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In distributedapplications， group communica.tion among multiple objects is required. Group communication 
protocols provide a. group of multiple objects with reliable and ordered delivery of messages. Kinds of group 
communication protocols have been dIBcussed so (at， which 8upport the reliable and ordered delivery of messages 
o.t the communication network level. Only messages to be ordered at theo.pplico.tion level have to be deuvered 
in the required order. 1n t.he dist.ributed applications， objects receive requests and send back the responses. The 
state of the object depends on in what order the requests are computed. In o.ddition， the object. stat.e depend 
on in what order the respODses are received. In thia paper， we would liket.o discusshow to suppor色t.heordered 
delivery ofrequest. and response messages which are signUicant to the application objects. 

骨

1 Introduction m is rolled back. 

Diskibutd applications likeuleconferencesIn She distributed application，each objecho 
and telecl醐 rooms[8]剖 mposedofmultiplsupports abstTactopemaions for mniPulaaingshe 
bjec札 Objects岬 poJ;;msiomhrmmiよ。bje恥 Thecompu凶 onon ohE』旬 isbase~d .on 

ulating the山 岡 ofthe objects. . Here， a gro叩 the remote p~~cedure 叫1-'貯C) 伊1]. A re抑制

。fmutipieapplication objects have bo h com- message mWIth anop町叫ionop-is se守too. On 
receipt of m， 0 comput回 op. op m喝htchange 
the state of 0， e.g. write 00 a file object. On 
completion of op， op sends back a. response mes-
sage m' with the result of op. Here， m precede8 
m' because m' is the response ，of m. Next， the 
sta.tes of the objects depend on in wha.t order the 
opera.t~ons are computed. The compatibilit1l rela-
tion [2]. among the operations is defined for each 
object b回 edon the semantics of the object. That 
is， two operations are compatible if the same ab-
stract sも叫~ i_~ obt_ained by a.pplyingもhemin eln: 

-trbgroup cornmunicaUon among multiple appli-order.Thidly，the responsesof OPErations Eke 
cation. objects.ー rea.d and the requests like 切戸tecarry da.ta from 

the sender object to the receiver. For example， if 
Ib is imporUMUsupport the causaltuordered o Bends a tt1741e requesb m afkr receiving a TEd 

response m'， m' causally effects m. Thus， the8ig-
rr.ificarr.t cau.sa.l rela.tio花田~()ng ~essages forthe 
a.pplica:もionscaJi be defih~d ，=>y the compa.tibility 
rela.tion on the requests and ihe information flow 

on the requests and responses. In this pa-
per， wewould like to discuss howιosupport the 
ca.usally ordered delivery of messages. 

In section 2， we 'preser凶 thesystemmodel and 
the significant ca.usal relation among requests and 
re日ponsesa'もtheapplica.tion level. In section 3 and 
4， we discuS8 how to re副ize出esignificant ca.usa.l 

sages transmitted iri the network. Onlyもhem句・ order. In section 5， the protocol Jor supporting 
sagEsrequiredMbecausallyOrdered fbr the apPIE-the application-oriented causaUyordered &livery 
cations haveube causally delivered in Oder to of meBsages inUIe group.-
reduce the communication and .processing over-
heoid. [23] di自cusseshow to Bupport the ordered 
delivery b回 edon the precedenee relation among 2 System Model 
messagcs specifl.ed by the application. However， 
ib is nos easy for users bospecify She precedence 2.1Computation model 
relation.. [1司de.畳間S色he6igrr.併ca.rr.tmessa.ges in 
the distriouted checkpoint. That is， if t.he s胞もeof 
the obj ect is ・changedon receivinga IIl;essage m， 
m is 8ignifi 
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The distributed application is composed. of 
multiple application object~ interco~neçted by 
the communication system[Figure 1]. The dis-
tributed computatioIl ofもheapplica.tion is com-
posed of computations in the objec凶包ndcom・



~unic~tions a.mong the objects. An object 0 is 
defined to be a pair of abstract state Do and a 
collection Po ofab叫ractoperatioIls for rnanipu-
lating Do. Another objecも0'can manipulate 0 
onlyもhroughthe operations in 九.On receipt of 
a re伊e.ttmessage of an operation op告om0'，0 
comp叫 esop and sends back the rupome of op. 
op may change Do. Here， 0・and0 are referred to 
舗 senderand receiver of m. respectively. 

