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Abstract

In distributed databases, file replication and workload allocation are important design
issues. This paper solves these two issues simultaneously. The primary objective is to
minimize the system response time that consists of local processing and communication
overhead on a local area network. Workload (query transactions) is assigned among any
sites in proportion to the remaining file request service rate of the each server.

The problem is presented in the form of a nonlinear integer programming model. The
problem is proved to be NP-complete and thus an efficient heuristic is developed by
employing its special structure. To illustrate its effectiveness, it is shown that the proposed
heuristic is based on the heuristic of a non-redundant allocation that was provided to be
effective. The model and heuristics are likely to provide more effective distributed database
designs.

1. Introduction

Recently, distributed database (DDB) technologies have advanced rapidly -and have
attracted extensive investigations. A DDB is a collection of multiple, logically interrelated
databases which are geographically distributed over computing sites connected by a
computer network [17].

In designing a DDB, one of the major design issues is the location of data file. This
problem is referred to as file allocation problem (FAP) [4]. Solving the FAP requires
complicated system parameters and networking considerations [8,15,16,19,20]. In addition,
balancing workload among computing servers is important. This issue may be referred to
as the workload allocation problem (WAP). Workload is defined as the totality of
transactions processed in a DDB system. There are two basic principles for workload
allocation: load balancing and affinity-based routing. Load balancing is to transfer
transactions from heavily loaded servers to lightly loaded servers. Affinity-based routing
achieves the locality of data reference in order to reduce /O delays, lock waits, or paging
overhead [2,11,18].

Most past studies of FAP or WAP investigated the two problems separately. However,
FAP and WAP are interdependent because the location of data files affects the assignment
of workload and vice versa. Therefore, it is more realistic to solve the two problems
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simultaneously. The integrated problem may be referred to as the file and workload
allocation problem (FWAP). Lee and Park [13] originally investigated the rationale of the
FWAP. They proposed a model to optimize the system response time that considers the
local processing overhead only. Lee and Jang [12] developed the first model to incorporate
local processing and communication overhead simultaneously for the FWAP. They proposed
a heuristic for solving the FWAP with non-replicated data file.

This paper extends the previous study [12] by considering replication allocation policies
to further improve system performance. The extended problem may be referred to as the
replicated FWAP. Typically, redundant allocation policies are categorized into (i) all
beneficial sites method and (ii) progressive allocation method. The all beneficial sites
method assigns data files to any site where the benefit is greater than the cost for one
additional file replication. The progressive method allocates the first copy of each file on
the basis of maximum value of the benefit minus the cost. The method keeps that copy
where it is, and bases the next allocation decision on the location of that first copy and
the maximum value of the benefit minus the cost for the remaining sites. This procedure
is continued, one allocation at a time, until the benefit no longer exceeds the cost at any
of the remaining sites [21). The all beneficial sites method has been adopted for a number
of distributed database designs (e.g., [3, 21]). In contrast, the progressive method has been
adopted only recently (e.g., [6]). In this paper, the progressive allocation method is adopted.

2. Design Model Formulation

In this section, we develop a design model for the replicated FWAP on a local area
network (LAN). Because of the multi-access/broadcasting characteristic of LANSs, the
per-unit cost of inter-site communication is independent of source and destination sites.
Thus, the communication overhead is assumed to be proportional to the volume of data
transmitted [22, 23].

The following are the major characteristics of the design model. (i) Both communication
and local processing overhead are considered simultaneously. (ii) Replicated file allocation
policy is used. In the case of redundant allocation, transactions are routed to the file server
that has the least response time for requested file items. (iii) The workload allocation
algorithm is static. Static policies are based on the average fluctuation in a long run while
dynamic policies are based on the short-term fluctuations of the system workload [2, 18].
The following notations are adopted to present the problem in the form of non-linear
integer programming model.

