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Abstract

For reliability, recovery support must be employed in
the Internet-based real-time coll aborative eliting systems.
This paper describes a recovery scheme in which each
site maintains a local document state (LDS) that is
generated periodically. Thus, if a failure occurs in the
Internet links or at the site, the site can rejoin the
collabarative aliting system by loadng the LDS instead
of obtaining the state from the remote sites. Thisisa much
faster process than the traditional approach the recovery
of regaining the sysem's document state from other peer
sites. Consistency between the local state and remote
state during the recovery procedure is maintained in a
recovery algorithm for which the proadf is provided. The
performance of our recovery scheme is assssd by
generating the dapsed time between a failed site joining
andleaving the systems.

1. Introduction

Using red-time all aborative aliting systems, groups
of geographicdly distributed users can view and edit
simultaneously shared documents. Real-time
collaborative dliting systems are important groupware
applications [3][14][19][21][23]. It is important for these
systems to have a good responsiveness support of
unconstrained collabaration, and are tolerant of failed
proceses. A red-time wllaborative alitor system on the
Internet must tolerate ste and link failures [16]. Two main
fault tolerant techniques are replicaion [6][13] and
persistence [17]. With replication, the hardware and
software @mponents replicaded process the same
messages in the same order. If any one fails, others are
still able to continue. Persistence-based solutions rely on
checkpointing whereby during the norma exeaution,
application dates are periodicdly saved on a stable
storage and used during the recovery to rollback to an
earlier consistent state.

Traditionally, recovery of a faled site has beean
implemented by regaining the system’s document state
from other pee stes. However, the remvery latency can
be significantly long if the volume of data associated with

the document state is large. Substantia delays can be
reduced if recovery does not start from scratch. A failed
site can rgoin the collaborative aliting system without
starting from the very beginning if an efficient approach
isused.

We investigated an approach in which each dte
maintains a LDS that is generated periodicdly. Thus, if a
failure ocaurs in the Internet links or at the ste, the ste
can rgoin the mllaborative aliting system by loading the
LDS ingtead of ohtaining the state from the remote sites, a
much faster process During the recovery procedure, the
consistency between the local state and remote state is
maintained in arewvery algorithm.

The rest of the paper is organized as fallows. In
Sedion 2, we present the system modd. Fault-tolerant
algorithms and the proof of the crredness are given in
sedion 3. The performance analysis of the dgorithm is
presented in sedion 4. Sedion 5 outlinesthe related work,
and sedion 6 summarizes the @ntributions of this paper
and suggests future diredions of our reseach.

2. System M odel

The Internet-based red-time wllaborative edliting
system is modeled by a pair CES = <S, C>. Sis afinite
sat of stesS={s;, S, ..., S}, Wwhere 5 isa site involved
in editing work. Cisafinite set of channels, C={cj, 1<
i <n,i<j<n}, wherec; is a point-to-point channels that
conned site § and § via the Internet. s's exeaution is a
sequence of operations which includes the remote
operations from other sites. LDS is the LDS that is
generated periodically and stored on permanent storage,
when the site s failed, LDS will be used to initialize the
site.

Definition 1. Given an operation O, then s(O) denotes the
ste @& which O is generated, €(O) represents the
exeaution form of O at s, gt;(O) denotes the time when s
generates O, and at;(O) represents the exeaution time of O
at the remote sites s. It is certain that gt;(0) — S(O) =i,
and a;(0) - s(O) #i.

Definition 2. Given two gperations O, and O;, G; is causal
order preceading O;, denoted by O, - O, iff:



(1) s(O) = (G) = k, and gt(O)< gt(O);

(2) s(O) # 5(0), at(O) < gt(O), wherek = 5(O);
(3)There eists an operation Oy, such that O, -0y, O 0.
Definition 3. Operation O; and O; are independent if and
only if neither O; - O;, nor O — O;, which is defined as
G || G

Definijtion 4. An operation is asociated with a context,
denoted as CTo, which is the list of operations that need
to ke executed to kring the document from itsinitial states
to the states on which O is defined.

