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Abstract

This paper includes an overview of the Signal Tran-

sition Graph (STG) model extensions that makes it

possible to specify switching and signal propagation

delays in an STG. The correspondence of the STG

timing models to the implementation by asynchronous

circuit is considered.

A method to simulate the behavior speci�ed by con-

sistent and bounded timed STG in VHDL environ-

ment is proposed. For illustration we present a pos-

sible use of the VHDL-based STG representation in

asynchronous circuits design.

1 Introduction.

Concurrency in system design becomes more impor-

tant as VLSI components scale down and their speed

is increased. Asynchronous design does not require

any clock signals and therefore has some potential ad-

vantages, since distributing clock across an entire chip

without a skew becomes more problematic and syn-

chronization of a number of clocks could be at least

as di�cult as design of a fully asynchronous system.

Protagonists of asynchronous circuits also refer to a

potential performance advantages (no need to wait for

the clock) and lower power dissipation.

Although most of the advantages of asynchronous

circuits are known for decades a typical logic designer

would avoid their use in the design practice. One of

the reasons is that design tools for asynchronous IC

still lack a number of features provided in synchronous

CAD tools. Most of the modern research in asyn-

chronous design is devoted to logic synthesis and test-

ing, paying less attention to the tools for high-level

synthesis and simulation. In order to provide a de-

signer of asynchronous systems with a wide variety of

tools similar to those used for a synchronous design, it

is necessary to connect widely used hardware descrip-

tion languages like VHDL to signal transition graphs

(STG) introduced in [1]. The latter are often used

today for describing concurrency, causality and choice

in asynchronous systems.

This problem was addressed previously in [2, 3].

In [2] a complete methodology for the design and val-

idation of asynchronous circuits starting from STG

speci�cation is proposed. There are two major dif-

ferences of our approach if it is compared with [2].

Firstly the class of STGs we consider is extended to

include non-free-choice nets and delays speci�cation.

It is the major contribution of the paper and will

be discussed in details in section 4 as well as other

di�erences. Secondly in this paper we consider the

application of simulation in the framework of semi-

modular circuits' design (these circuits are known to

operate correctly under unbounded gate delays [4]).

At the same time in [2] asynchronous circuits satisfy-

ing bounded wire delays model are considered, hence,

timing analysis and hazard elimination becomes the

necessary part of the design process. As the result

our design methodology di�ers from the one in [2]. In

particular, semi-modular circuits are hazard-free un-

der unbounded gate delay model and have a prop-

erty being very useful for testing: these circuits halt

in presence of output and some input stuck-at faults.

This encourages us to pay in section 2 some attention

to the usage of VHDL environment for faults' simu-

lation. At the same time hazard elimination stage if

compared with [2] can be omitted.

In this paper a method is proposed for automatic

translation of an STG speci�cation to VHDL. This

methodology originates from [3] where the marked

indexed VHDL (MIV) form was introduced. Arcs'

markings (recalling implicit places in STGs), transi-

tion occurrence indexes and causality of events were



used there for modeling STG-like speci�cations in

VHDL. In this paper we mostly describe the simula-

tion of STG in VHDL environment, while [3] is mainly

devoted to synthesis of asynchronous circuits using

compact and easily readable VHDL-code throughout

the design process.

The paper is organized as follows. In Section 2 we

give an overview of the whole design methodology of

semi-modular circuits based on standard VHDL envi-

ronment which is typically used for synchronous cir-

cuits' design. Then we describe timed extensions of

the STG model (Section 3) to provide a variety of

ways to specify timed behavior. The use of VHDL for

STG speci�cations, some examples and comments on

the simulation process are given in Section 4.

2 Methodology

A brief review of the semi-modular circuits' design

methodology is given to show the role of the STG

behavioral simulation in the design framework. The

main characteristics of the methodology are as follows.

Simulation. A circuit communicates with the en-

vironment via two types of signals: signals, which are

inputs for the circuit and outputs for the environment,

and vice versa, signals, which are inputs for the envi-

ronment and outputs for the circuit.

Synthesis. For the remainder of the paper details

of the synthesis methodology are not relevant, as syn-

thesized circuit is only mentioned here for joint circuit-

environment simulation. At the same time STG anal-

ysis (as a �rst stage of the synthesis) is required for

identi�cation of properties, which are essential for gen-

eration of the correct VHDL code.

