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Abstract

This paper describes the principles of high level
modeling ofdigital hardware circuits using the Extended
Timing Diagrams (ETD) formalism whicddsconditions,
events, action expressiongnd particular constraints o
traditional timing diagrams. Hierarchyand concurrency i
integratedtoo suchthat a full top-down design becomes
possible, enhancing m the sametime the readability.
While for simulation purposesthe implementationof the
formalism generates behaviora/HDL (VHSIC Hardware
Description Language) models, a dedicated high-level
translator generate8/HDL code for synthesis. Botlthe
ETD formalism and its implementationare part of
MODES, a more complex modeling expert system
including complementary editors.

Keywords: VHDL-generationfrom high-level speci-
fications, VHDL and CAD framework developments

1: Introduction

ETD is part of the MODES Modeling Expert
System [1] project aimed aupportinghardwareengineers
in their efforts to create behavioral models fo digital
devices using VHDL [7]. The MODES CASE tool
providesvarious editors, fortruth-tablesand finite state
machines, etc.It also includes a selection and a
specification tool forthe reuse 6 existing models o parts
of themand the instanciatiorof existing generic models
respectively. Furthermore, aule based system, under
development, supportsthe user through a guided
man/machine dialogue fothe selectionof convenient
generic modelsand performs on-line verification d

represensignal wave-forms athe 1/O pins. Therefore
introducethe notion of extendedtiming diagrams.ETD's
include wave-formdescriptionsand action expressions that
may be attached through constraintsto events or
conditions.

It is not necessaryad use thewhole wave-form b
describe thdunctionality of the circuit:the entrypoint of
the timing diagram isrbitraryandonly somepartsof the
diagramcontain useful informationObviously the wave-
forms show the responsef the circuitto some stimuli
applied to its inputs. This fact is illustrated the example
of figure 1 which represents the reset and the jmwadesses
of a counter.

At a first glance,the two processesare independent,
their relative positions in thdiagram have @ importance.
The useful information is attached d the events
CLR'rising and LOAD'falling. Nevertheless, the
information is not complete,e.g., CLR has priority on
LOAD, implicit information the user has to consider.
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Figure 1: Datasheet example

With the ETD approach, we resolvéhis ambiguity
through the introductiorof particular constraintshat ae
used o link eventsand conditions. Furthermoreye ad
hierarchy and concurrency,allowing for more readable
representations.

completeness and consistency of specifications introduced.1.1: Related previous work

The aim of this paper is to present a methuat allows
the creation & bus oriented modelge.g., inVHDL) from
annotatedtiming diagrams. Sincénardwareengineers re
familiar with such circuit representations,the ETD
formalism aims to stay close to this way of thinking.

Traditionaltiming diagrams d not effectively describe
the behaviorof a circuit, or its functionality. They only

Harel's paper§9,10] andthe articleof Vahid, Narayan
andGajski [11] introduce © the field of reactivesystem
design, usinchierarchyand concurrency.For the specific
domain dé timing diagrams, thepresent work hadeen
based on théollowing four papersBorriello describedhe
possibility to modelhardwareusing timing diagrams [2].



Amon, Borriello and Séquin introduce aimilar approach
to timing diagram modeling [5]: behaviorand timing
constraintsare describedeparately. Anotheapproach has
been developed » Dufresne, Khordoc and Cerny [3],
introducing thenotion of hierarchy and concurrency n
timing diagrams. The timingiagrams wera@lescribedwith
dynamic structuresni VHDL. Finally a major source 6
information for thispaper $ Schlér [12]who introduces a
possibleapproach bsystemdesignandverification using
timing diagrams,but does not supporta full graphical
representation of the behavior of the reactive system.

1.2: Organization of the paper

The paperfirst presentsthe importantdefinitions and
terms ofthe formalism.Then,the notionsof concurrency
and hierarchy are introducedn Iparagraph 3, & develop
the semanticef ETD's. Next, the evaluationscheme(§4)
andthe principlesof high-level simulation are introduced
(85), followed by timing constraint checks (86). h
paragraph 7the VHDL codegenerations illustratedwith
an example, presentirthe pathfrom ETD representation
over theVHDL code generatedta net-list createdwith a
synthesis tool. Finally, the results are discussed.