Definition 5. Given two gperations O; and O;, assciated
with contexts CTo and CTg, O and O, are wntext
equivalent, i.e, O; u G, if only iff, CTg = CTg;.
Definition 6. Given two gperations O; and O;, assciated
with contexts CTq and CTq;, O; is context precealing O,
i.e., Oi - C)j, if Only |f, CTOJ = CTOi + [C)J]

Definition 7. Given two gperations O, and O;, S(O)) = a,
S0) = b, and timestamped by SVo and SV,
respedively [21], then O istotal order precaling O, i.e,
0,0 O, iff (1) sum(SVo;) < Um(SVg) or (2) a< b when

sum(SVqi) = sum(SV o), where sum(SV) = zin:lS\/[i] .

Definition 8. Let HB' be the history buffer of 5 at time't.
In HB;', yi" ' denotes the latest operation generated at site
5, iff, DOOHB!, 0y g0) =] - (O - yi"").

Each dte s maintains a status &; that is one of the
following: join, run, checkpoint, recovery, fail and finish.
The recvery begins by loading the LDS from the local
permanent storage. If no LDS is available, the state is
initialized to join and remains in this state until it recéves
the Remote Document state (RDS) from the other sites
and exeautes operaions acoording to the RDS. On the
other hand, if the site has a LDS then setting wp the site
depends on the state in LDS. If the state in LDS is finish,
it means this ste ited successfully during the last
sesgon. Then, the state changes from finish into join and
the site ohtains the RDS from other sStes, the state
changes from join into run after the site eeaite
operations asciated with RDS. If the state in LDS is
run, it means that this site did not exit successfully due to
the link failure or site failure. So, the state changes into
recover followed by loading al the data in LDS. After
finish obtaining LDS and recaving all missed operations
entered at its own dite, the state is set to run. The user’s
interface is not enabled until the state of the site is run.
This case is described formally by theorem 2.

If the current state is join, the site propagates a join
message to dl other sites, then wait for the first remote
site that reply this message. After recaving the document
state from this remote site and the site is initialized, the
state of the site changesinto run. If it does not receéve any
reply, it asaumes that it is the first one to join the system.
In this case, the local document is loaded and the state is
updated into run. If the state is checkpaint, it stores LDS

on the local permanent storage, and changes the gate to
run. In case that the state is finish, it saves LDS, foll owed
by broadcasting a finish messgeto aher stes.

In most cases, the steisin run state. The Ste waits
for operations and processes according to each operation
recaved. If the operation is the local finish operation, the
state is changed from run into finish. If the operation is
other kinds of local operations, the site exeautes the
operation, appends the operation into its higory buffer
and broadcast it to aher sites. If the operation is aremote
operation generated at other gtes, it istransformed before
being exeauted [21]. The state diagram is described in
Figure 1.
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checkpoint

fail

recover

Figurel. Diagram state for sites

There ae two different architedures for storing
shared documents. centralized and replicaed. Though
centralized approach is simple, it results in the poor
responsiveness espedally in the Internet environment.
Replicated approach, however, exhibits a better
responsive time, since exch site can update the loca
document immediately followed by propagate to the
remote sites. In replicated architedure, concurrency
control to maintain consistency in replicated document is
one of several esential isaes. To solve the inconsistency
problems, the mnsistency model was given in paper [21].

3. Recovery Algorithm

Before presenting the rewvery agorithm, a
agorithm to dedde the latest operation generated at site s
in Hb' is described as foll ows.

Algorithm 1. LO(HB', j): Given a history buffer HB' at
ste s, Y/ is the latest operation generated a s; and is
obtained as the foll ows,

j < [HB[;

while (j > 0) do

O — HB{[j]; .
if S(O) =] thenreturny/ = O;
dsej — j-1

end while

return ¢;
end algorithm 1.

The foll owing threelemmas describe the features of



two qperations generated at the same site.

Lemma 1. Given two gperations O; and O;: if S(O) =
9(O) then éither G; — G; or §; - O..

Proof. Given §(O) = gO): if the generation of O
happened before the generation of O, then O; — O, (see
Definition.2) else the generation of O, happened before
the generation of O, and G; - O.

Lemma 2. Given two ogperations O, and O;: if O, is causal
order precaling O, then O istotal order precaling O, and
00,01 (s(0) - Q) - (G 0 O.

Proof given in [20].

