Proof of mutual-exclusion and non-

PostgreSQL

{0: latchO = 0; flag0 = 0; latchl = 1; flagl = 1; }
H . 1: do 21:do
starvation of a program: PostgreSQL | | 1 *, 2100
3: r[] R10 latchO 23: r[] R11 latchil
4: while (R10=0) 24: while (R11=0)
. 5: w[] latchO O 25: w[] latchl O
Jade Alglave (MSR-Cambridge, UCL, UK) 6: r[] RO flagO 26: r[] Rf1 flagl
. 7: if (Rf0#0) then 27: if (Rf1#0) then
PatrICI( COUSOt (NYU’ Emer' ENS’ PSL) 8: (* critical section *) 28: (* critical section *)
w[] flag0 O w[] flagl O
Dagstuhl Seminar 16471 9: wll flagt 1 29:  wl] flag0 1
10: latchl 1 30: latchO 1
http://www.dagstuhl.de/16471 " fiw[] ave a1, fiw[] ave
Concurrency with Weak Memory Models: Semantics, Languages, 12:while true 32:while true
Compilation, Verification, Static Analysis, and Synthesis 13: 33:
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algorithm A algorithm A Invariance
invariant conditional invariant conditional
specification of A invariance proof algorithm A proved specification of A invariance proof algorithm A proved
Sinv Scom = Sinv \ correct w.r.t. Sinv Seom = Siny correct w.r.t.
; ; Hcom and Sinv N " Hcom and Sinv
communication H.om = Sin communication H.om = Sin
specification of A specification of A
Scom 5com
\ inclusion proof inclusion proof
consistency / Heon = Scom consistency / Heon = Scom
hypOﬂ;jSIS of A algorithm A proved hyp Oﬂ;jSIS of A algorithm A proved
o correct w.r.t. com correct w.r.t.
consistency consistency proof / %aid :SS inv consistency consistency proof / %aid :SS inv
model M M = Hcom n model M M = Hcom n
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algorithm A WCM algorithm A
invariant conditional invariant conditional
specification of A invariance proof algorithm A proved specification of A invariance proof algorithm A proved
Sinv Seom = Sinv \ correct w.r.t. Sinv Scom = Siny \ correct w.r.t.
; ; Hcom and Sim/ ; ; Hcom and Sinv
communication H.om = Sin communication H.om = Sin
specification of A specification of A i
S S
o inclusion proof — o inclusion proof
consistency Heom = Scom consistency / Heom = Seom !
hypothesis of A - hypothesis of A :
yp H algorithm A proved ypot Ij SIS 0 algorithm A proved
com correct w.r.t. com correct w.r.t.
consistency consistency proof I/ %a;d és " consistency consistency proof / ]J\éa;d g inv
mOde] M M = Hcom / i mOdel M M = Hcom i
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algorithm A Invariance + WCM | algorithm A
invariant conditional invariant conditional
specification of A invariance proof algorithm A proved specification of A invariance proof algorithm A proved
Sinv Seom = Sinv correct w.r.t. Sinv Scom = Siny \ correct w.r.t.
; ; Hcom and Sinv ; ; Hcom and Sinv
communication H.om = Sin communication Inc ompletenes s: H.om = Sin
specification of A specification of A I
Seom Seom Dynamic conditions on
inclusion proof inclusion proo];/ executions of one
. . rogram
consistency Heom = Scom consistency /é» Heomn = Scom prog
hypothesis of A algorithm A proved iz oif 2 Static conditions on all algorithm A proved
Heom Heom executions of all programs
C](\);recilvgr.t. in one architecture C](\);I”CC;V;I’.L
. . an inv . . an inv
consistency consistency proof M= S_" consistency consistency proof M = 5_"
model M M = Hcom v model M M = Hcom n
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» - Algorithm
Conditional invariance

proof:

invariant conditional
ification of A invariance proof algorithm A proved

L]
Sinv Scom = Siny correct W.L.L.
utual exclusion =
communication Heom = Siny
specification of A
Secom
consistency Heon = Seom
hypothesis of A

algorithm A proved
correct w.r.t.

consistency consistency proof ]1\{1 a:;iss’"“
model M M = Heom g
T —
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PostgreSQL Stamps

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

1: do {i} 21:do {{} 1: do {i¢} 21:do {¢}

2:  do {ji} 22: do {mg} 2 do {ji} 22: do {mg}

3: r[] R10 latch0 {~ Lo;’.i} 23: r[] R11 latchl {~ Llfne} 3 r[] R10 latchO {~ L0;i} 23: r[] R11 latchl {~ Llf;w}

4: while (R10=0) {k;} 24: while (R11=0) {n,} 4: while (R10=0) {k;} 24: while (R11=0) {ms}

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

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

7: if (Rf0#0) then 27: if (Rf1+#0) then 7 if (Rf0#£0) then 27: if (Rf1#0) then

8: (* critical section *) 28: (* critical section *) 8: (* critical section *) 28: (* critical section *)
w[] flag0 O w[] flagl O w[] flag0 O w[] flagl O

9: w[] flagl 1 29: w[] flag0 1 9: w[] flagl 1 29: w[] flag0 1

10: w[] latchil 1 30: w[] latchO 1 10: w[] latchil 1 30: w[] latchO 1

11: fi 31: fi 11: fi 31: fi

12:while true 32:while true 12:while true 32:while true

13: 33: 13: 33:

Ensure that events are unique (your choice)
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mantics and invariance proof methods for weakly consistent parallelism, Dagstuhl Seminar 16471,20-25 November 2016 13

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)
o

WCM: 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)

©).Alglave & P. Cousot

Pythia variables

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

1: do {i} 21:do {¢}

2: do {ji} 22: do {mg}

3: r[] R10 latchO {~ LO;i} 23: r[] R11 latchl {~ Llfnl}

4: while (R10=0) {k;} 24: while (R11=0) {ng}

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

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

7: if (Rf0#0) then 27: if (Rf17£0) then

8: (* critical section *) 28: (* critical section *)
w[] flag0 O w[] flagl O

9: wl[] flagl 1 29: wl] flag0 1

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

11: fi 31: fi

12:while true 32:while true

13: 33:
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Invariant specification S;,,

algorithm A
invariant conditional
i ion of A invariance proof algorithm A proved
Secom = Sinv correct W.L.L.
Heom and Sy,
communication Heom = Siny

specification of A
S,

consistency
hypothesis of A

algorithm A proved
correct w.r.t.

consistency consistency proof ]]‘\II and g"w
model M M = Heom VI => Siny
e ———————
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Mutual exclusion

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

1: do {4} 21:do {¢}

2:  do {ji} 22: do {my}

3: r[] R10 latchO {~» LO;_L,} 23: r[] R11 latchl {~» Llfne}

4: while (R10=0) {k;} 24: while (R11=0) {n,}

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

6: r[] RO flag0 {~ FO'} 26: r[] Rfl flagl {~ F1%}

7:  if (Rf0s£0) then 27: if (Rf1£0) then

8: —at{28} 28:  —at{8}
(* critical section *) (* critical section *)
w[] flag0 O w[] flagl 0

9: w[] flagl 1 29: w[] flag0 1

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

11: fi 31: fi

12:while true 32:while true

13: 33:

(invariant Si,y is elsewhere true)
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Analytics semantics with cuts

0i{x=0;y=0;} 0:, start ) w)?
PO P1 ; 0l T
1:r[] r1 x || 11:x[] r2 y; EESY =R
§jw[] y1 gzw[] x1; 1:11=0 =
rl !
—N—
Analytic Semantics — ® Anarchic semantics: set of Lirl] vt x 1:rl) r2y
executions: 2:r1=1 " b e
[ ) [ ]
Anarchic semantics + -
. . . e ¢ is the computation m m
commuhnication constraints " 7 the cut sequence
o rf is the communication sri=1 & 13;r2=1
o Communication semantics:
restrictions on rf in cat
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Local invariant
S = Tstart x m X rf
Local invariants gy B I
K0,ko > 00,k 5 £0,ko > VO,kU,__..-"‘- ) / Hn—v.‘l,k',l.b,1yan—l,knflypn—lykn717yn—lakn—l
e, epvk:p 7v.pp5.kp7 Vp,kp |
7':0 T1 Tp Tn:—l
® Attached to each program point ¢ of each process p
invariant conditional
Pt e e et a ! ® Depends on
— Heom and S,
specification of 1 Hon > Sov ® Program points of all other processes x
Seom —
s ® Stamps 6 of all processes
othesis of A n
ppete! dgorithm 4 proved ® Local registers of all processes p
sistenc consistency prooj M and S,
consistency wistency procf M= s ® 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

Iff Zo,

R

Pythia variable Program Stamp Value
of the label of the of the write
read event write action  write event
® ["c T (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}, 2 {tf(L0%,, (0:, -, 0)),f(LO%, (5:, i5, 0)),vf(LO},, (30:, La0, 1)) | is € N A £30 € N}

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

1: do {i} 21:do {¢}

2:  do {j;} 22: do {m}

3: r] R10 latch0 {~ LOj } 23:  r[l Rl latcnt {~ L1j, }

4: while (R10=0W 24: while (R11=0) {n,}

5: w[] latchO O \ 25: w[] latchl O

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

7:  if (Rf0£0) then : if (Rf170) then

8: (* critical section *) 283 (* critical section *)
w[] flag0 0 w[] flagl 0

9: w[] flagl 1 29: w[] flag0 1

10: w[] latchl 1 30: w[] latchOo 1

11: fi 31: fi

12:while true 32:while true

13: 33:
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Anarchic communications

