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Abstract. The Horizontal Fragmentation (HF) is a process for reducing

the number of disk access to execute a query by reducing the number of
irrelevant objects accessed. In this paper, we present horizontal fragmentation based on a set of queries, and develop strategies for two versions
of HF: primary and derived. Primary horizontal fragmentation of a class
is performed using predicates of queries accessing this class. Derived horizontal fragmentation of a class is the partitioning of a class based on
the horizontal fragmentation of another class.

1 Introduction
The methodology for distributed database design consists of data fragmentation
and data allocation. Data fragmentation is the process of clustering data from
a class by grouping relevant attributes and objects accessed by an application
into class fragments. Data fragmentation enhances performance of applications
as it reduces the amount of irrelevant data to be accessed and transferred among
di erent sites in a distributed system. The decomposition of a class into class
fragments also permits concurrent processing since a query can access fragments
of a same class simultaneously [12]. The problem of data fragmentation in the
distributed relational database systems has been recognized for its impact upon
the performance of the system as a whole [6], [15] and [16]. The object-oriented
database (OODB) environment supports an object-oriented data model which
is built around the fundamental concept of an object, and includes features such
as encapsulation, inheritance, class composition hierarchy, etc., complicate the
de nition of horizontal class fragmentation, and then we can not apply the techniques used in the relational model [15] and [16] in a straightforward manner. In
the object-oriented environment, the fragmentation is a process which breaks a
class into a set of class fragments. A class can be fragmented horizontally or vertically. A horizontal class-fragment is a nonempty proper subset of objects, while
a vertical class-fragment is de ned by a nonempty proper subset of attributes
[3].
?
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1.1 Related Work
The issues involved in distributed design for an object database system are presented in [11], and the authors suggested that the techniques used in relational
model [13] can be extended to object databases. However, they do not present
an e ective solution. In [9, 10], the authors developed representation schemes
for horizontal fragmentation, and presented a solution for supporting method
transparency in OODBs. Ezeife et al. [8] presented a set of algorithms for horizontally fragmenting the four class models: classes with simple attributes and
methods, classes with complex attributes and simple methods, classes with simple attributes and complex methods and classes with complex attributes and
methods. They used the algorithm developed by [16]. However, the number of
minterms [16] generated by this algorithm is exponential to the number of predicates. The authors do not discuss the derived horizontal class fragmentation
object-oriented environment. Bellatreche et al. [3] studied the vertical fragmentation problem for a model of class with complex attributes and methods.

1.2 Data Model
In this paper, we use an object-oriented model with the basic features described
in the literature [1, 5]. Objects are uniquely identi ed by object identi ers (OID).
Objects having the same attributes and methods are grouped into a class. An
instance of a class is an object with an OID which has a set of values for its
attributes. Classes are organized into an inheritance hierarchy by using the specialization property (isa), in which a subclass inherits the attributes and methods de ned in the superclass(es). The database contains a root class which is an
ancestor of every other class in the database. Two types of attributes are possible(simple and complex) : a simple attribute can only have an atomic domain
(e.g., integer, string). A complex attribute has a database class as its domain.
Thus, there is a hierarchy which arises from the aggregation relationship between
the classes and their attributes. This hierarchy is known as class composition hierarchy which is a rooted directed graph (RDG) where the nodes are the classes,
and an arc between pair of classes C1 and C2 , if C2 is the domain of an attribute
of C1 . An example of such a RDG is given in gure 1. The methods have an
signature including the method's name, a list of parameters, and a list of return values which can be an atomic value (integer, string) or an object identi er
(OID).
The main contributions of this paper are:
1. Study of the impact of queries on the horizontal fragmentation.
2. Development of two algorithms (primary and derived) to achieve the horizontal class fragmentation.
3. Con rmation of the conjecture that some fragmentation techniques presented
for the relational approach can be generalized and applied for the object-oriented
model [11].
The rest of paper is organized as follows : section 2 presents some de nitions
used in specifying the problem of horizontal fragmentation, section 3 presents

the primary algorithm, section 4 introduces the derived algorithm, and section
5 presents conclusions.