A gro叩 Gis defined to be a col1edion of o.b-
jec旬。り・・・.0" (n ~ 2)， i..e. _ q. = (01，・・・."，，).
The objects are cooperated wiもheach other in e1 
by ~ending requcsta and rcspoIlses. For cxamplc， 
in the teleconferences， objects represenもingagents 
of the members make a group. i.e. conference， 
and they send mcssages to others in出e.group.
i.e. intra.-group communication [25， 2司.

The communication systern takes' messagl回

from the applic叫ionobjects and deliversもhemto
the destination objects by using the communica-
tion networks. The communic叫ionsystem deliv-
ers the destinations in the causal order only the 
messages which have to be cau!lally ordered from 
the application poinもofview [4] rather than al1 
the messages.. We assume that the cornmunication 
network ii relia.ble and 'ynch.ronou8， Le. messages 
sent by each object are delivered toもhedestina.-
tions with no message loss in the sending order 
凶 dthe delay time is bounded. 

Figure 1: Group G 

2.2 Con姐ictoperations 

eωnmUDlcatJoc 
.ystem 

network 

FC?revery opera.tion op and sta.te6. of 0， let 
Op(8) denote a sも叫et;>btruned by applying op も0
，. 
[Deftnition] .Twooperations oP1 and OP2 sup:": 
ported .by' a.n objec~ ， 0 are' compo.tible ift' 
OP1(OP2(8)) = OP，(OP1(8)) for every sta.te S ofo. 
ロ
OPl and 
not com 
obtaine4 
onin wl 
OP1(OP2 
compa.ti 
follows: 
POI {OPl 
Suppos~ 
o and tl 
compatl 
OP2 con 

Mul色ipleoper叫ionsa.re issue~ もo O. Some oper-
ations may be computed concurren~ly in o. Two 
opera:もionsOPl a.nd OP2 are referred to回 mutu-

ally ezclu，ive iff OP1 and 01'2 cannot be computed 
concurrenUy in o. In this paper， we assume that 
叩 1~nd 叩2 are mutually exclusive if opl and QP2 
conflict. 

2.3 Information flow 

The request message ml ser比bya.n object 01 
carries the operation OPl a.nd input data inll i.e. 
ml = (OP1.飢1)to 0，・Forexample， the Bo.nk ob-
ject supports operations rlep08it， withrlro.wa.l， and 
traf"'fer. a:nd the. file object supports read and 
u/吋te.The request of de戸 sitcarries the amount 
of inoney to be added to the account in the Bank 
object剖 theinput仇 1，but the reque叫 ofread 
brings no input data. If inl :Fゆ， information in 01 
is fiown into 0，・Theresponlle message m2 of ml 
ca:rries the output data of oplli.e.問:={ out2 ). 
For example， the response of reo.d includes data 
derived fromもhefile回 theoutput out2 but七he
response of depo6it ca.rries no output d叫a.If the 
response m2 = ( out2 ) includes data， the informa-
tion in 02 is flown inもo01. If 01. issues a requesも
ma of ( oPa， ina ) after receiving向 whichha.s 
data， m3 ~ay forward the information carried by 
m2， i.e. ma is cω，ally efJected by m2・