Lemma 3. Given two operations O; and O; in the history
buffer HB: if two operations are generated at the same
site and O, is total order precaling to O, then O, is causal
order precading O, and 0O, O, O HB: (5(O) = s(0) OO
i Q) - (O- Q).

Proof. If lemma 3 isincorred, then either O, -G or G ||
O;. Beause 9O) = 90), only O,- O (lemma 1) is
posshle and thus O; O O; (lemma 2) which is a
contradiction.

Given HB;' and s, algorithm 1 determine the latest
operation generated at S, we prove the wrrednessof the
algorithm 1. in the foll owing theorem.

Theorem 1. Given HB;' and site s, the operation O to be
determined by algorithm LO(HB}', j) isy;.

Proof. Since dgorithm YO(HB/, j) scans the history
buffer HB;' from right to left, we have 0O, O HB}', O, =
HB{[a], O = HB;[b], Ox # O: S(O) =0) =] - a<h.
Thus, Oy O Oisproved, 0 O —» O (lemma 3). Hence, [
OcOHB, O,#20:50) =j - (Ox - 0), 00 =y"
(Def. 8).

If alink or site fails, the gte is alowed to rgoin the
system without starting from scratch. In our recvery
approach, we reduce the state transmisson delay by
loading the system’s gate from the local permanent
storage instead o the remote site. If the siteisin recovery
status, the site rgoins by loading the LDS and
propagating a rewmvery message r, then wait for reply
from other sites. Algorithm 2 outlines the procedure for a
fail ed site rejoining the system by loading the LDS.
Algorithm 2.

Let HB;' be the history buffer associated with the latest
chedkpoint, that generated at timet.

Local operation generation is disabled;

yi"' < LO(HB, i);

for 1<si<nwherei#jdo

y!'' « LO(HBY, j);

put yi" ' and y" ' into the recvery message;

send the recovery message to site s;

end for;

whil e true do

Waiting for the operations snt from pee stes:

if O isthe operation which satisfied:
SVo[s(O)] ~ SVi[s(O)] +1and

SV[K] < SVi[K], for all kO[1, n];

then
if (S(O) =i and OO'0OHB;:SVo# SVp) or S(O) # i
then
use Undo/Transform-Do/Transform-Redo [21]
scheme to exeaute O;
end if;

else O is delayed until two conditions are
satisfied;
if (al missed operations generated at s has been
exeauted at s again)
then Local operation generation is enabled;
end while;
end algorithm 2.

In this paper, we assume that at time 6 when site § has
falled, s generates the latest checkpoint at time o, and
begins the recovery procedure by loading chedkpoint and
tranamitstheremvery messager at timey.

It is crucial for the restored ste to dedde when it can
start generating the operations again. In fact, the failed
site s can begin operations only if it has recéved al lost
operations generated a s between ¢ and 6 from other
sites. To prove the rrednessof this point, we introduce
theorem 2, and prove it. Before giving theorem 2, we
present the property of time stamp and lemma 4.

Property 1. Let O be a1 operation generated at s. O is
time-stamped by SVo. After exeauting O a& s, SVo[g] =
SV[g] + 1, where SV isthe arrent local state vedor.
Lemma 4. Given two qperations O and O' generated at
the same site s, the ith sedor in their time stamp are
different, thus, 0O, O, 1<i<n: 5(0) =5(0) =i,0z O
- SV[i] # SVoli].

Proof. Because §(O) = §(O') =i, eithe O - O or O - O
(lemmal). Asame O - O and that between O and O,
S generates other k-1 (k > 0) operations, thusO - O —
.o 0O, 50 - O, then S\/o[l] = S\/Ok—l[i] +1= S\/Ok—
JAil +2=... = SVoli] + k, where k > 0 (Property 1).
Hence we prove that SV[i] # SVoli]. We use the same
way to prove lemma4 when O' - O.

Theorem 2. Let g, 6 and y be the latest chedkpoint time,
rash time and recovery time a s. § can only generate
operations after time t (t > y), when all operations
generated at s between o < gti(O) < 6 exeauite & the s
again, that is, JO: 0 < gt;(0) < 8 — g(0) OHB/".

