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1. Introduction

If VLSI is an adequate technology to implement highly concurrent computations [7],
it should be possible to apply to VLSI the already well-established design methods for dis-
tributed programming. Ideally, a distributed computation should be described in a notation
that can be compiled into a VLSI-circuit as well into code for a stored-program computer.
The method described in this paper is a step in that direction. At the moment, the term
“compiling” means a “systematic, semantics-preserving transformation”. The ultimate goal
of the transformation being carried out automatically has not yet been achieved, although
we believe that it is not remote.

In the method we propose, the computation is initially described as a set of communi-
cating processes in the notation of [3], which is somewhat similar to C.A.R. Hoare’s CSP [2].
This first description is the reference solution, which has to be proved correct. The program
is then compiled into a delay-insensitive circuit by applying a series of semantics-preserving
transformations. Hence the circuit obtained is correct by construction: all semantic prop-
erties that can be proved of the program hold for the circuit as well.

Following [11], a circuit is called delay-insensitive when its correct operation is inde-
pendent of any assumption on delays in operators and wires, except that the delays are



finite. Consequently, such circuits do not use a clock signal: sequencing is enforced entirely
by communication mechanisms. Delay-insensitive circuits have been known and used for
their elegance, versatility, and robustness, which result from the ideal separation of concerns
they provide between the mathematical and physical aspects of circuit design.

The first modern survey on the topic is [10], where such circuits are called self-timed. A
different approach—the macro-module approach—is described in [8]. Closer to our method
is the recent work at Eindhoven University of Technology, a good survey of which is [9].

A circuit is a network of elementary operators (and, or, C-element, arbiter, synchro-
nizer, wire, fork). The specification of an operator is a so-called production rule set, where
a production rule is a “weaker” form of guarded command, and a production rule set a
“weaker” form of repetition. The compilation relies essentially on the four-phase (also called
four-cycle) handshaking expansion of the communications. After expansion, the program
of each process is compiled into a production rule set from which all explicit sequencing has
been removed. By matching those production rules to those describing the operators, the
programs are identified with networks of operators.

The method has already been applied to a whole spectrum of problems, some of them,
such as distributed mutual exclusion [4], and fair arbitration [5], being quite difficult. The
results are beyond our original expectations. For many circuits, especially complex ones,
the compiled circuits are superior to their “hand-designed” counterparts, which are often
more complex and not entirely delay-insensitive.

We first present the program notation and the VLSI operators that constitute the
“object code”. We then describe the four steps of the compilation and illustrate the method
with a number of simple examples.

2. The program notation

Sequential part

For the sequential part of the algorithm, we use a subset of Edsger W. Dijkstra’s guarded
command language [1], with a slightly different syntax. In this introductory paper we give
only a very informal definition of the semantics of the constructs used.

i) b1 stands for b := true, b | stands for b := false.

ii} The execution of the selection command [G1 — 81 | ... | Gn — S|, where Gy through
G, are Boolean expressions, and S; through S, are program parts, (G; is called a
“guard”, and G; — S; a “guarded command”) amounts to the execution of an arbitrary
S; for which G; holds. If —=(G; Vv ...V G,) holds, the execution of the command is
suspended until (G; V...V G,) holds. v

iii) For atomic actions z and y, “z,y” stands for the execution of z and y in any order.

iv) [G] where G is a Boolean, stands for [G — skip|, and thus for “wait until G holds”.
{Hence, “[G]; S”and [G — S| are equivalent.)

v) *{S] stands for “repeat S forever”.

vi) From ii) and iii), the operational description of the statement

*[[G1 — 81| ... | Gn — S,]] is “repeat forever: wait until some G; holds; execute an
8; for which G; holds”.



Communicating processes

A concurrent computation is described as a set of processes composed by the usual parallel
composition operator ||. Processes communicate with each other by communication actions
on channel; they do not share variables. When no messages are transmitted, communication
on a channel is reduced to synchronization signals. The name of the channel is then sufficient
for identifying a communication action.

If two processes pl and p2 share a channel named X in pl and Y in p2, at any time
the number of completed X-actions in pl equals the number of completed Y-actions in
p2. In other words, the completion of the n-th X-action “coincides” with the completion
of the n-th Y-action. If, for example, pl reaches the n-th X-action before p2 reaches the
n-th Y-action, the completion of X is suspended until p2 reaches Y. The X-action is then
said to be pending. When thereafter p2 reaches Y, both X and Y are completed. The
predicate “X is pending” is denoted gqX. If, for an arbitrary command A, ¢ A denotes the
number of completed A-actions, the semantics of a pair (X,Y") of communication commands
1s expressed by the two axioms:

ceX =¢cY (A1)
-~qX Vv ~qY. (A2)

Probe

Instead of the usual selection mechanism by which a set of pending communication actions

can be selected for execution, we provide a general Boolean command on channels, called
the probe. The definition of the probe given in [3] states that in process pl, the probe
command X has the same value as qY. Here, we use a weaker definition, namely:

X=>qY
qY = oX,

where ¢P means P holds eventually.

Hence the guarded command X — X guarantees that the X-action is not suspended.
And a construct of the form [X — X | Y — Y] can be used for selection. (For a more
rigorous definition of the communication mechanism and the probe, see {3].)
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