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According to the advances of communication technologies, kinds of mobile stations like personal handy
systems and intelligent robots are available. Objects are distributed in not only fixed stations but also
mobile ones. Transactions manipulate multiple, possibly replicated objects in mobile and fixed stations.
While the objects are moving from one location to others in the system, the quality of service (QoS)
supported by the objecta are changed. That is, the performance aspects like the bandwidth and latency
are changed while the stations are moving in the system. The connection is tentatively closed by the
mobile wireless station in order to reduce the power consumption while the operations issued by the mobile
station are being computed, i.e. disconnected operations. In this paper, we discuss how to manage the
transactions manipulating multiple, possibly mobile and replicated objects.

1 Introduction

According to the advances of communication
and computer technologies, kinds of mobile wire-
less stations like personal handy systems are avail-
able. Communication among robots in industrial
factories and automobile cars are also kinds of mo-
bile communications. The distributed systems are
composed of mobile and fixed stations intercon-
nected by the communication networks. The fixed
stations are connected to the communication net-
work at the fixed location, i.e. service access point
(SAP). The mobile stations in a cell communicate
with the mobsle support station (MSS) in the cell
by using the wireless communication. The mobile
support station maintains the connection between
the mobile station and another station. If the mo-
bile station moves to another cell, it can continue
to communicate with the station through the mo-
bile support station in the cell. Tanaka [17] and
Teraoka [18] discuss how to support the connec-
tion with the mobile stations.

The transactions computed in the mobile sta-
tions issue the operations to the server stations.
The mobile stations like the personal handy sys-
tems are not equipped with enough capacity of
battery to have long-time communication. In or-
der to reduce the power consumption of the mobile
stations, the connections among the mobile sta-
tions and the other stations are disconnected while
the operations issued by the mobile stations are
being computed, i.e. disconnected operations [12].
One technique to reduce the power consumption
of the mobile station is to cache data in the other
station like servers to the mobile station. Without
communicating with the other station, users can
manipulate the data cached into the mobile sta-
tion. Barbara [3] and Huang [9] present how to
cache the data n the fixed stations to the mobile
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stations and how to maintain the mutual consis-
tency among the caches and the fixed stations.
JING [11] discusses the locking scheme based on
the optimistic two-phase locking [4] on the replicas
and a way to reduce the communication overhead
to release the locks.

In this paper, the distributed system is as-
sumed to be composed of objects distributed in
multiple stations. Each object is composed of data
and operations for manipulating the data. Users
or objects send operations to the objects. On re-
ceipt of the operations, the objects start to com-
pute the operations. On completion of the oper-
ations, the objects send back the responses. The
operations may issue operations to other objects.
The computation of each operation on an object
is viewed to be atomic, i.e. the operation is com-
pletely computed or nothing. The atomic unit of
computation is a transaction [2,7]. The compu-
tation of an operation in the transaction is also
atomic. Thus, the transaction is nested [16, 19).

The objects may be replicated into multiple
replicas which are allocated into multiple stations
in order to increase the reliability, availability, and
performance. They are replicated objects. In this:
paper, we assume that the object is fully repli-
cated, i.e. the replicas have the same data and
operations as the object.

_Objects are stored in the mobile or fixed sta-
tions, According to the movement of the mobile
stations, the objects in the mobile stations are
viewed to move from one location to.different lo-
cation. There are kinds of objects, i.e. mobile
and fized ones. Mobile objects are objects which
can ‘move from one location to others in the sys-
tem. The objects moved from one station to an-
other are also mobile stations. Fixed objects are
in the fixed stations. Each object is considered to
support the guality of service (QoS) like response
time. On the other hand, the response time of the
object may get longer due to the increased latency.
Thus, according to the movement of the object o,
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the QoS of o is changed. The movement of o is
modeled as change of the QoS, e.g. bandwidth,
latency, response time, disconnection, supported
by o in this paper. Problem is how to support
users with the service required by the users under
situations where the objects are moving in the sys-
tem. In this paper, we would like to discuss how
to manage transactions which manipulate mobile
and replicated objects distributed in multiple sta-
tions.

In gection 2, we present the system model. In
section 3, we discuss how to compute disconnect
operations in the mobile objects. In section 4,
we present how to compute operation on mobile
objecta. In section 5, we discuss how to maintain
the mutual consistency among the replicas.