Library. Library gates are assumed to be inter-

nally hazard-free.

An overview of the design methodology for semi-

modular circuits is presented in Figure 1. The shaded

boxes represent the data that has to be provided by a

designer. The STG model is used for formal behavior

speci�cation of the circuit and the environment it op-

erates in. STG formalism and examples are presented

in Sections 3 and 4. A designer has to provide a li-

brary of internally hazard-free gates. For instance, it

must be speci�ed if an inverter can be considered as a

part of a complex gate or always as a stand alone logic

gate. Finally, a designer should de�ne a fault model

for the fault simulation. The issues of delay variations

that are introduced by the layout design phase are out

of the scope of this paper.

The STG is used as a primary behavior speci�ca-

tion, because it is general enough for handling concur-

rency, conditional behavior and can be loaded with

 fault circunit

  results
simulation

  results
simulation

generate
 implementation

  results
simulation

  satisfy
  state encoding

  new STG

 implementation
  tech. dependent

  map

 fault 

 fault 

  environment
VHDL

  circunit

STG

final layout

testing

VHDL

  assumptions

simulation

simulation

 layout generation

environment

  circunit

VHDL

  Library

simulation

VHDL

Figure 1: An overview of the des ign methodology

for s emi-modular c ircuits .

timing information. If necessary other speci�cation

models can be translated into STG. If the initial STG

does not satisfy some of the implementability con-

ditions such as consistency or complete state cod-

ing [5, 6], then it could be transformed to a new one.

This could be done by introducing internal state sig-

nals into the STG, for instance in a way used in [3].

Similar changes can be used in order to transform ini-

tial STG to the one implementable within a given gate

library. Both of these transformations are represented

in Figure 1 by arcs entering the box called \new STG".

From the initial STG a VHDL-code is generated.

Its simulation convinces the designer that the ini-

tial speci�cation is correctly represented by STG. The

VHDL-code describes both the circuit and the envi-

ronment as it is discussed in more details in Section 4.

VHDL code can be produced for a new STG after its



transformation.

Based on the information in the new STG a tech-

nology dependent implementation can be obtained

and then represented by a VHDL-code carrying some

structural information. Having the previous VHDL-

code for the environment and the new VHDL-code for

the synthesized circuit we jointly simulate their be-

havior.

If the circuit simulation is successful one can modify

the circuit VHDL-code for representing possible stuck-

at faults according to the fault model being in use. A

fault simulation can be used to validation that faults

are testable. Either hypothetical delay values or real

ones obtained on the next stage of design process can

be used for simulation.

Finally the layout is generated and layout informa-

tion is mapped back to the circuit VHDL-code. Again

simulation is used for validation of the circuit behav-

ior under real delays. A new layout is generated if

the validation fails. If this process fails to converge

the designer is enforced to re-iterate starting from a

modi�ed version of STG.

3 STG delay extensions.

In this Section we consider circuit delay models,

STG model timing extensions and the correspondence

between the circuit and the STG delay models. The

delay information in STG can be used both for logic

synthesis and for simulation of the speci�ed behavior.

Here we only consider the circuit simulation.

An STG, extended with delay information later on

is called Timed STG (TSTG).

The following de�ne Petri Nets and STG more for-

mally.

� Petri net (PN) is a 4-tuple N = (P; T; F;m0),

where P is a �nite set of places, T is a �nite set

of transitions, F � (P � T ) [ (T � P ) is the 
ow
relation, and m0 is the initial marking; V = P [T
stands for a set of all vertices of net N ;

� STG is a 4-tuple G = (N;X;Z;�) where N is a

PN, X and Z are disjoint sets of input and output

signals respectively and � : T ! (X[Z)�f+;�g
labels transitions of N with a signal transition;

transitions unlabeled with signal transitions are

called dummy; Y = X [ Z denotes a set of all

signals in STG;

� t� and �t denote the sets of output and input

places for transition t, correspondingly;

� p� and �p denote the sets of output and input

transitions for place p, correspondingly;

� for every arc fij 2 F (arc from vi to vj) let us
denote �fij = vi and fij� = vj (vi; vj 2 V );

� STG G is called autonomous if for 8vi 2 V :

j � vij > 0 i.e. if there are no vertices without

predecessors in the STG;

3.1 Previous work on STG timing issues.

By de�nition Petri net underlies every STG. Thus,

certain timing issues worked out for Petri nets may be

adopted for STG. Let us start to review the previous

e�orts in the area of time STG from the work on timed

Petri nets.

