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Abstract

In this paper, we present our experiences in using symbolic model checker(SMV) to analyze a
number of properties of RACE cache coherence protocol designed by ETRI(Electronics and
Communications Research Institute) and to verify that RACE protocol satisfies important
requirements. To investigate this, we specified the model of the RACE protocol as the input
language of SMV and specified properties as a formula in temporal logic CTL. We successfully used
the symbolic model checker to analyze a number of properties of RACE protocol. We verified that
abnormal state/input combinations was not occurred and every possible request of processors was
executed correctly We verified that RACE protocol satisfies liveness, safety and the property that
any abnormal state/input combination was never occurred. Besides, We found some ambiguities of
the specification and a case of starvation that the protocol designers could not expect before. By this
verification experience, we show advantages of model checking method. And, we propose a new

method to generate automatically test cases which are used in simulation and testing.

Key Words : Cache coherence protocol, formal verification, model checking, Test case
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Fig. 1. The transition diagram of machine M.
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Table 1. The transition table of machine M.
output next—state

input state A B A B

0 0 A 30

1 11 4 2

2 00 1 3

3 01 4 3

4 11 2 0

o : [2¥ 1]9) machine M2 9%+ transition-tour |
olayE oldie}l Al (ol &2 &l el AlFo]
=
BABABAAAAAAABB
00334034214212
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Table 2. The UIO sequence of M.
state UIO
0 B/ 2
1 A1 AN
2 B/
3 B/1 B1
4 A/1 AN
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® 3. Mel| DSell W Az ~53
Table 3. The result string of M’s DS.

state M|s<DS>
0 A A
1 1 0
2 0 1
3 1 1
4 1 A4

23 19] machine Mell D-methodS A4l 9&
B-Af e olae} 2k
B-Ahx
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rBBB
rAAAAABB
rAAAABBB
rAAAABB
rAAABBB
rAABB
rABBB
rAAABB
rAABBB
3o MuAA~z2RE HAZ}E HiE solie
o

rAAAAABBrAAA ABBBrAAABBBrAABBBrABBBrB
BB

M. RACE ZEREZ
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Fig. 2. PDLSystem.
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Fig. 3. Local and remote accesses.
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CTLAM A @dibAb=

FEal = E g9 F G U,
R AZ AHd uvdEele] Al Holm(state - X9 #SE o]FeixIrt w3 A did dixl=
transition diagram)e}ch AE=A] ko, AA] Aikxl= Al A4 Hproposi-
tional connective)®} wl2 A=A F3icl Hrl A&
CRACE ) v g/ ivvp 3] et o 2k

+ 2 E atomic proposition CTL formula®]c}.

LR -f 9 g7} CIL formulaol®, thee] formulaE% CTL
4V WY formula® ]t}

CRD_q| ERD_q/NAK

CRD_p INV_q/INV p

NAK / ERD_q

| write_ba
a8 4, o AT NS A Aolx
Fig. 4. The state transition diagram of RAC.
ERD_g|NAK

CRD_q|ERD q
INV_q/ NAK

w Qr_psm i /INV_p U
CRDG | ERD_q O
|INV_g/NAK CRD_q| ERD_q

CRD_q|ERD_q

X |INV q/NAK
|INV_q{WRB_q/ NAK

WRB_q/ WRB_p

@ CRD_q! ERD_q}INV_g/ NAK
WRT_q/ WRT_p

@ CRD_q}ERD q1INV_q| WRB_¢/ NAK

@ CRD_q(ERD_q{INV_q/NAK

38 5. yEee] e FHe|x
Fig. 5. The state transition diagram of DIR.

IV. CTL(Computational Tree Logic)

24 A&

1. Temporal Logic CTL(Computation Tree Logic)
ol HollAli= Clarke®} Emersonell 2]l Agk=l
2l A4 =2](model tense logic)?] dF-Eql 2d o]

o

2, Z CTL(Computation Tree Logic)™el wjalx] <o}

Hol CTLY QdARE-S Folal {38 2d(finite
model)?] eje] & Alel(state)7t FolF =]

(formula)e WHE3heAlE A4 07 dol B £ gle
fixed point E4-2 Zh=t}.

