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integer k
boolean b[1:N]
boolean c[1:N]
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section
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integer j;
LiO: b[i] := false;
Lil: if k # i then
Li2: begin c[i] := true;
Li3: if b[k] then k :=i;
go to Lil
end
else
Li4: begin c[i] := false;
forj := 1 step 1 until N do
if j # i and not c[j] then go to Lil
end ;
critical section;
c[i] := true; bJi] := true;
remainder of the cycle in which stopping is allowed;
go to Li0"
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Boolean array b[1:N];

Boolean array c[1:N];
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integer j;

LiO: b[i] := false; FAYRANSIZ&D
Lil: if k % i then MIRED [ £Z |
Li2: begin c[i] := true; , : S
Li3: ::'I)‘I;J[k] t[h]en K :: ' | HEOIE 1S
. ’ E{T19570T73 L4
go to Lil
end
else

Li4: begin c[i] := false;
forj:= 1 step 1 until N do
if j # i and not c[j] then go to Lil
end ;
critical section;
cl[i] := true; b[i] := true;
remainder of the cycle in which stopping is allowed;
go to LiO"



integer i: B#IZ. critical section ~D#EE%E
ll’_\ e.g "_Jr._ | Bf-9DIE. k =i #if-7
LiO: b[i] := false; kFEEHDIAVEL—ETHB,
Lil: if k =i then

Li2: begin c[i] := true; k = i DB,
iy, e i 78I Mm
Li3: if b[K] .then K:=1; S
go to Lil
end
else
Li4: begin c[i] := false; k=10,
_ _ —DTaYIH
forj := 1 step 1 until N do F73IN3
if j # i and not c[j] then go to Lil
end ;

critical section;

cl[i] := true; b[i] := true;

remainder of the cycle in which stopping is allowed;
go to LiO"




integer j;
_———LiO: b[i] := false;

f=1=L. 9 <IZ critical

Li2: begin c[i] := true; TIXEL, FEHZEmi=S
! |Li3: if b[k] then k := i; 7ZLVELIL~ loop back
: ' ERAP
() go to Lil
2 end
else ZDelse [FHEM?

Li4: begin c[i] := false;
forj:= 1 step 1 until N do
if j # i and not c[j] then go to Lil

end :

critical section;

cl[i] := true; b[i] := true;

remainder of the cycle in which stopping is allowed;
— go to LiO"
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The Proof

BADANSIZ&BTEEHA ]

FI &M<, ZD2DaVE 12— EF(Zcritical sectionlZ A
AZEITTELGWNELSEK T, COfE(Isafe THAZEEZRTH
=D

75, critical sectionlZ ABME— D AiE(E. LidEE XD
RITMLLUDY U TLTRAIEDBWMER T TH D, T4H
5. B BB NDchiEZEfalselZL-& T, FDHDOIT RTHchH
EStrueTHAENTINOTI=1EEZITTH S,



integer j;

LiO: b[i] := false;

Lil: if k # i then

Li2: begin c[i] := true;
Li3: if b[k] then k :=1i;

go to Lil
end critical sectionlZAAA&I(ZIZ. ERID
| ZOL4T Ay T, LILIZRENTIHLMFALY,
else

Li4: begin c[i] := false;
forj:= 1 step 1 until N do
if j # i and not c[j] then go to Lil
end ;

critical section;

cl[i] := true; b[i] := true;

remainder of the cycle in which stopping is allowed;
go to LiO"




integer j;

LiO: b[i] := false;

Lil: if k # i then

Li2: begin c[i] := true;

Li3: if b[k] then k :=i;  critical sectionlzAZ&I=Z(X. EHID
go to Lil Li47 8y T, LILICERENTIHLMFLELY,
. TOEFE, BALSN #D) DFRTO

- ] KETHEHETHA.
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Li4: begin c[i] := false;
forj:= 1 step 1 until N do
if j # i and not c[j] then go to Lil

end ;

critical section;

cl[i] := true; b[i] := true;

remainder of the cycle in which stopping is allowed;
go to LiO"




integer j;

LiO: b[i] := false;

Lil: if kK # i then

Li2: begin c[i] := true; critical sectionlCAS&IZIE, ERID
- . Li47Ovs T, LILISERENTIZLFELY,

Li3- it bkl then K i=1; - pemm BausG =) 0F~TD

go to Lil oli] HETHEETHS.

end ZDZElF. ZoDTOEAA R B Zcritical

else seection|ZA DT EIFHENIEFRELT Do

Li4: begin c[i] := false;
forj:= 1 step 1 until N do
if j # i and not c[j] then go to Lil

end ;

critical section;

cl[i] := true; b[i] := true;

remainder of the cycle in which stopping is allowed;
go to LiO"




integer J;

LiO: b[i] := false;

Lil: if K # i then

Li2: begin c[i] := true;
Li3: if b[k] then k :=1i;

go to Lil
end critical section® <. c[i], b[i]I&FIZ
else truel2tvhensd,

Li4: begin c[i] := false;

forj:=1step 1 until N| o
if j #iand not c[j] th n go to Lil

end ; 1 B

critical section; v

cl[i] := true; b[i] := true;

remainder of the cycle in which stopping is allowed;

go to LiO"
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The Proof
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integer j;

_———LiO: b[i] := false;
—> Lil: if K # i then

Li2: begin c[i] := true;
Li3: if b[k] then k :=i;
go to Lil
end

else

Lil~®DIL—T 73y

ki DEH

Li4: begin c[i] := false;

forj:= 1 step 1 until N do
if j # i and not c[j] then go to Lil

end :

critical section;

go to LiO"

cl[i] := true; b[i] := true;
remainder of the cycle in which stopping is allowed;
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The Proof
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The Proof
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_———LiO: b[i] := false;

—> Lil: if k # i then b[k]=trueDiZF&

integer j;

Li2: begin c[i] := true;

Li3: if b[k] then k :=i; |{mml| KAtzyrah?
go to Lil
end

else

Li4: begin c[i] := false;
forj:= 1 step 1 until N do
if j # i and not c[j] then go to Lil

end :

critical section;
cl[i] := true; b[i] := true;
remainder of the cycle in which stopping is allowed;

go to LiO"
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_———LiO: b[i] := false;
—> Lil: if K # i then

integer j;

Li2: begin c[i] := true;
Li3: if b[k] then k :=i;
go to Lil
end

else

b[k]=true ?
—nlx. b[k]=truelZ

BAIZR[ O =TIy
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Li4: begin c[i] := false;

forj:= 1 step 1 until N do
if j # i and not c[j] then go to Lil

end :

critical section;
cl[i] := true; b[i] := true;

go to LiO"

remainder of the cycle in which stopping is allowed;




integer j;