As an introductory work on timed Petri nets the

reader may be referred to [7] where the concept of

timed PN was discussed and the analysis of this model

was presented.

Timing semantics for STG were de�ned in [8]

and [9]. There some analysis and logic synthesis is-

sues have been also considered. The latter work de�ne

timed STG binding delay intervals to arcs (places) to

constrain the transitions' �ring times. Absolute �ring

times are assigned to transitions based on the con-

straints speci�ed. Only acyclic deterministic STGs

are considered there.

3.2 Circuit assumptions.

In this paper we assume that the circuit with its

environment is an autonomous system, i.e. the whole

system has no inputs. Nevertheless, further on we use

the terms output signal and input signal for circuit

outputs and inputs, correspondingly. The system is

a set of functional elements (FE) interconnected with

wires. Every FE's input is connected to exactly one

output of some other FE in a circuit or environment.

A FE output may be connected to some inputs of FE.

No two FEs are connected with their outputs. Each

FE is an atomic gate implementing a function of m
variables zi = Z(z1; : : : ; zm). A FE function may be

unknown. This allows a simpli�ed behavior speci�ca-

tion.

Each FE has an internal delay, i.e. a delay between

changes at the inputs and the corresponding change

at the output of the FE. In practice a delay of a FE

can vary for rising and falling transitions. Hence, we

consider a FE to have rising and falling delays.

Each wire module has one input and one or more

outputs, in the latter case it corresponds to a wire

fork. Every wire module is associated a set of delays,

one delay per output of the wire module. Each delay

corresponds to a propagation delay of a signal travel-

ing from the input of the wire module to a particular

output.



3.3 Circuit delay models.

In general there are three primary circuit delay

models.

Wire delay model: FEs have zero or negligible de-

lays. Examples: delay insensitive (DI) model assumes

circuit wires to have unbounded delays; bounded wire

delay model assumes circuit wires to have bounded de-

lays.

Gate delay model: a delay is associated with every

FE. Wires are supposed to have zero or negligible de-

lays. Examples: speed independent (SI) model (includ-

ing semi-modular circuits) assumes gates to have un-

bounded delays and bounded gate delay model - gates

are assumed to have bounded delays. This model can

be reduced to the wire delay model by assigning every

gate delay value to its output wire and assuming gates

to have zero delays.

Wire - gate delay model.

The �rst two models are simple and irredundant.

On the contrary, the wire - gate delay model is more

general and redundant. Indeed, since the gate delay

model can be reduced to the wire delay model, the

wire - gate delay model can be reduced to it as well.

However, the wire - gate delay model can be more

convenient and natural for practical use.

3.4 STG delay models.

STG delay models can be inherited from the corre-

sponding delay models that are used in the PN the-

ory: place timed PN and transition timed PN. Place

timed PNs have delay values assigned to the places and

the transition timed PNs have delay values assigned

to transitions [7]. Correspondingly in Sections 3.4.1

and 3.4.2 we de�ne transition timed STG and place

timed STG. In Section 3.4.3 we introduce the arc timed

STG and some redundant STG delay models that can

be obtained by combining the primary models. The

latter are introduced for simplifying behavior speci�-

cations. All STG delay models are compared with the

circuit delay models.

Let us give a few de�nitions describing TSTG.

� A path Rij from vi to vj (vi; vj 2 V ) in STG G
is de�ned as a two-tuple Rij = (F 0; V 0) : F 0 �
F; V 0 � V so that 1) vi =2 V 0 & vj =2 V 0 2) 8fij 2
F 0 : fij� 2 (V 0 [ fvjg) & �fij 2 (V 0 [ fvig); 3)
8vk 2 V 0 : (jvk � \(V

0 [ fvjg)j = 1) & (j � vk \
(V 0 [ fvig)j = 1);

� Let D(fij) (D(vi)) be a delay associated with

STG arc fij 2 F (vertex vi 2 V );

