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Abdgract

The advanced multimedia and high-speed networks
make distributed interactive systems more promising and
practical. These systems are distributed systems, which
allow many clientswho arelocated in different locations to
concurrently explore and interact with each other. This
system can be built in both the local area network (LAN),
and the wide area network (WAN), such as the Internet.
Operations issued at one site are immediately executed at
the local sites for a good response time, and are
propagated to other sites. One of the challenging issuesin
this system is the consistency maintenance. Such issuein
the discrete interactive media has been studied in many
literatures. Unfortunately, the consistency maintenance
scheme for discrete interactive media is not suitable for
continuous media domain. This paper illustrates a
consistency problem in continuous interactive media by a
simple example. The absolute consistency modd, a strong
requirement, is suitable for LAN, but result in a bad
responsivenessin WAN. To make the model more practical
for WAN, we propose a new consistency model named
delayed consistency model. In this model, if there is an
operation for an object x is issued at site i, every site
should be able to execute this operation at a specified time.
With this approach, other sites are forced to update the
state at a certainamount of timelater than sitei does. Thus,
other siteswill finally view the same state of x asthat ofsite
i. Our model is flexible, because it is unnecessary for all
sites to have the identical delayed time. If the system is
based on the real-time network, then another advantage of
the model is providing a useful parameter for real-time
network scheduling.
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1. Introduction

With the increasing development of distributed

systems, multimediaand high speed networks [1], building
distributed interactive systems becomes promising and
practical. Using such systems, groups of geographically
distributed users and services canshare information that is
created and updated dynamically. Examples of distributed
interactive applications include distributed games,
distributed smulation [5][6][7], distributed interactive
learning [3] and distributed virtual environment [2][4], as
well as CSCW applications such as collaborative editing
systems [8][9][10][11]. In the distributed interactive
systems, clients can extract the relevant objects by
updating their states, or communicate reaktime with other
clientswho dso work in the same system.

Duetothefast development of the Internet computing,
there are increasing number of distributed interactive
systems developed based on the Internet. Distributed
interactive system provides an infrastructure to build a
large scaled environment for interactive activities by
interconnecting many clients, in which people may
cooperate with each other. This system has brought a new
set of open issues and challenging problemsto solve.

A wedl -designed distributed interactive system has
four basic features. (1) The proper interpretation of the
time, (2) Consideration of the transmission delays of the
operations, (3) Execute the interactive operations in a
correct causal order. (4) Reattime response the users
make their judgement and reaction based on the situation
presented to them by human-computer interfaces. These
features can be guaranteed by the consistency maintenance
scheme, which is one of the most important issues in
distributed systems.

In an interactive system with continuous media, the
objects are moving around. Even without operations issue
on them, the objects can move by themselves according to
the rules, which have been specified by the design stage. It
is a basic requirement that all sites should have the same
view upon the object. Hence, when one site issues an
operation to an object, this operation together with its
time-stamp is propagated to other sites, other sites can
update the state of the object according to the received
operation.



Inthispaper, wefocuso nthe consistency issuefor the
interactive continuous objects. The distributed interact
system studied inthispaper hasno entralized management,
and each object in the system has the replicated copies at
al sites. The network delay is unpredictable bound,
therefore, this model can be applied for the Internet based
interactive systems.

The rest of this paper is organized as follows. In
Section 2, an overview of related work is presented.
Section 3 gives a simple example to illustrate an
inconsistency problem, which is named as delayed
inconsistency. To keep the system delayed consistent,
section 4 presents a consistency model for distributed
continuous objects. Section 5 described the consistency
maintenance for distributed interactive objects. Finally, we
summarize the contributions of this paper and suggest the
future research work.

2. Related Work

Consistency maintenance is one of the most
significant challenges in designing and implementing the
distributed interactive systems. Such issue in the discrete
interactive media have been explored and discussed in
many literatures. Realtime collaborative editing system is
a good example of interactive system with discrete media
[8][10][11][14][12].