Proof. Suppose theorem 2 is incorred, then s generates
an operations Og at timet' >y, when at |east one operation
generated at 5 between o < gt;(O) < 6 does not exeaute at
the s again. Thus, [O: 0 < gt(0) <0 — g(0) OHB;'. Let
0O; - 0, ... » O bek (k > 0) operations generated at s
between 0 < gtj(0) <6, sowehaved1l<j < h: g(0) O
HB;". and Ch+1 < j < k g(0) OHB;". Assume that when s
generates the latest chedkpoint at time o, the local state
vector is SV[i] = d, then after exeauiting O, on s again,



SV[i] becomes d + h. So, the operation SVodi] =d +h +
1. The timestamp of the operaion O, that has not
exeauted at § again is SVonafi] =d + h + 1. So we
proved that SVodi] = SVonsa[i]. Since Os # Oni1, SVodi]
# SVonli] (lemma 4), thisis a mntradiction. So theorem
2iscorred.

If after time o, there is a least one operation from
other siteisexeauted at s, or § generates at least one, then
the saved local state is inconsistent with remote state at
other sites. This feature is presented in theorem 3. Before
proving theorem 3, we address five properties of history
buffer as foll ows:

Property 2. If thegenerationtime of O at 5 is ealier than
t, then g(0) is in the higtory buffer HB}', thus, 0O, 1 < i
<n: gt,(O) <t - Q(O) O HBit.
Property 3. If the exeaution time of O (S(O) #i) a 5 is
earlier than t, then g(O) isin the history buffer HB}', thus,
0o, 1<i<n: at,(O) <t - Q(O) DHBit.
Property 4. If the generationtime of O at § islater than t,
then g(O) isnot in the history buffer HB/', thus, 0O, 1 < i
<n: gt,(O) >t - Q(O) O HBit.
Property 5. If the exeaution time of O (S(O) #i) a 5 is
later than t, then g(O) is not in the history buffer HB/,
thus, 0O, 1 < i <n: &(0) > t - g(0O) OHB.
Property 6. Let 8 be the timewhen s has failed, o be the
time when s generates the latest chedkpoint and y be the
timewhen s begins its remvery procedure. For s, history
buffer a time y is the same as that at time §, thus, HB;'=
HB;°.
Theorem 3. If after time o, there is at least one operation
from other siteisexeauted at s, or § generates at least one
operation, HB;" does not equal to HB®. In other words, O
O: (o< gt(0) <6 Oo<at(0) <) - HBY# HB".
Proof. Firstly, suppose O is the operation that satisfies ¢
< gt(0) < 8, we ohtain that g(O) 0 HB;® (Property 2), and
&(0) O HB°(Property 4). So, we prove that HB® # HB?.
Since HBY = HB® (Property 6), HBY # HB? is proved.
Secondly, we suppcse O is the operation that satisfies o
< a;(0) < 6, and S(O) = j # i, we have g(0) O HB®
(Property 2), and g(O) O HB°(Property 5).So, we
obtained HB;® # HB,°. Because HB,Y = HB,® (Property 6),
HB,Y # HB,%is also proved. So Theorem 3iscorred.
Theorem 3 suggests that for al O, which satisfy o <
gti(O) < B or o < at;(0) < O, are missng in HBY". If these
operations are not refleded in HB{', wheret > v, § is
inconsistent with other sites. Therefore, consistency
maintenancemust be devised for the remvery procedure.
Asaime that yi' ° = g(0y), we found that operations O
generated at 5, (1<j <n, j # i), where gtj(Oy) < gt(O) <
atj(r), are dso missng in HBy. The purpose of the
recovery algorithm isto find aut all the lost operations in
s and the dfea of their exeaution isremained unchanged.
Hence we introduce the mnsistency of the recvery as

foll ows:

Definition 9. Let 0, 6 and y be the latest chedkpoint time,
crash time and remvery time a s, the rewvery is
consistent: iff,

Dt>y: 0O: (0 < g4(0) <8 D gt(0y) < g4(O) < a(r))
. g(0) O HB/', wherey/° = (0.

Let 5 be the sites that receves the remvery message r
from sites, (i #j), s respondsthe messager at timet. The
algorithm is given below.

