1

2

Abstract

Keywords

chronization.

Contents

____________________________________

1 Award. 2

A multiprogramming multiprocessing

show.

Communication or message passing state

history s_0 →

α_1

s_1 →

α_2 → α_i

s_i →

α_{i+1}

s_i α_i α_1 α_2 ...

s_0

. assertions— allows

executed. all "sometimes" " "

liveness. (1.1)Safety. A "bad" (1.2)Liveness. A "good"

" " " " " " is

" " " " to

A program declarations statements

var id_1 : type_1; id_n : type_n Each id_i type_i

array [lb_{1 1}, lb_{n n} ] of type where type_{i i} i^{th} lb_i >ub_i

var a , b : array [1 ] integer ;

matrix : array [1 ] boolean a and b matrix

array and of var a [1 ], b[1..n integer ;

matrix[1 booleans .

a [1], b[i+j matrix[rows, j+k

initial initial var i, j : integer initial

i and j

skip

skip

x_1, x_2, ..., x_n := e_1, e_2, ..., e_n

targets x_1 x_n e_1 e_n , x[e x e of e_1 e_n x_1 e_1 x_2 e_2 x_i x_i x[e e e_i a ⁄b with b =

single-assignment statement

x, y := y, x x and y ";" S_1 S_2 S_1; S_2. if if G_1 → S_1 G_2 → S_2 ... G_n → S_n fi i S_i if true if guarded statements^3 G_i → S_i where G_i is true S_i if is non-deterministic

true

if x≤y → maxval := y x≥y → maxval := x fi maxval x and y x = y.

The do if do false of_{____________________________________} 3 .

do G_1 → S_1 G_2 → S_2 ... G_n → S_n od

G_i → S_i where G_i is true S_i true do t the b[0 − n ≥0. §

PO : {P } Ŝ {Q}

where PO Ŝ S P and Q are assertions

PO above, P precondition pre (PO Q postcondition post(PO S′in PO S′ pre_{PO} (S′ S′ S′ post_{PO} (S′ PO

PO1: {x=0 y=3} skip {x=21 y=3}

PO2: {x=X}

if x≥0 x≥0} skip {x=abs (X)} x≤0 → x : x {x≥0 x=abs (X)} fi {x=abs (X)}

pre (PO1) ≡ x=0 y=3 post(PO1) ≡ x=21 y=3

var t, i, b[0 − integer ;

t, i := do i ≠n → t, i := t +b[i], i+1 od pre_{PO1}(skip) ≡ x=0 y=3 post_{PO1}(skip) ≡ x=21 y=3

pre (PO2) ≡ x=X post(PO2) ≡ x=abs (X) pre_{PO2}(skip) ≡ x≥0 post_{PO2}(skip) ≡ x=abs (X) pre_{PO2}(x : x) ≡ undefined post_{PO2}(x : x) ≡ x≥0

ables.^4

PO1 and PO2 above, X x and y

(3.1) Let v s A(v, s A v s.

PO : {P } Ŝ {Q}

v Ŝ s A (including P or Q PO and A(v, s)=true s′when A′in PO A′(v, s′)=true

"wrong" "right" "right" state

"wrong"

The skip skip (3.2)skip Axiom: {P } skip {P }

skip

x := e where x x_1, x_2 x_n e e_1, e_2 e_n

tion P x_i to e_i P is true x_i in P by e_i P_e^x is true P true of

____________________________________ 4

(3.3) : {P_e^x} x := e {P }.

