
Cost-Based Fragmentation for Distributed
Complex Value Databases

Hui Ma and Markus Kirchberg

Information Science Research Centre, Massey University,
Private Bag 11 222, Palmerston North, New Zealand

{h.ma,m.kirchberg}@massey.ac.nz

Abstract. The major purpose of the design of distributed databases is
to improve system performance and to increase system reliability. Frag-
mentation and allocation play important roles in the development of a
cost-efficient system. This paper addresses the problem of fragmentation
in the context of complex value databases, which cover the common as-
pects of object-oriented databases, object-relational databases and XML.
In this paper, we present a cost-based approach for horizontal and ver-
tical fragmentation. Our approach is based on a cost model that takes
the structure of complex value databases into account.

1 Introduction

Fragmentation and allocation are the main techniques used in the design of
distributed databases. The research problems for fragmentation and allocation
have been investigated in the context of the relational model and object-oriented
model. With the current popularity of web information systems that often sup-
port web-based database application, including object-oriented databases,
object-relational databases and databases based on the eXtensible Markup
Language (XML), it is desired to have efficient and effective database design
techniques that take into account the common aspects of these complex data
models.

In the literature, fragmentation and allocation have been studied since the
1970s. They are often dealt with independently disregarding the fact that both
design procedures rely on similar input information to achieve the same objec-
tives, i.e. improve system performance and increase system reliability. Horizontal
fragmentation is either performed with a set of minterm predicates [3, 8, 21] or
with a set of predicates grouped according predicate affinities [1, 4, 22]. Horizon-
tal fragmentation with minterm predicates often results in a big number of frag-
ments, which will later be allocated to a small number of network nodes. Thus,
fragment recombination is needed to match the required number of horizontal
fragments, which is less or equal to the number of network nodes. Affinity-based
horizontal fragmentation approaches cannot guarantee an optimal system per-
formance as data locality information is lost while computing predicate affinities.
In fact, neither of two approaches include local data availability as an objective
of fragmentation.

C. Parent et al. (Eds.): ER 2007, LNCS 4801, pp. 72–86, 2007.
c© Springer-Verlag Berlin Heidelberg 2007



Cost-Based Fragmentation for Distributed Complex Value Databases 73

For vertical fragmentation, algorithms proposed in the literature are either
cost-driven or affinity-based. In the context of the relational model, cost-driven
approaches are based on cost models, which measure the total number of disk ac-
cesses to the database [5, 7]. Affinity-based approaches group attributes according
to attribute affinities [11, 17, 19, 20, 21]. Navathe et al [18] propose mixed frag-
mentation, which also uses affinities as the main parameters for both horizontal
and vertical fragmentation. In the context of object-oriented data models, frag-
mentation is mainly affinity-based and different affinities, e.g. method affinities,
attribute affinities or instance variable affinities [2, 9, 12], are used as parameters.
Attribute affinities only reflect the togetherness of attributes accessed by applica-
tions. Vertical fragmentation based on affinities may reduce the number of disk ac-
cesses, but has never been proven to increase system performance. For distributed
databases, transportation costs dominate the total query costs. This means that
improving local data availability, which in turn reduces data transportation re-
quirements, plays an important role towards improving system performance.

It is our aim to overcome the shortcomings of exiting approaches for both
horizontal and vertical fragmentation. In this paper, we discuss both types of
fragmentation in the context of complex value databases and present correspond-
ing cost-based approaches. Thus, we extend earlier work as presented in [14, 16].
In short, we will incorporate all query information and also including site in-
formation by using a simplified cost model for fragmentation. This way, we
can perform fragmentation and fragment allocation simultaneously. Properties
of our approach include a low computational complexity and increased system
performance.

The remainder of this paper is organised as follows: In Section 1, we briefly
introduce a complex value data model. In Section 2, we define fragmentation
techniques for the complex value data model. In Section 3, we present a cost
model for complex value databases. In Section 4, we propose a cost-based design
approach for horizontal and vertical fragmentation. We conclude with a short
summary in Section 5.