Algorithm 3. the algorithm in s to respond the message r

Get O, « y" % and O, ~ y;" ° from the recovery
message;

k- 1b  fase b ~ falsg

ify"?=¢thenb — ture

if y'°=¢ thenb  ture;

whilek < |HB}'| do

O « HB|[K];

if (b =false) thenif SVo=SVoathen by — true

edseif O) =ithensend O « GORT(O) to s;
if (b =false) thenif SVo =SV then by — true;
eseif S(O) =jthensend O’ — GORT(O) to s;
K« k+1,

end while;
end algorithm 3.

Note that the operations, which need to be sent back to
the rgoin site aain, are sent in the original form when
they are generated. In fact, the operations in the history
buffer are in the exeaution form instead of the origina
form, so we devise algorithm GORT (agorithm 4) to
obtain the original form of an operation in history buffer.

Let HB;' be the history buffer of 5 at time t, HB;' =
[e(?l), e(0,), ..., 6(0w)], and &(0)) is an operation in
HB;'.

Incasethat 01 < k <j-1: 6(O) — &(0), than origina
form of O is the same as its exeaution form, thus, O; =
&(0).

IJ_et €(0,) be the oldest operation that is independent
of 6(0)). In the smple @se that 01 < k < a-1: §(0) -
e(0), and Da< k < j-1: 6(0,)|le(0)), then we @n diredly
obtain O; by applying the list of exclusion transformation
function (LET) [21], thus, O; = LET(e(0), HB{[a j-1]™).

The complicaed case is that there is a mixture of
independent and dependent operations in the range of
HBit[a, j'l] Let EOL = [EObl, Eobz,..., EObr] be the list of
operations in the range of HB;[a+1, j-1], which are
causally precaling 6(0;). EOL’ = [EQ'py, EQ'pa,..., EO'n],
EO'y, isthe origina form of operation EO,,.

For the first operation in EOL, EO'y; = LET(EOy,,
HB{[a, b1-1]™"). For the second operation in EOL, Oy, is
determined by two step as follows, in which IT is the
inclusion transformation function. IT isproposed in [21].
(1) TO=LET(EOw, HB[a by4]™);

(2) EO’bz = |T(TO, EO’bl)-



Generally, for theith operation in EOL, (2<i <), the
following two step is applied to okiain the @rresponding
form of operationin EOL,

(1) TO=LET(EOy, HB{[a, bia]™);
(2) EO’bi = |T(TO, [Eolbl; Eolbz,..., EO’bi—l]-

If the operation list EOL’ is obtained, O; cen be essily
get by the foll owing two steps,

(1) TO=LET(EOy, HB[a, j-1]7);

(2) G;=IT(TO, EOL").

Algorithm 4. The Generic Operation Revise Transform
algorithm, (GORT).

Given the history buffer of s at time t HB'= [g(O,),
&(0y), ..., &(0y)], and an operation §(O) in HB/, the
original form of O; is obtained as foll ows,

Scan HB;' from left to right to find the oldest operation
HB'[a] that independent to &(0));

if no such operation is found then return O; — &(0y);

Scan HBj[a, j-1] to find al operations that are
causally precaling &(0).

if no such operation is found

then return O; — LET(e(0), HB{[a, j-1]7);

EO'w; « LET(EOy, HB/'[a, b1-1]Y);

for (2<i<r)do

TO  LET(EOy, HB{[a, b.a]™);

EO’bi — |T(TO, [EO'bl, EO’bz,..., EO’bi—l]);

end for;

TO — LET(EOy, HB{[a, j-1]™);

return ; — IT(TO, EOL’);
end algorithm 4.

After each site § exeautes the algorithm 3, all lost

operationsin s will be exeauted again at s, and the dfed
of their exeaution is remained unchanged. This can be
proved in theorem 4.
Assumption 1. There is at least one ste 5 that, before
time atj(r), has exeauted al operations generated at the
falled 5 between time o and 6, thus, (< j < n,j#i,t <
atj(r): 0O: o< gt,(O) <0 - Q(O) O HBjt.

Asaumption 1 is very essentia, for if no ste
exeated all lost operations when recvery messge
arrives, then some lost operations will never be exeauted
at s again. Thus, the mnsistency of the recvery can not
be guaranteed.