2. Terms and definitions

A designrepresentghe top hierarchicallevel of the
system: itis composed b various diagrams a different
levels of hierarchy.Each diagramincludes one (o
concurrency) omore (concurrencysub-diagrams standing
eachfor a graphical representationf @an ETD. An ETD
contains one omore eventsand conditions that trigger
action expressionn associationwith different classes
constraints If an action expressiond not linked o any
event or conditiorthrougha constraint,it is consideredd
be a default actionexpressionfor the wave-form. This
feature can & used o initialize or to define implicit
behavior ofa signal when a particular sub-diagramsi
activated.

With the help of constraintsconditionsandevents e
kept in relation. We distinguishthe following types of
constraintssimultaneougonstraints definea condition of
simultaneity betweentwo eventsor conditions. Conflict
constraintsdisallow two events orconditions b be active
at the samdime. Forward constraintsare usedto build
causal relationdetweensignalsas well as hold-timeor
minimum/maximum  pulse width checks. Backward
constraintscan be used to define timing constraisish as
setup-time. Finallyjt is possible todefine loops with a
particular kind ofbackwardconstraint, thdoop constraint
For example, this feature will be useful when waitfoga
sequence fon falling edges 6 the clock. Thedifferent
classes of constraints are shown in figure 2.
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Figure 2: Event and constraint classes

Hierarchy and concurrency aramportant in hardware
modeling: forsimulation, synthesisnd test. These two
concepts enable a better readability tbe design and
therefore decrease significantly the debugging time.
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Figure 3: Terms and definitions

2.1: Concurrency

This feature reflectshe fact that electronicdevices are
composed of couplednodules that togetheperform a
given functionality. In the ETD formalisntoncurrency is
implemented atwo levels. First,sub-diagramsontained
in the samaliagram are bydefinition concurrentSecond,
each wave-form of a sub-diagramay containseveral in-



dependent events, that are considered to be concurrent too.

2.2: Hierarchy

Through thisconcept,the condition for anevent & a
given levelof hierarchy can érefined & a lower level of
hierarchy h a hierarchical diagram enabling top-down
modeling and a better readability o the design. The
example & figure 3 above shows the different ETD
concepts definetiefore. Thehierarchy concepmplies te
override childremotion for the evaluation scheme.

This feature enablet® bypassthe evaluationof a child
diagram if, at the higher level of hierarchy, the
simultaneous constraint or confliconstraintlinked to the
diagram is not active. In the case of forward constr#int,
child diagram becomes acties soon ashe corresponding
constraint has been activated.

2.3: Chain concept

For theevaluationof the activity scheme,we must
introduce anew term: achain This object represents a
chain of event/conditions linked with constraints.

A starting event/conditionis the first occurring
event/condition in a chain: a notion introdudedsolve the
dependencies betweéno levelsof hierarchy. Thedorward
constraint inthe higherlevel of hierarchy § implicitly in
relation with every starting events/conditioofsevery sub-
diagrams at the lower hierarchidalel. Inthe specialcase
of a simultaneousconstraintor conflict constraint, the
constraint athe higherlevel is implicitly linked o every
events/conditions at the lower level.

An ending event/conditionin a chain is the event/
condition of a chain that has no forward constragtésting
from it.

3: Semantics of ETD

For thesemanticanalysisof the design,we first define
the following sets of objects.

I: set of input ports
O: set of output ports

Event: set of events

Cond: set of conditions

Const: set of constraints

Action: set of action expressions
Chain: set of chains

Diag: set of diagrams
Sub-diag: set of sub diagrams

A designdes can be representedwvith the following
semantic:

des = (I, O, top_diagramjop_diagram/J Diag

Similarly, we can define a diagram,sub-diagramand a
chain.

diag = (Sub-diag)

sub-diag = (Chain)

chain = (Events, Cond, Const, Action, Diag)

An evente is defined either as a couplg,¥alue> where
x [J1 andvalueis the new value of signal or asa single
value <> to test any changes of tsggnal x. A condition
c canalso berepresentedvith a couple <x,value> where
value represents herthe current value b signal x. An

action expression is definedwith two values<x,expp,

wherex [J O andexpr is an expressiorthat will determine
the new value of signal

Simultaneous constraintsim(u,v) and conflict con-
straintsconf(u,v) define smultaneity relationsbetweenu
andv whereu [J Events/J Condandv [J Events/J Cond
[J Diag. A forward constraintfor(e,e',t_min,t_max)can
only be defined betweentwo eventsor an eventand a
diagram (hierarchyand implies thatthe evente' (or awy
starting event of the diagram) occurs ta time
t O [t(e)+t_min,t(e)+t_max].

