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Formal Verification of RACE Protocol Using VIS
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ABSTRACT

Caches in a muluprocessing environment miroduce the cache coherence problem. When multiple processors mamtam
locally cached copics of a umigue shated-memory location, any local medificalion of the location can result n a globally
mneonsislenl view of memory., Cache coherence protocols are impertant fo cperate a shared-memory multiprocessor
system wilh efficlency and correctness, Since random lesting and sinulations are not enough o validale correctness of
prolocols, it 15 necessary to develop efficient and reliable verification methods In this paper we present our experience in
using VIS (Verification Inferactmg with Synihesis), a lool of {formal methed. to analyze a number of property of a cache
coherence prolocal, RACE (Remete Access Cache coherent Enforcement)

.M B g ZEREAE opdd HlFf B4 o 2] (unshared

distnbuted memory)E 7}X =74 wE £ 252 4

Ha 2EE €u HFEH 71EdA AT #E T 4 36 ARy GF ZRAN EdE AR

g, A Sl gakAdel e 270 Bokdd 28 T AYEe] @A TH e £4=5d e

Wi} o)E AT gl Fa rIERE ALHAT. el whet vhA] UMA(Umform-Memory—Access) 49,
e

NUMA(Nop  Uniform-Memory-Access) 22, COMA
(Cache-Cnly Memory Architecture) @2 R}

it
kil
EL
o
il
41
b
Nt}
o
i
]
Jo
=
=
2
3
=}
4]
:

# P EES 198d ASAAEAATE g3 w1 Age _
= 47 H94 7| A A7} 7%94 AF S} dHuEe g o
23 4 mANR U9y 3 FeE .
R B B ME‘% SN UMAS NUMAR®E =& CC-UMAS) CC-NUMA
1t 4 o 3 gadseaaty gensee e Ay [4]eb s},
Hit A g 4 :]gyyaﬂ Syslems, Tnc?] RED Directort 915 741} B =RoAe ETRIGAM AL® cdEs 7|ue
tHYE A 3 8 daadsdard d9ea i
SR 20004 29 29, AR - 20004 69 199 CC-NUMAA =3¢ A 494 TZEZ4 RACEZ



227 R EREe|EE =24 ATE 720007

ERERE AHEAYME o&sld REEsiua dh
dEE LT vhe FAsE el offI g &
T gel 271 Qi AlAgE TR He ojul 4
A AEYL FUs= AL Fasth ¥4 E4 o
AdlA o128 &2 fl8 Agete dEd AlEded
< ged AAdelAnt ddaies #.71]5 AR 5l
o} old= ge ARPIRERE 24 doldlr] A8 &

o SAAH B ol BANT DA

g o] &

g 5 gyl wEel Eol A g4dg el o
ook AYrEe ;ﬁﬁé WA AY HFez ¥
2 AH FFA EHZ ol AMEEHT 9e 2d A
2 AN2gE FAAYRE HAS T WAT Alag 2
d & FFH2sR AFdHE B4 nEIFEAS
=l =

CTL[13]3% 2& ,_ﬂ]/%@_i E‘éja}&] HEdeE 718
elch, VIS[20]= CTLE® 7}

tnessgA 5= 2 7 ¥ 3% 35 =7tk

B =hdAXE VISE ¢ &5ty A 43y =2
2l RACE Z2E3¢ 4 717 E4ES 339 A1
At ZdeiA CC-NUMAA =€ i &7
SR 3 M w1 A5 gk dn, 43
VISdl disl ErEa 536N RACEEZEZ o
g gFA el A2 32 539 A RACEEZRES A=
of g AR gE 2, T, A4S 2o o2

Mool w

474 st THAA 2E A% U@ 2EE Bn
29 A B 7Ee A8 HF B A D0

2. CG-NUMA Al A=

UMARZA A 224 diee ZE Z=AA471
gt FRdch 29n B8 Z2AME EE A
e f=d dis Fde HD AE gk 3 =
=2A4e S A4E M o ogich 2 Ak
E of8] 7pR gies FHEG 22 NUMAR
oA wWze Ho Agke] MRy fze] f2)d
wpep o2, Z ZZ A7 SRR P FE
7] Tﬁlﬁc’i #Ee] 917 wlFeloh afle o
=e] F4F ZPda dr dReE ZES e F o4
B2thome memory)Zt L @l 2 F W)

2 =EE E wClhome nodelZtn ) abgha] Y

o i

l-

E2AN @ N vzee AT 49 war
th2 =2 AA dgse] ge 2R oy 2L
lelAYA VEYZS AH 7o} Fr] w2 Azhe]

