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Deriving Protocol Specification from Timed Service
Specifications Written in LOTOS

AKI0 NAKATA,t TERUO HIGASHINO! and KENICHI TANIGUCHI

To design distributed systems, it is useful to synthesize protocol specifications from ser-
vice specifications (protocol synthesis). However, the problem grows difficult if we consider
time-constraints of systems. In this paper, we propose a method to synthesize protocol spec-
ifications automatically from service specifications written in a time-extended LOTOS called
LOTOS/T+. In LOTOS/T+, structured descriptions, such as parallelism and interruption
are allowed to describe service specifications, and time-constraints among non-adjacent ac-
tions can be described using Presburger formulas. Here we assume that there is a reliable
communication channel between any two nodes and the maximal communication delay for
each channel is bounded by a constant. Moreover we assume service specifications have no
deadlocks. Under our simulation policy, a specification S’ is derived from a given service spec-
ification S and a given maximal communication delay of each channel. In S’, time-constraints
necessary for exchanging synchronization messages are added. If S and S’ can carry out the
same behaviour, that is, if S and S’ are bisimulation equivalent when time is ignored, then a
correct protocol specification for simulating S is derived from S’ automatically.
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Tablel Syntax of LOTOS/T+.

E ::=stop (#f1I-)
exit (IFF# 1)
a; B GEXHEAF, REMEIEZ L)
a[P(t,2)); E GERKAT, W¥iIHI#D D)

E[JE (40
E||E  (JEa)HiE5))

E|[A)|E  (iFHI{10)

E[> E (HA&)

E>>E (BK0OH)

hide A in £ (§3#0)

asap Ain E (g E1rodEid)

I
I
I
|
|
| E||E (IW8)E4)
|
|
|
i
|
[ Plar,---, gc](8) (FOEAMFTIL)

aft = z|; b;
cft > + 2):stop

\tic

b:c[t > 2|;stop

tic

biclt + 1 > 2:stop
tic

tic
b;clt +2 > 2]; stop tic

C

stop

c[t > 2]; stop

cft+1 > 2);stop tic

cft + 2 > 2);stop tic
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e <tANt<e, ¥ e <t<e, LMILT 5. e, MIEE
SNTVLGE, ZORBHIHLIEE SN 8ELE
CEOBEgl e, ETICRELTERT S, 2F 0, B
e (ZBITLEMEDFEEM (urgency) PfEES TV
BEBBA A, TLATVH—EROBETHNED &
D, LOTOS/TH+IIBWTEBLIZ BT A 8BEDE
BAEEN, BLU, BEMIBWMITHETE S,
il 1
B=a[2 <t <3Axo =t
blt = zo + 3]; c[t = xo + 4]; stop

BEX B 3E){E o 28K 2 2584 3 OMIZLTE
TU oo 12 a DERKLEMRA, FLT, BEb %
a DETRD S 3 BARMEICETL, SHIZEEC
% a DETEEHNS 4 BAEBEICETTS 7oL
rRT. O
{5l 2

(1) E=afz=t]; b c[t >z +2]; stop

(2) P=alt=25]; stop[Jblt =1]; P
ROOBIERIZ, BEEHIHO 2 VEEFBERHHOH
AEENMIZIIS TR TV AHITH L. BEFIHD L
VEME b I3V O TOETIEE, Tabb, BEEHIL L
LT true 526N TWAERLRZENL. ZOFT
B 5T, B|IRXHE (¢ >z +2) PEEEHHELT
FZONTWE. 2HHOEHERL, RSO LRD
BB TH L., P AMIENRA - NZEZNTI O Ly
FEND, HIETHLTS #X 1 1258 O
LOTOS/T+D AW % ErkidF 2 12T EBER
EERBHITER SN D, EAMIZ LOTOS/T+
¥ LOTOS/ TV £ [F L Tdh 54°, LOTOS/T+Tld
asap A in F LWIHELAEALRX F vOEE
a € AXETITREIC R B TR EIT SN BT &
ZIRETELLHIIIL T A, £2 Tid, 7HEE P(0, 1)