Similarly, a backwardonstraintback(e,e',t_min,t_max)
means thatevent e has occurred & time t [ [t(e)-
t_max,t(e')-t_min] An action constraintact(u,a,t_prop)is
used o define a propagationdelay t prop between a
triggering event/condition and an action expressian

Finally, aloop constraintloop(e,e',init,exit,incr) can
be consideredbs a specialcase 6 the backwardconstraint
and B used 6 implement counterswhere init is the
initialization value of the counteexitis the exitcondition
andincr is the increment expression.

Forwardconstraintscan ke chained ¢ define sequences
of events/conditionso be observed before rmaction &
initiated. On the contrary, it is not possibledm the same
with backwardconstraintsbecausdhe systenis supposed
to be causal.

4: Evaluation scheme

A verification phase precedesthe evaluationof the
design: consistency checks, syntaxd semanticchecks,
uniqueness fodefault action expressionsgtc. Obviously,
erroneous specificationsannot be corrected and leadot
malfunctions of the models.

During the evaluation of the ETD, priority is givéirst
to simultaneous/conflict constraints, nextto loop
constraints and finally to forward sequential constraints.

4.2: Activity

The notion ofactivity canbe appliedto diagramssub-
diagrams, events;onditions, actions and constraints. A
diagram o a sub-diagramd said b be activeif its related
constraint $ active. By default,the topdiagramsandsub-
diagrams of the design are always active.

During simulation, only active diagrams -and ly
extensionsub-diagrams -are evaluated,improving the
speed 6 simulation in animportantway (seeoverriding



children). Formally, theactivity of the different objects
used in ETD formalism can be defined as follows:

act(des) =true
act(top_diag) = true
act(diag) = (act(diag)+ Zact(for(e,diag)))

*Mact(sim(u,diag))Flact(conf(u,diag))
act(diag)
(act(start_event) + act(chain))
* not act(end_event) * act(sub_diag)
act(sub_diag) Tlact(sim(u,e))
* Mact(conf(w,e)) * Eact(for(v,e))
+Zact(loop(e',e)) + not act(chain))
* (x = value) * (x'event)
=act(sub_diag¥ Mact(sim(u,e))

* Mact(conf(w,e)) * Eact(for(v,e))

+ Zact(loop(e',e)) + not act(chain))

* (x'event)
act(c<x,value>) = act(sub_diag) *Mact(sim(u,e))

+ Mact(conf(v,e)) + not act(chain))
* (x = value)

act(a<x,value>) = act(sub_diag) Zact(action(u,a))
act(action(u,a,t_p)) = act(u) after t_p
act(for(e,e") = act(sub_diag) * [act(for(e,e") + act(e)]
* not act(e') * notEact(loop(e,e")))
act(sub_diag) * [act(loop(e,e") + act(e)]
* not act(e’) * not exit
act(sub_diag) * [act(back(e,e") + act(e)]
* not act(e")
act(sub_diag) * act(u) * act(v)
act(sub_diag) * (act(u) xor act(v))

act(sub_diag)
act(chain) =

act(e<x,value>)

act(e<x>)

act(loop(e,e’) =
act(back(e,e’) =
act(sim(u,v)) =
act(conf(u,v)) =

Finally, thesimultaneousandconflict constraintshave
the following property:

act(sim(u,v))
act(conf(u,v))

=act(sim(v,u))
=act(conf(u,v))

5: High-Level simulation

In order to verify as soon aspossible thecorrect
functionality of a design, a simulationust be possibleat
the level of abstractionused for specification. Thusa
simulation tool will be provided at the ETD level.

The simulation process runstop-down through he
hierarchy. At eaclievel, all "next" eventsof active chains
are evaluated. If they are true, the respeativestraintsand
action expressionsre executedFor the case where ra
active constraintsi linked t a hierarchical diagram, the
diagram $ activated. Default action expressionsrea
executedupon entryinto a sub-diagramprior to the
evaluation ofthe events. Figure 4 shows a possible
representation of this recursive evaluation process.

The horizontal axigepresentghe simulationtime. A
time steprepresentghe time betweentwo events.The
resolution is the minimum amount of time required

betweentwo eventsWhile the concurrencysteppingaxis
illustrates theevaluation of the concurrentevents ata
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Figure 4: Simulation process

given simulation time, hierarchy stepping stands dr
iterative evaluation of hierarchical levels.

ETDs have beenintroduced for the specification 6
digital devices. Neverthelestey canalso beusedfor the
representation fothe simulationresults. Obviously, the
structuringfeature & hierarchy disappearshe ETDs ae
flattened.