2 Basic Concepts
Before describing the horizontal class fragmentation algorithm, some de nitions
are presented.
Notation: If ai is an attribute of the class Ci , then:
 ai : Ci denotes a single valued attribute.
 ai : Const(Ci ) denotes a multi-valued attribute.
De nition 1. A query in object-oriented database models has the following
structure [5]: q =fTarget clause; Range clause; Quali cation clauseg.
1) Target clause speci es some of the attributes of an object or the complete
object of the class that is returned. That is, v or v:ai , where v denotes the
complete object, and v:ai denotes attribute ai of object v.
2) Range clause contains the declaration of all object variables that are used in
the quali cation clause. It is denoted as: v=C where C is a class.
3) Quali cation clause de nes a boolean combination of predicates by using the
logical connectives: ^, _, :. We denote the cardinality of a quali cation clause
jqcj as the number of simple predicates it contains.
Example 1. The query q for retrieving the name of all projects whose cost is
greater than $70000 and located at \Hong Kong" is formulated as:
q = fv:Pname; v= Project; v:Cost() > $70000 ^ v:Location = \Hong Kong"g.

De nition 2. (Simple predicate) Banerjee et al. [2] de ne a simple predicate
as a predicate on a simple attribute and it is de ned as :
attribute name < operator > value, where operator is a comparison operator
(=; <; ; >; ; 6=) or a set operator (contained?in; contains; set?equality; etc:).
The value is chosen from the domain of the attribute.
Since some object-oriented systems, such as Orion, and extensions of relational
systems such as PostQuel, allow usage of methods in queries [5], we extend the
de nition of simple predicate de ned by [2] to:
Attr Meth < operator > value, where Attr Meth is an attribute or a method,
operator is as de ned obove. The value is chosen from the domain of the attribute or the value returned by a method. A query that involves only simple
predicates will be called simple query, such as fCost () > $70000g.

De nition 3. A path P represents a branch in a class composition hierarchy
and it is speci ed by C :A :A ::::An (n  1) where :
 C is a class in the database schema
 A is an attribute of class C
 Ai is an attribute of class Ci such that Ci is the domain of the attribute Ai?
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of class Ci?1 , (1 < i  n). For the last class in the path Cn , you can either
access an attribute An , or a method of this class which returns a value or set of
OIDs. The length of the path P is de ned by the number of attributes, n, in P .
We call the last attribute/method An of P the sink of the path P .
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Fig. 1. The Class Composition Hierarchy of the class Employee
De nition 4. (Component predicate) A component predicate pj (1  j 

n) is a predicate de ned on a path. A query that involves component predicate(s)
will be called a component query.

3 Primary Horizontal Class Partitioning Algorithm
Horizontal Class Partitioning (HCP) varies according to the type of queries
(simple or component). We will rst discuss HCP for simple queries(primary
horizontal class fragmentation), and then HCP for component queries(derived
horizontal class fragmentation).
We assume that the class Ci to be fragmented. Let Q = fq1 ; q2 ; :::; ql g be a
set of queries de ned on class Ci , and each query qj (1  j  l) is executed with
a certain frequency. There are two types of queries that can be de ned on a class
Ci : simple queries S and component queries E , note S [ E = Q. These component queries are de ned on other classes in the class composition hierarchy but
they have attributes or methods of Ci as their sinks. For example, the predicate
Pname = \Database" is a simple predicate for the class Project, where as it is a
component predicate for classes Department and Employee.
Primary Algorithm
Step 0 : Determine the predicates Pr used by queries de ned on the class C .
These predicates are de ned on set of attributes A and the set of methods M .
Let jPrj = n, jAj = r and jM j = m represent the cardinality of Pr, A and M ,
respectively.
Step 1 : Build the predicate usage matrix of the class C . This matrix contains
queries as rows and predicates as columns. The value(qi ; pj ) of this matrix equals
1 if a query qi uses a predicate pj ; else it is 0.
Step 2 : Construct the predicate anity matrix which is square and symmetric,
where each value aff (pi ; pj ) can be : 1) Numerical, representing the sum of the
frequencies of queries which access simultaneously pi and pj (1  i; j  n), 2)

