; €3e5V2NNO RRr WeWIWL 0 M-; ~ 2003 WD 00/ 26826 5 CIRCUI T SYNTHESI S AND

" VERI FI CATI ON USI NG RELATI VE TI M NG PCTNS99/ 25644 The present invention is
related to integrated circuit fabrication, and nore particularly to &0 MAR 2003
~system and nethod for synthesizing and verifying a tined circuit based on a
behavi oral description. The design of timng in digital circuits is an
extremel YWQP¥I68291t 10 chal | enge. Conventional clocked diF§iW@§998¥44 gn

sol ves this problem by deconposing the circuit into cycle-free

conbi national logic (CL) stages and interstage clocked | atches; the clock
cyc ' I tuned to accomodate the worst-case propagation delay in
theﬂlmumuwmmmnl’IIh'he KARCUITr SYNTHESIS AP VERGHOATIEYNC can then be

speci figgd,and synthesized w t e F=-Y S timng. Speed |Independent
(S e chr S circui ts%%@émgihgﬁtféﬂﬁlﬂ%ked CL design because Sl
cir ”mmlj]@ ‘ﬂmmgependent of time - the behavior will be correct for any
arbitra el ay. High-performance circuits, both clocked and
a_synchr'é"ﬂ‘@ §, benefi t from nor m ng net hodol ogi es. C ocked
Cliguite can ! HeRbrbiEnt AA6h It Ret0irAllR AR bHEARH AP e Lime I
different parts of the circuirt. Tined asynchronous and sequentral circuits
can have gagitufarlyam lsystemhmhmethop dorfsyntiranziag amt varifgingagtimesf citcoiver

robust ness ta del aé{lf]v.ari gti on. Metric timng requires the specification of
ei t her pr }Sﬁeéa%ao% VIRES 985€T1B8°% anges of propagation tinmes. Unfortunately
metric timng anal ysis can erRpkeetind Ifofmaafpl exity even when sinple

| ocalized timng is used. The synthesis and verification of even

noder at e- si zed Fhedgsige pf émingdn digiak icpits 1528 epleeraely difficklact abl e. Furt her,
accura IGe ! 2RSS A Ik Eed YRl IR GiS i may not be present
when' af(gi ?@%llﬁétngfsétgo bel lg'ﬂ;/ntohesfll z%]gﬂl %@Q{ IS nele redy?%rgg)é system and net hod
of defi ni nigcampasinguthe cindiitahtof ¢yeds fréconttenationglupgic (Cbrstaged@péndence on

propagatian del a r.on, estimtes of .pro ti del ays ile maintainir:g
Bt hoa s BRsE e R BIenf e Tk anle P spRRbRetlb Sofhpatlfing o3\ 0
001 26826 R{arbtLéa8dprdbihfioDusapinythe CLiskiged. Mhe BEhaforAfelky di ng t o one aspect of

the present invention, a system an t hod of perform ng |l ogic synthesis
froma belfQMbHHPNY AT Fastt Bhb%%pe%igﬁ ?Q‘{}iyf‘thiei‘z dﬁioﬁb‘iﬁ’.“s‘ﬂe%‘?&gnal or deri ng

of sigpal simhiRgt Eﬁee@!m@éyeﬁde!nﬁ(si)eés&ﬁaﬁhnowbeirr_ain@ afteirialigdds @ chdea@l S5 ordering

of signals inthe circuit includes specifying a relative ordering of a
pl urality ©f desigihhesaugetShcncuits arecindepgndent petgbebavpr walsbeiption is

modi fied 83:8ct for any arbitrary gate delay.

High-performance circuits, both clocked and asynchronous, benefit from

more aggressive timing methodologies. Clocked circuits can treat time locally to
20 allow adaptive and variable time in different parts of the circuit. Timed
asynchronous and sequential circuits can have significantly enhanced
performance, at the cost of lower robustness to delay variation.
Metric timing requires the specification of either propagation times or of
ranges of propagation times. Unfortunately metric timing analysis can explode
25 in complexity even when simple localized timing is used. The synthesis and
verification of even moderate-sized timed circuits can therefore become
intractable. Further, accurate metric ranges require layout parameters, which may
not be present when a circuit is to be synthesized.
What is needed is a system and method of defining a circuit which frees
30 the circuit from a dependence on propagation delays or on estimates of
propagation delays while maintaining synthesis and verification of hazard-free

designs.



function of the signal ordering. The circuit i.s then synthesized as a
. function of the nodified behavioral description. According to another

aspect of the present invention, a systemand 10 nmethod of verifyind @Mmar 290
~circuit froma behavioral description of that circuit is described. A ‘

si gnal onrggpdd2ef signals in the circuit is defined, whepelpssdekini ng a
signal ordering of signals in the circuit includes speC|fy|ng arelative

ordering . of a plurality of events within the circuit. The behavi oral
description is nodified é@n@%ﬁé—ﬂlﬁéwf&mhe signal ordering. The circuit
is then verifiedc59; tB‘éﬂEra%[ﬁ@t ﬁt?é?ﬁ&&ﬁlﬂ@%éﬂ ‘3@&&15{]%{8 ﬁ{e@{od%q'scr' ption.

According to yet anot he present ention, a circuit
i ncl udes pepbmming lagjc syhthesiafmns & belsaviaral desaription of 8 cmrcmmecdtescm@edm or nore

f the plural f.t st Th defined and synt hesi zed
¢ o Tunct) SR ERRREDRATAF B LT hE B O RS TLIo A S S i (he

behavi oy a'ordj:@i%grolf&’ghﬂﬂmz@e 'cﬂ@ﬁltlﬂﬁﬁadbﬁiﬁéﬁﬂﬁhg @ Rel#PRArbpDhra rel ative
ordering between a pluralit events within the circuit. According to yet

anot her a@ﬂ)\éélﬂIY@f eyants piikisd ClMWeﬂ"thﬁcbﬁhavapré’dlﬁﬁmmonrl%mdémeé agredi um
| ncl udes py ogH ﬁ%ﬁ&%%grnfa%rdéﬁxg% eﬁ?e”&f-cﬂg ésathg ﬁ’lgﬁﬁ%lzteg LONEN A Faw or al

description of Imirng a St ordering 25
of si gnal shé modiffied beliavioril, dewhqmenn defl ni ng i ncludes speci fy| ng a relative
ordering of a pI ur llttéaof event s %llthl n the circuit, programcode for

I

modi fyi ng the B¥S DOBELASPRAL 06 e RLesgnIRYELioBr R Pistenands gnal ordering

and pragr 3eEaIs Veakyisy AERasI ﬁmﬁqﬂeh@v.&larwtﬁpm &F thdtBEdipR of the nodified
behavi oral description. According to yet another_ aspect of the present

i nvention despr@edrpAtsegnaB@dpmaﬁﬁ@aﬂﬁeld|tlnnﬁ1rqww@nfmeéml@qrgmd@ﬁmegf or :
representi E}ggr?l g’rldgﬁxkg & s%%{a?sl{g ri!heam le)dre@lsp&ff?'ﬁlg'gangelagoe 8k ehhe circuit, .

program co erin al’s T n theecircuit,
wher ei n _(jefflarpﬂurglltyrmﬁhwmsswsmecha‘glrcmg he btlaviord desdiption s mbdifiep! ur al i ty of

events within the circuit rogram.code for, nodifying the 2 10 M-~~~
2003 VIO 0CF 20¥SHOPEHNE EIALERAIG IR ATGPLIS RV 284 SHRCtAN Ofinct f on of t he
si gnal 19r dré mB@ifRA el RBAlIGGRfienf or verifying the circuit as a function of
the nodifi ed behavi oral description. Brief Description of the Drawing Fig.

la illustrates AFCPIEdo yphanesher asnepiafdhs pressst BVeRfianga el@libr esent 5
i nvent i on;inffges ag{)mam&'omﬁagteé afld bORuEKELnhb R 0B of HREELRAECON di ng to

t he present | nvention
plurality of transistors. The conductors are defined and synthesized as a function

of a behavioral description of the circuit, wherein the behavioral description
20 includes information specifying a relative ordering between a plurality of events
within the circuit.
According to yet another aspect of the present invention, a computer
readable medium includes program code for representing a circuit through a
behavioral description of the circuit, program code for defining a signal ordering
25 of signals in the circuit, wherein defining includes specifying a relative ordering
of a plurality of events within the circuit, program code for modifying the
behavioral description as a function of the signal ordering and program code for
synthesizing the circuit as a function of the modified behavioral description.
According to yet another aspect of the present invention, a computer
30 readable medium includes program code for representing a circuit through a
behavioral description of the circuit, program code for defining a signal ordering
of signals in the circuit, wherein defining includes specifying a relative ordering

of a plurality of events within the circuit, program code for modifying the

2



Fig. 2 illustrates a nethod of synthesizing and/or verifying |ogic

“according to the present invention; 10 Fig. 3 illustrates a conputer
readabl e nedi um stori ng program code applying the protocol of Fig. 2;1 Q:M&%ZU%
da-c illustrate synthesis of a set-reset flop; Figs. 5a-c illustrate the

evolution of a sinple two-input generalized C el enent through application
of a seri WOUWR6RE| ative tinming assunptions according 15 tBC‘?’Hé ¢ ent
invention; Figs. 6a-a illustrate the evolution of a static AND-OR C- el enent
t hrough appthavivralaesaiption aes f@wtion of ik sighderddrifign@d pssdiam cb@ner accor ding to
the present invention; Fig. 7 is a table _conparing attributes of the
circuits oferHyyg thegireuit as@ fangjion Oégledn%ﬁlﬁecbﬁhaf’lol‘ﬂgldeficﬂpﬂgﬁ-rati ons of a FIFO
sinmplified through the apphicabdo8 o JrelAbiwends M NG assunptions accordi ng
to the present invention; g he evolution of a FIFO

t hrough appl i caFigoha diustratsea logse syhthegh systane a¢dondingtoeths prgs¢ritons according to
the present invention; Fig. 10 illustrates a 3D state machine; 25 Fig. 11
illust r§t eé"vgtmb%si cal inplenmentation of the circuit definition of Fig. 9b;
Fig. 12 illustraiesbAluseh@s h Yoxid VdrERatioHl $8reiPRBording@o 18 presehi 9- 13
illustrates a shuffled version of the FIFO cell of Fig. 12; Fig. 14

i | lustratedVE'8PUr cycl e request - acknow edge handshake; 30 Fig. 15 is a

t abl i { ' [ : . Fig. 16 db
| Tustrate t he BRof il Tonear Hedddbrafittite Mad Bpafiddic "o f 108 o of

rel ati ve t acondjinggsthaptdsemsnwveatar,di ng to the present invention; Fig. 17
illustrates various.elenents of the ({%9 Uni.t shown in Fig. 16a; 3 ~ 0 MAC
2003 WO'%01 26826 15 8 ganaperreadabls mediym; siqringiragraRg £od§ 1§ i ng

assunpt i ongpﬂpingmmwcdmﬁmg;z; Fig. 19 is an illustration of simultaneity
timng assunptions; Fi 81' 20 1s an_illustration of early enabling
-F u

assunptions; Fi §igs4 sisate KPS i seiressy#1oBi rcujt; 5 Fig. 22 is an

exanpl e of auto [ [ 11 Qi ' - circuit of
Fa 20 Fi g 2 el b Blbh Bl DRI Al ligdat? 1 ]
accor di ng ebmehethpugbapplidanerof 4 semies 6 rghativedmingwisbmptidnssteoadiegt he 1/ 0O
interfalf(‘se ﬁftha VI\/Etbuse\R&ontroller; 10 Figs. 25a and b illustrate a state
graph of t e RERDAADY SR E cycle, respectively for the I/O interface of
Figs. 24a and DbFigs. 6a-e illustrate the evolution of a static AND-OR C-element through

application of a series of relative timing assumptions according to the present
invention;
Fig. 7 is a table comparing attributes of the circuits of Figs. 6a-¢;
20 Figs. 8a-d are Petr net illustrations of a FIFO simplified through the
application of relative timing assumptions according to the present invention;
Figs 9a-d illustrate the evolution of a FIFO through application of a
series of relative timing assumptions according to the present invention,
Fig. 10 illustrates a 3D state machine;
25 Fig. 11 illustrates a physical implementation of the circuit definition of
Fig. 9b;
Fig. 12 illustrates a relative timed pulse-mode FIFO cell;
Fig. 13 illustrates a shuffled version of the FIFO cell of Fig. 12;
Fig. 14 illustrates a four cycle request-acknowledge handshake;
30 Fig. 15 is a table comparing attributes of the circuits of Figs. 9a-d,;
Fig. 16a and b illustrate the evolution of a Tag Unit through application
of a series of relative timing assumptions according to the present invention;

Fig. 17 illustrates various elements of the Tag Unit shown in Fig. 16a;

3



Figs. 26a and b illustrate alternate versions of a state graph describing .
the . , _ conplete behavior of the I/Ointerface of Figs. 24a and b; Fig. 27
illustrates the notation used to represent generalized C el enent; 116 MR ¢33
28a and 28b illustrate a specification of the VME bus controller of Figs
24a and Rygpsh@ne speed-independent enbodi ment of that spgeffémasden; Fig.
29 illustrates a relative-tined enbodi nent of the circuit of Fig. 28a

assum ng a sl 0\¥,envi,ronnent ;.and Fig. 30 illustrates an alternate

rel ative-ti med féhbdds AbHusEationpd tEipg asspmpHOBSPTFEYENt Irderings sumi ng a sl ow
envi ronment;  andg Fiogs aiustrddh dr3hfifuaeit Plidklg BsirhRghsembodi ment of the
circuit of Fig. 28a assumng a slow envitonnent and slow bus control |ogic;
Fig. 32 ill ust fag.e9 iaan illusmaionrdlepdy enabling hssumiptions;t of Fig. 31; and Fig.
33 illustrates del Zy addi npg Lt hin Fig... 31 in order to satisfy timng 25
assunptions. |1 '&ife f 87 PERIRIG O 4% % escri ption of the preferred
enbodi nents, 1 herengen banief dutorhiiR RaeRTPRBYiMthetHsaiMpHdas Y ch form a
part hereof, and in which i's shown by way of illustration specific

enbodi nenttke ¢ircuiiif&ie.-2he 30 i nvention nay be practiced. It is to be
under st ood t hatg; ot nhadi : Ut | Fzed : al changes
may be made w tFﬁ%'uztlaq%%‘ggl?[ lﬁggyérr%%g?jﬁglgggg%%hgﬁgt %@%ﬁ’@i@? tdillﬁgwenti on. 4
10 ~, ~~' p2é&3nMbvEiod5826 PCT/ US991 25644 A | ogic synthesis system 10 is

shown in Fig. 1.a. \Fig.. 1 a illystrates_a wor i on hayi ng a processing
unit 12 connec é%f"'?‘éa%‘dol? glﬁFté‘i;eaL‘ﬁ Iéﬁalt%{fa&agﬁaS/ﬁgi’“ﬂm’el&ﬂie. Pr ocessi ng
unit 1y i ncl udesga 2 SRRy Y ilMeYie 8 sthid giafforitRe REATEad WRIPIL$Qde according to
the present invention. 5 Logic synthesis system 10 uses the behavi oral
descri pti aespegtivelcior ghei IO irderéaeaohBigsz4%atandd; circuit, In one enmbodi nent, |
program code i 0 We! t . .fies the
behavi or al des?ﬁés‘g? %%%’dalgmgg aﬁ%‘@%ﬁ%@g#r&? H%%{Iaat? i)ég%'ﬂg? grb F%gh%f one or-
nor e si gnabompiate béhavior of the /Caincerfayndofiigs. 2ds ahde; ci rcuit as a function of

the nodified b a\§7o[al description. 10 A |l ogic v'erljfélﬁa ion system40 is

shown in Fig. = _g].lus_f’iﬂ‘tqslﬂi‘ed%‘{t?té?t"é’ée FOIBPTRET L BT 17 r?jfmaﬂ“br ocessing unit
42 conpect ed t Figs. dRsMPORbARusHAEE PspdaifivatfIt JtheME Busdontréliep©€SSi Ng unit 42
i ncludes a nmenory device 48 used to store .. prog;gm code according to the

present i Auemt4asd biaggione sreedfipdependsat aykadiment of thet specisatirthavi or al

description of mp Gigriftirtatet 3 rbIgti Velifnbd eAPSiRlhU 0 citdidlorfig oA . I n one
enbodi ment, progfram code installed in the workstation, when executed,

nodi fi es tassunpaiavlow envirdamenti gnd on as a function of the relative ordering
of one or nore §j .0 th ' Ik [ circuit.as a
function of theﬁér'oggg)ﬂl;asé%%gﬁg{}‘?ﬁ&%tgkél%%‘%ér}?rp% ?Aél?ld.(ﬁégﬁgtg@t?iﬁ%wt%ﬁlrﬁoﬁg IS a new
met hod20f Rig@8aaesniminga slod eheasmmempandbout

Fig. 31 illustrates a relative-timed embodiment of the circuit of Fig. 28a

assuming a slow environment and slow bus control logic;
Fig. 32 illustrates a timing analysis of the circuit of Fig. 31; and
Fig. 33 illustrates delay padding within Fig. 31 in order to satisfy timing
25 assumptions.

In the following detailed description of the preferred embodiments,
reference is made to the accompanying drawings which form a part hereof, and
in which is shown by way of illustration specific embodiments in which the

30 invention may be practiced. It is to be understood that other embodiments may
be utilized and structural changes may be made without departing from the scope

of the present invention.



