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Abstract

In distributed applications, a group of application
processes is established and the processes in the group
communicate with one another, i.e. tnira-group com-
munication. Here, messages have to be reliably and
causally delivered to all the destinations. In addition,
the processes send messages to any subset of the group
at any ttme. This paper presents an inira-group com-
munication protocol which provides the group of ap-
plication processes with the selective and causally or-
dered (SCO) delivery of messages. The SCO protocol
is based on the fully distributed control scheme, i.e. no
master controller, and uses the high-speed one-to-one
network where messages may be lost due to the buffer
overrun and congestion.

1 Introduction

Distributed applications like groupware [5] require
group communications among multiple application
processes. There are two kinds of group communi-
cations. The first type [17,18,20] is inira-group com-
munication where after a group of processes is estab-
lished, the processes communicate with one another in
the group. This is the extension of the conventional
connection concept among two processes to multiple
processes. The processes might like to send messages
to some processes, not necessarily all in the group. In
the selective group communication [20], each process
can send messages to any subset of the group at any
time. [16] discusses a selective sending-order preseruv-
ing (SOP) protocol where each process can receive
messages destined to the process in the sending or-
der. [20} presents a selective totally ordering (STO)
protocol where every two common destination pro-
cesses of every two messages receive the messages in
the same order. ISIS [2,3] supports the second type
named multicast communication, where processes can
send messages to a group of processes where every
process can receive the messages in the causal or-
der. {11, 19] discuss how to deliver messages in the
causal order specified at the application level.

In the distributed applications, a group of applica-
tion processes have to receive messages in the causal
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order [2,3,13,18,24]. In this paper, we would like to
discuss an intra-group communication protocol which
supports a group of application processes with the se-
lective and causally ordered (SCO) delivery of mes-
sages. While [17, 18, 20] use the broadcast network
and {2,3] use the reliable one-to-one network, the SCO
protocol uses the high-speed one-to-one network like
ATM [1]. In the high-speed network, each process may
fail to receive messages due to the buffer overrun be-
cause the transmission speed of the network is faster
than the processing speed of the process, and messages
may be lost due to the congestion. In order to take
advantage of the high-speed network, the communica-
tion protocols are required to be light-weighted. We
approach that the communication system supports the
application process with SCO delivery by recovering
from the message loss and out-of-order delivery of mes-
sages by directly using the high-speed network without
assuming that there exists one lower layer supporting
the non-loss and ordered delivery on the network. Ac-
cording to advances of VLSI technologies, each process
can be considered to be reliable in the distributed ap-
plications like groupware. Therefore, we can assume
that the processes are reliable but messages may be
lost. While [3,12,14,15] discuss how to treat the pro-
cess faults assuming that the network is reliable.

The sender of each message m plays a role of con-
troller in ISIS [2,3] and Delta-4 [24], and there is one
controller named sequencer in Amoeba [9]. The reli-
able delivery of m means that m is received by every
destination process of m. These are non-distributed
approaches based on the two-phase commitment [7].
The SCO protocol adopts the distributed approach
where each process has to send other processes the ac-
ceptance confirmation of messages received while the
process sends the acceptance confirmation to only the
controller in the non-distributed approach. That is,
more messages are transmitted in the distributed ap-
proach than the non-distributed one. [17, 18, 20] show
that the distributed protocols have O(n) message over-
head in the broadcast network and O(nz) in the one-
to-one network for number 7 of processes in the group.
In this paper, we would like to discuss how to reduce
the number of messages in the distributed control.



That is, the acceptance confirmation is included in
messages, i.e. piggy back. In addition, the process
does not send the confirmation of messages as soon as
the messages are received, i.e. deferred confirmation.

In section 2, the basic concepts are defined. In sec-
tion 3, we discuss the data transmission procedure of
the SCO protocol. In section 4, we evaluate the per-
formance of the SCO protocol by comparing with the
non-distributed protocols.