1.1 Complex Value Databases

We define complex values on the basis of a type system. Using abstract syntax,
types can be defined by

t = b | 1l | (a1 : t1, . . . , an : tn) | a : {t} | a : [t] (1)

with pairwise different labels a1, . . . , an. Here b represents a not further specified
collection of base types, which may include BOOL, CARD , INTEGER, DECI-
MAL, DATE , etc. Furthermore, (·) is a record type constructor, {·} a set type
constructor, [·] a list type constructor and 1l is a trivial type.

Each type t defines a set of values, its domain dom(t), as follows:

– The domain dom(bi) of a base type bi is some not further specified set Vi,
e.g. dom(BOOL) = {T,F}, dom(CARD) = {0, 1, 2, . . .}, etc.

– We have dom(1l) = {�}.
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– We have dom((a1 : t1, . . . , an : tn)) = {(a1 : v1, . . . , an : vn) | vi ∈ dom(ti)}
for record types.

– For set types we have dom(a : {t}) = {a : {v1, . . . , vk} | vi ∈ dom(t)}.
– For list types we have dom(a : [t]) = {a : [v1, . . . , vk] | vi ∈ dom(t)}, i.e.

elements may appear more than once and are ordered.

In the following, we use the term atomic attribute to refer to an attribute with
a base type as domain, and the term complex attribute to denote an attribute
with a domain of a record type, set type or list type.

On the basis of this type system, we can define database schemata, which are
sets of database types. A database type of level k has a name E and consists of
a set comp(E) = {r1 : E1, . . . , rn : En} of components with pairwise different
role names ri and database types Ei on levels lower than k with at least one
database type of level exactly k − 1, a set attr(E) = {a1, . . . , am} of attributes,
each associated with a data type dom(ai) as its domain, and a key id(E) ⊆
comp(E) ∪ attr(E). We shall write E = (comp(E), attr(E), id(E)). A database
schema is a finite set S of database types such that for all E ∈ S and all
ri : Ei ∈ comp(E) we also have Ei ∈ S. That is, schemata are closed under
component references.

Given a database schema S, we associate two types t(E) and k(E), called
representation type and key type, respectively, with each E = ({r1 : E1, . . . , rn :
En}, {a1, . . . , ak}, {ri1 : Ei1 , . . . , rim : Eim , aj1 , . . . , aj�

}) ∈ S:

– The representation type of E is the tuple type t(E) = (r1 : k(E1), . . . , rn :
k(En), a1 : dom(a1), . . . , ak : dom(ak)).

– The key type of E is the tuple type k(E)=(ri1 : k(Ei1), . . . , rim : k(Eim ), aj1 :
dom(aj1 ), . . . , aj�

: dom(aj�
)).

Finally, a database db over a schema S is an S-indexed family {db(E)}E∈S such
that each db(E) is a finite set of values of type t(E) satisfying two conditions,
with one as that whenever t1, t2 ∈ db(E) coincide on their projection to id(E),
they are already equal; while the other one is that for each t ∈ db(E) and each ri :
Ei ∈ comp(E) there is some ti ∈ db(Ei) such that the projection of t onto ri is ti.

Example 1. The following is the complex value database schema for a simple
university application:

Department = (∅, {dname, homepage, contacts}, {dname})
Lecturer = ({in: Department}, {id, name, email, phone, homepage},{id})
Paper = (∅, {no, ptitle, level, points}, {no})
Lecture = ({paper: Paper}, {semester, schedule}, {paper: Paper, semester})

with dom(schedule) = {slot : (time: TIME , day: STRING, room: STRING)} in
the database type Lecture. All other domains have been omitted.