2 System Model

The distributed system is composed of multi-
ple stations interconected by communication net-
works [Figure 1]. There are two kinds of stations,
i.e. fized and mobile ones. The fixed stations are
connected at the fixed service access point (SAP)
of the network. The mobile stations in a cell com-
municate with the mobile support station by using
the wireless channel. If the mobile station moves
to another cell, it communicates with the mobile
support station in the cell. By the current net-
work technologies [17, 18], the connection among
the stations can be maintained even if the loca-
tions of the stations are changed in the network.

. -

Wireless cell

M : mobile station
F; : fixed station

Figure 1: System model

A unit of resource in the system is referred to as
object, which is composed of data and operations
for manipulating the data. Each object o can be
manipulated onfy by the operations supported by
o.

There are two kinds of objects, i.e. class and
instance. The class includes the scheme of the
data and the operations for manipulating the
data. The instance is composed of the data in-
stance of the scheme and the operations inherited
from the class.

The objects are distributed into stations in the
system. Some objects may be replicated into mul-
tiple replicas which are in different stations. The
object is referred to as replicaied if there are mul-
tiple replicas on the system. Here, suppose that
an object o is replicated into multiple replicas
ol,...,0™ (m > 2) where each o' is in a station
8; (i = 1,...,m). If the replicas have the same
data and operations as o, o is referred to as fully

replicated to o',...,0™. If not, they are partially
replicated. If o is the class, s; has all operations
supported by o if fully replicated. s; has some
operations of o if partially replicated. If o is the
instance, each s; has the data instance and the op-
erations. If o is partially replicated, s; has a part
of the data of o. If an object o is in a mobile sta-
tion, the location of o is changed, i.e. o is moved
to a different location according to the movement
of the atation.

We would like to think abort how the move-
ment of the object o is viewed. For example, the
response time to manipulate o may be increased
due to the increased latency to o while being able
to communicate with o. Thus, the movement of
o0 is modeled to be the change of the quality of
service (QoS) supported by o.

[Definition] An object o is mobile iff the QoS
supported by o is time-variant. O

The computation of an operation op in an ob-
ject o may invoke operations in other objects. The
computation of op is considered to be atomic.
That is, all the operations invoked by op complete
successfully or none of them. If some operation in-
voked by op fails, all the operations invoked by op
have to be aborted. The computation of each op-
eration invoked by op is also atomic. Hence, the
computation of the operation is considered to be
a nesied transaction (16,19)].

3 Operations on Disconnected Ob-
jects

We would like to discuss how to compute oper-
ations on mobile and replicated objects. .

3.1 Disconnected operations

Suppose that there are three objectis o;, o,
and o;;; with the data d;, d;j, and d;j, respec-
tively. Suppose that an operation op; in o; in-
vokes an operation op;; in o;; and opy further
invokes op;j in o;;x as shown in Figure 2. op;;
manipulates d;; in o;; and op;;; manipulates d;;,
in o;j¢. Since the mobile station like the personal

s

i Sy Sijk

Figure 2: Invocation

handy system is not equipped with such power-
ful battery that it can have long-time communi-
cation, the mobile station often has to close the
connection with other stations to reduce the power
consumption. The mobile station also may not
be disconnected due to the jamming and noise.
Thus, the operations may be disconnected while
the operations are being computed. The situa-
tion is referred to as disconnected operation [11).
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A disconnected object is one which has no con-
nection with the other objects. Operations in the
disconnected objects which are invoked by other
objects are disconnected one. Object which are
not disconnected are connected.

There are ways to continue the distributed
computation on mobile and fixed objects in the
presense of the disconnected objects:

(1) migration of objects, and
(2) replication of objects.

In the migration way, the operations and data of
the disconnected object are transferred to another
station. On behalf of the disconnected operations,
the operations migrated are continued to be com-
puted. The caching of the data is a kind of mi-
gration where only data in the object is copied to
other station. In the replication way, the object is
replicated into multiple replicas. If an object o;;
used by an object o; is disconnected, o; manipu-
lates a replica of o;; on behalf of o;;.

