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Field of the Invention The present invention is related to conputer-aided

desi gn ( nmﬁ?d nmore particularly to property coverage pichfsgs/idss
verification of integrated circuits. 10 Background Information One of the

problenms with nodern logic design is the verification that the design
actually works in the way it was intended to work. Undetected errors in

the |l ogic design may cause costly redesigns, or even |oss of consumner
confidence in the product if the product has been rel eased on the narket.
15 Model checki ng PROBEBTMCEDGERA GE INRORY Alle STHREFIOASEEINCchecki ng is a
formal verification (FV) technol ogy for property verification. A property
specifies the desired values of particular circuit signals at various
points i time in relation to other signals. Gven a nodel of a design and
sone desired properties, a nodel checker |ike Synbolic Mdel Verifier
(SW) verifies 20 whet her the nbigld oktheilsyertipng] | t he desired properties

under all possib i - uen L.qhe erties, are ified in a
broperty speci 1 daePARcT RSN NE R AR RBRBT AR ERIG ML o)
Al t hough nodere plrgicklanig td froperte ¥bratisdel i €ornfaV vEeGdufiod WE intégriidd can escape
t he nodel checking effort if the properties specified by the user do not
check for tKECWroneous behavi or caused by the bug. 25 Such erroneous

behavi or;usual Iy occurs in sorﬁ&gwﬁlﬁgﬁﬂ%o&ase that has been m ssed
en t

by the user. This is quite conmon e specification has to be
manual | y deconpo$ed of tieoprablssts vath swdérhdogic design isrthe tvaificatipn dpettei es t hat

are verifiabl.e by the npdel checker. To reduce hug _escapes, the user needs
to conti nugﬁgg/a‘éﬁlg’n‘@gr}fféh“ HAEi VD] Th Y 3p FOPKE it%_g’ogh _gU%‘%‘é‘i‘it?‘%/e_rﬁEWnpr operties,
wi t hout 30 kpowbiGiekibn s Qg ddsap %ﬁey@% fot 6&dn 185 4% ohBfHd dofii@8Hce O

redundant. LogiC similation is another thod of verifying designs. In
exi sting simieaprodict Yalseprodastiblas bedni releasedtdngtiohagiets, coverage netrics are

(510,14 MDrove 8, Sl o Beheil:SULLS AN 58! MBPokIB 108" °5° ©
formal verification (FV) technology for property verification. A property
specifies the desired values of particular circuit signals at various points in time
in relation to other signals. Given a model of a design and some desired
properties, a model checker like Symbolic Model Verifier (SMV) verifies

20  whether the model satisfies all the desired properties under all possible input
sequences. The properties are specified in a property specification language such
as Computation Tree Logic (CTL). Although model checking is an exhaustive
FV technique, a bug can escape the model checking effort if the properties
specified by the user do not check for the erroneous behavior caused by the bug.

25  Such erroneous behavior usually occurs in some obscure corner case that has
been missed by the user. This is quite common when the specification has to be
manually decomposed into a set of smaller, more tractable properties that are
verifiable by the model checker. To reduce bug escapes, the user needs to
continuously strengthen existing properties and specify new properties, without

30 knowing if the additional verification is insufficient or redundant.

Logic simulation is another method of verifying designs. In existing
simulation-based verification methodologies, coverage metrics are used to

improve the quality of a test suite and estimate the progress of the verification



t ask. For exanpl e, a common coverage netric for simulation is "code
coverage", which neasures the fraction of hardware description | anguage
("HDL"™) w%@qts exerci sed during sinulation. An "obser\vaititdobModeesed
code coverage" enhances this netric by factoring potential error

ropagation t obser ab| it oints. "Tra SIT.IO covera i s anot her
get lrolg for &t 8T SR "r?ﬁ@ﬁ?’g‘é%ver@féﬂet{?%}@%rrsé’&l% ARy &?gﬁre effective in

reduci ng bugoee%ggaoe&hmi md¥hrdt tHedrRubn 6OHAHRAR NRLESidMNabhilR Eest SUI te.
However, the existing coverage nmetrics for sinulation do nofg

directly to (fBREl) sctﬁél@kmﬁgxerelsgd durgnghsimpdationt @p‘f@sma@htwaswneodsode
coverage or 10 t5an |t|eog6cov fagt%%{l CoN: g X 0(%lhetc:kl ng task gives a
meani ngl ess O age g1 very p perE@ rﬁ_éafc? ETHN Stion i s

dynam c and obt&vatiiy@oags T”BraﬁkihMﬁébvbYageﬂMnomeﬁh{e@Mﬂﬂcﬁﬂt@@l@tzﬁe wher eas
nodel checking is static wthout any notion of circuit execution. Unlike

| ogi ¢ si nul &tdcBies.t pech GoReragh BIsErIcsEHe piAkatvg hraduging dugsecager et i on in a
nodel checki f 5 the quality of the properties
verified. Tﬁ’gglé Pg{é%gﬁggﬁﬁgﬁﬁzlgﬁ tgﬁllte'l.cover age netric that estinmates

t he "conpl et enes$Howdver thct dxastipgalov e ofetrics Set simfulgoiva@errot esply agai nst  whi ch
t he design has een veri d. For exanple, consider the CIL forrmula for

count, a moddie to(,‘B &he e % £ S4TRIC BIGHPIFaueR ohbecodesqyeragepbut s: 20
AG ((-stg]l '%ra'hﬁﬁgﬁ B2 tme'mg%ﬁ‘(acr‘ﬁo%e) cl@&ﬁ%q 1vg§ 3 m@ulm%l@%ss formul a
specifies that 1f the s and reset sign e deasser and the

count er val wevéragd dslé)Of%hﬁom 65¢rytpm@crttyheLongM19}atmnw@)mnns amditd i n the next

step. The nodel cker | ores . the entire reacha te. s ace to
Vertiy the CBYGREER ELRCYRAT SR G P Rt BRes e PhE et ness of
the conditi QM &% Koenlof Cirbidt eddeulidte MEABRY 19 Qih8atibY,)th@kdlinoBd t hose
states that are immediate successors of states satisfying the antecedent.

The actual oHfdekhagbug csdape d@tmtroeﬂcm rgnedet Glﬂ@kmgcﬂffomhd@hedsmy ostate space
o provi o TooakdECertsbibeines velfh M BreP i el e R0 RabtertB Gt i ne -
cover age neagdhietaoestingitehé chh@fflbt%h@@” (1%0tHéqu§Btfy1) bes setla%raﬂettﬁes and ot her
reasons, there is a need for the present invention. 2
against which the design has been verified.
For example, consider the CTL formula for count, a modulo-5 counter,
with stall and reset as external inputs:
20 AG[((-stallN-reset/\(count = C)N(C<5))~AX(count = C + 1)]
This formula specifies that if the szall and reset signals are deasserted and the
counter value 1s less than 5, then the counter increments by 1 in the next step.
The model checker explores the entire reachable state space to verify the
property. However, in reality, it ascertains the correctness of the condition on
25  count (that it increments correctly) only in those states that are immediate
successors of states satisfying the antecedent. The actual checking of the
correctness condition on the model state space is thus constrained by the CTL
formula. Thus, this property cannot be said to provide 100% coverage. This
example illustrates the need to define a coverage measure for formally verified
30 properties.

For this and other reasons, there is a need for the present invention.



WO 00/ 79421 PCT/ US00/ 40255 Summary of the Invention One aspect of the
present invention is a nethod of nmeasuring coverage of a fornal

verificaljfyRipperty. The nmethod includes receiving a nmogehr ooads99i ¢
desi gn erein the nodel has a plurality of states. The nethod al so

i ncludes 5 receiving a proper verifi.ed for t.he nodel of the |ogic design
and receiving one or nore obé‘g?’\'?@dyé’lfglhea{"svef‘ P2t he property. The nethod

further includesonphgcbmbe presilt iMfenGioN & £hefoalot tndaturiy &Refzecki Ny a
val ue of the one or nore observed signals is sufficient to deferm ne the

val i dity of afdrealwerifidatien prapgey+ Fhe methadtinelndessigesivingfa model pf e dagic
invention ig_an alternate t.hod of .10 Sur4d.n verage of.a formal
verificati of Vb’e?r ?&ﬁq’ﬂjeoggnlelfaﬁgdﬁ]frﬁ% M a‘?esr ellc,hglq}}'%ﬁ% 31%%61&3@6& a logic
desi gn wher gicBiviea progaty Veaificd bt theahddey oOfhe 3¢t @6sign dhiErebEVH@hnal SO

i ncl udes receivingﬁa property verified for the nodel of the logic design
and recei vi AgMerEORserva pigngp serthe aropegrall Be methodHurtherdpepdss. The net hod

further inc i @i . t ved si gnal
of the 15 pPiserph R oBrtell ks Bl KRR P AT DEe e PRERLLCh Gne o
t he states biserwddisidnathiangifingnatowitamiaf the helidibsefitie desfighgsbpérty.t he state

causes the propert o fail._ Brief Description of the Drawings Figure 1 is
a bl ock of a conﬁu%gﬁ‘ersafg?céﬁlfﬂ‘ﬁdﬁeiﬁm 1BKe08 18 Ah BsTRRIGMEROd 90 "t he present

inventiqg i ﬁlehmngr&gg&gge ?ﬁi B8] FerifSaforPproplrtd PR AMHRE i 18yst em for

measuring cover ag ormal verification property. Figure 3 illustrates
a fragnent ofceivirgtamed¢lrodadogic design spbreof tha noidethbdsta floralitywi stétepr operty

coverage is,bein onputed. 25 Figure 4 illustrates, a seco stfate
P ans, o1 oh SPapHhs AR e Sr R RE e SRS Jo dbe BRAG L eS bl
comput ed.  FgLar febdivish oat 85nrd Bbvet fbmid for B Jrbfing B meho@ circuit
for which property coverage is being conputed. Description of the

Pref erred Eftgr mshidss BOViding hectiod coomphgaige faitheobsdosd signal ofthef t he