� A path Rij = (V 0; F 0) in a TSTG is said to have

a path delay D(Rij) =
Pr�1

k=0D(vk)+
Pp�1

k=0D(fk)

where 8vk 2 V 0;8fk 2 F 0; r = jV 0j; p = jF 0j, i.e.
equal to a total delay of all elements in Rij de-

pending on the STG delay model certain elements

will have zero delays;

� A transition tj directly depends on another transi-
tion ti (ti �! tj) if 9Rij = (F 0; V 0), for 8tk 2 V 0

and tk 2 T tk is a dummy transition, i.e. there ex-

ists a path Rij from ti to tj in the STG containing

no signal transitions;

� A path Rij from some transition ti to another

transition tj in an STG is said to be a direct path

if ti �! tj , i.e. tj directly depends on ti;

� A direct path Rij from transition ti to another

transition tj in an STG is said to be a redundant

dependency if 1) 9R0
ij 6= Rij such as R0

ij is not a

direct path, i.e. there exists another path from ti
to tj that is not a direct path;

� A place in an STG is called an implicit place if it

has one input and one output arc. Implicit places

are usually not shown in the STG drawings, but

are represented by the corresponding arc between

two transitions.

� An STG G = (P; T; F;m0) is called free-choice

if 8pi 2 P such that jpi � j > 1 for 8tj 2 pi� :

j � tj j = 1, i.e. for every place with multiple

outputs all directly succeeding transitions have a

single input.

3.4.1 Transition timed STG. In the transition

timed STG (TTSTG) model the same delay is assigned

to every falling (rising) transition of the same signal.

Dummy transitions, arcs and places are assigned zero

delays.

The TTSTG delay model de�ned this way does not

allow to specify the behavior where two di�erent rising

(or falling) transitions of the same signal actually have

di�erent delays (other TSTG model can be used to

overcome this limitation). On the other hand, this

simpli�ed model corresponds to a simpli�ed model of

a circuit gate delay when every FE has only one rising

and one falling delay.

TTSTG can be reduced to the place timed STG

described below by assigning a transition delay D(ti)
to every output place of a transition (8pk 2 ti� :

D(pk) = D(ti)) and assigning zero delays to transi-

tions (D(ti) = 0). For the transitions with di�erent

delays sharing output places dummy transitions may

be inserted right after these transitions, as shown in

Figure 2).
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Figure 2: Reduction of a transition timed STG to PT-

STG. E0, E1 are dummy transitions. Delays can be

assigned to implicit places.

3.4.2 Place timed STG. In a place timed STG

model (PTSTG) delays are assigned to places while

transitions are said to �re immediately.

For illustrating speci�cation of environment depen-

dencies and delays by means of PTSTG let us con-

sider an example shown in Figure 3. Signals b and c
(Figure 3a) are implemented in the environment and

their functions are unknown. Let us assume that it is

known that rising transitions of these signals �re only

after a+ �res and the transitions propagation delays

between a and b, and a and c are di�erent and known.

Figure 3,b illustrates how those dependencies can be

speci�ed by means of STG and Figure 3,c shows how

wire delays can be speci�ed by the PTSTG model.
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E1E0
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Figure 3: Specifying known environment dependencies

and delays (a) by means of PTSTG (b,c). E0 and E1
are dummy transitions. Places between E0 and c+,
E1 and b+ are implicit.

The PTSTG model for free-choice nets corresponds

to the circuit wire delay model For the limitations see

Section 3.5. Every direct path Rij in a PTSTG be-

tween signal transitions ti and tj corresponds to the

circuit wire between output of the FE implementing

signal �(ti) and input of the FE implementing signal

�(tj) if it is not a redundant dependency.

The correspondence between PTSTG and the wire

delay model of a circuit is de�ned only for free-choice

STGs, because di�erent delays cannot be speci�ed for

two direct paths Rij and Rik in PTSTG such that

j � tj \ �tkj > 1 and 9p 2 P : p 2 �tj \ �tk, but the
corresponding wires will present in the environment.

An example shown in Figure 4(c) illustrates the dif-

�culties that can occur for non-free-choice STG in case

two input wire delays for a FE have di�erent values.

A simple insertion of dummy transitions in the arcs

p0 ! d+ and p1 ! d+ (like in Figure 3) can pro-

duce an unsafe STG (we assume that the fragment of

the STG presented in the �gure is a part of a cyclic

behavior).