_———LiO: b[i] := false;

—> Lil: if k # i then b[k]A truel=
Li2: begin c[i] := true; TYRENHDIE
1 |Li3: if b[k] then k :=i;

1 go to Lil
A end

critical section @
RNEBTDH

else
Li4: begin c[i] := false;
forj :=1step 1 until N
if j #iand not c[j] t go to Lil
end ;

critical section;

cl[i] := true; b[i] := true;

remainder of the cycle in which stopping is allowed;
— go to LiO"




integer j;

——Li0: b[i] := false; EEEEE | f-72L_critical
—> Lil: if k # i then sectionZizrl+sdE
| Li2: begin c[i] := true; b[k]lZfalselz
Li3: if b[k] then k :=i;
A go to Lil
A end
else
Li4: begin c[i] := false;

forj:= 1 step 1 until N do
if j # i and not c[j] then go to Lil

end :

critical section;

cl[i] := true; b[i] := true;

remainder of the cycle in which stopping is allowed;
— go to LiO"
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HTEITIRFLTLS, L3 TR i [ BAIRSUM=T
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ADNDEETEAIF. VATLE end NBENSCETHD,
171:0) HF1@'|€E (j: N :/X%Ao) o %B | |Li4: begin c[i] := false;
3 = — . forj:= 1step 1 until Nd
D) Hliﬂija |$€1% E.[Ej_%) — & '»A:’.)_t if j # i and not c[j] ther? go to Lil
Yo TS, end
critical section;

—tp ¥ o > > < c[i] := true; b[i] := true;
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SoR—kDbakery7ZIL31) X L

begin integer j;
L1: choosing [i] .= 1,
numberli] := 1 + maximum (number(1], . . ., number[N]);
choosingli] := 0;
forj = 1 step 1 until N do
begin
L2:if choosing|j] # 0 then goto L2;
L3:if number(j] # 0and (number |j], j) < (numberli),
i) then goto L3;
end;
critical section;
number(i] := 0,
noncritical section;
goto L1;
end
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begin integer j;

Ll:

end

choosing [i] := 1; BRDOF7rybhESERFE

numberli] := 1 + maximum (number(1], . . ., number[N]);
choosingli] := 0;
forj = 1 step 1 until N do
begin
L2:if choosing|j] # 0 then goto L2;
L3:if number(j] # 0and (number {j], j) < (number|i),
i) then goto L3;
end;
critical section;
number(i] := 0,
noncritical section;
goto L1;
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begin integer j;
L1: choosing [i] .= 1,
numberli] := 1 + maximum (number(1], . . ., number[N]);

choosinglit] := U; :
: . TNl ERSINE=-2TOFryvhFE ST
fo:;);egi—n 1 step 1 until N do kb DI 1EME 0 T2

L2:if choosing|j] # 0 then goto L2;
L3:if number(j] # 0and (number {j], j) < (number|i),
i) then goto L3;
end;
critical section;
number(i] := 0,
noncritical section;
goto L1;
end
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begin integer j;
L1: choosing [i] .= 1,
numberli] := 1 + maximum (number(1], . . ., number[N]);
choosingli] := 0; FirobBSERRT
forj = 1 step 1 until N do
begin
L2:if choosing|j] # 0 then goto L2;
L3:if number(j] # 0and (number {j], j) < (number|i),
i) then goto L3;

end;
critical section;
number(i] := 0,
noncritical section;
goto L1;
end
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begin integer j;
L1: choosing [i] .= 1,
numberli] := 1 + maximum (number(1], . . ., number[N]);
choosingli] := 0;
forj = Istepluntil Ndo| NEDOYLUDFTINESZFIVITH
begin
L2:if choosing|j] # 0 then goto L2;
L3:if number(j] # 0and (number {j], j) < (number|i),
i) then goto L3;

end;
critical section;
number(i] := 0,
noncritical section;
goto L1;
end
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begin integer j;
L1: choosing [i] .= 1,
numberli] := 1 + maximum (number(1], . . ., number[N]);
choosingli] := 0;
forj = lstepluntil Ndo F7urESZERFLEL,
begi BIRMDBROHDIETHET D
L2:if choosing|j] # 0 then goto L2;
L3:if number(j] # 0and (number |j], j) < (number|i),
i) then goto L3;

end;
critical section;
number(i] := 0,
noncritical section;
goto L1;
end
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begin integer j;
L1: choosing [i] .= 1,
numberli] := 1 + maximum (number(1], . . ., number[N]);
choosingli] := 0;
forj = 1 step 1 until N do
begin
L2: if choosing|)] # O then goto L2;
L3:if number(j] # 0and (number {j], j) < (number|i),
i) then goto L3;

?.ld’l tion- FryrBEESNEYFENTOT, ZOHESEH
CTIRICAt SeCiions BADESLYNSTNIE, ZH5IBEEN
number(i] := 0, 320D T
noncritical section;
goto L1;

end
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begin integer j;
L1: choosing [i] .= 1,
numberli] := 1 + maximum (number(1], . . ., number[N]);
choosingli] := 0;
for j = 1 step 1 until /V do
begin
L2:if choosing|j] # 0 then goto L2;
L3:if number[j] # O0and (number [j], j) < (number|i),
i) then goto L3;

ond

critical section; CZITWV B DI, 5179 Bfor)l—T DT,
numberf(i] := 0; LTOIIUN, L3IDFHIREER LB TH S,
noncritical section; <7iiHoh . ETOT DT IRESEY . HOO
goto L1; Fr BB SHINSLEE, for L—T X TL.

