Doodooooooogoooooo:

gooo

gg23010210

0 dooobbon

obooooooooooboooooobobobobooboooboooOobobooboboboOoboonoo
goobooboo

0.1 OO

000000000000000000000000
00 a1,az,...,a, 0000000 {ay,az,...,a,} 0000ay,as,...,6, 000000000000
{a,b,c} 0 {a,c,b} 000 0000000000000000000000000¢000 {}0000O

Example 0.1:

e {1,2,3}: 1,2,3000000000000
e {0,{1}}: 00DDOO YO {1}00000000

00 20000000000000000000000000000000000000000000
0000000000000000000

«000 XO0OOOOODOOO0 e XO00OOD0OO00O «000 XO0OOOOO0O0O00O a¢ XODO
00D00001€{1,2,3}00 4¢{1,2,3}0

00 XO0OOOOO0OO00O0YOOOOOOOOOXO YOOOOO (subset)DO0000O0O0XCY
000Y2X0000

0.1.1 0OO0OO0OD0OOD0O

00 X000 YOOOOOODOOOOOO X0YOOOOOoOooOoXuyoooooooo{1,4}u
{2,5} = {1,2,4,5}0

00 X0YOOOOOOOOOOOOOOD0O0000 X0YO0OO0O0O000O000Xnyooooo
00 0{1,2,4}N{2,5} = {2}0

00 XO0O0OOOOO0O000000000000 X0000O0 (powerset) 00002X00000000

2(0:12) = {9 {0}, {1}, {2},{0,1},{0,2}{1,2},{0,1,2}}

*0000000000000000000000DO0000000




0000000XCYDO Xe2¥OOOOOOOO
00 XOOO 2000000 P()000000000000000 {ze X |Px)}00000
goad
{z €{0,1,2} |z > 1} ={2}

00000000000 NatOOOOOOODOOOOOO0000000000{z € Nat| Oy €
Nat.(2x y =¢)}0000000000{z € X | P(x}0000000000 30000000
00D00000000{z e Nat |2x y=2}0 {x € Nat |0 y € Nat.2x y = 2)} 00000
{reNat|O yeNat.(2x y=2)}00000

00 X000 z000YOODO y0O0O (2,9) 0000000 X0 YOOOOOOOODOXxYOO
000000401} x{2,3} = {(0,2),(0,3),(1,2),(1,3)}00000000Xy,...,X, 000 a1,...,,
00 (z1,...,2,) 0000000 X; x Xy x Xsx--- X, 00001

0.2 0O

XxYOOOOOOOO XO0YOOO20000000RO00X0OYOOO 20000000
O0(z,y) e ROODODOOODOOOO0OOO »Ry0000000X0O XO00020000 X00 20
ooooooo

ooo00X,...,X,000 X;x---xX,000000 Xy,...,X,000 n0000000
000000000000 <00

00000000000000
{(z,z) |z X}0 X0O00OOOO0O00O
XO0OOOOROODOODODODOOOOOOOOOOOOORDO XO0OOOOOOOOO

e 0000000 zeX0OODOO (z,2) € RO
e 0000000 2,y eX000O (z,y) eROOD (y,z) € RO

e 0000000 #,y,2€ X0000 (z,y) eROD (y,2) e ROODO (z,2) € RO

0.2.1 OOOO0OOOOO

RiCXxY, R, CYxZOOOOOOOO Ry,R,O000R10R, 0000000 OODODODO?2
{(SC7Z)EXXZ|E|y.((£L’,y)ERl/\(y,Z)ERQ)}

0000R: = {(1,a),(2,6)}0R, = {(a,3),(h,2)} D000 ORy o Ry = {(1,3),(2,2)} 00000
000000 o00000 RyR, 0000