(3.4) : {P } Ŝ_1; {Q} Ŝ_2 {R}

{P } Ŝ_1 {Q}, {Q} Ŝ_2 {R}

S_1; S_2 true when S_1 S_2

S_1 P Ŝ_1 true. S_1 terminates, Q true S_2 Q Ŝ_2 true, S_2 terminates, R S_1; S_2 P Ŝ_1; {Q}Ŝ_2 true if S_i G_i is true the if P_i S_i Ŝ_i true i^{th} Q if (3.5)if Rule:

{P } if G_{1 1}} Ŝ_1 {Q} G_{n n} } Ŝ_n {Q} fi {Q}

{_1} Ŝ_1 {Q}, ..., {_n } Ŝ_n {Q}

do (3.6)do Rule: {_1} Ŝ_1 {I}, ..., {_n } Ŝ_n {I} {I} do G_{1 1}} Ŝ_1 {I}

G_{n n} } Ŝ_n {I} od {I ¬ G_1 ... ¬ G_n }

S_i I and G_i are true, Ŝ_i I true a do I Ŝ_i will I true I do terdo true ¬ G_1 ... ¬ G_n do.

(3.7) : {P P } Ŝ {Q Q′} P ′ , {P } Ŝ {Q}, ′

Hypothesis {P } Ŝ {Q} Ŝ Q is true if S P P ′ P ′ S P ′ Q true should S {P P } Ŝ {Q} ′ Q is true Q′ S Q is true, Q′

{A A′} ′

value.^5 (3.8) : {P } Ŝ {Q}, X Y {P Y^X } ŜY^X {QY^X } X

(3.9) Ŝ′

program Ŝ. {P } Ŝ Q} {P } Ŝ {Q}

Ŝ′ Ŝ Ŝ is true Ŝ′ true triples {P } S {Q} {P } Ŝ {Q}.

S, PO1(S PO2(S statement S′ PO1(S S′ PO2(S), define PO1(S) PO2(S PO1(S PO2(S).^6 PO1: {x=5} x := x+1; {x=6} y := y+1 {x=6}

PO2: {y=2} x := x+1; {y=2} y := y+1 {y=3} then is: {x=5 y=2} x := x+1; {x=6 y=2} y := y+1 {x=6 y=3} PO1(S) PO2(S PO1(S PO2(S).

(3.10) : PO1(S) PO2(S)

PO1(S), PO2(S)

S′ in S with pre (S′)=true pre_{PO1}(S′ pre_{PO2}(S′ PO1 and

____________________________________ 5 Y for X in Ŝ 6 S′in S: pre_{PO1(S) PO2(S)}(S′) = pre_{PO1}(S′) pre_{PO2}(S′) and post_{PO1(S) PO2(S)}(S′) = post_{PO1}(S′) post_{PO2}(S′).

PO2 will

Define PO1(S) PO2(S PO1(S PO2(S PO1(S) PO2(S PO1(S PO2(S).

(3.11) : PO1(S) PO2(S)

PO1(S), PO2(S)

S′in S ing pre (S′ pre_{P01}(S′ pre_{P02}(S′ pre_{P01}(S′ PO1

≤n t will b b[n− 1].^7

skip Axiom: {P } skip {P }

: {P_e^x} x := e {P }

: {P } Ŝ_1; {Q} Ŝ_2 {R}

{P } Ŝ_1 {Q}, {Q} Ŝ_2 {R}

{_1} Ŝ_1 {Q}, {_n } Ŝ_n {Q P } if G_{1 1}} Ŝ_1 {Q}

G_{n n} } Ŝ_n {Q} fi {Q} if Rule:

{_1} Ŝ_1 {I}, {_n } Ŝ_n {I I} do G_{1 1}} Ŝ_1 {I}

G_{n n} } Ŝ_n {I} od {I ¬ G_1 ... ¬ G_n } do Rule:

____________________________________

7 (Σ j ≤ j ≤n: b[j])_{j=1,n}Σ b[j].

: {P P } Ŝ {Q Q′} P ′ , {P } Ŝ {Q}, ′

{P } Ŝ {Q}, X Y {P Y^X } ŜY^X {QY^X } :

Ŝ′ Ŝ {P } Ŝ Q} {P } Ŝ {Q}

: PO1(S) PO2(S)

PO1(S), PO2(S)

: PO1(S) PO2(S)

PO1(S), PO2(S)

1. {0≤i+1≤ +b[i]=(Σ j ≤ j ≤i: b[j])} t, i := t +b[i], i+1 {0≤i ≤ =(Σ j ≤ j ≤i− 1: b[j])}