2 Basic Concepts

2.1 Layered structure

A communication system is composed of applica-
tion, system, and network layers [Figure 1]. Each layer
supports the higher layer with communication service
through service access points (SAPs). The network
layer provides the system layer with high-speed data
transmission [1]. The messages may be lost in the
high-speed network [1} due to the buffer overruns and
congestions. A group G [21] of application processes
Ay, ..., A, is supported by system processes Sy, ...,
Sp, writtenas G = ( Sy, ..., S, ) (n > 2). S1,..., S
cooperate to support the group communication service
by using the network. After G is established, each A;

communicates with A,, ..., 4, in G.
, , , ap lication
process
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Figure 1: System model

2.2 Ordered delivery

Processes Py, ..., P, at each layer use service pro-
vided by the underlying layer as presented in 2.1. It
is important to consider in what order the underlying
layer delivers messages to the processes. The causal
precedence relation “<” [3] among the messages is de-
fined based on the Lamport’s happened-before rela-
tion [2,10].

[Definition] For every pair of messages m and m/, m
causally precedes m' (m < m') iff

(1) a process P; sends m before m’, or

(2) P; sends m’ after receiving m, or

(3) for some message m”, m < m” and m” < m’ O

m and m' are causally coincident (m || m') iff neither
m<m norm' <m. m=<m iffm<m ormli m.

[Definition]
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(1) The underlying layer supports selective informa-
tion-preserved delivery iff all messages are deliv-
ered to the destinations.

(2) The underlying layer supports causally ordered
delivery iff for every pair of messages m and m’,
every P; receives m before m’ if m < m’. O

Figure 2 shows the data transmission among four
processes Py, P, P3, and Ps. my < my < m3z <
my4 because P; sends my after m,, P, sends mg3 after
receiving mg, and P; sends my after receiving ms. Py
receives m4 after my if the causally ordered delivery
is supported.

P]_ P2 Pa P4
my

|
Nl

\\

\
ms
My

y \ Y Y time

Figure 2: Causally ordered delivery

[Deﬁnltlorj The underlying layer supports selective
causally ordered (SCO) delivery if it is selectively
information-preserved and causally ordered. O

The high-speed one-to-one network does not sup-
port the SCO delivery, i.e. the messages may be lost or
not be causally delivered. In this paper, we would like
to discuss how to support a group of application pro-
cesses with the SCO service by using the high-speed
one-to-one network.

2.3 Acceptance levels

The system processes send and receive messages by
using the network. We would like to discuss how a
system process S; accepts a message m received from
S; in the presence of message loss.

« S; simply accepts m iff S; takes m on receipt of
m if m is destined to S;.

+ 5; continuously accepts m iff S; simply accepts m
and all the messages which S; sends before m.

» S; coausally accepts m iff S; simply accepts m and
all the messages causally preceding m.

Unless S; simply accepts m destined to S;, S; loses
m. If S; losses a message m’ which S; sends before
m, S; does not continuously accept m whlle S; simply
accepts m. The gap in a message sequence, i.e. mes-
sage loss, can be easily detected by giving a unique
sequence number to each message.

[Theorem 1] S; does not causally accept a message
m unless for every process Sj, there is a message m’
causally following m, i.e. m < m’, which S5; continu-
ously accepts from Sj,. O



This theorem means that S; can causally accept m
after continuously accepting at least one message m’
from every process, where m < m’.

» S; reliably accepts m iff S; knows that every des-
tination of m simply accepts m.

The continuously causal acceptance of m means that
m is stably delivered without gap [13]. We assume
that each message m’ sent by Sy includes the accep-
tance confirmation of mn which S}, has simply accepted
before sending m’. Here, m’ is referred to as confirm
m. If S; simply accepts messages confirming m from
every destination of m, S; reliably accepts m.

+ 5; continuously reliably accepts m iff S; reliably
accepts m and all the messages which S; sends
m.

» S; causally reliably accepts m iff S; reliably ac-
cepts m and all the messages causally preceding
m.

It is straightforward that S; continuously reliably ac-
cepts m if S; causally reliably accepts m. Here, m is
referred to as fully accepted by S; if S; could deliver
m to the application. In the SCO service, S; fully ac-
cepts m if S; causally reliably accepts m. Figure 3
shows the implication relation among the acceptance
levels where a -+ B shows that « implies 5.

causally reliable

O

causal continuously reliable
continuous reliable

simple

Figure 3: Acceptance levels

S; has to causally accept m in the presence of loss
of messages causally preceding m. S; knows the loss
of m’ which S; sends before m if S; receives messages
which S; sends after m’. By §;’s retransmitting m’ to
S;, S; can continuously accept m.