B4 Y. critical sectionlZA %,

end
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begin integer j;
L1: choosing [i] .= 1,

end

numberli] := 1 + maximum (number(1], . . ., number[N]);
choosingli] := 0;
forj = 1 step 1 until N do
begin
L2:if choosing|j] # 0 then goto L2;
L3:if number(j] # 0and (number {j], j) < (number|i),
i) then goto L3;

end;
critical section;
number(i] := U; critical sectionZz@:@L=5. BHDF vk
noncritical section;| HFEZE)tybd5H,FDE.LILIZEST. BHE.
goto L1; FrybBESEEIRT S,
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CDEYAVTIE. EDI=DDFRIZRTHISERD,

@ Fik 1: /\REIZEIZAI=ZEFBEDESH /NI

® IiE 2: critical sectionlZA->FEDHEE(L. /\VEDHF
[ZW\BIDEFEDESZY /NI

® I3k 3: ifd critical section IZULVERITFIE, LT HEED
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=DONFETEELDIL, critical section [ZANAHDIE—D
D7y —FIFFZEWNSER(FERR 2) & LOFHFEODTOEY
H—[%. LVF h. critical section [ZABELSTFIR(EIR 3)D
—DTH5,

A& (E5R 2) (L. HEth&IEID safety EWLVSEETHY.
% (E3E 3) 1. Hetth&IED liveness ELVSHETH S,

=L, COHEX Tl FoR—b L. SHLF-EEEFLTLVELY,
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WHT. DT ILT) X LZEHERELELD,

DT,
(number [i], i) < (number [k], k) AARYIZDD I,
number [i] < number [k] DBE. HBLE,
£ L. number [i] = number [k] 5.1 < k DIBETH S,
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begin integer j;
L1: choosing [i] .= 1,
numberli] := 1 + maximum (number(1], . . ., number[N]);
choosingli] := 0;
“forj} = 1 step 1 until N do
begin
L2:if choosing|j] # 0 then goto L2;

L3:if number(j] # 0and (number |j], j) < (numberli),
i) then goto L3;

end;
critical section;
number(i] := 0;
noncritical section;
goto L1;

end
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L1: choosing [i] := 1;

number(i] := 1 4+ maximum (number(1),
choosingli] := 0;

..., humber[N]);

forj =
begin

end;

L2:if choosing|j] # O then goto L2;
L3:if number[j] # 0and (number [j], j) < (number|i),

1 step 1 until N do

i) then goto L3;
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number [i] < number [k]



Proof of Correctness

Assertion 1

Fok 1:

HL70byH—i & k BNV EDOHIZINT, kWU EDOFRO
[ZIZDHIIZ, | DNNVEIZASTF=ET BE.

number [i] < number [k] T#H 5,

sIERR:

REMS., k NIREDE number[k] ZEATLA[EIZ,
numberl[i] I[FIREDEZFH>TL V=, =i, k &,
number[k] =1 + number[i] THAIHMFEEEA T (LT
THbd,
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(number [i], i) < (number [k], k)

critical section [CANADI(T— ATzlTELNVDTE,
Chld., HruElfEo safety EWLVSHEETHS,



Proof of Correctness

Assertion 2

FiE 2: L. 78ty H— i A critical section [ZLNT., 7O
oy — Kk BN\ EDRIZINT, k=i G,
(number [i], i) < (number [k], k) TH 5,
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choosing[k] I&. REMIZIX FOMEELOIDZDDIELF
D12+ TS, processor | hioAHNIL, ZDEDFEA-E=1E

BRI Ci8 105, TL T, A EZEHRFFISH

RESH &L,
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Proof of Correctness

Assertion 2

L2 Tj =k OREDOETOMIZ. Z7O0tyH— i H,
choosing [k] Z&EEMZE t L, EL.L3 Tj = k DxEBEDE
TETOEyY— | BIROLRFMEE t 5 ELKD, CDRFE,
t , <t THb.
JOtyHY— k A, number[k] DIREDEZEEA TLDEE., k
MEOIZI>=FRZE t, . number[k] DEZEEKE X =R
t, . FOZBENT-EFRIZE t . ELED. DR,
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K715, choosing[k] (&, BFfE t |, T 0 IZEFLL,
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INDZHR LoFH AIELTEY
te kd)yﬁéﬁ:[l\
L1: choosing [i] := 1;
_ numberli] := 1 + maximum (number(1], . . . , number[N))
i DIRBDEL choosingli] := 0;‘t .
forj = 1 step 1 until N do
begin L2

end;

A) then goto L3;
L3

L2:if choosing|j] # O then goto L2;
L3:if number[j] # 0and (number [j], j) < (number|i),

critical section ~

T <T3
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L1: choosing [i] := 1, J

number(i] := 1 4+ maximum (number(1), . . ., number[N])

i DIRBDEL choosingli] : = 0;‘t c ty
forj = 1 step 1 until N do
begin ' e D
L2:if choosing|j] # 0 then goto L2; é S i —
L3:if number(j] = Oand (number [j], j) < (number|i), A.A A
Az‘) then goto L3; totwte
end; t 3 choosing[k]=0

critical section ~ at t »
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Proof of Correctness

Assertion 2

—X ()t <t . DEE.IDANKKYFEIZHEFEFZ(TTLEIC
JEICA2T=ELVD2E, £5R 1. (X number [i] < number [Kk]
8, TNWA., ik 2. YLD,
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Proof of Correctness

Assertion 3

¥k 3:
fIRREN-#IFLh 7Oy —DIS5—IFkeELFLELELS,
critical section 27Ot yH—hE 0T . /\VEDOHIZIZTO
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&IEEA -

En7Otvt—3,, 9 ocritical sectionlZABELVELES,
51T, EDTOEy—ELFN LRI NAVEICHAYUL
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T3,
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bakeryZI)LT) X LD, COEBEIREHE(X, ZNHATOEAN
FryrBSIZHEHRNIZT IR THIEEEELTLVEE
BHROTILT) A LDRERETHAHAEXTEKRLTINS, ThIL.
THRDOLANILDHEEHRFRIRELAZL, BEHERBR7IILIUX L
DEPIDZEET->1=,

1973F YL, F5LI=CEIEATREREEZ DN TLV =,
1990F (24 >TH, EFfARIXZENIIARAREZEE Z TV =,

CO7NT) X LDOEZEGEIRIE. ROEXTEALNS,
Lamport, L. A new approach to proving the correctness of
multi-process programs. ACM Trans. Program.Lang. Syst. 1,

1 (July 1979), 8497.
https://lamport.azurewebsites.net/pubs/new-approach.pdf
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begin integer j;
L1: choosing [i] .= 1,
numberli] := 1 + maximum (number(1], . . ., number[N]);
choosingli] := 0;
forj = 1 step 1 until N do
begin
L2:if choosing|j] # 0 then goto L2;
L3:if number(j] # 0and (number |j], j) < (numberli),
i) then goto L3;
end;
critical section;
number(i] := 0,
noncritical section;
goto L1;
end
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integer j;
repeat noncritical section;
L1: n[t]:>0;

L2: n{t]: > maximum (n[1)], ..., n[N]);
L3: forallj € {1, ..., N} do
wait until n[j] = 0 or (n[ /], /) = (n[i], ?) od;
critical section;
L4: nli]:=
end repeat
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L1: choosing [i] := 1;
number(i] := 1 + maximum (number(1), . . ., number[N));
choosingli] := 0;

