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PostgreSQL

{0: latchO = 0; flagO = O; latchl = 1; flagl = 1; }

1: do

2: do

3: r[] R10 latchO

4: while (R10=0)

5: wl] latchO O

6: r[] RfO flag0

7: if (Rf0+#0) then

8: (* critical section *)
w[] flagO O

9: wl] flagl 1

10: wl] latchil 1

11: fi

12:while true

13:
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32

:do
do

r[] R11 latchil
while (R11=0)
wl] latchl O
r[] Rf1 flagl
if (Rf1#£0) then

w[] flagl O
w[] flag0 1
wl] latchO 1
fi
:while true

33:

(* critical section *)
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Conditional invariance
proof:
Mutual exclusion



Algorithm

algorithm A

invariant
specification of A

Sinv

communication
specification of A
Scom

consistency
hypothesis of A
Hcom

consistency
model M

VANV

conditional
invariance proof algorithm A proved
Scom = Siny correct w.r.t.
Hcom aI‘ld Sinv
Hcom j Sinv
inclusion proof
Hcom i Scom
algorithm A proved
correct w.r.t.
consistency proof ]]\\44 and ginv
M :> Hcom i inv

Proof of mutual exclusion and non-starvation of a program: PostgreSQL Chansha, China, 9 December 2016

© P.Cousot



0 N O O d W NN -

9:

10:
11:

PostgreSQL

{0: latchO = 0; flag0 = 0; latchl = 1; flagl = 1; }

: do {i}

do {ji}
r[] R10 latchO {w».LO;i}
while (R10=0) {k;}
w[] latchO O
r[] Rf0 flag0 {~~ ITOi}
if (Rf0#0) then
(* critical section *)
w[] flag0 O
w[] flagl 1
wl] latchl 1
fi

12:while true

13:
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:do {4}
do {Tng}
r[] R11 latchi {~ L1;, }

while (R11=0) {n,}
w[] latchl O

r[] Rf1 flagl {~ F1%}
if (Rf1+#0) then
(* critical section x*)
wl] flagl O
w[] flag0O 1
w[] latchO 1
fi
:while true

33:
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Stamps

{0: latchO = 0; flag0 = 0; latchl = 1; flagl = 1; }

1: do {2}

2: do {ji}

3: r[] R10 latcho {~ LOj }

4: while (R10=0) {k;}

5: w[] latchO O

6: r[] RfO flagd {~~ FO0'}

7: if (Rf0#0) then

8: (x critical section *)
w[] flag0 O

9: wl] flagl 1

10: w[] latchl 1

11: fi

12:while true

13:

21

22:
23:

24
25:

26:
27 :
28:

29:
30:
31:

32

:do {4}
do {Tne}
r[] R11 latchi {~ L1;, }

while (R11=0) {ng}
w[] latchl O

r[] Rf1 flagl {~ F1%}
if (Rf1+#0) then
(* critical section x*)
wl] flagl O
w[] flag0O 1
w[] latchO 1
fi
:while true

33:

Ensure that events are unique (your choice)
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Variables in Hoare logic & L/O-G

® program variables: int x;

® in predicates you need to name the value of variable x
to express properties of this value of x:

® valueof(x)
®

® VWCM: no notion of “the” value of a shared variable x

® The only way to know something about “the” value of
a shared variable x is to read it

® Pythia variable: name given to the read value

® Not necessary in the semantics, only in assertions (but
we put them in the semantics)
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Pythia variables

{0: latchO = 0; flag0 = 0; latchl = 1; flagl = 1; }

0 N O O d W NN -

9:

10:
11:

: do {4}

do {Ji}
r[] R10 latchO {v».LOéi}
while (R10=0) {k;}
w[] latchO O
r[] Rf0 flag0 {~~ PTV}
if (Rf0#0) then
(* critical section *)
w[] flag0 O
w[] flagl 1
wl] latchl 1
fi

12:while true

13:
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:do {4}
do {Tng}
r[] R11 latchi {~ L1, }

while (R11=0) {ng}
w[] latchl O

r[] Rf1 flagl {~ F1¢}
if (Rf1+#0) then
(* critical section x*)
wl] flagl O
w[] flag0O 1
w[] latchO 1
fi
:while true

33:
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Mutual exclusion

{0: latchO = 0; flagO = 0; latchl = 1; flagl = 1; }

0 N O O d W N -

9:

10:
11:

: do {i}

do {j:}
r[] R10 latchO {~» LO; }
while (R10=0) {k;}
w[] latchO O
r[]1 Rf0 flagd {~» FO0'}
if (Rf0£0) then
ﬂat{28}
(* critical section *)
w[] flag0 O
w[] flagl 1
w[] latchl 1
fi

12:while true

13:

21

22:
23:

24 .
25:

26:
27 :
28:

29:
30:
31:

32

:do {/}
do {mg}

while (R11=0) {n,}
w[l] latchl O

r[] Rf1 flagl {~ F1%}
if (Rf1#£0) then
ﬂat{8}
(¥ critical section *)
w[] flagl O
w[] flagO 1
w[] latchO 1
fi
:while true

33:

(invariant Siy, is elsewhere true)

Proof of mutual exclusion and non-starvation of a program: PostgreSQL Chansha, China, 9 December 2016

r[] R11 latchl {~ L1%
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Analytic semantics =
Anarchic semantics +
communication constraints



Analytics semantics with cuts

0:{x=0; y=0; }

PO
1:r[] rl1 x
2:w[] y 1
3:

® Anarchic semantics: set of

executions:

T=¢ X T X rf

P1
11:r[] r2 y

12:wl] x 1 ;

13:

e ¢ is the computation

e 7 is the cut sequence

b

I
b

H

e rf is the communication

® Communication semantics:

restrictions on rf in cat

O:, start 0 0
Wy wY
O0:x =0, y=0
@ o
1:,r1=0 11:,r2=0
Ty \ / r;l
1:r(] r1 x 11:r[] r2 y
e — r
2r1=1 v & 12:12=1
// h
w? \ wiQ
2:wl(] y f 12:wl] x 1
3;rl1=1 v v 13:r2=1
O o~
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L ocal invariant

S = Tstart X m X rf
A : : 7
ko| k1 kp Kn—1.
B I | B
RO,I{:O?HO,kO’pOka?VO,kO I{’n_lpkn—]_79n_1’kn—17pn_17k/n—17l/n_]-)kn—l
€7Qp7kp7pp’kp7ljp7kp I
o T - Tn—1

® Attached to each program point £ of each process p
® Depends on

Program points of all other processes

Stamps 6 of all processes

Local registers of all processes p

Pythia variables v

® Communications (rf)
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Communication relation rf

® f: relation between write and read events

® Each rf is encoded by I',a set of pairs

tf o,
Pythia variable Program Stamp Value
of the label of the of the write
read event write action write event

® ["cI (the set of all possible communications rf)
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Anarchic communications
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Anarchic communications

® Any read can read from any write on the same shared

variable (location)

RLO;, = {tf(L0% , (0:, _, 0)),*f(LO% , (5:, is5, O)), tf(LO. , (30:, £30, 1)) | i5s € N A £30 € N}

{0: latchO = 0; flag0 = O0; latchl = 1; flagl = 1; }

1: do {i}

2: do {j:}

3: r[] R10 latchO {~ LOj }

4: while (R10=O)4W

5: wl] latchO O

6: r[] RfO flagd {~ FO0"}

7: if (Rf0#0) then

8: (* critical section *)
w[] flagO O

9: wl] flagl 1

10: wl] latchl 1

11: fi

12:while true

13:
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30:
31:
32
33:

21:do {4}

22: do {my}

23:  r[] R11 latchl {~ L1, }
24: while (R11=0) {n,}

25: w[] latchl O

26: r[] Rfl flagl {~ F1%}

if (Rf1:£0) then

(* critical section *)
w[] flagl O

w[] flagO 1

w[] latchO 1

fi

:while true
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Anarchic communications

® Possible communications for each read at each stamp
(point in the execution):

RLOj, = {tf(LO% | (0:, _, 0)),*f(LO% , (5:, is, 0)),tf(LO , (30:, €30, 1)) | i5 € N A £30 € N}

RFO" é{ f<FO : < S ()>>,‘cf<FOi, <8:7 18, 0>>,tf<F0i, <29:, la9, 1>> | 18 € N A flog € [N}

Llfne = {tf<L my» < 5 - 1>>7tf<Llfne7 <25:7 las, O>>7tf<Llfngv <1O:7 110, 1>> ‘625 € N Ao € IN}
RF1’ 2 {ef(F1°, (0:, _, 1)),v}(F1%, (28, l25, 0)),tf(F1%, (9:, i, 1)) | fos € N Adg € N}

® Anarchic communications:
T = {{rl0} ,rf0*,rll;,,,1f1° | i e NAj; € [0,k] AL ENAG € [0,ne} | Vi e N.Vj € [1,k] .
rl0}. € RLO%, Arf0" € RFO* AVL € N . Vmyg € [1,m] . 1ll5,, € RL1;,, Arfl® € RF1}

® Anarchic semantics: I €T

e WCM semantics: rer,TCT

Proof of mutual exclusion and non-starvation of a program: PostgreSQL Chansha, China, 9 December 2016 24 © P.Cousot
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Inductive invariant

® S,.qis inductive under hypothesis Scon iff, assuming

Scom, We have:
® Sindis true at the beginning of an execution

® [f Siqis true during execution is remains true after
onhe more computation or communication step

o Sinv holds under hypothesis Scon,
Sind = Sinv

Scom = Sinv

Proof of mutual exclusion and non-starvation of a program: PostgreSQL Chansha, China, 9 December 2016 26 © P.Cousot