2.4 Control schemes

There are three kinds of control schemes, i.e. cen-
tralized, decentralized, and distributed ones on how the
system processes Sy, ..., S, reliably accept a message
m in the presence of message loss. Let » denote the
average number of destinations of message. In the
centralized protocol [9], there is one controller. In the
decentralized one [2,3,24], a sender of m plays a role of
the controller. They are based on the two-phase com-
mitment protocol [7]. In Figure 4(1), S; plays a role
of controller and sends a message m; to S, and Ss. S»
and S3 send my and mg confirming m, to S;. Then,
S sends my4 to S; and S3. Here, S; and S;3 reliably
accept m;. Totally 3r» messages are transmitted and
it takes three rounds.

236

In the distributed protocol, if every S; simply ac-
cepts a message m from S;, S; sends messages con-
firming m to S; and all the destinations of m. If S;
simply accepts the messages confirming m from all
the destinations of m, S; knows that m has been ac-
cepted by every destination of m, i.e. S; reliably ac-
cepts m. Even if some Sj loses messages confirming
m, S can ask another process if m is reliably ac-
cepted. If processes are not reliable, the three-phase
protocol [16-18,20-23] is required to support the re-
liable acceptance, i.e. m is accepted only if all the
destinations simply accept m. Figure 4(2) shows the
distributed protocol. After simply accepting p, S; and
S3 send the confirmation of m to the sender S§; and
the other destinations. Here, totally 72 messages are
transmitted and it takes two rounds.

Thus, the distributed approach requires more mes-
sages and less number of rounds than the central-
ized one. In order to decrease messages in the dis-
tributed one without increasing the number of rounds,
we adopt the following strategies:

(1) the acceptance confirmation of messages accepted
is carried back by the message sent, and

(2) each S; does not send the acceptance confirmation
as soon as S; simply accepts.

Here, messages with and without data are referred to
as date and control ones, respectively. After simply
accepting a data message m from S;, S; sends a data
message m’ with the confirmation of m to the sender
S; and the destinations. If S; has no data and sends
back a control message, O(r?) messages are transmit-
ted. Here, S; sends the control messages to only pro-
cesses which S; has not sent the data messages for
some predetermined time units without sending the
control ones as soon as accepting m to decrease the
number of messages.

S1 S S3 51 S 53
my my
} m
™m
Y y Y time 4 Y Y time

(1) Non-distributed control (2) Distributed control

Figure 4: Reliable acceptance

Table 1 shows how to realize the acceptance levels
in CBCAST of ISIS [3], CO [18], and SCO protocols.
In CBCAST, the network layer supports the continu-
ous acceptance because the network is assumed to be
reliable. On the other hand, messages may be lost in
the CO and SCO protocols. In order to detect mes-
sages lost, the sequence numbers of messages are used.



ISIS uses the vector clock and CO uses the sequence
numbers to causally order messages.

3 Data Transmission Procedure

We present the data transmission procedure of the
SCO protocol for a group G = ( Sy, ..., Sp ) by using
the high-speed one-to-one network.

3.1

Messages are sent to all the processes in G and only
the destinations accept the messages in the SOP [16]
and STO [20] protocols since they are sent by using the
broadcast network. On the other hand, messages are
sent to only the destinations in G in the SCO protocol
since the one-to-one network is used.

S; sends a message m with total sequence number
sqn and local sequence numbers lsnq, ..., lsn,. Each
time S; sends a message m, sgn is incremented by one.
Here, if m is destined to S;, Isn; is incremented by one
(7 =1, ..., n). mhas a field dst which denotes the
destination processes in G.

S; manipulates variables SQN, LSNy, ..., LSN,.
SQ@N denotes sgn of the message which S; expects to
send next. LSN; shows lsn; of the message which S;
expects to send next to Sj.