The corresponding representation types for the university database schema
are as follows:

t(Department) = (dname: STRING, homepage: URI , contacts: {contact:
(location: STRING, phone: CARD)})
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t(Lecturer) = (in: (dname: STRING), id: STRING, name: (fname: STRING,
lname: STRING, titles: {title: STRING}), email: EMAIL,
phone:(areacode: CARD , number: CARD) homepage: URI )

t(Paper) = (no: CARD , ptitle: STRING, level: CARD , points: CARD)
t(Lecture) = (paper: (no: CARD), semester: STRING, schedule: {slot:

(time: TIME , day: STRING, room: STRING)})

1.2 A Query Algebra and Heuristic Query Optimisation

For complex value databases, to describe fragmentation and its effect on query op-
timisation, we need a query algebra. It is sufficient to take the recursive algebra
for nested relations discussed in [6], because it allows to access data values at any
level of complex values without any special navigational operation or flattening the
complex values. Also, most of the query optimisation techniques developed for the
relational algebra can be applied to queries expressed in the recursive algebra.

In the recursive algebra, the selection operation σpathi=c(db(E)) allows to
define selection conditions on an attribute at any level using a path expression.
The project operation πpathi(db(E)) permits projections on attributes at all
levels without restructuring. The join operation db(E1) ��pathi db(E2) allows
two instances to be joined on any attribute level defined by the path pathi.
pathi is a list of attribute names starting from a top attribute name or reference
name of a representation type, e.g. ai, ai.aij or ri.ai.

2 Schema Fragmentation

Let us now introduce operations for fragmentation. Similar to the relational
approach to horizontal fragmentation, we utilise the fact that each database
type E defines a set db(E) in a database db. Thus it can be partitioned into
disjoint subsets.

2.1 Horizontal Fragmentation

As in any database db, the database type E is associated with a finite set db(E).
We obtain an easy generalisation of relational horizontal fragmentation. For this
let E be some database type. Take boolean-valued functions ϕi (i = 1, . . . , n)
such that for each database db we obtain

db(Fi) =
n⋃

i=1

σϕi(db(E))

with disjoint sets σϕi(db(E)). We then replace E in the schema by n new
database types Fi, all with the same definition as E.

Example 2. Let us consider an instance db(Department) (as outlined in
Table 1) of database type Department from Example 1. Horizontal
fragmentation with two predicates ϕ1 ≡ contacts.contact.location = ‘Turitea’
and ϕ2 ≡ contacts.contact.location �= ‘Turitea’ results in two fragments
db(Turitea Department) and db(No Turitea Department) as outlined in
Table 1.
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Table 1. Horizontal Fragmentation of db(Department)

db(Department)
dname homepage contacts

location phone

Information is.massey.ac.nz
Turitea 063566199
Wellington 045763112

Computer cs.massey.ac.nz
Turitea 063563188
Albany 098132699

Education ed.massey.ac.nz
Napier 068355202
Albany 094437900

db(Turitea Department)
dname homepage contacts

location phone
Information is.massey.ac.nz Turitea 063566199
Computer cs.massey.ac.nz Turitea 063563188

db(No Turitea Department)
dname homepage contacts

location phone
Information is.massey.ac.nz Wellington 045763112
Computer cs.massey.ac.nz Albany 098132699

Education ed.massey.ac.nz
Napier 068355202
Albany 094437900

2.2 Vertical Fragmentation

Taking a database type E = ({r1 : E1, . . . , rn : En}, {a1, . . . , ak}, {ri1 : Ei1 , . . . ,
rim : Eim , aj1 , . . . , aj�

}), vertical fragmentation on E replaces E with a set of
new types F1, . . . , Fm with Fj = ({rj

1 : Ej
1 , . . . , r

j
n : Ej

n}, {aj
1, . . . , a

j
k}, {rj

i1
:

Ej
i1

, . . . , rj
im

: Ej
im

, aj
j1

, . . . , aj
j�

}) such that:

– the components and attributes will be distributed:

{E1, . . . , En} =
m⋃

j=1

{Ej
1 , . . . , E

j
ni

}, {a1, . . . , ak} =
m⋃

j=1

{aj
1, . . . , a

j
ni

},

– db(E) is split into db(F1), . . . , db(Fm) such that db(E) could be reconstructed
by using the join operation on all the instances:

db(E) = db(F1) �� . . . �� db(Fm).