Inductive invariant

{0: latchO = 0; flag0 = 0; latchl = 1; flagl = 1; }
1: {I'eT}
do {i}
{I'eT}
do {ji}
{I'eT}
r[] R10 latchO {~ L0} }
{I" € T AR10 = L0, A (rORI0% [I'] V r1RI0} [I'])}
while (R10=0) {k;}
5: {I' e T ArlIRIO, [I']}
w[] latchO 0O
6: {I' e T ArlIRIO, [I']}
r[] RfO flag0 {~ FO0'}
7:  {I' €T ArIRIO,, [I'] AREO = FO' |
A (rORfO'[I] V r1RfO[I])}

N

w

S

if (Rf0#0) then

8: {I" € T ATIRIO}, [I'] A TIREO'[I]}
(* critical section *)
w[] flag0 O

9: {I" € T ATIRIO;, [I'] A TIREO'[I]}
w[] flagl 1

10: {I" € T ATIRIO}, [I'] A TIREO'[I]}
w[] latchl 1
11: {I" € T ATIRIO;, [I'] A TIREO'[I]}
fi
12: {I'eT}
while true
13: {false}

21:

22:

23:

24 :

25:

26:

27 :

28:

29:

30:

31:

32:

33:
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{I'eT}
do {/}
{I'eT}
do {my}
{I'eT}
r[] R11 latcht {~ L1¢,}
{I" e TAR11 = L1}, A(tORI1y,, [I']VrIRILS,, [I7)}
while (R11=0) {n,}
{I" e T ATIRILG, [T}
w[] latchl O
{I e T ATIRILG, [T}
r[] Rf1 flagl {~ F1°}
{I e T ATIRI,, [I'] AREL = F1°
A (fORf1Y[T] v rIRFI[17])}
if (Rf1#0) then
{I" e T ATIRILG, [I'] ATIRELY[I]}
(* critical section *)
w[] flagl O
{I" e T ATIRIL,, [I'] ATIRFIY[I]}
w[] flag0 1
{I" e T ATIRILG,, [T ATIREIY[I]}
w[] latchO 1
{I" € T ATIRILG,, [I'] ATIREIY I}
fi
{I'eT}
while true

{false}

27 © P.Cousot



{O:

1:

N

w

N

10:

11:

12:

13:

Inductive invariant

latchO = 0; flag0 = 0; latchl = 1; flagl = 1; }
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{I'eT} 21:{" T}
do {i} do {/}
{I'eT} 20. S - T
do {ji}
{I'eT} .
£00 RIO latcho (o L0} Possible
{I" € T AR10 = L0}, A (rORI0}.[I'] V rl . . RI1E,, [T])}
while (R10=0) {k} communications
{I" € T ATIRIO}, [T}
w[] latchO O Wil IECCHOI U
{I" € T ATIRIO}, [T 26: {I" € R ArIRILG, [T}
r[] RfO £ {~ F0'} r[] R41 flagl {~ F1°}
{I" € T'ATIRIO}, [I'] AREO = FO' | 27: {I' e I|\A IR, [I'] AREL = F1°
A (rORfO'[I"] V r1RfO*[I])} A (rORf1[I] v rIRF14[T])}
if (Rf0#0) then if (Rf}#0) then
{I" € T ATIRIO}, [I'] ATIREO[I]} 28: {I €lr ArIRILG, [I] ATIRELY[I]}
(* critical section *) (* crfitical section *)
wl[] flag0 O wl[] fgagl O
{I" € T ATIRIO} [I'] A TIRFO[I]} 29: {I" e T ATIRILG,, [T ATIREIY [T}
w[] flagl 1 w[] flag0 1
{I" € T ATIRIO}, [I'] A TIRFO[I]} 30: {I" e T ATIRILG,, [T ATIREIY[I]}
w[] latchl 1 w[] latchO 1
{I" € T ATIRIO}, [I'] ATIRFO[I]} 31: {I" € T ATIRILG,, [I'] ATIREIY I}
fi fi
{reT} 32: {I'eTl}
while true while true
: {false} 33: {false}

28
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{0: latchO = 0; flag0 = 0; latchl = 1; flagl = 1; }

Inductive invariant

1: {I'eT} 21:{" T}
do {i} do {/}
2: {Ir'eTl} 22: {I'eTl}
do {ji} do {my}
3: {I'eT} 23: {I'eT}
r[] R10 latchO {~ L0 } r[] R11 latcht {~ L1¢,}
4: {I" € T AR10 = L0, A (rORI0}, [I'] VrIRIO} [I'])} || 24: {I" e TAR11 = L1}, A(tORI1y,, [I']VrIRILS,, [I7)}
while (R10=0) {k;} while (R11=2% {n.}
5: {I' e T ArlIRIO, [I']} 25: {I" e T pARIL, [T}
wl[] latchO O w(]
6: {I' e T ArlIRIO, [I']} 26: € T ATIRILG, [T}
r[] RfO flag0 {~ FO0'} r[] Rf1 flagl {~ F1°}
7:  {I e T ArIRIO;, [I'] AREO = F(} 7: {I' €T ArIRIL,, [ ARfL = F1°
e e //)‘MrORﬂﬂ[r]vrlRﬂﬁ[r])}
if (Rf (3£47#0) then
8: {I' € ATIRILY,, [I] ATIRET[T]}
« 4 Register assignment of [uic section o
wl] i g g lagl O
9: (I € . . I" ArIRILS,, (1] ATIRELC[T]}
.| the Pythia variable [
10: {I' € I" ArIRILS, (1] ATIRELC[T]}
¥ after read event ko 1
11: {I' € |rAr1R11,‘;£ [I'] ATIRFLY[T]}
fi 11
12: {IreT} 32: {I'eTl}
while true while true
13: {false} 33: {false}

Proof of mutual exclusion and non-starvation of a program: PostgreSQL Chansha, China, 9 December 2016
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Inductive invariant

{0: latchO = 0; flag0 = 0; latchl = 1; flagl = 1; }

1: {I'eT} 21:{" T}
do {i} do {/}
2: {Ir'eTl} 22: {I'eTl}
do {ji} do {my}
3: {I'eT} 23: {I'eT}
r[] R10 latchO {~ L0 } r[] R11 latcht {~ L1¢,}
4: {I" € T AR10 = L0j, A (rORI0}, [I'] V rIRIO} [I'])} || 24: {I" e TAR11 = L1}, A(tORI1y,, [I']VrIRILS,, [I7)}
while (R10=0) {k;} while (R11=0) {n¢}
5: {I' e T ArlIRIO, [I']} T 25: {I" € T ARG, [T}
w[] latchO O w[] latchl O
Possible values of Pythia variables depending on communications

rORI0%, [I"] £ (¢f(LO% , (0:, _, 0)) € I' A LO5. = 0) V (Jis € N . tf(LO% , (5:, is, 0)) € I' A LO%, = 0)
rIRI0%, [I'] £ (Fls0 € N . tf(LO},, (30:, l50, 1)) € I' A LO%, = 1)
wl] T1agl O wl] Tlagl O
9: {I" € T ATIRIO} [I'] A TIRFO[I]} 29: {I" € T ATIRULY, [I'] ATIRFLAT]}
w[] flagl 1 w[] flag0 1
10: {I" € T ATIRIO}, [I'] A TIRFO[I]} 30: {I" e T ATIRILG,, [T ATIREIY[I]}
w[] latchl 1 w[] latchO 1
11: {I" € T ATIRIO}, [I'] ATIRFO[I]} 31: {I" € T ATIRILG,, [I'] ATIREIY I}
fi fi
12: {IeT} 32: {I'eT}
while true while true
13:{false} 33:{false}
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Communicated values

L — — latch
O

® Notation: 1(0]|1)R(1,f)(0 fetch
1 t process
read value 0 register
or |

ORI} [I'] £ (¢f(L0O%., (0:, _, 0)) € ' A L0}, =0) V (Jis € N . tf(L0%., (5:, i5, 0)) € I' A L0}, = 0)
rIRI0% [I'] £ (50 € N . tf(L0%,, (301, €30, 1)) € I' A L0}, = 1)

rORfO'[I"] £ (+f(F0", (0:, _, 0)) € I’ A FO" = 0) V (Jis € N . tf(F0", (8:, ig, 0)) € I' A F0O" = 0)

rIRfO’[I"] & (Fl29 € N . cf<F0@' (29:, f29, 1)) € T AFO" = 1)
rOR11;,,[I"] £ (325 € N . vf(L1},,, (25:, €25, 0)) € I' A L1}, = 0)
riR1Y,, [ £ (¢f(L15,,, (0:, ., 1)) € ' A L1L,, = 1)V (Jito € N . vf(L1},,, (10:, i10, 1)) € ' A L15,, = 1)

rORf1[I"] £ (Imag € N . tf(F1°, (28:, mas, 0)) € I' A F1° = 0)

(T2 (c

rIRf1¢[I FE1Y, (0:, o, 1)) € T AF1Y =1)V (Fig € N . tf(F1°, (9:, dg, 1)) € T AN F1° =1)
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Communication

specification

algorithm A

invariant
specification of A

Sinv

communication
specification of A
scom

consistency
hypothesis of A
Hcom

consistency
model M

<
N

conditional
invariance proof algorithm A proved
Scom = Sinv correct w.r.t.
H.m and S;,,
Hcom = Sinv
inclusion proof
Hcom i SCOITI
algorithm A proved
correct w.r.t.
consistency proof / ]]\\44 and ginv
M i Hcom i g
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Calculational design of the communication specification