System parameters
N Set of sites in the system
F Set of files in the system

i,j,k,.,nSite index ( ijk,.,nEN )
fg File index ( fg €F )
as Volume of transactions for query originating at the site ¢ for the file f per unit

time
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Uug Volume of transactions for update originating at the site i for the file f per unit

time
c? Communication cost per transaction for query from any site to any other site
o Communication cost per transaction for update from any site to any other site
c” Queuing (waiting) cost per transaction

S Storage cost of the file f at the site k per unit time
L, Length of the file f '

S, Storage capacity at the site k

A Total transaction request rate to the system

r Total file service request rate to the system

rs File request rate of the file f

2 File request service rate of the site k

Decision variables :
Ay Total transaction rate assigned to the site k
Xa 1, if file f is assigned to the site k;
{O, otherwise
Y%  The percentage that query transactions originating at the site i for the file f is
transferred to site k (0 Ygi<1).

First, we note that the total request rate for the file f is computed as 7,= Z;,qﬁ+ g’uﬁ.

In the case of a Non-redundant file allocation, the total file request rate is equal to the

total transaction rate; i.e.,
r= Erf= a,{ = A.

However, in case of the redundant allocation, the total transaction rate is not equal to
the total file request rate because of the interactions between query and update
transactions; ie., r= A.

Workload routing decision variable denotes the volume of file requests that should be
allocated to the site k. The volume of query transactions that arrive at the site k is
E.gouﬁYﬁk . Similarly, the volume of update transactions that arrive at the site k is

;gf‘vuﬁX % - The total volume of transactions that should be processed by the database

Ag = ;;}uﬁYﬁk + ;,g,uﬁx/k ..

The arrival of file requests at any database site is assumed to be a Poisson input
process. Then, each database site can be regarded as an M/M/1 queue. According to a
well known queuing analysis [7], the average response time of the transactions that receive
the file processing service at the site k is computed as

—1

Hie— Ay

server at site k is
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Therefore, the average cost of transactions queued or in service in the system is
Y
He— Ay
The communication costs occur when a file does not exist at the site where the
transaction requests the file. Thus, the communication cost by queries is

Tod Z;_ ;’q all—Xa), and the communication cost by updates is
c"g_éuﬂ[l —Xn g(l — X)) . Lastly, the file storage cost is ;;{sﬁXﬂ, .

Since our objective is to minimize the total cost consisting of the above four cost
components, the replicated FWAP is formulated as

Minimize
Total Cost = c”;@qﬁ(l—Xﬂ) + c“;;uﬂ[l—XﬂE(l—Xﬁ)]

C BEA e

Subject to :
g;,x,,,a ,VfEF (1)
Y <Xp,VfE F, Yik €N o)
2 Y=l VfEF, VieN 3
ALXa<Si, VkEN @
A= ;;‘buﬁyﬁu ;g‘wuﬁx,, , Vk € N (5)
Ae{py, VK EN 6
Xx€(01), Vf EF, Vik € N (7
0< Yu<l, VfE F, Vi k € N €)

The constraint (1) ensures that at least one copy of each file should be allocated. The
constraint (2) enforces that a request from the site { can be routed to the site k only if
the copy of the requested file exists at that site. The constraint (3) ensures that a query
request is served locally only if the local site has the copy of the referenced file,
otherwise, the request is to be routed to a site where the file is located. The constraint (4)
represents the storage capacity constraints. The constraint (5) implies the total requests of
site k. The constraint (6) represents the stability condition of the queuing system. The
constraint (7) implies that each site contains at most one copy of each file. The constraint
(8) represents that the query routing percentages take values between zero and one.

3. A Heuristic

The replicated FWAP model belongs to a class of nonlinear zero-one integer
programming problems. The problem of allocating data files on a computer network is
NP-complete [5]. The NP-completeness of the replicated FWAP is proved as follows.
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Lemma 1: The replicated FWAP is NP-complete.
Proof: Consider the following instance of the replicated FWAP. By ignoring the local

processing overhead ( c’”T;A—_"—A-; ), the replicated FWAP is reduced to the following
problem.

Minimize
Total Cost = c";g’qﬂ(l -~ X+ C"Z;;,uﬂ.[l - X”*.ll(l - X+ ;Z;,sﬁXﬂ,

subject to

&Xﬂzl , VfE F
;L,Xﬂ,ss,, , Vk € N
X,€{01}, Vf €F, Vik € N

The above problem is the file allocation problem which was proved to be NP-complete

(231. §

Because of its NP-completeness, solving the replicated FWAP requires a heuristic that
employs the special structure of the problem. Our heuristic is based on the following four
principles. Principles 1 and 2 were proposed by Lee and Jang [12].