G Zuch ¥4 AT @ ki AAEes T

ARE T o A Aadd ASE F 9t o

# Aol Ayt dzE HE G40 gk A oW
2 Hgve A9 22 H(local memory access)ol
a2 o HY mEY] E(global memory ac-

cess), AHHOZ Fp =@ HTE o =g Ho
{remote memory access}®]Th
0131”3} Bdg2 v Ay g2 gss
el #E dE2ele] EgkE PYE 44 Wy
?i T ;Jﬂ ANz FHE tF 2244 ZAL
o 2k 7 FelsE AEE UMA BE NUMA
e Z2 ANk FHaHE 4 L=
al shared memory) 2 E 7} ﬁﬁ
NUMA ©whg Z2is= Az
£ohE HE ZRAAE

rm

£

ir
o
ne
O

2 BEd 42 ¥ ¢ Uk ZE Z0AEE 49 1)
Bald 49 &R FATed 2y Zag o
Zaleg] FZ ATEe w9 Ry FA Agtec
gt e <E MR P2 ARE o AhA e
2 A% £ Utk §elM TG UMA NUMA =
9 alg]d] B2 mde] ThE ZEA ]ﬂl HAa) =5
thoolg =W A4 9@y vadd wWEe H20c-
NUMAYEES B4 T8 Ax)et ﬂH H¥EdR
74 & £ At CC-NUMARP2 o22% Sianford

Dash 2 MIT Alewifer} 2ltcl.

sedoil 2ZEsjo Az

1o Bzl E

A TR,

7l "ol #E o BEAT gtk oleld B
o Frb Wi 2 cljrh 2AE shey |44 ¥R
T vk ol Hga Alzde] isjA] 3As 2ol
HEEL ABHel4erE s gehyy] gE
ohoEGE A dege] dAGezH A Alzl
AT 27 LAsA s A7 AHE Y= A
HEE FEEAM e glrh wElA aEde] )
AAEL A2 71T AEEE AEoA TS
AE Wyez Aggse od dds 2o gl
HE71EE w8 £ FNs £ de® g



=slely _+_§£E$—IT°1 Al2zdL BgAsAY AZss

Aotk st vmg AL 104 Maelo] WA E g

T HAEY B4 B =yE Ngdly Alads] 54y

£ DEEEAE 5HH AL oldule HEFgns

Aot Esks duiEngent 2ga4ds Fid

ée‘ ‘T‘- gk rfl—ﬂl-ﬂl E7/G A 2wl oy Ealo]
&

Fox AFE B4 o

%11*1‘5 % # slm A8 gl
AY e A gas) AY gzez g, A
4 AT Aadol dagdel & e FAYY 2§

aFAEE &4 2 & gleE AAE mAEE Y B
o] alch. TElm AE A2 HAs AEEn) & o
Azl LA REleEAE Zydlen Talo)
ok AY g 4 Fohhr FIE B
B25d BgilAde ved 2oz nr gy
£8E Tt 4 £ 9l ﬁh%

3% A5y ¢

13t 253 -1b S48 CTLA 2o

I
é
M,
rln
)

Hobg Al xS o]

o o2
ot 2 &R g
o=
|
]

!—r
i
m_

o =
2 %
= °
E-‘(l
g
i
R
o
%
o
o
|4
L
_\;
E]
;
ﬂ

#zo\w‘r
z
=

2 Ay 2
Akel gl ?—_LCJr% Al ”40]-3’— E'qu'. )24
B digtal dF 7jgelA o3l EAE §d 6
Ak A7 A% H3 glth ge ZREFBe] o
ol gelA 1 ARYE AFdx gom A5
ZREZ 22 o WS AMgEn glvh[l, 6-
-10,12,15-171 A+ 49 Z2ESL HAFE 9 F
o &S & & BmAE gew g
SSM(Symbolic Srate Model)[4]2 USC(University
of Southemn Calilornia)2] Fong Ponge] 4% 52
A odd g AgE ol E AT SdT 43 A7
H*] ’“EH T Hd FAE HE s HeA
Eo|th. SSMeZ Jlinois EREEL A
W I ﬂoﬂ e W& A A frA ZE
Ak B YT 78 ZREIF4
UsCellx] sfael CC-NUMA A 252 Rapld Pro-

f
i
e
e
o
o
&
2]
B
o
0w
.
g
=5
o
&
=]
=
2

Hh]

Ik
m[o

1124
rﬁ'
o,

b e n rL[D
ru]ﬂ o 1
m[o lo
rr:’
rW

riy

totyping engine for Multiprocessor(RPM) =2 ES(10]
Y chained WHAEE] e SImpEZEESE AF

ark
CMU® K. L. McMillanel 2/3} " E9 SMV

VISE QBT RACE Z2=30] TEHE 2221

(Symbolic Model Verilerie 7391 A28l A F-E]
H1E718% A2yl ol2s] A SMVHEQels A
A4S 29y 8 % AZEde 4% CTLR 19

e Agsel Wt (10,13
ety, liveness, [aimess, deadlockS 3

=
‘ & J

5 4 A

E.‘
o\ﬂ. r_|_',

C

=
L
&

AL g
2 S FEE 5 glvk 1992de] CMUY| Cla-
rkee SMVE o889 IEEE Futurchus + Standard
L2232 FFAE SMVE o §3le ZeEFe
AA A DA Zgd dded A4 dqelss
LA ol opvlE AE dE TdE ARG
[EEER oA o2l & Zeldl 2Adls] Ay Ao}
Mwes Sianford WEe #=de HE: 59
David L Dille] ¢)s) #igrd Solv}, D& 19824
Murp & ©]-8-8}9 SCliScalable Coherent Interface, IEEE
std 15961992122 EZ-E FEehd (11, 21] Dile 7
& A 9A ZREZE MurprlE 907 243
Al Aol diF fAF 2ok da A
7 - ARAER Al ge] of 2hE HERl A
staA T Wy Zﬂﬂli‘—‘ﬂ HEY =83 <=4

