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Abstract

Derived horizontal fragmentation is one of the main
database distribution design techniques. Unlike
primary horizontal fragmentation, the decision of de-
rived horizontal fragmentation is not straightforward.
In the literature, in the context of the relational
model, derived horizontal fragmentation of a member
relation is achieved by performing semijoins with
fragments of one of its owner relations, which is
chosen in an ad hoc manner without evaluating the
system performance. Similar approaches are found
in the literature for the object oriented data model.
We note that fragmentation and allocation are often
considered separately, disregarding that they are
using the same input information to achieve the
same objective, i.e. improve the overall system per-
formance. This paper addresses derived horizontal
fragmentation and allocation simultaneously in the
context of complex data model. The core of the
paper is a heuristic approach to derived horizontal
fragmentation, which uses a cost model and is
targeted at globally minimising costs.
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complex value databases

1 Introduction

There are two types of horizontal fragmentation, pri-
mary and derived. In the literature often when hori-
zontal fragmentation is discussed, it is mainly primary
horizontal fragmentation (Zhang 1993)(Ra 1993)(Ra
& Park 1993)(Shin & Irani 1991)(Bellatreche, Karla-
palem & Li 1998). Derived horizontal fragmentation
seems have not received the same interests as primary
horizontal fragmentation, even though the impact of
using it to improve the system performance is com-
patible to other distribution design techniques.

Unlike primary horizontal fragmentation, which
is performed using predicates of queries accessing
the data, the decision of derived horizontal frag-
mentation is not straightforward. In the literature
derived horizontal fragmentation is ¯rstly discussed
in the context of the relational datamodel (RDM)
and then discussed in the context of the object ori-
ented datamodel (OODM). When derived horizon-
tal fragmentation (DHF) is discussed in the RDM it
refers to horizontal fragmentation de¯ned on a mem-
ber relation of a link according to fragmentation of
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one of its owner relations (ÄOzsu & Valduriez 1999)
(Ceri, Negri & Pelagatti 1982). However, when there
is more than one owner relation of a member re-
lation it is not clear which owner relation should
be chosen even with the criteria given in (ÄOzsu &
Valduriez 1999). Further, it is not discussed how to
deal with owner relations if their member relations
have been horizontally fragmented using predicates
but the owner relations do not have predicates de-
¯ned on it. Later, when DHF is discussed in the
context of OODM, it refers to fragmentation of an
non-leaf class fragmented on fragmentation of a leaf
class (Karlapalem & Navathe 1994)(Bellatreche, Kar-
lapalem & Simonet 1997)(Bellatreche, Karlapalem &
Basak 1998). Again, the restriction that derived frag-
mentation can only be performed on a non-leaf class
based on a leaf class is not reasonable. With the exis-
tence of these de¯ciencies of derived horizontal frag-
mentation further research is essential. In the mean-
time, with the current popularity of web information
systems that often support web-based database ap-
plication, including object-oriented database, object-
relational database or databases based on the eXten-
sible Markup Language (XML), there are needs of
e±cient and e®ective database design technique on
the common aspect of these models, complex data
model. In this article we discuss derived horizontal
fragmentation on complex datamodel with the aim
of solving the exiting problems of derived horizontal
fragmentation.

The aim of database distribution design is to im-
prove the performance of applications accessing the
database. Therefore, a cost model should be em-
ployed to evaluate the total query costs of the global
queries while making decisions on derived horizontal
fragmentation. (Ceri et al. 1982) indicated that the
important parameter needed for horizontal fragmen-
tation is the number of accesses performed by the
applications to di®erent portions of data. However,
the parameter is not used while performing derived
horizontal fragmentation. Further, DHF is performed
in an ad hoc way without considering how it will af-
fect the resulting system performance. Only at the
later stage of allocation, system performance is eval-
uated. We argue that once the decision on derived
horizontal fragmentation has been made, the possi-
bilities of minimising total query costs are restricted
at the stage of allocation. In this paper, we address
the problem to design derived horizontal fragmenta-
tion and to allocate fragments in a way such that
the overall performance of the distributed database
system is better than the one of an equivalent cen-
tralised one. That is, we ¯rst develop a query cost
model for complex value databases. Then we present
a heuristic approach to minimise query costs for the
case of derived horizontal fragmentation. We show
that the minimisation of transportation costs is de-
cisive, and that can be achieved by re¯ning derived



horizontal fragmentation using all the candidate frag-
mentation schemata. The work in this article is to
extend the work in (Ma, Schewe & Wang n.d.) and
in (Ma, Schewe & Wang 2006).

In Section 2 we present the basic de¯nitions of
a complex value datamodel that is adapted from
the Higher-Order Entity Relationship model (HERM)
from (Thalheim 2000). For this model we also brie°y
describe a general query algebra following the general
approach in (Schewe 2001) and algebraic query opti-
misation, for which we adapt the techniques from the
RDM and from (Kirchberg, Riaz-ud-Din, Schewe &
Tretiakov 2006). In addition, we brie°y review the
de¯nition of horizontal fragmentation and its impact
on query trees. In Section 3 we then discuss a cost
model. In Section 4 we present some problems of the
existing derived horizontal fragmentation approaches
in the literature followed by a heuristic approach that
solves the problem. Besides discussing the correctness
and complexity of the heuristic we also show an ex-
perimental evaluation of the proposed heuristic. We
conclude with a short summary in Section 5.

