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Abstract— This paper presents a new method to synthesize
timed asynchronous circuits directly from the specification
without generating a state graph. The synthesis procedure
begins with a graph specification with timing constraints.
A timing analysis extracts the timed concurrency and timed
causality relations directly from the specification. Then, a
hazard-free implementation of the specification is synthe-
sized by analyzing precedence graphs which are constructed
by using the timed concurrency and timed causality rela-
tions. The major result of this work is that the method
does not suffer from the state explosion problem, in prac-
tice achieves significant reductions in synthesis time for the
specifications which have a large state space, and generates
synthesized circuits that have nearly the same area as com-
pared to previous timed circuit methods. In particular, this
paper shows that a timed circuit — not containing circuit
hazards under given timing constraints — can be found by
using the relations between signal transitions of the spec-
ification. Moreover, the relations can be efficiently found
using a heuristic timing analysis algorithm. By allowing sig-
nificantly larger designs to be synthesized, this work is a
step towards the development of high-level synthesis tools
for system level asynchronous circuits.

Keywords— Timed asynchronous circuits, timed concur-
rency, timed causality, free-choice STG, state explosion, tim-
ing analysis.

I. INTRODUCTION

Speed-independent asynchronous circuits are very robust
since they are guaranteed to work independent of the de-
lays associated with their gates, and many synthesis meth-
ods for speed-independent circuits have been proposed [1],
[2], [3], [4]. However, speed-independent circuits can be
overly conservative when timing constraints are available.
Methods have been proposed to use timing constraints to
synthesize timed circuits. Such circuits work correctly un-
der the given timing constraints [5], [6] and tend to be more
efficient in area and speed than speed-independent circuits

[6].

The synthesis techniques in [1], [2], [3], [4], [5], [6] have
the state explosion problem because they require construc-
tion of the reachable state space. To overcome the state
explosion problem, direct methods have been proposed for
speed-independent circuits 7], [8], [9], [10], [11], [12]. The
methods in [7], [8] use lock graphs which are a graphi-
cal model to represent lock relations among signals. Even
though synthesis based on lock graphs is efficient, the speci-
fications that can be handled are restricted because the lock
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relation is only a sufficient condition for the existence of a
speed-independent circuit implementation. The method in
[9] approximates a set of states as a cube by using a concur-
rency relation between transitions of the specification. It
then finds an initial approximation of the implementation
using these cubes. If this approximation does not satisfy
the correctness criteria, then iterative refinement is per-
formed using state machine decompositions. This method
is restricted to state machine decomposable specifications.
The method in [10] uses an approach similar to [9] but
it allows for a wider class of specifications by finding an
initial approximation and refining it using STG-unfolding
segments. The method in [11] constructs a characteristic
graph for the given signal transition graph and generates
a hazard-free implementation by finding a strongly con-
nected subgraph. The method in [12] constructs a prece-
dence graph for each transition of each output signal and
generates a hazard-free implementation by finding paths in
the graph. Whereas a characteristic graph encapsulates all
feasible solutions of the original STG, a precedence graph
encapsulates all feasible solutions for a single transition of
an output signal.

Even though several direct methods have been suggested
for the synthesis of speed-independent circuits, no direct
method has been suggested for the synthesis of timed cir-
cuits. The main goal of this work is to develop a method
which generates timed asynchronous circuits for the speci-
fications that cannot be synthesized by the previous tech-
niques due to the large size of the state space. The solu-
tion to this problem is found by the use of timing analysis
to obtain the necessary timing information directly from
the specification. Timing analysis is used to determine the
timed concurrency relation and timed causality relation be-
tween two signal transitions in a circuit specification. After
timing analysis, the algorithm synthesizes efficient timed
circuits by constructing a precedence graph and finding all
the paths in the graph in a method similar to that in [12].

This paper compares the new method to the previous
methods using many benchmark examples and two pa-
rameterizable examples: SCSI and FIFO. Whereas previ-
ous methods can only synthesize 8 SCSI controllers and
5 FIFO stages, the new method can synthesize 180 SCSI
controllers and 100 FIFO stages. The benchmark set also
includes timed STG examples which have been converted
from burst-mode AFSM (Asynchronous Finite State Ma-
chine) specifications and to which timing information has
been added. These examples are derived from several aca-
demic and industrial designs [13], [17], [18], [19], [20]. For
some of these examples, even though the timed state space
explodes, the direct method could still produce a timed



circuit implementation. We compared timed circuit imple-
mentations found with our new direct method with those
produced by ATACS state based method [6]. In all the
benchmarks, the area measured as number of literals of
the implementations between the two methods is identical
or nearly so. For 43 of the 57 examples which completed
using both methods, the literal counts are the same. For 5
of the 57 examples, state space based methods produced a
smaller literal count. For 9 of the 57 examples, the direct
methods produced a smaller literal count. This last result
typically came about due to the optimization for combina-
tional circuits described in this paper. By allowing signifi-
cantly larger designs to be synthesized, this work is a step
towards the development of high-level synthesis tools for
system level asynchronous circuits.

This paper contains six sections. Section 2 describes our
specification language. Section 3 describes the synthesis
procedure for the specifications which have only a single oc-
currence of each signal transition per cycle, have the unique
state coding property, and have no choice behavior. Sec-
tion 4 presents the extensions of the synthesis procedure
to specifications which have multiple occurrences of each
signal transition, have the complete state coding property,
and have free-choice behavior. Section 5 shows experimen-
tal results. Section 6 gives our conclusions.

II. TIMED SPECIFICATIONS

This section describes the basic notations and properties
of timed free-choice STGs which are used as a specification
method in this paper.

A. Petri nets and Signal Transition Graphs

A Petri net is defined as the four tuple (P, T, F, M),
where P is the set of places, T is the set of transitions,
F C (P xT)U(T x P) is the flow relation and M, is the
initial marking. A marking is an assignment of tokens to a
subset of the places in the net. If (p,t) € F, p is an input
place of t and t is an output transition of p. Conversely, if
(t,p) € F, t is an input transition of p and p is an output
place of t. There are three important subclasses of Petri
nets called marked graphs (MQG), state machines (SM), free-
choice Petri nets. A marked graph is a Petri net in which
each place has exactly one input transition and one output
transition. A state machine is a Petri net in which each
transition has exactly one input place and one output place.
A free-choice Petri net is a Petri net in which if any two
transitions ¢; and ¢2 share the same input place p, then p is
the unique input place of both #; and t5. Similarly, if two
transitions share an output place p, then p is the unique
output place for both.

A free-choice signal transition graph (STG) is a free-
choice Petri net such that each transition is interpreted
as a rising transition or a falling transition of a signal. A
rising transition and a falling transition of a signal s are de-
noted by s+ and s—, respectively. A transition s denotes
s+ or s—. A transition is enabled when all input places
have at least one token. When an enabled transition fires,
it removes one token from each input place and adds one
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token to each output place. If (sx,p) € F and (p,tx) € F
then sx is called the enabling transition and ¢+ is called the
enabled transition for the place.

A timed free-choice STG is a free-choice STG such that
each place is associated with a timing constraint [l u],
where [ denotes the lower bound and u denotes the upper
bound. Let T'Cj(tx,sx) and T'C,(t*, s¥) denote the lower
bound and upper bound of the timing constraint between
sx and tk, respectively. Let T'C(tx,sx) = [TCi(tx,sx),
TCy(tx,s%)]. A timing constraint is said to be satisfied if a
token has been on a place longer than the lower bound for
that place. It is said to be expired if the amount of time that
the token has been on the place exceeds the upper bound.
In a timed free-choice STG, a signal transition is enabled
when all the timing constraints of the input places are sat-
isfied. A transition should be fired before all timing con-
straints on the input places have expired. Since a transition
may be enabled by multiple transitions, it is possible that
the difference in time between the firings of enabling transi-
tions exceeds the upper bound of their timing constraints,
but not for all enabling transitions. A free-choice place
is a place which has multiple output transitions. When a
free-choice place has a token and the associated timing con-
straint is satisfied, all the output transitions are enabled.
But only one transition is freely chosen to fire and the other
transitions are disabled.

Using timing constraints in synthesis creates a chicken-
and-egg problem. Timing information must be provided
early in the design phase before concrete timing numbers
can be known. However, when an enabled transition is a
transition of an input signal, the timing constraints may be
determined from interface specifications or datapath delay
estimates. When an enabled transition is a transition of
a non-input signal, the timing constraint can be estimated
based on the delays for the gates in the library to be used.
After a circuit is generated using the algorithm described
in this paper, it should be analyzed using a timing verifi-
cation tool to verify that the timing constraints used are
correct. One such tool is orbits [14] which we have used
to verify our designs. If the circuit violates the timing con-
straints, it must be resynthesized with more conservative
timing constraints.