Theorem 4. Our rewvery agorithm generates a
consistent recvery.

Proof. Assime that i ° = (0Oy). For sites (1< j < n, and
j#i),y ®= g(LO))isthe latest operation, where & = atj(r)
is the arival time of recovery message r from s to s. At
timet, = at(LO), &(LO;) O HB! (def. 5). Since recovery
algorithm resends operations, which satisfy (O) = j and
O -y tos; y'° -y hence y/®is end to s again.
Because (g(0) 0 HB® S(O) =] — (O - y" %) (def. 8),
we prove that at time t;, 0O: gt(O.) < g(0) < atj(r) —
e(0) O HBY, (property of causality preservation). Thus,
we obtain t, =

MAX (tj):MAX (ati(Loj))

1< j<n,j#i 1< j<n,j#i

At time t,, we have 0O, 1 <j <n,j # i: g§(0y) <
g(0) < a(r) - &(0) O HB“. (1)

According to assumption 1, let 5, be the site that has
exeauted all operations generated at s between o and 6,
thus, (@ < &: JO: 0 < gt;(0) <8 - g(O) O HB. So, we
obtain JO: 0 < gt(0) < 6 — g(0) O HB® (2)

Let o be the arival time of recovery message from s
t0 5,0 = at(r), and y," ® = e(LOY) is the latest operation
from s in HB. As described in our algorithm, these
operations are sent back to § again, we have [p =
a(LOY) > & e(LOC) O HB;®. Since Dg(0) O HB:
30) =i - (O - LO), we prove that at time tg, [g/(O)
OHB S(O) =i - g(0) O HB;*® (3) (based on causality
property).

Based on (2) and (3), we prove that at timetg, 0O: 0 <
gt(0) <8 — &(0) O HB; *® (4). Acoording to (1) and (4),
we have [ = MAX (tq, tg) > y:0O: (S(O) =i Do < gt(0) <
0) O(5(0) =] # i 0 g4(O) < g4(0) < a(r) — &(0) O
HB{, wherey;" ° = (Oy). Thus, the remvery is consistent.

4. Performance Analysis

This sedion evaluates the performance of our new
approach of recovery support for collaborative eliting
systems. We asame tha when a ste leaves the
coll aborative eliting system successfully, it had created m
chedkpoints. The expeded interval time between a site
join and leave the system refleds the performance of the
system. Under the same workload, the shorter the interval
time, the better performance the system. We investigate
the factors that make significant impact on this interval
time

TR H1 H2 Hi

v

Ci

A A
R

.
-

Figure 2. Definition for ci, Hi,TL and TR

Asdisplayed in figure 2, P (2<i < m) representsthe
exeaution time on site, it is the nominal measured in CPU
cycles between (i-1)th and ith chedpoints, P; denotes the
interval between the beginning o the ste ad its firg
chedkpoint without any fail ures. The sum of the exeaition

m
timeisdefinedas P =) P .
1=

Let ¢ (1 <i < m) be the xeaution time from the



beginning o the site to the ith chedkpoint in presence of
the site or link failures. Let C; be the expeded value of ¢,
G = E(¢), thus the epeded interval time of a site
between join and leave the llaborative aliting system is
Cm = E(C).

The ste and the Internet link failures cen be
recovered by ether loading LDS or remote document
state. Let p and g be the probability of remvering the site
by using our new LDS approach and the traditional RDS
approach, respedively, it isclea that p+ q= 1. Let T,
and T denote time overhead for loading LDS and RDS,
respedivey. fi(t) (i O [2, m]) denotes the probability of a
site/link failure in t unit of time from the time of the (i-
1th chedkpoint. fi(t) is the failure probability from the
very beginning. We have,

P; with probability 1 - f,(P,)
= { Pi+ T+ ¢, with probability pxfi(P;) (2)
P1+ Tr+ ¢ with probability gxfi(Py)

Let H; be the time interval between (i-1)th and ith

chedkpoint. Thus, for 2<i<m,
G=Ca+H +Tc (©)
Hl =C (4)

P with probability 1 - f;(P;)
H = P+ T +c withprobability pxfi(P) (5)
P+ Tr+ ¢  with probability gxfi(P)
G is derived from equations (5) as follows, where 2 <
i<m,
C_:Ci—1+Pi+(pTL+qTR)fi(Pi) (6)
' 1- f,(P)

Cn represents the expeded interval time of the site
between join and leave the system, it is obtained by
applying the above ejuation m-1 times,

C =

iﬁ {[P +(pT, +qT) f,(PI/1- f, (P} (V)

The value of C, refleds the performance of the
system. Hence in order to enhance the performance C,
can be minimized by determining the proper
chedkpointing frequency. The value of m that minimizes
the equation (7) isan optimal one.

