potential benefit of performing synthesis on expressions of a symbolic
processing language is that these expressions can also be executed to model
the design. Each of the intermediate expressions generated by DDD is a
valid Scheme program, used to simulate and explore the implementation.
O’Donnell’s HYDRA system [24] is a related study of this aspect of method-

ology.

3 Terminology, Syntax, and Elementary Al-
gebra

Our approach formalizes synthesis as a translation between dialects of a single
modeling language of functional expressions. We use the term derivation to
emphasize the character of this translation. A design derivation is a sequence
of expressions.
E —H & B 5 g

We sometimes call source expression &, a specification and target expression
Er an implementation; and we reserve the word realization for the resulting
physical circuit. It is most accurate to say that a design is specified by the
sequence of equivalence preserving transformations (7, . .., T)) applied to &.
Such a sequence expresses much of the design intent and should, therefore,
be thought of as part of the specification. There is more about the general
character of derivation in Section 4.

Since the structure of an expression is a useful interpretation of its mean-
ing, no useful transformation can preserve correctness in all respects. To say



that a transformation is “equivalence preserving” means that it preserves a
primary interpretation of an expression as a function.

The primitive vocabulary of a description, its ground type or basis, is a
many sorted algebra [8]. This is a system of primitive constants, operations
and tests, which in DDD always includes a boolean domain, a polymorphic
selection operation, finite product formation, and a generic don’t-care value,
designated by ‘?’. Most of the DDD algebra is valid for uninterpreted bases;
that is, it applies to any ground type and is peculiar to none.

With further development, we plan for type-specific knowledge (e.g. equa-
tional rewriting laws) to be programmable in DDD. We are in the process of
integrating DDD with a type inference system in order to support this kind
of extension. Although DDD does not support explicit type declarations, we
claim that it preserves type consistency: if DDD is given a well-typed expres-
sion to begin with, then its transformations produce a well-typed expression.

3.1 Concrete Syntax: S-expressions

DDD manipulates a concrete syntax of functional s-ezpressions in the Lisp
dialect Scheme. The s-expressions in this paper are slightly stylized in order
to make them easier to read, but they are not far from actual representations
seen in DDD. There is, however, one significant extension to legal Scheme
syntax: nested formal parameters are allowed. We permit them because
hardware description often involves multiple-valued functions. This extension
is readily dealt with in an expansion package, such as Kohlbecker’s [20].

Scheme is a statically scoped, applicative order dialect of Lisp, whose
functional sublanguage is an implementation of a typed lambda calculus (i.e.,
a lambda calculus extended by primitive symbolic operations). A complete
language definition can be found in [27]. It’s equally important symbolic
processing capability is thoroughly developed in several text books, such
as [7], [30] and [1]. In the last of these a number of hardware modeling
techniques are presented.

In the informal language summary that follows, upper case variables re-
fer to expressions and lower case variables refer to values; the same letter
associates the two: expression FE has value e.

Scheme’s symbolic processing subsystem is a space of lists, denoted by
parenthesized sequences, (/1 ¢ --- {,). Atomic objects include numbers
and alphanumeric names. Unless F' is a reserved symbol, the expression
(F E; Ey --- E,) denotes application of a primitive or defined function f



(i.e. F’s value) to the actual arguments e;, es, ..., e, (i.e., the respective
values of the Ejs).

A function expression has the form (A X E), where X is a formal pa-
rameter and E is an expression. As mentioned earlier, we allow X to be a
nested list of identifiers where in standard Scheme, only a flat list is allowed.
Lambda-expressions are used in the same way that higher level symbols
are used in schematics: to suppress detail by enclosure in a “box.” Since
DDD does not at this time freely manipulate functional values, lambda-
expressions are seen only in function definitions. The top-level command
(define I (A X E)) assigns name [ to the function-value of (A X FE).
Omitting some of the parentheses we write, for example,

cancel ace
define cancelace = score
A (score) (addto score -10) addt o
-10

Two forms of conditional expression are used. An if-then-else expression has
the form (if T E; E); it returns e; where test value ¢ is true and e, where
t is false. The case expression (case T ((v; Ey) ... (v, E,))) returns
the value e; whose corresponding label, v;, equals ¢. The case labels are not

evaluated.
Local definitions are made with let, letrec, and system expressions,
which all have a similar form.

let letrec system
Il = E1 F1 = )\ X1 El X1 = 51
I, = E, F,=\ X, B, X, =8,
in in in
FE FE FE

The 1et expression binds each name I to the value e, and evaluates the body
E. 1f 1let is replaced by letrec, the defining expressions are mutually recur-
sive. As in the example above, letrec is used to make simultaneous systems
of function definitions; forms like this are used for behavioral specification
in DDD. Another form of recursion is used for structural description. In the
primary interpretation, system expressions describe networks of nonfinite
sequences, traditionally called streams. Streams are defined by a restricted



language of signal expressions, built from simple terms of the ground type
('7

and a delay function denoted by ‘I’. If signal expression S denotes the se-
quence (81, S, ...), then

(I E S) denotes (e, s1, S9, . - .)
and if F is a two-place operation symbol (for example)
(F S 5" denotes (f(s1,5)), f(s2,55),...).

Typically, some or all of the stream definitions in a system expression have a
single, outermost delay operator with an undetermined initial value, X = (! 7 5).
For brevity, we abbreviate these equations to

X = S.

System expressions are also interpreted graphically as schematics, as for ex-
ample in Figures 2 and 7.

3.2 Basic Algebra of Functional Expressions

One of the most basic laws of functional algebra asserts that a lambda
expression can be expanded where it is applied; and conversely, that a
term can be abstracted to the application of a lambda-expression. If F' =
A(Xy---X,) E then

(F A;---A,) <= E[A;/X]],

where E[A;/X;] is the expression that results if (free occurrences of) param-
eters X; are simultaneously replaced by argument expressions A;, 1 < i < n.
We sometimes say that the lambda-expression encapsulates the term E. In
recursive systems, expansion and encapsulation are sometimes called unfold-
ing and folding.

A distributive law for conditionals states that if-expressions and case-
expressions can be distributed across function calls:

At T (FA (F B) <= (F GAf T A B)),

subject to the condition that either 7" be defined or F' be strict (i.e., depen-
dent on an argument).

Recursive letrec and system expressions are manipulated in the manner
of other simultaneous systems of equations. In addition to fold /unfold trans-
formations, these systems may be rearranged and reorganized hierarchically.
A family of basic laws is presented in [16].
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4 Sketch of the Derivation Process

The object is to find a derivation, or sequence of DDD transformations,
resulting in an implementation that satisfies the intended design constraints.
There may be many possible derivation paths, of course, but in practice the
process has distinct phases. In this section, we expand on the characterization
of derivation given at the beginning of Section 3. In the diagram below, Xp
stands for a DDD expression X written in terms of a ground type B.

functional methods

!