\F,)\,L Ie]; ﬁ r ][ gls me gg)%gll;t{/r,e \ﬁlielsr%ig ft}rlee {aegraF rov%rédsstggsdceon%poriste %gchagn%oormﬁg dthfdd ind raw ngs

which changing a value of the observed signal in the state causes the property to
fail.
Brief Description of the Drawings
Figure 1 is a block of a computer system upon which one embodiment of
20  the present invention is implemented.
Figure 2 1s a block diagram of a system for measuring coverage of a
formal verification property.
Figure 3 illustrates a fragment of a state transition graph of a circuit for
which property coverage is being computed.
25 Figure 4 illustrates a second state transition graph of a circuit for which
property coverage is being computed.
Figure 5 illustrates a third state transition graph of a circuit for which
property coverage is being computed.
Description of the Preferred Embodiments
30 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

invention may be practiced. It is to be understood that other embodiments may

3



in which is showmn by way of illustration specific enbodinments in which the
invention may be practiced. It is to be understood that other enbodi nents
may 3 09441 PCTIUSOO 40255 be utilized and struct upirpsdagighss may be
made wi t hout departing fromthe scope of the present invention. The

foll owi ng detailed description describes a coverage netric to identify
that part oPe&UJé%egtaé‘ SPHet ra\}\,ﬁ\q@}ge? ?agg\?é?%jﬁ YDyt BeRarting OWéﬁ?F‘i(’@S by model

5 checking. of ihSR&GBNAMPRRIGLY: @ signal is identified (or a proposition on
several signals) as the observed signal in that property. The coverage

metri c measures Thhéolboving deeiled descyptiorndespribgser tcovemgainediric wsidemtifyt o t he
observed si n?l. Tpetcovera .Hetric id entifies th%.r acha Ile states in
which the vAFRBELP S ACBEE VaiGh 18 5eyRad AT aPSH LTSS WP dilty of the
verified spr gp&kingeIn eddifropertipdelgnahRaHémTicd Qod HRpbIiHOM 6RBeRalUSEd O

check the correctness condition on the observed signal in these "covered"
states to psignalshas the gservad signal pribplepropertyrhBhafavarage encies Berpreéson i s

i zed foll T ' - i '
whi'an one oRiscR KARE o0 SR blsPeeBRR U R RoRE PER RN Zhe “The Cecond

section presgevdrsceanctéiv édentiges te reahable seydsad whieH thefvalub®f fHeasiBaitved Nvent i on.
The third section describes property coverage.in formal verification. The
fourth sect sigRalsictamynes thgvaidinaf dhe wlisdirranrrticss Thenampests! sheckigput i ng a
cover agelo”e%groﬁthnT b& 11% fideB 18 Efdck Qe c&fé%ﬂeg§§orﬂ)ﬁ?t{ﬂ%rﬁh% 78S igdons of
property coverage in formal verification. inally, a conclusionis

provi ded. 2on thesnfroger€dimpates ngp8ys bedisRefethd prgpdrty. Fl G 1, a conput er

syst em upon whi ch, one diment of - the present ipvention.is inplenented
is shown as 100. teseuties Sytbath o TR, HSSTsh SeBsRor
comuni cat i QR BANS cdidutOfysCAMREN CRkh BEe emBbARTRE 6ORe pRRAELA Processor 102

coupled with bus 101 for processing 25 information. Conputer system 100
further conpmiesgen & imphaioamtelc cdesseommeytion RAMNtoam otemaewdfoaei ¢ st or age

R R RN T e RN
104 al so nmayoR@agtsi@domn®d] vetifE4tidE. TREBOIrBT dection presents an example
embodiment of a method of computing a coverage metric. The fifth section
provides example implementations of property coverage in formal verification.
Finally, a conclusion is provided.
20 Example Computing System
Referring to FIG. 1, a computer system upon which one embodiment of
the present invention is implemented is shown as 100. Computer system 100
comprises a bus or other communication means 101 for communicating
information, and a processor 102 coupled with bus 101 for processing
25 information. Computer system 100 further comprises a random access memory
(RAM) or other dynamic storage device 104 (referred to as main memory),
coupled to bus 101 for storing information and instructions to be executed by
processor 102. Main memory 104 also may be used for storing temporary
variables or other intermediate information during execution of property
30 coverage instructions by processor 102. Computer system 100 also comprises a
read only memory (ROM) and/or other static storage device 106 coupled to bus
101 for storing static information and instructions for processor 102, and a data

storage device 107 such as a magnetic disk or optical disk and its corresponding
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vari ables or other internediate information during execution of property 30
coverage instructions by processor 102. Conputer system 100 al so conpri ses

a read Yos¥ssery (ROM and/or other static storage deviger,délfg 24Pl €d to
bus 101 for storing static information and instructions for processor 102,

and a data Stoyage device 107 su as a netic disk or optical disk and
its corresp&f?ﬂfi‘{’fa : ﬁ%st@g)e;g?gigglfegéﬁ-}m}%ggggs ?9} g‘?{SEPﬂD\Ee. Data storage
devi ce 107 iigrrRiRinefdlifstRidaonObr hRasHn doRerak & [PfofRbi PRirfAfod NSt ucti ons

for neasuring coverage in formal verification™ properties. nputer system
100 may f ur tphepertizs. Couplutat sygem 1d0spdyafaritientheceupledltp asligpiayadevicecat hode ray

t ube (CRT) liquid crystal displ L . coupl e 0 s 101 for

di spl ayi ng ﬂrtznlostuﬂgf‘? %ﬁatt(% eara?fg%ﬁf:gr)&%g%‘d&ﬁy %"f‘ldﬂ%"h@h&%) fHBEd IO devi ce
122, inclyudibng1ed RRAMPIEBINLinBithaBbRNRS a keSuteBr. ol S ApRen e igplit 0 bus 101
for conmmunicating information and command sel ections to processor 102. An

addi ti onal ¢seee il Ahumclyding elpharymerec andraslesr kephtnd alsebs ewiplatzo bysch as a
, t | . Qr. i i | ed t 101 f
e, e S bR AR, T

10 comruni cating direc

102, and f om swlitional hdehhphtidSate MY Berelsorddntbobidvage 131 sudhntaher devi ce
which may be coupled to bus 101 is_hard copy device 124 which nmay be used
for printingouspdtacklall, shydus, eraguasor giregfiqidreysiogpledttp bus &% formedi um such as
paper, fijim Im redl a. r,all of the
corrponenitds of &Enc}lrrr%d&tﬂgé aﬁgaéegtﬁ%?n&i%%p%@dc Oggé%lcdl %@%ﬁbﬁ%{;ﬁ}v{/ﬁ%g%éyzbe used in
one enbodi mand forltoneviding cuisbr mancrhent appiigdiyalHd Akmaherateyick yictomay

it pecs n bR LB R BB R P Lt ere Rk v awetator b on
conput er - 1 e30Rk for¥e @it Br otifd SlYoATatRA nﬂ%iuﬁ{su%*ag aﬁ@,t@lngg)?r_?_g: devi ces)

N
are executabl e by the 20 processor 102 of conputer stem 1
conput er - r eathailbdréynen of medta dvste, adsogat ameorcabhgfithe corsyarteats df@ontpateper f or m a

Gescr i betd baVOHr BanoFen R gt B ReAFcHn SR TBPRUBHT. TINARE on An
over vi ew of jng b@rggp@i;im%atthmanp feRiTRSRMburktLEYthOByshdn HRS Y hed by 25
reference to Fig. 2. Fig. 2 is a block diagramof a system for neasuring
cover age for various purposes as the user requires in other embodiments.
Computer-readable instructions stored on a computer-readable medium
(such as RAM, ROM, or other data storage devices) are executable by the
20  processor 102 of computer system 100. The computer-readable instructions
cause the computer system 100 to perform a method of measuring coverage of a
formal verification property as further described below.
An overview of one embodiment of the present invention is described by
25 reference to Fig. 2. Fig. 2 is a block diagram of a system for measuring coverage
of a formal verification property. The system shown in Fig. 2 comprises inputs,
processing modules, and one or more outputs.
The inputs comprise a property, one or more observed signals, and a
circuit model or other logic design model. The property is a formal verification
30  property specifying desired values of particular circuit signals at various points
in time in relation to other signals. In one embodiment, the property is written in

CTL. However, those skilled in the art will recognize that other property



of a formal verification property. The system shown in Fig. 2 conprises
i nputs, processing nodules, and one or nore outputs. The inputs conprise a

propert yyw %Bﬁg‘&?] nore observed signals, and a circuit nogelragboskber | ogic
desi gn m)gel. The property is a formal verification 30 property specifying

desired val ues. of .particular circuit signals at various points in tine in
relation toseiERiSs [fﬁavasg.es WY&ﬁeen@ﬁr%&i ufﬁtvwglr&fg?}@rtﬁ@sqoeeaf itten in

CTL. Howevefhe driRa€inSkitldned in the art will recognize that other property 5
WO 00/ 79421 PCTI USOQO' 40255 specification | anguages may be enpl oyed w t hout
di verting from t Rbe seygpecdaignahes passanar angwdthd arruitBignalispecifiedbgi gnal is a

particular gne of the.circuit.signals specifi.ed h roperty. The
observed si gﬁaﬂml?e?yt ﬁélesolbé?‘}giad f)lgﬁ‘ﬂds @ﬁé&?@lﬂbel{l%c%%ge‘% g‘rﬁ%’&di ment, the
obser ved ssi gndbdiirenf) tiRyVouie B ¥igaalis §rovidddl BNa @dek et@at Atergi®odi nent, the

observed signal is identified by the processing nodules. The circuit nodel
is a nodel embadiment, s ehseryed isicaal is idragfig by dhe Rreecspingmedulgsddibe checki ng
verification. i . .2se i;nvention. The
processi ng g%%]'gfllélggéggsh{l)?l{oggﬁcgfraodb%ﬁ%a%ﬁ%g}st%t%gﬁ f(]|;olje1r{%1‘3 (%ﬁ% 'Eltgdéllo function
of neasur i nghdckigoeyiicage 10bl prddpede veish the sgstemas] thepresdsit irgrendi@i.i i cati on
tool or in an alternate enbodi ment by a sinmulation checker. Generally,
program rmodul es iAE PIRFESSIEMPHYES compIgeanpsragppedtss thatgwsionedbs, dat a

structures, f&lcfon oFHx@&s#gﬂ%fﬂ?J EHvQPar%gioﬁg{ﬁFzrtfeH Bgtamgm PheckiR! ement particul ar

abstract data types. T rocessi es provide an I ndication of the 15
conpl et enessemnficatine tacd or fri wradliepmte dihbodioeet age simatlation aheelcut ed by t he

processi ng dul es is based.qn states rather than paths. Exanple
embodi ment s CBfra T eEpR MR pF PAC Buinge LS DI FHRPOBiow, The term

"state” as yg@dirufifes) dic.MBanSerkRintpaSi @IS TuRidnt BPHESemSh @k QPN Er age i s
static in the sense that a 'state nmay be reached via several paths. 20 In

one enbodi mebstract data tpep uthke proegssing encdubes\pepddeapmdiativmgéthei ndi cati ng t he
per oo 39° S ShAYER Tt BRI 2R R PR BTRBT T ThThSl, o n
det ai | ed degfdcefirigdfodules is based on states rather than paths. Example embodiments
of the coverage metric are described in detail below. The term “state” as used
herein means both states and inputs. State coverage is static in the sense that a
state may be reached via several paths.
20 In one embodiment, the outputs comprise a coverage percentage
indicating the percentage of states in which the observed signal has been checked
for the property. Additional outputs will be readily apparent from the following
detailed description.
25 A “formula” (also referred to as a “property”) specifies the desired values
of particular circuit signals at various points in time in relation to other signals.
In other words, each formula specifies a correctness condition on certain circuit
signals and also specifies where in the circuit state space this condition should
hold. One of the signals or propositions being checked in the correctness
30 condition is identified as the “observed signal” and coverage is defined on this
observed signal. In one embodiment, a sequential circuit is viewed as a Mealy

finite state machine.