Figure 1 shows a timed free-choice STG specification. In
Figure 1, signal transitions are denoted by their names.
Transitions on input signals are underlined. Multiple tran-
sitions for a signal are denoted by indexes such as b+ /1
and b+ /2. Circles denote places. For simplicity, the places
with only one input transition and one output transition
are omitted in the figure. Arcs denote the flow relation. A
solid circle within a place denotes a token. In the initial
marking, either a + /1 or b+ /2 may fire 20 to 50 time
units after reset. If a+ /1 is selected to fire, then the token
in its input place is removed, and a token is added in its
output place enabling d — /1. After 20 time units, the tim-
ing constraint on this place becomes satisfied, and before
50 time units have elapsed, d — /1 must fire. The firing
of d — /1 enables ¢+ and a — /1. While ignoring timing
these two transitions can fire in either order, when timing
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Fig. 1. A timed free-choice STG example.

is considered, the next transition to fire will be ¢+ since it
must do so within 5 time units and a — /1 cannot fire for
at least 20 time units. Continuing in this way, all possible
reachable states of this timed STG can be found.

B. Properties

This section describes some important properties of
timed free-choice STGs. A timed free-choice STG satis-
fies the unique state coding property if every state in its
corresponding state graph has a different binary code. A
timed free-choice STG satisfies the complete state coding
property if when two or more states have an identical bi-
nary code, all the output signal transitions enabled in these
states are the same. The last property is persistency. When
s* is an enabling transition of an output transition ¢x, if
t* cannot fire concurrently with the next reverse transi-
tion of s, 5%, then s* is persistent with respect to tx. A
timed free-choice STG is persistent if all enabling transi-
tions are persistent with respect to each output transition
they enable. In this paper, the synthesis algorithm requires
timed free-choice STGs to satisfiy the complete state cod-
ing property and persistency. To simplify the explanation,
the synthesis algorithm in Section 3 considers only STGs
that also satisfy the unique state coding property. Section
4 extends our approach to STGs satisfying the complete
state coding property.

C. Timing Analysis

In order to synthesize timed circuits, timing analysis
must be applied to the specification to deduce timing in-
formation. The timing information needed is the minimum
and maximum time separation between signal transitions
in the circuit specification. There are timing analysis meth-
ods which can be applied to a timed free-choice STG [15],
[16]. However, the method in [15] cannot be used in di-
rect synthesis methods because it is based on the state
graph. The method in [16] does timing analysis on timed

free-choice Petri-nets directly, but it can be computation-
ally expensive for large specifications. In this paper, we
instead decompose a timed free-choice STG into a set of
marked graph (MG) components and apply timing analy-
sis to each MG-component. For the timing analysis, the
synthesis procedure uses the polynomial-time heuristic al-
gorithm in [6]. The timing analysis algorithm starts with
a cyclic marked graph specification and unfolds the specifi-
cation into an infinite acyclic graph. It then examines two
finite acyclic subgraphs of the infinite graph to determine
a sufficient bound on the time difference between the two
signal transitions.

Let T'D(t*,s%) = [L,U] denote the minimum and maxi-
mum time separation between two corresponding instances
of the transition sx and t*, where the base transition is
sx. TD(tx,s+) = [10,30] means that the transition tx oc-
curs after at least 10 time units after sx but before 30
time units have elapsed since sx. T D(t*, sx) = [—50, —20]
means that the transition ¢x occurs before sx by at least
20 time units but at most 50 time units before sx. Let
T Dy (tx,sx) and TDy(tx,s*) denote the minimum and
maximum value of T'D(t*, sx) respectively. Note that by
definition T' Dy, (tx, sx) = —T Dy (s*,tx). Also note that for
untimed systems (i.e., all delays are 0 to 00), if tx and sx are
concurrent then T Dy (tx, sx) = —oo and T Dy (tx, sx) = oo.

III. SYNTHESIS PROCEDURE

This section describes the synthesis procedure for STGs
which have only a single occurrence of each signal transition
per cycle, have the unique state coding property, and have
no choice behavior. Extensions to the synthesis procedure
that lift these restrictions are given in the next section.

Figure 2 illustrates the target circuit model of the syn-
thesis algorithm for each output signal. The circuit is im-
plemented as a network of basic gates such as AND gates
possibly having inverted input terminals, OR gates, and
C-elements. A set and a reset network is synthesized as
a sum of interval networks as shown in the figure. Each
transition of the output signal is activated by exactly one
interval network. Two OR gates collect all the outputs of
the interval networks to set or reset the memory element.
The memory element is a Muller C-element which takes
two inputs and sets its output when both inputs are high
and resets its output when both inputs are low. Note the
inverting bubble on one input. This means that this cir-
cuit sets its output high when the set network evaluates to
1 and the reset network evaluates to 0.

Let an interval, ux — wu*, denote the period between the
time when wux is enabled and the time when wu*, the next
reverse transition of wx, is enabled. The interval network
for the interval u* — w¥ must satisfy the following hazard-
freedom requirements:

1. It is turned on when wux is enabled,

2. Tt is turned off after ux is fired but before u* is en-

abled, and

3. Once it is turned off, it remains off until u* is enabled

again.
These requirements are the same as those in [3], [22].



Fig. 2. Target circuit model for an output signal.

The synthesis algorithm consists of four steps. First, it
detects and removes redundant arcs from the specification.
Second, it finds the timing relations between any two signal
transitions. Third, it constructs a precedence graph for
each output transition, finds all the paths in the graph,
and derives a single cube circuit implementation. Fourth,
it removes memory elements when possible by finding a
multi-cube interval network.

A. Removing Redundant Triggers

If there are multiple enabling transitions for a signal
transition, then it is possible that some of them are redun-
dant. Each enabling transition (or trigger signal) results in
a literal in the implementation of the signal. If a trigger sig-
nal is redundant, the corresponding literal can be removed
from the implementation resulting in a smaller circuit.

Definition 1: (Redundant Trigger) A trigger is redun-
dant if the following condition is satisfied for the corre-
sponding arc sx — tx: T Dy (tx, sx) > TC\,(tx, s%).

The STG for a SCSI protocol controller is shown in
Figure 3. In this example, the arc from ¢— to rdy— is
found to be redundant. According to the timing anal-
ysis, the time difference is TD(rdy—,q—) = [15,55] and
the given timing constraint is TC(rdy—,q—) = [0,5]. So,
the condition of the above definition is satisfied as follows:
TDg(rdy—,q—) = 15 > TCy(rdy—,q—) = 5, and the arc
(i.e., the trigger signal) is found to be redundant.

reg- rdy+
[20,50] l [205y \o 5]
ack- go+

[0,5] [0,5]

[05] l [0,5]\\ ﬁ)ﬂ

reg+ o [08] rdy-
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Fig. 3. The timed STG for a SCSI controller.
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B. Finding the Timed Concurrency and Timed Causality
Relations

To directly synthesize a timed circuit, it is necessary to
find the timed concurrency and timed causality relations
between any two signal transitions. In order to determine
if two transitions are timed concurrent, the algorithm first
finds untimed concurrent transitions. A simple cycle in an
STG is a path from a transition u* to itself which does
not cross an arc more than once. Two transitions s and
tx are untimed concurrent in a marked graph if there does
not exist a simple cycle that includes both sx and ¢x. Un-
timed concurrent transitions can be found using reachabil-
ity analysis on the STG (not the state space). To do this,
the STG is cut at the initial marking and unfolded for a
couple of cycles. For STGs which have no choice and are
strongly connected, this is sufficient [6]. Then, each pair
of transitions s+ and ¢* can be checked to see if there ex-
ists a path from s* to tx or vice versa. If no such path
exists, then the two transitions are untimed concurrent.
Next, the algorithm checks the worst-case time difference
between untimed concurrent transitions.

Definition 2: (Timed Concurrency) Two transitions s
and tx are timed concurrent if the following conditions are
satisfied:

1. sx and t* are untimed concurrent,

2. TDr(tx,sx) <0 and T Dy (t*,s%) > 0.

For example, in the specification of the SCSI proto-
col controller, the two transitions ack— and go+ are
timed concurrent because they are untimed concurrent and
TD(ack—,go+) = [—35,30]. This time separation indi-
cates that they can fire in either order. The two transitions
go+ and g— are untimed concurrent, also. However, they
are not timed concurrent because T'D(go+, g—) = [15, 50].
This time separation means that go+ is always fired after

— is fired.

Next, the algorithm finds the timed causality relations.
Let sx and ¢x be transitions on two signals. If sx and tx
have the relation shown in Figure 4 (a) or (b), then we say
s* causes tx. Here sx is the next reverse transition of sx.
In an untimed STG specification, the causality relations
are found by reachability analysis. That is, a transition
s+ untimed causes a transition tx if ¢+ is reachable from sx
without visiting s% in all the paths from sx to tx. In a timed
STG, the algorithm finds the timed causality relations by
analyzing reachability and worst-case time differences.