3.2 Migration of objects

First, we would like to discuss how to migrate
objects from one station to othera. Here, suppose
that o;; is to be disconnected due to the close of
the connections in Figure 2. There are two ways
for migrating the object:

(1) to migrate the disconnected object o;; in s;;
to another station, and

(2) to migrate the connected object o;x in siji
to the disconnected station s;;.

One way is to migrate the disconnected object o;;
to another station. For example, op;; and d;; of
o;; are migrated to the station s;;i as shown in
Figure 3. If a;;; has the class of o4, only d;j can
be migrated to sijx since sijk has the operations
op;; After migrating o;; to s;5;, op; still invokes
opi; of oy in 8ijx. If o in 3;; is reconnected, o;;
waits until op;; in s¢;; completes. Then, d;; in 55
is sent to ;5. On receipt of d;j, dyj is restored to
the data in 0i;. In stead of migrating o;; to a;jx,
oij may be migrated to s; or other station.

Figure 3: Migration of o;; to s;;;

Another way is to move objects whose opera-
tions are invoked to the disconnected station s;;.
For example, suppose that o;;, is migrated to s;;
as shown in Figure 4. o;;, is migrates to s;; from
sijk. Since oy5; is still connected, o045, is manipu-
lated by other objects while di;x is being manip-
ulated in s;;. In the caching method, only d;; is

sent to s;; assuming that s;; has the operations
for d;;. It'is problem how to maintain the mutual
consistency of dij; among s;; and s;jx. The prob-
lem is discussed already by many researches [3,9].

As stated now, if o;; is to be disconnected, there
are two ways, i.e. op;; and di; of o;; in s;; are
migrated to another station or op;j: and diji in-
voked by op;; are migrated from s;;i. It depends
on which object oi; or oijx coordinates the dis-
tributed computation. For two objects o;; and
Oijk, ifo;, coordinates the computation on o;; and
Oijk, 0;j 18 referred to superior to o;j:. An object
wiﬁch 18 not superior is migrated to a superior ob-
ject. For example, if oy is in the mobile handy
station and a user interactively manipulates oi;:
thro:xjh 0ij, 0ij is superior to o, i.e. 0;j; is mi-
grated into s;;. If neither o;; nor 0i;1 are superior,
o;; and oy, are referred to as equivalent.

Suppose that o;; and oy are equivalent. The
following migration strategy is adopted to reduce
the communication overhead:

[Migration]

(1) If either o;; or o:;ji are updated, the object
whose state is not changed is moved to the
other.

(2) If a volume of operation and data sent to
8;j% is smaller than o;;, 0;;, is migrated to
8;7. Otherwise, o;; is migrated to ;5.0

Suppose that an object o;; is changed by the oper-
ation op;;. If the object o;; is migrated to another
station s;ja, o in s;; has to be synchronized with
one migrated in s;;j; when o;; in s;; is reconnected.

Figure 4: Migration of o;;; to s;;

8.3 Replication of objects

We would like to discuss a case that o;; is repli-
cated into multiple replicas. If one replica o{‘j be-
ing manipulated is disconnected, another replica
of,- is used on behalf of o:‘, Suppose that o;; is
replicated into two replicas o}; and o as shown
in Figure 5. In this paper, we assume that the ob-
jects are fully replicated, i.e. of; and of; are the

same as oy;. Ifo,-‘,v is to be disconnected, op; can

invoke op;; in the replica of; and op;; in of; can in-
voke opjjx as shown in Figure 5. Here, the current
state of of; has to be sent to of;. On receipt of the
states of di; and op;;, the states are restored to

di; and op;; in o,?j and then o,?j starts to compute
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op;; for the current state received from o};.

Another way is to abort op;. Due to the abor-
tion of op;, op;; and opij, are aborted. Then, op;

is restarted and op; invokes op;; in o.?j.

%;

)\ )

5
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Figure 5: Replication of o;;

4 Operations on Mobile Objects

We would like to discuss how to compute aper-
ations on mobile objects.