L1: n[{]:>0;
L2: n[i]: > maximum (n[1], ..., n[N1);




RKARE "a:>b"

“a > b" IE, "allbLYRESWMEEDEZRAT L' TEELEKT,
ZNIE. "a 1= b” HNalCbDEZHKAT L DERKRTH S
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forj = 1 step 1 until N do
begin
L2:if choosing|j] # O then goto L2;
L3:if number(jl # 0and (number (], j) < (number|i),
i) then goto L3;
end;

L3: forallje (1,.., N} do
wait until n[j] =0 or (n[;], ) = (n[i], ?) od;
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forallje{l,..,N}doS; od

forallje{l,..,N}doS;od

CORBIE.HE S, , .., Sy HAVALUM (s, EFE
RO IFC) EITENB_EIEEBKT B, COT. S, (4.
HEEDS, O | F1UCBERZ B THS.
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Y
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FHA 4 wait until

RDarwzEEMLT=,
wait until condition

RO EnENIEHER THS, Condition NEKYIIDETEHFHT S,
L: if not condition then goto L fi.

wait until n[j] = 0 or (n[j],j) = nli].i)
3
n[j] = 0 or (n[j],j) = nli].i) HXAKYIL DE THFHE

YL > F IR T TRD R TV TIZ



forallje{l,..,N)do

wait until n[j] = 0 or (n[j],j) = n[i].i) od
DE=

RONEDTOERZE 551795

(

TEST n[1] = n[1] = 0 or (n[1],1) = n[i].i) NELELRD ATV
TEST n[2] = n[2] = 0 or (n[2],2) = n[i]. )DELZSRDATVTIZ
< TEST n[3] = n[3] = 0 or (n[3],3) = n[i]. )DELSRDRATYIIZ

TEST n[N] = n[N] = 0 or (n[N],N) = n[i]. )DELSRDRTYT(Z

\-
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l
C L1DZEST ) n[i]:>0
'

integer j;
repeat noncritical section;
L1: n[i]:>0;
L2: n[i]: > maximum (n[1], ..., n[N]);
L3: forallj€ (1, .., N} do
wait until n[j] = 0 or (n{;1],/) = (n[i], i) od;
critical section;
L4: n[i]:=0
end repeat

( L2 4T ) n[i]:> maximum(n[1], ...,n[N])

C TEST (1] ) ( TESTn[N] ) '

: L3 it 51| 3=4T

;

[ 00 ¢

(" TEST n[1] ) C TEST n[N]

forallje{l,..,N)do
wait until n[j] = 0 or

(nlj1,)) = nlil.0) od

< \w
( critical sect onMELT )

C L4o>5€¢ ) nli:=0
I

JEcritical section®M=E{T
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® X (Y XrFZMsemaphore
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LAL. CORBBEZ#OHTHEITOTSI I OREEELTIEAZ -
DIk, FAORANS=o1=,

Dijkstra, E.W. Cooperating sequential processes.

In Programming Languages. F. Genuys, ed. Academic Press,
New York, 1968, 43112. Originally appeared as EWD123
(1965).
https://www.cs.utexas.edu/users/EWD/transcriptions/EWDO
1xx/EWD123.html

https://pure.tue.nl/ws/files/4279816/344354178746665.pdf
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® Semaphoreld. EHDTOLRIZE>THEINGIEEDE
BUEZLADETHS, (ZDIEIX. 0 & 1 THLWY -- Binary
semaphore, 1 LI4t% counting semaphore &FESS, )

® SemaphorelZl¥. ZDDEE. VEPHERINTLD,

® SemaphoreMDAFIESET HEIRIEV, P ZEAT HE%
V(S), P(S) TX9Y,

® i2{EVId. semaphoreD{EZ—DIET,
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J0v9LTHEHT 5,
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JOotX B S=S-1 |——
JAtEXR A —— S=S-1
A soEomamL V somom=mL
HELEHS 6 6 5 5
soEnHamL Y A somoE=mL
JOtX B S=S-1




P(S): 2N 7atEAM,

—>

—>

B

A

BEDS=S—1ETRIYHEP(S)EMEL

semaphore SIZ7YEALI-BE

JOtR A — P(S)
semaphore S - 4 —\_5/4
JOo+&X B /P(_S)\
JOotX A P(S)
semaphore S-6 —— 5¥4/
JO+X B P(S)




Semaphorez@{E>1=2 AV ASD

mutual exclusion®7JLa X L

begin integer free; free:= 1;

parbegin
process 1: begin............... end;
process 2: begin............... end;
process N: begin............... end;
parend

end

/** with the i-th process of the form: **/
process i: begin
Li: P(free); critical section i; V(free);
remainder of cycle i; goto Li
end




Semaphorez@{E>1=2 AV ASD

mutual exclusion®7JLa X L

begin integer free; free:= 1;

parbegin
process 1: begin....P...V.....end;
process 2: begin....P...V.....end;

process N: begin.....P...V.....end;
parend
end

/** with the i-th process of the form: **/
process i: begin
Li: P(free); critical section i; V(free);
remainder of cycle i; goto Li
end




Semaphorezff>=F 1O XD

mutual exclusion®7JLa X L

begin integer free; free:= 1;

parbegin
process 1: begin....P...V.....end;
process 2: begin....P...V.....end;

process N: begin.....P...V.....end;

parend
end “free = 1”7 [X. EDTFTA+ER4ccritical sectionlZ
AD TR EEFERKRL.
“free = 0” (. —D2OF7AOLAA critical sectionIZ
A2 TSI ELEFEKRT B,

process i: begin
Li: P(free); critical section i; V(free);
remainder of cycle i; goto Li
end




Semaphorezff>=F 1O XD

EEEBFEERBO7ILTIA L

begin integer number of queuing portions;
number of queuing portions:= 0;
parbegin
producer: begin
again 1: produce the next portion;
add portion to buffer;
V(number of queuing portions);
goto againl
end;
consumer: begin
again 2: P(number of queuing portions);
take portion from buffer;
process portion taken;
goto again 2
end
parend
end