© Biray — BZT,A)

l

S(T,A) e 81,4 .TA

l

SpeTp — ['Pﬁé]oTR

!

logic synthesis

Ideally, an arbitrary (recursive, higher order, etc.) expression could serve as a
starting point; but for the present, it is a functional-programming problem to
obtain a form that DDD can handle. The initial behavior description By, a)
is in a restricted class of iterative function-definition schemes. Typically, the
ground type (T, A) contains complex (7') and simple (A) components. For
example, a memory has address and content parameters, a stack may have
memory and address components, and so forth.

Behavior descriptions are folded and unfolded (Br,4) — Bjy 4y) to achieve
a proper scheduling of operations. Section 6 shows an example of this kind
of transformation. From a suitable behavior description, DDD automatically
builds an abstract system description expressed over the same ground type
(Big, 4y — Str.ay)-

Considered as a structural description, 87 4y is abstract because it may
include signals ranging over complex components of the ground type. A
sequence of factorization steps (Sir.ay — Sy ® Ts) decomposes S into a
system of modules, encapsulating complex objects as coprocesses, (e.g. Ty).
The resulting expression is reduced to terms of the simpler type, A.
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A third class of transformations incorporates a lower-level representation,
R, in place of A (S84 — S%). Then, S% is partitioned into synthesizable
subsystems, Px, P%, .... Ultimately, this decomposition produces a hierarchy
of boolean subsystems. Logic synthesis is used to assemble the subsystems
to the appropriate technology.

4.1 Behavior to Structure

Derivation usually starts with a specifi-

cation expressed as an iterative system |define B = A (Y;---Y})

of function definitions as depicted to the letrec

right. “Iterative” means that the system Fi = MR- Ry) Ey

is entirely tail-recursive: DDD control :

specifications are essentially finite-state F, = ANR,---R,) E,
machine descriptions. The outer param- in

eters Y7, ..., Y} usually stand for commu- (Flart ***)

nication ports, as explained in Section 5.

The local parameters, Ry, ..., R, are usually interpreted as registers. Func-
tion call (F; T} --- T,) is interpreted as a simultaneous register update
with values Ti,...,T,, together with a transfer of control to F;. This inter-

pretation corresponds quite closely to the state transition systems of Brown
and Leeser [5]. As we shall see in Section 6, this form may be transformed
in order to satisfy scheduling constraints.

The initial DDD transformations de-
compose the specification into a system
expression, depicting a controller operat-
ing against an architecture which is ab-

R i
stract in several respects. It may not de- §R2|:| : F
tail the functional modules of a structural  irs R\ —
; : G

description, nor does it reflect constraints iR [
on the data path. The level of description iR [ _
may be far above that of an implementa- ™ O F
tion. The diagram to the right illustrates o
aspects of its structure. Register entities

(R1, R2, ete.) are connected to various ground operations (H, F, and G in the
figure). A synthesized decision combination, not explicitly shown, governs
data movement. Typically, there is a high degree of parallelism in data trans-




fer. The initial system, though correct, cannot be reduced to a realization
immediately. It might contain, for example, abstract registers ranging over
complex objects, such as queues or memories. Thus, it is primarily a formal
structure upon which a true architecture still must be imposed.

4.2 Structure to Architecture

The next stage of derivation develops a logical organization analogous to a
functional block diagram. Base operations are encapsulated in modules, and
peripheral processes are factored out of the description.

The diagram to the right illustrates
the effects of these manipulations. Mul-
tiple instances of the common subexpres- Y
sion F are allocated to a single device. | - ;i

The register R3 is incorporated with the iFR [ E|

function G; building a counter out of an oeeennne e ¥

incrementer and a register is an example. i S o
An important use of factorization corre- | 0o =

sponds to information hiding. A com-
plex object may be encapsulated as a pro-
cess entity with state. Such transformations may introduce new interface
registers—in the diagram, H1 and H2 result when R1 is incorporated with
H. For example, a factored memory might leave residual address and content
registers. Failures in factorization induce refinements to control, which are
accomplished by serializing transformations on the behavioral description.
These are discussed in Section 6.

4.3 Architecture to Physical Organization

Manipulations of the logical organization produce a target description that
is much closer to the intended physical implementation. However, the archi-
tecture described may be more conceptual than practical. The final stages of
derivation are concerned with correctly reorganizing the design for the pur-
pose of logic synthesis. The goal is to partition the description into synthesiz-
able subsystems. The final phase of a derivation introduces (more) concrete
representations for the constants and operations of the ground type.



At the binary representation level,
DDD generates a collection of boolean

w
N
| -
l o

M

thogonal to the logical hierarchy. A com-
mon example, suggested at the right, is g
restructuring a portion of the data path
into bit slices. Registers and certain com-
binational functions are projected to a L
single bit in each physical component.

Though conceptually simple, this phase involves massive transformations of
the design description. It is a task of the DDD system to sustain correctness
during the pervasive reorganization.

The boolean subsystems are put into logic synthesis facilities, which per-
form low-level optimizations and assemble realizations. Working prototypes
have been built in PLD, standard-cell, and PLA technologies; and we have
developed a generic bit-slice module for rapid design [26].

subsystems for implementing the design. H <_> H
This decomposition may be entirely or- z —

5 First Example — A Black Jack Dealer

The first example is taken from a text book on digital design by Winkel and
Prosser [25]. The BJ machine simulates a dealer’s actions in a black jack
game:

Hit. M
Card. Ready | o BLACK St and
S —1t
JACK Br oke
Cards = sw DEALER B
Hand
Score[———&

The environment presents cards one at a time; using a four-cycle handshake
(Hit.me, Card.ready). The device plays until its score exceeds sixteen and
looses should its score exceed twenty-one. It may have to revalue an ace,
whose score is either one or eleven. Binary outputs Stand and Broke indicate
the status of the game, and the machine and displays the dealer’s score
(Hand). The symbolic base type of the specification includes:

10



OBJECTS TESTS

Card = playing cards ace?: Count — Bool (test for an ace)
Count = numeric scores 167: Count — Bool (does ¢ exceed 167)
Light = {on, off} 217: Count — Bool (does ¢ exceed 217)
Bool = {tt,ff}
CONSTANTS OPERATIONS
zero € Count addto: Count® — Count (add scores)
+ace € Count addace: Count — Count (for 11-pt. aces)
-ace € Count cancelace: Count — Count (for 1-pt. aces)

cardcount: Card — Count  (value of a card)

Figures 1 through 9, dealing with this first derivation, are collected at the
end of this section. Figure 1 shows the ASM control specification given
by Winkel and Prosser for the black-jack machine. The corresponding DDD
specification is shown in Figure 2. Both specifications refer to an architecture
which is developed later in the derivation (See Figures 4 and 8). In the initial
state GET the machine waits for a pulse on R while latching (the value of)
a card into register C. It then updates its score and sets its status before
returning to GET.