Let C-(P, k) denote the exeaution time of the site in
the presence of up to k reavering by loading LDS, let p*°
and p" be the probability of the ith LDS approach
becoming successful and unsuccesdul, respedively,
wherepS+ pY = 1. CY(P, k) isgiven as below,

CL(P K)=(P+T,)p +2(P+T )IOiJ p; +.+k(P+T,)

|‘]p. pe+ @(P ST+

k-1

= S UE+TO o p?+k(P+TL)|j| Pl

=1

k

f (P) pi“

OP+Tg

k-1
u 8
"H- fl(P)g:! P ©

p>and pY are not known until (i-1)th unsuccessul
LDS rewmvery ocaurs. We deive the approximate
probebility for pSand p. It is dlea that with the increase
number of unsuccessful LDS reoveries, the probability
of permanent rises, thus,

pl<pl<..<plandp’>p,°>...>pS  (9)

We asaime that pIp.° = w < 1, and for the
simplicity, it is assumed that wy = w, = ..= W= w, and
p,°= p. Equation 9is derived from equation 8as foll ows,

CH(P.K) = S TI(P+TII[]@-pw™)

k-1

FK(P T[] @ pw'+

[(P+Tg)/N(1- f(P)]|‘| @- pw'?) (10)

The time overhead of LDS rewvery is determined
by P and the arival rate of operations A. Suppose the
operation arriva rate is constant, hence with the increase
of B the probability of successful LDS remvery
deaeased, andthetime overhead df the unsuccessul LDS
also increases. On the other hand, the time overhead o
RDS rewvery is dedded by the data volume assciated
with the cntext of the document. For the simplicity, we
asaume that the cost of the RDS rewmvery remains
constant, and it is modell ed as foll ows,

CR(P) = _P+Te (12)

1- 1,(P)

LDS remvery is an efficient method to recover the
temporary failures in site and links. It continues working
until the permanent fail ure ocaurs (chedpoint stored on
local storage is missng) or the time overhead o LDS
recovery is larger than RDS reavery. Thus, given value

P C“(P,k)can be determined by k, which must
satisfies C- (P, k) <C*(P) .

The table 1 describes the rdation between k and
C"(P,K) . Pis =t to 100, 200 and 300, respedively. C-
first deareases with theincrease of k, and when k = 12, C*-
is the minimized. After k = 12, CL rises with the increase

of k. Inthis case, 12 isthe optimal value for k.
Table 1. T, —20 T, —40 w=0.8p=0.8f(P)=0.1

Kk 2 8 10 12

P=100 | 179.24 177 61 170 46 | 167.69 | 16668 | 166.14

P=200 | 3272 32522 | 31232 | 30731 | 30547 | 30500

P=300 | 475.2 47385 | 45418 | 446.92 | 44428 | 44359

K 14 16 18 30 50 100

P=100 | 166.53 | 16686 | 16736 | 17156 | 17956 | 199.77

P=200 | 30522 | 30585 | 30676 | 31456 | 32914 | 366.18

P=300 | 44392 | 44485 | 44615 | 45736 | 47871 | 53260

To study the impact of the probability of the first




successful LDS recovery on C- (P, K) , we fixed T, Tr,

w, and fi(P), and increased k from 10 to 30 with
increments of 10. Table. 2 shows the exeaution time of the
sitein the presence of up to k LDS recovery as a function
of p. The higher the probability p is, the less exeaition
time of the site in the presence of up to k LDS recovery
is. It suggests that a higher probability of the firg
successful LDS recovery result in a better performance