20 del ays in synchronous and asynchronous circuits. In one enbodi nent, the
“designer adds further definition to the behavioral description of a

by maki ng assertions regarding relative ordering of events (e.gqg. 8 N”m
goes high before signal B goes Iow). Synthesis and verification aI gorlthrrs
use these assertions to constrain the large state space and inprove on the
qual i ty OOQ0R68285 synthesis, and to increase the capacit JCEUSPHE644
verification. In one enbodinent, the relative timng constraints are
expressed as aAsmgfc%%mésm Q@&Hﬁio {sisBSwh REFigCRN ME RPYSAid@ hold in any
system by exam ning path delays. As noted above, the synthesis of

speed- i nd&joesHpsion heving giprecessing vk caapeisd wodBsplahbt andardate consi dered t 0o
conservat i, L for ct ual

i r onme gt el BrEERARE P P ey P BERPELES ISRE I oDt T

Rel ati ve prograngcedenstordingtts thdpreseakinigntdane ti m ng assunptions on the

behavi gr of the environnent and the circuit ., allow the designer to
si npl i fy the ciP%‘ﬁisi’n B@ﬁ‘%@’s?%’(%%?f %&ehgﬁ‘&rﬁf éFS@?Rt’@lllO{aﬁﬁgfmh@t however ,

retain a 3ynekiA thdt tircAPOR o“@e%&%@ gP&EPM@QA@ﬁQ%ﬁBW al property of

speed-i ndependent circuits, 1. ircurt may not react correctly for

al | possi MOéCS@éIOaWh@T emhéeti;@lmﬂbﬁ@rth@b@favnorﬁé deypgpiéon askofunetiineofr eason, it is
cruci al er. which condit s. t.he circuit have roperly. One
exanpl e o&ea{ﬁﬁwv %85?59) °n5f°rlnéqr%1fl (’/aret tPh ¥ Rigeweng syt %f\ﬁe&?'belp 5 description
i's shown biﬂcﬁi@aﬁanctidm diﬁtlga m8d1ﬁadi befavivralidesyiption.s described via a

behavi or al descrlptlon 2, an qrdering_is defjned between two or nore

si gnal WO wi t hi nft Hé‘cé'ie’f‘gﬁﬂ“to“ sY$iei 49 aoPRgn Fie- ABt Figed HBEateH? | nst ance, by

defini ng WaRARtdt#dnhhiRg bReoctbaiiAlmt mggctﬁ@taedxsﬂld}séf%@a datg 1 S defined by a
nor e’ armrphous relative timng relationship - one islimted to

stating " shgndeviee 40 Ryeenssing yoihdl inclidped memory davide 418 'USCCNO statet he behavi or-al
descripti i f the relative timng relationship
( gg)gkzﬁné ol Jckfr‘él %n %aaet&%%kit ﬁ{?en‘?mn

defined f SI Circuit is synthesized or verified as
a function of ngxcmadﬁéatxad shadéra v asalthe behavﬁmaesicﬁpﬂimfd dircahle enbodi ment
| ogi c nt hesi s s temﬁlgﬁand 1 ogic verlflcatlon syst ener at e

m 40
relatiVe t9Y¥HYO %ﬁ?ﬁ)? SIEWL- oA EMbpYiment prqeran ¢ S RHAUS |

descri pti e workst@iih, Suheh efsrhied] MBMitied l%G'tha\(/ﬁfrhlfdeE@Iph@x'i‘a§¥St em 40 identifies
and verifies relative tim ng. constraints in circuits that are not speed

i ndependerinction ghths aelatbircordgrpeyaf epe erasee simelidudiesyrus arcyerifies di st ri but ed
usi ng Compi &fcufiaelh WRcAth 86hk %loammehgb,@aﬂdes&dm%ﬁ Rel ative timng can be

used in both asynchronous and synchronous designs to reduce circuit
conpl exi ty, poRelatisgtimanrgsia aaaw meibodeefgepresentipparfdressaning abowt t est abi ity of

the deﬁj 9%e1a sollhs Jlo%s alqchJ h?ﬁ%%og{ggﬁgui{s?llﬁsgxé/e%nl%qdrpn?o trhg a circuit used

in a nicropr ces esign c significan a threefold
i nmpr overrerdtsxgntrpédsffonhameﬁnmbd td mefoelhaixdrelcuaednpnnn bfla pmwrbyv\hen 25 conpared

toa5|mlali(0|rcwt in a 00 tlumgrocessor é"L nIya15%
i ncrease Mt {Wsiﬁné%f“d?gaf‘iifﬁgﬁ‘? ?tb"ﬁlof eripg of BYants (5:8.» Sigh SWSCW uit had a 95

| 0 pseudo befobCdipml B et BIW)| iShthest ART vePigBR dn 3gRfihAPINeth&le a rel ative
ti mng design approach include the ability to sinp Ilfg the interface to a
t

cl ocked d@&Fgiens eqnsirainthedpres sispsowprcerasd improya P8 thermgbitypfdheonpl ex gate
synthegq s sGRReNeand RUh&BaE R aphdi§ Yt vefifidatAN9n one embodiment,

the relative timing constraints are expressed as a system of inequalities that can
be proven to hold in any system by examining path delays.
As noted above, the synthesis of speed-independent circuits assumes a
delay model that can be considered too conservative for the temporal behavior
30 expected from the actual environment of the circuit and the technology used to
implement it. Relative timing constraints, by making some timing assumptions
on the behavior of the environment and the circuit itself, allow the designer to

simplify the circuit being synthesized. Such a circuit may not, however, retain a
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designed tined circuits. The nunmerous benefits and applications of relative.
timng wll be described using design exanples, as is detailed below 6 1
0 M-~ 2003 WD 00/ 26826 PCT/ US99/ 25644 In the fol | owing di scussion, 10 MAR 2003
equations are enployed to describe relationships between signals in a
circuit. Jhoebh&,gi scussion, input signals are identified péTM?MSMWi ng the
signal nane, 1nverted signals are identified by placing a after the
signal nanme, a rising transition is identjfied by placing a |l 5 after the
synbol narpsusiflinrepestyfod|speadgndepsndent csenissl.¢. dbperduilemapyotppasti ng a 1 after

t he synbol [ ' j r el ' t si gnal .
These convcé)ﬁ"tgl ngﬁgﬁgg%]ﬁ%?g{%f&ﬁ? E&{?‘%(gﬁggff h&gsg'st'&%sﬁ 5'1" tggirgys%)ﬁ’e sequenti al
oper at or, it is'cricsalttéiRnove nndke twdhich cunditions dieaiicait bglewad prioperly.’ s parall el
conposition and, '\{~}' is . the restriction operator applied to a signal a.
10 15 Si gnal De<e®S %&al}'r@m{mak%'ap of rejfiare a8 fq %{fhﬂﬂwﬁu; put

si gnal oyt piabdripiRhtieshowasiadid ed 1h @Y@I._baﬁhor%ﬂ‘eéﬁﬁd &sBoddaRg! L1 onup arrowa
tfalling transitiondown arrowb_ 1 Table 1: Notation Conventions The

f ol | owi ng behavipiabdesariptidna st 2oan awsicring sodediedlbgivaen gata@In®@® enpl oyi ng a
single p device

typically Sé%/nﬁl Shweisﬂ;ﬁ;éﬁeg%g{c?lﬁgﬁ.{stogﬁ%%égﬁ% (fézlggd;pg%rﬁg%gs?cg?@jﬁpﬁﬁé L%sc?gn

exanpl e i syisdhdwiimethEkignalé allangd eteldhaeyd, apdifingd 8aa nidien be used to nap
the functions of Fig. 4a into single-varjable reset a&qu‘i valently set)
funct i ons,2maTBbQUS relaBYCWRIDE relRuoRshy 1Rpedba Ayimted Wotdredsignd@ gates as is
shown im Fi § . b : . 1 (synmbol and
ci roui 1§ 18pgidmerme otole il b, MFpA BietinRipAPh el ipilinhoditd, (BYIeL) 2
When t he rassdhnstani ditherelagivabmingretationshipndefget férthe siguals armhat 26f oot ed dont no

gate is used instead as.i§ sho in Fig...4c)., (Fi illustrates an

unf oot ed cfgﬁflﬁ%m%glgt_s%mﬁ%%%gf v%v%edcﬁsracflﬂﬁ?tboniJr?ﬁneerﬂ%(ﬂﬁ F‘ﬁgehﬁvgé%- Reset flop
wi th fr = detriptfon= [Rode éhbodiment, JogRyAthesigpystent WO andodic \@eifiedtdni zed ‘
C-Elenent C = ( ~&z).z. %P&as defined in CCSZ0 and | t§ CMOS i npl enent ati on
are shown ﬁyﬁteﬁi‘g). eggrategelAliNe PN S yRp s Automgically framghe - . 20~ Wo

00/ 26826 RGHMISH 35846 lin orie Sudh S Gl B eriffcalifiiiGhsh 4p a buffer: C =
)Z.z.C. If the assunption is linmted to the negative edges, RT2 : ~ 1 < b_
1 5 the readentifiasand verfiesaplpayeitmms|opngiraings ingigguithha@reneripaed can be

i mpl errentqqd%,%n%nfooted domno gate (Fig. Sh): C= _al .b_I| .z 1.(~t ~
b 1).zt .C th a simlar assunption on the positive edges, RT3 : at ~
bt . inverted Proputscodanpiigingpindse atttlandidgies carobe tistribetedaising out put of t he

dom no gate 10tcan dbe ged. e sugh gpproach is showmn in Fig. Sc.
Al t er nat i VERPYTHR® 6‘5’[’3 25 ESHOBR bt &red for high | oads. A "wobbly"

C-El emgot C = aR&attveGiming.chdbgudedn both@ynchdin6is 4l synGabsousal | owi ng t he
input )z to toggl e and w thdraw) can al so, be synthesi zed as above. . A
static ANDISSIENEITedpgsRircHy CamplRpity.popegandgatea apdiiacrese i t i s not 15

speed- i ndepeR@@nhoe Al keshabifRbLnRRYMEA CForft A8mBRY AJBRIRM ofirSlail fi Ciently
slow. If, for instance, the environnment acts fast, ~ 1 nmay imedi ately
fol | ow z ttimingdp@rarcwiptseddn a ueroprogpispy desgngontribyted sigpificaafly O ng

requi rements. GA8 ifrdAHETR if PerfHafitd andfofthid HahRA in power when

25 compared to a similar circuit in a 400MHz Pentium® processor, all for only a

—

15% increase in the area of the circuit. In addition, the new circuit had a 95%
pseudo stuck-at téstability.
Other benefits of applying a relative timing design approach include the
ability to simplify the interface to a clocked design, verification support for
30 burst-mode and complex gate synthesis engines, pulse-mode circuits, and hand-
designed timed circuits. The numerous benefits and applications of relative

timing will be described using design examples, as is detailed below.



RT4: be 1 f a1l 20 RTS: act Jj ~ 1 RT1-5 are terned relative timng (RT)
‘predicates. They define various timng assunptions to systens 10 and1e4ﬁg/r llm
one enbodi nent, RT4 and RTS are generated by a verification tool. 0 MR
verification tooI identifies races in the systemusing its verification 25
al gorithnms. These specifications apply to inputs and internediate

vari abl esWOHR6828us t he synt hesized circuit shoul d ensur e PCRASEYEFHer i ngs
based on environnental delays. These requirenents are the sane as

bur st - mode r equi mn@wmgh@yugmr@e{m ﬁ&astdi'@exﬁtﬂ o§ed fo deScriieabl e before new
inputs arrive. The followmng is another 30 se predi cates that are |ess
restricti vaelpdenshipe bethegn asmﬂs)tn arwuuréntherdeaswssm amut mgx;rals RE6: bet < ab 1
RT7: ac t I 4 One possible

L mpi enrent att AR By underfng b sfpar IR SRR LAt R Y L RO

6b, where pldidgfok afts tmkigdnl fAimé h&lsﬁigttﬁdntsxtloﬁlﬂldeﬁm’iddﬂﬁ_,l ]ﬂhﬁngiﬁm be made

| ocal ta th? circuit if the buffer del ag/ IS Iar?e enough to guarantee that
ac 1 and befier thf &webRl name whilgjafalling fransitian is pdanfifipd bXPRCHESA 28Tt he static
conpl ex gat i
speed- |nde|5§en§'ﬁp(]|oIi ﬁ%shiu%%nxgm&@zsg’gf Qﬁdermggbaﬁ%?ﬁ&%% ?}ér static

circui ts ofcofyegsonsGate dhﬁtrﬁed lrr'@é)ﬂﬁabtfmeqlﬂjs ‘Nos éfetsmentlaiweramm circuits are
actually suy CerUItS i ndependent rizes the
ve al Ler nat ol ArSoelorm i PO B ptrBeE £ S8 Binbrilon i Bins rmde

usi ng st andatd réstﬂwtl@hy)pﬁﬁ{olr agitiede®a Sigasla. dri ving six standard inverters as
a load. They were sinulated in Spice using MOSIS O SU process paraneters.
Except or the static C El enent (SC), all inplementations are ,

hazard- fre¢—AS—Tanm be Seen T P g7, THe speedrmoependent——<rrcurT ( S10)
is slower II5 than 2813lot hers, aIthoR‘j’ﬁCftHﬁ’émrel atilve ti mi BMP&Sunpti dn

(SI G RT), an'x %p g ds to a hallf A circuit, al 9o _enhances perforngnce by
30% The of ilg}:’l SI Static Crequ pPELENS e Iarnpcf QiR+ bt it is Al SO -
relatively [foagh:sigh reduced doni no G El errent (GC thpTxt) is | S~ fast ;.r to
ri se (raVlr H i Llunolot\.u[, Bttt autually sHgwer
t han t he g(,lmrtedfeasieaﬂediﬂov@ edgdashafartone approach |a## applying rel ati Ve
tlmngtot EvVel.Q 0 CITCUIT 135 10 Synynest Ze the cifrcult |as a
speed- i ide é‘ﬁ @ HeNHHA gn. The|¥REW is then singld'fied through cardf ul

applicatio frﬁ H},éﬂrﬁ tloy}e tim ”?d?@,m%&«' ons. An exgpl e of such an agproach

is shown i A—g5- Wi+ fat-e—t-he—desHdh—ef—a—strple—FHO cel | .
25 A sinple FIFO cell can be specified in CCS as follows: LEFT - 1 ii t
.c.lot .ji 1.101. LEFT Rl GHizgbk £ Ndlatlon'Cdnventid@ 1-~-'~ L. RIGHT ( 1) FIFO -

(LEFT ~ RIGMA {TBe followi i
ing examples are based on non-clocked domino gates

20 employing a single p device. Asynchronous tools such as 3D, ATACS and
Petrify can typically synthesize set-reset flops and the appropriate functions (an
example is shown in Fig. 4a). Technology mapping can then be used to map the
functions of Fig. 4a into single-variable reset (equivalently set) functions, and to
implement them using standard footed domino gates as is shown in Fig. 4b.

25  (Fig. 4b illustrates a footed domino gate (symbol and circuit) implementing a
Set-Reset flop with f, =x#, f,=x % a x (b + ¢).) When the reset variable is not
used in the set function, an unfooted domino gate is used instead as is shown in
Fig. 4c). (Fig. 4c illustrates an unfooted domino gate (symbol and circuit)
implementing a Set-Reset flop with f, = x#, f,=2a * (b + ¢).)

30 A simple two-input generalized C-Element C = (ajb).z.C (as defined in
CCS) and its CMOS implementation are shown in Fig. 5a. Given the

assumption that



where ~ is a label and ¢ is a colabel. 30 Specification ( 1 ) consists of
two handshake processes, LEFT and RIGHT. The ~ signal synchroni zes tp&%mm

processes so that a nust lower and |Ii nust raise before both processes ha
proceed. This process-based specification can easily be mapped to the
equi val ent petri-net of Fig. 8a. A9 ~ fl ~"~~~~ 2~~3 WD 00/ 26826

PCT/ US99/MB 62682 eed- i ndependent version of the FlI FO can REIE§1925&di zed
using Petrify. The resulting circuit is shown in Fig. 9a. This circuit
definition uses the conpl ex gaggrgssynptions where the inverters are
zero-delay or_are conbined with the conplex gates. This 5 definition, as
wel | as a hysElsmentisrediced togpbufiesn€ ath.of. Hlibe asswoplieteis ligiitsdrtet e i nverters,
can be proyen ! ti\geoébf gImto the specification of the FIFO in Specification
(1) using a'so waregpackage call ed Analyze. The circuit of Fig. 9a pays a
consi derabl e del ay penalty to RThigvelspeed i ndependence. Note, for

i nstance, that t .I's produc e conplex,gate | 0 delays, and ro

I d after thr
tin fo@ur.thpé?sleb?%ﬁ‘ﬂf’eco@é?h"%%&Y kpr é‘&F&TE?%@téé%h?rﬁgplﬁfﬁﬁite%a%q rcuit can be
bui It thatfo%fbﬁ“&&ﬁin%%@fe(F@?@b’)ﬁ_@&l.ﬁ!’&ﬁ@ﬁl@?ﬁ.@?V\ﬁﬁ%Eﬂxilfaf"Ster than they

can be acknow edged by t'he environnent. assunption can be fornul at ed
as fol | owsass®mption onthepasitive edgesRT9: ro t < li 1 A new specification is
generated by addi ng these two %ﬁﬁ_atiyﬁtti m ng predicates to the
specification. The specificati & B represented as: FIFOn 101 <r_i t

nro | < lipverted idputdof e dpphicd hsd ﬂlBQoﬁ-lbﬁﬁbxerQ#bh?ﬂt bfrtaeHSIRRRIdatecat i on (|
). This can be represented 20 in the petri-net of Fig. 8b where the dashed
ar r ows 18r ecandieisedreOng sHoh @rrioadt s £howw in gt 3¢- tAiamatively; the quvat i ve ti i ng
constrai nt iAo org) t inputs. In
addi ti on, %t?@f%%tfﬁ{eﬁ%%g%??i%a?ﬁ%%?ﬁ?%ﬁ%m&u?%%gggﬁﬂéig;b| ed

concur r ent b ) fwhinh & ysaafe (dlowingthesnpuT hitg tagglessndorithdraw)2%n blso $e - node
constrai nt here 3Q§gggut burst is {~1ri 1} and the output burst is
{I01 ro t ?y. FrE FetBtTve tinmng (RT) predicates constrain the environment
so that both oupApuitis ANP-QR OdElReEnhEldvén BiRipeda. ThigkirchisispRssed to the
circuit. A Petri net. showi .ng this burst-npde behavi gr. has been derived from
the Petfi $regd-dpdepsngentgput is fafp pravigsgihg epvprppmenids syffeigatboslayi Hg t he RT
predi cat esgfRTigsand, fRE %nﬁpormerngsétér fasl, B ChayRfiaichiata) kaabw( ), vifopduces the

Mealy state machine of Fig. 10.
node ac has stabilized at '1'. The following requirements can be added to correct

the situation:
RT4: bel < al
20 RT5:act < bl

RT1-5 are termed relative timing (RT) predicates. They define various
timing assumptions to systems 10 and 40.