Definition 8: (Timed Causality) A transition sk timed
causes tx if the following conditions are satisfied:

1. T Dy (t*,s%) > 0 or there exists a path from s* to tx

and T Dy, (t*,sx) = 0 (i.e., s fires before tx),

2. TDy(s%,tx) > 0.

In the specification of the SCSI protocol controller, go+
is reachable from ¢+ without visiting ¢—. So, ¢+ is an
untimed causal transition for go+. However, it is not a
timed causal transition because T'D(go+, ¢+) = [—60, —20]
and TD(g—, go+) = [-50,—15]. So, the second condition
of the definition is not satisfied. Instead, g— timed causes
go+ because T'D(go+,q—) = [15,50] and TD(g+, go+) =
[20, 60]. In other words, we know that ¢— is always the last
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Fig. 4. Causality relation: (a) t* occurs after s* and before s*. (b)
t+ occurs after sx and concurrently with s%.

transition before go+, and thus ¢ is always low before go
goes high.

C. Finding a Single Cube Network

In this step, the synthesis procedure synthesizes each in-
terval network as a single cube. As stated above, the algo-
rithm requires that STGs satisfy the complete state coding
property and persistency. If STGs satisfy these conditions,
each interval can be implemented as a single cube in a
hazard-free manner [3]. If an STG does not satisfy these
conditions, new signals must be added and the modified
specification can be resynthesized. In [22], it is shown that
specifications can be transformed to satisfy these condi-
tions by inserting new signals.

Let’s consider the synthesis procedure for the interval
ux +— ux. The interval network is synthesized to satisfy
the requirements of the target circuit model. The synthesis
process starts with a minimal interval network which is an
AND gate having only the non-redundant trigger signals as
inputs. Figure 5(a) shows the minimal interval networks for

the SCSI controller.
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Fig. 5. (a) Minimal interval networks. (b) Timed implementation.
(c) Speed-independent implementation.

All the trigger signals go high when ux is enabled, and
they remain high until ux fires because the STG is assumed
to be persistent. Therefore, requirement (i) is satisfied.
However, it might be the case that the trigger signals do
not go low before wux is enabled or that they do not remain
low once they have gone low until u* is enabled again.
Therefore, requirements (ii) and (iii) are not yet guaranteed

to be satisfied. For example, the solid thick line in Figure 6
denotes the period in which the minimal interval network
for the set interval of the signal rdy is turned on. However,
the period should be equal to or shorter than the dotted line
to satisfy the requirements. Thus, requirements (i) and
(iii) are not satisfied. The synthesis procedure guarantees
them to be satisfied by adding some extra context signals
to the AND gate. That is, it shrinks the period in which
the cube yields 1.

[05] [05]

j [20,50]

g0~
¢ [09]

g+

Fig. 6. A violation of the circuit model requirements.

Figure 7 shows a sketch of the shrink procedure. In the
algorithm, sx || tx denotes that sx and tx are timed con-
current and sx = tx denotes that sx timed causes tx. To
satisfy requirements (ii) and (iii), it is necessary to add
signals which turn off the cube before uwx is enabled and
remain off until ux is enabled again. To find such signals,
the algorithm constructs a precedence graph. At first, the
transitions which occur between the transition u* and the
transition ux are added as source nodes. Also, the transi-
tion ux is added as a source node. The destination nodes
for the precedence graph are found next. Here, the destina-
tion nodes are the reverse transitions of the non-redundant
enabling transitions of ux. After finding source and desti-
nation nodes, the graph is expanded using the conditions
in the algorithm. Figure 8 shows the precedence graph for
the set interval of signal rdy. A node with a circle de-
notes a source node and a node with a rectangle denotes a
destination node.

The extra context signals are necessary to make the inter-
val network satisfy the hazard-freedom requirements. And
the shrink procedure finds the extra context signals by us-
ing the precedence graph. Therefore, the hazard-freedom
requirements must be transformed into properties of the
precedence graph. To formalize this, the off-cube is defined
for a path from a source node to a destination node as
follows.

Definition 4: Let P = x1% — Tox — -++ — x,*x (where
x1* is a source node and x,* is a destination node) be a
directed path in the precedence graph for the interval ux —
ux. The off-cube for the path P is defined as C' = c¢y¢s...cy,
where ¢; = x; if ;% is a falling transition or ¢; = —x; if ;%
is a rising transition.

In an off-cube C' = ¢jcs...¢p, the last literal, c¢,, must
be a trigger signal while the rest, ¢;,c¢2,...,ch—1, are con-



shrink(STG G transition ux)

{

Precedence_graph (V, E) = (0,0)

/* Find source and destination nodes */
Sn = {ux}
Foreach s* in G
If (ux = s* and sx = ux and 5% = ux*)
Sy =Sy U {S*}
Dy = Find_destination_nodes(ux, G)
V=SyUDyn

/* Expand the precedence graph */
Foreach unprocessed node s% in V
Foreach tx in G
If ((s* || tx or sx = tx) and t+ = 5% and #x = ux
and not (tx || ux))
V=V U {t«}
E = E U {(sx,tx)}

Foreach s; € Sy
Foreach d; € Dy
E; ; = Find_all_possible_context_signals (s;, d;)

Find_minimal_context_signal set(E);

Fig. 7. A sketch of the shrink procedure.
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Fig. 8. Precedence graph for the interval rdy+ — rdy—.

text signals or possibly other trigger signals. The off-cube
satisfies the conditions defined in the following lemma.

Lemma 1: Each off-cube C = ¢jc3...c,, defined in Defini-
tion 4 satisfies the following conditions:

1. It is on when ux* is enabled.

2. Tt is turned off after ux is fired but before ux* is en-

abled.

3. Once it is turned off, it remains off until the ¢, is

turned on.

Proof: (1) Each ¢; is turned on when z;* is fired and
it is turned off when z;x is fired. According to the shrink
procedure, xz1* can be ux. If z1% is ux then ¢; is on when ux
is enabled because ¢ is turned on by firing the transition
ux and it is turned off by firing the transition w. If z1x* is
not ux, it satisfies the condition (ux = z1* and z1* = ux).
This condition means that ux occurs between T1* and xj *.
For each z;*, where 2 < ¢ < n, the condition (T;* = ux
and not (z;* || ux)) is satisfied. This condition means that
ux occurs between z;* and x;* for each z;, where 2 < i < n.
Because ux occurs between z;* and xz;* for each z;* which
is not u* and ¢; is turned on by firing T;*, ¢; is on when
ux is enabled. Therefore, C' is on when wux is enabled.

(2) Each ¢; is turned off when the transition z;* is fired.
If ;% is not ux, it is fired after ux is fired because the
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condition (Z;* = ux and not (z;* || ux)) is satisfied for
each z;x. Therefore, each ¢; is turned off after ux is fired or
at the same time when ux is fired. For the source node z *,
the condition x1* = w* is satisfied. From the definition of
timed causality, 1 * fires before ux. Therefore, ¢; is turned
off before w*. Because each ¢; is turned off after ux is fired
and c¢; is turned off before ux is enabled, the cube C is
turned off after ux is fired but before ux is enabled.

(3) According to the shrink procedure, the condition
Tit1% = T;* is satisfied for each z;%, where 1 <i <n — 1.
From the definition of timed causality, x;41%* fires before
z;*. This implies that ¢; is turned on only after ¢;;1 is
turned off. Because ¢; is turned on only after ¢;4; is turned
off, once the cube C' is turned off, it remains off until the
signal ¢, is turned on. 1

Theorem 1: Let D = {di*,da%,...,d,*} be the set of
destination nodes of the precedence graph for an inter-
val ux — u*. Let C; be the off-cube for the path from
any source node to the destination node d;*. The cube
C = (C10C,...C, satisfies all the hazard-freedom require-
ments for the interval ux — wux.

Proof: (1) Let C; = ¢, ¢4y---Ci,, , where ¢;, is the signal
for the destination node d;*. From Lemma 1, C; is turned
on when ¢;,, is turned on. Because C is a conjunction of all
C}, it is turned on when all ¢;,, are turned on, for 1 < i < n.
Each ¢;,, is a trigger signal because each d;* is the reverse
transition of a non-redundant enabling transition of wx.
Because trigger signals are turned on when ux is enabled,
C' is turned on when wu# is enabled.

(2) From Lemma 1, each C; is turned off after u+ is fired
but before wx is enabled. Therefore C is turned off after
ux is fired but before w* is enabled.

(3) From Lemma 1, once each C; is turned off, it remains
off until ¢;,, is turned on. Because C is a conjunction of
all C;, once C is turned off, it remains off until all ¢;,, are
turned on. All ¢;,, are turned on when u* is enabled again.
Therefore, once C' is turned off, it remains off until ux is
enabled again. N

If there is more than one path for destination nodes,
there are many sets of extra context signals which can
make the interval network satisfy the hazard-freedom re-
quirements. To minimize the number of extra context sig-
nals, the algorithm finds all possible sets of extra context
signals for each destination node by finding all the paths
from each source node to the destination node in the graph.
After finding all the possible sets of extra context signals
for each destination node, the algorithm finds a minimal set
of extra context signals for the interval by set multiplica-
tion operations. If there are many solutions with the same
number of context signals, the algorithm selects the one
which turns off the cube as late as possible. This optimizes
the circuit area by allowing the elimination of memory el-
ements. That is, if an interval network is turned on when
ux is enabled and turned off when w* is enabled, then the
memory element can be removed. While our method does
not suffer from state explosion, it can suffer from path ex-
plosion during this step. Fortunately, it appears that the
number of paths in the precedence graphs do not grow as
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fast as the number of states in the state graph.