4.1 TUnder-qualified operations
According to the movement of the object, the
quality of service (QoS) of the object is changed.
For example, the bandwidth between o;; and o;;;
in Figure 2 is changed to be lower if o;; is moved
to a station s{;, which is connected with the lower
bandwidth network{Figure 6). Suppose that o;; is
replicated to two replicas o}; and of; as shown in
Figure 4. If the QoS of of; for o; is degraded, o;
can use another replica of; in stead of o}; if o
supports the better QoS than o},-.

ij
Sy s T :‘;‘
|

|

Figure 6: Movement of object

[Definition] Suppose that op; invokes op;;. opi;
18 referred to under-qualified for op; if the QoS of
op;; is degraded under one which op; expects to
take from o;;. O

Suppose that an operation an object o;; is repli-
cated to m(> 2) replicas oj;,...,0f}, where each
replica of; is stored in a station s};(h = 1,...,m).
o; has to find a replica o,'-‘,- whose QoS is the best

among o}, ..., of}: o; selects the best replica oi-‘,-
among the replicas as follows.

[Selection of the best replica]

(1) o; sends Rg-QoS messages to all the replicas’

1 m
O"J',-...'O‘-j.
(2) On receipt of the Rg-QoS message from o;,

each replica of-‘j sends back the Rp-QoS mes-

sage with the QoS of oﬁ‘j tooy(k=1,...,m).

(3) If o; receives the Rp-QoS messages from the
replicas, o;. selects one replica ofj with the
best QoS among them. O

Then, op; invokes the operation op;; in o:-‘j. This
method implies greater communication overhead
to broadcast Rg-QoS messages to all the replicas.
Hence, we adopt the following heuristics to select
the replica. :
[Selection of the best replica]

(1) If there is a replica of; in the same cell as o;,

the replica o;is selected. If there are multi-

ple replicas in the cell, the replica of; which
supports o; with the best QoS among them
is gelected.

(2) If there is no replica in the cell, o; broad-
casts the Rg-QoS message by the selection
algorithm. O

Another way is that there is one coordinator of
the replicas, say o};. o}i monitors the change of

QoS of each replica of;. o; first asks o}; to find the

best replica for o;. Then, o}; selects the best one,

say of;. '

While op;; is computed in of;, the QoS of of;
may be changed according to the movément of
ofj. If op;; could not support the QoS required,
i.e. opi; is under-qualified, o; can select another
replica of o;; which supports the better. QoS than
of;.
[Resolution of the replicas]

(1) ¥ the QoS of of; is being degraded for some
time units, o; finda the best replica of‘j which
is better than o{"j by the selection procedure.

(2) If of; is detected, o; requires of; to send the
states of d;; and op;; to ofj. On receipt of
them from of’-, o?,- restore them to the state,

o; invokes op;; in of‘, o

4.2 Faulty replicas

One problem on considering the disconnected
operations is how to differentiate the disconnected
objects and the faulty objects. Suppose that o
is faulty in Figure 2. If o;; stops by failure, the
connection with o;;; is closed. o5 cannot know
whether o;; is faulty or not because the connection
i closed and there is no way to communicate with
0;;. Here, we make the following assumptions:
[Assumptions)

(1) the network is synchronous, i.e. the propa-
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gation delay is bounded, and
(2) the computations in the objects are syn-
chronous [6]. O

The synchronomy assumptions mean that the
faulty objects can be detected by the timeout
mechanism,

We adopt the following strategy to detect the
faulty objects:

[Detection of faulty objects]

(1) The disconnected object o;; sends periodi-
cally Alive massage to o; and ojjx.

(2) After the disconnection, if o, or o; does not
receive any message from o;; for some prede-
termined time units, o;;; considers that o;;
is faulty. O

The operational objects have to send Alive mes-
sages to inform other objects of their being oper-
ational, The Alive message is sent by using the
connections less communication.

4.3 Computation of QoS

Operations in objects are nested. The QoS of
an operation op; of an object o; depends on not
only the computation of actions in o but also QoSs
of operations invoked by op;. Let QoS(op;) de-
note the QoS of op;. Suppose that op; invokes
operations op;y,...,0p;m of objects 0;y,...,0m,
respectively. QoS(opg) is computed as follows:

QoS(op:) = fi(QoS(opi1), . - -, Q05 (opim ), gos(op:)).

