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10 oo

000000000000,000000000000000000000000000
00 [2,[3,[4000000000000000000000000000000000
0000000000000000000000000000000000000000
00000 (AHS)0DOOOO0O000000000000000000000000000
000000000000 0000000000000000000000000000
000000000000000000000000000

000000000000 000000000000000000000000000
0000000000000000000000000000000000000000
0000

00000000000000000000000000000000000000
000000000000 0000000000000000000000000000
000000000000000000000000000000000000000
000000000000 0000000000000000000000000000
000000000000000000000000000000 (bisimulation) 00 O
000000000000000000 (500000000000000000000
0000000000000000000000000([60000000000000
000000000000000000000000000000000000000
0000000000000000000000000000000000000000
ooooo

00000000000000000000000000000000000000
0000000000000 0000000000000000000000000
000000000000000000000000000000000000,KRO-
NOS,COSPAL,UPAAL, DO OOHYTECHOODOOOOOOOOOODOO semi-decision
algorithm 00 0000000000000 O000O000O000O00O0O0000

00000000000 0000000000000000000000000000
0000000000000000000000000000000000000000
0000000000000 000000000000000000000000000
0oooooo (7, (80

000000000000 000000000000000000000000000
0000000000000000000000000000000000000000
000000000000 0000000000000000000000000000
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20 OO0t

21 0O0O0oooboooboogn

0000000000 H = (Loe,Var, Lab, Edg, Act,Inv) D0 0000000000
0 [2],[6]0

e J0IODODO (location)DO00ODODOOOO0OOOO LocO

e ]I0JDDOO0ODODODOOOOVerDOOOOODODODOOO (valuation)p 0O OO0
00000 zeVarOOOOw(x) eROOODODODODODODOOODO

e 00 00O (synchronization label) D 0 0 0O Lab0 OO0 OO O (stutter label) 7 €
LabOOOOOO

e 0O (transition) D0 000000000 Edg0OOOD0O0 e= (l,a,p,0') 00
000000007 € Loc0000D0O0OOOO!"€E LocODODOO0O a€ LabdO
0000000 pCV?200000000000000000000001 € LocO
000(,71d,)000000000 (stutter transition) 0 D00 000000Id =
{(v,v)[v eV}

00 (L,v)0000D0000 ¢ e VODDODO (v,v) e 000000 00000
O (enable) 00 OO0 OO (I,0")00([,v) D0 OO0 (transition succesor) O 0 00O

e 00000000000 € Loc00000000 (activity) 10000000000
A000000000000000000R2°0000000000000000
00000000000000000 (time-invariant) 0000000000000
0000000007 € Loc00000000f € Aq()00000000¢e R0
0000(f+8)(t) € Act. 00000000 ¢ eR2OOO0 (f+8)(F) = f(t+¢)0
0000000000000 € Loe000O0D0000f € Act()D0O00000
zeVar00ODO0O f7(t) = f()(x) 0000 RX°00 ROODOOO 0000

e 10 /mvI0000D00O0OO00OOO!IE LocODOOOOOOO (invariant)/nv(l) C
Vioooooo.

0000000000 HOODOOOO (time-deterministic) 00 000000000000
O0001l€eLocO0000000D0wveVOOOOOf(0)=0o0000000000000
O000000feAct() 0000000000000 0O0O0 fO gw]000O0O
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22 00000000O00O0O0O (run)

gbuogbooboogbbuooboboooboobobbooboooboobbon
gbbbuoogbobbbooobbboogbbbbuooobbboo

e OUOODLDDUOODLDDODULOODLDLOUOODLDDLDLDULOODLDDLDbDOUOUODLDDO
gbooogooboboooooo

e JOUUOUOLODLDDULOUOLDLDLOOLODLObOOUOULDDUOUODLbLDUOOUDbLDLDO
gbbouoodgobobod

gbogbobodbobuoobbodbuoobbooboobbooooboobbon
gogoobboooobbobobobooddddduodooooooooooooon
goo

0000000000 HDOOD (run)0000000O0O0O0D0ODOOOOOOOOOO

. to t1 to
p.UO '_>f0 O-l Hfl 0-2 }—>f2 P

000000 0; =(,v)e00000 ¢t eR0D00000000000f; € Act(ly)
0000

1. fz(O) = vy,
2. 00000<t<0000fi(t) € Inv(ly),

3. 00 0, 0000 o] = (I, fi(t;)) DO O OO (transition successor) 00O .