In one embodiment, RT4 and RTS are generated by a verification tool.
The verification tool identifies races in the system using its verification

25 algorithms.

These specifications apply to inputs and intermediate variables, and thus
the synthesized circuit should ensure these orderings based on environmental
delays. These requirements are the same as burst-mode requirements; they
guarantee the circuit is stable before new inputs arrive. The following is another

30 set of predicates that are less restrictive because they do not require circuit
stability:
RT6: bel < abl
RT7: act < ab!

8



new formis suitable for synthesis through 3D and results in the symetric
circuit definition of Fig. 9b, which is hazard free with zero-del ay -
inverters. 10 1 0 ~~; ~~~3 WD 00l 26826 PCT/ US99I 25644 This symmet ri 8 MAR 2003
circuit definition conforns to Specification (2), and achi eves a

consi der %ﬁ&ﬁwﬁ’&ﬁ ormance i nprovenent over the speed-i ndegﬁgﬂz#éngg{i ni tion.
t i At a

Mappi ng e circuit definition of Fig. 9b to a physical i on such
as that shown in Fig. 11, however, reveals a problem The 5 circuit does
not confor m unl @espaskibld impdenentationdbas camguaragtuteatheselpntoeatasdoldiel ay in t he

inverters results..in.critical .races i can c e the physi cal

i mpl enent a¥PYR 1P §F1$'2qq’ WPS”@M%F fﬁ*}ds\é\(}fﬁtéﬁes%&%'inf %gﬂngﬁ?lmg&g‘f h"hat ely,
relative thaddthcabo theciedilif e bhﬁeﬁd@ayﬁb%ié@@iou%ﬁ fCliatankd? tR4tder these races
in such a way that the circuit can conformto the specification. The

fol | owi ng andebet hirerie|z T OABeRatively, Rewify Rynthasizes hiestalie romplsk gaet in order to
avol d the GaaesnofRT d@ie Yot cad e ferfilh bodeinRBfiend 1 #1 < TOU These
constrai nts were gener ed by veritication algor ns; they apply 15 only
to the physi cal AssopipanenRaRior R T3ndadmoshe impleakiadatienhitoyf Rigsi6d ng verifier

to ensure that the races are not critical., A further nodifigcation of the

speed- i ndeﬁgréfeﬁfp%flyg’ﬂi Pﬁ’bq‘thﬁ tb?seé‘é(oicgc‘ﬁg?ﬁ iR ly&’ég‘ﬂ%“ﬁ'ﬂ‘; ®the circuit
of SpecifigRtd-ARddpéndentbnde placed in a large ring with a single.token. If
the ring is sufficiently large, circuit delays will 20 ensure that the

token will al wakig. Asummerizes thafivenlemative designsa Theregeltsarahased RBr ef ore, t he
handshake |. i : I g | GHT |
interface %ll\ll uﬁﬁ%g%@%@eeﬁsg?g t@ezgg{)&rl\féﬂr% ?@eﬁ%é%cgﬁg%rﬁgg%g%%ﬁnlggﬁami ve. The Sl
or BM ci r ciniverterans shvhél Thbewereainulatesd uchpiesustnp/MOSI®O 5L prodess however, one

t akes advantage of the tinng of the s .vastly i.nproved 25 circuit
(in terns AFIREREr ,Exﬁ‘a’rtff%rﬁhﬁ%é‘éc, Caﬁé’aeézgeﬂ]é@ffag\%me@?" #° be synt hesi zed

RT13 is thgapfegecate for this environment: RTI3:ril <li't This assunption
can be graphically represented as shown in Fig. 8d, where the dotted arc is

the relative tif¥# betesr indrigshdbgspesd-mdependyy cireuit(MG) i siveiot ed that t he
dott edyar cu. (ot : B [ETe: i se but a
13 th;a}ﬁ aflBtheft, Qfmgh ttlﬂcre r@lgtég? g?rz]&gmﬁg élsg)ﬁ?uoﬁ?éﬁ RT), wlﬁt@rﬂlcﬁc?s'

cannot delay I|i. That Is ssum ng that ere will always
be a t okentoon halfieizeloir¢uatd alap enhanbes pgefoimanee byrd8%e; Théenigihalstatic ake sure t hat

going | ow wqhiresatk\e’\’?#gsesp gpc%ﬁrl])up % fisoeﬁgo }e%tigg-& qgst.lﬂ\’cy'recﬂu]ced dme%oJ ~. T 23
C-Element (GC-RT) is 15% faster to rise (having only a single pull-up
transistor), but is actually slower than the gC on the falling edge.
20 One approach of applying relative timing to the development of a circuit
is to synthesize the circuit as a speed-independent design. The design is then
simplified through careful application of relative timing assumptions. An

example of such an approach is shown in Figs. 9a-d, which illustrate the design

of a simple FIFO cell.
25 A simple FIFO cell can be specified in CCS as follows:
LEFT = litelot.il.Jo!.LEFT
RIGHT = crol.rl.rol.ri! . RIGHT (D)
FIFO = (LEFT|RIGHT)\{c}

where ¢ is a label and c is a colabel.

30 Specification (1) consists of two handshake processes, LEFT and
RIGHT. The ¢ signal synchronizes the two processes so that 11 must lower and
li must raise before both processes may proceed. This process-based

specification can easily be mapped to the equivalent petri-net of Fig. 8a. A

9



WO 001 26826 PCT/ US99125644 This represents a major change in the operation
of the circuit; the LEFT process is no |longer synchronized directlygis® 1003
the RI GHT process. Instead the synchronization is through systemtim ng.

The circuit in Fig. 9c can be synthesized with 3D from specification (2) 5
with the RT predicate RT13. Signal to nust be generated | ong enough after

li so as WO 0n26e826li sabl e t he dom no AND gate before it is POI/U$I®R644 Thi s
results in a nunmber of RT constraints on critical races in the circuit. If,
hovever, tGecliifddpend¥ht {8180k Of B FMED csRbe Q%ttfé@ifzéc?ﬁ&ih%P@tﬁlf}!sﬁ%d inthe
systemto satisfy the RT constraints and to elimnate races, the result is
the fast, ssalting cirewt ishewninkigi 92.1 O shown in Fig. 9c. A pul se-node Fl FO

cell can al so be,design t.hrough,.,the use of relative tim constraints
applied to a priBF&?ﬁc‘g'ﬁg%%%onA#&e cﬂg‘.pgsﬁ( gg{ BrapYens wé‘ﬁffrtggch a pul se- node
circuit camvefed@rd xe6ldéiapor 478 tombihbd Witlihihd donmpet pated YIRS the tim ng

assunption shown in Fi g 8d, ro 1 nmust 15 precede 1 ii 1, allowng us to
renove Phedefinjien. # welhasapjwsisalcireyihmplemantadoribaoimsludes digtreiy vi ewi ng part

of the rin S ' ' r . - signal is nothing
nore than gmggfllgyceag%\% r%\%egﬁg%%f?ﬁtolt&%ﬁéﬁ%ﬁ“@%ﬁ?ﬂé\%"‘t he to devices and
bubbl es r eSpedification { Deusiigracsofivand pakkape cilbed Analyzecui t that has only
forward-noving signals w.thout any feedback . The 20 shufflin hat renoves
ncknow edgment TEARPRLTITE hoath LiPRPEIOIdFIR PO s GACHEUARRS LEFT
process fr gaebbifieme I Note, Kby ifistaitsf hhi 189 id HOBYRA attbt ke cofipfRGatenput i1,

maki ng them | ocal signals. Note that signal lii~in Fig. 13 1s just I|i

i nvert é8. Aclaysaasd ra!on feyr. Perdprananescan behmprovsaif ang apsisresilots |i and .1 ~
are high, LG i ] The duration of
t hese si gn\ae'l}glﬁgcea:ﬁndge b#?‘gﬂ‘a%%g‘é‘%gﬁ%m? &%érggf@gtsgg%ﬁgr#?}dﬁ f)tgrtt ‘{?n This signal
pai r can beheyeabbeaecknonieiged by thgleavivenneent.iThif astimaptsorgezalbeon this wire
oper at es ag,a E)u%dse. ill'he final circuit derivation can be seen in Fig. 9d.
The speci f iSHH A £fPIPKE pul se-mode circuit fol lows: 30 LEFTP - 1.0 | .
~.1i 1.LEFT RIGHTP = c:roORf8: o< IR GHT (3) PULSE = (LEFTP ~ RIGHTP)\ {-}
ro<lit |z ~ 0 ~1i; LCD W 00/26826 PCTNS99/ 25644 Designing reliable

pul se-idde circuits is veRyIdioffilidul t. Some of the constraints of pul se
circuits can be x0hSetetichion 0 getcshansl Aidlonedehf Rt s tIRAG Circuit was
derived for this exar}r%)él el.c_ Fcing. g14 sﬁg%’s anikgtu? cygl e request-acknow edge
handshake. pGsistesae Hesspecifinatmnghbelspaeificammnsah bareriesspedds:i ndependent 5
signaling. By renmoving th now e ignal (lo and ri ip.this case),
we are left only with a rg{qﬁ}ét&sf%ﬂ%@?iéilr equi res constrai Ql)s 2p and 4p.
These constwhereFIFOcie theadpacihaition fioni $aseifmatomn@ )i Thiskareierrepredeatedds. However ,
t he actuyal .requirenents..f the size of these bounds.can be represented

wi th T dlat i Ehd petfiie! ol Fi Bbyhess (e Bpshsd ooV R B IaI IR IBBRE: espond 1o a
protocol vepysusingid.!ar to the 10 standard request acknow edge handshaki ng.
The pulse on |i of Fig. 9d causes the output pulse ro, as required by
speci fication (3ot that fie twmislative tiging copswainieiRT S 2andRTR, ar¢ 2 foIm e see t hat
arc 1 is calapl outgilh prebdeGhbihs. AARAiRbA, o spelifitiifonith e 1 S SO short
that to | (acg%msa_‘go S noethBocScur. 'Ilﬂ%)s’ngan e pe'rs_ v_elnlt egmby pl acing a

rel ative tiowipwts dre emebiedi concurteatly fismracppin ofasput) This-is exactlyef ore ~ 1 (rgq 1 ).
Thi s majges in Fig. an, RT icate, . | I stricts the
speci fi'cat ibgir:lsg' dfg cr%l%/t x%tj‘?)h(%%tlhsl"gﬁg ig;lﬂﬁtd? t{ﬁregtﬁlp ?L%Cﬂhte%@ps%g%r?tfllgcati ons
behavi or i f{l@nroi! it Fharadlatizie gindhg (RIDPrelcatdsiconstansthe esvitdienetiosu that gat e has

Fong. It ot Quipits seprodyosh hetpre iEtiam Bz rvetionr et A P To-c 1 )t hen
the circui theyHohid@ihls bul§ighsdfe ®eBavidttas Been derived from the Petri net of Fig.
8b. It is shown in Fig. 8c. Incorporating the RT predicates RT8 and RT9
30 directly into Specification (1) produces the Mealy state machine of Fig. 10. This
new form is suitable for synthesis through 3D and results in the symmetric

circuit definition of Fig. 9b, which is hazard free with zero-delay inverters.

10



in Fig. 14 is a necessary RT predicate for the circuit to work. Finally,
arc 4 is assuned to hold given RT13. W therefore have a system of caugaiid 2913
and relative timng relations that nust hold in the pul se-nbde circuit
which directly mimc a four cycle handshake. 25 The consequences of
evolving a sinple FIFOlike controller froma speed-independent to a

pul se- nod® 9026826t are summarized in Fig. 1 S. The differ 8&FUSY2H¥M s are
characterized in ternms of robustness, performance, area, power, and
testability. In THiesynahbeic shamnddfinitironidms debpecifictiex@esased in pS,
energy is in nJ, area is in transistor count and testability is in stuck-at
cover age. 3J6hitKes psansiderapleperformance kpproxpment QVethe spredirdepeRdsnbnent at i on,
even under - sneqjfiGatid i MR i b Sad.ne speed-i ndependent
circuit. Ho&v?/@\gletg)g't %}gﬁlpgft%edr‘l%er% trHte %&@ﬁ'ﬂg{ﬁ.?ﬁ?@ﬁ%;ﬂ&?m ee to five tines

sl ower t hanntphemeantationistich 4sithat shewen ireFigt 1 & dowevermgvedizia ploblemor’Bhe t he circui t

shown in Fig. 93 is not fully 13 . ~~l--i LUU, WO 00l 26826 . PCTI US99/ 25644
establ o At eSS nel CUPYR ilechale iEUT beYaRre FRIEs PHGRGGRAER, & ror o
restricted gV inQEH@RNMesulkNA cAREL rREIVAREICHR cAlsBtHEpIGSANPL i ons tend to
i ncrease the E)erfor mance of the circuit, reduce_the area and power, and

general | y iimpiesagnéationdo faildp gpnform yo thespecaficatine. Feunsipdy, relativa est ability
coverage i S§;Jngr S A e g ' t he
Fedundant QBbREETE el RO Bl Srkloer e FRUER BN o i e
Anot her exahgtltke cfcutittvan asidonh to thk apécificatiomi The fhdlewing atathelRT see in the 10
'S 20 design of .a portion of a variable |length jnstruction decode, here

cal | ed H " 9gsHauats that phe cyguih grughmesl in Q@F’étolagﬂ@tthe [4€Tructions is inherently
a serial process, since therioepmih«gh any instruction directly depends on
the lengths of all previous instructions. The performance of instruction

| engt h decodi ng for many &onguidt <&#chitectures depends directly on the -
speed with which this seriﬁlzqggpqwg operates. A key conponent in songe
such architectures is the Tag Unit used to inplenent the serial ordering of
i nstructions. A Bpeecbrstaiesovaiegeneraigd hynvarificgticrhalgerithms;Fhey appba. I n this
exanpl e,all the interfaces .are treated as,speed:i.ndependent ..nterfaces. The
assunpt Pgn %"ﬁ%?o thifﬁﬁ‘uce@?fwlgp?rgﬁtéog' a&‘gé’“ésgg%g‘?‘laﬁifggéﬁﬁgwf‘givﬁ?ﬁ 't aces neans
that all thg ehfiiretHaatheFadeg Gidinoecritiatiest / acknowl edge handshakes; this

exanpl e assunes a four cycle protocol. Three d%r ocesse needed to

( are
i npl ement this pdfurthsamodificationofithe speed-updepen “U’Iﬁc.uéP?B‘ﬂ- BBIS= sr | .~ t (sr

1. sa 1 ~ rpdssible® Assdmé inht the LirBBt (Sprci@Ndn29&h be pga‘ceaixga)argei- G4 25 30 35
The two PA processes synchronize the four phase handshake after an t

request is mrgwityedingieiprkan. dhthering iPwifieientbslates, eirquitdglegs wal and synchroni ze
bef ore n i T r )ygf'h%g Lt Oy J S Lves and the
bufreq gtﬁddq?lg&}é;c éhse lﬁg‘%}lg\tlgloaqn%?et e Yé%lﬁgt@%(cgiﬁdl nldtlgglg%g{fIll h%ﬁ%w/{nb’l | be
acknow edgetie handlshéie it thegmocebuRIGHT o kbaysicomplsteaant theiGHT s acconpl i shed

inth 1 ficati b 1 h I I d i th
ol lows: 2 Pisvacpitl peryme FIF Pt e PER G0 e e BN 1 P
gQ2/ sr] TAGOUT =PHid Sl dr BM SiréiicanGafedyr pRIERIIuePBh knvifonnlenafld~k/ a,

g/ sr] TAGUNI T =(1 RDY ~ TAG N ~ TAGOUT ~ BUFREQ ~ CA)\{gQQ gd,g®R, g-,
~.a) 14  -hqwewer, ZOQB‘W@%@‘P@%"A@Wﬂ?%ﬁ/‘@%@&@%}éasfl)‘rﬁpérﬁé‘ﬁ?ati on of these