0000000 (x,y) 0 {{z},{z,y}} 0000
2RyoR00000R0 R, 000000000000 OO0



RO XOO2000000000R™O
RO = {(z,2) | = € X}
R = R"R

000000000U,enag R" = ROUR'UR?U---0 ROOOOODODODO (reflexive transitive closure) 0
OD00R*00000000{(0,1),(1,2),(2,3)}* = {(0,0),(0,1),(0,2),(0,3),(1,1),(1,2),(1,3),(2,2),(2,3),(3,3)}0
R*00ROO0OOO0O0DOO0OO0DOOOOOOO0O0O0OOOOOO0OO

1 CCS

oopooOoooooobbOoooOoobooobOboOoobO0obooooooOoo ADoobooooo
O XOJOooDoooOoooobObOoooooooooooooooboooooooobooooooDbooo
oooooboobooooobooooOoOoOooboOobOooOoOoooobOOoobOOo0ooOoobObooOooDon
O0000D0DO0OD0ODOO0OD0O0CO0O00O00 CCS,CSP, 7000Petrinet 00O O0O0D0O0O0ODO Milner
OOoOoccsooooooooooo

cCcsooooooooooooonog

Robin Milner, “Communication and Concurrency,” Prentice Hall
Robin Milner, “Communicating and mobile systems: the m-calculus,” Cambridge Univer-

sity Press

OO00o0OO00O0OO0 70000 ccsOguOoOod rOODOOOOODODODOODO
ooboooboooooboobOop0O0bObOODOOODbDbODbOn

Glynn Winskel, “The Formal Semantics of Programming Languages: An Introduction,”
Chapter 14, The MIT Press.

oooooooboboboo 1s0b00bb0b0b00o0oooooon

1.1 CCSUO0ODO primitive
1.1.1 00 primitive

cCSOoooopOopD primitive 000000 OO0O0O0DOOOODOOODOOOODOOODOO

gooobooboobooboobooobooboboboooobooboobboooobboooooDooDooon
O0ooooo00ooobO0o0oooooOoooDo bleckOOOOOODOODOODOODODOOOOD
U000 primitive U0 O00O0O0O00O0DODOO0O M

e ¢.P..00D0ODO «0D0OO00OO0DO POOOOOO

e g P. 0000 «0000O0DO PODODODOODO
Example 1.1: 0000000000000 O0OOO0OO0OO0OO0O0OODOOO vM,OO0O0O0OO0OOOOOO
gooogoo

V My = coinygg.coinigg.changesg.ticket.V My

VAMpOQOol1o000 2000000 s000000000000O0C0O0O00COODOODOOOO



1.1.2 choice

goboooooooobooooobobooooobboooooooooboobobooboobon
ubobobObOb0oooooobobboobOoboobbO0o0boDbOd0 4000 operator UOOOODODO
00000000000000000000000000000 e.P+0.Q00 0000000000
p0O0OO0DOODOO0OOO00OODOO0O00ODOODOO POOODUOOOOOODOOOOO

goboboooboooooboooooboooooooob0ob00oU ebO0Ob0DODOOOOOO
000000000000, POOCO0O0C0O0O0OO0C000 ap.Qo+0a1.Q1+a2.Q2+---0
goboooobooonod

Example 1.2: J00000000 cancel 00000000 VM, OODDODOOOOOOOOOOOO

V My = coinyoo.(  coinige.(commit.changes.ticket.V Ms + cancel.changeapg.V Ms)

~+cancel.changego.V Ma)

1.1.3 parallel composition
p|PR,OO0OO0OPRAO0 RODIODDOOOOODOOOOOOO

Example 1.3: 000000000000 VM, O0O0O00OO0OOOODODOOODODOOOO0ODOOO

VMg = VM2 |MCE’I’L

Man = mayl.(  wantiicket-receivesny.coinioo.coinggg.commit.changesg.ticket.givesogticket -thanks. Man

+question.answer.Man)