23 UO0OO0OOOOOOooOboOooOboOoboboobO

0000000000 HOOODOOOODOOO0O00O Tg=(X,LabUR>’, —»)0000O
0000000000000 (step-relation)—0 e € LabOD0O0O0O0O (2.1) 000000
000000 -*0¢teRX00000 (22)000000000000 =-'00000
gdd

(l,a,u,l') € Edg (v,v") € pv,v" € Inv(l) (2.1)
(I,v) = (I',0") '

feAct(l) f(0)=v V0 <t <t.f(t') € Inv(l)
(l,v) =t (I',0")

0000000000 HOODOODODOODODOO 7,0000000000D0000DO0
00 0,0’ €X0000 0= (,0)000000¢teRX 00000

(2.2)

af € Act(l), o —>'} o iff 30" € ¥,a € Lab.oc —' ¢" =% o',



0odoooooodonoodooooooooooonoonooooonooogn
00000000000000/0000ogoooooooooooooo (Lyooo
teR00000000000000 (time can progress)0 00000

tep, [v](¢) iff VO < ¢ < t.p[v](t) € Inv(l).

0000000000000000000000000000000000000000
0000000000
tep[v](2)
(l;0) = (1, o] (1))

24 O0O00O0O0OO0OOOOOOOOOOODOODO

000000000000 00000000000000000000 on/off0 00O
gbobbooogobbbduooob «b0o0ooobbbbbooogobbbuoooon
O0000000mO0OMOOOOOOOOODOO0OO0OO0OO0OOOOOon/of0O000OOOO

OO0000ooobo0oboobooboboob210000b0goooobooonoftnd
gbbboddbdondbbOooooobbooon

g 21:0000000

25 00O0OO0O0OO0DOO0ODOO parallel composition

H, = (Locy,Var, Laby, Edg,, Acty, Invy), Hy = (Loce, Var, Laby, Edgs, Acty, Inve) O O
0o0odooooodVvVerdOooooo oo oo oo ooooooooo
0o0oooobooonooon LahnLeby, OOOODODODOOOOO0OAH, 000000
a€ LabyNLab, 00000 0O0O0O0O0OOOOOODOODOODAHOOOOO0O
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time

022.000000000000
O (product)Hy; x H, OO OO0 O0000000O0000O0000000OO (Locy x
Locy, Var, Lab; U Laby, Edg, Act, Inv).
o ((I1,19),a,p, (I4,15) € Edg iff
1. (I1,a1p1,1}) € Edgy and (la, ag, ps, lb) € Edgs,
2. a1 =ay,=a0000a; € Laby and ao =7 OO0 O O a; =7 and ay € Laby,
3. = pun N pg;
o Act(ly,ly) = Acti(l) N Act(ly);
e Inv(ly,ly) = Inv(ly) N Inv(ly).
oo ooooouoooooooooon
[Hy X Ha|Loe, C [Hi] and [Hy X Hs)poe, C [Hal.
0000 [H X Hylpoe, 00 Loc; 00 [Hy x H,]0DO0O0O

2.6 U0O0O0ooooooood

00000 Ve OOODOOODOOOO0OO00000 Ver0OOOOOO0OO0OO00000
O00Ver000D00000Ve000D0000000000000000000

0000000000000000 H = (Loc, Var, Lab, Edg, Act, Inv) 0000000
0000000000000000000000000 Ver0OODOOO0O0OO00O0O00O
0000000000

1.0000000000l€Loc0000000O0O0O0OOAct()0DE=4k, 0000
gbbodooobbuooogbboobooobbbobuooobbooooboboo
D00k eRODODOODODODOOOOODOODODOOODOOO»eVOODO € Vard
00000000 teRr>00000

@i [v](t) = v(t) + kit

6



0000k, 0 Act(l,z) 0000000000 I000000 20000 (rate)d O
gboooogoobod

2. 00000000001l €Loc0OD0O0OODDOOO Inu(l)D VerODOOOO ¢0O
guodoooooooon
v € Inv(l) iff v(v).