BJ, is written to correspond to the ASM chart. Register State repre-
sents the control state. It is the functional analog of a while-true loop,
but it might instead have been expressed as a system of four function defi-
nitions, one for each control state. For example, the ADD state (actually, ADD
represents a decision and not a state of the flowchart) would be

ADD = XA (C H S B Score A R Rd)
let Out = (display Score H S B)
Go = (Rin)
Cd = (cardvalue (SWin))

in
(if (ace? C)
(if A
(TST ? £ff S B (addto Score C) A Go R)
(USE ? ff S B (addto Score C) A Go R))
(TST ? ff S B (addto Score C) A Go R)

and similarly for GET, USE, and TST. Although this yields a wordier speci-
fication, because of the repeated let-bindings, such systems are a common
target form for higher level program transformations.
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The specification could have been written more succinctly. For example,
ADD reduces to

let
ADDnext = A (C A) (if (and (ace? C) (not A)) use tst)
in
(BJ (ADDnext C A) ? ff S B (addto Score C) A Go R)
This particular simplification is subsumed later in the derivation. As an

example of nontrivial control manipulation, we might also fold USE into ADD.
The body of ADD would be:

let
Scorenext = )\ (C Score) (if (ace? C)
(addace Score)
Score)
in

(BJ tst C ff S B (Scorenext C (addto Score C)) A Go R)

and the USE state would be eliminated. Again however, we chose the form
BJ, for its exact relationship to the ASM description of Figure 1.

The parameters Rin and SWin represent input ports, and Out displays
the external status of the system. These entities are actually modeling in-
terfaces. For expediency, we model communication using imperative input-
output commands; Rin, SWin, and display are procedures that perform the
[/O. In a moment, we will extract these impurities from the description. Al-
though it adds more notational overhead to the specification, the right way
to represent communication is to use streams [17]. This technique conforms
to later stages of specification and consequently, supports a hierarchical de-
composition of specifications. Since DDD places no special significance on
operation symbols, limited used of imperative modeling techniques can co-
exist effectively with the derivation process.

5.1 Behavior to Structure

An initial system expression is derived automatically. Figure 3 shows the
resulting system-expression. Details of the construction are given in [13, 14,
15]. The key step is to define a selection combination representing the control
structure of the specification:

12



define select =

A ((s pO pl p2 p3 p4 p5 p6) VOVl ™~
vO vl v2 v3 v4 vb v2 Z S
\%
v6 v7 v8 v9 v10 vi1) va :
(case s e E [
(get (if pO s N X =
(if)}))i v0 (if p2 vi v2)) 0 — Vlovil
v3 p1 — v —j/
(add (if p3 (if p4 v4 v5) v6)) Ei:
(use v7) b4 —
(tst (if p5 p5 —
(if p6 (if p4 v8 v9) vi0) P& —
vii)))

Subsequent transformations are based on select. By distributing select
over calls to BJ, traces of the individual parameters are obtained. The con-
struction guarantees that in BJy, given a particular sequence of input events
on Rin and SWin, mapping display over streams Score, H, S, and B produces
the same output-event sequence as does the specification.

Figure 3 also shows is a transfer table representation of BJ;. Its row num-
bers encode select’s twelve alternatives; its columns show information flow
through individual signals. DDD produces transfer tables for analysis and
visualization, but DDD transformations are always applied to expressions
such as Figure 3. Certain realizations, such as PLAs, are fairly direct im-
plementations of transfer tables. For such targets, DDD generates circuitry
for encoding and decoding row numbers. The schematic in Figure 4 is a
manually drawn graphical representation of BJ;.

5.2 Structure to Architecture

The next task is to transform BJ; into a reasonable description of functional
components for an implementation. The primary tool for this task is sys-
tem factorization, which is used to impose logical organization [16]. DDD
factorization encapsulates a subsystem in a combinator and, as a byproduct,
generates the combinator definition. In the simplest cases, enclosure is simply
the identification of a signal or abstraction of a group of terms. More gener-
ally it involves isolating the subsystem from the problem-dependent selector,
using distributive laws.

13



In the Winkel-Prosser specification (Figure 1), the “hit me” signal, H,
is an unregistered conditional output. The first factorization identifies the
combinational input to the H-register:

H = Hx
H* = (select Status ff ff ff tt ff ff ff ff ff ff ff ff)

The register H is moved outside BJ; in a hierarchy of system-expressions.
To preserve behavioral equivalence, the device’s environment must now latch
the H output.

Next, let us dispense with the modeling interface. Intuitively, the signal
expressions (Rin) says, “always read from port Rin;” and similarly for Sin
and Out. If we instead model Rin, SWin and Out as streams, these coercions
can be eliminated.

A third factorization allocates the arithmetic operations on cards in the
lower-left dashed box in Figure 4. Two combinator definitions are added,
declaring that the addace and cancelace operations can be implemented by
addto:

define cancelace
define addace

A (S) (addto S -ace)
A (S) (addto S +ace)

Recall that +ace and -ace are constants. These definitions are expanded
in place, resulting in a total of five occurrences of addto. The factorization
superimposes these five occurrences by distributing select (shaded in Figure
4) through them:

Score = (select STATUS
Score zero Score Score BJADD-0 BJADD-0
BJADD-0 BJADD-0 BJADD-0 Score Score Score)

BJADD-0 = (addto BJADD-A BJADD-B)
BJADD-A = (select STATUS

? ? ? 7 Score Score Score Score Score 7 7 ?)
BJADD-B = (select STATUS

? 7?77?72 CCC +ace —ace 7 7?7 7)

The result is the system BJy; shown in the form of a transfer table in Figure
5. The factorizations have isolated that portion of the design intended for
implementation on a device. Remnants of the behavioral model, the modeling

14



interface and the H register, have been moved up in the functional hierarchy.
An outer-level description,

define BJenvironment = A (Rin SWin)

system

Go = (Rin)

Cd = (cardcount (SWin))

0 = (display Score H S B)

H = Hx

(Score H¥ S B) = (BJ, Go Cd)
in

0

details how the peripheral environment behaves to maintain correct behavior
in the BJ module. BJenvironment is functionally equivalent to BJy, but the
device we intend to build is BJ,. In other words, the environment description
represents a set of conditions that must be verified of the surrounding system
for BJy to be correctly integrated.

5.3 Architecture to Physical Organization

Of course, the black-jack machine is small enough to be wholly mapped to
a number of programmable technologies. For example, Figure 9 shows PLA
and standard-cell implementations of the entire circuit. The reorganization
done in this section is simply to illustrate that aspect of derivation algebra
necessary for larger systems. The specific tactic is to decompose the trans-
fer table of Figure 5 into bit slices. The row numbers of the table encode
the device’s status. The select combination is reduced to an encoder that
broadcasts a command to the bit-sliced transfer table, as depicted in Figure
8.