2 Complex Value Databases

In this section we brie°y present the basic de¯nitions
of a complex value datamodel following the work in
(Thalheim 2000). Furthermore, for this model, we
brie°y present a generic query algebra and discuss
heuristic algebraic query optimisation.

2.1 The Datamodel

In order to de¯ne complex values we use a type sys-
tem, which can be de¯ned using abstract syntax as:

t = b j (a1 : t1; : : : ; an : tn ) j f tg;

with b as an arbitrary collection of base types, (¢) and
f¢g as constructors for records and ¯nite sets, respec-
tively. Base types include BOOL, OK PIC MPIC ,
CARD and INT , DATE .

On the basis of this type system we can de¯ne
database schemata, which are sets of database types.
A database type of levelk has a nameE and con-
sists of a set comp(E) = f r 1 : E1; : : : ; r n : En g
of components with pairwise di®erent role namesr i
and database typesE i on levels lower than k with
at least one database type of level exactlyk ¡ 1, a
set attr (E ) = f a1; : : : ; am g of attributes, each asso-
ciated with a data type dom(ai ) as its domain, and
a key id(E) µ comp(E) [ attr (E ). We shall write
E = ( comp(E); attr (E ); id(E )). A database schema
is a ¯nite set S of database types such that for all
E 2 S and all r i : E i 2 comp(E) we also haveE i 2 S.
That is, schemata are closed under component refer-
ences.

Given a database schemaS we associate two
types t(E ) and k(E) { called representation type
and key type, respectively { with each E = ( f r 1 :
E1; : : : ; r n : En g; f A1; : : : ; Ak g; f r i 1 : E i 1 ; : : : ; r i m :
E i m ; A j 1 ; : : : ; A j ` g) 2 S:

² The representation type of E is the tuple type
t(E ) = ( r 1 : t(E1); : : : ; r n : t(En ); A1 :
dom(A1); : : : ; Ak : dom(Ak )) :

² The key type of E is the tuple type
k(E) = ( r i 1 : k(E i 1 ); : : : ; r i m : k(E i m ); A j 1 :
dom(A j 1 ); : : : ; A j ` : dom(A j ` )) :

Finally, a databasedb over a schemaS is an S-
indexed family f db(E)gE 2S such that eachdb(E) is a
¯nite set of values of type t(E ) satisfying the following
two conditions:

² whenevert1; t2 2 db(E) coincide on their projec-
tion to id(E), they are already equal;

² for each t 2 db(E) and each r i : E i 2 comp(E)
there is somet i 2 db(E i ) such that the projection
of t onto r i is t i .

Example 2.1. The following database schema is
adapted from the ODIN system (Feyer, Kao, Schewe
& Thalheim 2000):
Department = ( ; , f name, homepage, contactg,
f nameg)
Lecturer = ( f in:Department g, f name, position,
homepage, emailg, f name, in:Department g)
Paper = ( ; , f no, kind, name, level, description, reg-
ularity, points g, f nog)
Prerequisite = ( f of:Paper , for:Paper g, ; ,
f of:Paper , for:Paper g)
Lecture = ( f goal:Paper g, f semester, schedule, lit-
erature, commentg, f goal:Paper , semesterg)
Teach = ( f who:Lecturer , for:Lecture g, ; ,
f who:Lecturer , for:Lecture g)

Recollect that in (Ceri, Navathe & Pelagatti 1983)
member relation and owner relation are de¯ned as
the relation at the tail of a join link and a relation
at the head of the link, respectively. In our complex
data model the link between a member database type
and a owner database type is simply a link between a
database type and one of its component. For example,
if E1 2 comp(E2), then E1 is the owner database type
and E2 is the member database type.

2.2 Query Algebra and Heuristic Query Op-
timisation

As query algebra for complex databases has been dis-
cussed in (Ma, Schewe & Wang 2006), we do not re-
peated them here. As derived horizontal fragmen-
tation will involve semijoin, we now de¯ne semijoin
in this section. With the existence of the join types
t1 ./ t t2 the join over t can be de¯ned as

C1 ./ t C2 = f z : TC1 ./ t TC2 j 9z1 2 C1:9z2 2 C2:
¼t 1 (z) = z1 ^ ¼t 2 (z) = z2g:

Simijoin is performed by applying join operation
¯rst and then applying projection operation:

C1 n t C2 = f z : ¼C1 (TC1 ./ t TC2 ) j 9z0 2 TC1 ./ t
TC2 : ^ z = ¼t 1 (z0)g:

To discuss heuristic query optimisation we need to
employ a query tree, which are drawn from a query
algebra in the same way as for the relational data
model. Furthermore, using the same heuristics as for
the RDM, we can rearrange a query tree in a way
that (if possible) we ¯rst apply structural recursion
operations src[e; g;t ] on the sets of input database,
i.e. on somedb(E). In particular, we ¯rst apply se-
lections and projections, the operations that can be
expressed by structural recursion (Schewe 2001), on
somedb(E).

Projection is a special case ofmap. To de¯ne
map, we ¯rst consider a function f : t ! t0 for arbi-
trary types t and t0. We then \raise" f to a func-
tion map(f ) : f tg ! f t0g by applying f to each
element of a set. Obviously, we havemap(f ) =
src [; ; single ± f; [ ].