£ (A, AXF, EXSf, A(fUg), E(fUg)

oAl AAES cheel A6l ofd) 1) FAe
=oe =4 5 ol

fvg = T(TIATg
AFg = A(trueUg)
EFg E(trueUg)
AGf = E(trueUpH
EGf = A(trueUT)H
2E MAES A e EE AARP| i =
2xe] 2 72& B4 branchel AFSHE Aol oh]

2} B4 Al sgsiA =k

CTL®) semantics= Kripke structure®} $Hasle] A
ok}, Kripke structure M <S, R,L>E Aolgkch
714 S AelEe] Agtelm, ReSx S totaldl A
o] A (transition relation), L:S—2FE labeling &<+
olch, 22|, AP+ EE atomic proposition®] #3lto]
o} MollA pathe AbeE2] F83 sequence (s, 51,
55, )01tk Sequencel BE =00 A, (s, 5000
eRre] AHgrh

skp iff p &€ L(s), where p is an
atomic proposition

skE-f iff sEf

sEf Ng iff skfand skg

soFAX f iff  for all paths (so, S, s2, ***),
siFf

soFEX f iff  for some path (so, s1, Sz
=), stkf

so FA({ Ug) iff for all paths (so, s1, S2, ),
for some i, si Fg and for all
j < i s kf

soFE(f Ug) iff for some path (so, s1, sz, ***),
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Fg3k= Aol 7Fsdick SMV AlA®E SMV ¥
ool 2 vehjeizl mdo] CTLE ¥R 87 HAE
RiEsheRle] SRS AgFHoR APl a4,
OBDD(Ordered Binary Decision Diagram)!'"& 74ke.
2 s ARy 2d 47 daeE|EE A3t

A 2 =3 FAHY SMV glefe] EAES
AaAct. SMVelxe 10] trues vlsia, 09]
false® &@|slH, =] 942t and, o, not2 & |, 1=
2 x5l

SMV zg7e f3 Ae] Al2"e] HAe CTL
formula®] glrE2 PAIEITh Abe) Aol AlxeEl(state
transition system)& AYel F7H(state space), o] #
A(transition relation), Z7] Are(initial state) 3&<|
A SR A" o] F A VARe}= o
oko] Hol| vforx Al W4 Addo2a AA=) o
& 59 o5 2k

h =3
=

[«
=

27e

VAR
b : boolean;
from : 0.5

switch : {on, off};

219 A= B8 W be} 05 5AbolY] A4S Ae
from, A& {on, ofte]l Y4E oz 7KRe W
switchs sk Flolvh

ol A9} %7} AelE simultaneous assignment

(154)

#o] SMV e we be] 7] g 002 EAg
=1

ASSIGN
init(b) = 0;
next(b) := 'b;

aelm, Aol IAE AHAs] &AM, nextlvar)=
ok AElelAe] vard] e viehdrh 98] Z=elA
W be] ok A glel A ko] Aol &
Yepdich & b9 o) 07} 18 Algsix EFshs A
+ vehich

o Ad e AYsle ditA

expressions AHE3ME 7o)tk

ASSIGN
next(x) = case
x<7:x+1;
1:0;
esac,

29) ol x2) A gro] 7He}l zhew Ry Abee
x9 & 19HF ZFHIIE, $9] 2218 wEEA|
o, o AEe] x9] g 002 3k e Bl

