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A Formal Specification of
a Release Consistency Model and Its Implementation

SHIRO TAKATA, 12 KENJI TAGUCHI, % KAZUKI JORt**
and AKIRA FUKUDA 1

We study on the formal specification and verification of the memory consistency models and
their implementations that define the behavior of multiple memory accesses on distributed
shared memory systems, using a formal method that combines the % notation and value-
passing CCS. Memory consistency models can be classified into two groups. One group
includes systems which constrain memory accesses by specifying various program orders of
write and read operations. The other includes systems which constrain memory accesses by
programmers specifying how and when synchronization of write and read operations should
be made. In a separate paper, we applied this formal method to formally specify and verify
“Causal Memory Consistency Model” that is a representative of the former group mentioned
above. We showed in the paper that this formal method is feasible enough for the formal spec-
ification and verificaticn of that type of memory consistency model. In this paper, we apply
the same formal method to formally specify and verify “Release Consistency Model” that is
a representative of the latter group. We conclude that this formal method is feasible enough
for the formal specification and verification of both types of memory consistency models.
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A =, AVT@9%S 4, ooz
* 2 — OutQueue; & InQueue;, VTELY HEFRME
ConfirmF;, FATRIE L;, BLU, % EE AL, ©

R e R~ DB R R L T, RABAE ) O

¥R,
UM N L 2 B D R TR & L7,
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BRETH] S5 7o,

BT, V) =R XEYVAFLADOERREE,

BEELER, BLY, MErEshd s,
[M, A, Val, Syn]

write_tuple == Ny x (N; U{T})
xN1 x M x Val
confirmed_process == Ny -» seqN;
Bool == {true, false}
MozOutQueue, MazinQueue : Ny
MazSerial, MazLocalHis : N,
update_confirmation : confirmed_process
-+ {confirmed_process x Bool)
K70 ER P d, LWFTOREBRAF—< 5 2L,
BIEAF —< InitP; THHMLSN .

e 83

pn; 2 Ny

M;: M - (ValU {1})

% SynU{Ll}

ti N

OutQueue; : seq write_tuple
InQueue; : seq write_tuple
ConfirmF; : confirmed_process
L;:seqA

S; 1seq A

# OutQueue; < MazOutQueuve
H#InQueue; < MazinQueue
#L; < MazLocalHis
#5; < MaxzSerial

— InitP;
5

o7 Ny

pni = pni?

M} =Xz : Mol
z =1

;=0

OutQueue, = ()
InQueue] = ()
ConfirmF} = ()
Li =)

5=

E7 UL P i, Bibs 5 ATHE = b loc; %L
TBEEILTFL A o? ¥ BTWA L, DTFOBRAER
¥ —7 Read; #FATLCH—H I AEY Mi(2?) D

DY e QWYY AT Y

o & 7O EEGDE 7

B ol 2RET L. £/, EFBRE L & BRETY)

SO =N a7 r(z?,0l) ZBMNT 5.
__Read; -

As;

z?: M

v!: Value

vl = M;z?

pni = pn;

M = M;

2 =z

tf =1

OutQueue, = OutQueue;
InQueue; = InQueue;
ConfirmF] = ConfirmF;
L= Li ~ (ri(z?, )

51 =8 ~ (ri(z?,v1)

ET70v R P id, BikT AANE— b heap; %
HBLTRE,LS 7 F LR o7 L 07 2S0WB &,
T OBIERF — < Write; #5470 T — AL AE
U Mi(e?) DEZE ? ICEHT A, Fi2, BIjFa—
OutQueuve; IZHFT XA vt~ (RET UL AES pﬁia
REATOL2AES T, AT @5ES t1,27,07) 238
e s, i, #E7OEABEY T (LR) Lz
DTULA%RRT. T, ®TOXFTHESIE, 87
DEARDA L 7 ES ¢ TRITES, £2°T,
ANTWHES  EHEW, EEALAEH Ay -
VEBESTELT O AN 0 ABBF ERE T
% ZATH) FERB ConfirmPF; DAL T &4 EE ¢!
W3F B EE () WCHIEMET 5.