(=Siny (I, T)) A Sina (I, T)
at{8} A at{28} A Sia (I,T) { def. invariance specification S;,, §
= at{8} A at{28} A (Fi,ki,&,ny € N . ' € T ArlRIO, [T A
rIRfO‘[I) ATIRIL, [I'] ATIRIC(T]) by invariant Siq (I MSs
= at{8} A at{28} A (34, ki, £,mp, £30,020 € N . I" € T A (¢ef(LO, ,
(301, €30, 1)) € I') A (tf(FO*, (29:, Lag, 1)) € I') A (x}(L15,,,
(0:, , 1)) € I') A (f(F1, (0:, , 1)) € 1)) V
(34, ki, €,m¢, €30, £29,79 € N . I' € T A (¢f(LO},, (30:, £30,
1>> S F) A (tﬂFOza <29:7 29, 1>> S F) N (tj:(Lli,ga <O:7 -
1)) € I') A (tf(F1%, (9:, ig, 1)) € T)) V
(3i, ki, £,m¢, £30,€29,110 € N . I € T A (ef(LO},,, (30:, €30,
i . £ .
1)) € I') A (tf(F0%, (29:, £29, 1)) € I') A (vf{L15,, (10:, 10,
1)) € I') A (x}(F1°%, (0:, ., 1)) € ")) V
(34, ki, £,m¢, €30, £29, 110,99 € N . " € T A (vf(LOy,, (30:, £30,
1)) € I') A (Wf(FO%, (295, £20, 1)) € I') A (+f(L1Y,, (103, iro,
1>> < F) A (tf<F1£7 <9:7 19, 1>> < F))
{def. r1RI0j, [I], rIRfO* [I'], rIRI1Y, , [I'], and rIRf1E (], ef (g,
(£:, 0", v)) implies that zg = v, AN (BVC)=(AAB)V
(A A C), 3 distributes over V, and (3z . A(x)) A B = Jx .
(A(z) A B) when z is not free in B§
= at{8} N at{28} A (= Scom; (I T) V =1Scomy (I, T) V =1Scoms (I, T) V
“Seomy (I5T))
= =Scom (I,T)
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Calculational design of the communication specification

® where
Seom (I, T) = (at{8} A at{28}) == (Scom; (I, T) A Scomy (I, T) A Scoms (T, T) A Seom, (I, T))

Seomi = —(Fi, ki, £,me, 030,20 € N . I' € T Af(LO,, (30,
{30, 1>> € F/\tﬂFOi, <29:, la9, 1>> c F/\tﬂLlfbe,
(0:, _, 1)) € T Aef(F1%, (0:, ., 1)) €T

Scom2 = _l(ai,k'i,f, ne, €30, 29,79 EN . I € r/\‘tﬂLOZi, <30:,
ls0, 1)) € I' Atf(F0", (29:, la9, 1)) € I’ Atf(L1},,,
(0:, _, 1)) € T Aef(F1%, (9:, g, 1)) € T

Secoms = —I(Hi, ki, l,ne,¥30,%29,710 € N . I E r/\tf<L07j'€i, <30:,
ls0, 1)) € ' Atf(F0", (29:, lag, 1)) € I' Af(L15,,,
(10:, i10, 1)) € D' Aef(F1%, (0:, _, 1)) € '

Scom4 é—|(E|’i,ki,f,ng,fgo,fzg,’ilo,ig eN.I e r/\tf<L0%€i,
(30:, f30, 1)) € I' A tf{F0", (29:, f29, 1)) € T' A
tf(L1,,, (10:, i10, 1)) € I Atf(F1°, (91, i, 1)) € T’

® This proves Scom sufficient for correctness

® Counter-examples prove S.om necessary = Scom is the
weakest WCM requirement for correctness
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Example of counter-example to Scom,

{0: latchO = 0; flag0 = 0; latchl = 1; flagl = 1; }

1:

10:

11:

12:

13:

Proof of mutual exclusion and non-starvation of a program: PostgreSQL Chansha, China, 9 December 2016

do {i}
do {ji}

r[] R10 latcho {~ LOj }

while (R10=0) {k;}
w[] latchO O

r[] RfO flag0 {~» FO0'}

if (Rf0#0) then

(* critical section *)
w[] flag0 O

w[] flagl 1
w[] latchl 1

fi

while true

wl[] latchl O

26:
r(] Rf1 flagl {~ F1¢}

if (Rf1#0) then C ut
""" (x critical section *)
w[] flagl O
w[] flag0 1
30:
wl[] latchO 1
31:
fi
32:
while true
33:
35 © P.Cousot



Proof of mutual exclusion

® Scom implies mutual exclusion (for any [)

(=Si (T, T) A Sing (I, T)) = = (Seom (I, T))

Seom(I',T) = (Sin, (I', T) V =5,,4 (I, T'))  { contraposition §
Seom (I, T) = (Sig (T',T) = S,,, (I, T))  {implication §
(Seom (I, T) A Sing (T, T)) = S, (T, T) (implication §
Seom(L,T) = Sin, (I,T)  {since Seom (I, T) = Sina (T, T)§

I

Proof of mutual exclusion and non-starvation of a program: PostgreSQL Chansha, China, 9 December 2016 36 © P.Cousot



proof

algorithm A

invariant
specification of A

Sinv

communication
specification of A
Scom

consistency
hypothesis of A
Hcom

consistency
model M

C
N

conditional
invariance proof algorithm A proved
Sl = Sy correct W.r.t.
H.om and S;,,
Hcom = Sinv
inclusion proof
Hcom i SCOITI
algorithm A proved
correct w.r.t.
consistency proof / ]J\éand g v
M = Hcom = inv
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Sequential proof / = xk and p = ¢

{0: latchO = 0; flag0 = 0; latchl = 1; flagl = 1; }
| 21:{I" eIl

1: {I'eT}
do {i}

2: {I'eT}

do {ji}
3: {I'eT}

r[] R10 lat

4 {I" € T ARLQ

while (R10=0)L_

For a read instruction « : r[ts] Rx k':
PREf;’,’,,f 0r-, pry v, ff] A rf[r0({q, £, wlts] x r-value, 0),v),
| € rf

= POSTSY [pr < pr[R = x4, ], vr < vr|x0, *

t((r, £, rlts] Rx, 0,)

Y XQ,’,,

v]]

(read)

5: {I' e T ArlIRIO, [I']}
w[] latchO O

l

6: |{I' € T ArlIRIO [I']}
r[] Rf0 flag0 {~ F0'}
7: |{I € T ATIRIO, [I'] AREO = FO'

A (rORfO’[I"] V r1RfO*[I])}

if (Rf0#0) then

8: {I" € T ATIRIO}, [I'] A TIREO'[I]}
(* critical section *)
w[] flag0 O

9: {I" € T ATIRIO;, [I'] A TIREO'[I]}
w[] flagl 1

10: {I" € T ATIRIO}, [I'] A TIREO'[I]}
w[] latchl 1
11: {I" € T ATIRIO;, [I'] A TIREO'[I]}
fi
12: {I'eT}
while true
13: {false}

25:

26:

27 :

28:

29:

30:

31:

32:

T

{I" e T ATIRILG, [T}
w[] latchl O
{I e T ATIRILG, [T}
r[] Rf1 flagl {~ F1°}
{I e T ATIRI,, [I'] AREL = F1°
A (fORf1Y[T] v rIRFI[17])}

if (Rf1#0) then

{I" e T ATIRILG, [I'] ATIRELY[I]}

(* critical section *)

w[] flagl O

{I" e T ATIRILG,, [T ATIREIY [T}

w[] flag0 1

{I" e T ATIRILG,, [T ATIREIY[I]}

w[] latchO 1

{I" € T ATIRILG,, [I'] ATIREIY I}
fi
{I'eT}

while true

33:{false}

Proof of mutual exclusion and non-starvation of a program: PostgreSQL Chansha, China, 9 December 2016

38

© P.Cousot




Sequential proof / = xk and p = ¢

{0: latchO = 0; flag0 = 0; latchl = 1; flagl = 1; }

1: {I'eT} 21:{I"eT}
do {i} do {/}
2: {Ir'eTl} 22: {I'eTl}
do {ji} do {my}
3: {I'eT}

S

while (R10=0)

.0 mo 1.4 FOr atest instruction k : bts] operation I, k'
rernmd  PRES%[pr., vr]Asat(E[operation](pr,vr) # 0) = POSTSk

(test)

5: {I' €T ArIRI0 PREf;’,’; \pr, vr|Asat(E [operation](pr,vr) = 0) = POST;;,,,;/

wl[] latchO O

6: {I' e T ArlIRIO, [I']} l 26: {I" € T ARG, [T}
r[] Rf0 flagd {~ FO0'} r[] Rf1 flagl {~ F1°}
7: |{I € T ATIRIO, [I'] AREO = FO' 27: {I" e T ArIRI, [I'] AREL = F1°

A (rORfO’[I"] V r1RfO*[I])}
if (Rf0#0) then

8: {I" € T ATIRIO}, [I'] A TIREO'[I]} 28:
(* critical section *)
w[] flag0 O

9: {I" € T ATIRIO;, [I'] A TIREO'[I]} 29:
w[] flagl 1

10: {I" € T ATIRIO}, [I'] A TIREO'[I]} 30:
w[] latchl 1

11: {I" € T ATIRIO;, [I'] A TIREO'[I]} 31:

fi
12: {I'eT} 32:

while true

A (fORf1Y[T] v rIRFI[17])}
if (Rf1#0) then
{I" e T ATIRILG, [I'] ATIRELY[I]}
(* critical section *)
w[] flagl O
{I" e T ATIRILG,, [T ATIREIY [T}
w[] flag0 1
{I" e T ATIRILG,, [T ATIREIY[I]}
w[] latchO 1
{I" € T ATIRILG,, [I'] ATIREIY I}
fi
{I'eT}
while true

13: {false} 33: {false}
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Sequential proof / = xk and p = ¢

{0: latchO = 0; flag0 = 0; latchl = 1; flagl = 1; }

1: {I'eT} 21:{I" e T}
do {i} do {/}

2: {Ir'eTl} 22: {I'eTl}

do {ji} do {my}
3: {I'eT} 23: {I'eT}

r[] R10 latchO {~ L0 } r[] R11 latcht {~ L1¢,}

4- {I' €T AR1Q—= L0 A (rORIOY [ v/ r1RIOE [N 24 - N AR — 11% A GORIY [MIvelRII® DY

while (R10=0)  For local side-effect free marker instructions instr K’