EEE A = F

p2e)

=
= 2
£

=N

F'r'I

ll:l fo lo —[G’J D‘\%

4. VIS (Verification Interacting with Synthesis)

4.1 VISo| =&

VIS= A4 AF, AEd4, £ A st=ge
A =de) T (synthesis) & TET B0, o] B
T €Y Qo2 Venlogl2] &8 AH§5l 3 fair CTL 2
A, language emptiness A4, =% 3 54 A4}
(combinational emd sequential equivalence checking),
2E 71 A E9 el M (cycle-hased simulation). #&#
A (hierarchical synthesis}s AYTd VISE g
o daty Fzd g Bouldero] Felshe] At
3 oglen 149 =3 HSISW 51\’[\’01] ] w5}
Aok AaE Leon #E5 8 A Fstn A
AL AT oW Agd= 4% BT ""J”:; ﬂﬁ%
=

VISE BLIF-MVeEe 23 S84 25 a BLIF-
MV 92 VLIMVE 28 #hd:8] ga) 24
Ak VISelA A28k Verilog?t it 91 Verileg#h o
E A& vE7 4 nondeterminism)® 7123 W {sym-
holic variables)& AH&- &  glebs Holth wE 44

TAAL $NDE wred ol x el M A 4L b))

74
==



oo snEEHE|EE ==X AMTE WTEENT)

A Verﬂogﬂ] 27 Hem wEANe FAdrE
AL 4 xE Fth ol A uUd dAE @

| Q.ﬁﬁ}‘:} ““1' VL2MV?E Verilogdl A Cel A ALE
s= AT A dATE AlEelg 7lad deE A
B o S YUEF oo Wl gL Flsdes qas
T FzdE AL AHes FAL ¢ A Ao
wetal b Al wAlE A shelch BLIF-MVE
A7 VISE 28d o] Az Ed He2 Axddd
ol AdE FEE(GW module)d TAET ZE2
FleL arbitrary functionalty 9 lacch® 17 Aol EY
Hegad 2 vedeizich o] Adei g &3
{raversa)® UNIXe| 2 dig =38 FAE
Algde] 45 JF JAE 2 ol Az} sbeEoh

42 VISE o83 83
A FEL rjalele

| oly ael WEHEAS A
Z3H= BAelvk tAgL Agaen AFEY] 948
Ae A 1F 9 £ s g2 eldok 3} A
g el Abolel gol= £¢ E Z1Fhmie state
maching) & 74 5 4389 Alagd 3 4 a4
s dE £33 A AAHE PATorN delw

3 e ZlAF A 2R 439 o AdH
dAE Aads: {3 4H 1Az Jdelie Ade
ﬁzﬂ L7 FoEL W A9 A A OE A

g4 A g5y 524 vEojz o]y
w2 Ysas o W Beidiscrete funclion) 2] )
Lol ol BDDs(Binary Decision Diagram)$)
MDDs(Multi-valued Decismn Diagram}=| =3 <Al
viebd g doh[18-19] 3 Ak AR el A
25 VISE] 9 o8] Verilog® 2¥ 3 & VISE

Hato] @A Fls AR AZAAM AR o] s
Fr B4 WY janguape containmentst 29 7
(model checking) HHo2 HEdch

ot

J
]

o

i r.&fi rir

5. RACE = 2 EE{Remote Access Cache coher-
ent Enforcement Protocol)

CC-NUMAS] <! PDLSystermn(Physically-Distributed
bul Logically-Shared memory systerm)(27]2 (2% 1)3)
Zohner-node WESAE EFd d#d= e g2
ZZAA =E(processing node)EE FAAEe] gl

224 e Aol A (privale cache)® e =

BaAet A9 F7 dwe] FiHglobally-shared mem-
ory spacel$] AFE9 WL IE /O, 9BAT A
HARACIH YHEZE e UEHZ - AR
A gt
EgAA =z ¢lg] _),LF){-"]\:] 7“4‘23—
(invalidate-hased) snoopy 74 484 f4 Z2ESF
d o dadg A Z2A A gle b
olelg F2 A A% AH g A L7 A
ZraAdx B 23g Byl I HA7F A 22
gk ?D* ol Rate ik I’]E?—]?F 2% HelEF
aga ge AR 2R HE ANt 2 4
e Aok o8 A4 A ﬁ.ﬁ& HolEHE 2
2 g Aee 2 dedE AFsa 29 g
S HESaF FdA 2 S1A7 = R dER
2 FelHE 7 2rh A koo HREEE
A FEE T AEE R Qe HAE"Y] g6