1.1.4 Restriction

gbgboodobooboboboooobboobuaobboboboobooobooooboobooban
O00000o0oO00ob0o00obDO0O0DO restriction000000OO0DOODODO channelD 0O OOO
0000000000000 newa(a.P|la.Q)0000 «000000O0O00O0O0OO0O00O0OO a.PO
e.QQO0D0000DOOOOOODOOOOODOOO

Example 1.4: 000000000000 O0O0O0OO0OO0OOOO0OOO0OO
V My = new coinyo, ticket, changesg, cancel, commit(V M3)
gooooon

Exercise 1.5: VM, 000000000000 OOOO0OODOOOODO

Example 1.6 [buffered communication]: primitive 0 D00 000000 a. PO 0000000
oobO0o0o pPOOODOOOOOOOOCOODOOOOOOOOOOOODOOOOOOOOOODbOOOOnO
gddboooooobbobobobuoooboo

Buf fer = apyt.arn.-Buf fer
000000000000 aoe. PO0O0O0ODOOO a7, QUODODOOOOOOOOOODOOOO

Exercise 1.7: OO0 000 Buffer00000000000O0O0000000O0O0Buffer00000O
00000 n0O000000000000 n-placebuffer0 00000



1.2 Syntax of process expressions
Uooobooooob0syntax0D OO0 O0OO0OOO0OOODOOOO
P:=0|aP|aP|7.P|P+Py| (P |P)|new aP | Alay,...,ay)

odooobooooo pPOOO0ODOODOODOOOODOOOOOODOOOr.POOOOOODOOOO P
000000000 U0AO Ala,...,a, =PO0D0O000O0O0O0OO0OOOOOOOOOOOOOOO
Alay,...,a,) =PO000O0O Afby,...,b,)00[b1/a1,...,b,/a,]POO0O0OOOOOO A[JOOO A
OO00O0Onew ay---new a,, POOO0OO new ay,...,a, POO000O0O0O0

Example 1.8: 10 000000000O0OO unreliabled network O OO O0O0000OOO0O0O0O0DOO0O
oooo

U = aout-(@1n.U + 7.U)

Exercise 1.9: unreliabled networkO OO 0O O0O0O0DOOODOOOODO alternating bit protocol O
oooooooooooon

Example 1.10: 1bit0 0000000000000 DOOO0OOO0OO0O0OOO

Bity = writeg.Bitg + writey.Bit, + ready.Bitg
Bity = writeg.Bitg + write1.Bity + read;.Bity

Exercise 1.11: J 0000000 00COO0O0O00O0O mutual exclusion0 00000000000
cSooopoooopooopooooo

1.3 Operational semantics

00000000 00000D0O0000D0O0D000D0O000 labelled transition semantics 0 00 O
ooooooooo

OPO0 o000 action000 QODOODDOOOOODOOOD P23 QUOODO0O0O0O0ODOOO
inductive 0 00000000 actiona0O0 0000 000000 e, 00 @000000D0O0O0&0O
a=cel00a=a,a=cl000a=¢0d0000000003

aP % P (CCS-IN)
apP5%p (CCS-0OuT)
TP5LP (CCS-71)
P [e%
g (CCS-SuML)
P+R%Q
P
52 (CCS-SuMR)
R+P5Q
P «
e (CCS-PARL)
PIR% QIR



P5Q

T — (CCS-PARR)
R|P—>R|Q

PSP QLQ
PlQ = P'|Q

(CCS-Cowm)

P3Q ag{al,...,an,a1,...,0n}

«@
new ai,...,a,P — new ay,...,a,Q

(CCS-RESTR)

[bi/ai,...,by/an)P 5 Q Alay,...,apn] =P
Alby, ... by] = Q

(CCS-DEF)

Exercise 1.12: VM., VM, OOOOOODOODOOODOOODOO

Exercise 1.13: 000 P, P, P3,Q,a0000 (PL+P)+P 5 Qe P+ (P+P)>Q000
Dooooooo

Exercise 1.14: 000000000 (CCS-SumL), (CCS-SuMR) 0000000000000 OO
uboboobooooooooogon