Next, considering a function ' : t ! BOOL, we
de¯ne selection as an operationfilter (' ) : f tg !
f tg, which associates with a given set the subset of
all elements \satisfying the predicate" ' , i.e. elements
that are mapped to T . Then we may write
filter (' ) = src [; ; if then else ± (' £ single £
(empty± triv )) ; [ ]
with the function if then else : BOOL £ t £ t ! t
with ( T ; x; y) 7! x and (F; x; y) 7! y.



2.3 Horizontal Fragmentation

Let us now de¯ne operations for horizontal fragmen-
tation. Similar to the RDM horizontal fragmentation
exploits the fact that each database typeE de¯nes a
set db(E) in a database db, thus can be partitioned
into disjoint subsets.

There are two types of Horizonal fragmentation:
primary horizontal fragmentation and derived frag-
mentation. Primary horizontal fragmentation refers
to the fragmentation on database types using pred-
icates (Ma 2003). Derived horizontal fragmentation
refers to performing fragmentation on database types
R using semijoins with fragments of its component
database typesR0 or a database type havingR as
a component, i.e., R0 2 comp(R) or R 2 comp(R0).
As in any database db the database type E is as-
sociated with a ¯nite set db(E), we obtain an easy
generalisation of relational horizontal fragmentation.
For this let E be some database type. Take boolean
valued functions ' i (i = 1 ; : : : ; n) such that for each
databasedb we obtain

db(E) =
n[

i =1

(db(E i )) ; 1 · i · n:

with disjoint sets db(E i ). For primary fragmentation,
db(E i ) = filter (' i )db(E). For derived fragmenta-
tion, db(E i ) = db(E) n db(E 0

i ) with primary fragmen-
tation schema of E 0, i.e., FE 0 = f E 0

1; : : : ; E 0
n g. There

is always a remainderdb(En +1 ) = db(E) ¡ (db(E) n
db(E 0). We then replace E in the schema by n + 1
new database typesE i , all with the same de¯nition
asE. Note that the biggest number for n is the num-
ber of network nodesk, i.e., n + 1 · k. Note that
we do not restrict ourself to perform derived hori-
zontal fragmentation on a database type using hori-
zontal fragmentation schema of only its components
as in (ÄOzsu & Valduriez 1999), (Bai~ao, Mattoso &
Zaverucha 2000). This extension makes derived hor-
izontal fragmentation to be applied in more general
cases.

In the complex data model introduced in Section
2, database types are on di®erent levels. If a type
is derived fragmented with the fragmentation schema
of a type of its components, then the resulting frag-
ments will be disjoint. If a type is fragmented using
the fragmentation schema of a type which has it as
a component, then the properties of disjointness can-
not be guaranteed. However, if an extra procedure
of removing overlaps is employed, disjointness can be
guaranteed.

Example 2.2. Take the schema from Example 2.1
and fragment the database typePaper into two new
instances Advanced Paper and Basic Paper us-
ing ' 1 ´ level ¸ 300 and' 2 ´ level < 300.
Fragment the database type Lecture by semi-join
with the fragments of Paper we get:

Advanced Lecture = Lecture n Advanced Paper

Basic Lecture = Lecture n Basic Paper

Note that database type Lecture is derived frag-
mented using the fragmentation schema of its com-
ponent Paper . Therefore the disjointness crite-
ria is satis¯ed because the inclusion constraints be-
tween a database type and its component, i.e.,
t[Paper ](Lecturer ) = t( Paper ).

Horizontal fragmentation corresponds to replacing
E in the query tree by some unionE1 [ ¢ ¢ ¢ [En . An-
other round of query optimisation might shift the se-
lection filter (' ) and the projection map(¼X ) inside

the newly introduced union, but the \upper part" of
the query tree would not be a®ected. Therefore, in
order to optimise horizontal fragmentation, it is deci-
sive and su±cient to consider subqueries of the form
the following (Ma et al. n.d.).

map(¼X )( filter (' )(db(E))) (*)

3 A Cost Model

Taking the same cost model as in (Ma, Schewe &
Wang 2006) we now analyse the query costs in the
case of derived horizontal fragmentation. Size cal-
culation for leaves and nodes are discussed in (Ma,
Schewe & Wang 2006). For the convenience of discus-
sion we brie°y present the cost model in the following.
The major objective is to base the fragmentation de-
cision on the e±ciency of the most frequent queries.
As a general pragmatic guideline we follow the recom-
mended rule of thumb to consider only the 20% most
frequent queries, as these usually account for most of
the data access (ÄOzsu & Valduriez 1999).

Assume fragmentation of type E results in a set
of fragments f E1; : : : ; En g of average sizess1; : : : ; sn .
If the network has a set of nodesN = N1; : : : ; Nk
we have to allocate these fragments to one of the
nodes, which gives rise to a mappinģ : f 1; : : : ; ng !
f 1; : : : ; kg, which we call a location assignment. This
decide the allocation of leaves of query trees, which
are fragments. For each intermediate nodev in each
relevant query tree, we must also associate a node
¸ (v), i.e., ¸ (v) indicating the node in the network
that the intermediate query result corresponding to v
will be stored at.

Given a location assignmenţ we can compute the
total costs of query processing. Let the set of queries
be Qm = f Q1; : : : ; Qm g. Query costs are composed
of two parts: storage costsand transportation costs:
costş (Qj ) = stor ¸ (Qj ) + trans ¸ (Qj ).