Using the query algebra, vertical fragmentation could be written as db(Fj) =
πFj (db(E)) for all j ∈ {1, . . . , m}. To meet the criteria of reconstructivity, it is
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Table 2. An Instance of Lecture

db(Lecture)
paper semester schedule

no time day room

157111 0702
10am Monday SSLB1
1pm Wednesday SSLB5

157221 0701
9am Tuesday AH1
10am Friday AH2

157331 0701
1pm Tuesday SSLB3
3pm Thursday SSLB2

db(Lecture Time)
paper semester schedule

no I time day

157111 0702
1 10am Monday
2 1pm Wednesday

157221 0701
1 9am Tuesday
2 10am Friday

157331 0701
1 1pm Tuesday
2 3pm Thursday

db(Lecture Venue)
paper semester schedule

no I room

157111 0702
1 SSLB1
2 SSLB5

157221 0701
1 AH1
2 AH2

157331 0701
1 SSLB3
2 SSLB2

required that the key type k(E) is part of all types Fj . In addition, when projec-
tion is applied on attributes of a tuple type within a set type, e.g. {(ai1, . . . , ain)},
an index I should be inserted as an arrogate attribute in the set constructor be-
fore fragmentation. This index should later be attached to each of the vertical
fragments to ensure the reconstructivity.

Example 3. Let us consider the database type Lecture from Example 1 and
alter the representation type tLecture to tLecture

′ by attaching an index attribute
as a subattribute of attribute ‘slot’. Assume that we are given two subtypes
tLecture Time and tLecture Venue, each containing a subset of the attributes from
tLecture:
tLecture

′ = (paper: (no: CARD), semester: STRING, schedule: {slot: (I : CARD ,
time TIME , day: STRING, room: STRING)});

tLecture Venue = (paper: (no: CARD), semester: STRING, schedule: {slot:
(I :CARD , room: STRING)});

tLecture Time = (paper: (no : CARD), semester: STRING, schedule: {slot: (I :
CARD , time: TIME , day: STRING)}).

Accordingly, we get the two vertical fragments that result from project
operations:

db(Lecture Time) = πtLecture Time
(db(Lecture)) and

db(Lecture Venue) = πtLecture Venue
(db(Lecture)).

Analogously, the instances of type Lecture and the resulting fragments are
shown in Table 2.
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3 A Cost Model

In order to measure system performance, we need a cost model to compute total
query costs for the queries represented by query trees. In this section, we first
present formulae for estimating the sizes of intermediate results for all interme-
diate nodes in the query tree. These sizes determine the costs for retrieving data
for the next step, i.e. the operation associated with the predecessor in the query
tree, and the costs for the transportation of data between nodes. Afterwards, we
present a cost model for measuring system performance.

3.1 Size Estimation

In order to estimate the size of leaf nodes and intermediate nodes that are of
complex values, we first look at types t, and estimate the size s(t) of a value
of type t, which depends on the context. Then, the size of an instance db(E) is
nE · s(t(E)), where nE is the average number of elements in db(E).

Let si be the average size of elements for a base type bi. This can be used to
determine the size s(t) of an arbitrary type t, i.e. the average space needed for
it on storage. We obtain:

s(t) =

⎧
⎪⎨

⎪⎩

si if t = bi∑n
i=1 s(ti) if t = (a : t1, . . . , an : tn)

r · s(t′) if t = {t′} or t = [t′].

In the last of these cases, r is the average number of elements in sets, t = [t′]
or t = 〈t′〉, respectively, within a value of type t.