Z x£ modulo-8 counter7t ®cth (1.2 trued
vlslez F WA A9e 1 02 default case’} ®

29

o 52 lo

RACE ZR2EZS SMVE 753}
2 7H TS F5 2
3 =gl

=

1. 7H4
B =2 5 vk 2L 7P whEct
- xee] o= )2 ARt
-2k pee] ZRA L] fE 12 vk k= ke A
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4 A#A FAle MESI T2 EZ] o8 4%}
3 7] wiEel =k A4 dBAd EATE

e 3o} 2Eg rE kY] TIAX F=1
2 3R 5 Uk

-VOE AF dBA TAY FHste wlA gt

- %] WHE e A4 Eelel uig AFteR
Al MZ & A4 1S M2 Abe) Aol
(state transition)ol] 33kg- w|x]x] ¢¢7] wjFolch
-ga g 9% AT A4t 2L ke Qe
lue] we ZIAA A9} Fauke g4 ook
7}7} pending Abelell & &% HEEE 9k A
ohy 7R

o

2. 343 =24
a3 62 514 AdHE S 7hke® A, 2
3 29 PDLSystemrs $4314)71 Zlolth. shte] 714

geluke 72 At g &7 wlSe| T3] YZe
5% home nodedtx s, vHA] Y] rri=

remote node 1, remote node 2, remote node 3¢] Hr}.
#2122 home nodeciAle RACE vA] 3749
remote nodes9lX+ DIRE A=l 4 gk z8lx,
o] 5% 43k inter-node network-g -3 gch

Remote Node |

Home Node Remote Node 2

12 6. PDLSystem®] ZAksl ud
Fig. 6. Abstract Model of PDLSystem.

3. A

o] W o4 RACE Z2EZA 71 228 ¥
A AZ sN4lek v B gt WA s
7reks) Ak

Remote Node 3

&l

1) 9% A AsRAO

theellie oF A 4] B EE AAze] AT
A Aol & 3 A 2% AT A7F Kinvalid)
AbeellA coherent read”} BAEE 79 1% AE A
9] A AolE SMV §l¥ Aol ogA wpreX]
£ B Frk

Erd
i

(155)

£3I9% CIiE B3% 9

O3 7 BRE »co] o M 47 I Al
A} coherent read7} AR 7-polr). o] A, T x=
9] vjelEs]E Uluncached)t S(shared) Aeld 4= )
th 2E eFeelde] B F Y FHE e
S(shared) A&7} tj#Ee]= S(shared) Arei7} rh
29 A9-E SMV §lF o= vepid ¥ 83 2

o
Processor RAC(local home(remote) 3"RAC
coherent
I read 1 R Uor§
Y
coherent
reply Pl CRDp Uor
s
2] 7. Coherent remote read to RAC_I and DIR_U
or DIR_S
Fig. 7. Coherent remote read to RAC_I and DIR_U
or DIR_S.

RAC_I:

case

init(state) :

next(state) :=
state = RAC_I & bus = co_read :@ RAC_PIS;
state = RAC_PIS & input = CRD_p : RAC_S:

esac;

init(output) := none;

next(output) :
state = RAC_I & bus = co_read : CRD_g:

case

esac:

12| 8. Coherent read®] SMV =4
Fig. 8. The Specification of Coherent read.

(2) ©12) 22|(Directory)

theS tEEee] BjRE HA|2o) AFE Abe] o]
Z T AU ¥ A" AS7E Wnvalid) Aol
exclusive read”’} A% 75, A Ee]e] e zolE
SMV ¢35 qlol2 oAgA vHieAE Be £oh

I8 9= BRE kT % AT 4= Linvalid)
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Abejelx, tlHEe]= S(shared) AbelellA]  exclusive
read’} BAZ A $oltt BE oxjdolde] ¥ &
A% AL AHE Mimodified) Al HdEzsls
M(modified) 217} ©ck 919 A9-& SMV ¥ <

S|z vienm a3 103 ek

Processor home(remote) 3"“RAC

RAC(local
exclusive

read m

I 1

ERDq INVq

ERDp INVp

reply

PI Ps

exclusive

d

exclusive
d

O

12! 9. Exclusive remote read to RAC_I and DIR_S
Fig. 9. Exclusive remote read to RAC_I and DIR_S.

init(state) := DIR_U:
next(state) := case
state = DIR_S & input = ERD_q :

DIR_PSM_erd;
state = DIR_PSM_erd & wait = 0 : DIRM;

esac;
init(buf_to_1) := nome;

next(buf_to_1) := case
state = DIR_S & input = ERD_q &

RACE Z2eE9 ¥ 7=

ul
=

2 ! Tt it

Fig. 10. The Specification of Exclusive read.

