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1 Mraduction

Sinmthe Verifier doesnaCparf?mna fixlldmuiath afthe~itdase notknaw the
mbJesafmostsignab-theaaaiya& butmlykwm @tefh=dMyam@abk=~ In

asethededgn isincumpbtdyspedfid Urthevermar isunebiemda—mine t!kevahaeot8sigx@

thedesigw ?canspadf )dgnaldmingaasmbnsinthedesigzL Thisinfmnatitm natadyallmsthe
VerMcrtm an~thedming withautmmrtlng mMsirmIfaticHLbut bammsanin@gxal partaf
--4-f--~~~ ~afthed~ Theabi&ymqectfy

- Mmma&&n rnthedesign aboalknus thededgne rtoslat eexplictti ywhattbning =umpUms

heismaking asheprtxmk These~ ansthemamnnaticaUycheckaibythe Timing
Ver#f3er whenthedes@ isaa@ete&

Ingm3ra&thc phih3sqhyoftie V* istamrnagamsttheslig’h-~~ of an
error, thereby akrting the engineer reanalyze thecixuitind- tudetermrne whether there isa

real problem- Because the Verifier dm!sitcXb theva.lue ofmanysignals in then-k itin

manymes will assume thatthings areworse then they really are lfap-larpathisind-



mbeaprobkm anditrediyisn~ thminformation can be addedto thecircuitm helpthe
Verifii, sothatthe dreuitwil lbeaualyzd -thenat~ Foraamp~if the design

amtsonmm eiatimsth attheVerifier ism7tawamo f,Mseerrursc artbe gmeratai.

2 Previous Approaches

There have beenanumber ofpevious approachu totheveMcadon of timing * “ tsin
~ SYstem%which m be grouped inmtwomain caqori= logic ximuiation [1,51 and worst-case

path analysis [61

The logic simulation approach poses seved problems It requires ather a m+ete design

including any microcode and ~ or some way of generating patterns to drive the undefined
sigrmk Waiting until the design is completed m startsimulation presents the probkm tha& bugs are

not found until late in the design cyck Generating patterns m drive undefined signals is very

timHXnsuming anddiffkUlti -whmthepattmms rM9Edtogothrough the%cmt+ase”setof
-“ Simulation isalsoa veryinef&imt wayoftkiingt iming~ because of theneed to run
through alargenumber ofstates in order mmstall of the%orst-case=timingpatlw In fx for

mostlarge digital systems, itisimpossibk mhaveahigh degree ofamficknce thatthe worst-case
states haveallbem&stecL

The worst-case path analysis appraxh examinesall paths through the combinatorial I@c
betwemregg30r -searcMgfnr the~and shoxtest path Thisappmsch pines

probkms whnthet imingoft hecircuitia aflwtion of thevalue ofsomesignals, requiring logic

sunuhtion in order m determine the dining of the circuk It is afso computationafly expmsivq but

does provide feedback to the designer early during the design cyc@ without the need m genemte
detaikd M pattemm

Inwntrasq the SCUD Timing Verifkr eliminates mostofthe pmbkmswith these

approach= allowing the design to be vexified as it premeds, without the need to generate test

patterns It also uses a computationally efficimt algorithm to WVer all of the states needed to fmd

allofthe timing errora Handling cixuits where bgicsimu- ofparts of thecircuit isneededto
understand the detailed timing is andter of its qabi-