In the precedence graph for the interval rdy+ — rdy—,
shown in Figure 8, there is one destination node and the
shortest path from a source node to the destination is g— —
req+, so the minimal context signal is ¢q. The interval
networks generated by the shrink procedure for the SCSI
controller are shown in Figure 5(b). Figure 9(a) shows
the precedence graph for the interval req+ — req—. The
shortest path in this precedence graph from a source node
to both destination nodes is ack+ — rdy+. Since both of
these transitions already correspond to trigger signals, no
additional context signals are necessary for the logic to set
req.

If instead, we use the original untimed concurrency
and untimed causality relations, the precedence graph for
reqg+ — req— would be as shown in figure 9(b). In this
graph, the shortest path is ack+ — ¢+ — rdy+ which
implies that —¢ must be added as an additional context
signal. Figure 5(c) shows the complete speed-independent
implementation derived by the direct synthesis algorithm
for the untimed case (note that the explicit state approach
in ATACS[6] produces the same circuit). In the speed-
independent implementation, the reset network of the sig-
nal rdy has one more literal because the trigger signal —q
is not redundant in the speed-independent circuit. The set
network of the signal req also has one more literal because
the path, ack+ — g+ — rdy+, in the precedence graph
for a speed-independent circuit is longer than the path,
ack+ — rdy+, in the precedence graph for a timed circuit.

@ (b)

Fig. 9. Precedence graph for the interval req+ +— req—, (a) for a
timed circuit and (b) a speed-independent circuit.

D. Removing Memory Elements

The algorithm improves the performance of the circuits
by removing memory elements by finding a multi-cube in-
terval network. It first checks to see if each interval network
is turned on during the entire interval. If each set interval
network of an output signal is turned on during its entire
interval then the C-element and the reset network can be
removed. By a similar analysis, the set network and C-
element can be eliminated. If an interval network is not
turned on during the entire interval, it is off before the end
transition of the interval is enabled. So, the algorithm ez-
pands the period by combining the interval network and
some other signals with an OR gate.

Figure 10 shows a sketch of the expand procedure. It
finds the extra signals by constructing a precedence graph
and finding paths. It is similar to the shrink procedure

except the conditions for constructing a precedence graph.
One of the extra signals should be turned on before any
signal of the single cube is turned off. So, the transition
which occurs before any falling transitions of the signals of
the single cube is added as a source node. The extra signals
should be turned off when wx is enabled and they should re-
main off until ux is enabled again. So, the previous reverse
transition of the non-redundant enabling transition of ux
is added as a destination node. After finding source and
destination nodes, the graph is expanded using the condi-
tions in the algorithm. After constructing the precedence
graph, the extra signals are found by searching paths from
each source node to each destination node. A candidate set
for the extra signals of the OR gate are found by selecting
one path for each destination node and including the corre-
sponding signals for each node of the path. Because there
can be more than one candidate set for the extra signals of
the OR gate, the algorithm finds, in a similar manner to
the shrink procedure, a minimal number of extra signals by
searching the entire solution space. Below we prove that
a multi-cube interval network constructed by the ezpand
procedure satisfies the requirements for safely removing a
memory element.

expand(STG G,transition u*, cube C)

{

Precedence_graph (V, E) = (0, 0)

Let C = c1ca...cn, where ¢; = t; or ¢; = —t;
Let us assume that ¢;* = ux (if ¢; = t; then ¢;x
is a rising transition else it is a falling transition)
/* Find source and destination nodes */
Foreach sx in G
If (ux = s* and 3% = ux and (t;* = sx and not (%;* || s%)
for all ))
Sy =Sy U {5*}
If (Is_a_non_redundant_enabling_transition(s*, ux))
Dy = Dy U {5%}
V =Sy UDy

/* Expand the precedence graph */
Foreach unprocessed node s* in V'
Foreach tx in G
If ((s* || t* or sx = t+) and t* = 5% and % => ux
and ux = tx)
V =V U {tx}
E = E U {(s*,t*)}

Foreach s; € Sy
Foreach d; € Dy
E; ; = Find_all_possible_context_signals (s;, d;)

Find_a_minimal_context_signal_set(E);
Fig. 10. A sketch of the ezpand procedure.

Lemma 2: Let C' be the single cube interval network
found by the shrink procedure for the interval ux — w*.
Let P = x1% — Zox — --+ — x,x (where x1* is a source
node and z,* is a destination node) be a directed path
in the precedence graph derived by the expand procedure
for the interval. The on-cube for the path P is defined as
D =d; +ds + ... + d,, where d; = x; if ;% is a rising
transition or d; = —x; if ;% is a falling transition. The



on-cube D satisfies the following conditions:

1. It is turned on after ux is fired but before C is turned

off.

2. Once it is turned on, it remains on until d,, is turned

off.

Proof: (1) Let C = ¢yc¢a...cn, where ¢; = t; or ¢; = —t;.
Let us assume that t;x = ux. If ¢; = ¢; then t;% is a ris-
ing transition else it is a falling transition. The cube C is
turned on when all ¢;x transitions occur and it is turned
off when any transition ¢;x occurs. According to the ez-
pand procedure, the source node z1 * satisfies the condition
(ux = x1x and T;* = w*). This condition means that
x1* occurs after ux. Because d; is turned on by z;* and is
turned off by z;*, d; is turned on after ux is fired. Also,
it satisfies the condition (t;* = z1* and not (;x || z1%)
for all ¢). This condition means that z1* occurs after each
t;* but before each #;*. This implies that d; is turned on
before each c¢; is turned off. Therefore, D is turned on after
u* is fired but before C is turned off

(2) According to the expand procedure, the condition
ZTip1* = T;* is satisfied for 1 < i < n — 1. From the defi-
nition of timed causality, x;1* fires before Z;* is enabled.
This implies that d;11 is turned on before d; is turned off.
Because d; is turned off only after d;;; is turned on, once
the cube D is turned on, it remains on until the signal d,,
is turned off. NI

Theorem 2: Let N = {dy*,dyx,...,d,*} be the set of
destination nodes of the precedence graph for an interval
ux — ux. Let D; be the on-cube for the path from any
source node to the destination node d;. Let C be the sin-
gle cube interval network found by the shrink procedure.
The cube D =C + Dy + Dy +---+ D, is turned on when
ux is enabled and is turned off when ux is enabled.

Proof: Let D; = d; d;,...d;, , where d;  is the signal
for the destination node d;*. From Lemma 2, each D; is
turned on after ux but before C is turned off. Therefore
D is turned on when C is turned on, that is, when ux is
enabled. Once each D; is turned on, it remains on until d;,
is turned off. Therefore, once D is turned on, it remains
on until all d;  are turned off. Because each —d;  is a
trigger signal for the interval ux — ux, ux is enabled when
all d;,, are turned off. Therefore, D is turned off when ux
is enabled. 1

For the SCSI controller, no memory elements can be
eliminated. So, the circuit in Figure 5(b) is the final syn-
thesis result. Figure 11 shows an STG for the packet
forwarding controller which is included in the Post Office
communication chip [13]. In this specification, the interval
ack— — ack+ can be implemented as multi-cube interval
networks. Figure 12 shows the precedence graph derived
by the expand procedure for the interval ack— — ack+.
In this graph, the source node y0— is also a destination
node. So, the minimal number of extra signals is —y0. Fig-
ure 13(a) shows the final implementation for the packet
forward controller. Figure 13(b) shows the implementa-
tion using the timed state space exploration method in [6].
Figure 13(c) and (d) show speed-independent implementa-
tions by the direct method and the state space exploration
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method, respectively. These implementations show that
the area of timed circuits tends to be smaller than that
of speed-independent circuits. Also, it is notable that the
area of the timed circuit synthesized by the direct method
is the smallest, since this method can find a multi-cube
combinational network ack.

Buffer allocator
ackout allocout

RTS

Packet '
Forwarding &
Controller ack

Processor

ackpb

Packet loader

@

allocpb

ackout +
l [0.5]

o5 Y% (o5
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5, 10] [ 20, 40]

l[&lm
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0,5] [0, 5]
S]l 1[0,5]
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120, 40] l ><J[10. 20

rea- os ackphb-.
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Fig. 11. (a) The block diagram for the packet forward controller. (b)
An STG for the packet forward controller.

Fig. 12. Precedence graph for the interval ack— +— ack+.

IV. EXTENSIONS OF THE SYNTHESIS PROCEDURE

In the previous section, the synthesis procedure for only
a subset of the supported specifications has been discussed
to simplify the explanation. This section extends the syn-
thesis procedure for specifications which have multiple oc-
currences of a signal transition per single cycle. Also, we
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ackpb
ackout

:

Fig. 13. Synthesized circuits for the packet forwarding controller: (a)
timed direct method, (b) timed state space exploration method,
(c) untimed direct method, (d) untimed state space exploration
method.

extend it to specifications which do not satisfy the unique
state coding property but satisfy the complete state coding
property. In such a specification, there may be some inter-
vals which should be implemented by one interval network.
Finally, we extend the synthesis procedure to specifications
which have free-choice behavior.