2.4 Instantiation of operation 

Each time the object 0 re4 
op， a thread for computing 
is not mutually exclusive witl 
ing computed or being wa:ited 
RQa. If not， op is enqueue( 
complet回， the response is sel 
op andもhe七hreadis removed 
tion in. RQa is not mutually e 
op~r~t~on bei~ç co~pu.~ed， i色il
puted bycreating the thread. 
is computed sequentially， i.e. a sequence of a.c-
tiQ1I.8. The acもionis a primitive oper叫ionwhich 
is an atomic， unit of computa.tion in the object. 
The action cannot be directly used by the users. 
The computa.tion ofもheもhrea.din 0 is referred to 
槌 in.sto.nceof 01 in o. The coIriputation of op is 
vit~wed to bea.tomic by the .sender of oPi' That 
is， only. if all出eactions computed in op complete 
sUecessfully， op completes successfully， te. com-
mit..s. If some acもionin op fails， no action in op 
are computed， i.e. a.borii. The completion of op 
means that op commits or aborts. That is，op can 
be considered to be a tra.1Ua.ctio匁 [1斗

op may compute組 operaticin01， of回 other
object Oi・osends tbe request op， to Oi・Onre-
cejpもofop" Oi creates the insta:nce of oPi回 d.OPi
is comp叫 ed.This action is referred to嗣 in8ta.n-
tiation _ of oPi' ， There a:reもhefollowIlig wa.ys to 
instantia色eoPi m op: 
(1) Depende叫 insta凶 ation:

• blocked instanti叫ion: op blocks until 
OPi . completes. 

• non-blocked insta:nti叫 ion:op. computed 
while oPi is being computed， but op 
completes ~er oPicomplet回.

(2) ~n~epei由nt instantiation: oPi is comp凶 ed
independently ofop. 

The dependent ins.tantiatio.n means the remote 
proc仙
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OPi completes before op completes. On the other 
ha.nd， in the independent instantiation， op，. may 
complete before "pi completes. In this paper， we 
would like to discuss the dependan t inst剖 ltiation.

Suppose that op in an object 0， instantiates 
op，. Here， op， may be computed in more than 

one object， i.e. 0i1. .... Oim. (mi主1).Let op~J 
denote an instance of oPi which is computed in 

the responses. Here， e出 hobject h回 toreceive the 
responses in the same order. 

0， Oij OiJ. 0， Oij 0，10 

op? op~ 

0，・.It is n_oted here that op~; and op~l: (j ~ /e) 
rriay be ditrerent. For example， a travel agent T 
issues a booking request op to a hotel object H 
a.nd airline object A. op is instantiated in H 田

中 Hto bookthe room and in A回 opAto bO，ok the 
flighも.If Oij a.nd Oil: a.re replica.もedobjects， opi' 
and opll: a.re the same. There are the following 
ways to compute oPi・

time' ， T tIme 

(1) AtomIc computation， i.e. 内 completeson1y 
if all the instances Op~1 ， • • .， op~m. complete. 

If some oP:' fails， oPi fails; 
(2) Alternative comp叫a.tion，i.e. o~i completes 

only if at least one instance op~' compleもes
even if another instance op~ l: fails. 

(3) (~) comput叫 ion，i.e. 0， completes only if at 

le剖 t.r(三 π)instances of op~I ， ...， opimi 

complete. 

2.5 Coordination 

In addition to supporting the ordered delivery 
of operations， it is important for applications to 
discuss in what order each object receives the re-
spons回 .Here， suppose that an object 0， sends an 
operation oP， もomultiple objects Oi1， ・・・，Oimo' 
There are two a.pproaches to sending the responses 
after each Oij computes the instance叩 ;j.Inone 

wa.y， every Oij sends back the response of叩Y，mc-
ceu or !o.ilure， to 0" [Figure 2(1)]. If the atomic 
computation of op~l ， ...， op~m， is required， Oi 
sends the commit message to. every O'j if 0， re-

ceives the response lucce" of op~J from every Oi;・
If 0， receives fo.ilure from some ou.， 0， sends abo刊.
This is the famous two・pkalecommitment proto・
col [12]. The sender 0， plays a role of the cen-
traliZed controller. Since only 0， receives the re-
spons回 fromall the receivers， Oi can decide on the 
receipt order of the responses. 