5: {I" e T ArIRIO
wl[] latchO O

6: (I el ArIRIO
r[] RfO flagg

/
K
™

where instr = £[s] [{19 ... 17"} {I3.. .13} |, wlss] x r-value,
beginrmw[ts] x, endrmw [#s] x:

PRE, " = POST},

(marker)

7. {FEF/\I’lRlOZLJ_J rTo — L U

A (tORf0[I] v JIRfO?[I])}
if (Rf0#0) then

8: {I" € T ATIRIO}, [I'] A TIREO'[I]}
(* critical section *)
w[] flag0 O

9: {I" € T ATIRIO;, [I'] A TIREO'[I]}
w[] flagl 1

10: {I" € T ATIRIO}, [I'] A TIREO'[I]}
w[] latchl 1
11: {I" € T ATIRIO;, [I'] A TIREO'[I]}
fi
12: {I'eT}
while true
13: {false}

L0 . 1.!. Nl | /\lll\llnzL.LJ/\L\.J.J.—_L_L

A (fORf1Y[T] v rIRFI[17])}

if (Rf1#0) then
28: {I" e T ATIRILG, [I'] ATIRELY[I]}
(* critical section *)
w[] flagl O
29: {I" e T ATIRILG,, [T ATIREIY [T}
w[] flag0 1
30: {I" e T ATIRILG,, [T ATIREIY[I]}
w[] latchO 1
31: {I" € T ATIRILG,, [I'] ATIREIY I}
fi
32: {l'eTl}
while true
33:{false}
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Non-interference proof

{0: latchO = 0; flag0 = 0; latchl = 1; flagl = 1; }

1: {I'eT}
o {i} . .
2 (ren The local invariants of process p
do {ji} .
3 (ren depend only on [ and local registers

r[] R10 latchO {~ L(

reramo-ro, nof  OF Pythia variables unchanged by a

4:
while (R10=0) {k;} .
5. {Ie ArIRIOL (1)) step in the other process
w[] latchO O
6: {I' e T ArlIRIO, [I']} 26: {I' € T ATIRIL,, [T}
r[] RfO flag0 {~ FO0'} r[] Rf1 flagl {~ F1°}
7:  {I e T ArIRIO;, [I'] AREO = FO’ 27: {I" e T ArIRI, [I'] AREL = F1°
A (rORfO'[I"] V r1RfO*[I])} A (rORf1[I] v rIRF14[T])}
if (Rf0#0) then if (Rf1#0) then
8: {I" € T ATIRIO}, [I'] ATIREO[I]} 28: {I" e T ATIRILG, [I'] ATIRELY[I]}
(* critical section *) (* critical section *)
w[] flag0 O w[] flagl O
9: {I" € T ATIRIO} [I'] A TIRFO[I]} 29: {I" e T ATIRILG,, [T ATIREIY [T}
w[] flagl 1 w[] flag0 1
10: {I" € T ATIRIO}, [I'] A TIRFO[I]} 30: {I" e T ATIRILG,, [T ATIREIY[I]}
w[] latchl 1 w[] latchO 1
11: {I" € T ATIRIO}, [I'] ATIRFO[I]} 31: {I" € T ATIRILG,, [I'] ATIREIY I}
fi fi
12: {I'eT} 32: {I'eTl}
while true while true
13: {false} 33: {false}
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{O:

1:

N

w

S

10:

11:

12:

13

: {false}

Communication proof

latchO = 0; flag0 = 0; latchl = 1; flagl = 1; }

{I" € T /e~
do ?} i o Communiecation cAondition
W e COML[H] 2 Sy, (0)[rf] A Seom, (£)[rf]
{I'eT}

r[] R10 latch0 {~ L{ e A read event can read from only one write event.
(I €T ARIO = L0}, A (r COM,[rf] A rf[r,w1] € rf A rf[r, w2] € rf

while (R10=0) {k;}
{I" € T ATIRIO}, [T}
w[] latchO O

= W1 = W2 .

(singleness)

{I" € T AT1RIO}, [T}
r[] Rf0 flag0 {~ F0'}
{I" € T ATIRIO}, [I'] AREO = FO' |
A (rORfO*[I"] V r1RfO[1])}
if (Rf0#0) then
{I" € T ATIRIO}, [I'] A TIREO'[I]}
(* critical section *)
w[] flag0 O
{I" € T ATIRIO;, [I'] A TIREO'[I]}
w[] flagl 1
{I" € T ATIRIO}, [I'] A TIREO'[I]}
w[] latchl 1
{I" € T ATIRIO;, [I'] A TIREO'[I]}
fi
{I'eT}
while true

26:

27 :

28:

29:

30:

31:

32:

{I e T ATIRILY,, [T}
r[] Rf1 f1 =~ F1°}

{I e T ATIRI, [I'] AREL =
(rORf1°[I"] V rIRF1°[I])}

if (Rf1#0) then

{I" e T ATIRILG, [I'] ATIRELY[I]}
(* critical section *)

w[] flagl O

{I" e T ATIRILG,, [T ATIREIY [T}
w[] flag0 1

{I" e T ATIRILG,, [T ATIREIY[I]}
w[] latchO 1

{I" € T ATIRILG,, [I'] ATIREIY I}

{I'eT}
while true

33:{false}
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Communication proof

{0: latchO = 0; flag0 = 0; latchl = 1; flagl = 1; }

1:

e All process read instructions £ : r [#s] R x ' must read either from
2: an initial or a reachable program write, allowed by the communica-
. tion hypothesis (AP[X1, ..., X,,] means that all free variables in

COMS [0,, rf] A rf£0 = 3 rf[w((q, £y, wlts] x r-value, 6'),v),
4: t((p, £, r[ts1 Rx, 0,),%0,)] € rf . (satisfaction)
;. ((q € PEATPRE [0, « 0, rf]) V (¢ = start Av = 0)) .
6: 26: {I' e T ArlRIL,, [T}

r[] RfO flag0 {~ FO0'} r[] Rf1 flagl {~ F1°}

7:  {I e T AR, TRAREO = FO' | 27: {I" e T ArIRI, [I'] AREL = F1°

A (rORfO*[I] v r1RfO[I])} A (rORf1[I] v rIRF14[T])}
if (Rf1#0) then

28: {I" e T ATIRILG, [I'] ATIRELY[I]}

if (RfQ#0) then
8: {I" e\’ ArIRIO;, [I'] A r1REO°[

(* crtical section *) (*x critical section x*)
w[] flag0 O w[] flagl O

9: {I" € T ATIRIO} [I'] A TIRFO[I]} '\ZK{F € I' ATIRILS, [T ATIRFLYT]}
w[] flagl 1 w[] flag0 1

10. S T AcIRIOY [ A c1REQVITIL 2n. S T ae1R11Y (0 A c1RFIAITIL

rORfO'[I"] £ (+f(F0*, (0:, _, 0)) € ' A FO* = 0) Vv (Fig € N . tf(F0%, (8:, ig, 0)) € I' A FO* = 0)
rIRfO'[I"] & (Fa9 € N . tf{F0", (29:, fag, 1)) € I’ A FO" = 1)

12: {FGF} 32: {FEF}
while true while true
13: {false} 33: {false}
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Communication proof

{0: latchO = 0; flag0 = 0; latchl = 1; flagl = 1; }

1: {I'eT}
do {i}

2: {I'eT}

do {ji}
3: {I'e[}

r[] 10 latchO {~ LO

4: {I" e[ AR10 = LO’, A (r

while (§10=0) {k;}
5: {I' e T AYIRIO, [I']}

wl] latchp O

e The values v allowed to be read by the communication hypo-
thesis must originate from reachable program write instructions
¢ :wits] x r-value ¢':

Vrf . Vrt[w({(q, £q, wlts] x r-value, 0,),v),r] € rf (match)

COI\/If,[Qq, PasVa, If] = v = E[r-value]|(pq, vq)

6: {I'eTl ArIRJ0L [T} 26: {I €T ArIRIG [T}
r[] RfO flag0 {~ FO0'} r[] Rf1 flagl {~ F1°}
7:  {I e T A0, R REO = FO' 27: {I" e T ArIRI, [I'] AREL = F1°
A (rORfO*[I] v r1RfO[I])} A (rORf1[I] v rIRF14[T])}
if (RfQ#0) then if (Rf1#0) then
8: {I" e\l AT1RIO;, [I] A T1REOY] 28: {I" e T ATIRILG, [I'] ATIRELY[I]}
(* crigical section *) (* critical section *)
w[] flag0 O w[] flagl O
9: {I" € T ATIRIO} [I'] A TIRFO[I]} 'ﬂ\{r € I' ATIRILS, [T ATIRFLYT]}
w[] flagl 1 w[] flag0 1
10 S0 DA IRINE (77 A 1RENITTIN 20. I AN AN R oI R LA 0 AlINPS R oY EAN AR

rORfO'[I"] £ (+f(F0*, (0:, _, 0)) € ' A FO* = 0) Vv (Fig € N . tf(F0%, (8:, ig, 0)) € I' A FO* = 0)
rIRfO'[I"] & (Fa9 € N . tf{F0", (29:, fag, 1)) € I’ A FO" = 1)

12: {I'eT}
while true
13: {false}

32:

{I"'eT}

while true

33:{false}
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Inclusion proof

algorithm A

invariant
specification of A

Sinv

communication
specification of A
Scom

consistency
hypothesis of A
Hcom

consistency
model M

K YN4

conditional
invariance proof algorithm A proved
Seom = Sinv correct w.r.t.
H.., and S;,,
Hcom j Sinv
inclusion proof
Hcom é SCOI71
algorithm A proved
correct w.r.t.
consistency proof ]]\\Jiand g inv
M i Hcom i g
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Method

