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Many large scale integrated circuits and systems con­
tain both synchronous and asynchronous subsystems
(including self-timed subsystems). Examples include
systems having asynchronous interfaces tobusses or
memories, and systems containing modules clocked by
independent, locally generated clocks. This paper
discusses specification and automated synthesis tech­
niques for designing such systems. Agraphical perspec­
tive ofthe temporal and interface constraints isprovided
via a timing diagram editor. The specification and syn­
thesis techniques presented allow individual process
implementations tobe either synchronous, asynchro­
nous, or combinational. We discuss factors influencing
the decomposition ofthe overall system into sub­
processes and the choice ofimplementation styles. Frag­
ments ofthe design ofa Processor Interface Board (PIB)
are used to illustrate various concepts. Thegoal is to
enable a designer to improve design quality bysynergist­
ically exploiting the advantages ofboth the synchronous
and asynchronous design styles ina system, and to sup­
portexperimentation with trade-offs ingranularity and
implementation strategies.
Introduction

Manylarge scale integratedcircuitsand systemscontain a mix­
ture ofsynchronous and asynchronous (i.e., self-timed) subsystems.
Examples include systems having asynchronous interfaces to busses
or memories, and systemsthat contain modules clocked by indepen­
dent, locally-generated clocks. Mostprevious workon automated syn­
thesis techniqueshas focused on synchronous systems; 12,3 andwhile
there havebeen some attemptsto automate self-timed designs,1,8,2
almostno effort has consideredthe issues involved in automatically

AT&T TECHNICAL JOURNAL • JANUARY/FEBRUARY 1991

111



112

Panel 1. Terms and Acronyms in This Paper
BIB bus interface board
CAD computer-aided design
ccs Calculus forCommunicating Systems
CHDL Cs--basedHardware Description Language
CMOS complementary metal-oxide semiconductor
PIB processorinterface board
SG state graph
STG signal transition graph
VHDL VHSIC Hardware Description Language

(IEEE Standard)
VHSIC Very HighSpeed Integrated Circuits
VLSI very-large-scale integration

synthesizing systemsthat mix synchronous and asyn­
chronous or self-timed systems, and in coupling them
with pre-defined interfaces such as standardized bus inter­
faces. The lackofsuch efforts results mainly from a com­
bination oftwo factors: an ideological splitbetween the
advocates ofthe two methodologies, and,until recently,
insufficiently developed techniques forautomating the
synthesis ofasynchronous and self-timed systems.

Motivated by these considerations, this paper
discusses techniques for the specification and automated
synthesis ofsuch systems. The goal is to enablea
designerto exploit synergistically the advantages ofboth
the synchronous and asynchronous design stylesin a sys­
tem, and to supportexperimentation with trade-offs in
granularity and implementation strategies. The added
flexibility enablespotentially improved designquality by
allowing a designerto adoptthe timing disciplines and
architecture best suitedto an application. Productivity is
improved by providing automated supportforvarious
aspects of the design task.

The Context. Figure1 depicts the general
scenario presented in this paper. Adesignerstarts with a
conception ofa system's desiredbehavior, interface, and
performance. This conception is translated intoa high­
level initial specification.
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Ideally, a specification at this level shouldavoid
constraining the implementation byallowing for flexibil­
ityin the timing disciplines and the architecture used in
it.The initial specification is then elaborated (eitherauto­
matically or interactively) toyield descriptions foran
ensemble ofinteracting subsystems that provide an imple­
mentation consistent with the specification. Eachsubsys­
tem mayin tum be implemented synchronously or asyn­
chronously usingappropriate synthesis techniques.

Many synthesis techniques generate, at some
stage,a set ofboolean logic equations to describe the
systemstructure. Such descriptions ofthe boolean logic
neededto implement the various subsystems maythen
be amalgamated, appropriately optimized, and eventually
translated intomasklayouts forcircuit fabrication.

It is important to notethat design iteration is not
precluded from this process, since some characteristics
ofan intermediate design description may leadlead to a
revision ofearlierdesign decisions, andconsequently
revised designs.