3 Operation of the SCALD Timing Verifier

Considercheckingthe timing of the simple circuit shown in H&me L As inpu~ the Verifier
needs a detailed timing model of the components usai in the circul~ the timing pmprties of the

signals which are not generated within the &cuiG and a w of evaluation diresdv= These
evaluation directives specify how m handle conditions which the Verifier has txuuble with because

it doesn’t know whether a signal is true or fake

Ghrm a set of input values m a mnqxment with any needed evaluation directiv~ the
Veri@r can calculate a new x of output values Xf an tmtput chan~ then ail of the primitives

that it drives are reevalu~ possibly generating more output chan~ This prouxs is amtinud
until all of the signals stop changing at which point the Verifier knows the timing behavior of ail
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The Timing VerMeris asymbolick@c simuktrx which doescase analysisto Imndle the

diff&wnt timing ~thatneed tr3 rechecked within adesign. I&isa)symbolic logksimulamrin

thatitrqresents mostsignals aseitherstabk orchan~rather thanastrue or false Thisgmatly

mducesthe number ofcases that need tnbechecked mfistdall possibktisning errura Since the
Vexifler ismXtrying t33check the~k@calqeratim of thecircui& knowing theactualvahaeof

mostsignals islulnecesaay.

Tounders&md thevaiue ofusingasymboUc represmtadm formost sign~mnsider
checking the timing of a I&bit adder where the values of the signals am sped.fled. Either an

analysis ha3mbernade todemmine thewomt- addm~orallpossibk combinations needm
betrie& because the addithm of diffimmt pairs of numbers can take a different amount of time

16 16-@~representing all the pairs &twoI &bitTrying all possibk combinations #v= 2 *2

numbers
. .

Demmmmg theworst+asm testtntryln general isaquite difficuitprOMem. If, instead

ofsmingth einputsof theadderto aparticular valu~the inputs go fium achanging statema

stabk x then the simulation can not cuunt on a particular set of numbers being adde&and the

Worst caseis aummtidy tesaui.

Where itisessential m know whether asignid tsazero orameforap~lar cyck the
Verifi+i mustresort tocase analp Thisisbecause the Verifier only knows onevahseforasignai

during theanaiysi.s ofapartkular cydeorcase

Consi&rt hedesigno fapmcessor that has a variabk cycle time, Depending on the operation

to be done a dii%rent amount ofthneis mquiredmexecum Qbecause different paths through the

execution unit having different delays are used. To anaiyze the timin~ a number of fundamentally

different cases need to be checked, and which case is being analyzed is determined by the value of a

number of the control signals The Vefifii Ml then enumeram the ~ checking them one by

me- Tiuscould beaverytimeamuming ~butinpractke hastumed outnottobeso. In
the verification of the S-1 Mark IIA pmcesor, it has bam fixmd that very few cases (on the order

ofhalfa dozen) needmbechecked,and thatmost msesmnd tochangeodya few laalsgna4

making them veq quick to anaiyze It has also h found that the number of places that need

detailed case ansdysis are srnal~ and that simulating ~ the main cases is nommlly quite satisfactory.

This ailows the verifications that are performed m a daily basis to be executed very rapdiy.
Periodically, complete checks are done that gu through all of the cases

3.1 circuitPeriodiaty

Theclak period ofacircu itbeingana?ped isdeclared before apartkular caseisanalyzecl,

and for most cks@, is the same for all cases If different pam of the system run at different clock

period% then the least commcm multiple is declared m be the periodof thecinmk For exampl~in
the Mark M prcessor, the arithmetic unit runs at twice the clock rate of the inszmxtion uniti in

order toincreasethe vecmr process@ rate and so the period declared for the entire machine is that

of the instruction unit



Page + ~tiOSE of the X&D Timing Verifier s 3.1

Within agiven~the intervals oftiility andchange foreach signaiareassumd tooaur

~y~--fq-% bssideran~ ~. Within a wimiotk3
debmnind by the minimum and -USn~-deiayOfth~ regktera ndbytheskwon

thecbcL thecnstput of there@stermay bechangxng but fortherest of thecyclq itmust bestalk

Foragiven ~thedo& will always oauratthe someplace wxthinthecyd% andm the behavior
&theoutput of themgister willbe Peridic iftmelooks rmlyatcbange versus stability, nc%at

Iogialtnxt horfaistty.