Property Coverage in Formal Verification 25 A "formula" (also referred to
as a "property") specifies the desired values of particular circuit

signals @ M??’ oyqus points in time in relation to other si galgsooabidsot her
wor ds, eac ormul a specifies a correct ness condition on certain circuit

srgnals and al so clfli \é\th e|nt i sta e this_condition
shoul d hol d. mﬁ%ﬁ%fsf‘ H]éesmo?mﬁ g%h@s 4'ﬂ§’?‘gﬁ§c@edﬁr% t he
correct ness 3QneRNSlista @tel ot boRaEd 7 edsass idera iR kadosbgnal " and
coverage is defined on this observéd signal. In one enbodi ment, a

sequenti al dichwasntpairs ofstatgeth Ssingd H\ieélhypz fi P tlélssa@ttefﬁanﬁs reherég O

/
a-tuplo < s oo tgndt kah Wi iy poll BB P DPRerbis ) 67 €

a transi t§ on seebfdtates) optquiialbgtyvesth Hgial Sowéspshdd ©%ni dlordic @ebsRion. { P, P21
., P,, Qq} is a set of signals, V\/nere g 1s the observed signal. Each

si gnal is a 8601 ieanctafiitiRbiiates-* | T, F} representing 5 a set of states, or
equi valently, ea i i s Sis
a set of initial C(Esitvgrt gg?dp&ﬁgg%atg&gr?%gev%ﬂg@@Rgg%@a@r eegg& atlé %‘Bt y a nodel
checki ng al gmrtnterufrtlteclcirchﬁ therpeesexﬁt ihhentionrdefihés, cotvhﬁgabéﬂﬁﬂpropér\lﬁ‘ﬁirl on

defi nes cove{5 gqgf?j g ert for _the sgecrfr ed observed signal in
terns of a <dPHSReeiiig obpery i‘ tegm; @b RSPl ISt StrtesHEaGhAb e st at es. A
state is)¢ eqphalif sfafl@maA B@te 1§1fetab}?a|blesitr@r§ﬁ§e infltlatl Qﬁ'te% 1??&'6 &idllan | NPUL

sequence which takes the FSMfroman initial state at state. In one
enbodi nent , lapu‘t(soqltenedeh@h takgh thst B3 dIrdnoan antigosae tteﬁhatsstqna[n o t he set of
reachabl e state

bﬁ IntV\hL H t val uef f th obs rve nal st be checked
to prove satitofHRtgh Gy eeR&cHPS et°‘$ S@P t $' ?he covered set
have two chataehleE istatdsGs whidhlthé varlués sfBe tseéewed s‘i’éna‘l hfisohsalovied 81 gnal is
changed in any state of the nodel outside the covered set, the property

shoul d sti | Iproee satisfaetianeef. thapropertgt at es are not checked for the property
Second, the v f th observ S _changed ver ed
g aI{hlflgs? ecoverq se% ﬁa\%r}g%baﬁaﬁjgﬁftgcs H:Ié sg é{%sya

state, the proper ¢over ed
states | S aof2: cmseﬂveaklgﬁeltls cHangde ireinyi ste Whelhrsdedoslsfc@hd&)vepds i n the

covered set, the value of the ,
set, the property should still be satisfied. Those states are not checked for the
property. Second, if the value of the observed signal is changed in any covered
state, the property should fail. In this embodiment, the set of covered states is a
20 minimal set.

To determine whether a state belongs in the covered set, the value of the
observed signal in that state is modified and its effect on the validity of the
property is assessed. To facilitate this test, a dual FSM is defined for each state
of the given FSM M as follows:

25 Definition 2: Givenan FSM M= <§, T,, P, S,>, where P = {p,, p, ..,
P, @}, and any state s € S, the dual FSM M with respect to state s is the 4-tuple <
S, Ty, APy P> P, 45}, S; >, where

40 :{qmt(ws)

for every state t € §.
~q() | (t = 5) i

With this definition, an embodiment of a covered set of states is defined

30 as follows.



observed signal in that state is nodified and its effect on the validity of
the property is assessed. To facilitate this test, a dual FSMis defined

for eachwg)t@%nof the given FSM M as follows: 25 Defi nitipeaioofe2¢en an
FSM M = , P, S > where P={pl, p2 .., p,,, q}, and any state s c

S, the dual FSM IVI. with respect to state s e 4- le <.S, TM
{P1,P2.,Pn 4 1, Mr@’@?&tﬁo@%@ﬂgﬂlfj Sﬁ?wiﬁﬂ‘t’%‘%g‘lé@t&f&?%t ate t E S.
Wth this defiinteddesinto igNn@rbastic ey, dhodeyver sd|=seh sef cstafsas is defined

30 as follows. 7 WD 00/79421 PCT/ USOQ 40255 Defirition 3: G ven a property
f and an FSKYaredissh of hem Mvos gbsestadessgrral giif andradpélclor any stats sibitthal state

set S, , dengﬁ%%s%is%sﬁ%s t}lenﬁ:({r}diit’%ni%’ %&%ﬁf’;{?‘é@ covered set off on Mfor

observed signal 7q and o ‘ES, the dual FSM
satisfieg the comuigdesinit(chli4indSperdefit &f)thaplopekty Epecificalibh Sar@bgaarid on is

i ndependent of the property specification | anguage. and guarantees that
changi ng t h@uyantges bat ¢hapeing Sl \adee 2ftha apservpdsmerish Bbyene@vercdsete wi | | not

cause the pLOpGR youloulapdlith Saf BANDLAG AN AhE il B oAy gLET Stat e

will cause it to et of covere ates 1's unique. nsequently,
it constitwiBsaseneodssallisanibfcobéned st isetiqh® @owequealyi af acti on of the

property. 10 Covered states e defined in this nner_so that the val ue of
t he obser ve§ORJUgHes 2 n?ft‘?sﬁa%?g{ %’tfg‘flé%t SF%todﬁ%Yeaﬁ@gg“?IbO%%F PERF Y he

correct ngss (¢RBAN{ASrS BER iR thiDMahhle soRELRES Value JHHS obGRVERN jgives a
measure of how nuch of the state space of the nodel has been checked by

the veri fi ednphapetates i guaraiiecdotosetisie thesiagreatnessTduinditione fpavifidddry lees not
preclude nultiple ﬁ%servabl e signals in the sane pgﬁgert%. 15 E&e covered
states are PRI ABPS PRESHPSH HFCPHES LAY Bch PAHIES!4iG FPasE Ohthej ndi vi dual
signal . To pisaéEhddybeeRBhdcRed BY itHevetifidd ptdpRrts €br tBE oBRYRI {.args i s unique,
assune that there are two distinct covered sets C, and for a property f

and an obsed¢Buitiosidgesatot grechlequulizplembsertighle signals iethesemg psangrty. s whi ch
oel onge 10, 9 st 18 P AP 0BT e e o0 3
changed in sid@t@ussighage property f fails. This
To prove by contradiction that the set of covered states is unique, assume
that there are two distinct covered sets C, and C, for a property f and an observed
signal ¢. As C, # C,, there must exist a state s which belongs to one but not the
20 other, say s € C, and s ¢ C, without loss of generality. By the definition of
covered set C,, if the value of g is changed in state s, the property f fails. This
implies that s should belong to all covered sets and therefore s € C,, which is a
contradiction. Therefore, C, = C, and the set of covered states is unique.
The following example illustrates the definition of a covered state by
25 reference to Figure 3. This example computes coverage of the following simple
CTL formula with ¢ as the observed signal: AG (p, - AX AX q). The formula
specifies that whenever p, is asserted, g will be asserted two steps in the future.
Figure 3 illustrates a fragment of a state transition graph 300 of the circuit for
which property coverage is being computed. Consequently, g must be asserted
30  in the marked state 302 in Figure 3 for the formula to hold. This marked state

302 is a covered state. Inspection shows that the condition specified in

Definition 3 above holds for this state. Note that there are other states 304, 306



inplies that s should belong to all covered sets and therefore s E C2,
which is a contradiction. Therefore, C, = C2 and the set of covered states

IS uni qU&q ohA84f 0! | oWi ng exanple illustrates the definiti ggrafsofaceyer ed
state by ?5 re# erence to Figure 3. This exanpl e conputes coverage of the

following sinple CIL formula wt as the. observed signal: AG (p, AXAXQ).
The fornul awrﬁgﬂeaéfﬂeb?u?ﬁrﬁtnmﬁeag cgvered singe Byey &ie 1o c%itllc?l tBgi‘easserted t Wo
steps in theafdityWrehe gibb®trRud i | lustrates a fragment of a state transition

graph 300 of the circuit for which property co_v_ergge i's being conputed.
Consequent |y, q Huatallpenaie smbodisneBo 2jlpsstshiect gafirisign of acevegedsdtas £ gure 3 for

the formula to.hald. This .marked.st at 02 is a.covered state.. |Inspection
shows that - £i" Saait MBIt et Fieudh b maER st Eria Ehab T Sunt or tni s
st ate. Nat eobdeafedisigiabtoadeterniifethe vhBdieS 0SB4 CTIO0RBUMO DBSvEILPskt in