Non numerical, where the value \ ) " of aff (pi; pj ) means that predicate pi
implies predicate pj , value \ ( " means that predicate pj implies predicate pi ,
and the value \  " means that two predicates pi and pj are \similar" introduced
in [14] in that both are used jointly with a predicate pl .
Step 3 : In this step, we apply the algorithm described in [14] to group the predicates to form clusters where the predicates in each cluster demonstrate high
anity to one another. The partitions of the graph generates a set of subsets P
= fP1 ; P2 ; :::; Ps g of predicates.
Step 4 : In this step, we optimize the predicates contained in each subset by using
predicate implication. We obtain a set of subsets P 0 = fP10 ; P20 ; :::; P 0 g (  s)
of optimized predicates.
Step 5 : For each subset Pi0 of P 0 resulting from step 4, we enumerate the attributes and the methods Attr Meth not used by Pi0 . For an Attr Methj of
Attr Meth , let wj be the number of predicates de ned on it fpi1 ; pi2 ; :::; piwj g.
We split Pi0 into wj subsets Pik0 (1  k  wj ), where each Pik contains the
predicate(s) of Pi0 plus pik . We repeat this step until each subset Pi0 uses all the
attributes and methods. From the set P , we build the attribute/method usage
matrix which is an (  (r + m)) matrix and contains the subsets of predicates
as rows and attributes A and methods M as columns. Each value (i; j ) of this
matrix is equal to 1 if Attr Methj is used by a predicate of Pi0 ; otherwise it is 0.
Step 6 : If the predicates in each subset refer to the same attribute or method we
link them by an OR connector, otherwise we use an AND connector to generate
the class fragments. The nal number of horizontal fragments will be equal to
the number of subsets obtained step 4 plus one, including the fragment de ned
by the negation of the disjunction of all predicates previously de ned, that we
call ELSE.
Step 7 : Our algorithm may give rise to overlapping fragments. This step consists
of re ning these fragments in order to obtain non overlapping fragments.

Example 2. In Figure 1, we give the class composition hierarchy of a class Employee. The class Employee has two complex attributes: Dept, and Own, and
three simple attributes: EmpId, Ename and Esalary which represent respectively
the identi er, the name and the salary of an employee. We assume that the class
Project will be fragmented and let the set of queries de ned on this class:
q1 :fv.PId; v= Project; v.Duration  3 ^ v.Cost() > 7000g.
q2 :fv.Pname; v= Project; v.Duration  4 ^ v.Cost() > 7000g.
q3 :fv.Dname; v= Department; v.Proj.Duration = 2 ^ v.Proj.Cost()  7000 ^
v.Proj.Location = \Hong Kong" g.
q4 :fv.Esalary; v= Employee; 5  v.Dept.Proj.Duration  6 ^ v.Dept.Proj.Cost()
 7000 g.
We notice that q1 and q2 are simple and q3 and q4 are component and their sinks
are in the class Project. The predicate usage matrix of the Project class is shown
in gure 2. Let p1 ; p2 ; :::; p7 the predicates used by the queries q1 ; q2 ; q3 ; q4 be:
p1 : Duration  3, p2 : Duration  4 , p3 : Duration = 2, p4 : 5  Duration
 6 , p5 : Cost() > 7000, p6 : Cost()  7000, p7 : Location = \Hong Kong".
The attributes used by these predicates are, Duration and Location which will