ln another way， each Oij sends the response to 

匂 andthe other receivers Oi1，…， Oimi if op? 
comple~~[Figure 2{2)]. . Here， Oij knows how the 
other objeCts -compute-the instances of op，・， It is 
the distributed contro1. The sender 0， and each 
receiver o.仁 mayreceive the r回 pons回 notin the 
same order. For example， suppose that three ob-
jects A， B， and C which are agents of tersons 
a.re holding the conference. Each object has the 
schedule of the person. One object， say A would 
like to hold a meeting with B and C. A sends 
the request of出emeeting to B and C. B and C 
chan 
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(1) Cen~rD.lized (2) Dishibuted 

Figure 2: Atomic computation 

3 Significant Precedence of Opera-

tions 

It is important to consider in what order the 
operaもionsare computed in the objects. TheCol-
lowing notations for an operation op are used for 
an object 0， in this paper. 

• op' = instance of op in 0，. 
• [op‘= begin action in op¥ 

• op‘] = end action in op‘・
・(op‘=instantiation action of op， iι op is 

started to be computed in 0'. 
• op)‘= completion ofinstantiation of.op in 0，. 
・(Op)ー=(op' a.nd op)¥i.e. 叩 isinstantiated 

and completed in 0，・
The instance op‘is modeled回 sequencesof a.c・
tions in 0，・ Eachaction is computed a.tomically in 
0，・ TheIOC4l precedence rel叫ionCI→i" among the 
actions in 0， is defined a.s follows. 
[Definition] For every pair of actions 41 a.nd匂

supported by object 0" 41 precedes匂 in0， (向
べ匂)i官向 iscomputed after 41 0，.ロ ー

“→，" is transitive. 0.1 and句 arecomputed con-
凶作'entlyiπneither 41→cl.2 nor匂→，0.1・Itis 
trivial that [op'→i op‘]. If oP2 is instantiated in 
Op~ ， [OPl→， (op~ →i op']. If OP2 is dependently 
instantiated inop~，ドpi →i (op2)‘→ Op']，..i . .e. 
叩 1is computed by tne -remote piocedure call in 
OPl・

N ow I we would like to discuss the precedence 
relation among theoperation instances in 0，. 
Here， let oPI and op~ be instances of operations 
OPl and oP2 computed in 0" respectively. There 
are the following transitive precedence relations 
from op1 to op~ [Figure 3]. 
(1) opi fully precede3 op~ (oP1 =>， op~) iff op11 

→i [op~. 
(2) opl top-precede， op~ in 0， (op~ t-t， op~) iff 

[opl→i [op~. 
(3) opl t4il-precedes op~ in 0" (opl <-+， op~) iff 

Opl1→， op~]. 
(4) opl cl.ependently in"to.nti4tel op1 in 0， (opl 

l=， oP1) iff [opl→i (op~) →i opl]. 



(5) op1 i~tlepentlently in.d4nti4tu op~ in町 (oP1
h op~) ift'[op1→i (op~ →i op1]. 

(1) opf =>i op~ : [opf... opll … [Op~ ... op;] 

(2) op~ ~i op; : [op~ ・・・ [Op;..，… 

(3) opf t...+， op~ :…...  op~] ..， op;] 

(4) op~ Pi op~: [opト・・ (Op;・・・ op;)... opf] 

(5) op~ トi op~ :op; … (op~ … opD … op~) 

time-

Figure 3: Precedence rel叫iona.mong operations 

op~ partial~y preced~I op~ if.op1円 OP2ωop1 c....・4

op~. If[op1 -・i[OP2 →i op1]， op1 and op~ are in・
terle4ved in Oi・Ifop1 top-precedes oP2 a.nd oP2 
ta.i~-prec~dea opi， iふ [op¥→i，[OP2→ oP21→F 
opi]， oP2 is incl包dedin op1. opiト=ioP2 and op1 
h oP2 mean that oP2 is instantiated in op1. 