≤i ≤ =(Σ j ≤ j ≤i− 1: b[j]) i ≠n) 0≤i+1≤ +b[i]=(Σ j ≤ j ≤i: b[j])

3. {0≤i ≤ =(Σ j ≤ j ≤i− 1: b[j]) i ≠n} {0≤i+1≤ +b[i]=(Σ j ≤ j ≤i: b[j])} t, i := t +b[i], i+1 {0≤i ≤ =(Σ j ≤ j ≤i− 1: b[j])}

4. {0≤i ≤ =(Σ j ≤ j ≤i− 1: b[j]) i ≠n} t, i := t +b[i], i+1 {0≤i ≤ =(Σ j ≤ j ≤i− 1: b[j])} do 5. {0≤i ≤ =(Σ j ≤ j ≤i− 1: b[j])} do i ≠n 0≤i ≤ =(Σ j ≤ j ≤i− 1: b[j]) i ≠n} t, i := t +b[i], i+1 {0≤i ≤ =(Σ j ≤ j ≤i− 1: b[j])} od {0≤i ≤ =(Σ j ≤ j ≤i− 1: b[j]) i =n}

6. {0≤0≤n 0=(Σ j ≤ j 1: b[j])} t, i := {0≤i ≤ =(Σ j ≤ j ≤i− 1: b[j])}

≤n (0≤0≤n 0=(Σ j ≤ j 1: b[j]))

8. {0≤n} {0≤0≤n 0=(Σ j ≤ j 1: b[j])} t, i := {0≤i ≤ =(Σ j ≤ j ≤i− 1: b[j])}

9. {0≤n} t, i := {0≤i ≤ =(Σ j ≤ j ≤i− 1: b[j])}

10. {0≤n} t, i := {0≤i ≤ =(Σ j ≤ j ≤i− 1: b[j])} do i ≠n 0≤i ≤ =(Σ j ≤ j ≤i− 1: b[j]) i ≠n} t, i := t +b[i], i+1 {0≤i ≤ =(Σ j ≤ j ≤i− 1: b[j])} od {0≤i ≤ =(Σ j ≤ j ≤i− 1: b[j]) i =n}

≤i ≤ =(Σ j ≤ j ≤i− 1: b[j]) i =n) t =(Σ j ≤ j ≤n− 1: b[j])

12. {0≤n} t, i := {0≤i ≤ =(Σ j ≤ j ≤i− 1: b[j])} do i ≠n 0≤i ≤ =(Σ j ≤ j ≤i− 1: b[j]) i ≠n} t, i := t +b[i], i+1 {0≤i ≤ =(Σ j ≤ j ≤i− 1: b[j])} od {0≤i ≤ =(Σ j ≤ j ≤i− 1: b[j]) i =n} {t =(Σ j ≤ j ≤n− 1: b[j])}

S′ pre_{PO} (S′ S′ pre_{PO} (S′

(3.12) Q Q pred (Q).

P in pred (Q P Q exec(P ,Q).

exec(P , Q that exec(P , Q S {P } S {Q} exec(P , Q x := e then e x exec(P , Q G true exec(P , Q G_1, G_2 G_n false

(P ¬ G_1 ¬ G_2 ... ¬ G_n ) Q

P1 P1

P2 P2 P1 P1 to P2, t, i := 0,0 t,i (0≤n ≤0≤n 0=(Σ j ≤ j 1: b[j])

P3 P3 P2 and P4. P2 to P3 do true ≠n) P3

{P1 ≤n} t, i := {P2 ≤i ≤ =(Σ j ≤ j ≤i− 1: b[j])} do i ≠n P3 ≤i ≤ =(Σ j ≤ j ≤i− 1: b[j]) i ≠n} t, i := t +b[i], i+1 {P4 ≤i ≤ =(Σ j ≤ j ≤i− 1: b[j])} od {P5 ≤i ≤ =(Σ j ≤ j ≤i− 1: b[j]) i =n} {P6: t =(Σ j ≤ j ≤n− 1: b[j])}

