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sk - iff not sk o¢

s o1 A oo iff sk ¢ and s = ¢

s EY iff p =1 for some path p=s — s — ...
s = Ay iff p=1 for any path p =s — 51 — ...
path formula (p=sy— s1 — ...)

pEXo iff s exists and 51 = ¢

pEGo iff for any ¢ >0, s; = ¢ and s;,; exists
pE 1Ugsy iff s; = ¢y for some i > 0, and

s; = ¢1 for any j such that 0 < j <
pE W iff pE¢UdyorpE G
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{s|sEA[p1 W o]} = {3,4,5,6,7,8}
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iff p = for any path p = s — 51 — ...
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iff so o
iff not p v
iff pEy and p | s
iff p1 =
iff for any i > 0, p; =9 and p;4; exists
iff  p; = by for some ¢ > 0, and
p; = 1 for any j such that 0 < j <
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F¢

=01V ¢
true U ¢

iWeoa = (1Ud) V (Ger)
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CTLOO0O0000000000000000oooooLlTLO CTL*\OODO0000000
gboboboooobbobooooboboooobobooboooon

3.3.2 pUOO0oon
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gboooobooboboboobobobooboboboooboboboobobobon
pO00boogbooobouoboobobeddbboobooobbooboobbod
gooboooobobboooobboboooon
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Alpr U ¢l = 9o V (1 NAX Ay U ¢s))
gooooouoonooon podoonogoogg

{slst= Al U]} =2 (62 V (01 ADZ))
0000000AX0ODD000D000D00000
009000000 000000000000000000000000000
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00000 LaceyDOOOOCTL-FV[I0OOOODOOODOOOOOOOOOOB220
OoOo0o0occrTLogooooooooon
Ooooboooobo CTL-FVvooOoboobooobogoooobobooo

4.1 0O0O0O0OO0OO0OOOO0

gboobobuoggobbobuoooobbbooooboobuoooobbbuooooobooog
gbobbuoogobbobouooobobon
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gbobbobodgluoooggobbbbooooobbbboooogobbbogg 1a
gbobobuooggbobobuogooboboooobobobuoooobbbouooooobooa
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gbobobuooggbobobuogooboboooobobobuoooobbbouooooobooa
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O00000oOo0o000oDoo0oU0UoooooOOo0ooDoOooO0oUoooOoOoOR200
gbobobooggbobobuoooobbboooobbboooobobbooooobooad
gbbbuooogbbbuooobbbuoooobbouoooobbbouooooboog
gbobobooooboboboooooon

4.1.1 O0O0O0OOOOO

gbbobuoogobbbuooobbobuoooobobouoon

00 41 (00000000) 0000000000000 000OO0O00G=(N,E)O0O
0000000000000 APOODODODOD neNOOOODODOOOOOOO L(n)O
000000 L: N—-20000000 M= (N,E,L)000D00000OOO0DOOO0
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OOo0ooooooboboboboboooooooooood merkO0O0ODODOO
00000 RpOOo00OOC00OOO0OO00DOOoO0OOo00oDOoOooOoOO0OooDoOoDood
0000000000000000MODODOOOO0OO0000 merk(M)DDOOOOOO
gbobboooobbobuoooobbodao

gbbboodgobbboodobbboooobbbuoooobbbooaoobbod
OO0 M=(N,E,L)0000neNOODOOOnOOOOOOODOOOOO Ln)OO@T
gbobobouoogon

L(n) = {use(X) | XOnOOOOOOODODO }
U {def(X) | XOnOODODOODOOOOO }
U {trans(E) | EOnO0000O00C0OOOCO

OO0 EO0OODODDOOOOROO0DOCOO }
u {stmt(M) | MOnOOOOOO }

0 41: L(n)DDOD0OOOOOOOO

Oglcoooooooo@oooooooooooooooooooooooOoo
OOobOoOobooooboobooboobooooobooboooooooceoINSOoooon
OLIROOOOO0OO0OO0OO0OO00O0O0O000O0bO0b00oooboooLIRboooooon
OD0oo0oo0or40o0oo0n