In paper [8], a consistency model, with properties of
convergence, causality preservation, and intention
preservation, are proposed as a framework for consistency
maintenance in real-time collaborative editing systems.
The integrated set of schemes and algorithms, which
support the proposed model, are presented in [8]. To study
the consistency maintenance in reaktime collaborative
editing system, Li et al. studied how the user intentions
might be impacted when the finite duration of drawing
operations is considered [ 10]. The problem of maintaining
consistency in the fact of highdatency communication
network is also studied in [10]. Sun and Chen proposed a
novel distributed multi-version approach to conflict
resolution for reaktime collaborative graphics editor
[24][15].

Storm et al. proposed a model, in which several
objects may be atomically updated, and these objects
automatically maintain consistency with their replicas
using an optimistic algorithm [16]. The agorithms are
based on optimistic guess propagation principles, adapted
for fast commit by using primary copy replication
approach.

Unfortunately, the consistency maintenance schemes
devised in these papers only concern about the discrete
interactive systems. Unlike the object with discrete media,
a continuous media object not only changes its state
according to the operations issued on it, but aso

continuously updates the state due to the passing of time as
well. Thus, the object’s state not only depends on what
operation issued on it, but aso depends on the time at
which this operation is executed.

Recently, the continuous media has been employed in
various kinds of distributed interactive systems, such as
multi-user computer games [22], distributed virtual reality
[17][18][20][24] and simulations [7][19]. Distributed
virtual environment is a distributed system, which allows
many clients who are located in different locations to
concurrently explore and interact with each other in ahigh
resolution, 3dimensional, graphical virtual environment
[24]. Greenhagh et a. studied a Qos architecture for
collaborative virtual environments [18], and their work
focus on the management of streaamed video within shared
virtual worlds. Choukair and Retailleau explored a model
of the Distributed Virtual Environment COllaboration
Model (DVECOM), which aims to provide an end-user
QoS support for distributed virtual reality applications [20].
Bieber and Siron proposed a security architecture, which
ams to protect the intellectual property of firms
participating to adistributed interactive simulation[7]. As
the number of simulated entities grows, the number of
messages that need to be sent per unit of time can grow to
unmanageable numbers. To reducing the number of
messages, Messina et. al presented aapproach to keep
track of what entities need to know about which other
entities and only send information to the entities that need
to know [19]. However, these works did not study the
consistent control in the systems.

The consistency maintenance in the continuous media
remains many open issues. Zhou et a. introduced a
concept of time-space inconsistency for continuous
distributed interactive applications [13], and three kinds of
inconsistency problems were addressed in [13]. Our paper,
on the other hand, addresses a problem that is not covered
in [13]. Diot and Gautier described the design and
implementation of a distributed multiplayer game on the
Internet, in which the buckets synchronization mechanism
is devised to guarantee the consistency of the game [22].
Mauve studied theimportant tradeoff relationship between
the responsiveness of the medium and the appearance of
short-term inconsistencies [21]. Paper [21] shows that the
fidelity of the application can be significantly raised by
voluntarily decreasing the responsiveness of the medium.
This approach is named local lag, which means instead of
immediately executing an operation issued by alocal user,
the operation is delayed for a certain amount of time before
it is executed. This scheme is very similar as the buckets
synchronization addressed by Diot and Gautier [22).

Our consistency model, unlike the model proposed in
[21][22], shows that it isunnecessary for al the sites have
the same state at the same time. Different sites could share
the same view of the objects at the different time, whichis



specified at the designed stage and predictable for user.

3. An Exampleof Inconsistency in Continuous
I nteractive Objects

Since the continuous interactive object may move by
itself even without any operation issued on it, its state may
continuously update not only according to the operations
issued onit, but al so because of the passage of timeaswell.
In our mode!, it is assumed that the local clocks of al the
sites ae synchronized periodicaly. The clock
synchroniztion can be guaranteed by Network time
Protocol [23] or GPS clocks, and the clock deviation isless
than 50ms. The work reported in [21] has the similar
assumption.