—_ Write;
As;
z?: M
v?: Value
prl = o
M) = M; ® {27 — v?}
z =2
tH=t+1
OutQueue, =
OutQueue; ~ {(pni, T,1],27,v7))
InQueue! = mQueue;
ConfirmF] = ConfirmF; & {t{ — ()}
L= Ly ~ {w;(z?,07))
Si =8 ~ {wi(z?;v7))




8 RIS
FIRRIC, SEATRREE L & BREFTY] S ICA 7 dy

FDTN) w(z?,v?) BBINT S,

KO ER P i3, UTOBEAS— < Send; %8
BRATLC, HIF 2 — OutQueue; MO ELIERE,
BIRT B pipe; % BL THOETOT T & A FHE
E¥ 5.

__Send;
A31‘

message! : write_tuple

Outqueue; # {)
pni = pn;
M = M;
2l =2z
U=t
message! = head OutQueue;
OutQueue, = tail OutQueue;
InQueue! = InQueue;
ConfirmF| = ConfirmF;
L’i =I;
S =5,

7Ot R P id, %ikT 5 pipe; EL THEE
BN ATVEHFOERT ZTED L, DLToRER
¥ — Receive; #RATT 5. Receive; 1, ZITH -
AT EHFOFORET T AFEEY T (LR) F
7 akR P, HEEOEOAK, 20O XE) BHE
HEATF 2 — InQueue; |ZBINT 5.
__ Receive;
As;

message? : write_tuple

(srej, tary, tj, zj, vj) + write_tuple

) I °
(srej, tary, tj, zj, v;) = message’

tar; = T V tar; = pn;

/

pn; = P
!

M| = M,

z: = Z;

t=1

OutQueue, = OutQueue;

InQueue! = InQueue; ~ (message?)
ConfirmF! = ConfirmF;

L =L

S/ =5;

£70k R P L, UTOREAF—~< Apply; %
BEEFATL C, InQueue; I SNIEIH A v —

SEOCER Dec. 1999

VORHPLRET AL AFFH T (LR) OFEHF v

=V ERBRLT, =W AEYIZBRRE S5,

/2, CORETOEAFES sre; DT HEAIZA L
TERAEEABERA Y b=V E R D0, BER

AEIF A - % OutQueue; (ZEBINT A,

— Apply;

As;

(srej, tary,

ti, x;, v5) : write_tuple

InQueue; # ()
pn; = pn;
(srej, tary, tj, zj, v;) = head InQueue;
tar; =T
M =M, & {z; — v}
2l =z
=t
OutQueue, =
OutQueue; —~ {(pni, srej, &, 77, v;))
InQueue, = tail InQueue;
ConfirmF] = ConfirmF;
L =L
St =8 ~ (peri(w; (g, v;)))

KX Pk, Bk TAATIR— N syn_o; %
L CHREDS ]_]E(ﬁ’ﬁif( 2?7 BRI L L, BERAE —
¥ Acq FFEITLTC, 22Xl F a0V X

7iavIiZAL. ERC, EATRE L L BRETY
S; RSSO TN acq;(27) ZBINT 5.
_ Acq;

As;

z?: Syn

pni = pmi

M = M,

2l =27

tl{ =1

OutQueue! = OutQueue;
InQueue! == InQueue;
ConfirmF] = ConfirmF;
Ly = Li ~ (acqi(27))
S) = 8 ~ {acg:(27))