P4 to P3, i ≠n ≠n) P3 P4 P4 P3 P3 to P4, t, i := t +b[i], i+

t+b[i],i+1 t,i (0≤i ≤ =(Σ j ≤ j ≤i− 1: b[j]) i ≠n ≤i+1≤ +b[i]=(Σ j ≤ j ≤i: b[j])

P5 P5 P2 and P4 P2 or P4 to P5 i ≠n must be false =n) P5 =n) P5 P6 P6 P5 n for i in P5.

cobegin statement cobegin S_1 ⁄⁄S_2 ⁄⁄ ⁄⁄S_n coend (4.1) where S_1 S_n processes S_1 through S_n

(4.2) §

PO_1, PO_2 PO_n S_1 through S_n {P } cobegin PO_1 ⁄⁄PO_2 ⁄⁄ ⁄⁄PO_n coend {Q} (5.1)

PO_1 PO_n plex. eligible

point. P , Q PO_1, ..., PO_n

cobegin S_i PO_i pre (PO_i S_i P pre (PO_i

P (pre (PO_1) pre (PO_2) pre (PO_n

cobegin cuted. PO_i post(PO_i S_i post(PO_i S_i (post(PO_1) post(PO_2) post(PO_n )) Q Q cobegin S_1 S_n

S_i PO_i PO_i

i ≤i ≤n: PO_{i i} (5.5) where_i PO_i S_i A leaves (5.6)

skip α A NI(α, A): {pre_{POi} (α) A A}

(5.7) PO_1, PO_2 PO_n i ≤i ≤n:

j, i ≠ j 1≤ j ≤n: α in PO_i :

A in PO_j : (α, A − cobegin cobegin.

(5.8)cobegin Rule:

i ≤i ≤n: PO_{i i} , (b) P (pre (PO_1) pre (PO_2) pre (PO_n )), post(PO_1) post(PO_2) post(PO_n )) Q, α in PO_i A in PO_j , j ≠i: (α, A) {P } cobegin PO_1 ⁄⁄PO_2 ⁄⁄ ⁄⁄PO_n coend {Q}

cobegin x^8

cobegin x := x+1 ⁄⁄x := x+2 coend (5.9) x= cobegin terminates, x=3.

{x=0} x := x+1 {x=1} {x=0} x := x+2 {x=2} cobegin

{P: x=0} cobegin

{P1: x=0_1: x := x+1 {Q1: x=1} ⁄⁄ {P2: x=0_2: x := x+2 {Q2: x=2} coend {Q: x=3} cobegin P ( NI(α_1, P2), NI(α_2, P1), NI(α_1, Q2 NI(α_2, Q1 theorems.

Expanding NI(α_1, P2 {pre (α_1) P2_1 {P2} x=0} x := x+1 {x=0}, α_1 P2 inated.

(5.10)

statement α A pre (α NI(α, A pre (NI(α, A)) = false (5.11)

statement α A A making NI(α, A

NI(α_1, P2 pre (α_1 P P2 x=1 Q2 ____________________________________ 8

{P: x=0} cobegin

{P1: x=0_1: x := x+1 {Q1: x=1} ⁄⁄ {P2: x=0 x=1_2: x := x+2 {Q2: x=2 x=3} coend {Q: x=3} Expanding NI(α_1, P2 {x= x=0 x=1)} x := x+1 {x=0 x=1} x=0} x := x+1 {x=0 x=1} P2 P ( cobegin NI(α_2, P1 NI(α_2, P1

{pre (α_2) P1_2 {P2}

(x=0 x=1) x=0} x := x+2 {x=0} x=0} x := x+2 {x=0} P1 Q1 {P: x=0} cobegin

{P1: x=0 x=2_1: x := x+1 {Q1: x=1 x=3} ⁄⁄ {P2: x=0 x=1_2: x := x+2 {Q2: x=2 x=3} coend {Q: x=3}

(5.12)

Now, NI(α_2, P1

{(x=0 x= x=0 x=2)} x := x+2 {x=0 x=2} x=0} x := x+2 {x=0 x=2} P1 NI(α_1, P2 theorem.