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

RLO}, £ {xf(LO0%,, (0:, -, 0)),vf(LO%,, (5:, s, 0)),vef(LO%., (30:, £30, 1)) | i5 € N A £30 € N}
RF0’ é{tf<Fo7 (03, _, 0)),vf(F0%, (8:, is, 0)), tf(FO7, (29:, fag, 1)) | is € N A fag € N}

RL1Y,, 2 {ef(L15,,, (0:, -, 1)),tf(L1%,,, (25:, fos, 0)),tf(L1L,,, (10:, 10, 1)) | 25 € N Ad1o € N}
RF1" 2 Lef(F15, (0:, -, 1)), of(F1%, (28:, fas, 0)), ef(F1%, (9:, 49, 1)) | fas € N Adg € N}

® Anarchic communications:

T = {{rl0,, rf0", 115, 1f1° [ i € NAj; € [0,k] A€ ENAG € [0,ne} | Vi e N.Vj; € [1,ki] .
1103, € RLO%, Arf0* € RFO' AVL € N. Vmy € [1,my] . 11}, € RLI%,, Arfl° € RF1°}

® Anarchic semantics: ' €T
® WCM semantics: rer,rcr
Semantics and invariance proof methods for weakly consistent parallelism, Dagstuhl Seminar 16471, 20-25 November 2016 24 ) ). Alglave & P. Cousot




Inductive invariant S;.g

algorithm A

Inductive invariant

® Sinqis inductive under hypothesis Scom iff, assuming

Scom, We have:

® Singis true at the beginning of an execution

® If Sj.qis true during execution is remains true after
one more computation or communication step

invariant conditional
ification of A invariance proof algorithm A proved
Sine Seom => Siny correct W.r.t.
— Heom and S;y,
communication Heom = Siny
speciigion o 4 ° Sinv holds under hypothesis Scom
inclusion proof
consi ency Heom = Scom i
hypoll;-’ccjl“s of A algorithm A proved Slnd Sln v
correct w.r.t.
consistency consistency proof ‘th‘fg‘"“
model M M = Heom id 5 ﬁ 5
e —————— com inv
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Inductive invariant Inductive invariant
{0: latch0 = 0; flagd = 0; latchl = 1; flagl = 1; } {0: latch0 = 0; flagd = 0; latchl = 1; flagl = 1; }
1: {I"eT} 21:{I" €T} 1: {I"eT} 21:{I" €T}
do {i} do {(} do {i} do {(}
2: {Ier} 22: {I'eT} 2: {rerT} 20. (L oL\
do {ji} do {ms} do {ji} \
3: {rery} 23: {rery 3: {rer} .
r[] R10 latchO {~ LOj,} r[] R11 latchi {~ L1%,,} r[] R10 latchO {~ LOj} POSSlble
4: {I" € T AR10 = L0}, A (fORI0, [I'] V rIRIO} [I'])} || 24: {I' € TAR11 = L1},, A(1ORI1%,, [I] VrIRILS,, [I])} 4: {I" € T AR10 = L0}, A (rORI0},[I'] V r1 . . 15, [}
while (R10=0) {ki} while (R11=0) {n¢} while (R10=0) {ki} Communlcatlons
5:  {I'e€T ArIRIO} [I']} 25: {I" € T ArIRILG, (I} 5:  {I'e€T ArIRIO} [I']}
wll latch0 O w[l latchl O wll latchO O WIT IRTCHT U
6: {I €T ArIRIO; [T} 26: {I' € I ArIRILG, (I} 6: {I €T ArIRIO;, [T 26: {I € ArlRILL [T}
r[] RfO flag0 {~ FO'} r[] Rfl flagl {~ F1} r[] RfO £ {~ F0'} r[] R4t flagl {~ F1‘}
7:  {I €T ArIRIO}, [I'] AREO = FO' 27: {I € T ArlRIG, [ AREL = F1° 7:  {I e TATIRIOL, [I'] AREO = FO' 27:  {I € ArIRIE, [ AREL = F1°
A (fORFO'[I'] V r1RFO' (1)) } A (fORF1[I) V rIRFI (1))} A (fORFO'[I'] V r1RFO (1)) } A (fORFI[I) V rIRFL (1))}
if (Rf0#0) then if (Rf1#0) then if (Rf0#0) then if (Rf}#0) then
8: {I" € T ATIRIO}, [I') A TIRFO[I']} 28: {I' € T ATIRILL, [T] ATIRFIT]} 8: {I" € T ATIRIO}, [I') A TIRFO[I']} 28: {I" " ArIRIL, [T) ATIRFT]}
(x critical section *) (* critical section *) (x critical section *) (x cifitical section *)
w[] flag0 O w[] flagl O w[] flag0 O wll agl 0
9: {I" € T ATIRIO}, [I') A TIRFO[I']} 29: {I" € T ATIRILS, [T] ATIRFT]} 9: {I" € T ATIRIO}, [I') A TIRFO[I']} 29: {I" € T ATIRIL, [T) ATIRFT]}
wll flagl 1 wl]l flag0 1 wll flagl 1 wl] flag0 1
10: {I' € T ATIRIO}, [I'] A rIRFO[I']} 30: {I' € T ATIRILE, [I] ATIRFLI]} 10: {I' € T ATIRIO}, [I'] A rIRFO[I']} 30: {I' € T ArIRILE [I] ATIRFLI]}
w(] latchl 1 wl] latcho 1 w[] latchl 1 wl] latcho 1
11: {I" € T ATIRIO;, [I'] ATIREO'[T]} 31: {I'" € T ATIRIL,, [T] ATIRFIY[T]} 11: {I" € T ATIRIO;, [I'] ATIREO'[T]} 31: {I" € T ATIRILE,, [T] ATIRFIY[I]}
fi fi £i fi
12: {I'erl} 32: {I'eTl} 12: {I'eT} 32: {Ierl}
while true while true while true while true
13: {false} 33:{false} 13: {false} 33:{false}
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Inductive invariant

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

1: {I"eT} 21:{I"eT}
do {i} do {¢}
2: {rer} 2: {Ier}
do {ji} do {me}
3: {(rer} 23:  {Ier}
r[] R10 latchO {~ L0} } r[] R11 latchi {~ L1%,,}

4: {I' € T AR10 = L0}, A (1ORI0% [I'] V rIRIO} [I))} || 24:
while (R10=0) {ki}

5:  {I'e T ATIRIO), [}
wl] latcho 0

6: {I'eT ArIRIOL [I']}
r[] RfO flag0d {~ FO'}

7:  {I' e T ArIRIO,, [I'] AREO = FI§

A (rOR!
if (Rf a \

{I' € TAR11 = L1j,, A (ORI, [T VrIRILY,, [I7])}
while (R115@¥ {n,}
25: {I'eTl

26: € I ArIRILE, [T}

r[] Rf1 flagl {~ F1‘}

7: {I' € T ArIRIG, [[TAREL = F1°
(] vl-mm'[y / (fOREL[L] V FIRFIC))}
2£470) then

8: {I' ¢ " A rIRIL,, (] ATIREIYT]}
¢ Register assignment of [rie section »
9: {I' ¢ " A IR, (1] ATIRELY(T]}

.0| the Pythia variable fueo:

10: {I'e " ATIRILS, (1] A TIRFLY (D]}
#0 after read event et 1 .
11:  {I'e M A CIRILE, (] A PIRFL(T)}
fi T
12: {I'eT} 32: {I'eT}
while true while true
13: {false} 33:{false}
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Inductive invariant

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

1: {I"eT} 21:{I"eT}
do {i} do {¢}
2: {Ir'erl} 22: {I'eTl}
do {ji} do {me}
3: {rer} 23:  {IeT}
r[] R10 latchO {~ L0} r[] R11 latchi {~ L1%,,}

4: {I' € T AR10 = L0}, A (10RI0% [I'] VrIRIO [I])} || 24:  {I" € TARLL = L1%,, A(1ORI1Y,, [I] VrIRILY, [I])}
while (R10=0) {ki} while (R11=0) {n.}

5:  {I'e T ATIRIO), [} 25: {I' €T ArIRIL,, [T}
wl] latcho 0 w[] latchl O

Possible values of Pythia variables depending on communications

rORI0}, [I'] £ (¢f(LO%,, (0:, -, 0)) € I' A LO%, = 0) vV (3is € N . vf(L03,, (5:, i5, 0)) € I' A L0}, = 0)
rIRI0Y [ £ (3ls0 € N . vf(L0},, (302, l30, 1)) € I' A L0}, = 1)

W 11ag0 O Wl] Ilagl O

9: {I' € T ATIRIO}, [T'] A rIRFO[I']} 29: {I' € T ATIRIL, [I'] A TIRF[T]}
wll flagl 1 wl] flag0 1

10: {I" € T ATIRIO}, [I') A TIRFO[I']} 30: {I" € T ATIRIE, [T) ATIRF[T]}
w[] latchl 1 w[] latchO 1

11: {I" € T ATIRIO;, [I7] A TIRFO'[T]} 31: {I" € T ATIRIL, [IT] ATIREL[T]}

£i fi
12: {I'eT} 32: {I'eT}
while true while true
13: {false} 33:{false}
Proof of mutual exclusion and non-starvation of a program: PostgreSQL Dagstuhl Seminar 16471,20-25 November 2016 30 ©).Alglave & P. Cousot