In such cases it is more convenient to use non-free-

choice STG for behavior speci�cation. (Consider ex-

ample shown in Figure 4b.)

The place timed STG can be reduced to the arc

timed STG de�ned below by assigning a place delay

(D(pi)) to the output arcs of pi (8fij(�fij = pi) :

D(fij) = D(pi)) and assigning zero delays to all places
(D(pi) = 0).

3.4.3 Arc timed STG. In arc timed STG (AT-

STG) delays are assigned to arcs, while places and

transitions are assumed to have zero delays. ATSTG

allows us a simpler way of specifying known delay in-

formation for the environment. With this model it

is easy to specify the delay information even for non-

free-choice STGs.

� A ready token in a place timed PN is a token that

has entered a place pi and the delay associated

to the place has elapsed (so that this token is

available for pi�).

� Let us denote with CR
pi

a moment in time when

the number of ready tokens in place pi becomes

greater than zero.

� Let us denote with CE
ti

a moment in time when

transition ti becomes enabled.

Since for the best of our knowledge this model does

not correspond to any previously considered in the lit-

erature timed PN model we de�ne the operation rules

for this model as follows.

� For every particular marking such that places

p0 : : : pm are marked transition ti becomes en-

abled at time CE
ti
= max(CR

p0
+D(fqi); : : : ; C

R
pm

+

D(fri)) where fp0 : : : pmg = �ti and 8f� = ti.



� The di�erence in delays between the output arcs

of a place does not a�ect the choice speci�ed by

the place. Therefore, a nondeterministic choice

behavior is preserved regardless of the delays as-

signed to the output arcs of a place.

The use of this model is illustrated in Figure 4. Let

us assume that there are �ve FEs in the environment

that implements signals a, b, c, d and e. These signals
are implemented with FEs with unknown logic func-

tions (Figure 4a). However, signal dependencies are

known, i.e. it is known that the rising transitions c+
and d+ depend on transition a+ of signal a and the

rising transitions d+ and e+ depend on b+. Signal

propagation delays between the FEs are assumed to

be di�erent and known as represented in Figure 4a).
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Figure 4: Example of using the arc timed STG model:

(a) environment information; (b) ATSTG speci�ca-

tion; (c) fragment of an unsafe PTSTG speci�cation;

The ATSTG subnet specifying this behavior is

shown in Figure 4b. For this example there is no easy

way to specify delays by a free-choice STG (the subnet

in Figure 4c is unsafe), therefore it is di�cult to use a

PTSTG model for speci�cation of this behavior.

ATSTG can be reduced to PTSTG if the underlying

PN is free-choice by inserting dummy transitions on

the output arcs of multiple fan-out places and on the

input arcs of multiple fan-in as it is shown in Figure 5.
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a+ b+

c+ d+

15 ns
30 ns

10 ns50 ns

15 ns 30 ns

10 ns50 ns

=>

b+a+

E1E0

E3E2

d+

Figure 5: Free-choice ATSTG can be reduced to PT-

STG by inserting dummy (E0, . . . , E4) transitions.

Arc timed STG corresponds to a circuit wire de-

lay model in the following way see limitations in Sec-

tion 3.5. Delay D(Rij) of a direct path Rij between

signal transitions ti and tj corresponds to the delay

of a wire between the output of the FE implementing

signal �(ti) and an input of the FE that implements

signal �(tj) if Rij is not a redundant dependency.

Despite the convenience in behavior speci�cation

provided with this model ATSTG is not a timed PN

since delays are associated with arcs. This can limit

the use of ATSTG model.

3.4.4 Redundant combined models.

Transition-arc timed STG and transition-place timed

STG can be obtained by combining the primary mod-

els. In these models delays are assigned to transitions

and places, or transitions and arcs respectively. These

models are redundant. Both can be reduced to AT-

STG by adding delays of transitions to all of their

output arcs. On the other hand, these models can be

convenient for a designer.

3.5 Signal transition dependencies and
wires

There is a relation between gate dependencies in

a circuit and signal transition dependencies in the

TSTG specifying circuit behavior. This relation,

based on the notion of trigger and context signals de-

�ned below, helps to establish a correspondence be-

tween gate delay models and delay models for TSTG.

Such a relation is easy to establish if a TSTG repre-

sents every gate of a circuit with a separate signal.