Transfer tables can be decomposed along columns; this is simply a par-
titioning of signals into groups. It is usually appropriate to separate the
control sequencer from the remainder of the data path. The resulting two
tables are shown in Figure 6.

Since it is just a constant mapping, the State transfer table can be dealt
with using boolean minimization. A 2-bit binary assignment, (K7, Kj), to
the control tokens get (0, 0), add (0, 1), use (1, 0) and tst (1, 1), yields the

15



following boolean system for State:

K| = K, Kopsp, + pop K1 K
K| = psK1psps + Ky

This is the NEXTSTATE component of Figure 8.

The table on the right in Figure 6 is reduced by eliminating identical rows
and resynthesizing the command generator. The resynthesis is automatic.
Other forms of optimization, such as reordering the rows to make better use
of the state encoding, are manually guided.

Implementation of this transfer table also requires that representations
be defined for the symbolic entries. In this case we can move directly to the
boolean level. The declaration includes field descriptions and binary values
for the constants. Although DDD can generate a binary encoding for many of
the constants, these are more often declared manually as dictated by external
considerations.

Figure 7 shows the declared binary representations of the ground con-
stants at the upper-left. At the upper-right is a projection mapping for
the bit-slice organization. With these declarations, the register paths of
BJ, are decomposed into subsystems representing each bit slice. The re-
sult, expressed as transfer tables, is shown in Figure 7. Again, the actual
transformations are performed on hierarchical system expressions.

Call the bit slices SLICEO through SLICE5. The global organization of the
device is described by the system expression BJs, in Figure 8. In environment
BJenvironment, BJs is correct with respect to BJ;, modulo the declared
representation of the basis.

In order to complete the derivation, an implementation of the ground
operations must be provided. This consists of boolean combinators for the
primitive operations or, 167, 217, and addto.

5.4 Review of the Derivation

The derivation was done interactively by editing a command script in a win-
dow and feeding it piecewise to DDD. We estimate that a DDD expert,
working alone, could complete the derivation in half an hour. This does not
include the time spent composing the specification (Figure 2). It actually
took about three hours of interaction—most of it between a DDD expert
and his novice coauthor. Several design paths were tried; and we chose one
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which best served our expository purposes. The CPU time to execute the
full script is negligible (10 seconds on a SPARCstation 1). This measure of
time is not very meaningful because derivation is incremental. No individual
transformation takes more than a second.

The script is one page, about the same size as the structural description
in Figure 3, which was generated by DDD. Thus, we can say that derivation
script specifies the structural aspect of the design. Sixteen DDD transforma-
tions are needed to reach the target description in Figure 8. For larger designs
that we have done, the number of transformations is not much greater, al-
though file management adds appreciably to the size of the scripts. This
derivation is summarized below:

system
synthesis

BJ, BJ,

Specification BJy, a behavioral description of the Black-Jack dealer, is shown
in Figure 1. The first transformation automatically generates an initial struc-
tural description, shown in Figure 4.

factor: expand: factor:

Rin, SWin, H ’ cancelace, addace addto
BJy

BJ1 BJ1” —_— BJ2

Using system factorizations, modeling interfaces and the H register are moved
outside the description. The combinators addace and cancelace are ex-
panded to terms involving the addto operation. A factorization allocates all
occurrences of addto to single instance. The result is shown as a transfer
table in Figure 5.

transfer-table
decomposition

BJ, BJ,' @ NEXTSTATE e ENCODE

A control sequencer is isolated from the data path, which is then reduced by
specializing the selector combination. A command encoder is synthesized for
the simplified transfer table shown in Figure 6. This starts the development
of the physical partitioning shown in Figure 8.

bit-slice

projection

BJy' + Declarations BJ3= [SLICE;| e addto e - --

Using declared representations and projection mappings, the subsystem of
Figure 6 is decomposed into the bit-slice partitioning of Figure 7. Boolean

17



implementations of the base operations, addto, ace?, 21?7 and 167 are
incorporated in the description.
logic

synthesis . .
BJ; ————— realization

Figure 9 shows three realizations produced by various logic-synthesis tools
without manual intervention. The standard-cell realization, upper right, does
not include registers. The PLA realization, lower right includes the full design
except for feedback paths. The device at the left is in mixed technology, the
data path was generated by a package we have developed and includes a
serial scan path [26]. The PLA at the bottom implements control, and small
standard-cell layout, mid-left, implements comparison operations. DDD’s
role at this stage is to preserve global correctness as the design is decomposed
into synthesizable subsystems.
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\
©
Score := (add Score C)

(167 Score)

FIGUrRE 1. ASM specification of the Black-Jack Machine[32]
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define BJy = A (Rin SWin)
letrec
BJ = A (State C H S B Score A R Rd)
let 0 = (display Score H S B)
Go (Rin)
Cd (cardvalue (SWin))

in
(case State

(get (if R
(if Rd
(BJ get 7 ff S B Score A Go R)
(if (or S B)

(BJ add Cd ff ff ff zero ff Go R)
(BJ add Cd ff ff ff Score A Go R)))
(BJ get 7 tt S B Score A Go R)))

(add (if (ace? C)
(if A (BJ tst ? ff S B (addto Score C) A Go R)
(BJ use 7 ff S B (addto Score C) A Go R))
(BJ tst ? ff S B (addto Score C) A Go R)))

(use (BJ tst C £ff S B (addace Score) tt Go R))

(tst (if (167 Score)
(if (217 Score)
(if A
(BJ tst C ff S B (cancelace Score)
ff Go R)
(BJ get C ff S tt Score A Go R))
(BJ get C ff tt B Score A Go R))
(BJ get C £ff S B Score A Go R))))

in
(BJ get 0 tt ff ff O ff ff ff)

Ficure 2. DDD Specification of the Black-Jack Machine
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define BJ; = )\ (Rin SWin)

system

Status = (list State R Rd (or S B) A (167 Score)
(217 Score))

State = (select Status get add add get tst use
tst tst tst get get get)
Rd = (select Status RRRRRRRRRRRR)
R = (select Status Go Go Go Go Go Go
Go Go Go Go Go Go))
A = (select Status A ff A A A A A tt ff A A A)
B = (select Status B ff ff BB B B B B tt B B)
S = (select Status S ff ff SS S SSSS tt S)
H= (select Status ff ff ff tt ff ff
ff £ff ff ff ff ff)
C = (select Status ? Cd Cd ? 2?2 ?S C C C C)
Score = (select Status Score zero Score Score
(addto Score c) (addto Score c)
(addto Score c) (addace Score)
(cancelace Score) Score Score Score)
Out = (display Score H S B)
Go = (Rin)
Cd = (cardvalue (SWin))

define BJ; = A (Rin SWin)

