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FILE ALLOCATION PROBLEMS ON COMMUNICATION-DOMINANT
TWO-LEVEL LOCAL BROADCAST NETWORKS

Yao-Nan Lien., and Yih-Long Clzan;”

ABSTRACT

The file allocation problem on the communication-dominant two-level
broadcast networks is studied in this paper. The communication cost to
read a file in such networks is reduced to a three-value variable such that
the problem is simplified comparing to the same problem oa the general
point-to-point networks. The simple file allocation is solved in
O(1S 1IN 1) time, where 151 is the total number of sites and [N | ig the
total number of local networks in the system. The genenal file allocation
with storage limit constraints is NP-hard, and is proved to be isomorphic
to the multiple-choice-multiple-knapsack problem. The problem s
transformed into a pure zero-one integer programming problem and can
be optimally solved by a search algorithm based on Balas's additive algo-
rithm. Finally, a beuristic algorithm with guaranteed performance is pro-
posed. In many cases, the heuristic algorithm can provide efficient solu-
tions.

INDEX TERMS: distributed computing, distributed database, file alioca-
tion, local computer petwork, hierarchical local computer network.

L INTRODUCTION

This paper studies the file allocation problems on communication
domipant two-level local multiaccess petworks. As the technology of
mini-computers and local-area networks (LANs) advances, distributed
computing systems (DCS) based on local-area computer networks are
becoming a very attractive means to provide information processing to
local user communities. Universities, hospitals, and buildings with
branch offices are examples of institutions which can profit from DCS.
In eoviroaments such as these, both users and resources are physically
dispersed, requiring special strategies for system control and resource
management in order to deliver information processing capability to
users. Processor power, memory storage, extended secondary storage,
and the communication bandwidth of the network are imponant con-
siderations in a distributed computing system. In most cases, these
resources are not evenly utilized and overall system efficiency is effected
by resulting bottlenecks. Among many tunable design parameters, the
allocation of files is considered to be a very important one to improve
system performance. A good file allocation strategy can significantly
increase data availability and reduce the remote data-access overhead.

Allocation of files has been extensively studied as the file alloca-
tion problem (FAP) in distributed databases.!®23 The FAP entails the
distribution of possibly replicated files to a set of sites on a computer net-
work to minimize the overall overhead. To reduce remole data-access
overhead and to increase data availability, multiple copies of files are
allocated to sites that demonstrate strong access locality at the cost of
increased overhead on coosistency maintenance and data storage. FAP
was originally investigated by Chu,? who studied it with respect to multi-
ple files on a multiprocessor system. He considered the problem as an
integer programming problem in which the objective is to minimize the
overall operating overhead in conjunction with the constraints of response
time and available storage capacity. Subsequeatly, much work has been
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dooe in this area 2 10.18.19 A special case of FAP is the simple file allo-
cation problem (SFAP),'¢ in which muitiple copies of a single file are to

, be allocated and the effects of queries, updates, and data storage are

represeated as costs.

Both FAP and SFAP on general point-to-point networks are known
to be NP-hard. Recently, these problems in a local area eavirooment
were studied by Wah and Lico® , and some interesting results were
discovered for systems coonected by a local multiaccess network. By
coasidering the broadcast characteristics of multiaccess networks, more
e@dem algorithms have been found.

- The FAP in a local-area enviroument is important since the locality
of access of data is usually much lower than that in a wide-area eaviron-
meat.

Although efficient file allocation algorithms in local broadcast nes-.
works have beea found, they are not applicable for iarger and more com-
plex local-area systems. The pumber of sites that a singie local broadcast
‘petwork can support is normally under 100. New communication archi-
tectures will have to be used to support larger systems. A very attractive
approach is to interconnect a set of local networks with a backbone net-
work through gateways. The Andrew system of Carpegie-Mellon Univer-
sity is an example of this approach.!3 Other examples were discussed at
the recent ACM SIGOPS Worksbop on Accommodating Heterogeneity. !
Due to the relative difficulty of the improvement on the communication
technology compared to the improvement on the computation technology,
the operation of such systems may be dominated by the communication
overhead. It is important to reduce the communicatidn overhead in the
system design. Therefore, this paper will concentrate on the minimization
of communication overhead. A more general model considering both
communication overhead and computation overhead can be found in the
otber paper.!!

A model for this problem is suggested in Section 2. In Section 2,
the simplest form of Simple File Allocation problem is solved by a
divide-and-cooqure method. ln Section 4, the general FAP problem with
storage constraints is transformed into a linear pure zero-one integer pro-
gramming problem and is proved isomorphic to a special version of
knapsack problem, the multiple—choice-multipie-knapsack problem. In
Section 5, the problem is solved optimally by a search algorithm based

on Balas's additive algorithn. The algorithm is suitable for evaluation of

small to moderate sized problems since it is not a polynomial algorithm.

A beuristic algorithm with a guaranteed performance is then proposed in

Section 6.