A. Multiple Occurrences of a Signal Transition

The shrink and ezpand procedure need to be changed
for specifications which have multiple occurrences of each
signal transition per single cycle. The extended ezpand
procedure is similar to that of the previous section except
that only single occurrence transitions are added in the
precedence graph. If a signal whose transition occurs many
times per single cycle is used as an extra signal, the output
of the interval network may turn on outside the interval.
So, only the single occurrence transitions are considered.

For the shrink procedure, more changes are necessary.
Figure 14 shows the extended shrink procedure. Let’s con-
sider an interval network for the interval u*; — wu*;. Let
the subscript ¢ of a transition denote the i-th occurrence of
the transition. Let us assume that the order of transitions
of a signal s is as follows: s+1, s—1, s+2, §—2, -+, S+n,
s—n. A difference with the shrink procedure of the previous
section is that source nodes are found separately for each
destination node. Let ex; be a non-redundant enabling
transition of ux;. Then, the transition ex;_; becomes a
destination node in the precedence graph. The correspond-
ing trigger signal for ex;, is turned off by the transition exy,
and is turned on again by the transition exj,;. To sat-
isfy the hazard-freedom requirements of the target circuit
model, one of the context signals or other trigger signals
should be turned off before the trigger signal is turned on
again. If there is no such signal, the trigger signal can be
turned off and be turned on again while other trigger and
context signals remain on. This violates the requirement
that the output of an interval network should remain off
once it is turned off until u* is enabled again. This prob-
lem can be solved by selecting appropriate source nodes for
each destination node. To ensure that one of the context
signals or other trigger signals is turned off before the trig-
ger is turned on again, the transition which occurs before

exp41 should be added as a source node for the destination
exp_1. In addition, to satisfy the hazard-freedom require-
ments, the transition which occurs between u¥; and u*;
should be added as a source node. In the extended shrink
procedure, these two conditions are checked to find source
nodes. Note that source nodes are found differently de-
pending on whether ex4; and ux; are timed concurrent or
not. If they are timed concurrent, there may not be any
transition which satisfies both conditions. In such a case,
it is necessary to include two source nodes which satisfy
each of the two conditions respectively when finding paths
to the destination node. So, source nodes for each destina-
tion node are classified into three groups, SA, SB, and SC.
The transitions which satisfy both conditions are included
in the SC group. The transitions which occur between ux;
and u%; are included in the SA group. The transitions
which occur between ex), and expy; are included in the SB
group. If ex;41 and wx; are not timed concurrent, only
the SC group needs to be found. Note that the condition
(u*; = s*; and not (sx; || u%;)) is used to check if sx;
occurs between ux; and ux;. In the shrink procedure of the
previous section, the condition (ux = sx and sx = ux) is
used to check if sx occurs between u* and ux.

After finding source and destination nodes, the graph is
expanded in the same way as with the shrink procedure
in the previous section. After constructing a precedence
graph, the algorithm finds all possible sets of extra signals
for each destination node finding all the paths from each
source node to the destination node in the graph. If a
source node is included in the group SC, then a path from
the source node to the destination node represents a possi-
ble set of extra signals for the destination node. Otherwise,
two paths should be considered where one source node is
in the SA group and the other source node is in the SB
group.

Figure 15 shows an STG example with multiple transi-
tions of a signal per single cycle. In the figure, multiple
occurrences of the transition a+ are denoted as a+/1 and
a+/2. For the interval u+ + u—, there is one destination
node, a—/2. The source nodes for the destination node
are as follows: SA,_/, = {c+}, SBo_j2 = {b+, a—/1},
SCq—y2 = {u+}. Figure 16 shows the precedence graph
for the interval. In this graph, the two paths, ¢+ — a—/2
and b+ — a—/2, result in a minimal number of extra sig-
nals {—b—c}.

B. Gate Sharing Between Intervals

If a specification satisfies the unique state coding prop-
erty, each interval is implemented by one distinct inter-
val network. If a specification does not satisfy the unique
state coding property but satisfies the complete state cod-
ing property, some intervals may need to be implemented
by the same interval network. That is, gates may need to
be shared between the intervals.

To handle such a specification, the hazard-freedom re-
quirements of the target circuit model are modified as fol-
lows. The interval network for a set of output transitions
U = {ux1,uxs, ..., ukx, } must satisfy the following require-
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shrink(STG G, transition ux;)
Precedence_graph (V, E) = (0,0)

/* Find source and destination nodes */
Foreach exj (a non-redundant enabling transition of ux;)
Dy =Dy U {e_*k_l}
SCE_*k:—l = {u*l}
If (expy || ui)
Foreach s*; in G
If (ux; = sx; and not (sx; || ux;) and 5% = ux;
(for some [) and ((exy = sx; or exj = sx;)
and not (exj41 || $%;)))
SCe—*k_l = SCS_*k—l U {S*J}
Else if (ux; = s*; and not (sx; || u¥;) and 5%, = ux;
(for some 1))
SAgz,_, = SAg,_, U {s%;}
Else if (ux; = s*; and 5% = ux; (for some [) and
((exy = sx; or exj = s*;) and not (exg41 || 5%5)))
=SBz, U{s*;}

exp—1 eXp—1
Else
Foreach s*; in G
If (ux; = sx; and not (sx; || ux;) and 5% = ux;
(for some [) and ((exy = s*; or ex; = sx;) and
not (ex1 || 5%;)))
Ce_*k—l = SCe_*k—l U {S*]}

= SA—

€Xxp—1

SN—
exp—1
V=VUSN—_

e¥p—1

USBg

€*p—1

USCsx

€Xp—1

V=VUDyn

/* Expand the precedence graph */
Foreach unprocessed node s*; in V'
Foreach t+; in G
If ((s*; || t*; or sx; = tx;) and tx; = 5%; and txp, = ux;
(for some k) and not (tx || ux;))
V=VU({ts;}
E =E U {(s%;,tx;)}

Foreach d; € Dy
Foreach s; € Sy,
E; ; = Find_all_possible_context_signals (s;, d;)

Find_a_minimal_context_signal_set(FE)
}

Fig. 14. A sketch of the shrink function for the specifications with
multiple occurrences.

ments:

1. It is turned on when wux; is enabled for each i =
1,2,...,n.

2. Whenever it is turned on, it is turned off after ux;
is fired but before the next reverse transition w*; is
enabled.

3. Once it is turned off, it remains off until u*;; is en-
abled.

Here, it is assumed that the order of transitions is
Uk1, Uk, ...y Uky.

In this paper, the transitions which should be imple-
mented by the same interval network are found by using
the enabling cube refinement. First, the smallest enabling
cube is found for each transition of the specification. The
smallest enabling cube is defined as follows.

Definition 5: (Smallest Enabling Cube) Let S = {s1, s2,
.., Sp} be all the signals of the specification. For an out-
put transition ux, the smallest enabling cube, SEC,, =
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Fig. 15. An STG specification with multiple transitions of a signal
per single cycle.

Fig. 16. The precedence graph for the interval u+ — u—.

C1Co - Cp, is defined as follows:

1. If one of the transitions of the signal s; is timed con-
current with ux, then ¢; = X.

2. Otherwise, let s;x be the transition which timed
causes the transition ux. If s;* is a rising transition
then ¢; = 1. If s;x is a falling transition then ¢; = 0.

Let ux; and ux; be two transitions of the signal « which

are in the same direction. That is, both are rising or
falling transitions. If SECy., and SEC,., intersect in
reachable states, then they should be implemented by one
interval network. Two cubes SEC,., = cica---¢, and
SECyx; = dids ---dy intersect if ¢; = d; for all i, where
both ¢; and d; are not X. Figure 17 shows two STG seg-
ments, where u is an output signal to be synthesized. In
Figure 17, SEC,; /1 = 1XX00 and SEC,,/» = 1XX00
intersect with each other, where the set of signals is § =
{a,b,¢,d,u}, Also, SEC,; /3 = 1XX00 and SEC, 44 =
10100 intersect with each other. Because SEC,,, =
1X X00 does not include any unreachable state, SEC, ;1
and SEC,y /- intersect in reachable states. However, we
can easily detect that the cube SEC, /3 = 1XX00 is an
overestimation of the enabling states for u+/3 because the
state 10100 which is unreachable is also covered. There-
fore, SECy4 /3 = 1XX00 and SECy /4 = 10100 do not
intersect in reachable states. Therefore, whereas u+/1
and u+/2 should be implemented by one interval network,
u+/3 and u+/4 should be implemented separately.