Dr ocesses Usidig (@ BHASHBEH Gort8iinaATAGRaiahd RIAMTiC ILaf & sybhibesipicpcesses PA

and PB res In very effici I mpl enent ati ons. e large OR gate,

C-el ement, RAIB istike predisats ifenythisfenyzesumany
RT13:d | <1t
This assumption can be graphically represented as shown in Fig. 8d, where the
dotted arc is the relative timing relation shown in RT13.
30 It should be noted that the dotted arc is not a causal arc; i must lower
before li can raise but ri cannot delay li. That is, the designer 1s assuming that
there will always be a token on the dotted arc; the designer must, therefore,

make sure that ri going low will always happen before lo going low.
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through three state machines fromthe input to output of the tag path, ,
however, 5 creates significant latency in this inplenentation. A norgeg Mmdzgm
efficient circuit is shown in Fig. 16b. This efficient circuit was derive
using relative timng constraints as described above. For instance, the

mut ex assunption in the speed-independent inplenentation results in the
renoval Vo tdmssisackwar d- pat h handshake for;agi n and tagoutcinwdseniagses. The
10 forward signals are treated as pul ses and, therefore, handled as in the
FI FO exanpl e abgy t . n rotocol he ir_d~ and
b~a~. sl paths 2@1 éggep?:—%g%tlg %gﬁ%ﬁho f'ggﬂr(e o%%ﬁ?gggﬁg'epcﬁcgg’-tﬁﬁgglz ii gnal i ng,

wi t h irdyasrbcess s mridnge kyetirdieddietyseih (s RIGHRbidess. Qhstéadahe

speed-i ndependent circuit of Fig., K 16a and the RT 15 circuit of Fig. 16b
shows t hatSYRREORFAUqN IS through y§tetiddni®igpst anti al benefit in ternms of
testability, p : r R k ] , the area
benefit from t%cérﬁg?g“agﬁ' %ﬁ%ﬁgghgﬁ%ﬁﬁ@ hblgorrﬁlgﬁésc%fgcﬁ%&érp&ﬁn a

m cr oprbcessiotheRil pledicate RIE 3s Sagreadi it must ba @enerated ddverenpegtf aftentinoe, if sl ow

parts are used i ghe calin act or s. nmust e oyed ta neet the target
per f or rnamc@.sf0 ppt (E}ngi]estﬁ‘ﬁa@’?’m? _Qailegb% et 1§§&ﬁyss§m}f%$sg§d%| e, the area
requi red vWRimidr BERE chAsthnlid O9britdagfictd ®and Liveuid 18holvegaNihe BEiAOr mance goal s
are to be nmet. In one enbodi nent, the RT constraints are generated and

verified ttfribulgsignalenicorrrrtinadiugise in hasydeniassishstpBdrt for RT. All the
constrai nt&ngpl_lﬂﬁn@%n@{ot é}%}ﬁlﬁ&le yfbe8iing fishit é'm@fﬁ%%ﬁu,ﬁgﬁﬁmé bifdfl On as
| I es and C ot t

predi cat es. s sinpli arifies e itnrtiral function of
t he ci t@uishows inglgd 9as t he assunptions required, as each interface can be

conpl et o bonavi Bt T Selbbar i b esigbd PP LGS WPl ko “as was
shown in tifinklcbRRxATRIfEc@ROY Srogfnsikd BATACS. Aohn UnRgasst anding smal |- -

exanpl es, but can be confusing and inpractical 30 for larger, real-world
exanpl es siPPFPagh apRlse-made ghryit canpegleaved e iblR: . a nodified version of a

azard-free ol 1 o B S K A o
enbodi hentpregede litl j sowipgpsieatmevhils sigaelt n&ltogethen Rhis canbe203 WO 001 26826
PCTNS99/ 25 ' i p:_Qrder. t . ive timng constraints. In
addi tion, ‘?"ﬁ"%é‘%ggg‘m)g‘ﬁrgfé agno(}éﬁéélg%{? ﬁ:%ﬁ}ﬁcgéﬁ “Z‘Se‘ﬁ- gzdded to the synthesis

t ool ';Tg Sytonat@ktmweythd?hé Mgigiitabamﬁmhg' xja'((')jretthgi mgelmtww.'dmmsh qur]naI ljy, itn
one enbodi nent, . SY esis too vi des backannq .on ich indicate
the requi r%%Paﬁ'i %Lﬁgf”@dﬁ%Er‘%i‘”r‘ﬁ?_%a’fdol?‘l%b}%éﬁ@‘ﬁ? H’ntg? F’(B?H‘h%iﬂd?' Bhd circuit. Each
of these f@auluRS h¥d ddly Brehed-aldviith H&lalWithdut IR fesiBUcREBReS t 0Ol o
environnment, three types of tim ng assunptions can be specified: firing

order & cOutling it remavat acknaylepdemarids discctlyapadeicRT bY, Whiticur rent event's
and ear| y GRABLidAGhe TPFPHAREL dork IGERIANOTH S SRStk 1€l atli ve

timng constraints, the Concepts of enabl’i ng regi rrng region nust
be i ntroduleadd irguvBnmaking dhem \gealpsignalhe enabl i ng regi on of event a, EN(a) i

is defined as t i %ﬂlﬁp i n _Ih iring -region
of event a, FR(IS t,e %?ag s%‘é‘?liﬁ%ghﬁa% 1? he''Se m&p f"é‘i'Z’t @é}{sﬁﬂonv%i %ﬁaftéas %s all owed
t~o fire. short period when both li and li# are high, which will set the output of the
25 domino gate. The duration of these signals being high depends on the delay in
the li# path. This signal pair can be combined into a single wire 1i if the signal

on this wire operates as a pulse. The final circuit derivation can be seen in Fig.

9d.
The specification for the pulse-mode circuit follows:
30 LEFTP = lit.cli {.LEFT
RIGHTP = crot.rol:RIGHT (3)
PULSE = (LEFTP |RIGHTP)\{c}
ro < lit
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Al t hough in speed-independent circuits both concepts are the sane (an 15
event can fire as soon as it is enabled), they differ substantially when
timng assunptions are considered. An event can be enabl ed at sonme dtla¥a 00
but cannot f re until the systemreaches its firing region. Al these
timng assunptions are specified in the input file where the STGis

descri bed houl d go after the graph (or state grap ation
and befor &% ‘ﬂ@{szgnd statenent. 20 A timng assunption bagpé@‘gsﬁ%%@fl ring
order of concurrent events is specified with the follow ng syntax: tinea~
~b The neamesigyingfrelisblepuscamedresitcuits istvery dl&duwanme of tieecansteaintgvent s a and
b are concur.re | tan usI d.n conf.]ict), a wll
al ways fi r@fﬂgfg%g#%lr“gc%‘? henélbgewf u%f’?%efﬁ 6%%% {Bﬁfggﬁﬁo%ﬁlrfsl made by a
synt hesi s tm|deﬁv&ifoﬁﬂn§:&hmpfeyﬂi\§ Mishbws!a four bgclereguest-aclalowiidage 18. Ve can
observe that events a and have different relations. They can be

concurr ent }@B‘éﬂhﬁk“erféﬁﬂsﬁﬁmisﬁ th@é{g’é“ﬁ?)"a&?&l W@ép‘?@d(’ﬁeﬁeﬁd@habl ed ins, and b

i s enabled se states in
whi ch thsg eSli ﬁ?géa e cg{ﬁlc ent hk&@%ﬁmc (i?Y %,?dO,? dﬁe t| ‘ﬂég) assunption
woul d nmean ardkft oolywith amques‘t slgaallthatsmumescmstmn’séqptmdéﬁ,Tl%at es, will
become unreachable in .tge ti.ned don&ai n.. 16 1. 5 1~‘§1 =~ 2~~3 00/26826
PCT/ US99/ 258R%#ARY Foniaip both migimum gad yaxigim metric bopudsyHpweygidpe s g o
"don't car ecust @?ﬁr&ﬁ&n@fﬂﬁth@@Q@bﬁﬂﬁﬁbdﬁhd@é’ﬁ% répredentd wathirehatilgi C
synthesis two different solutions could be reported. The first solution
woul d be orfening atgsi Berpstinglyethgss ases Gogresponddp a protoqohyery simpileg toatbe unpt i ons

wil | rra (o} reached. The
second sol ut?gﬁwﬁoéﬁggb%goﬁgﬂg%#gmﬁh%ng nglhg% &elllnrﬁag{mgt?dn&gges In this way,
the orderi rtgeautputplnlsmirblas tm]ufrod besbebification (3pdf we ofaptrégptodi amsduack, i.e. no
timng assuy thggl lf4re% ged fgr th| solution to be valid. These two - -
sol uti ons c3n° B 'Bol miF "follows: 10 {sb} = FR(b) ~ EN(b) ~
{so, sb} and Pet T'IThﬁs/cmMuitlcarﬁfaﬂoﬁ&v@eﬁ@ﬁtHEEﬁlﬂe 15@b sHIK thht Toh@dckn) desi zes the

cost of the logic. A tinmng assunption based on the sinultaneous occurrence
of concur r gt occur. Thig gan be prevenisd bymlasing 4 telative Bming ragitien thahnt ax: tine a=

b@ 15 fn &y %1o(fggg1f)rb§fo?§ﬁwghupnrm§mmvapcz{mﬁggm shRT The neaning of
t he S|rrultan|tyt|m assunption is the ow ng, "Let us take the
st ates i n wreditata aa«ihahsghtlaur@nmmm@@cqﬁeatmr(émma)emposabbrto net will not fire

In any of tJé&n&‘{ﬁﬁ‘p%z?‘ﬁrc?t?o‘h%&?aﬁ%?wJn 1ﬁte 51gn41?0\(/§ggesf\ﬂ}hq<§lhdens$es ok S

assu : ptiono a or b or both."
20 | nf or mal doyind gatethuguﬂlsme)descrl bes the SI tuatl on in which the firing

time difference . petwee a 0 i S habl nt c. Looking
at the exanpl e, ﬁﬁ C\)\’BO‘?H ﬁ@zgﬂ] ]tfﬂﬁq‘ r‘ﬁ‘g é‘§f Ff?éﬁ%\c{ the same
observapg e fH@ha\iavé océurfed beforslli Paeg lt)rthegﬂﬁé eigcuidwyillfaip Theefdrotdac Bvents a and
b. Looking at the state graph of FI . the sinultaneity constral nt 25

i ndi cat es tRAHE-d4ib @INacasFy Trpéeql‘%?t%f"aff@ cimguih pgvorkp el dC 4 8% at e s5 woul d

becore assumed to hold given RT13. We therefore have a system of causal and relative
timing relations that must hold in the pulse-mode circuit which directly mimic a
four cycle handshake.

25 The consequences of evolving a simple FIFO-like controller from a
speed-independent to a pulse-mode circuit are summarized in Fig. 15. The
different circuits are characterized in terms of robustness, performance, area,
power, and testability. In the table shown in Fig. 15, delay is expressed in pS,
energy is in nJ, area is in transistor count and testability is in stuck-at coverage.

30 The only circuit that contains a hazard-free implementation, even under
the specification timing assumptions, is the speed-independent circuit. However
the latency of that circuit is from three to five times slower than the circuits that

use relative timing. Furthermore, the circuit shown in Fig. 9a is not fully
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unreachable. On the other hand, event c would be allowed to be enabled in
the states s,, s4 and sb. Thus, {s4} = FR(c) ~ EN(c) ~ {s"s4,s6} The
sinmultaneity timng assunptions can be extended to |arger nunber 30 Tof MAR 2003
events as follows: .tine a=b=c=d@,y,z neaning that the firing time of
events a, b, c¢ and d i s considered to be non distinguishable with respect
to event WQo0/3682d z. 17 1 0 ~~i; 2~~3 WD 001 26826 PCTIrI9099286644 A
timng assunption based on early enabling is specified with the follow ng

syntax: .t e> &tﬁ@te@%&”@éﬁ {aek B ﬁle%ﬁﬁewg PJ‘HJ asmgltEQ'%%n&th Fig. 20. The

formal meani ng tron1s oW n us take all
t hose st at esnmnmennT\hbmmlm aggtressmretmmx@hﬂsmdptidmttembtmmsaselti&bl ed after
flrlngb( ers.c nthe tates can.potentially belong to

ENC ey 1 nbisTiEeRge OB SR B anen andBpuE ritacDERuR ecRseens enabl o

before It fedability rO“ne o“fm @ﬂoaythqhe&taﬁh{ erale iREMRAcl NGing rathilde, however,
ensure that ¢ 1 Il fire after b. I|ndeed his may be séen as a risky

assunpt § ontlmmgrié éeQalﬁée mawy of the resuneral sovsriagtiare remevedotherflasan bef ore | ogi ¢

synt hesi s. unptions therefore require a
post -veri f|°l(r:a t?tgt\e epct)lHé%]'sfl{}(rare%?‘E'ei r validity. If they do not hold after

synthesi s, sonmeAabtherexaniple dfehd @dear relktive tivingesign taicbecbesirgther coul d
resynt hesi ze. t he. ci rCU|t wi t hout the invalid assu i change the 15
s sl e

del ays of SesenQARonon & ao\fan@ws Ienetyipstructign gecods, hare PEsi zing or

del ay padding) gec&dh%toftdaﬁa@é% tthHﬁtlQl%@%GYé‘l'ﬂ?@Seﬁﬂ QRsPr €Vi ous
exanpl e, EN(c) and F are defined as f }p— FR(C) c EN(c) ~

~S3, sq;l@se sac}e t‘hhéenedwfwnﬁmbhctngl disstingenendsoncthe Iongthexaf el geaviavs chai ns of

events. 20 the PLevi Qus exa 0 tlons coul d al so -be
speci fi ed mé%%lact’nlsn e | ng n&l Eﬁf&?gn ;%g{%’edlmgg’(@eggo nﬁf to the enabling
of event acodrjmavmhiteamreasﬂspemt divectiyonnhelspead ovith wiieh dinadetisiment of b with
regard to a. Tjmng ass tions can.be used in Petrlféd%%@?s% t hesi ze the

wel | - known 988die PPETAIES ) AeKey (G GTIRONGRL E spmespch Archertures

i npl ement abgeario%plteﬂl@nthﬁ@@ﬂapérd%ﬁgoﬁQMcﬁénsgat es woul d be the fol I ow ng:
[X~ - z= (x + Y=) [l [zl = Y~z + x; 30 Assune that x, y and z

are ouldput signél S@emd@ma@em kg Wniltrlﬁ plpvar inyFig. Ai6aa s thiscxamelesdt or e t he
firing of ¥s. mtl-m\éeg%gegréﬁﬁd gfé’e;éﬁqnde%ﬁﬂgh *ﬁ?érf’ﬁc%sr Gﬁrﬂoa'sﬂm}p%%n Ryat Obser vi ng

that y+ is always e X- Rat 1 gic tfor signal x in
all the interfaces are speed-independent interfaces means that all the interfaces

require request/acknowledge handshakes; this example assumes a four cycle
protocol.
20 Three processes are needed to implement this box:

PA=rl.srl.sal.(srl.sal|al.r!)al.PA
PB =srl.gsal(sri.sal|rl.al)ri.al.PB

C4 = (gl | gol | go2 | ga3).sa.C4 j

The two PA processes synchronize the four phase handshake after an r request is

25  received, while the two PB processes are passive and synchronize before
handshaking. Therefore, when an irdy and 1i request arrives and the bufreq and
to cycles have completed, the ti and irdy signals will be acknowledged and the to
and bufreq cycles will start. This is accomplished in the specification by

renaming the signals and composing the processes as follows:

30 IRDY = PAixdy/r, irdyack/a, goQ/sr]
TAGIN = PA[ti/r, tia/a, go2/sr]
TAGOUT = PBJto/r, toa/a, god/sr]
BUFREQ= PB[bufreq/r, bufack/a, go2/sr]
TAGUNIT = (IRDY | TAGIN | TAGOUT | BUFREQ | C4)\{go0, gol,

35 g02, go3, sa}
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t he speed-independent inplenentation | ooks nore conplex than the logic for
18 ~ 0 ;';2Q@8 WO 00/ 26826 PCTNS99/ 25644 signal y. (Al of these 1in
assunptions will, of course, be verified after synthesis of the cirk@ﬁ%¢ﬂ%3
Based on these assunptions, the following timng assunption can be added to
t he behavioral specification: 5 .outputs x y z .graph x+ y+ z+ z+ xY+ z_ 10

X- Z Z- ¥Ywoodizeszdrar ki ng {<y-,x+>} .tinme y+<~x | S .end A pdmhswotsegan then
be synthesized with the followi ng command: petrify xyz.g -cg -topt -eqn
Xyz.eqn -no where the option "-topt" indicates that Pefrif t take

{7 ng assunpt i DITAEBILSREIS At PRCTE HUIS RORRR Soh the AU owi ng | ogi ¢
i s obtai nedshedfn [n¥ig=1Z' ProdessesyPA andl ¥B result inZery dfidient X~ The synthesi zed
logic is a drastic_si r?llflcatlon of the logic for signal z. Petrify has

t aken advaimpdgraersttiangelhe laiga PRagderfpeleorent and B sieerssityt ¢fagsing e 001 as 25

unr eachabl | ' b r [ ant as the
sol ution i@nﬁgg ﬂ#’egge)é%{ayéﬁécp ﬁ‘ae? ﬁﬁg}tri% p@’hgﬁ%"g’f‘ uzt())ghht@lf%grr%ﬁ’ihﬁm%&’assunpt I ons
used fof eaediessipnifican latérey anehicitipdethemaion. file petrify.log includes
different solutions for _ each signal. |n.one. such g,nbodi,rrent, the foll ow ng

. >1.0 :
sol utions are r@pere eHiciedf cisguitiashown gigbob-This pligisnb piggetwasy + . > 7+ >

triggers(Rkepfid usilig re‘lﬁi%?irﬁliné C&HeramtOY,
18.19, falling = 16769 35

rising =

SebctibRd aBowR) Far fstahf@ied del ay:

S
1ng . > Timng assunptions (concurrency): y+<x
ot her mygk @ssuanpsion in thezpged-indgpendentimpleggetatgrgeIylts igthe- > z+ 19  ~ D

[...
~~ -, 2003 0 6 1 - X -) - 10
transi st orrse\‘!r\ggglné,f%%B%a)Ckg%éﬁgﬁ?ngé@g%?fgIf?jr . ?g‘?ﬁagg‘ﬁﬁ’?@%‘fes( ¥+%f(l |) ng>:ZZS. 19
> Speeth i nfiepaddemials(apotréated a3puisss ad) thiepsfsne, handled af inf e FSPO ut i on

corresponds to_ the ong obtained with timng assunptions. The second one
corres pond%"_afrli’lft ‘H@"E-pgﬁﬁliqqlﬁifé B%%Fé‘ﬁ?w{eﬁ%‘f %’%’QQPEPP(SW uq;h@dézuipg t Wo
| mportant plRCHS 2 @bmbiHaR6BE fo el delsimatitd, WithQRFack | M ng

_ Pﬁcfc?e%ﬁk;% _ S
assunptions and trigger signals.” I'n the enbodi ent Shown, "Petrify indicates
under ti m g tadiegippingeutses.0 that the solution z=x is only valid under the

assunpt i on that A%gmfpiax[igo% ol%?l{eosrpgecfsindependent circuit of Fig. 16a and the RT

15  circuit of Fig. 16b shows that the RT circuit provides substantial benefit in terms
of testability, power, and performance. In real-life applications, the area benefit
from this approach may be even higher. For instance, in a microprocessor which
can be scaled to reach a higher performance, if slow parts are used, higher
scaling factors must be employed to meet the target performance. If the slower

20  Sltag unit is used, for example, the area required would have to balloon
significantly if stringent performance goals are to be met.