AZack
1

=
Ee

o
i
o
i
I
_(U
™~
=
ne
=
L
Il
il
hl
Al
s
I

Bengeasor (P PrOCosss Caclie a0y Matwnch miorfuse 4 ILS BIRetory 100G Bumuie Acteny Crelie QRACY

(3% 1) PDLSystem

51 =
‘—-i"ﬂ”]/} A vz @R Fo] AdH (-
cal) 1A °]Tzﬂ(1emm 19142 gdeslr] YE) aAds

= el
74 a-ow A gle WEe ¥
At A5 R]%ﬂ YR 7E ERAA
oEg AFST ohw ¢ F
Aol dolE]Z AFa. 235
izl $ae) ddels fEUEe e o5 iml 94
2 H3Z A SRS AR 7] W) delH

A3 w7l A6 s &or g 9% HE



AA7 2744 AEEs AW = olr] AR 9
P #2 A7 dolsg AR glelel Atk 187
U 83 mEo g A% s §

£ mugh dojse] AgAS

b
it
=
o
ik

£ Bdg £ = AAm glrt
W ogaEDE 0 A vedety O 25w
o} 28R duiy £ s=o gl YRRy o5
2 AT P =204 83& JAFEn § wsd
A Asle) g gATh I g 2% mEo 9%
AA7 2 wlolgE Eﬁ_,&ﬂ?ﬂ A AFY dE

o = A

0]1 #A#le]s RACE maEag Ans)
#A(local access)d | ¥H %
v 4= gk

at

A2 (remole access)&

[l

52 7+
¥ w=gold 757 RACEEREZL 043} 2o

7174 e wET

o ST FHD AN Ao BE S P v
o4 F e AN

& reply-forwardinge| AR}

& Inlernode MIEYZE 8 del8 dF Z2EE

L g mEoA & e Ay HAAES ¢

HE BAawr)

» Chosl—sharinge] 3-&% )

53 RACE =2 E22| pperalion

3.3.1 Intra-node nestwork cperation

» coherent read : 714 4& Hr] #HEeE aFE
= AL a8 Z2AME 9
st}

e exclusive read : 714 @&

B Ay a7 m2AMe o HeldE 4 8
& glth

o invahdate : 2 RE A9 HAHLE FEE s
278 ZIAME o deolHE 3 T F glrh

® writchack : A 219l R &t ZE A
M4 ¢ replacementol] 2] SH IR g

o wrilethrough : 714 2}el& wWmajd] & 224
A AR T deEE 7}7“]—1— e FE ga 7}

Az A gE T Add

YEE 0183 RACS Z2EEY 23S 2228

o] Yal%  locked read, locked write, uncached
read, uncached write?} 24t

5.3.2 Internode network operation

s coherent read * A4 23 @7 Hgez 233
T A

s exclusive read © A G90L 7] FlEo R 4438
= AL

» invalidate : ohE 2LE
s writeback @ 744 FH91E

o)
replacementol 2] 8 WHAlS

_T:
0 7
i
U=
AL
(2,
o
jal

.

o] Pel% uncached read, uncached write, input

Joutput read, input/output writer] $1H22].

54 HIER|Z BEAMe RACE Z2EZ

54.1 495 H2

| ¥ 227} uncached AFEfelM EEAM w42
coherent local request?t LAl5HE AL OEEgE
£3% AHgE Par gvh JHEE]7] shared "hﬂi
A a7fe] wste FLolE WE"EE]~ I aAs
A Aozt gl oy dEERE Z244 7
#17} exclusive dolA shared A= wlH Ha] 8
olsfof 3o}, W= Eal7} uncached’dHol A EZAA
v 22 exclusive local request?h 2 sls HE o]
dEe o 238 A @ 287t fich tEEdTl

shared AYElol 4] exclusive local request?} WAl &)<

A% tdEe PA=geE FAE WS BE T
=2 Btk o BEE WARE g A F
f rEEd BAES R AFIR § =2 4<l
MAAE 2, a2 v D 3 mEe SR ED
A4 AEE invalidz aErt 2E Fas = o

AA 7 223w Y Ees uncachedu| & ulFo)

A mEe fAEe 27 7bs =3
A2

e
ol
o
|o
il
L,.'o

o) = coherent local request, ex-
clusive local request®™ P, invalidale local re-

quest, writeback local request™ = #HE o)

5.4.2 39 HT
o X H A7) shared AE)A coherent remote



2224 SIRPEAEFS =R M7 HT7EE007D

requesty} WAFE A9 8§ 42 AlHe 24 el
HE T #8 AT AT modified A=A
coherent remote request?l WAlde HALE fiR A
= AHF 2% doEE T 82 2 AAA
madified el 2 A$ coherent remote request?}
gflete A o He oAt 43 deEE FF
gy 9 HE A7 shared el exclusive

remote request?t WAlEE A R BE AHAE F

3 oax WARE F ==d 290 & =2k 1
23S wnlA LE FH =Dd £E53F 935 B
dck w3 ZEAA AAE ¥R A BE F