The Verifier then anaiyzes a case via an mestt-dxiven simulx taking all signals m be

-tih~qwmtieqti-h- repeatedly evaluates theti~tsmti
all signal values converge

u values of Sigllab

Atanyins&sn& asignalhasawofsevm values

Valuq

o
1

S or STABLE

C or CHANGE

Ror RXSE
F m FALL
U m UNKNOWN

M-g

*or Zero

truqorale

signal isstabk @notchanging

signal may be changing

signal isgoing hmazerotoame
signal isgoing fmmaonetoazem
the state uf the signal is unlmown, which

istheinitial value ofmostsignais

Table >1
si@idvalues

Thevdue ofadgnalover adock@ isrep~tedb?alinkedlisL-n* of which
specifies a value and the duration of that value The sum of the durations of all the nodes in the

list must equal the periai of the circuit being analyzed.

When a signal prop- through a gate or wire where it is delayed by a variable amount of

~ then skew is added to the signaL representing the un~ity in when the signal will change

This skew is kept separatdy in the repre=Mion of the signal to preserve information about the

width of pul~ to avoid false timing errors arising from not meting minimum pulse width

requ iremems If two m more changing signals are combined, then the skew cannot be simply
represemd sepasatdy, and so it has to be inwrpommd into signak by using the CXANGE, RISE,

and FALL vaius
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Tohandle p_dedgned_ the Verifier needs timing asse@xM as undefined
signala Undefined signals with no amerths aretaken to bealwaysstab~ tokeepthem-
causing numemus spurious ezzur~Twotypesof~ areusui fi3frs@fying cioclL&
andmcisused f&defining tltebehavior afmstrOl and&&s signak

There aretwoa@gurks of&cksignak precisim andnon-pr~ The difference
between precision =d”~-~ is the default skew used when none is
expiicitlygiv- l%eskew isgeneratdbythev~ inthewire deiaytothediffimmt parts ofa

systmn and by the variatbm in delay between the different buff&rs used in the clock generation. In

thedesign ofalargedigital~ thaevaxiaiom can bezomequite ~anddegmde
performance unaccepabiy. To reduce this skew, the short clock paths can have atra deiay in-

into them. Because the dela~ in a M distributhm system varies between machines, in many aaes

itmustbe adjusted byhancL by using sometype ofadjust.abk dekay for each dthe dock lines.

Using this technique the * can be mchxed to below some specified amounLIn order to verify

thetiming inadesign thathas beenso de-skewai, itisnecessq to describe how theclock swillbe
adjusted indetail within theduign specifiias. Artumber of features which wiXlbedescrbdin

thisand then=tsection have bempmvided mmakethis taskaseasy aspossibk

Ifadock signaiisadjustedfnsomespd.f%d skew,thenanassaioncanbegivenwi thin the

signal name denoting tha$ facL AmerMons a.mgiven atthe-d ofsignal names and aswpru=iedby

a+ Theyare considered *dti signalname~therestoftie=~ -which
makes sure that al of the asmrths fdragivest sig@arecor&@enL

The fbrmat for the uertions forthepredsim andnm—pm=m ciocks an=

SIGNAL NAME 3 -e spdbtim> e specification>

where

SIGNAL NAME .C -due spedficatirm> -kew specificiWm>

An exampk clock spedfkath is

XYZ .C+6 L

which says that thesignalgoesfiwm ahighto alowartime%andfxmn alowtoa high attime6.

The time units that the clocks are specified in are normally set to a fhction of the cycletima For
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exasnpl% cmeeighth of thecycie isthepericxi used in the design of the Mark IIA~.