SEFEHEBRBA7ILIVALZREBRT S

gIElID Y3V TlIE, FAM VAN Dsemaphorezx ALV =, &
EEEEER7ILIO)ALERTE -,

SEOtYa Tl ZCOBBEADSUR— DT ILIYX LE
E’CL\(

BELTHLLWDIE FAOARSDERIEIL. ALGOLE.D H1LL
OA—FZEELNLDEMN, SUR—FDERXIEIE, 7ILTIX L
R HEEDIRFEZESLILDEENIETH S,



Semaphorez{E>1=F (VAT D LI—FIZ LD

Producer-consumer synchronization
7IL3) X L

begin integer number of queuing portions;
number of queuing portions:= 0;
parbegin
producer: begin
again 1: produce the next portion;
add portion to buffer;
V(number of queuing portions);
goto againl
end;
consumer: begin
again 2: P(number of queuing portions);
take portion from buffer;
process portion taken;
goto again 2
end
parend
end




SUOR—rDTILIY X LR EEZHLV -

Producer-consumer synchronization
7IL3) X L

--algorithm PC {
variables in =Input, out={_), buf={);

fair process (Producer =0) {
P: while (TrUE) {
await Len(buf)<N;
buf :=Append(buf, Head (in)) ;
in :=Tail (in) H

fair process (Consumer =1) {
C: while (TrUE) {
await Len(buf) > 0;
out :=Append(out, Head(buf));

buf :=Tail(buf) o}



FIFO (first-in-first-out) queue

CCTR.EEBBERRPOMBEZ. flIEAED (/\y
27—DNBE=MEFRELVDIERR) FIFO (first-in-first-out)
queueDfEFEELTEZ D,

AEZEOITORRIFIADEZNEOREEZEL D/ \WI7—[ZHEHIA
A GHEEODTORXIZ/ NyI7—DILIEFIZH T S,

CCTIE.ROD=ZDDEHAANGNTINS,

® in (X, FLEHRAAEINTWVEWA DT —2DERIITHS,
® buf IINEADEZRIFTESLH/\YI7—THS,

® out (L. CNETHAINI=T—23ITHS.



SUR—rDTILT) X LDERE
PlusCal algorithm language

Lamport, L. The PlusCal algorithm language..

https://lamport.azurewebsites.net/pubs/pluscal.p
df

Leslie Lamport. The pluscal algorithm language.
http://research.microsoft.com/users/lamport/tla/p
luscal.html.



https://lamport.azurewebsites.net/pubs/pluscal.pdf

unfairie 7Ot X . fairk70+€X
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await condition

await Xl&, KYREWTrEIYIET7 o3>V OFRTHIHAINS,
await P 28T ATV 7 L. PREDEOH . EfTen b,

await Len(buf) < N;
buf := Append(buf, Head(in));
in := Tail(in):

await Len(buf) > 0;
buf := Append(out, Head(buf));
buf := Tail(buf)




Finite Sequence

AR —4 X Finite sequenceld. 27 /L tuple DRI& TH
P

< =3,"%yz ", {0, 2} > [TRET 3DL—H5RATH5,

£E NOU—F7UXE, 1 .. N 1IHGNFEFTOEHZERELE
THEBTHD,

< —-3,%yz ", {0, 2} >[1] =
< - 3/ “Xyz "I {OI 2} >:2: = “Xyz :
< -3,"xyz " {0, 2} >[3] ={0, 2}

I
I
w




Sequences Module®;EE ¥

® Tail(<sl,...,sn>)&2<s2,...,sn>.
® Head(seq) 2 seq[1]

® o (concatenation)
If seq # <> then seq = Head(seq) o Tail(seq)

Any non-empty sequence is the concatenation of the one-
element sequence containing only its head, with its tail

< 3’ 2, 1> o < \\aII’ \\bll> — <3 2 1 \\ n \\bll >

® Append(seq, e) 2 seq ° <e>



Sequences Module®;E&E ¥ Len, Seq

® Len(seq) I&. o—4 2 ADEIIZFLLY,
B ELThDseqDEZEIL, 1.. N THS,

1..0={} ZRETH5,
N EBLGO—IVIVRX <SOERITEICFLLY,

® Seq(s)IX. EESHEENSLHLIETD—IIVANES
THbo
Seq({3})={¢l <3>I <3I3>I <3I 3/ 3>I e }



Sequencef={EDHI 1

Producer - in hv 5 buf ~

in=<vq,V,, V3, V4 >
buf = <>

buf := Append(buf, Head(in))
= Append(<>,Head(< vy, v,, V3,7, > )
= Append(<>.v,)
Producer = < v >
in := Tail(in)
= Tail(< vq,v,,v3,04 > )
= < Uy, V3,Vy >

A

in=<v,U3VU; >
buf =<v; >




SequencefR{EDHI 2

Consumer - buf a5 out ~

buf =< v,,v3,v, >
out =< %] >

I out := Append(out, Head(buf))

= Append(< v, >,Head(<v,,v3, v, >)
= Append(<v;>.1,)
< Vq,Vy >
buf := Tail(buf)
= Tail(< vy, v3, 14 >)
= < V3, Vg >

Consumer

buf =< v;,v, >
out =< vy, v, >




AT LDIRLSFEL - KEDEIEDH 1




N =< Vq,Vy,V3,V4, Vs, Vg, oo Vj, Vig1, Uity eon >
buf = <>
out =<

\ &

in=< UZ,XU3,U4, Vs, Vgy -+ Vi, Vix1, Vi42, === >
buf =< Ul >

g

in=< V3, U&y Vs, Vg, - Vi) Vig1, Vit eon =
buf = <\Vq, >

out = <>

in=< Vg, vs,%, e Uiy Vix1, Vit =-- >
buf =< Vq,Vp, V3 >
out = <>




<

in=< V4, VUs, Vg, - Vi, Vix1, Vi42, - >
buf =< V4, Uy, U3 >

out = <>
¥ C

in=< yUs, Vg, e Uiy Vi1, Vig2y oo >
buf =< 2, U3 >
out =< 1 >

A

in =< vs, v6,\N. Vi) Viats Vigny eon >
buf =< v,,v3,v, >
out =< vi >

R X

buf =<v3 v, >
0ut=<U1,U2 >

in=< Us, ‘i& e Ui, Vg1, Vit oos >




REE 10

. 4

in=< Vs, Vg o+ Vi, Vix1, Vi42, o= >

buf = <\v3,v, >
out =<v y Uo >

- P

in=<vg,..U)\Vit1, Vit = >
buf = < vs3,v,,v: >
out =< Ul\vz >

4

in=< Vgy - Vi, Vix1,Vi42, «-- >
buf = <\v,, vg >
out = < vy, vy, 05 >

G

in=<- Vi, \ﬁl' Vig2, «nn >
buf =< v,,vs, v, >
out =< V1, Uy, V3 >




e 10

~

in=< Vi, Vi41, Vi42, +=- >
buf =< v,,vs, v, >
out =< V1, Uy, V3 >

@

buf =< Vi, Vit1, >
out = < vV1,Vy,V3, VU, Vs, Vg, ... >

‘:v

buf = <wyWiyq, Wiz >

Ul = < V1,Vy,V3,VU4,VUs, Vg, «ev, Vi, Vig1, Uity o

>
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N =< Vq,Vy, V3, V4, Vs, Vg, oo Vj, Vig1, Uity eon >
buf = <>
out =<