In one embodiment, the RT constraints are generated and verified
through a version of Analyze that contains support for RT. All the constraints
can be attached to an initial process specification as predicates. This simplifies

25  and clarifies both the initial function of the circuit as well as the assumptions
required, as each interface can be specified as a simple process with causal
synchronization. Representing the complete behavior constraints or timing
constraints as a network, as was shown in the FIFO example above, can be
helpful for understanding small examples, but can be confusing and impractical

30 for larger, real-world examples such as the Tag Unit.

In one embodiment, a modified version of a synthesis tool such as
Petrify incorporates methods for synthesizing hazard-free circuits under timing

assumptions. For instance, in one embodiment, a “.time” parameter has been
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In contrast, the solution z =y'" z + x is valid under any timng assunption
(i.e., it's speed-independent). In one enbodiment, the tining assunptions
reported by Petrify ar_e not always the sane as any timng assunpti ohd R0
are part of the specification. Instead Petrify will try to report the |ess
stringent assunptions 15 that make the solution valid. Under trigger

si gnal s, Wa0Re@d2€nbodi nent, Petrify indicates which event BCBU&I¥256494ger ed by
the rising and falling transitions of the signal. Note the difference for

the triggerUeNbriePfo donvey t'ﬂe'ié]?dxyettinﬁ?g;cgﬁ%g g.oﬂx’ad}ifﬁ?h,sin%ﬁ’iel onger

triggering z- since It 1s assuned to ore Xx-. Is information is
much 20 noembodimentaat algdrehm heabten addecbloi the Symlsssisrtpolitomstoaraticalne f or

synt hesi s. Another type of. tinng.ass tjon can he nade., For instance, in
The xys o At ot hing aSuRBERE IR PuRRRog TR the del aye. of

t hei r gat egynfiglsdodlrevided RtkanBtationilichaRGitAe thelro@tiredRnihpri ng time of y+
and z+ woul d not be distinguishable with respect to event X-. The

speci f i &at FUstaML far proner faaeioningo] thegirayils Eaclhot thasedfeatuses »vill e aph x+ y+ z+
z+ x 30 y+ Efledlocdow Y- X+ - Ml king {<y-,x+>} 35 .tinme y+=z+ @x.end After
executing 9 e sane command as above, the followi ng solution is obtained: 20
10 ~~.", a 1-~~Inedyhhed 2 tooPEnMildRent? Bsdeltypes oftinYing aséunmtishs &n. [ z] = X;
Any tim ng assugptigns t at?]fare al orithm_caﬁl%q%enerat ed ofr based on 5

si mul t aneob®SReAHISH; HigRe Ardgr efsoneureetit evens, HB1aRous 8PqwTeRsRoland mist be

checked fopontatrbslichvints ARy enBbiHpe TRHESErRHdeistRdfhd @nRatied ity 1 09 Wil
provides rel evant informati on about timng assunptions. In one such
ermbodi A@nt refaiveftiming penstrafys, thegonesntsaiissaliinguapion and fisiog uedions for x. These

2011 0, b pRRARES Lt SR RSN, LA LN oL
2 transi st defined at the, sefofstates in viis¢h amstenableie| Bhye finng repjorroflededts, falling =~
coabit ne) - PROR RS G, B SRR TRG) ST oY L
-> x20 > 4 tranaihb@stSin(sgedd-indepehdent EsduitBBbALoHE Y are EHeSdaR@ (an 27 S0,

falli ngﬁ; 11.00 > Timng assunptions (early enabling): z+<x [... other

sol uti evenf capfing-a3 spongs iy is snabled) ghew differyubsiantially when timing
assumptions are considered. An event can be enabled at some state but cannot
fire until the system reaches its firing region. All these timing assumptions are
specified in the input file where the STG is described. They should go after the
graph (or state graph) specification and before the .end statement.
20 A timing assumption based on the firing order of concurrent events is
specified with the following syntax:
timea<|b
The meaning of this statement is the following, “Whenever events a and b are
concurrent (i.e. simultaneously enabled and not in conflict), a will always fire
25 beforeb.”
To illustrate how the assumption is made by a synthesis tool such as
Petrify we will use the example of Fig. 18. We can observe that events a and b
have different relations. They can be concurrent (both enabled in state s;) or
ordered (a is enabled in s, and b is enabled in s,) The timing assumption only
30 applies to those states in which the events are concurrent.
The application of the timing assumption would mean that b will not fire

in's,. As aconsequence, state s, will become unreachable in the timed domain.

16



> triggers(RESET): z+ -> x> 8 transistors (4 n, 4 p) > Estinated del ay:
rising = 29.38, falling = 11.00 30 > Speed i ndependent (no timng .
assunptions) The solution x = y' is generated by disabling x- in stat@ HAROH03
(where it was initially enabled). This nakes states 001 unreachabl e. But
note that, in this case, it is not unreachable due to tim ng asz#n‘{)ti ons,
but due t¥QWE428ct that the |ogic for x does not enable RETMNY&P8¥e 101,
This is what the nessage 35 > Concurrency reduction: y+=>x+ means. |n other
wor ds, the fact Whiategard thievas bpRétafieconsidbrsrtbat sgioas‘don't canetestate forbe verifi ed
by maki ng th’n assunptions.. It ij sorretgi ngI tgﬁf t he LJgigic of.the circuit
al ready gudP&spghlemensof pyent by, afterdogip synthesis g siiferapt sQuligns,§q for that
sol ution: 4f rgnoHel Tle ﬁ%‘é%l’ﬁﬁérﬁ?éulﬁ%@bhé’irﬁﬂﬁi@hbfi'Qéxiab?eﬁﬂs()ZlSti_ll,1 0 ~l'rz~~3
WO 00/ 26826 PCTNS99I 25644 Thi |

_TI . lis indicates that x- is enabled in such a way
that it bedberimingmssumptons will make s, Yynneaghable, ithusdl widl et ding endilispisst at e 110) .
The ass rrptri ocrﬂéor correctness is that z+ should fire before x-. To verify
t hat as urrpF OR"at circuit | evel, one m ght need 5 sone additional
information, i.&he stndBbidtioeabl besn¥in whivhlbdslRotAgabled irf )aln fhisf or mation is
provided in the sectjon of trigger sigpals. may realize that nowit is
y+ that tri‘ﬁ@’ef*@‘{k‘ier’(“gta‘v\h&”ﬂe?Orﬁcidtﬁ’t%le%&m%ﬁ%h? ngdImiPE on) . Thus, by
combi ni N9 thE3ERhSERIuIPL foPfHRY FRidoANo BBQalsN determ ne when the enabling
of an event Is started (trigger events) and when the event is allowed to
fire (when 10 otThese tnvorsolntioasicandecnimallyoxpressedasdelidwst ed). Now, it is tine
for the designer to decid t ssupptions are realistic or can
: e TUB) = &Tpf=

be net the inplenentati fefst e is another interesti ng

sol uti on t hat PeRITR IS chdbdsé Beoihiidrefop ENb) tMad rigimizeLthe c¥st of Me 1@gic. Thi s
sol ution nmakes the state 001 again reachahle, 15 since x- is enabled in
state 101. But > tmangassympipadiaess Quihe piguliapeaus geQurrenes of anewenhssunpt i on-

z+<x- must Sbhd ks PEiflEd with heXBBowiHRQPFRNt . an inportant aspect of the -
information provided by the relative timng inplenentation of Petrify is

that different timng assunpti ofimeasb@se ensured for each different

sol uti of i . selegt | t] for one signal
does ngl[S affec %e(ggg}ss&?r% |gﬁsgsnsglébeﬁ?%rﬂgé?ﬁgp%g%%gksn% f?%ever, t he

conbi nat i orsimltangity ttinging adsumpoonsisitie folawing) dL & useakeltiadatewina set of si npl er

constraints.. .I.n the enbodi,nent, of Petri escri bed above,. it is still up ,
Lo he dos it e s BEEE BN ORFATROn CONRCY F R PSSR RLPHC! Pt ¢ hi o
enbodi ment QbceBRk Efafey uH@RSarA A0 Q). IThid ABtmpe: GOV bisjlienshut tis be valid if
the 25 timng assunptions reported for each individual solution of each

si gnal ar e 'Fegered by GHer eabb el M, Petrify makes an attenpt to
aut omatjeal |y IGAREANE, 6 ASGRRMPdest itts Mk ARSHIIDRLIANM mOiARE 2 nunber of
assunptions are easily derivable by Inspection of the structure of the
speci fi cat itme diffgrshceberapgmr 8anhb i nod distinguishableibyreventico Logking®hi nly in the
area of i j £.Qr f i i t is, Petrify is a
t ool for gﬁh%ﬁ%@iggf ﬁ’gﬁﬁdgﬁggg?ﬁaﬁﬁ% 5%2?’%2@}‘% ﬁgd”ﬁ%?heaszg)gsi gner substitute.
| ndeed, i n abservastobetianienif, c watld bé §rigdernd’l by ®sr byhbothssempd argits whi ch have
been gener at ed E}Hlil)to%rrrlgtalt &%ls{a e grgp émi.el 9? Se“s%ﬁl'ta%@ﬁy <2:02nstraint ’
25  indicates that ¢ would not fire in state s, and, therefore, state s; would become
unreachable. On the other hand, event ¢ would be allowed to be enabled in the
states s, s, and s¢. Thus,
{s,} =FR(c) c EN(c) < {5,545}
The simultaneity timing assumptions can be extended to larger number
30 ofeventsas follows:
time a=b=c=d@x,y,z
meaning that the firing time of events a, b, ¢ and d is considered to be non-

distinguishable with respect to events x, y and z.
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1 0 P~ 2w3 WD 00l 26826 PCTI US99/ 25644 that are actually used for each
solution. It is then the designer's responsibility to guarantee the 10 MAR 2633
validity of the timng assunptions. The follow ng nodel is considered for
the delay of a signal transition (delay fromits enabling tinme to its

firing time): 5 Non-input signals: each gate inplenenting a non-input

signal hd¥O@0/i26826ay in the interval [1 - E, 1 + E], where RCTU$98256fhus, the
delay of two gates is always greater than the delay of one gate. I|nput

signal s: have aaQghiay akshmiphien bidc@lovidhrly edablinfis spkeififdWith thdie del ay of the
environment is always greater than the delay of one 10 gate. Sl ow input

signal s: hiollewangi®miax:in the interval [k, ~], where k is any arbitrarily

| arge constant. The delay k i ndit &spt hat the enabling of a slow input
signal transition always all ows the conpletion of any internal activity in
t he circui An(eRamgple of this BgumbtieniBheen IDFigo?0. | T forrmalghednig of ik ay paddi ng:
the delay of any gate Lnplenenting any non-input signal can be | engthened
after |9gi @,\*SWHK%@%@, fLOélpgy!ng@yL%trtlaﬁ%eéildhosgi%t%g-ldp washgismatidi ng, to neet

the requi r&ﬁbiéd%ﬂ%e@frﬁﬁ% Bl@&‘%fter%g-inhﬁi.?]‘ﬂnggéé[rfﬁg%%ﬁ %Hdé Plestf timng

assunptions by using el ay node strated wth'the exanple
of Fig. 22¢anvyneendially belong fodEM(c@”i nput signals and where the remaining
signals are outpuyt signals. Mreover. the event i4+ is .de red to be
PsPow by us: notimABisrsniebiediflesde FadVele G beReflEfttiEde on the
relative ofiggrst fife. UMM deDROFEHEBEicempRingntisy @will, hodieeer! fivufeahdtewi ng: 1) If a
i s al ways enabl ed before and a_is not an_ input event, then a is assuned

b ' \
to fird0berdtBreatier he Indeed this mayihsseaatyisky grsumpyonmneerhslogiés unpt i on
woul d appl sti%ﬂ%@%aﬁ@?fe%otm&ﬁ‘&f&@'légﬁc él?e\éﬁnk%la@iteiiﬁaiﬁé“ and b+ -> g+.

30 2) If a and b are simultaneously enabl’e ais a non-ihput event and b’
i S an i npugssempthions théreforarcguiras postevdrificatioh teensafeheir ¢aliditye I6thep) . There is

no such case i e.exanple of Fig 22 .Db it-would correspond to the pair
of vent s daneChald S RBEs Sk hfer Ry i tokery) FoHgpfEE s SEBGAT

si mul t aneouslly repadatsEt B dirdint Witlesue thé3nvalid Ykdumption¥\6t §ahgEH26 PCTNS99/ 25644
non-input events, Petrify selects heuristical]y an, order between both

(typi cdfl ydelRYSOTSheemRABERIS Rf ESTEWA(S-&-+RY EAPSHIOr BIZiN8 FidsiWer 1 ogic wil |

fire firstpaddidd)Qbetht tHe JIRnpgiRhs B&oARGAREAr i |y true when the actual gates
are derived after |ogic synthes No assunptions are done for pairs

is). 54
of events that &ra&hem@vmﬁmﬂplmﬁI%MC? prd BRfc) aredefingdastfallowsit i med dommi n. For
exanple, for events i4+ apd fi+= } vent .traces in which i4+ is
2l RGN BUEN 55

enabled first (e.g., i,+, nd i is first enabled (e.g.,
i,+, c+, b+). The early enabling assumptions can be extended to chains of events. In

20 the previous example, the following assumptions could also be specified:
c>b>a
indicating that EN(c) can be extended up to the enabling of event a. However,
no assumption is made about the enablement of b with regard to a.
Timing assumptions can be used in Petrify to synthesize the well-known
25 xyz example shown in Fig. 21. A speed-independent implementation of the
behavior with complex gates would be the following:
[x] =2z (x+y";
[y]=x'z;
[zZ]=y'z+x;
30 Assume that x, y and z are output signals and that the firing of y+ always occurs
before the firing of x-. This can be deduced intuitively from Fig. 21 by
observing that y+ is always enabled before x- and that the logic for signal x in

the speed-independent implementation looks more complex than the logic for
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10 I n one enbodinent, if two non-input events, a and b, are enabl ed

“sinul taneously and another event c is triggered by a or b (or both) Biian 200
sinmultaneity assunption is automatically generated (a=b@). In one such™
.enbodi nent, Petrify makes this analysis only for pairs of sinultaneous
events. Assunptions on nore than two sinultaneous events are left to be
speci fi edVQY/2H82% t he designer. There are several exanpl ePIUSEP/RR$M anei ty
assunptions in Fig. 22 (e.g., b+=c+@+ and r+=s+@+). In one enbodi nent,
when sever ghnd19N (AN the8Y RRLMPHGISVIR, bf dRIBR! bd Rdriffell @RetyYRINgsis Bem Petrify
automaticall'y generates early enabling assunptions, taking into account

that the dé&eagysuib}) the gates can be properly 20 | engthened to nmeet the
ordering rel ati LLicati J . Fig. 22, there
are chai ns of e%%td %Btt#alg a%'gg@héﬁ ?}%egfgfei?mkn @W%%Q‘%lﬁg" ?%’eb% (e.g., c+ ->
f+ -> g+ -xdded t@tid belavioralspecifiddtiont ol | owi ng assunptions are autonatically
generated: .tine f+ > c+ 25 .time g+ > f+ > c+ .tineh+>g+> f+>c+ .tine h+ >
r+ In one enbodi®HBMS X Bfdering of slow input events is a generalization of
t he fundament al -Sfdle assunption. In one enbodinent, Petrify is designed
with 30 the conX¥t¥aiht that the delay of slow input events is |ong enough
to enable the c:T®uit stabilize when other internal activity is in process.
Because of thisytenstraint, Petrify can autonmatically generate assunptions
on thel®iring oxder of slow events. 24 1~~, i L~,~I U3 WD 00I 26826

PCT/ US99/ 25644 ry-one such enbodinent, timng analysis is perforned in such
a way that onlyycghcurrent non-input events having a common predecessor

hi story with thenskiaw (kppiit-jevent are assuned to f re first. This intuitive
idea will be nD_rtgné:%e@Ia,[_ after looking at the exanple in Fig. 22, where only
i4~ isja slowinppyt-event. It can be seen by exam ning Fig. 22 that events
i 4+ and g+ have a comon predecessor event in their history: i,+. Mreover,
no ot her i Amitcuiéganthen pe eodlpsized withribofolawing eoimmand: and g+ since the firing

of i,+. if the firing.t.j of i ,.t. reated _as the starting point for
timng analysis (i. e.gc,t}’ty%zé',cgftﬂ%t g‘%ﬁ %Z'erggld'é? for automatic assunptions

i ndi cat es Wwhate thieroptonl*-tbpt”@nditutéshBati Petry dlst {aB€ Emingssundftond thto- E) ], i.e.,
three gate delays. On the other hand, .the firing interval for i4+ will be
in the int&Mpifergtionto.depve logic. pefollopingdpgisds ohtpiped:arily | arge. Therefore,
Petrifyow || degyes,phatnythe firing time for g+ will be always before the
one for i4+. . Nope.that this assunption does not hold when the

consi dered even&z~i=sx.h+ since i4+ and g+ have no conmon predecessor event in
their history. or ‘& 15 sinilar reason, no ordering assunption can be nade
for the fi Thegynsliesizad laginis d-drastiasinplificatgmuaf the/logic f¢1 Bgnal pr Bgdfles d+ before
meeting thg,dy, %UER&&QBft%g%H%dfﬁ\égrgﬁﬁonﬂo%%ﬁﬁbe‘}%é Hate bBI g5 cOMON point in

ForC
the i~istory o}fntvvo events i's
25 unreachable and implement z as a simple buffer.

