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Abstract

We introduce a new set of primitive elements for
delay-insensitive (DI) circuit design.  This set is
shown to be universal and minimal, that is, any DI
circuit can be constructed using only these primitives,
and no proper subset of them is sufficient for con-
structing all such circuits. We gwe area efficient, fast,
and robust switch-level tmplementations of key primi-
tives and show how to use them to construct other DI
circuit elements commonly found in the literature.

1 Introduction and background

In recent years, interest in asynchronous circuits
has been on the rise, in spite of the fact that cor-
rect asynchronous systems have long been considered
much harder to build than synchronous systems in the
absence of rigorous approaches to design. This inter-
est 1s due to the potential advantages of asynchronous
circuits over synchronous circuits in a number of ar-
eas ([1, 2, 3]). These advantages include the robust-
ness of fully asynchronous circuits to scaling of circuit
feature sizes, metastability, and to large variations in
operating conditions such as temperature and their
potentially higher power-efficiency and speed. For ex-
ample, a great deal of power can be saved by elim-
inating the global clock, which causes transitions at
every storage element in a circuit every time a clock
transition occurs. Similarly, since only those portions
of an asynchronous circuit actually used in perform-
ing a particular operation contribute to the delay or
dynamic power consumption required to complete an
operation, additional energy savings can be expected,
and the average speed required to complete a complex
computation need not be limited to the speed of the
slowest path in the circuit as with synchronous sys-
tems.

On the other hand, it seems likely that asyn-
chronous circuits generally require more area to im-
plement a given function than do synchronous cir-
cuits, since the former commonly make use of exten-
sive handshaking and parallel signal paths to main-
tain the synchronization of computations and data.
However, without satisfactory theoretical or practical
demonstrations, it remains debatable whether or not
the overhead of asynchronous circuit designs counter-
balances their potential advantages. Many practition-
ers and even researchers on asynchronous circuit de-
sign continue to believe that asynchronous circuits en-
tail a prohibitively high area penalty when compared
to synchronous circuits and that they are therefore
impractical to use in most cases.

Perhaps surprisingly, there is little existing work on
systematic methods for optimizing the area, speed and
energy requirements of asynchronous circuits. For in-
stance, Keller[4] gave one of the first and best attempts
to characterize the class of delay-insensitive(DI) cir-
cuits, and also provided a universal set of circuit
primitives such that any circuit in this class is re-
alizable as a delay-insensitive network of the primi-
tives, i.e. a DI decomposition into primitives ex-
ists. However, no even moderately efficient implemen-
tation strategy or methodology was provided for ac-
complishing this. More recently, [5] formalized classes
of delay-insensitive circuits in Trace theory by defin-
ing closure properties of Trace structures representing
delay-insensitive(DI) computations, but did not deal
with the synthesis of efficient circuits using these ele-
ments. [6] and [7] have developed composition oper-
ators and algebras to model speed-independence and
to verify equivalence of DI specifications, respectively.
[8] has developed grammars (not provably complete,
see [9]) to specify DI circuits that induce a syntax-
directed translation into a basic set of primitives. [10]
uses most of Keller’s primitives and some more com-
plex primitives to compile process algebras into DI
circuits. [11, 12, 13, 14] have devised practical syn-



thesis techniques, yet they impose several restrictions
on the specification unrelated to delay-insensitivity or
speed-independence and provide very limited means
for composing and decomposing DI modules. An auto-
matic compiler in [3] applies some area optimization
techniques to DI ‘control’ modules built from a larger
and more complex set of primitives than we propose.
However, in each case, these methods are primarily
concerned with correctness issues, and often ignore the
cost and optimization of the resulting designs.

We believe that delay-insensitive (DI) circuits are
potentially the most desirable asynchronous circuits.
They make the weakest assumptions about the timing
relationships of elements in the system and thus are
most robust to conditions which may change timing
relationships such as temperature variations. They
also most effectively eliminate the need to explicitly
reason about time for designing circuits and thus make
the problem of correct design simpler than for other
types of asynchronous circuits. Thus, they are well-
suited for use with formal specification techniques for
designing asynchronous circuits, which we believe are
essential for making it possible to design a large class
of correct and efficient asynchronous circuits.