\ &

in=< 172»&773: Va, Vs, Vg, e Vg, Vg1, Uity oon >
buf =<v, >
out = <>

LA

in =< Vy,V3,V4, Vs, Vg, ... Vj, Vix1, Vig2, wee >
buf =
out =< >

\ &

in=< vg,xm, Vs, Vg, oo Vg, Vig1, Vigoy oon >
buf =< >
out =< V1 >




A

N =< V3,V4, Vs, Vg, oo Vj, Vig1, Vigy oon >
buf =< (%) >
out = < vy

-

N =< Vs3,V4, Vs, Vg, . Uy, Vig1, Vigny eon >
buf =<>
out =< V1, V- >

<

in=< V4, Vs, Vg, - Vi, Vit1, Vi42, - >
buf =<, >
out =< vﬁ\, Uy >

$ C

N =< V3, V4, Vs, Vg, oo Vj, Vig1, Vigy oon >
buf =<>
out =< V1, Vp, U3 >




REEES AT LDHRDFEL

DREE 11T, BERITH T HIEDFIYZTTH S,

[RDHFNIEFIREDRIITHS,
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Producer-consumer synchronization
7IL3) X L

--algorithm PC {
variables in =Input, out={_), buf={);

fair process (Producer =0) {
P: while (TrUE) {
await Len(buf)<N;
buf :=Append(buf, Head (in)) ;
in :=Tail (in) H

fair process (Consumer =1) {
C: while (TrUE) {
await Len(buf) > 0;
out :=Append(out, Head(buf));

buf :=Tail(buf) o}



SUOR—rDTILIY X LR EEZHLV -

Producer-consumer synchronization
7IL3) X L

--algorithm PC {
variables in = Input, out={_), buf={);

fair process (Producer =0) {

P: while (TruUE) {
await Len(buf)<N;
buf :=Append(buf, Head (in)) ;
in :=Tail (in) }}

fair process (Consumer=1) {

C: while (TrUE) {
await Len(buf) > 0;
out :=Append(out, Head(buf));

buf :=Tail(buf) }

Py




Producer & Consumer

ProducerZ O+t X

P:while(TRUE) {

await Len(buf) < N;
buf := Append(buf, Head(in))}
in := Tail(in): ¥

Consumer7O0+t X

C:while(TrRUE) {

| await Len(buf) > 0;
out := Append(out, Head(buf));
buf := Tail(buf): ¥




FHRMETH?

ProducerZA+& X
await Len(buf) < N:

buf := Append(buf, Head(in));
in := Tail(in):

<« Len(buf) > N DR, 751

«— Len(buf) < N OB, E1T

Consumer7O+t X
await Len(buf) > 0; <« Len(buf) < 0 D&, #FH

buf := Tail(buf):

out := Append(out, Head(buf));

«— Len(buf) >0 O, ET




FHENETHM?

ProducerZ O+t X

Py await Len(buf) < N; < Len(buf) > N D&, #FH
buf := Append(buf, Head(in));
Pi |in := Tail(in): «— Len(buf) < N OB, T

Consumer7O+t X

C, |await Len(buf) > O; «— Len(buf) < 0 DR,
out := Append(out, Head(buf));

i |buf := Tail(buf): < Len(buf) >0 M. E1T




NYI7—DEETEETD

LB = Len(buf) &9%

Producer LB>N |4 p, /\vo7—ful
LB <N |[ZEfT P, LB++
Consumer LB>0 |[%EfT ( LB—
LB<O0 | C, /\wvIr—Z




Producer

Consumer

O<LB<N

LB >N
LB < N
LB > 0
IB<O0

1357

5

=17

=T

62

5

ASHHKK

I\ 77— full
LB+ +

LB——
INYT7— ZE

amo G /\/\/\/\/VS
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7ILdYXLETOTS A

TR SLETILT) X LIZETNS,

Hald BRAICIE, 7ILOYX LOREERIZ, SFHMIZTATS
LEBZFIAHLTET -,

=i, BL7ZIILTYXLDERBRIZ, BRGS0 S LEEHF

FASNTWTE -- BlAIE. HSHIGEIZIZALGOLA., HAHIGEEIC

[ICHFIFHSNTITE - KEELEMBRERLHEIF LM HT-

MNELNTELY,

HE.BHOTOTSLEEN. B—D7ILT) X LD ZF]
HATE50OM?

TNlE. BASETEERDILZ, RALEK®Z. KIEDZS
BARETLRETLITVAETH, BLULHEE ’C%Eﬁf%%)



JOJSLDIEKIELTOTILT X L

TS LETILT) X LIFRGEHBDT:,

J049 5 LIF BRGEaVE 1—4IC J:’J’CEPFEI’]( EITINS
HDEMN, ZILTYX LI, FDOTEFAETIOBRIZFEET S
MR ERIIZEHAEDT1E,

LTS LDIZERIDERELTOT LI X LD LR
X, AT SLEREEFERLGOIBANDETHS,

HEIERYARDI LD, TOTSLETILTYXLDENDER
. SHIZE POV LZERITIEEZEDLERDOIEEINE
wINF-CEIFEELIETH S,



HRxZTZ2 LD,

AI.

ZILOAYXLETOTSLEDRERIE, BEMIZIX., TEHk1EZ
DEELLTOITOTSLIDBERELTEERAIENTES,

ZILOAYXLDEERM T4k ELTEZ DN, FOEEMNTTO
5L 1ELTEZEND,
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Producer-consumer synchronization
7IL3) X L

--algorithm PC {
variables in = Input, out={), buf={);

fair process (Producer =0) {
P: while (TrRUE) {
await Len(buf)<N;
buf :=Append(buf, Head (in)) ;
in :=Tail(in) H

fair process (Consumer =1) {
C: while (TruE) {
await Len(buf) > 0;
out :=Append(out, Head(buf));

buf :=Tail(buf) W}



FILOYX LETARE

Z®M Algorithm PC [XI{E#:1 TS, bounded FIFO queue
D7TATSALIE, COERELTOTILTV A LEZRELG TN

IFIELN,

EHRIEEETHD. HAEZENELLIVOERDSZ &I, X BdIZ
=11 S VA AW

LHOALENS, ZOTILTA) X LDV OHIDHEEEEIBAT A&
[C&->T.ELIXZDT7ILTYX LHESIZbounded FIFO

X CHH_EITHEEZTFDOENTED,

queue®t’

BANHATILIAVALIZDOWTCEAT ORVEELGHEIL.