P

Lewt

o Fas afde By Fo JAEdE 24 =
F 27 by = e 94 . o
gagds 28 FRE He dAr & A 7
thejel Fo), Exclusive remote requestdl 205 %
A4 Wavh WAHY 29] 43 AAAE e
puth £ =g fdED A7 uncahed s ol H
n]ﬂil;zqt zzAA AAZRE 5FH BARE ¥
T OAA wEal 3 HaAES 9 L]gq, i oo Jd=
5217} shared Aol A=Y=
FEI 2 WAAE 2 74 1 %
#H BiRg wg 23 x| T HapRLS gy
£ xco YErl modificddEed tdEE
g e dndd Af =z A8 FHo
3 2AE dabEal ZeAA AFZTE 7HE
3 o8 g el af =Ed BT,
Aol B =EE F =0 5] g8 HgE
#Auk g2 HE AN shared “’a}Eﬂ'ﬁH A invahdate
remote request?t LAl AL HR HE A= K
53 4% WAAE T wE=o 2y F rxv)

a3& wAvA FEE 23 EE FH ==
E e Z2AA FAHS
LEo REE 2348 Hd

Z dtog 27 75 BHE

Rﬁ E
kool

F =
c

il o2

A da

=3
—

=
hui

o o
1 rl

ile

C

o

i)

1o,

_.I‘[ijl‘.o}ﬂ_',
s

r'O iy

(=]

I =ID£--i

erﬂlﬂé

2ol ecoherent remote request, exclusive remote re-
quest¥® ol )2} invalidate remote Tequest, wrilebacle re-
mote request® ZHATH

5.4.3 Replacement of Cache blocks

AgelAe A2g T4 HRE A& replacement
£ & Zirt W) shared AEAY modified 3
gl e 220] replacements] iAol "ol E29)

shared4Hsl3l B4 I8 H2 AdE 2 BEFS AA
Slm ost g AME F nue] A guth &
Sol modfied 19 A4 9% P2 Ade 7 B2
L AAST AA AL F wzd E@ replace

ement?t dojtt BE L jnvalidy el 7o)

5.4 4 Concurrent accesses
aAe] #L addressdl] diE] HEH2=2 Jod W
concurrent .36 dFhe] eFE9} Zo] AR

1) Pending statesl® hitdae A28 nake F4
retry 3 <}ghr}.

2) Pendmg state < htdt CRDgSd ERDgZS 842
naleS Bulel "ol f3XT DR olelel FA4 &
) a7 oA retrysiordoh, 2845 RAC 2
ol AT alghe] Awk el rerry okl

3} racoll~ pending stated]) i@ INVge REoL2 ¢
Aala 27as INVpE WEh DIROIA pending
shatedol BeE invelidatione wakd Buleh Fvl
1) DIRIA hit¥ WRBg £ & viZe|& A T3
of g} ofald naks RulR Dopef g,

6. RACE ZE2EZ9| HE

6172 H
E mEgME A5y olds ohgal o] 2@t

D Azd 9492 gy ARz Y= b A5
o2 HEHc Az 02 drd e MR
el delel S waA] g7 qEA st A
Za Heo d fFEoR oy Rde) fiF HF
o

2 Zr Az A48 R S A,

B EEA~ AL A e~ 5101 Lles 2HEL A

A H(non derermimstic) @2 €4 A 71,

2 ARe 24 32 5% BA wEd A% 2
Ned AGE AR LT 4 g0 o g4 9
0

a7 2d dul Alede Wle FAsHEA L



Ae ZeAT & A2dd L9y sbed Be 2
o] Atk A Aekd A2delM FAbstel A o=

Epli R R I R B
des 7z 2 BEE pAdee 7okl L

direct-mapped cache? 5o AzbEiRAL Al L

4 B4 BEe] A A4e 22 g e 2
B 28 P dAFeR Ak A Le F 2ol

494 37 ghedu 28 AL A% ® FHarh
wElA line-block F=3EE 74584 #H 95 £9
ol AdE AHAE mdy & o AL § 29

299 fe AToR FHAT T F goks Aok

e
il
=
H:\
ﬂs’l—“
A,
A
-G,
hu
14
A,
B
T
'
=
A
s

o2
°
L
i,
A,
)
ke
5
rfe
i
1
ox T
L3
.3
il
et 'r.1
jO_L ;Et D}..