BT OXR Pk, BT AATIE—b syn_r; %1
LCHREPOFEEE 2?7 22T &, BIEAL—
~ Rel; #RBATL T, 27 IR 2B X ARTEH A v
L=V ERMOETOT T L A0 %I D EP R
5, P id, £9, InQueue; 5 BOFICRKIES
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AAEF AL -VERIRTLE, TORAvE—VF
FEPOHRT 5. RIT, BEH AL -JVWNOA T &y
FHEF 4 KBTS ConfirmF; DIEICEH A v b —
VADT Uk RFEE sre; RN 72 ConfirmF; % A
& U TR update_confirmation % ET34 4. B
update_confirmation &, FIDBEFZD T T & AEEF|
W, MOETHOT UL AFEFHFHF UL, ZOALThH
FEGET O ABEETNON % ConfirmF; H 5 Ik
T5. 36T, wupdate_confirmation 1%, ConfirmF,
) WKhoTwiE, 4E TS atA P SRS
Lt*f@1b7mvkﬁ¢5m@Af®/nkx#
LOEHF A -V R PR SN0

update! I true &, %9 TRITIUL, false &;@TE@
BThsb., ZOBEORBIL, REHLTIIERT 5.
KIZ, P, update! DY true ORI, FEEEHE L

WCHEME L, SEATRIE L & BRE S 1B
BD TN rely(27) ZBINT 5.
— Rel;
Asi

(sre;, tary, 4, j, v;) : write_tuple
2?7 : Syn
update! : Bool

InQueue; # ()
(srej, tary, tj, i, v;) = head InQueue;
tar; = pn;
InQueue, = tail InQueue;
pni = pn;
M! = M;
zl = 27
i‘,{ =1
OutQueue, = OutQueue;
(ConfirmF], update!) =
update_confirmation(
ConfirmF;®
{t; = (Confirm; t; ~ (src;))})
update! = true = z =1
A L= L; ~ {rel;(27))
A S = 8 —~ (rel;(27))
update! = false = 2] = z
/\LIZ'ZL,'/\S::Si

4.3 JU—X - ATYDIEITHDEDR

KEFTCIL, value-passing CCS % FiV T, RM @
WEATHEB LRI BT 2 BREREERZ 1T 5.

KA P, ABIIR-1FELT,

Y —R e 2y ATy o 7 VOEREREIR 9

Pi : {id;, loc;, val;, heap;, pipe;, pipe;,
syn_ai, acq, rel;, syn_ri, confirm;}
RO, ATR=D id 13, SO AEESEENS
ANT 5.

TN (2?,00) 1, LTFORT G40 —F &4T
HY, AAR—=1 loc; # ML THENST FL A 57
ZRTIY, BEAX —~ Read; ¥ ETL 78, T—
K XEY Mi(z?) O o) % HHHE— T val, %L
TREBICHENT 5.

ri(2?, v1) = loci(z?). Read;. val; (v!)

TV wi(2?,07) 1, WTORTG% X7 &%
THY, AR~ heap; BLTEENLTFL 2
z? EAE v? ZRITEY, BIEAF —< Write; % £4T
T 5.

wi(x?,v7?) = heap; (27, v7). Write;

TNV broadcast;(messagel) 1&, LT DR 4 7
FSEEGHTH Y, BIEAT —< Send; & EI714,
pipe; AN DWTIHR — + pipe; ZBL THIOLETHT
O AL @ET 2.

broadcast;(message!) = Send;.

piper (message!). - - .pipe; 1 (message!).
pipei;1(message!). - - - .pipe, (message!)

TNV receive;(message?) VX, AT ORI 437% 24
mETHY, AJJE—T pipe; %, LEEOFHGEE
broadcast;(messagel) DMII A% — < pipe; & DFEIE
ZBL T message? % FITWS. COS TlE, 20k
)R FHEE%, 2.3 8D Concurrent Composi-
tion (2) ZHVWTRRT S, Z0%, BEAx—~
Recetve; & EITT 5.

receive; (message?) = pipe;(message?). Receive;

TN acq(27) W, NTOREIEE 27 2 FOR

W LEBGSTHYH, AJIR—1 syn_a; BLT
BREDS 27 22 TRY, BIEAF —< Acq % EF

B, RIE, BT HETT 4 Sem 25 AHE—F
acg LT 27 RITEY, 22 120Gl )74
ANV s a il AB,

acgi(2?) = syn_a;(27). Acg;.acq(2?).