Then, for E = ({r1 : E1, . . . , rn : En}, {a1, . . . , ak}, id(E)) we obtain:

s(t(E)) =
n∑

i=1

s(t(Ei)) +
k∑

j=1

s(ai).

The calculation of sizes of database instances applies also to the intermediate
results of all queries. However, we can restrict our attention to the nodes of
selection and projection, as the other nodes in the query tree will not be affected
by fragmentation and subsequent heuristic query optimisation [16].

– The size of a selection node σϕ is p · s, where s is the size of the successor
node and p is the probability that a tuple in the successor will satisfy ϕ.

– The size of a projection node πX is (1 − c) · s ·
s(tX)
s(t)

where t is the represen-

tation type of a complex value database type associated with the successor
node, and tX is the representation type associated with the projection node.

For sizes of results for other algebra operations, refer to the work in [13].
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3.2 Query Processing Costs

Taking the cost model in [15], we now analyse the query costs in the case of
fragmentation. For the convenience of discussion, we briefly present the cost
model first. The major objective is to base the fragmentation decision on the
efficiency of the most frequent queries.

Fragmentation results in a set of fragments {F1, . . . , Fn} of average sizes
s1, . . . , sn. If the network has a set of nodes N = N1, . . . , Nk we have to al-
locate these fragments to one of the nodes, which gives rise to a mapping
λ : {1, . . . , n} → {1, . . . , k}, which we call a location assignment . This decides
the allocation of leaves of query trees, which are fragments. For each interme-
diate node v in each relevant query tree, we must also associate a node λ(v).
λ(v) indicates the node in the network that the intermediate query result, which
corresponds to v, will be stored at.

Given a location assignment λ, we can compute the total costs of query pro-
cessing. Let the set of queries be Qm = {Q1, . . . , Qm}, each of which is executed
with a frequency fj . The total costs of all the queries in Qm are the sum of
the costs of each query multiplied by its frequency. The cost of each query are
composed of two parts, the storage costs and transportation costs. Storage costs
measure the costs of retrieving the data back from secondary storage. Those
costs depend on the size of the intermediate results and on the assigned loca-
tions, which determine the storage cost factors. The transportation costs provide
a measure for data transmission between two nodes of the network. Such trans-
portation costs depend on the sizes of the involved sets and on the assigned
locations, which determine the transport cost factor between every pair of sites.

Costsλ(Qm) =
m∑

j=1

(storλ(Qj) + transλ(Qj)) · fj

=
m∑

j=1

(
∑

h

s(h) · dλ(h) +
∑

h

∑

h′

cλ(h′)λ(h) · s(h′)) · fj

where h ranges over the nodes of the query tree for Qj , s(h) are the sizes of the
involved sets, and di indicates the storage cost factor for node Ni (i = 1, . . . , k),
h′ runs over the predecessors of h in the query tree, and cij is the transportation
cost factor for data transport from node Ni to node Nj (i, j ∈ {1, . . . , k}).

Because transportation costs dominate the total query costs, we can develop
cost minimisation heuristics by considering query frequencies, transportation
cost factors and the size of data that need to be transfered between network
sites. As discussed in [16, 14, 15], the allocation of fragments to sites according to
cost minimisation heuristics already determines the location assignment provided
that an optimal location assignment is given prior to the fragmentation.

4 A Cost-Based Methodology for Fragmentation

In this section, we present a cost-based approach for horizontal and vertical
fragmentation. In each of the following sections, we first define some terms to
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facilitate the discussion of fragmentation. Then, we present algorithms for frag-
mentation based on the analysis on the cost model in Section 3. In the following,
we assume a database instance db(E) with a representation type t(E) being ac-
cessed by a set of the most frequent queries Qm = {Q1, . . . , Qj, . . . , Qm}, with
frequencies f1, . . . , fm, respectively.