Spedfying cldsasf~ of the cydetiuw rather thaninabsohste time units allows thereladve

timing within thedesign toscaie ~titicyckumehm. The signal

XYZ.C2-3,5-6

isequivaknt to the previoussignal

Theother typeofassmion states when a given signal is stabiq and when it may be changing.
Itsgeneralfclrmis

SIGNAL NAME S amiue %=@=-

Foraampi~the name XYZS4-6 says thatthe signaiis stabkfhxntime+to time& and maybe

changing during the rest of the cycle

Thistypeofwertion hassevesai~ Fixz&it allows thedesigner m~h.isaasum@ons
about whensignals arevalid (&nmchangingj ashecreates th~and those assumptions willbe
usai by the Verifier until the signals are generated. For generated signa& the assertion is checked

against thetiming of theactuai gmented signa andanerror message isgenm@d iftheasserdm
is violated. In the design of the Mark IL% processor, most signal names have stabk assmtims in

them. This gTeatIy improves the readability of the Iog@ since a signal name very explicitly states
when the signal is valid.

Putting the stable assertion on interface signals is the key to the ability to verify a design in

secticms. After each section is verified, SCALD checks to see that the interface signals have the

same aswrtmn- s Ifnosection hasanerror, assd all of theinterface signais have the sameasserdorM
then the entire system must be free of errors.

14 Evaluation Directives

Evaluation directives tell the Timing Verifkr how to evaluate certain gain. They can also

Because the Verifier is not doing fMl logic simulation on a completed design, it does not know
the logic level of mCEWsign~ but only whether the signals am stabie or changing. Consider the

drcuit shown in Figure 1. The clock signal %K Y2-3 L- is being ANDai to the control signal

‘WIUTE SI-6 L= to generate a write enabk pulse for the RAM array., If the data is stable every

cycle during the period that the MM is to be writIM, then the most efflaent way to check for
timing errors is just b analyze the case in which the signal WRITE S0-6 L- enables a write The
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%H”diredivesh ownatth eendoftheckksigmd saystuigmreth evalueof theWRITES1-6

L“+Aal&wing thecio& signal aiways tnppagate dsrsmgh the gate hs~it says the

timing spedfied bythecloc ksignsdisto bed~sothat itrefersmthe time atwhichtheoutp~

rather thanthe inpu%of thegatecharsgea The YkWdiredve aisospeci&sto checkthatthe
contmlsignaJ wRITEM-SL” isstabk dasring theperisxi that the clo&isasserm& tu ensure that

thewdte will beeither soiidly alabledor aondlydisab&lsL

There areanumber ofdlff&ent directives abgthelines of the=direcdve For
exampbthe =&2FdirectWemthc sigssal ?2KY04- siatesthat the clock timing refkrsmthedsne

theoutputofthep- Jfndtipledir ectivesare givenaft erasign* suchas”~, then

the flrstletterreferstn thefkstkvelof gatingand the~drefers tothesaond Ievelofgadng

aflerthedirecdva There isuoiifnit msthekngth ofadirective string.

4 Design SpaMkation

Figure lshowsa dxwitexampkspe&ied inthe SCALD Hardware ~Language
The circuit comists of a 16-word by 32-W RAM, a 32-bit regkter, a 2-input multiplexer and

several gates This design descriptism is asterd into the cunputm via an intemdve graphic aiitur,

and fcmn.sthe data base thatdrives themSCAU3sptecm

Adetailed desdpdon of the basic WXU3 Ianguage can be finsndina3,41 and willncxbe

repeated he= ~e*~&~mtiT_V*=hF~lmtie~-a

s@alsi ev~u- d=v% and the spedbth ofposatble wiredelap ‘l?heassertb onthe

signal W DATA fA)-6431>” says that it is stable fhxn time O m time 6, allowing the Verifhr m
check thetiming ofthiscimuit without knowing howthesignal isgenerated. T’he aasmtim on the
clocltsignal ”CK.P2-3L-ssys that itislow between times 2and3, andhigh fmtherest of the

cycle The signal “ADR<(MI> [0.06.Or states that the address wires on the RAM can be between O

and6nsx long. Theevaiuatim tiv6%W and Whaveakeady beendescribd

5 Chip Definitions

Foreach chipusd hadeaign, ade%dtim ofitstiming artdbgical properties isgiven @the
SCALD Hardw= Descq)tion Language

A chip is defiiai in texms of a set of primitive ftmctions that the Verifier understamk