PCTI USOO' 40255 with g asserted but are not nmarked as covered since they
are not cri thigease maythgaeithen yrgquenosmippealgi ven fornula. In an alternate
enbodi nent, a le TGt L.t e 1.85.1& . SEl: states
Tnanich it s soppisond fichledrdtofhul A ENRE kil pfliety i he s
observed si gdk]l woh dgivensetne ihitiel states thi doynpafed dsahCrhetfomrofubachaflecover ed set
in this case ma¥ be neither uni qug. nor mnimal. Definition 4. Coverage of
a formul a f&Rteant thepaete) Byt afegyfed on a given nodel with a given set of
initial states is conputed as the fraction of reachable states of the
nodel that are cover egbveg‘\gé/eerzaq'é‘”tbenmﬁmve'@ﬂ Yeer gd; sfoat €s x 100% nunber
of reachabl e states 10 Cover agguhbér &f eRichable pkaperties is sinply the
coverage fromthe union of the covered sets from each individual property.
Ful | or 100% coverage for a particul ar observed signal thus neans that the
val ue ofjgt hat si %aéragémla%@fbfcﬂ}s gek R¥ikN teeddvbiagd mRkPRehhigon al
reachabl e states of the circuit. This serves as a very useful indicator of
the 15 conplhsteonersd sef fioheeashapdividnelprapaityt he qual ity of the verification.

More inportantl the fornmulatien of the coverage ric all t he
'dent i f16at1 on of 5 SALRVRRRC A el A SRR e B e B st es so
that the uséfe va@irk ofthdt8ignal has been checked by the verified properties on all

reachable states of the circuit. This serves as a very useful indicator of the
15 completeness of the properties and the quality of the verification. More
importantly, the formulation of the coverage metric allows the identification of
areas with low coverage in terms of uncovered states so that the user can write
additional properties to increase the coverage.
In an alternate embodiment, this coverage metric is also applicable to
20 measurement of coverage for simulation tests. In which case, a covered state is
defined as a state where the simulation checker checks the value of the observed
signal during simulation.
The definition of coverage presented above is applicable to any property
specification language. The remainder of this section of the detailed description
25 presents an example embodiment of an algorithm to compute a covered set for a
subset of ACTL, the universal subset of CTL.
The subset of ACTL acceptable to us is defined as follows:
fi=b | b~ flAXf| AGS | Alfugl | S g
where b is a propositional formula and f and g are temporal formulas within the

30 subset. Note that AF fcan be equivalently written as A[ 7rue U f] and does not

9



addi tional properties to increase the coverage. In an alternate enbodi nent,
this coverage netric is also applicable to 20 neasurenent of coverage for
si mul ati @i doBs4s- | N Which case, a covered state is defi pegrksoman28s ate
where the sinulation checker checks the value of the observed signal
during simulation. The .definition of .cov e presented above is applicable
to any propBFidfo DEsaieh] %:g?xiate]tly.| eg?f&éz‘ceﬁlﬁgo? F RESIEJFOR RIS section of

the det ai | edyidesis disidc8bn o2Rnipord §oinsulad) exanpl e enmbodi ment of an al gorithm
to conmpute a covered set for a subset of ACIL, the universal subset of

CTL. The subset @é{p/@mE Dafiviéipn 30p ehis suhgst oIAAGEL| thegetonSf stastsd whae thef - : =b | b
- I AXFI AGGL A ] RNy ropositional .fornmula and f and g
are tompor ar Pe Pk iBaled AntIE el LnS RIARATUM Rl PR 2, 2

equi val ent | yompiited exactly. MolWwewer, bbplyingrefiiotsn ot such et FR4Rslin
PCTI US00/ 40255 need to be treated separately. The only ACTL construct
i ssing frofTaRReXPaesdEoYesags: dihgseysrage Br “evanmaliay PIOpEMSR als. Appl yi ng

Definition dxfdndiDicy SHESRlLAL, %%@Eﬂ&%r?ﬁﬁ@ﬁ@?@@iﬁ}d%ﬂt it he value of

t he observed sign I's cructal "to t ornmula can be 5
conput ed exasahdiyon glapleves cirappdsyshognDeFigurd 4.0Thd piapesycpecafigsahmegs, resul ts
in sone une p?éggg%gﬁovera e, The coverage for "eventuality properties" is

extrenely | &W" SR ARY S2hcfEore jap dpitiphtatp RBYRESRSGTVAL 51208 415 and the state

transitiQn giapl Ofnndidly Glhfpeas BAMO fiishsileIMESurftered BRY PREF Y Speci fies
that p, should be high on any path froman initial state until observed

si gnal q i sasstOchsmatd kaicoveradi(ps ke in Figuappe dieweeatchamgng thest st at e

encount er ed er I S sserted, shoul.d be covered (as marked.i.n Figure 4).
Fovever - ondhF RGe hitts RS ER ROy ERE i SR BUEBLERp: £ BB pe
property totfadktateD @6 FitS thoRle of thelitady dnthistfadt will B onslderdd@iverca®ye of the
states on this path will be considered covered bgb the definition. Thus,

g

t he cover agéhefdsfinitions Thnegbe egverdgelfondismppertyThilsbé zereofhisas gort@ry o t he

expect ation from such. a pr rty. To. obtain a nmore.iptuitive megsure of
cover age. t Oe{hgﬁ ercgaéléme (?ngg‘?csh %‘?mP?‘nrtey ' ?f \A%O%%l?ltasm%e PRSP PP rul a need

to be isol apegade; MNcOGAgOEiRLs EMbe GRYPIrRAT thOUnEPImPRRMeeg &MUt ed
separately. is-g(ljated from each other and coverage for each part computed separately. To
achieve this, a transformation on ACTL formulas is defined below. The
transformation changes the syntactic structure of the formulas but maintains
20 semantic equivalence.
Definition 5: For an FSM M, given a formula fin the acceptable ACTL
subset and an observed signal ¢ within the formula, a signal ¢’ is introduced.
The signal ¢’ is defined by the same function as the observed signal g. The
“observability transformation,” @, is defined by substituting occurrences of ¢ in 1
25 with g’ (denoted by f'|g-4")
0(b=1) = b~¢(f)
o(b)="5 |q*q ’
O(AX]) = AXo(f)
P(AGf) = AGo(f)
30 (4[f/Ug)) = Ale(HUgIN[(N~2)Up(g)]
o(f\g) = e(N\P(g)
f and g’ are written as the shorthand for @(f) and ¢(g) respectively. The

new signal g’ is now the observed signal for the transformed formula /.

10



achieve this, a transformation on ACTL formulas is defined bel ow. The
transforrrati on changes the syntactic structure of the fornul as but

mai nt ai ??emantl c equival ence. Definition 5: For an pgldoo/@i¥en a
formul a |n t he accept abl e ACTL subset and an observed signal g within
the fornmula, a signa ISI nal is deflned by the
sane function as thtg’S %he Obs?‘ﬁ@gﬂﬁ%g Q)%tﬁ

t ransf or mat k@iivaleftto the%oxdgqﬁamﬂmhxs whsédpts@tttb wl&ls}ﬁwtheos&ﬁca@fbnq inf 25
with q (denoted by f I g-.q9") (PO -J) b-cp (fg cp(b)b 1g-9° cp(AX. f) =

AXcp(t) CD(TAG‘PPIYﬁW@ﬂaF?S B FﬁYJ@P‘)tIC:StWFWl@? P} thg ffowmflg ﬁlm@? aghg) ]
cp(fAg) = c'ﬁ‘x%%ﬁ%ﬁd bn?i?gonglul ar %“h\é/rn!lottlvaplorzlsl R th%?rg%?n rt}txehs ﬁ%ﬁ cp(f) and

y(9) respect1 new si naI 'S "now 't serve for the

t ransf or rsed céﬂhﬁﬂﬂe&oﬁeragéﬂoﬂi&@%rﬁ@é&ht P& bSO G2hion aNQ\te@l etshﬁé t he
formul as after the observability transformation are equivalent to the

ori gi nal fopfsyduch mdepcadpatbt cangnluie perarsgedrom gachrary ofithatingh.  The only
two cases inp, %@Jl%hAEF mtfafetab%%ﬁsslw P48 fRinatiBh, tws@waﬁu&i‘@nge are the
an t

i nplication Nt | rmul as ivation 1S to plnpoint the states
whi ch 5 contequibsitst fonuelaagithfdi ferettsynearnae greaide giffetenofovichegei Mblis,cat i on as

well as the  states endentl contribute coverage from each part
of the Unti Ihe P8rRAAL \gtl I»%?g“‘e\ﬁq}@gﬁq "capfﬂ‘re EVBIBé%“\?&B’i“FPtt tlﬁ’?‘é??éfgh?mtl on, two

semant i ¢l | Vpn1RAHbLY 8F BRfinitiBh AU AR t\%{sﬁrﬂl‘eﬁff&hﬁﬂés %%V&tﬁ%ﬁofeﬁ}ﬂtuﬁ’t‘ix%v' de
di fferent coverage Thus, the syntax of the formila better captures the

verificati omand ptagmatlgﬂettehematsm of thheovetréd sgvplThe abseovabdity Defi nition 3 to the
transformed fornul as gi ves nt,u and pr ti.c determ nati on of
the cover ed reBomtprh EERite M pyhe T S oA P R PR TRt Wi th ¢ ne
definition ofcevesVasteslisSi@itgicWiek 8etldT a8 tin wihicHCi® VseuelkiSttad 8RedkS
identified as a set of states in which it is sufficient to check the val ue

of the obseihepled efrthe obssTirdisegngl ivedetdrmineihe apkidityod! the€TCToriglarul a.
15 Coverage Computation

This section of the detailed description presents an example embodiment
of a method of computing the coverage metric. The example embodiment is a
recursive algorithm to compute the set of covered states in the state space of an
FSM for a given ACTL formula and a given observed signal. The algorithm

20 operates on the original formula but gives the computed set of covered states
with respect to the transformed formula as described above. Thus, in this
embodiment, the computation of coverage does not require application of the
observability transformation. Later, it is proved that the computed covered set is
the same set of states as would have been obtained by direct application of

25 Definition 3 to the transformed formula.

Problem Statement: Given an FSM M with a set of initial states S, and an
acceptable ACTL formula g such that M, §, |= g, compute the set of covered
states and the coverage for observed signal g.