Transmission

3.2 Continuous acceptance

S; manipulates a variable LRN; which denotes lsn;
of the message which S; expects to accept next from
S; (j =1, ..., n). Suppose that S; sends a message
m to S;. On receipt of m, S; mmply accepts m if S;
€ m. dst and enqueues m into a receipt quene RRQ);
for Sj. Messages from S; are stored in RRQ; in the
sendlng order. S; contmuously accepts m if m.lsn;
LRN;. If m.lsn; # LRN S; finds that S; does not
a.ccept a message m from S where m. l.m, >m. l.m.L
> LRN;. S; requires S; to send m’ again. Then, £
sends m to S;. On recelpt of m’, S; stores m’ in RRQ;

so that the messages in RRQJ are ordered in lsn;.

Suppose that S; continuously accepts m from S;.
S; sends the acceptance confirmation of m to ;. The
acceptance confirmation of m is carried back by mes-
sages which S; sends to S;. LRN,, i.e. sqn of the
message whlch S; expects to simply accept next from
Sy, is stored in m. ackh (h=1,...,n). Onreceipt of m
from S;, S; knows that Sj has continuously accepted
messages from S}, whose sqn < m.acky,.

S; manipulates an n x n matrix AL. m.acky is
stored in AL;p, (h =1, ..., n) and m.sqn is in AL;
if m from S; is accepted by Si. ALjj denotes sqn of
the message from S; which S; knows §; expects to
continuously accept next.

In the SCO protocol, a message m sent by S; is sent
to only the destinations in G. If S; sends no message
to S;, S; cannot know which messages S; has accepted.
S; sends at least one message to every process every
predetermined time units, i.e. control message, if S;
has no data to S;. S; has variables ACC;, ..., ACC,
to denote to whlch process S; has to send the accep-
tance confirmation. Here, if ACC] = on, S; has not
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yet sent S; the acceptance confirmation of the mes-
sage which S; had accepted from S;. If S; sends some
message to Sy, ACCh := off. If ACCh is stlll on after
predetermined time units, S; sends Sj a control mes-
sage with ackq, ..., n.ckn, and then ACC}, := on for
h =1, ..., n IfS; itself is the destination of m, m is
enqueued into RRQ; and is not sent to S;.
S; accepts and sends a message m by the following
procedures.
[Acceptance] On receipt of m from Sj,
lf m.lsn.; = LRN]', {
ALjp :=m.acky (h=1, ..
LRN; := LRN; + 1;
for h=1,...,n, ACCy = on if S}, € m.dst;
m is enqueued into RRQ;; }
else retransmission; O

o M)

[Transmission]
m.dst := destinations of m; m.src := 5;;
m.ack; := LRN; (j = 1, ..., n);
m.sqn := SQN; SQN := SQN + 1;
for (j=1,...,n){
m.lsn; == LSN;;

if §; € m.dst, LSN; := LSN; + 1; }
send m to the destinations; O

3.3 Causal acceptance

Next, we would like to consider how S; can causally
accept the messages. Let m and m’ be messages sent
to S; from S; and Sy, respectively. If every message is
sent to all tfle processes in G, more exactly speaking,
if m’.src € m.dst, the following condition [18] holds.
[Causality condition] If m’.src € m.dst, m < m’ iff
(1) if S; = Sh, m.sgn < m’.sqn,

(2) otherwise, m.sqn < m’.ack;. O

In Figure 2, ma.sqgn £ mgq.acky since mi.sqgn <
mgy.sqn and my.ack; = my.sgn + 1. Thus, the causal-
ity condition does not hold unless P3 € my.dst. To
order messages in <, each message m sent by §; car-
ries the causal sequence numbers csny, ..., csnn, and
S; has variables CSN;, ..., CSN,. On continuous
acceptance of m from S;, S; manipulates CSNy, ...,
CSN,, as follows.

[Causality rule]

(1) CSN; := m.sqn + 1if S; = m.src.

(2) CSN}, := maz(CSNy, m.csny) (for h =1, ..., n,
K#5). 0

CSN; denotes sqn of the message from S; which S;

expects to receive next. Here, CSNy > AL;, (h =1,

.; ). Thus, the causality number is derived from the
total sequence numbers while the vector clock [13] is
derived from the local clock. When S; sends a message
m, m.csny, := CSN (h=1, ..., n) in the transmission
procedure.