P+QL P (CCS-SumL?)
P+Q5Q (CCS-SuMR))

Example 1.15 [alternating bit protocol]: Alternating bit protocol O O unreliable O network O
O00DD000000000000 protocolO0D0ODOODODOOOOOOODODO 0O 10 acknowl-
edgement 000 JackO00000000O0O0DOOODODODODOO0OSsender, receiver 0000000000
ooooooooo

Accepty, = E;accept;.Send;
Send; p, = send; p.Sending; p
Sending;, = (1.Send; , + acky.Accepty + ack;.Sending; )

Receive, = Ei(receive; y.deliver;. Reply,) + Xi(receive, ;. Reply;) + 7. Reply;
Replyy = replyy. Receive;

000 b0 0000 1000060 1-40000%A00P, +---4+P, 000000

Exercise 1.16: 00 00O O alternating bit protocol 0 000 OO0 OO0 OO OO0 Osend, recetve 0 O
00 unreliable0 000000 000OOreply,ack0 000 unreliable0 00000000000 0O0OO
000D0D0000D0ODOO0OD0DODO0ODO SendNet, ReplyNet 0O OO0 0O

new send, p, acky, receive; p, replyy(i,b € {0,1})(Accepty | SendNet | ReplyNet | Receiveg)
godobooboooooooooooooa

Exercise 1.17: Example 1.1500 000000000 (deliver 00000 Oclient00000000
0 acknowledgment 0 000 000000000000 000000O0O0O0O0O0O0OOCOOCOOOOOO
cient 0000000000 acknowledgment 00000000 receiver OO0 O0O0D0OOCOOOOO
O00 client 0000000 O0O0O0O0OOODOOOOODBOOO



1.4 Process Equivalence

Exercise 1.16 0 0 OO O alternating bit protocol 0 OO0 000000000 OOODOOODOOO
000o00o0ooDoOo buffer 0000000

Buf fer = ¥;(accept;.deliver;. Buf fer)

ubooooooooooobobooooooooooog
OO0 OExercise 1.700 00000 buffer 0 nO000000OO00 0O buffer 0000000000
O0OOoO0O00DO0OOoOoO0Oo0ooooonObffer000000DODOOOO0OODOOOODODOO
Obuffer 0 nO00O00O0000O00COO0DOO0O0O0O0OCOOOCOOOOOOOOOGODOOOO
oooooooooooooboOoobo pPO0DDOOOOOOOOODOOOOOOODOOOO
0000000000000 O0000 alternating bit protocol 00 n O buffer D00 O0ODOOO
ooooobooobboooobooboobo

1.4.1 trace equivalence

000000000000000000000000 P32 QO00000000000000000
PA5QOMPOa000actiond00 QUOOOODOODDODODDOOODOOOOOOOOOOO
oobooooobobooOobOoobOobboooobonn actionOOOO

Tr(P)={a1 - a, | 3Q1. -+ 3Qu.(P B Q1 B Q2+ 3 Q,)}

0oo0oTr(P)=7Tr(Q)D0O000000 PO0OUOOD QUOIOOOODOOOOOODOOOOOOO
oooooon

e P=ab00 Q=0ab0+c00 cecTr(Q)0O0O00 e¢gTr(P)000 PO QUOOODO

>
Ql
==

e P=a.0b00 Q=a.b0+ba000

Tr(P) =Tr(Q) = {¢,a,b,ab, ba}

al

oooopPO UODOOO

000000000000 0D000D0OD traceequivalence 10000000 DOO0OODOOO0O0O00OO
oobooooobooooooboboobooboobooon

