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Abstract: This paper proposes a method to control the view divergence of replicated data when copies of sites in a
replicated database are asynchronously updated. The view divergence of replicated data is the difference in the
lateness of the updates reflected in the data acquired by clients. Our method accesses multiple sites and provides
data to a client that reflects all the updates received by the sites when replica sites are logically connected with a
tree structure. The selection way.of replica sites in replicated database uses the probability distribution of the
update delays. The evaluation of our method shows that the number of accessed replicas does not increase much to
reduce the ratio of veiw d1vergence as the total number of replicas increases.

1 Introduction

As computer networks grow, many distributed applica-
tions on widely spread computers in a network will share
various data in data stores and in telecommunication, de-
cision support, and information-retrieval systems. The
shared data are operated using read and update transac-
tions. Applications require hxgh avallablhty, scalability,
and a short response time in processmg these transac-
tions.

Data replication is an effective technique for attaining
these properties, especially for data that are mostly read.

It locates copies of the same data objects in sites to pro-
cess transactions from clients. This technique is classified
into eager and lazy replication methods [1]. Eager repli-

cation achieves one-copy-serializability [2] using write-

all or quorum consensus methods [2].

Lazy replication methods [3]{4] can be still more di-
vided into lazy master and lazy group replication. The
former has a master replica of each object that can origi-
nate an update to the object and gives ACID serializabil-
ity [1]. In the latter, all the replicas can originate up-
dates. The latter can be used when transaction processmg

" to achieve convergence property is possible [1]. An up-

date by a commutative transaction is an example. The
lazy replication technique gradually propagates updates
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into sites as a refresh transaction after the updates have
been processed at a site. In this situation, applications re-
quire freshness, because applications need as late data as
possible [5]. Freshness is defined as the rate of updated
replicas from among all the replicas [5]. From a client
viewpoint, the insufficient freshness causes the view di-
vergence of replicated data that means the divergence of
the lateness of an update transaction reflected in the data
acquired by clients. Especially in lazy group replication,
since a client can not decide which replica has the latest
copy due to update origination from multiple sites, the
view divergence should be improved.

For example, we consider the location discovery of a
mobile terminal in a network when the location informa-
tion of a mobile terminal is managed in sites at multiple
locations. When a computer communicates with a mobile
terminal, the computer has to know where the mobile ter-
minal is connected in the network. If we cannot obtain
the correct location of a mobile terminal at the present
time and the next location to which a mobile terminal

moves are managed at each site for only a time period’

T to reduce the amount of data managed at each site, the
replicated database has to prov1de the data within T to
find a mobile terminal by tracing the migration path from
the obtained location to the present location.

The smaller delay of update propagation leads to
smaller view divergence of replicated data. However, the
increase in the number of sites needed to improve avail-
~ ability and reduce -the response time worsens the diver-
gence because the refresh transactions are transmitted lit-
tle by little into sites to reduce the load for propagating
updates from a site to a number of replicas. In addition,
delay of an update propagation in a replicated database
varies depending on the load of each site. Therefore, it
is difficult for a replicated database to reliably continue
to provide data all the time so that the data meets all the
requirements of different applications.

In this paper, we propose a method to control the view
divergence of replicated data that are asynchrenously up-
dated using lazy group replication. Our method accesses
multiple sites and provides data to a client that reflects all
the updates received by the sites. This method can reli-

ably and adaptively control the view divergence based on .

update delay estimation in an environment where the de-
lay of update propagation varies. To reduce the overhead
of read transactions, our method determines the minimum
number of sites in the condition where an update is prop-
agated into sites connected using a tree structure. Finally,
we evaluate the range of the view divergence we can fea-
sibly control by means of simulations.

The remainder of this paper is organized as follows.
Section 2 describes a method for controlling the view di-
vergence of replicated data. In Section 3, we discuss the
algorithm used to select the minimum number of sites ac-
cessed by a client to obtain the data with the required
RDF. In Section 4, we evaluate the range of the view di-
vergence feasibly controlled using our method by means
of simulations. We conclude the paper. in’ Section, 5 by
discussing remammg work. .