However, there is reason to be concerned that DI
circuits require the greatest overhead of all asyn-
chronous designs, enough overhead, perhaps, to pro-
hibit their use in practice. Our aim is to mitigate this
concern by demonstrating that the overhead can be
kept quite small. In this paper, we take a significant
basic step toward this goal. First, we define a small
set of basic DI circuit primitives which are efficient in
the sense that their area and power requirements are
small with no sacrifice in speed. We show that this
set of primitives is universal in that any possible DI
finite-state machine can be constructed of such prim-
itives. We also show that the set is minimal, 1.e. that
no subset of these primitives is universal. Moreover,
our primitive set is shown to be optimal in its 1/0
modularity, a measure of DI element complexity in-
troduced by Keller [4] in 1974. This is the first set of
DI primitives we know of that is optimal in this sense.
Finally, we demonstrate how to construct some larger
DI circuit elements, commonly used in the literature,
from our basic set of primitives. [15] was pointed out
to us which is another attempt to build purely DI-
circuits, but they use much more complex primitives
(‘Demultiplexors’) that embody arbitration as well as
decision-wait functions. They do not show minimality
of primitives or DI-decomposability of arbitrary-sized
Jotn modules into a small-set of basic ones, as we do.

2 A formal model and a language of
specification

The first step in functional design of a circuit is to
obtain, from the problem requirements, a formal spec-
ification. A specification is the set of all admissible
and required interface behaviors of a system. A be-
havior is an interleaving of input and output events.
The specification models a circuit module by help of
a theory: a formal language (or syntax) and a formal
interpretation (or semantics). We chose Trace The-
ory ([5, 16, 17]) for exposition of our methods and for
describing our primitive modules. !

In trace theory, symbols represent events and traces
represent behaviors. Lower-case letters (subscripted
or not) serve as symbolic names for communication
events at similarly named communication ports. An
event is an occurrence of the corresponding action.
In circuit physics, signal (voltage) transitions are ar-
guably the simplest and the most natural events of
communication. There is a one-to-one mapping be-
tween actions and ports of a module. Sets of input
and output actions — equivalently, their symbol sets
— in a specification are implicit and disjoint: we ap-
pend ‘7" or ‘I’ to a symbol-name, to denote that the
name stands for an input or output action, respec-
tively. We may leave those suffixes out for internal
signals or when no confusion may arise.

Symbol names can also be viewed as atomic trace-
structures representing simple specifications. A
more complex specification is built recursively from
the primitive specifications by applying following op-
erations: ‘pref’ is prefix-closure, ¢’ is sequential 2
composition, ||’ is parallel composition, ‘|’ is non-
deterministic choice, and ‘%’ is the Kleene-closure or
repetition. A symbol s raised to a (natural) N indi-
cates sequential composition of N such symbols.

The 1-place pref operation, when applied to a set
of behaviors, represents all prefixes of those behav-
iors. All module behaviors are prefix-closed — this for-
mally legitimizes the common-sense observation that
all partial interface behaviors (i.e. communications)
that lead to an admissible behavior are themselves
admissible. The sequential composition of u and v,
l.e. uw, denotes that behavior v necessarily follows
behavior u. The 1-place ‘“*’ operation denotes all fi-
nite concatenations (i.e. sequential compositions) of

1Various other languages based on Temporal Logics exist
that capture safety, progress as well as fairness properties of
general systems.

2Very often we will use mere juxtaposition to denote sequen-
tial composition in order to avoid clutter. For a good introduc-
tion to trace theory for specifying circuits, see [18].



the behaviors in its argument set. The 2-place oper-
ation ‘||” is more complex and denotes concurrency 3
between the two argument sets. The parallel compo-
sition of two argument sets of behaviors is the set of
all behaviors satisfying the following:

1. It has only those symbols that appear in the im-
plicit input or output sets of either argument.

2. When it is restricted (or projected) to the set
of implicit input and output symbols of either
argument behavior set, the result must be a
behavior in that argument set.