3. 000000 ee FagUUODOOODODO p0000D0DOOOD0ODDOOOOODODOO
gogoood
= {x = [ay, B]lxr € Var}

guooooooooobbobd
(v,0") € piff () AVz € Varw(a) < o'(z) < v(f).

0000¢00000000000 (guard)0000e,,s,00000000
a,=03,00000e00000 0000000000000 ule,z)=e, 0000

2.7 0JO0O00O0ooooooooooooon

e 00 0D0DO (discrete variable) 00 0000000000000 OO!L € LocOO
O00Act(l,z) =0000000000000000000000O00OOODOOOOO
gboboogoboodgobbuoodgbbboooobbuooobbuooobobooo
000000 (discrete system) 00 00O

e 00O 2000 (proposition) 000000000000 ee Edg00O0Ou(e,z) €
{0,1}00000000000000000000000DOODODOODODODOOO
00000000000 (finite-state system) 00 00

e 200000 (cock) 00000000000 OOOOO!I0000 Act(l,z) =100
OD00000 0000 ule,z) €{0,2)0000000000000000000
000000000000 0000000000000000000000000
00000000000000000000000000000000000000
00000 2#c000 z—y#c00000000000000000000000
0000000000000000 (timed automaton) 00 000000c0000
OD000# e {<,<,=>,>}

e xJ00OD0OODODO (skewed clock) OO DODO0DO0O0O0O000O0O0OOO!IOOO
O0Act(l,z)=k0000000000 keRODOOODODOOOOOOOe0OO
O ule,z) €{0,2} 00 0000000000000 00OOOOOOOOOODOOO
gbbouogobboooobbuoogbboooobbuoobobboooboboo



gbbogobboodgobbuoodgbbuoobbouooobboooboboo
(multirate timed system) 0 0 000 0000000000000 n000000O
O00000000000000000 2000000000 (n-rate timed sysytem)
good

+00000000 (integrator) 10000 0000000000000(00000
Act(l,z) € {0,1}000000000000 ¢0000 ple,z) € {0,y 00000
000000000000D0000000000000000000000000
0000000000000000000000000000000000000
0000000000000000000000000000000000000
0oooo

00 20 2-000000 (two-slop variable) 00000 00000000O0OOOO
00000 Act(l,x) € {k,k} 0000000000 kL,ke e ROOODDODOOOO
gog

002000000000 (finite-slope variable) 00 000000000000 (0O
O0000Act(l,z) 0000000000 OOOO

000000 z€Ver000O00000e=(,/)00000Act(,z)+# Act(l'z) D
000000000 keRODOOOO pule,z)=k00000000000000
0000 HO initialized D 000000000000

000000z €e Vor OOOO0O0OO0O e = (,I")ODOOOsign(Act(l,z)) #
sign(Act(l'z)) 0000000000 ke ROOODOO ple,s) =k0000000
O0000000000 HOO imitializedD0OOO0O0O0O0ODOOOOO

000000 zeVarO0OODOOOOe=(,)0ODDODOD0O0O0OO0 keROOO
00 ple,z) =£000000000000000000 HOOUO initializedD OO
gboboogoobod

28 OO0OOOOOOOOOOOOOObDOODO

0000000000000 00000000000000 on/off000O0O0ODOO
OOo0o0bobobooooooboboboboooobooboboffboboboybnboOoD
gbobboogobbobogogbbbouogonobbouooubboenboggoboboogn
gbbbuoodoobboooobbbuogobboooouoobboembibboogn
gboboggbobogugboboobobuoobbodobbogbbooooboboon
OO00o0booboobooboboooooboboooobouooffiboboboonogon
gbboobdgobbuooobbuoooobboooobbooodbbbontbggnd



