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1 Introduction

An approach to making distributed systems fault-
tolerant is to replicate objects. The replicas have to be
realized in different types of computers. In the active
replication, the replicas are computed and communi-
cated in the same synchronous way. The computation
speed of the process depends on the slowest replica.
In this paper, we discuss a pseudo-active replication
where events may not occur simultaneously, not in
the same order, and may not occur in the replicas.
The succeeding requests can be issued to the replicas
if somne replies, not necessarily all replies, are received
from the replicas without waiting for the completion
of the slower replicas.

In section 2, we present the system model. In sec-
tion 3, we discuss the pseudo-active replication. In
section 4, we evaluate the pseudo-active replication.

2 System Model

A distributed application is realized by the coop-
eration of a group -G of multiple objects oy, ..., on.
On receipt of a request m from anther object o;, o
- computes m. If o; completes m, o; sends back the
response to o;. A collection {01, ..., 0y} (k> 1) of
replicas is a cluster ¢; of o;. Each computer is char-
acterized in terms of processing speed and reliability
level. ¢; is heterogeneous iff some replicas are in dif-
ferent types of computers. Let 8;;(m) and r;j(m) de-
note the sending and receipt events of a message m
in a replica o;;, respectively. Many group protocols
are proposed to support a group of multiple processes
with the causally ordered delivery of messages. In or-
der to causally deliver messages, each o;; manipulates
the vectorclock V={Ven Jk=1,--,n, h=1,.-, &
) [1]. Here, for every pair of messages m; and m;, m;
causally precedes m; (m; — my) it m.V < m,.V.
By using the vector clock, the messages received are
causally ordered.

Let s?j denote the initial state of o;;. Here, 82, =---

= 8J,.. If an event e]; occurs in sf;, &7 is transited to
the 1st state a}j. Here, 0;; is represented in a sequence
of the eventse; 0 -+ o e:;’ There occur local events
and communication events.

In this paper, the network is assumed to be reliable

support messages.

3 Pseudo-Active Replication

In the active replication, every replica is required
to do the same computation and communication at
the same time.Hence, the computation speed of the
cluster ¢; depends on the slowest replica in ¢;. The
response time can be reduced if the computation of
c; completes before every replica. Here, o, considers
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that m completes in ¢; although o, does not receive
all the responses from c;.
[Deﬁqition] oi; follows o;j (0ij = o) if mj — ma
but m}* /4 mj for some messages mj received and m;
sent by o;; and 0;;. O

Next, we consider how each replica o;; can decide
in the distributed way if o;; follows or succeeds other
replicas in the cluster ¢;. If o;; receives 2 message m
carrying the vector clock m.f’. 0;; knows that oy,
= o if m.V;; < m.V;,. Hence, o;; decides how the
replicas are followed on receipt of m according to the
following rule.

[Following (F) rule] For every pair of replicas o
and o;; in ¢y, (1) o5 follows o if M.V < m.Vyy, (2)
a;; and o;; are synchrontsed if m.V;; = m.V;,. O
o5 follows o, in o;; {0y =>4 0iz) if 0;; decides that
Oip = G5}

Suppose o1 in ¢y sends m,; and m3 to o;; and o,
in c; as shown in Figure 1. ox; sends m3 on receipt of
m; {ro_m o;; before receipt of m‘} from o;;. Hence,
on receipt of ma, o;; =>i; o5 and o5 =i o
[Theorem 1] On receipt of 8 message m, 0;; =ia iz
iff o;; =>i; oy for every pair of operational replicas o;5,
and Ol =]

If o; knows that o follows o;x by the F rule on
receipt of m, o;, receiving m is sure that o;; =>is o
A message m is delayed on o if m.V;; < m.Vy; for
some o;;. If 0;; receives a message delayed on o;5, o5
knows that o;; follows some replica.

In the active replication, os; sends a request mes-
sage m; to oj; and o;;. On receipt of the responses
m; and mit, op considers that the computation of
m; completes and sends a request mj3 to o;; and o;;.
In the pseudo-active one, op; does not wait for the re-
sponses from all the replicas. Since only stop-fault is
assumed to occur, op; can send mg3 after oy receives
one response from one replica.

Next, suppose that the replicas in ¢; receive re-
quests m; and my. If there is no causally precedence
relation between m; and mg, the replicas in ¢; may
receive m; and m; in different orders. In the network,
every o;j in ¢; can take messages in the total order.

The slower replica o;; can catch up with o;; by
omitting events not necessarily to occur and by chang-
ing the occurrence order of the events.