Principlel: The file having the larger request rate is preferentially assigned. The basic
premise used is that the file having the larger request rate has a more
significant effect upon the system performance.

Principle2: The first file is initially allocated to the site where the largest cost saving is
expected.

Principle3: The redundant copy of each data file is additionally assigned to the site where
its file is not located and the largest positive cost saving is expected.

Principled4: Query transactions are routed to any of sites having the identical data files in
proportion to the remaining file request service rates of the sites. This is due
to load balancing. The basic premise is that load balancing can improve
performance by transferring transactions from heavily loaded sites to lightly
loaded sites.

To formalize the heuristic, we first stipulated that file I is the file with the largest
request rate and file F with the smallest. Since file / had the most significant effect upon
the system’s performance, we first started assigning the file I to the site with the largest
cost saving.

For non-redundant allocation, the cost saving is estimated as follows. Let be a set that
contains the current indices for the files assigned to the site k. The incremental request

rate A, by additionally assigning the file f to the site k is computed as
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By additionally assigning the file f to site k , the cost saving , Pj4, can be measured
A

He— A

The file f is allocated to the site k that has the maximum value of P, . This process

Pp=c"qp+ c*up—sp—c®

continues until all of files are assigned. This file assignment process must satisfy the
following two conditions; (i) the processing capacity of the site k, #, , must be larger than
the incremental request rate 4, , and (i) the remaining. storage capacity of the site k
must be larger than the length of the file f to be assigned to the site k& [12].

By allocating the second copy redundantly, the cost saving, Pp , Is estimated as
follows, Let 4 A, be the temporary request rate that is decréased by assigning the second

copy of the file f that is initially located to the site k, to another site j. Consider the
following, '

| 4 A,= Ak(l)_‘b‘j—i;}.Qﬁ 3
where A (1) is a heuristic request rate of site k by non-replicated allocation. Let 4 4, be

the temporary request rate that is increased by assigning the file f that is initially located
to the site k, to another site j.

44,= A}(1)+(r,-—q;ri§_iqﬁ) :

where 4 3(1) is a heuristic request rate of site j by non-replicated allocation.

Using 44, and 44; , the routing percentage, Y4 and Yy , are computed as

follows;
Vo= R
BT (= d AR+ (u—a44)
Y~= ,u,-—A/l;
BT (= d A+ (p—42)
Yo+t Yg=1.

And, the request rates for redundant allocation, A, and A, , are computed as
Ap=4d2 ,fr ig;l_qﬁY,,-,, ,
A=A i;},QﬁYﬁi .
The cost saving, Pj; is achieved, by replicating the file f to the site j (except for the
site k which was assigned the first copy of that file) and can be measured by
A
Pﬁ-‘: c"qﬁ—c“uﬂ—sﬁ—cw———"-—&— .
Bi— A
Lastly, the redundant file assignment process must satisfy the following three
conditions; (i) the processing capacity of the site j, u; , must be larger than the
incremental ‘request rate A4, (ii) the remaining storage capacity of the site j must be
larger than the length of the file f to be assigned to the site j, and (iii) Pj; should be
larger than zero.
The cost saving by allocating the third copy redundantly is estimated as follows. Let
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4 A, be the temporary request rate which is decreased by assigning the third copy of the
file f, which is located on the site k and site j, to site [

A= 23(2)— i;}ﬂﬁyﬁk .

where A3(2) is a heuristic request rate of site k by the second copy allocation. Let- 4 4 ;

be the temporary request rate which is decreased by assigning the file f which is located
on the site k and site j, to site [

4A;=21;(2)- i;},QﬁYﬁi ,

where A7(2) is a heuristic request rate of site j by the second copy allocation. Let 4 i,

be the temporary . request rate which is increased by assigning the file f which is located
on the site k and site j, to site L

Ar= A D+ (ri—ap—a5— l.;‘jQﬁYﬁj) ,
where 4 7(2) is a heuristic request rate of site / by the second copy allocation.
Using dA, , 44; and 44, , the routing percentage Pg, Py, Py, and are

computed as follows; :
U= d A

Y= (= A2+ (pu;~A2)+(p,—421)

V.= I-l,'_A/l,'

A7 (= dAp+(u;—dAp+(u~421)

Yem uy— 44y

™ (= A2+ (= dA)+(u,—41)
and P,c,'/,+ P/,-,'*’ Pm:l.