gooboooboooboobobooooboobooobbooooobobboOooooooooooDbo
oo

P =a.(b.0+2.0)
Q =ab0+ac0

ooobooooooo
Tr(P) = Tr(Q) = {¢,a,ab, ac}

00000 Otrace equivalence 0 0000 PO QOODDOOOO0O0O0OP,QOO0OO0 R=a.b0o0O
000000000Q|ROO«O0OO0DOOOOODO

QIR 5¢0|b0

000000000000 00000000000000000O0O0O0OP|RO



P|R55.0+20]b0

od0b0C0ecO0DODODOOOMVOOOODOOOODOODOOOODOOOPO QUOUOOODODDODOO
goog

1.4.2 Bisimulation

gooooooobooo

P =a.(b.0+2.0)
Q=ab0+ac0

gooooooooOO00ooUOooUooooOU0OoOoUOoOOo0OOoOOOoOPO0 QUOOOOOOO
0000 actionD0DDO0OO000000 b000 actiond 0000000000000 DOO0O0O0OO
action0 00000000 COO0ODODOOOODOOOOPO QLOODODOOO

e POODO action00OOOODO QUOO action0 00 OOOODODOOODOOOOOOOOOO
ooooooog

e QUIOD actiond0 0 OO0O0OO0O POOO action0 00 O0O0O0O0ODOOODOOOOOODOOOO
ooooooog

gobooooobooonogd
000 formal00000000O0O00O0O0COO

Definition 1.18 [bisimulation]: D 00000 2000 RO (strong) bisimulation 00000 OO0
00 (P,Q)eROOO action a0 00 O

e PELEP =3Q.(Q3Q AN(P,Q)ER)

e Q3 Q =3P .(PEP AP,Q)ER)
O000000000O0000 bisimulation O ~0000(P,Q)e~000 P~QOO0OO
Exercise 1.19: ~00000000O0OOCOOOOO

o reflexivity: VP.(P ~ P)

e symmetricity: VP, Q.(P ~ Q = Q ~ P)

e transitivity: VP,Q,R.(P~QANQ ~R= P ~R)
gobooooboobd

Exercise 1.20: O O00OO0OO0OO0O

P =a.(b.0+2.0)
Q=ab0+ac0

OO0O00oPAQUODOOOODOOO

Exercise 1.21: JO000O0O0O



P=4a.0|b0
@ =a.b.0+b.a.0

000o0o0P~QOO0O00O0O0D0ODO
Exercise 1.22: 000 P,Q,RO0000O

e PIO~P

e PIQ~Q|P

« (PIQ)|R~P|(@Q|R)
gooooboooood

Exercise 1.23: 1000 20000000 buffer process:

Buf fer[iny,ing, outy,outs] = inj.outy.Buf fer[ing,ing, outy, outs] + ing.outy. Buf fer[ing, ing, outy, outs]

TwoBuf fer = iny.TwoBuf fery + ing. TwoBuf fers

TwoBuf fery = iny.out;. TwoBuf fery + ins.outy. TwoBuf fers + out,. TwoBuf fer

TwoBuf fers = iny.outy. TwoBuf fery + ing.outy. TwoBuf fers + outs. TwoBuf fer
agpoooo

TwoBuf fer ~ new ¢y, ca(Buf fer[iny,ing, c1, ca] | Buf fer|ci, ca, outy, outs])

gobooood

alternative formulation of bisimulation strong bisimulation ~O 00 000000000000
Fc 27>><73 _ 279><73
O greatest fixpoint 0 000000000 DOOOOOO

FR)={(P,Q)| Yo,P'. (P3P =3Q.(Q>Q A(P,Q)ecR))
Ao, Q' .(Q 5 Q =3P (PSP AP,Q)ER))}

oooo0FobO00O00 FO000D0O0O0O0OCOODO0OO
~=U{S C F(9)} S Nyeo F(P x P)
gboboooboooodao
e P~QUDOODODDDDODO S>(P,Q)ODO0O0ODO SCAS)DOOODDOODO
e PAQUIOODDDODOODDOA0000 (PQ)EF(PxP)0DOOODDODO
oodooooooogon