The storage costs give a measure for retrieving the
data back from secondary storage, which is mainly
determined by the size of the data. The storage costs
of a query Qj depend on the size of the intermediate
results and on the assigned locations, which decide
the storage cost factors. It can be expressed as

stor ¸ (Qj ) =
X

h

s(h) ¢d¸ (h) ;

whereh ranges over the nodes of the query tree forQj ,
s(h) are the sizes of the involved sets, anddi indicates
the storage cost factor for nodeN i (i = 1 ; : : : ; k).

The transportation costs provide a measure for
transporting between two nodes of the network. The
transportation costs of query Qj depend on the sizes
of the involved sets and on the assigned locations,
which decide the transport cost factor between every
pair of sites. It can be expressed by

trans ¸ (Qj ) =
X

h

X

h0

c¸ (h0) ¸ (h) ¢s(h0):

Again the sum ranges over the nodesh of the query
tree for Qj , h0 runs over the predecessors ofh in the
query tree, and cij is the transportation cost factor
for data transport from node N i to node N j (i; j 2
f 1; : : : ; kg).

Furthermore, for each queryQj we assume a value
for its frequency f j . The total costs of all the queries
in Qm are the sum of the costs of each query multi-
plied by its frequency:

mX

j =1

cosţ (Qj ) ¢f j :



In general, the distribution could be called optimal
if we ¯nd a fragmentation and allocation schema such
that the resulting total query costs are minimal. As
this problem is practically incomputable, we suggest
to use a heuristic instead.

4 A Heuristic Method for Derived Horizontal
Fragmentation and Allocation

In the following we ¯rst present an example to show
the problems of existing approaches of derived hori-
zontal fragmentation. We will attempt to solve the
problem by ¯rst analysing the cost model and then
propose a heuristic method based on the result of the
analysis. We will show how the heuristic method is
applied with a simple example. Then we will prove
that the proposed heuristic is correct with regard to
the criteria of correctness of fragmentation in (ÄOzsu
& Valduriez 1999).

4.1 An Motivating Example

Assume there are three relations A; B; C in a
database. Relation C is accessed by four queries
Q1; : : : ; Q4 with di®erent frequenciesf 1; : : : ; f 4. Re-
lation A is accessed byQ1 and Q2. Relation B is
accessed byQ3 and Q4. Relation A and B have been
horizontally fragmented using predicates. Relation
A has been fragmented intoA1; A2 which are allo-
cated to site 1 and 2 respectively, i.e.,¸ (A1) = 1,
¸ (A2) = 2. Relation B has been fragmented into two
fragments, B3 and B4 which are allocated to site 3
and 4, respectively. Assume that there is no predicate
de¯ned on C, which is accessed by all four queries,
and MAX( f 1; f 2; f 3; f 4) = f 1, performing only pri-
mary horizontal fragmentation we will have Scenario
I depicted in Figure 1, in which C is allocated to
site 1, i.e., ¸ 1(C) = 1 according to cost optimisition
rule. In ¯gures below, all remote transactions and
their frequencies are depicted with solid lines and val-
ues on the lines, while local transactions are depicted
in dashed lines with their frequencies marked on the
lines.

A1 A2C

Site 1 Site 2

B3

Site 3

B4

Site 4

Figure 1: Scenario I - Primary Fragmentation Only

Assuming that the transportation cost factors
among all sites are same, the total query costs of Sce-
nario I is computed as:

cosţ 1 (Q) = sC ¢f 2 + sC ¢f 3 + sC ¢f 4

When a member relation has more than one owner
relation, there will be more than one possible derived
horizontal fragmentation schemata. In this case it is

recommended to choose a fragmentation that is used
in more applications (ÄOzsu & Valduriez 1999). As-
sumef 1 + f 2 > f 3 + f 4, relation C is therefore derived
horizontally fragmented by semi-join with fragments
of A. The resulting fragmentation and fragment al-
location is depicted in Scenario II in Figure 2. The
total query costs for Scenario II are:

cosţ 2 (Q) = sC1 ¢f 3 + sC2 ¢f 3 + sC1 ¢f 4 + sC2 ¢f 4

A1 A2C1

Site 1 Site 2

B3

Site 3

B4

Site 4

C2

Figure 2: Scenario II - Primary and Derived Frag-
mentation on One Fragmentation Scheme

However, performing derived fragmentation based
on fragmentation schema of relationA can only im-
prove the performance of the queries which access
both the member relation C and owner relation A.
However, the performance of the queries that access
the member relation C together with another owner
relation B cannot be improved. That is, the chance
of optimising the system performance is restricted,
if the fragmentation of C is only based on fragmen-
tation of one owner relation. Now we look at what
happens if we take into consideration fragmentation
of both owner relations. In this case, we have two
fragmentation schemata forC, i.e., FC = f C1a ; C2ag
and F 0

C = f C3b; C4bg with:

C1a = C n A1; C2a = C n A2

C3b = C n B3; C4b = C n B4

Applying intersection operation on Cia 2 FC ; (1 ·
i · 2) and Cjb 2 F 0

C ; (3 · j · 4) we get the following
¯ner fragmentation:

C1a3b = C1a \ C3b; C1a4b = C1a \ C4b;

C2a3b = C2a \ C3b; C2a4b = C2a \ C4b

Assuming f 1 > f 3; f 1 > f 4; f 2 < f 3; f 2 > f 4, with
the cost model introduced in 3 we get the optimized
allocation of the four atom fragments as following:

¸ (C1a3b) = 1 ; ¸ (C1a4b) = 1 ;

¸ (C2a3b) = 3 ; ¸ (C2a4b) = 2

Scenario III in Figure 3 depicts the ¯ner derived
horizontal fragmentation and fragment allocation.