St.|C|H|S|B Score A | R |Rd|Cd|Go| Out
0 |get| C |ff| S | B Score A|Go| R || &1 |ta| 13
1 |add |Cd | ff|ff | ff Zero f£f | Go| R || t1 | t2 | t3
2 |add |Cd | £ff | ff | ff Score A |Go| R ||ty |ta| I3
3 |get| C|tt| S |B Score A |Go| R ||ty |ta| I3
4 |tst| C |ff| S | B | (addto Score ¢c) | A |Go| R |t | ta | t3
5 |use| C |ff| S | B| (addto Score c) | A |Go| R || t; |ta | t3
6 |tst| C |ff| S| B | (addto Score c) | A |Go| R || t; | ta | 3
7 |tst| C|ff| S | B (addace Score) |tt|Go| R |t1 |ty | t3
8 |tst| C |ff| S | B | (cancelace Score) |[ff|Go| R |t |ty | I3
9 |get| C |ff| S |tt Score A|Go| R || &1 |ta| 13
10|get| C |ff|tt | B Score A|Go| R || &1 |ta| 13
11|get| C |ff| S | B Score A|Go| R || &1 |ta| 13

t; = (cardvalue (SWin)) ¢, = (Rin) ¢3 = (display Score H S B))

FiGure 3. Initial System Description of BJ; and its Transfer-Table
Representation
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FIGURE 4. Schematic of BJ;
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define BJ, = A (Cd Go)

State| C |H*| S | B | Score |BJADD-Ax | BJADD-B* R |Rd
0| get | C|ff| S | B | Score ? ? A Go| R
1| add |[Cd|ff|ff|ff| =zero ? ? ff | Go| R
2| add |Cd|ff|ff|ff| Score ? ? A |Go|R
3| get | C|tt| S| B | Score ? ? A Go| R
4 | tst || C |ff| S | B |BJADD-0| Score C A |Go| R
5| use | C|ff| S| B |[BJADD-0| Score C A |Go| R
6 | tst | C|ff| S| B |[BJADD-0| Score C A |Go| R
7| tst C|ff| S| B |[BJADD-0| Score +ace tt|Go| R
8 | tst C|ff| S| B |[BJADD-0| Score -ace ff|Go| R
9| get | C|ff| S |tt| Score ? ? A Go| R
10| get || C |ff|tt| B | Score ? ? A Go| R
11| get || C |ff| S | B | Score ? ? A |Go| R
BJADD-0 =(addto BJADD-A BJADD-B)

FiGURE 5. Transfer-table representation of BJ,
CTL

0 |get C |Hx| S Score |BJADD-B* R |Rd

1 | add 0| C|ff| S | b | Score ? A |Go| R

2 |add 1|Cd|ff|ff|ff| zero ? ff|Go| R

3 | get 2|Cd|ff|ff|ff| Score ? A |Go| R

4 | tst 3| C|tt| S| Db | Score ? A |Go| R

5 |use 4| C |ff| S | b |BJADD-0 o A |Go| R

6 |tst 5/ C|ff| S| b |BJADD-O +ace tt|Go| R

7 | tst 6| C|ff| S| b |BJADD-O -ace ff|Go| R

8 | tst 7| C |ff| S |tt| Score ? A |Go| R

9 |get 8| C |ff|tt| b | Score ? A |Go| R

10 | get 9| C|ff| S | b | Score ? A |Go| R

11| get

FI1GURE 6. Decomposition of the Transfer Table
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FiGUureE 7. Binary Declarations and Bit-Slice Projections.

bit | bit | bit | bit | bit | bit
0 |1 [2 |3 |4 |5
constant | value R .
ff 0 Rd .
tt 1 Hx* °
on 1 S °
off 0 B .
+ace 01010 A .
-ace 01101 C
Zero 00000 Score
BJADD-Ax*
Co |Np | Wpx* Cy [Ny [Wy* Co [No [ Wox
0| Cop |No| 7 0| Cy [Ny | 7 0| Co |No| 7
1({Cdg| O | ? 1({Cdy | 0| 7 1|Cda | O | 7
2|Cdy |Ng| 7 2|Cdy [Ny | 7 2|Cdy Ny | 7
3| Co |No| 7 3 Ci |Ny| 7 3| Cy [No| 7
4| Cy [Vo| Co 4| C (V1| C 4| Cy |Va| Co
5|1 Cy |Vo| O 51 Cy |Vy| 1 5| Cy |Vo| O
6| Cy |Vo| 1 6| Cy |Vy| O 6| Co |Vo| 1
7| Co |No| 7 7|1 Cy [Ny | 7 7| Co |No| 7
8| Cy |Nog| 7 8| Ci [Ny | 7 8| Cy [Noy| 7
9| Co |No| 7 91 Cy |Ny| 7 9| Cy [Ny| 7
Cs [N3|W3x Ny | Wy* R |[Rd|Hx|S|B|A
0| C3 |Ng| 7 O|Ng| 7 O|Go| R | O |S|B|A
1({Cdg| 0| ? 10| 7 1|Go| R | 0 |0|0]|O
2|Cds |Ng| ? 2|Ng| 7 2|Go| R | O |0O|0O|A
3| C3 |Ng| ? 3|Ng| 7 3|/Go|R| 1 |S|B|A
41 C3 |Vg| C3 41Vy| Cy 4/Go| R | O |S|B|A
5|1 C3 |Vg| 1 5|V4| O 5/Go| R | 0 ([S|B|1
6| C3 |Vg| 1 6|Vs| O 6|/Go| R | O |[S|B|O
7| C3 |Ng| ? T|Ng| 7 7/|Go| R | O |S|B|A
8| C3 |Ng| 7 8|Ny| 7 8|/Go| R | O |1|1]A
9| C3 |Ng| 7 9Ny | 7 9|Go| R |0 |S|B|A

Names

Score, BJADD-0 and BJADD-B have been shortened to N, V and W, respectively,

to condense the tables.
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define BJ3 = X (Go (Cd3 Cd2 Cdl CdO))

system
Status = (list R Rd (or S B) A (167 Score) (217 Score))
State = (NXTSTATE State Status)
Score = (list Score0 Scorel Score2 Score3 Score4)
Cmd = (ENCODE State Status)
BJADD-B = (list BJADD-BO BJADD-B1 BJADD-B2 BJADD-B3

BJADD-B4)

(Score0 CO BJADD-BO*)

(Scorel C1 BJADD-Bix) =

(Score2 C2 BJADD-B2x)
(Score3 C3 BJADD-B3x*)
(Score4 BJADD-B4x)

(R Rd S B Hx A)

(BJADD-00 BJADD-01 BJADD-02 BJADD-03 BJADD-04)

(SLICEO Cmd BJADD-00 CdO)
(SLICE1 Cmd BJADD-01 Cd1)
(SLICE2 Cmd BJADD-02 Cd2)
(SLICE3 Cmd BJADD-03 Cd3)

(SLICE4 Cmd BJADD-04)

(SLICE5 Cmd Go)

= (addto Score BJADD-B)

in
(1ist H* S B Score)

SWn|dd -
Rin| Go 7//ﬂ
l
==
| 0]
/1 —
o Encooe | ™ 2 /LB»b °
_g' SLICEO-5 T 7 addt o
B Yy ol a
NEXT State .
] STATE RATR A o
S
4[ St‘ atus|Tests B
Score

FicURE 8. Physical Organization of BJ;
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[ linterconnect = PLA and-plane M pLA or-plane standard cells

[NOTE: To save file space these floorplan diagrams replace the original figure, consisting

of three VLSI layouts. Originals obtained by contacting the authors.