Exercise 1.24: |J{S C F(S) | SCPxP}C),., F'(PxP)000M 200000000000

new



1.4.3 Weak Bisimulation (Observational Equivalence)

Exercise 1.2300 000 00 O O Ostrong bisimulation 0 OO0 0000000000 OOOCOOOO
gooooob P=ro00000000DO0OO0DOO0OODODODOODOODOODOOPOODODO
0000000000000 strong bisimulation 00000 P4 00000000 Obisimulation O O
DoDooooooooo 500000000000000

002000 BCPxPO

T*a T*

e aA70000— ——
.:T>:l)*

000000000000 50 50 reflexive transitive closure 0 O O O

Definition 1.25 [weak bisimulation]: 000000 2000 RO weak bisimulation0 0000 O
000 (P,Q)eRODOD action a0 00 O

e PELEP =3Q.(Q2Q AN(P,Q)ER)

e Q5Q =3P (P2 P AP,Q)ER)
00000000000000 weak bisimulation 0 ~0000(P,Q)e~x000 P~QUDOOO
Exercise 1.26: xO0 000000000 OOOO
Exercise 1.27: 0000000 POOODO . PPO0OODOOODODOOO

000000 PRUDOD PRUOOO P£QO0OO0DDODDOODOODOOODOODOOOODOO

Theorem 1.28:

P~Q<
Ya,P'.(P% P =3Q.(Q2Q AP =Q)
AVa,Q'.(Q 5 Q' =3P (PSP AP =Q))

Exercise 1.29: Theorem 1.280 00000
Exercise 1.30: 7.a.0 + 5.0 ¥ a.0 +06.00 000
Exercise 1.31: Exercise 1.2300 0000000
TwoBuf fer =~ new cy,ca(Buf fer[iny,ing, c1, ca] | Buf fer|ci, ¢, outy, outs])
oood

Exercise 1.32: Exercise 1.16 000000000

new send, p, acky, receive; p,, reply, (Accepty | SendNet | ReplyNet | Receivey)
~ Buf fer

ooo0oooobOoo0o0oooboboDO0:00000D00 1000 2000Buffer00oonooonO
oooo

Buf fer = accepty.deliver,.Buf fer + accepty.delivers. Buf fer

Exercise 1.33: P~ Q= P|R~Q|RODO0OO

10



1.4.4 Observational Congruence

Exercise 1.300 0000000 O~0O congruence relation0 00000000 P~QOOOOOO
0000000000 POOOO QUOUDOOOOODODDOODOOOcongruence relationd 00000
weakbisimulationl]DDDDDDDDDDDDDDDDDDIZII:I:%CZL*&;*DDDD

Definition 1.34 [observational congruence]: P 0 @ O observationally congruence 00000 O
000 (P,Q)eRODODO actiona D 00O

e PLP =3Q.(Q3. QAP ~Q)
e Q5Q =3P (P3.P AP ~Q)
0000000000000000P=~.,QO000

Exercise 1.35: P~. Q=P+ R~.,Q+ROOODO

1.5 Process Specification Language
1.5.1 Introduction

oooooooobooooobooooooboboooobDooobooobbooooooboooDOoooo
gboooobooooooooobobobobOoobOooboobooboOobobooobOobooobobooooon
oboooooobooobooooooooooao

ooDDo0O oOD0O00O0O0ODODODOOODODODOODOOMODOOOOOOOOOn
gbobooobooooooooooooobooboobooooa

gbooboboooooboooooooooooooobooooboobooobooooboobooboobobon
ooobooboobobooooboboboobooomooooooobobooooooobooooo
obOoooooooboooo

e (m)A---ODal00 action0 000000 ADODODDOOOOOOOOODOOOOOO
o [0]A---Dal00 action0 00000000 ADODODOOOOOOM
000000 0DoO0oooO0O0OE(true0 000000000
Exercise 1.36: 00000000000 O0DOOOODDOO
1. [a]false
2. (a)(b)([c|false A [d]false)

Negation ~AD 00000 [a]AD ~(a)-A00000000000
0000000000000000000 syntax00000000000000