� An input signal of a FE is called a trigger signal

(also sometimes called a drive signal) if its tran-

sition may cause a signal transition at the output

of the FE; otherwise it is called a context signal.

� If signal a is a trigger signal for b, then there is a

direct path in the corresponding TSTG between

some transition of a and some transition of b.

� If, vice versa, there is an irredundant direct path

Rij in the TSTG, then signal �(ti) is a trigger

for signal �(tj).

� A redundant direct path in a TSTG may or may

not correspond to a wire in the implementation.

� An irredundant input wire for signal b, corre-

sponding to a context signal cmay or may not cor-

respond to a redundant direct path in the TSTG.

4 STG VHDL speci�cation.

VHDL hardware description language supports

speci�cations of hardware systems from gate level to

higher behavioral levels. It supports concurrency,

design decomposition and a mechanism for indepen-

dent parts of a hardware system to communicate each

other. Most of used VHDL statements will be brie
y

explained with STG VHDL speci�cation examples.

4.1 Previous work.

Previous works on simulation of PN and STG be-

havior in the VHDL environment are known. PN com-

position and simulation are addressed in [11]. Peter

Vanbekbergen at al [2] used VHDL to simulate and

validate STG behavior as well as the synthesized cir-

cuit behavior. VHDL environment has been also used

for interactive synthesis of asynchronous circuits [3]

though the behavior speci�cation model di�erent from

STG had been utilized there.

4.2 STG behavior VHDL speci�cation.

The technique, we propose, allows to simulate

the behavior of bounded and consistent timed STG.

Boundedness means that the number of tokens at any

place at any time is bounded. Consistency, in turn,

requires that: 1) every rising transition of a signal

is followed (not necessarily immediately) by a falling

transition of this signal and vice-versa; 2) signal tran-

sition cannot be concurrent to another transition of

the same signal. STG behavior is simulated in terms

of signals, i.e. the simulation output is a timing dia-

gram of signals' behavior.

The technique proposed in this paper is imple-

mented as a part of the Taxo-Synthesis asynchronous

circuits' CAD tool. All timed STG models outlined

above are supported in this tool.

We illustrate the proposed method with an example

of a nondeterministic non-free-choice STG with con-

currency as shown in Figure 6.
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Figure 6: A simple nondeterministic non-free-choice

STG with concurrency (numbers on arcs are the arcs'

names).

4.2.1 High-level modularity. Let us consider au-

tonomous STG. On a high level of abstraction the

behavior, described by autonomous STG, consists of

behavior to be implemented and the environment be-

havior speci�cations. Although initially both are rep-

resented by STG the parts may undergo indepen-

dent alternation during the design process. Di�erent

implementations may be obtained for the �rst part,

while the environment behavior may either remain un-

changed, be generalized or speci�ed more precisely.

Therefore, it is natural to specify behavior for these

parts independently and connect them via input and

output signals. This is a well-known technique among

VHDL users - a separate behavior speci�cation that

may remain unchanged during the design process is

used as a test bench for the circuit under design. This

makes it possible to simulate di�erent implementa-

tions as well as circuit behavior speci�cation with the



same environment or the same implementation in dif-

ferent environments.

Thus, given an autonomous STG we generate three

VHDL entities as follows.

� The �rst entity, named circuit, speci�es the cir-

cuit part of the STG behavior - the behavior of

circuit output and internal1 signals. Circuit out-

put signals are de�ned as output and circuit input

signals are de�ned as input for this entity.

� The second entity, named environment, speci-

�es the environment part of the STG behavior -

the behavior of environment signals. Circuit in-

put signals are de�ned as output and circuit out-

put signals are de�ned as input for this entity.

� The third entity, named interface, speci�es the

circuit - environment interconnection.

4.2.2 Low-level speci�cation. A state of STG is

uniquely identi�ed by a set of marked places. STG

reachability graph may, however, grow very large for

concurrent systems. This makes its use inappropriate

for VHDL speci�cation. Alternatively enabling con-

dition that is a set of places may be speci�ed for ev-

ery transition in STG. This forms a number of VHDL

blocks equal to the number of transitions in STG.

Such a block consists of the condition speci�cation

and three action blocks executed successively, when-

ever the enabling condition is met.