Ficure 9. VLSI Realizations of the Black-Jack Machine. The stan-
dard-cell realization, upper right, does not include registers. The PLA real-
wzation, lower right, does not include feedback paths from the registers. The
mized layout realization, left, consists of a generic data path circuit [26] which
15 used to realize the score and C registers and the addto operation; the
PLA below contains the ENCODE and NEXTSTATE functions and the remaining
registers, SLICE 5; the tests gt217, gt16? and ace? are implemented in
standard-cell technology, just above the PLA on the left.
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6 Second Example — Fragment of a Memory
Manager

This example begins with a fragment from a behavioral specification involv-
ing two random access memories. It is distilled from Boyer’s derivation of a
garbage collector [17, 3]. The device moves information from a source mem-
ory, organized as an array of two-byte words, to a target memory, organized
as an array of bytes. The sort Memory involves two parameters, call them A
and C', and operations for reading and writing:

rd : Memory(A,C) x A — C
wt :Memory(A,C) x A x C'— Memory(A, )

The design will have two Memory objects which share a common Address
space, one for the Byte-memory, the other for the Word-memory. They share
a common Address sort. There is an increment operation for Address objects,

inc: Address — Address
Two coercions extract bytes from a word:
hi,lo: Word — Byte

Finally, there is a sort Count, with a decrementer and a test-for-zero:

dcr : Count — Count
zero? : Count — Bool

The specification fragment MCy, shown in Figure 10, copies N consecu-
tive words from word-memory M1 into byte-memory M2. The example is
contrived to show how applicative formulations of complex objects are ma-
nipulated during derivation. Since memories are values of the ground type,
the LOOP body can be can be written as a single expression. Hunt specified
a microprocessor programmer’s model in much the same fashion [12]. In

(wt (wt M2 P2 (1o (xrd M1 P1))) (inc P2) (hi (rd M1 P1)))

The subterm M = (wt M2 P2 (lo (rd M1 P1))) denotes the memory re-
sulting from the first write, and so (wt M (inc P2) (hi (rd M1 P1)))
denotes the effect of a second write to M2.
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The first problem is to derive a more serial version of MCy. Even for such a
small example, the serialization constraints can be complicated. In no state
should two operations be scheduled on the same memory, and there should
be minimal combinational delay in setting up the memory operands. We
might (as in this example) try to minimize the number of arithmetic devices,
or alternatively, keep the memories busy in every state, (as was done in [17]).

The underlying algebra involves a sequence of inverse substitutions ap-
plied to the argument list of LOOP. At each step we need two lists of interme-
diate terms,

(SNa SMI) SMQ) SPI) SPQ) ST)

and
(TNa TM17 TM27 TP17 TP27 TT)7

such that for ¢,j € {N,M1,M2,P1,P2, T}, the substitutions 7;[S;/j| produce
LOOP’s the original argument list,

((decr N)

M1

(wt (wt M2 P2 (lo (xrd M1 P1)))
(inc P2)
(hi (rd M1 P1)))

(inc P1)

(inc (inc P2)))

This process is repeated on one or both of the intermediate lists until the
architectural constraints are satisfied.

We have experimented with strategies in which the designer provides ar-
chitectural constraints in the form of a predicate, which accepts substitutions
that meet architectural goals [3]. More recently, Zhu has developed an alge-
braic approach [33, 34, 35] having much in common a the treatment of Maa-
davaht, et.al, which based on DTOL languages [21]. The idea is to provide a
partial set of architectural constraints, and then to determine automatically
whether the given list of terms is serializable in that configuration. The DDD
serializer provides several forms of constraint specification. The simplest is
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a list of partial register transfers.

N M1 M2 P1 P2 T
* * * * * (rd M1 P1)
(wt M2
* * P2 * * *
(hi T))
(wt M2
* * P2 * * *
(1o T))
(der N) | * * P1 P2 *
N * * (inc P1) P2 *
N * * P1 (inc P2) *

The first row asserts that (rd M1 P1) may be transferred to register T. The
last three rows together assert that at most one increment/decrement may
occur at any time. The serializer composes these partial transfers to obtain
trial substitutions. Using the constraints shown above, a serialized system
description MC, in Figure 11 is obtained.

The derivation now proceeds along the path of the Black-Jack example.
We shall carry it through the logical-organization phase to show some vari-
ations of factorization. The abstract system-expression shown in Figure 12
indicates the desired architecture. Four factorizations are applied to MC,.
The first creates a component, WB, for hi and 1o operations. The second en-
capsulates all occurrences of inc and dcr in a component called ALU. Next,
signal M1 and the its rd operation are incorporated in a component called
MEMORY;. Finally, a second memory component, MEMORY, incorporates signal
M2. The system expression in Figure 12 is the result.

As a byproduct, DDD generates a description of the factored subsystem.
For instance, the synthesized description of MEMORY; is

define MEMORY.1 = A (m1 I A)
let
Probe = A (m i a) (case i
((stet ?)
(rd (rd m a))))

29



in system
M= (! ml M)
in (Probe M I A)

It is not hard to see that if this definition is expanded and then simplified
in Figure 12, the original signal M1 is recovered.

These examples show that DDD factorization is more general than the
combinational abstraction done in the Black-Jack machine. They can incor-
porate state and introduce control. Factorizations are specified by giving a
collection of subject terms to be incorporated [16]. There are several ways to
abbreviate the subject terms. For example, there is a version of factorization
which isolates all occurrences of a particular set of operators (e.g. inc and
dcr) or all occurrences to a particular group of signals (e.g. M1).

As discussed in Section 3, the derivation has reduced MC, to a simpler
ground type of (Address, Content, Count, Bool). The more complex Memory
entities have been encapsulated in modules. Thus, we can proceed in the
manner of the previous section to reduce the design to hardware.
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define MCO A (...)
letrec

LOOP = A (N M1 M2 P1 P2)
(if (zero? N)
(LOOP N M1 M2 0 0)
(LOOP (dcr N)
M1
(wt (wt M2 P2 (lo (rd M1 P1)))
(inc P2)
(hi (rd M1 P1)))
(inc P1)
(inc (inc P2))))
in
(LOOP ...)