Some ofthe important technical questions that
arise in this context, relating to specification, decomposi­
tion, and synthesis, are the following:
- How can one specify a system to not imply (or unduly

constrain) a timing discipline? Whatsemantics
underly such a specification? And, howcanone gradu­
ally and smoothly incorporate the implications of
adopting specific timing disciplines in thiscontext?

- Whatcriteriaaffect the choice ofthe implementation
stylefora subsystem? How do these criteria influence
the architectural decomposition ofa design?

- Whattechniques canassist in system decomposition,
and in the synthesis that follows ofthe synchronous
and asynchronous subsystems resulting from such a
decomposition?

Wehavebeen experimenting with various tech­
niques foraddressing these issues. This paperprovides
an overview ofa high-level specification technique, and
the succeeding steps in systemdecomposition and sub­
systemsynthesis.
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Process Specifications and Timing Constraints
Webeginby discussing relevant aspectsofa

techniquefor specification ofsystemsthat exhibita
desired behavior, but do not necessarily haveanycom­
mitmentto a specific timing discipline or set ofdiscip­
lines. In this discussion, a specification technique consists
ofan abstract syntax that defines the textual (orgraphi­
cal) form of the specification, alongwithan associated
semantics. The primitives underlying such an abstract
syntaxmaybe syntactically sugared to resemblethe con­
crete syntaxoflanguagessuch as VHDL14 (Very High
SpeedIntegratedCircuit Hardware Description Lan­
guage,an IEEEstandard) or CHDL (C++ Hardware
Description Language), a hardwaredescription developed
by the author, and based on Concurrent C++.4 ["Syntac­
tic sugaring"refers to syntactically recasting (i.e., re­
phrasing) a statement to resemblea more familiar form,
without changingthe underlying semantics or meaning.)
The inputspecification syntaxweadopthere is a subset

Figure 1. Synthesisof
systems with synchro­
nous and asynchro­
nous components.

ofa language based on a variant ofa calculus forcom­
municating systems (ccs) 11, syntactically sugaredto
resemblea Concurrent C++ program.

Aprogramin the language describes a set of
interacting processes. Eachprocess (orhardware
module) has severalattributes. These include its exter­
nal interface and behavior; the temporal aspects ofits
behavior, including interface protocols that mustbe
obeyed; and its internal structure (seeFigure2).

An initial version ofa systemdescription can be
either a singleprocessthat is eventually implemented
usingan ensembleofprocesses, or a set ofinteracting
processes, wherea process mayhaveinternal concur­
rency,i.e., it is not constrained to be sequential. Pro­
cesses interactwitheach other by communicating over
channelsformed by connecting typed ports. Communica­
tionactions such as inputand outputare defined on the
underlying port types. Bygeneralizing the notion ofport
typesfrom inputs, outputs, and bidirectional ports to
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Figure 2. Some aspects of a module/process.

user-defined (i.e., abstract) port typesat the specification
level, weintroduce the flexibility for implementations of
suchport typesto havevarying communication proto­
cols, andto eventually use primitive input/output/bi­
directional portsand signals. This enablesa processto
concurrently read andwrite values usingsuch a typed
port. Synchronization between processesis achieved by
interprocess communication overa channel; someinfor­
mation mayalsobe communicated duringsynchroniza­
tion. Sucha generalization makes it convenient to pro­
vide abstractions that supportstandard communication
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protocols, such as a full4-eycle handshaking protocol
and,in addition, be ableto supportapplication-specific
communication protocols, such as a VMEBus internal pro­
tocol bus protocol.