The request rates for redundant allocation, 7_;, T,-, and —/l—, are computed as
—/l_;z a4 2 ‘+ ﬁ; lqﬁYﬁk ,
_/1_,--'—" a4 A j+ i*%,lqﬁyﬁj '

A 1= 4 A 1+ #%‘IqﬁYﬁ; .

By replicating the third copy of file f to the site [ (except for the site k and site j
which were assigned two copies of each file), Pj; can be measured by
Ay
Py=cqy—sp— c'—=— .
A an=—Sp “— A,
Similarly, the above derivation may be generalized for the nth file copy. Let 44, be

the temporary request rate which is decreased by redundantly assigning the nth copy of
the file f which is located on the site k, site j, site /, ..., and site (n-1), up to site n.

44y=an-1)- M.;'.I.Z‘(»—nqﬁyﬁ" ’
where - A3(n—1) is a heuristic request rate of site k by the (n-1) copy allocation. Let

4 2 ; be the temporary request rate which is decreased by redundantly assigning the file f

which is located on the site k, site j, site l,..., and site (n-1), to site n.
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4i;=ajln—D= ;*».;.Z.(n—n)qﬁyﬁ’ '

where Aj(n—1) is a heuristic request rate of site j by the (n-I) copy allocation. Let

4 A ; be the temporary request rate which is decreased by redundantly assigning the file f

which is located on the site k, site j, site [,..., and site (n-1), up to site n.
42=Ailn=D- i*k.i.;.(»—l)qﬁyﬁ[ '

where Aj(n—1) is a heuristic request rate of site / by the (n-1) copy allocation. Finally,
let 4 A, be the temporary request rate which is increased by assigning the file f which is
located on the site k, site j, site /..., and site (n-1), up to site n.
A2 ,= A n=D+(r—ap— @5~ ...Qn-1— M_',.';,(n_”qﬁYﬁl) .
Using 44y, 4A4; 4i,and 44, the routing percentages, Ygu, Yy Yg and Y,
are computed as follows;

Yo— tp— 44,

AT (ua=d A+ (u = d2)+(u = di)+ .. +(p,—d2,)

Y~-= lll;_AA,'

5 (= A2+~ dA)+(p =42+, +(u,—42,) '
and Y= pi A3,

£t (ﬂk_dﬂk)'f'(llj‘“ﬂlli)'{’(/‘[_é’/‘1)+...+(I‘n-‘dfl”)
. _ Una—4i,
Finally, A 7y I I E g7y I S EH g7y 1D ESS G
ThUS, Yﬁk + Yf,; + Yﬁ[ + ...+ Yﬁ,, =1.

The request rates for redundant allocation, Q. A » A;and A, are computed as
=4t i#k.l.};....nqﬁYM '

A=At & Ve

Q=44+ M_I_Z’.“'_._"q,,-Yﬁ,.

Flnally' T':: 44 "+ i*k IZ nq"iYﬁ” ’

and

Accordingly, Pg can be measured by replicating the nth copy of file f to site n (except

for the site k, site j, site [, .., and site (n-1) which were the (n-1) copy of each file were
assigned) . Therefore,

— A
/-‘n_/‘n

In summary, redundant file assignment must satisfy the following three conditions: (i)

Pu=c"qp—sm—c"

u',, must be larger than the request rate "1, (ii) The remaining storage capacity of site
n must be larger than the length of file f to be assigned to site n; (iii) Pj should be
larger than zero.

The effectiveness of the heuristic for the non-redundant allocation was proved by Lee
and Jang [12]. Because the heuristic for the redundant allocation is based on that of the
non-redundant allocation, it is likely to generate effective solutions. Using the above
exploration, a heuristic may be proposed as follows:
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Step 1. Initialization step
) Compute total request rates of each file using query and update request rates.
) Sort files by the descending order according to total request rates of each f11e
Step 2. Non-replication step (Initial file allocation)
) Compute the incremental request rates by additionally assigning each file to each site.
(2) Check the two conditions, i.e., the processing capacity and remaining storage capacity.
{3) Compute the cost saving when each file is located to each site.