b

aft = 4:stop|Jb[t = 0]: P
at = 3);stop
aft = 2];stop

aft = 1]:stop

alt = 0];stop

a tic

stop

1 B E, P ol
Fig.1 Semantics of E and P.
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Table2 Inference rules of transition.
ti 5 N
stop —l—‘—:) stop (S1) exit — stop (E1) exit El—s) exit (E2)
3t'3z[t' > 0n P(,
P(0,c) =t > (t, =)l _
~ tic B a
a[P(t,%)}; B -2 [¢/£]B  (TAP1) a[P(t,&); B — a[P(t +1,z)}:[t +1/t]B a;B — B (UAP1)
(TAP2)
_ B N B} Bo A, Bl
i iff 3 € Actu {4,i} iff 3 € ActU {45,1}
1C F
a; B — a;[t +1/t]B (UAP2) B (1B, N B} B1(1B2 B, Bj
(CH1) (CH2)
o p 0 - v o
By =5 B} By =5 B) By -5 B, By wie By =S B} By #5
tic tic tic
B;(1Ba — B}[1B) (CH3) By[|By — B) (CH4) By(1By — B} (CHS5)
B, % 8 B, B! B, YS B B, YIS B/ B, % B!
1 1 2 2 . 1 1 2 2 1 1 ~ad A
3 iff B e AU {8} - iff |, ‘
. ' a=1
B11(A]|B2 = B}l[A]|B) BIHA“BQEEiB;HAHBé B)|[A]|By — B)[[A]lB;
(PA1) (PA2) (PA3)
a !
B B
2% iga €A B,|[0)|By > B' By l[Act]|By -5 B’
a ! Va =1 S -_—
By1[A]llB2 — B11[A]lBy By|l1By % B (PAS5) By||By 2 B/ (PA6)
(PA4)
B; - B B2 2 B B, 2 B!
1 1 —————E——iﬁBeAuUMJ} 1 1
By[> By — Bj[> By  (DIl) Bi[> By — By By[> By - B! (DI13)
(DI2) 1
tic ti
By =5 B} By -5 Bl B; -5 B! B, - B!
- PR ,
By[> B2 tic B![> B, (D4 By >> By — B} >> By (EN1) By >> By — By (EN2)
tic tic 5
By == B} By — By B /> LR
tic iff B € (Act\ A)U {8, 4}
! !
By >> By — B} >> By hide A in B ﬁ» hide A in B’ (HI1)
(EN3)
a ' . a '
BB ifacA 5 S B! B8
B a .
hide A in B —— hide A in B’ , _tic . asap A in B —— asap A in B’
(HI2) hide A in B — hide A in B" (HI3) (ASAP1)
i o
BYS B BA forallaca le/z)B{g|/91. . 94 /9y — B’
- iff Plgy,...,9kl(Z):= B is a definition
(23
asap A in B EE) asap A in B! P[QII ----- Q;C](E) — B’
(ASAP2) (PRI)
I =r4/ ! = gy 2 A i~ * tic
L 33z > 0AP(, )] DHENFERIBIZTEH o aft = 4]; stop[]b[t = 0]; P =5 a[t = 3]; stop
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EHT UL, BEarBERICHIET S LTS (—#&

I ITIREEMEIR T 5 0%) A BMICHTE 2. £

3, Fl2oratA BT 2HMOBAG & LT

IR,

o E=alt=z); b; c[t >z+2]; stop — b; c[t >
2]; stop [HHI (TAP1) X 0],

e b; c[t > 2]; stop Yie, b; c[(t +1) > 2]; stop
R8I (TAP2) & 1],

plon7ot A PICHLTIRRDE IR S,

o P YS 4t = 4); stop[]b[t = 0]; P [#HI (PR1),
(CH3), (TAP2) &£ 9],

(388 (CH4), (TAP2) £ 1]
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NEY S THN /= FET A, LRE, place(a) =k
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v € q. Recall that every D, con-
tains the states of all resources in
a(u) from the view of v. Intuitively,
A, is the set of resources currently
available to u, as we will show in the
next section.
If both of the above conditions hold, u ar-
bitrarily selects a set of k resources from
A,,say R', sends a (LOCK, u,C,, R') mes-
sage to every process v € ¢, and accesses
R'.
When a process u releases the set
G, of resources:
It sends an (UNLOCK,u,C,,G,) message
to every process v € q.
When a process u receives a
(RESPONSE, v, D,,) message from a
process v:
It stores D,. If it has received an older
version of D, it discards it and stores
the latest one. Because messages are as-
sumed to be delivered in order, u always
holds the latest version among of the ver-
sions received so far.
When a process v receives a
(QUERY, u,t) from a process u:
If W, = 1, that is, if process
v is not waiting for a (LOCK) mes-
sage from another process, it sends a
(RESPONSE, v, D) message to u, and sets
W, :=u and T, := t. Recall that ¢ is the
logical time at the process u where the
(QUERY) message was issued (see Case 1).
Otherwise, W, = w for some process
w € U, that is, w waits for the two condi-
tions in Case 1 to hold. If T, < ¢, that is,
if w has higher priority (since T, is the
timestamp attached to w’s (QUERY)), v
stores (QUERY, u,t) to queue X,. Other-
wise, if T, > t, u has the higher priority.
Then, in order to preempt the right to
lock resources, that v gave to w, v sends
a (PREEMPT,v) to w, and waits for w to
reply either with a (RETURN) or a (LOCK)
message (see Cases 1 and 8), after stor-
ing the (QUERY) messages issued by u and
w to X,. When v again needs to send a
(PREEMPT) to w while waiting for a reply
from w, v ignores it.
When a process v receives a
(RETURN, w) message from a process
w:
It takes the (QUERY,z,t) message from
the top of queue X,. This is the (QUERY)

Aug. 1996

message that has the highest priority.
Then, v sends a (RESPONSE, v, D) to z,
and sets W, :=x and T, :=¢.

When a process v receives a
(LOCK, w, t, G,,) message from a pro-
cess w:

It updates its data D, by setting
D,(r) := (w,t), for each r € G,.. Then
it continues (the algorithm fragment for)
Case 5 if X, is not empty.

When a process v receives an
(UNLOCK, w, t,G,,) message from a
process w:

It updates its data D,; it sets D,(r) :=
(L,t), for each r € G,. U W, # L,
it sends a (RESPONSE, v, D,) message to
W,. Otherwise, it continues Case 5 if X,
is not empty.

When a process w receives a
(PREEMPT, v) message from a process
v:

If it has sent back an (UNLOCK) message
to v, it simply ignores the (PREEMPT)
message. Otherwise, it sends back a
(RETURN, w) message, and then discards
the copy of D, at w that was previously
sent by a (RESPONSE, v, D)) message from
v. (Recall that w keeps D, unchanged
for each process v.) Then, w waits for
another (RESPONSE) message from v. O

Although a (RESPONSE) message carries all of
D, in the above description of AllocResource,
it is enough to carry the data on a(u) in D,
since a process u will use information on a(u)
in D,.