@ client node
@ front-end node
O replica node

read

Figure 1: System architecture used in our method of con-
trol]ing the view divergence of replicated data

2 View dlvergence control of repli-

cated data

In our method, there are three types of node: client, front-
end, and replica nodes. The transactions requested by
clients are read and update. The update transaction re-
quested by a client is sent to a front-end node. The front-
end node that receives the update transaction sends it to
a replica node. Then, the update is propagated into all
the replica nodes as a refresh transaction. A read trans-
action requested by a client is also sent to a front-end
node. A front-end node sends a read transaction to multi-
ple replica nodes. After a front-end node receives the data
and, if necessary, recent logs of updates received by each
replica as a reply message to the transaction, the front-
end node calculates the data that reflects all the updates
received by the accessed replicas using this information
and the timestamp associated with the data. In this cal-
culation, a front-end node processes updates as a replica
node does. Our method controls the view divergence by
using this calculation process, which depends on the ap-
plications or the definition of consistency. For example,
in the case of location discovery of a mobile terminal, this
calculation is very simple. In this application, a replica
node process updates by replacing old data with a newer
update based on the timestamp' associated with the data
and update. Therefore, the calculation of data that re-
flects all the updates received by the accessed replicas
is done by selecting the latest data among obtained data
from replicas based on their timestamp.

~ There are a number of combinations of replicas that
meet the view divergence required by a client. Since the
response time increases as the number of replicas a front-
end node has to access increases, the number of repli-
cas should be the minimum. In addition, since there are
2" — 1 combinations of replicas, where n is the number
of replicas, an effective algorithm to select the minimum
number of rephcas is necessary. An effective algorithm
is described in the next section. In this algorithm, we
use the probabilistic lateness of updates reflected in ac-
quired data, called read data freshness (RDF). The degree
of RDF represents a client’s requirement about the view
divergence. The formal definition of RDF T}, is T, = te—t
if all the updates invoked before time ¢ somewhere in a
network: are statistically estimated to be reflected in data




acquired by a client with probability p, where #. is the
present time. This means that if the last update reflected
in the acquired data was invoked at #; < ¢, no updates are
invoked between 7 and ¢. In other words, any updates in-
voked between #; and ¢ will not come to any replicas in
the future with probability p. We represent data with the
degree of RDF T}, as data within T},.

3 Method of selecting read replicas
3.1 System architecture

To select replicas so that the acquired data by a client
meets the degree of RDF, we have to know how update
propagation delay occurs. It depends on the topology of
update propagation paths. Figure 1 shows the system ar-
chitecture used in our method. Replicas are connected
by logical links. The topology of the graph comprised
of the logical links and the replica nodes is a tree. An
update sent by a front-end node propagates in the tree
through the links as a refresh transaction. When a replica
node receives an update, the node forwards it to all the
adjacent nodes except the replica node from which the
updates came. The update delay is caused by commu-
nication delay, protocol overhead to record logs to fulfill
recovery [5], time for aggregating some updates in one
refresh transaction [6], and so on.

3.2 Assumptions

Our algorithm to select read replicas assumes the follow-
ing.

1. Clocks of nodes are synchronized.

2. Delay time of update propagation can be statistically
estimated.

3. If T, is the response time for a client to obtain data,
then T, > T, where T}, is the degree of RDF required
by the client.

Condition 1 is where the clocks on a client, a front-end,
and replica nodes are synchronized with each other. This
is necessary for sampling the delay time of message de-
livery of aread, an update, or a refresh transaction. Clock
synchronization can be achieved using various methods
{78l

Condition 2 means that we can estimate the upper con-
fidence limit of delay between replicas with some proba-
bility by using samples of the measured delay time. This
means that the probability distribution of the delay does
not change much in the time it takes to obtain enough
samples to estimate the delay. The upper confidence limit
can be calculated by various statistical estimation meth-
ods [9]. i

For obtaining data, we need the time for communica-
tion between the client and a front-end node and commu-
nication between the front-end node and replica nodes.
Therefore, when a client requires data with the degree
of RDF T, a client can request only data that satisfies
condition 3. When a replica transmits updates to an-
other replica, some processes are necessary. For example,
when an update is propagated, each replica needs to keep
update logs so that if it fails, any updates are recovered
and pending updates are reliably sent to other replicas.
Since the delays caused by these processes occur at each
replica, we consider this condition to be acceptable.

3.3 Algorithm

3.3.1 Terminology
To explain our algorithm, we define four terms, which are

_read replica (set), range originator, classified replica, and

mandatory replica. A read replica is a replica node to
which a front-end node sends a read transaction to obtain
the value of a data object. We denote a set of read repli-
cas to obtain the data with the degree of RDF required

“by a client as a read replica set. A range originator of

replica r is a replica that originates a refresh transaction
and from which the transaction can reach r within time
T, with probability p when the degree of RDF required
by a client is T,. This means that the upper confidence
limit of the delay from a range originator to replica r with
probability p is T,. Let O; be a set of range originators
of replica i. Then, we say that replica j is covered and
uncovered by replica i if j € O; and j & O;, respectively.
A classified replica is a replica whose set of range origi-
nators is not a subset of a set of range originators of any
other replicas. A mandatory replica is a classified replica
that has one or more range originators which are not in-
cluded in any other classified replicas’ range originators.