(4) Allocate the first copy of each file to the site where the largest cost saving is
expected.

(5) Allocate the workload to each site using the file allocation information.
Step 3. Replication step (Progressive allocation method)

{1) Compute the temporary request rates by redundantly assigning each file to the site
where the copies of the file are not assigned.

{2} Compute the routing percentages using the above temporary request rates.

(3) Compute the request rates of sites which are considered with the routing percentages.

(4) Check the two conditions, i.e., the processing capacity, the remaining storage capacity.

{5) Compute the cost saving as each file is located to each site.

(6)

6) Allocate the redundant copy of each file to the site where the largest positive cost
saving is expected.
(7) Allocate the workload as the latest routing request rates.

The heuristic is summarized in the following Figurel, Figure2, and Figure3. Figurel
depicts a heuristic algorithm for non-redundant allocation. Figure2 depicts a heuristic

algorithm for the second copy allocation. Finally, Figure3 shows a heuristic algorithm for
the nth copy allocation

begin {* Non-redundant Algorithm *}
v ;qﬁ-’r g}vuﬁ , Vf&EeF
sort n=2r= - - - 2rp
Rl 1 Vk
for f € F do
for k € N do

Aw= :e?;imr"
if #o Ax and Sp L,

then Pﬂzc”q,,,+c"u,,—s,,,—c“’——4—"=
k= A
else Ppe»
end for {* k *}
k°—[ H max ,Pg)

X1 {* heuristic file allocation *}
R, R, +[A]



10 Jang Gil Sang File Replication and Workload Allocation for a Locally Distributed

Database

Syp—Sp—Ly
end for {* f *}
PR EY}X}E: , Yk {* heuristic request rate allocation *}
end {* Non-redundant Algorithm *}
Figure 1: A heuristic for non-redundant allocation
begin {* The Second Copy Allocation *}

for f € F do
for j (¥k)€ N do

42,=Axl)—q5— i;}.Qﬁ
4a;=aD+(ri—qa— i§jaﬁ)

Yo M d Ay
ik (#/z'—dﬂk)'*'(#,"‘dli,')

Yoo pi—d4;
AT (pp=di+(p;—423)

—_A;_“: 4 A ‘.+ i;}q;,'Yﬁ*
—/\_,'z 4 A ,‘+ igiqﬁyﬁ

if wp A, and Sp Ly

then Pg=c'gs— c up—s5— c"’—’l"-————-
mi— A
else Pgy—o
end for {* j *}
j[Amax ;Pgp 0]
if j°€N then

X1 {* the second copy file allocation *}

A¥2)< A, {* redundant request rate allocation *}

AN2)« A, {* redundant request rate allocation *}

end if
R,~R.+{A
S,‘f"_sj;"— L/

end for {* f *}
end {* The Second Copy Allocation *}

Figure 2 : A heuristic for the second copy allocation

begin {* The nth Copy Allocation *}
for f € F do

for n (*kjl..,.n-1DE N do
4= 2in=1— i#k.i,;.(n—l)qﬁyﬂ
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44=2j(n=1)- i\k.i.;.(n—l)qﬁyﬁj

44,=Ailn=D= .-tk.,-,,z(.,-n"ﬁyf“

..........

da,= 3 n=D+(r—aa—a5~ ...0an-1— ,.”']._;'(n_l)qﬁyﬁl)

Yo up— 42,

BT (= dA)+ (= 42)+(u =)+ ... +(p,—42,)

V,.= pim 44

A7 (= dap+(u; =42+ (u,—dr)+ ... +(p,—d21,)
“— 44,

L 7 I I E G Iy i W gty b i FES G b

Y. = Uuy—d2i,
T (pa= A+ (= dA)+(p,—4A)+...+(u,—421,)

Tk: A /l k+ i*k.l.z.-...nqﬁyﬁk
A,=44;+ M_;‘]mnqﬁ}’ﬁ,

A=dit 2 aiYa

----------

if #,» 2, and S L,

then Pj=c%s—sp— c'—"=
n " Sm e A,

else Pje—
end for {* n *}
n°~[ z max P> 0]
if #°€N then
Xl
AMn)— A, {* redundant request rate allocation *}
Aj(m)<A; {* redundant request rate allocation *}