5. Proof of Correctness

In this section, we show the correctness of Al(-
locResource, provided that processes accessing
resources release them within a finite time.

Since a process u selects the resources it ac-
cesses from the candidate set A,, which is a
subset of a(u), the following theorem holds.

Theorem 2 Algorithm AllocResource guar-
antees Allocation Validity. O

Before we proceed to the remaining proper-
ties, recall that a process u requesting k re-
sources arbitrarily selects k resources from A,
determined from D,’s for v € ¢ € Q,. It then
sends a (LOCK) message carrying the names of
k resources to every v, after which it is free
to access the k chosen resources. Process v,
on the other hand, updates D, in response
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3.2.1 ZERXEFT (Action Prefix)

—REI2, BRETHL P[P(t,T); B2, /—Fp
5 SP(B) KRBT RTH/ — PN Ay -
AREETHI LI THEITE S, 72, BERHIH
DPEKANDRAL FZFOEOERIZE o TR S T
E X, BENORAPRI /-5, B
BEHETL/ — FARASHAEHOERZR S 2T
W,

13
S=da'lz=t];’t<z+5Ay=t]

AFlt<z+TAt<y+ 5] exit
d12max = d13max = @23max = 2
Node; = a[z = t]; s12(m, z); exit
Nodez = ri2(m,z);b[t <z +5 Ay =t];
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se3(m’, z, y); exit
Nodez = ra3(m’, z,y);
ct<z+7At<y+5jexit O
B2 ZR LIRS, WCODDTUELRE/ A vt —
THRELIENTEL, BARMIE, 525N
Bns, b LEITBEDERTEERL DS EREEENE
AR L YV LT RV EMMRIETE DL L5, (R
31 0) BREIHIHNOAIIL > TINSOBTEONEFA R
HENAHD, TNOOEEMOER A v £— V34
Bhwv, 7k 2iE, S =a' [Pt E)); b[Qt,)); exit
rL,owe, t, z, glP(I)A QUL Y] >t <t HE
THHERETS. ZOHBE, BEEHEIY o i30RQ
I2b ENKIZETEIND, LoT, ak b ZHMIIE
k) — FTEATICEITL TS 2RO OEBEDNEFI
®-n b, —kxi2, BEX B =a?[P(t,2)); B’ II8
W, B OFTXRTOEHEBEORKMHHORENT
L ot-HmBAE TopTC(B' t,g) L L7-k &, HEX
vt, t', z, §[[P(t,Z) A TopTC(B',t',y)] = t < t']
HETH L% 55X, B OFXEIE P 3 B IIHLT
BRMICE R V) A BV IS,
fla ANPUTOLIREE:
S=a'll <t<3;b*[4<t <5 exit
d12max = 4,
v, '[[A<t<3)AU < <B)] = (<t BE
THHOT, BHMIZLUTO X HIIE / — FosEHH
EHTEX5
Node, = a[l <t < 3];exit
Node; = b[4 <t < 5]; exit O
SIhbi, BERESERIIECEESALISEEE
5B, S S = P[P, B IMHLT, /—
Np#b SP(B) BT/ — FIZEsh @
= BIZEEIND o OTRTOERKHED )
5, a? DERBINEEY 5256 0T X TOERT
BEBEZIICIIZA D £ 912, of OBEHIHE L) HIR
L7:4t# Restr(S) %Ko 5. §lR4 LD, oP DAEE
Bz 70 AR LEOBEICIZEE L 2w, L
o7, FF7/aEARUH L, exit 84U stop
OEFOBIERFIREMA AL T L. 2L T, #
HEDBIED HIEIZEA D SEIZM A - TEEERE
PRI A D &) BRI BRI H# 2 KR L Tuv <
ZEILLEoT, FD X% Restr(S) ZKDAHI LN
EETH D, BEEHIE SV ATV -T2 h
TWa Y, 0L SERGHORIRIZFERL &
BIEIWESTERIAT)I ZENTES,
Bls ANPBUFOL)ITHAHEE !
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S=a'[l <t <3<t <75 <t < 10);
d’[6 < t < 12]; exit
d12max =4, d23max = 4, d32max = 3
S OisHHE % L D HIER L /-4 Restr(S) L F D
LM T B,
d ORSMEK . 6<t <12 (KB L)
c DEFMEBIF : 5<t <10 A 3t'(t' > t+dsamax A

6<t'<12) (=5<t<9)
b DRERMIBIK . 4 <t <7 A (' >t+dosmax A
5<t'<9) (=4<t<bH)

o OSEIBIK . 1<t<3 (BEEXL Hl43D))
IoT, BRINBREL/ — FOMEABEIIUTO
B NN/

Nodei = a'[1 <t < 3];exit

Nodes = b’[4 < t < 5; s2a(ml); r3z(m2);

d’[6 < t < 12); exit
Nodes = r23(ml1);c’[5 < t < 9]; s32(m2); exit
O
Restr(S) OREABI L EREZLUTICES5Z 5.