4.1 A Cost-Based Approach for Horizontal Fragmentation

Given a list of sorted queries, which access the instance of a given database
type, by decreasing frequency Q = [Q1, . . . , Qj , . . . , Qm], we obtain a set of sim-
ple predicates needed for horizontal fragmentation using Num Simple Predicates
[15]. Let Φm = {ϕ1, . . . , ϕm} be the chosen set of simple predicates defined on a
database type E. Then, the set of normal predicates N m = {N1, . . . , Nn} on rela-
tion schema E is the set of all satisfiable predicates of the form Nj ≡ ϕ∗

1∧· · ·∧ϕ∗
m,

where ϕ∗
i is either ϕi or ¬ϕi. Normal predicates can be represented in the fol-

lowing form:
Nj =

∧

i∈J

ϕi ∧
∧

i/∈J

¬ϕi.

with J ⊆ {1, . . . , m} as a set of indices of a subset of all simple predicates. Let
fi be the frequency of predicate ϕi, Jθ = {i|i ∈ J ∧ ϕi executed at site θ} be
a subset of indices of all simple predicates, executed at site Nθ. We define the
following terms:

Definition 1. An atomic horizontal fragment Fj is a fragment that is defined
by a normal predicate:

Fj = σNj (E).

Definition 2. The request of an atomic fragment at site θ is the sum of fre-
quencies of predicates issued at site θ:

requestθ(Fj) =
k∑

j=1,j∈Jθ

fj .

Definition 3. The pay of allocating an atomic horizontal fragment at a site θ
is the costs of accessing the atomic horizontal fragment by all queries from sites
other than θ:

payθ(Fj) =
k∑

θ′=1,θ′ �=θ

requestθ′(Fj) · cθθ′ .

With the terms defined above, we now present an algorithm of horizontal frag-
mentation as shown in Table 3. The algorithm first finds the site that has the
biggest value of pay of each atomic fragment and then allocates the atomic frag-
ment to the site. A fragmentation schema and fragment allocation schema can
be obtained simultaneously.

An evaluation has been conduced with satisfiable results. For detailed discus-
sion of horizontal fragmentation refer to [15].
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Table 3. Algorithm for Horizontal Fragmentation

Input: Φy = {ϕ1, . . . , ϕy} /* a set of simple predicates
a set of network nodes N = {1, . . . , k} with cost factors cij

Output: Horizontal fragmentation and allocation schema{FH1, . . . , FHk}
Method: for each θ ∈ {1, . . . , k}

FHθ = ∅
endfor
define a set of normal predicates N y using Φy

define a set of atomic horizontal fragments Fy using N y

for each atomic fragment Fj ∈ Fy , 1 ≤ i ≤ 2y do
for each node θ ∈ {1, . . . , k} do

calculate requestθ(Fj)
calculate payθ(Fj)

endfor
choose w such that payw(Fj) = min(pay1(Fj), . . . , payk(Fj))

/* find the minimum value
λ(Fj) = Nw /* allocate Fj to the site of the smallest pay
define FHθ with FHθ =

⋃
{Fj : λ(Fj) = Nθ}

endfor

4.2 A Cost-Based Approach for Vertical Fragmentation

In this section, we adapt the cost-efficient vertical fragmentation approach from
[10, 14] to complex value databases. We start with some terminology, continue
to present a vertical fragmentation design methodology and, finally, illustrate it
with an example.

If db(E) is vertically fragmented into a set of fragments {FV 1, . . . , FV u, . . . ,
FV ki}, each of the fragments will be allocated to one of the network nodes
N1, . . . , Nθ, . . . , Nk. Note that the maximum number of fragments is k, i.e.
ki ≤ k. Let λ(Qj) indicate the site issuing query Qj, atomic(E) = {a1, . . . , an}
indicate the set of atomic attributes of E, fji be the frequency of the query Qj

accessing ai. Here, fji = fj if the attribute ai is accessed by Qj . Otherwise,
fji = 0.

Definition 4. The request of an attribute at a site θ is the sum of frequencies
of all queries at the site accessing the attribute:

requestθ(ai) =
m∑

j=1,λ(Qj)=θ

fji.