The 2-place |’ operation denotes the union of the two
argument sets of behaviors: e.g., S = a(b|¢), where
all the symbols are either inputs or outputs, specifies
that after a, either b or ¢, but not both, is allowed;
thus, the complete set of valid traces is { a b, a c}. *

2.1 Primitive modules and notation

We need a repertoire of basic devices or primitives
to build general circuits and our choice is given in
Table 1. Each primitive’s specification is shown next
to 1t in the form of a specification.

A mxn-Join is operationally described as follows:
It has m row inputs, n column inputs, and a matrix
of m x n outputs— one for each pair of row and col-
umn inputs. The device and its environment repeat
the following behavior: The device waits to receive
exactly one row-input and exactly one column-input;
upon receiving the two inputs it makes a transition on
the output corresponding to the input pair. (Joins
are equivalent under swapping of the row and the col-
umn inputs. this paper.)

3Concurrency is used to capture the effect of arbitrary delays
allowed in a DI model of communication wires carrying possibly
simultaneous events. Therefore, all causally unrelated events
are concurrent, and there is no notion of simultaneity unlike in
many synchronous systems.

4This trace-structure is not delay-insensitive [5], because it
does not contain the trace ba, although ab is a valid trace, and
both the symbols are inputs or outputs (hence, not causally
related). Prefix-closure, a requirement for DI trace-structures,

of Sis {¢, a, a b, ac}.

Example:
We illustrate trace-theory notation using, as an ex-

ample, a 1 x 2-Join, whose set of traces is given by:
pref(((a?||607) c0!) | ((a?||617)ell))*. The sym-
bols with the suffix ‘?” represent transition events
at the three input ports of this module, namely,
a, b0, and b1. Similarly, output symbols ¢0 and
cl represent two output actions (and their occur-
rences). Hence, the input set is {a, b0, b1) and the
output set is (c0, c¢l). Examples of valid par-
tial behaviors are: a, @50, ab0c0, ab0c0 b0,
b0acO, blaclablel, abl cl1b0acO.

Some invalid traces are: (1) ab0bl, (2)aa,
(3) b0 c0, (4) a b0 cl. The first two traces repre-
sent errors in the environment, while the last two
in the module (refer to the operational description
of a Join): (1) The environment cannot send both
column inputs b1 and b0 without an intermediate
output from the Join. (2) @ cannot immediately
follow itself for the same reason as above. (3) out-
put ¢0 is produced too early. (4) el is the wrong
output, ¢0 should be produced in stead.

A Fork, represented by branched lines, accepts one
input and then produces two outputs, before repeating
self. A Merge, also known as a 2-input Xor, can ac-
cept exactly one input which is followed by an output
transition, before it repeats itself.A Toggle device dis-
tributes an input transition between the two outputs
alternately.

A ‘bubble’ at an input terminal of a Join device
implies an initialization that corresponds to a state
where a transition at that terminal is assumed to have
been received initially. We can alternatively imagine
a Merge gate at the bubbled input that has an input
port connected to a ‘START’ signal. For instance, the
behavior of a C-element with a bubble at the a-input is
a device with the behavior of a 1 x 1-Join after receiv-
ing a transition on a first, i.e. pref(b? ¢!((a?]|67)e!))*
. A heavy dot near a terminal of a device denotes an
initialization where only the thus indicated terminal
may produce the first output of the device. We occa-
sionally use a circle labeled with ‘P’ as a short-hand
for a tree of Merges, in our figures.

A ‘bubble’ at an input terminal of a Join device
implies an initialization that corresponds to a state
where a transition at that terminal is assumed to have
been received initially. We can alternatively imagine
a Merge gate at the bubbled input that has an input
port connected to a ‘START’ signal. For instance, the
behavior of a C-element with a bubble at the a-input is
a device with the behavior of a 1 x 1-Join after receiv-
ing a transition on a first, i.e. pref(b? ¢!((a?]|67)e!))*



. A heavy dot near a terminal of a device denotes an
initialization where only the thus indicated terminal
may produce the first output of the device. We occa-
sionally use a circle labeled with ‘P’ as a short-hand
for a tree of Merges, in our figures.