The messages accepted can be causally ordered in
the receipt queue by the following theorem.
[Theorem 2] For every pair of messages m and m’,
m < m’ iff
(1) m.sgn < m’.sqn if m.src = m’.sre,



Table 1: Acceptance levels

| acceptance level | ISIS (CBCAST) [ CO (broadcast) | SCO (point-to-point) |

simple network service | network service network service
continuous network service | sequence number sequence number
causal vector clock sequence number | vector of seq. numbers
reliable decentralized distributed distributed

(2) m.sgn < m’.csn; for S; = m.src otherwise.

[Proof] If m and m’ are sent by the same process,
1t is clear. Suppose that m is sent by S; and m’ is
sent by Sj. First, suppose that m < m’. From the
causality rule, if Sk sends m” after receiving m, m.sgn
< m”.csn;. Thus, m”.csn; < m’.csn;. Hence, m.sqn
< m'.csn;.

Next, suppose that m.sqgn < m'.csn;. By the
causality rule, there is a message m” sucﬁ that m <
m” and m” < m’. Hence, m < m’. O

If S; simply accepts a message m’ from S; where
m’.lsn; > LRN;, S; finds that S; has not continu-
ously accepted a message m where LEN; < m.lsn; <
m’.lsn;. m’ is enqueued into RRQ; and m is trans-
mitted again. The messages in RRQ; are ordered in
< my, ..., my | where my.sqn; < my.sqn; for h < k.
Here, let PRRQ; be a maximally continuous prefix
(ma, .., mp] of RRQ; (h < 1) where m; is continu-
ously accepted for every k < h and mpy; is not if b
< l. That, S; does not accept messages sent after m;,
before ms11 by S;

Si moves messages continuously accepted in RRQ,,
.oy RRQ,, to one causality queue CRQ by the following
procedure. In CR(Q), messages are causally ordered
according te Theorem 2.

[Causally ordering procedure

while (PRRQ; # ¢ for j=1, ..., n) {

(1) S; finds the top message m of some PRR Q; where
m < m' for the top m’ of every other PRRQ,.

(2) If m is found, m is dequeued from RRQ; and
enqueued into CRQ. If there is the top m’ of
some PRRQ, such that m || m’, m’ is also moved
into CRQ. } O ‘

Ifsome PRRQ);, is empty, i.e. no message continuously
accepted in RRQ@,, S; moves no message to CRQ. S;
waits to causally accept m from S; until S; continu-
ously accepts a message m’ such that m < m’ from
every process.

[Example] Let us consider a group § = (51, S3, Sa,
S4) as shown in Figure 6. Here, s (s1, s2, s3, s4) shows
a message where sgn = k and csn; = s; (¢=1, ..., 4).
Suppose that initially SQN = 1 in every process. S,
continuously accepts messages c; from S3, a; from Sy,
and ¢; from Sa. S4 sends d; to S3 and S;. At (1) of
Figure 6, S4 has four receipt queues RRQ, = g a1 |,
RRQZ = (], RRQs = ( c1 Czﬁ, and RRQ4 = dl .
Since PRRQ, is empty, no message is removed from
any receipt queue. Then, S; continuously accepts aq
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from S1, and b, from S;. At (2), RRQ; = (a1 a3 ],
RRsz (bz ], RRQ3 = (Cl Ca ],a.nd Q4: ( 1
]. The top messages a1, by, c1, and d; in the receipt
queues are compared on csn. Here, PRRQ; = RRQ);
since there is no message loss (i = 1, ..., 4). a; and ¢;
are removed from RRQ, and RRQ, respectively, and
are enqueued into CRQ since a1 || c1, a1 < b2, and a4
< d;. Here, RRQ; = (a3 ], RRQ; = ( by |, RRQ5 =
(c3], and RRQ4 = ( dy |. The tops ag, bs, ¢z, and
d; in the receipt queues are compared again. Since c;
[| di, e2 < @2, and ¢3 < by, ¢z and d; are moved into
the causality queue CRQ. Here, CRQ = ( ¢; a1 ¢; d;
] where ¢; < a3 < ¢; < dy. Here, CRQ might be { a;
C1 C2 d1 ], ( a €1 d] Ca ], or ( C1 ay dl C2 ] since ai H
C1 and (s3] | dl.
51