Communicated values

latch

® Notation: r(0[1)R(Lf)(0[1 fetch

__— 1 t process
read value 0 register
or |

rORI0Y, [I'] £ (¢f(LO%,, (0:, _, 0)) € I' A L0}, = 0) V (Jis € N . vj(LO%,, (5:, i5, 0)) € I' A L0}, = 0)
rIRIO}, [I'] £ (30 € N . vf(LO},, (301, €so, 1)) € I' A L0}, = 1)

tORfO'[I7] £ (¢f(FO%, (0:, ., 0)) € ' AF0" =0)V (Jis € N . tf(F0', (8:, is, 0)) € ' A FO' = 0)

rIRfO'[I'] £ (329 € N . tf(FO", (29:, lag, 1)) € ' A FO' = 1)
ORI, [ £ (35 € N . tf(L15,,, (251, f25, 0)) € I' A L1%,, = 0)
rIRILG,, [ £ (vf(L1%,,, (0:, ., 1)) € T ALLL,, =1)V (am € N.t|(L1%,,, (101, 410, 1)) € ' A L1L,, = 1)

tORFI“[T] 2 (3mas € N . of(F1°, (28:, mas, 0)) € I' A F1° = 0)

rIRFIC[T] 2 (¢f(F15, (0:, , 1)) e TAF1  =1)V (Jig € N . tf(F1%, (9:, 49, 1)) € TAF1° =1)
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Communication
specification

algorithm A

invariant conditional
pecification of A invariance proof algorithm A proved
Si Secom = Siny correct W.L.L.
— Heom and Sy,
communication Heom = Siny

specification of A

consistency
hypothesis of A
Heom

algorithm A proved
correct w.r.t.

consistency consistency proof ]]\\II and 55””
model M M = Heon = o
>
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Calculational design of the communication specification | | Calculational design of the communication specification

(=Siv (I,T)) A Sing (I, T) [ Where
4 at{8} A at{28} A Sjna (I,T) {def. invariance specification Sy, § = A _ _ _ _
= at{8)} Aat{28} A (3i,ki,bing € N . I' € T ArIRIO, [I] A Seom (I, T) = (at{8} A at{28}) == (Scom; (I', T) A Seoma (I', T) A Secams (I', T) A Seamy (I',T))
rIRFO[I] ATIRIE [T] ATIRFIT])  {by invariant Sy (I,T)§ Seomy 2 =(3, ki, €,ne, 030,20 € N . I € T Af(LOL,, (30:,
= at{8} A at{28} A (3, ki, £, ng, €30, €20 € N . T € T A (tf(LO],,, 30, 1)) € T ACi(FOY, (29:, fa9, 1)) € T Af(L15,,
(30, €30, 1)) € I') A (t{(FO", (29, Lag, 1)) € I') A (vf(L15,, (0:, , 1)) e T ACf(F1¢, (0:, L, 1))y el
(0:, - 1) € D) A((FLY, (05, L, 1) €T))V Seoms 2 (3, ki, €,m¢,L30, L29, 49 € N . I" € T Atf(LO},, (30:,
(Hi,ki,f,ng,lgo,fgs,ig eEN.I'eTA (tf(LO}”cz, (30:, £30, 30, 1)) € F/\tf<F0i, (291, lao, 1)) € F/\tf<L1£LZ7
1)) € I') A (ff(FO7, (293, £29, 1)) € I) A (tH(L1G,, (03, - (0:, ., 1)) € D Atf(F1%, (9:, 49, 1)) € T

1)) € I) A ((F1%, (9:, dg, 1)) € T)) V

(34, ki, €,mg, €30, 29,10 € N . ' € T A (tf(LOfw (30:, £30,
1)) € I') A (sf(FO%, (291, £a9, 1)) € I') A (tf(L1f,,, (10, 1o,
1)) € M) A HFL, (0:, , )) € 1)) V

(34, ki, £,m¢, €30, £29, 510,59 € N. T €T A (tf(LO}'Ci7 (30:, £30,
1)) € I) A ((f(FO, (29:, €29, 1)) € I') A (x{(L15,, (10, 10,
1)) € I') A (F(F1¥, (9:, ig, 1)) € IN))

{def. rIRIO) [I'), rIRFO’ (1], rIRILE, [T, and rIRF1[T), vf{zg, ® This proves Scom sufficient for correctness
(€:, 0', v)) implies that zg = v, AN (BVC)=(AAB)V

SCO,,,S £ ‘!(37;, ki, €,me, l30,l29,110 EN . I € r/\tf(LO;’;l, (30:,
ls0, 1)) € T Af(FOY, (29:, lao, 1)) € I Atf(L1},,
(103, i10, 1)) € T ATf(F1%, (0:, , 1)) € T

Secoma S —\(ai, ki, €,mne, €30, 029,110,799 € N . ' € F/\tf(LO};i,
(30:, 30, 1)) € I' Atf(FO°, (29:, lo9, 1)) € T' A
tf(L1%,, (101, i10, 1)) € I AT(F1Y, (91, dg, 1)) € T’

A A C), 3 distributes over V, and (3z . A AB =3z . H
AL ioutes over v, am - AGD g ® Counter-examples prove Scom necessary = Sconm is the
= at{8} A at{28} A (=Scom; (I, T) V =Scomo (I, T) V = Scoms (I, T) V .
T AR A Seam ()Y 2 Sem (D) Y 2 5ema (13T) weakest WCM requirement for correctness
= =Seom([3T)
Proof of mutual exclusion and non-starvation of a program: PostgreSQL Dagstuhl Seminar 16471,20-25 November 2016 33 ©).Alglave & P. Cousot Semantics and invariance proof methods for weakly consistent parallelism, Dagstuhl Seminar 16471,20-25 November 2016 34 ©].Alglave & P Cousot

Example of counter-example to Scom, Proof of mutual exclusion

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

1:
2@ ® Scom implies mutual exclusion (for any I')
do {ji}
r atc ~3 i r atc! ~3 ¢
.. [J R10 latcho { Loh} o [J\R11 latch1 { lee} (_‘S,'m, (]-—\7 r) /\ Sind (F, r)) _‘(Scom (]-—,7 r))
ahile (R10-0) (ki) anite B1=0) {ne} = Seon(I,T) = (Sin (I',T) V =S5,a (T, T")) {contraposition §
5: 25:
,, 0 w00 LRt = Seon(I,T) = (S (I',T) = S, (I',T))  {implication §
I w0 s s £ 1) = (Swn(D.T) A Spo(TT)) = S, (T,T)  {implication§
if (R£0#£0) then if (Rf170) then cut — Scom (F, r) = S,'nv (P, r) Zsince Scom (F, r) = S,',,d (F, F)S
SRERREEEEE (* critical section x)  |N_ \ (* critical section ®
w[] flag0d O w[] flagl O
> w[] flagl 1 w[] flag0 1
10: 30:
w[] latchi 1 w[] latchO 1
11: 31:
i i
12: 32:
while true while true
13: 33:
Semantics and invariance proof methods for weakly consistent parallelism, Dagstuhl Seminar 16471,20-25 November 2016 35 ©.Alglave & P. Cousot Semantics and invariance proof methods for weakly consistent parallelism, Dagstuhl Seminar 16471,20-25 November 2016 36 © ). Alglave & P Cousot




Conditional invariance
proof

algorithm A

invariant conditional
pecification of A invariance proof algorithm A proved
v Seom = Sinw correct W.r.t.
— Heom and Sjy,
communication Heom = Sinw
specification of A
- inclusion proof
consi v Heom = Seom
hypothesis of A algorithm A proved
com correct w.r.t.
- ; M and S,
p y | [ y proof Mo s
model M M = Heom i
T
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Sequential proof / = k and p = ¢

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

1: {IeT} l21:{/ e}
5 @ {f?}e n For a read instruction « : r[ts] R x k' (read)
do {ji} PRES (0, pry vry rf] Arf[r0({q, €', wlts] x r-value, 0'),v),
3 {ren t({(r, ¢, rlts]1 Rx, 0,),%0,)] € rf
r[] R10 laf 0w
4 {leram = POST, 7 [pr < pr[R:=x0,], Ur < vr[x0, 1= v]]
while (R10=0
5:  {I'e T ATIRIO) [I']} 25: {I'e T ArIRILE, [}
w[] latchO O \ 4 w[] latchl 0
6: [{I'e€T ArIRIO} [I']} 26: {I" € T ArIRILG, [}
r[] RfO flag0d {~ FO'} r[] Rf1 flagl {~ F1‘}
7: |{I' € T ATIRIO}, [I'] AREO = FO' 27: {I' € T ArIRIG, [T AREL = F1°
A (tORfO' [I7] V r1RfO° [I'])} A (fORF1[I7] V rIRELE[T))}
if (RE0£0) then if (R£13£0) then
8: {I' € T ATIRIO}, [T] A rIRFO[I']} 28: {I' € T ATIRIL, [I'] A TIRF[T]}
(x critical section *) (* critical section *)
wll flag0 0 wll flagl 0
9: {I' € T ATIRIO}, [T'] A rIRFO[I']} 29: {I' € T ATIRIL, [I'] A TIRF[T]}
wll flagl 1 wl] flag0 1
10: {I" € T ATIRIO}, [I') A TIRFO[I']} 30: {I" € T ATIRIE, [T) ATIRF[T]}
w[] latchl 1 wl] latcho 1
11: {I" € T ATIRIO}, [I'] ATIRFO[I7]} 31: {I" € T ATIRIL, [IT] ATIREL[T]}
£i fi
12: {I'eT} 32: {I'eT}
while true while true
13: {false} 33:{false}
Proof of mutual exclusion and non-starvation of a program: PostgreSQL Dagstuhl Seminar 16471,20-25 November 2016 38 ©).Alglave & P. Cousot