Alm)— A, {* redundant request rate allocation *}

AMn)— A, {* redundant request rate allocation *}

end if
Ry—R, +IA
S n"<_S n Lf

end for {* f *}
end {* The nth Copy Allocation *} Figure 3 : A heuristic for the nth copy allocation
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4. Illustrative Example

In order to illustrate the applicability of the heuristic, a distributed database is
considered over the bus LAN system that consists of three sites. The processing rates of
each site are 300, 200, and 150, respectively. Request rates of each data file are given in
Tablel. The request rates of each file are 70, 40, 30, 30, and 20, respectively. The initial
total request rate is 190 (A = r = 190). The storage capacity of sites and the length of
files are given in Table2 and Table3.

Table 1 : Request rates of query, and update

File file 1 file 2 file 3 file 4 file 5
Request ite] s1 | s2 13 |sl|s2|s3|sl|s2{s3|sl|s2]s3]|sl]s2]|s3
Gtk 20120147 15|12 6|5 |7([10]3]6 1 8 | 3
Uk 6 |6 |45 4 7 1 219 | 514]|2 2| 4 2

Table 2 : Storage capacities of sites (Mbytes)

site 1 site 2 site 3
50 40 35

Table 3 : Lengths of files (Mbytes)

file 1 file 2 file 3 file 4 file 5
12 10 8 8 6

The per-unit query and update costs for communication, queuing delay cost per
transaction, and the storage costs of files are given in Table4 and Table5.

Table 4 : Query, update, and queuing delay costs ($)

query cost(c”) update cost(c") queuing delay cost(c*)
1 1 1

Table 5 : Storage costs of files ($)

filel (si) file2 (sa) file3 (s) filed (sq) filed (ssk)
4 3 2 2 1

Non-redundant Allocation :

For simplicity, files have already been sorted so that filel has the largest rate. First, for
filel, the cost savings are computed as follows:

- A - __60  _ .
Py=1x20+1X6-4-1x—gdle =275
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= 4 - __60 _ _ .
Pp =1 x 20+ 1 X 6-4- 1% = 2157

- P —_ -
and Py=1x11+1x7-4-1x ——69——150_60 13.33.

$;=50-12=38. Thus, filel is assigned to the sitel ( X7, = 1).
For file2,

= _ a2 __60+40 . .
Py =1 X 7+1x5-3- 11X ey - 850

= 5.75;

; Cg x40
Pp=1x5+1x4-3-1x5lps

and Py =1x12+1x7-3-1x =l - 1564

S; = 20-10 = 10. Hence, X3 = 1. Similarly, X3 =1, Xy =1, and X5 =1. Therefore,
the corresponding workload allocation decisions are 4] = 100, A3 = 20, and 4; = 70.
The total cost according to this file assignment is $1155. The above computational
procedure is summarized in Table6.

Table 6: Summary of non-redundant file allocation

Files Rates Cost Savings File Allocation
f 7 Py Py Py £
1 60 21.75% 21.57 13.33 1
2 40 850 5.75 15.64+ 3
3 30 457 5.82 13.10% 3
4 30 1257+ 4.82 394 1
5 20 1.42 10.89% 2.46 2

The Second Copy Allocation :

For filel, when filel is assigned to site2, the computing procedures of cost saving,

Yy, are as follows:

44, =100 - 20 - 14 = 66,

A4, =20+ (70 -20-14) = 56,
_ 300— }

Yia="300=66)— (200-56y - 6190,
_ 200—56 )

Yie="(300—66) — (200—56) ~ 03810,

A, =66+ 14 x 06190 = 75,

A, =56 + 14 x 0.3810 = 61,

= - _ - 61 _
and Y, =2 X10 - 1X6 - 14 - 1X 200 —61 9.56.
When filel is assigned to site3, the computing procedures of cost saving, Y, are as

follows:
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44, =100 - 14 - 20 = 66,
4ay3 =70+ (70 - 20 - 20) = 100,