These primitives include AND, OR and CHANGE ~ mgkuzs, latch= multipkx~ a setup

and hold checker, and a minimum pulse width ch-. Two ample chip definitions are shown in
Figures 2 and 3. Figure 2 sh-s the definitim of a I014SA, a M-word RAM. Figure 3 shows the

dti]nition of a 10158, a 2-input multiplexer. The 10I45A mxlel h a timing model only. The ‘3

CHG” ma ‘4 CHG” gates are CHANCE ~ which output the value CHANGE when any of
their inpu= change, and output the value STABLE the rest of the txne Using CHANGE gafes has

been found to be invaluable in modeling msnpkx functions for which knowledge of the exact logical

operation is unnecessary. The model for the 10156, on the other hand, is an accurate mode~ whlch
could be used to do full logic simuhtion. For the 1015& the model of its complete logical opemtim

is nemsary to V* timing mnstraim in fnany circum
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6 Wire Delay Estimates and Calculations

titheactu alwiredeiaysam~ the Tinsirtg Verifkrusesarulemes tima@ thesm
except where they have been specified by the d~er. Af?er the routing of the wires is known,
acmrate wire delays are cakdatd This is done by the SCALD Physical Design Subsystem [3,~
which then fti them back him the Timing Vetifier, which dm a detailed check uf the timing.

7 Circuit Vefifiation Example

Figures 4and!5show theresu&sof running the circuit shown in Figure 1 through the Timing
Verifier, with aspecifHcy cktimefdr thecircuit of50nsec, andadefault wiredelay of Oto2nsec.

Figure 4gi*esa um@eteHstfngof all of thesignak,showin gtheirvahseas afunction of time

Consider the first signal in the m ‘ADR<Q3>”. Jthasthesame value forallofksb@ and so haa
only one vaiue given. It is stabie at the beghning of the cy~ and starts changing 0.5 tssez into the
cyck Ek~~m~~Mn= mUnSxw-~t ti~~kmM2&5- Itis

thenchanging fFom255nses into the cyckunti13Q!5- Itthengoes stabkfYorn ~5n= until

theendofthecydz

Figure 51imthe setup andholdtimeerrora Wxausea fthelongw irespecifiedm the signal

“ADR<c& [Q~.Or, two setup * ~ are gm- The rim ~ *OWS the ddreas

onthe IUMjust going stabie attire luthesme timeasthe write enable ~)~~

sising. Since aWUUmquires asetup timeof 3A~thewire delay onthe~signaJ mustbe

reduced m25nsec inorder to eliminate theerror. Thesatmd error message listed shows the data

being readout of the RAMguingstabk at~47.5nsec, andthec&ck_gto riseattime49.O

-~tig~lylfin=~-p$me~ of therequired25nsec.

8 Correlations Within Digital Systems

Consider constructing an 8-bit shift regismrusing two i-bit shift register ch~ The shift
output of one chip must to be mnnected m the shift input of the other chip. If the minimum delay

fromthe dockmthe shift output is not greater thanthe hoki Wneon the shift input byatkast the
maximum skew possible between the two dock inpna then there is a timing problem. The key to
checking this timing constraint is to caiculate the maximum skew between the two clock inpu~

taking into account any axdzkmswithin thedrask

Nowconsider thecase where there isa Iargeamount ofskewon thedrne at which the dock

signal will occur, but that the two dock inputs are wired @er with a short wire The skew that
each chip sees is 1- but the maximum possible skew between the two inputs is quite smail

because of the cormdation between the two c!ock inputs. To analyze this case correctly, the Verifkr
needs to understand the correlation between the two cbch The approach that the Timing Verifier
has taken is m make the designer expkitly declare this cxxreiation in the design specifkmion,

reiieving the system of the burden of automatically finding k Since this type of correladon tends to
occur in oniy a few simpie macros (defining items such as shift regismrs and counters), it seems a

small lxmien to declare whm a circuit is counting on a correlation to work properiy.
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9 Verification of the S-1 Mark IIA Pmxssor Timing