A
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Figure 1 Example of an inconsistency problem in
object with continuous media. Site 1 issues
three operations at time 0, 0.5 and 1.5,
respectively. The communication delay for
operations are 0.2, 0.3. and 0.1. The final
position at site 1 is (5, 20) and the position after
executing o3 at site 2 is (6, 16).

As shown in Figure 1, we illustrate our examplein a
2-dimension environment. It is straightforward to extend
this example into 3D environment. Suppose the initial
position of object x at site 1 and site 2 is the same, and set
tobe(0,0), and theinitial velocity of x is(0,0). Site 1 issue
three operations: operation 1 meke X move, operation 2
changes the direction and accelerates x, and geration 3
stops x again. We calculate the final position of x at two
sitesasfollow.

At timet,(o,) = 0, the operation 0, from site 1 make x
move constantly at the velocity v = (10, 0). At timety(oy) =
0.5, operation 0, changes the direction of the object x, and
also increases speed to V' = (0, 20). Hence, object x
changesthe direct at the coordinate (5, 0). At timety(oz) =
1.5, x is stopped by 03, at the position of (5, 20).

After site 1 executes each operation on object, it
immediately sends the operation to site 2. After receiving
the operation from site 1, site 2 executes it without any
delay. Assume that the communication delays for 01, 0,

andozared;=0.2,d,=0.3, andd; = 0.1, respectively. The
execution time of three operationsat site 21is, t2(q) = t1(0;)
+ d, wherei = 1, 2 and 3. At site 2, x begins moving at
time ty(0;) = 0.2, and execute the operation 02 at t;(0y) =
0.8. Therefore, x changes the direct at position (6, 0).
Object x stops in response toos at timet,(03) = 1.6 withthe
final position(6, 16). Itisobviousthat the position of x at
site 1 isnot consistent with that at site 2.

The reason for the inconsistency problem shown in this
exampleisthat the communication delaysassociated with
three operations are different from each other. The
unbounded network delay gives rise to this kind of
inconsistency.

4. Consistency Model

In this section, we describe the system model. The
purpose of this work is to find out a scheme to solve the
inconsistency problem illustrated in above section. A
distributed interactive system can be developed in alocal
area network, private network or even in the Internet, to
present the system generally, we use a graph to describe
the underlying network setting. The systemisdenoted asa
graphG = (V, E), whereV = {v, V5,...,\h} represents the set
of sites connected by the network, and the set of weighted
and directed edges E represents communication delay
between twosites. (vi, vj) 1 Eindicates a network channel

between two sites. dij represents the upper bound

communication delay for a message transmitted via this
channdl. In the following definitions, we assume timet to
bethe wal-clock time.

4.1 Absolute Consistency

Definition 1. Given an object x, the state of x is defined by
its current coordinate and its current property, such as the
directional velocity, size, colour, etc. At the wall-clock
timet, let s/(t) denotes the state of x at site | at time't,
wherel£i £n.

Definition 2. Given an operation o, v(0) denotesthe site at
which o is generated, gi(0) represents the time when o is
generated, and e0) denotes the object on which ois
operated. g(0) and G(0) represent the arrival time and the

execution time of o at v;. It isobviousthat gi(o) ®v(0) = i,
and a;(0) ®v(0) i.

Definition 3. Given two operations o; and g;, ¢ is causal
order precedingg, i.e. g — oj,iff: (1) v(o;) = v(g) = k,and
a(0)< gK(0); (2) v(0i) * v(0)), ax(0) < g(0;), wherek =

v(Q); (3) There exists an operation o, such that 0; — oy, 0k
— 0.



Definition 4. Given an object X, the object is absolute
consistent attime any t,iff "1 £i,j £n,i 1 j: s/(t) = s{(t).
The system is absolute consistent, iff "x, t > 0. X is
absol ute consistent.

In most cases, especially for the system that is built on
the Internet, absolute consistent is not possible to satisfy,
due to the transmission delay. This fact is described in
theorem 1 and 2 asfollows, these theorems all based on the
assumption that the system clocks are synchronized.