4.2 0J000O0O0O0O0O CTL

O0000000ooo0ooooR3Io0000o0o0ooooooooooooood
gbooboogoooboooooon

gbbbuogobbbouoobobboooobbobuoooobbbuoooobobodgd
0000000000 0000D000O000000B2Z2000000 CTLOOOODOOO
gboboobobooboooboboobooboobobobobooboobboobog
gooo

gbogbbobobbobuooboobobobobobooooboobonoonoobg
gbobobuogogboobuogooboboooobbobouooobbbouooooobooog
obooobodbbuooomobboobboobboobbuooobobooobbuon
gbobobuooggbobobuogoobobuoooobobbuoooobobbouooooobooa
gbbbuooggbbbuooobbboooobbouoooobbbuooobobobogd
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gbbbooodgbobbuoooobbooogn
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00000000000

0000000000000 d200000000000000D00O000O0CTLOOO
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000000000CTL, 00000000 EDADDD CTLODDOOO0O0EDA
00000000000000000000000 EDAODO000000000CTLyg
N000000EI00000000E3I0N000000000B22000000 CTLD
000000 E0ADDDOOOOOOODODOOOOOOOD

CTLypg-formula == state-formula

state- formula proposition

= state- formula

state- formula N state-formula
E path- formula

A path-formula

7] path- formula

A path- formula

X state-formula

path- formula
G state- formula
state- formula U state- formula

state- formula W state- formula

0 4.2 CTL,,00000

state formula
s | proposition iff  proposition € L(s)

s o iff notsko¢

S E ¢1 A o iff s ¢ and s = ¢

sE Ey iff p =1 for some path p = s — 57 — ...

s E Ay ifft p 4 for any path p =5 — s — ...
s)zfzb iff p = for some path p = s —° 51 — ...
5)221/1 iff p = for any path p =5 —° s — ...
path formula (p=sy — s, — ... in which —' is — or —°)
pEXo¢ iff s exists and s; = ¢

pEGo iff for any i >0, s; = ¢ and s;41 exists

pE 01Uy iff s; = ¢y for some i > 0, and

s; = ¢ for any j such that 0 < j <4
pE W, iff pEdUgsorp=Goy

0 4.3 CTL,,00000
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4.3 0OO0OO0OOOO

ooobob sggdoobtoxbbuogoobbboooobbbooooobooog
00000CTLy 0000
s = EF use(x) (4.1)

gobbbbbuoddgdxuooooobobbbbbbooooooooobbobood
gbobob0sO00O0dxbggooboboooonbo

gobobbobobbOxooooooobbbbbbbbbouud xgoboooon y
gboboboogobobobooooboboboooobobboooobobbooooooboboa
gbobbuooogbbbuooobbbuoooobbbuooobbbouooooboogd
gboboboooobobooon

gbbbuogobbbouoobobboooobbobuoooobbbuoooobobodgd
gbobogobogoobboobbobbooboxbboooobboobbdg20bog
gbbbuoooobbbuooobbboooon

0 @I)0000x00000000000000000000000

s = EF use(x) (4.2)

bbb -z0x0000000y0OOUOOOO0ODOOOO 2000000 x000000
000 20x000000000000C0OCO0OO0O0OCOOOO0OO @EHooooooo
gbobbuoooobbbuoooobbbooogooboo
CTL,wOooooOooOooooboooobobooboboobobooobobooobooDbo
Lacey 00 CTL-FVO OO0 [I0000000O0OD0O0O0O0O0OOOO CTLyg OO CTL-
FVOOOOOOOOOODODO0O0 CTL,,0000 CTLOOO0DO000o0oooooonig

000000000 000000000000000
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5.1 UOQOOOO

CTLOOO0O0OO0OO0O00O0O0OO0O00OOo0O00ooOoO0 oooooooooooooo
obobboobooboobobooboobooboobooboob

Ooboooboobooobooboooboooooo crLooobooobooooooooo
0000000000000 000000 B0D0000o CTLoOooODODOOoO0ooOoO
gbbobuoooobbbuoouooobobobbooooboboooobobod

5.1.1 0OUOooogogodg

000000000000000 CTLO00000000000000000000
0000000000000000000000000000000000000000
000

0000A[-use(v) U (def(v) Ause(v))]0 CTLOOOOOOO0O0O0OO0O0O0O00000O
OBEI00D00000000CILO0000000