In order to check if two cubes intersect in reachable
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Fig. 17. Example STG segments.

states, the cube including unreachable states needs to be
refined until the refined cubes do not include unreachable
states. In Figure 18, a circle represents a place and the
cube attached to a place represents the approximation of
the states in which the place has a token. The cube for
a place can be computed similarly with the smallest en-
abling cube for the transition. To obtain refined cubes, we
use the fact that u+/3 is timed concurrent with pl, p2,
and p3. The cube SEC, /3 can be refined by intersect-
ing it with the conjunction of the cubes of pl, p2, and p3.
Then, the refined cubes 10000 + 11000 + 11100 correctly
covers the enabling states of u+/3. Repeated refinements
may be needed if refined cubes still cover some unreachable
states.

[10, 20]

a+/ 1
0,5
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ot O
1XX00
[0,5] p2 u+/ 3
L 1100X /
+1
¢ p3 [ 10, 20]
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110,200~ ~a

d+/1

l

Fig. 18. Cube refinement.

The single cube implementation of the shared interval
network is found by searching the trigger and context sig-

nals for each interval and merging them in one AND gate.
The shrink procedure applied to each interval must be
changed to determine destination nodes differently. Let
uxy —> Uky, Uke > Ukg, ..., Uk, —> U¥, be the shared
intervals, and let us also assume that the transitions are
ordered as uxi, U¥y, Uk, Uks, ..., Uky, Ux,. LThen, for the
interval ux; — u%;, the destination nodes are the previous
reverse transitions of the non-redundant enabling transi-
tions of ux; 1. After finding trigger signals and all possible
candidates of context signals for each interval, it is checked
if each candidate can be used in the final single cube imple-
mentation. If a context signal in one interval is not stable
in other intervals, then it cannot be used as a context sig-
nal in the resultant single cube implementation. So, the
candidate including such a context signal is removed from
the candidate set. Then, all the possible candidates for the
single cube implementation can be found using set multi-
plication, and a minimal solution is selected.

C. Free-choice STGs

To extend the synthesis algorithm to a timed free-choice
STGs, we could find the necessary relations between signal
transitions by applying a timing analysis directly on the
timed free-choice STG. In this paper, we instead decom-
pose a timed free-choice STG into a set of marked graph
(MG) components and apply timing analysis to each MG-
component. By decomposing to MG-components, we can
use the same efficient, heuristic timing analysis algorithm
that we used above for marked graphs [6]. For an interval
network, trigger signals and context signals are then found
for each marked graph component individually. Then, they
are merged into a single cube.

C.1 MG-decomposition

The divide-and-conquer approach using MG-
decomposition for the synthesis of speed-independent cir-
cuits was suggested in [11]. In this approach, a free-choice
specification is decomposed into a set of MG-components
and each component is solved separately. It is based on the
following lemma which was proved in [11].

Lemma 3: Let S be an output signal of the specification
G, U be a set of transitions of S to be implemented by
an interval network, and R be a MG-component set of G.
An interval network F’ satisfies the hazard-freedom require-
ment of the target circuit model if and only if:

1. For each MG-component in R which covers a subset of

U, the interval network F' satisfies all the requirements
of the target circuit model.

2. For each MG-component in R which does not cover

any transitions in U but still covers some transition of
S, F is always off.

3. For each component in R which does not cover any

transition of S, F' is either always off or always on.

The synthesis procedure can handle free-choice STGs
which run one MG-component at a time. This means that
any transition which is not included in a MG-component
should not be untimed concurrent with the transitions of
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Fig. 19. MG-components for the free-choice STG example in Fig-

ure 1.

the component. In other words, all the signals whose tran-
sitions are not included in a MG-component should be sta-
ble while the component is running. Most benchmarks
satisfy this condition. In the original description, the free-
choice transitions must be transitions of input signals. In
this paper, the synthesis procedure allows dummy transi-
tions as free-choice transitions to allow choices between sets
of input transitions.

Because the complexity of the synthesis procedure based
on MG-decomposition depends on the size of the MG-
component set, it is necessary to minimize the size of the
set of MG-components. If any transition is not untimed
concurrent with free-choice transitions, then only the set
of MG-components in which each transition is covered at
least once is sufficient for the synthesis. Most benchmarks
satisfy this condition and they require a manageable num-
ber of MG-components in general. The STG in Figure 1
has three MG-components as shown in Figure 19.

C.2 Finding the Timing Relations

The synthesis procedure finds the required timing infor-
mation for a timed free-choice STG by applying the tim-
ing analysis on each MG-component. The timed concur-
rency relation can be found by only examining each MG-
component because any two transitions which are timed
concurrent are included in the same MG-component. To
find the timed causality relation between any two transi-
tions of a free-choice STG, it is necessary to apply timing
analysis to the entire STG. However, the synthesis proce-
dure does not require all timed causality relations. For each
MG-component, the synthesis procedure requires the timed
causality relations between any two transitions which are
included in the MG-component. These relations are found
by applying the timing analysis for each MG-component.
In addition, it requires the timed causality relations be-

IEEE TRANSACTIONS ON CAD, VOL. XX, NO. Y, MON. YEAR

tween any two transitions s* and t*, where tx is a transition
of the MG-component, s is a transition of the free-choice
STG, and there does not exist any transition on s in the
MG-component. In this case, if sx untimed causes t* then
sx also timed causes t*. This is due to the fact that the next
reverse transition of sx needs to be included in the MG-
component for the untimed causality relations and timed
causality relations to be different. The required untimed
causality relations are found by using reachability analysis
for the entire free-choice STG. Therefore, required timed
causality information can be found without doing timing
analysis on the entire timed free-choice STG. Redundant
trigger signals can be found in each MG-decomposition be-
cause trigger signals should be untimed concurrent for some
of them to be redundant and the concurrency occurs only
within the MG-component. For the STG example in Fig-
ure 1, the arc from e—/1 to ¢— is found to be redundant
because T Dy (c—, e—/1) = 15 > TCy(c—, e—/1) = 5 ac-
cording to the timing analysis on component MG-1.

C.3 Finding a Single Cube Interval Network

Let U be a set of transitions to be implemented by an
interval network. A single cube interval network for U is
synthesized based on Lemma 3. For each MG-component
which covers a subset of U, the single cube interval net-
work should satisfy all the requirements of the target circuit
model. The trigger and context signals which are necessary
to satisfy the requirements of the target circuit model are
found by the synthesis procedure for a marked graph. For
each MG-component which does not cover any transitions
in U but still covers some transition of S, the single cube
network should be always off. Figure 20 shows the pro-
cedure which finds the cubes which are always off for a
MG-component. In the procedure, u* denotes a transition
of U, and G denotes a MG-component. It first finds the
signals which stay zero-stable for the MG-component. If
the following two conditions are satisfied, then a signal s is
found to be a zero-stable signal for G: i) all the transitions
of G are timed caused by some falling transition of s, and
ii) all the transitions of U are timed caused by some rising
transition of s and any transition of s is not timed concur-
rent with the transitions of U. In a similar way, a signal
—s can be found to be a zero-stable signal. Note that if s
or —s is zero-stable for G, then any transition of the signal
s does not occur in G.

After finding the zero-stable signals, it finds cubes which
are always off for the MG-component by constructing a
precedence graph and finding paths in the precedence
graph. If any trigger signal is a zero-stable signal for the
MG-component, no extra signals are necessary to make the
single cube interval network off for the MG-component.
Therefore, we don’t have to apply the second method for
such a case.

The problem of finding the cubes which are always off for
a MG-component is very similar to the problem of finding
extra signals in the shrink procedure in Section III-C. In
the shrink procedure, the extra signals are used to make
the interval network be off from a source node to a des-
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find_off_cubes(MG-component G, a set of transition U)

C = Find_zero_stable_signals(G, U)
If (a trigger signal is included in C) return

Unfold G into two cycles
Precedence_graph (V, E) = (0, 0)

/* Find source and destination nodes */
Foreach sx in G
If (5% = ux (for some k) and s is stable with U)
SNS* = <5*7 0)
Dy, = (s%,1)
V=Vu{Sn.}U{Dn.}

/* Expand the precedence graph */
Foreach unprocessed node (s*,0) in V
Foreach tx in G
If ((s* || t+ or sx = t+) and t* = 5% and %} => u*
(for some k) and not (¢« || 5%) and t is stable with U)
If (is_in_same_cycle(s*, t*))
V=V U{{(tx,0)}
E = E U {({s*,0),(tx,0))}
Else
V=VU{{tx, 1)}
E=EU{((s%,0),(tx,1))}

Foreach unprocessed node (s*,1) in V
Foreach tx in G
If ((sx || t* or sx = tx) and t* = 5% and t¥j; = ux*
(for some k) and not (¢« || 5%) and t is stable with U)
If (is_in_same_cycle(sx, t*))
V=VU{{(tx,1)}
E = EU{({s*,1),(tx, 1))}

Foreach s; € Sy
C = C U Find-all_possible_candidates(s;,d;)

Fig. 20. A sketch of the find_off_cubes procedure.

tination node. If there is a path from a source node to a
destination node, then the off-cube (defined in Definition
4) for the path is always off from the source node to the
destination node. Therefore, if the source and destination
nodes are modified so that the path between them covers a
whole cycle of the MG-component, then the corresponding
cube for the path is always off for the MG-component. The
procedure find_off_cubes unfolds a MG-component into two
cycles to find such a source node and a destination node.
In the procedure, (sx,0) and (s*,1) denotes the transition
sx in the first cycle and in the second cycle, respectively. If
(s*,0) and (s*,1) are selected as a source node and a des-
tination node, respectively, then the path between them
cover the whole cycle of the MG-component. The proce-
dure find_off_cubes selects (s+,0) and (s+,1) as a source
node and a destination node respectively if the signal —s
can be used as a context signal or a trigger signal of the
single cube interval network. The necessary condition for
the signal —s to be used as a context or trigger signal is
that it should be turned on when the output transition is
enabled and it should remain on until the output transition
is fired. In a similar way, the transition (s—,0) and (s—, 1)

can be selected as a source node and a destination node.