Enabling condition consists of the number of places

that must be marked for the transition t 2 T to be en-

abled. Action parts are: decrementing the number of

tokens for the places p 2 �t; �ring transition t (al-
tering the value of �(t)); incrementing the number of

tokens for the places p 2 t�. This is the method used

in [2].

Our method extends this technique in the following

ways.

1. Our method is developed for simulation of timed

STG (i.e. time is speci�ed with STG using one of

the previously described delay models).

2. Our technique may be used to generate a VHDL

code that would guarantee that every conditional

path in STG is activated during simulation.

3. We limit the class of STG to be simulated to

the class of consistent and bounded STG. These

1Output (Z) signals are further divided here into the sets

of output (observed by circuit and environment) and internal

(observed only in the circuit).

properties must always be satis�ed for a behav-

ior that could be implemented by a �nite circuit.

On the contrary, it is not shown in [2] how the

technique presented could handle non-free-choice

STGs. In [2] the decision on the direction, the

token is moved from the place, is made indepen-

dently for every place with more than one output

transition. That may easily lead to a simulation

deadlock for a non-free-choice STG.

4. Multiple transitions of the same signal in the same

direction are allowed in STG - they are resolved

with an auxiliary variable stored with every such

a signal. (this technique was also used in [3]).

On the other hand, the method from [3] uses VHDL

environment not only for simulation but also for anal-

ysis.

Parts of the VHDL code generated for the example

from Figure 6 are shown below.

The type indexed from [3] is used to store the tran-

sition index together with the immediate signal value.

First fragment of the VHDL code shows the falling

transition of signal g_int 2 enabling condition, decre-

menting the number of available tokens on the input

place and scheduling the transition itself with the cor-

responding delay. Note that ':=' is a variable assign-

ment while '<=' is a signal assignment in VHDL. The

primary di�erence is that signal assignment is never

completed immediately but scheduled in time instead.

if (place8ready > 0) then

place8ready := place8ready - 1;

g_int <= ('0',0) after 10 ns;

end if;

Second fragment shows the block where the 0-th (in

the case of transitions' indexes are zero based) falling

transition of signal g �ring is checked. If the �ring

has occurred markers are transferred to the places fol-

lowing this transition in STG and their \timers" are

activated. These timers for place 1 and arc 22 are

implemented with VHDL signals place1 and arc22.
Variables place1drive and arc22drive store the di-

rection of the last transition scheduled for place1 and

arc22. Note the use of the type indexed for signal g:
g=('0',0) means that g has logic value '0' and index

(for instance occurrence number) is equal 0.

if ((g'event) and (g=('0',0))) then

if (place1drive) then

2Signal g int is a copy of signal g internal for circuit VHDL

entity. It is necessary since signal output for the entity cannot

be observed inside the entity.



place1 <= transport '0' after 10 ns;

else

place1 <= transport '1' after 10 ns;

end if;

if (arc22drive) then

arc22 <= transport '0' after 5 ns;

else

arc22 <= transport '1' after 5 ns;

end if;

place1drive := not place1drive;

arc22drive := not arc22drive;

end if;

The following fragment shows how a token on the

arc 8 becomes available as soon as the delay assigned

to this arc has elapsed (event on the corresponding sig-

nal is detected). There arc22ready stores the number

of tokens available on the arc. It is necessary when the

immediate number of unavailable tokens on the place

or arc is greater than one, that is often the case for

n-bounded STGs with n > 1.

if ( arc22'event ) then

arc22ready := arc22ready + 1;

end if;

4.2.3 Choice simulation. As soon as STG is ca-

pable of representing choice a method is necessary to

simulate it. For nondeterministic behavior (with non-

deterministic choice) the problem is to de�ne a prese-

lection policy [7] for the markings with choice.

In general, a set of transitions may be enabled to

�re at some given point of time (CE
ft0;:::;tmg). Some of

them may �re, while others can be disabled if tokens

can be removed from the shared input places. This be-

havior may be used in the environment speci�cation

to avoid specifying very complex or unknown depen-

dencies or to specify the circuit to be implemented

behavior if arbiters are allowed in implementation.

In order to simulate nondeterministic choice we de-

�ne a place pattern and a transition pattern as follows.

A place pattern PatP is a set of one or more places

pi 2 P such that they are concurrent, i.e. there exists

a reachable marking where all places in the pattern are

marked. A place pattern is uniquely identi�ed by 1)

the set of places in the pattern; 2) the number (greater

than zero) of tokens at each place.