® The communication specification is

Seom (D, T) 2 (at{8} A at{28}) = (Scoms (T, T) A Suoms (T, T) A Seoms (T, T) A Seomy (T, T))

® The consistency specification must satisfy
Heom (T, T) = Seom (I, T) 1.8 23Scom (L', T) = =Heom (I, T)

® So the design of H...(I',T) must forbid the erroneous
communications specified by the communication
specification

(at{8} Aat{28} A \/ = Seom, (P,F)) —> \/ —Heoms (T, T)
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Seom = —(Fi, ki, €,ne, 30,020 € N . T € T Af(LO;,., (30:,
l50, 1)) € T Atf(F0", (29:, £a9, 1)) € T Atf(L15,,,
(0:, _, 1)) e T Af(F15, (0:, ., )Y €T

{O: latchO = 0; flag0 = 0; latchl = 1; flagl = 1; }

1: do {i} T

2: do {jz}

3: r[] R10 latchO w»_LO;i} atchl {~- Iane}

4: while (R10=0) {k;} 24: while Q11=0) {n,}

5: wl] latchO O 25: wl[] latchl O

6: r[] RfO flagd {~» FO0'} | 26: rl[] Rf1 flagl {~ F1°}

7: if (Rf0£0) th:l\ . if (Rf1#£0) then cut
-G (*- eritical -sectiom #)-=-=-=-===== - 28¢- -~~~ ¢+ -eritical -section-*)-------

w[] flag0 O w[] flagl O

9: w[] flagl 1 : [1 flagO 1

10: wl[] latchl 1 30: wl[] latchO 1

11: f£fi 31: fi

12:while true 32:while true

13: 33:

no prophecy beyond cut during execution
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Scom2 = —I(Eli,kq;,g, ne, 30,029,179 E N.T' €T /\‘Cf<LO7j.€i, <30:,
l50, 1)) € T Atf(F0", (29:, £a9, 1)) € T Atf(L15,,,
(0:, _, )Y e T Af(F15, (9:, dg, 1)) €T

{O: latchO = 0; flag0 = 0; latchl = 1; flagl = 1; }

1: do {2}
2: do {j;}
3: r[] R10 latchO w».LO;i}
4: while (R10=0) {k;}
5: wl] latchO O
6: r[] RfO flag0 {~> FO0'}
7: if (Rf0#£0) then
S R p——— (*- critical -sectd
w[] flagO O
9: wl] flagl 1
10: wl[] latchl 1
11: fi
12:while true
13:

\-

22:
23:

24
25:

30:
31:
32:
33:

3]

do
12
r[] R11 latchl {~~ IJ””E}

while (R11=0) {n,}
w[l] latchl O

Rf1 flagl {~» F1%}
if (Rf1#£0) then cut
----- C(*-critical -section-*)-------
w[] flagl O
w[] flagO 1
w[] latchO 1

fi
while true

no prophecy beyond cut during execution
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Seoms = (31, ks, £, 4, €30, l29, 710 € N . T € TAtf(LO0;,., (30:,
30, 1)) € T Atf(F0’, (29:, fa9, 1)) € T Atf(L1},,,
(10:, i10, 1)) € T Atf{F1%, (0:, ., 1)) €T

{O: latchO = 0; flag0 = 0; latchl = 1; flagl = 1; }

|
O N o W N

9:
10:
11:

tmmmma- (*- critical-secti

: do {i}

do {j.}

r[] R10 latchO <> LO} }

while (R10=0) {k;}
w[] latchO O

r[] RfO flag0d {~» FO'}
if (Rf0#£0) then

w[] flag0 O

w[] flagl 1

w[] latchl 1
fi

12:while true

13:

Proof of mutual exclusion and no

21f:do {¢}
2 do {my}
2 r[] Rl latchl {~ L1, }

while (R11=0) {n,}

wl[] latchl O

26: r[] Rf1l flagl {~» F1%}

if (Rf1#£0) then cut

g (k-critical -section-*)-------

w[] flagl O
: w[] flagO 1
30: wl[] latchO 1
31: f£fi
32:while true
33:

no prophecy beyond cut during execution
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A
5com4 —

(Hi ki, ,ne,l30,029,%10,79 € N . I' € r/\tf<LOi

(30:,030,1)) € TAf(F0", (29, £29,1)) € FAtf<L1f;£,

(10:, 410, 1)) € T Atf(F1%, (9

{0: latchO =
: do {i}

do {j.}

while (R10=0) {k;}
w[] latchO O

r[] RfO flag0d {~» FO'}
if (Rf0#£0) then
SEEEEE (*- critical -secti

|
O N o W N

w[] flag0 O
9: wl] flagl 1
10: w[] latchil 1
11: fi
12:while true
13:

r[] R10 latchO <> LO} }

0; flag0 = 0; latchl = 1;

:, 19, 1>> cl’

flagl = 1; }

21:do {¢}
22: do {my}
23:  r[] Rli datcht {~ L1, }

_,}Mﬂ”ﬁEEE;_ZEI:;O) {ne}

25: wl[] latchl O

267 T[]’ Rf1 flagl {~» F1°}

27: if (Rf1£0) then cut
Smmme e C(*-critical -section-*)-------
w[] flagl O
w[] flagO 1

30: wl[] latchO 1
31: f£fi

32:while true

33:

no prophecy beyond cut during execution

Proof of mutual exclusion and non-starvat

ion of a program: PostgreSQL Chansha, China, 9 December 2016
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Conclusion on mutual exclusion

® PostgreSQL is correct on architectures satisfying the
" 'no prophecy beyond cut during execution’ property

® |ntuition on necessity: when waiting for a spinlock, you
should look at its current value, not at later ones!
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In cat

® A static condition to impose a dynamic condition:

{0: latchO = 0; flagO = 0; latchl = 1; flagl = 1; }

1: do {:i}
2: do {ji}
3: r[] R10 latch0 {~» L0’ }

4: while (R10=0) {k;}
5: wl[] latchO O

20 .

21:do {¢}

22: do {myg}

23:  r[] R11 latchl {~ [ang}
24: while (R11=0) {ng}

25: w[] latchl O

26: r[] Rf1 flagl {~» F1¢}

27: if (Rf1#0) then

PO 6: r[] RfO flagd {~» FO0'}
<7: if (RfO£0) the cut

8: f[cut]

(* critical section
w[] flag0 O
9: w[]l flagl 1 rf
10: w[] latchl 1
11: fi
12:while true
13:
enum fences = ’cut

instructions F[{’cut}]

—T .

flcut]
(* critical section *) [)()
w[] flagl O

T 28+——uw[] flag0 1

30: w[] latchO 1
31: fi

32:while true

33:

let cut = (tag2events(’cut) * tag2events(’cut)) & ext
irreflexive rf; po; cut; po
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Prevents valid executions

2

1
2
3
4:
5:
6
7
8

po<

N

o
o
1
2
3
4:
5:
6
g
8:

9:

A

13:

10:
11:
12:
13:

|
|
|
l

{0: latchO = 0; flag0 = 0; latchl =

1; flagl = 1; }

: do {i} 21:do {{¢}
do {ji} 22: do {my}
r[] R10 latch0 {~ LOj } 23:  rl[]l Rl1 latchl {~ L1}, } 1
while (R10=0) {k;} 24: while (R11=0) {ng}
w[] latchO O 25: w[] latchl O
r[] RfO flagd {~» FO0'} 26: r[] Rf1 flagl {~» F1¢}
if (Rf0#£0) th cut 27: if (Rf1#£0) then
f[cut] 28 f[cut]
(* critical sectidg *) (* critical section *) po
w[] flag0 O w[] flagl O
w[] flagl 1 29: w[] flag0 1 3
wl] latchi 1 rf 30:  wll latcho 1
fi 31: fi
while true 32:while true
33:
{0: latchO = 0; flag0 = 0; latchl = 1; flagl = 1; }
: do {i} 21:do {/}
do {j:} 22: do {my}
r[] R10 latchO {~~ LO;i} 23: r[] R11 latchl {~~ Llﬁle} 1
while (R10=0) {k;} 24: while (R11=0) {ng.}
w[] latchO O 25: w[] latchl O
r[] RfO flag0 {~ FO0‘} 26: r[] Rf1 flagl {~ F1¢}
if (Rf0#£0) t cut 27: if (Rf1#0) then
f[cut] 28= f[cut]
(* critical sectiwg *) (* critical section *) po
w[] flagd O w[] flagl O
wl[] flagl 1 wl[] flag0 1 2
w[] latchl 1 rf 30: w[] latchO 1
fi 31: fi
while true 32:while true

33:

irreflexive rf; po; cut; po
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Difference with Lamport/Owicki-Gries

® The communications in L/O-G are fixed in the
semantics (SC) for all executions:

H ” ¢ _¢u
r vrf Xrf .~ (always last)
i
...