2, MODELS

2.1. One-Level Local Broadcast Networks
A one-level system is formed by conpecting a set of sites or nodes
to a single communication medium. Messages transmitted by a site can
be addressed to one or more destinations using broadcast capability.
Transmission of messages is controlled by an access control protocol.
The effective distance of a local-area network is Do more than a few
kilometers, and the data rate is no higher than 10 MBPS unless special
technologies, such as fiber optics, are used. CSMA/CD networks (e.g.
Ethemet) aod some ring networks (e.g. Token Ring) are the most popular
networks in this category. Their logical properties are as follows.
(® The p&-unix cost of inter-site communication is site independent
due to the multiaccess/broadcast capability.
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minimize

Ch= 3 [L’,d.’,«)w.’,d'.’,unc./,/./,] W
LN}
subject to
L XLz, ¥ feF
aeN .S,

Zofl.’,sc._, LY neN, ses ,

feF
where
0 In/..v =1
dal )= dg Y.’=l|ndl,,/,=0
da+ 2:dp ¥{=0
If,=1 and p ., =1
0 a‘eN 1'aS,, ;
E g
= dy’ Y o2t and Y. =1
i'eS, a‘aN
do'+ [T ¥let]dy *'**
"'aN otherwise
" an

" {l S is allocated to site (n,5)
.J=

0 otherwise

Note that 7 Eq. (1) the number of remote petworks that have file f is

[ZY,’-—I ifY/=1.andis | ¥ v/ | otherwise.
a‘aN ~'eN

2.4 Remarks

The general FAP on the proposed petwork model is NP-bard This.
can be easily proved by reducing it from the standard 0-1 kmapsack prob-
lem. Tbepmot‘willnotbesbownbcmsinceitisagenenlcasefot
one-level bomogeneous local broadcast networks.20 In general, the prob-
lem cannot be solved efficiently and optimally by combinatorial algo-
rithms or mathematical programming methods. Specialized optimization
algorithms and faster heuristic solutions are needed.

One way to reduce the complexity of the problem is to identify the
important parameters and ignore all others. Two extreme cases are found
in systems dominated by the commumication overbead and in systems
dominated by the processing overhead. Oaly the first of these systems is
examined in this paper.

Although local-area communication network techoology is available
for most systems, a high-speed local-area network is still very expensive.
For the immediate future, LANs with a speed of around 10 MBPS will be
most popular. Due to the networking overbead, the effective end-to-end
speed may be as low as 1 MBPS. Since bandwidth is shared by many
sites, the average bandwidth per site is much lower. On the other hand,
processing capacity is casier to increase. With the advance of VLSI and
multiprocessing technologies, processing speed has increased significantly
in the past lSyeaxsandwinconﬁnmtoincmseinmeneumm
“ﬁmmisinuece.uzpmwsxin;capadtyofmhdtecanbemade
much greater than the communication bandwidth. Thus, communication
overhead will dominate the overall system overhead. This is especially
true in a high user/data/process mobility environment. The FAP for such
systems is referred 1o as the ¢ ication-dominant FAP.

3. SIMPLE FILE ALLOCATION
SFAP on general point-to-point networks has been shown to be
NP-bard ¢ , and oumerous exhaustive optimal algorithms and suboptimal
beuristics have been studied. 183

In this secton, a polynomial solution to the SFAP for two-level
local broadcast networks is proposed. Since one broadcast on each pet-
work is needed to query or update the file, the problem is found to be
polynomially solvable with respect to the total number of sites and the
total number of local networks.

" In the following cost function for a given allocation /, the index f
is dropped because the problem is defined with respect (0 a single file.

cnH=3 3 [A.,d.,u)+¢.,d'.,(1)+u.,l.,]

#aN i8S,

Since the update cost depends on the number of copies and the
number of local networks that have the file, tbe problem is solved by
considering following cases independently.

1. Single-copy allocation:

Ounly one copy is allocated to a site. In this case, no remote update

is needed for the updates initiated from local sites,
2, Single-network allocation:

Multiple copies of the file are allocated to a single local network,

In this case, no internet update is needed for the updates initiated

from the network that has the file.

3. Multiple-network allocation: : '

More than one local petwork are allocated with the fle, In this

case, the update cost is dependent on the number of local networks

that have the file,

SFAP in each case can be solved independent of other cases. The
optimal solution can be obtained by comparing the results of all cases.
The solutions for the individual cases and the global optimal solution are
presented in the rest of this section.

Single<copy Allocation : Denote T as the total communication cost whea
all queries and updates are internet in this case, It is
T= Z Z [L; [d¢+ 2-45] + ‘.J [d.’ + 204"]] .

aeN s

Denote A, as the cost that can be saved from 7T if the file is allocared
to site (n,s), which is

bs= T [datdprngdiray) @
’sS,

+ [Ladp + Qudp'] =G, -

The first term is the cost of internet queries and updates that can be
saved from those requests initiated from the sites in network n since
these requests are neighbor queries/updates. The second term is the
additional cost that can be saved from the requests initiated from site
(n,s). The third term is the cost to store the file. Obviously, The file
should be allocated to the site with the maximum of A,,. The cost of
single-copy allocation is thea

ciy=T -u? [A._,] . ®

Single-network Allocation :
Wheao only network n bas the file, the cost A, that can be saved from T,
where T is the same as defined in single-copy allocation, is
bo= 3 [,dasdp +oudd +ap) @
E ]

oS,

+ X [l,,d,-o._,]l., .
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Z{,sIl{,, Y neN,seS, feF; (16)

W,’_.S ZIIIJ-ZRIJ'

18,

z{, and W, are 0-1 variables.