A transition pattern PatT is a set of one or more

transitions t 2 T de�ned for a given place pattern in

the following way: 1) every transition in the pattern

must have input arcs from a place pattern; 2) all tran-

sitions from the pattern can �re simultaneously (this

should be distinguished from being enabled simulta-

neously: for example two transitions sharing a single

input place are enabled simultaneously, but cannot �re

simultaneously if the shared place is marked with one

token).

A place pattern is said to be connected if 1) every

place from the pattern share output transition with at

least one other place in the pattern; 2) a graph formed

by the places p 2 PatP , all transitions t 2 pi� such

that pi 2 PatP and arcs connecting them is connected.

A place pattern is said to be global if it contains all

marked places in STG and local otherwise.

A place pattern is said to be with choice if a number

greater than one of transition patterns may be de�ned

on the set of transitions that are output to its (place

pattern's) places.

In the example from Figure 6 the set fp0; p1g is a
place pattern with choice. The corresponding transi-

tions patterns are fb�g and fE1�; h+g. VHDL spec-

i�cation for these places pattern follows. Expression

(place0ready > 0) and (place1ready > 0) is the

places pattern guard condition; GetDirection is the

function that calculates the next transitions pattern

to activate; FCGroup_0_Direction is a variable that

stores the number of the next transitions pattern to

activate;

if ((place0ready>0) and (place1ready>0)) then

if (FCGroup_0_Direction = 0) then

b_int <= '0' after 10 ns;

place1ready := place1ready - 1;

place0ready := place0ready - 1;

end if;

if (FCGroup_0_Direction = 1) then

if (dummy_E1 = '1') then

dummy_E1 <= '0' after 0 ns;

else

dummy_E1 <= '1' after 0 ns;

end if;

place0ready := place0ready - 1;

h_int <= '1' after 10 ns;

place1ready := place1ready - 1;

end if;

FCGroup_0_Direction := GetDirection(

FCGroup_0_Direction,

FCGroup_0_MaxValue );

end if;

All transitions patterns are de�ned for every place

pattern with choice and transition patterns are acti-

vated in some order whenever the place pattern is ac-

tivated. The iteration order must be de�ned for every

place pattern with choice.

This approach allows de�ning of either the order

or the probability distribution law for the sequence of



transition patterns activation for every place pattern

with choice. The use of patterns allows handling of

non-free-choice STG behavior.

The number of patterns necessary for simulation is

minimal if only connected place patterns with choice

are used. However, this preselection policy cannot

guarantee that every conditional path is activated dur-

ing simulation.

It can be guaranteed if all global patterns with

choice are generated. This, however, can exponen-

tially increase the size of the VHDL code for the nets

with concurrency.

4.3 Joint behavior-circuit simulation.

Despite the fact that most of the synthesis meth-

ods/tools are proved to provide correct solutions under

a given set of assumptions, simulation is still widely

used to check the validity of the design behavior. This

convinces a designer in the correctness of the synthe-

sized circuit on one hand and lets a designer to check if

the assumptions important for the design match those

of the synthesis system.

A joint simulation possibility is provided by the be-

havior VHDL speci�cation modularity. A few more

requirements must be met, however, to make possible

a circuit-environment simulation. Those are out of the

scope of this paper.

5 Conclusion.

In this paper some possible timed extensions to

STG are considered. They are based on associating

delays to transitions, places, arcs or some of their

combinations. We also have studied the correspon-

dence between di�erent timed STG models and wire

and gate delay models for circuits. Some limitations

of the timed STG models are discussed.

The use of the VHDL for formal speci�cation of

the introduced timed STG models is the major con-

tribution of the paper. Both parts of STG VHDL

code { a circuit and its environment are considered

interacting asynchronously. Concurrency, choice, syn-

chronization, causality, and timing information are ex-

pressed using VHDL speci�cation of timed STG.

This allows us to use the proposed approach for

simulating behavior of speed-independent and semi-

modular circuits and their interaction with environ-

ment. An overview of the design methodology for

semi-modular circuits was given to illustrate the use

of STG simulation.

The timed STG models and the algorithm for trans-

lating timed STGs to VHDL are implemented in the

Taxo-Synthesis CAD system.
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