Sequential proof / = k and p = ¢

{o0:

1:

2:

13

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

{rer} 21:{I" €T}

do {i} do {(}
{rer} 22: {Irerl}
do {ji} do {my}

{rery} . . . /
0 rio 1af FOT atest instruction  : blts] operation I, K':

(test)

rernnd  PRESY[pr, vr| Asat(E[operation](pr, vr) # 0) = POSTSk

while (R10=0

(rernaro|  PRESR[pr, ve] Asat(E[operation] (pr,vy) = 0) = POSTf;’y’Z,

w[] latch0 0
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{I e T ATIRIO;, [T} 26: {I' € I ArIRILG, (I}
r[] Rf0 flag0 {~ FO0'} y r[] Rfl flagl {~ F1}
{I € T ATIRIO, [I'] AREO = FO' 27: {I € T ArlRIG, [ AREL = F1°
A (fORFO'[I"] v r1RfO (1)) } A (tORF1[I] v rIRFIY[I7])}
if (R£0#£0) then if (R£1#£0) then
{I" € T ATIRIO}, [I') A TIRFO[I']} 28: {I' € T ATIRILL, [T] ATIRFIT]}
(* critical section *) (* critical section *)
w[] flag0 O w[] flagl O
{I" € T ATIRIO}, [I') A TIRFO[I']} 29: {I" € T ATIRILS, [T] ATIRFT]}
wl] flagl 1 wl] flago 1
{I' € T ATIRIO, [I'] A rIRFO'[I]} 30: {I' € T ATIRILE, [I] ATIRFLI]}
w(] latchl 1 wl] latcho 1
{I" € T ATIRIO;, [I'] ATIREO'[T]} 31: {I'" € T ATIRIL,, [T] ATIRFIY[T]}
£i fi
{rer} 32: {I'eTl}
while true while true
:{false} 33:{false}
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Sequential proof / = k and p = ¢

{0: latch0 = 0; flagd = 0; latchl = 1; flagl = 1; }

1: {I"eT} 21:{I" €T}
do {i} do {(}
2: {Ir'er} 22: {I'eT}
do {ji} do {me}
3: {rer} 23: {rer}
r[] R10 latcho {~ L0} } r[] R11 latchi {~ L1%,,}
4: {I" € T AR1G=L0' A (ORIN: [ v/ rIRION [N 24 Ll cCarit — 718 AGORIE TPveiRIE TTNY

while (R10=0 For local side-effect free marker instructions x : instr &'

s (LernRol where instr = £ [1s] [0Sy {1913} ], wits] x r-value,
w atc

6 {I'cT AR beginrmw [ts] x, endrrflw [£s] x: (marker)
r[] RfO flag PREZL;:’; = POSTZL;:’;
7:  {I €T ArIRIOErTrrro—"" T T T T =TT
A (tORFO'[I] v IRFO[7])} A (ORFI[I7] V rIREI[T))}
if (Rf0#£0) then y if (R£1#£0) then
8: {I" € T ATIRIO}, [I') A TIRFO[I']} 28: {I" e T ATIRIL, [T] ATIRF[T]}
(* critical section *) (* critical section *)
w[] flag0 O w[] flagl O
9: {I" € T ATIRIO}, [I') ATIRFO[I']} 29: {I" € T ATIRIL, [T) ATIRFT]}
wl] flagl 1 wl] flag0 1
10: {I' € T ATIRIO}, [I'] A rIRFO'[I]} 30: {I' € T ArIRILE [I] ATIRFLI]}
w[] latchl 1 wl] latcho 1
11: {I" € T ATIRIO;, [I'] ATIREO'[T]} 31: {I" € T ATIRILE,, [T] ATIRFIY[I]}
£i fi
12: {I'eT} 32: {I'eTl}
while true while true
13: {false} 33:{false}
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Non-interference proof

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

1: {I"eT}
do {i}

2: {I'er}

do {ji}
3: {Irer}

r[] R10 latchO {~ L

4: {I" € T AR10 = LOj, A (1

while (R10=0) {ki}
5:  {I'eT ArIRIO;, [I7}

wl] latcho 0

The local invariants of process p
depend only on I and local registers
or Pythia variables unchanged by a
step in the other process

6:  {I"eT ArIRIOL [I} 26:

r[] Rf0 flagd {~ FO'}

7: {I' €T ArIRIO}, [I'] AREO = FO' 27:

A (fORFO’ [T V rIRfO[T))}

if (R£0#£0) then

8: {I" € T ATIRIOL, [T] A TIRIO[T]} 28:
(* critical section *)
w[] flag0d O

9: {I" € T ATIRI0,, [I'] A rIREO[1]} 29:
wl] flagl 1

10: {I' € T ATIRIOL, [I'] A rIRfO/[IT} 30:

wl] latchl 1

{I e T ATIRILE, [T}
r[] Rf1 flagl {~ F1‘}
{I' e T ATIRIL,, [ AREL = F1°
A (fORFLY[I) V rIRFL (1))}
if (R£13£0) then
{I' € T ATIRIL, [I] A TIRF[T]}
(* critical section *)
w[] flagl O
{I' € T ATIRIL, [I] A TIRF[T]}
wl] flag0 1
{I" € T ATIRIE, [T ATIRF[T]}
wl] latchO 1

11: {I" € T ATIRIOL, [I'] A TIRFO'[I]} 31: {Fe[‘ArlRllf,’[F]Al‘lRflf[I‘j)
fi fi
12: {I'eT} 32: {I'eT}
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‘EFH\
do {i}
2 (rele— |
do {ji} e
32 {ren

COMi[rf] 2

e Communication condition

Sina p (O)[rf] A Scomy, (£)[rf]

=[] R10 latch0 {~ L{ e A read event can read from only one write event.

4: {I" € T AR10 = LOj, A (1
while (R10=0) {ki}

5:  {I'eT ArIRIO;, [I}
wl] latcho 0

= W1 = W2 .

COME[rf] A rf]r,

wi] € rf Arf[r,ws] € rf

(singleness)

6:  {I'eT ArIRIOL [I} 26:

r[] Rf0 flagd {~ FO'}

7: {I' € T AtIRIO}, [I'] AREO = FO' 27:

A (tORFO°[I'] v rIRFO[T7]) }

if (R£0#£0) then

8: {I" € T ATIRIOL, [T] A TIRIO[T]} 28:
(* critical section %)
wll flagd O

9: {I" € T ATIRI0,, [I'] A rIREO[1]} 29:
wl] flagl 1

10: {I' € T ATIRIOL, [I'] A TIRfOV[IT} 30:

w(] latchi 1

{I e T ATIRILE, [T}
r[] Rf1 fl F1}
{I" € T ATIRIY, [I] AREL =

ng

if (Rf15£0) then
{I' € T ATIRIL, [I'] ATIRF[T]}
(* critical section *)
wl] flagl O

{I € T ArIRILE, [T] ATIRELT]}

ne
wl] flag0 1
{I" € T ATIRIE, [T) ATIRF[T]}

wl] latchO 1

11: {I" € T ArIRIOL, [I'] A TIRFO'[I7]} 31: {FEI‘ArlRllf,’[F]Al‘lRflf[I‘])
fi fi
12: {I'eT} 32: {I'eT}
while true while true
13: {false} 33:{false}
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Communication proof

{0: latch0 = 0; flagd = 0; latchl = 1; flagl = 1; }

1: {I"eT}
do {i}

2: {I'eTl}

do {ji} . .
3 (refy tion hypothesis (AP[ X7, ...

r[] H10 latchO {~ Lf

4 refamo= LA o((p, £, TlisI R, 6p),%a,)] € 1f .

while (R10=0) {k:} ((p b)s%0,)]
5:  {I"eT A\IRIOL, [17]}

wll latcH) O

o All process read instructions £ : r [#s] R x £’ must read either from
an initial or a reachable program write, allowed by the communica-

COM.[B,, rf] A rf£0 = 3 1fro((q, Ly, wlts] x r-value, §'),v),

((g € P§AAPREL [0, « 0, rf]) V (g = start Av = 0)) .