TN reli(27) 1, DT OREAEE 2?7 # o7
DHBESFTHY, ATIR=1b syn_r; ZBL TH
S 2? LY, -V b check;(27) %2
Bia. #LC, ANR—N confirm; %@L THfE
AF =< Rel; 5 update! TSTHY, 27 1231

)T A RN T Y a OB AR EIR
T B ETRBLRERERY BT, BTHZEE, B
K=+ rel ZBLTEY T4 Sem 12 27 %%, 27



10 TEHRALIE P 3RS Dec. 1999
e ™
(RM, s0)
weyn—o1(z) ((Semy | Sem, | Acgr.acq(z).Py | P2)\ L, sb)
degy ((Semy, | Geg(z).rel(z).Sems | acq(z).P; | P2)\ L, )
. ((Semy | rel(z).Sem, | wi(z?,v?).P1 | P2)\ L, s})
v (m11) ((Semy | rel(z).Sem, | broadcasty (message!).P1 | P2) \ L, s3)
broadeasty ({£,1,T,1,21,1)) ((Semy | rel(z).Sem, | Py | receives(message?).Ps)\ L, s)
receivez ((2,1,T,1,21,1)) ((Semy | rel(z).Sem; | P1 | Applys.P2) \ L, sL)
Arplyz ((Semy | rel(z).Sem; | receive; (message?).P1 | Po)\ L, 5§)
recever (G2 La D) (gom | rel(z).Sems | reh(27).Py | Pa)\ L, sb)
syn—r1(%) ((Semy | rel(z).Sem, | checki(2).7el(2). Py | P2)\ L, sh)
hecaf®) (Semy | rel(z).Sems | 7el(z).P1 | P2)\ L, sb)
SN ((Semy | Sem. | Py | acqa(27).P2)\ L, s10)
sym—az(2) ((Semy | Sem, | Py | Acgz.acq(z).P2)\ L, s!,)
o ((Semy | Teq(z).rel(z).Sem. | Py | acq(z).P2)\ L, i)
= ((Semy | rel(z).Sem; | P | P2)\ L, si3)
\o S

B2 VU—2Z- 2% QR
Fig. 2 Example of RM transitions

B L2 F 4N ks arpblib,
reli(2?) = syn_ri(27?).checki(27).rel(27)
checki(27) f Rel;.confirm; (update!).
((if  update! = true then 0) +

(if  update! = false then
receive; (message?).check;(27)))

DLog#Hicky, UTOT0ER P PEHE
ns.

p acq;(27). P +
ri(z?,v!).P; +
w;(z?,v?). P; +
broadcast; (message!). P; +
receive; (message?).P; +
Apply; . P; +
rel;(27).P;
S 0eA Pd, BT 7 2 TRATRAS.
BL, AMERDES Syn = {a, -, 2} TS
<7 xl%, FNEN, LLTO Semy,- -+, Sem, £ T 5.

Sem, & acg(a).rel(a).Sema

Sem,, < Geg(z).rel(z).Sem,
RM % id(pry?). InitPy. - - id(pnn?). InitP,..

(Semg |-+ | Semy, | Py |-+ | Pa)\ L
where L = {aeq(a), -+, acq(z),
rel{a), -, rel(z), pipe1,- -+, pipe.}
4.4 YV —Z - ATV OERG
FRETESELL RM OFREICEGET 25850 REH
FlZE 2 1RY. HL, @Oz, ok R
Py, Py, 028, MEIZEERIE y,z 0 2@ ET 5.
F7z, B3, K2 —ADRHD v FBE
BH SN ERFROBRPIZRY. ZoFO L5,
1L A7y 70 r BfE, ERRRNZEREEAL T8
B3 5.