_ 300-66 )
Y = 300=66) — (150—100) - 08239,

Voo 1 0
128 (300 — 66) — (150 — 100)
= 66 + 20 X 08239 = 82,

= 100 + 20 X 0.1761 = 104,

= (0.1761,
A
A3
- —_— —_ — =
and Y3 =114 - 1X6 - 14 - 1x —IM——150_104 1.74.
When filel is redundantly allocated to the site2, the rerhaining storage capacity is 5
Mbytes ( S3= 36-12 = 24).
For file2, when file2 is assigned to the sitel, the computing procedures of cost saving,
Y,, are as follows:

4, =70 -7 -5 =58,
4i,=T5+(40-12 -5) = 9§

_ 150 =58 )
Yos = {50 -58) = (300—98) - 03129,

217 (150 —58) — (300 —98)
A3 =58 +5 x 03129 = 60,
Ay =98 +5 x 06871 = 101,

= 0.6871,

= - _ _ 101 _
and ¥y = 1X7 - 1X7 - 1x3 - 1x megtlm = 351

When file2 is assigned to site2, the computing procedures of cost saving, Y, are as

=70 -5-7=058
=61+ (40 - 12-7) =8

[N

N ox

™o o
T

_ 15058 )
Yo = <150 —58) = (200—82) ~ O-438L

Yo = 4

2= (750 — 58) — (200 —82)
Ay =58 + 7 x 04381 = 61,
A, =82+ 7 X 05619 = 86,

= 0.5619,

and Yy = 1x5 - 1x7 - 1x3 - 1x 800 = 575

File2 is not allocated to any site because of the negative cost savings.

For the remaining files (i.e., file3, file4d, and fileb), the cost savings are calculated by
using the same procedures. As a result, the remaining files are not assigned to any site
because of the negative cost savings or the storage capacity constraints. The above
computational procedure is summarized in Table7.
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Table 7: Summary of the second copy allocation

Files Rates Cost Savings File Allocation
f 7y Py Pp Pg i’
1 60 * 956 1.74 2
2 40 -3.51 -5.75 * -
3 30 -5.47 -6.68 * -
4 30 * ~4.63 ~2.42 -
5 20 -4.40 * -3.34 -

Hence, as the result of the second copy allocation, filel is redundantly allocated to sitel
and site2. File2 and file3 are assigned to site3. File4 is assigned to the sitel. The file5 is

only located at site2. Therefore, the corresponding workload allocation decisions are A} =
75, A3 =061, and A3 = 70. The total cost, according to the redundant file assignment, is
$105.7.

The Third Copy Allocation :

For filel, when filel is assigned to the site3 (because of its location at sitel and site2),
the computing procedures of cost saving, P, are as follows:

A, =75 - 14%06190 = 66,
A, = 6l - 14%x0.3810 = 56,
A3 =70+ (70 - 20 -20) = 100,
- _ _ 100 _
and Pj3 = 1X14 - 1X4 - 1X 150 - 100 = 8.00.

The remaining storage capacity is 5 Mbytes (S; = 17 - 12 = 5),
For file2, when file2 is assigned to the sitel, the computing procedures of cost saving,
Py, are as follows:

44;=100 -7 -5 = 88,

A4, =66+ (40 -12 -5) = 89,
_ 15088 )

Yon =150 -88) = (300—89) - 0-2¢7L,
_ 300 -89 )

Yo = 50— 88) — (300—89) - 0772

Az =83 +5 X 02271 = 89,
Ay =83+ 5 X 07728 = 93,
and Py = 1X7 - 1x7 - 1x3 - 1x=-335
When file2 is assigned to site2, the computing procedures of cost saving, Py, are as

follows:
42,

i,

100 -5 -7 = 83,
5 + (40 - 12 - 7) =171,



16 Jang Gil Sang File Replication and Workload Allocation for a Locally Distributed

Database
_ 150 —-88 ° _
Yo = "i50=88) = (00— 77y - 0-3%L

_ 200-T1 )
Yoo = ~155=88) = (200 —77) - 06649,

A3 =88+ 7 x 03351 = 90,
Ag =777 + 7 X 06649 = 82,
and Pp = 1X5 - 1X7 - 1X3 - 1x = -569.
File2 is not allocated to any site because of the negative cost savings.

The remaining files (i.e., file3, file4 and fileb) are not assigned to any site for the same
reason. The above computational procedure may be summarized in Table8.