Next， we would like to consider the full prece-
dence relation“時"among the operations com-
puted in di宵erentobjeds. 

• oP1 =令 op~ ift' (1) oP1 ~i op~ for i = ;， (2) 
oP1]→i (oP:I)i， or (3)おrsome op;， op1 =令
op~ =争 op~.

。戸i功例 means出品 oplcomple加 before。必
starts. In Figure 4，町 comput回叩'i，instantiat田

明 computedin 0; I and computes叫， i.e.oP11 
→ op~ -i  [op~. Here，叩1功。paand叩'1=争

叩~. In this paper， we would like to discuss the 
fus precedence relation among the operations. 

Oi Oj 

op~ 

time 

Figure 4: Full precedency 

As presented before. if two operations OP1 and 
OP2 conflict in an object o. the state obtained by 

applying oPl and oP:I to 0 depends on thecom-
putation order of op; and oP2・Thesignificant 
precedence relatjon -< be~ween 01'1 a.nd op‘is de-
nned回 follows[Figure 5]. 一一

[Deflnition] op1 lig叫fi，c4ntlyprecedel ザ~(01'い
叫)i宜opi=令叫叩d

(1) op1伺 d哨 conflictin Oi制 dopl ~i 叩~ for 

，= " 
(2) there is some op~ suchもhatoP1 ~i op~ 回d

叫トioP:l ( op~ instantia:畑中2)， or 

(3) there is some o~ such t}叫叩'1-< op~ -< o~. 
ロ

0; 

time 

(1) 

op: 

Ops 

0; Oj 

o~ 

(2) 

Figure 5: Significant precedency (opl べ~)

4 SignificantPrecedence of Mes-

sages 

The communication system delivers messages 
to the destinations in the group 80 that every ob-
ject in the group can compute actions specified by 
もhemessa.ges in the receipt order. 

4.1 Message types 

Tbere are two kinds of me8sages，ふ requut
and re.spon.te ones槌 presented6efore. The re・
que叫ri1essageincludes tbe opera.tion. op and the 
input初 ofap.The r回 ponsemcssage includea色he
output out of op. If a mcssage m c~ies data制

thcinput or output. Information in the sender of 
m is flown into thc receiver. Hence， it is impor-
tant to consider whether出emessages carry data. 
or not. For example， the reque叫 ofdeposit carries 
the amount of money舗 theinput. 

The second point is concerned with whether 
the operation op of the request message changes 
the state of the object or not. For exa.mple， read 
does not change the state of the file object while 
clepo8it cbanges the state of tbe Bf1.nk object. 

Thus，もbcrequest messagc m = ( op. in ) is 
typed掴 αβ-request. where αis 5 if op changes 
the 8tate of the object， N otherwise， and βis 1 
if初#仇 Notherwise. For examplc. the requ四 t
oC read is NN， and cleP08it is SI.The response 
mcssage m = ( out) is typcd剖 γ-responsewhere 
γis 0 if outヲ/:ft. N otherwisc.' For example， the 
responsc of reacl is 0 I and depo8it is N. 
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4.2 Message precedence in object 

We would like to discuss the precedence rela-
tion“ベ，"among messages sent and received by 
an object 0，・ ~here arethree c副 es，(1) 0， sends 
m1. ~~~ore 1n2d2) Oi st:nc!s m2 aftei ieeeiving m， 
and (3)町 receive"sm1 before m2' 

4.2.1 Send-send precedence 

First， suppose that Oi sends m1 before m2' ~here 
are the following c掴 es:

51. ~! and ，，?，2.~e sent by the same instance opi 
[Figure 6(1)]. 

S2. ml and m2 are sent by difl'erent instances opl 
and 叩，~， respectively: 

S2.1. opl =令 op~ [Figure 6(2.1)]. 

S2.2." OPt and 叩I~ are interleaved [Figure 6 
(2.2)1. 