4

VI.

ol

L 2% 54

(1). Diagnostic correctness

v Ee]el o AHI AN vIAAARL state/
input Ege] BAFE=AE ArRI 29 119 A W
A meAd EF xso rdEedl WA o]e]e]
state/input &3] MASFEAIE AHAlshe Aola, F
WAl =eAl BRE xee] R AHI sig]lr] B
Al o]19] state/input FFre] MAF=AE AHAlsE
Zo]rt.

AG !(home.state = error)

AG !(racl.state

error)

a8 17,
Fig. 11.

Bl AARA Q] state/input 3 W A}
Verification of absence of abnormal state/
input combination.

(2) Liveness

grEe roil & yoo] A M 2 4
gl BE 8Ao) deadlockelH} livelock, starvation©]
WAElR] ko MelsEleAE AARl 28 129 ==

42 2HE dH|zelx9) livenessE FHAFE Zol,

is_1_shared & '(source = 1) : INV_q; a3 138 238 AA A6 livenessE HARR= A
. otk
esac
a3 129 A WA ==L o AT A RACT}
32| 10. Exclusive read®] SMV 54| I Abellell 913, #{ 2ol coherent read 2A40] S ¢
AG (racl.state = RAC_I & racl.bus = co_read -> AF racl.state = RAC_S)
AG (racl.state = RAC_I & racl.bus = ex_read -> AF racl.state = RAC_M)
AG (racl.state = RAC_S & racl.bus = ex_read -> AF racl.state = RAC_M)
AG (raci.state = RAC_S & racl.bus = inval -> AF racl.state = RAC_M)
AG (racl.state = RAC_S & racl.bus = write_ba -> AF racl.state = RAC_I)
AG (racl.state = RAC_M & racl.bus = write_ba -> AF racl.state = RAC_I)
AG (racl.state = RAC_I & racl.bus = write_th -> AF racl.state = RAC_M)
AG (racl.state = RAC_S & racl.bus = write_th -> AF racl.state = RAC_M)

323 12. Remote access?] liveness property

Fig. 12. The liveness property of remote access.

(156)
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AG (home.state = DIR_S & home.local_bus = ex_read -> AF home.state = DIR_U)
AG (home.state = DIR_S & home.local_bus = inval -> AF home, state = DIR_U)
AG (home.state = DIR_S & home, local_bus = write_th ->AF home.state = DIR_U)
AG (home.state = DIR_M & home, local_bus = co_read -> AF home.state = DIR_S)
AG (home.state = DIR_M & home.local_bus = ex_read -> AF home.state = DIR_U)
AG (home.state = DIR_M & home.local_bus = write_th -> AF home.state = DIR_U)

28 13. Local access®] liveness property

Fig. 13. The liveness property of local access.

AG !(racl.state
AG !(racl.state

RAC_M & rac2.state
RAC_M & (rac2.state = RAC_S !

RAC_M)
rac3. state = RAC_S))

172 14. Liveness property
Fig. 14. Liveness property.

L

S o, ofujgt Ageke o4 AT A7 S st =
e A AE3ke Aolch F A =eae 9% A
= MHAZE T Adellel 9l wisolA exclusive read £
ol Fof & d, o3l Feetz oF A s}
M A7} "obe 2AS ASshke Ao, vx| =g
Ak v M 5 9lE AHelrh

oz a8 139 A WA =i teEr} S
2ol A local exclusive read 830] ] $+& o), of
wet A-¢el= o et U Al dols A& 35
she Zolch w3k ¥ 139] | HA E==jAe tdE
2]7F M AbelellA] local coherent read £3o] S0 $
+ A, w3t Aeek= gyt U Azl Hvke
AL AF3e Zold, U] =eAlEx v]5siAl &