2 S

—use(v) A

O

use(v) def(v)

051 CTLODOODOODOO

gbbboogobobbobouoooobbboooobobbobbbuoooobbbod
0000000000000 0000000BI000ADODODOOOOOOOOOOO
00000000 use(v)d def(v) 0000000000000 OOOOOOOOOOO

5.1.2 0O0O0OO0OOO0OO0OODODOOO

0000000000O0CTLO ¢000000000000000000000000
000 M= (N,E,L)0000
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Ooo0O0{ne N|nkE¢}000D0O0D000DO0OOODODOODOOD o0ODOODOOOOO
O000000O0O0O0O0O0O0O0O0O0O0OnO o00O0OD0O00O0OR FeO0OOOOOOO
OnFel0 000000000000

gooo

¢000000000¢4000000000000000{neN|¢elL(n)}00000
000000000000000

gooboggobboo-0A000

¢p=-¢,0000¢0000000000-0000000000{neN|nke¢}0O
0000000¢,00000000000000000000

¢=¢pi A 00000000{neEN|nEMAREG®IOIDDDDDDDGO¢00
000000000000000000

EX

p=EX»000000n0o0000D0DOO0ODODOOORn—-n00nEe, 0000
nO000000000000000000¢000D0000000D00C000BTIIOOO0OO
O000suce(n)={n'|n—-n'}0000

O0o0ob0od 5.1 EX 000000
labelEX()

1: for alln € N do

2:  wval «— false

3:  for all n’' € succ(n) do
4 val —valVn' = ¢
5. if val = true then

6 label n = ¢

7. else

8

label n F~ ¢

gb:EngﬁlDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDD
O00000000EBIOBODOO suce(n)d predin) 00000000000 pred(n) =
{n|n—°n}0000
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AX

p=AXp000000n0 000000000 00O0Rn—-n"000n 000000
0000000000 n 0000000000000 00O00e00OOODODO0O
OooooOoR20000

000000 5.2AX 000000
labelAX()
1: for alln € N do
if succ(n) is empty then
label n F ¢
else

val < true

for all n’ € succ(n) do
val — val A\n' |= ¢

if val = true then
label n |= ¢

else
label n [~ ¢

—_ =
= O

gb:ZnglDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDD
O00000000RB20ROBO 00 suce(n)d pred(n) D000 O00O0O
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e 000000 ROOnOO0O0O0OR(n—n)0000000000R EeDODO
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gbooboooooobobooon
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3. 000nE@eUODOOOOODDORnOOOODODOOUOD 000000000 XOO
O00nEeOODODOD
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OOobooOobbO¢,0b0Oubboobboobboobbooboobo0obboobbooobooog
0000000000000 0000R30000
&
¢p=FE|p U@ 00D0OD0D0D0ODEXD AXDODOOODOOOOODODoooooooooo

O000000000000000000000000B3000090 00 pred(n) 0 suce(n)
gooooog
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D000D00 5.3FE[pU¢000000

labelEU()
1: for all n € N do
2:  unlabel n
3: for alln € N do
4: if n is not labeled then
5: if n £ ¢1 A n [~ ¢y then
6: label n F~ ¢
7 else if n = ¢, then
8: label n |= ¢
9: for all n’ € pred(n) do
10: subEU (n')
11: for all n € N do
12:  if n is not labeled then
13: label n [~ ¢
subEU(n)

14: if n is not labeled then
15:  if njE ¢ A nfE ¢y then
16: label n [~ ¢

17 else

18: label n |= ¢

19: for all n' € pred(n) do
20: subEU(n')
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AU

6=AlpU¢)000000n0¢0000000,r000000000000000
ooOooooooooo

e 00000 ¢, 0000000000000 000DN0ON0NONDNONDONNOONOnO
0600000

gbobooboboboogobboboooobo
e )0 00000000 R000000NRKEOOOOO
e 000000000000 NREODODOOO

e 000000 RnOOnDODODODODOR(n—n)000000NR EFeOOODOODOO
O000000000000n000O0REeOOOOO

000000000000000000000000000000000000000
000000000000 0000000000000000000000000000
0000000000000000000000¢, 00000000 ¢,0000000
00000000000000000000000 00046, U ¢00000000
nfte¢O00000000000000O00000000O00O00R40000
o=AlpU¢]0D0D0DEVDOOOODDDODNODNODNONDNONONONONONOONO
D00000000000000000000 BACM@OIEO00 suce(n)d pred(n) O
0ooooo