1o
&)
o,
Q%
do
it
b
i
ot
_E]'_Ll‘
™~
Ao
2
i
or

[Tt R S 11 N s A ML
TR T 1 R = 1

=2
)
=

_unmr
o
B
RO T |

)
I>
o
=2

o

w02 N
&
2,

L
¥
x}
r
2
M

i) iR e
é, Erﬂ.a}'ﬁ
oo e B
i g o o T
Ao, o 3
2o B owm e oo
T ) 7
2
<l e
&-i}l
_&.go
s 2
i)
OEH
)
n
* a
b=
e
w R
i
= o
£ o

Ao,
I
1yl

e {0
£

I
[rt 1

=

o

T

b
1

K
i)
|
b
i
S
i,
o,

| Inter-Nade Nerwork{INN1
] I
NIP NI
e i

Home Nede
MNerwork [nterface (N1F), Direclory (DIR), Remole Access Coche (RAC) Processor(PRO)

(J2 2) ZEY ALZE RACE ZEEZC! S48 2

Remole Node 1 Remele Node 2 Remote Node 3

B3 RACE Z2EE2| HA

bunAE E e

VISE 0IB%! RACE Z22F0| HIHE 2275

it A 2| AR Ebd A 2Ele VISY) ¢

A2l Veriogz T8 g} Verlog WAE BLEF
-MVE CHstE e wiE o] VISR ¢ & ¥
A AF A FIoA AR gl o= F oA
Hel language containment® 2@ 7 (model check-
ngHE ol 45 A5 (1¥ 4 RACY 4
P oAz A% A el F 3 F$d RAC
Invalid3+ & o]l 4 coherent read?t H483 A3 RACE
Verilog® A3 Y8R}

Procassor RAC(local home(zumole s I RAC

eofiarent
road N CRIn
I U ord,

-
cohurnt
reply CRDp read

PL U or F3,

o

3) RACOIZDIRy == DIRs ofA{=| coherent
remote read

samory

madule RAC
INVALID : begin
il {pro_cmd == coh_read)
begin
rac_req = CRDg,
rac_state = Pl
end
else il (pro_emd == excl_tead)
begin
rac_req = ERDyg,
rac_stale = PIN,
cnd
end

(2 4) VerllogS 0|28 RAC ZA|

oy

(2% 6} DIRY &]F He] #F e Aol
gk 790l RACY] mvaldiedslis exclusive read®
A% DIRE Verilog2 A% d&Fo[t

ol

o

Proceasur RACHocult Lamatramany IURasC

exclusive

rend Ty ERDgq INVe

I 1 5 8

ply ERDp INVp

exelusive ~

° rend

(72 5) RAC 0122 DIRs € M exciuslve remote read




2226 S=FERE G =2X M

A4 HTSt20007

module DIR

begin

SHARED . begin
if {rac reql ==

if (s reply? == 1)

el

ERDg && 1replyl ==1)

begin
dir_req? = INVa,
dir_state = PSV_ex:

else if (s_reply3 ==1}
hegm

dir reqd = INVa,
dir_state = PSM_ex;

end
end
(33 6) VerlogE C|2& DIR HA|
64 VISE 0| S RACEEREZ 3| %‘o

el

A Agae =

]
g 4 Qi 2E

Abgttd. d &

ent read £

e RACEZREZS =

Eol (1 =
A& RACC’] INVALID &< s1z
a3o] Eo k&

= Adat
-3 RAC°|] A A
e dz AysleAs 4
e CTL =A SeA A A

2, ¥o A eoher—

A8, oy o
o)

RACHA taEZ]=R

.
9 §34& CRDGE vlRf® KE 33 glolA RAC
g] Ao}zl SHAREDS ke zd% A2 Aot} F

HH £ RACY|

clusive read 230
29 23& ERDgE: Wnyz

RAC2] |7}

INVALID “elel iz
| sof e rﬂ

H el A ex-
UJIW =EREE
25 A ¢lold

MODIFIED?t dti= 7;1% HEe A

take] CTLE ol &8
g A2 (1'%! 7)34- Fo] RACEEZE
k=3

s BT 4 5 gk
B9 AT AN Bk ST AHelA F@A ""f’ﬂ |
g ¥F gL maAz B 7 gAggle) €8 &
o & oA coherent read 278 #] ]_ 9=
Filel U2 e RE writcback 8780 S0 & 7
S-olk, HAlHI A exclusive read £.73¢] FH9uk o

Al =e] gzt coherent readsl AS 94 BE A

b geste gt & 26 =0 RACHH CRDg

S W92 u PhAEH Penz F ox=2 DR
NACKE #dtt £ w24 DR2 35 =Ly
NACKE 97 Hd WRBqS Yerma 2= A4

51 HAGF=EZ WRBpE A% 3l &4l 23] =
Zo] CRDpE: Bdemy] d)3 & 4 g}, ols} 22
AEE WAAFE exclusive read 8% F7ol write-
backe el BAE 3908 WASI coberent read
pAe] FAEE e e wgez A A}
d4g RFEkA vleageEsd BAsteE 45t 0]73«3}
AAAe FHEHSE Age] 54 s MR k] &
g olde FARe] gle ASE € BAE Al

= EAS 51 % F o9

o}, mElA dAe Ay =3 2 "tz sk,
(7% 82 VISdlA 2 F&+ invarant AAE 0%

@ 4% 27 on. aH HAg Bge o Awa]

94 QoA g 548 CTLE Askn

erg=l 1

# MC
# MC
# MC
# MC
& MC -

[ormula passed ——— AG(racl rac_state = INVALID
[ormula passed -—- AlG(racl rac_state = INVALID

I emdl = coh_read)
& emdl = excl read -> AFiraclrac_siate = MODIFIED!)