After finding source and destination nodes, it expands
the precedence graph. The conditions for the expansion
are similar to those of the shrink procedure except that the
condition for checking the appropriate cycle for the nodes.
The condition for the expansion, ((sx || t* or s¥ = tx)
and tx = 5%), can be represented as in Figure 21(a). This
condition can be transformed in three different forms in
the unfolded graph depending on how they are unfolded
as shown in Figure 21(b), (c), or (d). If they have the
relations in Figure 21(b) or (c), then sk and ¢+ are in the
same cycle. So, an arc from (s*,0) to (tx,0) is added in
the precedence graph. Also, an arc from (sx,1) to (¢x,1) is
added. If they have the relations in Figure 21(d), then sx
and t* are in the different cycle. So, an arc from (sx,0) to
(tx,1) is added.

S* —» t* — »S% <s*, 0>— <t*, 0>—— <S*, 0>

S*——» SF <s*, 0> ——» <s* 0>

7

t* <t*, 0>

(a) (b)

<s*,0>—» <t*, 0>—»<5*, 1> <s*,0>— <t*, 1>—»<5*, 1>

<s*, 0>—— »<5% 1>

<s*, 0> ——— » <s*, 1>

/'

<t*, 0> <t*, 1>

(¢) (d)

Fig. 21. Relations for the expansion of the precedence graph: (a)
in the original MG-component. (b), (c), and (d) in the unfolded
graph.

For each MG-component which does not cover any tran-
sition of S, the single cube network should be either always
off or always on. The cubes which are always off are found
by the procedure find_off cubes. A cube C = cica---cy,
is always on if every signal ¢;(i = 1,2,...,n) stays on for
the MG-component. So, the synthesis procedure finds all
the signals which stay one-stable for the MG-component.
Later, it is necessary to check if all the trigger signals
and context signals are one-stable signals for the MG-
component. If the following two conditions are satisfied,
then a signal s is found to be a one-stable signal for a MG-
component G: i) all the transitions of G are timed caused
by some rising transition of s, and ii) all the transitions of
U are timed caused by some rising transition of s and any
transition of s is not timed concurrent with the transitions
of U. In a similar way, a signal —s can be found to be a
one-stable signal. After finding all the possible solutions
for each MG-component, the minimal single cube interval
network is found by searching the entire solution space.

For the STG example in Figure 1, the interval network
for ¢+ +— ¢— should satisfy the hazard-free requirements for
component MG-1 and should be always off or always on for
components MG-2 and MG-3. The set of cubes which sat-
isfy the hazard-freedom requirements for component MG-1
is {—~de, ~d—b}. For component MG-2, the one-stable sig-
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nals are g, —¢, and —f. And the zero-stable signal is —a.
Because —a is not a trigger signal for the interval network,
the cubes of two or more signals which always stay off for
the MG-component need to be found. Figure 22 shows
the precedence graph for the unfolded graph of component
MG-2. There are three paths (b + /2,0) — (d + /2,0)
= (b+/2,1), {(d+/2,0) = (b+/2,1) = (d + /2,1), and
(e—/2,0) = (d+/2,0) — (b+/2,1) = (e—/2,1). And the
off cubes for the paths are —~d—b and —~d—be. For compo-
nent MG-3, the one-stable signal is —¢ and the zero-stable
signals are —d, b, a, and e. Because the trigger signal
—d is zero-stable signal for this MG-component, it is not
necessary to find other off cubes. From the above results,
the minimal single cube is found to be —d—b. Figure 23 (a)
shows the timed implementation and Figure 23 (b) shows
the speed-independent implementation for the STG in Fig-
ure 1.

a o
3]
[=%

®aoy o
om 2o

(a) (b)

Fig. 23. Implementations for the STG example in Figure 1: (a)
Timed implementation. (b) Speed-independent implementation.

V. COMPLEXITY

The algorithms for MG-decomposition have a
polynomial-time complexity. The algorithms for removing
redundant arcs and finding the relations between any two
signal transitions have a polynomial-time complexity. The
algorithms for finding a single cube interval network and
a multi-cube interval network are composed of two steps.
The first step is to construct a precedence graph. This step
has a polynomial-time complexity. The second step is to
find all paths from each source node to each destination
node in the graph. The complexity of this step depends on
the number of paths in the graph. The number of paths
may be determined by several factors. One main factor is
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the size of solution space, that is, the number of possible
candidates for context signals. It may increase exponen-
tially with respect to the number of signals which can be
used as context signals. So, the direct method suggested in
this paper does not remove the exponential complexity of
the state graph based method but moves the complexity of
the state space into the solution space. However, the size of
the solution space seems to increase slowly with respect to
the size of STG specification. It seems to highly depend on
the structure of the STG and the relations between the sig-
nal transitions. For most benchmarks, the solution space
does not increase exponentially.

VI. EXPERIMENTAL RESULTS

Table 1 shows the experimental results for marked graph
benchmarks. We compared timed circuit implementations
found with our new direct method with those produced by
ATACS state based method [6]. We compared area (using
literal count) and CPU time. Note that the performance
of the circuits is quite similar given that the two methods
usually produced the same circuit. In the column STG, S
is the number of signals, N is the number of nodes, and A
is the number of arcs. In the column PG, G is the number
of precedence graphs, N is the average number of nodes
per precedence graph, and A is the average number of arcs
per precedence graph. To generate examples with large
state spaces, we connected many SCSI controller specifica-
tions in parallel. Since they are independent, the state of
one SCSI controller can coexist with many combinations
of states of the others leading quickly to state explosion.
Also, we synthesized a multi-stage, series connected FIFO
[23]. Table 2 shows the experimental results for free-choice
STG benchmarks. Many timed STG examples are con-
verted from burst-mode AFSM specifications which were
derived from academic and industrial design examples such
as postoffice [13], cache-ctrl [18], stetson [19], hp-ir [19],
pscsi [21] ssesi [17], and dram-ctrl [17]. Unfortunately, the
benchmarks in both tables come from speed-independent
and burst-mode benchmark suites, so most do not have de-
lay numbers provided. One notable exception is the FIFO
benchmark where delay numbers were derived from infor-
mation in [23]. In cases in which no timing information is
available, we assumed circuit delays of [0,5] and environ-
ment delays of [20, 50].

The experimental results show that our synthesis method
does not exhibit the state explosion problem and in prac-
tice for large examples achieves significant reductions in
synthesis time as compared to previous methods. For the
specifications with small state spaces, the direct synthesis
method may be slower than the previous method. In ad-
dition, because the direct method searches the precedence
graph exhaustively to find a minimal single cube network,
it may be slow for specifications whose precedence graphs
are very large. However, the size of the precedence graph
does not seem to grow as fast as the state space. For multi-
stage FIFO circuits, the size of the precedence graphs re-
mains almost constant because they are connected serially.
For SCSI controllers, the size of the precedence graphs in-
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EXPERIMENTAL RESULTS.