[ AR EL

SHETHD.






REEETIL

BEETIL | ELSN,

{57 L) X LF IREOEBHEL TR T H5770—F&NR

ZDT77A—FEIFRIZ, ARV EL T 7ZILTYX L
RN T AETILIARUN-FETILIDNHLDI=H., FNIZDLT

[FRTIEARD,

IREEET LTI,

o KREIX. EHM~ADEDEIYYTTHS,
® JKREEMEBFZNDRINETIRSEL Behavior &AL,

® REDEBZSIE]

g LDEIT I ar 1EN
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REETILTDUARATLDIRSAELDH

RDFN=1KED R

N =< Vq,Vy,V3,V4, Vs, Vg, oo Vj, Vig1, Uity eon >

REE 1 buf =

out =<
\ &P
A4 in=< Uz,&vg,vzl_, Us, Vg, .- Vi, UVix1, Vi42, - >
IREE 2 buf =<\v; >
u out =<
\4 L P
v in=<v;3, v&vs, Vgy oo Vg, Vi1, Vigy oo >
:Iﬁ%B buf=<v1, 2>
out = <>




REETILTOYVRATLDIRSEL DB

RAOFVD=IREDRII

N =< Vq,Vy, VU3, Vs, Vs, Vg, e Vi, Vi1, Vig 2y oee >
REE 1 buf = <>

_ out =<
|\ &P
NV in=< Uz,&vg,vzl_, Vs, Vg, .- Vi, UVix1, Vi42, === >
IKEE 2 buf =<v, >
- out = <>

$C

v in =< v,,V3, Vs, Vs, Vg, . Vg, Vjs1, Uity e >
IREE 3 buf =<
out =< vy >




RI—D7IITVALTH REABVEIZSHRTHS

F—DOFIFO7 LT X LTH, AIREAY AT LDRDEE,
X CTHD. TNITEBIFET D,
CCTIRREDBRES ERIT T aVEL AT EIENE
et L&,

~

VAT LDAREGRDFELDH] 1
PPPCPCP..

AT LDOFREEIRDFELDH] 2
PCPCPC..

VAT LOAREGIRHFEL DB 3
PPPCCCP..




CNODEHDIRHE AT

HBICHHEOTL2EDONFET D!

ZOT7INTVXLIZEDHRDZEBWVIEREBEFEETHADMN,
DIREEETILTETCDT I AV DEFTDETDATYITRLY
D REIZDOVWTORBRANFET 5.

SOLIZREITOVWTO#@HENXZE, 7LV A LOTAEH TR
EE LS,

XIZR%bounded FIFO queue O7JILdVALDIFEEZ D
FEIX. COTILTVALANEOBEED/ NV I7EHFD
bounded FIFO queue MDIELLMEBRTHAZEFREL TS,




NEDODBRED/\VI7ZHED

bounded FIFO queue7ZJ)LOd)XLDIFZE= |

NEDBED/\wI7%D bounded FIFO queue7/LaJX
LDIFE=E |ITRDEDTHS,

(Len(buf) < N) A (Input = out o buf o in)
ClIT o X VRMDIEEEEFTH D,

BRUIDIE (Len(buf) < N) DRERYILDDIE. \vI7—DEEIL.
S RXNETHHEWNSREMNSEASH,

B "I8 (Input = out o buf o in) IZDULTI&, FERIREETIZ.
Input = in T out = buf =<> THRYI->TL\S,

HDIKEE st TCOXDRYIL>TLVSEREL T, ZDRDIK

& st' TECOXMSHYIL-> TSI EEREIR, IRMETID
ADNTREETHHILERT CENTED,



Input = out o buf oin

FHEAIKRE  Input = in T out = buf = <>
Input = < v, V3, V3, V4, Us, Vg, ... Vi, Vg1, Vixn, e >
N =< Vq,Vy, VU3, Vs, Vs, Vg, e Vi, Vi1, Vigy eee >
Input = out o buf o in

HDINKE st

Input
|

St = < V1, Uy, V3,[Vg, Us, Vd, ... Vi, Vig1, Vigo, -

>

1 Y 1
out buf in

Input = out o buf oin



Input = obuf oin

Input
|
1
stl = < vq,V,,|U3, Vs, Vs, Vg, oo Vi, Vig1, Vit o
\_V_’l ||
buf in
Input
|
1
St2 = < V1,7V, V3,[Va, Us, Vg, e Ui, Vi1, Vit o
\ Y J\ Y
buf in
Input
1

St3 = < vq,Vy, V3, Uy,

Us, Vg

y - Vi, Vi1, Vig2, -

[S— y

buf

in

Input
|

st4d = < V4, V5, V3, Uy, Us, Vg, ...

Vi, Vi+1

\_V_’l |
buf
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Lamport, L. (1978). "Time, clocks, and the
ordering of events in a distributed system”.
Communications of the ACM . 21 (7): 558-565.
http://research.microsoft.com/users/lamport/pubs
/time-clocks.pdf



http://research.microsoft.com/users/lamport/pubs/time-clocks.pdf
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I. To request the resource, process P; sends the mes-
sage Tn:P; requests resource to every other process, and
puts that message on its request queue, where T,, is the
timestamp of the message.

2. When process P; receives the message T,.:P; re-
quests resource, it places it on its request queue and sends
a (timestamped) acknowledgment message to P..”

3. To release the resource, process P; removes any
Twm:P: requests resource message from its request queue
and sends a (timestamped) P; releases resource message
to every other process.



4. When process P; receives a P; releases resource
message, it removes any T,.:P; requests resource message
from its request queue.

5. Process P; 1s granted the resource when the follow-
ing two conditions are satisfied: (1) There is a T,.:P;
requests resource message in its request queue which 1s
ordered before any other request in its queue by the
relation =>. (To define the relation “=" for messages,
we identify a message with the event of sending it.) (ii)
P; has received a message from every other process time-
stamped later than T,,.°
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Abstract

Here, a temporal logic is introduced based only on
modality “forever”,

but with predicates (assertions about a single state)
generalized to actions—assertions about pairs of
states.