0000000000 00000000000000000000

34



000000 54 A[p, U ¢p]O00O0O0ODOO

labelAU()

1: for all n € N do
2:  unlabel n
3:  unmark n
4: for alln € N do
5. subAU(n)

subAU(n)

6: if n is not marked then
7. mark n

8 if n =1 A n B~ ¢ then

9: label n [~ ¢; return false

10:  else if n = ¢, then

11: label n = ¢; return true

12:  else if succ(n) is empty then

13: label n [~ ¢; return false

14:  else

15: for all n’ € succ(n) do

16: if =subAU(n') then

17: label n & ¢; return false
18: label n = ¢; return true

19: else

20:  if n £ ¢ V nis not labeled then
21: return false

22: else //nkEo¢

23: return true
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AW

o=Alp W ¢]000000 n0 ¢0000000,00000000000000C
0000000000000000

e 00000 ¢, 0000000000000 000DN0ON0NONDNONDONNOONOnO
0600000

e 000D UOODOUUODOODUOUODL p,OODOODO
gbobooboboboogobboboooobo
e 000000000000 NREODODOOO

e 10000000 n00¢0000000000000000O0O00RDO00O
ne00000

e , 10IUDO0OONnO0OnO0OOOOR(n—n)0000000000n O
0000000000000 00000n0000RnKEOODODOO

e JJJUDDORDOODODOOODODOODODDOOODOOONRE®OLDOODODO

0000000000000 00DO00DOOo0DORADODOOOODOOODOOO FUD
000000000000 EpUO00000D00OC0000ONnELDOOOUORODODOOO
O000000»00007 0000000000000 0O0O0O0O0ODAWDOOOOO
O000000nEoe0D0OO0O0O0Dn0O0O0O0O0O0O0O0O0O0OXO0O00R EeODODO
goodooboboboooooooobn

gb:Z[gblngg]DDDDDDEUDDDDDDDDDDDDDDDDDDDDDDD
0000000000000000000000RBA0ROO0 suce(n)O pred(n) O OIIO
22000 pred(n) 0 suce(n) 0000000
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000000 5.5 A0 We,]OODODOOO
label AW()
1: for alln € N do
2:  unlabel n
3: for alln € N do
4:  if n is not marked then
5: if n = ¢ then
6: label n |= ¢
7: mark n
8: else if n £ ¢ V suce(n) is empty then
9: label n F ¢
10: mark n
11: for all n’ € pred(n) do
12: subAW (n)
13: for all n € N do
14:  if n is not marked then
15: label n = ¢
subAW (n)
16: if not marked n then
17: markn
18:  if n = ¢y then
19: label n = ¢
20: else
21: label n £ ¢
22: for all n' € pred(n) do
23: subAW (n/)
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el UOOMO

6.1 UOoooooood

O00000000000000000000eIOODO0OODODODOOOOOOO0OOO
OO0 LIROOO0OO00O00O0000O00bO0b0obooboooo LIrRoocgoogoon

-3 | = LIR

f | <step1> A—FDETILIE | \

-

a—FDETIL
 <step 2> FE LB EARIER
b EE LR

o

\1 <step3> EXIBE & Bz EZ

-

new LIR

o

061000000000
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6.2 UOstep 1l OOOOODOOO

gbooboooobbobooooboboooobooboooobbboooooboboog
D00000B20 cCooooiD000000000O0oooooR3I00D0000000
O00D0O0entryD D 0OO0O000DDUO0O0 extDOOQOQOOOOO

int x, yv; // staticZE 3§
inE tesH)y
X =
int a;
L
4= % .
4:if (y=0
£ (y> 004
¥ =X — 1t
}else {
y = X+ 1;
}
a=y,
return a;
}