3.3.2 Calculation of a minimum read replica set

In this section, we describe an algorithm to select a min-
imum read replica set when anupdate is propagated into
replicas connected by a tree. When the delay time be-
tween replicas is given by the probability distribution and
the upper confidence limit, the problem of finding a read
replica set has some different properties from the prob-
lems of weighted graphs in graph theory. For example,
when there is a replica j on the path from replica i to %,
the distance from replica i to & is the sum of the distances
from i to jand from j to k in the weighted graph. How-
ever, let d,, be the upper confidence limit of the delay
time from replica x to y with probability p. Thén dj is not
the sum of d;; and d ;. For another example, when there
are replicas k on the paths from replica i to / and from j
to / and when dj < d, itis not always true thatdy < d i
To verify Lemmas 1 and 3, we use two properties about
the upper confidence limit of delay in a tree. The first
property is that if dy < 7, thend;; < T, and d g < T, for
all replica j that are on the path from replica i to k. The

‘second property is that if d;; > T}, then dy > T}, for all

replicas k that satisfy the condition that replica j is on the

_path from replica i to k.

Our algorithm incrementally - constructs a minimum
read replica set R comprised of only classified replicas.

Theorem 1 There is at least one read replica set consist-
ing of only classified replicas and this set is of a minimum
number of read replicas among all the read replica sets.

Proof: Let R, be one of the read replica sets that are of
a minimum number of read replicas. Let O; be a set of
range originators of replica i. Then, for all read replicas
i € R, that are not classified replicas, there is at least one
classified replica j that satisfies O; C O ;. Let R, be aread
replica set constructed by replacing replica i € R, with j.
Thus, R, is of a minimum number of read replicas and
Ry, consists of only classified replicas. ]
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Figure 2: Algorithm to calculate a minimum read replica
set.

Figure 2 shows our algorithm to calculate a minimum
read replica set. T, and T; are the original tree for up-
date propagation and a subtree of T, constructed in our
algorithm. V, S, C, and M are the sets of replicas cov-
ered by i € R, replicas in T, classified replicas for Ty, and
mandatory replicas in each iteration, respectively.

In step (2), we remove replicas covered by replicas in
R from O;. In step (3), we calculate the classified repli-
cas for Ty, which is initially 7,. Step (4) removes the
classified replicas that have the same range originators.
Step (5) calculates the mandatory replicas. In step (6), all
the mandatory replicas are added to R, since a mandatory
replica has at least one replica that is not included in the
range originators of any classified replicas. In step (8),
we construct the minimum subtree 7; including all the
uncovered replicas, assuming the weight of all the edges
is 1. The procedure from step (2) to (9) is iterated unless
there is at least one replica that covers all the replicas un-
covered by any replica i € R in T;. Step (10) adds one of
the replicas that covers all the replicas uncovered by any
replica i € R in T; to R and then the algorithm terminates.

Lemma 1 Let i be a replica that is in T, but is not in T;.

Then, there is at least one replica j in T that satisfies
("') - 0("') where 0( ™ is a set of range originators of

replzca i in the m*™ iteration.

Proof: Leti be the nearest réplica node among replicas
in T; from replica i, assuming the weight of all the edges

is 1. Then, 0("‘) c O('") because of the first property de-
scribed at the begmmng of this subsection.

Lemma2 Let o§'") be a set of range originators of

replica i in the m'® iteration. If there is replica i that
is not a classified replica in T, but a classified replica in
T; of the m™ iteration, then there is a classified réplica j

in T, that satlsﬁes 0('") 0™, where O('”) = 0(1) \V.

Proof: From the assumption, there is replica k that is
not in T, is in T,, and satisfies 051) C 0;61). Since
o™ = oV\v, 0™ ¢ o{™. From Lemma 1, there
is replica ¥ in T; that satisfies o,(,”‘)?g Og"). Because
05'")‘ c 05.'") for all replica j on the path from k to i,

Figure 3: There is at least a mandatory replica in each
iteration, when our algorithm does not terminate.
0('") - 0("‘) Since replica i is a classified replica in T;,

O('") o4 O(m) So, 0('") O(m) because 0('") c O("') and
05"‘) ¢ oﬁ,”'). Hence, since O = 05’"), o™ c olm,
and 0™ c 0™, then O™ = 0™, o

Lemma 3 This algorithm terminates after a finite num-
ber of iterations.