. r
X rf ... (no prophecy)
¢ o w
(a) No prophecy beyond cuts (b) Read from last write

— entangled with the verification conditions
— impossible to reason on one execution trace only
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Reasoning on only one execution

® An execution is entirely determined by its read-from
relation rf

® The verification conditions depend on a set 1’ of
verification conditions

® By choosing I' = {rf}, we can reason on this execution

® This execution satisfies the inductive invariant Si,4({rf})

® TJo prove that this execution is impossible it is sufficient to

prove that S;,4({rf}) cannot hold (according to the
verification conditions)

® Since the method is sound, if the verification conditions are
not satisfied, the execution is excluded by the semantics

Proof of mutual exclusion and non-starvation of a program: PostgreSQL Chansha, China, 9 December 2016 56 © P.Cousot



9 cases of starvation

PO Pl
initially eventually initially eventually
starves  never starves  never starves  never starves  never
inloop enter CS  inloop enter CS in loop enter CS in loop enter CS
l Y (3)/ l l |
4) | | 1V | l )|
L O) 1V | |
(6)
(7)
8
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(1) Both processes starve in spin loops

{0: latchO = 0; flag0 = 0; latchl = 1; flagl = 1; } * |let rf be the communication
b C{lzr”{ei}} 21'§§r”{e£}} for such a trace (encoded in
2: true 22: true
c{lo {J}z} V ::go {T};Lg} rrf)
3: {true} | 23 {true} * invariant false after both spin
r[] R10 latchO {~ LO;Z_} > r[] R11 latchl {~ Llfne} IOOPS
4: {R10 = L0}, A 24:  {R11 =1L1f A . )
(rORI0} [T'] V r1RIO [Te]) } (rORILE, fr,f] \/‘rlRllf;le I * so latchl in 23:can only be
_while (R10=0) {k;} while (R11=0) {ng},' read from initialization
s: [ Tl ira) 50 (R & . solatchl is | not 0,2
w[] latchO O w[] latchl O - L
6: | {r1RIO} [T']} 26:  {rlRI1, [I']} contradiction
r(] RfO flag0 {~» FO0'} r(] Rf1 flagl {~» F1%}
7: {rlRlOLi [['{] AREO = FO* A 27: {r1RI1’ [['] ARE1 =F1° A
(rORfO'[['y¢] V r1RfO'['¢])} (rORf1%[T] V r1Rf1¢[T¢])}
if (Rf0#0) then if (Rf1+£0) then
8: {r1RIO, [T] A r1RE0'[T's]} 28: {r1RI1} [T'] A r1RELY[Dif]}
false (* critical section *) (* critical section %) false
- w[] flag0 0 w[] flagl O —
9: {r1RI0, [T'] A r1REO'[T']} 29: {r1RI1; [Df] A r1RF1°[Ie]}
w[] flagl 1 w[] flag0 1
10: {r1RI0, [T] A r1REO'[Ts]} 30: {r1RI1} [['] A r1RELY [Ty}
w[] latchl 1 w[] latchO 1
11: {r1RIO, [T] A r1REO'[Te]} 31: {r1RI1} [I'] A r1RELY [Ty}
fi fi
12: | {true} 32: {true}
while true while true
13: {false} 33:{false} —
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(2) Both processes never enter their critical section

{0: latchO = 0; flagO = 0; latchl = 1; flagl = 1; }
21:

1:

2:

3:

NN

10:

11:

12:

13:

* let rf be the communication

iﬁr{”{i}} } N fl:,;u{eg}}} for such a trace (encoded in
true . true
do {ji} do {myg} rrf)

{true} 23: {true}

r[] R10 latch0 {~ LOj }
{R10 = L0}, A
(rORI0} [T'] V r1RIO [Te]) }

while (R10=0) {k;}
{r1RI10}_[T'«]}
w[1 latchO 0
{r1RIO; [T']}
r[] RfO flag0 {~» FO0'}
{rlRlOLi [['¢] A REO = FO* A

(rORfO'[['y¢] V r1RfO'['¢])}
if (Rf0#0) then

{r1RIO, [T] A r1RE0'[T's]}

(* critical section *)
w[] flag0 O

{r1RI0}_ [T¢] A r1Rf0' [T ]}
wll flagl 1

{r1RI10} [[] A r1RfO'[[]}
w[] latchi 1

{r1RIO, [T'] A r1R{O'[T's]}

fi
{true}
while true

{false}

24 .

25:

26:

27 :

28:

29:

30:

31:

32:

33:

r[] R11 latchl {~ lﬂfne}
{R11 =11, A
(rORI1y, [Tw] V r1RILG, [Ti])}
while (R11=0) {n,}
{r1RI1; [D«]}
w[] latchl O
{r1RI1, [D]}
r(] Rf1 flagl {~» F1%}
{r1RI11% [['¢] ARE1 = F1° A
(rfORf1°[Dy] V r1Rf14[T])}
if (Rf1+£0) then
{r1RI1} [T'] A r1RELY[Dif]}

(* critical section *)
w[] flagl O

{r1RI1; [Df] A r1RF1°[Ie]}
w[] flag0 1

{r1RI1} [['] A r1RELY [Ty}
w[] latchO 1

{r1RI1} [I'] A r1RELY [Ty}

fi
{true}
while true

{false}
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(2) Both processes never enter their critical section

{0: latchO = 0; flagO = 0; latchl = 1; flagl = 1; }

1:

2:

3:

NN

9.

{true} 21:{true}
do {i} do {¢}
{true} 22: {true}
do {ji} do {my}
{true} 23: {true}

r[] R10 latch0 {~ LOj }
{R10 = L0}, A
(rORI0} [T'] V r1RIO [Te]) }
while (R10=0) {k;}
{r1RI10}_[T'«]}
w[1 latchO 0
{r1RIO; [T']}
r[] Rf0 flag0d {~~ ITOi}
{rlRlOLi [['¢] ARfO = FO* A
(rORfO'[['y¢] V r1RfO'['¢])}
if (Rf0#0) then
({r1RI0;, [I's] A r1RfO'[T'¢]}

(* critical section *)
w[] flag0 O

{r1RI0; [['s] A r1RfO' ']}

false™| w[] flagl 1

10:

11:

12:

13:

{r1RI0, [T] A r1REO'[Ts]}
w[] latchl 1
| {r1RI0} [T'] A r1RFO'[T']}

fi
{true}
while true

{false}

24 .

25:

26:

27 :

28:

29:

30:

31:

32:

33:

r[] R11 latchl {~ lﬂfne}
_ 44
{R11 = L1 A

* let rf be the communication
for such a trace (encoded in

rH)
* the invariant inside critical
sections must be false

(rORI1y, [Tw] V r1RILG, [Ti])}

while (R11=0) {n,}
{r1RI1; [D«]}
w[] latchl O
{r1RI1, [D]}
r(] Rf1 flagl {~» F1%}
{r1RI11% [['¢] ARE1 = F1° A
(rfORf1°[Dy] V r1Rf14[T])}
if (Rf1+£0) then
{r1RI1} [[s] A r1RELE D] T

(* critical section *)
w[] flagl O

{r1RI1; [Df] A r1RF1°[Ie]}
w[] flag0 1

{r1RI1} [['] A r1RELY [Ty}
w[] latchO 1

false

{r1RI1} [T] A T1RfLE[Cyf] L

fi
{true}
while true

{false}
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(2) Both processes never enter their critical section

{0: latchO = 0; flagO = 0; latchl = 1; flagl = 1; }

* let rf be the communication

b izr”{ei}} 21'§§r”{e£}} for such a trace (encoded in
2: c{ltru{e}} 22: c«gtru{e} ) rrf)
o i (0] ™m
3: {tgue} 23: {trucf} * the invariant inside critical
r] R10 latch0 {~ LOj } r[] R11 lzltchl {~ L1;,,} sections must be false
4: {R10 = L0} A 24: {R11 =L1f A
(rORI0}. [T] V r1RIOL [I'])} (1ORILY,, (] V r1RIL, T} * tests (Rf0=0) and (Rf1=0)
while (R10=0) {k;} while (R11=0) {n,} must be false (written oex)
5:  {rlRI0;, [[']} 25: {r1RI1; [[']}
w[] latchO O w[] latchl O
6:  {rlRIO0y [I's]} 26: {rlRI1; [[']}
r(] RfO flag0 {~» FO0'} r(] Rf1 flagl {~» F1%}
7: {rlRlOLi [['{] AREO = FO* A 27: {r1RI1’ [['] ARE1 =F1° A
(rORfO' [T¢] V+RA0 ) } (rORF1*[D ] V pReEEHR) )
if (Rf0#0) then if (Rf1+£0) then
8: ({r1RI0;, [I's] A r1RfO'[T'¢]} 28:  {rlRI1; [['] A r1RfLE D]
(x critical section *) (* critical section *)
w[] flag0 O w[] flagl O
9: {r1RI0, [T'] A r1REO'[T']} 29: {r1RI1; [Df] A r1RF1°[Ie]}
false™] w[] flagl 1 wl] flag0 1 [false
10: {r1RI0, [T] A r1REO'[Ts]} 30: {r1RI1} [['] A r1RELY [Ty}
w[] latchl 1 w[] latchO 1
11:  L{rlRIO_ [T] A r1Rf0'[T']} 31: {r1RI1} [T] A T1RfLE[Cyf] L
fi fi
12:  {true} 32: {true}
while true while true
13: {false} 33:{false}
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(2) Both processes never enter their critical section

{0: latchO = 0; flagO = 0; latchl = 1; flagl = 1; }
1: {true} 21:{true}

do {i} do {¢}
2:  {true} 22: {true}

do {ji} do {m}
3: {true} 23: {true}
; 44
r[] R10 lgtchO { LO;i} r[] Rl1 1?tch1 {~ lﬂwne}

4: {R10 = L0}, A 24:  {R11=1L1 A

(rORI0}, [T'f] V r1IR105. [Te]) }
while (R10=0) {k;},
5: {r1RIO} [T«]}
w[1 latchO 0
6:  {r1RIOy [I'y]
r[] RfO flag
7: {rlRlOLi [Cy] AREO =
(rORFO! [Tyf] V 2REGHER )

if (Rf0#0) then
8: [ {r1RI0;, [I's] A r1RfO'[T'¢]}

(* critical section

rf

w[] flag0 O
9: {r1RI0}_ [T¢] A r1Rf0' [T ]}
false™] w[] flaél 1
10: {r1RI0, [T] A r1REO'[Ts]}

w[] latchl 1
11:  L{r1RI0y [[] A r1REO[T] }

fi
12:  {true}
while true
13: {false}

(rORI1y, [Tw] V r1RILG, [Ti])}
while (R11=0) {n,}
25: {r1RI1; [[']}
w[] latchl O
26: {rlRI1; [[']}
r(] Rf1 flagl {~» F1%}
C ] AREL =F1° A