FiGure 10. Specification fragment MC,

define MC; A (...)
letrec

LOOP.O = XA (N M1 M2 P1 P2 T)
(if (zero? N)
(LOOP_.0 N M1 M2 P1 P2 ?)
(LOOP_1 (dcr N) M1 M2 P1 P2 (rd M1 P1)))

LOOP_.1 = A (N M1 M2 P1 P2 T)
(LOOP_2 N M1 (wt M2 P2 (1sb T)) P1 (inc P2) T)

LOOP.2 = )\ (N M1 M2 P1 P2 T)
(LOOP_3 N M1 (wt M2 P2 (msb T)) P1 (inc P2) ?)

LOOP.3 = A (N M1 M2 P1 P2 T)
(LOOP_O N M1 M2 (inc P1) P2 ?7)
in
(Loop0 ...)

FIGURE 11. Serialization of MC,
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system

CTL := (select CTL Z LO L1 L2 L3 LO)
Z = (zero? N
N:= (select CTL Z N (dcr NN NN N
ML := (select CTL Zz ML ML ML ML ML))
M := (select CTL Z M M2 (Wt M2 P2 (lo T))
(vt M P2 (hi T)) M))
PlL := (select CTL Z P1 P1 P1 P1 (inc P1))
P2 := (select CTL Z P2 P2 (inc P2) (inc P2) P2)
T := (select CTL 2 ? (rd ML P1) T ? ?)
in ...
system

CTL := (select CTL Z LO L1 L2 L3 LO)
Z = (zero? N
N := (select CTL Z N ALU-o NN N)
P1 := (select CTL Z P1 P1 P1 P1 ALU 0)
= (select CIL Z P2 P2 ALU-0 ALU- 0 P2)
= (select CTL Z ? Ml-0 T ? ?)
= (MEMORY1 Ml-i M- a)
= (select CTL Z stet rd stet stet stet)
(select CIL 2z ? P2 ? ? ?)
= (MEMORY2 M2-i M2-a M2-c)
= (select CIL Z stet stet wt w stet)

= (select CIL Zz ? ? P2 P2 ?)
(select CTL Zz ? ? BWo BWo ? ?)

(ALU ALU-i ALU a)

ALU-i = (select CTL Z stet dcr inc inc inc)
ALU-a = (select CTL Z ? N P2 P2 P1)
BWo = (BWBWi T)
BWi = (select CTL Z ? ? lo hi ?)
in ...

0
N
1

1
®»Q —TO0 ©®» T O
1

SRS RERA

F

- 0
o o
non

FIGURE 12. Initial (above) and Factored (below) System Expres-
sions for MC. Fuactorization goals are indicated by the shadings.

32



7 Summary and Conclusions

DDD was developed to help us explore a formalization of digital design. It
reflects an approach that adapts a theoretical foundation of programming
language semantics to the description and design of digital systems. In
adopting a mathematical framework we also adopt its methodology. The
mechanical aspect of engineering is characterized as a process of transforma-
tion, reducible to a taxonomy of basic algebraic laws. In this framework, our
research is to identify abstractions used in digital engineering and learn how
to manipulate them. The primary goal of DDD development is to create a
flexible vehicle for performing these manipulations correctly.

By itself, the formalization says nothing about the creative and analytical
aspects of engineering. Its first purpose is to provide means of explanation.
Of course, we believe that with further development, a system like DDD is
an appropriate basis for design automation. Since it operates exclusively on
expressions, an engineer can inspect and interact with every transformation
step. The simplicity of expression representation should also foster the de-
velopment of specialized transformations to meet specialized needs. Over
time, DDD’s transformations will become more coarsely grained, so that less
interaction is needed to obtain an implementation. However, by building
transformations up from more elementary algebraic primitives, we hope to
preserve the capability for interaction at lower levels of detail. The underly-
ing challenge is to develop a derivation language that is powerful enough to
express derivation tactics. The DDD language is not that powerful yet. With
no provisions for design management, automatic decision making, branching,
or backtracking, DDD is essentially a language of transformation commands,
which are composed into “straight-line” derivation scripts.

Functional algebra is unlimited in its capacity for abstraction. Although
the first-order DDD algebra does not exploit the full power of lambda cal-
culus, it can evolve toward it. We have taken a bottom-up approach to
implementing the algebra, making a priority of establishing a connection to
real hardware. In principle, DDD integrates with software oriented program
transformation methods, as developed for example in [30], to give a much
higher level of hardware specification. In other words, we think that this
approach can be seemlessly extended to higher levels of system description.

The first example presented in the paper, the Black-Jack machine in Sec-
tion 5, shows how DDD is used to manipulate physical organization. The
process involves factorization to develop a functional modularity, representa-
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tion, and projection. Factorizations defined the boundary of the Black-Jack
device, isolated the modeling interfaces, and allocated operations. Once a
binary representation was incorporated for the symbolic basis of the specifi-
cation, projections were used to reorganize the data path.

In Section 6, we looked briefly at algebra on behavioral descriptions and
the manipulation of data hierarchies. Serialization is the scheduling com-
ponent of high-level synthesis, but for DDD we want transformations that
are general enough to handle multiple-value operations and, eventually, both
architectural and temporal constraints.

Although the system is relatively flexible, getting the circuits we want
sometimes involves micromanagement of the derivation process. This is a
quality that seems common to many CAD systems. In order to improve
DDD, we must develop more precise ways to specify the goal of an individual
transformation. For example, the Memory factorizations in Section 6, synthe-
size a behavioral description of the memory process. Should this description
be available beforehand—as we would expect for off-the-shelf components—it
would in many cases be sufficient information to determine the factorization.
The DDD serializer discussed in Section 7 offers a variety of ways to specify
scheduling goals, but more experience is needed to determine how effective
it is.

Most of the design exercises we have done with DDD are, like the examples
here, data-path dominated. In our preliminary experimentation with control
dominated designs, we find a lack of capability to manipulate sequential
coprocesses except in trivial ways. We have not yet found an acceptable
characterization of synchronization in the functional modeling language, and
this is a priority in our present research.
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A  DDD derivation of BlackJack

Specification (cf. Figure 2)

(define BJ
(lambda (Rin SWin)
(letrec
((get (lambda (C H S B Score A R Rd)
(let ((0 (display Score H S B))
(Go (Rin))
(Cd (cardvalue (SWin))))
(if R
(if R4
(get 7 £ff S B Score A Go R)
(if (or S B)
(add Cd ff ff ff zero ff Go R)
(add Cd ff ff ff Score A Go R)))
(get 7 tt S B Score A Go R)))))

(add (lambda (C H S B Score A R Rd)
(let ((0 (display Score H S B))
(Go (Rin))
(Cd (cardvalue (SWin))))
(if (ace? C)
(if A
(tst ? ff S B (addto Score C) A Go R)
(use ? ff S B (addto Score C) A Go R))
(tst 7 ff S B (addto Score C) A Go R)))))

(use (lambda (C H S B Score A R Rd)
(let ((0 (display Score H S B))
(Go (Rin))
(Cd (cardvalue (SWin))))
(tst C ff S B (addace Score) tt Go R))))

(tst (lambda (C H S B Score A R Rd)
(let ((0 (display Score H S B))
(Go (Rin))
(Cd (cardvalue (SWin))))
(if (Sgt167 Score)
(if (Sgt21? Score)
(if A
(tst C ff S B (cancelace Score) ff Go R)
(get C ff S tt Score A Go R))
(get C ff tt B Score A Go R))
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(get C ff S B Score A Go R))))))
(get C H S B Score A ff Rd))))

Representations (cf. Figures 5-7)

DDD introduces concrete representations by performing an alternate inter-
pretation of specification syntax. The definitions below provide the basis for
that interpretation. This is essentially the declarative part of the behavioral
specification.