Definition 5. The pay of allocating an attribute ai to a site θ measures the
costs of accessing attribute ai by all queries from sites θ′ other than site θ:

payθ(ai) =
k∑

θ′=1,θ �=θ′

m∑

j=1,λ(Qj)=θ

fji · cθθ′.
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Table 4. Algorithm for Vertical Fragmentation

Input: the AUFM of E
atomic(E) = {a1, . . . , an} /* a set of atomic attribute
PATH(E) = {pathi, . . . , pathn} /* a set of path of all atomic attributes
a set of network nodes N = {1, . . . , k} with cost factors cij

Output: vertical fragmentation and fragment allocation schema {FV 1, . . . , FV k}
Method: for each θ ∈ {1, . . . , k} let atomic(FV θ) = k(E) endfor

for each attribute ai ∈ atomic(E), 1 ≤ i ≤ n do
for each node θ ∈ {1, . . . , k}

do calculate requestθ(ai)
endfor
for each node θ ∈ {1, . . . , k}

do calculate payθ(ai)
endfor
choose w such that payw(ai) = mink

θ=1 payθ(ai)
atomic(FV w) = atomic(FV w) ∪ {ai} /* add ai to FV w

PATH(FV w) = PATH(FV w) ∪ {pathi} /* add pathi to PATH(FV w)
endfor
for each θ ∈ {1, . . . , k}, FV w = πPATH(FV w)(db(E)) endfor

In order to record query information, we use an Attribute Usage Frequency Ma-
trix (AUFM), which records frequencies of queries, the set of atomic attributes
accessed by the queries and the sites that issue the queries. Each row in the
AUFM represents one query Qj ; the head of each column contains the set of
attributes of a given representation type t(E), the site issuing the queries and
the frequency of the queries. Here, we do not distinguish between references and
attributes, but record them in the same matrix. The values on a column indicate
the frequencies fji of the queries Qj that use the corresponding atomic attribute
ai grouped by the site that issues the queries. Note that we treat any two queries
issued at different sites as different queries, even if the queries themselves are
the same. The AUFM is constructed according to optimised queries in order
to record all the attribute requirements returned by queries as well as all the
attributes used in some join predicates. If a query returns all the information of
an attribute then all its sub-attributes are accessed by the query.

With the AUFM as an input, we now present a vertical fragmentation al-
gorithm as described in Table 4. For each atomic attribute at each site, the
algorithm first calculates the request and then calculates the pay. At last, all
atomic attributes are clustered to the site that has the lowest value of the pay.
Correspondingly, a set of path expressions for each vertical fragment are ob-
tained. Vertical fragmentation is performed by using the sets of paths. A vertical
fragmentation and an allocation schema are obtained simultaneously.

Using the algorithm in 4 we can always guarantee that the resulting vertical
fragmentation schema meet the criteria of correctness rules. Disjointness and
completeness are satisfied because all atomic attributes occur and only occur
in one of the fragments. Reconstruction is guaranteed because all fragments are
composed of key attributes. In addition, if an attribute with a domain of a type
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Table 5. Attribute Usage Frequency Matrix

site queryfrequency in id name email phone homepage
dname fnamelname titles areacodenumber

title
length 20 20 20 · 8 20 · 8 2 · 15 · 830 · 8 10 20 50 · 8

1 Q1 20 20 20 20 20 20 20 20 20 20
Q4 50 0 0 50 0 0 50 0 0 0

2 Q2 30 0 0 0 30 30 0 0 0 30
Q5 70 0 0 0 0 70 0 70 0 0

3 Q3 100 0 0 0 100 0 0 100 100 0

Table 6. Attribute Request Matrix

request in id name email phone homepage
dname fname lname titles areacode number

title
request1(ai) 20 20 70 20 20 70 20 20 20
request2(ai) 0 0 0 30 100 0 70 0 30
request3(ai) 0 0 0 100 0 0 100 100 0

inside a set type is decomposed, an index is attached to the attribute before
vertical fragmentation, which will then be attached to each of fragments.