Theorem 1. Assume that system is initialized to be
absolute consistent. The system is absolute consistent, if
and only if any operation at all sites must execute at the
sametime.

Proof. (1) Firstly, it is straightforward to prove that any
operation at al sites must execute at the sametime ® the
system is absolute consistent. Since the initial state of the
system is consistent and each operation is executed at all
the sites at the same time, the state at each sites update the

state at the same time. Therefore, system is absolute
consistent is proved.

(2) Secondly, we provethe system is absol ute consi stent®
any operation at all sites must execute at the same time.
This can be proved by contradiction. Given an operationo
issued on the object x, wherev(o) = i. Let t be g;(0). We
suppose "t'<t:("1 £j £n,i 1 j: §/(t) = s{(t)), thus, the
system is absolute consistent at any time before t. If site i
executes o at t1 whereassitej execute o attz > t, thenitis
clear that, s/(t1) 1 s!(b), thus, the system is not absolute
consistent at time t1. Therefore, the operations must be
executed at all Sitesat the sametime. U

Theorem 2 Given an operation o issued on the object X,
wherev(o) = i, if 0 executes at site i immediately after itis
issued, then system is not absol ute consistent at time gi(0).
Proof. Let_t be g(0). Wesuppose$e> 0(" 1 £j £n,i1 j:

s/ (-9 = s)(t-@), thus, the system is absol ute consistent at
timet - @ (1) If at timet, onesitej (j* i) updatesthe state of
X with operation o' 1 o, then$1 £ £n, i1 j: s(t) 1 s/(t).
We prove that system is not absolute consistent at time
0i(0). (2) Secondly, we prove the case that at time t, al
other site j (j * i) does not generate operation on X. Since 0
update the state of x at time t, we have s/(t) * s((t-6). Since
it takestime d> 0 to propagate operation from i to other
site, the state of xat sitej (j * i) remains unchanged at time
t,inotherwords,” 1 £]£n,i1 j:s)(t) = s/(t-©. Weget" 1
£j£n,i1j: s/(t) = sl(t)= s(t-©, thus the system is not
absolute consistent at time g(0) is proved. Based on (1)
and (2), theorem 2 is proved. &

Theorem 2 indicates that, to keep the system absolute
consistent, the operation generated at the local site could
not execute i mmediately after it isissued. On the contrary,
the operation must delay for a certain of time before it is

executed. To solve the absol ute consistency problem, we
have the following theorem 3.

Theorem 3. Given an operation o issued on the objectx, to
keep the system absolute consistent, the execution time of

oat sitei isequal or greater thangi(0) + MAXL 1]1|(dij)'

wherei = v(0), and d‘(o) is the transmission delay for the
operation o sent from sitei to site|.
Proof. We prove this theorem by contradiction. Let ¢ =

MAXT, ;. (d, J) and suppose sitei does not delay for a

certain of time d. , thus site | executes operailon at time
gi(o) + d, whered < di*. S| nce site k receives and executes
the operation at g (0) + di¥, sitei and site k execute the o at
two different time. According to theorem 1, the system is
not absolute consistent. Hence, the execution time of o at

sitei is equal or greater than g(o) + MAX" (dij) is
proved. U

=Ly

4.2 Delayed Consistency of Objects

From theorem 3, we observe that if the delay time for
each local operation is long enough, the number of
absolute inconsistencies can be sharply decreased. This
scheme can also be found in the work of Mauave [21] and
Cristian [25]. Unfortunately, employing along delay for
local operationresultsinalong responsetime, this may not
be accepted by the users. Hence, it is very important to
determine the tradeoff between consistency and a good
responsetime.

For the system built on the Internet, it is very difficult
to guarantee the dsolute consistent. The reason is that
Internet gives rise to the unpredictable bounds and large
variations on message transmission delay, and the delay is
normally significantnoticesble.