6: Timing constraint checks

As introduced in the paragraph dealingwith the
semantics, theETD formalism includes severaltiming
constraint checks: setup, hold and minimum pulse width.

Note thatif the timing constraintsof forward ad
backward constraints are violated, the corresponding
constraint isnot deactivated,but a warning message s
displayed during the simulation process.

According to Liu and Pawlak [4], the implementatiafn
the timing constraint checks in VHDL cédoe realizedwith
concurrentprocedurecalls, describedn a VHDL package
called ETD_Standard.This method offerstwo major
advantagesthe sameprocedurecan le used o define
differenttiming constraintsandthe VHDL code 8 hidden
to the programmer.

7: Translation into VHDL

The translationinto simulatable and synthesisable
VHDL is done according ot the evaluation scheme
describedbefore. Thedifferent activity algorithms ae
translatednto afinite state machine structurepreserving
hierarchy and concurrency of the ETD design.

Basically, the timing diagrams areasynchronous.
Therefore, an explicitlock signalis not necessary for the
evaluation ofthe design. For simulation purposes,this
asynchronous mode is preserved. For synthiesigrn, the
asynchronous structure canradtvays be useddue b the
limitations of the currently available commercial
synthesizers: usually, one singlgnal per VHDL process



can be tested for a triggering edge. Hencmiftiple edges
have to becheckedthe circuitmust be transformednto a
synchronous finite state machine. Nevertheless, the
functionality can ke preserved undethe condition that
betweentwo triggering events, the evaluation of the
complete circuittan ke performed:the clock period must

be sufficiently small with respect to the input event rate.

An explicit synchronousunning mode canbe selected
by specifying the clock signal of the circuit for both
simulation and synthesis VHDL code generation:
implicitly, eachsignal isevaluated aeachactive edge of
the clock.
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8: Discussions

The ETD formalism is well suited for asynchrondus
functional models,since t is easy to define timing
constraints betweeasynchronousignals.Nevertheless,ti
remains possibléo designother typesof digital reactive
systems.However, the relative simplicity of the action
expressiorauthorized B the formalism maycausesome
difficulties to implement complexbehavior of output
signals.

8.1: Example

In the following example, we show thigescription of a
programmable peripheral interfag®Il. The mode signal

determines the direction of the I1/O port A. Figure 5 shows

the ETD graphical representation, table 6 ¢beesponding
simulatable VHDL code.

Library work;
Use work.ETD_Standard.all;
Entity PPI is
Port (
CS :in STD_ULOGIC;
RD :in STD_ULOGIC;
WR :in STD _ULOGIC;

mode :in STD_ULOGIC;
D rinout STD_LOGIC_VECTOR(7 downto 0);
A :inout STD_LOGIC_VECTOR(7 downto 0);
);
End PPI,
Architecture Behavioral of PPI is
Begin

Check_backward(A'changing, RD'falling,

50 ns,Time'High, WARNING,"Backward check RD->A");
Check_forward(RD'falling,RD'rising,

300 ns,Time'High,WARNING,"Forward check RD->RD");
Check_forward(A'changing,RD'rising,

50 ns,Time'High,WARNING,"Forward check RD->A");
Check_backward(D'changing, WR'falling,

50 ns,Time'High,WARNING,"Backward check WR->D");
Check_forward(WR'falling, WR'rising,
300ns,Time'High,WARNING,"Forward check WR->WR");
Check_forward(D'changing,WR'rising,

50 ns,Time'High,WARNING,"Forward check WR->D");

Process(CS,RD,WR,mode,D,A)
Begin
A<=A;
D<=D;
If (CS="1)Then
D <="772777777" after 5 ns;
End if;
If (CS="0") Then
If (RD="1"and WR ='1") Then
D <= "XXXXXXXX" after 10 ns;
End if;
If (RD ="0"and WR ='1"and mode ='0") Then
D <= A after 10 ns;
End if;
If (WR ='0"and RD ='1" and mode ='1") Then
A <= D after 10 ns;
End if;
End if;
End Process;
End Behavioral;

Table 6: PPl - Simulatable VHDL code

With a second,more specificcode translator, VHDL
code for synthesiscan be generatedJnlike the code
example of table 6, the synthesisable VHEddedoes not
contain anymore "after" clauses, "wait" clausedtiming

constraint checks. Figure 7 shows the result of the

synthesis of the VHDL code realized with t8&¢ NOPSYS
Synthesizer.