Aprocesscanexecutea set ofprimitive actions
A, wherethe execution instances ofsuch actions are
called events. The actions in the set A maygenerally be
complex and possessa rich structure; forexample, they
may be operations on an abstract (i.e., user-defined) data
type. Examples ofactions include {addition, multiplica­
tion, subtraction ... }defined on integers and the opera­
tions {Push, Pop, Reset, ... }defined on stacks. However,
wewill notelaborate on the specification syntax or seman­
tics ofsuch actions in this paperexcept as necessary. 15

An Example: A Processor Interface Board. Wewill
use fragments ofthe design ofa processor interface board
(PIB) to illustrate somesalient aspects ofthe techniques
discussed. The PIB acts as an interface between a VMEBus7

internal bus interface, and a bus interface board (BIB) in
the S/NET,6 a prototype ofthe AT&T 3B4000 multipro­
cessor. It supports three categories offunctions:
- Datatransferbetween the VMEBus andthe BIB
- Parity and checksumlogic to complement the data

transferbetween the VMEBus and the BIB
- Interruptcontrol functions to handle interrupts arising

duringdatatransfer, and asynchronous interrupts
from the VMEBus andBIB.

The PIB specifications canbe decomposed into
submodules that supportthe functions in eachofthese
categories (seeFigure3).The datatransfer functions
constitute the major function supported bythe PIB. The
rest ofthis paperwill consider fragments ofan imple­
mentation ofthe datatransferfunctions.

Eachinstance ofa PIB is hard-wired to respond to
somesubset ofrequests from the VMEBus, determined
bysomecombination ofthe inputsignals Ad d res s
[7..31] and AddressModifiedO..6] from theVMEBus.
Whena read or write request is madeby the VMEBus,
indicated bythe signal AddressStrobeBar going low
(i.e., as specified by the VMEBus protocol), a particular
PIB instance responds to this request only if it has been
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Figure 3. PIB decom­
position.

"selected" by the VME. The datatransferprocessmay
therefore be decomposed intotwo other processes: a
BoardSelect processthat determines if a specific
PIB instance shouldindeedrespond to a read/write
request, and a Read/Write Control processthat
handlesthe details ofthe transaction. This Read /
Write Control processis thus triggeredby the
BoardSelect process, and in tum orchestrates the
data transfers intoand out ofthe local databuffers that
interface to the VMEBUs andBIB.

PlB System Description. The toplevel ofdescrip­
tionofthe PIB systemhas the form shown in Figures4
and 5.It consists of:
- The abstractport interfaces to the VME andBIB.
- The behaviors ofthe VME slave interface

(VMESlavelnterface), the main PIB body, andthe
BIB masterinterface (BIBMasterlnterface.

The architectural details are initially unspecified.
Specifying Timing Constraints. An important com­

ponentofcommunication protocols (and many hardware
interface specifications) is the set oftiming constraints
associated with the protocol. Suchconstraints may be
broadly classified as either abstract temporal constraints-

e.g., causal dependence or independence ofevents-or
concrete temporal constraints that associate attributes
with an interval ofinterest, e.g., <minimum, maximum>
(orevenaverage) values ofthe duration between events.
If a signal isviewed as a real-valued function oftime, an
event may be viewed as a boolean-valued predicate on
signals. Often, only an abstracted (i.e., discrete) set of
signal values is used in the context ofinterface proto­
cols,e.g., {D. 1, X (don't-care), Hi-Z
(floating nodes), stable, unstable, ris­
ing, falling} or subsets thereof. Similarly, typical
events ofinteresttend to be signal transitions on
selected signals. "Specification sheets"for systems fre­
quently contain timing diagrams that show the overall
communication action andtiming constraints during an
operation, augmented by informal natural language
descriptions ofthe protocol foreach process.

To assist ingraphically displaying and editing
many temporal constraints in a familiar format, wehave
designed an interactive menu-driven window-oriented
object-based editor for specifying suchconstraints as 2­
dimensional timing diagrams (Figure 7).Internally, the
constraints are represented as expressions using an
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module PIBSystem is
bidirectional port struct
VMESlaveInterfacePorts VME;
BIBMasterInterfacePorts BIB:
} ;

I I .
public:
VMERequest;
I I .
behavior
{

PIBSystem - VMESlaveInterface I PIB I BIBMasterInterface
II Behavior defined by the composition (denoted by Itllt) of subsystem behaviors
}