NI(α_1, Q2): {x=2} x := x+1 {x=2 x=3} NI(α_2, Q1): {x=1} x := x+2 {x=1 x=3}

cobegin ( ) Q

= ((x=1 x= x=2 x=3)) x=3 x cobegin

cobegin

cobegin cobegin

"" and ""

ted.

x := x+1; x := x− 1 x x x x

S .

if sem>0 → sem := sem− 1 fi (6.1) sem if sem := sem− 1; do sem<0 → .

α is eligible α cobegin

cobegin ok := true; cobegin

Loop: do ok → ⁄⁄ Stop: ok := false coend

(6.2)

Stop cobegin is

cobegin.

A cobegin G G becomes true true cobegin G G true.

program.

continue := true; proceed := false; cobegin

Loop: do continue → proceed := true; proceed := false od ⁄⁄ Stop: if proceed → continue := false fi coend cobegin Loop Loop Stop

α S NI(α, A) NI(S, A^9

NI(S, A

(6.3) : {P } Ŝ {Q} {P } Ŝ {Q}

S S S S NI(α, A A

____________________________________

9 NI(S, A)

Logic.

S cobegin

(6.4)cobegin Rule: i ≤i ≤n: PO_{i i} .

(b) P (pre (PO_1) pre (PO_2) pre (PO_n )), post(PO_1) post(PO_2) post(PO_n )) Q, α in PO_i A in PO_j , j ≠i: (α, A) {P } cobegin PO_1 ⁄⁄PO_2 ⁄⁄ ⁄⁄PO_n coend {Q}

NI(α, A theorem.

cobegin

Process_1: ... {pre (α) ... ⁄⁄ Process_2: {A} coend

pre (α A α A α S1 and S2

S1 and S2

S1; S2. α α A, if ¬ (α, A) fi where wp(α, A α A.

(6.5) α A A (6.6)

action α A α α A

var acnt [1 integer ,

embezzlement. gra fbs ≤gra ≤n ≤fbs≤n acnt [gra]≥

Transfer: {T=(Σi ≤i ≤n: acnt [i]) acnt [gra]=G acnt [fbs]=F}

α: acnt [gra], acnt [fbs = acnt [gra]− 20, acnt [fbs]+20 {T=(Σi ≤i ≤n: acnt [i]) acnt [gra]=G− 20 acnt [fbs]=F+20}

to totdeps embzl Auditor: {totdeps =T=(Σi ≤i ≤n: acnt [i])}

j, cash := {A1: j =0 cash =(Σi ≤i ≤ j: acnt [i]) totdeps =T} do j ≠n A2 ≤ j < =(Σi ≤i ≤ j: acnt [i]) totdeps =T} cash , j := cash +acnt [j+1], j+1 {A3 ≤ j ≤ =(Σi ≤i ≤ j: acnt [i]) totdeps =T} od; {A4: cash =(Σi ≤i ≤n: acnt [i]) totdeps =T} embzl := (cash ≠totdeps) {A5: ≠T} Transfer and Auditor NI(α, A2 NI(α, A3) gra ≤ j ≤fbs or fbs≤ j ≤gra α Σi ≤i ≤ j: acnt [i cash A2 and/or A3.

A2 and A3 do in Auditor Auditor: {totdeps =T=(Σi ≤i ≤n: acnt [i])}

j, cash := {A1: j =0 cash =(Σi ≤i ≤ j: acnt [i]) totdeps =T} do j ≠n → cash , j := cash +acnt [j+1], j+1 od; {A4: cash =(Σi ≤i ≤n: acnt [i]) totdeps =T} embzl := (cash ≠totdeps) {A5: ≠T} cobegin Auditor Transfer α with A2 and A3 α gra < <j gra > >j

α′: if (gra < <j gra > > j) fi Now, α α′ NI(α′, A1 NI(α′, A2 Transfer and Auditor

cobegin x cobegin α_1: x := x+1_2: x := x+1 coend (7.1) var acnt [1 integer ;

j, cash : integer initial 0; totdeps : integer initial (Σi ≤i ≤n: acnt [i]); embzl : boolean