, X:m] means that all free variables in

(satisfaction)

6:  {I el ArIRI0; (I} 26:

7. {rer Ao
A (fORFOF[I] V rIRFOV[17])}
if (R£¢70) then

AREO = FO° 27:

{T €T ArIRIL,, [T}
r[] Rfl flagl {~ F1}
{I e T ArIRIE, [ AREL = F1°
A (fORF1[I) V rIRFI (1))}
if (Rf1#0) then

8: {I" €\" ATIRIOL, [I'] A TIRfO 28: {I' € T ATIRILL, [T] ATIRFIT]}
(* crigical section *) (* critical section *)
wll flag0d O wl]l flagl O

9: {I" € T ATIRIO}, [I') A TIRFO[I']} ~g9:\{rerm-lRu',,,[r]Ar]Rf]‘[rj}
wll flagl 1 wl] flag0 1

i0. Ircr 1R10t (17 1RENI L 20. ISAN=N0 1R11E [ A 1 REICTTIN

tORfO'[I"] £ (¢f(F0*, (0:, _, 0)) € ' A FO" = 0) V (Jis € N . tj(F0’, (8:, is, 0)) € I' A FO* = 0)

rIRfO[I] £ (Flag € N . tf(FO*, (29:, L29, 1)) € I' A FO' = 1)
12: {I'erl} 32: {I'eTl}

while true while true
13: {false} 33:{false}
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Communication proof

{0: latch0 = 0; flagd = 0; latchl = 1; flagl = 1; }

1: {I"eT}
do {i}
2: {I'eT}
do {ji}

£ :wlts] x r-value ':

e The values v allowed to be read by the communication hypo-
thesis must originate from reachable program write instructions

Vrf . Vrf[ro({(q, q, wlts] x r-value, 6,),v),r]| € rf (match)
COMS [0, g, Vg, f] = v = E[r-value] (pq, v4)

A (ORFOF[I] V rIROV[17])}
if (R£¢7#0) then

AREO = FO' 27:

{T €T ATIRIL,, [T}
r[] Rf1 flagl {~ F1°}
{I € T ATIRIG, [ AREL = F1°

A (fORFI[I) V rIRFL (1))}

if (Rf1#0) then

8: {I" €\l ATIRIO}, [I'] A TIRO'[ 28: {I" e T ATIRIL, [T] ATIRF[T]}
(* crigical section *) (* critical section *)
wll flag0d O wl]l flagl 0

9: {I" € T ATIRIO}, [I') A TIRFO[I']} ﬂsz\{rerArlRut‘,/[r]Ar]Rn‘[r]}
wll flagl 1 wl] flag0 1

10 SNl L 1R10: (771 1RO (71 0. SN Al L 111t (77 1RFICII

tORfO'[I"] £ (¢f(F0*, (0:, _, 0)) € I' A FO" = 0) V (Jis € N . tj(F0’, (8:, is, 0)) € I' A FO* = 0)
A

rIRfO[I] £ (Flag € N . tf(FO*, (29:, £29, 1)) € I' A FO' = 1)
12: {I'eT} 32: {Ierl}
while true while true
13: {false} 33:{false}
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Inclusion proof

algorithm A

invariant
specification of A

conditional
invariance proof
Seon = Sinv

communication
specification of A

algorithm A proved
correct w.r.t.
Heom and Sy,
Heom = S

Method

® The communication specification is

Seom(T,T) 2 (at{8} A at{28}) = (Scom (T, T) A Seamy (T3, T) A Seoms (T, T) A Seomy (T, T))

® The consistency specification must satisfy

Heom (T, T) = Seom(T,T) 6. =Swm(T,T) = =Heo (T, T)

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

CC 1 'y
Lyl algorithm A proved 4 _ 4 _
com correct wW.r.t.
consistency consistency proof }LII a“dgmv (at { 8} A at{28} A v _lscomi (1—" r) ) fr— v —/ Hcomi (F , r)
model M M = Hon 1= S i=1 i=1
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A . 1 A . . .
5com1 :—\(E]Z,ki,ﬂ,ng,ﬁgo,fgg e N. T e F/\tf(LO‘,ﬂ_, <30:, ScomQ :ﬁ(al,ki,g,ne,ggo,ggg,lg eN.T'e F/\tf(LO}%, <302,

U0, 1)) € T ATf(FO', (29:, €9, 1)) € T Arf(L15,,

(0:, , 1)) e T Atf(F1%, (0:,
{O: latchO = 0; flag0 = 0; latchl = 1; flagl
1: do {3} T
2:  do {ji}
3 r[] R10 latchO < L0} }
4: while (R10=0) {k;}
5.
6
7

w[] latchO O

: r[] RfO flagd {~» F0'} | 26:
: if (Rf0#0) then :
Se B (k- critical -sectiom ) --------7 M- 28¢----- C*-critical -section-*)-------

L 1)y er

=1;}

w[] latchl 0
r[] Rf1l flagl {~ F1%}

if (Rf1#£0) then cut
w[] flag0 O wll flagl 0
9: w[] flagl 1 [1 flag0 1
10: w[] latchl 1 30: w[] latchO 1
11: fi 31: fi
12:while true 32:while true
13: 33:
no prophecy beyond cut during execution
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50, 1)) € I ATf(FO", (291, log, 1)) € I' Atf(L15,,
(0:, ,, 1)) e T Atf(F1%, (9:, dg, 1)) €T

{0: latchO = 0; flag0 = 0; latchQ flagl = 1; }
: do {4} I : £}
¢ do {ji} 22: do

r[] R10 latchO v L0} }

1
2

3 23: [l R11 latchl {~ L1y }
4: while (R10=0) {k;}

5.

6

7

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

| 26+ =[1pRf1 flagl {~ F1°}

wll latchO 0
r[] Rf0 flagd {~= FO'}

if (Rf0#0) then 7: if (Rf17£0) then cut
EEL: SRR (x- critical -sectipff #) --------> Ko 28g----- (*-eritical -section-*)-------
w[] flag0 O wll flagl 0
9: w[] flagl 1 29: w[] flag0 1
10: w[] latchl 1 30: w[] latchO 1
11: fi 31: fi
12:while true 32:while true
13: 33:
no prophecy beyond cut during execution
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Secoms £ =(3i, ki, €, n0, 030, l29,110 EN . T € IV\tf(LOZi, (30:, Seomy = (T, ki, £, nz,€30,€29,i1q7i9 eN.TelA tf<LOL,L.,
ls0, 1)) € I' Atf(FO*, (291, £a9, 1)) € T Atf(L15,, (30:,€30,1)) € DATF(FO", (291, €29, 1)) € DATF(L15,,,
<1OZ, 110, 1>> S F/\‘Cf<F1£, <0:, - 1>> el <1O:7 i10, 1)) S F/\tf<F1Z, <9:v i9, 1>> el

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

1: do {3} 21f-do {£} 1: do {3} 21:do {{¢}
2 do {j:} 29: do {my} 2 do {j:} 22: do {mg}
3 r[] R10 latchO <o~ LO;i} 2 r[] Rlijlatchl {~ Llfne} 3 r[] R10 latchO <o~ LO;i} 23: r[] Rli latchl {~ Llfnz}
4: while (R10=0) {k;} while (R11=0) {n,} 4: while (R10=0) {k;} m;o) {n¢}
5: w[] latchO O wl[] latchl O 5: w[] latchO O | 25: w[l 1atchi 0
6: rl[] REO flagd {~» FO0'} 26: r[] Rfl flagl {~ F1¢} 6: rl[] RO flagd {~» FO0'} 1267 TI[I"Rf1 flagl {~ F1¢}
7: if (Rf0#0) then I if (Rf1£0) then cut 7: if (Rf0#0) then IN27: if (Rf13£0) then cut
=G k- eritical -sectioft ) --------7 Mo 28~ - - - (*-critical -section-*)------- “e G- Ox- eritical -sectigi) - - -7 Mo 28~ - - - (*-critical section-*)-------
w[]l flag0 O w[] flagl O w[]l flag0 O w[] flagl O
9: w[] flagl 1 wl] flag0 1 9: w[] flagl 1 29: wl[] flag0 1
10: w[] latchil 1 30: w[] latchO 1 10: w[] latchil 1 30: w[] latchO 1
11: fi 31: fi 11: fi 31: fi
12:while true 32:while true 12:while true 32:while true
13: 33: 13: 33:
no prophecy beyond cut during execution no prophecy beyond cut during execution
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Conclusion on mutual exclusion in cat

. . o ® A static condition to impose a dynamic condition:
® PostgreSQL is correct on architectures satisfying the

""'no prophecy beyond cut during execution” property

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

1: do {i} 21:do {(}
2:  do {j;} 22: do {mg}
H ' 3 r[] R10 latchO {~» LO;«;} 23: r[] R11 latchl {~» Llfnl}
4 while (R10=0) {k;} 24: while (R11=0) {n,}
5: wl[l latchO O 26: w[] latchl O
po 6: r[] Rf0 flag0 {~» FO'} 26: r[] Rf1 flagl {~ F1°}
<7: if (REf0#0) thg\ cut 27: if (Rf1#0) then

8: f[cut] 28+ f[cut]
(* critical section (* critical section *) po
w[] flag0 O w[] flagl O

9: wl] flagl 1 rf 29+—u[] flag0 1

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

11: fi 31: fi

12:while true 32:while true

13: 33:

enum fences = ’cut
instructions F[{’cut}]

® |ntuition on necessity: when waiting for a spinlock, you let cut = (tag2events(’cut) * taglevents(’cut)) & ext
. irreflexive rf; po; cut; po
should look at its current value, not at later ones!
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Prevents valid executions

o {0: latch0 = 0; flagd = 0; latchi = 1; flagl = 1; }

1: do {i} 21:do {£}

2 do {ji} 22: do {me}

3 (] R10 latchO {~ L0} } 23:  r[] Rl1 latchl {~ Llfni}

4:  while (R10=0) {ki} 24: while (R11=0) {n}

5:  wll latch0 0 25: w[] latchl 0

po 6: r[] REO flagd {~ FO'} 26: r[] Rfl flagl {~ F1‘}
<7: if (RE0#£0) ch!\ cut 27: if (Rf17£0) then

8: £ [cut] +— £ [cut]
(* critical sectidg *) ( critical section ¥) ) PO
wll flago 0 wll flagl 0