Anz=true| Aj NAx | A (0)A

0000 PO0O0 AUDUODODOOOOOD PEAODODUOOODODDOOOOODOOOODODODOOOODO

11



P = true for any P
PEAIANAy if PEA and PE A
PE-A if P = A does not hold
PE{(a)A if 3Q.(P % Q)

Exercise 1.37: [a]A = —~(a)—A, false=—true 00 000000000000 0O000OO0OOO
. PEAYQ.(P5Q=QFE A)
2. PEdfalse < P4 QD000 QOOODODO
Exercise 1.38: 000 O00OOOODOOODOOOOOO
A= Ny A | A | (a)A
PENierAiD
PENcAie PEA foranyicl
gobodgoobooooon
PrQaVA(PEASQREA)

gboobooboogooo

1.5.2 000000

0000000000000 00000000000000000000000000000000

0000000000000000 «0000000000000000000000000000

A (o), [0)00000000000000000000
0000000000000000000000000000000000

(a)true V (T){a)true V (7)(7)(a)true V - - -

0000000000000000000000 O{a)truev(r)X & X00000X00000000
00000000000000000000 X00000000000000000000 0 operator
p00000

pX.({a)true V (1) X)

googooodgd
O00WmWO0 action000 ADDOO0OODU0O0OO0OO0OODOOOOOODOOOOOO()AODDO
ooooO0oOoOoOoOoO0mAQOOOOODOOOOOODOO0ODOOOODOOOOODOODOOO

possibly(A) = pX.(AV () X)
oooboooooboon
Exercise 1.39: ~()-A0O0000O0OOOO0O0OOOOOCOO
0000 -(.)-AD [JAODDOOODOOOO

Example 1.40: 0 00000000 BOOOOOOOOOODOOOODODOO

12



~uX.(~BV () X)
gooooooooo

00 ~uX.~[-X/X]A0D vX.ADDDODO000000 —uX.(-Bv{)X)0 vX.(BA[]X)0DODOOO
ooooo

Exercise 1.41: 000000000000 DOOOOODDOO
o uX.({(a)true Vv [.]X)
o uX.(AV ((.Ytrue A [.]X)

Exercise 1.42: JO0 0000000000000 Terminal O0O00000OO00MOO0O0O0O00OO
000 action00000000O0OOdeadlock)0 0000000000000 OD0O0O0O0OO0O

1.5.3 Syntax and semantics of the modal p-calculus

000000000000 modal p-calculusO O 000 modal v-calculus) 0 OO0 Osyntax 000 O
0000000000 O000000ooooO »vO00O primitived 000

A:=S| X |true | AANB|-A|{(a)A| (HA|vX.A

SO000000000000O0XO »vO0000 bindJOOOOOOO0OOvX. AQOOOOOXO AD
O positive 0 00O 0000 negation0 OO0 O0OOO0OO0O0O0OO0O0OOOOOODOOO0OODOOOOONO
closed 0000000000 free000000CO00OO0ODOOOODOO

00000 PO AODOOOOUDOOOO PEAODDOUOOOOOOUOOOOOOD AUOO A*O0OO
0000000000 0PEAS Pe A JI00A*DODUOOOODOODOOOODPrOOOOOOO
ooo

S* = S

true* = Pr

(AANB)" = A*NnB*

(~A)* = Pr\A*

(mA)" = {P|3IQeA(P=Q)}
(VA" = {P|3IQ e A" 3a.(P = Q)}
(vX.A)" = U{ScPr|sc(s/X]A)}

Exercise 1.43: 00000 well defined 0000 COO00O0OOO0OO0 AQDOOO A*=50000
SCbhrO00000DOOOOOOODOO

Exercise 1.44: (vX.A)"0 S=([$/X]4A)"00000000000000000ODO
Exercise 1.45: (-vX.~[-X/X]A)" =N{S CPr|([S/X]4)"CS} 0000