2.2 A minimal, universal set of primitives

Keller ([4]) characterizes the class of delay-
insensitive modules that are finite DI networks of finite
primitive modules. We show here that any module
in Keller’s class is realizable as a DI network of Fork,
Merge, Mutex, 2x1-Join, and Mem as primitive mod-
ules. We believe that not only do these primitives have
few 1/O ports, and have simple, efficient physical im-
plementations under the robust transition signalling
convention, but also they facilitate more efficient de-
compositions of a very large class of DI modules. Fur-
thermore, finding such sets has deeper significance in
parallel language design for asynchronous communi-
cating processes and dataflow networks in regard to
the necessity and sufficiency of language operators for
classes of computations. The initial intuition behind
any choice 1s to capture the following orthogonal as-
pects of computation:

¢ Initiation of parallel processes
e Combining of sequential events (‘Or-causality’)

e Arbitration or non-deterministic choice between
events

Deterministic choice and synchronization
e Storage of values

Note that the aspect of computation that i1s sequen-
tial is inherent to the ‘inputs causing outputs’ nature
of primitives and the structural connections among
those primitives in a network. Informally, the first
three primitives in our set match the first three no-
tions in the list above. By appropriately hiding a pair
of input and output ports, 2x 1-Join can be made to
achieve synchronization among events. A M x 1-Join
can be DI decomposed into 2x 1-Joins, Merges, and
Forks and hence, can essentially support determinis-
tic choice among a set of input events. We found Mem
to be the simplest module that can support storage of
a boolean value, delay-insensitively. Mem turns out
to be identical to the “G' module” described in [4].

Choosing a minimal set is more of theoretical sig-
nificance than practical, although it helps as a starting
point for building a library of VLSI delay-insensitive
standard-cells.

We have found certain other primitives to be very
handy in many design situations and also while prov-
ing equivalences between sets. Therefore, our strategy
1s to show transformations between sets of these prim-
itives. Specifically, we exhibit DI realizations of the
modules in Keller’s universal sets as networks of our
primitives. First, we show some useful constructions
before we give the necessary decompositions. We give
the decompositions which are easy to check, but we
provide no formal verification.

2.3 Decomposing Larger Joins

We show here that an arbitrary M x N-Join can
be decomposed, with asymptotic optimality, into a set
of Fork, Merge, 2x2-Join, 2x1-Join, and 1x1-Join
primitives. Consider Figure 1 which is a decompo-
sition of M x N-Join into four ‘balanced binary de-
coders’ (BBD) and a M x N-Tjoin (dotted box) mod-
ule, described below.

Column and row inputs of the M x N-Join, to be
decomposed into the primitives, are each divided into
nearly equal halves, and the resulting four halves are
fed into four BBDs. A BBD is a conventional binary
parity tree of Merges but, all the intermediate as well
as input nodes of the parity tree are also made visible
as output ports — it decodes an input signal in a special
way. So, a BBD with K inputs has 2K — 1 outputs.

A M x N-Tjoin module assimilates exactly 2N —
2 column inputs and 2M — 2 row inputs concur-
rently from the BBDs to generate the output that
a M x N-Join is supposed to produce. The T'join re-
peats this behavior to simulate the M x N-Join. A
simple strategy is used to determine the ‘quadrant’ of
the M x N output matrix of a M x N-T'join to which
the output belongs — corresponding to the pair (row
and column) of inputs of the simulated M x N-Join.
The structure of the T'join 1s described now:

Nominally, the M x N-Tjoin consists of a ‘cen-
tral” Join, a 2x|N/2|-Tjoin, a |M/2]x2-Tjoin, a
2x[N/2)-Tjoin,a [M/2]x2-Tjoin, two row and two
column Tree-Muzes. The four most significant outputs
- (1, Cy, Ry, Ry — from the four BBDs are fed to the
central Join which is usually a 2x2-Join. (If there
is only one column or one row input, then the corre-
sponding central Join isa2x1-Join,a 1x2-Join, or a
1x1-Join.) This central Join steers the decoder out-
puts to the appropriate quadrant with the help of the
Tree-Muzes. The lower column (row) Tree-Mux steers
the decoded signals, Cy, Cly, ... (Ru, Riu, -..), to left
or right (up or down) quadrant under the ‘control’ of
the central Join. A Tree-Muz is a binary (preferably
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Figure 1: Optimal decomposition of M x N-Join mod-
ule

balanced) tree of 2x2-Joins. See the Figure 1 for a
clearer picture.

Intuitively, you may think of the transitions in a
Tjoin to be progressing like a wave. By the time the
central Join generates its output, the 2x2-Joins on
its left row Tree-Muz and the column Tree-Muz below
should have their column and row input signal, respec-
tively. The output from the central Join is forked to
the appropriate pair of Tree-Mures whose partial out-
puts activate the | N/2|x|M/2]-Tjoin. Thereafter,
the Tjoin and the Tree-Muxes synchronize as sug-
gested and compute concurrently. In Fig 1, we have
shown a shaded region to indicate the Joins that are
producing outputs after the central Join — assuming
the inputs to the simulated M x N-Join occur in the
lower halves.

Each T'join quadrant is decomposed recursively, as
its parent is. The recursive decomposition ‘terminates’
when the present T'join quadrant to be decomposed
has only one or two ports in each dimension (row or
column). In this case the Tjoin is just the central
Jotn of appropriate type.

[19] has a decomposition where in place of our
BBD, Tree-Mux, Tjoin quadrant, a simple Parity
Tree, a px2-Join or 2x p-Join, and a Join quadrant
are used respectively.

We have logmaz (M, N) sequentially ordered lev-
els of signal flow before an output is produced. The
parallelism between computations of a Tree-Muz and

Figure 2: Decomposition of 2x2-Join into Trias

a Tjoin quadrant made possible due to the decoder
signals in our method helps achieve a response-time
complexity of O(logmax(M,N)), which is optimal.
We assume that the response-time of each constant-
sized device is a constant. ®> (The response time of a
px2-Join can be seen as Q(logp). At each level ¢, a
(N/21) x 2-Join responds in O(log N —i) units of time,
making the time complexity of the method of [19], as
described to us, equal to Q((logmaz(M, N))?).)

Moreover, since neither a Tree-Muz nor a T Join
uses Merges in their respective decompositions, our
method has slightly better area complexity than in
[19].

The (switching) energy expended in a module for a
given computation is roughly proportional to the num-
ber of transitions made, during that computation, at
the input and output ports of all the primitives con-
stituting the module. Therefore, energy used for map-
ping (producing) an output corresponding to a pair of
inputs is O((log N)?) for the N x N-Join, assuming
each transition at a primitive’s port consumes con-
stant energy. We conjecture that this is also asymp-
totically optimal.

2.3.1 Universality

Figure 2 shows a realization of 2 x 2-Join as a network
of Forks, Merges, and Trias.

Note that by hiding appropriate inputs and outputs
of a 2x2-Join, we can obtain 1x1-Join (Muller’s C-
element, shown as a circle around ‘C’ ) as well as a
2x1-Join. Now, we are ready to show the decomposi-
tions of Keller’s Select and AT'S modules in Figure 3.

5We have ignored delays in interconnects between primi-
tives since delay-insensitivity places no functional requirement
on them. Moreover, this somewhat simplifies our first-order
comparison and analysis.
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Their specifications are given below in a slightly differ-
ent, but very concise, form. H and L in the following
are states of the primitives. Observe this interpreta-
tion: wherever a state is mentioned (in a trace) the
specification shown equivalent to that state is substi-
tuted for it, recursively as needed. Assume I and H
to be the initial states for Select and ATS, respec-
tively.