I I .
architecture of PIBSystem
II
II The architecture consists of 3 submodules VMESlaveInterface I PIB I BIBMasterInterface

appropriate set ofprimitives derived from temporal logic
andalgebra. This approach combines the benefits of:
- Afamiliar graphical specification and presentation

technique.
- The rigorassociated with usingdescription primitives

having well-defined mathematical semantics.
BIBMasterInterface; Portsand Behavior. Toillus­

tratethecontextinwhich suchgraphical perspectives
are used, considerthe description ofthe BIB master inter­
face module, a subsystem ofthe PIB described above
(Figure 6).The PIB acts in a "master" modewhen
requesting Read andWrite services from the BIB. The
overall description ofthe BIB masterinterface appears in
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Figure 8;its behavior supports the Read andWrite opera­
tionsinvoked by the PIB.

Reading fromthe BIB (BIBMasterInterface: Read. )
Whenreading datafrom the BIB, the BIB read protocol
mustbe obeyed, and parity mustbe checked. Represen­
tative details ofthis protocol are given in the Read func­
tion (Figure 9).

For example, Figure 7 shows the timing diagram
associated with a read operation on the BIB. Thisdiagram
showthe overall transaction acrossthe- interface, in that
it contains the actions performed by boththe master
(PIB) and slave (PIB) processes. Whenthe PIB wants to
read datafrom a specific BIB address, it mustfirst
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Figure 6. BIBMaster­
Interface.

establishthe address on the ADDR bus and set the ROWl
signalto a (the operation codefor a read).The PIB must
then lower SELECTO and the ReadFromBIBBar strobe,
at least 50nanoseconds after the ADDR bus and ROWl
signalshavebeen stable. The lowering ofthe strobe
ReadFromBIBBar signalsto the BIB that a read request
is waiting to be processed. The BIB is then constrained to
establishthe requisitedata on the DATA bus within 200
nanoseconds, and to then lowerthe acknowledgement
signalBIBDataAcknowledgeBar 70nanoseconds
after the data is stable. Lowering this acknowledgement
signalindicates to the PIB master that the data it
requested is available on the DATA bus. Whenthe PIB is
done withthis data, it withdraws its read request by rais­
ing the ReadFromBIBBar signal. Then the read cycle is
completed on both the master and slave side.The PIB
master resets the signal SELECTO to high, and releases
the ADDR and ROWl lines. In parallel, the slave releases
the DATA bus and resets the BIBDataAcknowledgeBar
signalto high within 290 nanoseconds.

For the purposesof synthesis, it is sufficient­
and perhaps evendesirable-to explicitly specify only
the requirementsimposed by a protocol on the individual
processes (inthis example, the PIB master and BIB slave).
The combined behavior ofthe overall systemcan then be
computed fromthis information and depicted graphically
if desired.16

Decomposition Into Synchronous and Asynchronous
Components

External interface constraints, systemperfor­
mancerequirements, and systemor subsystemdesign

complexity are amongthe factors that influence the
decomposition ofthe overall systemintosubprocesses,
and the choiceof implementation styles. These criteria
are often constraining enoughto suggest a small set of
alternative decompositions. The decomposition is
currently doneby the designer; automated supportis
under investigation.

Specifically, externalinterface protocols may
requireor preclude a certaindesignstyle. For example,
inherently asynchronous externalinputspreclude a com­
pletely synchronous design; and externally specified sig­
naling schemes such as that ofthe VMEBus interface7

preclude a self-timed designthat universally adopts a
dual-rail encoding scheme. (A dual-rail schemerequires
two wiresto encodeone bit ofinformation, i.e., the set of
values {O, 1}, in contrast to the more commonly used
single-wire technique to encodeonebit.) In principle, a
completely unconstrained asynchronous designpara­
digmis always feasible, but is rarely adopted forcomplex
systemsbecauseofthe problems associated with such
designs, including races and hazards.

Synchronous designsalleviate the design prob­
lems associated withunrestricted asynchronous designs,
but preclude the designerfrom takingadvantage ofdata­
dependentperformance improvements. Because of
their speed-independence and composability, self-timed
designsare moreportable across technology enhance­
ments.Bycontrast, synchronous systemswith fine1y­
tuned clockdistribution networks tend to involve consid­
erable simulation and redesign, and are therefore less
robust and less portable.