In the case of Scenario III, the total query costs
are:

cosţ 3 (Q) = sC2a 3b ¢f 2 + sC1a ¢f 3 + sC1a ¢f 4 + sC2a 4b ¢f 4



A1 A2C1a

Site 1 Site 2

B3

Site 3

B4

Site 4

C2a4b

C2a3b

Figure 3: Scenario III - Primary and Derived Frag-
mentation on Two Fragmentation Schemata

Comparing with the costs in Scenario I and Sce-
nario II we get:

cosţ 1 (Q) ¡ cosţ 2 (Q)
= sC ¢f 2 + sC ¢f 3 + sC ¢f 4 ¡ (sC1 ¢f 3 + sC2 ¢f 3

+ sC1 ¢f 4 + sC2 ¢f 4)
= sC ¢f 2 + sC ¢f 3 + sC ¢f 4 ¡ (sC1 + sC2 ) ¢f 3

¡ (sC1 + sC2 ) ¢f 4

> 0

We can conclude that the derived fragmentation
indeed can further reduce the total query costs and
therefore should be employed while doing database
distribution design.

cosţ 2 (Q) ¡ cosţ 3 (Q)
= sC1 ¢f 3 + sC2 ¢f 3 + sC1 ¢f 4 + sC2 ¢f 4

¡ (sC2a 3b ¢f 2 + sC1a ¢f 3 + sC1a ¢f 4 + sC2a 4b ¢f 4)
= sC2 ¢f 3 + sC2 ¢f 4 ¡ (sC2a 3b ¢f 2 + sCC 2a 4b ¢f 4)
> 0

The above formula proves that cosţ 2 (Q) >
cosţ 3 (Q). This result shows that a ¯ner derived frag-
mentation approach can lead to better system perfor-
mance than derived fragmentation based on fragmen-
tation schema of one owner relation.

4.2 Some Terms

We now de¯ne some terms to facilitate our discussion
of derived horizontal fragmentation. Let db(E ji ) =
f t jt 2 filter (' j )(db(E i ))g denote the set of tuples
of E i accessed by queryQj .

As we do not restrict derived fragmentation to be
performed on a member relation only according to one
of its owner relation, in the complex data model we
introduce terms: target type and related type, which
have broader meanings. Atarget type is a database
type to be derived fragmented using semijoin with
fragments of other database types, either at its lower
level or its high level.

A related type of a target type is a type that
has been horizontally fragmented and are accessed by
queries together with the target type.

The request of a fragment E k
i at a site h over a

network is the sum of frequencies of all the queries

that are issued at siteh and accessE k
i :

requesth (E k
i ) =

mX

j =1 ;¸ (Q j )= h;db (E ji ) \ db(E k
i )6= ;

f j

The a±nity between a target type Ed and one
fragment E k

i of its related type is the sum of fre-
quencies of all the queriesQj accessingEd and the
fragment E k

i together at site h:
af f h (Ed; E k

i ) =
mP

j =1 ;¸ (Q j )= h;db (E ji ) \ db(E k
i )6= ; ;db(E ji ) \ db(E d )6= ;

f j

When there is more than one fragmentation
schema of a given target type, we de¯neatom derived
horizontal fragments, or atom fragments in short,
as the intersections of fragments of one fragmenta-
tion schema with fragments of another fragmenta-
tion schema. For example,FC = f C1; : : : ; Cm g and
F 0

C = f C0
1; : : : ; C0

n g, then Ci \ C0
i is an atom fragment.

According to our discussion of how horizontal frag-
mentation a®ects query costs, the allocation of frag-
ments to network nodes, following the cost minimi-
sation heuristics, already determine the location as-
signment provided that an optimal location assign-
ment for the queries was given prior to the fragmen-
tation. Horizontal fragmentation will only change the
subqueries in the form of (*). In this case we evalu-
ate a derived horizontal fragmentation by comparing
the total query costs before and after the fragmenta-
tion. After the derived horizontal fragmentation the
instance of a database type will be replaced by a set of
atom fragments which are allocated to network nodes
that lead to the least query costs.

Taking the cost model introduced in Section 3 we
now investigate how total query costs are a®ected by
derived horizontal fragmentation. Assume there are
two related types A and B , one target type C. Let
Ciai 0b be the atom fragment, ¸ 1 indicate a distribution
design without derived horizontal fragmentation, ¸ 2
indicate a distribution design with derived horizontal
fragmentation and fragment allocation, t j be the op-
timal allocation of the root of subqueries in the form
(*), x indicate the site that C is allocated before it
is derived horizontally fragmented, y denote an opti-
mal allocation of atom fragment Ciai 0b = Cia \ Ci 0b.
As the transportation costs dominate the total query
costs, we get the following formulae:

cosţ 1 (Qm ) ¡ cosţ 2 (Qm )