The Timing Verifkrh asbuaedt nchaAalXofthed mi.ngaxwtmm “ tsinthes-lkfarkm

P~ design. ~e-w=~dbwp~~gtitie~-ad~d

P-~ unit andtheinstrudion exeaxticmunk Each of these units cmsists ofappr=imamly
5,000 MSI and MI E(2L chips The V~ afcneofthese unMtakes about 12m Mminutes
ofexecutim thneand 6t08megaby&aa ofsmrage onthe S-l Mark Ipmcesor. The Mark X

P=== is the t?im genmdon S-1 pmcesmr which was designed with SCALD, and is comparabk
in @brmance m an IBM $70/16S.

The vexifiion of the timing mnstram“ (s proceeded on a daily bask Each day the Timing
Verifier was run to find any timing errrxs which might have been introduuxl during the previous

day’swork into thedesign. ThisaMwed emorsto be found and fixed astheywere introduce dinto
the design, before their effeus could propagate throughout the design. This early continuous

fisedback was found to be invaluable in timely wmpietim of a design with a high degree of

clmfidence in its openlbility.

10 Cosmhlsiolts

The SCALD Timing Venf@rhasbeen averydl%ient wayofciiscovering timirtg errorsin

~-- fititi-tfmtiexdptit=fi~~ littktnore efhrtf~the
d~bqond whatisrequimdto dothebaaicdesigm ~kti~p~~-hh

alIowing a large design m be verified m a relatively small amount of computer time

Once the timing constmm“ ts have been verifii then a simpk logic simuiamr which does nat
have m worryabouttimingcanfindtheM@@ prubabk logic errors. The kss probabk logic errors
can be found either by a hardware sixmdator or prototype The timing m both the prototype and
the final impkmentation can then be checked with the TimingVerifier.
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Figure 3- Definition of the 1015&• two input multiplexer chip.



Values of all si~aals

ADR<0:3> . . .
CK .Pt3-4 . . ●

CK .P2-3 . . ●

CK .P4-8 .
ouTPuT<f3:31> :
RAM<O:31>.
READ ADR .S4-9<0:
REG CLK
W DATA .S6-6<0;31
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3>:

>:
ifE- .
W1l’fli .St3~6 : :
WRITE ADR .S8-6<0:3>
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s:O.e, C:o.s, S:5.S C:25.5 s:30.5
R:t3.0, 1:1.0 F:24.h 0:26.6 R849.O
0:0.0, R:ll.k, 1:13.*, F:17.$, 0:19.8
F:O.0, 0:1.0, R:24.0, 1:26.0, F:49.tl
S:o.o, C:a.s, S:7.5
S:0.0, C:5.0, S:20.5, C:30.0, S:45.5
S:6.0, C:6.3, S:2S.0
R:t3.0, 1:1.0 F:24.0, (3:26.0, R:49.O
s:(3.0, C:37.4
tl:f3.t3, R:ll.5, 1:13.5, F:17.8, 0:19.8
S:O.(3, C:37.5
s:o.ot C:37.5

(oonstant value)
(oonstamt Valwe)

(aonstant value)

w .



Setup, Hold and Minimum Pulse Width errors . . . .

Sotu time ~r~-r; Setup Time = 3.5, Hold Time = 1.0
CK IfiPUT (-0.0,+0.0) 0:0.0, R:ll.S, 1:1S.S, F:17
DATA INPUT = ADR (-0.0,+0.0) S:9.(3, C:e.s, S:li.s, C:25.5

Setu time ~r~:&;cS~tup Time = 2.S, Hold Time = 1.5
CK IfiPUT (-0.0,+0.0) R:6.(ii, 1:3.8, F:24.t3, 0:28.0
DATA INPUT = RAM (-tl.o,+tl.a) S:e.o, C:s.o, S:22.5, C:30.
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