Proof: We consider the subtree T; in the m™ iteration.

Let O,(m) be a set of range originators of replica i in the

*h jteration. For any replica i, when we suppose that
i is the root of T, there is at least one leaf node from
which an update cannot reach { within 7, with probabil-
ity p when our algorithm does not terminate. All the leaf
nodes are not covered by any i € R in each iteration. First,
as shown in Figure 3, we label replica i “1”. Next, we la-
bel a child of replica i “2” if there is at least one leaf node
among the child and its descendants from which an up-
date cannot reach i within 7, with probability p. Third,
we assume the replica with *“2” is the root of T; and la-
bel an unlabeled child of the replica with “2” “3” if there
is at least one leaf node among the child and its descen-
dants from which the update transaction cannot reach the
replica with “2” within T, with probability p. We repeat
this process until we find the replica with “n” that satis-
fies the condition that an update originated by unlabeled
children of the replica w1th “n” and their descendants can
reach the replica with “n” within 7, with probability p.
Let T; be a tree consmtmg of the replica with “n”, its un-
labeled children and their descendants, assuming that the
replica with “n” is the root of T;, as shown in Figure 3.
Let 7; be a tree consisting of all the replica nodes that
are included in T; and not included in 7;. Then, all the
replicas in T; are range ongmators of the replica with “n”
and there is no replica in Ty that covers all the rephcas

in T,. Hence, there is no replicas i in 7; that satisfies
o ¢ O("') where 0(”') is the set of range originators
of the replica with “n” in the m'? jteration. In addition,

there is no replica in TI that is uncovered by the replica
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Figure 4: The tree for update propagation, and classified
and mandatory replicas in the first iteration of our algo-
rithm. ~

with “n” and that is covered by a replica covering all the
replicas in 7, because of the second property described
at the beginning of this subsection. Hence, there is no

replica i in T; that satisfies Oﬁ,m) C 0?'"). Therefore, one
of the replicas with “n” or whose range originators is the
same as the replica with “n” is a mandatory replica for
replica u, where u is a replica in 7; and u is uncovered
by the replica with “n-1”. Since every iteration can find
at least one mandatory replica, this algorithm terminates
after a finite number of iterations. [m)

Theorem 2 Qur algorithm calculates a minimum read
replica set.

Proof: From Lemma 2, the addition of mandatory
replicas in 7; to R in each iteration is equal to the ad-
dition of classified replicas in 7,. So, this algorithm adds
only replicas that must be necessary in each iteration to
construct a read replica set consisting of only classified
replicas in T, to R and adds only one replica after the iter-
ations. Hence, our algorithm calculates a minimum read
replica set from the principle of optimality and terminates
after a finite number of iterations from Lemma 3. m}

In steps (3), (4), and (5), n{n— 1) /2 comparisons of O;
are necessary at most, where » is the number of replicas.
In steps (2) and (7) at most n processes are necessary.
Step (8) needs m processes, where m is the number of
edges in T; at most. The total number of iterations is at
most n. Hence, the complexity of the algorithm is O(n3)
at most.

3.4 Example

In this subsection, we demonstrate our algorithm using an
example. Figure 4 shows the tree T, for update propaga-
tion in the example. To simplify the example, we assume
that delay time along one edge with probability p is equal
to or less than the degree of RDF T}, required by a client,
but that delay time along the path consisting of more than
one edge with probability p is more than T),.

In the first iteration, our algorithm calculates the clas-
sified replicas in the tree. The black and grey circles in
the figure stand for classified replicas. Replica 2 is the
mandatory replica of 1, replica 7 that of 8 and 9, 10 that
of 11, 14 that of 15, 17 that of 18 and 19, and 22 that

w"'ﬁm.m
T >
------ @, 19
7 o . 16 ° ") ctassified replica
e ...
0'/ » 9 9 @ 1 [ mandatory replica
3 RO~: range originator of n

Figure 5: The classified, mandatory replicas, and range
originators in the second iteration of our algorithm.
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Figure 6: The relationship between the degree of the RDF
and the number of read replicas to provide data with the
RDF in the immediate and deferred propagation situa-
tions.

of 23 and 24. In this iteration, R = {2,7,10,14,17,22}
and the uncovered replicas are 4, 5, 12, and 20. If we
remove replica nodes covered by replicas in R from the
tree, the two connected components remain: the trees are
comprised of sets of nodes {5,4,12} and {17}.