9: w(] flagl 1 29: __w[] flago 1

10:  wll latchl 1 rf 30:  wll latchO 1

11: fi 31: fi

12:while true 32:vhile true

13: 33:

[ ) {0: latchO = 0; flagd = 0; latchl = 1; flagl = 1; }

1: do {i} 21:do {f}

2:  do {ji} 22: do {my}

3 r[] R10 latch0 {~ LOj } 23: r[] R11 latchl {~ Llfw}

4:  while (R10=0) {k;} 24: while (R11=0) {n}

5:  wl] latcho O 25: w[] latchi 0

po 6: r[] REO flagd {~ FO'} 26: r[] Rfl flagl {~ F1°}
<7: if (RE07£0) nk\ cut 27: if (RE1£0) then

8: £lcut] - flcut]
(+ critical secteg *) (x critical section *) po
w(] flag0 O w[] flagl O

9: wll flagl 1 9: — wl] flag0 1

10:  wll lateht 1 rf 30:  wll latcho 1

11: fi 31: fi

12:while true 32:vhile true

13: 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:

o

w
. vrf (always last)
w
q.
- -
X rf (no prophecy)

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 I' of
verification conditions

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

® This execution satisfies the inductive invariant S.q({rf})

® To prove that this execution is impossible it is sufficient to
prove that Si,({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
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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

| I A @) |
“

I LV (3 1 1
“) I 1 v 1 1
(5 1 v 1 )

@

®)

©)
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(1) Both processes starve in spin loops

{0: latch0 = 0; flag0 = 0; latchl = 1; flagl = 1; } « let rf be the communication
1: {t 217 {t .
éor”@}} éor”fe}} for such a trace (encoded in
2:  {true} 22: {true} r
do {j:} v do {my} f) i
3: {true} ) || 23:  {true} * invariant false after both spin
r[] R10 latch0 {~ LOj } > r[] Rl 13:;1 {~ L1},,} loops
4: {R10 = L0j, A 24: {R11 =r1; A&, R . .
(rORI0}, ('] v r1RIO} [])} (ORI, (] Vetrntt, [,y SO Latehlin 23: can only be
while (R10=0) {k;} while (R11=0) {n,} read from initialization
. i . 13 .
8 | IrIRIOK [Pl } 25: {1IRIL [Tul} 98 —  *solatcht is | not0,a
wl] latchO O wl] latchl O - .
6: | {r1RI0} [I']} 26: {rIRI1, [T']} contradiction
r[] RfO flag0 {~» FO0'} r[] Rf1 flagl {~ F1¢}
7: | {r1RI10 [I's] A REO = FO' A 27:  {r1RI1% [[4] AREL =F1% A
(rORfO'[[] V r1RFO' D)) } (rORf1[T] V r1RFLAT]) }
if (R£070) then if (R£17£0) then
8: {r1RI0}, [['s] A r1RFO'[Trr] } 28: {rlRllfll [Dvf] A T1RF1S D]}
false (* critical section *¥) (* critical section *) false
— wl] flag0 0 wl] flagl 0 —
9: {r1RI0} [['s] A r1RFO[T]} 20:  {rlRIL} [D] A r1RFLDy]}
wl] flagl 1 wl] flag0 1
10: {r1RI0} [T's] A r1RFO'[Tee]} 30: {rlRllﬁ[ [Tu] A TIRFL[T]}
w[] latchi 1 w[] latchO 1
11: {r1RIO}, [T'] A r1RFO' [T} 31: {rlRllf‘é [Te] A r1RFL[Ty]}
fi fi
12: | {true} 32: {true}
hile true while true
13: {false} 33: {false} —
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(2) Both processes never enter their critical section

{0:{1atc}h0 = 0; flag0 = 0; latchi = 1; flagl{ = 1}; } « let rf be the communication
1: {true 21:{true .
do (i} do {0} for such a trace (encoded in
2:  {true} 22: {true} r
do {ji} do {me} )
3: {true} 23: {true}
[l R10 latch0 {~ L0’} r[] R11 latchl {~ L1fw}
4: {R10 = LOj, A 24: {R11 = L1/ A
(xORIO}, [T] V r1RIO], [Tf])} (rORllfﬂz [T] Vv rlRllfﬂz [Tu])}
while (R10=0) {k;} while (R11=0) {n¢}
5: {rIRIO} [I]} 25: {1'1R11£2 [T}
wl]l latchO O wll latchl O
6:  {riRI0; [I's]} 26: {r1RIL] [Tu]}
r[] RfO flag0 {~ FO0'} r[] Rf1 flagl {~ F1°}
7: {rmlo;j [T] AREO = FO! A 27:  {r1RI1% [Ty AREL =F1¢ A
(rORFO'[T] V r1RE0'[['f]) } (rORFLY D] V r1RFLY[Df]) }
if (Rf07#£0) then if (R£17#£0) then
8: {r1RI0}, [[] A r1RFO'[Ter] } 28: {rlRllf‘Z [Tvf] A 1R [D]}
(* critical section *) (* critical section *)
wl] flag0 0 wll flagl 0
9: {r1RI0} [['s] A r1IREO[Cre]} 29: {r1RIL}, [D] A r1REL D]}
w[] flagl 1 w[] flag0 1
10: {r1RIO}, [['f] A r1REO' D]} 30:  {rlRIL} [I] A r1RFLADy]}
w[l latcht 1 wl] latcho 1
11: {r1RI0}, [['] A rIRFO ]} 31: {rlRllﬁl [Tvf] A 1R [D]}
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; flag0 = 0; latchl = 1; flagl = 1; } « let rf be the communication
1: {t 21:{ti R
ior“{ei}} ﬁor“{eg} for such a trace (encoded in
2:  {true} 22: {true} r
do {j:} do {my} oo
3: {true} 23:  {true} « the invariant inside critical
i £ .
r[] R10 ljatcho {~ LO]L} r[] R11 latchl {~» lef} sections must be false
4: {R10 = LOj, A 24: {R11 = L1/ A
(xORIO0}, [T] V r1RIO}, [Tf])} (roRufnz [T] Vv rlRllfw [T])}
while (R10=0) {k;} while (R11=0) {n¢}
5: {rIRIO} [Is]} 25: {rlRllf,e [T}
wl]l latchO O wll latchl O
6:  {rIRI0; [I's]} 26: {rlRllﬁ[ [T}
r[] RfO flag0 {~ FO0'} r[] Rf1 flagl {~ F1¢}
7: {rmlo;j [T] AREO = FO! A 27:  {r1RI1% [Ty AREL =F1¢ A
(rORFO'[T] V r1RE0'[['f]) } (rORFL D] V r1RFLY D))}
if (Rf07#£0) then if (Rf17#£0) then
8: {r1RI0}, [[] A r1REO'[Ter]} 28: {rlRllf‘Z [Dvf] A TIRFLE[Dyf] F
(* critical section *) (* critical section *)
wll flag0 0 wll flagl 0
9: {r1RI0} [['s] A r1IREO[Cie]} 29: {r1RIL}, [D] A r1REL D]}
false | w[] flagl 1 w(] flag0d 1 false
10: | {r1RIO}, [['f] A r1REO' D]} 30:  {rlRIL} [I] A r1RFLDy]}
w(] latchl 1 wll latchO 1
11: {r1RI0} [T's] A r1RfO'[Tre]} 31: {r1R11f;/Z [Tvf] A T1RE1 [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: latch0 = 0; flag0 = 0; latchl = 1; flagl = 1; }

1: {true} 21: {true}
do {i} do {¢}
2:  {true} 22:  {true}
do {ji} do {m¢}
3: {true} 23: {true}
[l R10 latcho {~ LOj } [l Rl1 latchi {~ L1}, }
4: {R10 = L0}, A 24: {R11 =117 A
(rORIO}, [T] V r1RIO], [Tr])} (rORllf“[ D] Vv rlRllf“[ [C])}
while (R10=0) {k;} while (R11=0) {ng}
5:  {rlRIOL [} 25: {rlRllf,[ [Cul}
wll latcho 0 wll latchi 0
6:  {riRI0} [} 26: {rlHllf‘[ [Cwl}
r(] RfO flag0 {~ FO0'} r[] Rf1 flagl {~ F1¢}
7: {rIRI0j [T'] A REO = FO' A 27:  {rlRI1} [['s] ARE1=F1A
(rORFO[[yf] V kRO ) } (FORFLY[Ty] V sRAEHE) }
if (Rf070) then if (Rf17£0) then
8: {r1RI0L D] A r1REO'[I]} 28: {r1RIL} [D] A r1REL ] f
(* critical section *) (* critical section *)
w[]l flag0d O w[]l flagl O
9: {r1RI0}  [['s] A r1RFO[T]} 20:  {rlRIL} [D] A r1RFLDy]}
false | w[] flagl 1 wl] flag0 1 false
10: {r1RI0}, [['4] A rIREO[T]} 30: {rlRllﬁl [Tu] A TIRFL[T]}
wll latchl 1 wl] latchO 1
11: {r1RI0L '] A r1RfO' [} 31: {rlRllf‘Z [Tvf] A T1RE1[Dy]
£i ' £i
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
rrf)

« the invariant inside critical
sections must be false

* tests (Rf0=0) and (Rf1=0)
must be false (written 0e¢)
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(2) Both processes never enter their critical section