Specification for Select:
H=(ss" H|rr' L|tt, H)
L=(ss H|r' L |ty L)
Specification for AT'S:
H= (tty H)||(r L)

L= (tto H)

Very often the number of 1/O ports is proportional
to the complexity of interaction between a module and
its environment and hence, inversely proportional to
ease of use. For proofs of correctness concerning such
practical issues as testability, 1t is far easier to deal
with a smaller set of primitives.

Definition 1: I/O-modularity of a set of mod-
ules is the maximum number of 7/0 lines on any mod-
ule in the set.

Definition 2: A module is called serial if its spec-
ification prohibits all concurrency in inputs and out-
puts, i.e. each output event has exactly one unique
input event that causes it and vice versa. A module
1s called parallel if its specification allows concurrent
inputs and concurrent outputs.

It is 1important to be able to design cir-
cuits that do not have signals racing continu-
ously, for the sake of energy-efficiency and speed.
For example, a Sequencer, classically specified as
pref((r07g0N)*[|(r17g11)*||(c?(g0!g11))*), can be im-
plemented using two AT'S modules as in Figure 4. A
signal races around continuously after ¢? is received
‘polling’ the inputs until an arbitration is made.

Definition 3: A module’s decomposition is with-
out busy-waiting if the internal wires and component
modules have no transitions imminent, when no in-
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Figure 4: Busy-waiting Sequencer

| el :
vmg 72
Mutex 1

P12

il @l : Vel

(8) 2-way resource arbiter (b) 2-way sequencer (Seq) " (c) 2-way resource arbiter

o —={f )
rg =0 A< , goﬁ [ -
= r resource
0519 — . abiter
rce r
. Tesoure s {1 |
— " résoli | % )
=% ML abiter Seq
—=T, |
= 0 rt
fo r—= - T
=Iq . ‘% n-way
. iy & . resource
g ¢ abiter
r - abie r N
M 1 mn-1 d
- d 7= Gina < 4y ‘
Genr=L 01 -1 5
[

(d) m+n way resource arbiter (e) m+n way sequencer

Figure 5: Realization of larger arbiters and sequencers

puts are supplied to the module for a sufficiently long
time. A set of modules is whw-universal for a class
if any module in the class is decomposable without
busy-waiting.
Figure 5(a) depicts a decomposition of the 2-way
resource arbiter specified as
((r0?a p gO)*||(r17b ¢ g11)*
I 0) L 2Pl (p [ 0))) |
A realization of the 2-way Sequencer is shown in
Figure 5(b). Recursive realizations of larger resource-
arbiters and sequencers, without busy waiting, are in-
dicated in Figures b(d & e). For sake of completeness,
we observe that an n-input Merge can be realized from
2-input Merges as a ‘parity tree’, which we often pic-
torially denote as a circle with a ‘P’ on it.

pref

Theorem 1: The set {Fork, Merge, Tria,
Mutex} is of 1/O-modularity 6, cardinality 4, and is
wbw-universal for Keller’s class of DI modules. O

[4] shows that any parallel module M may be re-
alized by serializing the possibly concurrent inputs,
and then feeding to an appropriate serial module M”,
the details of which are not important for the follow-
ing discussion and for which the reader is directed to
that paper. To avoid busy-waiting in the input se-
rializer, Keller used a Arbitrating Call (AC) module
which 1s exactly what we call a 2-way resource ar-



biter. But, we have demonstrated constructions of
multi-way Sequencers and resource arbiters in Fig-
ure 5. Moreover, note that a Sequencer implements
a 2x1-Join directly, if we interpret the column in-
put of 2x1-Join as input ¢? of the Sequencer.® A
Toggle 1s a specialized 2x1-Join. Therefore, multi-
way Sequencers can be delay-insensitively composed
from 2-way Sequencers, Merges and Forks. Hence,

Theorem 2: The set {Fork, Merge, Select,
Sequencer} is wbw-universal for Keller’s class of DI
modules. O

To the extent that low I/O-modularity and low car-
dinality of a universal set signify simplicity, we have
partially answered some pertinent philosophical ques-
tions raised in [4], by discovering wbw-universal sets
which have a lower 1/O-modularity in comparison to
Keller’s wbw-universal sets with same cardinality.