. formmla passed --- AG{(raclrac_siale = SHARED ¢ cmdl = excl_read) ~> AF(racl.rac_slule = MODIFIED)),
. formula passed --- AG{racl.rac_staic = SHARED + cmdl = wnite_ba

formula passed --- AG(racl.rac_slale = MODIFIED ¢ cmdl = write_ba

> AF(racl rac_stafe =SHAED))

-> AFlraclrac_slate = INVALID)):
-> AF{raclrac_slate = INVALID),

(T8 7) VISE 0|25t 2l 2

# INV
# INV.
# INV

if INV
#INV

formula passed --- '({(racl rac_state=MODIFIED
formula passed --- Wracl rac_slate="MODIFIED
formula passed --- {{{rac] rac_state=MODTFIECD
f+ formula passed ——— MWracl rac_slale=NMODIFIED -
formula passed ---
formula passed —-- '(irac2 rac_state=MODIIED
# INV: formula passed ——- Y({racl rac_state=MODIFIED
£ INV' fernuda passed --- Miraclrac_state=MODIFIED
# INV" formula passed —- M{lracl rac_state=MCDIFIED
# INV: formula passed ——- Wloc loc_state=MODIFIED

W{rac2.rac_stawe=MODIFIED

< rac?rac_statc=MODIFIED # racd rac_stale = MODIFIED!,
¢ {racZrac_state=SHARED
rac2.rac_slalc=MODIFIED  rac3rac_state = SIHARED)
rac? rac_stale=MODIFIED + rac3 rac_state = MODIFIEDY
i (racl rac_state=SHARED + racdvac_stale = SHARED:
rac3,rac_slete=MODIFTED ~
racZ rac_state=MCODIFIED
(rac2 rac_stAle=SHAKED
rac3 rac_slaie=MODIFIED ' rac?rac_slale = SHARED),
¢ direc.dir_stale=MODIFIED)

+ racdrac_slate = SHAREDY):

racl rac_state = SHAREDY;
i racd rac_state = MODIFIED):
+ raclrac_state = SHAREIN:

(28 8) VISE Cl&

o invariantd 2 Z2t



Aol pass HeAl Zelgeas of Zaege] Wl
Hdol s Adeine Ae JAS T 5 At o
& £° RACE7E MODIFIED “efe] sivhsl <&
RAC 27i= Al SHARED AeE 7td + §ith
TAE = VISE olfdle] HF AE FH o
=go] nelg 54 24 dgle BERnes 4

+ 9191ek,

Al

m\rl.f

o (B =

by
H1

iz

.42 % & oA

AR ZEe A =S s s
2 Adelrt Wxshe yuzds] B84
o oglom Alswo] oju EAL u
g7l e AT H3
wE 5 ogd #rp x4

Eal
FAseNE A5 T goenz i

o
i)

il
B, ok ofy ;, o

[w]

il

I-

ol
L A

B

o
gy
i
i
it
o
2
=
=0
k3
=g

[

=

Y

H

el

i)

h |
U]
Rl

)
o

ik
r
|

i)
>
rd
lo
i I
i
=2,
A
=
+
kol
)
3
°
i
4

I,
il
fm
i

fo 4
oL
i,
1z
e,
=)
B
w M
- EE‘
o
=
o,
e

e
12 8 oop
Lt j,‘:’.

>
N
o
1o

ol &l
e

et
Y
I

_9.

=)

L

o,

i

o
i =

P
k
|

3 ‘W' =

=]
s
o,
jis]

=)
o

| o E‘
D

o
e
1l
e
0"0
]
T

% 0

L of

4592 29 ¥ ¢ 9
& NG T d2E 22

a
A% 719e e Fob] Hgaie Ao Ba

[y

[1] A K. Nanda and L N. Bhuvan, “A Formal Spec-
ification and Verification Techmque for Cache Co-
herence Protocols.” proc. of the 1992 International
Conference on Parallel Processing, ppl-22-1-26.
1962

[21 D E. Thomas, PR Moorhy. “The Venlog Hard-
ware Description Language,” Kluower Academic
Publishers, Nowell, Massachusetts, 1991,

[3] E. M. Clarke and J] M. Wing, "Formal Methods :
State of the Art and Tuture Directions”™ ACM
Compuing Surveys, pp626-643. Decornbear 1996,

[4] F. Pong, “Symbolic State Modcl : A New Ap-
proach [or the Verilication of Cache Colerence

VSE ClE® RACE ZRE2C MHHZS 27

Protocols,” August 1995.

[5] . Pong and M. Dubos, 1895, “A new approach for
the verificanon of cache coherence protocols” IEEE
Trans. Parallel Dismb Syst. 6, 8 Aug, pp.773-787.