Here, gos(op;) denotes the QoS supported by the
actions of op; on o;. f; is a function which gives
the QoS of op; from the QoSs of op;y, ..., 0pim.
There are kinds of QoS. The computation time of
op; is obtained by adding the computation times
of 0pi1y...,0pim and op;, ie. f; is “+” op; is
computed sequentially. If op;1,...,0pim in op; are
computed in parallel, the QoS is obtained by tak-
ing the minimum one of op;1,...,0pim-

In order to compute the QoS of op;, o; asks o;j
to send QoS(op;;) periodically or each time op; is
invoked.

5 Operation-Type Based Optimis-
tic Concurrency Control

We would like to discuss how to maintain the
mutual consistency among the replicas.

5.1 Lock modes

Objects may be replicated. Here, for an ob-
ject o5, let r(o;) be a collection of replicas of o;,
ie. r(o;) = {0},-.., 0} }(I; > 2), where cach o] is
a replica of 0; (j = 1,...,1). Each replica o} is
stored in a station 8;; (7 = 1,...,{;). We would
like to discuss how to maintain the mutual consis-
tency among the replicas.

Before an operation op; is applied to o;, o; is
locked. If o; ia locked, op; is computed in o;. If
not, op; waits. Two operations op; and op; are
referred to as compaiible iff the states obtained by
computing op; and op; in any order are the same.
In order to increase the concurrency, kinds of lock

modes are introduced, e.g. read and write modes.
The objects support more kinds of operations than
read and write of the file objects. An operation
op; of o; is assigned a lock mode m(op;). The
compatibility relation among the lock modes is
defined as follows [13).

[Definition] For every pair of lock modes m,; and
my. supported by an object o;, m; is compatible
with my iff an operation of m; is compatible with
operations of m3. O

If m; is not compatible with ma, m; conflicts
with mg3. That is, op; of m; has to wait until
the operations of mz complete in o;. For exam-
ple, a Bank object supports operations Deposit
and Withdrawal. The modes of Deposit and With-
drawal are compatible.

Objects support various kinds of abstract op-
erations like Deposit and Withdrawal while the
database systems support only read and write op-
erations, i.e. read and write modes. Hence, var-
ious kinds of lock modes are supported by the
objects. The precedence relation among the lock
modes is defined in [13]. Here, let My be a set of
lock modes supported by an object 0. For each
meode m in My, let ¢(m)(C M) be a set of modes
which m is compatible with.

[Definition] For every pair of modes m; and m;
of an object, m; < mq (m; is not more resiricled
than mg) iff ¢(m,) 2 c(ma). O

Here, m; < m3 means that m; is stronger than
mg. If neither my < ma nor my < my, my || ma.
Here, my < m3 or m; || ma. Here, read < write
because c(read) = {read} D c{write) = ¢.

5.2 optimistic locking

The typical scheme to maintain the mutual
consistency among multiple replicas is the read-
one and write-all principle. That is, the read op-
eration is issued to one replica while the write op-
eration is issued to all the replicas. If one replica
is locked in a read mode, the read operation can
be computed in the replica. On the other hand, if
all the replicas could be locked in the write mode,
the write operation is computed in all the replicas.
In order to reduce the communication overhead,
the optimistic approach [14] is adopted. Carey El
discusses the optimistic two-phase locking (O2P
protocol, Jing [11] extends the O2PL as to reduce
the communication overhead by avoiding the re-
lease of the locks. In the O2PL, one replica is
locked by read bui the replicas are not locked by
write, When the transaction commit the replicas
to be updated .are locked by write. More abstract
types of operations are considered in the objects
than the read and write operations. The read-one
and write-all principle can be extended by taking
into account the various kind of lock modes.

The second point on the operations is con-
cerned with whether the operations change the
state of the object or not. For example, Deposii
and Withdrewal change the state of Bank while
they are compatible. If an operation op does not
change the state of o0, op can be computed in only
one replica of 0. Otherwise, op has to be computed
in all the replicas to keep the mutual consistency
among the replicas.
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The third point is concerned with whether the
operations invoke another operation or not. Sup-
pose that an operation op; in o; invokes op;j in o;;
and o; is replicated to replicas o} and o}. If op; is
computed in o} and of, op;; is invoked twice, i.e.
by op! in o} and of. It implies the inconsistency.
Hence, if an operation in an object invokes another
operation, the operation can be computed in only
one replica and the state obtained by computin
the operation in the replica has to be transferre
to the other replicas.