The area overhead associated with usinganalog
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delays to generate completion signals is small. The draw­
backofthis technique is that a detailed simulation and
analysis ofthe circuit (somewhat analogous to synchro­
nousdesigns) maybe neededto compute the minimal
values ofdelays that can be safely used. Bycomparison,
the area overhead associated with dual-rail encoding can
be significant, roughly doubling the sizeofa circuitif the
datapath is dominant; the extra logic mayoccasionally
evendegradesystemperformance.

Example: Data Transfer Module Decomposition. The
PIB Read/Write control module handlesmostofthe com­
munication protocol, and is mandated to communicate
via channels associated with explicit request­
acknowledge signals. These characteristics makethis
module a goodcandidate for self-timed implementation.
The BoardSelect process, on the other hand, involves
a 32-bit wide datapathwithan asynchronous inputand
an asynchronous output. It is thereforewell-suited for
implementation as an asynchronous combinational
module. The processoritself, though not part ofthe sub­
system considered here, is implemented usinga syn­
chronous discipline.

Synthesis Techniques
Our synthesismethod allows implementation of

individual processesto be either synchronous, asynchro­
nous, or combinational. Given a description ofa system
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such as that illustrated in the ProcessSpecifications and
Timing Constraints section, augmented with directives
for implementing various subsystems synchronously or
asynchronously, each subsystem description is trans­
latedintoa form that accepted by a program performing
the appropriate kindofsynthesis. In particular, wehave
interfaced to existing AT&T programs forsynthesizing
synchronous and combinational circuits. In addition,
three techniques to synthesize asynchronous circuits
havebeen explored.
- The first technique consistsofusinga set ofself-timed

circuitstructuresto implement the basic linguistic
primitives in the language. This set performs a syntax­
directed translation ofthe initial description to obtain an
intermediate circuitdescription, and then improves the
quality ofthe implementation by usinglocal (peephole)
andglobal (logic optimization) techniques. This tech­
niqueuses combinational logic to generatethe com­
pletion signals associated with the self-timed circuits,
and a "one-hot" state-assignment paradigm". Oneflip­
flop is used foreach state in the state diagram; this is
set on enteringthe state,and reset upon exiting it.

- The second technique consistsofgenerating comple­
tionsignals usinganalog delays instead ofcombina­
tionallogic; the rest ofthe circuit generation process
remains the same.

- In the third technique, the fragment ofthe initial



module BIBMasterInterface(BIBMaster. BIB)
{

I I .
inputs:
BIBDTACKO boolean DTACKO; 1* input *1
outputs
port struct { II representation:
BIBAddress
( ADDR[O.. 1]; 1* output *1 )
1* additional channel control signals: *1
boolean BIBROWI. SELECTO. WRITEO. READO. 1* output *1
bidirectional ports
BIBDataAndParity (

Boolean Data[32]; 1* bidirectional *1
Boolean Parity[4]; 1* bidirectional *1

)

}

I I .
public (

BIBData Read(BIBAddress):
BIBDataAcknowledge Write(BIBAddress. BIBData);

}

I I .
behavior of BIBMasterInterface is

do-forever
select

accept Read: Read(BIBOp. BIBAddress);
or

accept Write: Write(BIBAddress. BIBData);

Figure 8. BIB master
interface.
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description to be asynchronously implemented is first
translated intoan appropriate signal transition graph­
(STG).Aselaborated upon below, a logic description of
the circuit is generatedfrom this graph,and then
optimized usingexisting logic optimization tech­
niques. The stateassignment is derived from con­
sistentlive-safe markings ofthe intermediate signal
transition graph.

Asynchronous Circuit SynthesisFromAnSTG. The STG
resulting from the translation embodies the causal rela­
tionsbetween signal transitions. Any concrete timing
constraints between events are mapped intolabels asso­
ciated with the edge connecting these events.