But as important as the solution is the feedback that Petrify gives about
the timing assumptions used for each solution. In one embodiment, file
petrify.log includes different solutions for each signal. In one such embodiment,

the following solutions are reported for signal z:

30 z=X

> tniggers(SET): X+ - 2+

> triggers(RESET): X- =) 2-

> 4 transistors (2 n, 2 p)

> Estimated delay: rising = 18.19, falling = 16.69
35 > Timing assumptions (concurrency): y+<x-

[... other solutions ...]

z=y'z+Xx
40 > triggers(SET): x+ -» z+
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| ocal nodal point. An analysis based on |ocal nodal points generalizes the

20 concept of fundamental node typically used for the synthesis of 10 Mt 2003
bur st - node specifications. Burst-node nachi nes work under the assunption

that each state of the specification is a global nodal point, i.e. no
non-input activity is enabled in the state. Fromthe point of view of

speci f i cA¥9Q 8k2682&indanent al node does not al |l ow any concurPGEfdse93stsheen t he
environnment and the circuit. 25 The notion of a slow input event takes

advant age of fundaneg pg@ﬁg > WIS, | (i.e., logic can be sinplified)

and speed-i ndependen;tl? gﬂﬁaﬁs%?%%ﬁﬁﬁ””c“”ency is not sacrificed). As
an exanple, the defi?tE {éonte eﬁ oWw. %gﬁjé 8?vfegxns =aHP§(vs the synthesis of a
system havi ng severa Ser gfl 'rﬂf%%ke. SI? ﬁnll}a%. ""does this by assumi ng a
"l ocal " fundamental FoBEIPLPLE Bk (R TRDE ASWMBGOPRi vi dual handshake, but
by al sos MafTRé fifsdkdlBtidH @rieopds ECME ¥ndoMmadedlivithemanp abaidpasndernfe sets of
handshakes. One of these exanples is the VME bus controller described in

t he next seaspnRdane gosrespondp torthe speed-igdependent ingplergentgiBon\TEeBEIA8R26

PCT/ t ~S99/ i-nal | . i cal e t tions for
the exanpl SiaH el b8t Gk f e R P B Frodord ORLR! SHAARRHEPL L8 e
a+<~i 4+. t | and mipggerssigtalsre a+<~f +. ti ne a+<~g+.tine a+<~h+10.tine c+<~b+.tine
b+<~i 3+. time b+<~d+. 1| b+<~f +. t] ne_ h+<~q+15. ti ne b+<~h+- . time c+<~i 3+-
e e, ¢ ot P men Thos LRS00 A vade B ppmatansy +. 1 e

a+<~i 419t Rt it sohufidn LR dnly Vil i@erdthdBss@itiptibr thal y-Flrds befote k1 ME _
g+>f+>c+. time h+>g+>f+>c+. ti'ne h+>r+30.tine a+=c+@+.tine b+=c+@+.tine
r+=s+@+ Elre¢pntiagiuthn solutoxy F yog anph salidundengiyetimingpssymptiont(i.¢.npr ovenents in
| ogi ¢ can he i ned |l yin .G timn Lons on it. For-
the 35 xyzﬁgxsgrgr%)qqggg%eg\a%m?ﬁﬂﬁﬁap &ﬁ&{@%g@meﬁ H%ltx}g a%%?apﬁ?)}qng%éoa%@unpti on, one
woul d exechy Petrife aigaonzaindys thetsamé ¥s atyzinging agsuniptiond thaesma pxiy af thgn - no The -
option "-atopt. i.ndicates that Petrify nust generate automatic timng -
assunpt i onPCIFaiftt FERETER WHHPLorFROTHES IG5 AFTRYE STIENAY® speci {1 ed some
40 assuppt tRhmaké e sHino®Pasd. are added to the designer's ones. In any case,

Petrify takes care that the assunptions automatically generated are not
contradi ct ory 2&ndertrigger signals; inpne embgdimenty Betpidy W&WW&H‘SW th the
ones speci f j ' ' hotd e Shown in Fig. 23.
The circui %ﬁegﬂg%e%%?g.ﬁng%ﬁ ?galg%grisr%ﬁfg% % gf:ﬁ? gi orglggﬁt t;Ijie Petrify in the
file xyz. edrfer&icade thaiggentvants afzudpthedtimedd salugemertds edlageor i t hmi cal |y
they 5 nust. be_.exam. ned for val.i d}.teé). N onglﬂem%odi rpent.s this can be done
by exani ni FEEFREE £7306C ALP APPC Y Tremisfort Kae B BIOTRAUSRAS BB di nent t he

fol | oweng amsairEivamtighdnaearlpeablingtasmiptioas hiy @@asdsradyfthesis.t i me z+ <~ y+ #
concurrency redyctijon au{omatic & .. sinmu tan&oug%..ti me %+ <~ X- #
concurrency red{MPHENYPE At WHHRE asgumpsion canhe mads, Edr instancg, mARe XyZenap) i ng
(aut onat i Cireifii Yeand+3Yare énabledesithhyan8A\RB). | 10 the(RiHyS BRtHeR) gatek WHRIX- >z+ # early
enabling (automatic) .tinme z->y+ # early enabling (automatic) .time z->x- #
early enabbf signilasuveseatd eopsisr that the fifingZimeofastyang zarwenld net keaut omat i ¢)
time y->z43%- >7 | d (a et ) 1] 3 o B

si mul t anei fi 13%8?%[5‘%}13%?? (E:l{ *%& gﬁcﬁ vtEl[ﬂex i zf'(?)%&r%}?ﬁ%’%ﬁﬁgﬁéi@s(asr eported for

t he sol2Gti diwsx=y' > triggers(SET): y- -> x+ > triggers(RESET): y+ -> x> 2
transistors (1 n 1t$%:?§%5 > Estimated delay: rising = 13.44, falling =

10.75 > Concurregfa ction: y+=>x

X+ y+ z+

z+ x-
30 y+ z-

X- Z-

z- y-

y- x+

.marking {<y-,x+>}
35 time y+=z+ @ x-

.end

After executing the same command as above, the following solution is obtained:
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> Timng assunptions (concurrency): z+<y+ 30 y=z > triggers(SET): z+ -> y+
"> triggers(RESET): z- -> y> 4 transistors (2 n, 2 p) > Estimted del-la%:ﬁ__,p 003
rising = 18.19, falling = 16.69 35 > Concurrency reduction: z+=>y+ > B"é‘é&"
i ndependent (no tim ng assunptions) 40 z=x > triggers(SET): x+ -> z+ >
triggers(RESET): x- -> z> 4 transistors (2 n, 2 p) > Estimted del ay:
rising =wuB0026826 falling = 16.69 45 > Tim ng assunpti ons PCTArsouessency) :
y+<x 27 alt'e-,; 3 a W 00l26826 PCTIUS99/ 25644 The timng informtion
can be sum‘rariz[gfgg,s follows: 1) The firing order z+ -> y+ is required for
the solution x (= ¥x.’},o be valid, but the firing order z+ -> y+ is enforced
by the sol uti oiy%/_:, Z that reduces concurrency and nakes the state | 10
unreachabl e; a TSXQ) The firing order y+ -> x- is required for the

sol ution zAngy #ming dRsunvions thabite algdAtinitdIROgederl®dd ofbasedon- | S enforced by
the solution x =y' that reduces concurrency and nekes the state 001

unr eac hablsEmuliansoesingblings neaymot raselh g coregirolutions epd pastdiecheckedr es t he
validity L0 g S i Q i jreuit is

obt ai ned. %ﬂ%@{%l(§'hggg?‘b?’eﬁl%%g}qoglggeg?@géﬁn%ﬁégﬂ%roﬁ%ﬂ%gﬁgﬁérg?g%{é{/&r eduction
does not ahfumpstiomioyt emingssupiptioas. f lnromasoeh entb@iimentith¢ filen of | ogic results
inanore efficient circuit. A nmre cC I circui.t will be synthesized
next, wt P'Pegfflyg%f‘fﬁ’é‘?”és %ﬁurﬁb§%§g{i\é‘§n§?ﬁ' ﬁ@?ﬁﬁ? 6‘@)9“%"%5‘3 relative timng
assunpt i ONgmparddQo kHeQpket-REéRa8er SoldtiofMin PothecdMiticaher 100 is shown in
Figs. 24a and 24b. Controller 100 15 controls the communication of a

devi cel®4 with WEYbus 106 by controlling a data transceiver 102 using
signal D. Control | er>to@gera(SEd)iyel xides signals DSr, DSw, DTACK, LDS and
LDTACK. Signal s LDS >amggtBRESETaret axpai r of handshake signals that follow
a four phase protocot2 trssigark ¢1 Srp)and DSw fol | ow a four phase protocol

wi th the output sigraEstiaidéddeldySHsinge 133w, 2ling€il0ase t he begi nning of a -
READ apgl WRI TE cycl e Cesqashdyeduttion:ie==bri ng di agram corresponding to a
READ cycle is depi cte¥inifg FsdmpRdi (e 'p(gs,agm{gge@pgndi ng to the READ and

VRI TE cycl es ofxggng-rol | er 100 are shown in Figs. 25a and 25b respectively.
In order to synthesizg WMgdys. copgroller 100, a specification nust be 25
defined that includes; hQh+9k) Bt h the READ and WRITE cycles. This
can beyglone by using, g{I9&& egp)’. n"a Petri net formalismthat nodel the

nondet er m ni sm of thg A g Mo PN T . nondet er m ni sm cones
fromthe fact that tj%i%%dtiiorl] ‘hfméa ﬁ%@faﬁﬁfollﬁ%{@“ ate a READ or a WRITE

cycle after the conpletio or P l%nsé?aerpiegﬁgl% cfe* An STG 110 descri bi ng the
30 conplete beEv'

| or oI t.t he controller is shown in Fig. 26a. Sone signal
transitjons, e.lqg: 2 FFHUPhve nultiple instances in STG 110. Indices 1 and
2 are tised in FigZ B&ako &IESII)I ngui sh events in the READ and WRI TE cycl es,

respectively. 28 > tnggers Y- X
> triggers(RESET): z+ -» x-

> 8 transistors (4 n, 4 p)
> Estimated delay: rising = 29.38, falling = 11.00
30 > Speed independent (no timing assumptions)

The solution x = y' is generated by disabling x- in state 101 (where it was
initially enabled). This makes states 001 unreachable. But note that, in this
case, it is not unreachable due to timing assumptions, but due to the fact that the
logic for x does not enable x- in state 101. This is what the message
35 > Concurrency reduction: y+==>x+

means. In other words, the fact that y+ fires before x- fires does not need to be
verified by making timing assumptions. It is something that the logic of the
circuit already guarantees.

Still, there is another important assumption for that solution:

40 > Timing assumptions (early enabling): z+<x-
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i' ~ ~ s Lu WD 00L26826 PCTNS99/ 25644 There is also the possibility of )
representing the whol e behavior in an STG 120 having only one transi qiﬂq@ﬁ 00
for each different |abel. The STG can be obtained by Petrify by using the
command: petrify vme.g -o vne.|l label 5 This result is shown in Fig. 26b.
This representati on, however, is nmuch | ess readable that the previ ous one.
For that WOMBMB2ETG 110 of Fig. 26a is used to synthesize PFH@PS@?/F%Mt of
controller 100. By using that representation, the specification of timng
assunpt i onThikdndioass tdch isensblédihBudh ¥ ®ay danit ®eddndesticofituifenagfthinpt i ons can

be i ndependently defined for the READ and WRI TE 10 cycles. First, a

speed- i ndepéndent i npl enentati on of VMVE bus controller 100 is derived. The
notation u Ol O f ner alcl is ' shown
o B g 27 O o Al ERR SR MO TR eslltoR el R 2 o

vie. eqn - | clgpuldvBrd heforenx-v e vesty tha asssuptiop at pirduntdews) arteimightisgeidct ed i n

Figs. 28a and b,.where Fig..28a illustrates .a_specif.icati.o f the VME bus
cont r ol Per 3¥P° fq—ﬁkago?zllépfg’ﬂ’ga%mah%’ }ngr_nu%sarfyl 1P ﬁi's?'}aﬂeéig %%%n’glbged-i ndependent
enbodi nent igbrmidiidh is pRVIdet ¢athe@BotionE ti9gtek Bignalé.(We thayedirasas the width of
t he expl oration when salving CSC conflicts. One internal signal, cscO, has
been i nser N8Y 1t1§ YatbydegeHe stV ass  1pthaweed-ndspendent solutighhetussynt hesi s i s
descri bed. : : : i e of pronment i s | ong
cnough to SheBRBmAET el 8 i IBAPGR SRR WP B TORTE . o1 o
Petrify canf reevenals| seotet dtriggaeevahts) andt vl the etennhisradlowsd tnfitei(evhen af t er

havi ng specified the input events as "slqQw'. This ¢an be achi eved by

| ncl udi iR EHEF SOTSTRLRYeMs havectsAdy TrrdlHROR L HPe B Ao 8788 usi ng ¢ he
option "-alieRlc wWHtheRUicodishmpiaRakaicalficr chn bd Met BsGENPti ons. I n one
enbodi nment, the specification would ook like this: .inputs dsr dsw | dtack

.out put s dtmpkmeg@tign. graph 30 p0O dsr+ dsw+ p 1 Ids+l1 |ds+12 # Read cycle
35 dsr+ lds+11 kgs+hire; 3k ine doiltionh Seads i 26826 | dtack+/1
G 1oty 3 it ac S b i€ sl ikefeSting doliop et e sp’ggp’)%ﬁiﬁ Wite cycle dswt
d+/ 2 d+/ 2 Ipesify.pglOe.l s/ 2'.| ThiasHutich malteadherst@e 60] 2gain fe@ckbbick+/ 2 dt ack+/ 2
dSWdSW] 5p2 s n%e ;('-5 is’#cf:na%elteéiJ {nnst§t8 16 ﬁrﬁutpxz- isI zﬂgcp g’na }e%%lérllgrs in sltgc[: ??& and

the assumption z+<x- must still be met.

In one embodiment, an important aspect of the information provided by
the relative timing implementation of Petrify is that different timing assumptions
must be ensured for each different solution of each signal. The selection of one

20 solution for one signal does not affect the assumptions made for other gates.
However, the combination of all the solutions for each gate may lead to a set of
simpler constraints. In the embodiment of Petrify described above, it is still up )
to the designer to figure out how the constraints interact. What this
embodiment of Petrify does guarantee is that the solutions will be valid if the
25 timing assumptions reported for each individual solution of each signal are met.

In one embodiment, Petrify makes an attempt to automatically generate
“reasonable” timing assumptions. Since a number of assumptions are easily
derivable by inspection of the structure of the specification, such an approach
allows the designer to work mainly in the area of improving the performance of

30 thecircuits. That is, Petrify is a tool for simplifying the job of the designer and
not a designer substitute. Indeed, in one embodiment, Petrify identifies the

assumptions which have been generated automatically and those assumptions
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20 dtack- pO Idtack- p 1 .marking {pO p 1 ) # Assum ng an sl ow environnent
25 .slowenv . end and the conmand woul d appear as follows: petrify vne.g
-gc -atopt -eqn vme.eqn -log vne.log -no PCT/ US99/ 25G44 The resul t 1ilsM&Ehtlin
in Fig. 29. Note that, in this solution, no state signals were 30 inserted
to solve the state encoding problem This is due to the fact that, in
gener al , WO Bi/26§26assunpt i ons nmake sone of the states havi RETEEIPLRIME s
unreachable. In this particular case, all conflicts disappear. The
automati ¢ thatr Sct@dFURRBd fRPREcHIRNRIoA! &ds BhenfRd AdsigheP§ RspRRMIge I N the file
vime.log as: .tinme lds-<~dsr+ 35 .tinme |ds-<~dsw+ .tine lds-<~d+/2 .tine

dt ack- <~ cevgranifetthheadidyy of therimigg AKMPUPER- ack40 .tinme | ds-<~dsr+ .time

| ds- <~dsw# . ti - <~ J: + L +/1 >d+/1 45
Ctinme dtack+/22§?ﬂ§ﬁ§b@ ﬁ%gﬁfgﬁgéﬁgga%g?ﬁ%ﬁﬂgaﬁﬁgﬁég¥%yg%ﬂ%§ncurrency

reducti on (dalay st itConabligomas (o efiyng et i on (automatic) # concurrency
reduction (autonmatic & # concurrency reduction (automati c? # concurrency

reduct i%on ](%{Utné’ﬁh%"ﬂfﬁl“#CW&‘P&W‘}“@&GW%W‘{‘QW’GW@(@ % ®oncurrency
reduction (automatic) #uyeahleha8Mpbkl pgceg,a,%gg@gf% T?x_u?ﬁéé Mel%?@ib' i ng

(automatic) # early enabling (autonati L~~~ 2~ U~
WD 001 26826 PCTNS99/ 25640 gatesms alwhys gteatet thanghe Helapnbidrie gate. (aut omat i c)
.time dtack->d- # ear en j . Lc) that, the fourth
assunpt i onjl'(1f7 L.”tsll'é'rzt]ea lsdt ack[h é‘fﬁ %I@e?%}, lgg}r’é %’getﬁgﬁgis +t% ﬁ!ﬁgﬁ%‘c‘r Qgerdlénaé’ °(§f t wo out put

events that are enabl edtisd emvirb@nem isalwiegenssmhge theal¢layodbhe &
si mul t aneous"” indicates two inportant things: (1) that the assunption has
been glsfherat ed automati &y and (2) that both events are enabl ed

si myl t aneo §wnfg)i?9igﬁ’@z§:r Ve £ iBthOtdr¥al [ ANEnak KO GH) WBgARHEC! di ng the

firi’ng or der. SIS one o ecasesm%refhelnter enti1on “of the

desi gner can be useful . lafpecaewnigibe delay ktindiedtesahat thoenabhisg afae, anot her ~
firing order by adding 10 ti m ass tion in the specification: .tine
| ds. <3dtack.. 1f the sang capstil EHmt anays allons hecom é%‘\}°f’i°ﬁ1 ng
assunption the vme.| og wahy intdyealtabvifyahtieeiregit (4.5., Zing Df efidbied

| ds- <~dt ack.tinme I ds-<Jdsr+ .ti.ne |l.ds-<~dsw+ .time |ds-<Jd+/2 .tine

dt ack- )1 dtack. ti me | dsPEFHRMLSIZRAING | ds- <Jdsw+ . tine dtack- <~I dtack.tinme

| ds+/ 2>d+/ Bela}baddi?:s'[ a@%"de]a%ﬁ'hﬁ)lgaté ﬁrﬁ?lcﬁieﬁﬁ@éx%ﬁﬁi_ﬁputtsigﬁﬁl I ds->d-/1
.time stack->d-/I concurrency_ reduction (specification) # concurrency
reduction (automatic) #Cebblepgtbened aftegigeicisypthesisneady it@nsistor oncur r ency

reduction (automatic) # g Cdﬂﬁ@ﬁg%dciilz%%fdegﬂh%gééthﬁg@ttfn?igxg# concurrency

reduction (automatic) # corcun e uction omat1 Cc)~# concurrency
reduction (automatic) #asmnmpyiomnabling (automatic} # early enabling

(autongg i ch # offd Xy SIARINGaAAH AL SRR ) BRRPLIAR Ut ot Te) #
model will be illustrated with the example of Fig. 22, where i, ... i, are input
signals and where the remaining signals are output signals. Moreover, the event
1,+ is declared to be *‘slow" by using the statement:

slow i4+

25 The assumptions made on the relative order of two concurrent events, a
and b are the following:
1) If ais always enabled before b and a is not an input event, then a is assumed
to fire before (.time a</b). In the example of Fig. 22 this assumption would
apply, among others, to the pairs of events a+ -» i,+ and b+ -» g+.