[Optimistic locking] For every operation op of
a mode m; aupporteﬁ by an object o,

(1) if my < my for every mode m; of o, one
replica o* in r(o) is locked, and op is com-
puted in o* if op does not change the state of
o, otherwise op is computed in all the repli-
cas,

(2) otherwise, all the replicas in r{o0) are locked,
and op is computed in all the replicas.0

Problem is the communication overhead since all
the replicas have to be locked by the operationa
whose modes are not minimal.

5.8 Mode-based locking

We adopt the optimistic approach to reduce the
communication overhead. We make the following
assumption. [assumnption] The less restricted op-
erations are, the more often they are used.D

Each operation op locks some number of replicas
(o) rather than locking all the replicas. The more
restricted the operation mode is, the more replicas
are locked. For each operation op; in o;, a number
g(op;) is given as follows.

* g(om) < g(op;) if m(op;) < m(op;).

* 1<g(op) <.

o for every op;, if m(op;) < m(op;), a(op;) = 1.
op; locks g(op;) replicas of o;. For example, sup-
pose that there are five replicas of an object o;
and o; has three operations op;;, op;2, and op;s.
Suppose that m(op;1) < m(opiz) < m(opis).
g(opi1) = 1. g(op:z) and g(opis) are, for example,
given as 2 and 3, respectively. Before computing
op;3, two replicas in five ones are locked.

An operation op; locks an object o; by the fol-
lowing scheme.

[Locking scheme]

1) Before computing op;, ¢(op;) replicas in r(o;
M are locked in a mode m(%) Here, let a(tgp;
be a aubset of replicaa in r(o;) which are
locked here.
(2) If all replicas in s(op;) are locked, op; is com-
puted.
(a) If op; invokes operations in other ob-
jects, op; is computed in one replica in

s(op;).
(b) Otherwise, op; is computed in all the
replicas.
(3) If some replica in s(op;) is not locked, op;
aborts.O

Since a more strict operation op locks more repli-
cas, the operation op is aborted if other operations

conflicting with op are manipulating the replicas.
If areplica is in the same cell as an object invoking
op;, the replica is locked at step (1). The replicas
whose QoS is better are selected to be locked as
discussed in prereding subsection.

We would like to discuss how an operation op
invoking op; commita. The commitment of op; on
multiple replicas is controlled by the two-phase
commitment [2]. One replica of in s(op;) plays a
role of the coordinator and the other replicas are
the participants.

[Commitment]

(1) of sends a Prepare message to all the repli-
cas. The participant replica o which is not
locked by op;, i.e. replicas in r(o;) — s(op:),
is locked in the mode m(op;) on receipt of
the Prepare meassage. If locked, the replica

o} sends back Yes message to of.

(2) If some replica o} in r(o;) — s(op:) is not
locked, of sends No to o}.

(3) If of receives Yes from all the participant
replicas, of sends Commit to all the par-
ticipants. If o} receives No from some par-

ticipant, of sends Abort to the participants
sending Yes.

(4) If the participant replica o} receives Abori,

A3

og abort op; if o: had computed op;.

(5) If the participant replica o} receives Commit,
all the replicas in r{o;) — s(op;) are locked.
(a) Unless op; invokes operations in other
objects, op; is computed in all replicas
in r(0;) if op; changes the state, other-
wise op; commits.
(b) Otherwise, the state of the replica
whose op; is computed is sent to all the
replicas. O

If op; invokes an operations op;; in another object
and op; is computed in o;, op;; is computed more
than once. In order to avoid the iterated compu-
tation, op; is computed in only one replica, say o;.
In stead of computing op; in the other replica, the
state of o; is sent to all the other replicas of o;.
If op; commits, all the locks on the replicas are
released.

6 . Concluding Remarks

In this paper, we have discussed how to sup-
port nested transactions manipulating replicated
and mobile objects in the distributed system. We
have modeled the mobile objects to be ones whose
QoS is changed according to the movement of the
objects, We have discuased the optimistic two-
phase locking to maintain the mutual consistency
among the replicas. Here, the read-one and write-
all principal is extended so that the objects can
support more kinds of abstract operations than
read and write.
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