=
mX

j =1

cosţ 1 (Qj ) ¢f j ¡
mX

j =1

cosţ 2 (Qj ) ¢f j

=
mX

j =1

(
X

h1

X

h0
1

c¸ (h0
1 ) ¸ (h1 ) ¢s(h0

1)) ¢f j

¡
mX

j =1

(
X

h2

X

h0
2

c¸ (h0
2 ) ¸ (h2 ) ¢s(h0

2)) ¢f j

=
mX

j =1

ct j x ¢sC ¢f j ¡
mX

j =1

(
kX

i =1

kX

i 0=1

sC iai 0b
¢ct j y ) ¢f j

In order to maximize the value of cosţ 1 (Qm ) ¡
cosţ 2 (Qm ) we need to minimise the value of
mP

j =1
(

kP

i =1

kP

i 0=1
sC iai 0b

¢ct j y ) ¢f j . For a single atom frag-

ment Ciai 0b, we need to minimise the value of
mP

j =1
ct j y ¢



f j . This leads to a heuristic which allocates atom
fragments Ciai 0b to a site that accesses it most often
by queriesQj together with a related fragment, either
A i or B i 0. The optimal allocation is y = t j in which
casect j y = 0. That is, we allocate the atom fragment
Ciai 0b to a site that request it most often. This will
maximize the local data availability for the most fre-
quent queries. The accesses ofCiai 0b by queries are
either with A i , B i 0 or no of them. Therefore the di®er-
ence betweenaf f (C; A i ) af f (C; B i 0) will re°ect the
local request at site i and i 0, and indicate the di®er-
ence betweenrequesti (C) and requesti 0(C). In other
words, we should allocate an atom fragment to the
same site of the related fragment which has the high-
est a±nities with the target type. In the following
section we present a heuristic procedure for derived
horizontal fragmentation.

4.3 Heuristics for Derived Horizontal Frag-
mentation

We perform derived horizontal fragmentation with
the following steps. Read and write queries are not
distinguished because replication is not considered at
this stage.

1. Take the most frequently used 20% queriesQm .

2. Process primary horizontal fragmentation using
the heuristic in (Ma, Schewe & Wang 2006) to
get a set of primary horizontal fragmentation
schemata.

3. Get a set of target types that have not been frag-
mented primarily but are accessed together with
some related fragments.

4. For each of the target database types ¯nd the set
of queries that accessed both the target type and
corresponding related types and get the frequen-
cies of each query.

5. For each of the target type get therequestof each
fragment of the related data types.

6. Use fragmentation schemata of each of related
types to perform derived fragmentation of the
target type. Allocate resulting fragments to the
same site of the corresponding related fragment
involved in the semi-join. Remove overlaps be-
tween each pair of the resulting fragments. A
overlap part is allocated to the same site as the
related fragment that are requested the most by
queries.

7. If there are more than one derived fragmenta-
tion schema from step 3 perform derived frag-
mentation re¯nement by performing intersection
between every pair fragments from two di®erent
schemata to get a set of atom fragment.

8. Allocate atom fragment to the same site of the
related fragments that have the highest a±nity
with the target type.

This procedure is formally described by the algo-
rithm below.

Algorithm 1 (Derived Horizontal Fragmenta-
tion and Fragment Allocation).
Input : Qm = f Q1; : : : ; Qm g /* a set of global queries

Ed /* a type with a set of components and
attributes

a set of network nodesN = f 1; : : : ; kg
a set of fragmentation schemata resulting

from primarily fragmentation
E i = E 1

i [ ¢ ¢ ¢ [ E k
i

Output : derived horizontal fragmentation schema
and fragment allocation schema

Begin
for eachh 2 f 1; : : : ; kg let E h

d = ; endfor
for each related type E i 2 f E1; : : : ; Ecg do

E h
di = Ed n E h

i
endfor
for each fragmentsE h

di /* remove overlaps
for each fragmentsE h0

di do
E hh 0

di = E h
di \ E h0

di
choosey such that request(E y

i ) =
minf request(E h

i ); request(E h0

i )g
E y

di = E y
di ¡ E hh 0

di /* remove intersection
from the smaller request node

endfor
endfor
for eachE h

di do
for eachE h0

di 0 do
E hh 0

dii 0 = E h
di \ E h0

di 0

af f h (Ed; E z
x ) =

maxf af f h (Ed; E k
i ); af f h (Ed; E k 0

i 0 )g
E z

d = E z
d [ E hh 0

dij
endfor

endfor
endfor

Example 4.1. Taking again the database schema
in Example 2.1, we now assume for a target
database type Lecturer , there are two related
database types, Department and Teach , each
of which has been horizontally fragmented into
three fragments that are allocated to network
notes, 1, 2, 3, respectively, i.e., FDepartment =
f Department 1; Department 2; Department 3g,
FTeach = f Teach 1; Teach 2; Teach 3g. To perform
derived horizontal fragmentation of type Lecturer
we go through the following procedure:

1. With each related type semijoin is performed to
get a set of horizontal fragments. Remove the
overlap between each pair of fragments.
Type Lecturer can then be derived horizon-
tally fragmented according to the fragmentation
schemata of Department and Teach . The
fragments resulting from semijoin with fragments
of Department are:
Lecturer 1D 0 = Lecturer n Department 1;
Lecturer 2D 0 = Lecturer n Department 2;
Lecturer 3D 0 = Lecturer n Department 3;
Lecturer 4D 0 = Lecturer ¡ (Lecturer n