S, S3

- W

4

e1(1,1,1,1

)
{

a1(1,1,1,1

)

[/

b1(2,1,2,1)

2(2,2,2,1)

\ /]

< (1)

az(2,2,3,1

)

[ \/

R

b2(3,2,3,1)

/

AW,

< (2)

I time

-
>

Figure 6: Example

Here, suppose that S4 loses a;. S4 finds the loss
of a; on acceptance of a;. PRRQ, is empty while
RRQ; = (a2 }. Hence, no message in RRQs is moved
to CRQ@. On receipt of a;, S4 obtains the same re-
ceipt queues as (2). Then, the messages are causally

d1(2,1,2,1)



reliable causally continuously accepted
RRQ,
ARQ CRQ '__J’—@— o 51
4—__ O—Om :
m.seq < minAL;(m ’
q i(m) RROQ,
C) O“"— Sn

Figure 5: Queues in S;

accepted. O

[Proposition 3] For every message m in CRQ, S;
causally accepts m.

[Proof] It is clear from Theorem 1. O

Each time a message m from S; is moved to CRQ,
AL;; := m.sqn. All the messages i]rom every S; whose
sqn < AL;; are causally accepted by S;.

3.4 Full acceptance

S; does not yet know whether messages in CRQ
are reliably accepted by the destinations. Let m be
a message accepted by S; from S; and minAL;(m)
be min({ALx; | Sp € m.dst}). That is, S; knows
that every destination of m has continuously accepted
messages from S; whose sqgn < minAL;(m). Hence, if
m.sqn < minAL;j(m), m is causally reliably accepted.
m is fully accepted since m can be delivered to the
application.

[Theorem 4] If S; reliably accepts m, m is eventually
reliably accepted by every destination of m.

[Proof] Suppose that S; reliably accepts m but S;
does not. S; loses a message m’ confirming m from
some destination S, of m. By the time out mechanism
of the acceptance procedure, S} retransmits m’ to Sj.
Then, S; reliably accepts m. O

[Theorem 5] For every message m in AR, S; fully
accepts m.

{Proof] From Proposition 1 and Theorem 4, the mes-
sages in ARQ are causally reliably accepted. O

S; has one acknowledgment queue ARQ in which
messages causally reliably accepted, i.e. fully accepted
are stored. While the top m of CRQ, where m.dst =
S;, satisfies m.sqn < minAL; &m), m is dequeued from
dRQ and enqueued into AIi .

[Full acceptance]
while ( m.sgn < minAL;(m) for the top m of
CRQ, where m is sent by S; ) {
m is dequeued from CRQ and
enqueued into ARQ. } O
The messages are causally reliably delivered to the ap-

plication process A; by dequeuing the messages from
ARQ.

3.5 Flow control

Each S; has a finite number of buffers to accept
messages. .S; has a variable BUF; which denotes the
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number of available buffers in S; (7 = 1, ..., »). S; in-
cludes the number of available {mﬁ‘ers in the field buf
of m, i.e. m.buf := BUF;. On acceptance of m’ from
S;, S; knows how many available buffers S; has and
BYUFj := m’.buf. If more than BUF; messages arrive
at S;, S; loses messages due to the buffer overflow. In
the SCO protocol, messages are sent to only the des-
tinations. Let minBF(mz‘ denote min{ BUF} | Sp €
m.dst }. Here, suppose that BUF, = minBF(m). If
every process sends BU Fj messages to Sy, the buffer
overflow occurs in S,. Here, if S; sends one nth of
BU F), messages, S can receive the messages without
the buffer overflows even if others send messages to
S1. Therefore, each S; can send a message m only
while the following flow condition is satisfied. Here,
W is the maximum window size and H is constant (>
1).