Under such circumstance, agood compromise is hard
to decide, in other words, we either have a bad
responsiveness with few inconsistencies or have a great
number of inconsistencies with a short response time. To
solve this problem, we propose the concept of the late
consistency. In our model, we assume that only one site
may own agiven object at agiven period of time,and asite
can only issue the operation on the object it owns. For
example, in the distributed car racing, player A at site 1
only can steer his car, and he can observe but not steer
other playerscar. If weregard A’s car as aobject, then the
owner of thiscar isplayer A.

Definition 5. Given an object x, the ownership of x reflects
its owner at a give time t. It is denoted as wy(t). For the
simplicity, we assume that the ownerships for the objects
arenot transferred, therefore, we have' t 3 0: wy(t) = wy..

From the definition of wy,we get:
v(0)=i® g0)=xUw=i. 6]



Definition 6 Given an object X, the object is delayed
consigtent at timet3 Q iff "1 £i,j £n,i 1] w=1 ®
s (t)= s!(t+d.).d, isthe phase difference between
two sites.

From the above definition,we know that if an object is
owned by site i with the state s at time t, such object at
other siteswill have the same states. It is noted that state s
appearsat other sitesat acertainamount of timelater thant.
For example, from time step 1 to 20, the state of the object
x at site 1is{s}(1), sX(2), ..., 5(20),}, and x has the same
sequence of the state at site 2 starting fromtime 5to0 24. In
other words, we have {s2(5) = st(1), s¥(6) = si(2), ..,
s&(24) = 5(20),}. The phase difference between site 1 and

2is4,thus, d2=4.

To keepthe delayed consistency for an object, thelocal
operation oon x is executed immediately after it isissued
by sitev(0), and o is propagated to other sites. Asthe other
sites received the operation o, they execute the operation
after delaying it for acertain amount of time. Hence, at site

j1v(0) = i,0isexecuted a timegi(o)+ d.!. Thatis
G(0) = gi(0)+ d;’ ¥

This approach ensures that the object x is delayed
consistent. Thisis described in the property as below.

Property 1. Givean objectx," 0, 1£i,j £n,i 1 j: e(0) = X
Uv(0) = i Ugj(o) = g(0)+ d' U ("t < gi(0): x is delay
consistent) ® xisdelayed consistent.

Assume all objectsin sitei are delayed consistent, then
given two operations o, and o, issued &t sitei, we getc;(0,)
- ¢j(01) = gi(0y) -Gi(01), wherej * i. Thisfeature is formally
described in theorem 4.

Theorem 4. Given two operationsissued on site i, we have
V(o) = V(@) = i®" 1Ej£n,j*i:c(0) - ¢(a) = gi(02) -
9i(01).

Proof. This theorem can be proved straightforward from
the approach describe above. From equation (2), we have

@ "LEj£n,jiic(o)=gi(o)+d; and (b)' 1 £] £n,
j 1 i: (o) = gi(0p)+ d. Equation (b) is subtracted by
equation (a) wehave" 1 £j £n,] * it ¢j(02) - ¢j(01) = 6i(02)
-0i(01).- A

Unlike the model proposed by Mauave [21] and
Cristian [25], this approach does not force al other sitesto
execute o at the same time, thus, different sites have
difference parameter. The parameter d' is specified
according to users requirement, this makes the system
design more flexible. Asshown in Fig. 2, delay time from

site2tosite 1is9, whereas delay time from site 2 to site 3
is5.