{0: latch0 = 0; flag0 = 0; latchl =
1: {true}

do {i}
2:  {true}
do {ji}
3: {true}
[l R10 latchO {~{ L0} }
4: {R10 = L0}, A

(ORI0} [T] v 11

while (R10=0) {k;}

5:  {rlRIO} [}
w[] latchO O

6: {rlHlOLi [Te
r[] Rf0O flag

7 {anOLj [Cef] :
(ORFO [Tyf] VRO )

if (R£0#0) then

8: {r1RI0L [['f] A r1REO'[[]}
(* critical section
wl] flag0 0
9: {r1RI0}, [Tws] A r1REO'[T¢]}
false | w[] flagl 1

10: {rlRloLi [Tu] A T1REO'[Tf] }
wll latchl 1
11: {r1RI10}_ [I's] A r1RfO'[T¢]}
£i '
12:  {true}
while true
13: {false}

1; flagl = 1; }

while (R11=0) {ng}
25: {rRIL} [Tw]}

w[] latchl 0
26 {rlRIL} [Tw]}

r[] Rf1 flagl {~ F1°}
T2 0] AREL = F14 A
(rORflg[F,f] V eRAE ) }
if (Rf17#£0) then
(rlRllf][ D] A T1RF1S[Dyf] f
(* critical section *)
wl] flagl 0
20:  {rlRIL} [D] A r1RFLDy]}

wl] flag0 1

30: {rlRll,{l [Tu] A TIRFL[T]}
wll latchO 1

31: {;-1R11f‘£ [Tvf] A T1RF1S[Dy]

27:

fi
32: {true}
while true
33: {false}
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21:{true}

do {¢}
22: {true}

do {m¢}
23: {true}
[l Rl1 latehi {~ L1}, }
24: {Rl11 =11 A
(rORI1Y, [Ty] Vv rlRllf“[ T}

false

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

« the invariant inside critical
sections must be false

* tests (Rf0=0) and (Rf1=0)
must be false (written 00¢)

¢ so read of Rf0 and Rf1 is 0
from a reachable write
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(2) Both processes never enter their critical section

{0: latch0 = 0; flag0 = 0; latchl =
1: {true}

do {i}
2:  {true}
a0 () v
3: {true}
[l R10 latch0 {~{ L0’}
4: {R10 = LOj, A

(xORIO}, [T] V 11

while (R10=0) {k;}

5: {xIRI0} [T}
w(] 1a1;ch0 0

6:  {rlRIO [I's

7: {rmlo;j [Te] AREO=
(rORO [Tyf] V bRAGER] )

if (Rf07#0) then
8: {r1RIO} [['s] A r1REO'[[]}

(* critical section
wl] flag0 0
9: {r1RI0} [['s] A r1IREO[Cre]}
false| W01 flagl 1 )
10 | {r1RI0L [T's] A r1RO'[T']}
wll latchi 1
11: {rlRloLi [Te] A r1RFON D)}
£i
12:  {true}
while true
13: {false}

1; flagl = 1;

21: {true}
do {¢}
22:  {true}
do {m}
23: {true}
rl] Rl1 latchi {~ L1j,}
24:  {R11 =11/ A
(1ORI1,, [T] VbR R }
while (R11=0) {ng}
25:  {eHRHARY]}
w[] latchl 0
26 {slRUA]}
r[] Rf1 flagl {~ F1°}
27: 1,,5 D] AREL = F14 A
: ]V sREE ) }
if (R£17#£0) then
28:\  {r1RI1Y [y] A r1Rf[Dy]}

29:

30:

31:

32:

ng
(* critical section *)

wll flagl 0

{r1RIL}, [D] A r1REL D]}
wl] flago 1

{r1RIL], [D] A TIRELY D]}
wl]l latchO 1

{r1RI11Y [Ty] A r1RFL[T]

false

ny

fi
{true}
while true

33: {false}
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« let rf be the communication
for such a trace (encoded in
rrf)

the invariant inside critical
sections must be false

tests (R£0=0) and (Rf1=0)
must be false (written s0e¢)
so read of Rf0 and Rf1 is 0
from a reachable write
impossible for Rf1 so loop 23
—24 is never exited

= we are in case (3), Pl
stuck in spin loop
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(3) Process P1 stuck in spin loop (ho hypothesis on P0)

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

do {i}
2:  {true}
do {ji}
3: {true}
[l R10 latcho {~ L0} }
4: {R10 = L0}, A

(xORIO0}, [T] V r1RIO}, [Tf])}
while (R10=0) {k;}
5: {x-mlo;i [T]}
w[] latchO O
6:  {riRIO} [}
r[] Rf0 flagd {~ FO'}
7: {z-mlo;i [T] AREO = FO' A
(rORfO'[T] V r1RFO' ) }
if (Rf07#0) then

8: {r1RI0} [['f] A r1RfO'[T]}
(* critical section *)
wll flag0 0

9: {r1RI0} [['f] A r1RfO'[Tf]}

wll flagl 1

10: {r1RI0L [[¢] A r1RfO'[[]}
wll latchi 1

11: {rlRlo;i [Te] A r1RFO D)}

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

1; flagl = 1;

21: {true}
do {¢}
22:  {true}
do {m}
23: {true}
rl] Rl1 latchl {~ L1j, }
24:  {R11 =11/ A
(xORIE, [Tyf] v/

while (R11=0) {ng}
25: {rlRllﬁZ [T}
w[] latchl O
26: {rRIL} [Tw]}
r[] Rf1 flagl {~ F1¢}
27:  {r1RI1% [Ty AREL =F1¢ A
(rORFL D] V r1RFLY D))}
if (Rf17#£0) then
28: {rlRllf‘Z [Tvf] A T1RF1S D]}
(* critical section *)
wll flagl 0
29: {r1RIL}, [D] A r1REL D]}
wl] flago 1
30:  {rlRIL} [I] A r1RFLDy]}
wll latchO 1
3t:  {rlRIL},
fi
32: {true}
while true
33:{false}
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[Tv] A 1R [D]}

alse

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

« the invariant after 25: must be
false

* read of latch1l in 23: must be
a0

* only possibility if from 25:

¢ A contradiction since 25: is
unreachable
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(4) Process PO starves in spin loop, no hypothesis on P1

{0: latch0 = 0; flag0 = O; latchi = 1; flagl = 1; } * let rf be the communication

1: {true} 21: {true} .
do (i} do {0} for such a trace (encoded in
2:  {true} 22:  {true}
do {ji} do {my} rrf) i .
3: {true} ) 23:  {true} * the invariant after 5: must be
[l R10 latcho {~ LOj } r[] Rl1 latchi {~ L1} false so PO never enters its
24: {R11 = L1’ A . .
¢ critical section

<

(rORI1Y, [Ty] V riRILL (D))}

m, m,

while (R11=0) {n,} read of 1atchO in 3: must be
25 {rIRIL, D]} a 0, with 2 possibilities
w[] latchl 0 .
6: {rIRIL’ [Tu]} cannot be from write at 5:
] Rf1£f1ag1 {~ F17} which is unreachable
{r1RIL} [['yf] AREL = F1 A so is from initial write O:
but PI enters its critical
section (otherwise see case |)

4: {R10 = L0j,’A
(rORI0} [f'¢]
while (R1050) {k;}

5: [ {r1RI0} [['f}
w[] latchO O
6: | {riRI0} [}
r[] Rf0 flag0 {~~ FO0'}
7 {rlRlULi [T AREO = FO' A
(rORFO'[I'] V r1REO'[T']) }
if (Rf0#£0) then

{r1RI0} [['s] A r1RE0[Ce]}

(rORf1*[Ty] V r1RFLAT]) }
if (Rf17£0) then
{r1RI1¢ [['] A r1Rf1°[Dy]}

ny

false: ird ; o .
— (* critical section *) (* critical section *) . i
w[]l flag0d O w[]l flagl O sow[] latchO 1 will be
9:|  {rLRIO} [I'] A r1RfO'[I'¢]} {r1RIL] [[] A TIRFLY (D]} executed later in co order
w[] flagl 1 w[] flag0d 1

soall 3:r[] R10 latchO are
fr to all 30: w[] latch0 1

10 {rlRlOLl [Te] A r1RFO D)}
w[] latchi 1

{r1RILE, (D] A TIREL D]}
wll latchO 1

11 {r1RI0L '] A r1RfO' [} 31: {rlRllf‘é [Tvf] A T1RELY D]} i T
£i ! £i * by fairness of communications,
12{ {true} 32: {true} this write of | to latchO will
mlle true while true
13:{false} 33: {false} eventually be read at 3:

in contradiction with always
reading 0
g 65
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(4) Process PO starves in spin loop, P1 does not

0:w latchO O

co

rf

3:r latch0 O
po-loc

ces s

3:r latchO O

3:r latch0 O
po-loc

3:r latchO

ceoc s

\

fre

30w lat

po-loc
latchO |

One or more writes of | co-after
the initial write of 0 to latchO must
eventually be read by one of the
infinitely many reads of latchO
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Communication fairness hypothesise

® 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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(5) Process P1 never enters its CS

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

1: {true} 21: {true}
do {i} do {¢}
2 {true} 22:  {true}
do {ji} do {m}
3 {true} 23 {true} .
[l R10 latchO {~ L0} } I r[] R1{ latchl {~ L1fw}
4: {R10 = L0}, A 24: {rR11 =£1¢ A

(xORIO0}, [T] V r1RIO}, [Tf])}
while (R10=0) {k;}
5 {rIRI0} [T}
w[] latchO O
6:  {riRIO} [}
r[] Rf0 flagd {~ FO'}
7: {rlR]OLj [T] AREO = FO' A
(rORfO'[T] V r1RFO' ) }
if (Rf07£0) then

8: {r1RI0} [['f] A r1REO'[T]}
(* critical section *)
wll flag0 0

9: {r1RI0} [['f] A r1Rf0O!
wll flagl 1

10: {r1RI10L [Ty] A p#RI0 D]}
wll latchi 1

11: {rlRlOLi [Te] A r1RFO D)}

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

28:

29:

30:

31:

32:

4
g D] V FIRILG, (D))}

=
=~
<
=
—
.