(define binary.map

“(
;DEFINED STREAM EQUATIONS
(state , (lambda () (make-reg "k." 2)))
(rd ,(lambda () ’(rd)))
(r , (lambda () ’(r)))
(a , (lambda () ’(a)))
(score , (lambda () (make-reg "score." (addl wordsize))))
(b , (lambda () ?(b)))
(s , (lambda () ’(s)))
(h-i ,(lambda () ’(h*)))
(c , (lambda () (make-reg "c." wordsize)))

(adder0-v1 ,(lambda () (make-reg "adder-b." wordsize)))

; INPUTS
(cardrdy ,(lambda () ’(cardrdy)))
(sw ,(lambda () (make-reg "sw." wordsize)))
(adder0 , (lambda () (make-reg "adder." (addl wordsize))))
(Go , (lambda () ’(Go)))
(ca , (lambda () (make-reg "Cd." wordsize)))
; CONSTANTS

;state assignments

(get ,(lambda () (nat->bv 0 2)))

0
(add , (lambda () (nat->bv 1 2)))
(use ,(lambda () (nat->bv 2 2)))
(tst ,(lambda () (nat->bv 3 2)))

;constants

(10ptace ,(lambda () ’(1 0 1 0)))
(-10ptace ,(lambda () ’(0 1 1 0)))
(zero ,(lambda () (0 0 0 0 0)))
(7 ,(lambda () ’(? 2 7 7 7)))
(tt , (lambda () ’(1)))
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(£f

, (lambda () ’(0)))))

(define datapath.org

> ((score
(score
(score
(score
(score
(abs

.0 adder-b.0
.1 adder-b.1
.2 adder-b.2
.3 adder-b.3
.4)

h* rd r)))

.0)
D)
.2)
.3)

Implementation of control

(define SorB<?.

(define preds.bool
> ((p6 ((score.4 & score.
(score.4 & score.
(p5 ((score.4 & score.
(score.4 & score.
(score.4 & score.
(score.4 & score.

(p4 ((2)))

(p3 ((c.3 &

(p1 ((xd)))
(p0 ((x)))))

bool ’ ((p2 ((s) (B)))));(or s b)

2 & score.l) ;sgt21?

3)))
3)
2)
1)
0)))

;sgt167?

sa

'c.2 & c.1 & c.0))) ; (ace? c¢)

;rd
iy

Below are the encodings used to implement control.

(define cmd.map

(define state.map

“((get ,(lambda
(add , (lambda
(use , (lambda

“((vO ,(lambda () (nat->bv 0 4)))

(vi ,(lambda () (nat->bv 1 4)))

(v2 ,(lambda () (nat->bv 2 4)))

(v3 ,(lambda () (nat->bv 3 4)))

(v4 ,(lambda () (nat->bv 4 4)))

(v5 ,(lambda () (nat->bv 5 4)))

(v6 ,(lambda () (nat->bv 6 4)))

(v7 ,(lambda () (nat->bv 7 4)))

(v8 ,(lambda () (nat->bv 8 4)))

(v9 ,(lambda () (nat->bv 9 4)))))
() (mapBitPattern ’(k.1 k.0) (nat->bv 0 2))))
() (mapBitPattern ’(k.1 k.0) (mat->bv 1 2))))
() (mapBitPattern ’(k.1 k.0) (mat->bv 2 2))))
() (mapBitPattern ’(k.1 k.0) (mat->bv 3 2))))))

(tst , (lambda
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(define state.map.bit

‘((get ,(lambda () (0 0)))
(add , (lambda () ’(0 1)))
(use ,(lambda () ’(1 0)))
(tst, (lambda () ’(1 1)))))

DDD derivation script for the BlackJack circuit

;Behavior to Structure

(define BJ.O (ReadFile "BJ_0.ss"))

(define SEQSYS_1 (IterativeSystem->SequentialSystem BJ_0))
(define SEL_1 (car SEQSYS_1))

(define BJ_1 (cadr SEQSYS_1))

;Structure to Architecture
(load "predinfo")

(define BJ_1.1 (RemoveStrEqns ’(Go 0 Cd) ;Factor H, Go, 0, Cd
(AbstractStrEqn ’H BJ_1)))
(define BJ_1.2 ;Expand cancelace, addace
(ExpandFunction

’(define cancelace
(lambda (score)
(addto score -10ptace)))
(ExpandFunction
’(define addace
(lambda (score)
(addto score 10ptace))) BJ_1.1)))
(define BJ._2 ;Factor addto
(AbstractOperations ’adder ’(addto) BJ_1.2))

(define SEQSYS_2 ;0ptimization
(OptimizeSEQSYS
SEL_1 (RemoveStrEqns ’ (STATE ADDERO-I ADDERO-VO) BJ.2)))
(define SEL_2 (car SEQSYS_2))
(define BJ_2.1 (cadr SEQSYS_2))

;Architecture to Physical Organization
(define STATE (ExtractStrEqn ’STATE BJ_2))
(define NEXTSTATE (map OptimizeSel
(ProjectSel state.map.bit
(renameSel ’STATE ’k
(PartialEval STATE SEL_1)))))

(define ENCODE (map OptimizeSel

(ProjectSel CMD.MAP

(renameSel ’SELECT ’CMD SEL_2))))
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(define BJ_3 (Group (Project BJ_2.1 binary.map 5) datapath.org))

;Logic Synthesis
(StrEqns->RTBA (slice 0 BJ_3) "RTBA_O.streqns")
(StrEqns->RTBA (slice 1 BJ.3) "RTBA_l.streqns")
(StrEqns->RTBA (slice 2 BJ.3) "RTBA_2.streqns")
(StrEqns->RTBA (slice 3 BJ.3) "RTBA_3.streqns")
(StrEqns->RTBA (slice 4 BJ_3) "RTBA 4.streqns")
(define SLICE5.bool (StrEgqns->BoolEquns (slice 5 BJ_3)))
(define ENCODE.bool (symbolic->bit (map Sel->BoolEqns ENCODE) state.map))
(define NEXTSTATE.bool (symbolic->bit (map Sel->BoolEqns NEXTSTATE) state.map))
(BoolEqns->MPLA
(append ENCODE.bool NEXTSTATE.bool SLICE5.bool SorB?7.bool) ’static "PLA.eqgn")
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