Coverage for a nested formula g is computed in a recursive manner on

30 the syntactic structure of g. This algorithm is summarized by Table 1 below.
Coverage for each sub-formula is computed with respect to a set of start states.
The covered state set for formula g with respect to start state set S, is denoted by

C(S, g). Traversing down a parse tree, the set of start states used to compute

11



15 Coverage Conputation This section of the detailed description presents
an exanpl e enbodi nent of a nethod of conputing the coverage netric. The

exanpl e qupgstoENt is a recursive algorithmto conpute the19edo0@b2ssover ed
states in the state space of an FSMfor a given ACTL fornula and a given

observed signal. The algorjth 0Q_oper,ates on .the orjginal fornula but

gi ves. the compure L apearulsh ot SamePer BB AT o FubPBEF- & fHesnst o med
formul a as dese tdielveldomeula By Sompiltell With regieP@i tHEB Bt of tilBalce4RUS at i on of
coverage does not require application of the observability transformtion.

Later, it i<$fpf cubgituting Sthé Bombin Bdi-eolehed) set is the same set of

states as would I i t icati.on of. 25 Definition 3
to the transfornehg\\é% (lté’% m%%ggﬁg%ﬁghgt‘éﬁ%&ﬁ? kélsgﬁvegﬁlgﬁéhnl\ﬂ%th a set of
initial s atceser&] stardatsficsalocaptaabless é\ﬁﬂhicflﬂsfpﬂtiﬁad@y?h&f@rrgb&t IMéi S, | |: g,
compute the set of covered, states and the coverage for observed signal q.
CO\r/rgrage f orsubr forauta qu&Oﬁmva}Vg the obssrysdrsenal. dtsgovered pefiwidl beggmpdy. on 30
the syntacti : i 6: ok i HJH'B%F. ed by Table 1
bel ow. Cover%eflgﬁeﬁ#%%@g%cfﬁﬁ%tgﬁs;ﬁgér(ﬁrrlﬁllatgglg%b%g{r?rﬁphrt%égz W t 6‘%’espect to a set of
start states. The covefade $t eeursvt chbmpufationof eovgred deh respect to start
state set So is denoted by C(S0, g). Traversing down a parse tree, the set
of start states used@@8onmpute 11 WO Jo7Pesed SeifiSys@sy 40255 coveragehfor
a particy ar sub-forgygl @) changes, as shoywy yhohd@) t abl e. Coverage for the
t op- 1 evewfor mul a gdimo’ %) uted with reséecté}fo&t?ﬁe set of initial states
S, of M(substitut iq{go’%d* S, in Tabl e ()gp NiT(@), ) C(S1, g). The algorithm
guarantees that the (8], uayof the observed/suanals,)ip any 5 covered state
satisfies the corre(‘tt es ondition spgcifie é){ysth?)forrrul a. If a
sub-formul a does not (S‘W‘Me the obser |ed"4Ga%FSobOs cover ed set will be
emg]t y. Definitions (&5, e Ufdnct :c ons uSs e(C(triaMertvb(éo,gq,gp,rfg)bg ar edglsv;an ]?el OoW.
Tabl e 1.,Recursive conputation of cover vered Set o
Sates b Q(SO, b) So n depend(b) C(so,&é’;s?ea N AN

CSox 1 A S C(Sp, 1) © C(Sps /)

Given a propositional formula b, let T(b) represent the set of states which
satisfy b. Note that the property is satisfied by the circuit if and only if b is true
20  in all start states. The subset of these start states which are covered is identified
as those start states where the satisfaction of predicate b actually depends on the
value of observed signal ¢ (b may also specify conditions on other signals). In
other words, changing the value of observed signal ¢ on a covered state must
falsify the formula b on that state when otherwise it would be true. In the above
25 table, this set of states is given by the function depend(b) = T(b) N T (ﬂb]q ——g)-
The computation for formulas of type b ~ f, AX f and AGfis
straightforward. The formula b - f'specifies that the formula f must be true on
those start states in S, which satisfy the predicate b. The covered set C(S,, b - f)
of the sub-formula & - f with respect to the start states S, is equivalent to, and
30 computed as, covered set C(S, N T(b), f) for f with respect to the new set of start
states S, N 7(b).
The formula AX f'specifies that fholds in all successor states from the

start state set S,. The function forward(S,) gives states reachable in exactly one
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C(SO, AXf) C(forward(S0), f) C(SQ AG) C(reachable(So), f) C(S0, Af,
Uu2]) Ctraverse(S0, fj, f ), fj)u 15 C(firstreached(S0O, f2),f2) C(So,.f1l

A 12) C(weydorbady C(So,.f2) Gven a propositional fornula Bcrh®oeddss
represent the set of states which satisfy b. Note that the property is

satisfied b e circuit i ue 20 in start states.
The subset %tF ?‘i‘f&@es?{aﬁ'sttatgﬁlgt%g Wséh{’%ﬁo@eéé%‘?eé’ﬁ“?’g aﬁ‘érﬂ’@‘ﬁ ed as those
start stat egoMh@i®y ddveragatdisf action of predicate b actually depends on the
val ue of observed signal’ q (b may al so speC|fy condi tions on ot her
signals). In other wor dst"Wdhig)ﬂdSﬂﬁié v &€, of) obgerved signal g on a

covered state nus, fal. sta therwise it
woul d be true. Inth]Fls 6%11 18%/%13&’?}‘ %%;%ltgﬁlegresaéklgbq? ﬁé’% "eslvﬁn?nﬁ‘fq{?éln by the
function sdep@m&mzm g'E(/és)sta’tesTl(eac}ﬁble flom S, &) any ril¥Ebes @MPstiratd aeps or formul as
of type b -. f, AX f, and is straightforward. The fornmula b - f

speci fies tﬁats sphl@ewmeﬁmealew 370 8f StH@ StEaIdOIHPMAHIBE SOkLTARS Ok at es i n So

whi ch satisfy the predicate b. The covered set C(SO, b -J) of the
sub-formula b f with respect to the staDt states So is equivalent to, and
30 conputed as, covered set”EfPiHSP (b)) )f""fwdﬁ’ f SWith respect to the new
set of start states S. n T(b). The fornul a AXf specifies that f holds in
al | successor states fromthe start state set So. The function forward(S0)

gives states eaqhabberhds QUAGILY 1418 UAR YE-AO! L94RA. REIL USO0/ 40255 st ep
fromthe start states In So. This set becormes the new start states while

conput i ng covmphg?eed ofhefconfrmtatmnaf $0Yered §tates fdrsd[f|Ef,$as e)(pskamedstthE ™ AG f
specifies t n all.states. reachable from Sqg.. The tlon

r eachabl e( S#¥° }lﬁf]%@h tstgf §a“rgglé’8t%%q%e‘ ffe %o Suk- frﬁ ulﬁZn‘ﬁé(an?&ltP

steps. 1bhi gruseh sﬁ%%’[ﬁﬁ% gahif fftﬁMVa%&h Pte tddle @&%%ﬁ&@r%ﬁmpwchng cover age
of f. reachabl e( SO) U forward ' (So) The coverage estinmation for the Until

oper ator i s thatfis tmeumrfﬁﬁrsébmmeééltuédTh@'tﬁ@m@omy@watse(émfﬂfé)a@wﬁeﬁ st at es

for AT, U Jates along%aﬁls sFartlng I’rom states in .S, such that £, is true and f; is not true

until, but not including, states where £, becomes true. These states are marked
and labeled by f, in Figure 5 and become the new set of start states while

15 computing coverage for sub-formula f,.

traverse(S,, f,, ;) = S’y U traverse(forward(S' ), f1, f2)
where S', =S, N I{f,) N T(—f>).
In addition, the states satisfying f, first encountered while traversing
forward from S, are considered as start states for computing coverage for

20 propositional sub-formula f,. These are marked and labeled by f, in Figure 5,
and are computed by the function firstreached(S,, f,).

firstreached(S,, 1,) = (S, N I(f,)) v firstreached(forward(S, N T(=1,)), f,)
The covered set of the Until formula is the union of the coverage from
C(traverse(Sy, f1, 1,), f1) and C(firstreached(S,, f,), 1>)-

25 The covered set of a formula which is a conjunction of two sub-formulas
is simply the union of the covered sets of the sub-formulas, because both sub-
formulas must be satisfied by the FSM for the conjuncted formula to be satisfied.

Correctness Theorem: Given an FSM M with initial states S, and an
acceptable ACTL formula g with observed signal g, the above algorithm

30 computes correctly the set of covered states as specified by Definition 3 for the
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the help of the state transition graph in Figure 5. Sub-fornula f,, is
verified to be 10 true on states along paths froma start state (unique in

this exaRghgyrdysy So, such that f, is true until f2 first pdeqogyeaedssue. The
function traverse(SO, f , f2) identifies states along paths starting from

states in SQ such that f, i,s true and f2 is nat ,true wuntil, but not
i ncl udi ng, g?agffégnedjug’rném}azg He@%@%tq%ﬁ%rye(%'ﬂggé qst‘ﬁﬁgg e d%ar ked  and
| abel ed by fopsdriadfiigurssformpoecone t he new set of start states while 15

conputing coverage for sub-forrmula f, . traverse(S0, f" f2) = S ou
traverse(forwar d(g&i) Tihe precfis byirdustian en dgatrugiure 9f the fyrmfudy. . Exagptaddi ti on,
the states i I . nt whi,l e traversi forward from
So are consi eélgfgxg%g?%éﬁfvo{s@g% tggl%? %*)ar1 oﬁérﬁ%a ’iair%go%%:%\cl%sregﬁgl P"(Q)Fas%

pr oposi t i Dnabtasndd-fiean e definionf e sevaige, trrdvestvasitty ehgfehatiyn bdd in Figure
5, and are conputed b?( the function firstreached(S0, f f; firstreached( SO,
f2) = (So nthyalgyythy. Thesgasesdlpndof Aeperatsss follpp dipgeyly ffom theThe cover ed
set of the i is the union of the coverage from C(traverse(SO,
f, f2), f,;#&gdﬁbn%%@iso??'eached(so, f2), f ). 25 The covered set of a

formula which is a coMifaiacd(SHf|=t/We- ubSfler@if)as is sinply the union of
the covered sets of t sub-f | as, because both sub- fornul as nust be
satisfied by the FSM 2@4 r‘f‘ff@a%ﬁjhﬁ_‘c@&j&#p‘ﬁﬁﬁ!(é be satisfied.