Example 4. We now illustrate the algorithm using an example. Assume there
are five queries that constitute the 20% most frequently executed queries, which
access an instance of database type Lecturer from three different sites:

– Query 1 πlecturer(σname.titles�‘Professor′(Lecturer)) issued at site 1 with
f1 = 20,

– Query 2 πtitles, homepage(Lecturer) issued at site 2 with f2 = 30,
– Query 3 πname.lname, phone(Lecturer) issued at site 3 with f3 = 100,
– Query 4 πfname, email(Lecturer) issued at site 1 with f4 = 50, and
– Query 5 πtitles, areacode(Lecturer) issued at site 2 with f5 = 70.

In order to perform vertical fragmentation using the design procedure as in-
troduced in Section 4.2, we first construct an Attribute Usage Frequency Matrix
as shown in Table 5. Secondly, we compute the request for each attribute at each
site, the results of which are shown in the Attribute Request Matrix in Table 6.
Thirdly, assuming the values of transportation cost factors are: c12 = c21 = 10,
c13 = c31 = 25, c23 = c32 = 20, we can now calculate the pay for each at-
tribute at each site using the values of the request from Table 6. The results are
shown in an Attribute Request Matrix in Table 6 and an Attribute Pay Matrix
in Table 7.
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Table 7. Attribute Pay Matrix

pay in id name email phone homepage
dname fname lname titles areacode number

title
pay1(ai) 0 0 0 2800 1000 0 3200 2500 300
pay2(ai) 200 200 700 2200 200 700 2200 2200 200
pay3(ai) 500 500 1750 1100 2500 1750 1900 500 1100

site 1 1,2,3 1 3 2 1 3 3 2

Once atomic attributes are grouped and allocated to sites, we get a set of
paths for each site to be used for vertical fragmentation:

– db(FV 1) = πid, in.dname, name.fname, email(db(Lecture)),
– db(FV 2) = πid, name.titles.title, homepage(db(Lecture)) and
– db(FV 3) = πid, name.lname, phone(db(Lecture))

We now look at how the system performance is changed due to the outlined
fragmentation by using the cost model presented above. Assume that the average
number of lecturers is 20 and the average number of titles for each lecturer is 2.
With the average length of each attribute given in Table 5, we can compute the
total query costs. Assume that distributed query processing and optimisation
are supported, then, selection and projection should be processed first locally to
reduce the size of data transported among different sites. In this case, the op-
timised allocation of db(Lecturers) is site 2, which leads to total query costs
of 16,680,000 while the total query costs after the vertical fragmentation and
allocation are 4,754,000, which is about one fourth of the costs before the frag-
mentation. This shows that vertical fragmentation can indeed improve system
performance.

4.3 Discussion

In order to obtain optimised fragmentation and allocation schemata for com-
plex value databases, a cost model should be involved to evaluate the system
performance. However, due to the complexity of fragmentation and allocation
it is practically impossible to achieve an optimal fragmentation and allocation
schema by exhaustively comparing different fragmentation schemata and allo-
cation schemata using the cost model. However, from the cost model above,
we observe that the less the value of the pay of allocating an attribute or an
atomic fragment to a site the less the total costs will be to access it [14]. This
explains that the proposed cost-based fragmentation approach above can at least
determine a semi-optimal vertical fragmentation schema.

5 Conclusion

In this paper, we presented a cost-driven approach for fragmentation in complex
value databases. This approach takes into consideration the structure of complex
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value databases. Furthermore, algorithms are presented for each of the fragmen-
tation techniques used in distribution design to obtain fragmentation schemata,
which can indeed improve the system performance.

A related problem left for future work is a design methodology to integrate
the use horizontal and vertical fragmentation techniques in design distributed
databases.
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