be renamed by a1 and a2 , respectively, and there is one method used by these
predicate: Cost() which will renamed as m. We notice that: p1 ) p2 , p3 ) p1 ,
p3 ) p2 , p1 and p2 are similar, and p3 and p4 are similar. We also add the
access frequency column which shows the number of accesses to a predicate for
a speci c period for each query as shown gure 2.
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Fig. 2. Predicate Usage Matrix
The value associated with two predicates in gure 3 represents the sum of the
frequencies of the queries which access simultaneously these two predicates.
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Fig. 3. Predicate Anity Matrix
We now apply step 3 of the PA to this matrix. Figure 4 shows three partitions
of predicates P1 = fp1, p2 , p5 g, P2 = fp3 , p6 , p7 g, P3 = fp4g.
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Fig. 4. Predicate Sets Generated by Primary Algorithm
The subset P will be re ned into P 0 = fp , p g because p ) p . After the
optimization step, we obtain three subsets: P = fp , p g, P = fp , p , p g,
P = fp g.
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Fig. 5. Attribute/Method Usage Matrix.
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In the attribute/method usage matrix in gure 5, we remark that the subset
P2 uses all the attributes and methods, but the subset P1 does not use the
attribute a2 , we notice that there is one predicate de ned on a2 (Location =
\Hong Kong"), therefore, we split P1 into P11 (see Step 5 of PA) where: P11 =
fp2 , p5 , p7 g. Similarly, the subset P3 will be split into:
P31 = fp4 , p5 , p7 g, P32 = fp4, p6 , p7 g. Then we obtain four subsets of predicates:
P11 = fp2 , p5 , p7 g, P2 = fp3, p6 , p7 g, P31 = fp4, p5 , p7 g and P32 = fp4 , p6 ,
p7 g, each de ning a horizontal class fragment.
Finally, generating the horizontal fragments:
Project1 given by clause cl1 : (Duration  4) ^ (Cost() > 7000) ^ (Location =
\Hong Kong").
Project2 given by clause cl2 : (Duration = 2) ^ (Cost()  7000) ^ (Location
=\Hong Kong").
Project3 given by clause cl3 : (5  Duration  6) ^ (Cost() > 7000) ^ (Location
= \Hong Kong").
Project4 given by clause cl4 : (5  Duration  6) ^ (Cost()  7000) ^ (Location
= \Hong Kong").
Project5 given by clause cl5 : ELSE.

Complexity of Primary Algorithm The complexity of the primary algorithm is from steps 2 and 5, and that is O(l  n ) and O(  (r + m)), respectively.
2

We note that n, l, , r, and m represent the number of predicates, number of
queries, number of fragments, number of attributes used by the queries, and the
number of methods used by queries, respectively. Therefore, the complexity of
our algorithm is:
O[l  n2 +  (r + m)].

4 Derived Horizontal Class Fragmentation Algorithm
If the set of queries Q de ned on Ci contains one or more component queries,
then there should be some other class Cj (j 6= i) in the class composition hierarchy which3 is horizontally fragmented by the primary algorithm. Therefore, we
can also horizontally fragment the class Ci based on the horizontal fragmentation of the class Cj . Such a fragmentation is known as derived horizontal class
fragmentation(DHCF) [9].

4.1 Implicit object join
In order to support query predicates on complex attributes, object-oriented
query languages usually use path expressions in which each attribute of a class
Ci whose domain is a class Cj speci es an implicit join between Ci and Cj . Now
we extend the de nition of selection operation used in the relational model [7]
to that on a path.
3 There is a path from the class C to the class C with length g (g  1)
i

j

De nition 5. (Selection operation) Let P = C :A :A :::An be a path; a se1

1

2

lection operation is de ned as : <selectioncondition> (< C1 >), where the symbol
 is used to denote the selection operator, and the selection condition is a qualication clause (De nition 1) speci ed on the attributes and methods of the class
Cn in the path P . The class resulting from the selection operation has the same
attributes and methods as C1 which satis es a condition de ned on attributes
and methods of Cn .