Correct ngss TheorgRiy, 3 ¥&HpRR cEs%gk Mewirdd d_p@fa?dr@'Th%tt@'B? in@fd an

acceptable ACTL fornula g with observed signal g, the above al gorithm 30
conput es codeBuitioy of He abeervaliilityowaséumstion egraspompecthé tveasdtyinDbEi nition 3

for the 13 WO 00/ 794 PCTL USOQY 40255 ransfornmed formula g = cp (g) and
observed si GR&T a,llng'ntépqecgg S tga‘feﬁsee%‘gbfée}?)\f%’ief‘?ntt%FS%#%’??&% RhS pr oof
The proof i stabiynd RS, ik sARHE Hand U6 et shtisfydf uhtlanbi YocRdide gy  for the
three cases involving tenporal operators, al'f other cases can be easily 5

obt ai ned f r drats#istylas thaicoyapd s compuiet &y ((raherseBs &r hatfi)1i$ the corrasts or mat i on
ond 2L SR T ceres oL B ARG PRRLGhBGRale o oty Trom
C(firstreached(S,, f,), f,) 1s the correct covered set for A[(f; A —f,)Uf,].
This algorithm is of the same order of complexity as conventional
symbolic model checking algorithms. Both are based on fix point computation
using Binary Decision Diagrams (BDDs) which are exponential in the worst
20 case. Results for sub-formulas computed during verification can be memoized
and used during coverage estimation for a more efficient implementation. In
practice, coverage estimation can be slightly more expensive than the
verification in some cases because it may require computing the reachable
states. This involves fix point computation which may not have been necessary
25  for the actual verification of the CTL formulas.
In the example embodiment described above, after computing the set of
reachable states and the set of covered states, the coverage estimator gives the
coverage percentage and, in one embodiment, prints out a list of uncovered
states. This output aids the user in writing additional properties to cover the
30 holes. The coverage estimator also prints out traces to uncovered states by
performing a breadth first reachability analysis from the initial states to an
uncovered state via the shortest path and generating an input sequence

corresponding to this path.
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(M reachable(S0) I =J) a (M So I= (AG )) 10 The nost conplex case is the
Until operator. The two terns in the definition of the observability
transfor@dow“ﬁorrespond to the two sets in the coveragecahepousrsn Since
traverse( S0, , T) represents the set of states on paths starting from So
that satisfy f, i and_not includi.ng states that
satisfy f , FHEPCoPEH e edhplited oy Ciasal e pERicoteallgy - f ) js the
correct 15 cover gheaibollRhdNd oftthébovdrhdeambeR debibea AUV EL e S8LruLAMPUL ed by
C(firstreached(SO, f2), f2) is the correct covered set for A[(f, A, f2)Uf
2]. This alagevinpmbigh dfgreched coafrdense die thegfompdetphess of theasrifioatcantA onal
synbol i ¢ nodel checki rg% al(%{)ri%hrrs. Both are ba§§d.oH fix point | onput ati on
usi ng Bi nar y° BBaSSTHRART FTE IOF BIRRYT I T ATagr OT SsiisA@reReRTes Siovie wor st

20 case. FRepdlubéd 4t tisdtorial specaRatONRM iftbdtibneydehid beealcbRplean be

menoi zed and used during coverage estimation for a nore efficient

i npl enent at iapd the yser \sreasppabdy ceidsnbefcthe sempletaness efdhe perifidatight Iy nor e
expensive t - if { i e i t equire
comput i ng 1 ARG b FaH Mol [t AREERBES i REPURRI: AL 2 o1t o
may not hav&hbeeterageesiamty R&ddlotheh htcaamesidle coeéragé 6fthe dosiedd t he CTL
formulas. I n the exanpl e enbodi nent descri bed above, after conputing the
set of readlhdF&Sstates and the set of covered states, the coverage

estl mat Oif'O gives t g@lg\ﬁ%rtx%(gﬁreﬁﬁft&ﬁ%@,gﬁe@ catiBn ARG EAROGH TR, prints out
a list of uncovered " states. This output ards the uSer in witing

addi ti onal pdoypdy dbelesidroexdomend Hyhtbe 8citivtheshavEhet besnathagjeeddstdnyat or al so

prints out traces cover.ed .states by . performing a breadth fjrst
P eachabi | ¢ Pratiay e TRHGHPLR 1S eSS o uPte P var oSt e vi a

the short esty,padRrapdsEgRer. atring n@f‘irﬂrﬂéﬂiﬁte@%ﬁ@&ﬁ?froﬁ%fsS’i‘ﬁsﬁ’)@&%ﬁ9 to this
path. 14 WD 00/ 79421 PCTI USOQO 40255 Exanple I'nplenentations of Property

Cover age i n hewrtstrenghért the aetiGertibhdo epnxodiarnbnies thefsecdnd stepvie tapstrast ri ¢

descri bed. abhove are eful i.n__achievin i gh .degr of confidence in the
Como] ot eha RS sHhEolBE pitsal v B ke Back af SRttty SlrofORL' for
neasuring CQwésadmesd ral@s bicesidRhePer dilcas behaubdeiiiRe tderdvakl efatkhe nor mal

specification and verification cycle has been conpleted
and provide strong hints as to the nature of additional properties required to

n

d do not.sati.sfyf?2 til
CINC A1 OT] 0, O VA

QNCH ( SYd L

achieve higher coverage. The user can then strengthen the verification either by
writing additional properties or improving existing ones by weakening the
20 antecedent or strengthening the consequent. In one embodiment, the minimum
coverage requirement recommended is 100% coverage for each primary output
signal and each significant circuit signal.
A large fraction of the set of states not covered by the properties could be
states on which the value of the observed signal is irrelevant to the correctness of
25 the circuit. In one embodiment, these “don’t care” states are supplied by the user
as a set of propositions on state variables and excluded from the coverage space
so as to give a more realistic coverage estimate.
Fairness conditions expressed in the model checking system constrain the
system to only look at fair paths during the verification of a property, i.e., paths
30 where the fairness constraints are true infinitely often. The presence of faimess
constraints therefore requires the coverage estimation algorithm also to ignore
states not falling on fair paths. In one embodiment, coverage is computed as the

fraction of states reachable along fair paths.

15



and the user is reasonably confident of the conpl eteness of the

verification.
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iy Peyfitfnal

Githd code?ag%%@tiﬁl% di ment,

e user as a set o

t hese "don't care”
propositions on state variabl es
So as to give a nore realistic

goverage estimate. Fairness coﬁ&%tbogi exgr%gﬁed in the nodel checking
ystem constrain the system to?Onry “PETREGISEE r paths during the
verificatiopnof a property i e _ path 30 where the fairness constraints
are true infinitely oftlen. The |presencq ofVérficatipas cpnst Cavéraget henefore
requires the cosighaige gsw@iFmpi qn%eCow ift hrBBDSOtite | ghor BDB L ¥nfS f‘f’t
fract] oriof | CUEBEl [REIHABIB ong {oi v paths. 19 VO O/ 7oazt |
PCT/ US00/ 40 PBbBpriA coverlage Sest i|md00/00ngdul 1@4RegD28E ng| t ol I0ke Gorasent
e or LR | MPl[enet ed || gy Ynchissp. ¥ s ONp VEfR. A SV and
Circuit 2 (circular queue)
wrap 5 60.08 26k - 8.3s 26k - 7.46s
20 | full 2 100.00 21k - 1.55s 21k - 1.52s
empty 2 100.00 13k - 1.51s 13k - 1.55s
Circuit 3 (pipeline)
output 8 74.36 10k - 3.58s 10k - 7.42s
25
Circuit 1 1s a priority buffer which schedules and stores incoming entries
according to their priorities (high or low). The model had 24 variables. Given
the number of entries already in the buffer and the number of incoming entries,
the properties specify the correct number of entries in the buffer at the next
30 clock. For example, if the buffer currently has B entries and I incoming entries
and I + B is less than the size of buffer, then the buffer in the next clock should
have I + B entries. High and low priority entries are checked by different
properties, and their counts are considered as the observed signals. The set of
verified properties should provide a complete analysis of all possible cases, but a
35 missing case was uncovered when the buffer is empty and low priority entries

16



froma mcroprocessor design. A signal fromeach circuit was sel ected as
the observed signal and applied the estinator to determ ne the coverage of
properti @so gy %]lch had been verified to check behavi or of gdyusiodems. Tabl e
2 bel ow g ves t narres of the observed signals for which coverage was
measur ed, the nunber rties ver fied forgi&hat Si naI t he coverage

[ op
Cheaimed 1 orire EomEe e oM aRROUITE sk SReR i v el

checki ng nmeagiii&doichvdrehidRaff \vé}ﬁﬁdauspsftm ropbl), ARdean@Rdudile run time in
seconds on a HP9000 workstation, and the 10 runt’i me performarice of the

cover age estreveatedra bupabitiee @Slgncﬁféheg@fffrresul ts Verification Coverage Signal

# Prop %OV BDDs rlorlt buffer) hi-pri 5
100 08 154k g6 ST T oMehial yluq "8“5%16‘@%@ g DB & WOt ) o -
71.26s Q1 Guit wrap @ltrtl@au|t@gglél;uﬁh@))evwmel5p(ﬁﬁteﬂ&ra’iﬁlﬁrourﬁl tB6 a&ié it 7. 46s 20

full 2 100.00 21k - 1.55s 21k - 1.52s ){)2 100.00 |13k - 1.51s 13k -
1.55s G r cuilso Izs siilpdparmayl resgt ﬁa@alsasrmpg ORPeItics V5 Wrlen-to yeufys 25