TABLE I

ATACS Direct Method
Example STG States PG Total CPU Total CPU
(S/N/A) (G/N/A) Lit. time Lit. time
(sec) (sec)
atod 7/14/17 24 10/5/9 13 0.04 13 0.06
converta 5/14/16 19 8/6/8 20 0.06 20 0.04
full 4/8/12 16 4/4/8 8 0.03 8 0.03
half 4/8/11 14 4/4/6 8 0.04 8 0.03
hybridf 8/16/26 80 10/8/34 14 0.07 14 0.07
master-read 18/28/40 2108 16/8/25 34 3.38 34 0.15
mp-fwd-pkt 8/16/26 22 14/5/7 16 0.06 14 0.05
nak-pa 10/20/24 58 17/6/16 20 0.06 17 0.07
nowick 6/16/21 20 12/6]7 18 0.04 2 0.05
rpdft 5/22/22 22 6/8/9 12 0.07 12 0.10
cstat 3/6/8 8 2/3/4 4 0.02 4 0.03
elatch 8/16/26 44 10/8/24 12 0.09 12 0.07
elatchX 26/52/103 9475 40/14/61 44 105.5 45 1.33
etlatchP 8/16/30 88 10/7/23 14 0.11 16 0.06
fib 8/16/37 64 9/6/14 17 0.12 20 0.08
ifreql 5/10/16 28 4/5/8 7 0.03 6 0.03
lapbN 8/16/24 97 13/6/12 19 0.12 19 0.08
mul2c 7/14/38 65 6/6/20 6 0.09 7 0.05
slatch 8/16/26 37 10/7/22 10 0.06 10 0.06
vmeP 5/10/21 19 6/5/8 6 0.06 6 0.04
SCSI Ctrl 5/10/17 16 7/4/5 10 0.02 10 0.02
4 SCSI 14/28/62 806 28/9/42 40 1.17 40 0.22
8 SCSI 26/52/122 404006 56/15/166 80 4937.36 80 1.29
9 SCSI 29/58/137 N/A 63/17/210 N/A N/A 90 1.96
10 SCSI 32/64/152 N/A 70/19/260 N/A | N/A 100 2.91
20 SCST 62/124/302 N/A 140/34/1058 N/A | N/A 200 24.63
40 SCST 122/244]602 N/A 280/65/4284 N/A | N/A 400 246.51
60 SCSI 182/364/902 N/A 420/97/9681 N/A N/A 600 1019.0
80 SCSI 242/484/1202 N/A 560/129/17250 N/A N/A 800 3505.15
100 SCSI 302/604/1502 | NJA | 700/160/26990 || N/A | N/A 1000 | 8231.93
120 SCSI 362/724/1802 N/A 840/191/38901 N/A N/A 1200 | 16395.79
150 SCSI 452/904 /2252 N/A 1050/239/60840 N/A N/A 1500 | 38976.31
180 SCSI 542/1084/2702 | N/A | 1260/286/87664 || N/A | N/A 1800 | 82151.49
FIFO 1-stage 7/14/31 29 6/12 9 0.06 9 0.02
FIFO 4-stgs 22/44/97 10176 48/10/40 36 39.57 36 0.69
FIFO 5-stgs 27/54/119 67392 60/10/40 45 456.6 45 1.23
FIFO 6-stgs 32/64/141 N/A 72/10/40 N/A | N/A 54 2.2
FIFO 7-stgs 37/74/163 N/A 84/10/41 N/A N/A 63 3.53
FIFO 10-stgs 52/104/229 N/A 120/10/41 N/A N/A 90 16.98
FIFO 20-stgs 102/204/449 N/A 240/10/42 N/A | N/A 180 139.17
FIFO 40-stgs 202/404/889 N/A 480/10/43 N/A | N/A 360 | 1240.98
FIFO 60-stgs 302/604/1329 N/A 720/10/43 N/A N/A 540 4558.70
FIFO 80-stgs 402/804/1769 N/A 960/10/43 N/A N/A 720 11351.76
FIFO 100-stgs | 502/1004/2209 N/A 1200/10/43 N/A N/A 900 19079.43

creases linearly with the size of STG.

15

If all the timing constraints in the timed STG spec-

We ran the two programs on a 400MHz PentiumII with
384MB main memory and 700MB swap memory. For ex-
amples with state spaces exceeding one million states, the
previous method did not finish due to the lack of mem-
ory. The area of the synthesized circuits is the same in
most cases. In some specifications, such as mp-forward-
pkt, the direct method produces smaller circuits because it
removes memory elements by finding multi-cube interval
networks. In some examples, such as etlatchP, the direct
method produces a bigger circuit because the heuristic tim-
ing analysis does not find some redundant triggers. In all
examples where the circuits differed, the results produced
by the direct method were successfully verified using the
timed circuit verifier orbits [14].

ification are given as [0,00], the synthesized circuit is
speed-independent. The top 10 examples in Table 1 are
speed-independent and the remaining ones are timed. We
also compared our results to the synthesis tool for speed-
independent circuits, named Petrify [24]. The CPU time
with Petrify is 255.73 seconds for 8 untimed SCSI con-
trollers and 1616.81 seconds for 10 untimed SCSI con-
trollers. It did not finish for 13 controllers after running for
one day. It is notable that our synthesis method can syn-
thesize 60 SCSI controllers within 20 minutes. Whereas,
the method in [6] can only synthesize 8 SCSI controllers.
Also, it is notable that our synthesis method is about 100
times faster than the method in [24] and about 1000 times
that of the method in [6] for specifications with large state
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spaces. In comparing the synthesis results among the var-
ious methods, it is important to note that the synthesized
circuits are very similar.

We also compared our results to the direct synthesis
method for speed-independent circuits in [9]. Both pro-
grams were run on the same SUN Sparc20 with 128MB
of main memory. The CPU time for the tool from [9] is
19.23 seconds for 10 untimed SCSI controllers and 3868.85
seconds for 60 untimed SCSI controllers. The CPU time
of the method described in this paper was 11.78 seconds
for 10 untimed SCSI controllers and 6419.85 seconds for
60 untimed SCSI controllers. Even though the suggested
method uses an exhaustive approach and the method in [9]
uses a heuristic approach, the CPU times are quite similar.
Whereas the method in [9] cannot synthesize 70 untimed
SCSI controllers because it runs out of memory, the method
in this paper can synthesize 90 untimed SCSI controllers
on the same SUN Sparc20.

VII. CONCLUSIONS

This paper presents a direct synthesis method for timed
circuits. It shows that a timed circuit — not containing
circuit hazards under given timing constraints — can be
found by using the timing relations between signal transi-
tions of the specification. Moreover, these relationships can
be efficiently found using a heuristic timing analysis algo-
rithm. The results indicate that by using the direct synthe-
sis approach, we can overcome the state explosion problem
in practice. Currently, the synthesis algorithm can han-
dle only timed free-choice STG specifications which have
a single cube implementation. Future work includes the
extension of the algorithm to a wider class of specifications
such as specifications with a unique choice or that require
multi-cube implementations.
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TABLE II
EXPERIMENTAL RESULTS.

ATACS Direct Method
Example STG States PG Total CPU Total CPU
(S/N/A) (G/N/A) Literals | time Literals time
(sec) (sec)
DME 9/30/34 28 1378710 39 0.14 34 0.26
cache-ctr] 36/369/1098 | NJA | 1240/35/186 | N/A | NJA 811 390.30
cache-ctrl-s2iol 52/738/2196 | NJ/A | 2364/68/344 || N/A | N/A 1601 | 4944.34
cache ctrl-s2i02 72/738/2196 | NJA | 2480/68/268 || NJ/A | N/A || 1622 | 3910.09
dff 4/18/24 13 14/5/4 16 0.05 16 0.09
dlatch 3/12/16 12 6/3/1 6 0.04 6 0.04
dram-ctrl 13/50/97 107 45/11/31 46 4.86 46 0.50
factorial 17/48/91 72 26/9/14 45 0.67 45 0.49
hp-ir-it-ctrl 13/47/75 71 60/14/25 60 0.45 60 0.66
hp-ir-two-ticks 6/23/33 26 16/5/3 8 0.10 7 0.09
po-alloc-outbound 9/22/23 21 19/7/7 17 0.12 17 0.15
po-rcv-setup 5/15/20 14 8/3/2 8 0.05 8 0.04
po-sbuf-read-ctl 8/24/29 20 28/9/20 13 0.07 13 0.10
po-sbuf-send-ctl 8/24/29 33 28/9/20 36 0.14 36 0.16
po-sbuf-send-pkt2 9/27/35 28 35/6/6 23 0.11 23 0.21
pscsiircy 9/28/48 i 17/6/12 27 0.19 27 0.12
pscsi-isend 10/49/81 71 18/11/19 59 0.41 59 1.02
pscsi-trev 8/26/39 35 15/5/8 23 0.12 23 0.09
pscsi-trcv-bm 10/44/67 70 41/9/15 37 0.26 37 0.81
pscsi-tsend 10/45/72 65 50/11/17 55 0.34 55 0.81
pscsi-tsend-bm 10/49/81 80 57/12/21 63 0.82 63 1.05
rim 6/13/14 12 10/3/3 7 0.04 7 0.05
sm 3/10/12 8 9/3/3 7 0.06 7 0.03
sscsi-isend-bm 11/48/82 76 56/13/27 63 44.18 63 1.20
sscsi-isend-csm 11/37/69 64 32/10/21 51 38.27 51 0.26
sscsi-trcv-bm 11/49/81 75 56/13/26 63 45.49 64 1.24
sscsi-trcv-csm 11/38/68 63 30/10/19 47 38.67 47 0.24
sscsi-tsend-bm 11/46/72 65 53/13/22 60 1.82 60 0.99
sscsi-tsend-csm 11/34/52 53 30/10/17 41 0.28 41 0.22
stetson-p3 6/22/31 24 16/5/3 3 0.09 7 0.11
vme master 12/52/75 162 22/14/46 31 0.92 31 0.52
vme-read 13/34/46 124 17/11/40 25 0.48 24 0.28
vme-write 15/36/53 243 19/12/56 29 1.91 28 0.37
vmebus-arb 5/30/41 42 11/5/4 10 0.08 10 0.09
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