Table 8: Summary of the third copy allocation

Files Rates Cost Savings File Allocation
f i Py Pp Py r
1 60 * 8.00 * 2
2 40 -3.45 -5.69 * -
3 30 -5.42 -6.63 * -
4 30 * -4.56 -0 -
5 20 -4.35 * -0 -

Hence, as the result of the third copy allocation, filel is redundantly allocated to sitel,
site2, and site3. File2 and file3 are assigned to site3. File4 is assigned to sitel. File5 is

located at the site2 only. Therefore, the corresponding workload allocation decisions are A7
=66, Ay =56 and A3 = 100. The total cost, according to the redundant file assignment,
is $96.4. The above example shows that total costs are decreased by file replication ($115.5
—$105—%$96.4).

5. Computational Resulis

To analyze the effects of file replication , we randomly generated multiple problem
instances of various sizes. For [M = 10, 30, and 50, 2 instances for each of the parameter
|Fl = 5 and 10 were generated. For {M= 100, |FA = 5, 10, 15, 20, and 30 were generated.
Also, we randomly generated 10 instances for different number of files. For each problem,
the coefficient gz, s, Ls sp 24 and S, were uniformly determined as follows:

ar =40 = U, 1) + 100
up = 19 * UQ, 1) + 1
L,=10=*=U(0 1) +6
sp= Ls/ 4

we =70 * U011 + * 40
S, =40 = UWO,1) + 30
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Since the complexity of our problem is oM F

, it is NP-Complete. So, it is impossible to
obtain optimal solutions in the reasonable time when problem size increase. Nevertheless,
we proposed an effective and efficient heuristic with the complexity of 1.5*N*F. Since our
heuristic is a polynomial algorithm, the heuristic solution can be found in a reasonable
amount of time. By the property 2, our heuristic is likely tc generate good database
designs. The results of the experiment is shown in TableS. In Table9, Normalized values
mean the normalized average value of each cost on the basis of the cost of nonredundant
allocation. Accordingly, all normalized values in the case of nonredundant allocation are 100,
and normalized values in the case of replication are cost of replication / cost of

nonreplication * 100. Let FWAP, be the normalized objective value of the FWAP from the
nonreplication allocation and FWAP, be the normalized objective value from the replication

allocation. Then the Improvement (%) is defined by

FWAP,
FWAP,

Improvement (%) is the percentage of improvement of replication from nonreplication.

Improvement (%) = 1 -

Table 9 : Experimental Results

Number Number Normalized cost for | Normalized cost for
. . L . Improvement(%)
of sites of files nonreplication nonreplication
10 5 100 60 40
10 100 83 17
30 5 100 68 32
10 100 77 23
50 5 100 84 16
10 100 82 18
5 100 86 14
10 100 91 9
100 15 100 91 9
20 100 92 8
30 100 94 6

Hence, if the constraints (4) and (6) are relaxed by increasing the capacities of x, and
S,, the effects of replication are increased. The effects of replication are shown in Figure

4. The figure4 is the case of {M = 100 and |Fl = 5, 10, 15, 20, and 30. This shows that
as the number of replication is increased, the costs are gradually decreased until profits is
generated by file replications.
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Effects of Replication

Normalized Cost

1 2 3 4 5 6 7 8
Copies of Files ’

[—#—1(1005) ~#~(100.10) {100,15) - - {100,20) —%— (100,30} ]

Figure 4 : Effects of Replication
6. Concluding Remarks

Our approach is realistic because the proposed model solves file replication and
workload balancing simultaneously in the distributed database design process. Furthermore,
our model is the first to consider both local processing and communication overheads.
Heuristic is developed to solve the resulting NP-complete problem. The heuristic is likely
to provide an effective solution because it is based on the heuristic of a non-redundant
allocation which was proved to be effective [12]. Hence, the heuristic can be used as a
stepping stone that can help us develop solution procedure for solving similar complex
problems. A numerical example is solved to illustrate the suitability of our design approach.

A future research avenue is to expend the model to the case of two-level LAN or
corporate network [14, 22]. Other interesting future research areas may include the
incorporation of database joins into the model [1] or the determination of processing
capacity [10]. We are currently working on some of these problems, and will report any
significant results in the future.
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