Theorem 3: The set {Fork, Merge, Sequencer,
Mem} is wbw-universal for Keller’s class of DI mod-
ules. O

Proof: A Sequencer implements a 2 x 1-Join which
in turn implements a Toggle upon proper configura-
tion, as noted before. A decomposition of a 2 x 2-Join
is demonstrated in Figure 6. This theorem follows
from our previous discussion of transformations to
Keller’s set. O

Theorem 4: The set {Fork, Merge, Sequencer,
Mem} is wbw-universal for Keller’s class of DI mod-
ules, and 1s of I0-modularity 5 and cardinality 4. O

Proof: A Sequencer implements a 2 x 1-Join which
in turn implements a Toggle upon proper initializa-
tion, as noted before. A decomposition of a 2 x 2-Join
is demonstrated in Figure 6. Theorem follows from
our previous discussion of transformations to Keller’s
set O

Theorem 5: The set {Fork, Merge, Mutex,
2x1-Join, Mem} is whbw-universal for Keller’s class
of DI modules. O

Proof: This theorem follows from the previous the-
orem, and the previously shown decomposition of a
Sequencer into {Fork, Merge, Mutex, 2x1-Join}.
O

Finally we observe that a 2x2-Join can be decom-
posed, albeit inefficiently, into {Select, ATS, Merge
and Fork}.

6 This points out that an implementation could be ‘better,’
by being able to ‘tolerate’ a worse environment than the spec-
ification requires. But, bear in mind that the constructions in
this section are not necessarily what we will use in practice.
with efficient transistor-implementations is currently being in-
vestigated.
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2.3.2 State Machine Simulation

Here we indicate a direct way to show universality
by simulating a finite state machine that represents
an arbitrary DI specification. This construction ex-
ploits parallelism and synchronization properties of
Trias (alternatively, 2x2-Joins). In Figure 7 con-
trol and environment inputs are allowed to occur con-
currently whereas the environment inputs are still se-
quenced serially. The columns of the M x N-Join sim-
ulate flow of control while the rows serve as inputs
to the monolithic state-machine that takes one step
at a time (assimilates a single control signal and a
single environment input) to produce any appropri-
ate output, to change control, and to ‘clock’ the in-
put serializer to obtain the next input. The dotted
boxes indicate banks of similar components, represen-
tatives of which are pictured in each bank. The parity
trees, the multi-way Sequencer and the M x N-Join
have been demonstrated before to be DI decompos-
able into {Fork, Merge, Mutex, 2x1-Join, Mem}.
The M x N Join can be made sparse, for efficiency, by
excluding output ports for all those control and input
combinations which are disallowed by the machine’s
specification.



2.3.3 Minimality

Definition 4: A set of modules is minimal if none of
them can be realized by the rest. In other words, a
set S is minimal if no proper subset of S is universal
with respect to S.

Lemma 1: {Fork, Merge, Mutex, 2x1-Join,
Mem} is minimal.

Proof: 2x1-Join 1s the only component that as-
similates more events than it produces — the number
of input events exceeds the number of output events
unboundedly with increasing length of a valid trace.
So no finite composition of only the rest of the prim-
itives in the given set can correctly extend a trace
to produce this property. Therefore, 2x1-Join 1s ir-
redundant. (The above comment about a 2x1-Join
applies to Tria also.)

None in the set other than a Fork produces more
events than it assimilates. Hence, Fork is irredun-
dant.

Merge 1s the only primitive such that an event at
its output does not identify the actions directly caus-
ing (i.e., the immediate predecessors of) this event.
Identification through events means separate output
channels, because an event itself does not carry infor-
mation. Hence, no finite (DI) network of the other
primitives in the set can realize a Merge.

The M utex clearly is the only primitive for mutual-
exclusion between two concurrent events.

Mem is the only module capable of producing one
of two events (viz, t0 and 1) each having exactly one
and the same immediate predecessor event (viz, t). In
other words, it exhibits memory. O

A weaker version of the following was cited as open

in [4].