{j =0 totdeps =T=(Σi ≤i ≤n: acnt [i])}

cobegin Transfer: {T=(Σi ≤i ≤n: acnt [i]) acnt [gra]=G acnt [fbs]=F} if (gra < <j gra > > j) →

acnt [gra], acnt [fbs = acnt [gra]− 20, acnt [fbs]+20 fi {T=(Σi ≤i ≤n: acnt [i]) acnt [gra]=G− 20 acnt [fbs]=F+20} ⁄⁄ Auditor: {j =0 cash =(Σi ≤i ≤ j: acnt [i]) totdeps =T}

do j ≠n 0≤ j < =(Σi ≤i ≤ j: acnt [i]) =T} cash , j := cash +acnt [j+1], j+1 {0≤ j ≤ =(Σi ≤i ≤ j: acnt [i]) =T} od; {cash =(Σi ≤i ≤n: acnt [i]) totdeps =T} embzl := (cash ≠totdeps) {embzl (cash ≠T)} coend {acnt [gra]=G− 20 acnt [fbs]=F+20 embzl(cash ≠T)}

{x=X_1: x := x+1 {x=X+1}

{x=X_2: x := x+1 {x=X+1}

cobegin: {P: x=X} cobegin

{P1: x=X_1: x := x+1 {Q1: x=X+1} ⁄⁄ {P2: x=X_2: x := x+1 {Q2: x=X+1} coend {Q: x=X+1} cobegin NI(α_1, P2), NI(α_1, Q2), NI(α_2, P1 NI(α_2, Q1).

NI(α_1, P2 pre (α_1 P P2 to x=X x=X+ α_1 when x=X Q2 P1 and Q1

{P: x=X} cobegin {P1: x=X x=X+1} α_1: x := x+1 {Q1: x=X+1 x=X+2} ⁄⁄ {P2: x=X x=X+1} α_2: x := x+1 {Q2: x=X+1 x=X+2} coend {Q: x=X+1 x=X+2}

(7.2)

Q P1, Q1, P2 Q2 again {P: x=X} cobegin {P1: x=X x=X+1 x=X+2} α_1: x := x+1 {Q1: x=X+1 x=X+2 x=X+3} ⁄⁄ {P2: x=X x=X+1 x=X+2} α_2: x := x+1 {Q2: x=X+1 x=X+2 x=X+3} coend {Q: x=X+1 x=X+2 x=X+3} Q x=X+

{P: x=X} cobegin

{P1: x≥X} x := x+1 {Q1: x>X} ⁄⁄ {P2: x≥X} x := x+1 {Q2: x>X} coend {Q: x>X}

(7.3)

NI(α_1, P2 α_1 P2.

If α_1 α_1 P2 P2 α_1 P2 α_2 α_1 P2 x=X α_1 x=X terx=X+ α_1 P2

x=X whenever α_1 P2 NI(α_1, P2 α_1 P2 x=X x=X+ pre (NI(α_1, P2)).

NI(α, A α NI(α, A α do

(7.4) x := e i^{th} e i^{th} x

(7.5) AV

program Ŝ Ŝ _{AV} AV S P , Q Ŝ AV {P } Ŝ _{AV} {Q} {P } Ŝ {Q}

{Aux=0} skip {Aux=1}

{Aux=0} Aux:= 1 {Aux=1}.

x Done1 and Done2 Done1 (Done2 true x. {x=X} Done1, Done2 := false, false; {P: x=X ¬ Done1 ¬ Done2} cobegin

{P1 ¬ =X =X+1) ¬ Done1} α_1: x, Done1 := x+1, true

{Q1 ¬ =X+ =X+2) Done1} ⁄⁄ {P2 ¬ =X =X+1) ¬ Done2} α_2: x, Done2 := x+1, true

{Q2 ¬ =X+ =X+2) Done2} coend {Q: x=X+2}

(7.6)

{x=X} Done1, Done2 := false, false {P } P ( ) Q cobegin

NI(α_1, P2 {x=X ¬ Done1 ¬ Done2} x, Done1 := x+1, true {(¬ =X =X+1) ¬ Done2} NI(α_1, Q2), NI(α_2, P1 NI(α_2, Q1 completed.