Department )
BecauseDepartment is a component of Lec-
turer . Therefore, the above fragments are dis-
joint. Also, all objects for Department in Lec-
turer must be in one of fragments ofDepart-
ment . Hence,Lecturer 4D 0 is always a empty
set. Therefore, we can directly get the following
disjoint fragments:
Lecturer 1D ; Lecturer 2D ; Lecturer 3D .
Similarly, fragment Lecturer by performing
semijoin with fragments of Teach we get
Lecturer 1T 0 = Lecturer n Teach 1;
Lecturer 2T 0 = Lecturer n Teach 2;
Lecturer 3T 0 = Lecturer n Teach 3;
Lecturer 4T 0 = Lecturer ¡ (Lecturer n

Teach )
BecauseLecturer is a component of Teach
there might be overlaps between the above frag-
ments. Removing overlap we get the following
disjoint fragments:



Lecturer 1T ; Lecturer 2T ;
Lecturer 3T ; Lecturer 4T .

2. Perform intersection between all fragments re-
sulted from semijoin with Department and
fragments resulted from semijoin with fragments
of Teach , we have 12 intersections:
Lecturer 1D 1T = Lecturer 1D \ Lecturer 1T ,
Lecturer 1D 2T = Lecturer 1D \ Lecturer 2T ,
Lecturer 1D 3T = Lecturer 1D \ Lecturer 3T ,
Lecturer 1D 4T = Lecturer 1D \ Lecturer 4T ,
Lecturer 2D 1T = Lecturer 2D \ Lecturer 1T ,
Lecturer 2D 2T = Lecturer 2D \ Lecturer 2T ,
Lecturer 2D 3T = Lecturer 2D \ Lecturer 3T ,
Lecturer 2D 4T = Lecturer 2D \ Lecturer 4T ,
Lecturer 3D 1T = Lecturer 3D \ Lecturer 1T ,
Lecturer 3D 2T = Lecturer 3D \ Lecturer 2T ,
Lecturer 3D 3T = Lecturer 3D \ Lecturer 3T ,
Lecturer 3D 4T = Lecturer 3D \ Lecturer 4T .

3. For each of the intersections we decide its allo-
cation based on the allocation of corresponding
related fragments and their frequencies. Two sit-
uations may occur.

² Intersections resulting from fragments at
the same site.
Among the above intersections,
Lecturer 1D 1T ; Lecturer 2D 2T ; Lecture
-r 3D 3T are resulted from intersections of
the fragments at the same network node.
Therefore we allocate them at the same site
of this related fragments.
¸ (Lecturer 1D 1T ) = 1,
¸ (Lecturer 2D 2T ) = 2,
¸ (Lecturer 3D 3T ) = 3,

² Intersections resulting from fragments at
di®erent sites.
In this case the a±nities between related
types, involved in the intersections, and the
target type will be used to decide the allo-
cation of the atom fragment. The related
fragment that have highest a±nity with the
target type will decide the allocation of the
atom derived fragment.
For example, the allocation of
Lecturer 1D 2T will be decided by the
values of af f (Lecturer ; Department 1),
af f (Lecturer ; Teach 2). If af f (Lectur
-er ; Department 1) = MAX f (af f (Lectu
-rer ; Department 1); af f (Lecturer ; Te
-ach 2)g then allocate C1D 2T to site 1.
Otherwise allocate it to site 2.

Example 4.2. Looking back at the exam-
ple in 4.1 there are four atom fragments,
C1a3bC1a4b; C2a3b; C2a4b. To allocate this atom frag-
ments we compare a±nities. For example, to allocate
C1a3b we compare a±nities af f (C; A1); af f (C; B3).
As af f (C; A1) = f 1 and af f (C; B3) = f 3 and
f 1 > f 3. Hence, we allocateC1a3b to site 1.

In the same way we have:
¸ (C1a4b) = 1 becauseaf f (C; A1) = f 1, af f (C; B4) =
f 4 and f 1 > f 4
¸ (C2a3b) = 3 becauseaf f (C; A2) = f 2, af f (C; B3) =
f 3 and f 3 > f 2.
¸ (C2a4b) = 2 becauseaf f (C; A2) = f 2,af f (C; B4) =
f 4 and f 2 > f 4.

The allocation resulted from the heuristic using
a±nities is the same as the optimised allocation in
the example in 4.1.

4.4 Discussion

In this section we will prove that the proposed ap-
proach for derived horizontal fragmentation is correct
with regard to the criteria in ( ÄOzsu & Valduriez 1999).
In addition we will analysis the complexity of the pro-
posed approach.

Let C be an instance of a target database type,
A and B be the instances of two related types,
which are fragmented asFA = f A1; : : : ; Am g, FB =
f B1; : : : ; Bn g. Database type C have common at-
tribute between A, and B . That means C is either a
component of A and B of have A or B as a compo-
nent. The following shows that criteria of fragmen-
tation, disjointness, reconstruction, completeness, are
satis¯ed.

² Completeness: As shown in the de¯nition of
derived horizontal fragmentation, there always
is a remainder which contains all instances of
C which do not match instance in A or B . In
other words, if an object can not be selected us-
ing semi-join with fragments of A or B , it will be
in the remainder fragment.