This logic has all the expressive power needed to
describe and reason about concurrent programs.

Much of the temporal reasoning required with other
logics is replaced by nontemporal reasoning about
actions.



States and State Predicate

We assume a set V of values.

State variables are primitive terms in the logic.
They represent quantities that can change during
execution of a program.

A state function is an expression made from state
variables. Its meaning is a function from S to V.

A state predicate is a boolean-valued state function.

A state predicate P is valid, written E P,
iff P is true in all states.



Actions

An action is a boolean-valued expression containing
primed and unprimed state variables.

Its meaning is a boolean-valued function on S x S,
where unprimed state variables are applied to the

first component and primed variables to the second
component.

For example, the meaning of the action y’ — x > 1 is
defined by

[ly" = x> 1]1(s, t) = [[ylI(t) = [[x]I(s) > 1.



Action as a state transition

We think of an action as specifying a set of allowed
state transitions.

Action A allows
the transition s — t from state s to state t
iff [[A]]l(s, t) equals true.



var integer zx,y = 0;
semaphore sem = 1;

cobegin loop ai: (P(sem));
Bi: (x:=x+1);
v1: (V(sem))
end loop

loop a2: (P(sem));
Bo: (y:=y+1);
v2: (V(sem))
end loop
coend



samples of actions

Bo 2 pey=B8 AN y=y+1 A
pch, =~ A unchanged {z, sem, pc,}
Yo = pco =7y A sem’ =sem+1 A
pc, =a A unchanged {z, y, pcq}
o = pcy=a AN sem >0 A

pci=08 N sem'=sem—1 A
unchanged {z, y, pcs}



Enabled Predicate

B = pe=f A Y =y+1 A
pch, =~ A unchanged {z, sem, pc;}
Yo = pea=7 A sem’ =sem+1 A
pco, =a A unchanged {z, y, pc,}
o = pciy=oa AN sem >0 A
pci=08 AN sem’'=sem—1 A

unchanged {z, y, pcs}

Enabled(B2) = pcy =0
Enabled(y) PCy = 7Y
Enabled (o) pcy=a A sem >0




Behavior

A behavior is an infinite sequence of states; the set of all behaviors is denoted
by S¥. If ¢ is the behavior sg,s,..., then o; denotes the " state s;. The

ith step of o is the state transition o;_1 — 0. It is called a stuttering step

iff states o;_1 and o; are equal.
[-Fl(c) = -[F](o)
[FAG](o) = [F](o) A[G](o)

A formula F' is valid iff it is true for all behaviors:

[=F] £ VoeS¥:[F](o)



operator O (usually read “always”)

|operator & (read “eventuallv”) |

The temporal logic operator O (usually read “always”) is defined as follows.
If o is a behavior, let 0% denote the behavior o;,0;.1,... obtained by

cutting oftf the first ¢ states in the sequence o. For any formula F' and
behavior o,

[OF](c) & Vi>O0:[F](ct) (5)

Intuitively, a temporal formula F' holds at a certain time iff ' holds for the
infinite behavior starting at that time. The formula OF' asserts that F' holds
at all times—now and in the future.

The operator < (read “eventually”) is defined by OF = —=O-F. Intu-
itively, OF' asserts that F' holds now or at some time in the future.



operator ~ (read “leads to”),‘

The operators O and < can be nested and combined with logical opera-
tors to provide more complicated temporal modalities. For example, OO F
asserts that at all times, F' must be true then or at some future time. In
other words, OOF asoperator ~ (read “leads to”)pften. Of particularly
interest is the operator ~» (read “leads t0”), where F ~» G = O(F = OG).
Intuitively, F' ~» G asserts that whenever F' is true, G is true then or at
some later time.



Temporal Reasoning

Invariance Rule {P}A{P}
OlA] = (P=0OP)

The hypothesis asserts that any A transition with P
true in the starting state has P true in the ending
state. The conclusion asserts that if every
nonstuttering step is an A transition, then P true
initially implies that it remains true forever. Observe

that the hypothesis is an action, while the conclusion
is a temporal formula.



Expressing Programs

as Temporal Formulas

A program [1 is described by four things:
1. A collection of state variables.

2. A state predicate Inity specifying the initial
state.

3. An action Nj specifying the state transitions
allowed by the program.

4. A temporal formula L specifying the
program’s progress condition.

The program itself is the temporal logic formula II defined by

II = Initg A O[N] A L



Reasoning with Fairness

WF Rule {P} A{Q}
{P} NN-A{PV Q}
P = Enabled(A)
ON]AWF(A) = (P~ Q)

SF Rule {P} A{Q}
{P}YN AN-A{PVQ}
OF AGIN A-A] = (P A—Enabled(A) ~ Enabled(A))

OF AOQN]ASF(A) = (P~ Q)



Reasoning About Programs

Safety Properties: type-correct

The first safety property one usually proves about a program is that it
is type-correct, meaning that the values of all variables are of the expected
“type”. Type-correctness for the program of Figure 1 is expressed by the
formula II = O7T', where

T £ peye{o, 8,7} A zeInt A semeNat A (9)
pCZE{aMBa’Y} A yEInt

Liveness Properties
we prove

II = (x=n~z=n+1)



Liveness Properties

A. Control in process 1 is either at aq, (1, or ;.

. If control is at y; with x equal to n, then eventually (after executing
v1) control will be at a3 with z equal to n.

. If control is at a; with z equal to n, then eventually (after executing
a1) control will be at 8; with x equal to n.

. If control is at (31, then eventually (after executing (1) = will equal
n + 1.



Liveness Properties

A. 11 = (xz'n)fv)
(per=7ANz=n)V (pcy=aANz=n)V (pc; =8 A z=n))

B.II = (pc;=7Azxz=n)~ (pcy=a Azx=nmn)
C.II = (pcy=aANx=n)~ (pcy=0ANx=n)

D.II = (pcy=BFANx=n)~ (z=n+1)



General Logic

Inite = z=0Ay=0
qu) 2 P=x4+1 ANy =y
N £ y=y+1nd =z
Ns = N‘%,VN%
® = Inits A ONs] A WENZ) A WE(W2)
I = Initn A ONalw A SFw (M) A SFw (V)
d = Inite N D[Nq)]{x,y} A WF{x,y}(NCI%) A WF{x,y}(Ng))

With these definitions, the formula II = & is valid.