(3) Safety

a3 149] safetyel 3k
2 WA AL o AeetE T ol
Ao owning x=rt € & Qlolels

1.0
tv‘*c'] ey

WAl 542 shel BlEE xxo} owning M=ol
2 BleE »uES Ff :Z(shared node)7} B 4

ek S4e 2] Slg =ealold)

2. RACE Z2&Z B4
2 =%9] 7128 RACE Protocol V0.3 Draft®= n}
gog AARE AFoz 71& A} AlEHeo|dol H)

(157

29 Fess WA YE HAA Y ¥ ®
23 43} 7lojal Hstarvation}& ATk, F, A
AT o8& WAL WA TRA Aeld] BB
(ambiguity)& A F sle A5HE Bl T
AARSE FEAZ LAY, M2 o FRE o
o shgo) gl A%E 2 FAS HASA YA,

257 e ASE R BAE 28 2=

(1) =Ale] =84

(1) 28 152 & o4 coherent remote read 3

$ AHEsw gy Sk owning XEESE
writeback £Ao] Bo] & HASolrh =A==

exclusive remote read 8441 #9-abe] WA=]o] gl
o), 28 1504 AA&F coherent remote read?) A-$-
AA] 22 A7} esirhe Aok F,

(st RAC)7} CRDgE "st2 Wl PM Aol slo=z,
% xx9] tdggld NACKS Btk & r9] 1
FE2]E owning XEEHE] NACKE 7] A
WRBgE wernz wze]E 7JAsta owning ol
A WRBpE A=sks, EAlel 84 x=o] CRDpE X
Weomy sZS 4 ik o9 2 A5+ AP}
exclusive remote read 84 F73tl| writeback £.A33¢)
wkAg A-$-ke WA)8la, coherent remote read £33
o] ¥l A$e Tk wleZ Aejgche AR
& 233 7o sy wAshs el s

owning ==



12
1" RAC home 3“RAC 4" RAC
a. WRBq 1. CRDq
M M 1
L
2. CRDq
4.1 CRD,
pM F—NAK of py P p
4.2 WRBp,

18] 15. Coherent remote read?} Writeback
A AEEe A5
Fig. 15. Coherent remote read and Writeback.

2Xo]

(2) 18 168 % x=oll4] coherent local accessS
gslz e FZl owning *EZHE]  writeback
remote request’t FAlell Eo & F-olc}. Al
A B3 "ArE =y 3R 7] il ZE A
2|7} Bt Foll & x=0) AEE o9 sof =
o helr = EA(ambiguity)o] WA "t &, F
£ & poo AHE S AHE sk, vEel ghost
314 1st RACell 3t shared A48lE Sloll
Z 4 93 e wheEe AR transition—"— 7}
FoE & ko AdE I AHE HASE & %
sk F o mR gekEA A= ““ﬂ*i"ﬂ*i
ZlesA] gerhd A iR 7Y A
A% = glen, 7] 2y Aol = AP SRt

sharing&

1* RAC home Processor 3" RAC
WRE coherent @
a q d
M M rea
2.CRDq
\
K repl
pm F3NAK L by Py s
4.2 WRBp,
1

2] 16. Coherent local read$} Writeback 83°] %
Aol Hel=e At
Fig. 16. Coherent local read and Writeback.