EHS S=2a[Q(tz);B DL E, Restr(S) 3L T
DEIIEFSIND

Restr(S) def Restr(S,0)

( S if B = exit, B = stop

or B=P

. 12770 RO L),

Restr(S,V) %f (P 7i ,U}Utﬁ L)
a[Q(t,2) AQ'(1)];

Restr(B,V UZ)

otherwise.

\

ZIT, {bk[Qx(t,yx)] | k€ K} % Restr(B,VUZ)
DEFEBE (& FORRBIK) DEFELET S L,

T IOBOEE, KDL 00N FOBNEGE 2 0l
I B, &)L BRI E I R 2 K - Ko)
LEIR: 22N e I
Node; = al[l <t < 3];exit
Nodey = (b2[4 <t < 5]; so3(m1); exit)

0(62[6 < t < 7); exit) >>
(r32(m2);d2[6 <t < 12); exit
%11 < t < 12]; exit)
Nodeg = (ra3(ml); c3[5 <t £9]; s32(m?2); exit)
([t = 10]; exit)
UL, MHOZHARRTIEZOX ) 2 BIR s b 5w,

May 1996

( Aver 138 3ye[(t > t+
dplace( a),place(b; ), ax A Qk (t,a Y& )]}

if Vi, t', z, y[[Q(¢t, z)A
def

Q'(t) = ¢ TopTC(B,t',y)] = t < t'] is false,
or B contains some variables
of VUz,
\ lrue otherwise. O

WE: EHESILoT, BHEOBIENETIRICL
589, BIRMICEITT 2EEORMBIHE X O L
TWwa. T4bb, 8E a M ikHEEEICH L TR
FICEZ DA RV 5iE, o OBMEIZIE, B A >
=V TXCOBEEEREE b DEITTRERZ
{tByeQi(t',yx)} WHIZED E91, kM LT
' Iylt’ > t+dprace(a) placecty), . AQk(t', yx)] % il
TEHEO ¢t IZHIBRINS.

AHizEeHd L, RET LM EITIEBELS
b
BRE1 [FEfIA v = U ELEHESET S
B2 BRR10EREd I2EDWTC, Restr(S)

(i R
ERBE 3 KIIm~7 XD, XMRT), 10) 1B HiE
*HWVT Restr(S) &/ — FIZOMT 5.

3.2.2 & R

SITREXOLNZEBIRT Bi[|B: LT
Projix(Bi1) [] Projx(B2) ODFDE ) — F k O&hfE
HBLERT DI E%EZD, 20X M-
TERZDHRETEBT 256, I8 R
(distributed choice ) & Z2;#4RA% (empty alterna-
tive”) ORIENH L. BRI Bi[|By 12, By & Be
DFEHEEEVE L -7/~ FTEFTSNI B EX, 57
RSHIBIREWEN S, 372, bL B, 0d0dh 3
BiED/ - Fp LW LTOHRTVE—F, A
By OFOWH LR L8ES / — Fp il ) {THRT
W\ HIE, /= Fp3ZRIRFEH-O LV, &5
MENn7BIRSHIE, B, & B, O%HEEENRL
%/ — NTRFIZETESNDL LW ) il EL 5.
72, /=N p Il THE&FRBAHEEE, By H
BIINZEZWL /)~ FpLFEDI L2 HILELUE
Dah. FEREINZERVAELZVEDS, Frid e
7) LEIERICHIBR (HIPR 6) 2B<. HIR6 & h, £
BOBERL Bi[|B (23 LTHB/— F p EIEL,
SP(B1) = SP(B;) = {p} ®HKbH LD ZoHZki
£, /J=Fp#, Bi(i=12)DIbrE5%E
420220/ -~ FHET-BIZRETLIEHT
&5, BERIMER £ 2 % WA O ZERIRE OB iE L ST

)nlax

) max
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7)) TREL TS, ARTRENEETHIELL
FEEXRCVL, BENEZEZ5E, BREOBENT
XA TBEGmEm - L CERNTEA L ) IR
BCLEFHL7:0, KRTIR, BRAFEZ -/ —
FIZBAGERIC R HICERIRE 2>/ — FIlEL S
FRINEN2EEHT A LIZT S, 7o, Z=ER
B>/ — F gL A v - VDB RICE B A
BTLTLELRWEDIZ, BITh/-®BIRK B, ok
REEEETT S/ — FRIZEBIRBxH2/ — F2b
TEREDA vy —TVERITMAE I LIZT S (LKL
B; OBMERFINRE 1 OFEI1: B DAFHEIEL &
BEEV—BTH0OT, ¥I-—8ELfmML THLT
%), 5612, BIRX B\[|B2 ¥ LOFETHEMT 5
728, FANE LCEIRYTRE B, 1IN sTTRE
A v £— (3.2.1 B, #l4E8) thrilzw
ZEIZT A, 3 RiTE, & B DEEUNOHE
A, b LOEIRBSBIEN IS, BF
WKHAD ) — FTETENEBNANHEDLTH 5.
3.2.1 HEREWEIZ, ETRXRIETRXTORMA v £

THEEMHES s L TRERIB I ERRIET S
T2BiZid, W 2 0EEORMGIHE X HHIRYT 5
VEND L. BRI Bi[|B: 1K L TIE, ERPTD
N7/ —F»r60xyt—UBIREN-81EX B;
DERTFTIERBRICE» ZTNE, £0XvE—T
DEZRED-OIIREBEAHRIND. L > T,
Falz Ay - UHRENICEC LI, & B D%
HBEORMHHE L VFIRT 5.
fle LTOANEERS

S=a'[2<t<5Az =1t;b°[t <z +3];

[t < z + 6); exit
Nd'[3 < t < 9];€[t < 10]; exit
d12max = 2, d23max = 4, d13max = 3

J—=F1db 2~ EE3hsAvL—-—TE/—F2h
5 3NXES NS FEBHAREEZ 10 I TIES 2 L
PAREEY B oo izid, BfE d' oORBBEBLHIRT 5
VEVEHS.