5, UJ—Z-LYXFoy s EFIOER
DIREE

AETHE, 4 HilcTRRSNZZV Y- - ary R
F Uy EFOVOERM, 3.2 I CRLRE N ) —
ATV VATFYY - BFNEBRET AL D PRREE
TA5. RIECH - T, T, SEHOWRE 2T
HaraTEO N L — A%, value-passing CCS % v 7z
EARELIRIC 2.3 B O BRHRZEHL T 5-CCS & A
WTERT B, RIZ, TO7 Ot AR & FEISER
Liza—n A€, ZEEF - OREERY 72
DEAEA T — 2 DR D S RO THRIEEATH. Ok
12, BEFNVOEBOBANMERERE 7 0t A0 B
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DU —=R Ay RF vy« EF VORISR 11

( 5@(_/3)(

(acg(z).rel(z).Sem., s})

acq(z)

rel(z).Sem, s1) (acq(z).P1,s]) —'( Py, sb)

((acq(z).rel(z).Sem, | acq(z).P1), s} )—((rel(2).Sem, | Py),sb)

((Semy | acq(z).rel(z).Sem, | acq(z).Pl),s{);((Semy | rel(2).Sem; | P1),sh)

((Semy | @eg(z).rel(z).Sem; | acg(z).P1 | Ps), s1)—"((Sem, | rel(z).Sem, | Py | P2),s4)

(r¢1L)

((Semy | Teg(z).rel(z).Sem., | acq(z).P1 | P2)\ L, s1)——{(Semy | rel(z).Sem, | P1| P2)\ L, s5)

B8 7 #EOBBEHOBHY

Fig. 3 Example of application of transition rules to 7 action

EREEBICHEEL TRl Twa /20, BIEICB»
TH 7T ADRE & REBEOETE BT T
HEBAE AT ) S LS TE B,

[ 1] wi(a?,0?) EEOT LA P, DEEDX
FTaEEET A ZOLE, ZETOTIYRE, 4T
VORI wi(z?,0?) B ERENOU—H)L AE Y |2
BHTES. 8512, @TOT LI THEF SR,
3%k P ICTHRETL L TES.

(RIFA) EEO7TE R P iE, HOFATL 72 wia, v)
WZBL T, BEAT —< Write; FO M! = M; ®
(o= 9} T —=H NV AE YR EHT L0, 47,
=AW AEVIZEHBTE S, #2C¢, LTI, #
BEosatR Pi(5 #3) BPEATL 2 wi(z, ) &, 1
BoO7uv R P BT ABEIOWTIEEHET 5.

7 ak A P; ) w]-(zz,w) DEF Ay —
message; & —RENZHERET 2 OutQueue; 13HA
FEHRDOER*F 2 —TH o720, broadeast; 12 L>T
message; (X, WORIL, FOMOLETHT Oz,
ik T (LM KL CRIEE SRS, FE0T T
BITLC, #D Ay
£ - % pipe;(messager) L pipe;(message;) L0 T
BECL > TRETAH. T 212, value-passing CCS
DA E BRBU»S, DTFOL IR -2 w %
BrIEHFTES.

Jwe A" o
(w; (27, v?). B, 8;) ——{ Receive; By, s;)
Aw=wj(z,v)...%nd;j...7...

RIZ, EOHEH A vt~ message; 13 P; DEAE
AF -7 Recetve; 12X o THRARHEOERF = —T
5 InQueue; IZBIMENS. +D1%, P OIFRE
WLy, UTOM —RA w S FETHI LIRS,

JweAd o
{Receive; By, s;)—{ Apply; . By, s1)

BAER X —~ Apply; X, InQueue; DHFENESE

OGS T (LR) ThIUL, ZoFHFA v -V %

TR P; & recetve; (message;)

B =7V A IZ#EA L TEE» SR 5. $7-
BIERAX —< Rel; 1L, InQueue; DEFEOBEEDH:
AP THIUE, TORBEDOHER A v -V EEY H
LCREEPSHIRT 2. 22C, P, OFFREELY
Apply;, Rel; ® EREFETL T, ZOZEL 7-58560°
T (LER) THEEH A v -V, 20w, HBA
FHAHRF 2 — InQueue; DIFITRT Apply; 1238
RENBIEWRB, T, Apply I3, w; (31, vi)
T, FOU—AN AEVIERTAIENTEL., &
HiZ, Apply 1X, ZOEHA v L~ IWELN P
ZHRICL CEEAMERE A v £ — messagem %
OutQueue; \ZBHIT 5.