Table 2. P=100, T,=20, T, = 40,w = 0.8, f (P) = 0.1

p 0.65 0.70 0.75 0.8 0.85 0.9

K=10 20848 | 19286 | 17917 | 16668 | 15484 | 14326

K=20 21740 | 19787 | 18180 | 16794 | 15537 | 14341

K=30 23433 | 20849 | 18818 | 17156 | 15725 | 14429

Table 3 illudtrates the relatiion between w and
C“(P,K). T, Tr p, and f,(P) are fixed, and k is <t to
10, 20 and 30, respedively. Like the dfect of p on C, as
the value of w rises, the exeaution time of the failed ste
in the presenceof upto k LDS recvery decreases. Thisis
because with the increase of value w, the probability of ith
unsuccessul LDS recmvery deaeases, and as p drops,
C" deadeases. This suggests that if we could increase the
probability of the succesful LDS rewvery, the
performance of the system is enhanced.

Table 3. P =100,T, =20, T,=40,p=0.8,f(P)=0.1

\Wi 0.65 0.70 0.75 0.8 0.85 0.9

K=10 19514 | 18191 | 17225 | 16668 | 16494 | 16598

K=20 23197 | 20270 | 180.73 | 16794 | 16401 | 16548

K=30 27074 | 22614 | 19210 | 17156 | 16440 | 16544

5. Related Work

Collaborative eliting has been studied deeply.
Collaborative liting systems can be dassfied into two
categories: Real-time and non red-time [15]. Non real-
time coll aborative eliting systems have shared documents
that can be accessed and locked separately. A shared
repository, such as distributed file system, serves as the
infragructure for many non red-time collaborative
systems [10][11][26]. In red-time llaborative eliting
systems, multiple users are dlowed to concurrently edit
any part of the document simultaneously. REDUCE[23]
and SASE[2] ae good examples for real-time
coll aborative systems.

Most the research works in reel-time wllaborative
editing systems focus on user intention preservation [8],
consistency maintenance [20] [21], group undo [18], and
group awareness [6][24][25], fault-tolerance and
reliability issues, however, have not been studied deeply.
If the real-time wllaborative aliting system is to be
efficiently used over a wide aea network, the fault-
tolerant issies must be take into acoount, for the reason
that wide aea network are usualy unrdiable [16]. If
group communication subsystems are designed and
implemented properly, they can provide an infrastructure
for building distributed and reliable services on top of

their message broadcasting and membership services
[1][9]. The drawback of these systems is that they do not
diredly manage groups shared applicaion state and
transfers groups date to new sites. Paper [16] provides
the practical fault-tolerant services for collaborative
system. Since these systems are designed for generd
purpose, they do not study the @ncurrency control isues.

Paper [7] presents the requirements for the
coll aborative elitor, and proposes a modd that has fault-
tolerant feature. This technique is aso discussed in paper
[1]. However, they do not consider the mnsistency
maintenance, which is fully taken into account in our
approach. PREP [10] is a mllabarative writing system
that uses the concept of flexible diff-ing for reporting
differences between versions of texts. It is clea that this
system supports the fail rewvery automaticdly. The
major difference between this approach and our algorithm
is that, it is only suitable for non real-time allaborative
editing systems, but our algorithm is devised for red-time
coll aborative aliting systems.

6. Conclusion

An efficient recovery algorithm is presented to make
the real-time ollaborative systems more reliable. In our
new approach, each site maintains a LDS, which is
generated periodically. If a failure occurs in the site or
links, the site is able to rgoin the wllaborative eliting
systems by loading the LDS ingtead of obtaining the state
from other sitesthat may result in anoticesble delay

In our model of performance eauation, the time
overhead o LDS remvery was modell ed asa @nstant. In
fact, it was determined by the frequency of taking a
chedkpoint and the arival rate of operations. It is not
known how these two factors affed the time overhead of
LDS rewvery. Implications of big dfferences. Further
work neeled.

An asamption implied in the model that each ste
maintains a higory buffer with an infinite storage capacity
is not practicd. However, the purpose of the history
buffer isto support the undo/transform-do/transform-redo
scheme and the recvery, an operation neel not to ke kept
into the history buffer if isit isno longer involved in these
two procedures. Therefor, our continuous work focuses
on devising the technique for garbage @lledion, which
overcomes this storage problem.
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