Y neN,:s€S§, feF, 7

Eq. (14) forces Z{, and W/, become 0 when Y YL > 1, which is the

n'eN
part of third case of d°{,(/). Z{, + W{, will be equal to 1 when
%,Y',' = 1, because of the minimization in Eq. (13). Funber, Egs. (15)
N

and (17) will result in Z/, = 1 whea If, =1 and 3 37[, = I, since
. R n'eN 1'¢S
the coefficient of 2/, is more negative than that of t;’.’_, in Eq. (13).
Therefore, Eq. (13) represcats the original values of 4'{,{) in problem
P.
After combining Egs. (10) and (17) into problem P, we could
restate it as a pure zero-ose problem, namely, Q, as follows. cor
Problem Q

minimize C(/)= 3, (af,¥{ +bl,2{, + c,W{, (18)
Jon.s
+dfl Il +ef,

subjectto ¥ Y I, 21, YfeF; (9)
aeNseS,
TV, sCh, . neNseS,; (20)
JaF
MY{- T 1{,20, Y neN,feF; @n

165,
YI,-Y{20, Y neN,feF; 22)
188,
M(U1-2{,-W[)- XY +120, 23)
a‘aN

Y neN,seS,feF;
MA-2Z{)- T, +120,

raS,
i,-21,20, Y neN,seS.feF; 25)
Z,+Wl,s TH, Y neN,seS,feF; (26)

saS,

and Y/, Z{,, W{,, and I{, are 0-1 valued, where

a,,/_, =—(dy+ dp)k_’_, +(IN I—l)d"@,f‘,.

bl, = ~(ds +dgMl,,

e, ==dSef,,

i, =ol, -dpl,,

el, = o+ 2pA], + dg’ +dyWi,,
and M is a noo-Archimedean large number.

Y neN,s€S,feF; (u)

The Isomorphism to the Multiple-choice-multiple-knapsack Problem
The general FAP on this network is really isomorphic t0 a special
case of 0-I multiple-choice-multiple-knapsack problem (MCMKP). A
special case of 0-1 multiple-knapsack problem is as follows: Given a set
of positive values C=(Cyl4=12,...,m}, and n sets of values,

@PrseeePyven  Puiw), for i=12,...,n, find Ol integers
X13eX 12 + - « + Xme 5O aS 1O
. . -~ L]
maximize ZIZ;;,-x,;.
=l im
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-
subject to Twixy SCyp Y f,
inl

x,€(0.1), and

Sxp2LY i
o=l

We may think of that n (n=1F |) categories of items are to be allocated
to m (m=!S 1) knapsacks with capacities ¢;.c3, ... ,Cm- All items in a
category are identical. A profit of p, is produced if one item of
category i is allocated to knapsack 1. At most one item of each category
can be aliocated to a particular knapsack and at least ope item of each
category must be allocated to one of the knapsacks. Since there are m
items in each calegory, each category can be cousidered having unlim-
ited supply. The 0-1 multiple-choice-multiple-knapsack problem is the
same as the O-1 multiple-knapsack problem except that each category of
items may have more than one variations and only ooe variation can be
used in allocating a category of items to a knapsack. The informal proof
of the isomorphism between the FAP on this network and the MCMKP is
as follows.

1. Map the sites in FAP (o the knapsacks in MCMKP and the avail-
able storage capacity of each site to the capacity of comesponding
knapsack. )

2. Map the files in FAP to the categories of items in MCMKP and
the length of a file to the weight of the corresponding category of
items. The weights of different variations of an item are identical,
but their profits are different. The profit of allocating an item of
category f to the knapsack (n,.s) has four variations:

® P % (odderdp s al,a0)+

(L

[u,d,-‘-‘[,d"—d{_,] - z Z ’-I?d"-

n'eN 1'eS,

® pl.@)= P> [A..’,(d. +dp) :«:.’xd.'] + [L’,d; -ol, ]

s,
- -gﬂ I'E :¢.I'J 'dl' '
1.0)=
© = % (oot ap)+ Lo -of, )
-2 X o wdy’,
: ":A.V s'eS,.