{P } cobegin PO_1 ⁄⁄PO_2 ⁄⁄ ⁄⁄PO_n coend {Q}

i =1,n

Σ_{j =1,n}Σ assig (PO_i )× assert (PO_j )

assig (PO PO and assert (PO PO processes.

a true true program.

(8.1) I PO provided (a) pre (PO ) I

α in PO : {pre_{PO} (α) I I}

A_A, L_A A

I α {_{pre (α) post(α)}} Let A α A I L_A A L_A α {L_A L_A} (8.3)

Proving NI(α, A NI(α,_A), {_{pre (α) A A}}

cobegin (8.5)cobegin Rule: i ≤i ≤n: PO_{i i} , (b) P (pre (PO_1) pre (PO_2) pre (PO_n )),

post(PO_1) post(PO_2) post(PO_n )) Q, i ≤i ≤n PO_i A i. L_A i ii. I PO_i {P } cobegin PO_1 ⁄⁄PO_2 ⁄⁄ ⁄⁄PO_n coend {Q}

A in I L_A

cobegin Rule. cobegin x x

I: x = X + Z1+ Z2 X x Z1 x Z2 x I x Z1= Z2= Z1, Z2 := Z1 and Z2 Z1 x Z2 x α_1 (α_2 Z1 (Z2 x

I Z1 Z1

{P: x=X} Z1, Z2 := {P′: = Z2= 0} cobegin

{ =0_1: x, Z1 := x+1, Z1+1 { =1} ⁄⁄ { =0_2: x, Z2 := x+1, Z2+1 { =1} coend {Q′: = Z2= 1} {Q: x=X+2} Using cobegin Z1 and Z2 § ables Done1 and Done2 =1 ¬ =0 =1 ¬ =0. Z1 and Z2 x " " the " "

SP: P_{Bad} where P_{Bad}

P_{Bad} " " SP S P_{Bad} true

P_{Bad} is true S SP S ¬ P_{Bad}

(9.1) SP S PO of A in PO , A ¬ P_{Bad}

(9.2) SP S PO I I ¬ P_{Bad}

(9.3)

(9.4)

(9.5)

(9.3)−

cobegin Rule P ( ) Q P5 and P6

P5 or P6 are T1, T2 T4 P5 and P6

NI(T1, P5): {¬ ¬ AtP3 (¬ =1 AtQ3)} AtQ3, enter2 := true, true {enter1 ¬ AtP3 (¬ =1 AtQ3)}

NI(T2, P5): { ¬ AtP3 (¬ =1 AtQ3)} AtQ3, turn := false {enter1 ¬ AtP3 (¬ =1 AtQ3)}

NI(T4, P5): {enter2 ¬ AtQ3 (¬ =2 AtP3) enter1 ¬ AtP3 (¬ =1 AtQ3)} enter2 := false {enter1 ¬ AtP3 (¬ =1 AtQ3}

SP. In_1 ≡ In_2 ≡ In_ _2 as P_{Bad} SP In_1 and In_2

I1: ¬ In_1 (enter1 ¬ AtP3 (¬ =1 AtQ3))

I2: ¬ In_2 (enter2 ¬ AtQ3 (¬ =2 AtP3)) ¬ (In_ _2 var enter1, enter2 : boolean initial false, false;

AtP3, AtQ3 : boolean ; turn : integer initial 1 {P: ¬ enter1 ¬ enter2} cobegin

{P1: ¬ enter1} do true P2: ¬ enter1} S1: AtP3, enter1 := true, true;

{P3: enter1} S2: AtP3, turn := false

{P4: enter1 ¬ AtP3} S3: if ¬ =1 → {P5: enter1 ¬ AtP3 (¬ =1 AtQ3)}

{P6: enter1 ¬ AtP3 (¬ =1 AtQ3)} S4: enter1 := false;