Let d/ be the upper bound on the communication delay

ol 5
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Figure 2. Delay time from site 2 to site 1 is 9,
whereas the delay time from site 2 to site 3 is

only 5.

from site i to site j, suppose the parameter d! can be
obtained during the design stage, then it ensures that all
operations arrive befored;’. Hence, the specified delay time

d.’ mustbeequal or greater than d.' asformally described

intheorem 5.
Theorem 5. Give an object x, andi = v(0), if the object is

delayed consistent, then" 1 £ j£n,i2j: d/ 3 d/ .
Proof. Assume at t = gj(0), site i update the state of xby
executing the operation 0. We suppose the transmission

delay equals to the upper boundd ij , and sitej changesthe

state in response to o a time t + d) . Thus

s (t)=s!(t+d/). In this case, we haved = d!.If
sitej delaysfor acertain amount of timet after receiving o
at time t+d/ , then we get s (t) = s/(t+d’ +t).
Therefore, d ) =dJ +t 3 d.Theorem 5isproved. A

4.3 Delayed Consistency of Sites

Giventwo sitei andj (i1]), delayed consistency model
and scheme for objects make site i view the same states of
the objectsbelongsto sitej at acertain amount of timelater.
Given another sitek (k * i andk 1 j), site i dso viewsthe
same states of the objects belongs to site k at a later time.
We areinterested in the views of objects belongsto sites|
and k from site i. Even though all the objects belongs to
sites j and k are delayed consistent, some interesting
problems still may occur. We will show the problem by
another simple scenario that is depicted in figure 3. For
simplicity, we only showthe examplein 1dimension and it
iseasy to extend this example to a more complex one into
2-D and 3-D environment.

Inan Internet based racing game, player A and C at site



1 and 3 drivescar A and C, which are denoted as object X,
andy, respectively. Player B at site 2 isan observer whois
interested in thisracing game. Weassumethat ¢ ? = 5,ds> =
10. Operation 0; and 03 are issued on object x at site 1,
whereas 0, and o, areissued on object y at site 2. From fig.
3, wefind that both object x and y are delayed consistency.

The initial positions of x and y are 0. At time step 1,
operations 0, make object xmove at the speed of 10, and at
time step 2, object y also starts moving with a speed of 10
by operation 0,. Therefore, the distance between x andy is
20, thus x is 20 ahead of y when y begins moving.
However, from the observer’s point of view, when both x
and y are moving, the distance between x and y is 70
instead of 20. Because at site 2, x starts moving at 5,
whereas y begins moving at 12. Hence, when y begins
moving, X is 70 ahead of y.

5
024 12
o4 | 18
20
20
25
Time oda 28
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Figure 3. di“ = 5, d3“ = 10, operation ol and
03 are issued on object x at site 1, whereas
02 and 04 are issued on y at site 2.

Attimestep 18, operation 04 stops object y, so the final
position of y is160. Whiley stops at 18, object x continues
moving for 2 time steps, and X is stoped by g at time 20
with the final position 200. Again, from site 2'sview, it is
quite different. Player B at site 2 finds that x stops 3 time
stepsearlier thany, thus, when x stops, object y isstill keep
on moving.

Because in this scenario, the specified delays d;? and
ds? aredifferent. The statesof theobjectsinsite 1 and site 3
have been delayed for different amount of time before they
areviewed b%/ site 2. The approach to solve this problem is
simple, let d;? and ds® be the same value.

To study thisinconsistent probleminageneral way, we
introduce the definition of the delay consistency for asite.
Let Xbetheset of object, it hasn subsets, denotesasX= X,
EX, E... EXn, whereX; = {xT X|wy=i}.ltisclear that,
"1EN,jENniti X, CXo= A

Definition 7. The state of the sitei at timet isrepresented
as, S(t)=S (t) ESL(t) , where S (t) is composed
by the states of the objectsowned by sitei, whereas S (t)
contains the states of the objects that belong to other site.
Thus, S(t) = {S,(t), wherex T X} and S_(t) =
{s!(t), wherexT X}

Definition 8 Given asite i, it is delayed consistent, iff
SiE(t) = S,l(t- di) E ...Si,'l(t- di) E S,”l(t- di)...

n

ES'(t-d') = szl’jliS,j (t- d') . The system is
consistent, iff" 1 £i £n: all sitei are delayed consistent.

Asdefined in def. 8, if the system is consistent, it must
have thefollowing property.

Property 2. For any sitei inthe system, it satisfies. " 1 £]
£n,jti: dij =d'.