The synthesis proceeds byderiving a state graph
SGfrom the STG. 2 The inputandoutput signals presentin
the STG are used to encode states inSG, i.e., each states
is labelled with a unique vector v ofsignal values. Astate
transition from s1 to s2 in the stategraphiscausedby
the rising or falling transition ofsome signal s inSTG.
Consequently, the signal vectors labelling S1 andS2 must
differ only in the value ofthe signal s. Further, if the state
transition is caused by signal s rising, then thevalue ofs
mustbe 0 ins1 and 1 ins2, or vice versa if the state tran­
sition is caused bythe signal s falling.

AnSTG canbe mapped into a stategraph with
unique statecodesonly if boththe rising and falling
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Figure 9. Read opera­
tion on the BIB.

BIBData BIBMasterlnterface::Read(BIBOp. BIBAddress)
{

1* Local Variables *1
1* Read Protocol: *1
1*--1 assume initial conditions: SELECTO. READO (strobe), DTACKO high. *1
1*--1 assume initial conditions: ADDR. ROW1, DATA not established. *1
[ ADDR - BIBAddress II BIBROWl - BIBOp ] II establish op and address
SELECTO-; 1* lower SELECTO, thus selecting BIB *1
wait-for (50 ns);
READO-; 1* strobe READ operation *1
wait-for BIBDTACKO-;
1*--1 guaranteed within 270 ns for normal read, and within 570 ns on status read *1
1*--1 70 ns. setup time guaranteed by BIB (slave) *1
BIBMaster.ProcessData(BIBDataAndParity); 1* read in BIBData and use it in PIB *1
READO+; 1* terminate READ operation *1
1* Raise the SELECTO signal; and release control of the Address bus and BIBR1WO *1
[ SELECTO+; II ADDR - FLOAT; II BIBROWl - FLOAT; ]
1* end of Read Protocol cycle *1

120 transitions ofthe same signalnever are simultaneously
enabled. This fact enables the desired propertyto be
checked directly for a givenSTG, rather than after the
derivation ofSG. Ifa state graph withunique state codes
cannotbe derived fromthe initial STG, then additional
internalsignalsare introducedso as to guarantee unique
codes.Alternatively, additional arcs maybe added to the
STG, althoughthis has the deleteriouseffect ofreducing
the concurrency allowed in the circuit.

Oncea state graph SGis obtainedfromthe STG, a
logic function describingeach signalis obtained fromSG
and then mapped intoa circuit. It is possible for an arbi­
trary circuitimplementation ofa state graph to exhibit
hazards. Informally, a hazard is a transient (spike or
glitch) on the output ofa circuitthat follows a legitimate
changein the inputs; it typically results fromunequal
pathdelays through a combinational network, and is a
circuitmalfunction because the transient is inconsistent
with the specification. Astatic hazard is a 1~O~1 transi­
tionor a O~1~O transition in a signalwhen no change
should haveoccurred.A dynamic hazard is a 1~O~1~O
transition or a O~1~O~1 in a signalwhen onlythe
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transition 1~O or O~1 shouldhaveoccurred.
The analysis ofhazards in a circuitdependson

the delaymodelthat properly mirrors the physical imple­
mentation. For example, wiresconnecting circuitele­
ments maybe modeledas havingzero delay, a finite (but
bounded) delay, or an unboundeddelay. If the wiresare
assumed to have zero delay, the delayassociated witha
gate maybe modeled as being "lumped" at its output. In
addition, the occurrenceofhazards dependsupon
whether inputsare allowed to change beforethe circuit
has stabilized, and on whether multiple inputscan simul­
taneously change.