Theorem 6: No finite set of primitives with I/O-
modularity less than 5 is universal with respect to the
class of serial modules. O

Proof: A single boolean value cannot be distributed
on more than one atomic DI module (i.e., the bit of
information is ‘indivisible’). Transfer of information,
if any, between modules takes place in bits.

Consider implementing the serial module Mem.
Any finite network of DI primitives realizing Mem
needs to have a primitive capable of storing and read-
ing a boolean value. For modules communicating
delay insensitively, an event (transitions or pulses,
whichever the system is based on) by itself carries no
information. It is the association of an event with a
‘channel’ that carries this information. In other words,
to communicate 1 bit of information, there needs to
be at least two channels, each one representing one of

the two different states of a bit. Hence, at least one
‘write’” input, one ‘read’ input, and two ‘value- indicat-
ing’ outputs are necessary in a primitive implementing
a bit of read /write storage. In addition, we need a sep-
arate event to acknowledge delay-insensitive comple-
tion of a write operation. This means at least b ports
unless the ‘write acknowledge’ is multiplexed (merged)
with one of the two value outputs. If this multiplexing
is done, then it needs to be demultiplexed elsewhere
to separate the acknowledge and the value signals in
order to guarantee Mem’s specified behavior. But,
this demultiplexing module will nominally need 5 1/0
ports: a pair to set the ‘control state’ and to acknowl-
edge it, the input signal to be demultiplexed, and the
two demultiplexed outputs. If one tries to multiplex
the two outputs with the acknowledge, it leads to a cir-
cularity. Hence, due to the finiteness of the network,
the theorem holds by contradiction. O

It, therefore, follows that the universal set {Fork,
Merge, Mutex, 2x1-Join, Mem} is strongly mini-
mal in that it is irredundant, it has the lowest I/0O-
modularity. The primitives are orthogonal in the sense
that each one addresses a unique issue given in 2.2.

(For a proof why T'ria is not redundant in {Fork,
Merge, Mutex, Tria}, see [20].)

3 Switch-level design

[4, 8] show delay-sensitive implementations for a
2x 2-Join that are too inefficient in transistor counts
and/or require insertion of several delay-elements for
a safe operation. Here we show significantly area
and time efficient and, yet, robust transistor-design
schemes by examples. Figure 8(c) shows an implemen-
tation for one of the three symmetric cells (outputs)
of a T'ria. This can be adapted for other Join prim-
itives ([20]). Figure 9 shows a novel implementation
for the Mem module using combinational Muxes. We
omit the implementations of initialization (reset) logic
as well as of other primitives.

4 Summary and Conclusions

We have investigated a set of primitives and con-
structions to design purely delay-insensitive (DI) mod-
ules in a large class based on a fairly general model of
delay-insensitive hardware. We have chosen our uni-
versal set of DI primitives such that their VLSI imple-
mentations are simple and their number is small.

In practice, we use several other building blocks
directly implemented, or built from the primitive
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set if they facilitate the design in certain situations.
Take for example the C-element, the Toggle and
the 1x2-Join which can all be realized from a T'ria
by appropriately hiding or reconnecting the module
ports. But, we prefer to build them separately for
efficiency. Note that a Sequencer i1s a sort of arbi-
trating 2x1-Join and is too complex and slow to be
considered a fundamental block. However, we find the
Sequencer useful in some designs adopting 2-phase
transition signalling. Similarly, 2 x2-Join serves well
as a block for data processing circuits.

The fundamental issues of minimality and univer-
sality of DI primitives to implement DI specifications
are addressed which answer several questions left open
in [4]. Our primitives allow concurrency as well as
avoid arbitration when only a deterministic choice is
called for — unlike Keller’s.

Several new modules and constructions are intro-
duced that are helpful in implementing larger mod-
ules. An interesting and energy efficient decompo-

sition of an arbitrarily large (two dimensional) Join
module is shown. Moreover, realistic and efficient
transistor implementations of some DI primitives are
also given.
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