@ = [\Ldy-o, )

Onefunherconsmimtothemawingismattmdxoicuisdymmic
before the ailocalion is actually made. This dynamic property increases
the complexity of the problem. The mapping in step 2 is explained as
follows. The following fix cost is associated for each problem instance:

T=Y 3T ¥ [).,{, [d, +2-d,] +of,dq +d,')] .
agN sa$ feF
This cost is really the cost when all queries and updates are assumed
involving internet communication. However, the communication costs of
updates are oot completely counted. For each update, only the communi-
cation cost on the home network of the originating site is counted.
Whenever there is a copy of a file allocated to a site, a certain cost,
which is mapped to the profit in MCMKP, is saved. To maximize the
profit for a MCMKP instance will minimize the cost of the corresponding
instance in FAP. The profit p/,(1) is the saved cost of allocating file f
to site (n,5) when it is the unique copy io the allocation. The third term
in p{,(1) is the communication cost oo the petwork n for the updates

geoerated by remote networks. This cost is not counted in T. The profit
p{,(2) is tbe saved cost of allocating file f to site (n,5) when only net-
work n has the file and site (n,s) is the first site in the network that has
the file. The first term is the cost saved from the oeighbor queries and




very likely to allocate a copy to each of thess sites, i
calegory (c) are very likely those frequently used syste::x:] :::
as C compiler and terminal/printer drivers, To replicate these files
into each system may be a very good solution, Simple aliocation
Stralegies such as best-first and all-beneficial may be very useful ig
‘these pre-allocation.

the development of approximate solutions, For example, the
optimal algorithm propased in 20 » may be modified in such 3 way
_thal solving each knapsack - problem using beuristic algorithms
Instead of optimal algorithms,

“Divide.-md-conquer" is one of the frequently used method to
solve a complicated problem approximately. The following approaches all
belong to the category of "divide-and-conquer."

Approach .

Repeatly take a file to solve as 3 simple file allocation problem

uatl all files are allocated. ’

Approach 2,

lution, then improve the solution by adding more copies to the

System. The allocation of extrz copies in each site can be solved

a5 a standard zero-one knapsack problem.
Approach 3.

Allocate files to each site as a standard zero-one knapsack prob-

lem, then to replace the missing file to the system to satisfy the

feasibility constraints.
Approach 4.

The combination of above approachbes.

It is very bard 10 compare the merit of these approaches. In the rest of
this section, a heuristic solution based on the second approach with the
performance evaluation is presented.

One difficulty of approach 2 and 3 is that the *‘profits”* of files are
unknown before the allocation is dooe. Approach ! does not have this
problem. However, it does not take the storage constraints into account,
which is the major reason that an optimum solution cannot be obtained
by divide-and-conquer approaches. Therefore, the approach may not be
an elegant one. Fortunately, it is reasonable to assume that the number
of single-copy and single-network files is small such that the second
approach can be adopted by simply assuming all files are allocated to

make the assumption valid. The heuristic algorithm in the following fol-
lows approach 2,

Heuristic Algorithm HC2BFAP
1. Assume all files are aliocated to more than one petwork in the final
ocation such that the profit of allocating file J 1o site (n,5) is
A.’,d’ - 0./_, .

2 An arbitrary site is sclected to allocate eich file such thar tocal
length of all files in 3 site is no greater than f%]k. where k is
the maximum length of all files.

3. For each site, allocate more files using standard 0-1 knapsack
algorithms for the remaining storage capacity.

a

160

For :inlaglidty, we assume the storage Capacity of every site is no less

than I'T:]k Otherwise, Step 2 must be modified. Under this assump-

tion, Step [ is always feasible since €ach site can hold at least f'“:F" 1
files. LnnepZ.theaxbitnrysitclostoxelbeﬁn‘tcopyoflﬁ.lecanbe

Mance niay be predicted easily.
The Performance of Algorithm HC2BFAP

Because of the FAP problem is isomorphic to a special case of the
mulﬁple-choice-mulﬁple-knapmk problem, the performance of aigorithm
HC2BFAP can be evaluated using the properties of knapsack problems
developed in Lien's paper.? The evaluation is explained as follows. The
FAPi:ﬁmmfotmedinwtheMcmdescribedinSecﬁonl The
problem becomes to maximize the total profit since

(total cost ) = T ~ ( total profit ).

In the rest of this section, the minimization of overall cost is referred to

s the maximization of total profit. The evaluation of HC2BFAP is to

find the maximum deviation berween the profit generated by HC2BFAP

and that can be geerated by an optimal algorithm. Since it is hard to
evaluate HC2BFAP against the optimal algorithm directly, it is done by
comparing to another value: the total profit of N1 0-1 knapsack prob-
lem ( one for each site). In which, each site is solved as an independent

0-1 standard knapsack problem. This allocation is called many-knapsack

allocation (MANY-KNAPSACK) in this anticle for convenience. The

profit of i file f to site (ns) is..the maximum of

PL), pl,2), p1,(3) and p1,(4).  We denote P, PMH) ad

P*(KNAP) as the maximum profit generated by an optimum solutioa of

FAP, by aigorithm HC2BFAP, and by a MANY-KNAPSACK allocation.

We also denote £, ,(KNAP) as the profit generated by solving the allo-

cation of site (n.5) as a standard (-1 knapsack problem and Py, (H)as

the profit produced by site (n,s) in algorittm HC2BFAP. In other

words, P*(KNAP)= ¥ 3" P, ,(KNAP) and PHY= T TP, (H)

aeN 48, “eN saS,

The following steps are then taken to complete the evaluation.