Restr(S) =a'[2<t <5Az =t];b’[t<z+2);

At < z + 6); exit
[d'[3 <t < 4];€*[t < 10]; exit

L7cAsoT, &/ — FOBEARRIILIT O X ) 128
o (SN

Node; = a1[2 <t <5Az=t];s12(ml, z);

s13(m3, z); exit
[d'[3 < t < 4]; (513(m2); exit|||
s12(mA4); exit)
Nodes = r12(ml, z); B[t < z 4 2]; s23(mb); exit

BHH#0R S/ LOTOS t» 607 e b b i 679

[Ir12(m4); s23(m4); exit
Nodes = r13(m3, z); r23(md); [t < x + 6]; exit
[|(r13(m2); exit|||r23(m4); exit)
>> 3t < 10]; exit ]
COMBEDIHIC, BEMIZETT 2EBEIITL
THE A Y =T &krEL 2V ELSHE Restr(S)
Y %{fi % Restr'(S) X LATILERT S ©
EFHE 6 Restr'(S) BUTFOLIIRBAWIIERS
ha .
b L, S=alQ(tz)];B % 5T,

S if B = exit, B = stop
or B=P

(P37 ot AIEUMIL),

alQ(t, ) A Q" (1)]; Restr'(B)

otherwise.

def

Restr'(S) =

72720, {belQk(t,yx)] | k € K} % Restr(B) 0%
HEEOEELLILE,
QU= N (33l >t +
k€EK
Aplace(a),place(by) pay N @k (ts Yk)]}

Xy piE (S#al. ] B),

Restr'(S) % Restr(S). a)

PEOHRO T, BRI T D Restr(S) % 1L

TOLIERT S !
EHT S=B[|B: D& %, Restr(S) 3UTD &
BRI ERSND

Restr(S) %' Restr'(f(B1))[|Restr'(f(B2))

72750, {be[Q(t,yx)] | k € K} % B; O%E#E
DEEL L, f(B) % Bi O&EHEBEORMHY
Qr(t,ye) % Qult,yx) A Ri(t) TEX#Z - #EX
Y¥AE. 22T, R(t) BT IlERSIND S

VATV —LTH5 .
Ri(t) = A\ {332[(t' > t + dpguan + dar man

9 € AP(B;)\ AP(B(;mod2)+1)
le€eL,re EP(B;)

/\R[(t’,zl)]}
=720, {Ri(t,z)|le L} & B; D& HAEEORFH
Wi E L, SP(B) ={p} LT 2. o

3.2.3 FRIRAASFI
ERBEFITIZ, 2 o0 7T AFHE VBRI
BITEET S, L7:h5-> T, FERIBAE 5 oM 2 [E3H
Ay —TRIARETHDH. Restr(S) FUTFHLHI
BHIZEHRINS.
THE 8 S =

Bi|||B: ® & &, Restr(S) «
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Restr(Bh1) ||| Restr(B2) ]
324 BREM
BREBIL By >> By (I LT, HIR3 LD,
AEMICIE321 HERBOEL HAERATE 2. H
BEIIEEMOAL 57Ut A By, By ORIZERR
HEEMRHDLENHHLIATHEL. IO LI
By OBRHEEL B OFEIENME & OBk HIH# %
mz5sZ&ETERT L,
BT UTOANDEEZA .
= (a'[1 <t < 3);exit|][b?[2 < t < 4]; exit) >>
(c3[2 < t < 7);exit|||d?[3 < t < 8];exit)
d13max = 9, d1amax = 75 d23max = 4, d24max = 3
BiFa' 773 X d OENICEIT SRS Z LR RIET S
O/ = F1I96 /- F3BLIPANEP LY £—
UMEEENDL. LA oT, FDAvE—IUH ) —
F3NBEZIT £TIZ, /— F4A~BZI8 FTIHL &
2 o' OBFMHEFHESIRT 5. B 0° ORMHIH
X L THEIBRICHIR 5.
Restr(S) = (a'[1 < t < 1);exit|{|b?[2 < t < 3]; exit) >>
(32 < t < 7];exit]||d*[3 < t < 8]; exit)
LZeAoT, &/ — FOBIFHBRIILLFO L9 104
Hans
Node; = a'[l <t < 1];exit >>
(s13(m1); exit|||s14(m1); exit) >> exit
Node; = b2[2 <t < 3] exit >>
(s23(N2); exit|||s24(m2); exit) >> exit
Nodes = exit >> (r13(ml); exit|||r23(m2); exit)
>> 03[2 <t < 7];exit
Nodes = exit >> (r14(ml); exit|||r24(m2); exit)
>> d*[3 <t < 8);exit 0
Restr(S) OEAMERIILTOL I 1% 5
E&H9 S=B1>>By D& X, Restr(S) 3T
LRI ERIND

Restr(S) qef Restr(g(B1)) >> Restr(B:)

72721, g(B1) & By OERBREE ar[Pe(t,zi)] O
BFRIEIE Pe(t,ze) % Pe(t,xze) A Pi(t) TEEHZ
7BEXTHEH. ZIT, P(t) BRUFD X ) IZEH
ENBTSLATANH —XTH5 !