OOo00boobooboobooooooboboogboofftbbboboobooboonogn
gooobdad
g2300buoguboggbbuobbodbboobbooobboobboad
O00O0 on/off 0000000000000 OO0O0O0OOODOOOOOODOODODBODOO
OonO000OO00ODof 00000000 x0000000000DO0O0OOOOODOO

U023 00000

29 OO00OOObOOooObOooboOoboboobO

c0/00000000000 HODODOOOODODOODOOO O eO00O0O00OO0 (reach-
able) 000000 —*¢' 000000000 0000000 HOODOOOOO
O0000000000000000000 (reachability question) 0000000000
O HOOOODODOOOOOOeO 000D ow*d00000000O00OODODO

29.1 0OJO0O0OoOOooOood

00000 ke ROOOOOOOOO0OOOO0O0DOOO0O0O0O0z<kO000k<=x
O000000000000000000000000000 (simple)D0000000OO
gooodoooodooodooooooouoooooooooooooooodo
O0o00oooooooooooooooooooooooooooooooooooon
ood0oooooooooon

O0o0oooodoooooooooooooooooogoooooooogoon
0o 2, [6].

e OO OUOODLODLDOUOOODLDDOO



e initialized DD DO DOO0O0OOO0OODOODOODLDOOOODOODOODOOO

29.2 OOOOOOOO

000000000000000000000000000000000000000
00 [2], [5], [6].

o 2-010IDOOUDLDOOOOO
e OUOUOODLDLODUOODLDDOO

e (n—1)000000000DO0O0O0O0OOODO2-0000000000000000O
gbobooogoobobooan

2,10 O0O0OO0OOOO

gboogbooboooogbobobbooboboboobobbobbobbbooobbon
000000000000000000000000 (forward analysis) 0 00000
000000000 (backward analysis)0 0 0000 O (approximate analysis)0 0 O O
(minimization)J 0000000000000 (model cheking) 00000000000
000000000000 0000000000 (step predecessor) DO O0O00ODO (step
successor) 100000000000 (predicate transformer) D0 0000000000

00000H = (Loc,Var, Lab, Edg, Act, Inv) D0 0000000000 O0O00O0OO

2.10.1 OQOOOOO

OO0D0Db00OleLocO00O0O0OOD0OPCVODOOODODOOODOIODODOO PO forward
timeclosure(P}lfDDDDDDUGPDDDDDDDDDDDDDDDDDDDDDD
goobooodd

v' € (P iff ' € V,t € RZ°w € P Atepy[v](t) Av' = @i[v](t).

0000000000 e(P)00000(,v)—!(,+)000000vePO000
OteR000000

O00e=(la,u,YOOOOOO PCVIOIUOOOOOOOOeOOOO POOODOO
(postcondition)post, [P0 000000 ve POOOO e 00D0OOOOOODOOODOO
guooooooooon

v' € post [P iff Jv € Viw e P A (v,0")p.

10



0000000000 v € post,[P)] 00000 (Lv) — (I,v) 000000 ve POODO
gdd

00000000000 (region) 000000000 PCYVOOODDOODOODOOODOOO
O {(,v)lve P}O (,,P)DODODODOOOO(Il,v) € (I,P)iff v € P. Forward time closure
0000000000000000000000000000000R = U, (R),),

(B = @)

l€Loc

post|[R] = U (', post,[Ry])
e=(l,l")eEdg
00000 Hooodaod (symbolicrun)DDDDDDDDDDDDDD
0000:>000000,L001(;,,0000 e

Pi+1:p05tei[<Pi>f]
dooooodooooooooooooood

0: (lo, )1, P)...(I5, P)....