Oi 

time 
(1) 

Oi 

time 
(2.1) 

time 
(2.:n 

Eigure 6: 5end-send precedence 

In 51， ml prece4eo向 inoi ( m1吋向).

In 52， if ml and m2 carry no data， ml and m2 
are noも，ordere~.( ml lIi m2 ). Here， ml lIi ~2 
means that neither m1"" -<i mi nor m2 -<" ml' If 
ml or m2 carries data， the information is flown 
out from 0，. In 52.1， if opi and op~ conflict in Oi 
an~ ml or m2 carries data， ml -<i m2 if opi功

例.Because the data carried by ml or m2 depend 
onもhe.~omputat!on orde.r r:>.C OP，. and 01!.~ ・ Table 1 
shows the precedence relation m case 52.1 where 
Qmeans“m1 -<. m2"ぜopl副 dop~ consict and 
-means "m1 11" m2". If mlιnd m2 are r伺 ponses
oCop‘and op'‘， respectively， ml・<im2 if m1 and 
11'12 carries dala. 

In 52.2， op~ and op'事areinterleaved. Here， ml 
11， m2・一一

4.2.2 Receive-send precedence 

Next， suppose that 0， sends m2 after receiving ml・
There are the Collowing cases [Figure 7]: 

R1. ml and ma are communicated in the same 
instance opi. 

R2. ml is" received in opi and m2 is sent in opi 
(# oPU: 
R2.1. opi => opi. 
R2.2. opi and opi are interleaved. 
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|m1¥m:z 11 IS I IN I NS I NN I 0 I N I 

|15 11υI - Iυ| ・ lυI-I 
|IN 11 ・ 1・ 1・|・ I-I・ l
|NS 11 U I - Iυ| ・ |υI-I 
l NN 11 -I - I - I・ I-I -I 
l o 11 -I - I・|・ lυ ト l
lN  11 -I - I - I・ I-I -I 

Table 1: 5end ・send(2.1) 

Oi 0，: 

time 
(1) 

time 
(2.2) 

Figure 7: Receive-send precedence 

If ml is the response without data，ι N-
response， there is no precedence relation between 
ml and m2・

Here， suppose that m1 is the request of op包
or O-response. In case R1， if m2 does not in: 
clude data， ml do伺 notprece~e m2 (ml lk ~2)' 
Hence， m1 precedes m:z in 0.: (m1 -<i m2) if ml 
is O-response， or ml is the request of opi，回d
m2 includes data or the. response of opi.τ'able 2 
shows “-<." between ffll and m2 in 0， for Rl. 6 
shows th抗 mlベim2 if ml isもhereque叫 of叩 i
叩 dm2 isもheresponse of叩1.

In R2.1， if Op1 and op:・consictin 0， and m:z 
carries data， the -data carried by m2 may be de-
rived from the data changed by Opl. Here， if ml 
is the request of opi or O-response， ml -<i m2 if 
叩'1and 叩，~ conflic色andm2 carries data. Table 3 
shows "・<i~ between ml and m2 for R2.1 where 
叩，~ and opi conflict. 

In R2.2，叩'1and op'‘are interleaved. Here， ml 
11， m2・一一

Table 2: Receive -send (1) 



lml¥m2 11 IS I IN I NS I NN I 0 I N I 
|IS ...lf-O Iυ|υI - IυI -I 

|IN 11 -I - I - I・ I-I -I 
lNS 11υI - IυI - I U I -I 
l NN 11 -I・ I-I - I -I -I 
l 011-1-1-1-1-1-1 
lN  11-1-1-1-1-1-1 

Table 3: Receive -send (2.1) 

4.2.3 Receive-receive precedence 

Let us consider a c回 ethat messages are sent to 
multiple objects. Suppose that an object句 sends
a message ~ afier receiving ml and 01: ieceives 
ml and m2舗 shownin Fi酔 re8. Here， suppose 
that ml・<;~・ Problem is in which order 0J: h卸

to receive -ml and m2. There are the following 
C値 目 ontypes of messages ml and T1、:
C1. ml and 7n2 are requests. 
C2. ml is a request and m2 is a response. 
C3. ml is a response and m2 is a request. 
C4. ml and m2 are r回 ponses.