An event e is an identity event in o;; iff e(8;;) =
8;; for every state s;; of 0;;. An eveni sequence S
is sdempotentin o;; iff S o S(s;;) = S(si;) for every
state s;; of 0;;. An event sequence S; i3 gbsorbed by
S; iff 51 o S3(8;i;) = Sa(si;) for every state 8;; of o;;.

Two event sequences S; and 5; are commutative
in oy iff S1 o S3(s;) = 52 0 51(s;;) for every state
8;; of 0;;. Unless S, and S; are commutative, S; and
53 conﬂict. For example, two SQL select statements
are commutative but select conflicts with update. An
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event sequence S is equivalent with S; in o;; (S5; =

Sa2) iff S1(sij) = 52(si;) for every state s;; of oy;.

[Omission rule] Let S; and S; be event sequences

and e be events. ,

(1) Sy 0e o0 S; =5, 085;if e is an identity.

(2) eoSoe=S oeifeis idempotent and S;
includes no event conflicting with e. O

[Exchanging rule] If events €; and e; are commuta-

tive and an event sequence S includes no event con-
flicting with ¢; and €3, €1 0o S o e3 = e3 0 So gy

We discuss how the slower replicas catch up with
thle faster ones by using the omission and exchanging
rules.

Figure 1: Obsolete message.

[Definition] A message m is obsolete in o;; iff (1) m
is received but is not delivered to o;;, (2) m is delayed
on o;;, and (3) there is some message m' received in

o;; such that m — m', m’ is delayed on o;;, and m.V;;

< m'.V;; for some 0. O

On receipt of a message m, o;; stores m in the
causal order in the receipt queue kQ;j, o;; executes
the following procedure to check if a top message in

RQ;; is obsolete.

[Receipt] A message m arrives at o;;.

(1) m is stored in RQ;; in the causal order by using
the vector clock. L

(2) Uf m is delayed-on 05, m is marked delayed.

(3) If m is delayed, RQ;; is searched for every delayed
message m' causally preceding m'(m’ — m) in
RQij.

(3-1) if m/ is an identity request, m’ is marked
omtssible. ' _

(3-2) if m’ is idempotent and there is the same
kind of request m” as m' which precedes
m and succeeds m’ in RQ;;, m' is marked
omissible if there is no message between m
and m' in RQ;; which conflicts with m’. O

0;; takes the top message m from RQ;;. H m is
marked omissible, o;; removes m and sends back the
dummy response of m with no result.

[n Figure 1, suppose m; and my are the idempotent
requests. mj arrives at o;3 during the computation of
the request m;. Here, mj is delayed on 053 but not ob-
solete. ma is enqueued into RQ;,. Then, the request
ms arrives at oy3. mg is delayed on 0. The messages
in RQ;; are checked by the receipt procedure if they
are obsolete. m3 in RQ;; is obsoleie since may — my
and ms is delayed. Hence, mj is marked omissible.

After the completion of my, i.e. sending ms, oj takes
ms from RQ;z. Since mga is marked omissible, o
omits m3 and sends back a dummy response of m; to
on;- Then, o;; starts to compute mg since ms is not
obsolete while being delayed.

4 Evaluation
The pseudo-active replication ¢; = {01, ..., &1, }
supports the same level of reliability as the active one.
Let us consider the total computation times of the
fastest replica o;; and slowest o;;;. The total {ime
of o;; is defined to be a duration from time when
0ij receives the first request until when oy sends the
response of the last request. Let T4 and Tpbe the
total time of o;;; to compute the requests in the ac-
tive replication and pseudo-active replication, respec-
tively. Here, suppose 50% of requests are identity
ones, and 30% and 20% are idempotent and other
requests. o sends w (= 100) requests by selecting
randomly operations in f; s: 10) ones. Let § be a
ratio of the propagation delay §; among o, and the
replicas in ¢; to the processing time 7}, of the identity
request in o5y, i.e. §;/7};. By the simulation, the total
processing times Tp and T, are obtained. Figure 2
shows T4/Ra and Tp/R, with 6§ = 0.1, 1, 3, 10 for
Ti1/7i1,- The dotted lines show Tp/R4. From Figure
2 the pseudo-active replication can reduce the total
processing time and the number of operations com-
puted in the slower replica. Furthermore, the longer
the distance among o, and the replicas is, the more
efficient the pseudo-active replication is.
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Figure 2: Ratio of total computation time.

5 Concluding Remarks

‘We have presented the vector clock based method
by which each replica can decide how the replica fol-
lows others. The slower replicas can catch up with the
fastest replicas by omitting the identity and idempo-
tent events and changing the commutative events. We
have shown that the pseudo-active replication impliea
shorter response time and total computation time
than the active one while supporting the same level
of reliability as the active one. / ]
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