OutQueue; bHEANBHOFRF 2 —Th 2725,
broadeast; 12 Lo TCI DT ULR P #5EICL I
B EABFER A v 2~ messagen 1, VODIE, F
DO ETOT T RAAHRBESN DL LIZh 5.
70k A P i receive;(message,n,) FFITL T, 0
A t—T% pipej(messagen) & pipe;(messagen,)
ED T BRZE o TRETH. T2, value-passing
CCS DFLk & BREAIDP S, UFTOL IR L —2
wEBLIENTES,

Jw e A% o
(Apply;.E, s1)~>(Receive; . F,, 5,)
Aw= Apply,...Send; ... 7...

RIZ, TOTTLR P OB AvE—T
messagem & P; DEAEAF —< Receive; 12 & 5T
BIREN, BALHOERE 2 —TH 5 MmQueue; 12
BMENS, HL, P iU OHREA Y-V %S
BLHER, MLLEWT, COBRAvE-~VE
Wz B (HL, 5850 T (LR) o Xy E—Vi3
InQueue; 1ZBINS 52) . €Dk, P, OFMEHELY,
UFOM—R w 5FET 5.

Jwe A%o
(Receive; By, 80)—(Rel; . By, 5,)
BAEAF — < Rel; 1X, InQueve; DEFHDEZED



12 TEESLH

IS P; THIE, TOLREOHEA Y L~V 2
DL CTREE,OHIRT 5. £, BEXAF -~
Apply; &, InQueue; DRIHOBEZEOHEN T (L
fR) THhiUE, TOEH A v —IUFHYH HL Tk
HIrLHIBRT 5.

ZITC, P, OFREMELY Rel, Apply; *HR
EETLT, TORELLFED P; Th HHERA
=T, DWITiE, BAEMF 12— InQueue; DI
FICRTEIREN B, £2°C, Rely &, wi(z,w) D
TOEA P, QU= VAT )ICHEHIN T L2
BB, COLIRHERAyE-VE, P UStos
TOTTLRAD6 P IZREIN, DWITIE, Rel A
DBEEL update_confirmation 12T, &TOMOT 1
LAPLIERA V=V PELN T LR R T A
ENTES.

0O
[ 2] £THOTOXA P ICBWT, EEOFEZE
M2l T5 S| 2 LOEToOESEGSICIE,
FNEL BRRGSVEITL TS, BL, %ﬁ@'%
BGEDVEAL, S|z ETRODERGS
H5.
(BFRR) &< 74 T—Vx v b Sem, i, 4.3 HOE
#LY,
Sem., def

Sem, @ Prefix operator 12, #12, acg(z) & rel(z)
DHTHY, L b4 EEIC Prefix operator (27%
5 EIERINT NS,

ZIT, A, TOvA P OREBEORER » 24
DEBOEEGSIX, TROEER

acg;(2?7) = syn_a;(27). Acg;.acq(27?).
X0, AJIR—1 syn_a; TBLCHEENFL 2 2507
Y, BIEAF—T Aeg; ®ETTH. KRIZ, acq(z)
X, BIRES LICEINTWAEDEY 7+ Sem,
DHAE— aeg(z) LD 7 BlE%EL CORERT
HIEWTES.

4, &< 7+ Sem, O Prefix operator %%, acg(z)
THhniE, BEBHH Concurrent Composition(2) ?
BB YRR ST, 7O AROEE
1S, fBL, &< 7 % Sem, @ Prefix operator 7%
acg(z) LR BDIE, FDET T+ Sem, & NEBRHK
LIEBEOT O AD AR - PB4 E TV,
72ix, £ 74 Sem, DATIR—1 rel(z) EEED
T ADWTHR— b rel(z) &5 7 BIEE S |2 b
DEHTRALLPOVTADTH 5. rel(z) &, T
DTN reli(z) TRITESN 5.