1. For each site (n.3), estimate the maximum difference between
P,,(H) and P, ,(KNAP). Call this maximum difference as the
maximum deviation of site (n.s).

2. Estimate the maximum difference between P'(KNAP) and P(H)
by adding the maximum deviation of all sites together.

3. It is easy to prove that P° is always less than or equal to
P*(KNAP) since the solution of FAP is also a feasible solution of
the MANY-KNAPSACK allocation.? Therefore, the value obtained
i nepZixanuppetboundoflhedevimonbetweenP(H)and
P,
Thcfouowingnomiommusedinthelheonmdexivedinmis

section,

pL@) - max (pf, (1), pL, ) p1,3). pL, (@),
P, -pL.®~ min (p, 1), pL,(2). pl,3), Pl @)
Lemma [;

In a FAP problem instance, the maximum profit produced by an optimal
soluticn is no greater than the maximum profit produced by solving each
xileulnzndudo-lkmpsadpmbleminwhichthepmﬁtoflﬂowing
afile f to site (n,5) is the maximum of pJ, (1), pf,(2), pL.03) pl,(4),

N SP'(XKNAP)= 3 3 P.,(KNAP).

agN ;a8
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(b) The communication cost of updating a file is independent of the
number of times that a file is replicated in a broadcast network,
(This does not include the associated computational overhead.)

Some petworks, such as Ethernet, have the following additional property.

(c) Since the message order is preserved in all sites, synchronization
and consistency control is simplified.
Although the file allocation problem does not depend on property (c), it
is important to point out that this propesty is very useful in a distributed
environment since it makes the synchronization, coocurrency coatrof ,
and dynamic query processing much easier than that in point-to-poi »
works, 14.3.7%.1217.20.6.8,10 The communication overbez is asspx::nn:dne:o
be pmpfmional to the volume of data to be transmitted. Although thig
assumplion may not be tue for short messages in which the constant
overhead in each data unit may be significant when compared to over-

bead for the actual data, it is a reasonable assumption whea a large
volume of data is transmitted.

2.2. Homogeneous Two.Level Local Broadcast Networks ;

The network with which we are concerned in this paper consists ofr
three components: a backbone network, a set of local networks, and a set
of homogeneous local systems (sites). The per-unit disk-access costs and
the processing costs are identical for all sites. Both the backbone net-
work and the set of local networks are one-level local broadcast networks
as described in the last section, except thar the backbone network may
bave a higher data rate. The oetworks are organized into two-levels:
each local system is connected to a local network: and all local Detworks
are connected to the backbone network through gateways. Properties (b)
and (c) of one-level networks are not preserved in two-level broadcast
networks, but many problems involving distributed control can still be
simplified. This will be discussed later in the paper. An example of a
two-level local broadcast network is shown in Figure |.

BACKBONE anonb

LOCAL LOCAL
NETWORK NETWORK
Figure | An example of Two-level Local multiaccess network.

Since transnussions on different networks are independent, the total
bandwidth is higher than the bandwidth of a single local network.
Buflering may be necessary in the gateways that connect local networks
to the backbone network. The local network to which a particular site is
coanected is called the home network of the site. With respect to this
site, other local networks are called remote networks. A query (resp.,
update) initiated from a site is called a local query (resp., update) if it is
directed to local files, a neighboring query (resp., update) if it is directed
to files located in anotber site in the home network, and an internet query
(resp., update) if it is directed to files in a remote network. Neighboring
and internet queries (resp., update) can be called remote queries (resp.,
updates).

Only ooe transmission is needed to transmit a message from oae
site to another site on the same local network. Processors in both sites
and the home network are involved in this transmission. Three transmis-
sions are needed to transmit a message from a given site to a remote net-

work: ooe on the home network, one on the backbone network, and ooe
oa the target petwork. The message is first transmitted to the bome net-
work in which the seoder resides. It is then forwarded to the backbooe
Detwork, through ooe gateway, and on to the remote network through
another gateway. Processors in both sites, the two local networks, the
backbone network, and gateways for the two local oetworks are involved

in this transmission.

23. A Model for File Allocation Problems

Assuming Lomogeoeity, the disk overhead to access or modify a
file is independent of the location of the file. Although disk overhead
depends on the number of copies in an update, it is usually insignificant
when compared to the overbead in identifying target data and con-
currency coatrol. The problem can therefore be simplified by not coasid-
erng disk overbead. Since accessing local data does not involve net-
working, it can be said to involve no overhead. Therefore, only commun-
ication overhead is considered since the computation overbead is ignored
as we mentioned in Section I.