Ci it 1 | t
CroUt 3 | I BB M 61 e NAtlosa A0S B4r a8 o ent i es
G ven the rpgndaeiablef. Tind cdvesagalfbieddyull and dreptyuidnals veandl 00ke Buber of

incomng entries, _the properties specify the correct nunber of entries in
the buffer e?PV?rH%e frefhe ‘35‘1’(9”0‘6?(5 ooy h@?%’&géhe prcoypredistatgseresyr rent | y has B

entries pdfu%ﬁanﬂr rﬁgg\glél%%vnt‘?é?l%llucﬁfstﬁl Hﬁi Ao%ﬁéhlévf@fbdoﬁeo&ar;%gi of buffer,

t hen the In t next cl ock shou ave + B entries gh and | ow
priority entTFheesptatsateziraQukrmets bepd ohigftd ehescmncqycmdestetta:sesas tzmdd théfoundount s are
consi dered t he bs ved signals. K The s verjfied perties shoul d
provi de a cgﬁﬁlt@? ‘éaq‘é‘ﬁ Vgalpé’lto‘gasaqqt cherdst 1t bfle he sgl signalps os drﬁ"]%%’i ng case
was uncover gfe WhehJdifker Rdps@Found. Bk ¥ sttt dPM¥rRAad X ahlcdsiBied tfSed 16

during property specification. A property was added to specify that the wrap bit

15 remains unchanged for this case and 100% coverage was achieved.
Circuit 3 is a pipeline in the instruction decode stage of the processor.
The width of the pipeline datapath was abstracted to a single bit. Properties were
verified on this signal to check the correct staging of data through the pipeline,
rather than the actual data transformations. These properties generally took the
20 form that an input to the pipeline will eventually appear at the output given
certain fairness conditions on the stalls. The final model had 15 variables.
Coverage was increased to 100% by 1dentifying uncovered states and enhancing
the set of properties.
These examples demonstrate that coverage estimation can improve the
25 quality of FV. The runtimes and memory requirements are similar to those
required by the actual verification. Furthermore, the example are a good
representation of common FV properties: the buffers involved syntactically
simple properties, €.g., AG(p, — AX...AXp,) and the pipeline required eventuality

properties using the Until operator in a nested manner, e.g., AG(p, ~

30 A[p,UAlp,Up,]D-
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WO 00/ 79421 PCTI USOQO 40255 are incomng, the entries should be stored. A
sinple additional property was witten to cover this case. Verification of

this propgjderelai | ed and actually reveal ed a bug in the deg@mseekodsse

buffer. Grcuit 2 is a circular queue controlled by a read pointer, a wite
pointer 5 End a wap bit that toggles whenever either pointer waps around
t he queue. has stall, clear and reset signals as inputs.

Properties were whi a&ﬁnea@esvﬁ}%ﬁctryhastd@@crpo@ara%rve@g@ﬁé&ﬁcoﬂar flodefie wrap bit,
the full and enpty signals. e nodel had 38 variables. The coverage for

the full andheskpigbasiqrraificatiersmedodeloBies. Aovexrnigls frobodimentafzp bit was 60%
| nspecting the uncovered state t hree .10 addjti.onal operties re wi
Lten whi o SPYGFECGTOInG ST ed BsekitioRids duflighle' e HOE Flisttel sequences
| eadi ng 50 UTgsitis URe®éer 8shclbal EBhd\S efapd e @iidnfi Qe opdriipdovichgeval ue of
wap bit was not checked if the stall signal was asserted when the wite
poi nt er wr apsleathstean lemlHhe disapare obbigsdhatcaepped Hie madslichedkéngri ssed
during propsf(;tcgssspeci fication. A property was added to specify that the
wrap bit 157remai ns unchanged for this case and 100% coverage was achi eved.
Crcuit 3 is a piAmabigtespesifictenbodihénichiverbede tladeagtiage dedcribbe processor.
The wdth of the pipeline datapath was abstracted to a single bit.
Properties WeEEs “\)’é‘ﬁibleiaéareéﬁtetdr‘hysthgfff‘g(?feﬂrdlﬂlérycﬂl‘félﬂ@ thpartdbati @Byt st agi ng of

data t hrgug i i - tions.
These prlgperg ??‘%?n%gﬁ\gbgﬁ%cat%gi@?Eoeé@gé%fe g@%@ﬁéﬁé@%&?ﬁ%ﬁé ?‘{cﬂ)ﬁ{“ﬁgﬁgi pel i ne
wi || event uidrdtie sepegrrengiodirhentshdywnit Thisweplicatien tainrenidad tn@ser awndi ti ons on

the stalls. The final nopdel h 15 var.i abl es. . Coyerage was increased to
100% by i def EIPF%}PH@OUYI‘EHG‘QP%BF@FQfeégmd%F“é‘ﬁﬂ-aWEFrﬁéore’tl B lgt@fld%]t%btr operti es.

These exanphgsiHemmistd @hRed Hal b WEEIRR AthdBhi Mlefi@theldBpr OVe the 25
quality of FV. The runtines and nmenory requirenents are simlar to those
required by the actual verification. Furthernore, the exanple are a good
representation of conmon FV properties: the buffers involved syntactically
sinple properties, e.g., AQp, -. AX ..AXpz) and the pipeline required
eventuality properties using the Until operator in a nested manner, e.g.,
AGQ(p, -+ 30 A[p2UA[ p3Up4]]). 17
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WO 00/ 79421 PCT/ US00/ 40255 Concl usi on The detail ed description has

descri bed a coverage netric for nodel - checking based verification

et hodol Q@i fBPes2fn €xanmpl e enbodi ment of a coverage netri gciRisosfRdsd
checking that 1's applicable to a significant subset of 5 CIL has al so been
descri bed. The cove_ra%e, metric identifies property coverage holes that can
|l ead to the Wha&lEmedds: bugs that escaped the nodel checking process.

Al t hough specific enbodi nents have been illustrated and described herein,
it wll be appreciated by those of ordinary skill in the art that any 10
arrangenent 1whi ck msthodlo€ uleasiethgtoovae s elvefarmel varfeapon popertyeie be
substituted for, the specific enbodi ment shown. This application is

i nt ended t oMERPECOIMISIN8Gapt ati ons or variations of the present invention.

Therefore, it iSréc_@fver@gﬂmaaeafa1b§ik$1e§igf«{%&e@fmﬂeqnédemhﬁseg RAly By the
clainms and the equivalents thereof. 18 WD 00/79421 PCTI U 40255 What is

cl ai med i s: states;A nmet hod of neasuring coverage of a formal verification

property, the nethod conprising..5 regeiVi del .of. a | ogic design
wherein the rrodefecﬁ]e‘{éngaa?rﬁ%ﬁ?li i"?")‘/ﬁ%lffror ea{?%tge?ofglgg?g}ﬁ%mﬁ ‘property verified
for the nodel of réceﬁ/iﬁgnmecordﬁ@b@[)'servécﬁﬁ?i@léﬂﬁt opértyTahne observed signals
for the property; and providing a set of covered states in which checking a

val ue of the oneprvidingaseiraf copayed slates &1 Whishshpekiagp valyp ehtherame@st er mi ne

the validit . . -aj f r conprising
i denti fy@ng}élé)%seotw%y&{r %gﬁﬂgﬁl%ﬁiﬁ% E%H%%}rﬁ%ﬂ %geoﬁga%%irlrglre é’lﬂ%és?@f ved signals
of the property; and 15 cal cul ating a coverage percentage wherein the

coverage percentage is a fractiaon of the set of reachable states. 3. The
met hod of cPai m 2he methode! claml ifigthsg cOMBYHAEng a set of uncovered states

If the coverage RRLGRMADSetoF rdRBsb1L Hafds B8 dHRIEEHoRYLSEDE] signals
of the property; and

15 calculating a coverage percentage wherein the coverage percentage is a

fraction of the set of reachable states.

3. The method of claim 2, further comprising providing a set of uncovered
states if the coverage percentage is less than one hundred percent.

20
4, The method of claim 3, further comprising displaying a list of the states

comprising the set of uncovered states.

5. The method of claim 4, wherein the list of the states comprising the set of

25 uncovered states can be modified by a user as desired.

6. The method of claim 1, further comprising displaying a list of the states

comprising the set of covered states.

30 7. The method of claim 6, wherein the list of the states comprising the set of

covered states can be modified by a user as desired.

19



20 4. The nethod of claim3, further conprising displaying a list of the
states corrpri sing the set of uncovered states. 5. The nethod of claim4,

wher ei n w(gﬁ) %t of the states conprising the set of 25 wegayRbHAGsSt at es
can be nodified by a user as desired 6. The nethod of claim1l1, further

conpri si ng isplaying.a li st at es. ri sing the t of covered
states. ; j%ﬁﬂgefh?@ 9?}5528 rgnghermglrp&swgt ngeqapgg gHPC ‘Prrztﬁgtsﬁfeés

conpri si ng tléalau%% oﬁéof&e\éea&&dn%@ée@afmr&ﬁstﬂe@ fied by a user as desired.
19 WO 00/ 79421 PCT/ US00/ 40255 8. The nmethod of claim 1, further conprising

generating a trace of the states | eading to one of the states in the set
of covered gtate

f
a trace of the staf methoglcf eaadfnn lfl%h%@mgflsftnﬁeg%é‘tfr&ﬁ’é%a?rﬁp ‘I?éthggtta gperating

uncover ed stdlis. toble offthe sm@ésh@dh@iet@faxhdavened\m@és.el n generating t_he trace
further conprises performng a breadth first reachability analysis from
one or nore initial states to the uncovered state via a shortest path and

generating 4g | NRYE neMEchitd SHIERR ﬂ&hﬁ&%&gt}apéafu?&%f&%éris%?th' 1. A

met hod of measuring coverage o i'catron proper the nmethod

conpri si ng: pedo@hivg a@r@dﬂnﬁi{et reeéhgallitygndydefnogﬂorvdmrmm uﬁﬂtl&l slméeio has a
plurality of 15 sta C&/ r.ecei w(ﬁgpa property. verified for the nodel of the
| ogi ¢ desi gie UICEXEFY FALS Vama Shart aéha’b%é?%ﬂlr@ﬁ@dap@ SPg#eERe property; and

provi di ngy a . sgke fodlﬁg\’@f %@héﬁe’%??éthf or the one or nore observed signals of
the property, V\AEEI’EI he set of covered states conprise each one of the

states in 20 which changl ng a val ue of the observed signal in the state

causes the proper thgd 12. The rre ? L im11, furtg
Comor i si g Dioui d tgthad sbMeaiurlissy BReho & farab Ul HE PisREr Mo o
observed si giahsd @mprRfgproperty, wherein the set of 25 uncovered states

conpri se each one of the states in which the value of the
receiving a model of a logic design wherein the model has a plurality of

15 states;
receiving a property verified for the model of the logic design;
receiving one or more observed signals for the property; and
providing a set of covered states for the one or more observed signals of
the property, wherein the set of covered states comprise each one of the states in

20 which changing a value of the observed signal in the state causes the property to

fail.