000000000 (i, Py) 00000 €,...,,0000000 (I, v) € (lp, R) 0O
000000000000000000000000000000 HOOOOOOO0O
000000000000000 ,000000¢>000000(k,v) e (;,P)000
0ooo

(lg,'UU) i—>t0 (ll,'Ul) i—>t1 C.

000000000000000000000000HOO00O000000 AO000OO0

000000000000
00000/Cy000000000/0000000000 (reachable region) (I —*)

0/0000000000000000000000000IC(I—*). 0000010

000000000 (/~Y)00000000000000

0007 =U,,(,,)0000000000000 HOOOOODOOOO0O0O0O0O

00000 (I=*)=Uep,(LbR)OD0D

X = (I Upost[X])”

OO00oooooobooboboboboboboobobob0lelocbib,bonogon
rRODODOODOOO

7
Xl = <Il U U pOSte[Xl/]>
e=( I

LI eEdg

gbooouooogoo

11



2.10.2 0OOOOOO

gogdooooooobbboboooooouooooobbbobboooo
(I »*) 00000 (upper approximations) 0 000 OO
0oo0o0ooooooo/ooobobloodbbboooobDb X, b0o0ooo

e
Xl = <Il U U pOSte[Xl/]>
e=(l,l')eEdg I

gbobbuooggbbbuoooobbboooobbobooon
gbobbuogoobbbodogogobbooooobbooooobbogg

e OUOUODLDDULOODLDDODULOODLDLDOUODLDDLOLOODLDLDDUOODLDDO
gbobobooogobbooooboboogobobuooonooon

e OO UO0OODLDLODUOODLDLDDOOOODLDOO

0000000000000 abstract interpretation technique D OO0 OO O00OO0O
DO0000000000o0doodoodooOoooDdoDoouwbooooDooooa

PUP ={Xx+ (1-\N2'|lz € P2’ € P',Ae0,1]}.
doodoooooooooooooooo
A/
Xl = <Il L |_| pOSte[Xl/]>
e=(l,l')eEdg I

OO00000000000000OO Cousot “widening technique” OO0 OO ODOOOONO
OO00000 “widening operator” O VO OO ODODOOOODOOODODODODOOOOOO

e JO000ODOUOOOOPULP C PVP

e UOUOOOOOOO (P(),Pl,...,Pn,...)DDDDDQOZPO,Qn+1:QVPn+1D
goooodooodgooodgood

000000000000000000
0000000000000000000000000000000000000000
0000000 “widening locations” 100 00000X™ = F(X)0DOO0OO0000 (0

DDDDnDDDDDDDDDDDDDDDDDDF@M*U:<huumw%mwmQXﬁ”D

0000. 000000000 widening location {00000 n>100000X™ =
X" YYR(X-))00D00000000000000000000000000000
0000000000000000000000

12
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30 bbououdgd

3.1 UOo0Ooooood

gbouogbboobodgbboobuoobbooboobbuogbobboobobbad
gboobobobogbbuoobbuoodgbbogbbboobbuoobbuooboobobo
gboobogoboobogooboo

00 (Domain of Signs) 000 (sign) 0000000 ROODOOOOOO0O0O0OO.

00008 = {[—],[0],[+]} O domain of signs 0 0 0 OS" = {[—], [0], [+],[?]} O extended
domain of signs 0 0 00

00 (Sign-Valued Operators) D 0000000 ROODOOODODODODOOOODOOOOO
O000000D0ODO0OO sign-valued operator O O OO

+] ifz>0
2] =4q[0] ifx=0
-] ifz<0.