² Disjointness: To check disjointness between
each pair of atom derived fragmentsCiajb \ Ci 0aj 0b
we can check the following three situations:i =
i 0, j = j 0 and i 6= i 0^ j 6= j 0.
For the ¯rst two situations the prove of disjoint-
ness are straightforward. BecauseCjb and Cj 0b
are disjoint, the disjointness betweenCiajb and
Ciaj 0b is guaranteed.:

Ciajb \ Ciaj 0b = ( Cia \ Cjb ) \ (Cia \ Cj 0b)
= Cia \ (Cjb \ Cj 0b)
= ;

Similarly, becauseCia and Ci 0a are disjoint Ciajb
and Ci 0ajb is disjoint.

Ciajb \ Ci 0ajb = ( Cia \ Cjb ) \ (Ci 0a \ Cjb )
= Cjb \ (Cia \ Ci 0a)
= ;

For general casesi 6= i 0^ j 6= j 0.

Ciajb \ Ci 0aj 0b = ( Cia \ Cjb ) \ (Ci 0a \ Cj 0b)
= ( Cia \ Ci 0a) \ (Cjb \ Cj 0b)
= ;

² Reconstruction: The formulae below show
that the union of all atom derived fragments re-
construct the original instance C.

m[

i =1

n[

j =1

Ciajb =
m[

i =1

n[

j =1

(Cia \ Cjb )

=
m[

i =1

(Cia \
n[

j =1

Cjb )

=
m[

i =1

(Cia \ C)

= C \
m[

i

Cia

= C \ C
= C



The complexity of this approach is higher than
the traditional approaches using fragmentation of one
owner relation but the improvement of system per-
formance make the pay on complexity worthwhile.
Lets c be the number of related types of a given
target type, n be the number of records of the tar-
get type, m be the average number of records of
instances of related types,k be the number of net-
work nodes. The complexity of our approach, which
deals with derived fragmentation and allocation, is
O(kc + c ¢m ¢log(m) + n ¢log(n) + c ¢k2) for de-
rived fragmentation procedure, including performing
semi-join, removing overlap and fragment. For ex-
ample, if there are two related types for a target
type, the complexity of the traditional approach is
O(m ¢log(m) + n ¢log(n) + k2) while our approach
is O(2 ¢m ¢log(m) + n ¢log(n) + 3 ¢k2). The com-
plexity, for the one time design procedure, does not
change very much while the system performance can
be indeed improved, for the long term using of the
system.

4.5 Experimental Evaluation of the Heuris-
tics

We present here some experiments that have been
conducted to verify the algorithm, DR Frag Alloc,
proposed above. We used the same testbed as in
(Ma, Schewe & Wang 2006). The testbed has been
designed with a database schemaS, which was pop-
ulated with records to get db(S). Then we assumed
from four sites over a network there are 30 queries,
which were the 20% most frequently queries or used
by most critical transactions. These 30 queries were
designed by applying the similar pattern of queries as
in OO7 project (Carey, DeWitt & Naughton 1993).
According to the well-known 20/80 rule, the system
performance is assessed by the total query costs of
these 30 queries. Some of the types were accessed
by queries with predicates while other types, target
types, were accessed by queries though joining with
related typesor directly. To test the heuristic we de-
signed queries such that there were two target types,
each of which had two related types. The types that
have predicates de¯ned on had been horizontally frag-
mented using the heuristics proposed in (Ma, Schewe
& Wang 2006). With these fragmented related types
we performed derived horizontal fragmentation on the
target types using the following two approaches:

² case I: using the algorithm 1 introduced above.

² case II: using the traditional approach based on
fragments of one owner type. (ÄOzsu & Valduriez
1999).

We ran the tests on three di®erent instances of
di®erent sizes. Comparing the results we use the fol-
lowing table:

case I II
Instance 1 21079¢106 21152¢106

Instance 2 78111¢106 78456¢106

Instance 3 136565¢106 136724¢106

The experimental results showed that the total
query costs for case I is smaller than for case II on all
three di®erent database instances. This means that
our heuristic approach for derived horizontal fragmen-
tation can lead to better system performance than
using the traditional approaches according to frag-
mentation of one owner relation. This valid our pro-
posed heuristic approach in this article. Further, we
observed that the time to process the tests using our

approach was of similar length as the time using the
traditional approach. Furthermore, even though the
improvement of performance is not signi¯cant, con-
sidering that the two target types are of small sizes,
each of which only has 0.5% of the total number of the
tuples of the database instances, and that the queries
accessing the target types only count for about 12%
total query costs, we can expect better performance
improvement for some other database instances and
queries.

5 Conclusion

In this paper we presented a heuristic approach to
derived horizontal fragmentation for complex data-
model. The work in this paper complement the
work in (Ma, Schewe & Wang 2006) to provide a
complete design procedure of horizontal fragmenta-
tion, including primary horizontal fragmentation and
derived horizontal fragmentation, for complex data-
model. The major objective is to provide a tractable
approach to minimising the query processing costs by
performing horizontal fragmentation and fragment al-
location simultaneously.

The next step of our work is to integrate the hand-
ing of horizontal fragmentation, which has been dis-
cussed in (Ma, Schewe & Wang 2006) and in this pa-
per, and vertical fragmentation, which has been dis-
cussed in (Ma, Schewe & Kirchberg 2006), with the
consideration of the requirement of global optimisa-
tion.
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