There are twocategoriesofapproaches for
avoiding hazards in a circuit: a posteriori and a priori. An
a posteriori method consistsoffirst constructing a cir­
cuit,and then analyzing it for the presence (orabsence)
ofhazards using the most appropriate delaymodel.
Existing analysis techniquespermitsuch analysis using
both boundedand unboundeddelaymodels, although
they becomeintractable for large circuits. 16 Ifa hazard is
feasible, then a redesign needs to remedythis defect. An
a priori method ensures the absence ofhazardsby using



process PIB-ReadWrite-Control
f* Interface *f
Inputs: PIBRequestForMe (Receive<PIBRequestForMe>, Transmit<VMEDataAcknowledge»,
RWOp (Req<ReadRequest, WriteRequest>, Ack<VMEDataAcknowledge»;
Outputs: ReadFromBIB (Req<ReadFromBIB>, Ack<BIBDataAcknowledge»,

WriteToBIB (Req<WriteToBIB>. Ack<BIBDataAcknowledge»,
TransmitDataToVME (Req<TransmitDataToVME>, Ack<AddressStrobe»,
DataAcknowledge (Req<VMEDataAcknowledge>. Ack<AddressStrobe»,
LoadPIBBuffer;

Internal State: boolean Busy initially false;
f* Behavior *f
do forever (
wait-until request-on(PIBRequestForMe) and (not Busy):
switch (RWOp) {

case 1: ReadFromBIB; TransmitDataToVME; DataAcknowledge
case 0: raise Busy; LoadPIBBuffer: DataAcknowledge; WriteToBIB: lower Busy

}

}.

Figure 10. Behavior of
the PIB read-write
control module.

a set of transformations and circuitimplementation tech­
niques whichguarantee (i.e., enforce) the assumptions
made about the circuitdelaymodel.

Statichazards can be preventedin a two-level cir­
cuit implementation derived fromthe state graph by the
inclusion of redundant primeimplicants in the cover. (A
two-level circuitconsists ofa bank ofAND-gates followed
by a bank of OR-gates.) If a multi-level logiccircuitis
preferable for reasons ofarea or delayefficiency, it may
be obtained by applying a restricted subset oflogic
optimization techniques,e.g., algebraic factorization.
This is because the statichazards in a two-level logiccir­
cuit are invariant under the application ofassociative, dis­
tributive and DeMorgan laws. 17 Dynamic hazards can be
masked by the introduction ofappropriate delayele­
ments and state holdingelements. 17

In the case ofa circuitderived froma state graph,
the physical circuitimplementation must preserve the
transition ordering in the STG. A hazard can occur if the
timebetweentwotransitionsis less that the difference in
delaybetweentwodifferent paths in a subcircuitcomput­
ing the valueofa signal. If wiredelaysare assumed to

be bounded,then such hazardscan be avoided by intro­
ducingadditional delays alongpaths so as to avoid this
condition.

A different example ofan a priori methodfor un­
boundedwiredelaymodel is the use ofdualrailencoding
and a circuitimplementation techniquewhich ensures
that the delayalongthe twopaths ofa forkare equal; this
is referred to as the isochronic forkassumptions and is
relevant to the first techniquedescribed above.

The paths to the physical circuitlayout are simi­
lar.This phase uses existingtools, and canproduceeither
standardcellor customCMOS (complementary metal­
oxidesemiconductor) layouts. The rationale for exploring
more than one strategy is that, depending on the context
ofuse, one ofthese strategies mayyield a designsuperior
to that generated by others. Suchan option is useful,
because a primary intentof this experiment wasto pro­
videarchitectural alternatives to the designer.

Example: PIB Read-Write Control Behavior. Figure 10
showsa description ofthe behavior of the PIB read-write
controlmodule that is suitable forgeneratinga self-timed
module. The active port ReadFrornBIB interfaces to a
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Figure 11. Fragmented view of a circuit obtained when the
PIB read-write control specification is translated. The state­
holding flip-flop (F) is created for the internal state variable
Busy. 5yncronlzer element (5) detects the asynchronous
ForMe signal. DoRead is raised when read is requested, and
DoWrite when a write operation Is requested.

channelused to communicate witha module that han­
dles the details ofthe read protocol between the PIB and
BIB. Analogously, WriteToBIB is used to communicate
with a module that handles the details ofthe writeproto­
colbetweenthe PIB and BIB. TransmitDataToVME
transfers data from the internal PIB bufferto the
VMEBus. DataAcknowledge signals the end ofa
read/write cycle to the VMEBUS; raise Busy sets the
internal state to be true. LoadPIBBuffer transfers
datafrom the VMEBus intothe internal PIB buffer.