Pit) = N\ {3t 3ul( > 1+
le L
dplace(a,)place(b) pax) Qiu(t' )]}
727ZL, {b[[Qz(t,yl)] |l e L} % Restr(B2) DY
BEL EORFMBHDOESL T 5. O
325 ® A &
FAAL Bi[> Bz (XL TIE, 4l ko

Rim Lk May 1996
OFR2 2 B<. Zhid, 2% to 12 LT B D
TRTOBER to BBIZIIETFTTET, 5D, B,

TXTOEEL to LBETLOEITTELZVWEWVS D
NDTHALH. ZOFIRIZEY, B, O#fEs: B, DEE
MEBEIZRL D/ — FTETIEICE D Z ik,
COZEEHIT XY, Bi[> B2 i3 By DIEEHT
EYRTO/ — FIGEHT A A v — V%S E8E:
WAL, TXTO/ — FIIBY to 28X7:0 8 (8%
B to+1) TEFERTOBEMEZITHo T nEs
X, NERENE [t = to+ 1] IC L > THEHAAZ BA S H
5 EI X o THRTETH 5.
COBRBAEERTRIIT A0, B ORT %
WHIT B Ay £— VI3 to I TICBCLEYSH 5.
Bl 8 LLFIRTANIGHR 2 BXU T %zt
(to = 11):

S=a'll<t<4];b’B<t <8

Alr<t< 10]; exit
[> d%[12 < t];€*[14 < t]; exit
d12max = 3, d23max = 4, d31max = 3, d32max = 4,
FOMD i, j LT dij,,, =2

J=F3ME/—=F1BIU2%ESND B, O#
THEHAEEG to =11 FTIBL L 2 RET B 70
2, BhfE P ORI E T<t <7 IZHIBRT S, £
LT, 4% TOETR~7:8M$I# O RAEE b
BXrad IEHEINS.

Restr(S) =a'[l <t < 1];6*[3 <t < 4;

A7 <t < 7 exit

[> d°[12 < t];€?[14 < t]; exit

&/ — FOBEAFIILTO L S (2K

C@%ﬁ%f)‘%,
Hahs
Node; = a'[l < t < 1];731(m1); exit
[> it = 12]; exit
Nodes = b2{3 <t < 4];r32(ml); exit
[> i[t = 12]; r32(m2); €°[14 < t]; exit
Nodey = c*[7 < t < 7); (s31(m1)|||s32(m1))
>> exit
[> [t = 12]; d*[12 < t]; s32(m2); exit
' u]
Restr(S) DEHRIZUTOLENTH A :
EFE L0 S=Bi[> B, Dk &, Restr(S) 3T
LRI ERS LD ¢
Restr(S) ¥ Restr(g "(B1))[> Restr(By),

727EL, ¢'(B1) 13 By O/ BEEEORMHE P(t,
% P(t,z)AP'(t) TEBAMZ -8R A RT. &

z)
T,
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Node 1 (0)

notifying tp to node 2

invocation time: t = tp + 2

tp
Node 2 >
P(t-tp) = P(2)
2
notifying tp to node 3
tp invocation time: t = tp + 2
Node 3 >

P(t - tp) = P(1)
1

2 MBRIC BT D 7O X AU L ORI
Fig.2 Simulation of process invocation in distributed

environment.

Py A
pEEP(B1),q€EALL

3.2.6 7OvAMUEL

RETOIABREASEIIBVTE, 7O AHMT

HEShaT 27070 ADRAREHI ) £y

FENB. O EIZE o THEMEI#HIERY & R

LT LR, KRBD LD & Restr() DEHY

WHEIZT A, STNE ) %7 av AR L % 3 HORE

THEMT 57012, §XTH /= FEE,t L7

L ARERICERTAL TS, F0OHIKAIG

LT AEY L5 (M2 £8):

(1) WME/—FKEMEh2 /- F212ORDL. K
£/ - FR7oL A% UL (=70t
AR TEAMOBL) 2RETE. AR
TiX, BIRR 5 X ) 7O AKUH L ORIE
a; P 7 a[P(t,z); P DB OLN L. LT,
place(a) # 70t A P ONUH LIZET 5K
F/ - N5,

(2) EE/—-FR7OEALBUHTEL O
RTCH /=N LTERIL, 7272HI8/ —
FizBWwT 7ot A2 UHT.

(3) HE/— NSO/ —Fid, 7oLAZHUH
TEHOBE AT D E, TUL ADORERS]
AR EE /- FiiBidsFh L% LL
AL MR Y EELL 7O A RIFY
.

OB EOERD - O, SERMAEIZBVT (H

BR4 L) 7ObRANT A=—F R EVETOLR

P%, 6 &/)— FOHBIIBWTIZ/NT A—F ep &HF

D70+t Plep) \SEETH. £LT, P OEHN

B AEMKt DT XTOHBRY, t+ep (ZEBEHZ

L. 85 xX—% ep 37Ut A P OEBEOHUHL

{t+d <to}. O

P@max —

BB OFER S LOTOS A 60 70 b b G 681

B & RABAY IR O LBSS (RME/ — MIZBIT 21
D LERD) Loxr &Y. 2213, P@3) 370t
2 P OEHEROELORMGIHE, L2, t<5
R t+3<5IEELLTULARERT. £FL T, &
HHAEBOE 7O AL P IIHLT, UTFOX
A&/ — FOBEET &L+ 5 (1) BEE/—F
B tp 2O TXTH/ — FIZREL, 7272
52 P(0) #IFUHL, )03 XTh /- Fidtp
REE/ - FDORELLE, ZBICPt—tp) &
MO, t—tp 3EE/ - F2OL0@HICELICE
PR EIZRIERE M A IE T 5.