Notation definitions are as follows.
N- set of local networks
§ - set of sites in the system
Se- set of sites in the local network n
F - set of files in the database, IF| = m
(n,s)- site 5 of network n, s€S,
AJ,- query load originating at site (n,5) for file / per unit time
¢/,- update load originating at site (n,5) for file f per unit time
d - per-unit cost on the backbone network for a remote query
dg- per-unit cost on the local petwork for a remote query
dy’- per-unit cost o the local network in a remote update
of,- storage cost per unit time of file £ at site (n,5)
t/ - length of file f
C, - storage capacity at site (n,5)

I- an allocation
, 1 if file £ is allocated to site (n.s)
E.=Y0  omerwise
1 Y, 21
183,

The cost to transmit a request to the site containing the requested
data is assumed nil; only transmission of the requested data is counted.
Since the protocols for handling queries and updates may be different,
their corresponding overbeads may also be different. Local queries do
oot involve networdng overbead For each data unit in a peighboring
query, a cost of dp is incurred. The cost for an internet query is d,.

The cost of an update is different from that of a query in two
respecis. First, the per-unit cost of updates may be higher than that of
queries. Second, the number of petwork transmissions may depend on
the oumber of data copies. Considering the update cost for each data
unit, there is Do cost if a unique copy is allocated at the site where the
update is initiated. It is dy’ for each site having a copy of the file whea
only gites in the bome network have the file. The cost for an internet
update is more complicated: one local transmissions on network n, ooe
trangmission on the backbooe petwork, and one transmission on each
remote network having at least one copy of the updated file are needed.

Obviously, at least one copy of every file should be allocated in the
system. Further, the total size of allocated files in a site sbould pot
exceed the site's capacity.

The problem is formulated as follows:
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Similar to the first term in Eq. (2), the first tem in Eq. (4) is the cost of
interet queries and updates that can be saved. The second term is the
additional cost that can be saved from alf sites allocated with a copy. To
allocate a copy of £ 1o a site, a cost of A, ,dy | can be saved, but a cost
of o,, for storage is needed to be paid The cost of oeighbor updates
cannmbesavedsinceitismumededzoupdawthecopiminthehome
petwork. The optimum allocation for network n in this case is 10 max-
imi the second term. Therefore, all sites having positive

Ay, dp = o,,JJ should have a copy. If there is only one site or no site in

petwork n having positive [A.,dp - c._,], the network should be dis-

carded since Eq. (4) is not correct for these two cases and they should be
coasidered in the single-copy allocation case. Except these two cases,
the cost that can be saved from T in an optimum allocation for network
n s

A, = 3 [1-..(4- +dg) + &, ,(dy’ + d;‘)] S (5)
-7

185,

+ ZD[A._,dp—o., ]

185,

where A

_Jdv v>0
bwy= {o vs0
The network with the maximum 4, is selected and all sites in the net-
work with positive |A,,dg-g,, | is allocated a copy. Unless all
local networks are discarded, the cost of single-network-multiple-copy
allocation is then equal to

C(I)=T—Ma.x[ .J .

agN

Multiple-network Allocation : Call the local network that have the file
as the allocated local nerwork. The cost of update depends on the
number of allocated local networks in this case. It becomes

[ Lo=tad ¥ ¥ i, =0
aeN s'eS,,
0 Y’
Yi.,>0
4 'eS,

d,, )= dg’ + q-dy

. >ho=0
dy' + (g+1)dy '

where ¢ is the number of allocated local networks @= 3 Y, The

neN
Multiple-Network case can be solved by considering the fixed number of
allocated local networks, then comparing all possible pumbers. The case
that exact ¢ allocated local nerworks is called a q-network-allocation
and can be solved network by network.

Denote T, as the total communication cost when all queries are
internet queries and the copies in all ¢ local networks are updated by
internet communications in a g-network-allocation. It is

Ty= ?_; '?_;. [A.,. [d. + 2.4,] +o,, [d.' + (q+1)-d,']] )

When at least ooe copy is allocated to petwork n, the cost of remote
queries and updates that can be saved is

L fostdurdp + 00dp), ©
a8,

The first term within the summation is the saved remote query cost,
while the second term is saved beighbor update cost since only (¢-1)
copies are stored in other local petworks. For each copy allocated at site
(n ), the following cost can be saved too:
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[A.,dp—d.,]. )
Obviously, the optimum allocgtion for each_aetwork is to allocate a copy
to those sites with positive |A,,dp - o, |. If there is no such a site,
either not to allocate the filg to the petwqrk or to allocate a copy to the
site with the maximum of fk._.dp - o._,‘] if

Z [l,_,»(d.'l’d’)'bo._,d"]*uax [l.._,d,-o.,]>0. ®)
1'sS, 185,
When less than q networks are allocated, the q-network allocation case
should be discarded since it is dominated by either the (g-1)-network
case or the single-network Allocatdon case. The optimal solution of
multiple-network allocation can be obtained by comparing the costs of all
q-oetwork cases. Similar to the single-network allocation, the multiple-
network allocation should be discarded if there is only one or no network
being allocated with a copy. The cost of an opimum allocation is then

C(’)=T- Z Y- [Z [AIJ(dﬂMp)+°l‘dpl]] 9

aaN [ I

-X [Ladﬂ“ou ]’-u .