(rORflf [Th] V eREEER) )

if (Rf1+£0) then

27 :

28:\  {rlRI1} [['] A r1RfLE D] ]
f (* critical section *)
M Nyl flagl o
29: {rlfillﬁg[r}d A T1RF14[T ]} i
wl] flag0 1 false
30: {r1RI1} [['] A r1RELY [Ty}
wl] latchO 1
31: {r1RI1} [T] A T1RfLE[Cyf] L

fi
32: {true}
while true
33:{false}
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let rf be the communication
for such a trace (encoded in
)

the invariant inside critical
sections must be false

tests (Rf0=0) and (Rf1=0)
must be false (written o)
so read of Rf0 and Rf1is 0
from a reachable write
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(2) Both processes never enter their critical section

{0: latchO = 0; flagO = 0; latchl = 1; flagl = 1; }
1: {true} 21:{true}
do {i} do {¢}

2:  {true} V 22: {true}

do {ji} do {m,}
3: {true} 23: {true}

r[] R10 latcho {~ L0} r[] R11 latchl {~- Llfne}
4: {R10 = L0} A 24: {R11 =11, A
(rORIO} [T'¢] V r1IRI0} [T'])} (rORILy, , [Trf] VbR —tPert) }

while (R10=0) {k;} while (R11=0) {n,}
5:  {rlRI0;, [[']} 25: {H-peufl—eﬁp,f]}

w[] latchO O w[] latchl O
6:  {r1RIOy [I'y] 26: {LLB.ufl_E[.u,f]}

r[] Rf0 flagO{~~ ITOi} r[] Rf1l flagl {~ 1714}
7:  {r1RIO} [T's] A REO=RQ’ A 27: [[¢] AREL = F1° A

(tOR£0 [Ty] v +REGHE ] )

if (Rf0#0) then

8: [ {r1RI0;, [I's] A r1RfO'[T'¢]}
(* critical section rf
w[] flag0 O

9: {rlI{HJLiDTﬁ],K r1RfO'[T"v] }

false wll flagl 1 :

10: {rlRIOi{i [Tvf] A r1REO'[T ]}
w[] latchl 1

11:  L{r1RIO [T'] A r1REO'[I']}

fi
12:  {true}
while true
13: {false}

28:

29:

30:

31:

32:

33:

(-l-epef-lifr—,f] V MR ) }
if (Rf1+£0) then

{r1RI1} [[s] A r1RELE D] T
(* critical section *)

w[] flagl O

{r1RI1; [Df] A r1RF1°[Ie]}
w[] flag0 1

{r1RI1} [['] A r1RELY [Ty}
wl] latchO 1

{r1RI1} [T] A T1RfLE[Cyf] L

fi
{true}
while true

{false}
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* let rf be the communication
for such a trace (encoded in

)

 the invariant inside critical
sections must be false

* tests (Rf0=0) and (Rf1=0)
must be false (written seex)

e soread of RfO and Rf1is 0
from a reachable write

* impossible for Rf1 so loop 23
—24 is never exited

— we are in case (3), P|
stuck in spin loop

false
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(3) Process P1 stuck in spin loop (no hypothesis on P0)

{0: latchO = 0; flag0 = 0; latchl = 1; flagl = 1; } * |let rf be the communication
b C{lzr”{ei}} 21'§§r”{e£}} for such a trace (encoded in
2: true 22: true
c{lo {J}z} ::go {T};Lg} rrf)
3: {true} 23:  {true} * the invariant after 25: must be
r] R10 latch0 {~ LOj } r[] R11 lzltchl {~ L1;,,} false
4: {R10 = LOj, A 24: {R11 =L1L1__ A . .
(rORIOJi.i[JFrf] v HIRIO! (1)) (rORILY, frrf] ¥ yo read of latchl in 23: must be
while (R10=0) {k;} while (R11=0) {n,} a0
5:  {r1RIO [I'w]} 25:  {riRIl, [Tu]} * only possibility if from 25:
w[] latchO 0 w[] latchl 0 .. : .
6:  {xIRIOL [I's]} 26: {r1RII’, ']} * A contradiction since 25: is
r[1 Rf0 flagd {~» FO0'} r[] Rf1 flagl {~ F1°} unreachable
7: {rlRlOLi [['{] AREO = FO* A 27: {r1RI1’ [['] ARE1 =F1° A
(rORfO'[['y¢] V r1RfO'['¢])} (rORf1%[T] V r1Rf1¢[T¢])}
if (Rf0#0) then if (Rf1+£0) then
8: T{r1RI10}_[I] A r1RfO'[[]} 28:  {rlRIl; [[] A r1Rf1°[Df]} =
(* critical section *) (* critical section %) false
w[] flag0 O w[] flagl O
9: {r1RI0, [T'] A r1REO'[T']} 29: {r1RI1; [Df] A r1RF1°[Ie]}
false™] w[] flagl 1 wl] flag0 1
10: {r1RI0, [T] A r1REO'[Ts]} 30: {r1RI1} [['] A r1RELY [Ty}
w[] latchl 1 w[] latchO 1
11:  L{rlRIO_ [T'] A r1Rf0'[T]} 31: {r1RI1} [I'] A r1RELY D]}
fi fi -
12:  {true} 32: {true}
while true while true
13: {false} 33:{false}
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(4) Process PO starves in spin loop, no hypothesis on P1

{0: latchO = 0; flagO = 0; latchl = 1; flagl = 1; }

1: {true} 21:{true}
do {i} do {¢}
2:  {true} V 22: {true}
do {y:} do {my}
3: {true} 23: {true}
r[] R10 latchO {~ LO} } r[] R11 latchl {~ Llfne}
4: {R10 = L0} ,A 24 {R11 = L1ﬁ£ A

(rORI0; [f'] Vv
while (R10S9p) {k;}
5: 1 {r1RI0;, [Prfi
w[] latchO O
6:| {riRIOy [I']}
r[] RfO flag0 {~» FO0'}
7: {rlRlOLi [['¢] ARfO = FO* A
(rORfO'[['y¢] V r1RfO'['¢])}
if (Rf0#0) then

8: {r1RI10} [T] A r1Rf0'[T'4]}
false_ (% critical section *)

w[] flag0 O

9: {r1RI0}_ [T¢] A r1Rf0' [T ]}
wll flagl 1

10 {r1RI10} [T'] A r1RfO'[[']}
w[] latchi 1

11 {r1RIO, [T] A r1REO'[Te]}

fi
129 {true}
Jwhile true
13: {false}

(rORI1y, [Tw] V r1RILG, [Ti])}

while (R11=0) {n,}
25: {r1RI1; [[']}

w[] latchl O
6: {riRI1; [[']}
r(] Rf1 flagl {~» F1%}
{r1RI11% [['¢] ARE1 = F1° A
(rORf1%[T] V r1Rf1¢[T¢])}
if (Rf1+£0) then
{r1RI1} [T'] A r1RELY[Dif]}

(* critical section *)
w[] flagl O

{r1RI1; [Df] A r1RF1°[Ie]}
w[] flag0 1

{r1RI1} [T] A r1RELY [Ty}
w[] latchO 1

31: {r1RI1} [I'] A r1RELY [Ty}

fi
32: {true}
while true
33:{false}
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let rf be the communication
for such a trace (encoded in

rrf)

the invariant after 5: must be
false so PO never enters its
critical section

read of 1latchO in 3: must be
a 0, with 2 possibilities
cannot be from write at 5:
which is unreachable

so is from initial write O:

but Pl enters its critical
section (otherwise see case |)

sow[] latchO 1 will be

executed later in co order
soall 3:r[] R10 latchO are

fr to all 30: w[] latch0 1
by fairness of communications,
this write of | to latchO will
eventually be read at 3:

in contradiction with always
reading O65
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(4) Process PO starves in spin loop, P1 does not

0:w latchO O

3:r latchO O

po-loc

3:r latchO O

3:r latch0 0

po-loc One or more writes of | co-after
------ the initial write of 0 to latchO must

3:r latchO eventually be read by one of the
------ infinitely many reads of latchQ
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Communication fairness hypothesiso

® All writes eventually hit the memory:

® |f at a cut of the execution, all the processes
infinitely often write the same value v to a shared

variable x and only that value v

® and from a later cut point of that execution, a
process infinitely often repeats reads to that variable

X

® then the reads will end up reading that value v

() The SPARC Architecture Manual,Version 8, Section K2, p. 283: "if one processor does an S , and another processor repeatedly does L ’s to the same location, then

there is an L that will be after the S”.
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{0: latchO = 0; flagO = 0; latchl = 1; flagl = 1; }
1: {true} 21:{true}
do {i} do {¢}
2:  {true} 22: {true}
do {ji} do {my}
3: {true} 23: {true}
r[] R10 latchO {~ LO;Z_} | r[] R11 latchl {~ Llfne}
4: {R10 = L0} A {r11 =L1, A
(rORI0}. [T'¢] V r1RIO;. [T's])} 15, 0] v rIRIL, [Te])}
while (R10=0) {k;} R11=0) {n,}
5:  {r1RI0}_ [I's]} [T}
w[] latchO O w[) latchl O
6: {rlRlOLi [T] } ny [T] }
r(] RfO flag0 {~» FO0'} r(] Rf1 flagl J~» F1%}
7: {rlRloi{i [['{] AREO = FO* A {r1RI1% [[¢] ARN_ = F1° A
(rORfO'[T'] V r1RfO'[['¢])} (r()Rflf [Cyf] V riREN [T ] }
if (Rf0#0) then { if (Rf1:£0) then
8: {r1RI0!_[T'y] A r1RfO'[T]} 28:  {r1RIL} [[w] A r1BF1[Ty] ]
(% critical section *) (* critical secpion *)
w[] flag0 O w[] flagl O rf
9: {r1RI0, [I'f] A r1RfO' 29: {r1RI1; [Df] A r1RF1°[Ie]}
w[] flagl 1 w[] flag0 1
10: {r1RI10} [Ty] A p#RFO' [T ]} 30: {r1RI1} [['] A r1RELY [Ty}
w[]l latchl 1 w[l latchO 1
11: {r1RIO, [T] A r1REO'[Te]} 31: {r1RI1} [I'] A r1RELY [Ty}
fi fi
12:  {true} 32: {true}
while true while true
13: {false} 33:{false}