{P7: ¬ enter1}

{P8: ¬ enter1} od {P9: false} ⁄⁄ {Q1: ¬ enter2} do true Q2: ¬ enter2} T1: AtQ3, enter2 := true, true;

{Q3: enter2} T2: AtQ3, turn := false

{Q4: enter2 ¬ AtQ3} T3: if ¬ =2 → {Q5: enter2 ¬ AtQ3 (¬ =2 AtP3)}

{Q6: enter2 ¬ AtQ3 (¬ =2 AtP3)} T4: enter2 := false;

{Q7: ¬ enter2}

{Q8: ¬ enter2}

od {Q9: false} coend {Q: false} var enter1, enter2 : boolean initial false, false;

AtP3, AtQ3 : boolean ; turn : integer initial 1; In_1, In_2 : boolean initial false, false {P: ¬ enter1 ¬ enter2 ¬ In_1 ¬ In_2} cobegin

{P1: ¬ enter1 ¬ In_1} do true P2: ¬ enter1 ¬ In_1} S1: AtP3, enter1 := true, true;

{P3: enter1 ¬ In_1} S2: AtP3, turn := false

{P4: enter1 ¬ AtP3 ¬ In_1} S3: if ¬ =1 → In_1 := true fi {P5: enter1 ¬ AtP3 (¬ =1 AtQ3) In_1}

{P6: enter1 ¬ AtP3 (¬ =1 AtQ3) In_1} S4: enter1, In_1 := false, false;

{P7: ¬ enter1 ¬ In_1}

{P8: ¬ enter1 ¬ In_1} od {P9: false} ⁄⁄ {Q1: ¬ enter2 ¬ In_2} do true Q2: ¬ enter2 ¬ In_2} T1: AtQ3, enter2 := true, true;

{Q3: enter2 ¬ In_2} T2: AtQ3, turn := false

{Q4: enter2 ¬ AtQ3 ¬ In_2} T3: if ¬ =2 → In_2 := true fi {Q5: enter2 ¬ AtQ3 (¬ =2 AtP3) In_2}

{Q6: enter2 ¬ AtQ3 (¬ =2 AtP3) In_2} T4: enter2, In_2 := false, false;

{Q7: ¬ enter2 ¬ In_2}

{Q8: ¬ enter2 ¬ In_2} od {Q9: false} coend {Q: false}

" " ¬ enter1 ¬ In_1

T3 is false ¬ (¬ = ¬ enter1 ¬ In_1 ¬ (¬ =2)

¬ enter2 ¬ In_2 ¬ (¬ =1) SP P_{Bad} :

(¬ enter1 ¬ In_1 ¬ (¬ =2))

(¬ enter2 ¬ In_2 ¬ (¬ =1))

= false

¬ P_{Bad} is ¬ false finished.

S3 and T3 are false

pre (S3) ¬ (¬ =1) pre (T3) ¬ (¬ =

P_{Bad} =false because turn ¬ false

P Q false =false P Q. (9.7)

assertion P Q )=false

proving SP P_{Bad} is S satisfies SP ¬ P_{Bad} PO for S true ¬ ( ) P_{Bad} =true

P5 Q5 =false

= enter1 ¬ AtP3 (¬ =1 AtQ3) ¬ AtQ3 (¬ =2 AtP3)

= (turn=1 turn=2)

= false.

¬ enter1 Q4 ¬ (¬ = false ¬ ¬ AtQ3 ¬ (¬ =2) ¬ =2 = false.

P4 ¬ (¬ = true Q4 ¬ (¬ =2) is true

P4 ¬ (¬ =1) Q4 ¬ (¬ =2)

= enter1 ¬ =1 ¬ =2 = false

true true

P {S} Q true true

cobegin cobegin

at(S), after(S in(S impartial just fair

§ §

Programming

.

Fairness.

Verifying

Processes Concurrent Struc- .

IEEE

" " , " " , Distributed

,

Distributed

tine. Machines (1958).