185"
Global Optimum Solution: A global optmum solution can be easily
obtained by comparing the results of the three cases. The time complex-
ity of singlecopy allocation and single-network allocation is O(iS 1),
whbere S| is the total oumber of sites. The complexity of multiple-
network allocation is O(IS | IN 1), where IN | is the number of local net-
works. Therefore, the complexity of the algorithm is O(IS [ IN 1),

4 GENERAL FAP WITH STORAGE CAPACITY CONSTRAINTS

In this section, the general FAP on the network is studied. With the
storage constraints, the problem, named P, can be easily proved NP-hard
since the FAP on single level local broadcast networks, which is a spe-
cial case of the FAP in this network, is NP-hard. 2 However, problem P
could be converted to a pure zero-one problem, and then the special algo-
rithms could be used to solve this zero-one problem with small to
medium size. We will describe the transformation to the pure zero-one
problem in the following, and the special zero-one algorithm will be dis-
cussed in the next section. At the end of this section, the problem is
informally proved to be isomorphic to a special case of multiple choice-
multiple-knapsack problem.

Eq. (1) is rephrased as follows. Since Y/ is a binary variable indi-
cating the existence of at least one copy of file f on network n. Two
constraints can be added:

Si,sMY!, Y neN,feF (o)
saS,
T, 2Y],Y neN, feF (1)
285,

where M is a non-Archimedean large number to force Y/ become |
whea ¥ If, 21 in Eq. (10). Tbe unit cost of query and update can be

148,
rewritten as
df, (1) = dp¥] + (dg + 2:dpX1 - Y]) - dplf, (12)
and
L 0y=d +( XYL ¥+ 1)y (13)
naN
- o +dgNZL, -dSWL,
where

(XYL ~DsSMQU-2{,~W{,), Y neN,seS,feF; (14
a‘eN

(TH,-1)sM@=-2L)), Y neN,seS,feF; s

a5,

{

L
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updates generated from the local network, while the second term is the
additional cost that can be saved from local queries and updates. The
profit pf (3) is the saved cost of allocating file f to site (n

oot applicable.

The isomorphism permits many techniques developed for the knap-
sad:‘ p.roblerm‘ to solve FAP. There are many optimal algorithm and
::Pngnc algorithms along with kmown propernties  applicable to solve

5. OPTIMAL SOLUTIONS OF PROBLEM @

Problem @ itself is a combinatorial problem. For large problems,
the number of (-1 variables or constraints may be buge. It is almost
impossible to solve such problems with teas of thousands of 0-1 variables
or constraints. However, in most practical systems, the scale of a problem
€an be reduced by excluding those files that can be allocated manually.
Funbermore, the number of local networks and the number of sites on
each local network end to be small. Therefore, the scale of the problem
can be reduced. Further discussion is presented at the end of this section.

These small to medium size problems then can be solved by spe-
cial zero-one algorithms. Balas’s additive algorithm ! has demonstrated
to be efficient in solving pure zero-one linear problems. In the following,
we will describe a modified additive algorithm to solve problem Q.

By using the following operations, we can transform problem Q to
the standard form, Q°, described below:

(a) If the objective coefficient of a variable x; is pegative, replace it by

(1-x;"), that is to set xj=1~x
(b) If a constraint in Egs. (19) to (26) is the form of <, then multiply

both sides by -1.

(¢) After (a) and (b) finished, reorder all the variables as the objective
coefficients in the increasing order.
After the above three steps finished, problem Q is transformed into Q"

minimize C =]i‘cjx,- (e 1))
subject to ila;ix, 2b;,i=12,....,m, (28)
j=
where x;=0or 1, j=1,2,...,n,a0d 0S¢ Sc3S,..., Sc,.
Let A; =§a,-,~.8 =.§bi' then we have the following surrogate coo-
straint:
I.ZlA,-xl 2B. 9
We also define

Aiy = Tmax {a;,0)
ok

and X, = (x,x3,...,x%), where k Sn.

X, is called a partial solution which means we have assigned
X1X2, . . . X a value of 0 or 1. For a partial solution X,, it could be coe
of the following conditions:

(a) feasible,

(b) definitely infeasible, and

(c) inconclusive.

Condition (a) can be tested by replacing the partial solution X, into _Eq.
(28). If all constraints are satisfied, X, is feasible, then further assign-
ments of x;,; 1o x, will only worsen the objective function. Therefore, xf
X, is feasible and its corresponding objective (C) is less than other previ-
ous solutioas, we can store it as an incumbent solution.
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Conditions (b) and (¢) can be tested by the following two steps:
Step L: (3 iA,-x,- + i max {A;,0} < 8, then X, is definitely
infe:ible; ou;:r:ise 80 to next step.
Step 2: lfia;,xj +Aipa < b, forany i=12,...,m, then X,
=l

J
is definitely infeasible.

- If both steps are pot satisfied, then the partial solution X, is incon-

clusive. We will use the set W to collect all inconclusive partial soiu-
tioas, that is W = (X, | X,is inconclusive }. Now, we will present a
systematic branch-and-bound method which is a modified additive algo-
rithm to solve the problem Q.

The Algorithm

Step 1: Use the simple file allocation methods described in Sec-
tion 2 to find solutions for each file. Make any adjust-
ment to find a feasible solution for muitiple files. Find
C and set C, = C and store this solution in . Set
Xo= () W = (X,};

Step 2: W = @, then stop.