(5) Process P1 never enters its CS
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false

let rf be the communication
for such a trace (encoded in

['+)

P1 exits loop 23:-24: (else see
cases (1) or (3))

must read R11 = | from 0: or
10:

read of Rf1 at 26: must be 0
only possibility is from 28:

impossible from unreachable
code

68
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(5) Process PO leaves spin loop but always fails entering its CS

{0: latchO = 0; flag0d = 0; latchl = 1; flagl = 1; }
1: {true} 21:{true}
do {i} . do {¢}
2: {Dly} N 22: {true}
do {j:} . do {my}
3: {true} o 23: {true}
fences r[] R10 latchp {~- s[‘/O;z} r[] R11 latchl {~~ Llfne}
4: {R10 = L0j. A * 24 {R11 = Llﬁe A
(rORIO;, '] 05, [Tw])} (rORI1Y, [T] V r1RILE, (D))}
while (R10=0) {A} % while (R11=0) {n,}
5:| {rlRIO0;_ [I's]} 25: {r1R11f1£ T]}
w[] latchO O w[] latchl O
{r1RI0, [T]}
f[fdep]l {3} {6}
6: \ {rlRI0;_ [T} N 26: {rlRI1; ['s]}
r[] RfO flagd s r[] Rf1 flagl {~ F1%}
7: {rIRI0} [['s] A RO = FO° R7: {r1RI1’ [[y] AREL =F1¢ A
(rORfO![['¢] V r1RFO[[])} \ W (tORf1Y[Ty] V r1RFI[Ty])}
if (Rf0#0) then . if (Rf17£0) then
8: [ {rlRIOy [T's] A r1RfO'[I']} Ng8:?,  {rIRIL} [[i] A r1REL[Dy]}
(x critical section *) v (x critical section *)
w[] flag0 O Y wll flagl O
9: {r1RI10}_ [[y] A r1RfO'[T¢]} 203 \* {1~1R11ﬁz [Tyf] A r1RF1°[T ]}
=1 wi] flaél 1 w[] flag0 1
10: {r1RI0; [['] A r1RFO'[I']} {r1R11f1£ [Cy] Arl
flf1w] {29} {30}
false 30: {r1RI1; [['] A r1REL[D,
=w[] latchl 1 w[] latchO 1 fences
11: {r1RIO, [T's] A 1RO D]} 31: {r1RI1; [T] A rIRF1[D]}
fi fi
12:  {true} 32: {true}
while true while true
13: {false} 33:{false}
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let rf be the communication for

such a trace (encoded in [')
loop 2:—4: exited

read of R10 = | at 3:is from 30:
invariant false in critical section
8—11:

read of Rf0 = 0 at 6:is from O:
(8: not reachable)

withco
let 1-fencerel(S) =
((po&(_*S)) ;po)&fromto(S)

let Fdep = F & tag2events('fdep)
let deps = 1l-fencerel(Fdep) & (Rx*_)
let Flw = F & tag2events('flw)

let flw = 1-fencerel(Flw)

let fences = deps | flw

let fre = (rf~-1;co) & ext

irreflexive fre;fences;rfe;fences

In TSO there is no need for
a fence since it is MP. For
weaker than PSO, a fence is
needed.
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(6) Both processes eventually starve in spin loop

w latchO O;
w flagO O;

r R10 latchO 1
w latchO O
r Rf0 flag
(* critical
w flag0 O

o o 0o W -

ection *)

9: w flagl 1
flbar] {5:} {10:}\ CO
: w latchl 1

r R10 latchO 1
w latchO O

r Rf0 flagO 1
(¥ critical sec
w flag0 O

w flagl 1

f[bar] {5:}/{10:}
: w latchl 1

r R10 latchO O
r R10 latchO O

w latchl 1;
w flagl 1;}

r R11 latchl 1

25: w latchl O

26/ r Rf1 flagi\i

2g: (*x critical égtion *)
w flacl Q

f [bar] {25:}
w riagyu 1

23:

29:

30: w latchO 1

23: r R11 latchl 1

25: w latchl O ..

26: r Rfl flagl 1 .

28: (* critical se¢tiornx)
w flagl O "

2%: w flag0 1

30:"w latchO 1 R

23:
23:

r R11 latchl 0"
r R11 latchl O
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* let rf be the communication
for such a trace (encoded in

['+)

» so latchO is always 0 and
latchl is always O

* so latchO in 23 is always
read from 25:

*so10: w latchl 1 was co-

before (since otherwise by
the communication hypothesis
it would be eventually read)

% eand3: R10 latchO Ois

from O: or 5:

i 50 30: w latchO 1 is co-

before them (since otherwise
by the communication
hypothesis it would be
eventually read)

* impossible by fences

* irreflexive co; bar; co; bar
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(7) Eventually, PO starves in spin loop, P1 never enters its CS

A

Process
PO
enters &
exits CS

multiple
times

then,
never
exits
the
waiting
loop

{0:, w latchO 0;

’
’

<y
{
3"

! w flag0 0;

r R10 latchO 1

w latchO O

r Rf0O flag0 1

(* critical section x*)
w flagO O

w flagl 1

: w latchl 1

r R10 latchO 1

w latchO O

r RfO flag0 1

(* critical section *)
w flag0O O

w flagl 1

: w latchl 1

r R10 latchO O

r R10 latchO O
r R10 latchO O

25
26

30

28:

29:

23:
25:
26:
23:
25:
26:

w latchl 1;

last

* P1 does not eventually

starves in spin loop
(otherwise case 6)

. r R11 latchl 1Tener. ° Case P1 eventually never

: w latchl O

: r Rfl flagl 1
(x critical se
wl[] flagl O
wl[] flag0 1
wl[] latchO 1

r R11 latchl 1
w latchl O
r Rfl1 flagl O

r R11 latchl 1
w latchl O
r Rfl flagl O
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ance

ion *)

starves and never enters its
critical section

* P1 then does a last write of

| to 1atchO

* PO eventually makes

infinitely many reads of
latchO

* A contradiction (since

otherwise by the
communication hypothesis,
this | would be eventually
read)
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(8) Eventually, P1 starves in spin loop, PO never enters its CS

symmetric of (/)
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(9) PO and P1 always leave spin loop and never enter their CS

{o:

0 o 01 W -

©

0 o O Ww -

©

: wl] latchl 1

: w[] latchil 1

w[] latchO 0;
w[] flag0 O;

r[] R10 latchO 1

w[] latchO O

r[] Rf0 flagO 1

(x critical section *)
wll flag0 0

w[] flagl 1

r R10 latchO 1
w[] latchO O

r[] RfO flagO 1 gl

(*x critical section *)
wl] flag0 O
wl] flagl 1

r[] R10 latchO 1
wl[] latchO O
r[] RfO flag0O O

r[] R10 latchO 1
w[] latchO O
r[] RfO flag0O O

r[] R10 latchO 1
w[] latchO O

/ |

r[] RfO flag0 O

23:
25:
26:
28:

: wl] flag0 1

: wl] flagl O
29:
__QQ;.W[] latchO 1
23:
25:
26:
23:
25:
26:
23:
25:
26:

wl[] latchl 1;
w[] flagl 1;}

r[] R11 latchl 1

w[] latchl O

r[] Rfl flagl 1

(* critical section *)
wll flagl 0

Rf1 flagl O
(* critical secticn *)

wl] flag0 1

r[] R11 latchl 1
wl[] latchl O
r[] Rf1l flagl O

r[] R11 latchl 1
w[] latchl O
r[] Rfl flagl O

r[] R11 latchl 1
w[] latchl O
r[] Rf1 flagl O
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PO and P1 eventually never
starve and never enter their
critical sections

They both have a last entrance
in their critical sections

This last write of | to the
latches will, by communication
fairness, eventually reach the
memory

Then we only have infinitely
many writes of 0 to the latches
So the read of the latches in the
spin loops will eventually always
read 0

So from then on, by
communication fairness, all the
reads will be from 0, in reads of
the latch will be zero

In contradiction with the fact
that the spin loop is always
exited

The barrier prevents infinitely
postponing the write 0 actions
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Conclusion

® The proof method is parameterized by consistency
hypotheses, expressed in

® |nvariance form: S.om

® Consistency form: Heom (€.8.in cat)

® Program not logic/architecture/consistency model
dependent (hence the proof is portable)

® Can reason on arbitrary subsets of anarchic executions
(hence flexible e.g. non-starvation)
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Proposed desigh methodology

Design the algorithm A and its specification S;,, (e.g. in
the sequential consistency model of parallelism)

Consider the anarchic semantics of algorithm A

Add communication specifications Scom, to restrict
anarchic communications and ensure the correctness of

A with respect to specification Sjp,
Do the invariance proof under WCM with Scom
Infer Heom (in cat) from invariant Seon

Prove that the machine memory model M in cat implies
Hcm
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Challenges

® Modern machines have complex memory models
= portability has a price (refencing)
= debugging is very hard/quasi-impossible

= proofs are much harder than with sequential
consistency (but still feasible?, mechanically?)

= static analysis parameterized by a WCM will be a
challenge

= but we can start with S,
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Thanks

® Patrick Cousot thanks Luc Maranget for his precious help
at Dagstuhl on the non-starvation part.
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The End, Thank You
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