Hu2 $9) F 71X A% 2F RAVE Protocol
V11 Draft”ell= 25 w4 A& Fsidck

(2) Starvation
3 172 pending AFelol hit®l 830] Jele] Ajzk

SMVE o] 43 RACE Z28%9 Ay 7& 4 g

E]

9

ATt s+

F AA=E o=i], o2 ==9] remote requestth
X =9 jocal requestZ} A AE Hod Fr}
A k== AgdlA NACKS wtx o9 Al &

-
=]
[e]

o

o] MAEE AT, AL ohE x=Bo] WA &
Aeled gohg u| =3, A 7|oFdAK(starvation)©]

s ok oest 22 AR st A4 =kl
of &l Asle 2] ATe] WAY Aol doid
AE AR dgEn) olzid At HAY FE
58] A, Z2EE AARKEC] F vy e
of sh= 792} 33lck

2
T

I

°
= bl

RAC1
l S LN A AN 4 I
CRD, q %Y ;GAKCRD /Ke&q AK
/)
7 7
I >pu- DUDRUIMS> PM, DU ... JH"“‘E
AK i3 A A
| read| \ \ | read \ \
¥ N
I > E\or M 1 ? E\g ...... J Processor
ERDJq |ERD p #RD q |ERD_p
T

T
|1-)PI-)M S>PM> ID2PIOM > PMYI

23 17. Starvationo] A= 792 counterexample
Fig. 17. A starvation counterexample.

3 A% A%
¥l 182 SMVE ol83|M RACE T2 EFS 75
@ Asolek 8217 822004 AAY S ALl
A2 ATEH 61464 AT B450] BE 3
A3t ke ZHedke e ¢ Ak ek okl A
=245 3 A(false) He 2 B4 ARk,
gasu @ sl
2 4he x=olst Zt

e

counterexampleS-
w2l RACE =%

. PDLSystemel|4] dlagnostm correctness, liveness, safety
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248 BERthe A AZskic

VI. HAE

o] Wl AL & =E

e 0]83 HAE

=2l Alakske =24 A7 7]
Aol A3 el chahA) Ale
gk 2246l AHE F12e) A S dlaE wp
BMzo A Abel HolE(state transition diagram)
2 Adsjol Pk DU Adiges Mo 4o 4

2 e Azl e 4 gete wdo] gl
o}, uble] B EFold Ackshe Wue md A7) w

AdA HEAd RS adE ARgste] A8 =d

5
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-~ specification AG ('home.state = error) is true
—— specification AG (!racl.state = error) is true
-- specification AG (racl.state = RAC_I & racl.bus = co_r... is true
~- specification AG (racl.state = RAC_I & racl.bus = ex_r... is true
—- specification AG (racl.state = RAC_S & racl.bus = ex_r... is true
—- specification AG (racl.state = RAC_S & racl.bus = inva... is true
—- specification AG (racl.state = RAC_S & racl.bus = writ... is true
—-- specification AG (racl.state = RAC_M & racl.bus = writ... is true
-- specification AG (racl.state = RAC_I & racl.bus = writ... is true
—-- specification AG (racl.state = RAC_S & racl.bus = writ... is true
—-- specification AG (home.state = DIR_S & home.local_bus ... is true
-- specification AG (home.state = DIR_S & home.local_bus ... is true
—— specification AG (home. state = DIR_S & home.local_bus ... is true
-— gpecification AG (home.state = DIR_M & home.local_bus ... is true
—- specification AG (home.state = DIR_M & home.local_bus ... is true
~-- specification AG (home.state = DIR_M & home.local_bus ... is true
—- specification AG !(racl.state = RAC_M & rac2.state = R... is true
—— specification AG !(racl.state = RAC_M & (rac2.state = ... is true
resources used:
user time: 3208.6 s, system time: 1.35 s
BDD nodes allocated: 2328008
Bytes allocated: 63316016
BDD nodes representing transition relation: 2058341 + 2917

a8 18. SMVE o83 A% A+
Fig. 18. The SMV verification result.

A7) =75 ARG EZM, oA AHE 7iEe Al
7Pk H2E Ao)x A4 wHEE] e HHES
B < gk

1. €lAE Flo]x~ A uhy

2 =AM Agdehe Has Aolx A uhy
Moz vepid o3 199 2ok 2d AH
SMVe] jH o2 wel(finite state machine)3} test
purposeE HEh= CTL 4lo] Foi%itl. SMVE test
purposes TEA71E counterexampled A3k, o)
counterexarmpleol#] 9% 8 W5Ee] guks &
3 o]7o] test purposed UEAI|E HAE Flo| A
7} "k

o
=
!