Step 3: Remove oce X, from W,

() Calculate C for X,. If C 2C,, then there is no
better solution from this X, , and go to Step 2.

(ii) Check condition (a). If X, is feasible, then
§ =X,,C, =C and go to Step 2.

(iii) Check conditions (b) and (c), If X, is definitely
infeasible, then go to Step 2.

Step 4: Let Xip1 = X U(xesy = 1), Xewt” = X Uxeyy = 0) aod
W W + (X4t Xew'), then go to Step 2.

The above algorithm is additive as a matter of fact that the oaly
operations used are addition, subtraction, and comparison. By using the
tewest bound rule, the test of conditions (a) to (c) could be achieved by
using results from the previous iteration. For example, .to lest the feasibil-
ity of X, we establish the following values:

x
% Q0
=t
& L]
=i tel
&
204X + A gy (32)
J=t

If we conclude that the two partial solutions X,,, and X, are
branched, and the tests of these two partial solutions can be simply dooe
based oo Egs. (30) to (32), thus, in most cases, will reduce a lot of com-
putation time.

Reduction of Problem Size

In most real systems, the number of files may be very large such
that an optimum solution cannot be obtained in a reasonable amount of
time. Nooe the less, optimal algorithms are still yseful for the following
reasons.

1. It provides a bound to evaluate the approximate solutions.

2.  In sowne moderate size stable systems, there is no need 1o soive the
file allocation problem in real time since it is a design problem. It
is only peeded when the file system or database is to be reorgan-
ized. That will not happen very often provided that the file access
locality is relatively stable. Therefore, a long execution time is
likely to be tolerable as long as the ratio of the execution time to
the mean time between reorganization is reasonable, say, greater
thaa 1/30.

3. In many cases, the problem size can be reduced by allocating the
following files separately: (a) rarely used files; (b) files with strong
accessing lpcality in a few sites; and (c) frequently used files with
weak accessing locality. For rarely used file, the best way is very
likely oot to replicate. For the files in category 2, the best way is




Proof: Sigce an optimum allocation of FAP is also a feasible solution of
allocating cach site as a standard 0-1 knapsack problem, this can be
easily proved using Corollary 4.1 in Lien’s paper. 9

a
Denote P’, , as the profit produced by allocating files to site (n,5) when
the storage capacity of the site is only (l+r%'|)k and the profit of
ailocating a file £ to a site (n.5) is pf,(0), where & is the maximum
length of all files,

Theorem 1:
The largest possible error that algorithm HC2BFAP can produce is oo
greater than

@ £ [P zﬂ,‘].or

agN saS, IeF
. P, (KNAP
®» PlTx [e.,———‘(. ’] it Sl <P, V.
neN a5, P [ eF
wbemE.,=(c+l)k-q=f%].mde Sk,vf. “r
s

Proof:g'l‘his can be proved using Theorem 4 and Corollary 4.2 of Lien’s
paper.

O
To estimate the error using Theorem 1 needs to solve some instances of
the kmapsack problem. Although knapsack problem is oot difficult to
solve, it is not convenient either. Part (b) may be easier to use than Efn'
(a) in some cases. To use part (b) of Theorem 1, the summation of p/,
is required to be small comparing to Pnsp. This may not be true in prac-
tical cases. However, after examining the  definition of
L, (DpL,(Dp1,(3), and pl,(4), we found that p{,(4) occurs much
more frequently than others. Thus, we can really release this condition
and make P, ,(KNAP) to be the maximum profit of anotber knapsack
problem instance that takes pf,(0) as the profit of allocation f to site
(n ). The resulting error estimation will be more close to the real upper
bound ( but, oot necessarily to be an upper bound.) Furthermore, if

) . . . P, ,(KNAP)
difference berween P° and P (KNAP) is not too big, |&,, =g

P.
P.,(KNAP -
can be replaced by [e.,—mj—)-)-]. In this case, it is even more

easier to use.

6. CONCLUSION

The file allocation problems on the communication-dominant two-
level broadcast networks are solved in this article. The communication
cost to read a file in this networks is reduced to a three-value variable
such that the problem is simplified comparing to the general point-to-
point networks. In Section 2, the simple file allocation, in which only
ooe file is to be allocated to the system, is solved in O(ISIN]) time,
where IS | is the total number of sites and IN | is the total number of
local petworks in the system. The general file allocation with storage
limit coostraints is NP-hard, and is proved to be isomorphic to a
multiple-choice-multiple-knapsack problem in Section 3. The problem is
transformed into a pure zero-one integer programming problem. In Sec-
tion 4, a search algorithm based on Balas's additive algorithm is designed
to solve the integer programming problem optimally. The algorithm
takes the advantage of two-value property of zero-one integer program-
ming to get the efficiency. It is suitable for medium size problems.
Finally, a beuristic algorithm with guaranteed performance is proposed in
Section 5. In most cases, the beuristic algorithm can provide efficient
solutioas.
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