De nition 6. Let two classes Ci and Cj in a path P (Cj is the domain of an
attribute ak of Ci ). We de ne fan-out(Ci ; ak ; Cj ) as the average number of Cj
objects referred to by an object of Ci through attribute ak . Similarly, the sharing
level, share(Ci ; al ; Cj ), is the average number of Ci objects that refer to the same
object of Cj through attribute al [4]. We de ne FAN(Ci ; Cj ) and SHARE(Ci ; Cj )
as the average of fan-out(Ci ; ak ; Cj ) and average of share(Ci ; al ; Cj ), over all the
objects of class Cj and class Ci , respectively.
4.2 Algorithm
The inputs of the DHCF algorithm are the class Ci to be fragmented, and we
assume that class Cj in the class hierarchy has been horizontally fragmented by
PA into fragments fF1 ; F2 ; :::; F g. Note that each fragment Fk (1  k  ) is
de ned by a quali cation clause qck . The steps of the DHCF algorithm are :
1) For each clause qck (1  k  ) determine its predicates fpk1 ; pk2 ; :::; pkjqck j g.
We recall that the jqck j represents the cardinality of the quali cation clause qck .
2) For each predicate pkl (1  l  jqck j), determine the name of its attribute or
method denoted by Akl .
We can de ne the fragments de ned by the DHCF algorithm as follow:
fk = mqc=1k <pkm > (Ci ) where  is a logical connectives (^, _) used in clause qck .
j

j

Example 3. We assume that the Employee class will be derived fragmented based
on the horizontal fragments of the Project class. Let Projecti (1  i  5) and
Empj (1  j  5) be respectively the project and employee class fragments.
Project1 : (Duration  4) ^ (Cost() > 7000) ^ (Location = \Hong Kong"). In
Project1 there are three predicates p11 : Duration  4, p12 : Cost() > 7000 and
p13 : Location = \Hong Kong", then Emp1 is de ned as:
Emp1 = (E1 ^ E2 ^ E3 ) (Employee), where:
E1 = (Employee:Dept:Proj:Duration  4), E2 = (Employee:Dept:Proj:Cost()
> $7000) and E3 = (Employee:Dept:Proj:Location = \Hong Kong").
With the same technique we can determine others horizontal class fragments of
Employee, i.e., Emp2 , Emp3 , Emp4 , Emp5 .

4.3 Correctness of the Derived Horizontal Fragmentation Algorithm
The fragments de ned by primary horizontal fragmentation algorithm satisfy
the correctness rules of completeness, reconstruction and disjointness [14].

However, the fragments de ned by the derived horizontal fragmentation can
overlap and thus do not satisfy the disjointedness property. We now present an
algorithm called non overlap described in gure 6. The inputs for this algorithm
is the class Ci which is derived horizontal fragmented based on the horizontal
fragmentation of class Cj . In order to know the overlapping instances of the
class Ci , we check whether the fan-out(Ci , Cj ) for each object instance of class
Ci could be greater than 1. To do that, for each instance, we look in the class
composition schema for the type of its complex attributes; if all these complex
attributes are single valued, then fan-out(Ci , Cj ) is 1. Otherwise, even if there is
one complex attribute which is multi-valued the fan-out(Ci , Cj ) could be greater
than 1. Note that rigorous checking of whether two derived horizontal fragments
are overlapping or not would require examining each object instance of class Ci .
In case there is a multi-valued object-based instance variable, we execute the
non overlap algorithm. We note that this algorithm ensures the disjointedness
property. In order to facilitate the maintenance of the database, we create a table with three columns: the rst column contains the OID(s) of the instance(s)
eliminated by non overlap algorithm, the second contains the fragment which
includes these instances, and the third column contains the name of the fragment(s) from which these instances were eliminated. We call this table overlap
catalog. The overlap catalog facilitates the identi cation and management of
objects which belong to more than one horizontal fragment.
begin
For each overlapping instance Ij do
For each fragment that contains Ij do
Compute the queries access frequency to Ij
Take the fragment with maximal access frequency, which is called Fi
For each fragment Fl (l 6= i) do Fl = Fl ? Ij
end

Fig. 6. The non overlap algorithm

5 Conclusion
In this paper, we have studied the role of queries in the horizontal fragmentation
in the object-oriented model, which has not been addressed adequately by researchers. We have proposed two horizontal fragmentation algorithms: primary
algorithm and derived algorithm. We have established the complexity of the primary horizontal fragmentation which is O(l  n2 ), (n and l represent the number
of queries and their predicates, respectively) and there better than earlier work.
The fragments de ned by the derived horizontal algorithm can overlap, then we
have proposed a method in order to eliminate overlapping instances. We are
now evaluating the performance of our algorithm and studying the impact of
the update queries de ned on the resulting fragments.
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