In the second iteration, we construct the minimum sub-
tree of T, T; as shown in Figure 5. The hatched circles are
covered by replicas in R. The tree including 4, 5, 12, and
20 is the tree comprised of 4, 5, 12, 13, and 20. In this it-
eration, we calculated the classified replicas for T; again.
The black and grey circles in the figure are the classified
replicas. Replicas 4 and 13 are mandatory replicas for 5
and 20, respectively. Therefore, R = {2,4,7,13,14,22}.
Since all the replicas are covered by replicas in R after
this iteration, our algorithm terminates.

4 Evaluation

In this section, to evaluate the feasible range of the view
divergence achieved by our method, we evaluate the re-
lationship between the degree of RDF and the number of
read replicas calculated by our algorithm. This relation-
ship depends on the topology of update propagation and
the delay time between replicas. We use a randomly gen-
erated tree as the topology. The maximum degree of a
node in the tree is 5 and the total number of nodes is 100.
The relationship also depends on the probability density

— 39—
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Figure 7: The relationship between the ratio of the RDF
to the maximum delay and the number of read replicas.

function of the delay time for update propagation. The
delay function of update propagation in a real network is
very complicated. However, since the objective of this
evaluation is a rough estimation of the relationship be-
tween the degree of RDF and the number of read replicas
calculated by our algorithm, we use a Gamma function
as the probability density function for the delay time on

each direction of each link. This function is generally

represented by

(x—c)"lexp(—a(x—c)). (1)
We evaluate two delay time situations. One is the situa-
tion where every refresh transaction is immediately trans-
mitted to other replicas that have not received it. The
other situation is where some update transactions are ag-
gregated in one request and transmitted [6]. We call the
first situation immediate propagation and the second sit-
uation deferred propagation.

We used two probability density functions, each with
different Gamma function parameters in each situation,
and randomly assigned one of the two functions to each
direction of each link. The parameters in the immediate
propagation situation are ¢ = 200 (ms), o = 20, r = 1,
and ¢ = 400 (mis), o = 20, r = 2. The parameters in the
deferred propagation situation are ¢ = 10 (s), a = 2, r =
l,and c=20(s),a=2,r=2.

The maximum delay in the tree is the delay from
replica 94 to 98. The delay time with probability p is
equal to or less than 9.35 s and 325.5 s in the immediate
and deferred propagation situations, respectively. There-
fore, the view divergence of the normal read transaction,
which obtains data from a local replica of a client, is 9.35
s and 325.5 s in the immediate and deferred propagation
situations, respectively.

Figure 6 shows the relationship between the minimum
number of elements of a read replica set calculated us-
ing our algorithm and the degree of RDF. Our method
can control the range of RDF from 4.029 to 9.35 s and
from 136.3 to 325.5 s by acquiring data from 1 replicas
in the immediate and deferred propagation situations, re-
spectively. In addition the range of RDF by acquiring
data from within 4 replicas in the immediate and deferred
propagation situations are the range from 2.433 t0 9.35 5
and from 80.33 to 325.5 s, respectively.

From this results, when a normal read transaction is
used in an ordinary environment and the view divergence
of the normal read transaction meets the client’s require-
ment, we found that our method can provide data with the
required RDF even if the delay time becomes 4 times as
long as in the ordinary environment. In other words, our
method can reduce the degree of RDF of acquired data to
about 1/4 that-of the normal read transactlon by accessing
a small number of replicas.

Figure 7 represents the dependence on the scale of a
replicated database system in our method. This figure
shows the relationship between the ratio of the RDF to the
maximum delay and the number of read replicas when the
total number of replicas in randomly generated trees are
100, 500, and 1000. From this figure, as the number of
replicas increases, the ratio of the RDF to.the maximum
delay increases. However, in order to achieve the same
ratio, the increase in the number of read rephcas is lower
than that of the number of replicas.

5 Conclusion

‘We have proposed a method to control the view diver-
gence of lateness of transaction reflected in data obtained
by clients from a replicated database. We have evaluated
the range of the view divergence achieved by our method.
The evaluation is done by means of simulations in which
100 replicas exist. When the view divergence by the nor-
mal read transaction is 9.35 or 325.5 s with probability
0.95, our method can control the divergence in the range
from 2.433 to 9.35 or from 80.33 to 325.5 s by reading
from within four replicas.
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