30 2) If aandb are simultaneously enabled, a is a non-input event and b is an input
event, then a is assumed to fire before (.time a<lb). There is no such case in the
example of Fig. 22, but it would correspond to the pair of events a+ -» b+ if b

was an input event. 3) If a and b are simultaneously enabled and both are
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Note that the first timng assunption (.tine |ds-<Jdtack-) comes now from
the "specification". Petrify cannot, therefore, generate an assurrptji@)p@fﬁg@@
as ".time stack-<Jlds-" that would contradict the assunption specified by
the designer. The resulting circuit is showmn in Fig. 30; one can see that
there has been inprovenent in the synthesis of the stack circuitry by
reversi nd¥@ ME2682¢ ng order 30 of stack- and lds-. There ar'@W?f’é’r”%i‘n‘i ng
assunptions that can be made. For instance, fromthe specification of

contr ol | ernciihpahewtits| PethifydseletBGaheristi€ally dnerddrverweed bbihdtypidagyr et ur n-
to-zero paths of the protocols at both sides of the controller (bus and
devi ce) ar WISKYHE deTBunssahatithe evomt willy simpier legisvall figg figgh althpwghids sume t hat

the 35 busmspgaménéceggmtﬁﬁ%ﬁeﬁltﬁava&mtga?éaxér@@eﬁveégﬁa%geigOr a read or

wite cycle {dsr+ or never arrive at control 100 before the
handshake synthestshe 31 ] 0 ~;~? 2GC3 WD 001 26826 PCT/ US99/ 25644 devi ce has

been coppleted. This.can be specified b i ng, two w t.ining assunptions:
e |t sk o assiutions drees T Pays hevBls TRESAT PF PO B ereY chown i n
Fig. 31. THidsr inS tHehBtihRWRISMamO Hor eRInb1E, 30r eventbhS- &id'e Wd cafffinktl 9. 31 (or
whi chever circuit is to be selected for fabricati on) nust be analyzed to

det er m ne ¢vent Haceassunptions hold. To do this analysis one nust first study
t he i nforngt] Ee £t file v SET(dtack') =
de ' 1o rederigp oA @R, o Pyl PR GREHE: REEDABbE TSI
triggers(SER.,i,t,d35b+p dtack > triggers(RESET): |dtack+/1 -> dtack+/1

| dtack+/2 -> |, _dt k+/2.15 > 5t i st 3n, 2 ti mat ed del :
L er e R0 )5 oI St e ARt g6 NS RETBRRL RS LR Ao elee. o dt ack &

Ti mi g assymaltafethsiy QR lakoBBakang) trightfel Tt Aot bethy, a<dt ack+/ 2 20 ... -,
| ds' = dsw_dsr' [lds] = 1lds' (output inverter) > triggers(SET):
(dsr -, dsw- jimujtapejty assureptiqn ig getpwmpiRptF ppnerged a=b@q)ddnpne ggh - > | ds+/ 2 >-6

T ming acsambotifhent pRtieT Ry IR GREL LAY o febls O siddndtits eldhig ! 19,7 27 50 >
assunpt i onAsgusaptions enaizire thigh twolsihdthnkons Svaty drelafsto SEFpetifjedbydsr ' | dt ack

,I[QrE Fg;é?g% S@f;a%\sl\llglggrf a[_%g;ecﬁ}y geserrdl& g)%%:p}fef?)o?gx[r%ll}a;eig); as(sgrlrjl}gt[?our}s iril F 1Vge5£ er) >
(e.g., bt=c+@f+ and r+=s+@h+).
In one embodiment, when several non-input events have a trigger

relation among them, Petrify automatically generates early enabling
assumptions, taking into account that the delays of the gates can be properly

20 lengthened to meet the ordering relations of the specification. In the example of
Fig. 22, there are chains of events that have a trigger relation among them (e.g.,
¢+ -» f+ -» g+ - h+ and r+ -» h+). The following assumptions are automatically
generated:

time f+ > ¢+

25 time g+ > f+ > ¢+
time h+> g+ > f+ > ¢+
time h+>r+

In one embodiment, ordering of slow input events is a generalization of
the fundamental mode assumption. In one embodiment, Petrify is designed with
30 the constraint that the delay of slow input events is long enough to enable the
circuit stabilize when other internal activity is in process. Because of this
constraint, Petrify can automatically generate assumptions on the firing order of

slow events.
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> triggers(RESET): ldtack+/I -> d+/1 (dsw+, Idtack-) -> d+/2 > 10

transistors (6 n, 4 p) > Estinmated delay: rising = 29.88, falling = %8» 3 9011
40 > Concurrency reduction: |dtack-=>d+/2 > Tim ng assunptions i £
(concurrency): |dtack-<dsr+ The tim ng assunptions are represented and
sunmmari zed in Fig. 32. W can distinguish three types of tim'n% arcs in
that di agVQf02682% 1 0 ~~' ::j21;3 WO 00/ 26826 PCTNS99/ 256%4TY§PEEur r ency
reduction arcs that denote the additional causality relations enforced by
the | ogic (1ds- Inanesuahkmbadichechttigtikg anatysibhé gerfortled e suvhea wedtthiti mi ng
assunptions that nust be verified for the circuit to be correct. 2) Firing
order ar cs ORIYRODPWIRIE BPRsinpHECULES RIS RiCPTMPIGTefscesiey stopotiduieent S event s

for the ci gy i?agﬁtoe\@ﬁtba)%%%ﬁﬁ%d to'fy ?fﬁst?";lgrsﬁdttﬁgwid%%%ﬂmém cbdpat nust be

verified or enforce ay paddi ng clrcuit to be correct. 3)
Early enablftegioakiog at thaexamule cekig. 22)evherverily i, ¢ gea slewenis efamt. t he early
enabl ed _.events. _For .exa is tri elrred by d-/1 in the

| t _1ds: .that
read cylle is nowWaPESEE géxﬁgl\‘/‘ﬁgﬁ‘.% %f@bg"ﬁf’gﬂﬁaﬂd ACBxtracted by

conbi ni ng thanRAPrydceasssY dvest in bheir HIbto: 5SS WHédveR odikr ifpar tvests Of tri gger
events reported for each solution. These are assunptions that nust be
verified f®Fecedretheicpehierpent of s apdgt siage the firing of htolietherfifing H808 exanpl e,

for instance,;.| A : : L1 A . bef ore
event Ids-?‘q'llﬁkergzgg&slg}rr%‘? ?tg}ég{glggpgg?(ﬁmgggés@gstlsaqgItdtdgnctbé dglgﬁ%@% wer e nmade
in 1 ~ chafachwimaicrgsuniyeionpeditaes thane+ bl ficointthointdredi[8(1 - EnS(ef ore, they

can be considered satisfied. The assunptions on earl nabl i.ng, however,
must bé car“Le‘SﬁIHey tYFRe 835 defayss @ef’ﬁ}g{rﬁa‘\flaﬁ‘ied-’iw lﬁtﬁﬁéhﬁ’é‘%ﬁ‘”ﬁ%@ act ual
del ays of thgelpeivek-+10¢ &), wiete & b RAkDiN 2P IR NUhasoHTPELIGNS rely on the

fact that the delay of gate 20 d is shorter than the delay of |ds and

dt ack. Unf ot daduceithat theyfirinetimefos g+ i be 3iways befere the ose &% 1fhat gate d is -
more conpl ex thanyd g @lsHEundof Soesh b nBRSHIRIALLb iRl dteDen 8f-ay of gate d
is shorter than the ge‘?asy o S gﬁsd‘xbgt ack canno{bnh{gll o?; tﬁ]é(#%rcuit of Fig.
31 nust, tlsexef,drasd ghdanonti ¢angdon prededessot hembingbsiuhistorpdor kol d true. One
possi bl.e solution is depicted in FEig. 33 A del shouyl d . ensure that 25
ot 2 Sna Siter Hhep PR e el canpemae Bt B g A B B0 §ET ) Seven 1 1
they are tsinggen agpuséevent (i ) pridsdey d+ DofralmeatingdRe 5haomethoapsateding hat dt ack+/ 1
and dtack+12 wll fire later than d+/1 and d-/2, respectively. Note that
the sol uti & hown in Fig. 33 only delays the triggering effect of signal

| dt ack+ on dt ackgehbudlyh@ils &mmﬁdmltwmedaiﬁ@%m@@@vég% iddglica delay at 30

the output of gate dtack, but this would al so delay dtack-, which is not
necessary fi¢nal pedal point chn analivsisthased ¢ryloes! npdd peintscganeralizgsihe it can be seen

that thg i @Bx?cfegﬁcﬁfggﬂdefn%‘ﬁ% 166k ¥ickIR} fdel Yorahd QihebRor BGS-QBES O custom ze

the circuit su
specifications. Burst-mode machines work under the assumption that each state

of the specification is a global nodal point, i.e. no non-input activity is enabled
in the state. From the point of view of specification, fundamental mode does not
allow any concurrency between the environment and the circuit.

25 The notion of a slow input event takes advantage of fundamental mode
assumptions (i.e., logic can be simplified) and speed-independent assumptions
(i.e., concurrency is not sacrificed). As an example, the definition of slow input
events allows the synthesis of a system having several sets of handshake signals.
It does this by assuming a “local" fundamental mode operation with each

30 individual handshake, but by also maintaining the concurrency among different
independent sets of handshakes. One of these examples is the VME bus

controller described in the next section.
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~ 0 ~',~2~~3 WD 001 26826 PCT/ US99/ 25644 that tim ng assunptions are nmet for |
i ndi vidual events of a signal, rather than for all the events of the]. 157 900)
signal. Relative timng is a useful way of reasoni ng about designs. T%é*"“" £ell
wavef orns in databooks are presented in such a way as to highlight the
relation b5 between signals and transitions. One can use relative timng to
archi t ectVQIUI8Hs as wel | as synthesize controllers and MeVPT%26644
correctness of systens. Synthesis and verification algorithnms can be

desi gned to di riEnslly aH dippordmaitivtaBy garecaat assiapworsiforthe sxampleeSent ed as a
relationship simlar io a behavioral or causal relation. Relative tinng
can be ap ‘ﬁe@ e lislgd belo% vel y or conservatively 10 as desired. In a
restricted form racegpjeh+xpeed-i ndependent inplenentations due to inverter
del ays can be discovgﬁﬁg+<ﬁmd relative timng can be used to show ; whet her

t he race is critical I

imeakafdve timng does not preclude netric or absolute
timng.” Metric tin‘in’g st

gventually be applied in the inplenentation
against the RT 1 S p gﬁﬁCaFes to prove that they hold. Further, many of the
RT predicates requi r8™%& tain anount of slack, or setup and hold times,
in the precedence rePHFPSﬁEf The robustness and reliability of the circuits
can depend directly-Hﬁm@ﬁéWénnunt of slack on the RT constraints. Although
speci f1& enbodi ment stimge<Bgen illustrated and described 20 herein, it wll
be appreci ated by thtmebdklidrdinary skill in the art that any arrangenent
whi ch is cal cul at ed .timeddi|déve t he sanme purpose nmay be substituted for the
speci fic enbodi ment .shewr<|ffhis application is intended to cover any
adapt ations or vari atimens<gk the present invention. Therefore, it is
intendgd that this igxemkpr be linmted only by the clains and the
equi val ents thereof . yigfc+<}iz+ ~ ~ ~ r,"as e~u3 Wat is clainmed is: 1. A
met hod of perform ngghRQiggsynthesis froma behavioral description of a
circuit, conprising: zgefioing a signal ordering of signals in the circuit,
wher ei n defining inc-H1%§<%pecifying a relative ordering of a plurality of

events i thin the Crﬁ81%5< s a function of the behavioral description of
the citTcuit and chan‘gl n%_t<|r relative ordering to optim ze a design

par anmet er; nodi fyi ng '{nﬁe+9]9 +avi oral description as a function of the signal
ordering; and synthegFfﬁng? he circuit as a function of the nodified

behavi oral descripti- H@;ﬁ.h he method according to claiml, wherein

changipng the rel ati vEMS aélﬁJ’ng i ncl udes receiving a designer-specified

tim ng®assunption and™MeEdiFYing the , ,. relative ordering as a function of
the timng assunpti ofMe3+>qhe nethod according to claim2, wherein the

desi gner - speci fi ed tfimeg>&S¥tnption is expressed as a relative tining (RT)
predi cate. 4. The netimgd+agtdftetthg to claim 1, wherein changing the

rel ative ordering i nohg¢dedrgenerating a timng assunption automatically

wi t hi n3@& processor ahmhermeef@ing the relative ordering as a function of the
timng assunption. StimElbe=me@iitod according to claim4, wherein the timng
assunption i s expressded rass+@h-RT predicate. 6. The nmethod according to
claim1l, V\hereiellg Sy thgsrshzi ng i ncl udes Yerj f?/fj ng that the circuit maintains
the nodified r I AR GBS R AT G P AP O PR g s In

logic can be obtained by applying automatic timing assumptions on it. For the
35 xyz example shown in Fig. 21 and without any timing assumption, one would
execute the command:
petrify xyz.g -cg -atopt -eqn Xyz.eqn -no
The option “-atopt” indicates that Petrify must generate automatic timing
assumptions. In the situation where the designer has already specified some
40  assumptions, the new ones are added to the designer's ones. In any case, Petrify

takes care that the assumptions automatically generated are not contradictory
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7. The nmethod according to claim®6, wherein the relative ordering is
"expressed as an RT predicate. 8 A nethod of performng logic verification
from a behavioral description of a circuit, conprising: defining a §{dgfal?
ordering of signals in the circuit, wherein defining includes specifying a
relative ordering of a plurality of events within the circuit as a function
of the bemMawa82é description of the circuit and changi ngeQ1EeSMWB@Esi ve
ordering to optim ze a design paraneter; 35 ~0ttF:;~ 2~~J nodifying

t he behavi {pid t : i | .Qr: i ng; and
verifying \tgﬁlglhceiquﬁFéee{ﬁgggy?%n%tsfgg%qgﬁ?ﬁ%“%??‘é?%@@\)?ﬁ%l descri ption.
9. The metlibd according to claim8, wherein changing the relative ordering
i ncl udes receivj,ng.a designer=.specified timng assu ion and,nodi fying the
rel ative orderi Cé‘scugsﬁ%‘%&f"i%ﬁ' f’sfkf‘fesoiﬁttlﬁ{’ﬁa%ﬁgﬁﬁﬁt%f H.‘n%ﬁ%lel'he met hod
accor di ng iﬁ.eqhaismcg,thaﬁmrngiaghuhribﬁod@@é@rgeﬁcrsua@@igbi-iﬂﬁlni&ilmtﬂgy assunption is
expressed as an RT predicate. 11. The nethod according to claim@8, wherein
changi ny tmastbgiexamiped fraabdinyg Inesr gabedigispk this FHgbedanedyng assunpti on
automati ca R Iy . S i £yl lhve. grdering as a
function o#)éam%%% ilmrﬁnrhlgpg&s’1 u'gr%t ?é%ggt%%&?%%%ﬁcm’ggg%%?%r !lﬁ‘gm o claim11,
wher ei n t hasstimpiorg hassbhevptaumatisalyxgenasedd as an RT predicate. 13. The

met hod according to claim8) wherein verifying includes synthesizing the
circuit such thHMSFH & rcuit HafHEUTHSY ¢ cﬂg‘ﬂfaflf%’&?“tcéﬁ‘at i ve ordering of
the plural PEplEReoEYent s UBAY* ¥k net AGANAEIEBFHTEAYCHS (@MaMAIAd3, wherein the
rel ati V& orderi-HEE>¥xprssed heprkisnebling(agppati®. 15. A | ogic synthesis
syst em whi ch us&8epn&Ytghavi or df calysaphlipgi(a¥fomrtia) circuit to synthesi ze
that circuit, tHmesy3zem conpr itkeanky;enablngr(keometion having a di splay and an
i nput devi ce; ahithegraigr am code,# ¢ankyteablling (awtomhtic)wor kst ati on, wherein the
program code, whewr zxecut ed, speearfyieasblmgr(ebtamiati® ordering of a plurality-
of evends withimntehe>sircuit astarlfywnstlingiawtbmati® behavi oral description of
the circuit) chaprges>i-be>gel at ivergredsslingqaitomané)l M ze a desi gn paraneter,
nodi fies the behgyaeat@aescri pf sigltakitd (fuigghign of the relative ordering
and synthesizes the circuit as a function of the nodified behavi oral

descri pti Ofhg th61o1ibMngd ReirmaldishEkted Bor MEM@fmer di ng to claim 15, wherein
the repgtive ordering is expressed as an RT predicate. 17. The logic
synthesi s systgmagecording to claim 15, wherein the system 36 73~ A
~ ~~~? ..5 [ _ furthes ek .yerification program code, wherein the
verification program s ,e‘}<+eg ted, verifies the circuit as a
function of the nodif ’b 3'ra| escription. 18. The logic synthesis