Exercise 1.46: vX.(BV (AA[]X) 00000000000 O0OO0OOO

13



1.5.4 Model checking

O0000DPEAOODDOOUOOOUOODOOOOOOOODOOOO

PEADOOOODOOODDOOOUOOODOO greatest fixpoint operator v 0 OO0 OO OvX.P
00000 formula0000000 A*O00O00OOOUOOOOOOOOOUOOPEvVvX.AOOOO
00000000(wX.A)*'0000000000000POODOOOOOOOODODOOO

reach(P)={Q € Pr | P >" Q}

(P Q0 30.(PSQ)000000000000000000 (vX.A)*Nreach(P)00000000
000Oreach(P)00000000000000000O0000000000O0O0O00000000
PePrO00000Al,00000000000

S|p = SnNreach(P)

true|p = reach(P)

(AL NA)lp = AilpANAslp

(=A)|p = reach(P)\A|p

((a)A)|p = {Q € reach(P) | 3R € reach(P).(Q % R and R € A|p)}
(YA |p = {Q € reach(P) | 3R € reach(P).3a.(Q = R and R € Alp)}
WXA)lp = U(S Creach(P) | S C (S/X]4)]p}

Lemma 1.47: A|p = A* Nreach(P)
Exercise 1.48: 0000000000

00000000OP E ADDDDOOOOOOPO Ap000000000000000000
reach(P)000000000000000000D0 Ap000000000 (vX.4)|p0000000
S Creach(P)0D000 SOODDO0O0D0OODOD0M@MPEADDOODOOOOODDOO.

0000000 (WX.4)p00000000000000000000O0D0O0O00O0O0O0O0000
000000000000

Theorem 1.49: A, 0 Ay = true, 4,11 = [4;/X|A00000COOO0O0O0OOOO(true/X]A,)|p
On0000000000000 reach(P)ODCODO0OD0ODO0OOnO0000O

(vX.A)|p = ([true/X]A,)|p
gooooao

Exercise 1.50: 00 0000O0O0O0O0OO

Exercise 1.51: PO0000O0O0OOOOO0OO0OOOOOOO

P=aP+1.Q
Q="0bQ

000AD vX.((btrueV ((a)true A[JX)0000A|,00000000000PADDDOOO
oooooooo

Exercise 1.52: mutual exclusion 0 0000 (Peterson D 000000 000O:
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repeat
flag[i] :=true;
turn := j;
while (flagl[j] and turn=j) do skip;
stk Kok ok KoK ok koK sk Kok ok ok ok
critical sections
stk ok ok ok ok sk ok ok sk sk ok sk ok ok sk ok
flag[i] :=false;

until false;

goboooobgooogo

Bity[ready, ready, writeg, write; ]
= ready. Bity[ready, read , writey, write |
+writeg. Bitg[ready, ready , writeg, write;] + writey . Bity [ready, ready, writeg, write; ]
P, = set fy.setT; . Wait;
Waity, = readfg’l.(readtg.Waitb + readty,.CRy) + readfl;’O.CR(,
CRy, = cry.rsetf,.Py
System = new C(Bitg[readty, readty, setTy, setTh]
| Bito[readfo o, readfo.1,rset fo, set fo]
| Bity[readfi o, readfi 1, rset f1, set fi]
| Po | P1)
C = readty, readty, readfo o, readfo 1, readf1,0, readfy 1, setTy, setTh, set fo, set f1,rset fo, rset fi

goboooaon

e [Jcritical section 0 0000000000000 0OO0O0DOODOODOO SystemOOO0OO0O

assertion ADOOO0000O0D0O00O00OSystemO0 0000000000 O0O0DOOOOCOOOO
ooog

o[ Py, P, 00 critical section0 00000000 wait 0000000 0000O0DOOOOO System
0000000000000 D00O0SystemO00 00000000000 OO0OOODOODOODOO
assertion A0 O OOOOOOODOOOO
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