Perameter d ' isderived from d' (1 £j£n,j 2 i).d'is
given and proven in the theorem 6 as bel ow.
Theorem 6. If the system is consistent, then, "1 £i £n:
d's MAX;,d; .
Proof. Given a sitei (1L £ i £ n), we assume
dy = MAX ¢, ;:;d} . According to the theorem 5, we
have d,i( 3 dli( . Since the system is consistent and based
on the property 2, we get d, =d' . Therefore, we obtain
d' s MAX, ,;d. Thus weget "1 £i £n:d' 2

MAX, ¢, i d) . A

To keep the delayed consistency for agiven site i, our
approachisvery simple: The operation o is delayed before
it is executed by site j. This approach ensures that the

execution times of o at site i isd ' later than that at site .
Thus,
ci(0) = gj(0)+ d' ©)
Assume a site i is delayed consistent, and given two
operationso; and ¢, issued at sitej and k, respectively. We
have () - ci(01) = g @) - g(0), wherej * iand k * i.
Theorem 7 explainsthisfeature formally.

Theorem 7.If asitei isdelayed consistent, we have " 1 £],
KENj1i,kti:voy =jUv() =k ®ci(o)-Go)=

o(02) - gj(01).

Proof. From equation (3), wehave ()" 1 £j £n,j *i: v(0;)
=j®ci(01) = g(op+ d'and (b)"1£k £n,k 1i: v(0y) =



k ® ci(o2) = gdo2)+d". Equation (b) is subtracted by
equation (@) wehave "1 £j,KEn,jri,k1i:0)=jU
v(02) = k ®ci(02) - ci(01) = gk(02) - gj(0). A

6. Conclusion

We address the consistency issue in the distributed
interactive system with continuous media. We illustrate a
consistency problem by a simple example. The main
reason for this consistency problem is that the objects can
move and update the automatically even without
manipulation of the users. Hence, the state of an object not
only depends on the operation, but also depends on when
the operation is executed on the object as well. It is noted
that the objects with discrete media do not have such
consistent problem. To solve this problem, we propose the
delayed consistency model for the interactive object. We
found another inconsistent problem, which is not covered
by the delayed consistency model of object. After
employing the delayed consistency model and the new
approach, this problem is also solved properly. Our model
is better than the models discussed in the literatures [21].
The advantage of our model is multiple described as
follows.

(1) Inthismodel, it isunnecessary for all the sites to have
the same state at the same time. Different sites could share
the same view of the objects at the different time, whichiis
specified at the designed stage.

(2) The system can tolerant long conmunication delay
time by having a good predicability. The local site views
the state of the other sites, and has the knowledge about
what is the time associated with the states of other sites.

(3) In our model, there is a specified delay time for each
object. If the system is built on the red-time
communication, the specified delay time is a good
parameter for the scheduling mechanism of the real-time
network schedules real-time messages by using this
parameter. During the real-time scheduling, the message
with shorter delay time will be assigned a higher priority
[29].

This work represents our first and preliminary attempt
to addressthe consistency issueina complicated problem.
There are alot of open issues remained to be studied. Our
future work in this field could include, (1) Our moddl is
assumed that the clocksin the system are synchronized by
Network time Protocol or GPS clocks, and there is no
clock drift . Based on the model proposed in this paper, we
study a more sophisticated model that takes the clock
synchronization and the clock drift into account. (2)
Another assumption of our work is that the ownership of
each object is not changeable. In our future model, we will
relax this assumption by letting the ownership be
transferred from one site to ancther site, thiswill giverise

to new consistency problem, and we will devise the new
approach to solve the problem. (3) The model devised in
this paper assumes that there is an upper bound on the
communication delay for each network channel, and
operations will be guaranteed to arrive at the destination
within the specified delay time. In our future model, we
will assume that there is no such upper bound for message
communication. In case that the operations arrive at the
destination later than the specified delay time, the
consistency can not be kept. Hence, a scheme must be
designed to recover the state of the objectsin this case.
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