Example: PIa Read-Write Control Synthesis. Fig-
ure 11 showsfragments ofa circuitobtained whenthe
PIB read-write controlspecification (Figure 10) is
translated using a programbased on the techniques
presentedhere. Astate-holding flip-flop (labeled F) is
createdfor the explicitly declared internal statevariable
Busy; the two outputsofthis flip-flop denote Busy and
Not Busy signals. Asynchronizer element (labeled S)
detects the asynchronous arrival ofa value 1 on the sig­
nal ForMe fromthe BoardSelect module. Whenthis
signalis detected, and the NotBusy signalis high, the
appropriate sequence ofactions begins; a semicolon is
used to labelthe sequencing modules. The signal
labeled DoRead is raisedwhena read operation is
requested,while the signallabeled DoWrite is raised
when a write operation is requested.

For example, if a read is requested,the signal
DoRead is eventually raisedhigh, triggeringthe BIB
read protocol (notshown in the figure). Whenthe asyn­
chronousread operation from the BIB completes, this is
signalled by the BIBDataAcknowledge goinghigh
(actually, BIBDataAcknowledgeBar goinglow,
which is logically equivalent). The data on the BIB data

bus is then transmitted to the VMEBus ; the VMED a t a ­
Acknowledge signal is then raised, signifying comple­
tionofthe cycle. Analogously, the sequenceofactions
corresponding to a writerequest mirrors the specified
sequenceofactions; the one distinguishing characteristic
is the explicit setting (andsubsequentresetting) ofthe
flip-flop representing the busystate.

The implementation just discussed makesexpli­
cit the separation between the PIB read-write control
module and the module used to implement the BIB read
and writeprotocols. Sucha separation is by no means
necessary, and thereforeseveral variations ofthe above
implementation are possible.

Example: BoardSelect Implementation. Asmen­
tioned earlier,each PIB instance respondsto a subset
of requests from the VMEBus, determined by some
combination ofthe inputsignals Addres s [7..31] and
Addres sModifier [0..6] from the VMEBus; wewill
refer to this as the BoardSelect function. The
BoardSelect logic involves an asynchronous input
Ad d res sSt rob e that affects the computation ofthe
BoardSelect function. The outputForMe ofthe
BoardSelect module triggersmuchofthe computa­
tionin the PIB. The logic for such a module can be gen­
erated by usingstandardsynthesis tools forcombina­
tional and synchronous systemsynthesis;

Summary
The primary goalofthe specification and syn­

thesis techniques discussed in this paperis to enable a
designer to exploit asynchronous, self-timed, and syn­
chronousdisciplines whenand if appropriate. Other
goalswere to increasethe practicality ofsuchtechniques
and tools: this wasdone by introducing three features.
The first wasto supportthe design ofself-timed systems
wherecompletion signals are generatedby usingdelay
elements, insteadofbeinggeneratedcombinationally.
The secondwas to provide a facility to explicitly identify
both request-acknowledge signals linesto support exter­
nally fixed interfaces (suchas the VMEBus2 interface).
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The third wasto supportthe specification ofcommunica­
tionprotocols in terms ofsignal transitions.

Webelieve the ability to mergeparadigms that
hithertohavebeen isolated can move both automated
and interactive synthesissystemsa step closerto assist­
ingthe designof"real" systems. The use ofhigh-level
specifications incorporating the notion ofprocesses,
typed portsand systemtiming is important in such a con­
text,although the best linguistic incarnation for these
notions is opento further exploration. In common with a
major goalofhigh-level designtools-to supportrapid
prototyping and the exploring alternative architectures­
the overall granularity ofthe various typesofsubsystems
can be controlled by the user.There are somelimitations
in the current implementation ofthe system, owing to
the factthat the toolsare notcompletely integrated with
the other parts ofthe existing designenvironment. Our
preliminary results are encouraging, and ongoing work
is directed towards explicating the theoretical underpin­
nings.l'' exploring strategiesfordecomposing systems
intosubprocesses, further experiments, and improving
the optimizations performed.
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