OO000zeROOODO

00 (000000000)0 0000000000000 0ooooooooooO

+:8x8 =8
x: xS =8

13



_l’_
+
=)
o

£
£
£
=

ﬁ
o
=
—
+
.
. (@)
=
.
S
~
=)

|k
el I EA I bl B R
e v
< O] =1
Rl B RS (U B el WY
0] | [0] [o] [0} [O]
== o) ][]
oy oo e

3.2 0OOOO

0000000p—d,[c—a000000000Bp—-a0000000 [b—d+[c—d]
0000000000000

D000a,bceROODOD
000000000000000000000000000000000000000

gbobobuoooobbbago

000 [b-d,jc—a)0000000000000000

b—a] C[b—c]+[c—a] (3.1)
gogd
godad
b—c=[+]000000 a,bc0000000000000000(b—¢=[0]00
O00000000000pb—-¢=[-]000000000000O0)0000000OO0O0O

0abe000000000b—a,b—d+[c—a000000
l.a<e<bdOOO
[b—al =[+],[b—c+[c—a] = [+]+ [+] = [+]

ogooo
[b—a]l=1[b—c|]+[c—d]

2.a=c< bO00O
[b—a]=[+],[b—c+[c—a] =[+] +[0] = [+]
ogooo
[b—a]l=1[b—c|]+[c—d]

14



3.c<a<bO0O0O
b—al=[][b—d+[c—al=[+]+[-] =]

gogg
b—a] C[b—c]+[c—a]

4. c<a=5000
[b—a]=[0,[b—c]+[c—a]=[+]+[-]=[7]

ogooo
b—a]l C[b—c]+[c—d]

5. c<b<alOOO
b—al=[-][b—cd+[c—a] =[+]+[-] =[]

goadd
b—a] C[b—c]+[c—a]

00000O0pb-d=[+00000000 0000
b—a] C[b—c]+[c—aq]
gooooo

(0oooo)

0D0000000000000000(b—-a=b-d+[c—a00a,bec00000
0000000000 [4,[0,[-]0000000000000000000 [?j0000
0oo

3.3 UOooon

000000000 32)0 ;0 pi(e=1,2)0000000000000~0000O
gbobbuoodgobbbooobbbouooobbboooobbobod

Q1 — Q2

Py — B2

#A (3.2)

DDDDO{1>Q2,/81>/82.
O00#e{<.<,=2>,>}

15



(a) 0, 00000
Ly>aq0oono

gogoo

. y=c 0000

gogoo

. y <oy U

(b) e 00O OO
L.y>a 00000

. y=a 00000

gogoo

. y <y oo

gogoo

(c) 00000
i.y>p 00000

a1 — Qg

A
B =B
Y Q2 Q1 — Qg
Bi—B  Bi—P
T2
e
Yy Qg
Bi—P Bi-B
Y — Qa2
e
7_O‘Q—A]:?
{m—m )
oy — 7
Al =
[&—@ } )
G —7 0 — Q@

Bi—f PP

oy — 7
A
B8~
o — 7 Qp — Qg
Bi—B Bi—P
oy — 7
A
B8~
1 — Qg
— Al =7
[7—52 ] g

16
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ii.y=00000

iii. y<4 00000

d) s,00000
i.y>p00000

ii.y=p400000

iii. y< 300000

(a) ;0000
Ly>qdnonon

. y=c 000

. y <y oo

(b) ap 0O DOO
L.y>a 00000

. y=a 00000

. y <o UO0O0OO

(c) pbO0DOODO

a1 — Q9
v = [
a1 — Q9
v = B
a1 — Q9
B —y
Q1 — Q9
B —
|:041—C¥2_
B —
a1 — Qg
=A
B — Bo
Y Q2
B — Bo
Y — Qg
p1— B2
{7—042 _
B — B
[al—’Y _
B — B2
ayp — 7
B — B2
oy — 7
B — B

17

> A

> A

> A

=A



i.v>400000

ii.y=p00000

iii. y< /00000

(d) /0000
i.y>p00000

ii.y=p400000

iii. y< /00000

(a) ;0000
Ly>qdnonon

. y=a, 00000

. y <oy oo

(b) ap 0O DOO
L.y>a 00000

. y=a, 00000

— Q9

e
v = B

Q1 — (g

v = B

a1 — Q9
Y = Do

18

ayp — 7

Py — B2

ayp — 7

b1 — o

< A

<A

<A

< A

< A



. y <o OOOOO
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