FOtA P o Totx Q 1S5 ERD
BAELHEET D, ZOBAIE, Pt—tp) DEEL
F7Ot A Q OARME IO LIERNICHE S 24
EAHH, 0FD, e ¥7ULAQIZEALINT
A=5rthE, QDERROHELIIBNLTXTO
P O LIZ Pt +eg —ep) WWEETS.

51 9
P=ad'2<t<4Az=t]bt<z+5;P
Ne'[5 < t]; exit
di2max =4, d21max = 3
Node, = P(ep) where
Plep) :=a'[2<t+ep <dAz=t+epA
(' >t+ep+dizmax At <z +5));
s12(ml,z);r21(m3,tp);
P(t+ep — tp) >> s2(md); exit
[]01[5 <t + ep];exit
Node, = P(ep) where
P(ep) := ria(ml,z);b*[t + ep < z + 5];
521(m2,1); 821 (m3,t + ep); P(0)
[Ir12(mn4); exit o
OB FENLALEETHOREMIZTRETDHS
SERBIHT DI, E7uADKHENER
HE/ - FLo0@UN» RO ENIHETHEITT
BTHHILALETHD. WoOBTIIST 28k

FEAOMAIROLOI, RARIOIEDF v IR
Restr() DERIZEDD. b LFxv 7 DERIVBE
51E, Restr() DR L LT7 UL ADLHEIMEDE
RIfIEIE false IWEB SIS,

FH 11 S = P where P:= B O+ %, Restr(S)
BRI TFOL ) ILERSN D ¢

Restr(S) €' p where P = h(Restr(B))

727U, h(Restr(B)) i3 Restr(B) O&%HIE ar
OREBHEG Qi(t, k) &, FHEN Qr(t,zk) AQ} 12
BEWZ-HOTHD. 22T, Qp BUTFDLIIZ
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T (B) =
Tp(stop, V, p , 0, B’ B ) = B" >> stop
Tp(exit, V, p P, B B’ ) = B >> exit

Tp(aP; B, V,p',p, B, B")
Tp(a?; B,V.p',p, B', B")

I

Tp(aP[P(t, ). B,V.p',p. B',

Tp(a?[P(t,2)); B,V,p',p, B', B

Il

Tp(B1{1B2,V,p'.p, B', B')

recewep({q} N@9;B), V) >> B >> Tp(B,V,q.p, empty,B )
B' >> Tp(B,V,q,p,empty, B")
aP[P(t, &)); sendp(SP(B)\{p} N(aP[P(t,2)}; B),V Uz)

if pe SP(B) and

May 1996

Tp(B 9, pg, true, empty, empty)

P sendp(SP(B)\ {p}, N(aP; B), V) >> B' >> Tp(B,V, p, p, empty By

if p € SP(B)
otherwise.

>> B >> Tp(B,V UZ, p p,empty,B' )
ifve, ¢!z, v ([P(t, £) A Qk(t yi)l = (t < t')] is false, or p = false
aP[P(t, B)]; B’ >> Tp(B.V UE,p,p,empty, B')
receivep({q}, N(a9[P(t, %)} B),V UZ) >> B' >> Tp(B,V U z,q, p,empty, B")
) = v, ¢!,

otherwise.

Z, ¥ [[P(t, ) A Qk(t vl = (t < t! )] is false or p = false)
B' >> Tp(B V U &,q,p empty, B')
Tp(B1,V, p false Alternatnep(Bl,Bg)lHB Alternanve2p(81 Bg)HlB

otherwise.

1Tp (B3, Vp false Alternatwep(BQ B1) H]B Alternative2p(Bg, B])HlB )

!
Tp(B1lllB2‘V,pl,t"Bv
Tp(B1{> B2, V,p ,p, B,

H

Il

Tp(B1. V.5, }P B’ B )|“TP(BQ v,p'.0,B', B")
(Tp(By, V,p false B ,B

) >> Relp(By))

[> Tp(Ba. V., »', B +false, Alternativep(By, ALL)|||B', Alternative2p(By, ALL)|||B")

Tp(By >> By, V,p',p, B, B

-
i

Tp(By, Vp P B B’ )>> Synch_Leftp(By, By)

>> Synch_Rightp(B;, By) >> Tp(Bjy, V, min FP(EI),p.B', B”)

Tp(Plgq,-- -, 9k Vip.p. B, BI;) =  sendp(SP(Bp) - {p}, N(Plgq...., 9k {t}) >> Plgy. ..., 9,1(0)

Tq(Plgy,---, 9kl Vip,p B, B") = receiveq({p}, N(Plgy,....gx).{tp}) >> Plgy,...,9)(tp — t)
iff a process definition Plgy,..., 9] := Bp exists,

Tp(S where Plgy, ..., 9kl = Bp) = Tp(S) where Plgy,..., gillep) :=[t+ep/t]Tp(Bp)

B3 T,(B) Dk
Fig.3 Definition of T},(B).