Figure 7: PPl - Net-list

8.2: Future work

In a next phase, ETDwill be integratedinto a user-
friendly tool, allowing for more thoroughtesting of the
formalism. Therefore, the presentresults should be
considered sipreliminary. Hopefully,ETD will finally be
integrated into MODES.

9: Conclusions

The aim of the ETD (Extended Tming Diagram)
formalism B the convenienthigh-level specification of
behavioral digital models througthe use of annotated
hierarchical and concurrenttiming diagrams. Sincethe
ETD form d representations closeto the oneused n
conventional wave-form diagrams usech idata sheets,
ETDs are well accepted by hardware engineers.

The internal representationf dhe ETDs has been
implemented i the form of FSMs. They are then used
both for high-levelsimulation andtranslation intoVHDL
according ® a common evaluatiorscheme.Furthermore,
they can [e translatedinto synthesisabl&/HDL for fast
prototyping.

While ETDs carbe used independentlyhey havebeen
conceived a a complement tothe existing high-level
specificationtools of the MODESJ[1] project. The user
should finally be fredo specify eachpart & a modelwith
the mostconvenientbehavioral editor o MODES. The
system then integrates the respective elements isitogée
simulatable modelwhich can e translatedinto standard
HDLs.

Many of the elementsof MODES alreadyexists, i.e.
the BEMCharts formalism[8] for the high-level
specification &6 FSMs, commercially availableunder he
name of SPeeDCHART™I[6]. Our current interest §
focused a the integrationof designelements originating
from different specification sources.

10: Acknowledgments

We thank our colleagues in the QES project -
Khaled BettaiebSean Dart, Dirk van deHeuvel, Charles
Munk, Pierre Ukelo, AlainvachouxandRoger Zinszner -
for the fruitful collaboration.

MODES is a joint project of the University of
Neuchéatel, theSwiss Federal Institute of Technology,
Lausanne and Speed ElectroB8i8, Neuchatel. It hadeen
supported by the Swiss Commission for the
encouragement oscientific researchCERS/KWF under
project numbers 2081.2, 2260.2, 2499.1 and 2609.1 .

References

1. H.P. Amann etal., "'The MODES modelling expert
system”, Proc. EURO-VHDL'91, Stockholm, Sept 1991,
pp 192-195

2. G. Borriello, "Specificationand Synthesis of Interface
Logic", in "High-Level VLSI Synthesis", Editors
R. Camposano and W. Wolf, Kluwer, 1991, pp 153-176

3. M. Dufresne etl., "Using Formalized Timindiagrams
in VHDL Simulation”, Proc. EURO-VHDL'91, Stockholm,
Sept 1991, pp 24-31

4. F. Liu etal., "Timing Constraint Checks ivHDL - a
comparative study", ProdcURO-VHDL'91, Stockholm, Sept
1991, pp 39-45

5. T. Amon etal.,, "Operation/Event Graphs: Besign
Re%resentationfor Timing Behavior", Proc.IFIP WG 10.2
10" Int. Symp. onCHDL andtheir Applications, Marseille,
France,1991, in"ComputerHardware DescriptionLanguages
and their Applications", Editors D. Borriorend R.Waxman,
Elsevier, 1991, pp 261-280

6. S. Dart,"SPeeDCHART-VHDL refeence manual 2.0",
Speed Electronic SA, Neuchéatel (Switzerland), October 1992

7. "VHSIC Hardware Dscription Language”, Language
Reference Manual, IEEE-1076/87, New York, 1987

8. D.O. vanden Heuvel etal., "High-Level behavioral
Modelling using BEMCharts", to be published in ECCDT'93,
Davos (Switzerland), Aug/Sept 1993

9. D.Harel, "StateCharts: A Visual Formalism fGomplex
Systems", Science of Computer Programming &lseiver
Science Publishers, 1987, pp 231-274

10. D.Harel et al., "StateMate: A Working Environment for
the Development of Complex Reactiv8ystems", |[EEE
Transactions on Software Engineering, vol. 16, no.Agril
1990, pp 403-414

11. F.Vahid etal., "SpecCharts: A.anguage forSystem
Level Synthesis", in "Computer Hardware Description
Languages and their Applications", Editors D. Borriara R.
Waxman, Elsevier, 1991, pp 165-174

12. R. Schlér et al., "Specificatiomnd Verification of
System-Level Hardware Designs using TimingDiagrams",
Proc. EDAC-EUROASIC 1993, Paris, Feb. 22-25, pp 518-524