. > 2 transi %\“ 1"p). ! ; .
syste ccording to ¢ Wy V\B’er%}l n th ut _ ce is capable of
ent er F%% desi gner-sp>e fatfql% q‘?]?ﬁ‘ﬁ' nﬁ_s_sltti@_%t H‘i’ﬁ éﬂg'\é:%/ner ein the program code
modi fi es the behavi of 2P HEEER SEIGE 2 f"usmti on of the designer-specified
timng assunptions. -1§MERASHERIENSICMCHBENY)'AfS¥Em according to claiml S,
wherein the systemfurther includes relative timng program code, wherein
the relative timng program code includes code for automatically generating
ti m ng3%@ssunpt i BT fromthe behavioral description. 20. A logic
verification systemwhieghs(Ed9: e Yhehavi oral description of a circuit to
verify that circuit,>trieges(RESER)corpy4 si ng; a workstation having a display
and an i nput devi ce;> Atdngpstog(amIpide, installed in the workstation,
wher ei n t he progr am xBstenatedhdsiaye xisingt=cld, 19 fedling + #6.68 rel ati ve ordering of a
plural B8y of events wwCbhiutrehdyeredudtioni 2+=asya functi on of the behavi oral
description of the ckEpetidtindepbraiegso tifing Skwhptiehspr dering to optim ze a
desi gn paraneter, nodifies the behavioral description as a function of the
relative ordering and verifies the circuit as a function of the nodified
behavi oral descri ption.

40 z=X

> triggers(SET): x+ -» z+

> triggers(RESET): x- -» z-

> 4 transistors (2 n, 2 p)

> Estimated delay: rising = 18.19, falling = 16.69
45 > Timing assumptions (concurrency): y+<x-
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21. The logic verification systemaccording to claim20, wherein the
relative ordering is expressed as an RT predicate. 22. The logic .
verification systemaccording to claim20, wherein the input devicelilst: 2
capabl e of entering designer-specified timng assunptions and wherein the
program code nodi fies the behavioral description as a function of the

desi gner Y ¥WZ6826ed tini ng assunptions. 23. The |ogic ver RGTAEY3¥4&Eyst em
according to claim 20, wherein the systemfurther includes relative timng
progr am coade timihg irfbimadtion caebabinvfartizedias folpwagr am code i ncl udes program
code for automatically generating timng assunptions fromthe behavi oral
descri pti oo, Thediring Qrieradi+ y+dotepwired fapthe solytion ¥ ¥' Yo be validabwitas ors; and 37
-1 1T gringlordbr £ONGMGL BhfSr el BY AR oo N0 lhafRizGedlcodlfrebyiral 1 Y of
transi stors; erein the conductors are fined an synt hesi zed as a
functi on ahd makehtha svatell 1 @esreachpblepandof the circuit) wherein the behavi oral

q lon and: Pt oy e e na bet
ol ur a1ty 20 RIS rmoH: o Rasie ar o 516 4 o bF Gr BOLbET der  ng was
nodi fied ifin@rod@dr 1, RpPisieAtoreddydRs sdhitiddy ANl reddées cd@in@hdycui t accordi ng

to claim24, wherein the information specifying a relative ordering is
expr essed a4 makes Be siptn Qlpmrepchdbileat es. 26. An article conprising a

conput er readallye eHFo‘i’ée‘drPoHQH Oy teARLAAGhLrRRTe éﬁﬁfe@% vaYY‘gﬁ%]S'; flethe
instructi ons, when executed I n a conputer, create a systemrfor:

r epr esent itinging assumptibhs dndracspgéd-mdbpdndstit oirabit dediingdt This, dferdfére, circui t;

defi ni a signal ordering of signals.in the circuit, wherein defining

ncl uddh 4By PRI CR Ao CaRIUTETRYY ROPRIRD RS BOLANAYA Pl Blossbent s within ¢ he

circuit aseffofmidiet] THE reductibs obRBRVeaNBlin Has6k ielldian cRéuit. he circuit and -
changing the relative ordering to optimze a design paraneter; nodifying
t he behavi or al AIBWES ¢qmeploncizaityifl syntbesizst nere WithgRgmpdedeen #g; and -

synt hesi zi i i . ks mdih L i of al |
doscr pt 1 ohngemilioBoky il IHRGE B E ekl THE HO BB A B 11 ovi ng

i nstructi engMiEnmiseontrolidndp@isshbtwe in Fgs.radatand 24h. vibamrofleeit ed in a
conputgr, create a systemfor:.representin ircyit through a behavi oral
deseri bt | SRMBE POt PRrAon 8 devisg T g MM By, rostoligAa s i t he
circuit, vdaestednSceihdiril0OR Rsing Bighald®sCematief YO PdsaincRidad diglobseri ng of a
plurality of events within the éi rcuit as a function of the gehavi or al

descri pti dOBIPTAEK PR A LAt EKanignaly Lireanddi BT AGE HEa@RTR to optinize a

desi gn pangaigdhgke sipRs ihdd AW FREIAY SbRkold &3l PDSLMaaSs@ function of the
signal ordering; and verifying the circuit as a function of the nodified

behavi or al folew e foyrtphese pro@colTmith the ohiput aged PAIAEK t BSckred BSW, wherein the
timn Ss. I 1.S: g,ﬁ{- p i : .Jret hod accor di ng
to cl g%(% é?ﬁm\/\é{é%ﬂﬁipﬁg{g%l Z‘?’?’i‘/@%’a‘? eri r}lsgcrylgfsg rgs%%&wei}?mhlgg@gexpr essed as
an RT prediiggmime .coltspoiitiag et READacycrisdemctedinckigi 24bll, wherein the tim ng

assunption is essed as. an i C 1. The nethod according to
clai m13, wher %StWéref}éqngﬂg\}gﬁgwﬁag&@ua%pﬁyéﬁQgccggmjiﬁr '(Fjg? predi cate. 39
. A3% A, 9. Alre &hown in Figs. 25a and 25b respectively.

. AE. A@ AY. AS. AS. Ayh@. A@.. A ? AY. Af 2. A. SE. ASH. A, y. Af Y. AY. ASTY. A

, S. AA A@ A@ A .
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{val gb}&] calingd aa] fRjueed Gx@b@l?:]vﬁﬁ]ogg%tﬁ@ﬂ&i@&@laﬁémﬁh‘f@lﬁ%?’ﬁﬂigal ca] ca] ca] ca]j

ca] ca] ca] ca] ca] ca] ca] c<alU] ca] cal]
can be done by using choice places in a Petri net formalism that model the

nondeterminism of the environment. In this case, the nondeterminism comes
from the fact that the environment can choose to initiate a READ or a WRITE
cycle after the completion of the previous cycle. An STG 110 describing the

30 complete behavior of the controller is shown in Fig. 26a. Some signal
transitions, e.g., Ids+, have multiple instances in STG 110. Indices 1 and 2 are
used in Fig. 26a to distinguish events in the READ and WRITE cycles,

respectively.
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d-/2 dtack+/2
dtack+/2 dsw-
dsw- p2 p3
15
# Return to zero
p2 lds-
" p3 dtack-
lds- ldtack-
20 dtack- p0
ldtack- p1

.marking {p0 pl}

# Assuming an slow environment
25 slowenv

.end

and the command would appear as follows:
petrify vme.g -gc -atopt -eqn vme.eqn -log vme.log -no
The result is shown in Fig. 29. Note that, in this solution, no state signals were
30 inserted to solve the state encoding problem. This is due to the fact that, in
general, timing assumptions make some of the states having conflicts
unreachable. In this particular case, all conflicts disappear. The automatic

timing assumptions generated by Petrify are reported in the file vme.log as:

time lds-<|dsr+ # concurrency reduction (automatic)
35 time lds-<|dsw+ # concurrency reduction (automatic)
time lds-<|d+/2 # concurrency reduction (automatic)
.time dtack-<|lds- # concurrency reduction (automatic &
simultaneous)
time dtack-<jldtack-  # concurrency reduction (automatic)
40 .time 1ds-<|dsr+ # concurrency reduction (automatic)
time Ids-<|dsw+ # concurrency reduction (automatic)
time dtack-<|ldtack-  # concurrency reduction (automatic)
time 1ds+/2>d+/2 # early enabling (automatic)
time dtack+/1>d+/1  # early enabling (automatic)
45 time dtack+/2>d-/2  # early enabling (automatic)
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useful. The designer mlght select, for mstance another firing order by adding a

10 timing assumption in the specification: .time lds-<|dtack-. If the same command

is executed with this new timing assumption the vme.log will be the following:

.time 1ds-<|dtack- # concurrency reduction (specification)
time lds-<|dsr+ # concurrency reduction (automatic)
time lds-<|dsw+ # concurrency reduction (automatic)

15 time 1ds-<|d+/2 # concurrency reduction (automatic)
time dtack-<|ldtack-  # concurrency reduction (automatic)
time 1ds-<|dsr+ # concurrency reduction (automatic)
time lds-<|dsw-+ # concurrency reduction (automatic)
.time dtack-<|ldtack-  # concurrency reduction (automatic)

20 time 1ds+/2>d+/2 # early enabling (automatic)

Aime dtack+/1>d+/1  # early enabling (automatic)
time dtack+/2>d-/2  # early enabling (automatic)
.time lds->d-/1 # early enabling (automatic)
.time dtack->d-/1 # early enabling (automatic)

25  Note that the first timing assumption (.time lds-<|dtack-) comes now from the
“specification”. Petrify cannot, therefore, generate an assumption such as “.time
dtack-<|lds- that would contradict the assumption specified by the designer.
The resulting circuit is shown in Fig. 30; one can see that there has been
improvement in the synthesis of the dtack circuitry by reversing the firing order

30 ofdtack- and Ids-.

There are other timing assumptions that can be made. For instance, from
the specification of controller 100 shown in Fig. 26a, it can be observed that the
return- to-zero paths of the protocols at both sides of the controller (bus and
device) are done concurrently. We may, therefore, be able to assume that the

35 bus control logic is so slow that any new request for a read or write cycle (dsr+

or dsw+) will never arrive at controller 100 before the handshake with the
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fabrication) must be analyzed to determine if the assumptions hold. To do this

analysis one must first study the information reported in the file vme.log about

each gate.
SET(dtack’) = Ids'
10 RESET(dtack") = ldtack 1ds
[dtack] = dtack' (output inverter)
> tnggers(SET):  1ds- ~» dtack- K
> triggers(RESET): ldtack+/1 -» dtack+/1 ldtack+/2 -»
dtack+/2
15 > 5 transistors (3 n, 2 p)

> Estimated delay: rising = 22.94, falling = 16.69
> Concurrency reduction; lds- => dtack-
> Timing assumptions (early enabling): d+/1<dtack+/1
d-/2<dtack+/2
20

1ds' = dsw' dsr'
{1ds] = 1ds' (output inverter)
> tniggers(SET): (dsr-,dsw-) -» 1ds-
25 > triggers(RESET): dsr+ -» 1ds+/1 dsw+ -» lds+/2
> 6 transistors (3 n, 3 p)
> Estimated delay: rising = 18.44, falling = 24.50
> Timing assumptions (concurrency): ldtack-!dsw+ ldtack-!dsr+

30 > Timing assumptions (early enabling): d+/2<lds+/2 d-/1<lds-

SET(d") = dsr' 1dtack
RESET(d') = dsw ldtack’ + dsr ldtack
35 [d] = &' (output inverter)
> triggers(SET): dsr- -» d-/1 Idtack+/2 - d-/2
> triggers(RESET): ldtack+/1 -» d+/1 (dsw+,ldtack-) -» d+/2
> 10 transistors (6 n, 4 p)
> Estimated delay: rising = 29.88, falling =29.25
40 > Concurrency reduction: ldtack-==>d+/2
> Timing assumptions (concurrency): ldtack-<dsr+

The timing assumptions are represented and summarized in Fig. 32. We can

distinguish three types of timing arcs in that diagram:
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that the delay of gate d is shorter than the delay of 1ds and dtack cannot hold; the

circuit of Fig. 31 must, therefore, be modified to make these assumptions hold

true. One possible solution is depicted in Fig. 33. A delay d, should ensure that
25  1ds+/2 and lds- will fire later than d+/2 and d-/1, respectively, even if they are

triggered simultaneously. The delay d, should ensure that dtack+/1 and

dtack+/2 will fire later than d+/1 and d-/2, respectively.

Note that the solution shown in Fig. 33 only delays the triggering effect

of signal ldtack+ on dtack+. Another solution would have been to add a delay at
30  the output of gate dtack, but this would also delay dtack-, which is not

necessary for the correct functioning of the circuit. Thus, it can be seen that the

information reported by Petrify allows the designer to customize the circuit such
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Although specific embodiments have been illustrated and described

20  herein, it will be appreciated by those of ordinary skill in the art that any
arrangement which is calculated to achieve the same purpose may be substituted
for the specific embodiment shown. This application is intended to cover any
adaptations or variations of the present invention. Therefore, it is intended that

this invention be limited only by the claims and the equivalents thereof.
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modifying the relative ordering as a function of the timing assumption.

S. The method according to claim 4, wherein the timing assumption is
expressed as an RT predicate.

6. The method according to claim 1, wherein synthesizing includes
verifying that the circuit maintains the modified relative ordering of the plurality
of events.

7. The method according to claim 6, wherein the relative ordering is
expressed as an RT predicate.
8. A method of performing logic verification from a behavioral description
of a circuit, comprising:

defining a signal ordering of signals in the circuit, wherein defining
includes specifying a relative ordering of a plurality of events within the circuit
as a function of the behavioral description of the circuit and changing the relative
ordering to optimize a design parameter;
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description as a function of the relative ordering and synthesizes the circuit as a

function of the modified behavioral description.

16.  The logic synthesis system according to claim 15, wherein the relative
ordering is expressed as an RT predicate.

17. The logic synthesis system according to claim 15, wherein the system
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when executed, specifies a relative ordering of a plurality of eveTits within the

(&

circuit as a function of the behavioral description of the circuit, changes the
relative ordering to optimize a design parameter, modifies the behavioral
description as a function of the relative ordering and verifies the circuit as a
function of the modified behavioral description.

21.  The logic verification system according to claim 20, wherein the relative
ordering is expressed as an RT predicate.

22,  The logic verification system according to claim 20, wherein the input
device is capable of entering designer-specified timing assumptions and wherein
the program code modifies the behavioral description as a function of the
designer-specified timing assumptions.

23.  The logic verification system according to claim 20, wherein the system
further includes relative timing program code, wherein the relative timing
program code includes program code for automatically generating timing
assumptions from the behavioral description.

24, A circuit, comprising:
a plurality of transistors; and
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conductors connecting two or more of the plurality of transistors; wherein
the conductors are defined and synthesized as a function of a behavioral
description of the circuit, wherein the behavioral description includes
information specifying a relative ordering between a plurality of events within
the circuit, wherein the relative ordering was modified in order to optimize a
design parameter.

25.  The circuit according to claim 24, wherein the information specifying a
relative ordering is expressed as one or more RT predicates.

26.  Anarticle comprising a computer readable medium having instructions
thereon, wherein the instructions, when executed in a computer, create a system
for:

representing a circuit through a behavioral description of the circuit;

defining a signal ordering of signals in the circuit, wherein defining
includes specifying a relative ordering of a plurality of events within the circuit
as a function of the behavioral description of the circuit and changing the relative
ordering to optimize a design parameter;

modifying the behavioral description as a function of the signal ordering;

and

synthesizing the circuit as a function of the modified behavioral
description.
27.  An article comprising a computer readable medium having instructions

thereon, wherein the instructions, when executed in a computer, create a system
for:

representing a circuit through a behavioral description of the circuit;

defining a signal ordering of signals in the circuit, wherein defining
includes specifying a relative ordering of a plurality of events within the circuit
as a function of the behavioral description of the circuit and changing the relative
ordering to optimize a design parameter;

modifying the behavioral description as a function of the signal ordering;
and

verifying the circuit as a function of the modified behavioral description.

28.  The method according to claim 4, wherein the timing assumption is
expressed as an RT predicate.

29.  The method according to claim 6, wherein the relative ordering is
38
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