@cg(z).rel(z).5em,

Dec. 1999
rel;(27) = syn_r;(2?).check:(27).rel(27)

fEoT, MFO LI, [#8E2) BRTT 5.

Vi:1l...no
Vz € Syn,V acgi(z) € S; of AE,,
dj:1...n,3w € A%

((3rel; (z) € 8jof A,
rel; (z), acg;(z) ¢ we
(rel; (27). 5, sz)relj(zﬂcqiw(
V (rely(z) ¢ wo
(start.Eo, so>w (L—C—%Z)(Ema sm)))

Ema Sm>)

[m]
[EE 1] H % V=R 22 RM DETEREL
ThHE, HIZUV) =R QY ARTFVY - BFIVDE
BEWEL TS
(REPA) #fEA ¥ —< Read;, Write;, Acg, B L,
Rel; &0, 70vR P, OFKRERF S 12id Py A
BITL & Toearlaginsd, 7, @E1 &)
ETOMDT LA FITEN AT Tt 1
LA P, 0O —HVAE)ICHEREENS, LoT
Vi:l...no
(Vo€ AL, o3 peri(o) € S; of AR )

BAVEA ¥ — < Read;, Write;, BLT, Apply; ©
Rl Ly, 7Rt A P Hu—ANVAEY M %
M! = M;@®{z? — 0?7} Lo TEHL T, vl = Miz?
WEOH|ET L, LoTC, Bz, a—FaHldo—7
WAEYRIZEFDOA L 7 BBV fEL FiAT 0
L AT B, LA o>, UTOBEITFET %:
T € M, v, v, vm € Val,Vi: 1
(Y r;(z1,w) € Si of AR,
Jj:1...n,Jwe Ad¥e

(3 peri(w;(am, w)) € Si of AL,
peri (wj (21, vm)) g weo

(pers (w; (21, v)). By, 1)

peri{w; (21,v5)) w 7i(21,v1)
—_ <

..n o

Ern, 5m))

V (@ peri(w; (1, vm)) € Si of Alyu,

peri(w; (2, vm)) Ewe

(start.Fo, s0)" S vl)(Em, Sm))

V per;(wj(z, vm)) & S of AZ,

= =1)))

s DIRFEDOT—H N AEY M; 12, o — w &
O, K s 25 5, DL — A w BT, wi(z, vm)
BEENZVZZDT =GN XAEY M, hOT Yy —3 3
Voo OERLEFXESINEILITRS v = n(= M =)
Thab. LoT, BREFTH S ZFHTHA.
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EFHEEH 2 BT 2N
BREFTH] S | 2 AT 5. COTEOESGS
acgi(z) LB &HEC TR A P BS5ATT BEEDO &
X, MR 2] DL DI reli(2) EOFEAFRET TS
ITHE, Birsnig v, IoT,
Vi:l...noVz € Syno
Yacqi(z) € S of Aﬁw,
dj:1...n,3dw € A%o
(((3reli(2) € Sj of Ak,
reli(z), acg; (2) ¢ we
(relj (27). By, s;)relj(z):iicqi(z)(
V (rel;(2) € wo
(start. Fy, so)w %Z)(Em, 3m)))
A
Vo, € Li,Vk:1...
(acq; (27). By, sl)acqigﬁ—u;1 Y B, Sm) =
(acqz(z'7) B, s )vai(Z) w2 Perk(oi)<En’ 3n>))
RIZ, reli(2) K ORITLCT UL R P, TRITER
TEEOMGSIL, BRETH S X e LT,
z € Syn,Vreli(z),YVo;, € Liy)Vj:1...n,
Jwi,wy € A%e
(Ey, sz)oi wﬂi(z)(En, Sn) =

per; (0;) wy reli(z)
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FRICHLT, Z+ CCS & TCOZ BT

AEHT 7 ark 7 OREEHNACHERSLTY
5. %, TCOZ #Hd (Object-)Z + CSP L8425
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