(159)

Alad] Bde AE Ao AMgE ZSE adgE
ARggo 2] 53k Abe] AlA"|(finite state system)S
o] EEA] otm =Y, FHAE AN E 3 4
8 AA"E RRHoz pges A Rt A
Alzgle PRk BAgE A 5 glok

o2 test purpose® YERHTE o]2F test
purposet 3= test trace® vEhn], FEAke] o
g 2& sl =& Ao Addsof gl 2
22 od oz)7} HAag At me od HgE 2
o] tg Fa¥ AWNE 53 Ao] wie F
23 dejrk Test purpose® 4] 54 (property)©]
o2 Jie] BAez s Jehd o glen

T
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A Model of
the Specification

Test Never Claim
Purpose (CTL formula)

33 19. "H2E o]z A4 Wy
Fig. 19. The test case generation method.

SMvel slgez AF=E7] $1sixE temporal logic
(CTL22 538" & slelop ek o|FA ehd
temporal logicel] negation® # 3§ 1€ nerver claime]
2} gl

SMVe 297 perver claim$ YFHOE wolx
false 7k} 7 test purposel] 2= counterexampleg-
Az & otk ©]2)3 counterexample> ZF Al

2| 20. "2E Aol AA «A
Fig. 20. A example of test case generation.
(160)

SMV

(Model Checker)

Mt st

Counterexample »|  Test Case

kA1l Zhzhe] awjellA qlE W] digl o=
AL o] F o WeEY ke &3P Ha
E AolaE A 4 9t

2. AL &A

o] Wl Aol 71804 A= whgel g 7
gl A2 Bt} oAl RACE =8 T 24 zkzhe]

2R E ruie] i AT 4 (remote access cache)
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Zo| A7} $4 SHARED7} =7] $1% sliE #Alo)
2 Aol

717004 At w2 RACE Z2eF9] gliAE
Aol S ASA = oA AlxgE Pk A
o] ok} A% Aol AR Bl oz ARggict
a3, flelld A% test purposed CTL Ale2 b
e ohEat 2

RACl state RAC S & RAC2Zstate
RAC3.state = RAC_S

RACS &

219} A% never claim & v ollle} 2l
AG !(RAClLstate = RAC.S & RAC2state = RAC.S
& RAC3state = RAC_S)

9} e wh e R nerver claim® el ¥ SMVE
o]-4-3ll4 counterexample-2 &H, L counterexample
ol vlZ HxE Ao|lAE 23 4 glrk 28 20&
9] CTL Azt % #Aellx] 13 RACE Z2ES
o] F=E oA SMVE 73 Ajolc),

B 4. AE HAE Aol
Table 4. The generated test cast.
home_local_bus|racl.bus jracZ. bus |rac3. bus
none none co_read none
none none none none
none none none co_read
none none none none
none co_read none none
none none none none
none none none none
exX_read none none none

Counterexample< 371¢] 2] AT 747} oA =~
HellAl =% SHARED Aei7} $-& 2o Fr} a8y,
a4 57] Seide 1R Aulela gHla] AElzlA|
ojd Absto] WhAslo} Fp=AE He] Fr) o] FollA
o5 31y W

¢l home_local_bus, racl.bus, rac2.bus,

=
BG

(161)

£39% CligE % 3% 15

rac3busell tHEt @S FEIH iR HAE Aol
7} "k &, 37he] o] % A s1417F FAlol SHARED
A7) 5 Sls ElAE Aol ¥ 49} Pk o] W
ol Awat oA o= HaEs uA} sk A4S
CIL Aozt ehtd 4= glohdd, o1 CTL 48 o4
slo] 9]¢} ke whog HAE Ao|AE Y 5
ek

vii. 2 8
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PDLSystem& #13 t 2] 7|k 4] 48y Z2E
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PDLSystem< diagnostic correctness, liveness, safety
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