062000000000 063000000000

gbobobooggbobobuoooobbboooobbboooobobbooooobooad
gbobobuoogobood

o entrylexit
O00D0entryUOODDexit DO D OO0O0OOOOOO0OO

o stmt(M)
MooOooOoooooboboboMMOOODODOOOO

o def(v)
vdudooooboguoooboboobbbbogoaad

o use(v)

vOO0o0ooogdbo0b0bobooooooboobooogoon

e trans(e)

e0000D0D00000OD0e00D0Q0OO0O0ODODDOOOODODDOOOOOOOOOO (O
0000000000)boo00oo0oooood

00000000 LIRODDO0O0ODODD0D0000000O0 CO00000
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OeE3000000ooooo0odgeIoOoOO

goo good
1 entry
2 stmt(x = 1), def(x), wuse(l), trans(y)
3 stmt(a = x), def(a), wuse(x), trans(y),trans(z = 1)
4 stmt(if(y > 0)), use(y),use(0), trans(a = z),trans(y), ...
5 stmt(y =x — 1), def(y), wuse(x),use(l), trans(x =1),trans(a = x)
6 stmt(y =x+1), def(y), wuse(x),use(l), trans(x =1),trans(a =x)
7 stmt(a = y), def(a), wuse(y), trans(x = 1), trans(y = v + 1)
8 stmt(return a), use(a) trans(a = y),trans(x = 1), ...
9 exit

06.1: 03000000000

6.3 Ustep20000000O000O

gboboooddibstepl00DOO0O0OODODOOO0OOOOOOOODODOOOODODOO
gbbbuoogoboboooobbooodan

6.3.1 UU0O0OOOO

0000000000000 000O00bOO00bO00DObOOo0OoDOoOg MATCHIOD
CONDITIONOOPROCESSOO 3000000000 DOO0O0ODOOOO0ObDOoooOonn
goobooooboood

MATCH
00 =0
CONDITION

point_0 00 : CTL-FV O
edge 000 :pont_ 000 — poent_0 00

PROCESS
point_ [0 0 0O : Delete 00O 0O
point_ 000 : Replace 0 — O
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MATCH O

O000oo0UooUuooouoouoouououo
MATCH v:=¢

Ub0bDo000dbbebbb0uooddbr=y+z00000000z:=y0000
gooo

CONDITION O

OO0o0O0bO0obOoO0oooboobooD CTL-FVODOOoooo

gbobogbuodbooboboobugoobobboobuogbobboboood
0000000000000 00000bO000O0b0bOO00DbO0O PROCESSOOOOOO
gbobobooogbbbuoooobbboooobbbuoooobbbouooooboogd
gboboboooobobooboooobobbooooboboboooobbbouoooooboobog
gbobboooobbbuoooobbodao

PROCESS [

CONDITIONODOOOOOOUOoDooDobooooooooboboboooog

CONDITIONOODOOODOOODOOODOODOOODOOODOOoOOObOOObOoOoDOoO
gogdbobbobuoogbbbbuoooobbbooooobboouoooobbbod
gooo

gboboooobbobuooooon

e Delete : 00O

e Replace : 00O 00O
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6.3.2 U0O0OUUUoooooogn
OO0000D000e0D0O000OO
MATCH
v=e

CONDITION

unreachable : —u(i—? [true U entry])

unuse : AG —use(v)

unuseTillDef : A[-use(v) U (def(v) A —use(v))]

delete : (stmt(v :=e) N AX (unuse V unuseT'illDef)) V unreachable
PROCESS

delete : Delete v =¢

000000000000 eE40000

?

A[ —use(v) U (def(v) A use(v))]

B
Ny J

0640000000 CTL-FVODOODODOO

o1
gooboobogd

OO 2 unuse

gboobuoobooboobooboobovoboobo
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00O 3 unuseTillDef
00 viouoootoooouooboooobuobuoooo

00 4 unreachable
Ooooooooog

oo 5
gboboboooobobboooobbo2b0b0000nbo 3b0bod

b 6
OO10000s50000

OO0 7 delete
OO0 600000 40000000000C000O
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6.3.3 000O000ODDOOOOO
Oo00wor000ooog
MATCH
vi=r
CONDITION
trans : trans(v) A trans(r)

avail : A [trans U stmt(v := r)]

copypropagate : use(v) A (ZX avail)