12. The method of claim 11, further comprising providing a set of uncovered
states for the one or more observed signals of the property, wherein the set of
25 uncovered states comprise each one of the states in which the value of the

observed signal has no effect on the validity of the property.

13. The method of claim 11, further comprising:
identifying a set of reachable states for the one or more observed signals
30  of the property; and
calculating a coverage percentage wherein the coverage percentage is a

fraction of the set of reachable states.

20



observed signal has no effect on the validity of the property. 13. The
met hod of claim 11, further conprising: identifying a set of reachable

states fQp dohsspne or nore observed signals 30 of the prepeisiisass
calculating a coverage percentage wherein the coverage percentage is a

f t f [ f h b| te 20 WO .00/ 79421 P IUS 40255 14.
e et hod 481 3fk rEins el f Zieller BB P e PRl A LA ReTe ot at oo

conpri si ng EB@@ﬁﬁhgﬂk5@@&@&ﬁ€ﬁﬂkﬁﬁ&§ 15. The nmethod of claim 14, wherein
the list of the states conprising the set 5 of covered states can be

nodi fied by a user as desired. 16. The nmethod of claim 12, further

COTPr S 194550 e b Sk MBS SRR G e B ooV o

conpri si rsg bheowedd staks wmctfe\/tﬁmﬁesbahe@emmemedrmdl fied by a user as
desired. 18. The nethod of claim 11, further conprising generating a trace
of the states leading to one of the covered states 15 19. The net hod of

claim 12, fygt herrye midEdMBaidene s ﬁetgo@ggtlﬁga y'ir{é‘iaghﬁto"i*ttﬁessthgsad' ng to

one of the uncovered states, 20. The wher el n providi ng
t he trace f eombasing trmet sbscof@epetafesr mi ng a breadth first reachability
analysis fromone or nore initial states to the uncovered state via a
shortest path and generating an input sequence corresponding to the

shortestjpatih. 2y mdiRidOtiah rea%téténmgtquvefageta@és doBfptRIng4RE 5dti cation
properties, the 25 nethod conprising: provi ding a first set of covered

states for affigoyeredistadesvad bsimpvhafiedby aufdrestesiggdoperty; provi ding a second
set of covered states for a second observed signal of a second property;
and 30 perform ng a union operation between the first set of covered states

and 18. The method of claim 11, further comprising generating a trace of the
states leading to one of the covered states.
15
19. The method of claim 12, further comprising generating a trace of the

states leading to one of the uncovered states.

20.  The method of claim 19, wherein providing the trace further comprises
20 performing a breadth first reachability analysis from one or more initial states to
the uncovered state via a shortest path and generating an input sequence

corresponding to the shortest path.

21. A method of measuring coverage of formal verification properties, the
25 method comprising:
providing a first set of covered states for a first observed signal of a first
property;
providing a second set of covered states for a second observed signal of a
second property; and
30 performing a union operation between the first set of covered states and
the second set of covered states to identify a third set of covered states for the

first property and the second property.

21



the second set of covered states to identify a third set of covered states
for the first property and the second property. 21 WO 00/ 79421

PCTI USOQ40P942122. An article conprising: a conputer-reagaghhigobmehissim
including 1 nstructions that when executed cause a conputer to: receive a

nodel of a #%gi C desicgn wherein the nodel has a plurality of 5 states;
receive a p per‘f“f}a{}é T F7BRY8% t he nodel of the | ogi ¢ design; receive one

or nore observed; s&@g@kﬁre‘aaéblé RR:dRIP RRIIdIHg MREuATRY R whef @kedditedcover ed
states in which checking a value of the one or nore observed signals is

sufficient ¢ays¢lecemaiiseihe validity of the property. 10 23. The article
of claim 22, whepeil. [ - nedi f Srmrises
i nstructions tha{egé\llﬁgrﬁq@&%ggfgk%éca%eggqﬁﬁﬂé&%lgﬁg%ﬁe@g El,‘[{{)ats:ﬁg)é%rfl ﬁ y a set of
reachabl ¢ sitaiegs for the one or nore observed signals of the property; and
cal cul ate a coverage percentage V\:h%l’ ejn the coverage percentage is a

fraction of 15 IREVEePrYeryoxEfian e the mods! of3he loghadesiani cl e of clai m 22,
wher ein the conpyi.ghebeadAhbe %gmmsgﬂﬁfsgﬁtheg%ﬂéﬁ. Sgy i nstructions that
ovi de a

when execut ed cause the conputer to p et of’ uncovered states for
t he one or nore plsale\eedt sf grvates stfted inevipclogecking a2@lrbof theaom é1 cl e

conprising: ac ut er - readabl & nmedi um i ncl udi ng.j.nstructi ons that when
execut ed c@ﬁ%eeaggé’&ﬁﬁ@f‘é 1} wng’gﬂtetP te&“}ﬁ?&g? V%‘fdlﬁ’ Q%E? BIOBELY-gn wher ei n
the nodgly has a plurality of 25 states; receive a property verified for
the nodel of the |ogic design;, receive one or nore observed signals for
t he propert$3. an@ihpatigledd cipimel2, pthersy heedmpuiereeadable méteuroertiar nor e

observed signals of the. property, wherein the set of covered states
conprise e ag%n%rhs S B}SEq,lﬁtéongttgﬁ ev%he}llﬁxecu%ec? cause thé computer to 1dent1§/ a se% o}
reachable states for the one or more observed signals of the property; and
calculate a coverage percentage wherein the coverage percentage is a fraction of

15 the set of reachable states.

24. The article of claim 22, wherein the computer-readable medium further
comprises instructions that when executed cause the computer to provide a set of
uncovered states for the one or more observed signals of the property.
20
25.  An article comprising:
a computer-readable medium including instructions that when executed
cause a computer to:
receive a model of a logic design wherein the model has a plurality of
25  states;
recelve a property verified for the model of the logic design;
receive one or more observed signals for the property; and
provide a set of covered states for the one or more observed signals of the
property, wherein the set of covered states comprise each one of the states in
30  which changing a value of the one or more observed signals in the state causes

the property to fail.
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30 whi ch changing a value of the one or nore observed signals in the state
causes the property to fail. 22 WO 00/ 79421 PCT/ USQQO 40255 26. A
conmput er i faHaphe medi um having conputer executabl e modul @eTasRiReAS Ng: A
nodel checking nodule for verifying that a | ogic design satisfies one or

nore properfies; and 5 a coverage.estimtor nodul e for neasuring coverage
of the one é@ nnéémn§W5ﬁé?%PE%FgﬁymnfﬁﬁngdﬁﬁﬁPg?ﬁF@é@%ﬂﬁg“ﬂﬁ%?un1of claim
26, wherei n 4 h&H or nore properties are specified in a Conputation Tree

Logic property specification 10 |anguage. 28. A nethod of measuring
coverage of si nukatadelrcheelsing madute fiervérvfyingabaty logicrdgsignesetsfids oge ar set  of
sinmul ation tests; 1a.rec%iving a set of sinulation checkers; receiving a
set of obseP\VEPLPGHE s and providing a set of covered states for one or

nore of the obsesy@ebradegRamSior rrthlQ[e?ﬂoﬂnieﬁﬁlrﬁ%tc&)érag@ﬁﬂh@@nébﬁh@i’e conprise
each one of the states in which the value of the observed signal is

checked by piogesictrul ati on checker during the 20 sinulation test. 29. A

met hod of measuring coverage of a formal verification property, the nethod
conprising: receiving a nodel of a |logic design wherein the nodel has a
plurality ob7. 25Thké¢ edreputer-eaiblé mgdamnps Opgint Y6, waidrdih @itk drerortth@enodel of the
| ogi ¢ design; identifying one or nore gbserved signhals for the property;
and provi dPiRgeEics ate spEcified By BHOBPUREEN el RBNPIOREEK PRGUICAUAR ue of the one
or nnrelgbs%g%%%esignals is sufficient to determne the validity of the
property. A nmet hod of neasuring coverage of a formal verification
property, the

28. A method of measuring coverage of simulation tests, the method
comprising:

receiving a set of simulation tests;

15 receiving a set of simulation checkers;

receiving a set of observed signals; and

providing a set of covered states for one or more of the observed signals,
wherein the set of covered states comprise each one of the states in which the
value of the observed signal is checked by the simulation checker during the

20 simulation test.

29. A method of measuring coverage of a formal verification property, the
method comprising:
receiving a model of a logic design wherein the model has a plurality of
25 states;
receiving a property verified for the model of the logic design;
identifying one or more observed signals for the property; and
providing a set of covered states in which checking a value of the one or
more observed signals is sufficient to determine the validity of the property.
30
30. A method of measuring coverage of a formal verification property, the

method comprising:
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met hod conprising: 23 WO 00/ 79421 PCT/ USO0/ 40255 receiving a nodel of a
| ogi ¢ design wherein the nodel has a plurality of states; receiving a

propert ywy@bhdhed for the nodel of the |ogic design; ideptifusodehassre or
nore observed signals for the property; and 5 providing a set of covered

states for the one.ar nore, observed,signals of, th roperty.. rein the
set of covered §F§?@§g86Wﬁ¥$gia&§$h¢§ﬁgr% m?ﬁ@thﬁﬁggqsﬁrﬂW%P@H’changing
t he val ue aqfsitdre one or nore observed signals in the state causes the

property to fail. 10 24 . o
receiving a property verified for the model of the logic design;

identifying one or more observed signals for the property; and
5 providing a set of covered states for the one or more observed signals of
the property, wherein the set of covered states comprise each one of the states in

which changing the value of the one or more observed signals in the state causes

the property to fail.
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