[6] F. Pong, and M Dubois, “Formal werification of
delayed consistency pratocols,” In Proceedings of
the 10th International Parallel Processing Sympo-
siumm Apr, IEEE Computer Society Press, Los Ala-
mitos, Calif.. pp.124-131, 1996.

[7] F. Pong and M. Dubois, “Formal Venlficaticn ol
Complex Coherence Protocols Using Symbolic State
Nodels,” Journal ACM on Computer Architecture,
VoldS, Nod, pphb7-5687, July 1998,

[8] J. Archibald and ]. L. Baer, "Cache Coherence
Protocols - Tvaluation Using a Multiprocessor Sim-
wlation Model, ACM Trans on Computer S¥stems,
Vold, lod, pp.273-298, Nov 1086.

(9] J. Archibald, “The Cache Cohorence Problem in
Shared-Memary Multiprocessors,” PHD Disser-
tation, University of Washington, Feb 1987

[10] J. Archibald, “The Cache Cohercnce Problem in
Shared-Memory Multiprocessors.” PhU  Disser-
tation, University of Washingion, Feh. 1957,

(117 James et al. “Scalable Coherent Interface,” IEEE
Computer, Vol.23, No6, pp.71-82, June 1990.

[12] K. L. McMillan and J. Schwalbe, “Tormal Ver-
tfication of the Gigamax Cache Consistenicy FPro-
tocol,” Proc. of the ISSM Int’l Conl. on Parallel and
Distributed Computing, Oct, 1991.

N3] K L McMillan, “SYMBOLIC MODEL CHECK-
ING,” Kluwer Academic Publisher 1993,

[14] K Hwang, “Advanced Compuler Archuecture”
McGraw-Hill Book, 1995

[15) L. Barroso ct al, “RPM : A Rapd Pratotyping
Engine for Multiprocessars,” IEEE Computear, Fab.
19495,

[16] M Heinrich, The FLASH Protocal Internal doc-
wment, Stanford University FLASH Group, 1993,

[17] P Loewenstein and , D. L. Dill, “Verification of a
Multiprocessor Cache Protocol using Sinulation
Relations and Higher-Order Logic ” Proc. of the 2nd
Int'l Conf. on Computer-Aided Venfication,
Springer-Verlag, ppa302-311, June 1990,



2228 d=EEHeEn =R AR ET=E000T

[18] R. E. Brvant, “Graph-Based Algonthms [or Bool-
ean Finction Manipulation,” [EEE Transaction
Computers, Vol.35, No.G, pp.677-0691, Aug 1986.

[19] R. K. Bravton et al “HSIS : A BDD hased system
for formal verification.” Proc. Of Design Automa-~
uon Conference, 1994.

[20] T. Villa, G. Swamy, and T. Shiple “VIS User's
Marnual”

[21] U, Stern and I L, Dill, “Automatic Verification of
the SCI Cache Coherence Prolocol.” IFIP WG10.56
Advanced Research Working Conference Proceed-
ings, 1995

[22] 7Igt=, madwl, A8, Awd, d9M, 355 @
%4 "RACE Protocol : Remote Access Cache
Coherency Enforcement Protocol” F3FE Al

Q78 AR pxmzse) fd G, BAR
ey, TM-3100-1995-012, 1899,

- o # M

e-mail | hum@formal korea.ac ko

19939 Hao g At Yo

1998 gy Halga £

19983 mejod HFEE ojEe g%

2000y AW FHESY thed
A&

P Rop, AE7y, CTL ZE 7]

F & =

e-mail : choi@fermal korea.ackr

19820 AgwEn RE B
&4

19261 Drexel University Dept. of
Mathematics and Cormputer
Science 4 Ay

1993y University of Pennsylvama Depl. of Computer

and Information Science =}A+
1993 ~1996'2 Research associate, Universily of Perm-

sylvania
19940~ A aediet PFE T Fag
Aol HTE el E, AYIRAEERA, P48,

AN Az, Rxzagd ol

EEEE

= =
et & &

e-mail | whan@etri rekr
1981 uefefElaE gk Sl
15849 mejigtw dxFe *4*}
199y we st Axtgs

o}

1997 ~1988b? gadasidyd ZRAM9y72%
19083 ~ B FRUAFNETH FRALRATEAY

BYEk AFRTE, o ARTEAA TE, FYA

7 ot =
e~mail - adki@dynalitlcom
1082 ~ 10861 Aekdsta A7)
FgIA(F AR
1986'¢ ~19882  KAIST #7] %
AR B F 8 AL
19943 ~19974 University of
Manchester Dept. of C5
(ZErAL
19889 ~ 20000 S=HAFAE T4
] Dymalith Systems, Inc?] R&D Direcior
(Hydyeh

FUEE. FFETE YEAY, ALguY 2
%Az

Mo

e-mal . khslum@etrirelr

19813 ~ 18853 A &S w A%
FHHETRAD

19399 ~1991d - KAIST A7 2
2B 513 F B A1)

19913 ~19973  KAIST #7) &
AT ST A

19851 ~ 1989 24 A7

10979 ~ 8 BIUATAG

T o} Al AElga 1

=T