PROCESS

copypropagate : replace v — r

O000000ooooooeEIOOOO

Z5{45: copypropagate

065 000000CTL-FVOODOOOODO

001
gbovOoooobooo
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00 2 trans
OO0vOOOroooooooono

OO0 3 avail
00000000000 ooOo 20000 oooo v=roood

o 4
gooboogobboboooobobo3goan

00O 5 copypropagate
go1goobo400ddooooooooobobbn

6.4 UUOUOUoond

gbbobuoooobbbuoogobbooooboboboooobbn
gbooboooobobboooobbboooobobobuoooobbbooooboboag
gobboboobobbbbodoooooobbbbobboobbbbodoooobobol step 3
goboboogobobuoooobobobuoooobobboooobbbooooooobo
Oo0O000oOo00oOoo0ooOoDboO0oOoooOo MATCHDODOOODODOOODOODOO
goboboogoobboboogoobbboooobobbooooobobon
gbbobuoooobbboooobbboogood

641 UUO0OOOOOOOOOOOO

O00000O00000O000n0 MATCHODOOOODOOOPROCESSOODODOO
0000000000000 0DOOO0U0OOOstep3000000 &OO0ODOOODOOO
oboobooobo

gbobboooobbbooogbboboooobbbuooobbbooodd

OO0 N:OOOOoobooobo
/:ooo00oooooooooogooo

OO0 0o0gooboboboooogoog

(1) NODOOOOnOOODOOO
000000 (20000000000

(2) nO0O0 0 MATCHOOOOOOOOOOO
000 (300000 (1)

(3) '0 CONDITION OO PROCESSOOD0OO0OD0OO0DIDOOODO
0 (1)
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Oe3000ffoooooo0o0oooooooooogoooooooo

1.0010000entry0 0000 MATCHOOwv=edDOOOOOOOOOO
O False

2. 0020000xz=100000 MATCHOOv=eOQOOOooQoOooooo
O True

3. 0000 02000000 e01000000CONDITIONOOPROCESSOOO
gboobodgo

s r=1000000DCEOODODOOODO ™

CONDITION
point_unreachable : —|(<E [true U entry])
point_unuse : AG —use(x)
point_unuseTillDef : A[-use(x) U (def(x) N —use(z))]
point_delete : (stmt(z = 1) N AX (point_unuse V point_unuseTillDef)) V

point_unreachable

PROCESS

point_delete : Delete x = 1

4. 00 3000e=20000 MATCHOv=e0OQO0Qoooooooo
O True

642 UU0O0OOO0OOOLOOOLOOUOOOOOOLOOOOOO

OO0O000DO000DO00ooDo0oooDooOooDbOOOstep30000O00 &
gbobobooggboboboooobobboooobbobuoooobobbooooboogd
O00 MATCHOOOOOODOO CONDITIONOOODOOODOOODOODOODOOODODOO
gbbobooogbbobuooooboboboooobbobouoooobobbooogooboog
gbbobooaobood

gboooooooobogn

OO0 N:OODOODOooooo
/:-000000oooooooogooo
Lgpgoboobobbooboobooboobooobg

00 L
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(1) NODOOOOnOOODOOO
000000 (20000000000

(2) nO0O00 V0 MATCHOOOOOOOOOOO
000 (300000 (1)

(3) '0 CONDITION O OPROCESSO 000000000 ODO0OLOODOO
0 (1)

6.5 Ostep3000000 &OOOOOMO

OO00booooooboooobooooooooboo CONDITIONDO CTL-FVODOOUO
gboboboooobbobbbooooboboboooobobboan

gbbbuoodgboodgbobbbooodbbbdstep200000bboboooobbo
gbooboogoboboogd

gboboobooodgobobodb

6.5.1 0D0O0O0O0O0ODOOO0ODOOO &&UOUOOOOO
OoO00oO00o0oboo0oobob0 &00000DOOO0ODOOODOOODOOOODO
OO0 N:OODOOoobooobo

gbgobooboboobooodg

(1) NOOOOO 00000
000000 (20000000000

(2) OO0 V0 MATCHOODODOOOOOOO
000 (3)00000 (1)

(3) 10 PROCESSOOO0O0 (CTL-FVO )l 000000000000
True O (4)0 False O (1)

(4) atl0DDODOODO 0 PROCESSOOOODODOO
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