[Flow condition] minAL; < SQN < mindAL; +
min(W, minBF(m) / (H x n)). O

4 Evaluation

We assume that each process sends messages ran-
domly to r (< n) processes in a group G = ( Sy, ..., Sn
). In the non-distributed protocol, i.e. centralized or
decentralized protocol, one coordinator sends a mes-
sage m to the destinations in G and the destinations
send back the confirmation messages to the coordina-
tor if they succeed in simply accepting m. The coor-
dinator sends the acceptance confirmation of m if all
the destinations receive m, otherwise sends the failure
to them. Hence, simply accepts 37 messages are trans-
mitted and it takes three rounds for each message to
be reliably accepted as shown in Figure 4(1).

In the distributed protocol, after accepting a mes-
sage m from S;, each destination S; of m sends the
acceptance confirmation to S; and all the destinations

as shown in Figure 4(2). 7? messages are transmitted
and it takes two rounds for each message to be reliably
accepted. In order to reduce the number of messages,
the confirmation of m is carried back by the messages
sent by 5;. S; does not send the confirmation of m
as soon as simply accepting m, i.e. deferred confir-
mation. S; sends the confirmation to S if S; does
not send messages to S for predetermined time units.
The same modification can be adopted to the central-
ized protocol. The distributed and non-distributed
protocols with piggy back and deferred confirmation
are named modified distributed and non-distributed



ones, respectively.

Four control schemes, non-distributed (Co), modi-
fied non-distributed (Cy), distributed (D), and mod-
ified distributed (D;) ones are compared in terms of
number of messages and delay to fully accept a mes-
sage. D; means the SCO protocol. Figures 7 and 8
show the ratios of the number of messages and the de-
lay of Cyi, Do, and D; to C, where n=10. Here, we
assume that every process S; sends a (> 1) messages
every one time unit. We also assume that S; sends
the control messages to only the processes to which S;
does not send messages in k (> 1) time units. One
round is ¢ time units. Figures 7 and 8 show the ra-
tios. for k, where a=1, t=4, and r=5, i.e. each process
sends one (a) data message every time unit and sends
control messages if there are processes to which S; has
sent no data message for k time units, and it takes four
(t) time units to deliver a message to the destination.
Figure 7 shows that the longer k is, the lower number
of control messages are transmitted but the longer de-
lay it takes. However, D; does not require much longer
delay than Dy and the delay of D; is much smaller than
Co and C;. Cj has the minimum number of messages
but the longest response time, about two times longer
than Dl'

Figures 9 and 10 show the ratios of the number
of messages and the delay for the number r of the
destinations where @ = 1, ¥ = 4, and ¢+ = 4. D; has
lower number of messages than Cp and Dy. For r =
3 to 8, C} has lower number of messages than D; but
the difference between C; and D, is smaller than 20%
of Dy. The delay of D; is 50% smaller than Cp and
C} and does not get much greater than Dy while the
deferred confirmation is used in Dj.

In summary, C; has the lowest number of messages
but the longest delay. Do has the shortest delay but
the largest number of messages. Dy, i.e. SCO supports
the second lowest number of messages and the second
shortest delay, but the difference from the best one is
small, i.e. smaller than 10%. Hence, D; can support
the better feature than the others in terms of number
of messages and delay.

Ratio of number of messages
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Figure 7: Number of messages (n = 10)
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Figure 8: Delay (n = 10)
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Figure 9: Number of messages (n = 10)

5 Concluding Remarks

This paper has discussed the intra-group commu-
nication (SCO) protocol which supports the causally
ordered and selective delivery of messages to the des-
tinations in the group. The SCO protocol uses the
high-speed one-to-one network where the system pro-
cesses may not receive messages due to buffer over-
run and congestion. Messages are sent to only des-
tinations in the group while they are sent to all the
processes in [20]. The SCO protocol is based on the
distributed control, where each process sends messages
to the sender and destinations carrying the acceptance
confirmation of the messages which the process has ac-
cepted. In order to reduce the number of messages, the
SCO protocol adopts the deferred confirmation and
the piggy back. We have shown that lower number of
messages are transmitted and it takes shorter delay in
the SCO protocol than the non-distributed ones.
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