Oi 

time 

o ・
3 0" 

Figure 8: Receive-receive precedence (1) 

In addition， there are two points on how ml 
and m2 are received in 01:. 

(a) ml and m2 are received by a same instance 

叩i.
(b) ml and m2 are received by difl'erent instances 

叩 tand op~ ， respectively. 

for case (a) ，only 02 _ and O~ "c&o ~~ conside!cd 
because '"'2' mu目tnot be a reque叫.Here， ml h回

to precede m2， iふ ml・<1:m2・
N ext， let us consider c剖 e(b)剖 shownin Fig-

ure 9. In C1， suppose thaもmland m2 are the 
request of 叩.~ and op~. If叩 tand 叩~ consict in 
01:， 伊~ h回 tofully precede op~ ， ~，.e. op~ 功。p~.
Here; mlベ1:m2' Otherwise， nii II~ m:a・

In C2， ml is a r叩附 of併・町中i-d停i
consict in 0.，叩 th嗣 tofl均 precede叩2'凶叩1

功例.Hence， m2 is received after ml， i.e. ml 
ベ1:m2. If.noもeonflict，ml 11. m:i・

In 03， m2 is a reque叫 ofop~. Like 02， ml -<島
町 if 叩~ and 叩.~ consict in 01:. Otherwise， ml 
I¥l:m:a. 

ln C4， the responses ml and m2 are received 
by op~ and op~ ， respectively. Unless opt and op~ 

consict in 01:， ml 111: m2・Supposethat op~ and 
Op~ consict in o，¥:・ 1fml岨 d町 areN-responses， 
iム withoutdata， ml 11. m2・Ifnot， ml -<1: m2・
This requires that op~ =令 Op~. However， if叩i
山巾beforeop~ and waits for向 ，op~ has to wait 
indefinitely beca.use m2 is delivered tσ01: after ml・
That is， the communication deadlock occurs. In 
this c祖 e，op~ h舗 tobe aborted by the time ou 
。町rdeadlock resolution mechanism. 

Oi Oj 0" 

opt 

time 

Figure 9: Receive-receive precedence (2) 

4.3 Message precedence among ob-
jects 

Suppose that messages ml組 dm2 are sent to 
multiple objects and there are multiple common 
destination objects of ml and m2. Suppose that 
Oh sertds ml to 0" 町1and 01q and o，¥: sends m2 to 
Oh， 0'1 and Oj. 0， an-d Oj receive both ml and m2・
Problem is in which ord-er o. and 0・receiveml and 
m2. There are four cases on types of messages ml 
andffl2回 discussedin the receive-receive prece-
dence. In C1， suppose that ml and _ m2 are rc:・
甲山 ofopl'and恥 respectively(Figure 10]. 
The common destination objec旬 oia.nd 0; recei ve 

ml and m2. If叩11and op~ consict in九鍋dop{ 
and 叩~ conflict in Oj， then oPi訪叫 iff'~話時
効 もorealizeもhe削a1izability(2). 

In C4， ml a.nd m2 are respons回 .Suppose that 
ml and m2 are the responses of operations OPl 

and中 2，respectively. The common destination 
objects町a.ndOj receive ml and m2 in the same 
order. 

Oh oi Oj 01: 

(叩;

time 

Figure 10: Receive-receive precedence (3) 

5 Protocol 
We would like to present a protocol f9r 8Up-

porting the significant1y causally ordered delivery 
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Each message m carries a vector of ~i~e values 
P _cloclc = ( tl， ...， tnトLetP -eloclcJ: (m) deno~e 
the lc-th element tJ: of P .doclc in m (lc ;:; i，…!.n).. 
Here， suppose that m is sent by o"l.e. send(ni) 
=Oi・Eachobject oi has a clock stack CS，j which 
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