EBEBINDLTLATVT—XTH5D .

def
QG E N {33l 20+ dy pracecan
p=1,....n

AQ(t', zx)]}- o
3.3 AR7NIVXL
BT NVT) XLRFKELFFIT2O0EHH5

%5,

(1) Sxb6Nn72f44k S 75 S’ = Restr(S) %
KB,

(2) S & S PIERMEHIAEREM, T4bb,
S~y S G, S HhSK—F i OBMEH
BT(S) #EMT 4. Sy iul, Ml
Thy, Bilk3 5.

Z I T, FERFMIMSE SRS ~, 11, SE0 R

PRHY 2% A RCHE S % AR L CBIED EATIAFE R E47 0T ik

MNALEERL L ED%EMETH Y, BAWITIZLL

TOLIEHREINS,

EH/12 BHEXLOBE ~, BUTO&GLYELT

MR R D) ERKOBETH S

e R IIxFBtETHS.
o L L BiRBs 61, EED o € ActU {l é, 6}
WA LT, WTFO&GD Y I
&b L, Bi 5, B, 251E, 5 B, HfF
EL T By =+, By, »2, B{RB). 0
Restr(S) ORDFIHEH E TIZFTH 2. S
OB Ti(S) 2ROBTLT) XLELUTFOL S (C
EALSINE. 2B, LFTIE S oFEEntsRA B

LT N(B) % BYRIETA2EBEL, g% p#yq
THAHIEED /- F, V 2EBHOELS LT 5.
EHR 13 24 B 25/ — F p o#EMdE~D
% T,(B) 3 O L) IR ERTH. B,
To(B) DEHTH LN 2 WM 2 BKIIE4 o &
IEEIND, a
Bl 6 Dkt S 12 Restr() @A LTELR
AR ST T A EH 13 OB T,() OERE%,
p=1DBHEIIO>VWTHES 27T
BE K3 BN D T,(B,V,p,p, B',B") 250\,
518 B, V, p, p. B, B" 3#h#h, &k,
BHEBROEE, BE/ —F, TERZEMA Y -
CRETHEDELERT 7TV, BB LA T 5
2O, A vt— URBEE R RTEES, [
U BB LA EM T 2 7201 LB 285X T stop
R exit DERFIIEASINLE LD, ¥ KT,
A7NVT)ZLOEEHKICELT, UFTOER%:

%5,

EIE1 U S 123 LT S = Restr(S) 3 5.

LL S~ S %o, o8l nsg ) —Fo

AR {T0(S ) bim12, 0 13 S ICBAL T Cy-IEH3T

b5, a
B, RIIT(B) &> TMEShaK/—F

DB TR 2 ES VAL 205, X#k4) L[
BROFEIZL T, W OPDTRL MBS % Bl
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sendp(P,N,V) = ifP= @ then empty

B OISR SN LOTOS HA L0713 + VA 683

if P={i,35,..., k} then (spz(N, V)iexit(VH|I]... Hlspk(N, V);exit(V))
receivep(P, N, V) = if P =0 then empty
if P={i7,..., k} then (rip(N, V)iexit(V)|]] ... |||rkp(N, V)exit(V))
_ sendp((SP(B3) \ {p}), N(B1),0) ifp€ EP(By)
Synch-Leftp(By, By) = empty otherwise.
. . recetvep((EP(B1)\ {p}), N(B1),8) ifp€ SP(B9)
Synch-Rightp(By, By) = empty otherwise.
Relp(B) = sendp((Act\ {p}), N(B),®)|lireceivep((EP(B)\ {p}), N(B),8) ifp € EP(B)
P - receivep(EP(B), N(B), ) otherwise.

sendp(AP(Bg)\ AP(B1), N(B1))
receivep(SP(B1), N(By)) >> send(EP(B;), N(B1))

Alternativep(By,Bg) =

if p€ SP(B;)
if p€ AP(By)\ AP(By)

empty otherwise.
X receivep(AP(By)\ AP(By),N(By)) if pe EP(B
Alternative2p(B1, By) = e p( ot‘}(ler%vi;e‘ (B1), N(By 1)

&4 3 THIV S R A Hilhm 2 85a

Fig.4 Auxiliary functions used in Fig. 3.

i

T, (S")

Tyl <t<5Az=t)b2[t < x+3)c3[t < 2 +6);exit

[]d1(3 <t< 4];e3[t < 10}; exit, @, pg, true, empty, empty)
= T)(B;,90,pq. false, Alternative; (B}, Bp),

Alternative2; (B, By))

1T1(B2,8,pg, false, Alternative; (Bg, By),

Alternative2)(Bg, By))

def

(727U, By = al2<t<5Az =t];b%[t < z +3];
3t < z + 6] exit, By def 13 < ¢ < 4);€3[t < 10]; exit )
= Ty(B;,0,pq, false,empty, empty)
(IT1(Bg,90,pg, false, s12(N(By), 0); exit, empty)
= W2t <sAT =t (512N (By), {zhiexitll]
s13(N(Bp), {z})iexit) >> Ty (b2[t < z +3); ..., {z}, 1,

false, empty,empty))

0d1(3 < t < 4]:s13(N(By), 8); exit >> ((s12(N(B1),0);

exit|{|T} (e”[t < 10};exit, D, 1, false, empty. empty))

B5 T,() o#lH (p=1)
Fig.5 Example of Application of T},() (p = 1).
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