H
)
e
w 2
=
oo
£
2
poa
L=
R =
!
a
~
5
o

(rORFLY[Dy] v 1R D)) }
if (Rf17#£0) then
{r1RIL], [D] A 1B [Dy]
(% critical secpfon *)
wll flagl 0 rf
(r1RILE [0g] A riRA [} [false
wl] flago 1
{r1RIL] [D] A TIRFLY D]}
w[] latchO 1
{r1R11,{l [Tu] A rIRFL[Te]}
fi
{true}
while true

33:{false}
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let rf be the communication
for such a trace (encoded in
rrf)

P1 exits loop 23:-24: (else see
cases (l) 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
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(5) Process PO leaves spin loop but always fails entering its CS (6) Both processes eventually starve in spin loop

ig:{%icec}ho = 0; flagd = 0; latchl = 1; flze;gi{ttu;; 1 o .{0: w latcho 0; w latchl 1; * let rf be the communication
do {i} do {£} * let rf be the communication for g w flagd 0; w flagl 1;} for such a trace (encoded in
20 (I} . 22: {true} i S
do {ji} KX do {m} such a trace (.encoded in T') 3: r R10 latchO 1 23: r R11 latchl 1 M)
3 {true} W 23:  {true} * loop 2:—4: exited : : « so 1atchO is always 0 and
fences , ¥l R10 latc L05.} r[) R11 latchi {~ L1f, } « read of R10 = | at 3:is from 30: 5: w latchO 0 25: w latchl 0 y!
( 1ot . _ = : - 6: 1 RfO flagO\1 26/ r Rf1 flagi\1 latchi is al 0
4: {R10 =10}, A N 24: {R11 =11 A X . X . R tlag tlagl\d atchl is always
(ORI, (1] M| TN, 1)} (t0RILY,, [T\] v riRILY, [r))) * invariant false in critical section 8: ( critical 2 (x Crl::lcal sction ) 0 tchOin 23 is always
while (R10=0) {H;} while (R11=0) {n,} 8—11: w flag0d 0 w flacl 0 4 25
. i . ) . 25: 9 read from 25:
5: [ {r1RIOy, [Tu]} 25: {riRIL,, [T]} * read of Rf0 = 0 at 6é:is from O: f [bar] {26:} k
wl] latcho O wl] latchi 0 (8 habl ) w flagl 1 29: w rlagy 1 K e so10: w latchl 1 was co-
{r1RIO ']} :not reachable flbar] {5:} {10:)\ CO ) .
before (since otherwise b
f[fdep] {3} {6} . : w latchl 1 30: w latchO 1 ( .. 4 .
6: \ {r1RI0} [T]} 26: {rIRIY, [Ty]} withco L 3 the communication hypothesis
r(] R0 flag0 ' rll Rl flagt (= F1'} let 1‘feﬂcjieléﬁ<‘)*;)_ ptronta(s) r R10 latchO 1 23: r R11 latcht 1 | P27 % it would be eventually read)
7: (rlRlOkJ [Cw] AREO =F Z: {r1RI1, [y] ARf1 .:ZFI A po&(_ ;po)&fromto W latchO 0 25: w latchl O ... L. and 3: R10 latchO Ois
(rORfO'[Df] V r1RFO'[T']) } y (rORf1°[Dy] V r1IRf1[D]) } let Fdep = F & tag2events('fdep) © RO flag0 1 26: T Rfl flagl 1 - .
if (R£070) then ‘if (Rf170) then o g : € from 0:or 5:
- {r1RI0, [D] A r1REO D]} Y £r1RIL. (D] A TLRELCD ]} let deps = 1-fencerel(Fdep) & (R*_) (* critical sec 28: (* critical se¢tionx) : :
8: r1RI10 [T'¢] A r1RO'[T r1RIL, [Tw] A o _ : ", H . B
(* critical section *) (* crit{cal section *) let Flw = F & tag?events('flw) w flagO 0 w flagl 0 ) * 50 30: w latchO 1isco-
\ -1 . .
wl] £lag0 0 v \ Wl flagi 0 . let flw = 1-fencerel (Flw) flbar] {25:} {29:} before them (since otherwise
9: {rIRIO}, [[] A r1REO ]} * {(1IRILL [Tq] ATIRACC]}  let fences = deps | flw w flagl 1 X: w flag0 1 by the communication
wll flagl 1 wil flag0 1 let fre = (rf"-1;co) & ext £lbar] {5:}/{10:} 4 L
10: | {r1RI0} [I'¢] A r1REO'[['¢]} {r1RILL, [D] AT irreflexive fre:fences;rfe;fences 10: w latchl 1 30Ny 1latcho 1 hypothesis it would be
£[f1w] {29} {30} ) d
false 30:  \{riRI1% [[y] A r1RE14[D e e eventually read)
: np 0ot r 3. : i i
W[ latehi 1 el lateno 1 fences InTSO there is no need for “743: T R10 latchO O 23: r R11 latchl Op* * impossible by fences
: i i : ¢ e - 3: r R10 latchO 0 23: r R11 latchi 0 . irreflexi -bar: co: b
11: {rIRI0} [I'¢] A r1REO' [T} 31 {rIRIL, [Tu] A rIRACD4]} a fence since it is MP For irreflexive co; bar; co; bar
fi fi .
12: {true} 32: {true} weaker than PSO, a fence is
vhile true while true needed.
13: {false} 33:{false}
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(7) Eventually, PO starves in spin loop, P1 never enters its CS | | (8) Eventually, P1 starves in spin loop, PO never enters its CS

* P1 does not eventually

{0:,; w latchO 0; w latchl 1; starves in spin loop
+ w flag0 O; w flagl 1; A
1 o E s } lésst (otherwise case 6)
3/ r R10 latchO 1 . r R11 latcht 1T enge * €35€ P1 eventually never
;[ w latchO 0 25: w latchl O ance  starves and never enters its
r Rf0 flag0 1 26: r Rfl flagl 1 critical section
(* critical section *) 28: (x critical sedtion *) , P1 then does a last write of
w flag0 0 w[] flagl 0
Process . w flagl 1 29: wl] flag0 1 /l to latchO
PO : w latchl 1 30 wl[] latchO 1 * PO eventually makes
enters & P .
exits CS r R10 latchO 1 23: r R11 latchl 1 infinitely many reads of symmetric of (7)
multiple w latchO 0 25: w latchl 0 latchO o .
- T Rf0 flagO 1 26: r Rf1l flagl 0 * A contradiction (since
times (* critical section *) e e otherwise b)’ the
: gzg? (1) 32’ :] Eidll?tghl ! communication hypothesis,
s w 1at§h1 1 26: r Rf1l flagl 0O this | would be eventually
read)
then,
never j r R10 latchO 0
exits r R10 latchO O
the r R10 latchO 0
waiting
loop
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(9) PO and P1 always leave spin loop and never enter their CS

{0: w[l latchO 0;

wll flag0 0;
3: r[] R10 latchO 1 23:
5: w([] latchO 0 25:
6: r[] RfO flag0 1 26:
8: (% critical section *) 28:
wll flag0d O

9: w[l flagl 1
10: w[] latchi 1
r R10 latchO 1

w[] latchO O

r[] RfO flagO 1 o
(% critical section *)

w[] flag0 O / :
9: w[] flagl 1 29:

10: w[] latchl 1 rf -
3: r[l R10 latchO 1 23:
5: wl[l latchO O 25:
6: r[] RfO flag0 O 26:
3: r[l R10 latchO 1 23:
5: w([] latchO 0 25:
6: r[l RfO flagO O 26:
3: r[] R10 latchO 1 23:
5: w([] latch0O O 25:

6: r[] RfO flagO O 26:

Proof of mutual exclusion and non-starvation of a program: Postgre!

: w[l flag0 1

w[] latchl 1;
w[l flagl 1;}
r[] R11 latchl 1
wl] latchl O
r(] Rf1 flagl 1
(% critical section *)
wll flagl O

r[] R11 latchl 1
w[] latchl O
r[] Rf1 flagl O
r[] R11 latchl 1
w[] latchl 0
r[] Rf1 flagl O
r(] R11 latchl 1
w[] latchl 0
r(] Rf1 flagl O

SQL Dagstuhl Seminar 16471,20-25 Novem ber 2016

* 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
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Conclusion

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

® |nvariance fo

rm: Scom

® Consistency form: Heom (e.g.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 design methodology

|. Design the algorithm A and its specification S, (e.g.in

the sequential consistency model of parallelism)
2. 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 Sj,,

4. Do the invariance proof under WCM with Scom

Infer Heom (in cat) from invariant Scom

6. Prove that the machine memory model M in cat implies

Hcm
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Challenges Thanks

® Modern machines have complex memory models ® Patrick Cousot thanks Luc Maranget for his precious help

. , , at Dagstuhl on the non-starvation part.
= 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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The End, Thank You
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